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PREPARATTON COF LANTHANIDE OXIDE MICROSPHERES BY SOL-GEL METHODS

C. J. Hardy, 5. R. Buxbon, and M. H. Lloyd

ABSTRACT

Lanthanide oxide microspheres have been produced with a controlled
size in the dlameter range 50 to 500 u, a density of up to 98% of the
theoretical crystal density, a low surface area (0.0L to 0.1 w?/g), and
a high resistance to crushing (up to 3 kg for 500-u-diam spheres). Hy -
droxide sols and gels were used as intermediates, and the resulting spheres
were calcined at a relatively low final temperature (1000 to 1500°C),
which depended on the crystal form required,

Bols were prepared by precipitating the lanthanide hydroxides from
lanthanide nitrate golutions with ammonium hydroxide, washing the pre-
cipitates thoroughly, and heating them for 1 hr at 80°C. These sols
were concentrated by evaporation until they were 2 to 3 M in the metal
ion and contained 0.06 to 0.25 mole of residual nitrate per mole of
metal ionj; then they were formed into gel microspheres of controlled size
by partial dehydration with a long-chain alecchol in a tapered column.

The gel spheres were dried further in vacuum at 120°C, heated to 500°C
in vacuum to dgcompose the residual nitrate, and finally caleined to
oxide microspheres at 1000 to 1500°C in adir.

Spectroscopic methods were used to rapidly determine the nitrate
and metal ion concentrations in the zols, to study the form of bonding
of the components (e.g., nitrate) of the sols and gels, and to estimate
the sizes of the aggregates of colloidal particles. FElectron microscopy
and electron diffraction measurements showed that the initial precipitates
of lanthanide hydroxides consisted of amorphous particles of 30 to 60 A
in diameter. When aged in the mother liquor, these particles changed
into crystalline sheets up to several hundred angstroms in width; when
thoroughly washed and aged in water, they changed into rods, tubes, or
rolled gheets up to several thousand angstroms in length. Randomly
arranged bundles of these rod-shaped crystals were present in microspheres
of the lanthanide hydroxide gels. Electron micrographs of replicas of
etched polished surfaces of the dense oxides obtained by heating the gels
to 1450°C ghowed 5- to 1O-p-wide grains that contained oriented crystal-
line units that were 0.2 to 0.5 p wide. These units were probably poly-
crystalline because x-ray line-broadening measurements indicated a crystal-
lite size of 500 to 700 A.

Lanthanide oxides in this form have potential industrial value; for
example, europlum oxide in cermets could be incorporated in reactor con-
trol rods, and europlum, promethium, and thulium oxides might be used in
radioactive heat sources. The method of preparation is also applicable
to the production of‘sols, gels, and oxides of the transplutonium ele-
ments, of which americium and curium are of interest for incorporation
in targets for the High Flux Isotope Reactor at Oak Ridge to produce
transcurium isotopes.



1. INTRODUCTION

Methods for the production and characterization of sols and gels of
compounds of the lanthanide elements have been developed to obtain lan-
thanide oxide microspheres with densities nearly equal to the theoretical
crystal density and with high resistances to crushing. The knowledge
gained will be applied to The preparation of americium and curium oxides
that are suitable for incorporation in targets for the High Flux Isctope
Reactor (HFIR). Lanthanide oxides in this form have potential applica-
tions in industry, particularly in the nuclear field. For example,
oxideg of samariuwm, gadolinium, and europium might be used in control
rods and as burnable poilsons in fuel elements.

The bulk of the work in this report was concerned with the lshoratory-
scale preparation of sols and gels of lanthanide hydroxides that were
precipitated from lanthanide nitrate solutions. The sols were subsequently
formed into gel microspheres, which were calcined to dense oxide wicro-
spheres under conditions which depended on the crystal form required. The
methods descrived are being extended to the preparation of sols and gels
of a wide range of lanthanide hydroxides. They are also being scaled up
to give up to 50-g batches of selected oxides (e.g., monoclinic europium
oxide) to provide material for study by other investigators.

Spectroscopic methods were used (1) to rapidly determine the con-
centrations of nitrate and metal ion in the sols; (2) to detect differ-
ences between preparations of sols and gels thab had different appearances
under the microscope; (3) to study the form of bonding of the components
of the sols and gels (e.g., the bonding between the residual nitrate
groups and the metal ions before and during caleination to oxide); and
(4) to estimate the sizes of the aggregates of colloidal particles in the
sols.

Electron microscopy of the sols and gels has provided a betber under-
standing of the various stages in the process. Resulis on aging of lan-
thanide hydroxides are in agreement with published data of Milligan and
Dwight.t

2. PREPARATION AND PROPERTIES OF S80S

Two principal methods were used to prepare the sols: (1) addition
of an excess of NH,OH or tetramethylammonium hydroxide (TMAH) to a solu-
tion of a lanthanide nitrate (Sect. 2.1), and (2) addition of a solution
of a lanthanide nitrate to an excess of NH,OH (Sect. 2.2). The second
method is now preferred. We also tried a few other methods such as bhe
removal of nltrate frowm solution with a long-chaln organic amine and
slow hydrolysis in homogeneous solution; these are described briefly in
Sect., 2.3. The properties of the sols, with particular reference to
spectra, are discussed in Sect. 2.4.

The minimum purity of the lanthanide nitrates or oxides used was
99.0% except for the europium and samarium nitrates, which had a minimum
purity of 99.9%. All these compounds were obtained from the American
Potash and Chemical Corporation (Lindsay Division), except for holmium
oxide (99.9%), cerous nitrate, and erbium oxide (99.9%), which were



obtained from Semi-Elements, Inc., Saxonburg, Pennsylvania, the G. TF.
Smith Chemical Company, and Kleber lLaboratories, Inc., respectively.

2.1, First Method ~ Addition of NH OH or TMAH to
Lanthanide Nitrate Solution

2.,1.1, Method of Preparation

(1)

(2)

(3)

Sols of lanthanide hydroxides were prepared by the following steps:

The hydroxide was precipitated from a 0.1 to 0.2 M lanthanide nitrate
solution by the addition of a 100% excess over the stoichiometric
amount of 1 to 2 M NH,O0H or L M TMAH (the latter was pU?111ed from
carbonate with barium hydroxide solution)* at either O or 25°C

The precipitate was thoroughly washed six to eight times with 002—
free distilled water. After each wash, the precipitate was centri-
fuged from solution (sometimes base was added to the first two
washes to decrease the amount of residual nitrate ion iIn the product.
The precipitate was suspended in CO,-free distilled water contain-
ing about 0.05 to 0.2 mole of nitric acid per mole of metal added
and was evaporated, with stirring, at 50 to 60°C for several hours
until a metal concentration of about 2 M was reached.

Microspheres of gel were formed both in beakers and in a tapered

column by dehydrating the sols with a long-chain alcohol (see Sect. 4).
The following conditions were necessary Tor the formation of microspheres
that were characterized by good sphericity and a smooth surface and that
could be calcined to strong microspheres of dense oxide:

(1)

(2)
(3)

(4)
(5)

(6)

operation in an argon-filled glove box to minimize the absorption
of COz;

use of TMAH rather than NH,OH (see Sect., 2.1.2);

washing of the precipitate with TMAH prior to the water washes to
obtain a low residual nitrate content;

precipitation and washing at 0°C, rather than at 25°C, to decrease
the effects of aging of the precipitate;

addition of enough nitrate, in the case of Pr and Eu, to provide
nitratemmetal ratios of 0.05 to 0.1 and 0.1 to 0.2, respectively,
to stabilize the sol after washing steps; and

evaporation to dehydrate and concentrate bthe initlally bulky hydrox-
ide precipitate to a metal concentration of about 2 M.

#Great difficulty was experienced in obtaining CO,-free TMAH; the

material, which was obtalned from Eastman Kodak Co. in sealed bottles,
contained about 20% as TMA carbonate. The purification method (suggested
by R. G. Haire) included precipitation of the carbonate as barium carbonate
by addition of a stolchiomebric amount of barium hydroxide solution, and
the removal of the solid by filtration in vacuum.
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2.1.2. Comparison of the Use of NH,OH aud TMAH in the Preparation of
Buropium Hydroxide Sols

Since it was soon recognized thab TMAH gave better products than
NH,OH with respect to lower vresidual nitrate content and a higher
resistance to crushing, a comparison was made of europium hydroxide sols,
gels, and oxides that were prepared by these two reagents under similar
conditions. The following procedure was used: A 100% excess of each
base was added to a 0.2 M solution of europium nitrate at 0°C. The result-
ing precipitates were washed six times with water at 0°C and centrifuged
after each wash at 6000 rpm in a high-speed centrifuge. ALl operations
were conducted in an argon atmosphere.

X-ray measurements were made on the washed precipitates; which had
been protected from absorptlon of CO,. The powder patterns contsined
broad lines thal corresponded to those published? for Eu(OH)3 and Eu0-0H,
rather than for Bu,0; [later electron diffraction messurements indicated
the main component 1o be Eu(OH)3]. The crystallite sizes caleculated fyom
the line-broadening were shout 75 and 110 A for hydroxides prepared with
TMAIT and with NH,OH respectively. The loss of europium hydroxide by
peptization in the wash water was excessive (22%) with NH,O0H but was only
slight (3.5%) with TMAHI. The sols were next formed into gel microspheres
and then calcined to oxide (see Sects. 4-6). The microspheres prepared
with sol from the TMAI method resisted a crushing force of 300 g (mean
of ten 166-p-diam spheres), while those prepared with sol from the NI, OH
method resisted a crushing force of 150 g.

In summsyry, TMAM has the advantages of giving lower losses and a
better oxide product but has the disadvantage of a much higheyr costh
(equivalent to about $350 per kg of Fu,05 produced). It also requires
a barium hydroxide step to remove the carbonate impurity. The NH,0H
method (Sect. 2.2) is now preferred.

2.1.3. Btability and Particle Size of Praseodymium Hydroxide Sols as
Functions of Nitrate Content and Tempervature

Prasecdymium hydroxide was precipitated from a solution of praseodym-
ium nitrate with TMAH, and the thoroughly washed precipitate wag dis-
persed 1ln water to give a Pr concentration of about 0.2 M. The sol was
stirred for 30 min at 25°C and then divided into two portions., Nitric
acid was added to each to give NO3 :Pr ratios of 0,05 and 0.10, respec=
tively, and the two sols were restirred for 1 hr at 25°C. Samples of
each sol were removed to allow measurement of the sbsorptlon spectra from
7000 to 3000 A, the vefractive indexes (with a Zeiss dipping refractometer),
and the concentrations of metal and nitrate in a 1 M HC10, solution (sce

ect. 2.4). The two sols were then heated at 70°C for 1 hr, and again
samples were removed for measuring the spectra and determining the con-
centrations of metal and nitrate., Spectra were also ueasured for samples
diluted (with water) to a concentration thet was one-fifth that of the
original.

Samples of the sol before and after heabing at 70°C were aged 24 hr
al 25°C. 'The percenbage of +the Pr that had edlmenued by gravity was
determined by spectrophotomebtric analysis of the supernates and the
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residues, which were dissolved in perchloric acid. The following table
shows the results:

NO3—/Pr Settling Time Temperature Percentage of
Mole Ratio (hr) (°cy Pr Sedimented
0.05 25 25 42
0.05 1 25 14
1 70
24 25
0.10 24 25 8
0.10 1 25 12
1 70
24 25

The apparent molecular welghts and diameters of the sol particles,
which were calculated from the absorption spectra of the sols at 4000 A
by the method described in Seet. 2.4, are:

/ Aging Diameter of
NO5;™ /Pr : Dilution Molecular Assumed
Mole Retio  Tihe  Temperature Ratio Weight Sphere
(hr) (°c) :
(A)
0.05 2 25 - 1.85 x 107 230
0.05 2 25 5 7.5 % 107 364
0.05 25 25 - 1.61 x 107 218
0.05 25 25 5 1.11 x 108 416
0.05 25 25 5 6.4 % 107 346
' 1 70
0.10 2 25 - 1.91 x 107 230
0.10 40 25 5 4.3 % 107 304
0.10 1 70 5 5.7 x 107 232
40 25

The overall conclusions are:

(1) The sol with an NO;~/Pr ratio of 0.1 was more stable toward sedimenta-
tion than that with an NO;7/Pr ratio of 0.05.

(2) Dilution of the 0.1 to 0.2 M Pr sols (with water) to a concentration
that was one-fifth that of the original led to aggregation of the
particles by factors of 4 to 7 and 2.3 for NO;~/Pr ratios of 0.05
and 0.1 respectively.

