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SUMMARY

Several metal hydrides were shown to act as chrométographic media for
hydrogen isotopes.. The procedure was to equilibrate a column of hydride with
flowing hydrogen, inject a sméli'qdantity df tritium tracer, and observe its
elution behavior. Characteristic retention times were found. From these and
the extent of widening of the tritium band; the heights eduivalent to a
theoretical plate could be calculated. Values of around 1 cm were obtained.
The.following are the metals whose hydri&és:weré'studied; fogether with the
temperature ranges in whicH chromatographic behavior wasbobserved: vanadium,
0° to 70°C; zirconium, 500° to 600°C; LaNig; -78° to +30°C; Mg,Ni, 300° to
375°C; palladium, 0° to 70°C.

A duai—temperature isotope separation proceés based on hydride chromatog-
raphy was demonstrated. 1In this, a column was caused to.cycle between two '
temperatures while being supplied with a constant stream of tritium-traced
hydrogen. Each half-cycle was continued until "breakthrough,” i.e., until
the tritium concentration in the effluent was the same aslthat in the feed.
Up to that poinﬁ, the effluent was enriched or depléted in tritium, by up -
ta 20%. ‘ '
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I. INTRODUCTION

This report describes a series:of experiments that were carried out to
explore practical ways of using metal hydrides for the separation of hydrogen
_isotopes. Many hydrides show large isotope effects, in that the dissociation
pressure of the deuteride differs from that of the protide by a factor of two
or more. The direction of the effect varies; most deuterides are less stable
than the corresponding protides, but some are more stable. The magnitude of
the effect usually is strongly temperature dependent.

In previous work from this 1aboratory,l isotope effectsAﬁere determined
for a number of systems. Some of these appeared sufficiently interesting
with respect to magnitude, direction, and temperature coefficient to be worth
exploring as practical media for hydrogen isotope separation. A novel and
superior separation process could have many applications, e.g.,'tritium scav-
- enging from nuclear power wastes, analytical procedures, deuterium production,
and. use in the tritium cycle of thermonuclear reactors. ' |

The metal hydrides bf-interest~were used as substrates in chromatogréphic
columns, for reasons discussed in the next section. A-large number of exper-
iments were done, and their results are summarized below. The work, done
mostly in 1972 and 1973, remains incomplete, but it seemed best to delay no
longer in getting it on record. This account may be useful if research in
this field is resumed.

Some of the data published here were used by R. Benenati for process

IT. HYDRIDES AND THE CHROMATOGRAPHIC PROCESS

The resolution of fluid mixtures by selective absorption in, or adsorp-
tion.on, a solid is bést effecfed'by some vafiant of the chrématographic
proééss. ‘In.the simplest case of'this,'thé mixture is caused to pass through
a bed of absorbent under conditiqné'such that a relativéiy labile association
occurs between the solid'and each cbmponent of tﬁé mixfure. The more stfongly

absorbed components are retarded relative to the less strongly absorbed. Each



emerges from the bed, after repeated absorptions and desorptions, at a
characteristic time and can Be:1301ated. In one method, all the active com-
ponents are absorbed together from an inert.matrix or solvent and later re-
moved, in chromatographic succession, by an eluting fluid. More sophisticated
procedures may involve varying the temperature in time or space to increase
the resolution.:

Chromatographic separations of hydrogen isotopes have been .demonstrated
- for a .number of substrates.3—5 .On some substrates, like A1203, the inter-
action was an adsorption; ‘with others, like Pd and .U, the hydrogen formed a
transitory alloy or compound. Palladium has been the subject of the largest
‘amount of such research. . A particularly thorough investigation was done by

/ 4
153 who used columns packed with palladium black supported

Glueckauf and Kitt,
on asbestos. Three different procedures were tried: (a) Breakthrough éxper-
iments, in which a miktﬁre of Hz'andD2 was fed continuously to the inlet of
a column. The first gas to emerge was nearly pure deuterium. - (b) Displace-
mént experiments, in which a limited quantity of a HZ-.D2 mixture was absorbed
on a column and:then eluted by a stream of normal hydrogen. A large fraction
of. the deuterium came off in nearly pure form. (c) A similar experiment in
which the displacement of absorbed gas ‘was accomplished, not by an eluant,
but by progressive heating of the column from the'rear.. In a typicél run in
which the starting mixture contained 40.69% deuterium, 937% of the deuterium
was recovered in the front band, which analyzed 97.49% deuterium. Good re-
‘sults were also obtained with lower entering compositions. This work.did not
lead to the development of a practical isotope separation process: because of
the high cost of pallgdium. It seemed to us, however, that the principle in-
volved was a useful one, and ‘that if a cheaper metal were found to behave
like palladium a new commercial process might result.

