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formed was left upstream, as the reaction progressed, where
it was thereafter contacted by nothing but fresh neodymium
chloride solution.

As a consequence of these conditions, an essentially sat-
urated band of neodymium resin forms at the top of the resin
bed. The fraction of the resin bed thus converted to the
neodymium state would be the ratio of the number of equiva-
lents of neodymium adsorbed to the total capacity of the
bed; consequently, it is possible to predict the position of
the front of the adsorbed band before elution is begun.
Since the resin shrinks approximately 109, when converted
from the hydrogen to the neodymium form, the approxi-
mate length of the adsorbed band also can be predicted.
After the neodymium is adsorbed, distilled water is poured
through the column in order to remove the acid liberated
during the adsorption step. This ensures that the only
shrinkage which takes place is that which occurs within the
neodymium band, and it follows that the exchange capacity
of the remaining hydrogen-form bed per unit length does
not change. As the ammonium ion is the only cation in
the eluant which has an appreciable concentration, and
since the ammonium ion and the neodymium break-throughs
occur simultaneously, it follows that the rate of movement
of a band front down the resin bed should be proportional
to the amount of ammonium ion in the eluant at a given
flow rate. From these observations, it is clear that the
break-through volume, in liters, may be calculated precisely
by dividing the number of equivalents of hydrogen-form
resin, remaining in the column after the rare earth band is
adsorbed, by the number of equivalents of ammonium ion
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per liter of eluant. The calculated and observed break-
through volumes for a number of experiments are given in
Table III. The observed values are generally slightly
lower than those calculated, since some evaporation takes
place while the eluate is being collected and measured, and
because the break-through is usually observed before all the
hydrogen ion is replaced, due to channeling which causes
irregular band fronts. In view of these considerations, the
data of Table III are in excellent agreement.

The rate of travel of the rear edge of the band and the rate
at which the band spreads out during the initial development
of the band are related, but obscure, and are probably com-
plex functions involving the flow rate and pH of the eluant.

In the companion, theoretical paper it is shown that the
mole fraction of the ammonium and rare earth resins in the
equilibrium band can be calculated; therefore, if the shrink-
age which occurs when the rare earths and ammeonium ion are
adsorbed is taken into account, the length of the equilibrium
band can be calculated.
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The Separation of Rare Earths by Ion Exchange.

VIII. Quantitative Theory of the

Mechanism Involved in Elution by Dilute Citrate Solutions
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The elution of rare earths from cation-exchange resins by means of dilute citrate solutions in the pH range 5.0 to 8.0 has
been explained using only classical thermodynamic relationships and the concepts of electrical neutrality and material

balance.

monium citrate exchange system have been evaluated from experimental data.

The predominant ion species have been discussed in detail and the important constants for the neodymium—-am-

Theoretical curves have been constructed

and compared to the actual experimental points; the agreement is excellent.

I. Introduction

This Laboratory has published a series of papers
in which it was demonstrated that individual rare
earths could be separated from each other in kilo-
gram quantities. The rare earths obtained at a
purity greater than 99.99, amounted to 60-95%, of
the quantities involved and the remainder consisted
of binary mixtures.2® Recent advances have per-
mitted column operation on a continuous basis.
The process can be carried out with a single pass
through a series of ion-exchange columns of rea-
sonable number, and under conditions wherein
the bulk of the eluant is recycled. The operations
involved are so simple that the colunins can be run
with only occasional attention and a mininium of
labor.? As the work progressed and the basic prin-
ciples were better understood, it became possible to
increase the efficiency, and thereby the yields,
many-fold during the past several years.

In the course of these investigations, it became

(1) Work was performed in the Ames Laboratory of the Atomic
Energy Commission.

(2) (a) F. H, Spedding, E. I. Fulmer, J. E. Powell and T. A. Butler,
THIS JoURNAL, T2, 2354 (1950); (b) F. H. Spedding, E. 1. Fulmer,
J. E. Powell, T. A. Butler and I. 8. Yaffe, ¢bid., 73, 4840 (1951).

(3) ¥. H. Spedding and J. E. Powell, TSC-349, Towa State Collexe
(1053),

apparent that the behavior of the rare earths on the
columns was very reproducible, and that the char-
acter of the bands obtained resulted from the at-
tainment of true equilibrium throughout the sys-
tem. Therefore, it was decided to study the equi-
librium thoroughly, using small columns, a single
pure rare earth, and changing only one variable
at a time. During the past four years, a great
many experiments were performed with this aim in
view, One typical set of such experiments, wherein
the total citrate concentration of the eluants enter-
ing the columns was kept constant and the only
independent variable was the amount of ammonia
added to the eluants to adjust the pH, is described
in a companion paper.* The theory developed in
this article will be applied to this typical set of data.
It should be mentioned that the basic theory ap-
plies equally well to other sets of data involving
other citrate concentrations and other rare earth
species in the range where tlie theory might be ex-
pected to apply.