(3) Heating the sols for 1 hr at 70°C did not have a marked effect Oﬁ
the molecular weight.



2.2. Second Method — Addition of Lanthanide Nitrate
Solution to NHLOH

2.2.1. Method of Preparation

The steps in this method were:

(1) The hydroxide was precipitated by adding a 0.2 M lanthanide nitrate
solution to a 20-fold (occasionally a 40-fold) excess of & M Nk, OH
that was constantly being stirred in a beaker at 25°C. -

(2) The precipitate was centrifuged and washed with COs-free distilled
water five or six times, with intermedlate centrifugation and decanta-
tlon of the wash liquors; a volume of about 200 ml of water per gram
of metal was used, and the pH of the wash liquor decreased from 11
to about 9 (Table 1);

(3) The precipitate was then a damp paste, and for la, Ce, Pr, and Na,
this paste liquefied spontanecusly to Torm a translucent sol after
aging 25°C for a period of 20 %o 60 min. The hydroxide pastes of
Sm, Eu, Gd, Ho, and Er did not liquefy spontaneously, and required
shaking or agitation in a vortex mixer for several minutes.

After step (3), the sols had a metal concentration of 0.5 to 0.6 M when
the centrifugation was done in a small, high-speed (6000-rpm) centrifmge,
or 0.4 to 0.5 M when a large preparative (1100-rpm) centrifuge was used.
The mole ratio of residual nitrate to metal was in the range 0.06 to
0.25; and the apparent pH (measured with a standard pH meter) was about
7.1 to 7.3 for sols that liquefied spontaneously, and 9.6 to 10.2 for
those which did not. The time required to prevare 10 g of the sol was
only about 1 hr. A summary of the preparative detalls and analyses for
a range of sols is given in Tables 2 and 3.

The wvariation of the apparent pH of the sol with time was studied
in detail for a Pr sol (No. 123) (Fig. 1). The pH of both the wash
liguor and the sol decreased sharply with time until about 2 hr after
the precipitation; at the same time, the viscosity of the sol also de-
creased markedly. For example, the viscosity of a 0.5 M Nd sol (No. 122)
decreased from greater than 100 centipoises (thixotropic) to 1.7 centi-
poises (not thixotropic) over a time interval from 3 hr 10 min to 3 hr
40 min after precipltation, while the pH decreased from 10.1 to 7.2. The
apparent pH of eurcpium hydroxide sols remained in the region of 9.6 to
10.1 for many days at 25°C.

When a viscous Eu sol (No. 124) was heated for 1 hr at 80°C, the
PH decreased from 9.8 to 6.6 and the viscosity decreased from greater
than 100 to about 1.5 centipoises. The sol could then be concentrated
to 2.5 M in europium hydroxide without an appreciable increase in viscosity,
whereas without this heat treatment a dilute, viscous sol such as No. 124
cannot be evaporated conveniently because it sets solid. The heat-treat-
ment step was, therefore, essential Lo obtain a low-viscosity sol with
a metal concentration of 2 to 2.5 M, which was most suitable for Torming
microspheres characterized by good“sphericity and surface gloss (for de-
talls of Nd, Sm, and Eu sols, see Table 4). However, the structure of
the particles in the sols of europium hydroxide (and +the relabed viscosity)
had an effect on the strength of the final calcined oxide spheres (see
Sect. 6.1).



Table 1. Varilation of pH of Wash Liquor with Number of Washes for Lanthanide Hydroxides

Sol Type of fppozent o Einal
> Metal JpE oL Tnitial Wash No. NO;~/Metal
No. Centrifuge , o .
Supernate T > 5 7 z 3 Mole Ratio
95 Pr HS - 10.70 10.20 9.75 9.50 - - 0.19
96 Fu HS - 10.80 10.35 9.90 9.55 - - -
104 Na s 0.80 10.50 10.40 10.22 9.82 9.65 9.16 0.29
105 Pr s - 10,70 10.45 10.15 2.90 9.40 - 0.24%
106 Eu IS 10.95 10.65 10.44 10,02 9.80 9.36 - 0.18
107 Eu s - 10.72 10.34  10.07 9.68 9.21 - 0.098
108 Bu s 11.0 12.1P 11.44 11.04 10.73 10.40 10.06 0.062
(sixth water wash 9.63)
109 La LS 10.95 10.25 9.80 9.22 (very badly peptized) -
111 Ho L 11.1 10.80 10.50 10.16 9.70 9.25 - 0.088
112 Gd LS 11.0 10.72 10.42 10.06 9.60 9,10 0.115
113 Ce S 10.95 10.62 10.15 9.40 (badly pepﬁized) -
115 Eu LS 10.90 10.60 10.30 10.10 9.62 9.43 8.92 -
118 Bu s 10.95 10.78 10.43 10.15 9.72 9.35 .08 0,109
112 Bu IS 10.90 10.60  10.35 9.93 9.67 9.28 8.88 0.120

gﬁS high speed {6000 rpm); LS = low speed (1100 rpm).
First wash with 200 ml of concentrated NH,OH per gram of metal.

L



Table 2. Summary of Information on Sols Prepared by the Second Method with
a High-Speed Centrifuge in a Glove Box
. Amount of No. of . . Final Sol
<7 ~—
Sgi Metal Metal Centrifuge Dgzzquaof Metal %03 /Metal .
: (g) Tubes ) (M) Mole Ratio bt
90 Pr 3 2 10 X H,0 - 0.21 -
91 Bu 2 2 1 X NH,OH - 0.14 -
6 X Hp0
92 Eu 2 2 IMAH ppo., - 0.07 -
& X 5,0
93” P 3 4 5 X Hy0 0.59 0.20 -
95¢2¢ Pr 1 4 5 X H,0 0.57 0.19 7.1
96° ¢ Fu 1 4 4 X H,0 - - ;
S Pr Z 4 5 x H,0 at C°C - - -
98 N¢ 1 4 4 X Ho0 0.485 C.17 -
99 B 2 8 4 X Hp0 {40-fold 0.57 3.06 -
excess of NH,CH)
100 Eu 2 4 6 X H,0 (40-fold - 0.075 -
excess of NH,O0H)
101 Bu 2 4 7 X Hy0 {40-foid - C.08C -
excess of NH,COH)
102 Pr 2 4 5 X H,0 (40-fold 0.56 0.25 7.25
excess of NH,0H)
103 Pr 2 4 5 X HpC 0.725 C.21 -
g,

0 o

=

Series of elec

Twenty-fold excess of NH,OH usec for precipitation except where stated,
NI, anaiysis indicated an NH,T/Pr ratio of 0.006.
tron micrographs obtalned.
For pHl of wash liquors, see Table 1.



Table 3, Summary of Information on Sols Prepared by the Second Method with
g Low-Speed Preparative Centrifuge in the Laboratory

;21 Metel i}a;: £al) Ceizl.’igige Dszi‘ii: ot g;rliz;gif:tll‘gzs Metal NOg"%_IEiilSOl 0

. g Tubes () Mole Ratio P
104 m 4.5 4 6 X H;0 2.6 0.435 0.29 7.4

fold excess of
NH,,0H) ;

105 Pr 10 4 5 X HyC 7.2 0.426 0.24 7.1
106 Eu 10 4 5 X U0 €.5 0.41 0.18 9.8
107 Bu 7 4 5 X H,C 5.7 0.33 0.098 9.5
108 Eu 10 4 7 X H,0 8.8 0.47 0.0682 10.2
110 Ia 2 1 2 % H0° - - - 9.6
111 Ho 2 L 5 X Hp;0 3.5 0.53 0.088 10,1
112 Gd 2 1 5 X Hy0 ©.,0 0.53 0.115 10.0
113 Ce 2 1 3 X Hy0 - - - -
115 Eu g 4 6 X Hy,0 g.5 - - 9.8
118 Bu 8 4 & X Hy0 - 0.40 - 0,108 - 9.7
119 Eu 10 4 & X Hn0 - 0.50 0.120 -
120 Er & 2 6 X H,0 - 0.4L 0.093 10.3
iz1 Nd 4 2 6 X Ho0 - 0.35 0,24 745
122 Na 8 Z 6 X HoC - - - 7.2
123 Pr ' 10 4 5 X H0 - - - (see Fig. 1)

G o

aTwenty—fold excess of NH,LOH used for precipitation except where stated.
Carbonate analysis after concentration of sol in rotary evaporator to O

-

dFinal wash badly peptized.
After aging 2 to 3 hr at 25°C,

. R SO .
W61 M gave 00577 /Nd mole ratic of 0.004.



Table 4. Sumary of Information on Sols™ Prepared by the Second Method and Conce trated by Evaporstion

Sol efter

SOl . Scale Final pE pH of Sol’ Concentration Comments
No. b {g of metal} of sol afver 1 hr Metal NO5 /Metal R
(M) Mole Ratio

124 Eu 10 9.85 6.6 1.6 - After concentration
for 1 nr at 60°C,
sol had a pH of 4.3

27 Eu 10 9.95 6.5 2.5 0.C94

129° Bu 10 9.95 6.5 2.5 - Fnough formic scid
added, after sol was
formed, to give a
formic acid/metsl
ratio of O.1.

130° Eu 10 16.12 6.9 2.2 - Enough formic acid

lmredistely acded, after sol

on addition was formed, to give

of formic acid a formic acid/metal
ratio of D.4.

1317 Eu 10 10.0 6.2 2.5 - Enough Tormic acid
acdcded during pptn.
to give a formic
acid/metal ratio of
0.4,

i33 Nd 745 10.0 6.6 1.¢ 0.22 Sol thixotropic
after concentration

134 Sm 10 iC.0 5.8 2.2 - Sols used to

135 Sm 10 S.9 7.C 2.2 - } prepere spheres up

136 Sm 10 i6.2 7.0 2.3 0.1¢% $0 900 p in diameter.

a, e
Sols were prepared witn

& low-speed centrifuge in the labratory.

water, washes were used in each experinent,

éSol was at 80°C,

Formic acid added +to test effect on size of coiliocidal

Four centrifuge tubes and six

perticles (see Secs. 3),

0T
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2.2,2. Removal of Nitrate from Lanthanide Hydroxides with Successive
Water Washes

The extent of removal of nltrate from a praseodymium hydroxide pre-
cipitate was examined {Table 5) as a function of the order of the addi-
tion of the reactants in the precipitation stage, the wethod of aging
the precipitate, the number of water washes, and the temperabure.

The lowest NO;”/Pr mole ratio (0.033) in the final precipitate,
coupled with a low loss of Pr by peptization (2.5%), was found in experi-
ment V, babch P (see Table 5), in which the hydroxide was precipitated
by adding a 0.2 M praseodymium nitrate solution to a 20-fold excess of
8 M NH,OH at 25°C. The precipitate was washed once with concentrated
NHZOH and. then six times with water. Washing the precipitate with
methanol instead of water was less efficient in removing the nitrate
(Experiment V, batch Q). Aging the nydroxide in the mother liquor, or
in fresh NH,OH at O or 60°C, gave high losses by pepbization.

Hydroxide precipitation by the addition of 100% excess TMAH o the
nitrate solution at 0°C, followed by four water washes, removed nitrate
more elficiently than the addition of the nitrate solution to a 20-fold
excess of NH,OH, followed by four water washes (experiments VI and 11T,
Table 5). However, the product of the TMAH experiment formed poorer gel
spueres (milky with rough surface) than did the product from the NiL, OH
experiment ITL (spheres translucent with smooth surface).

X-ray powder patterns were obtained for samples of the damp hydroxide
pestes from experiment I, batch A and experiment I, batch D; and crystal-
lite sizes were calculated from the width of the lines (these spectra
were poor and showed interference from lines resulting from the Saran
plastic film used to protect the samples from CO, in the atmosphere).