In the procedures described so far, the absorbing bed material in its
normal state was unreacted metai, the formation of hydride being transitory
and possibly limited to surfaée,layers. In another system for exploiting a
hydride isotope gffect chroﬁatographicaily the substrate is in the hydride

form throughout, and separation is caused by:exchange rather than by a



hydride formation-decomposition cycle. Consider, for example, a column of

metal hydride into which hydrogen containing -a trace of tritium is being

fed. Isotopic exchange is assumed to take place fast enough that the length-

of a "theoretical plate" is short compared with the length of the column.
The exchange will result in transfer of tritium to the solid and the produc-
tion of a quantity of tritium-free hydrogeh. Eventually, of course, tritium
will appear in the effluent; at this ''breakthrough" point, the tritium-
protium ratio in the solid hydride phase will be greater or less than that
in the entering gas, depending on the value of the separation factor,
defined below. A unit process of this sort can obviously be incorporated
into a multistage separation plant. |

The situation is especially advantageous if the separation factor is a
sensitive function of temperature. In‘such a case, if the exchanging column
is alternated between two témperatures while a constant isotopic mixture is
fed in, the two effluent streams will differ; one being higher in a given

isotope than the influent stream and the other lower.

III. RESULTS OF EXPERIMENTS-

A. Vanadium

The bulk of our chromatographic runs, and all the-development of tech-
nique, were carried out with vanadium. Vanadium hydride had earlier been
found to have a large equilibrium isotope effect,l which is defined quanti-

tatively in terms of a, the separation factor:

' (d/p')s‘
. T
dp (d/p)g . .
(t/p)S
o = —
tp (t/p)g

where p, d, and t are the concentrations of protium, deuterium, and tritium,
and the subscripta o and g refer to solid. phase and gas phase., Some values
of a for V, Pd, and U are plotted against reciprocal temperature in Figure 1.

The -vanadium o can be seen to have an appreciable .temperature coefficient.
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Figure 2. Elution of tritium from vanadium hydride,
- run No. 33.
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Also, its curve slopes in the direction opposite to that of the curves for
most hydrides, which suggests possible advantages for tritium scavenging.

The suitability of a given hydride system for a chromatographic pro-
cess depends on various factors. The isotope exchange equilibrium must, of
course, be established rapidly. Also, the kinetics should be such that a
band of an isotopic species moving through a column has reasonably sharp
leading and trailing edges. Slow equilibrations, such as might result from
control by solid-state diffusion, could smear out a band and reduce separa-
tion efficiency. The experimental program was therefore aimed at determining
the rates of passage and changes of shape of tritium bands in hydride columns,
as a function of temperature, pressure, method of hydride preparation, pre-
sence of diluents, gas flow rate, etc.

The columns used were usually of %-in.-o.d. stainless steel, typically
3 ft long, packed with granular vanadium hydride. In some experiments this
was mixed with several parts of Chromosorb A, an inert packing material.
Before being used in isotope experiments, the hydride was activated by being
put through one or more cycles of dehydriding and rehydriding. The composi-
tion of the hydride varied, depending on the hydrogen pressure. At room tem-
perature and one atmosphere the monohydride was obtained. The much less
stable dihydride resulted if hydrogen pressures of several atmospheres were
applied, and a number of runs were made with this substrate. 1In this con-
nection, a detailed account of the properties of the V-H system has been
puiblished

Two types of experimental procedure were followed. In "breakthrough"
experiments, the capacity of a column for scavenging tritium from a mixture
was determined directly. 1In a typical run, the column was brought to con-
stant temperature and equilibrated with a stream of pure hydrogen. Flow
rates were in the range of 35 cc/min. At t = 0 the gas entering the column
was replaced by hydrogen containing a trace amount of tritium. The gas
stream leaving the column was monitored for tritium by mixing it with ten
parts of P-10 counting gas and passing it through an internal proportional

counter. Tritium disintegrations were registered on standard counting



equipment. Our practice was both to take frequent one-minute counts '"by hand"
and also to use the equipment in the rate-meter mode to provide a continuous
print-out of the effluent activity on a strip.chart. Figures 2 and 3 illus-
trate the two ways of graphing the results. Note that in Figure 3 the time
increases from right to left.

It proved, however, that more information could be obtained from studies
of the behavior of a narrow band of heavy isotope. In these '"band" experi-
ments, a small quantity of more concentrated tritium-protium mixture was
injected over a very short time interval (at- first, minutes; later, seconds)
into the hydrogen stream entering the column. The activity passed through
the column in the form of a narrow band and was registered as such-at the

outlet.

