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SOL-GEL PREFARATION OF LANTHANIDE OXIDE MICROSPHERES
AND CHARACTERIZATION OF SOLS AND GELS OF LANTHANIDE
HYDROXIDES, THORIA, URANIA, AND PLUTONIA

C. J. Hargy

ABSTRACT

Leboratory methods have been developed to produce microspheres of
lanthanide oxides with a comtrolled size (50-500 microns diameter), high
aeﬁSLty (un to 98% of theoreticel crystal density), low surface area
{0.01-0.1 m /g}, and good crushing strength, by using sols and gels of
the hydroxides as intermediastes. ILanthanide oxides in this form are
useful as neutron absorbers in reactor control rods, as burnable poisons
in fuel elements, and as high-intensity p-y sources in mmerous ap-
witeatlons. The knowledge gained is being applied to the preparation of
oxides of americium and curium for incorporation in targets in the High
Plux Isotope Reactor.

UV, visible, IR, and Raman spectra of sols and gels of lanthanide
hydroxides, thoria, uwrania, and thoria-U0z mixtures, were measured to
(a) determine the nature of the bonding between the components, €.gZe.,
nitrate and lanthanide ioms, (b) obtain rapid analyses for nitrate and
lanthanide ions, and (c) determine the size of the colloidal particles
by turbidity and light-scattering measurements (both methods gave results
in good agreement for thoria sols containing particles of 200 A diameter,
but appreciably larger than the crystallite size measured by x-ray line-
broadening; the difference may be due to aggregation or to poly-dispersity).
Preliminary measurements of the turbidities of plutonia sols were made,
and difficulties were experienced in interpreting the results; the par-
ticles in one sol appeared_ to have a diameter of sbout 640 A and a
molecular weight of 9 x 108

Sols and gels of lanthanide hydroxides and uranis were examined by
electron microscopy and electron diffraction to determine the size, shape,
and crystallinity of the colloidal particles at the various stages in the
processes to make microstheres of oxides. Freshly precipitated Uﬁ* hydrox-
ide contalned amorphous part 1cles of 20 to 30 A diameter, which when aged
for &avs at ?pob or hours at 60° C, changed into primary cubic crysbals of?U0
with gides 10 to 20 A which were combined into loose aggregates of up to
800 A diameter. ILanthanide hydroxides were also in the form of amorphous
particles of 30 to 60 A diameber when freshly precipitated. These changed
into crystalline sheets up to seversl hundred angstroms wide when aged in
the mother liguor, or into rods, tubes, or rolled sheets up to several
thousand angstroms long when thoroughly washed and aged in water. Randomly
arranged bundles of these rod-shaped crystals were present in microspheres
of the lanthanide hydroxide gels. Electron micrographs of replicas of
etehed golisheﬂ surfaces of the dense oxides obtained by heating the gels
to 50YC showed grains of width 5 to 10 P containing oriented crystalline
units of width 0.2 to 0.5 p. The oriented units were probably poly-
crystalline because x-ray line-broadening measurements indicated a
crystellite size of 500 to 700 A,






1. INTRODUCTION

Methods for the production of sols and gels of the lanthanide
elements, and for the characterization of these, and also of sols and
gels of thorila, urania and plutonia, have been examined over a period
of 18 months in collaboration with members of the Chemical Technology
Division.

Sols and gels of the lanthanide hydroxides were examined firstly
with a view to developing a method for preparing microspheres of dense
oxides for varlous applications, e,y for incorporation in cermets in
reactor conbrol rods, and secondly to obtain knowledge which would help
in the preparation of microspheres of oxides of americium and curium
for incorporation in targets in the High Flux Isotope Reactor at Osk
Ridge. Preliminary results were reported in internal wmemoranda and the
methods and results were outlined in papers presented at symposia at
Berkeleyl and Denver2 in June, 1966. Details of the work will be glven

3

in an ORNL report in course of preparation”, hence only a summery of
the work is given in section 2 of this report.

Electron microscopy and electron diffraction patterns have been
used to determine the size, shape, and crystallinity of the colloidal
particles at various stages in the preparation of sols and gels of the
lanthanide hydroxides (section 2) and also of U0, (section 3). The

details of the work on U0, are given in ORNL-5965A, and therefore only

2

2 summary of the results is given in section 3.
W, visible, IR, and Raman spectra of sols and gels of lanthanide

hydroxides, thoria, urania, and thoria-U0., have been measured to (a)

5)



rapldly apalyse the concentration of nitrate and lanthanide ions in sols
an’ gcls, (o) determine the nature of the bonding between the components,

e.g., nitrate and metal ilons, and UO3 adsorbed on vparticles in ThO,~UO

2 73

sols, and (c) determine the size of the colloidal particles by turbidity
and light~scattering methods. Preliminary measurenments have also been
nads on Pu02 g0ls, and these have shown up some problems in interpreting
the dsta. The spectroscopic work is described in detail in section & of
thils memoranduit.
2. PREPARATION OF IANTHANIDE OXIUE MICROSPHERES
BY SOL-GEL METHODS
This program was carried out in collaboration with 5. R. Buxton and
M. #. Lloyd to obtain, on a laboratory scale, microspheres of lanthanide
oxldes with a density close to the theoretical crystal density, and with
a high crushing strength. In addition, the sols and gels used as inter-
madistes were characterized by chemical analysis, electron microscopy,
ard spesctrophotometry. Details of the work will be given in an ORNL
veport in course of preparation5.
The main method of preparation of the sols of lanthanide hydroxides
was as Iollows:
(a) +“he hydroxide was precipitated by adding a 0,2 M lanthanide
nitrate solution to a 20-fold excess of 8 M NHhoH stirred
in & besker at 25OC;

(b) the precipitate was centrifuged and washed with CO,-free

2
distilled water five to six times, with intermediate centri-
fugation and decantation of the wash liguors; a volume of

avcut. 200 ml of water per g of metal was used and the pH

cf the wash liguor decreased from 11 to 9.1-G.4.
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(c) the damp paste was shaken for a few minutes, duping which
time it liquefied to form a fairly viscous sol contalning
about 0.4-0.5 M metal and a residual nitrate concentration
of sbout 0.04 M (for Eu and the heavier lanthanides) to
0.1 M.(for the lower lanthanides). The sols were heated
for 1 to 2 hr at 80°C, during which time the initially
amorphous colloidal particles were converted to crystalline
particles {see electron microscopy results later), the pH
decreased to 5-6.5, and the viscosity decreased to less than
2 cp. The sols were then concentrated to 2.5-3 M metal in a
rotary vacuum evaporator.

