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Pr and 48.3% Nd. The sample was adsorbed on the resin
from a solution at a pH of 1.8. The flow rate of the eluant
was maintained at 1.5 centimeters per minute, and the pH of
the citrate was 2.55. The breakthrough came at 184 liters,
which, at this slow flow rate, is approximately 2.5 days
after the start of the elution.

The total elution curve, with the individual elution
curves, 1is presented in Figure 15. In making the spectro-
photometric analyses, the samples were dissolved to give
a solution of higher rare earth concentration than the
usual 100 milligrams of oxide per 10 milliliters of solu-
tion. Thils was to detect the praseodymlium more accurately
in the early fractions so that its breakthrough point could
be determined. The praseodymium could be observed fairly
accurately in amounts as low as 0.5% of the total sample.

The spectrophotometric curves showing the spectra
of the original material, an early fraction, and a tall
fraction are shown in Figure 16. The neodymium content in
the tail fractions could have been reduced still further
by carrying out the elution process for an additional
period of time.

To show the effect of simultaneous changes in sever-
al of the operating conditions, the results of the above
experiment are compared with the results obtained in an

experiment using a 16 millimeter column, same bed length,
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the citrate at a pH of 2.55, flow rate of 6 centimeters
per minute, and & sample size of 0.5 grams per square cent-
imeter. The only factors which differed appreclably were
the diameter, flow rate, and sample slze. The material

on the smaller column contained 43.44 Pr, compared with
51.7% Pr on the larger column. The small difference in
starting composition should favor the separation of neody-
mium on the 16 millimeter column. The purity curves are
presented in Figure 17, showing conclusively that the sep-
aration obtained with the column operated under the "standard"
conditions represents by far the best separation obtained
to date. Approximately 22¢% of the total neodymlum in the
starting material was obtained with spectroscopic purity,
and 504 with a purity of 98%.

I1 Separations Performed under Standard Conditions

A true test of the particular set of conditions
chosen would be to apply it to numerous mixtures of the
other rare earths. A number of minerals containing rare
earths were treated chemically to isolate this group of
elements and to provide suitable mixtures for the tests.
The chemistry employed has been described in detall in
part II of the section on experimental procedure. A numb-
er of preliminary runs were made which were designed to en-
rich the fractions. It was found that the binary mixtures

of dysprosium -- yttrium, samarium -- gadolinium, and
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Figure 17. Comparative purity curves between (a)
a column operated under favorable conditions and (b) a col-
umn operated at an adverse flow rate, sample size, and pH.
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holmium~erbium did not separate to any marked extent. Ter-
bium was the one element which presentec the most diffi-
culty, as trace amounts or more of this material persist
throughout most of the elution. It can be qualitatively
detected by the color it imparts to the oxides, only a frac-
tion of one per cent beilng sufficient to impart a noticeable
brown color to the oxide. The ensuing experiments were
performed with the difficultly separable mixtures, as well

as a neodymium-samarium mixture.

a) Neodymium-Praseodymium. It would be of interest to oper-

ate a column under standard conditions using material which
initially contains 98% N3 to determine the per cent yileld
of pure neodymium. The information gleaned from such an ex-
periment should serve as an index as to the maximum over-
all efficliency of producing pure neodymlum from a 50-50 Nd-
Pr starting mixture in one or two passes through a column.
In a two column process, that material which has a purity
of 96-98% Nd from the first column could be readsorbed on
the second column and re-eluted to produce a large quantity
of pure neodymium.

A total of 1.8 grams of material, containing 98% Nd
was divided into two fractions and adsorbed on two 16 milli-
meter columns, having bed lengths of 175 centimeters. A
number of the samples obtained during the course of the

elution were given to the spectrographic group for the de-
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tection of praseodymium. Since the spectrophotometer can-
not detect praseodymium in a sample in amounts less than
0.5%, the spectroscoplc method, with a lower 1limit of 0.1%
Pr, is much more sensitive. A total of 1.3 grams of mater-
ial from the two columns (combined) was obtained which
contained less than 0.1% Pr. This represents an approxi-
mate yleld of 754 of the original neodymium which 1s produced
pure.

The experiment which was described in part I of thils
section ylelded 22.5% of the neodymium pure, while 50% of
the neodymium was eluted with a purity of 98%. Hence one
can see that in a two column process approximately 40% of
the original neodymium in the mixture was obtained pure.