1. Breakthrough Experimernts

The kind of information given by this series is best illustrated by
Figure 4, which is a graph‘of activity vs. time -obtained in one of our better
vanadium runs, No. 64. The conditions were as‘follows: column dimensions,
2 ft x %-in.-o.d.; loading, 23 g commercial vanadium (Union Carbide) of mesh
size -10 +20, converted to the monohydride (VHNO.B); temperature, 30.0° to
30.5°C; pressure, 36.4 psia; flow rate, 35 cc/min (at STP). The ordinate
shows observed counts per minute, which, as can be seen, remained at back-
ground level for about 2% hr after the tritium-traced mixture began to enter
the column. In other words, some 4.7 liters were completely purified of.
tritium, That this was due to a genuine chromatographic effect can be éeen
by calculating the transit time through the column of an element of gas which
did not interact with the solid. From the flow rate and an estimated dead
volume for the column and associated tubing of about 15 cc, the transit time
comes to about half a minute. This was experimentally confirmed in a sepa-
rate experiment, by determining the transit time of a small quantity of
krypton-85. '

It can be calculated from the vanadium content of the column and the
total hydrogen emerging before bréakthrough that the latter was about equal
in mass to the hyd;ogen in the solid phase. It follows that the



chromatographically active vanadium hydride was not limited to surface
layers but comprised the entire charge, and that solid-state diffusion of
the hydrogen isotope was not limiting. ‘

Further inspection of Figure 4 shows that saturation of the column
with respect to tritium occurred about 4% hr after the start. -Shortly
thereafter, at 1416, the inflowing tritium-traced gas was replaced with
hydrogen, and the tracer begaﬁ to be displaced from the vanadium hydride
into the gas. The activity level in the outflow remained constant until
about 1630, again 2% hr.. Then the activity began its descent along a curve
approximately the inverse of the rising portign; with the final portion (not
shown in Figure 4) showing the gas backbat background activity. No net iso-
tope separation results from a cyclic isothermal process such as this, but’a
half-cycle can be used in a stage of a two-temperature separation process,
as described later. _

The suitability of a particular column ‘and set of operating condi—
tions can be judged (a) by the'total exchange capacity and (b) by the sﬁérp—

ness of the moving front that becomes established between tritium-traced and
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vanadium hydride, run No. 64.



pure hydrogen. The former is measured by the amount of gas that passes
through‘Béfore any (or some arbitrary level of) activity appears in the
effluent. The latter refers to the steepness of rise in effluent activity.
For a curve such as that of Figure 4, it is convenient- to measure this by

the time elapsing between the appearance of 107 of the saturation activity
and the attainment of saturation. For the experiment shown, the 107% activity
level appeared at 2.6 hr (to.l)“énd saturation at 4.25 hr (tsat)’ the differ-
ence (trise) being 1.65 hr.

A few breakthrough- experiments were conducted under different condi-
tions. In some, the coarse vanadium powder was mixed with an approximately
equal volume of Chromosorb. Thus, for run No. 23 the conditions were as
follows: column dimensions, 4 ft x %-in.-o.d.; loading, 22.7 g V plus 10.3 g
Chromosorb; temperatﬁre, 30°C; pressure, 58 ps{a; flow rate, 17 cc/min. A
= 3,67 hr, t =9 hr, t =

sat rise
was 3.7 liters, somewhat

plot of the data yielded the following: tO 1

5.3 hr. The purified volume corresponding to tO.l
less than the 4.7 liters of runm No. 64. Since the amounts of vanadium in the
two columns were the same, the inferior performance of No. 23 can probably be
ascribed to the longer.column lengths or lower flow rate, or both. These
factors could have promoted longitudinal mixing to the detriment of efficien-
cy. Such mixing is also suggested by the much longer trise of run No. 23.

A more direct measure of the effect of column length alone is af-
forded by comparison of runs 23 and 18. These differed only in that, in run
No. 18, only 17 g V wés-used (mixed with Chromosprb) and the column length
was 3 ft instead of 4. The results were Tyl = 2.5 hr,'Lsat = 5.3 hr, £ . 7

2.8 hr; volume corresponding to t 2.6 liters. The comparison bears out,

0.1°

Very roughly, the expectation that both the capacity of the column and trise
would be proportional to column length. The longer the travel time of a

front, the more it will be widened by longitudinal diffusion.