II. Theory

In the course of our investigations it was es-
tablished that, when the concentration of ammo-

¢H FLIT Spedding and J. . Powell, THIS JOURNAL, T8, 2545 (18954).
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Fig. 1.—Comparison of experimental data for the elution of neodymium with certain theoretical curves; correlations be-
tween the concentrations of total neodymium and of ammonium ion in the eluate with the ammonia concentration of the

eluant.

nium ion, hydrogen ion or total rare earth in the
eluate was plotted against the volume of eluant
passed through a column, flat-topped elution curves
were obtained over a considerable range of citrate
concentrations and over a considerable range of pH
(the pH is, of course, a function of the ammonia
added to a given solution of citric acid). The
heights of the plateaus in the elution curves re-
mained constant, within experimental error, over a
period of many davs as the bands progressed off
the columns, and depended solely upon the total
citrate concentration and the pH of the eluant.
The plateau values were independent of the rate of
flow of the eluant through the resin bed and the
amount of rare earth sorbed on a given columu, pro-
vided the flow rate was sufficiently slow to obtain
the flat-topped band and the resin bed was long
enough to allow the band to spread out to its equi-
librium length. Once the equilibrium condition was
attained the band remained constant in length
during elution down the remaining portion of the
bed.

In order to confirm the establishment of true
equilibrium, experiments were performed in which
the band initially sorbed upon the resin bed was
varied considerably. The bands varied from pure
rare earth resin, where the initial solution fed to
the column consisted of pure rare earth chloride, to
greatly extended hydrogen-rare earth bands pro-
duced by strongly acidifying the original rare earth
chloride solution. Extended bands have also been
produced by adding ammonium ion either in the
original solution or by actually inserting a section
of ammonium bed between two sections of rare

earth bed. In all cases, after equilibrium was ob-
tained the same plateau concentrations were ob-
served for a given pH and citrate concentration of
the eluant. Further, when an equilibrium band
was deliberately upset by using an excessively
rapid flow rate it was found to return to its original
state when the flow rate was again reduced below
the critical value.

It is the purpose of this paper to deal with the
theory underlying the observed phenomena. Since
equilibrium conditions are obtained, one would
expect the ordinary laws of thermodynamics, elec-
trical neutrality and material balance to apply,
and it should be possible to calculate quantita-
tively what is occurring on the columns. As Figs. 1
and 2 show, this can be done aud remarkable
agreement can be achieved.

It was found, in theory, that the problem could
be solved to any degree of complexity which the
data would warrant. One could include all species
of simple and complex ions which might be consid-
ered important and, if # unknown variables are in-
cluded, » independent equations can be written
relating them. Therefore, if the composition of
the eluant is known, it is possible, in principle, to
solve uniquely for the concentrations of all ion spe-
cies which result on the resin bed and in the elu-
ate which is in equilibrium with the sorbed band.
The problem can be simplified by dividing it into
the following parts.

A. Tonic Species and Concentrations in the
Eluate.—In the series of experiments described in
the companion article,* where the citric acid content
of the eluant was kept constant at one gram per
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TaBLE I
INDEPENDENT AND OTHER EQUATIONS RELATING THE
VARIABLES IN THE ELUATE"
. Cr=X+Y+Z+2U+2V+ P
2 Hry =2X+ Y+ V—P+ [c]
32 Re=U+ V+ P+ [1]
also, but not independently
3ad S+ Bt+¢] =X +2Y+4+3243U+2V4P
4. H.Cit- = H* + HCit~

aut X GHCi.

K, =
QHCit
s YECiu- g e _ €Y 2
K= Ya+YECH Ko = Gk = X  XK¢
5. HCit= = H* + Cit=
Z
Ky = GKs = CY'
6. HRCit™ = H* + RCit,"
Y 1 /A - 7
Ky = G:K; 7 =y, since
6a. RCity® 2 R+¢ + 2Cit=
K = GE =&
4 444 U
7. RCity" + H.0 = RCitOH™ + H* + Cit~
PcZ

KB = GGKG = _['J“

@ The symbols used in these and other equations are de-
fined in Table II. *® Valuesin brackets are so small that they
can be neglected in material balances.

F. H. SPEDDING AND J. E. PowrLL

Vol. 76

liter and where the ammonia was varied from 10 to
16 meq. per liter, it would be expected that the im-
portant ions in the eluate would be NH;+, HY,
H,Cit~, HCit=, Cit=, RCit,=, HRCit,~ and RCit-
OH~ at the higher pH's. Undoubtedly, minute
quantities of R 3, H;Cit, RCit, H,RCit,~ and other
complex ions also are present, but these species are
probably present in such small amounts that they
can be mneglected in material balance equations.
Where these species become important it is possible
to write additional equilibrium equations to include
them as variables.