Sample . L Crystallite Size

To. Aging Time (A)

Al 40 min after centrifugation 160 and 300 calculated
of initial precipitate (no washes) for two available

lines

A7 140 min after precipitation 145 and 190 calculated
(6 washes with water) for two lines

D4 1 hr in fresh NH,OH at 60°C; 144 and 180 calculated
2 washes with water at 25°C; for two lines

total time, 220 min

The two, available strong lines in the spectra matched those expected?
for hexagonal Pr(OH);, but a broad background signal was also present
which decreased in intensity from samples AL to A7 to D4 and was probably
the result of a large proportion of small crystallites (<20 A) or poorly
crystalline material.,

In experiment IIT (Table 5), the samples of solid pastes taken for
analysis after the third and fourth water washes spontaneously became
translucent green sols after about 1 hr. This was our first observation
of this behavior with respect to lanthanide hydroxides,



Table 5. Removal of Nitrate from Praseodymium Hydroxide by Successive Water Washes

. NOS_/Pr Mole Ratio Lanthanide
Expt. Amount of Pr ’gemf' Method of Batch Method of Initial Successive Water Washes Loss on
Ne. ) ot ppin. Addition Agin All Washes
3 (uc) ging Supemate 1 2 3 4 5 (%)
1 4 5 50% excess A None 1.64 0.785 0.529  0.493 0.460  0.462 4.8
(divided into NH,OH {6th wash, 0.330)
four 1-g batches) added to
Pr
B 5 hr in mother 1.23 0.673 0.498  0.475 16.6
liquor at 0°C
C 3 hr in fresh 0.745 0.528  0.439 0.421 0.415
NH,OH at (6th wash, 0.414) 17.6
o°C (7th wash, 0.378) .
D 1 hr in fresh 0.740 0.334 0.11 0.05 66.7
NH,OH at
60°C
1 1 60 NH,OH None 1.10 0.591 0.515 (0.505 with HNO, wash, pH 4) 26.1
added to
Pr
11 1 25 Pr-added to None 0.67 8.366 0.226 0.191 0.173
20-fold
excess of
8 M NH,OH
\Y 2 25 Same as Il P None 0.65 0.233 0.092 0.063 0.058  0.055
{divided into (6th wash, 0.033) 2.5
two l-g batches) First wash with NH,OH
Q None 0.65 0,233  0.1389 0.173 0.226  0.18
First wash with NH, OH; 0.65
next 4 washes with methanol
Vi 1 0 100% excess None 0.66 0.161 0.114 0.087 0.084 0.090
TMAH added All water washes at 0°C

to Pr
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2.2.3. Alternative Methods for Washing the Precipitate

The use of a standard centrifuge for separating the precipitate from
the wash solutions involved considerable handling of the centrifuge tubes,
which is undesirable if the wmethod is to be extended to the preparation
of sols of highly radioactive materials. Therefore, we examined (Table
6) two alternative methods: (1) using a baskeb-type contimous centrifuge
with both solid and perforated stainless steel bowls, and (2) filtering
the solution through a sintered glass filter.

The conclusions from these exploratory experiments were:

(1) A perforated bowl could not be used satisfactorily in the contiruous
centrifuge, using filter-paper strips as the filter, because the
water did not wash the precipitate efficiently (i.e., to a low
residual NO3™/metal mole ratio of less than 0.2) except in the

vicinity of the holes. Only about half of the precipitate formed
a fluid sol spontaneously, whereas, with the usual method of cen-
trifugation, 100% of the precipitate formed a fluid sol.

(2) To obtain efficient washing of the precipitate in the solid bowl,
it was necessary to slurry the precipitate with water each time,
remove it from the bowl, and add it again when the bowl had at-
tained speed. In experiments with Eu, extensive peptization was
observed in the washes after the fourth wash. The washed precipitate
was easily converted into fluid sol by heating the bowl for 1 hr at
80°C in a water bath. The Fu concentration in resulting sols was
increased from 0.4 to 2.5 M by placing the sol in a rotary vacuun
evaporator for about 45 min at 60°C. The NO;™/metal mole ratio
(0.108, sol 128; 0.24, sol 116) was of the same order as that ob-
tained by the standard method.

(3) Filtration through a sintered-glass filter was the simplest method
and required a relatively small amount of water o reduce the pH of
the filtrate to less than 9. However, the method was slow because
of the partial blockage of the filter with fine particles; in future
work, it may be necessary to use a filter aid such as Celite (Johns
Manville Co.) to increase the rate of filtration. The precipitate
was readily converted into a fluid sol in situ by heating the filter
for 1 hr at 80°C.

2.2.4. Charge on the Sol Particles

Measurements in a Tiselius electrophoresis apparatus showed the
particles of a Pr sol (No. 105) to be positively charged., The apparent
pH of the sol (0.43 M in Pr), as well as the pH of the dialyzed inter-
particle fluid, was 7.2,

This result lends support to the early assumption that these lanthanide
hydroxide sols were positively charged colloids, probably with nitrate
counterions. It 1s possible that both nitrate and hydroxide ions con-
tribute to the electrical double-layer around the positively charged
hydroxide particle,



Table 6. Summary of {nformation on Sols Prepared by Using a Continuous Centrifuge and by Filtration

Amount H of Wash Li After § e Wash Total Volume
of Wash Liquor After Successive Washes ;
Sol  Metal of Method P 2 of Wash Comments
No. Metal 1 2 3 4 5 5 7 Water
(&) (liters)
116 Pr 10 Perforated bowl; 10.6 10.5 10.4 103 10.2 9.2 8.9 3.5 in seven NO, ™ /Pr ratio = 0.24;
centrifuge at 0.5-g batches  only part of ppt.
4000 rpm changed to sol
(0.43 M) spontane-
ously
117 Pr 10 Perforated bowl; 10.1 9.7 9.2 8.1 8.1 5 in five
centrifuge at 1-g batches
4000 rpm
125 Pr 10 Solid bowl; 10.6 10.4 10.1 9.6 9.2 4 in five Final pH of sol was
centrifuge at 0.8-g batches 7.6
4000 rpm
126 Eu 10 Solid bowl; 10.8 10.5 10.4 10.1 9.8 9.4 8.9 5.6 in seven Ppt. scraped out and
centrifuge at 0.8-g batches  heated 1 hr at 80°C
4000 rpm
128 Eu 10 Solid bowl; 10.7 10.5 10.4 10.1 9.8 9.3 4.8 in six 0.8- Heated bowl 1 hr at
centrifuge at g batches 80°C. Sol concen-
4000 rpm trated to 2.5 ¥ in
rotary evaporator,
pH 6.3
132 Eu 5 Medium glass Final pH = 8.6 2 Filter heated 1 hr at

filter with
lab. vacuum

80°C to liquefy sol

GT



2.3. Miscellaneous Methods

2.3.1. Thermal Denitration of Praseodymium Nitrate Hydrate

Praseodymium nitrate hydrate (5 g) was heated slowly in a porcelain
dish over a Meker burner. The solid melied in its water of crystalliza-
tion, solidified, remelted at abhout 300°C, evolved brown fumes, and then
resolidified. The resulting chocolate-brown solld, which was subsequently
ground to a powder, gave an infrared spectrun that indlcated the presence
of a substantial amount of nitrate. The powder was heated for 30 min at
about 500°C, during which time it evolved brown fumes and became darker
in color. Its welght at this stage corresponded closely to that expected
for Prg0i11, but a small amount of nitrate still remained. The solid was
suspended in CO,-free water containing 0.C6 mole of nitric acid per mole
of Pr and was heated with stirring for several hours, but it could not
be peptized to form a sol.

Another sample of 5 g of praseodymium nitrate was heated in a muf-
fle furnace for 2 hr at 300°C, and then for an additional 1.5 hr at
500°C. The resulting chocolate~brown oxide was suspended in water con-
taining 0.04 mole of nitric acid per mole of Pr and heated, with stirring,
at 60°C for several hours; however, it could not be peptized to form a
sol. Denitration in steam may give more satisfactory products than were
obtained by the methods described above.

2.3.2. Amine Extraction of Nitrate from a Solution of Praseodymium
Nitrate

traction of nitrate from a 0.1 M solution of praseodymium nitrate
in water with a solution of 20 vol % Primene JMT in benzene gave a hydrox-
ide precipitate that was difficult to cenbrifuge down because of the
formation of a foam. The precipitate was washed, first, with benzene
(to remove amine), and, secondly, with water; it was then stirred in
water at about 60°C for 1 hr to produce a sol that was about 1 M in Pr.
Microspheres were formed by injecting this sol into a stirred mixture of
80 vol % 2-ethylhexanol—20 vol % 2-octanol. After 15 min, the spheres
were filtered off, washed with methanol, and dried at 100°C for 15 wmin;
a large proportion of them were bhroken and had a foamlike internal
structure., The intact spheres were whitish-green and had a low resistance
to crushing; the NO3M/PT mole ratio was 0.32. The spheres contained
some organic matter (e.g., benzene or amine), which probably prevented
the formation of good spheres. This method of sol preparation does not
appear to be promising because of the difficulty of removing entrained
amine from the product.

2.3.3. Methods of Preparing Hydroxide Sols by Slow Precipitation

The slow, homogeneous precipitation of praseodymium hydroxide with
ammonia that is liberated from the decomposition of urea in solution at
the boiling point was examined. A solution of 10 millimoles of praseodym-
ium nitrate in 55 ml of water was boiled under reflux for 9 hr with 1.08
g of urea (20% excess over the stoichiometric amount). A pale, greenish-
white precipitate formed at a constant pi of 4.5, and this was centrifuged
down and washed twice with distilled water. The resulting solid was sus~-
pended in 20 ml of water and heated for 35 min, but it readily sedimented
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and showed no signs of peptizing; a sample was removed and dried at 120°C
for 1L hr. An infrared spectrum of the dried solid in a KBr disk showed
it to congist substantially of praseocdymium carbonate (with no trace of
nitrate present)., Apparently, carbon dioxide had been absorbed from the
decomposition of the urea.

To obtain slow precipitation without the absorption of carbon dioxide,
another method was tested. Praseodymium hydroxide was precipitated slowly
(over a period of 1.5 hr) by bubbling nitrogen first through a solution
of 10 M ammonium hydroxide and then through the solution of praseodymium
nitrate (15 millimoles in 150 ml). The pH of the latter solution re-
mained at 7.5 until about 90% of the prasecdymium had been precipitated,
and then increased to 9.5, The precipitate was centrifuged and washed
five times with water; the last wash was left in contact with the solid
overnight, The pH of the wash solutions decreased as follows: 9.3, 9.1,
8.7, 7.5, 6.0 (heavily peptized). The solid was resuspended in 20 ml of
wabter and mixed, using a vibratory mixer, for 10 min. The pH of the sus~
pension was 7.5; 0.5 millimele of nitric acid was added, and the sus-
pension was heated at 60 to 70°C for 1 hr. Before nitric acid was added,
a small volume of the suspension was removed and dried at 130°C for 30
min. The infrared spectrum of this solid was similar to the spectra
obtained previously on solilds precipitated rapidly with ammonium hydroxide.
A 1-ml sample of the suspension was analyzed spectrophotometrically for
nitrate and was found to have an NO,”/Pr mole ratio of 0.33. Microspheres
were formed by the beaker method when the sol had a creamy consistency
(Pr concentration, ~0.8 M), washed with methanol, and dried for 2.5 hr
at 120°C. The spheres had an irregular shape and rough surface, and the
interior had a "plastic foam" appearance, similar to that found previously
with other sols having a high NO;~/Pr ratio. Nitrate is, therefore, re-
nmoved less efficiently from precipitates formed by this very slow method
of precilpitation than from precipitates formed by rapid precipitation
with a solution of either NH,OH or TMAIH.

2.4. Bpectra of Sols and Solutions Derived from Sols

2.4.1. Determination of the Concentrations of Lanthanide Metal and
Nitrate

The concentrations of metal ion and nitrate in sols, gels, and
microspheres of lanthanide hydroxide were measured simply and rapidly by
dissolving 50 to 100 mg of solid sample, or 1L to 2 ml of sol, in 3 to 5
ml of dilute perchioric acild, adjusting the perchloric acid concentra-
tion to about 1 M, and measuring the spectra in a l-cm cell vs water in
the region 2800 to 6500 A.

The wavelengbhs and molar absorptivities of the various bands (meas-
ured for solutions prepared by dissolving weighed smounts of freshly
calcined oxides in perchloric acid) are given in Table 7.