Microspheres of gel were prepared by injecting droplets of the sols
into a long-chain alcohol in a tapered column in which an upflow of the
alcohol Pluidized the droplets’. The slcohol (generally 2-ethyl-l-
hexanol) dehydrated the sol spheres, and glassy gel spheres were formed
of controlled size in the range 30~ to 900+ diemeter. The spheres were
filtered out from the solvent after a period of 30 min to 1 hr, washed
with methancol, and dried. They were free-flowing at this sbtage. One
problem which was encountered in the column was a tendency for the micro-
spheres to agglomerate., This could be prevented only by the addition of
small amounts of surface-active agents, e.g., 0.2 vol/vol % Amine O
(Geigy) and 0.05% Span 80 (Atlas).

The gel microspheres were converted to oxide microspheres by (a)
drying them at 100° +o 125OC for several hours in vacuum, (b) heating
them at about 100°C per hr to SOOOC in vacuum and holding them at that

temperature for about 3 hr to decompose residual nitrate, (c) heating



them 8t about 10CTC per hr to a temperaturs between 1000 and lSOOOC in
air and holding them at that teuwperature for about 3 hr to obtain & high
density product. The shrinkage of microspheres of europium hydroxide
gzl initially 560 B dismeter (prepared from a 3 M s0l) on heating them
o 145000 by the above method was by a factor of 1.69 on the diameter,
a» 5 ou the volume, mest of which shrinkage occurred in the temperature

“ to 1450°C. Densities of the order of 95 to 98% of the theo-

range 900
retical crystal density were obtained roubinely, with surface areas of
0.01 %o Q.1 ma/g and crystallite sizes (by x-ray line-~broadening) of the
orler of 300 A (Prgly, a% 1000°C) to 750 A (Bu 0 &t 1450°¢). Polished
crogs-gantions showed negligible porosity if the spheres were prepared
from concentrated (2-3 M) sols, but some closed porosity if prepared from
dilute (0.5 M) sols. Crushing strengths of single microspheres (averages
for 10 to 30 spheres) ranged from 200 g for 120 R diameter to 1.5-2.5 kg
for 450 B diaweter. Crushing strengths of eurcopium oxide microspheres
heated to thOOC to obtain the monoclinic form (from the cubic form at
lOOOOC) were not as high as those of other lanthanide oxides which did
noh have a changes of cyrystal form in this temperature range.
Specstroscopy in the ulbraviolet, visible and infrared reglons was used
{a) for the rapid snalysis of the concentrations of the metal
ion ani nitrzte ion in the sols (see also section L4.1),
{v) to study the form of bonding of the components of the sols
and gels, e.g., residual nitrate was shown to be coordinated
to the metal {see also section 4.6), and
{2} 4o calculate the size of the aggregates of colloidal parti-

cleg;, e.g2., for a praseodymium hydroxide sol, molecular
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weights of 2 x 107 to 108, and particle diameters of 200
to 400 A were found.

Electron microscopy and electron diffraction measurements showed
that the initial precipitates of lanthanide hydroxides consisted of
amorphous particles of 30 to 60 A diameter which crystellized slowly
(1L hr to several deys at 2500 depending upon the particular lanthanide
element ) into rod-shaped particles which aggregated into bundles of the
order of 1000 to 5000 A long and 100 to 500 A wide. The shape and size
of the crystalline particles depended upon the conditions of aging of
the sols. Sheets up to several hundred angstroms wide were observed
when the particles were aged in the mother liguor (e.g., 8 M NHOH - 0.2 ¥
nitrate ion), and rods, tubes or rolled sheets up to several thousand
angstroms long when the precipitated hydroxide was thoroughly washed and
aged in water at pH 6 to 9. The aggregates of crystalline trihydroxide
particles were randomly oriented in the gel spheres prepared by the
standard method, but were converted during the calcination procedure into
small oriented crystallites of the oxides. Electron micrographs of
replicas of etched polished surfaces of the dense oxides (1450°C) showed
grains of width 5-10 p containing oriented units of width 0.2-0.5 p. The
oriented units were probably polycrystalline because x-ray line~broadening
measurements indicated a crystallite size of 500-T700 A.

Potential uses of lanthanide oxide microspheres are suggested in
Industry in genéral and in the atomic energy industry in parﬁicular,
€.%., incorporation of europium oxide in cermets in reactor control rods.

The method is alsgo applicable to the prepsration of sols, gels, and



oxides of the trivslent transplutonium elements, of which americium and
curium are of interest for incorporation in targets In the High Flux
Isotope Reactor at Oak Ridge to produce trans-curium isotopes in the
Nationsl Heavy Element Rescarch Program.
3. EXAMINATION OF HYDROUS UO, PRECIPITATES AND SOLS BY ELECTRON
MICROSCOPY, EILECTRON DIFF%ACTION, AND SPECTROPHOTOMETRY

Microspheres of UO2 for use in nuclear fuel are prepared by a sol-
gel methods in which uranocus hydroxide is precipitated from uranous
nitrate or uranous nitrate-formate solution, the precipitate is washed
to the point of incipient peptilzation, and finally, the filter-cake is
Leated at 60°C to form a sol. Electron micrographs and selected-area
electron diffraction patterns were obtained of the precipitates and sols
at various stages in the process, and the size and crystallinity of the
c0lloidal particles was determined. Details of the work are given in
ORI\TI!*@%B1+ .