It 18 possible that a larger over-all yleld could be ob-
tained by a different cholice of the intermediate fraction,
i.e., the material chosen for use on the second column.
For example, instead of using 98% pure material, a better
choice may be 90% or 94% pure neodymium.

If we assume for the moment that the process 1is to
be used with two or more columns, it may also be advantage-
ous to slightly overload the first column with material
so that the total amount of enriched material can be
increased. However, in the operation of the second column,
the standard set of conditions should be adhered to closely.

In the preparation of pure praseodymium, the standard
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conditions are utilized; the rich praseodymium coming
from the tail end of the dlution. In an experiment de-
signed to prepare pure praseodymium, 2.8 grams of oxide
containing 984 Pr was eluted from a 32 millimeter diameter
column. Analysis of the eluted samples showed that 1.3
grams of material contained less than 0.l1% Nd. These re-
sults serve to illustrate a point which has been found to
be general; in the preparation of pure A and pure B from
a mixture AB in which A 1s eluted first, the efficiency of
the process for producing pure A i1s greater than for
producing pure B.

Referring to Figure 15, 1t can be seen that beyond
the peak 1n the total elution curve the neodymium content
in the eluant diminishes gradually. Hence 1t persists for
some time, during which the praseocdymium content increases
after 1ts breakthrough. Therefore, because of the length
of time involved in getting very rich praseodymium samples
from a single pass through a column using a 50-50 mixture
as the starting material, and also because of the fact that
a large portion of the starting material 1s eluted between
the neodymium-rich and praseodymium-rich fractions, the
efflciency of the operation 1s reduced by attempting to
produce pure praseodymium in a single step process.

Readsorption as a method of recovering the rare

eartha from the citrate eluant is practical. It can also
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be used as a concentration step to diminigsh the volume of
liquid containing the rare earth material. The pH of the
eluate is first lowered to 1.8 by adding HCl. The eluate
is then passed through a short column of resin and the
rare earths are readsorbed. Desorption can be effected
with a relatively small volume of 5% citrate at a pH of
4 to 5.

The readsorption process has several advantages:
(1) once the elution curves are determined and shown to be
reproducible, all of the eluted rare earths of a desired
purity can be collected, (2) the material is removed quan-
titatively by the readsorption so that the usual losses
due to solubllity are avoided, (3) subsequent elution can
be made by a small volume of eluting solution if desired
and (4) further purification by selective elution can be
started immediately.
b) Neodymium-samarium. The difference in the basicity be-

tween neodymium and samarium 1s about the same as that
between praseodymium and neodymium. For that reason, and
the fact that there is a greater difference in the lonic
radii of neodymium and samarium than with the neighboring
palr, one would expect that the separation would probably
be better between neodymium and samarlum than between
praseodymium and neodymium.

A two gram sample of a 50-50 mixture of neodymium
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and samarium was adsorbed on a 32 millimeter column (0.259
grams per square centimeter) and eluted under standard
eonditions. The total elution curve and the individual
elution curves are presented in Figure 18. Approximately
60% of the initial samarium was eluted free from any
neodymium.

In the experiment with neodymium and samarium, a
spectroscopic analysis of the original mixture revealed
only traces of gadolinium and europium. The front frac-
tions of eluted material showed per cent amounts of these
elements. The fact that the heavier rare earths were con-
centrated in the flirst few fractions provided a stimulus
to immediately continue the research using heavy rare
earths in the hope that the method of separation is gen-
erally applicable to all of the rare earths.

c) Samarium-gadolinium. The starting sample weighed five

grams and contained 48% @d and 52 Sm. A column having a
bed length of 175 centimeters and a 32 millimeter diameter
was used. The elution curves are shown in Figure 19. The
results of the analyses are given in Table 15.

The separation of these elements from each other 1s
very poor., When this same palir of elements was eluted using
0.5% citrate at a pH of 3.8, no separation whatsoever was
obtained by Wright and Porter of these laboratories. A

large amount of work must still be done to find a good
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Pigure 18. The elution curves of a Nd-Sm mixture:
composition of starting material, 504 Nd and 50% Sm; column
dimensions, 32 mm. x 175 cm.; weight of sample, 0.259 gr./
em.©, flow rate, 1.5 cm./min. (a) Total elution curve, (b)
elution of Nd, and (c¢) elution of Sm.
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Pigure 19. Elution curves of a Sm-Gd mixture under
favorable conditions: composition of starting material,
484 @d and 52% Sm; column dimensionsg 32 mm. x 175 em.
Curve Sa) the total elution curve, ?b) the elution of Sm,
and (c) the elution of @d.
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method of separating gadolinium from samarium.