The following formula, which was used to correct the observed opti-
cal density (0.D,) for nitrate at 3000 A for the contribution of the Eu’¥
uv band, was developed from the spectrum of a solution of Eu?t in 1 M
perchloric acid: -

Corrected 0.D. (NO;™) = observed 0,D. (at 3000 A) — 0.157-0.D. (at
3935 A), in which the observed 0.D.'s are corrected for background ab-
sorption.,
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Table 7. Wavelengbhs and Molar Absorptivities of the Bands
Characteristic of Lanthanlde Tons and Nitrate in Perchlorie Acid

- Band Maximum Molaxr - Interference with
Los B B
o (A) Aosorptivity and Shape Nitrate
prt 4440 10.1 Singlet, None
sharp
NGER 5740 7.2 Multiplet, Two very weak peaks
sharp superimposed on NO5;~
e En 2740 0.6 Singlet, Superimposed on NO5~ ;
sharp very poor sensitivity
mu 3935 2.42 Singlet, Needs correction (see
sharp text below)
Ho3* 5360 3,44 Singlet, Slight interference
sharp by peaks <3000 A
sm3t 4015 3.30 Singlet, None
sharp
NO4~ 3000 7.3 Singlet, e
broad

The presence of droplets of an organic drying solvent or of an
amine used for denitration gave a cloudy solution; thus these impurities
had to be removed by washling the solution twice with an egqual volume of
benzene and then blowing air through the solution for 15 min to remove
the traces of benzene.

2.4.2. Reflectance Spectra of Microspheres of Neodymium-Praseodymium
Oxides

The measurement of reflectance spectra in the visible region was
evaluated as a potential direct method for the determination of the
N0, /metal mole ratio and of the relative amounts of metals in micro-
spheres. Microspheres containing Na2¥, Pr3t, and NO,~ were selected be-
cause of the numerous intense, sharp absorption peaks of these metal ions
in the 3000~ to 10,000-A region. Samples of about 100 mg of 100- to
200-p~diam microspheres of mixed Nd-Pr oxides-hydroxides both before and
after firing at 1100°C were examined in a Cary model 14 spectrophobometer
that was fitted with a reflectance attachment. The absorption spectrum of
a sample of the unfired microspheres dissolved in 1 M perchloric acid was
measured in the same region, using a l-cm silica cell in a similar Cary
model 14 spectrophotometer. The fired microspheres, which were black,
gave only a continuous reflectlon spectrum over the available range of
2500 to 7500 A; this will not be discussed further.

Based on the absorption spectrum of the solubtion and published ex-
tinction coefficients of the peaks at 5220 and 5756 A (Nd) and at 4442 and
4818 A (Pr), the Nd3+/Pr3+ mole ratio was 1.77, which is equivalent to
64 mole % Nd, and the NO3 /(N4 + Pr) wole ratio was 0.020. All the peaks
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in the reflection spectrum were shifted to the red with respect to the
absorption spectrum of the solution, the mean shifts being 56 = 7 A for Pr
and 36 + 12 A for Nd. Multiple bands were resolved to a higher degree in
the reflection spectrum; for example, five peaks plus a shoulder were
observed in the region 5000 to 5400 A for the absorption spectrum of the
solution, corresponding to eight peaks plus a shoulder in the reflection
spectrum. Shifts of this order, and splitting of bands, have been re-
ported previously® for Pr complexes [e.g., Pr(OH);], compared with the
agquo-ion.

The relative intensity of each peak, expressed as optical denslty for
the reflection peak divided by the opbical density for the absorption
peak (1l-cm cell), varied from 0.7 for the AT peak at 7454 A to 3.0 for
the Pr3% peak at 5943 A, and no correlation with wavelength or element
was apparent. This unexpectedly large variation of relative intensity
at different wavelengths made the measurement of reflectance spectra
unsuitable for the direct analysis of the NO; /metal mole ratios, or of
the mole ratios of different metals, without more extensive measure-
ments and careful calibration. The variation was probably the result of
the different degrees of resolution of the multiple bands in absorption
and reflection.

2.4.3. Ultraviolet and Visible Spectra of Sols of Praseodymium Hydroxide,
and Measurement of Particle Size

Sols 0.005 4o Q.5 M in praseodymium hydroxide, and having an NOB”/Pr

mole ratio of 0.06 to 0.25, gave sharp absorption bands at 4487, 4740, 4872,

5934, and 6042 A superimposed on a smooth curve (Fig. 2). The absorbance
was inversely proportional to approximately the fourth power of the wave-
length. The absorption peaks were intensified by a factor of 1.4 to 2.3,
and the wavelengths of the peaks were shifted by an average of +62 A
relative to the values for the aguo-ion in 1 M perchloric acld. The ng
transition of the ion at 5890 A was split into two distinet peaks. These
red shifts agreed closely with those found in the reflection spectra of
the solid gel microspheres (Sect. 2.4.2.).

The molecular shape and size of gol particles can be calculated from
measurements of the scattering of light by a sol.’ The two principal
methods are based on the measurement of (1) light scattered at 90° (or

some other angle) Lo the incident beam, using a light-scattering photometer,

and (2) the decrease in the intensity transmitted along the axis of the
beam, in a conventional spectrophotometer. The latter method 1s more
simple, experimentally, and has been evaluated Tor the rare-earth hydrox-
ide sols, as well as for thoria sols and plutonium polymer.

The conditions that must be satisfied for the application of simple
mathematical expressions to the calculation of molecular weilght arve: (1)
the sol particles should have a diameter less than A/20, where A is the
wavelength of the incident light; (2) the particles should be isotropic;
(3) the decrease in light intensity should be the result of scattering
and not of absorption; (4) the turbidity (v), which is proportional to
the optical density, should be related linearly to the concentration of
the sol particles; (5) the term TA* should be constant with A (variation
of this term may indicate absorption); and (6) a log-log plot of T vs A
should be linear with a slope of ~4 (slopes of less than —4 require a
more complicated mathematical treatment).
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024 NO5 /Pr
CURVE B: 00225M Pr IN \M HCIO,

AVERAGE SHIFT IN MAXIMA + 6.2 mu
INTENSIFICATION FACTOR 1.4 TO 2.3

Spectra of Praseodymium Hydroxide Sol and Praseodymium

Perchlorate Solution.

Where

The following basic equations®»® were used o calculatbe the weight-
average molecular weight (M) and radius (r) of a sol particle:

ng and

=0 >4

=

31 W\*e 1.026 x 102142%¢

M fecd = 5

32Tt3n0 2(n - n0)2 (l’l - n0>2
= 2,303 tilmes the optical density in a l-cm cell,
= wavelength in cm,
= concentration of the sol in g/cc,
= Avogadro's number,
= refractive indexes of the solvent and the sol at wave-

length A;
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and.

3rneAM(me + 2)2
r6 . E)

12875 Ne(m® — 1)?

where

A% = N ng,

m=1n_ n
solute’ “sol’

The variation of + (corrected for absorption) with A and ¢ for sols
0.09, 0,02, and 0.005 M in Pr showed that: (L) v wag linearly related to
¢ only up to about a concentration of 0,02 M, above which It decreased with
¢ (13% low at 0.09 M); (2) +AN* was constant (2.2L + 0.14) x 1072 from 6500
to 2500 A for the 0.02 M sol; (3) the exponent of the plot of log T vs log
A was ~3,83 £ 0.18. Hence, the conditions for the calculation of M and
r from the results were satisfied approximately, provided that an ex-
trapolation to zero concentration was used to correct for the nonlinear
variation of v with ¢. The calculation of r required either the meas-
urement of the refractive index of the sol particles or the assumption
of some model of the dimensions and molecular weight of the "monomer.,"

A value of the refractive index increment (change in refractive index
per unit change in concentration) of 0.034 mole™d liter was obtained with
a Zelss dipping refractometer using white light., This value, together

with a value of 1.75 for the refractive index (nvolute) of the sol par~

ticles, which was obtained by analogy with other rare-earth hydroxides,2’7
was used in the calculation of molecular weights and radii of particles
for the sols referred to in Sect., 2.1.3.

No estimate of the shape of the particles could be cbtalned from the
simple turbidity measurements; however, more lengthy experiments with a
light-scattering photometer would enable the shape to be determined. The
electron micrographs (Sect. 3) showed that the assumption that scattering
particles were spherically symmetrical was not justified (unless large
aggregates of randomly oriented needle-shaped crystals were present);
likewise, the assumption that all particles were about the same sgize (the
effect of a small proportion of large diameter scattering particles is
very great) was found to be incorrect. It seems likely, therefore, that
the calculated molecular welghts and particle dlameters are probably only
correct to an order of magnitude with this particular system, and that
direct electron microscopy offers more promise for fubture work than does
a light-scattering method,

244, Infrared Spectra of Various Sol-Gel Materials

We used a Perkin-Elmer Infracord spectrometer to measure the infrared
spectra, in the range 2.5 to 15 y, of two types of samples: (1) solids
that had been pressed into pellets with potassium bromide and ground up as
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mills with Nujol, and (2) sols and gels that were held as thin films be~-
tween silver chloride plates. Organic matter (e.g., residual tetramethyl-
amronium ions, or long-chain alcohols used to dry the sols) was detected
in some batches of mlecrospheres by the C-H stretching vibrations in the 3~
and 7-u regions. The absorption of CO,; by a sol or gel was also detected
by the C-0 stretching vivbrations at 6.7, 7.1, and 11.3 p, except that
there was interference in the 7-u reglon when a large amount of nitrate
was present.

The residual nitrate showed up clearly In the gel microspheres as
strong bands at ¢,7 and 7.3 p and as a weaker band at 9.4 p (the 7.3-u
band in KBr disks arises from nitrate ions produced by reaction of the
sample with the KBr to give KNO5;). The bands were similar to those found
in solid praseodymium nitrate hydrate and arise from nitrate groups co-
ordinated to the metal, not from nitrate ions, In sols, the nitrate bands
were broader and subject to interference from the strong band of water at
6.1 p. Calcined oxides had a featureless spectrum from 2.5 to 15 u; ob-
servation at higher wavelengths may be useful in that it may reveal the
metal-oxygen stretching bands.

Disadvantages of the Infracord spectrometer are that (1) it heats
up the sample in the beam to 50 to 70°C, depending on the absorptivity of
the sample, and (2) it is not sufficiently sensitive to detect traces of
impurities (e.g., carbonate or organic matter) that may affect the proper-~
ties of the sols.

Infrared spectra of hydrated nitrates and carbonates of Pr, N4, and
Eu were measured as a functlon of the temperature to which the samples
were heated (see Sect. 5).

3.  ELECTRON MICROSCOPY AND ELFCTRON DIFFRACTION OF S0LS

Samples of hydroxide sols of Pr, Nd, and Eu were examined by electron
microscopy to determine the shape and slze of the colloidal particles ak
various stages in the second method of preparation (Sect. 2.2). Electron
diffraction measurements were made on selected 1 0 X 1 U areas of the
sols to ascertain the amorphous or crystalline form of the particles.

3.1. Preparation of Samples and General Results

Bach sample, containing a fraction of a milliliter of sol, was diluted
about 100-fold with COp-free distilled water. One drop of this dilute sol
was placed on a Formvar-covered copper grid and inserted in the electron
microscope (Phillips type EM2). The image was observed on the screen
about 10 min after sampling, and negabives were prepared on plates. The
details of the samples that were examined are given in Tables & and 9; the
shapes and sizes of the particles were measured from 10 X 8 in. photographic
prints at a Tinal magnification of 165,000 X,



Table 8. Sols? Examined by Electron Microscopy

Time of Aging at 25°C {rom

Metal  Sol Svample Fig. Preparation and Treatment Procedure Precipitation to Electron Size, Shape, a“d. Crystallinity
No. No. Microscopy of Particles
Pr 95-1 3A Freshly precipitated hydroxide centrifuged 18 min 30-60 A; spherical, amorphous; a few
from mother liquor; 20 times excess isolated rods 480 to 580 A long
NH, OH used for ppn. and about 60 A wide
Pr 95-2 3B Ppt. washed 5 times with H,0, with inter- 80 min Amorphous particles and in sol 95-1;
mediate stirring and centrifuging; NO, 7/ also crystalline rods 300 to 700 A
Pr = 0.19 long and 30 to 90 A wide
Pr 95-3 3C Similar to that for 95-2; aged additional 140 min All crystalline rods, single or as
60 min antil liquefied to translucent bundles, 400 to 1000 A long and
sol; Pr=0.57 ¥ 20 to 200 A wide
Pr 90 3D Prepn. similar to that for sol 85; except 6 days All rods or bundles, as in sol 95-3;
40 times excess NH,OH used for pptn. same size ranges
and ppt. washed ten times with H,0;
NO,”/Pr - 0.21
Eu 96-1 4A Freshly precipitated hydroxide cen- 20 min 30 to 60 A; spherical, amorphous
trifuged from mother liquor
Eu 96-2 48 Ppt. washed 4 times with H,0; solid 80 min 30 to 200 A; spherical; probably
paste agglomerates of smaller particles
Eu 96-4 4D Same as that for 96-2; kept over week- 67 hr Many small amorphous particles;
end many bundles of crystalline rods
from 1500 to 7500 A long and
100 to 600 A wide
Eu 99-1 4C Similar to that for sol 96, but aged 25 25 hr Amorphous particles; bundles of rods

hr at 25°C. Very thixotropic, trans-
lucent liguid sol; NO, ™ /Eu = 0.06

700 to 4000 A long and 60 to 300 A
wide

“Sols are shown in Figs. 3 and 4.