The studies showed that the initial precipitates consisted of
irregularly shaped aggragates of particles of hydrous uranium dioxide
of 15 tn 25 A diametar. The initlelly diffuse lines in the electron
diffraction patterns became sharper with increased aging at 2500. Sols
prepared by heating the filtered and washed precipitates at 60°¢
ccasisted of cubic UO, crystals with sides 10 to 20 A long. The pre-
sence of 0.4 mole of formate per mole of uranium in the sols gave more
uniform dispersion on the electron microscope grids, but did not
appraciably affect the size or the latiice spacing of the primary

crystallibes.,



The turbidities or apparent gbsorption spectra of the diluted sols
were measured from 8000 to 3000 A. The optical density varied inversely
with the 1.2 to 1.Uth  power of the wavelength from 8000 to 4000 A, and
with the fourth power of the wavelength at less than 4000 A. The maximum
diameter of the scattering particles caleulated (for detalls see section
4.%) from the turbidity at LOOO A was about 800 A, which agrees with the
size of aggregates observed on the electron micrographs.

A model is proposedy for the physical and chemical constitution of
the sol particles in the presence of formate, in which formate ions
bridge pairs of uranium atoms on the surface of primary cubic crystallites
of 10.9 A edge length; these crystallites are then considered to form
aggregates of up to 800 A diameter.

Measurements were also made of the turbidities of two uranium sols
prepared by different methods by L. E. Morse and the apparent sizes of
the particles were calculated. Sol A was prepared by the standard
method5 from a uranous nitrate-formate solution, was & black color, and
contained about 2 M Uh+, a nitrate/U mole ratio of 0.05, and a formate/U
ratio of 0.5. Sol B was prepared by precipitation of wranous hydroxide
with hexamethylenetetramine, was a blue-black color, and contained about
2 __Uh+. The apparent absorption of these sols (diluted to a concentra-
tion of 6 x 1077 M U and measured in l-mm cells in a Cary Model 1k
spectrophotometer) varied inversely with the bth power of the wavelength
from 3250 to 4000 A, indicating ideal scattering behavior. The absorption
varied Inversely with the 1.3rd power of the wavelength for Sol A and the
1.8th power for Sol B from 5000 to 8500 A and weak absorption peaks were

observed at 6710 and about 8500 A. The previous work had shown that the
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varticles in sols prepared by the standard method consisted of UO2
crystals, hence the monomer molecular weight and refractive index of

U0,, were used to calculate the following apparent particle molecular

2
weights and diameters from the absorbances at 4000 A:

Sol Molecular Welght Diameter, A
A 1.9 x 109 710
B 3.3 x 10° 860

The results were very similar for the two sols and no obvious explanation
could be seen for the marked bluish color of the sol B prepared with

hexamethylenetetramine.

L. SPECTROSCOPY OF SOL-GEL MATERIALS

4.1 Analysis of the Concentration of Nitrate and Lanthanide Ions

The emounts of metal ion and nitrate in sols, gels, and microgpheres
of lanthanide hydroxide were measuredsimply and rapldly by dissolving 50
to 100 mg of solid sample, or 1 to 2 ml of sol, in 3 to 5 ml of dilute
perchloric acid, adjusting the perchloric acld concentration to sbout
1 M, and measuring the spectrum in a l-cm cell versus water in the region
2800 to 6500 A.

The wavelengths and molaxr sbsorptivities of the various bands
(determined on solutions prepared by dissolving weighed smounts of
freshly calcined oxides in perchloric acid) for a series of lenthanides

3

will be reported separately”. Typical resulis were:

Ton Band Maximm, A Molar Absorptivity
Pr3+ hhiho 10.1
Eu3+ 3935 242

NOB“ 3000 )
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The following formla was used to correct the observed optical density
(cD) for the nitrate ion at 3000 A for the contribution from the UV band

3+);

2
of BT {no correction was needed for Pr

Corrected OD{NO.) = Observed OD(3000 A) - 0.157 = OD(3935 A)

3)
in which the observed OD's are corrected for background sbsorption. When
only the ratio of NO%/metal was required, an accurately measured welght
ox volume of sample was not needed. The presence of droplets of an
organic drying solvent or of an amine used for denitration gave a cloudy
sclution, and these ilmpuritiss had to be removed by washing the solution

twice with an egual volume of benzene, followed by removal of traces of

benzene by blowing alr through the solution for 15 min.

4.2 Reflectance Spectra of Microspheres

The measurement of reflectance spectra in the visible region was
examined as a potentlal method for the determination of the mole ratio of
nitrate to metal, and of the relstive amounts of different metals in
microspheres of lapthanide hydroxide gels or oxides directly, without the
need to employ any chemicsl treatment. Microspheres containing N;B*, Pr5+,
and NO% ions were selected becamuse of the numerous inteuse and sharp
absorpbion peaks of these metal lons in the 3000 to 10,000 A reglon.
Saaples of aboub 100 mg of 100 to 200 P diaweter microspheres of mixed

e/ Pr-oxides/hydroxides both before and after firing at 1100°C were

sxamined (with the assistance of J. P. Young) in a Cary Model 14 Spectro-

hometer fitted with a reflectance attachment. The sbsorption spectrun
of the wnfired microspheres dissolved in 1 M perchloric acld was also
maasured. The fired microspheres were black and gave only a continuous

reflection spectrun from 2500 4o 7500 A; this will not be discussed further.
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The mole ratic of the Nﬁ§+ B Fr3+ bazsed on the absorntion spectrum
of the solution and pubiished exbtinction coefficients of the peaks at 5220,
5756 A{NA) and Wihi2, 4818 A(Pr) was 1.77, equivslent to 64 mole % Wd;
the mcle ratio of mog o (W2 + Pr) wes 0,020. All of the peaks in the
refisction spectrum were shifted to the rad with respect to the absorption
spectrum of the solution, the msan shifts being 56 + T A for Pr, and
36 £ 12 A for Nd. Multiple bards were resolved to a higher degree in the
raflection spectrum, £.g%., 5 pesks plus a shoulder in the region 5000 to
SHO0 A for the absorption spectrum of the solution, corresponding to 8
peaks plus a shoulder in the reflection spectrum. Shifts of this order
and splitting of bands have been reported previously6 for praseodymium
complexes, €., PI’(OH)5 compared with the agquo ion.