TABIE 15
SEPARATION OF Sm FROM Gd

Yolume of eluant ¢ Gd In % 8m in
when sample was Eluted Eluted
taken Fraction Fraction
31 50.3 k9.7
34 %9.2 50.8
38.4 34.6 55.4
44.3 ha.1 559
50.3 39.4 60.6
62.2 32 68

d) Dysprosium-yttrium. The general chemical behavior of

yttrium in any separation scheme places 1t intermediate
to holmium and dysprosium. Any source of material which
contains one of the three elements also contains the
others. . 32 millimeter diameter column with a bed
length of 175 centimeters was used to test the elution
of a sample containing 62% Dy and 38% Y.

The breakthrough came with less volume of eluant
than was expected, the result being that the nature of the
elution curve around the breakthrough point is subjeet to

error. The dotted line portion of the total and individual
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elution curves shown in Figure 20 encloses that area which
is indlicative of the total amount of materlial in the front
fraction, after reclaiming it gravimetrically.

The individual elution curves in Figure 20 were ob-
tained by analyzing the sample on the basis of 200 milli-
grams of oxide per 10 cublc centimeters and measuring only
the 910 mu peak for dysprosium. The yttrium content was
obtained by difference, since it has no absorption spectrum.
The analytical results so obtained are listed in Table 16.

Here again, as was the case with gadolinium-samarium,
the separation 1ia very poor. It i1s likely that the separa-
tion of dysprosium from yttrium could be improved con-

siderably if the elution 1s carried out at a pH lower than
2.55.

TABLE 16
SEPARATION OF Dy FROM Y

Yolume of eluant

when sample was % Dy %Y
taken
2T+5 73.5 26.5
30‘5 71.0 2
33.5 0545 34.5
36.3 58 42
40.1 55 45
46.1 52.3 47.7
48.1 38.5 61.5

e) Erbium-lutecium. The prebreakthrough material from a
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Figure 20. Elution of a Dy-Y mixture under favorable
conditions; composition of starting material, 62% Dy and
384 Y; dimension of column, 32 mm. x 175 cm. Curve (az the
total elution curve, (b) the elution curve of Dy, and (e¢)
the elution curve of Y.




MG. / LITER

L0

120~

104

115

22

30 A 38 42 46 50 54 58 62
LITERS OF ELUATE

Figure 21. Elution of a heavy rare earih nixture

containing principally lutecium and erbilum under favorsble
gonditions, Colwum dimensions, 32 mm. x 175 cime Curve
(a) the total elution curve, (b) elution of lutecium plus
other non-detectables, (c¢) elution of erblum, (4) thulium,
and (e) holmium,
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large column run using the total heavy rare earth mixture
from gadolinite was extracted with 0.5% Na-amalgam to re-
move the ytterbium. A five gram sample of the material
remaining after the extraction was adsorbed on a 32 milli-
meter column and eluted under standard conditions. Using
the extinction coefficlents as listed earlier, the analysis
of a 200 milligram sample of the starting material showed
33.2% Er, 16.8¢ T™m, 11.3% Ho, and 38.7% undetectable. The
undetectable materlial, obtalned by difference, includes
lutecium, with some ytterbium and possibly scandium. The
principal components In the mixture are erbium and lutecium.

Because of the high solubllity of the oxalates of
ytterblum and luteclum in 5% citrate solution, the break-
through was not detected at low rare earth concentrations
in the course of the elution. The pre-breakthrough material
was therefore readsorbed and recovered.

The two peaks in the total elution curve show that
with the small amount of ytterbium in the original mixture
the luteclum and erbium elution peaks are actually fairly
well removed from each other. The total elution curve,
along with the individual elution curves of each of the
congtituents are shown in Figure 21. The data from which
the curves are drawn are given in Table 17. An examina-
tion of the filgure shows that the valley between the two
elution peaks is much higher than would actually have been
the case if thullum had been absent from the starting




117

material.

