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ISOTOPIC ENRICHMENT OF THE PRODUCT OF A NEUTRON CAPTURE (n,Y)
. REACTION IN LANTHANIDE AND ACTINIDE EXCHANGED ZEOLITES*

David 0. Campbell

Abstract

A new reaction is reported which may yield useful amounts of the product

isotope following neutron capture by lanthanide or actiniae elements. The

trivalent target ion is exchanged into Linde X or Y zeoliite, fixed in the

structure by appropriate heat treatment, and irradiated im a nuclear reactor.

The (n,Y) product isotope, one mass unit heavier than the target, is ejected

from its exchange site location by gamma recoil. It may be selectively eluted

from the zeolite.

The reaction has been demonstrated with several rare earths, americium,

and curium. Products typically contain some 50% of the raeutron capture

isotope, accompanied by about 1% of the target material. The effect of experi-

mental variables on enrichment is discussed.

•Research sponsored by the U.S. Atomic Energy Commission tinder contract with
Union Carbide Corporation.
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. ISOTOPIC ENRICHMENT OF THE PRODUCT OF A NEUTRON CAPTURE (n,Y)
REACTION IN LANTHANIDE AND ACTINIDE EXCHANGED ZEOLITES

During the last few years there has been 'considerable interest in pro-

ducing substantial amounts of certain artificial isotopes which have special

properties that give them unique value. Examples include radioactive isotopes

of the natural elements and also isotopes of the transuranium elements, all

of which must be artificially produced.

Such isotopes are produced by nuclear reactions on naturally occurring

elements, and the desired product is generally produced-as a very minor com-

ponent in the unreacted starting material, or target. It is usually desirable,

and sometimes essential, that the product be separated from the target. If the

product and target are different elements, as in the production of plutonium

by irradiating uranium in a nuclear reactor, this poses no special problem.

However, if they are isotopes of the same element the separation is so diffi-

cult that it is not really practical on a large scale.

The present work was motivated by the desire to produce isotopes such as

247
Cm in multigram amounts, but the same methods are applicable to all the

247chemically similar trivalent actinide and lanthanide elements. The Cm

isotope has the highest atomic number, four beyond uranium, of any that is

stable enough to permit one to carry out conventional chemical studies without

having to utilize special handling facilities available only in a few nuclear

installations.

Curium is produced in small amounts as a byproduct of nuclear power

production, but this is predominantly the short-lived and extremely hazardous

244 isotope. Under prolonged irradiation a series of neutron captures occurs

forming all the isotopes up to Cm. The Cm content never exceeds about

1%, and its separation from the other isotopes, by factors up to 10 , would

be a prodigious task.



For several decades there has been research directed toward the attain-

ment of enrichment, or separation of the product isotope of a nuclear reaction,

as a direct result of the nuclear reaction itself. In principle this problem

was solved in 1934 by the Szilard-Chalmers reaction. In this reaction advantage

is taken of the recoil energy given to the nuclear reaction product, which is

sufficient to break a chemical bond. Thus, the product atom may be converted

to a different chemical state than the original, unreacted target atoms, and

hence be chemically separated.

In the original work^ ' ethyl iodide was irradiated with neutrons,

127 128
converting some of the I to the radioactive I isotope. When the ethyl

128iodide was shaken with an aqueous solution the I concentrated in the aqueous

phase and was enriched about ten-fold.

Subsequently, the reaction has been applied to a number of covalent organic

compounds, and also to Werner complexes (like P in phosphate-and-Br-in-brornate).

Enrichment factors about ten are typical of many, although larger values occur

in some instances. Enrichments are often limited because unreacted target atoms

are also ejected from the molecules by various side reactions. Yields of 50%

are fairly common. .

In the classical Szilard-Chalmers reaction a specific bond or group of

bonds is broken by the recoil energy. This reaction is analogous, but it is

not clear whether such specific bonds are broken, or physical factors related

to pore trapping are involved. The mechanism of the interaction between these

trivalent metals and zeolites is not completely understood.

