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Isolation of the Rare Earth Elements

A Chlorination-Volatilization Procedure

J. BERNARD ZIMMERMAN"and JOHN C. INGLES

skae

Radioactivity Division, Mines Branch, Department of Mines and Technical Surveys, Ottawa, Canado

» A total chlorination treatment of
radioactive ores ond concentrates,
with simultaneous volatilization at 900°
C., eliminates most of the nonrare
earth elements, including thorium and
scandium. A subsequent ammonia pre-
cipitation removes the alkalies and
alkaline earths and isolotes the rare
earths, including yHrium, in a pure
concentrate svitable for weighing,
spectrographic exaomination, or colori-
metric determination. With materials
consisting primarily of vronium and
thorium compounds, preliminary extrac-
tion from nitric acid medium with o
carbon tetrachloride solution of tributyl
phosphate eliminates the bulk of these
elements, permitting use of a larger
sample and thus extending the range
of the method. Over-all recoveries of
the rare earth elements are 90% or
better. :

TI{E AMOUNT of rare carth minerals
in many ores of radioactive mate-
rials is sufficient to be of economic inter-
est and the rare earth elements must be
determined as a major constituent. In
the case of uranium concentrates to be
used in the production of nuclear fuels,
the maximum amount of rare earth ele-
ments (particularly samarium, euro-
pium, gadolinium, and dysprosium) that
can be tfolerated is set at a low level.
Elements of this group are the most dif-
ficult to separate and determine, partly
because of their chemieal properties and
partly because of the small amounts
which must be determined.

Until 1948 (14) the most difficult step
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in the isolation of the group was the
removal of thorium. Recently, several
improved procedures have included a
solvent extraction using penta-ether
(dibutoxy ethylene glycol) and 8-quino-
linol-chloroform extraction steps (12),
but the reagent penta-ether was not
readily available commercially (it is
now understood that this reagent is
available from the Roberts Chemical
Inc.,Roberts Rd., Nitro,W.Vsa.)(13). A
solvent extraction procedure employing
tributyl phosphate—carbon tetrachloride
and thenoyltrifluoroacetone extraction
(22) (the thenoyltrifluoroacetone in the
quantities used is expensive and requires
troublesome pH adjustments), and a
cellulose column method involving the
use of 12.5% v./v. nitric acid in diethyl
ether, followed by a double thenoyl-
trifluoroacetone extraction (6) (the use
of 12.5%, nitric acid in ether is hazard-
_ous) are also among those now used.

Moreover, the above methods were
developed primarily for the determina-
tion of the rare earths in relatively pure
thorium and uranium materials, and
while they are capable of isolating micro-
gram quantities of the rare earths, addi-
tional steps are needed to handle the
many gross impurities found in ores and
mill concentrates.

In a survey of chlorination methods
for upgrading uranium and thorium con-
centrates, it was noted that the chlo-
rides of the rare earths have very low
vapor pressurcs at elevated tempera-
tures, compared with the many elements
which are normally difficult to separate
from them. The literature data (Tables
I and II) pointed to the feasibility of
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using a high-temperature chlorination
procedure to volatilize most of the
foreign elements. The remaining non-
volatile chlorides would apparently con-
sist only of & few very easily separated
elecments. Of the reported chlorinating
reagents and procedures (4), sulfuryl
chloride as a reducing and chlorinating
agent in a chlorine atmosphere appeared
best for the complete and rapid chlorina-
tion of the various metal oxides present.
This procedure (19) has been employed
for the separation of thorium and the rare
earths, but it is tedious when more than
milligram amounts of thorium are to be
treated and results in rare earth losses
(12).

In the present work, a technique has
been evolved whereby the only losses
are those resulting from volatilization
and they are of the same order as in
other procedures (6, 12, 22) (however,
the solvent extraction procedures cited
deal with microgram amounts of the
rare earths, so that it is not strictly fair
to compare the losses experienced with
those found here).