€e
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Table 9. Sols® Examined by Electron Microscopy

Sol Preparation and Treatment Aging Conditions Size, Shape and Crystallinity
Metal Sample Procedure Time Temperature of Particles
(hr) (°0)

Pr 93 Similar to that for sols 90 and 4 Heated, 60 All crystalline rods® 300 to 1200 A
95, but 40 times excess am- long and 30 to 200 A wide
monia used for pptn.; NO, 7/
Pr = 0.20 after 5 washes with
HQO

Pr 97-1 Similar to that for sol 95, but 2 0 Some amorphous particles®; some
pptn. and all washes at 0°C; crystalline rods® 400 to 700 A
solid paste long and 30 to 90 A wide

Pr 97-2 Similar to that for sol 97-1, 5 0 All crystalline rods,” single or as
but HNO, added to give an bundles, 400 to 2000 A long and
HNO, /Pr ratio of 0.1 after 20 to 200 A wide
2 hr at 0°C; liquefied sol
aged additional 3 hr at 0°C

Pr 97-3 Similar to that for sol 97-1, 6 0 All crystalline rods® 400 to 1000 A
but liquefied long and 20 to 200 A wide

Eu 99-2 Compare with sol 99-1 25 25 Less amorphous material than that
(Table 8); HNO, added to from sol 99-1, but larger bundles
give an NO, 7 /Eu ratio of of crystalline rods up to 4500 A
0.16; milky-white color long and 700 A wide

Nd 104 Standard method, 14-g scale 24 25 Crystalline rods from 300 to 1800 A
(see Table 3); ultrasonically long and 20 to 160 A wide

dispersed

4Sols are not illustrated.
bSimilar to those in sol 95-3 (see Table 8).
“Similar to those in sol 95-2 (see Table 8).

Electron micrographs of the praseodymium hydroxide and eurcopium hydrox-
ide sols (Figs. 3 and 4 respectively) show the effect of aging time.
Flectron diffraction patterns from selected areas of the grid are shown
in Figs. 5 and 6.

Electron diffraction data for the crystalline hydroxides of Pr, Nd,
and Fu (sols 95, 104, and 96 respectively) obtained from the electron
diffraction plates are presented in Table 10. The spacings of the dif-
fraction lines agree very closely with the x-ray dats reported for Nd_(OH)3,7
and Eu(OH),? (and differ significantly from those expected for Eu:0+0H).

The intensities are different from those reported for the x-ray measure-
ments, bub this is not unusual since the rods in our preparations appear
to have preferred orientation.
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- FRESHLY PRECIPITATED, AGED 18 min.
PRECIPITATE WASHED, AGED 80 min.
PRECIPITATE WASHED ,AGED 140 min.
- PRECIPITATE WASHED ,AGED © days

. IDleetron Microgresphs of Praseodymium Hydroxide Sols.

w O O W >
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R

SCALE + =600R
A-FRESHLY PRECIPITATED,AGED 20 min.
B-PRECIPITATE WASHED,AGED 80 min.
C-PRECIPITATE WASHED,AGED 25 hrs.
D - PRECIPITATE WASHED , AGED 67 hrs.

Fig. 4. BRElectron Micrographs of Buropium Hydroxide Sols.
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PHOTO 83062

A-FRESHLY PRECIPITATED , AGED 18 min.
B - PRECIPITATE WASHED, AGED 80 min.

G- PRECIPITATE WASHED, AGED 140 min.
D - PRECIPITATE WASHED , AGED 6 days

Mig. 5. Electron Diffraction Patterns of Praseodymium Hydroxide
Sols.
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PHOTO 83063

A-FRESHLY PRECIPITATED,AGED 20 min.
B-PRECIPITATE WASHED , AGED 80 min.
C-PRECIPITATE WASHED , AGED 25 hrs.
D-PRECIPITATE WASHED , AGED 67 hrs.

Fig. 6. Electron Diffraction Patterns of Buropium Hydroxide Sols.
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Table 10. Electron Diffractionk Data for Hydroxides of Pr, Nd, and Eu

Pr(OH)_5 2 Data

Nd(OH),?

Eu(OH), “

from Data {rom Data from Data from Data from
Diffraction ASTM X-Ray Diffraction Literature Diffraction
hkl Pattern of Card 6-0601 Pattern of (X-Ray) Pattern of
Sol 97-3 (ret. 7) Sol 104 (ref. 2) Sol 96-4
d I/IO d d 1/10 d % d I/Io
(A (ef. d) (&) Ay (ef. d)  (A) O A (et d)
100 5.559 M 5.57 80  5.57 M 5.52 70 5.52 M
110 3.193 Mt 3.20 65  3.20 M- 3.184 55 3.18 Ma-
101 3.077 Vs 3.08 85 3.08 VA 3.047 1060 3.05 3
200 2.765 W 2.768 10 2.768 W 2757 20 2.758 W
111 2.447 W+ 2.45 5 245 W+ 2.399 5 240 Wi
201 2.216 S— 2.217 100 2.217 S 2.202 50 2.204 5
210 2.088 vw 2.092 10 2.092 vw 2.083 5 2.08 W
300 1.844 S 1.848 50 1.848 S 1.837 15 1.84 VS
002 1.832 M-t 1.842 100 1.842 M- 1.828 20 1.8272 5
211 e e 1.810 35 e
102 1.767 M 1.764 M 1.733 6 1.740 M
220 1.601 M 1.605 30 1.605 M 1.589 2 1.588 M—
112 2 & 1.585 14 e
310 1.536 W 1.540 10 1.54 W 1.527 4 1.52 W
202 e € 1.524 4 e
311 1.413 W+ 1.417 20 1.417 W 1.410 8 1.41 Wi
212 e 1.392 1D e 1.374 5 1.374 W
302 1.307 W 1.311 15 1.29 w 1.295 7 1.292 Wi
320 e { 1.26 10 e 1.262 1 @
410, 222 1.209 W 1.201 Wi 1.201 10 e
321 e e 1.194 10 1.192 W
103 e e 1.189 2 @
312 e 2 1.171 2 1.168 W
203 1.132 W 1.125 W 1.113 4 W

“Parameters for hexagonal structure”:
PParameters for hexagonal structure’:

3.
7.

2
“Parameters for hexagonal structure”:
dVisual.

Missing or unresolved lines.

a=048 A, c = 3.77 A,
a = 6.421 A, C = 3.74 A,

a=6421 A, c =3.645 A,
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3.2. Detailed Structure of Colloidal Crystals of
TLanthanide Hydroxides

The rod-shaped crystals observed on the electron micrographs showed
many similarities to those of B-Fe0+OH, which were studied in detail
recently by Watson and co-workers.® The particles appeared to lie flat
on the grids, and no information could be obtained concerning the dimen-
sions of the particles in the direction of the beam. Thus other methods
were used; in addition, several grids were examined at magnifications up
to 658,000 X in an attempt to resclve the structure of the individual
rods.

3.,2.1. Stereoscopic HElectron Micrography

Two negatives of the same field of view [Eu(OH); sol] were exposed
with the angle of the electron beam shifted by 6°. The final prints were
aligned by trial and error to glve the maximum stereoscoplc effect in a
hand viewer. (The field is not identical in each because of small shifts
caused by altering the beam angle.) The stereo fields showed that, on a
normal priant, an apparently flat field of rods consisted of rods aligned
at angles up to about 30° to the field and that the bundles or rods did
not appear to have a definite reproducible cross section (e.g., square
or round),

3.2.2. Cel Microsphere Crosg Sections Prepared by a Microtome Technigue

A praseodymium hydroxide gel microsphere (sol No. 95) was mounted in
a standard nmethacrylate embedding medium, and ultrathin sections about
200 A thick were cut with a microtome. The sections were mounted on grids
and examined at a magnification of 375,000 (Fig. 7). A random distribution
of rod~shaped crystals or thin sheets and bundles of rods or sheets was
observed, with occaslonal sgquare cross sectlons belang noted where the
orientation of the bundles allowed them to be cut at approximately 90° to
the long axis. The width of the bundles varied from 30 to 150 A, and the
maximim length was about 1000 A, The sharply defined bundle with an ap-
proximately square cross section near the bottom of Fig. 7 has a 140-A
side and a mottled appearance, which suggests that there are several holes
through the section. Many of the bundles are composed of parallel light
and dark lines, each about 20 A wide, that are similar to the 30-A-wide
lines observed on micrographs of B-FeQ-OH.? The features in the micro-
graphs may represent solid rods, or tubes, arvanged parallel to each other,
and/or thin sheets with one or more edges rolled up.

We have also obtained a thin section of a europium hydroxide gel sphere
(No. 124), which showed (¥ig. 8; msgnification: 228,000 X) a random dis-
tribution of bundles of rods or tubes similar to those shown in Fig. 7.
However, the bundles were larger, about 240 to 380 A wide and up to 3000 A
long. Cross sections of bundles cuf approximately at right angles to the
long axis were irregular, the majority having a "castellated" edge with a
repeat distance of 75 to 80 A. These probably represent arrays of 4 X 4
or 3 X 3 units (rods or tubes). everal of the units or bundles of units
showed curvature along the long axis, as was observed with P-FeO-0OH
crystals.g Micrographs of the sol No. 124 have been examined at magnifl-
cations of up to 658,000 X on the final prints. The prints (magnification:
501,000 xX) (see Fig. 9) showed patterns (arrows marked A) that can be
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Fige. 7. Microtomed Cross Sections of Pr Sol-Gel BReads,
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Fig. 8. Microtomed Cross Sections of Eu Sol-(Gel Beads.
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3 Showing Tube and Scroll-like Structure.

Fig., 9. Crystals of Eu(OH
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interpreted as thin sheets (15 to 20 A thick) with at least one rolled
edge, as well as patterns (arrows marked B) that appear to arise from tubes
(outside diameter, 60 to 70 A; inside diameter, 20 to 25 A). The patterns
of overlapping light and dark lines in other areas are more difficult to
interpret, but they may arise from bundles of tubes and rolled sheets.

3.2.3. Cross Section of Particles That Had Sedimented from a Sol

A europium hydroxide sol (No. 108) was allowed to stand in a tube at
25°C for several weeks, during which time a large proportion of the par-
ticles sedimented. The resulting layer of particles was dehydrated and
embedded 1n plastic in a manner similar to that described b;y‘Watson.8 A
direct transmission electron micrograph of a section through a layer cut
with a microtome is shown in Fig. 10. Bundles of rods cubt both parallel
and at right angles to the long axis can be seen. The length of the bundles
is about 4000 to 5000 A, and the width or diameter of the bundles is 330 =
50 A, Some of the bundles have a cross section that is approximately square,
but nearly all have the castellated edges observed in the micrograph (Fig.
8) of the section through a europium hydroxide gel. The packing of the
bundles is less uniform than that of the crystals in P-FeO+-OH layers, in
which a striking checkerboard pattern is seen (Fig. 2 of ref. 8).

3.2.4. Effect of Aging the Particles in the Mother Ligquor

A comparison was made of the sizes and shapes of the particles in a
precipitate of europium hydroxide (sol No. 138) (1) aged in the mother
liquor (8 M NH,OH, 0.1 M nitrate) for 24 hr, and (2) washed with water
as in the normal sol preparation (Sect. 2.2) and aged in waber at an
apparent pH of 9.6 for 24 hr. Electron micrographs (Fig. 11) at a magni-
fication of 165,000 X showed that (1) the particles in the mother liguor
formed small plates about 300 A wide and that some of these were hexagonal
with well-defined corners, (2) the particles aged in water were similar
to those in Fig. 4C (bundles of rods or tubes 700 to 4000 A long and 60
to 300 A wide). A sample of the precipitate, which had been aged in the
mother liguor for 24 hr, was then diluted by a factor of about 50 with
water, and aged an additional hour; 1t showed some rod-shaped particles
or rolled sheets, together with the small plates or sheets.

