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SUMMARY

The separation of a ternary mixture of rare earths by displacement cation-
exchange chromatography with chelating eluants can be described by constructing
a distance—time diagram. The original composition of the mixture and the separation
factors are the only imputs to the calculation. The points of complete separation of
each of the three components or the point of any partial separation can be determined.
Two methods of operation are considered, vZz. loading of the unchelated mixture prior
to elution, and chelation of the mixture prior to its introduction to the resin.

INTRODUCTION

The rare earths are separated in ton quantities in high purity by cation-exchange
displacement chromatography with chelating eluants. The process was developed by
PoweLL, SPEDDING AND CO-WORKERSY, (A complete bibliography is given in Ref. 1.)
A theory for the calculation of the minimum number of displacements of the sorbed
mixture necessary to separate the components of a binary mixture was described by
PoweLL AND SPEDDING2. Recently, the same approach was used to extend the treat-
ment to three-component mixtures?.

SiLLEN presented results? in 1950 from which the POWDLL—-SPEDDING equations
can be easily obtained. Both the SiLLEN and the POWELL-SPEDDING treatments are
equilibrium theories; they assume infinite mass-transfer rates. Rare earth separations
are usually conducted in a manner so that the inherent overlap between developed
pure regions is smallcompared to the w1c1th of the pure regions, making the equilibrium
assumption a reasonable one. Both theoretical treatments further assume constant
separation factors between components; the validity of this assumption in rare earth
separations was effectively argued by POWELL AND SPEDDING?; they also showed
that the separation factors for adjacent pairs of rare earths can be accurately approx-
imated by the ratio of their chelate stability constants. In this discussion the general
approach of SILLEN will be extended and applied to separations of ternary rare earth
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mixtures, leading to more general results than those derived using the PowesLL-—
SPEDDING approach?.

In the displacement-chromatographic, cation-exchange separation of rare
earths, the sorbed mixture is eluted down a column with a chelating eluant such as
o.015 M EDTA, pH 8.5. The process is schematically shown in Fig. 1 for the separation
of a binary mixture. As the constant-length charge moves down the column, regions
containing a pure single component grow at the front and rear at the expense of a
region in the center containing the original binary composition. When the binary
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Fig. 1. Displacement chromatographic separation of a binary rare earth mixture.

composition is entirely consumed, the separation is complete. To describe the behavior
of the system we must determine the rates at which the boundaries between these
regions migrate down the column. Thus the coordmates of interest are time of elution
(or volume of eluant) and distance down the resin bed measured from the inlet.

It simplifies the mathematics to express distance in units of length of the sorbed
mixture and time in units of time to elute mixture through its length:

§ = 2/z,, T = tfty (1)
where: o

¢ == distance from the inlet (band lengths)

z = = distance from the inlet (cm)

2o = length of sorbed mixture (cm)

T == time to elute mixture through its length (band displacements)

¢t = time of elution (h)

lo = time to elute mixture through its length (h).

An expression for the velocity of any boundary can be derived by considering
a material balance across a boundary of thickness dz. Matter conservation of any
species i requires that the change in the concentration of species i across the boundary
be equal to the difference of what flows in and what flows out of the boundary.

 (ACy + ACy)gdz = Uo(Cy + ACy)gdt — U,Cigdt, - (2)
where o Lt ' ‘ v
Uo = linear fluid flow (cm/h)
Cy; = fluid concentration of species i (moles/1 of column)
- C1 = resin concentration of species i (moles/1 of column)
g == column cross-section (cm?). '
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From eqn. (2) the velocity of the boundary is
dz Uo,dCy

at  ACi + 40, (3)

In rare earth separations solubilities of the rare earth chelate complexes usually limit
C1 so that ACy > AC,. Therefore,

dz ACy (3%
dat = ° AC; 3
Converting all concentrations to mole fractions,

Xy = Ci/%@. y1 = O/ 21361 : (4}

and substituting eqns. (1) and (4) into (3') yields the velocity, U, of any boundary
where species i changes by 4x; and 4dy;:

dr  dtfte Ay (5)

In displacement chromatography all boundaries are between two zones, one of
which has one, and only one, more species present than are present in the other zone.
If it is species j which disappears across the boundary then

x4
Ug = — 6
a=3 (6)
where x; and y; are the mole fractions of j in each phase on that side of the boundary
where j is present.
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Fig. 2. Displacement chromatographic separation of a uniformly loaded, ternary rare earth
mixture. . _ ‘
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. “The- dlsplacement development of a umformly loaded ternary mlxture of raref‘
- earths is shown in Fig. 2*. If the order of decreasing chelate stability is A > B >C,