In practice the Szilard-Chalmers reaction has not been very successful

for production of substantial quantities of any isotope, although it often

works well for tracer or low irradiation levels. When greater radiation levels

were attained, with development of nuclear reactors for irradiation sources,



it was found that both enrichment factors and product yields decreased as

radiation exposure increased, at low exposures compared to those required

for significant isotope production. •

In this work, which is directed toward the attainment of an isotopic

enrichment of the trivalent actinide and lanthanide elements, the problem

was compounded by the fact that these elements do not readily form appropriate

compounds, like iodine in ethyl iodide. They do form some stable organic che-

lates and, indeed, it is possible to obtain a Szilard-Chalmers reaction with

such compounds. However, their radiation damage resistance does not appear -

adequate to permit useful production of an isotope like Cm, which requires

21 -2 -I

a thermal neutron exposure approaching 10' neutrons cm sec . Organic

compounds are generally not stable at such high radiation exposures.

Inorganic compounds may be more stable to radiation damage than organic,

and their decomposition products are less deleterious. Accordingly, a search

was made for inorganic compounds which could contain these trivalent ions in a

noncxchangeablc state, and at the same time allow recoil atoms ejected from the

structure to be separated. '< Szilard-Chalrciers reaction has been reported for cer-

tain inorganic systems, for example clays^ ', but yields and enrichment factors

were hoth quite low. •• Information published during the last few years about

the Faujasite class of zeolites indicates that they present a possibly unique

system in which the necessary conditions may be met.

<£ Shorry*' reported that rare earths are readily exchanged into Linde X

from dilute aqueous solutions, and that they strongly favor the zeolite phase,

compared to alkali or alkaline earth metals. When such an exchanged zeolite is

dehydrated by heating to 350-700°C the lanthanide ions move into the small pore

system*' ', after which they are not readily exchanged back out of the crystal.

Thus, the target isotope, lanthanide or trivalent actinidc, could be exchanged

into the zeolite and fixed in the structure by heating. The question is, then,

what happens to the product of a nuclear reaction? \



The product of a neutron capture reaction receives up to 100 to 200 electron

volts recoil energy, due to prompt gamma emission. This is sufficient, not only

to break a chemical bond, but also to transport the atom a short distance through

the crystal, thus ejecting it from the small pore system where it originated. If

a reasonable fraction of these recoil atoms come to rest in the large pore system

they may be subject to recovery by ion exchange, yielding an enriched product.

At the same time the atoms of the unreacted target and of the zeolite, itself,

are subject to nuclear reaction and inelastic scattering, mainly due to fast

neutrons and gamma radiation always present with thermal neutrons, and these

processes tend to degrade the separation we want.

Experimental

Nearly ail work has been done with Linde X or Linde Y zeolites, obtained

from Union Carbide Corporation, exchanged with one or two of the rare earths -

yttrium, lanthanum, praseodymium, neodymium, erbium, and thulium - or the

actinides americium and curium. The actinides are naturally radioactive, and

the natural rare earths were irradiated-to give radiotracers. All metal analyses

were based on counting appropriate gamma radiation using a 3 x 3 in. Nal(Tl)

crystal detector and a 512 channel analyzer, for rare earths, and a lithium-

drifted germanium detector for the actinides.

Early work was done with a sized fraction obtained by grinding zeolite

pellets, and this contained a significant amount of binder. Subsequently, the

pure zeolite powder was used. In all cases the zeolite was washed with a large

volume of dilute salt solution, sometimes containing a small amount of acetate

buffer at about pll 5.5, and precautions were taken to avoid hydrolytic precipi-

tation of the metals.

The metals were exchanged into the zeolites by batch equilibration(with \_

jBithcr/a measured amount of the rare earth or actinidc in dilute aqueous solution

for preparation of partially exchanged zeolites, or with excess metal to achieve
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a greater exchange. To achieve maximum exchange this zeolite was ignited to

500°C and again contacted with excess metal. The products were not analyzed,

but compositions were approximately known from material balance considerations.

Batch elution was also used, with a variety ofi slat solutions for eluents, and

a large liquid to zeolite phase ratio (within a--£actor of~2~of=4#8).

The exchanged zeolites were eluted, in a few cases, to .determine the

behavior of the metal not fixed in the small pore structure by heat treatment.