The relative intensities of the pesks, expressed as optical density
for the reflection peak i optical demsity for the absorption peak (1-cm
call), varied from 0.7 for the ot peak at Tish A to 3.0 for the prt
peek at 5943 A, and no correlation with wavelength or element was apparent.

This unexpectedly large variation of relative intensity st different

sngths made the wemsurament of reflechance specira unsultable for
the dlract analysis of the mole rabiocs of NO3 to metal, or of the mole
rating of different metals, without more exftensive messurements and

zayefyl calibreation. The varidation was probably due mainly to the dif-

degrees of resolutior of the muitiple bands in absorption and

23 T
»2flechion.

-

k.3 Turbidity and Tdght-Scatbering Measurements on Sols of ThOs
The moleculsr welght and shspe of sol particles can be zalculated

Zrom measurements of the scattering of light by the sol. The two

&
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wrinzipal methods are based on the measurement of the light scattered
a5 900 {or some other angle) to the incident besm, or of the decrease
in the intensity trensmitted along the axis of the besn. The latter
method is experimentally more simple and has been examined for thoria
sols {prior to its application to less well-defined sols of lanthanide
hydroxides and plutonium polymer) and the results for one sol compared
with results from light scattering measurements at 900.

The conditions which must be satisfied for the application of simple

mathematlical expressions to the calculation of molecular welght are:

(=) the sol particles should have a diameter less than A\/20, where )\ is

the wavelength of the incident light, (b) the particles should be isotropic,
(c) the decrease in light~intensity should be due solely to scattering

and not to absorption, (d) the turbidity (v), which is proportional to

the optical density, should be related linearly to the concentration of

the sol particles, (e) the term TA& should be constant with A (non-
constancy of this term may indicate absorption), and (f) a plot of logT
versus log N\ should be linesr with a slope of -I (slopes less than -4
~oguire a more complicated mathemstical treatment).

Three thorla sols were examined in deteil, Sol A (supplied by X. H.
MeGorkle, Code No. 68-11-5DC) of concentration 3.42 M ThO,, and Sol B,
prepared by dissolving solid gel {supplied by K. H. McCorkle, Code No.

GX 7o) in Cog~free water to a concentration of 0.2 M Thoa, aged 1 dey

at 25OG,anﬂ 3ol ¢, as 8ol B but aged in a sealed tube at 2500 for 5 weeks.
These sols were diluted with water to concentrations from 0. 34 M %o

0,05+ M Thog and kept in sealed tubes to reduce contamination by 002.

Thely turbldities were measured in l-cm cells from 3000 to 10,000 A in
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Zary Medel 1t spectrophotometer (with the assistance of J. T. Bell and

ol

D. 0. Campbell). Refractive indexes of the sols were measured with a
Zaiss Immersion Defractometer and white light and a constant value of
0.0200 * 3,005 liter moleml was obtained over the range 0.85 to 0.03h4 M
Thog at 2500. The twbidity was also measured for Sol B from measure-
ments of the light scattered at 90O in a Brice~Phoenix scattering
photometer (J. S. Johnson, Chemistry Division) at wavelengths of 4360 A
and 5460 A.

Conditions {a) and (b) were thought to be satisfied by these sols
because electron microscopy and x-ray line-broadening measurements in-
dicated particles of approximately spherical symmetry with crystallite
sizes of 70 A for Sol A and 142 .. for Sol B. The variation of T with

80l concentration was linear only up to about 0.1 M ThO,, above vwhich T

2

was appreciably lower than expected (i.e., 20 to 40% low at 0.34 M ThO,,

dependent on ©), hence, condition (d) was obeyed only at low concentration.
Conditions (e) and (f) were satisfied as shown by mean values of T)\h of

(z.312 % 0.021) x 10728 £rom 4000 to 7000 A for the O. 342 M ThO, sol A,

18

ani (7.25 £ 0.,18) x 107" for the 0.0855 M ThO, sol A; the exponents of

2

the plots of log T versus log A were between ~3.96 and -h.1k.

The basic equabtions used to calculate the weight-average particle

4

molecular weight (M) and radius (r) were tsken from the work of B. D. Chun',

(for further details, see G. Ostere,):

3T N N 1,026 x 102 M

) 30 700 n, E(nw-no)zﬁ (n«no)'e

M C

in whizh + 1s equal to 2.303 times the optical density in a l-cm cell, X

is the wavelength in cm, ¢ is the concentration of the sol in g/ecc, N is
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Avogadro's number, and n, and n are the refractive indexes of the solvent

and the sol at wavelength )g

6 31 W%y ®+2)? 107 x 20 Ny

108 0 Ne(n® - 1)2 c

r

. » *
in vhich N = A/ng, and m = = 2.200/n__, for ThO,.

nsolute/nsol
Two methods were used to correct M for the nonlinearity of v with o,
(2) M (and r) was calculated for the transmittance results at A = 4000,
5000, and 6000 A for each value of c and extrapolated graphically %o
c =0, (b) c/r was plotted against ¢ for both transmittance and 90o light
scattering results; +the intercept on the c/r axis at ¢ = 0 was estimated
and the value of M was then calculated from the equation He/t = 1/M + 2 Be,
in which H and B are both constants. Both methods of calculation gave
identical results for the transmittance data. The transmittance method

of measurement and the 90O light-scattering method both gave identical

results for Sol B.