“then the separatlon factors between A and B, ana, and between A and C &CA, are_

greater than unity; |
. yB¥a Yora SRR . : A
« ‘ L @

‘ aBA = s aca ==
L ABYA rcya

‘ As elutlon proceeds the original mixture is consumed as a zone of pure C and a zone
- containing a mixture of B and C grow behind it, and a zone of pure A and a zone
" containing a mixture of A and B grow ahead of it. As shown in the. precedmg discussion
- the boundaries between these zones 1n1grate down the column at velocities given by
~ the ratio of the mole fractions of that species which. disappears across each boundary.
. The ve1001t1es of the front and rear boundanes are unity because only one spemes‘
exists on either side of them. o o .
I‘rom I‘1g 2 it is clear that

XA CAc ‘ | , ‘ S
UAC/A == e == _ (8)

\ _ J’A “TAC .
and - R
. 4% dac—1 (9)

UAC/C =
:VC TAc

‘ where LYY A and yc are the resin mole fractlons in the initial loaded ternary mlxture and
xa-and x¢ are eluant mole fractions in equ1hbr1um with % and y&. The time Tac and
;dlstance é‘Ac requn‘ed to separate A from C is determmed from eqns (7) hrough (9) ”

.~€Ac'f—= _aca_ i L U "(I,O)“
T aca=—1 : L A
A TACi"——f (Z.'Ac) (:VA +- ;}BB:F—I- a—yc%) . | | | - o . . (I‘I)"_-‘

. The tlmes and distances for the complete separatmn of A from B and B from C"-"‘I
“can be determmed from a. similar argument Con51der1ng first the AB separatmn

7 _'pomt (TA.'B: C'AB) ,

’ "AB S . :
UABA CAB—CAC XA S - . (x2)
/ TAB"—'TAC yAB . ‘ ) : . et
' é‘hn-——x | xﬁB - . | | B
, ~ AB : : : B

Ul"ront

CAB'—I'f‘yA"’I‘
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where 242 + x3B =1 = y4B 4 4B describes the composition of the binary mixture
AB that appears between the zone containing the original mixture and the zone con-
taining pure A. Combmmg eqns. (7) and (12) through (14) produces a quadratic
equation : ‘ C

sKappan + 1Kappas + oKap = o (15)
where

gI{AB = dpa—1 : (16)

1KaB == (apa — 1)Ya —apaTac + Sac—1 - (17)

oK an = Ya(lac— 1) (18)

Pas =CaB— 1 = Tas — Va (19)

For simplicity the coefficients are given here in terms of the coordinates of the AC
separation point ({ac, Tac). They can be calculated from eqns. (x0) and (x1). After
eqn. (15) is solved for pas the coordinates ({as, Tas) for the AB separation point can
be calculated from eqn. (19).

Similarly the BC separation point ({B¢, Tnc) is determined from

BC
xB [a:Ys

Unep = ——0g = —— 20)
/ ¥o3¢  Tmc (
BC

xc Eec—{Ac

Uncjc = —5= = (21)
Ye TBC — TAC
&Bc — Y&

Ul‘\'eur = = I (22)

Tie

where x5 + x5¢ = 1 = yB¢ 4 9BC describes the composition of the binary mixture
BC that appears between the zone containing the original mixture and the zone
containing pure C.

As with the other point we obtain a quadratic equation,

szncy‘)%c + 1Kpepne + oKpe = o _ | - | (23)
where

2Kpc = acp—1I (24)

1KBc = tac — (acs — 1)¥e — acsé ac « . (25)

oinc = acné’Acﬁ’% . ~ (26)

pBc = {Bc = TBC -+ YT ‘ o - (27)
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It is interesting to consider also the problem when the rare earth mixture is
complexed by the eluant prior to its introduction into the column. With these initial
conditions the distance—time diagram takes the form shown in Fig. 3. Arguments,
similar to those developed for the case of initially loading the resin, yield the following

results:

,
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Fig. 3. Displacement chromatographic separation of an initially complexed, ternary rare earth
mixture.

(a) the AC separation point,

acA
Tac = —2A (28)
caA —
: [«] o
. XA B
$’ac = 7’ac (—-— + - 4 xé) (29)
aca  acs ‘

(b) the AB separation point,

2K’ an(P’'aB)? + 1K AP 'aB -+ oK'AB = 0 (30)
where

2K Ap = apap—1I . - (31)

1K’ aB = (aga — 1)4% — apat’ac + &ac (32)

oK’aB = {’acx ‘ . (33)

P'aB = {’aB = T'aB— ¥2 o (34)
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(c) and the BC separation point

eK'ne(p'Be)? + 1K 'pep’'as + o'Bec = 0 - (35)
where

eK’'pe = acs — 1T ~ (39)

1K’se = v’ac — I — acnl’ac — (acs — I)#¢ (37)

oK’Bec = + acnl’acrt (38)

p’me = &’Bc = t'Bc + #C—1 | (39)

In these equations x4 and x¢ describe the initial composition of the chelated mixture
that is percolated through the system. :

The results from eqns. (28) through (39) can be compared with the results from
eqns. (10), (11), (15) through (19), and (23) through (27) to evaluate the best method
of operation, unchelated loading or initial chelation. Qualitatively, the unchelated-
loading method of operation requires more resin but less time or eluant to effect the
same separation.
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