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SUMAMARY 

Using the techniques of high-pressure liquid chromatography, it has been pos- 
sible to separate mass quantities of all fourteen rare earths in less than 5 h. The 
importance of solvent gradient, particle size and resin cross-linkage were examined. 

INTRODUCTION 

Ion exchange has been successfully applied to the separation of the rare earths 
for many years and the literature on this subject is quite extensive. In the last few 
years, the development of high-pressure liquid chromatography and the commercial 
production of the required high-pressure, accurate flow-rate pumping equipment has 
made the high-speed separation of the rare earths a possibility. 

CAMPBELL and other workers have shown that the high-speed separation of 
adjacent rare earths is practicall-3 and additional work on the actinide elements has 
been reported 4~5. While good separations can be obtained at the tracer level, the rapid, 
quantitative separation of substantial amounts of these elements was not demon- 
strated prior to the development of pressurized ion exchange. The complete high-speed 
separation of mass quantities of all of the rare earths presents rather unique difficulties 
which have not been addressed previously. 

In ion-exchange chromatography, for a given column geometry, the volume of 
eluant required to elute a given species is constant regardless pf flow-rate, assuming 
equilibrium is maintained. In order to maintain equilibrium, the particle diameter 
must be decreased as the flow-rate is increased. 

In addition to particle size, the selection of eluant can dramatically affect the 
speed and quality of separation. Most eluants are aqueous solutions of strongly com- 
plexing organic acids, One of the most common eluants for the rare earths is a- 

‘:*’ hydroxyisobutyric acid (a-but)“. 
The distribution coefficients of the heaviest and lightest rare e‘arths differ by 

--_ 
* This work was porEorm&l under the auspices oE the U.S. Atomic Energy Commission. 

** The first in this scrios of papers wns prcsentecl st the 4th Summor Round Tnblo on High 
Prossurc Liquid Chromatogrsphy, U.C.L.A., July, 1971. 
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factors of more than xoo in this system, although adjacent elements may differ 
by factors of only 1.3. As a result, an eluant which will adequately resolve the heavy 
rare earths (which elute first) will not elute the light ones until a very large volume 
of eluant has passed through the column. This effect may be compensated for by 
increasing the concentration of eluant (the a-hydroxyisobutyrate ion) as the distri- 
bution coefficients of the elements being eluted successively increase. The use of such 
a gradient elution substantially decreases the time required for the separation of 
several elements. The gradient may be a concentration gradient at constant pH, as 
used in our work, or a pH gradient at constant concentration. 

The selection of the gradient is possibly the most important part of the sepa- 
ration technique and, as we will show, can actually predominate over other parameters 
usually associated with high-pressure liquid chromatography, e.g., flow-rate, particle 
size and temperature. s 

Using largeYdiameter resin beads (100-300 p), low-pressure columns used at our 
laboratories have required from 42 to 48 h for a complete rare-earth separation, Lu 
through La. We will show that high-pressure liquid chromatographic techniques 
greatly reduce the time required to obtain the same separations. 

EXPERIMENTAL 

A Nester/Faust, Model 1200, liquid chrornatograph equipped with two high- 
pressure stainless-steel digital pumps, gradient modification, oven, electrical conduc- 
tivity detector and fraction collector was used, Chromatronix, Inc., glass columns 
were used with 10-p bed supports. AG 5oW ion-exchange resin was hydraulically 
graded to obtain particles having the desired range of diameters’ (Table I). “Con-O” 
brand a-hydroxyisobutyric acid was diluted with distilled water and neutralised with 
carbonate-free ammonium hydroxide solution. Stainless-steel or Teflon tubing was 
used for all plumbing. Sample injection was accomplished using a Chromatronix, Inc., 
sample injection valve and 5-ml loop. The di~cwatdal electrical conductivity detector 
was supplied by Wescan Instrument Co. 

Technique 
The resin column was prepared by adding a slurry of acid-form resin and then 

pumping about ten column volumes of water at a flow-rate* of 10-12 ml/cm2/min. 
More resin was added and the process repeated to obtain the desired resin bed length. 
The column was washed with six to seven column volumes of I A4 a-but solution at pH 
5.0-5.1 (producing 2-4 y0 shrinkage), followed by five to ten column volumes of water. 

A 0.63 x 24-cm column ‘filled with 25 & 7-p particles having 12 y. divinyl- 
benzene cross-linkage contained cu. 7.5 ml of resin bed having a capacity of ca. 17 
milliequivalents, 

Samples consisted of 5 mg each of lutetium, ytterbium, thulium, terbium, 
gadolinium, europium, neodymium, cerium and lanthanum plus 5 mg of yttrium**. 