X-ray
S0l Method Mean Apparent Crystallite
M r, A Bize, A
A Transmittance . 6.7 0.5 x 100 117%2 T0 k7
B Transmittance and ILight 5.6 % 0.5 x 107 110%6 e *o1o
Scattering at 90°

¢ Transmittance 4.8+ 0.3 x 100 106t L 12 £ 10

The errors in M and r were estimated from the scatter of the points in
the extrapolations to ¢ = O.
The particle radius of 110 A for Sol B was appreclably higher than

the value from the x-ray line-broadening method. The "erystallite' size
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the latter method can be interpreted as the lenghh of

in which case the radlus of the sphere of egquivalent
volume is 88 A (20% lower than 106 A, or 1.75 times lower on a volume

pasis). However, the value of 117 A for Sol A corresponded to a volume

20 times lareger than that of the x-ray "erystallite" (cube edge value,
EALUS 24 L& SnLTe -:q’vz, i These results can s inter-
70 A; radius of equivalent sphers, 43 A) Trese results can be inter

]
)
[
o]
pay
:_l-
<
]
o
=)

preted as inlicating that the particle size which 1s effect

scatbering light is due to an aggregate of a nuuber of basic crystallites.

Howevey, the x-ray line~broadening measurements were made on solid gels
or on concentrateld sols, and it is possible that sows aggregation of the
basic crystallites may have occurred on dilubing the concentrated Sol A

with water, or on dissclving the gel to prepare Sols B and C in water.
Arother explanabtion is thalb there is a small proportion of large particles

.
i

in the sols which leads %o a high value of the weight-average molecular
welght, buh which Soes not significantly raise the average crystallite
size as measured by the x-ray lina-broadening method. An example of this

by assuming 1 weight % of particles of 150 A radius in

o
)
h
T
0
oF
ot
w
wn
jacy
%
P

T

the presence of 999 of L3 A

copditions that might apply to

Scl A substitution in the eguations indicates that 984 of the turbidit
J 4 J

woull ariss from the 1% of 150 A particles, and the apparent radius would

millipors filters of koown oorve size, e.g., 100 A; determining the pro-

L("-
At
{

£
)
fotd
3
M
¢l
&)
e
"i

wed, apd examlning the filtrabs by light-scabltering and
electrin mleroglony.
i copciuasion thet dilube thorila sclis consisted of agglomeratbes

or fioos of the hasle single crystallites was also reachad by MeCorkie 9
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from studies of the viscosity, electron microscopy, absorption spectra,
and adsorption of nitrate ions byThO2 gols. In particular, McCorkle
also observed that the apparent radius calculated from light scattering
(transmittance measurements) was always significantly larger than that

caloulated from x-ray line-broadening measurements.

W, Visible and Infrared Absorption Spectra of Sols of ThOE-U'O3
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meagured for sols containing Th02 and U‘O3 in order to gain a better
understanding>of (a) the mode of bonding of the residual nitrate and
the metal atoms, (b) the reasons for the limited uptake of UO3 by a
pre-formed Th02 sol, and (¢) the reddish color of the product obtained
by mixing yellow U‘O5 with colorless ’I’hO2 or by denitrating a mixed
thorium nitrate-uranyl nitrate solﬁtion with an amine,

The‘preliminary results described below indicated that part of the
nitrate in the sols was present as nitrate ions and part as coordinated
nitrate groups. In dried gel all of the nitrate was in the coordinated
form. The absorbance of the "red" sols in the visible-UV region varied
with & high {e.g., =5th to -20th) power of the wavelength, and this can
be explained on the basis of a strong absorption peak €, 6 x 105) due
%o a uranium or uranium-thorium complex species at about 2500 A with a
relatively large half-width of 2000 A.

4.h.1 Visible and Near Infrared Spectra of Sols of ThOO--UO5

Spectra were measured from 12,000 4 to 2200 A in a Cary Model 1L
spectrophotometer for sols of Thog—UOBMprepared in two ways:
(a) by addition of hydrated U0z to a pre-formed ThO, sol

and dlgesting the mixture for several days. The
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resultiong reddish~orange s0l (K. H. McCorkle, Code No.

o, and 0.17 M

nitrate, had & thoria crystallite size of about 70 A, and

65-11-8DC) contained 1.6 M ThO,, 0.17 M UO

was werkedly thixctrople with a setting time of about 30
win.

() by denitration of a solution of thorium and ursnyl nitrates
by amine extraction (R. N. Rainey, Code No. M65-59C). The
transparent reddish-yellow sol contained 0.11 M ThO,, 0.0107 M
U022+, 0,046 M nitrate, and had a crystallite size of ap-
vroximately 25 A.

Spectrs of these solsin l-mm cells and of diluted sols (10 X with
vater) in l-mo and 10-mm cells are given in Fig. 1, together with a
spectrum of 1.6 M Th02 sol with no uranium present. The sol prepared by
the first method (a) gave a smooth curve (C) from 3600 to 6000 A (no
significant absorption from 6000 to 12,000 A) with a weak peak at about
4500 A. The absorption or turbidity varied with the ~-5.8th power of the
wavelength below 5500 A, and with the -4th power sbove 5500 A. The
absorplion~turbidity curve appears to be made up of at least three com~
ponents {1) a curve due to scattering of light by the approximately 70 A
diam ThO, particles, (2) a week absorption peak at about 4500 A (€ ap-
proximately 2, based on U concentration), and (3) a strong sbsorption
veak with Amax lezs than 3500 A. The last two peaks appear to be connected
with the layer of U{VI) species adsorbed on the particles because thoria
sols without uranium do not show these pesks.