3.2.5. Conclusions About the Structure

The visual appearance of the micrographs of the washed and aged europium
hydroxide sols and gels at high magnification was that of bundles of tuhes
and/or scrolls, each tube or rolled edge of a sheet having an outside
diameter of about 60 to 70 A and an inside diameber of 20 to 25 A. THow-
ever, in addition to groups of parallel lines, we observed single, dark
lines about 20 A wide on the micrographs of the praseodymium hydroxide
sols; hence solid, 20-A-diam rods (or small tubes) may coexist with large,
60-A-diam tubes. On aging, the rods or tubes grew longer, with those of
praseodymium hydroxide (Fig. 3) and europium hydroxide (Fig. 4) reaching
maximum lengths of 1000 and 7500 respectively; they did not appear to
grow, first, as long sheets and then to roll up along the edges. The
hydroxides of praseodymium and europium exhibited widely different rates
of crystallization at 25°C, and the form of the crystals was influenced,
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Fig. 10. Microtomed X-Section of Sedimented Eu(0H) 5 Sol.
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Fig., 11. Eu(OH); Sol Aged in Mother Liquid for 24 hr.
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to a large degree, by the nature of the solution in which the particles
were aged [e.g., Fig. 4C (water) and ¥ig. 11 (8 M NH,OH)].

It is posgible that the crystal form in the ‘sols could be controlled
by preparing gel spheres with sheets or rods of such size that optimum
properties (density, strength) would be produced in the final calcined
oxide. Our efforts to modify the crystal form with additives are described
below. In fubure work, scamning the electron micrographs with a recording
microdensitometer may allow us to distinguish clearly between (1) par-
allel rods, (2) tubes, and (3) thin sheets with parallel, curled edges
since a different density distribution with distance would be expected
for each form.

3.3, Attempbs to Change the Sizes and Shapes of the Particles

The random, loose packing of long bundles of rod-shaped particles in
the gel microspheres (Fig. 7) leads to a degree of microporosity in the
calcined oxide (see Gect. 6). If these particles were more closely
packed, an oxide with a higher density and less porosity could prcbably
be prepared. Therefore, we have made several attempts, all unsuccessful
thus far, to change the sizes and shapes of the particles by (1) altering
the temperature both during and after precipitation of the hydroxide, and
(2) by adding formic acid as a complexing agent to prevent aggregation.

Praseodymium hydroxide was precipitated at 0°C and than aged at the
same temperature for several hours (sol No. 97), while a sample of another
sol (No. 93) was heated at 60°C for 4 hr. In both experiments, the electron
micrographs showed that the sizegs of the rods and bundles of rods were
about the same (Table 9) as those obtained when the precipitate was formed
and aged at 25°C (Table & and Fig. 3).

Formic acid was added at various stages in the preparation of the
europium hydroxide sols Nos. 129, 130, and 131 (Table 4). After the pre-
cipltates for sols 129 and 130 had been thoroughly washed, formic acid was
added to give formic acid/Fu mole ratios of 0.1 and 0.4 respectively;
sufficient formic acid was added to sol 131 to give a formic acid/FEu mole
ratio of 0.4 at the precipitation stage. Electron micrographs of the
samples of the sols showed bundles of rods of about the same size as those
observed for sols without formie acid. Thus it is probable that the for-
mate lon forms only a weak complex with the europlum lon, and that a reduc-
tlon in the extent of aggregation will only be achieved with a very strong
complexing ligand.

4, TORMATION OF MICROSPHERES

4.1, Formation of Gel Microspheres by Dehydration of Sols

Microspheres of gel were formed by injecting droplets of a sol into
a long-chain alcohol or mixture of alcohols in (1) a baffled beaker whose
contents was stirred at a rate just sufficient to keep the droplets sus-
pended, and (2) a tapered column® in which an upflow of the alcohol fluid-
ized the droplets. The alcohol partially dehydrated the sol spheres and
allowed glossy spheres 20 to 200 p in diameter to be formed in about 15
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min in a beaker, or spheres 500 to 900 pp in diameter to be formed in 30
to 45 min in the columm. These spheres were filtered from the solvent,
washed with methanol, and dried; they were free-flowing at this stage.
Although the tapered-column method required a longer period of dehydration
(because of less turbulence), it had two advantages: (1) it produced
spheres that were more uniform and of a more reproducible size than those
obtained by the beaker method, and (2) the system could be operated con-
tinuously. One disadvantage noted was the tendency for the microspheres
to agglomerate after a few minutes. This could be prevented only by add-
ing a small amount (0.05 to 0.5 vol %) of a surface-active agent* (e.g.,
Amine-0, Span 80, BEthomeen S-15). 1In some instances, such additives
caused the surfaces of the microspheres to be slightly irregular, and
sols of different elements sometimes required different additives. For
example, excellent glossy microspheres of prasaodymlum and neodymium
hydroxide gels were formed in a column with 0.2% Amine-O in 80% 2-ethyl-
L- hexanolw20% 2-octanol, but europium hydroxide gels required a small
amount (0.05 to 0.1%) of Span 80 in addition to Amine-O to ovrevent
agglomeration. ‘

The size of the tapered column and the typical operating conditions
in much of this work were:

Inside diameter at bottom, 10 mm

Inside diameter at top, 20 mm

Height of tapered section, 38 cm

Inside dismeter of top settling section, 55 mm

S0l injectlon rate, 0.2 ml of 0.5 M sol per minute

Fluidizing rate, 100 ml/min (tangential input into 25-mu-diam section
leading into a 10-mm narrow section)

Sol cut-off rate, 100 ml/min (past 20 gage hypodermic needle set at
right angles to flow)

Residence time of spheres in column, 30 to 45 min

Average size of gel spheres under these conditions, 200 p

Average output in an 8-hr day, 2.5 g of rare-earth oxide from 30 wl
of 0.5 M sol

A larger—diameter column (four times the cross-sectional area and Ffour
times the internal capacity) was also operated with batches of about 30 ml
of 0.5 M sols and 20 ml of 2 M sols, each batch requiring about a 2-hr
oporatlon. The production of 400- to 900-u-~ ~diam spheres required the use
of a relatively concentrated (e.g., 2 M) sol.

Photomicrographs of ~200-u-~diam microspheres of the hydroxide gels of
cerium, praseodymium, and europium, Logether with the calcined oxide
microspheres that are discussed in detall in Sect. 5, are shown in the
color print (Fig. 12).

4.2, TFormation of Gel Microspheres Directly
from Nitrate Solution

The bulk of the nitrate and some of the water could be coextracted
from droplets of a concentrated (2 to 3 M) solution of praseodymium

*Amino~0 (Geigy), cationic; Span 80 (Atlas), nonionic; Ethomeen S-15
(Armour), cationic.
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‘.x'f%, top Praseodymium Hydroxide Gel, B, top
195-215 p Diam,
bottom Préon, 1000°C, 135-155 p Diam. bottom
c, Sm203, 1200°C, 380-440 p Diam, D, top
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Europium Hydroxide Gel,
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Fig. 12. Photomicrographs of Microspheres of Lanthanide Hydroxide

Gels and Lanthanide Oxides.
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nitrate in water by combinations of a primary amine (Primene JMT'), an
alcohol (2-ethyl-l-hexanol), and an inert diluent (paraffin oil and
diethylbenzene). Microspheres were formed by injecting the praseocdymium
nitrate solution from a hypodermic syringe into a beaker containing the
solvent, which was stirred with a paddle stirrer. After the coextraction
of nitrate and water for 15 to 30 min, the spheres were removed by filtra-
tion or centrifugation, washed with methanol, air-dried, and sized with
standard sieves.

The effects of varying the relative amounts of amine, alcchol, and
diluent on the extent of nitrate removal and on the size and appearance
of the microspheres were studied. The preferred method, in terms of a
lov~nitrate content and good shape of the spheres, was to denitrate and
dehydrate with 20 to 25 vol ¢ amine (mo alcohol) in a diluent having a
viscosity and a density that serve to keep the droplets suspended and to
maintain the required size. Combinations of a viscous paraffin oil and
diethylbenzene were used 1in order that a range of wviscogities could be
studied. A highly viscous mixture gave very small, perfect, glassy
spheres, whereas a low-viscoslby mixture gave spheres that were larger
but with a less perfect shape and with more surface irregularities.
Batches that had good spherical particles with a glassy or translucent
appearance were dried at 100°C and calcined at 1000 to 1200°C.

Praseodymium oxide-hydroxlde microspheres 5 to 10 p in diameter were
prepared; however, it was not possible to measure their resistance to
crushing Torces because they were too small to be mounted in the instru-
ment that was available. After these microspheres were calcined in air at
1200°C for 3 hr (5 hr required to reach 1200°C), x-ray line-broadening
measurements on bateh Z1 indicated that the crystallite sizes ranged from
580 to 610 A, and that the cubic phase of PrO; g3 was present (a = 5.47 A).

The effect of temperature on this system was also examined. Denitra-
tion of droplets of praseodymium nitrate solution (~2 M) with 5% Primene
JMT in 20% ethylbenzene/75% paraffin oil diluent at 80 to 90°C gave W05~ /Pr
mole ratios of about 1, compared with ratios of 0.3 to 0.4 at 25°C; hence
the higher temperature did not give lower nitrate contents as it did with
thorium nitrate.'® Several small batches of europium hydroxide gel micro-
spheres were made at 50 to 90°C; the higher temperatures gave microspheres
of a larger size (up to 100 p in diameter), but probably with higher
nitrate contents (by analogy with the results for praseodymium). A small
proportion of the microspheres had a good shape, high surface gloss, and
a bluish, translucent appearance, but the bulk of the product consisted
of broken or whole shells.

In summary, the main difficulties that were experienced were:

(1) Removal of the nitrate. The lowest NO; /Pr mole ratio achieved was
0.3, which may be too high to obtain strong, dense spheres, accord-
ing to our previous experience with products from the precipitation
method of producing sols of praseodymium hydroxide.

(2) Control of the sphere size. OSpheres 10 to 30 p in dlameter, as well
as a few batches of a larger size were produced, but 100- to 200-p-
diam spheres of good shape and appearance were difficult to obtain.

(3) Control of drying rate. If the droplets were dried too rapidly, the
product spheres were broken and consisted of small crystals (rather
than a glass); the spheres crushed easily both before and after cal-
cination. Further experiments are planned to optimize the conditions
and. to obtain a lower nitrate content.
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5. CAICINATION OF GEL MICROSPHERES 10 OXIDE MICROSPHERES

5,1 Method of Calcination

Gel microspheres were converted to oxide microspheres by:

(1) drying them at 100 to 120°C for several hours;

(2) heating them to 500°C at a rate of 50 to 100°C/hr, and holding them
at that temperature for several hours to decompose residual nitrate;
and

(3) heating them from. 500 to between 1000 and 1500°C at a rate of 50 to
100°C/hr, and holding them at the desired maximum temperature for 2
to 5 hr to achieve a high-density oxide.

Photomicrographs of calcined microspheres of the oxides of Ce, Pr,
Bu, and Sm are shown in the color print (Fig. 12); the physical properties
of these and other similar products are discussed in Sect. 6. The amount
of shrinkage that occurred in the various stages for the gel sphere to

Taple 11. Shrinkage of Microspheres in Calcination of Gel to Final Oxide

A . a
e Diameter”  irtniage
-~ - G e [ - . - S LCN 19 I, 'b
Stage (hr) (°C) Atmosphere (1) Factor
Crystalline Furopium lydroxide Gel®
A 16 25 Vacuum 558 1
B 2 125 Vacuum 558 1
C 3 500 Vacuum 526 1.06
D 3 900 Vacuuun 490 1.14
d a
E 3 1400~1450 Air 330 1.69
Amorphous Buropium Hydroxide Gele
Al 25 1.98 1
B 1000 106% 1,87
d
c 3 1450 93™ 2.13

a

Diameters of 30 spheres formed from the crystalline gel and 50
spheres formed from the amorphous gel were measured with a binocular
microscope with calibrated eyepiece scale.

bBased on diameter measurements.,
CFrom 3 M sol No. 138.

dCr'ush resistance and crystal form for sol No. 147 and for prepa-
rations similar to sol No. 138 are given in Table 14.

“From 0.5 M sol No. 147,
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the final oxide sphere isg shown in Table 11 for gel spheres prepared Irom:

(1) a concentrated (3 M) sol (No. 138) of crystalline europium hydroxide
(most of the shrinkage occurred in the range 900 to 1450°C);

(2) a dilute (0.5 M) sol (No. 147) of amorphous eurcpium hydroxide
(most of the shrinkage occurred in the range 25 to 1000°C).

Flectron micrographs and x~ray data for the spheres at the various stages
are presented in Sect. 6.2.