The apparent straggling in the elution of the un-
detectable fraction 1s probably due to a small amount of
yttrium or scandium in the original sample which became
concentrated in the tall fractions of the elution. The
presence of holmium throughout such a large volume 1s
unexpected.

It can be concluded that luteclum and erbium can be
separated conveniently from each other in one or two passes

through a column.

TABLE 17

SEPARATION OF THE HEAVY RARE EARTHS
UNDER STANDARD CONDITIONS

VoI. of eluant % Lu, ¥Yb and

when sample was other Per Cent Bluted

taken undetectables Tm Er Ho
26 87.5 12'5 - -
28 73.8 23-4 2-8 - Y
31 68.7 29.4 9.8 - 76
34 28.3 39.8 24.8 T.1
38.7 13.6 26.0 47.8 12.6
34,7 13.4 9.9 0.3 16.4
51'6 1609 3.5 60-7 18.9
59'3 2208 - :’(::2 21.0
68 08 35 oq‘ - 2203 22.3
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DISCUSSION

I Experimental Difficulties in the Separation Proceas

As in any method for the production of a material
there are a number of unforeseen difficulties that arise
which must be overcome in the course of developing the
process. In the process at hand, a number of experimental
difficulties arose which either had to be corrected or
else neglected after closely examining theilr effects upon

the separation.

a) Mold growth. It is a well known fact that a citriec

acld medium is very favorable to the growth of a number of
varieties of mold spores. The growth of molds in the citrate
solutions used in the experiments previously described has
been a troublesome factor in attempting to get reproducible
resultsa. The mold problem was particularly acute in those
columns which were erected in rooms which had been pre-
viously used for microblological studies.

Fulmer and Werkman (59) list the following acids as
being produced by mold action on citric acld: acetonedi-
carboxylic acid, glycollic acid, glyoxylic acid, malonic
acld, and oxalic acid. The one acid most commonly formed
is oxalic. This 1s serious, &s insoluble rare earth
oxalates would form in the resin bed and not be eluted. The

molds also reduce the pH of the eluant and conceivably
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block the pores and surfaces of the resin.

Since an elution under the standard set of condi-
tions adopted in this research requires at least several
days to perform, a mold has sufficient time to grow in
the citric acid solution. While the eluant was filtered
before admitting it to the resin column, some spores would
get through and become adsorbed within the resin bed. Once
there, the mold can not be removed from the resin by or-
dinary chemical means. Treatment with strong hydrochloric
scid was ineffective, either in preventing the growth of
the mold, or in removing it. The mold only became dormant,
and resumed 1ts growth when the conditions for growth became
favorable again. The action of the mold is to grow and en-
compass the resin particle, rendering it useless as an ion
exchange medium. As a result, the shapes of the elution
curves change and the breakthrough volume of eluant de-
creases with each successive experiment conducted under
similar conditions.

In the first efforts to solve this problem, toluene
was used to prevent mold growth. Thls reagent was not
satisfactory as it introduced a second liquid phase to the
eluant. The most desirsble control chemical should be
effectlive in low concentrations, economical, easy to handle
under control conditions, and not interfere with the re-

producibility of the elution curves after prolonged use.
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Dr. Fulmer suggested that phenol would meet the requirements
and subsequent experiments were performed by Messrs. J. M.
Wright and P. Porter.

Spore cultures of Aspergillus oryzae and of Asper-
gillus niger were used for massive spore inoculation of
0.5% citric acid solution adjusted to pH 4.0 with ammonium
hydroxide. The phenol concentrations varied over the range
from zero to 1.0 grams per 100 milliliters of citrate solu-
tion. After six days, a slight trace of growth was noticed
in the solution containing 0.05 per cent phenol but no
growth in the higher concentrations. It was declded to use
0.1 per cent phenol in the citrate eluant, thereby giving
a safety factor of about two. When actual elution experi-
ments were conducted using didymium and 0.1% phenol in
the citrate solution it was found that the elution curves
were ldentical with each other. During an ensulng perlod
of five months in which the phenocl treated citrate solution
was used with the same columns of resin, no growth of mold
has been observed.