There are, accordingly, eight unknown concen-
trations in the eluate and it is possible to write
seven independent equations relating them and,
therefore, if any one of these concentrations is de-
termined experimentally the other seven are
uniquely determined. The independent equations
for the eluate are listed in Table I.

TaBLE ]I
DEFINITION OF SYMBOLS USED 1N THE EQUATIONS
(All aqueous concentrations are expressed in moles per
liter and all concentrations in the resin phase are given in
moles per kilogram of air-dried resin.)
Cr = total citric acid added to the eluant
S = total ammonia added to the eluant to adjust the
pH to the desired value

3 = concn. of H;Cit in the eluant

X = concn. of H;Cit~ in the eluant

v = concn. of HCit* in the eluant

Z = concn. of Cit® in the eluant

CsH;0 ™ = concn. of phenolate ion in the eluant

H+' = concn. of replaceable hydrogen in the eluant

Hr = concn. of replaceable hydrogen in the eluant
minus the contribution due to ionization of
phenol and the hydrolysis of ammonium ion

S = contcn, of ammonium ion in the eluate

W = concn. of H;3Cit in the eluate

X = concn. of H.Cit ~ in the eluate

v = concn. of HCit™ in the eluate

Z = concn. of Cit® in the eluate

Hr = total concn. of replaceable hydrogen in the eluate
¢ = hydrogen ion concn. in the eluate

Rr = total rare earth concn. of all species in the eluate

U = concn. of RCit.® in the eluate

v = concn. of HRCIit.~ in the eluate

P = coucn. of RCitOH ™ in the eluate

t = concun. of R *? in the eluate

Si = concn. of ammoniuin ion in tlte resin phasc

Ry = coiten. of rare earth in the resin phase

Hu = concn. of hydrogen ion in the resin phase

Q = total capacity of the resin expressed i1t equiv./kg.
of air-dried resin

Inr = total equiv. of cations per kg. of air-dried resin

s = total equiv. of exchangeable species in the eluate
per liter (Zs = ¢ + S 4 3R1)

K, = thermodynamic equilibrium constant

[en = activity coefficient ratio

Ko/ = apparent equilibrium constant

1. Citrate Balance.—Under the conditions of
our experiments, no citrate is sorbed on the resin.
Therefore, the sum of all the citrate species entering
the top of the column must equal the sum of all the
citrate species (properly weighted) leaving the
column (see equation 1).
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2. Replaceable Hydrogen Balance.—By re-
placeable hydrogen is meant that hydogen which is
ionizable. In other words, fixed hydrogen is not
considered, 7.e., the hydrogen directly connected to
the carbon in citric acid or involved in the water
molecule when water passes through the column
un-ionized. Here again, the replaceable hydrogen
leaving the column must equal the replaceable hy-
drogen entering the column, except for the amount
sorbed or desorbed as the solution passes through
the resin bed. For all practical purposes, the re-
Placeable hydrogen in the eluate is equal to the re-
placeable hydrogen in the eluant, because the
amount of hydrogen sorbed from the solution by the
resin per liter is negligible in comparison to the to-
tal replaceable hydrogen present. This fact can
be ascertained readily from data presented and
arises from the fact that the amount of resin in the
equilibrium band is extremely small since it depends
upon the ratio of concentrations of hydrogen and
ammonium ion in the eluate. Even in the most un-
favorable case, the difference between Ht and Hr
is less than the experimental error (see equation 2).
P is introduced here with a minus sign, because, as
the RCit,™ hydrolyzes to form RCitOH —, extra re-
placeable hydrogen is made available. The hydro-
gen-ion concentration ¢ itself is so small that it may
be neglected in the AT balance.

3. Rare Earth Balance.—The total rare earth
measured in the eluate is the sum of all the species
involved (see equation 3). The concentration of
rare earth ion ¢ is so low that it may be neglected in
the Rr balance.

4, Electrical Neutrality Equations.—Since the
solutions must always remain neutral, the sum of
the positive charges on the ions must equal the
sum of the negative charges (see equation 3a).
As ¢ and ¢ are very small compared to .S in this
equation, they can be neglected within experimental
error. Only three of the equations 1, 2, 3 and 3a
are independent since 3a may be derived from the
other three. For example: S = 3Cr — 3Rt —
Ht. The charge balarnce for the eluant shows that
3Cr — Hr = Sand, since Hr = Hr, then 3Cr —
Hr = 8. These equations combined yield § = S
+ 3Rr. This equality is extremely important and
states that, whatever the ammonium concentration
in the eluant, it is equal to the total number of
equivalents of rare earth and ammonum ion in the
eluate. This fact has been verified experimentally
a number of times under widely varying condi-
tions.* The experimental verification of this equa-
tion is strong evidence that the replaceable hydro-
gen sorbed from solution by the resin is so small
that it can be neglected in material balance equa-
tions, since, if any appreciable replaceable hydrogen
is sorbed or desorbed on the column, Hr is not equal
:‘gc])e Hr, therefore, S would not be equal to .S plus

T.