‘ The gel spheres were heated up to 1000°C, usually in vacuum, to prevent
absorption of carbon dioxide from the air and also to asslst in the re-
moval of traces of organic material (e.g., 2-ethyl-l-hexanol and surface-
active agents) that was not very volatile., 8ince it was thought that the
presence of small amounts of nitrate and carbonate at relatively high tem~
peratures might lead to a lower resistance to crushing and a lower density
in the final oxide spheres, the thermal decomposition of lanthanlde nitrates
and carbonates was examined by infrared spectroscopy (Sec. 5.2).

5.2. Decomposition of Nitrates and Carbonates
of Lanthanide Elements

The gel microspheres produced from hydroxide sols contain nitrate
remaining from, or added during, the sol-gel procedure, and sometimes
contain carbonate as an impurity. Infrared spectra of gels and of hydrated
nitrates and carbonates of Pr, Nd, and Eu, and of samples of these materials
heated to various temperatures up to 1500°C, were measured to assist in the
interpretation of the mode of their decomposition. The spectra showed that
the nitrate was decomposed during the prescaking step at 500°C (prior to
heating to 1500°C in the normal calcination method) but that carbonate was
decomposed only if the sample was heated for several hours at 900°C.

The changes in the spectra of the nitrates of Pr and Eu with tempera-
ture suggested that a considerable change had occurred in the bonding of
the residual nitrate groups to the metal atoms at temperatures above about
300°C. Thermogravimetric analysesll’lz indicated that extensive decomposi-
tion of the lanthanide nitrates had taken place above this temperature;
the weight changes were Interpreted as evidence of the presence of stable
compounds of the anhydrous trinitrate of Pr from 300 to 425°C, " and a
basic nitrate of Eu from 450 to 500°C,*2

Spectra of europium nitrate (1) crystallized from solution at 50°C,
(2) heated for 2 hr at 300°C, and (3) heated for 2 hr at 400°C are shown
in Fig. 13. The absorption bands at 1486, 1283, 1040, 1024, 810, and 749
et were typicall3 of the nitrato group coordinated to a metal atom;
there was no evidence for the presence of the nitrate ion,

New bands were obtained at temperatures greater than 300°C, at 1602,
1197, 820, and 713 cni ! (the band at 1602 cri”t arises from nitrate instead
of water because there is no associated water band at about 3400 cmfl).
These bands do not correspond to those recently reported14 for the anhydrous
nitrate of Fu. It has been suggested by Vratny'® that bands observed at
about these frequencies in the decomposition of praseodymium nitrate arice
from nitrite, and in particular, from nitrite in a bridging configuration.
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Fig. 13, Infrared Spectra of Europium Nitrate,

Therefore, we prepared samples of prasecdymium nibrite and europium nitrite
by two methods and measured their infrared spectra. The first method con-
sisted in adding a solution of silver nitrite to a solution of lanthanide
chloride, filtering the precipitated silver chloride, and evaporating the
filtrate to dryness. The second method involved fractional crystalliza-
tion from mixed solutions of lanthanide nitvrate and silver nitrite. The
spectra of the lanthanide nitrites showed no contaminating nitrate or
silver nitrite and were different from the spectrum that was reported by
Vratny for praseodymium nitrite.

The new bands in the spectra at 400°C (Fig. 13) were located at fre-
guencies similar to those which were observed for anhydrous nitrato com-
plexes of various metals and which were postulated as being attributable
to bridging or bidentate bonding of the nitrate groups to the metal 3
Thus, we suggest that these lanthanide nitrates decompose through an inter-
mediate bidenate (or bridging) nitrate structure, rather than through a
bridging nitrite structure.

The bands in the europium carbonate spectra changed considerably when
the sample was heated to temperatures above about 300°C. The bands in
the spectra of a sample that was dried for 18 hr at 75° (Fig. 14) were
at 1500, 1380, 1060, and 856 cm ', and were typical of carbonate groups
coordinated to metal atoms.>? A number of sharp bands (e.g., at 3050,
2800, 2440, 1760, 1720, 878, 702 cm t) appeared. when the sample was
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further heated to 500°C for

in the sample dried at 75°C.

2 hr (Fig. 14). The bands at high frequencies
were probably overtone and combination bands, but the lower ones were
fundamentals of the carbonate group and were shifted with respect to those

When the sample was heated to 750°C for
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2 hr (Fig. 15), the two strong bands at about 1500 and 1400 cm ™t de-
creased considerably in intensity (principally because of decomposition)
and merged into one broad band centered on 1390 cm™t. The band assigned
to the symmetrical C-0 stretching vibration at 1060 cum * (Fig. 14) dis-
appeared in the samples heated to temperatures higher than 650°C, and the
bands remaining were more like those of the carbonate ion than of the co-
ordinated carbonate group.t®

Decomposition of the last trace of carbonate was accomplished only
by heating the sample to 900°C for several hours. Thus, in the calcina-
tion of metal hydroxide gel microspheres, carbonate, when present in a
significant amount, will be decomposed only in the final sintering stage
(at 900 to 1400°C). The presence of carbonate in this final stage can
gffect the density and the crush resistance of the product.

6. PHYSICAL PROPERTIES AND STRUCTURE OF
LANTHANTIDE OXIDE MICROSPHERES

6.1. Physical Properties

The density, surface area, crystal form, crystallite size (by x-ray
line-broadening), and crush resistance were determined for samples of
microspheres of lanthanide oxides that were prepared by the caleination
of gel microspheres (Tables 12 and 13).

The crush resistance of the microspheres was measured in an apparatus
that consisted of a flat tungsten carbide vlate fixed to a screw supported
rigidly above a flat tungsten carbide plate on the pan of a laboratory
rough balance, Each sphere was placed between the parallel flat plates,
and the welight was increased gradually by adding waker to a l-liter meas-
uring cylinder on the opposite pan of the balance. A microphone was at-
tached to the top tungsten carbide plate and was coupled to an amplifier
and loudspesker; a loud '"pop" indicated that the sphere had been crushed.
This method gives a useful comparison between batches of spheres prepared.
under different conditions, but may not be useful. as an absolube method.

The crush resistances of microspheres of PrgO;; and Bu,0; were measured
as a function of the particle diameters (Fig. 16). Groups of ten particles
having diameters ranging from 90 to 360 p were selected by using a binocular
microscope fitted with an eyepiece scale (the diameter values used are
averages of ten determinations, the maximum deviation from the mean being
about £ 40%). The praseodymium hydroxide sol was prepared as described in
Sect. 2.1 and was formed into microspheres of gel in a beaker. The eu-
ropium hydroxide sols were prepared as described in Sect. 2.2 and formed
into microspheres in a column, Since sol No. 147 was not heated, the
colloidal particles were amorphous and the Eu concentration was 0.45 M.

On the other hand, sol Nos. 140, 144, and 145 were heated for 1 hr at 80°C
to form crystalline colloidal particles and were concentrated to 2.5 4o

3 M in Bu before the gel spheres were formed. The strength of the mono-
clinic Buy0; spheres (Fig. 16) that were heated to 1450°C increased with
the 1.5 power of the diameter over the range 90 to 200 p, whereas the
strengbh of both the cubic Eu,05 spheres that were heated to 1000°C and
the Prg 0,4, spheres increased as the sguare of the diameter.
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Yable 12. Physical Data for Lanthanide Oxide Microspheres Prepared by the First Method?

Conditions of

Oxide Precipitant Calcination” Density® Susfave Crystal Cryﬁtaliite Crush R
of Sol No. Used Area Form Size Resistance®
Metal se Temperature Time g/ce % of Theoretical (m?/g) (A) ®
o) (hr)
Pr 52 TMAH 120-180 1 Pr()l 83 375
1050 22.5 cubic
Eu 73-1 TMAH 250 60 8.11 100 0.033 Monoclinic 500 330
Fast to 1200
1480 2.5
Eu 73-2 TMAH 120-175 2 7.65 95.7 0.016 Monoclinic 600 322
Slow to 500 0.5
Fast to 1500 3
25 15
Eu 75 NH,OH Slow to 500 0.5 7.62 95.2 0.009 Moncclinic 600 220
Fast to 1500 3
Eu 76 NH, OH Same as for sol No. 75 7.51 04.2 0.011 Monoclinic 216
Eu 78 TMAH Same as for sol No. 75 7.79 97.2 0.014 Monoclinic 600
Eu 79 TMAH Same as for sol No. 75 7.62 95.2 0.008 Monoclinic 550 286
Eu 80 NH, OH Same as for sol No. 75 7.75 97.2 0.010 Monoclinic 600 252
Eu 81 TMAH Same as for sol No. 75 7.81 97.7 0.153 Monogclinic 750 <100

“See Sect. 2.1.

Pn air.

“By toluene method.

7By x-ray line broadening.

®Average of ten spheres 150 p in diameter,

Europium oxide microspheres were usually calcined at a final tempera-
ture of 1400 to 1500°C to obtain the monoclinic form, which was thought
to be more satisfactory than the cubic form for fabrication into cermets
with stainless steel or aluminum.'? The monoclinic form has a theoreti-
cal crystal density of 7.99 g/cc and. the following lattice dimensions:?

a, 14.082 A; b, 3.604 A; c, 8.778 A; B, 100° 00.* The bee form that is
obtained at 1000°C has a theoretical crystal density of 7.28 g/cc and a
lattice dimension of 10.87 A.? The cubic form can be converted into the
monoclinic form slowly at 1050°C or in 2 hr at 1400°C; this change is
not easily reversible,l8

The observation of a large difference in strength between microspheres

of cubic Fu,05 that had been formed at 1000°C from amorphous gel spheres
and microspheres of monoclinic Bu,0; that had been formed at 1450°C from
crystalline gel spheres led to a more detailed examinetion of crush re-
sisbance as a function of the crystallinity of the gel spheres and the
temperature of calcination. The results are summarized in Table 14, from
which the general conclusions are:

1. 'The strongest oxide spheres were obbtained as the cubic form
(density, 94% of theoretical; strength, 600 g for 150-p-diam spheres)
by heating amorphous gel spheres to 1000°C; these spheres usually had
a glassy internal appearance and a rough external surface.-

2. Monoclinic oxide spheres obtained by heating the amorphous gel
spheres directly to 1450°C were appreciably weaker (229 g); those obtained
by heating the gel spheres to 1000°C followed by cooling and reheating to
1450°C were weaker still (120 g).
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Table 13. Physical Data for Lanthanide Oxide Microspheres Prepared by the Second Methed?

Conditions? of

Resistance® to
Crushing
€

Oxide Calcination Density? Surface Crystal Crystallite
of Sol No. e - S Area Form Size!
Metal Temperature Time g/cc % of Theoretical (m*/g) (A)
¢C) (hr)
Eu 101B 120 4 Monoclinic 400
500 1 Eu, 0,
1450 3
Nd 104 Slow to 900° Hexagonal 600
1200 3 Nd,0,
Pr 105 50° 3 Cubic 200 (220 plane)
500° 4 PO, ., 350 (111 plane)
1000¢ 4.5
Eu 106 50-100°¢ 4 Monoclinic 600
1000¢ 2 EuZO3
1450 3
Eu 107 Slow to 500° 1 Monoclinic 630
1450 3 Euzo3
Eu 108 (1)Slow to 950° 2 Cubic 630-750
Eu2 O3
(2)As above; then 7.35 92 0.071 Monoclinic
1450 3 Eu,0,
Ho 111 (1)Slow to 500¢ Ho,O,
1475 3
(2)Fast to 1450 3 Hon3
Eu 115 (a)Slow to 500° Monoclinic
1475 Eu,0,
(b)Fast to 1475 Monoclinic
Eu203
Eu 118 Slow to 500 0.5 7.43 93 0.024 Monoclinic 625
750¢ 1.5 Eu,0,
1475 3.5
Eu 119 125¢ 72 7.50 94 Monoclinic
Slow to 900° 4 Eu,0,
1475 3
Eu 124 Fast to 500° 1 7.62 95 Monoclinic 650
1475 3 Eu,0,
25¢ 60 Monoclinic
Eu 127 Slow to 500° 1 7.82 98.2 Eu O
1475 3 273
Nd 133 Slow to 500¢ 1 7.20° 97.5 Hexagonal
1100 2 Nd,0,
Sm 134A Slow to 500¢ 1 7.34 95 Monoclinic
1200 3 Sm, 0,
134B As 134A; then Monoclinic
1600 2 szO3

252

3101

~70

192

2158

142
1567

172h

1400/

1600-2500/

650k

“See Sect. 2.2.

bCalcination was done in air except where stated.
“Calcination done in vacuum.
dBy toluene method

®Density by helium method.