* The flow-rate is clcfinccl its the volume of solution p~lmpcd per unit tirnc tlivitlctl by the 
cross-sectional arca of tho resin bccl. 

l * Tracer quantities of sovcrnl of tha remaining rare earths wcrc present in many r&s (SW 
Fig. I). 
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TAB’LB I 

PhRTLC1.E SIZE DISTRIBUTLONS’~ 

Relative distribzdio?z (“/“) 

Pavlicle size (/A) 

10-20 20-30 30-40 40-50 >50 

x4 2.5 24.G 56.5 IS.4 3-1 OS.5 
XI2 25 14.1 73.2 7.7 1.2 0.4 
XI.2 33 -5 “v37 , - 52 -5 >I 

a Size distribution detern~inecl using sL I-IIAC particle anslyzer. 

Pure solutions of these elements were mixed, then precipitated as the hydroxides 
with an excess of ammonium hydroxide solution. The precipitate was washed free of 
excess reagents and dissolved in I ml of I M hydrochloric acid, giving a final solution 
of pE1 2.0-2.5. This solution was loaded directly on to the resin bed using the sample 
injection valve, then washed with 0.2 M ammonium chloride solution at pH 5.0-5. I 
to remove the excess acid. 

The column was eluted usmg 0.05 M ancl 0.42 M a-but solutions at pH 5.2-5.3, 
using several different gradients. The flow-rate was varied from 5 to 13.5 ml/ams/min. 
All elutions were performed at 23”. 

Additional columns were prepared using AG SOW-X4, 25 & 7 p particles, to 
measure the effect of cross-linkage, and AG SOW-X12, 33 & 8 p particles, to measure 
the effect of particle size. 

The procedure was then : (I) eluate collected at 2-min intervals and mass rare 
earth detected by precipitation using 8-hydroxyquinoline and ammonium hydroxide 
solution ; (2) the ionic species was detected using a flow-through electrical conductivity 
detector; or (3) tracer radioactivity was added to the mass samples and subsequently 
detected using a flow-through, end-window anthracene P-detector. Approximately 
I ml of the flowing eluate was in the P-detector at any time. (We have confirmed that 
the visual detection of mass rare earth precipitate coincides with the detection of 
trace rare earth and that studies made without tracer can be equated to our later 
tracer studies.) 

RESULTS 

The results of a typical separation are shown in Fig. I. Because the anthracene 
detector is quite specific for P-radiation and the tracers did not have the same p- 
specific activity, the .plot does not reflect the total mass present for each element. 
A plot of solution conductivity (Pigs. 2 and 3) gives the expected plot for equal 
loadings of each element. 

The resolutions*, as determined by any of the three detection techniques, are 
comparable (Table II). Using a “standard” 0.63 x 24-cm column filled with X12 resin, 
complete baseline separation .of mass quantities (5 mg) of all 14 rcare earths plus 
yttrium can he obtained in less than 5 h. 

l Resolution is clcfincd as tha distance bctwccn pcsk nmximn cliviclcd by the average peak 
widths at the lmsclinc. 
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Throughout the work, the solvent gradient proved to be the primary experi- 
mental parameter. 

We examined a number of different gradients, three of which are shown in 
Fig. 4. In order to separate the Lu-Yb pair properly, the gradient must be minimized 
or even clelayed until the heavy elements are eluted (Fig. 4A). Once the heavy ele- 
ments have been obtained, the gradient must be increased rapidly in order to sealize 
the maximum speed of this technique. We have found that a simple exponential 

l3.l Y Sm 

1 II 1 I I I I I I I I I I I I II I II 
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Time tminl 
Fig. I. Elution of 12 rare earths ancl Y using a full cc-but gradient and an anthrnccne /kletcctor 
(log count rate ils. time). 

-- -_ ._ 

Time Cmin) 
Fig. z. Elution of LM, Yb and Tm using o.o$M cc-but with anthrnccnc /3-detector (log count rate 
VS. time). 
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gradient (Fig. 4C) gives the fastest separation without significantly affecting reso- 
lution, and is quite simple to generate 8. Slight adjustments in the gradient to obtain 

‘“‘the optimum separation of any selected pair of elements would not significantly 
change the total time for the elution. 

While it was generally possible to adjust the gradient to overcome most other 
experimental parameters, we did attempt to isolate the effects of resin cross-linkage 
and resin particle size. 

. 