5. Iomization Equations of Citric Acid.—The
three ionization equations for citric acid can be
written as

H;Cit =— H* + H.Cit~
H.Cit~ 2 H*+ + HCit~
HCit= = H* 4 Cit=

Mecuanism N ELuTioN oF RaRE EarTHS BY DILuTE CITRATE SOLUTIONS

2553

Since the amount of H;Cit present in the pH range
used was negligible, only the mass action equations
for the last two ionizations need be considered.
See equations 4 and 5 in Table I. The symbols
K.’ denote the apparent equilibrium constants and
are equal to the true equilibrium constants K,
times the proper activity coefficient ratios Ga.
In our experiments, it can be shown that the equi-
librium eluate solutions are buffered automatically
to an almost constant ionic strength depending
upon the rare earth species involved. The activ-
ity coefficient ratios are therefore practically con-
stant and the apparent equilibrium constants can
be treated essentially as true constants. In precise
calculations, the very slight drift in the apparent
equilibrium constants for the citrate ionizations
can be corrected for, by the data published by Bates
and Pinching?® and Bjerrum and Unmach.®

6. Ionization Equations for the Rare Earth
Complexes.—It has been found that the predomi-
nant rare earth complex is RCit,™ This is a
chelate compound in which the R*+2 ion is com-
pletely complexed with two Cit= ions. While the
strongest evidence for the predominance of this ion
is inherent in the consistency of the quantitative
calculations of this paper, there are other indica-
tions which confirm its existence. If the rare earth
concentration of the eluate is plotted against the
ammonium-ion concentration of either the eluate
or eluant, there is a change of slope in the region
where the rare earth concentration in equivalents
is equal to half the equivalents of total citrate pres-
ent. Similar breaks occur if other variables are
plotted. Tevebaugh,” working under Spedding’s
direction, investigated the absorption spectra of
neodymium citrate solutions at various pH values
and found that the absorption bands of only one
complex ion were predominant in the pH range dis-
cussed in this paper. The dissociation of the
RCit,™ complex into its ions is represented by equa-
tion 6a in Table I. Since this complex is undoubt-
edly a weak acid, it will form a small amount of
HRCit,= at low pH values (see equation 6). There
are probably minute quantities of the neutral RCit
molecule also present. This is a relatively insolu-
ble compound, but under the equilibrium condi-
tions of our experiments does not precipitate. Un-
der certain conditions when the concentration of
rare earth on the resin is high, and before final
equilibrium is established, precipitates of RCit-
2H,0 or R,City4H,0 do form on columns during
elution, due to the low solubility of this compound.
Therefore, the amount of RCit in the eluate has
been assumed to be sufficiently small that it can be
neglected. If this proves to be not the case, an
ionization equation can be written and solved along
with the others.

7. Hydrolysis of the RCit,= Ion.—In high pH
solutions the RCit,= ion will hydrolyze to give
RCitOH ™ (see equation 7). Probably in solutions
of very high pH other hydrolysis products are

(8) R. G. Bates and G. D. Pinching, Tuis JourNaAL, 71, 1275
(1949),

(6) N. Bjerrum and A. Unmach, Kgl. Danske Videnskab. Selskab,
Mat.—fys. Medd., 21, No. 4, 1 (1944).

(7) A.D. Tevebaugh, Ph.D. Thesis, AECD-2949, Iowa State College
(1947).
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formed, but in the range of our experiments they
appear to be unimportant.

Fortunately, the equations for the eluate, 1
through 7, can be solved simultaneously to give a
number of convenient relationships between the
variables, and can be reduced to a single equation
involving only two independent variables. If equa-
tions 4, 5, 6 and 7 are substituted into equation I,
one obtains the relationship

=g+ 12+
T K?’K(’i’ KS’
c Ke’
[2+2F’+?Z] U (8)

By substituting equations 3, 4 and 5 in equation 1
one obtains
et t1]z-r @

Similar substitutions yleld

T2 L e[l K
He=| gy + Kg'] Z+ [Ks' + cZ] U=

2¢2 ¢
K—-—2,K3,+R?]z+ V—P (10)

and

s _ _ _ c?