The spectra of the sol prepared by the second method (b) was measured

to 2200 A (Curve 3). Comparison of the Curve A (undiluted sol), Curve B,
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A. Redsol, 0.11 M Th02 +
0.011 M UO3 prepared by
amine extraction,

8. ‘A" diluted ten-fold with
water {yellow color).

C. Orange sol, 1.6 M Th02 +
0.17 M UO3 prepared by
adding U03 to Th02 sol.

D. 1.6 M ThC)2 sol.

E. Calculated contribution of
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Fig. 1. Absorption Spectra of Th02 - UO3 Sols.



and obther data Tor l-cm cells shows that the absorption 1s proportional
to ThO2 concentration and tc path length within expsrimental ervor over
the range 3800 to 6000 A. No significsnt gbsorption was found from T0O0O
o 12,000 A. Plots of log sbsorption versus log wavelength had slopes
varying from =20 at 5000 to 6000 A, te <k.6 &t 3500 to L000 A, whereas a
curve arising from pure scatiering has a consgtant siove of -+, The
sbsorphion Curve B is made up of at least two major componeuts {the
contbribubion due to light scattered by approximstely 25 A diameter

2
19%6 A) peak for nitrate icn (Curve E) and (2) s strong veek (€~ 6 x 10°

ThO mU’O3 particles is nPgWLpiola}, (1) & very strong (€ = 9 x 10° at

at 2500 A) for a uranium or uranium-thorium complex species. The shape
of the curve for (2) from 2500 to 5000 A can be fithed approximately by
assuming that it has 50% Gaussian~-50% Lorentziasr characher with Amax
2500 A and s peak width of 2000 A at half maximam absorphion.

b2 Infrared Spectra of Sols of ThO,-T0-

The spectra of the ThOgmU'O5 gol prepared by the first method de-
scrited ghove, and the materials (Th02 s0l, UO powier) from whizh it
was made, were measured from 2 to 15 microps in a Pevkin-Elmer Infracord
spectrometer fitted with a NaCl prism. The messurcwent of spestra with
this Instrument was made difficult by the evaporation of waber from the
thin films of the sols which wers held bsbween silver chloride plates
s a result of which the sols quickly set to gels. This behavior was
turrned to advantage by measuring selizcted ahsorphion pesks as a function
of time, bubt only qualitative rasults coulld be obtained in this way.

Tha results showed that part of ths rasidusl nitrats was present in

.o,

the sols as "free" nitrate ion (strong absorption at 7.2 p), and part as



21

nitrate groups coordinated to thorium or uranium atoms on the surface
or inside the particles {(absorption peaks at 6.7, 7.8 and 9.75 m, similar
to those found with solid thorium nitrate hydrate, see section 4.5). In

AoV e 1 oA Pea ] T ; -
the dried gels of I‘hO2 and Tho2 UO5

paared o be 1n the coordinated form., The Th02~U05 sol and gel gave a

strong band at 10.9 p, which was probably due to a stretching vibration

substantially all of the nitrate ap-

of the wranyl group. Sharp, strong bands for water were observed at 2.85
and 6.2 .

The UO§ powder sharting material gave four broad bands in the 10 to
1 m region, which were probably due to U-O stretching vibrations or %o
deformation bands of OH groups. When the powder was aged in water, the
band at 10.5 m intensified at the expense of the other bands. This band
was assigned to a characteristic stretching vibration of the uranyl group,
and it corresponded approximately to the broad band at 10.9 p found in
the Th02~UO5 s0l, the difference {30 to 40 cm"l) reflecting some con~
slderable change in the bonding environment of the uranium atom.

Any fubture study of these, or similar sols and gels should be done
with a spsctrometer with higher sensitivity and resolution, and with
the sols and gels in sealed cells %o prevent evaporation. It might then
be possible to identify the structure of the adsorbed uranium species by
correlation of the spectra with those reported for a series of U‘O3 hy -

drates and ammonium diuranate by A. M. Deane at Harwell.lo

%.5 Raman Spectra of ThO, Sols snd Thorium Nitrate
{with the assistance of“0. L. Keller and G. Begun)

Tnfrared spectrs of sols of ThO, containing nitrate and U0, were
<

3

messursd (section 4.b) in order 4o obtasin = betber understanding of the

mode of bording of thesé species to the ThO,, surface. However, the presence



of water prevented good resclution of the stretching vibrations at 6 to
10 1 of the relatively small amount of nitrate. Rawman spectra were
therefors measured on a Cary Model 81 instrument for concentrated sols
of 2 to b M Thoz, because water was not expected to inberfere in this
technigque.

The strong Raman-active band at 9.5 p (1050 cm*l) arising from the
NO stretching vibration of the NG% group was observed in sols of 1.6 M
ThO, (0.16 M ’NO5) and 3.8 M Tho,, (0.8 M NOB)° The symmetric and anti-~
symmetric NO, stretching vibrations at 6 to 8 p could not be seen even
&% the highest sensitivity in standard T mm diam, 50 ml capacity, tubular
glass cells, and observation of these hands is essential for the inber-
pretation of the mode of bonding. Tubular glass cells of special geomebry
with central light pipes of (a) solid glass rod, (b) hollow parallel glass
tube, and {c¢) hollow comical glass tube, were also tried in an attempt to
extract the Ramao scatbered light more efficlently, but without success.
T% was concluded that the weakness of the Raman effect countervalanced
the advantage of the lack of interference by water and that the measurement
of 1nfrared spectra of sols would be of mors value, especially if 2 more
sensitive ionstrument were used than the Perkin~Elmer Infracord referred
to in section b.h.,

However, a satisfactory Ramapn spectruom of crystalline thorium nitrate
pentakydrate was obtained for the Tlrst tiwme using = specisl 5-ml cell
with a coriecsl annular lighft~plpe desigred by 0. L. Keller. The main
vands 1o the spectrum were at different freguencies to those in infrared
spactra reported by J. 5. Cho and M. E. Wadswnrthll, . Ro Ferrarol2, and

13

T, C. Addison and B. M. Gatehouse ~. The main differences were in the
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degree of separation of the Yy and’Vl bands {Table 1).