The method is considerably faster and
requires less manipulation with the rela-
tively impure concentrates for which it
was developed than the other methods.
The purity of the rare earth concentrate
(particularly freedom from thorium and
scandium contamination) is such that it
should be possible, if increased sensi-
tivity is desired, to complete the deter-
mination by any of the colorimetric
methods now available (2,9). If this
sensitivity is not desired, the concen-
trate can be weighed and reported with
confidencr in the knowledge that it is
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Table VII. Semiquantitative Spectrographic Analysis of Rare Earth Concentrates

[Obtained by extraction chlorination and by the method of Carron ef al. (§) from a
Beaverlodge area carbonate leach concentrate]

Extraction-Chlorination Precipitate

Precipitate, Method of Carron ef al.

Element % Element % Element % Element %
Y PCe Mg 1 Y 15 Mg 0.15
La 28 Ca 0.9 La 1 Ca 0.2
Ce PCe - 8t 1.5 Ce PCe Si 4
Sm 1.5 Ti 0.15 Sm 1.5 Ti
Eu 0.2¢ Cu 0.07 Eu oy Cu 0.04
Gd 4% Ba 0.05 Gd 2.5 Ba 0.4
Dy 6 Al 0.15 Dy 3 Al 0.6
Ho 0.5° Fe 0.16 Ho ves Fe 0.8
Er 1.0¢ Pb 0.15 Er .. Pb 6
Tm 2¢ Mn 0.2 Tm .e.  Mn . 0.008*
Yb 6 B 0.015 Yb 3 B .0.006
Lu 2¢ Lu cee Cd 0.3*
Sc . Sc 12 Cr 0.03%
* Principal constituent, over 209,
% Identification not positive.
* Qualitative estimate.
The recoveries of the individual elements
are given in Table IV, Table VIIl. Composition of Euxenite
Mizep Rare EArTas. In a sccond Concentrate
series of tests, both thorium and the Ele- Ele- Ele-
mixed rare earths wereadded t020-gram  ment 9% ment 9% ment %
portions of the same concentrate. This e« 45 Ba 3 Y 5
material was carried through the whole Th* 0.6 AP 2 Gd* 0.2
procedure. The recoveries are given Nbe 12 Ca* 2 Dy* 2
in Table V. In Table VI, spectro- I 12 St 2 Yo 1.5
N Tade 2 Pb* 1.5
graphic analyses of the recovered rare S 8 Mot 0.2
earths are compared with the spectro- Feb 4 Mg* 0.15
graphic analysis of the mixed rare earth  Chemical.

starting material.

Analysis of Typical Concentrates.
UraNiUM CHEMICAL PRECIPITATES.
Two typical uranium chemical con-
centrates were carried through the
whole procedure. One of these, the
product from the carbonate leach
process on an ore from the Beaver-
lodge area, was high in rare earths
and low in thorium. The other, pro-
duced by acid leaching of a Blind
River ore, followed by ion exchange up-
grading and two-stage precipitation,
contained moderate amounts of thorium
but virtually no rare earths. These
tests established that good recovery of
the rare earths could be obtained and
that thorium is completely volatilized,
when authentic sample material was
used.

In the first case, a rare earth content
of 0.26% was found. This sample,
analyzed by the method of Carron et al.
(6), gave a precipitate corresponding to
0.42%, of the sample weight; when this
number was corrected for nonrare earths
on the basis of the spectrographic anal-
ysis, it gave a value of 0.279, total rare
earths plus yttrium. The spectro-
graphic results on bothsamples are given
in Table VII. This shows the extrac-
tion-chlorination precipitate to be free
from all but traces of nonrare earth
material. The absence of scandium in

-particular is noteworthy, The precipi-

tate obtained by the method of Carron
el al., by contrast, contains about 25%
of nonrare earths as the elements.

* Spectrographic (semiquantitative).
¢ Xgigy fluorescence.

Table IX. Composition of Rare Earth
Oxides Obtained from Euxenite (Table
V1) by Chlorination Procedure

(Spectrographic semiquantitative

analysis)

Element % Element %
Y PCs Si 0.8
Eu 0.2 Mn 0.25
Gd 4 Mg 0.2
Dy 6 Al 0.15
Ho 0.5% Ti 0.05
Er 10¢ B 0.01
Tm 2 Cu 0.08
Yb 15 Ca 0.4
Lu 2¢

s Principal econstituent.
b Identification not positive.
¢ Qualitative estimate.

In the second sample no precipitate
was obtained, showing again that the
nonrare earth elements were completely
removed. The method of Carron et al.
gave 2 value of less than 0.003%, on this
sample.