The discovery and use of phenol as a mold growth
inhibitor has proved itself of great importance in making
the ion-exchange process practical for producing pure rare
earths.

b) Inconsistencies in maintaining the flow rate. Proper

control of the flow rate has a very declided effect upon

the separation. In the particular set of standard
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conditions which has been proposed, the actual flow rate
in milliliters per minute becomes very low when small
diameter columns are used. The means of regulating the
flow rate on the columns in this laboratory have been with
a stop cock or a screw clamp arrangement on a rubber hose
connection. Nelther one 1is too satisfactory. Then, too,
one must consider that a certain amount of packing takes
place within a resin bed during the course of an experi-
ment, which materially lowers the flow rate. The flow rate
will also change when the amount of solution head above
the resin bed changes. The level of the liquld in the
column above the resin bed must be checked periodically

to be sure that the columns are not running dry. If the
column should go dry, the experiment is rulned and must

be repeated. The experimenter must also check the flow
rate at frequent intervals to see that it 1s of the proper

constant value.

II An Interpretation of the Mechanism of the Separation

From the experimental evidence which has been pre-
sented, it becomes necessary to consider the chemical re-
actions which take place during an experiment. Let us
assume that we are working with only one rare earth element,
and not a mixture.

With the resin in the hydrogen cycle, addition of

the solution of rare earth ions causes an exchange.




122

M S4+3m=3m"+ MRy (10)
M *+3 represents the rare earth ion, HR the acid form of the
resin, and MR3 the rare earth form of the resin. At a pH
of ~ 2,0, the equilibrium is overwhelmingly shifted to the
right, which accounts for the abllity of tracer quantities
(n:10'1°m) of rare earths to be adsorbed at the top of the
resin bed.
Addition of the citrate solution with the labille

Nng* ions causes & conversion of the remainder of the resin
bed to the Nﬁd* form. This 1s evidenced by the "condition-
ing lag," during which time the effluent citrate has a pH
of 1.8, which is the pH of a 5% citric acid solution. Dur-
ing this time the H* 1ons are reing replaced by NHy* ions,
resulting in the ammonium cycle of the resin. The reactions
between the rare earth, citrate, and ammonium lons which
can now take place are postulated as:

NMR3 + 3nNHY<===3nNHyR + nM*3 (11)

nM *3 +3(Hyc1t)Y 3=y (Hy c1t)5Y 3 (12)

M(HyC1t)3¥ 3 + 3nNH, Re=nMR3 + 3nNHy" + 3(H c1t)¥-3 (13)
M 3 15 the uncomplexed rare earth ion, (qy Cit)y‘3 1s some
citrate 1on, the exact composition of which is unknown, and
n i8 restricted by the equality n = 3-y. Reaction (11) is
the initial desorption, or ion-exchange step, which serves
the purpose of placing the rare earth ion into solution.

Once in solution, the ion can undergo further reactions
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such as the complexing reaction (12), or it can react in
the reverse direction of (13). Equation (13) shows the
‘possibility of the complex reacting directly with the am-
monium resin, which agaln produces MR3. By adding equations
(12) and (13), one can obtain (11). It has been stated
earlier that the exact composition of the complex 1s not
known. It is doubtful if the complex actually exists as
written in equation (12), but 1t may be a Werner type com-
plex. This could be one means of controlling the M T3 ion
concentration in the solution.

During the course of the elution, reactions (1l1)
(12) and (13) are assumed to be either at equilibrium or
close to it. Movement of the rare earth down the column
results from the direction of the natural flow of eluant.
New and avallable exchange points on the resin at a slight-
ly lower position in the column are presented for the rare
earth ions to use, provided that the new exchange points
are in that proper form which undergoes exchange. The flow
rate will determine to some extent the relative number of
adsorption-desorption cycles which any one rare earth ion
makes while in the column, other operating conditions re-
maining constant.

A conclusive answer to the question of the great
dependence of the separation upon the pH of the citrate
can not be given at this time. However, a few pertinent

facts can be given which may shed some light upon the
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subjJect. In a 5% solution of citric acid, the concentration
of the (H201t)' ion reaches a maximum value at pH 3.2. At
a pH of ~ 2.0, the concentration of this partlcular ion
is practically zero. The curve showing per cent of ion
type as a function of the pH of the solutlion for a given
ionic strength can be calculated from the dissoclatlion con-
stants of citric acid. The concentration of the (H,Cit)~
ion 18 ~25¢ of its maximum value (for a 5% solutlon) when
the pH is 2.55. It has been shown by Tompkins and Mayer
(50) that the (HpoCit)~ ion is the one which plays the lead-
ing role in the separation process. It would not be safe
to conclude that the separation is effected by the concen-
tration of the (HoCit)™ ion in the solution. Instead, it
would be more logical to consider that (1) the difference
in the stabilities of the complexes increases as the pH 1is
decreased, (2) the concentration of the (H,Cit)™ ion
(which 1s necessary to form the complex) increases with the
pH in this region with the result (3) that the separation
reaches an optimrum velue in the pH range of 2.55 when 5%
citrate i3 used ar the eluant.