S =3Cr — Hr [KZ,K,+2 +3]z+
[6+51‘<‘/+4?Z]U (11)

Finally, by rearranging equations 8 and 11 and div-
iding one by the other, one obtains
+2 5

- c2
S_I:K2’K’ +3:|Z |:6+5K,+4

+E7+1]Z |:2+2E;,+—CZ

(12)

Equation 12 contains only two independent
variables c and Z. S and Cr are determined by the
composition of the eluant fed to the column. Un-
fortunately, the constants K; and Ks have not yet
been determined by independent means, nor have
the activity coefficient ratios Gs and Gg of the ions
involved been established. However, these activ-
ity coefficient ratios should remain constant, since
the ionic strength of the solutions does not change
appreciably throughout the range being discussed
here. If the K’ values were known independently,
then, if any one of the variables in the eluate was
determined experimentally, all the other ionic con-
centrations could be calculated uniquely and pre-
cisely. Since it is possible to determine three of the
unknown variables experimentally for any eluate,
namely, S, Rt and ¢, both K;’ and K¢’ could be eval-
uated for each experiment. Taking the best aver-
age values of K3’ and K’ determined in this man-
ner, it was found that, if the measured values of
one variable—say hydrogen-ion concentration—
were substituted in the above equations, excellent
agreement between the calculated and observed
values of the other measurable variables resulted.
The solutions of these equations clearly showed
that RCit,= was indeed the dominant rare earth
species present.

B. Ionic Species and Concentrations in the
Resin Phase.—There are three arbitrary variables

c2
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connected with the resin phase, namely, the con-
centrations of rare earth, ammonium ion and hydro-
gen ion within that phase. Omne equation can be
written involving only these concentrations, that is,
the material balance or electrical neutrality equa-
tion for the resin phase.

Q = 3Rr + Sk + [Hz] (13)

The amount of hydrogen ion in the resin phase is
negligible compared to either the rare earth or am-
monium-ion concentrations.

C. The Solution-Resin Equilibria.—Three in-
dependent equations can be written involving both
the resin and aqueous phases. Whenever a rare
earth ion is sorbed in the resin phase, it replaces
three ammonium or hydrogen ions or a combination

thereof. Therefore, three equilibria must be con-
sidered.
Hg+ 4 NH,* Z NHyr* + H
Ky = e 0, S X Tat
GNHs* QHg+ Yxmet X Sags
- ome
Ky = g (14)
3H* + Rp* 2= R* + 3Hz*
Hgt (15)
R
= GsKs = m
3NH* + Rp*3 = R* 4+ 3NH.r* (16)
, Swét
Kg = GgKg = m

Only two of these equations are independent, since
the third can be derived from the other two. Here
again the activity coefficient ratios have been in-
cluded in the K,’ values. The activity coefficients
of the ions in the eluate are approximately constant
for the citrate concentrations used in our experi-
ments, because the solutions of neodymium eluate
automatically adjust themselves to an ionic strength
of about 15.8 = 0.2 X 1073, The behavior of the
activity coefficients of ions within the resin phase is
not too well established. However, if one derives
the above equations by the Donnan Equilibrium
Mechanism, one would conclude that, under the
conditions of our experiments where the eluting
solutions are very dilute, the concentrations of an-
ions from the eluate which enter the resin phase
would be inappreciable. Also, if one assumes that
the ions are sorbed within the resin phase by charge
only, so that they are free to adjust themselves in
the water phase within the resin to satisfy the
charge relationships, then the thermodynamic con-
stants (involving activities) should be unity for the
exchange equations. Since the sorbing resin is a
cross-linked polymer having its negative charges
in fixed positions, the negative ionic atmosphere
about any point should be virtually independent of
the mole fractions of various cations sorbed. There-
fore, when positive ions are sorbed in the resin,
they should come to equilibrium with the negative
charges so that the positive atmosphere would be
determined by the fixed negative atmosphere.
Accordingly, the resultant ionic atmosphere around
a given ion would be fixed regardless of the mole
{fractions of cations present in the resin. Since the
activity coetlicient rutios depend npon the ionic at-
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mospheres, these ratios should also be constant. Of
course, if the resin expands or contracts as the mole
fractions of the cation species vary, due either to
the localization of positive charges on polyvalent
ions or to the sorption or desorption of water, the
activity coefficient ratios would shift somewhat
with mole fraction and result in a drift of the appar-
ent equilibrium constants. This drift would be a
second-order effect, and it might be expected to be
small. Whether or not these speculations are valid
will be indicated from our experiments by how con-
stant K (equation 19) remains as the mole fractions
of cations in the resin phase are changed.

It should be pointed out that in most of the ex-
periments described in the literature the apparent
constants for resin equilibria vary, frequently show-
ing a steep slope when plotted against the mole
fraction of one of the cations sorbed on the resin.
However, in most cases the scientists, for experi-
mental convenience, have buffered their aqueous
phases at rather high ionic strengths. Under these
conditions an appreciable amount of negative ions
enter the lattice, and the positive ions would then
be likely to readjust so as to result in a considerable
change in ionic atmosphere within the resin phase.
It would be interesting to repeat a number of these
experiments wherein the solution phase was buf-
fered at extremely low ionic strengths.