CHLORINATION oF A EuxeNite CoN-
CENTRATE. Many radioactive mineral
occurrences in Canada consist basically
of niobium-tantalum ores, containing
minerals of the pyrochlore and samar-
skite series. These minerals are com-
posed of rare earths, uranium, and tho-
rium niobotantalates. They are not
amenable to dilute sulfuric acid or

alkali carbonate leaching, but can some-
times be concentrated by physical
mezans. Though they are usually low in

_uranium and thorium content, the con-

centrates are high in rare carths and the
earth acids.

Conventionally, thcse materials are
first treated with hydrofluoric acid,
which dissolves the ore and converts the
earth acids to soluble complex fluonio-
bates and fluotantalates. The insoluble
fluoridcs, which include thorium and the
rare earth fluorides, are removed and
treated by the oxalate-sebacate methed.
Though very insoluble, the rarec earth
fluorides are gelatinous and sometimes
even colloidal, so that they are difficult
to separate from the solution. '

Accordingly, a test was carried out to
determine whether the rare earths could
be separated from a typical euxenite
concentrate by the chlorination pro-
cedure. Direct chlorination without
previous extraction was employed, be-
cause the extraction process would not
upgrade the rare earth content signifi-
cantly and the rare earths were known to
be present in sufficient amounts to per-
mit use of a sample which could be ac-
commodated in the apparatus. A
1-gram sample was used, and the chlo-
rination was carried . out as described
under Procedure. ‘

The rare earth oxides obtained
weighed 176 mg., indicating a rare earth
content of 17.6%. The original com-
position of the mineral concentrate is
given in Table VIII and the composition
of the rare earth oxides is given in Table
IX.

DISCUSSION

Large amounts of material cannot be
successfully chlorinated by the tech-
nique employed. On the other hand,
with most uranium concentrates, a
gample of 10 to 20 grams is needed to
provide the necessary 10 mg. of rare -
earths for the gravimetric finish and
spectrographic examination. Removal
of the bulk of uranium and thorium by a
preliminary solvent extraction procedure
effectively eliminates this difficulty.

The tributyl phosphate-carben tetra-
chloride extraction step that is used is
based on the procedure developed by
Wray (22). Extraction coefficients for
elements of interest in connection with
the analysis of thorium and uranium
concentrates are given in Table X. In
some cascs it has been necessary to ex-
trapolate the literature data, and in
other cases divergent results were found.
for valucs apparently obtained under
similar conditions.

A point of particular importance,
which is illustrated in the table, is that
the extraction of the rare earths is sup-
pressed while the extraction of uranium
and thorium is occurring. Thus, if it is
not necessary to remove these elements




completely (as is the casc in the present
method), cxtraction losses of the rare
earths can be held at low levels. I'wo
extractions will remove the bulk of the
uranium from solutions of most uranium
concentrates.  With typical Canadian
high-thorium produets, a third extrac-
tion is desirable to remove the major
part of the thorium and provide a rare
earth concentrate of manageable size
for the chlorination step. Sufficient
thorium remains to prevent substantial
extraction of the rare carths by the
* tributyl phosphate and to serve as a
carrier for them in the subscquent pre-
cipitation with ammonia,

In the chlorination-volatilization step,
the reaction between the metal oxides
and sulfur monochloride was reported
by Bourion (4) to be exothermic. This
resulted in incandescence of the charge
and premature melting, and led to the
formation of nonvolatile thorium oxy-
chloride, To avoid this, the technique
of alternating between the chlorine—
sulfur monochloride mixture and the

cedure outlined here s the one that gave
unfailingly good results.

In Table I are given the melting
points, boiling points, and volatilization
temperatures of the rare earth chlorides,
and in Table II arc given the melting
points and boiling points of some of the
clements commonly associated with the
rarc carths in ores and concentrates.
An important obscrvation is the proxim-
ity of the boiling point of seandiun to
that of thorium. This indicates that
scandium should be volatilized along
with the thorium. The results obtained
with the Beaverlodge carbonate leach
concentrate (Table VII) confirm this.
On the other hand, the boiling point of
yttrium is close to that of the rare earths
and it is practically quantitatively re-
covered (Table IV). Some -current

methods for rare carth deterinination
give partial nonreproducible recoverics
of both these elements.