Straggling of the material on the resin, so that
an ever Iincreasing band width 1s produced, results from
operating the column at too high a flow rate. Consider
the resin particle to consist of a lattice, with accessible

exchange points within, as well as on the surface of the
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particle. A rare earth ion will exchange at the first
avallable NH;R exchange point, which would generally be

at or near the surface of the resin particle. Those ex-
change points which are deep inside the resin are reached
by the rare earth only after diffusing into the lattice of
the particle. #/n adsorption-desorption cycle in which the
rare earth ion starts and ends in the great body of solu-
tion surrounding the resin particle takes more time when
exchange takes nlace within the resin than at the surface.
Then, too, the number of times the rare earth lon exchanges
within any one resin particle before 1t emerges again 1is
considerably greater with that which diffuses into the
resin. The net result is that those rare earth ions which
exchange near the surface are eluted from the column much
faster than are those which penetrate the resin particle.
tUnder equilibrium conditions of operation of the column
there would be no great difference in the number of exchanges
which the ions make so the actual elution curve should ap-
proach the theoretical elution curve. The theoretical
curve 1s that proposed by the Wilson theory referred to
earlier in this thesis.

When a mixture of rare earths is employed, the same
process and set of reactions (as reactions (11) (12) and
(13) above) holds for one rare earth specles as for any
other. Any separation will depend upon the relative

stabllity of the citrate complex of one rare earth tothe
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others. Inasmuch as many column volumes of eluant must be
passed through the resin bed before the breakthrough, under
the controlled pH conditions, the rare earths spend most

of thelr time as MR3. Due to differences in the basiclties .
of the rare earths (53), the stability of the rare earth
citrate complexes will differ. Those that are more stable
(under the constant and controlled pH) will stay in solu-
tion a longer time before exchanging with the NH&F on the
resin. During thlis time the more stable complex 13 moved
down the column a greater distance (on the average) than

are the other rare earth complexes. Coupled with the
notion of separation through differences in complex stabil-
ities, 13 the relative strengths of the bonds connecting

the rare earth ions to the resin. It is belleved that these
are different for each rare earth, as wlll be shown in the
next section.

The difference between the stabilities of the com-
plexes of each nelghboring pair of rare earths 1is very
small. The difference seems to decrease with increase in
atomic number. Hence the efficlency of a separation will
depend upon the average number of exchanges which one rare
earth ion species makes in relation to that of the other
rare earths during the total course of the elution. As one
can readily see, this 1is favored by a slow flow rate and a

long column.
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The elution of macro quantities of rare earths
differ in one respect from a similar elution using tracer
amounts. The number of rare earth ions present in an ex-
periment using tracer amounts, in relation to the total
number of exchange polints on the resin, permits the free
and independent elution of each of the ion species in the
mixture. Each ion behaves independently, as if it alone
were on the columm. Such is not the case with macro amounts
of material. A deflinite competition 1s established between
the various rare earth complexes for the exchange points
on the resin. That rare earth whose citrate complex is
most stable will stay in solution longest, as the exchange
points are preferentially held more tightly by the other
rare eartha. The net result is that the separation 1s
enhanced as 1s evidenced by the following observations:

(1) the elution of macro amounts of cerium and yttrium gave
better separations than tracer amounts under the same con-
ditions, (2) the existence of an optimum weight of sample,
and (3) the breakthrough occurs with a smaller amount of
eluant. The lack of competition of the ions for the ex-
change points in the case with tracer amounts can, in part,
account for the insistence of the group at Oak Ridge (Boyd,
Tompkins, et al) of using a pH 2.85 citrate solution for

eluting rare earth fission products.
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III Intercorrelations of the Experimental Results with
Notions of Ion Size and Baslcity

—— S e i et

If a sample were prepared that contained equal amounts
of each of the rare earths and yttrium, adsorbed on an
Amberlite IR-1 column, and eluted with 5% citrate, the
order in which they would emerge from the column would be
Lu, Yb, ™m, Er, Ho, Y, Dy, Tb, Gd, Eu, Sm, 61, Nd, Pr, Ce,
and La. With the exception of yttrium, this is the same
order as the decrease in atomlc numbers.