If polyvalent ions in addition to their charge at-
traction also exhibit some association with the resin
anions, the apparent equilibrium constants might
be considerably different from unity. However,
the equivalence of the resin for most valency species
indicates that the binding cannot generally be
highly localized, and that the polyvalent ions must
be free to adjust themselves to equilibrium condi-
tions as determined by the negative atmosphere
within the resin.

D. Equivalent Equilibrium between the Solu-
tion and Resin Phases.—It is noted experimentally
that, as a sorbed rare earth band is eluted down a
column, it spreads out or shrinks until it reaches
an equilibrium length and that from there on, as
the band progresses down the column, the length
of the band remains constant. This means that
the eluant, as it encounters the rear edge of the
band, continually picks up rare earth ions, ammo-
nium ions and hydrogen ions in a fixed ratio and de-
posits them in exactly the same ratio when it reaches
the bottom of the sorbed rare earth band where the
liberation of hydrogen ion from the acid resin com-
petes for the Cit= ion and permits the redeposition
of the rare earth on the resin. In other words, the
equivalent fractions of hydrogen ion, ammonium
ion and rare earth on the resin within the equilib-
rium band are equal, respectively, to the equiva-
lent fractions of the hydrogen ion, ammonium ion
and total rare earth in the associated eluate. This
conclusion has been verified experimentally a num-
ber of times by analyzing both the resin and solu-
tion phases to determine the equivalent ratio of
ammonia to rare earth in each phase.* Good agree-
ment, within experimental error, was found be-
tween these ratios for all measurements made.
These ratios can be rearranged and expressed as
shown in equation 17

MECHANISM IN ELUTION OF RARE EARTHS BY DILUTE CITRATE SOLUTIONS

2555

Re _Sr _He _  _2Z»_0Q

Rt S [4 Zs S
The first equality results from the establishment
of the equilibrium band; the second equality also
results from the establishing of this band, but it
should be noted that it is also equivalent to setting
K;'inequation 14 equal to unity.® Since Rr = aRr,
Sr = aSand Hr = ac, then

3Rr + Sr + Hr = Z» =Q=a(C+S+3RT)_=
aZy = aS (18)

(17)

Therefore
Zr _ 0
% S

We now note that for the entire system there
exist eleven unknowns and eleven independent
equations. A second important equation involving
only ¢ and Z can be obtained by combining equa-
tions 3, 6a, 6,7, 16 and 17.

- - K
R = KJK/Q? = §22° (1 + o+ c—g) (19)

Equations 12 and 19 can be solved simultaneously
to obtain ¢ and Z. This can perhaps best be done
graphically.

It is seen from the equations that, for any arbi-
trary value of citric acid and ammonia entering the
top of the column, the concentrations of all the ions
in the eluate and on the resin under equilibrium
conditions can be calculated for any rare earth, if
the proper values of K, K;' and K’ are known.
These constants have not been determined by in-
dependent means; nevertheless, by substituting
experimental values in the equations, the apparent
equilibrium constants can be evaluated and are
found to be relatively constant. Fortunately,
RCitOH~ is not present in any appreciable quan-
tity at the lower pH values, so that K;' and K can
be determined very closely in this range, then Ks'
can be evaluated in the high pH range and, by sub-
stituting this approximate value of K’ in the lower
range, better values of the other constants can be
found.

The best values of the three fundamental con-
stants for neodymium have been determined by
substituting experimental data in the equations;
then, starting with fixed citric acid and ammonia
values in the eluants and the three constants, theo-
retical curves (Figs. 1 and 2) have been constructed
and compared with experimental data. The agree-
ment is remarkable, showing that K, K;' and K’
are nearly constant. Actually, it will be noted that
there is a slight drift in the experimental rare earth
values when they are plotted against the ammonia
in the eluant. This drift is small, but might be
anticipated since it is known that the resins do
shrink somewhat as the mole fraction of neodym-
ium on the resin increases. This would cause
a slight change in K, since the activity coefficient
ratios for the ions in the resin phase would change
as the resin contracted. The surprising conclusion
is that the drift is as small as it is.