In most cases the zeolite was ignited to 500 to 700°C to fix the metal before

subsequent manipulations, including irradiation. The amount of unreacted target

element that eluted was determined by measuring its radioactivity directly for

actinides, and by activation analysis for lanthanides. A All irradiations were '

done in the Oak Ridge Research Reactor in a pneumatic tube facility with a neutron

13 -2 —1 'r

flux of about 4 x 10 neutrons cm" sec or, for a few long irradiations, in $.

a tube adjacent to the reactor core. f

Results and Discussion - T
^

Typical results for the overall isotopic separation for Linde X exchanged r"

essentially completely with praseodymium are shown in Table 1. Generally 50

to 60% of the neutron capture product, Pr, was eluted from the zeolite, along *>>

141 *

with about 1% of the unreacted Pr target. In most cases the isotopic enrich-

ment factor (the ratio of specific activity of metal in the eluate to the average

specific activity of all the metal) was in the range 50 to 80. Similar results

are reported in Table 2 for Linde X exchanged with lanthanum and erbium, and

neodymium and thulium also gave comparable results, Enrichment factors vary some-

what, but the reaction is generally applicable to both light and heavy rare earths.

Results with Linde Y were essentially identical.

Several variables were studied, including the extent of loading or exchange

of metal in the zeolite, the heat treatment before irradiation, composition and

\



temperature of the eluting solution, and elution time. The first two of these

had a major effect on the reaction, but the others were less critical. A wide

range of conditions yielded results similar to those shown, and no experiment

has given significantly better enrichment. '

Product Elution. Several salt solutions have been used for elution, including

LiCl, Na-SO., NH.NCL, and Ca(N0,)2, *
n some cases with a low concentration of for-

mate or acetate to buffer the solution at pH 5 to 5.S. The lithium, sodium, and

ammonium salt:; became less effective as the concentration decreased from about 6

to 2 M, but the calcium salt maintained its effectiveness down to 0.5 M.

The time of elution was not studied systematically, but most of the metal that

could be eluted was eluted in less than 5 minutes. Subsequent elution, even for

days and with fresh solution, removed little of the product remaining in the

zeolite :C3-afe4esr-3—a3Fid-4>. Thus, the part of the product which was recoverable

was eluted rapidly, and the rest behaved very much as did the unreacted target

material. Temperature had little effect between 25 and 90°C.

Target Elution. As long as the heat treatment was adequate (~600°C) the

amount of target material in the activated product was usually less than 1% of

the total target present, but occassionally more. In most cases this could be

reduced to less than 1% by eluting and drying the zeolite several times before

irradiation. Successive elution removal progressively decreasing fractions of

the target isotope, as shown in Table 3, down to hundredths of a percent in the

third elution. However, superficial drying (in room temperature air) or even

aging caused subsequent elution to increase, often to a percent or more. After

several elution and drying cycles, it was possible to maintain target elution

to a few tenths percenti in laboratory tests, but not in actual irradiation tests.

Higher temperatures may be reached during irradiation, and, .as shown in Table 3,

temperatures above 100° cause a marked increase in target elution.

\
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One might expect some of the metal to be exchangeable after heat treat-

ment, possibly in pores at the crystal surface or in other accessible sites.

After such loosely held material is eluted, however, one would expect the w

remaining metal to remain fixed. It appears that such mild treatment as

evaporation at room temperature can cause an increase in elution subsequently,

indicating that some metal atoms may exchange or migrate from inaccessible sites

to sites accessible to elution even under very mild conditions.

This aspect of the problem is critical because it is the elution of target

material which dilutes the product and ultimately limits the isotopic enrich-

ment that can be obtained. Under the rather poorly controlled conditions of

reactor irradiations target elution has generally been in a range near 1%. A

substantial decrease in target elution would really make this process attractive,

and this is the -only"factor that can provide significant improvement in the proc-

ess.. Results to date have not achieved such a result.