By x-ray line broadening.

€Values are averages of measurements made on ten 150-p~diam spheres.

PBRased on 120-p-diam spheres converted to 150 -u-diam spheres by 1.5 power law.
Based on 105-p-diam spheres converted to 150-p-diam spheres by 1.5 power law.
/Measurements made on 450-p-diam spheres.
kMeasnurements made on 390-p:-diam spheres.,
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Fig. 16. Crushing Strengths of Bup03; and Prg0p; as a Function of
Microsphere Dian.

3. Oxide spheres prepared in the cublc form at 1000°C from crystal-
line gel spheres had no appreciable strength (<50 g), and many samples
showed plastic deformation compared with the brittle fracture observed
for spheres that were heated to a higher temperature or were made from
amorphous gel spheres.

4. 'The average strength of monoclinic Buy0; spheres prepared at
1450°C from crystalline gel spheres vas 190 g, that is, of the same order
as that observed in monoclinic Eus05 spheres prepared from amorphous zel
spheres; hence the transformation of the cubic to the monoclinic structure
is probably the main factor in the decreased strength above about 1000°C.

5. The strength of cublc FEuy0, spheres calcined ab 1000°C from
freshly prepared amorphous gel spheres was aboud the same as that for
spheres made from gel spheres that had been aged Tor four months at 25°C.



zble 14.

of Calcination on the Crush Resistance of Eu,04 Microspheres

ffects of the Structure of the Gel Spheres and the Temperature

Structure of

Temperature of

Crush Resistance

Colloidal . R : Structure of 150-p-diam
Particles in Age of Gel Code Jo. Cal?gggtlon of Oxide Spheres
don ©) (8)
Amorphous 1-2 days 147 1000 Cubic 600
Amorphous 1-2 days 147 1000; reheated Monoclinic 175
1450° for 3 hr
Amorphous 4 months 119 1000 Cubic 590
Amorphous 4 months 119 Heated directly Monoclinic 229
to 1450 for 3
hr
Amorphous 4 months 119 1000; reheated Monoclinie 120
to 1450 for 3
ax
Crystelline 1-2 days Several 1000 Cubic <50
(heated 1 preparabions
hr at 80°)
Crystalline 1-2 days Several 1000; reheated Monecelinic l9db
(neated 1 preparations to 1450 for 3
hr at 8C°) hr

SDensity, 6.84 g/cc; %% of theoretical value.
Density, 7.58 g/cc; 95% of theoretical value.

0s
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Electron microscopy and electron diffraction patterns of the aged gel
spheres (batch No. 119, Table 14) showed that the colloidal particles were
either amorphous or only poorly crystalline and about 300 A in diameter,
compared with the large rod-shaped crystals (up to 7000 A long) in typical
crystalline gel spheres. The gel state, therefore, appeared to hinder
crystallization of the particles over a period of four months at 25°C,
whereas large crystalline particles are formed in less than 24 hr at 25°C
in liguid sols of europium hydroxide.

From the standpoint of the practical use of europium oxide micro-
spheres in control rods in reactors, or in other applications, there is
g8 choice of two products:

(1) Cubic Euy05 nmicrospheres that are calcined at 1000°C and have a
dengity of about 954 of theoretical, a crush resistance of about 600
g for 150-p-diam spheres, and a range of diameters from 50 to 200 u.

(2) Monoelinic Eu,0; microspheres that are calcined at about 1400°C and
have a density of about 95% of theoretical, a crush resistance of
about 200 g for 150-p-diam spheres, and a range of dlameters from
50 to 500 p (the range is greater because the crystalline sols can
be concentrated to 2 to 3 M in Eu, thus allowing larger spheres o
be formed; in contrast, the more viscous, amorphous sols cannot be
concentrated easily). The size distribution of a bateh of 35 g of
monoclinic Bup03 spheres from three combined batches, which were
designed to have diameters ranging from 90 to 150 i, Is given in
Table 15; 77 and 88% of the batch had dismeters in the ranges 88
to 149 p and 88 to 177 u respectively.

Samples of Nd;03 and Smy0; were heated to 1200 and 1600°C, and the
crystal structures (and resistances to crushing) were examined to determine
whether the high-temperature hexagonal form was produced. Results showed
that the Nd,0; was in the hexagonal form at both 1200 and 1600°C but that
Bmy04 was in the monoclinic form. We observed that the Nd, 0, microspheres
were unstable toward uptake of water vapor and disintegrated in a few hours
1T exposed to the laboratory alr; they were stable if kept in a zealed tube.
Microspheres of cuble PrgO;q, monoclinic 8Smp0;, and monoclinic Eu,0, were

Table 15, Size Distribution of Bu,0, Microspheresa in a 35-g Batch
Prepared from Sols Nos., 140, 144, and 145

Sieve Size Welght Percentage of
() (g) Total Batch Weight
>210 0.204 0.58

210-177 0.943 2.67
L77-149 b o 2ty 12.02
149-125 7460 21.13
125-105 12.573 36.60
105-88 6.723 19.04

<88 3.175 §.99

aCrush resistance is shown as a function of diameter in Fig. 16.
Density is 95% of theoretical crystal density.
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stable in air. The Sm,0; spheres calcined at 1600°C were much less re-
sistant to crushing than those calcined at 1200°C (Table 13). The in-
stability of the hexagonal form of these oxides has been reported pre-
viously19 and is one reason why thisg form is not used in the ceramic
industry.

The carbon content of the final calcined oxides was low, for example,
0.004 wt % in Euy05 microspheres prepared from sol No. 118, and 0.002
wt % in Eu,0; microspheres prepared from sol No. 128.

6.2. BStructure

The external and internal structures of the oxide microspheres were
examined (1) by optical microscopy of the as-received spheres and of
spheres polished by standard metallographic techniques (using alumina and
diamond abrasives in silicon oll instead of water ‘o prevent hydration) and
(2) by electron microscopy of veplicas of as-received surfaces, etched
polished surfaces, and fracture surfaces.

Polished cross sections of 80~ to 120-p-diam microspheres of cubic
PrgO11 (sol No. 105) and monoclinic Eu,0; (sol No., 106) are shown in Fig.
17. In sample 106 we observed a large nunber of small, closed pores,
which were probably the result of too low a concentration of metal (e.g.,
0.5 M) at the time of gel sphere formation. Sols of Pr (No. 123) and
Eu (No. 124) were concentrated in a rotary film evaporator to about 2 M
in metal and were subsequently formed into gel microspheres that showed
less porosity after caleination. Cross sections of about 400-pu-diam
microspheres of Nd,05 (hexagonal, 1200°C, sol No. 133) and Smp0; (mono-
clinic, 1200°C, sol No. 134) are shown in Fig, 18. These had no signifi-
cant porosity and had densities that were 97.5 and 95% of the theoretical
crystal densitles respectively.

Electron micrographs of replicas of the external surface of a mono-
clinic Fu,0; sphere (sol No, 138 heated to 1450°C) showed (see Fig. 19)
grains about 2 to 7 p wide and irregular boundaries. A pronounced stepped
surface was observed on many of the grains, the smallest step heights be-~
ing about 200 A. This carbon replica, and the following ones, were pre-
pared with an initial plastic film (Faxfilm) that was shadowed with Pt-C,
coated with carbon, and the plastic film removed.

Flectron mierographs of replicas of the polished internal surface of
metallographic specimens {e.g., similar to those in Figs. 17 and 18) re-
vealed no detailed structure. However, when the polished surface was
etched for a few seconds in 8 M INO;, replicas showed considerable struc-
tural detail as follows:

(1) Oriented arrays of crystals within each grain. One such array is
shovn in Fig. 20 for an Eu,05; sphere (monoclinic, 1450°, from sol
No. 124). Adjacent grains (e.g., Fig. 21) showed different appear-
ances as a vesult of different crystal faces being exposed and being
dissolved at different rates. The end Taces of the crystals in the
grain in Fig. 20 were 1000 to 3000 A wide, and the Tlat crystal faces
in adjacent grains (e.g., Fig. 21) were 2000 to 8000 A wide.

(2) Circular or elliptical closed pores about 2000 A wide. These were
probably pores in the original material, rather than gas bubbles
formed on the surface during the etching procedure.
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An electron micrograph of a replica of a fracture surface of an Eu,03
sphere (monoclinic, 1450°, from sol No. 124) is shown in Fig. 22. This
(and many other fractographs) shows the presence of grains with irregular
boundaries but does not show the detailed structure within the grains; it
also shows pores on the fracture surface having apparent diameters of up
to 5000 A. One fractograph showed a grain in which there was a large
degree of btwinning.

Electron micrographs of the internal structure of microspheres at
the various stages in the calcination procedure are shown in Figs. 23 to
26 (see also Table 11 for data on shrinkage of the spheres). The europium
hydroxide gel spheres (sol No. 138) dried at 25 and 125°C in vacuuwm were
sectioned with a microtome, but those that were calcined at higher tem~
peratures were too brittle to cut with a microtome; hence Pt-C-shadowed
replicas of fractured surfaces were obtained. The main features of the
figures and related x-ray data are swmarized in Table 16.

7. APPLICATTONS

By using the methods outlined in this report, we can prepare lanthanide
oxides in the form of dense oxide microspheres of controlled size (or ir-~
regularly shaped aggregate if required) without the use of a high-tempera-
ture furnace or an arc-fusion method, and without excessive wastage or siev-
ing operations. In principal, these methods sre also applicable to the
preparation of sols, gels, and oxildes of the transplutonium elements, of
which americiwm and curium (as dense oxides) are of interest for incorpora-
tion into targets for irradiation in the High Flux ITsotope Reactor at Ozk
Ridge (to produce transcurium isobopes).

Currently, lanthanide oxides are used only to a small extent in in-
dustry; however, they will undoubtedly become wmore imporiant in the
future.?? Some potential applications of individual oxides are:

(1) 1incorporation of samarium, gadolinium, or europium oxides in cermets
in reactor control rods, or as burnable poisons in fuel elements;

(2) wuse of europilum or thulium oxides (containing highly radicactive Eu
or Tu isotopes, e.g., MPRu, Gy, = 13 years; YiTm, 1/, = 1.9
yvears) as a radiocactive heat source for an artificial heart pump
that is nov being studied by the U.S. Department of Health;21

(3) use of oxides of promethium isctopes Y*7Pm, (t1/2 = 2.5 years) as
intense beta~ray sources;

(4) production of metal oxide catalysts containing lanthanide oxides??
in a very fine state of division by mixing a sol of a lanthanide hy-
droxide with a suitable sol of a compound of ancther element and cal-
cining the mixbure (this method may also be applicable to making lantha-
nide oxide phosphors23 with a uniform distribution of the activating
ions in the host lattice).



59

ORML DWG 67-3622

d at 1400~

ne

alc

phere C

el
2

Micro

203

of Tu

ace

Surf

Cured

1

rac

¥




ORNL DWG 67-3623

Fig. 23, Eu(OH)3 Sol Washed and Aged at 25°C for 16 hr.
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Filg. 24, TFractured Surface of Eu(OH)3 Microsphere Showing the
ng of Conversion to Euy05 (cubic).
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iig, 25. Fractured Surface of Eup05 (cubic) Calecined at 900°C for
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Table 16. Internal Structure of Mlcrospheres at Various Stages in the Calcination of Europium
Hydroxide Gel (No. 138) to Monoclinic Europium Oxide
Conditiong of Calcination -
\ " — Structural Features i
Fig. To. Tvmffg?ture Atmosphere from Micrographs X-Rey Data
23 25 Tacuum Random array of burdles
of crystalline rods
of Eu(OH)3; large void
space probably filled
with water
Not 125 Vacuum Similar to A
illustrated
24 500 Vacuum Generally featureless Cubic Eup0;
background with and hexagonal
superimposed black Bu(OH)3;
areas 200-4A
crystallites
25 900 Vacuumn Closely packed small Cubic BupCs;
grains with super- 360-A
imposed black areas crystallites
which sre probably
a hydroxide relic
structure
26b 3 1450 Air Large, flat grains Monoclinic
(1-5 p) with pro- Bu,05; 500-A
nounced step struc- crystallites

ture; also, dome-
shaped crystals with
small flat facets

aThe dense black areas are the result of smell crystals adhering to the first plastic replica and
then to the carbon replica when the plastic was stripped from the carbon.
See also Fig. 19 for typical external surface of these spheres.

%9
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