The forces which bind atoms together in a mole-
cule are, for the most part, coulombic in nature. Applled
to the case of a resin anion and a cation in solution, the

electrostatic attraction can be expressed by the relation

F = ege; (14)

where F represents the force of attraction, e, the charge
on the resin anion, e, the charge on the cation, and rac
the equilibrium distance of the cation from the anion. The
numerator shows that the multivalent cations are held more
tightly than are cations of a lower valence type. The de-
nominator states that with lons of the same type, the elrc-
trostatic force of attraction is inversely proportional
to the square of the lonic radiil.

In the case with crystals, the ionic radili of the
ions in the same family and group in the periodic chart

increase with increasing atomic number. However, an lon
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in aqueous solution becomes hydrated, due to strong lon-
dipole attraction. The net result is that the order be-
comes reversed. For instance, in Group I-A of the period-
ic chart, the order of increasing ion size 1s Cs, Rb, K,
Na, L1 and H. The number of water dipoles that form the
sphere of hydration around the cation depends upon the po-
larizing ability of the cation. The abllity of an lon to
induce attraction with a dipole has been found to increase
with the charge on the ion and to decrease with the crystal
ionic radius (5%). Applylng this line of reasoning to the
rare earths one can see that the lonlc radil of the hydrated
ions should increase as the atomic number is lncreased.
The force of electrostatic attraction between the hydrated
rare earth cation and the resin anlon decreases with an
increase in atomie number since rp. increases. The position
of yttrium in the elution scheme corresponds to the posi-
tion of its hydrated ionic radius, which is intermedlate to
dysprosium and holmium.

The basicities of the trivalent rare earths show
that the decrease in pH at which preciplitation of the hydrox-
ide occurs follows the direction of increasing atomlic numb-
er and parallels the decrease in the ionic radius. Plac-
ing the experimental results of the basicities on a relative
basis with yttrium = 1, Moeller and Kremers (55) obtailned:
La, 1235; Ce, 185; Pr, 33.3; Nd, 23.5; Sm, 8.4; Eu, %4.2;
@d, 2.6; Er, 0.16; T™m, 0.041; ¥Yb, 0.036; and Lu, 0.031. If

basicities were the dominant facter in effecting a separation
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of the rare earths on the column, one of the very diffi-
cult separations would be between thulium, ytterbium, and
lutecium.

The order of basicities as applied to the order of
elution show that the least basic rare earths are eluted
first. This can be regarded in the same sense as a

stronger base replacing a weaker one on the absorbent (56).
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SUMMARY AND CONCLUSIONS

The research which has been described in this
thesis was designed to obtain a set of conditions for
the mutual separation of the rare earths in high yleld and
in a relatively short time. It has been shown that the
method of ion-exchange under controlled conditions of elu-
tion can be applied to the production of relatively large
amounts of rare earths of spectroscopic purity. The time
necessary for the complete operation 1s a matter of a few
days, in comparison with the o0ld method of fractional
erystallization which required months.

Not all of the factors that could influence the asep-
aration have been investigated. Among these are tempera-
ture, the choice of eluant, and the cholce of the lon-ex-
changer. The change to another resin would almost certain-
ly result in a neceasary change in the pH of the citrate
and the flow rate, since different functilonal groups may be
present in the resin. Also, the capaclty of the resin and
the rate of attaining equilibrium may not be the same as
for Amberlite IR-1. Any other factors that remain unin-
vestigated are probably of minor importance and would have
no great effect on thenet results.

The effect of citrate concentration on the separa-
tion is of major importance, and in the course of this work

it was not investigated fully. It was shown that with each
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concentration of citrate there corresponds a pH range
which can be used for separating the rare earths. It is
very likely that a better citrate concentration and pH val-
ue exist than those which were adopted in this work. The
present use of 5% citrate was purely arbitrary.