ZeoJite Loading. The lanthanide loading, or fraction of the exchange

capacity occupied by lanthanide, has a large effect on product yields. When

^ubstantiaiiy less than half the exchange capacity is lanthanide (the rest

being calcium) the neutron capture product yield is substantially decreased,

as shown by the results for PrX in Table 4. The yield increases with increased •

loading, and remains essentially constant for loadings above about 60%. Since

target elution may be somewhat greater for very highly exchanged zeolites the

optimum loading is probably in the range of 60 to 80% of the exchange capacity.

This is readily achieved by a single loading with excess metal present.

If more than one rare earth is present it is necessary only that the total

loading be high, not just one element. The results for three zeolites, all con-

taining the same 30% loading of praseodymium, are given in Table 4. When the

the rest of the capacity was calcium the yield was low, but when the total rare



earth loading was high, from addition of either erbium or yttrium, the yield

was high. For the PrErX it was possible to determine the behavior of both ele-

ments simultaneously, and they each behaved very much as they did when alone

but at a high loading (Tables 1 and 2).

Actinide Zeolite Tests. Although less work has been done with actinides

than with lanthanides certain differences in behavior have appeared consistently,

and the differences are always unfavorable. It is not known whether these are

real effects or artifacts resulting perhaps from impurities in the actinides.

Most work has been dqen'with Am and Am, and a few tests included Cm

which has much greater alpha emmision than any target of interest.

Curium and americium have been more difficult to load than lanthanides, and

exchange to greater than 30% of capacity has seldom been achieved. As with

lanthanides, yields of the neutron capture products are low with such low loadings.

As shovm in Table 5, however, addition of yttrium to give a high total loading

242resulted in a high product ( Am) yield.

24?
Elution of target metal ( "Am in Table 5) has invariably been greater, in'

the range 3 to 6%, than with rare earths. This results in lower enrichment

factors, in the range 10 to 20 instead of SO. As with lanthanides, a series of

successive elutions remove less and less target metal, but such mild treatments •

as drying the zeolite cause this to increase again to several percent.

Actinides, unlike lanthanides, are alpha emitters. Tests made with Am,

241 244

Am, and Cm, which have alpha intensities in the ratio 1 to 17 to 435, gave

very similar results in regard to both target elution and product yield. There-

fore, if alpha radiation is responsible for the difference the effect is quite

independent of alpha intensity.
Effect of Prolonged Irradiation. Optimum product enrichment requires

•" 19 21

irradiation to a thermal neutron exposure in the range of 10 to 10 neutrons

\
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cm , depending on nuclear properties of the isotope being used. Available

irradiation facilities generally have- large fluxes of fast neutrons along with

the thermal. Fast neutrons collide inelastically with the atoms in the zeolite,

displacing them from their crystal positions and destroying the zeolite structure.

Thus, thermal neutrons are absorbed by the target, giving the product we want,

but the accompanying fast neutrons destroy the zeolite structure which is

responsible for the isotopic separation. The problem is to obtain a great enough

product yield before the structure is degraded.

19 -2 142
fluence of 10 neutrons cm , which is the range of interest, the Pr yield

" 141decreased, the Pr target content increased, and-enrichment factor decreased

A series of irradiations with PrX zeolite, Table 6, show that above a

*e o

from over 60 to about 4. It has been reported that Linde X maintains its

19crystallinity, gas absorption, and ion exchange properties up to about 10

—2 f61

neutrons cm , but these properties were rapidly lost at higher exposures. }

Since radiation damage is predominantly caused by fast neutrons it would be

advantageous to use a neutron source with a substantially smaller fast com-

ponent. Such facilities can be built, and experiments in this direction are

planned. •

At this time it is not clear whether or not the isotopic enrichment

described here can be accomplished at high enough neutron exposure to yield a

really useful product, but indications are that a highly thermalized neutron

source may yield such products. An alternative development, which would yield

higher enrichment factors, or comparable enrichment at lower neutron exposures,

would be some means to decrease target elution to much less than 1%; attempts

to accomplish this have been unsucessful.
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Table 1.