Resin cross-linkage 
Our standard column filled with X12 resin contained ca. 7.5 ml of resin bed 

with a capacity of cn. 17 milliequivalents. This same column filled with X4 resin had 
a capacity of ca. 9 milliequivalents. Quite obviously, the number of available sites 
for adsorption was significantly less for the X4 resin than for the XIZ resin. 

When the two columns were run using identical operating conditions, the X12 
resin clicl show a slightly better overall separation, but it was not as obviously superior 
as we had anticipated (Table III). 

It should be noted that the operating conditions selected had been optimized 
for the X12 resin and readjustment of the gradient could easily alter the performance. 

I I I I I I I I I I I I I I 

0 30 60 90 120 

Time (rnin) 
Pig. 3. Elution of .Lu, Yb and Tm using 0.05 M e-but with clii’fcrcntial cloctricnl conductivity 
cletcctor (concluctnncc Vs. time). 

TARLO IS 

RESOLUTION AS A FUNCTION OF DETECTION TlZCFINIQUE 

Witho& gradient With gradiertt 

r.zs-Yb Yb-Tm Lu-Yb Yb-Tm 

Grayinwtric - - 1.05 & o.oG rt: 0.10 
@Activity 

1.67 
1.03 r.4g 0093 & 0.06 I.53 * 0.08 

Conductivity 0.99 & 0,0&l. 1.60 f 0.09 - - 
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Parlicle size 
Because 

active sites, an 
the separation process involves contact of the ionic species with the 
increase in exposure of the active sites to the mobile phase will produce 

better separations per unit quantity of resin. Two techniques have been used Lo obtain 
this increased contact : small-diameter beads to increase’the surface area per particle, 
and coaled beads to give large surface areas and to minimize internal diffusion within 
the active substrate. 

While coated beads appear to offer Lhe best conditions, they have significantly 
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Fig. q.. Sclcctccl solvent gradients with approximate positions of the clutccl rare earth clcnwnts. 

TABLE III 

RESOLUTI’ON AS A PUXCTIdN OF RESIN CROSS-LINlCAGl% (25 f 5 ,C) 

liESi? Lu- YD Yb-T~ra TNI- Y Y-Tl?l Tb-Gd Gd-Eu Nd-CC C14_a 

X4 1.0 3.8 I.8 2.2 I #Cl 1.53 1.8 

XI2 1.0 ::: 3.7 2.1 2.4 I .o 2.7 2.3 
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TABLE IV 

,;RESOLUTION AS A FUNCTION Ol? RESIN PARTICLE SIZE (XI2 RESIN) 

b*~Pavticle s~izc (14) Lac- Yb Yb-Twz Tm-Y Y-TD Tb-Gd GcZ-Eu ZVd-Co Cc-La 

25 zk _ 5 1.0 1.9 399' 2.3 2.3 ‘r.0 ..2;4 2;2 

33 f s 1.0 1.6 302 I.7 2.0 1.0 2.1 1.9 

less capacity per volume of resin bed and are exceedingly expensive for large-scale 
preparative operations. 

We examined two different fractions of Xr2 resin,: 25 j= 9-,u beads and 33 & 8-p 
beads. The total volumes of resin bed and total bed capacities were identical for the 
two columns. Because X12 resin was used in both columns, the resolutions obtained 
were independent of solvent gradient. 

As expected, the smaller beads did give better overall resolution (Table IV). 
The range in bead size is probably as important as the average bead size, but we have 
not quantitatively determined how large a range can be tolerated without degrading 
the separation. While the fractionation or sieving of the resin to obtain fine particles 
is obviously necessary for the success of the technique, the larger diameter beads 
gave a completely acceptable separation. 

.Final conditiorcs 
Using X12, resin, bead diameters of 25 & 9 ,u and a flow-rate of 10.3-13.5 

ml/cms/min, the mean resolution for the complete separation was 1.28, Baseline reso- 
lution was obtained for all corrrponents except the Lu-Yb pair. For this pair, R = 0.96, 

.’ indicating a small cross-contamination. It is possible to obtain a baseline Lu-Yb 

.’ separation if the a-but concentration is maintained at 0.05 M until after the lutetium 
; has eluted. The gradient can then be started with no loss in resolution for the re- 

maining components. This delay in starting the solvent gradient does increase the 
total time for the complete elution by ca. 15 %. 

There have been essentially no “scale-up” difficulties in adapting our existing 
gravity .operation to high-pressure chromatographic operation. Once the resin was 
obtained, it was only necessary’to’-bptimize the solvent gradient for the resin cross- 
linkage and particle size, and acceptable separations were obtained. 
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