(8) Bonner and co-workers have shown the apparent equi-
librium constant for the ammonium-hydrogen exchange, even for one
molar solutions in contact with the resin, decreased and approached

unity as the mole fraction of ammonium ion in the resin phase was in-
creased (THIS JourNaL, T4, 1044 (1952)).
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E. Hydrolysis at High pH Values Which May
Occur in the Eluate or Eluant.—When the pH
of either the eluant or eluate is greater than ap-
proximately 6.5, the ammonium ion in solution
hydrolyzes appreciably. In many of the eluants
used in the experiments, 0.2, phenol was added as
an inert diluent to prevent the growth of molds
and bacteria. To establish that the phenol acted
only as an inert diluent, the pH’s of the eluants
were calculated from the citrate concentration and
the amounts of ammonia added, using the ioniza-
tion constants of citric acid (corrected for ionic
strength) which are given in the literature.>® Ex-
cellent agreement was found between the measured
and calculated values. Above a pH of 6.5, phenol
begins to ionize to some extent, and to obtain
agreement above this pH small corrections had to
be made for both the hydrolysis of ammonium ion
and the ionization of phenol. Close consideration
of electrical neutrality and hydrogen balance equa-
tions shows that

S — [CH,0"] — [NH,OH] = § + 2Y + 32 (20)

and
Hy' = Ay + [Ce;0-] + [NH,OH] = 2¥ + ¥V (21)
Therefore, 1t follows that

S+ Hr =3% 4 3Y + 3Z = 3Cr
and, upon rearranging

3Cr — S =Hr = Hr

Thus, it is seen that, even if the eluant is in the pH
range where the ammonium hydroxide concentra-
tion is appreciable and the phenol appreciably
lonized, a correction is uunecessary as long as the
resulting equilibrium eluate is below a pH of 6.5.
The correction is taken into account when the
measured ammonia value S is used to calculate the
ITr of the eluate instead of the actual value of the
ammmoniwn ion in the eluant. This results in a
tegative Hr at high pH values, and means that the
RCit:= must hydrolyze sufficiently in the resulting
cluate to correct the deficiency and to supply the
hiydrogen associated with the citrate species in the
eluate. It is evident that, as long as the resulting
eluate has a pH below 6.5, any extra replaceable
hydrogen formed in the eluant, due to the hydroly-
sis of ammonium ion or the ionization of phenol,
will be recombined when the ammonium ion and
the phenol in the eluate are no longer hydrolyzed or
ionized. On the other hand, if the pH of the eluate
1s above 6.5, a correction term must be added to Ht
to account for the extra replaceable hydrogen which
1s made available by ionization and hydrolvsis. The
correction can be calculated simply from the ioniza-
tion constants of phenol and ammonium hydroxide.

III. Discussion of Results

From the remarkable agreement Letween calcu-
lated and observed variables for such a complicated
system as that existing on ion-exchange columns
when rare earths are separated, it is obvious that it
is possible to approach equilibrium conditions very
closely and, under such conditions, the ordinary
laws of chemical thermodynainics can be applied.
These conditions arc unique in that they minimize
the complexities arising from rapidly varying ionic

(22)
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atmospheres and rapidly changing activity coef-
ficients. Furthermore, the equations are of such a
nature that, if the experimental range is extended
and other complex ions become important, for
each unknown added a corresponding equation is
available and the problem should still be solvable.
While the equilibrium constants involved in the
equations can be determined from the data, the ac-
tual numerical values cannot be determined pre-
cisely; however, the first figure and the exponential
are probably correct, although the second digit
may be open to some question. This uncertainty
arises because only two-figure accuracy is obtained
in the pII measurements and, further, there is an
interplay between constants so that if one constant
is varied slightly, in one direction, another constant
can be varied so as to partially compensate for the
change. Preliminary observations of data now
being obtained for erbium ion-exchange systems
indicate that the same set of equations apply very
well, and that the constants shift in just the manner
one would predict as the rare earth involved is
changed.

The broken line curves in Figs. 1 and 2 are ob-
tained by assuming that the rare earth in solution
consists of NdCit,= entirely. In combining equa-
tions to obtain the expression for K = K,'K,'Q?
the tripositive rare earth ion concentration, {, was
eliminated and the variable I/ was introduced. If
the rare earth in the aqueous phase is assumed to
consist entirely of the single species RCit,=, the
value of ¢ thus introduced would be too large, and
the value for K obtained would be lower than if
the proper value of ¢ had been used.

By taking into account the small amounts of
HRCity= and RCitOH ~ ions actually present, it is
possible to more correctly express ¢, so that it can
Lie properly climinated, and to obtain a substan-
tially better fit of the experimental data. The
solid curves in Figs. 1 and 2 are the result of consid-
cring HRCit,™ and RCitOH~. The curves are
actuully not very sensitive to IV and P, the respec-
tive concentrations of HRCit,= and RCitOH—;
therefore, it is not possible to calculate the numeri-
cal values of K, K3’ and K;' to much better than
one-figure accuracy from the experimental data.
If it were possible to calculate one of the constants
independently, the others could be determined with
greater precision, because the fixing of one constant
reduces the interplay between constants which
experimental errors in the data permit. The
curves are niost sensitive to 7 in the central por-
tions and to P in the hydrogen-ion plots at bigh pH
values. While P does not play a very important
role in the experimental range of the data for neo-
dymium, it becomes increasingly important with
the heavier rare earths as does V.