Description

142Pr Enrichment

•
%

by

of

Zeolite

isotope
l42Pr*

Elution

in fraction
141Pr

(A) Irradiate 25 mg PrX 1 rain
Elute with:

3 nl 10 M LiCl, 5 rain, 25* 61.6 0.68
3 ml 10 M LiCl, 25 min, 25° 5.9 0.32
3 nl 10 M LiCl, 90 rain, 25* 1.1 —

Remaining in zeolite 31.4 99

(B) Irradiate 100 mg PrX 0.5 rain

Elute with:
1 ml 11 M LiCl, 10 roin, 25* 49 0.76
1 nl 11 M LiCl, 15 min, 90* 13 0.54

Remaining in zeolite 38 98

•Neutron capture product

Table 2. Neutron Capture Product Enrichment with Rare Earths

Description

•

(A) Irradiate 25 mg LaX 4 min

Elute with:
4 ml 0.5 M Ca(NO3)2, 10 min, 25°
4 ml 0.5 M CaCN0s)2, 30 min, 25°
4 »1 0.5 M Ca(N03)2, 30 min, 25°

Remaining in LaX

(B) Irradiate 100 mg ErX 15 sec

Elute with:
1 ml 10 M LiCl, 5 min, 25°
1 ml 10 M LiCl, 10 min, 90°
1 ml 10 M LiCl, 20 min, 90°

Remaining in ErX

% of isotope in

M 0 L a *

65.8
3.3
1

30

171Er*

36
10
8

46

fraction

139La

1.49
0.33
0.03

98

170Er

1.5
0.8
3.6

94

*Neutron Capture Product



Table

*
Description*

3. Target Elution from LaX
•

139% La in each cluate
first second third

Elute 80 mg LaX 1.75 0.22 0.016

Divide into 15 ng fractions and treat
each as shown below:

Evaporate at 25*, 64 hours, elute 1.1-1.4 0.15-0.3 —

Heat to 120*, 64 hours, elute 3.3 0.28 —

Heat to 250*. 1 hour, elute 2.5 0.30 —

Heat to 500*, 30 win, elute 1.4 (K42 —

•All samples eluted vath 4 ml 0.5 M Ca (1̂ )3)2 for 5 to 30 minutes.

Table 4. Effect of Mixed loading on Yields

PrX - 30% Pr - 70% Ca exchanged Lindc X
PrErX— 304 Pr - 70% Er exchanged Linde X
PrYX - 30% Pr - 70% Y exchanged Linde X

•Irradiate 50 mg each for 1 minute and elute with:

LI - 1 nl 10 M LiCl, 5 min, 25*, followed by
L2 - 1 nl 10 M LiCl, 16 hrs., 25*.

% of isotope in each fraction

PrX -

PrErX

PrYX -

LI
L2
zeolite

- LI
L2
zeolite

LI
L2
zeolite

142Pr*
15.1
15.5
69.4

50.8
13.2
36

57.4
9.2
33.4

141Pr
0.7
0.6
99

0.5
0.4
99

1.2
0.5
98

171Er*

34.6
16.1
49.3

—

170Er

—

0.8
0.8
98

—

•Neutron capture product



Table 5. Effect of Loading on Americium Enrichment

AroX - 30% Am - 70% Ca exchanged Linde X
A»YX - 30% Am - 70% Y exchanged Linde X

Irradiate 10 mg each for 1 min;
Elute with 2 ml 11 M LiCl, 20 min, 25°

AaX

AaYX

Fraction

- Eluate
zeolite

- Eluate
zeolite

% of isotope in
242Am*

3.6
96.4

58
42

fraction
241Am

0.3
99.7

4.4
95.6

*Neutron capture product

142
Table 6. Pr Enrichment in Long Irradiations

Irradiation

20 rain

6 hrs

2 hrs

6 hrs

3 days

7 days

7 days

- n

4,

4

8

9

2

1.
2.

.5

4

5

V
cm'

X

X

X

X

X

X

X

"2 sec"*

10*3

10"

1012

1OJ2

10«

1014

1014

%

n. cm~2

5 x 1016

9 x 1015

6 x 1016

2 x 1017

5 x 1018

9 x 1019

1.5 x 1020

of isotope
1 4 2Pr*

66

66

60

56

50

21

13

in product
141Pr

0.5

0.9

0.8

. 0.9

2.1

5

4

•Neutron capture product