Table 1. Comparison of Infrared and Raman Spectra
of Hydrated Thorium Nitrate

I.R. I.R. I.R. Raman Assignment
tho and Addison &
Wadsworth  Gatehouse Ferraro Hardy
(¥Br disc)  (mull) (kBr disc) (mull) (pure solid)
1505, s 1520, vs 1510, vs, b 1502, vs, b 1546, m Y f(mo2
W8T, s 1506, sh 1498, m 3 antisymm, st)
1315, m 1323, s 1326, sh 1322, m 1288, w Y (No2
1285, s 1292, vs 1306, vs 1295, vs 1223, w symm. §t)
10%0, vs 10%, sh 1023, m 1035, sh 1037, vs 3 (o st)
1023, s 1030, vs 1030, m
805, sh 811, m 79, w 814, w 805, vw Wgaout-of~
798, s 805, m 808, w ,gp ne rocking
748, sh 756, m ™5, w 750, m TG, s ‘)3/1)5 NO,
738, s Ths, m 711, w 5bxﬁ

Abbreviations: s, strong; m, medium; w, weak; v, very; sh, shoulder;
st, stretching; b, broad)

A considerable amount of information could be obtained by measuring
Raman spectra of sclid gels of ‘I‘hO2 containing nitrate and U03’ as well
as Infrared spectra. The advanbtages of the Raman method are the lack of
interference by water and the absencebof reactive window materials or
milling agents. The objects of future work should first be to obtain
spectra of better guality, and then the interpretation of them in terms
of the mode of bonding of the nitrate and uranium to the ‘J}hO2 matrix and

surface.

4.6 Infrared Spectra of Various Sol-Gel Materials
Infrared spectra were measured on a Perkin-Elmer Infracord spectro-
neter in the range 2.5 to 15 p for the qualitative anelysis of impurities.

Samples of solid lanthanide hydroxide gels and lanthanide oxldes were
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pressed into pellets with potassium bromide or were ground up as mulls

with Nujol, and sols and gels were also held as thin films between silver
chloride plates. Organic matter, e.g., residual tetramethylammonlum ions,
or long-chain alcohols used to dry the sols, was detected in some hatches
of microspheres by the C-H stretching vibrations in the 3 and 7 p reglons.

The absorption of CO, by a sol or gel was also detected by the C-0

2
stretching vibrations at 6.7, 7.1 and 11.3 B except that there was
interference in the 7 p region when a large amount of nitrate was present.

The residual nitrate showed up clearly in the microspheres of
lanthenide hydroxlde gels as strong bands at 6.7 and 7.3 p and a weaker
band at 9.4 P (the 7.3 p band in KBr discs was due to nitrate ions pro-
duced by reaction of the sample with the KBr to give KNOB). The bands
were similar to those found in sclid lanthanide nitrate hydrates (f.e.,
they were characteristic of nitrate groups coordinated to the metal ions,
and not characteristic of nitrate ions). In sols the nitrate bands were
broader and subject to interference from the strong band of water at
6.1 B- Calcined oxides showed a featureless spectrum from 2.5 to 15 p;
cbservation at higher wavelengths may be useful in the future in that it
mzy show up the metal-oxygen stretching banis.

TInfrared spectra were also measured of hydrated nitrates and car~
tonstes of praseodymium, neodymium, and europium heated to various tempe
eratures up to 9OOOC, to assist in the interpretation of the mode of
decomposition of small amounts of these materials present in lanthanide
hydroxide gels during calcination to oxides. The spectrs showed that
the nitrates were decomposed during the presoaking step at 5000C {prior

to heating the gel spheres to 1000 to 150000 to convert them to dense
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oxide), but that the carbonates were only fully decomposed after they
had been heated for several hours at 9OOOC. Details of the spectrs, and

suggested intermediates in the decomposition, will be discussed in an

ORNL report on the preparation of lanthanide oxide microspheresB.

h.7 vVisible and Ultraviolet Spectra of Sols of PuO2

Preliminary measurements were made of the absorption spectra of
plutonium sols to study the feasibility of determining sizes of the
colloidal particles by a simple spectrophotometric method as was used

for U02 and Th.O2

Three sols were examined and these were prepared as follows:

S0l A {Code No. X1) was prepared by the standard.method;h by M. H. Lloyd

sols (sections 3 and L.3 respectively).

by precipitation of Pu(IV) hydroxide with ammonium hydroxide,
washing the precipitete thoroughly, beking it to reduce the
amount of residual nitrate, and addition of a 0.1 mole ratio

of nitric acid to Pu{IV) to stabilize the sol; the final
plutonium concentration was about 250 g/liter. The nitrate to plu-
tonium mole ratio was about 0.3, and the sol was diluted with
water to 10 and 1 g Pu/liter.

S0l B (Code No. 138-6) was prepared by M. H. Lloyd in a similar way
£0 S50l A and contained 277 g Pu/liter and & nitrate to plutonium
mole ratio of 0.3%3; the sol had been aged for about 4 months
during which time the particles sedimented to the bottom of
the container and the mixture was shaken to resuspend the

2

particles before dilution with water or with 10°° M HNO, to

3
give sols containing 3 to 11 g Pu/liter.