A knowledge of the melting points is
also of some value. The preferred
mechanism is to have the chlorides sub-
lime, because the solid material usually
presents more surface for rapid volatili-
zation, If the bulk of the constitucnts
in the sample melt at a much lower tem-
perature than that at which they volatil-
ize, a pool of liquid forms and volatiliza-
tion is slow. This slow volatilization
can be partly overcome by using more
sand in the coinbustion boat containing
the sample.

. In Table I the volatilization tempera-
tures of the rarc carths are given.
These  values were determined by
Vickery (20) by visual obscrvation of the

Table X. * Partition Coefficients of Some Elements between 40%, Tributyl Phosphate
and 6N Nitric Acid Solution

. : Concen-
pure chlorine was employed. By this tration
procedure, the volatile chloride pro- A l:" Concentration
1 HH N eous y
duced is v olz}tlllzed progressively and a C?rams/’ Other Elements in Aqueous,

BUdd‘?“ rise n tefnpe.ratur(.a due to the Element Liter Present E: Element  Grams/Liter E:
chlormatl‘on reaction is qvoxdeq. U 5 - 50 (15) La Tracer . 0.02 (18)
Th.e careful dehydra.tlon prior to the 50 10 (15) Ce(IV) Tracer, but see 0.2 (8)
chlorination-volatilization step was also . 150 1(15)( ) eIt 'I»}lso reference 0 (gl()w)

found to be necessary, to prevent forma- T 42 1.4 (22 o racer .

i ; : . i Tracer 18 (10 Eu Tracer 0.13 (18)
tion of nonvolatile thorium oxychloride. Tr:cer 0_(5 (}) e Tracer 0.05 (3)
Once formeq, thorium oxychloride ap- . U-84gramsper 0.08(1) Nb Tracer 0.01 (8)
pears to resist vigorously any attempt liter in )
at conversion to the volatile anhydrous aqueous 0.05 (16
chloride. As the principal aim of the  S¢ Tracer 05 (16)

" . . Y Tracer 0.12 §18)
mcthod. isto obta{n rapid and con}ple‘te Tracer 0.02 (8)
scparation of thorium, any reduction in Total rare Solvent 289, 0.01(7)
over-all time for the analysis that leads earths saittl}l\rt{}ed
. . W
to fprmatlon o.f tl.le 0 xychloride must be Total rare Solvent 629, 0.002(7)
avoided. While it is reasonably ccrtain earths saturated
that with careful technique this de- with U
hydration time can be reduced, the pro-
Table XI. Composition of Typical Uranium Concentrates from Major Producing Areas in Canada
(Expressed as percentages)
Total
Area Process U:O. ThOg Fe MgO Na CaO \’:05 TIO: Slo: Sc¢  "Rare Earths
Bancroft Acid leach, ion exchangc,lfiilig;% 75 1 2 8 1 0.5 0.002 007 2 0.001 0.050.15
stage precipitation wit
Blind River Acid leach, ion exchange, two- 80 0.7 0.2 0.1 2 2 0.01 0.1 0.5 0.001 0.00-0.02
stage precipitation as sodium
salt . .
Beaverlodge Carbonate leach, caustic precipi- 75 0.1 1 0.2 6 0.5 2 0.1 4 0.02 0.1-0.3
tation
Beaverlodge Acid leach, ion exchange, single 70 0.02 0.5 8 2 0.5 0.05 0.003 0.5 0.004 0.00-0.02
stage precipitation with MgO
Geat Bear Lake  Acid leach, solvent extraction, 75 <0.1 0.1 0.1 6 0.05 <0.002 <0.005 0.06 <0.005

single stage precipitation from
carbonate solution as sodium

% Distribution’

Distribution of Rare Earth Elements in Precipitates of Rare Earth Group from Typical Uranium Concentrates

salt .

Table XIL.
Area Y
Bancroflt 4
Blind River 25
Beaverlodge, carbonate lcach 30
Beaverlodge, acid leach 15

La Ce Sm Lu Gd Dy
25 50 2 2 3
15° 30 3 e 5 10
5 30 3 0.2 3 5
.. .. -12 ... 5 6

1o Lr Tm Yb Lu

3
0.5 10 2 8 2
.. 2 2