In the separation of macro quantities of rare earths,
the 5% citrate used as eluant is much more effective as the
pH is lowered, the optimum value belng ~2.55. At pH values
below this, larger amounts of eluant and much more time is
required for the elution without any pronounced increase in
the separation. The value of 2.55 £ 0.02 pH units represents
a true optimum value.

If the starting materlal 1s highly enriched in one
rare earth specles, then a considerable yield of pure rare
earth can be obtalned. Thus a series of columns can be
used to furtaer purify the rich fractions, leading to a
pure product in two or three passes through the column.

This can be expedited by readsorbing the effluent contain-
ing the enriched fraction on another column after adjusting
the pH of the effluent to 1.8.

The process of readsorption on another batch of
resin serves as a means of concentrating the eluted material.
In the case of the heavy rare earths, viz. lutecium, thulium,
and ytterbium, the solubllities of the oxalates in citric

acid solution 1is quite high, so that a large percentage of
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them is lost through solublility unless they are concentrated
in a smaller volume. Aa the heavy rare earths are the first
to ve eluted, the entire effluent, from the start of the
desorption to the observation of a noticeable amount of
oxalate preclpitate, is readsorbed. Many grams of valuable
rare earths have been retained as a result of this astep.
The experiments on the effect of column length have
shcwm that the concentration peaks of the components on
the resin move farther apart as the column length is in-
creased. Eowever, beyond a certain length of column the
separation does not seem to increase since the bands spread
out and straggling and overlapping of the bands result.
Straggling is intensified when small starting samples
are used, as was shown in the experinznt with a 600 centi-
meter column using cerium and yttrium. The effect of
straggling 1s also illustrated in the data in Tables 9 and
1l which show the effect of sample size on the breakthrough
volume and the degree of separation. A comparison of the
breakthrough points with corrected bed lengths shows that
straggling and possibly free diffusion occur in the column
to a greater relative extent with smaller samples. Below
a certain optimum range of sample welghts, the separation
is lessened. C(Conversely, the use of too large a sample
also decreases the separation. Two effects are probably

important in regard to the latter:s (1) the fraction of the
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column occupied by the sample in the initial adsorption
step, and (2) the width of the band as 1t proceeds down
the column.

The possibility that the straggling and overlapping
of the bands in the column arises from operating the column
under conditions too far removed from equilibrium seems
very real in the light of the evidence reported by Tompkins
and Mayer (57), and Powell and Butler (58). Since these in-
veatigators used operating conditions whic¢h were not en-
tirely the same as those used in the present work, addition-
al experiments will have to be performed at much slower
flow rates to allow sufficient time for the diffusion of
the ions to take place into, and out of, the resin.

The cholce of the length of the column 13 largely
arbitrary. Increasing the length of the column and de-
creasing the flow rate and pH of the eluant produce a great-
er separation, but at the expense of the amount of time
necessary for the elution. The time factor increases
enormously as the pH and flow rate are changed in the above
directions, and becomes & determining factor in any large
scale operation. Cholces have to be made, as pertains to
the column length, which depend upon the objJect of the
particular experiment to be undertaken.

Since the diameter of the column can be increased

without affecting the separation adversely, larger amounts
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of material can be processed. With larger columns, the
need of a thorough, initial backwashing becomes paramount
in importance, otherwise channelling will result which in
turn reduces the yleld of pure product. An experiment on
a large diameter column can be made in the same length of
time as an experiment conducted under the same conditions
with a small dlameter column. Thus, the process lends it-
self to operation on & scale which is considerably larger
than the scale used in the experiments described in the
body of this thesis. At the present time, a number of
columns having diameters of four inches are beilng used
which are each capable of processing 125 grams of material
per column in each elution.

It is not intended that the set of conditions which
were adopted as standard should be interpreted as producing
the highest possible yleld of pure product. Since the am-
monium ion, rare earth ion, and citrate ion concentrations
are intimately inter-related, any number of sets of "optimum"
conditions can be chosen. It is very likely that in the
near future a theory will be advanced which will describe
the ilon-exchange process more completely, and may even pro-
pose the use of a varliety of operating conditions for any
degree of separation.

In conclusion, the author is of the confirmed opinion

that the ion-exchange method for separating the rare earths
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from each other is by far the best general method known at
the present time. Improvements in technique and altera-
tions in some of the operating conditlions should produce

greater ylelds of pure compounds.
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