S0l ¢ (Code No. D=17-DIR-2) was prepered by R. G. Haire by pracipitation
from an aged and heated Pu{IV) polymsr solution, and had a
plutonivm concentration of 405 g/liter, and a nitrate to plutonium
mole ratio of about 0.2. This sol was an almost transparent
green color, whereas sols A and B had a milky yellow-green
color. The sol was diluted to © $o 20 g Pu/liter, with 5 x .10"‘j M

HNOE.
The absorption spectra of the sols were measured over the range

2500 to 10,000 A in l~-mm or 1~=m cells in a Jary Model 1% spectrophotome-

ter. A serles of broad absorption peeks were ohserveld superimposed un

m

a background absorption which increased as the wavelenglh Jecreased. The
abscrption peaks were alb similar wavelengths to those reported for

. s . do s 15,16 .
olutonium polymer in dilute acid or alkalinz solution ”? Table 2),
¥

Table 2., Comparison of the Wavelengths Gmx) of Absorption Peaks
for Sol C apd Plutonium Polymer Solubion

Sol ¢ 508 531, 575 608 688 732 812

-
Polymer (Krausl)) 510 519 618 817
Polymer (Ockendenl6 510 580 515 690 740 825

The background absorptlon (st low concentrabions of plubonium ab
which the polymer peaks were of low intensity) was similar %o that shown
by sols of Thoz, UOQ, and lantbaniﬁﬁ hydroxides. The absorbance of this
background absorpbion corractel for the cell bladks and for the plutonium
polymer peaks is given as a function of smvelength and plutonium concen-
tration in Table 3. Plots of log background shsorption versus log wave-

"

length d41id neot give ghraight liues of slope -4 as expescted for idesal



Table 3. Messurements of the Apparent Absorbance of Sols of EuOQ

Sol Pu cone. Apparent Absorbance* of Sol at Wavelength, A SlopeTf of Plot
Letter g/l 2500 3000 3500 4000 4500 5000 6000 7000 8000 ILog T'vs Log A

At 1.0 0.826 0.346 0.168 0.076 0.020 0.002 == - - 5.1
10.0 -- - 1.655 0.791 0.235 0.073 0.045 0.0kl 0.0%0 10.7
B 2.8 - -- -- -- -~ 0.909 0.453 0,298 0.195 = 3.3
5,55 -- - -- -- - 1.869 0.883 0.555 0.360 3,15
5,5 — - - - - 1.381 0.683 0.438 0.280 3,45
11.1 - - . - e 3,07 1.443 1.003 0.585 3.55
o** 1.0 - - 1.17 0.k65 0.122 0.064k 0.052 0,046 0.040 0.70
- 2.0 - e .= 0.910 0.251 0.102 0.079 0.070 0.056 1.09
k.2 - - - - 1.52  0.539 0.348 0.285 0.220 1.90
20.0 - - - - - 0.779 0.513% 0.4k21 0.320 1.91

*kpparent absorbance is the sbsorbance corrected for cell blank and for plutonium polymer peaks.
Thbsorbances for Sol A are given for a l-mm cell, all others for a l-cm cell.

Xpiluted with 1072 M HNO5, others with water {except Sol C, see below).

"1 ailuted with 5 x 102 M 7O,

TtAll slopes negative.

L2



scattering by small spherical particles and observed for ThO2 Sols
(section 4.3). The slopes varied from -11 for Sol A to ~0.7 for Sol C
(see Table 3) depending upon the wavelength and on the plutonium con-
centration. Plots of absorbance versus plutonium concentration were
approximately linear for these sols, which indicated that multiple
scattering of light by the particles was not a significant factor.
Meaningful values of the particle molecular weight and radius can
only be calculated from the simple equations (section 4) if the slope
of the log sbsorbance-log wavelength plots is approxiwately ~-4. Only
the data for Sol B approach this value, and & particle molecular weight
and radius have therefore only been calculated for this sol.
In the calculation it was assumed that
(a) the sol particles consisted of Puo, (this is supported by
x-ray evidence that the crystallites show a pattern similar
to that of crystalline Puog - unpublished work by R. G. Hailre
and M. H. Lloyd),
(b) the refractive index increment for the sols was the same
as for ThO, sols {0.074 cmB/g), and the refractive index
of pure Pu0, vas the same as for pure ThO, (2.20).,
The results for Sol B based on absorbances measured at 6000 A were
Molecular Weight = 9.3 x 108, Radius = 320 A.
This molecular weight is probably of the correct order of magnitude
although it assumes a monodisperse sol with aspherical particles, neither
of which assumptions may be correct. This value can be compared with

values in the literature for molecular welghts of plutonivm polymer, viz.



minimuam maxilomum
Ockenden and Welchl6 4 x 10° {diffusion method) 100 (o-track counting)
Kraus™” b x 10° (diffusion method) 2 x 107 (ultracentrifuge
method)

In conclusion, one could say that these preliminary results only
serve to indicate the complexity of the system. The three sols examined
all gave a spectrum qualitatively similar to the spectrum of plutonium
polymer, but they gave widely different exponents for the plot of log
absorbance versus log wavelength. Part of this variation of slope may
be due ¢ the difficulty in correcting the observed total absorption for
the contribution of the plutonium polymer absorption peaks, particularly
at the higher plutonium concentrations. The absorption data for the
milky yellow-green aged Sol B gave a reasonable particle molecular welght
and radius, bub the date for the transparent green Sol C are particularly
difficult to interpret. The low slopes of the log-log plot imply a
relatively large size of particle according to the theories of light-
scattering by spherical particles, dbut this conflicts with

(a) +the trensparent appearance (which is usually characteristic

of & small perticle size for a substance with such & high
refractive index), and

(b) preliminary results by R. G. Haire on the pressure filtra-

tion of the sol through a 1000 A millipore filter, which
showed that the bulk of the plutonium passed through,
whereas relatively little of Sol B passed through under
similar conditions.

A careful comparison of measurements of turbidity, light scattering

ab low anglies, x-ray diffraction, and elsctron microscopy is desirable



on a maber of plutonium sols, It may then be possible Lo obhaln accu~
rate data on the size, shape, and crystallinity of the colloidal particles,
and to use the turbidity measurements in a spectrophotometer for the

rapid routine measurement of particle size. This could then lead to the

goal of controlling these properties in future processes.
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