We have chosen to neglect the presence of the
RCit species in the eluate. If its presence is con-
sidered in the equations, it is found that it causes a
shift in the curves over a considerable range of S in
tnuch the samne manner as V. It may later be
shown that a small amount of RCit is actually
present, in which case K3’ for the HRCit,™ would
be decrcased slightly, and K’ for the RCitOH~
species would also be affected.
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One conclusion derived from these equations is
extremely important and accounts for the unique
success of the ion-exchange method in separating
rare earths. It will be noted that once the am-
monia in the eluant is fixed, all variables in the
equilibrium eluate and on the column are deter-
mined for each individual rare earth present. As
the equilibrium constants of the complexes change
from rare earth to rare earth, the Cit= concentra-
tion in the eluate changes. This means that the
rare earths must separate into bands on the resin
bed, each band having a specific citrate concentra-
tion, hydrogen-ion concentration and ionic strength
associated with it. As a result of this, the bands
develop autosharpening boundaries, and one band
rides immediately on the tail of the preceding band.
If an ion of a given rare earth species gets ahead of
or behind its own band for any reason, it will be
subjected to an adverse citrate concentration and
will either be accelerated or retarded in its move-
ment down the column, so that it returns to its own
band.

It will be seen, while in theorv it is possible to
separate tracer quantities of rare earth ions on ion-
exchange columns, that in practice, under equilib-
rium conditions as carried out in these experiments,
it is impossible to do so. There is always a slight
tilting of the band and a small amount of channeling
so that when the band front leaves the column one
part of the front will have passed the boundary
while the other part still remains on the resin bed.
For an infinitely thin band, there will always be
found a mixture of rare earths, at least binary in
composition, in the eluate. The requirement for
good separation of rare earths is that the band be
long compared with its diameter, so that any tilting
of the band is small compared with the length of
the band. If tracer quantities are to be separated
under these conditions, very small diameter col-
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umns should be used and carriers should be pres-
ent to give the proper type of bands. Of course,
carrier-free tracers may be separated if non-equilib-
rium conditions are used in other citrate ranges, but
it is our conclusion that they cannot be separated
under the conditions of these particular experiments.

Under equilibrium conditions, the equations indi-
cate that flat-topped elution curves should be ob-
tained. However, it isinteresting that, if the bands
are narrow due to only a small amount of a rare
earth species being present, a bell-shaped elution
curve may be observed. This results from the
fact that the columns are circular in cross-section
and that, if a narrow band is tilted, the concentra-
tion of a particular rare earth in the eluate is pro-
portional to the area of the band front crossing the
boundary at a given moment. This area will vary
from zero, at the edge, to a maximum correspond-
ing to the diameter of the column, and then de-
crease to zero again. The bell-shaped curve ob-
served is really the envelope of a series of equilib-
rium increments weighted according to the geome-
try of the sorbed band.

Under non-equilibrium conditions, where the
bands are continually spreading out as they progress
down the column, true bell-shaped curves are ob-
tained, but the height of these curves continually
diminishes as the length of the column is increased,
and there is always a certain amount of overlap of
one rare earth with the other. Under these con-
ditions, equation 17 is no longer controlling. In-
stantaneously, at any point in the column, the solu-
tion adjusts itself, according to the other ten equa-
tions, to the concentrations of the components on
the resin at that point, or vice versa, but the adjust-
ment is different at each succeeding point, and the
concentrations constantly change as the band
spreads out.
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A_ rapid method for separating mixtures of rare earths into the pure components is described. The method consists of
eluting a band of mixed rare earths adsorbed on a cation-exchange resin through a second cation-exchange bed in the copper!!

state.

The eluant consists of an ammonia-buffered solution of ethylenediaminetetraacetic acid.

It was found that gram

quantities of pure heavy rare earths could be obtained in a few days by this method.

Introduction

In a preliminary note,? the possibility of using
ethylenediamine tetraacetic acid as an eluting
agent for the separation of adjacent rare earths on
cation-exchange resins was discussed. This earlier
publication described an experiment in which a
mixture of neodymium and praseodymium was

(1) Work was performed in the Ames Laboratory of the Atomic
Energy Commission.

(2) F. H. Spedding, ]J. E. Powell and E. J. Wheelwright, TuIs
JournNaL, 76, 612 (1954).

eluted through a cation-exchange bed in the iron?!
state with a solution of ammonium ethylenediamine
tetraacetate. The iron!! resin bed served as a
barrier through which a solution of rare earth—ethyl-
enediamine tetraacetate complex could not pass
without decomposition, since the iron! jon forms
a more stable complex with EDTA than does any
trivalent rare earth ion. In this preliminary ex-
periment, only short sections of resin bed were used
and a moderate degree of separation was attained.
Subsequent experiments with longer resin beds,