2. Band Experiments
Intensive study-of the effects of operating variables was not pur-

sued with breakthrough runs because it was found that band experiments gave



more information in less time. ‘A typical experiment (run No. 33) is illus-
trated in Figures 2 and 3. The points in Figure 2. represent one-minute.
counts on the flowing effluent gas; Figure 3 is a photograph of the strip-
chart record of the rate-meter, on the same gas. The conditions, which were
quite similar to those of the breakthrdugh‘run No. 64 except for the presence
of diluent, were as follows: column, 2 ft x %-in.-o0.d.; loading, 14 g V of
about 200 mesh plus 2.4 g Chromosorb; temperature 30°C; pressure, 35 psig at
column inlet, 20 psig at outlet; flow rate, 17 cc/min.  After the column had
come to equilibrium with flowing normal hydrogen, the influent stream was
interrupted and replaced for 2% min by an equal stream of tritium-traced hy-
drogen. The normal hydrogen supply was then restored, with the same flow
conditions as before. As Figure 2 shows, the tritium activity appearedﬁin
the effluent about 3% hr (the retention time) later. It had widened, from
its original 2% min, into a bell-shaped band with a width, at the base, of

about 138 min. (The base width, t,, is defined as theé distance, on the time

b
axis, between the intercepts of tangents to the bell at the points of steep-
est slope. Drawing the tangents is admittedly a somewhat subjective opera-

tion.) It is convenient to define the efficiency of a column in terme of the

time to peak maximum, tmax’ and the bandwidth, which may be taken as t, or as

b
the width at a specified height.  Two measures often used are ty . 607 and
tn 1687 the widths on the time axis of the band at the ordinate points that

are respectively 0.607 and 0.368 of the maximum. The corresponding equations

for the number of theoretical plates, N, are9
= 2 ,
Ny = 4(tm.'sua:/to.607) > . , (1)
N, = 8(t___/t )2 S (2)
2 max’ 0.368 ’
N, = 16(c___/t ) . - |
3 Cnax’ tb : (3)

For a perfectly Gaussian curve all three give the same value. With a given

set of experimental points, one or the other may pfove easiest to apply.
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N-values may also be obtained from the area .under.the curve, A, the
value of the ordinate at the peak maximum, h, and tmax' The equation is

2.

N, = 2m (htmax/A) (4)

The quotient &/N, where & is thé effective length, becomes the
"hetp" or height equivalent to a theoretical plate. The absolute vélues'of
N and hetp obtained in this wofk.are nof very precise, but the‘relationship
between results of runs in which a variable is changed can be significant.
The effects of changes are assessed below in terms of these somewhat arbi-
trary stage numbers or hetp values.

To return to run No. 33, Eqs. (1), (2), (3), and (4) gave N values
of 36, 40, 44, and 38 fgspectively, averaging 39.5; hetp was 1.56 cm. When
the run was répeafed ééveral times to test reproducibility, a continual
slight deterioration was observed, breakthrough occﬁrring a little sooner
with each successive run. It was surmised that this was caused by gaseous
impurities in the hydrogen, possibly water vapor, which could form oxide
films on the hydride.surface. Eventually, improvement was obtained by
passing the hydrogen carrier gas over hot calcium just before use.

It waé found that deteriorated columns could be restored to their
original condition by subjecting them to two or three cycles of evapuation
at 400° and re-hydriding at room temperature. In an elution run (No. 38)
after such a treatment, carried out on the same column that'was used for.
run No.‘33 and under the same conditions, the tmax was 210 min, compared -
with 218 for run No. 33, and the value of N was the same within experimental

uncertainty.

3. Effect of Particle Size
To test the effect of vanadium mesh size on efficiency, a column
was charged with 320-mesh metal, mixed as before with an approximately equal
volume of Chromosorb. Since the pressure drop through this material was
greater than through the previous 200-mesh charge, the total amount of vana-
dium had to be reduced from 14.0-g to 9.6 g. Otherwise, conditions were held

constant. The results (run No. 41A) were tmax = 147 min, t, = 130 min, and

b

-11 -



N = 20. It is interesting that breakthrough came considerably sooner than
before, while bandwidth remained the same. If N is corrected for the de-
creased amount of vanadium (assuming direct proportionality), the number
obtained is 30, vs. 45 with the coarser charge. The latter is evidently to
. be preferred. - '

A sti;l coarser substratebwas then tested, this time without added
Chromdsorb; .The{usual é—ft coil was‘chargéd with'vanadium of 10 to 20 mesh.
Operating conditions were kept essentially thé.samé (30°c, 16.5 cc/min_flow
rate) excépt that now there ﬁas virtually no ﬁressure droﬁ across the column.
Column pressure was 37 psia. An excellent run, No. 42, res?ltéd: tﬁax =
394, tb = 199, N = 63, hetp = 0.9 cm. Reproducibility was tested by carrying
out four more runs, Nos. 43A, B, C, and D, under approximately the same con-

ditions. The results were as follows:

434 43B  43C 43D | Av.

Eetp (em) 1.15 1.0 1.2 1.1 1.1
These numbers, it should be noted, were obtained from the strip-chart reébrd
of the rate-meter and are not directly comparable with the N = 63 of run No.
42, which was obtained from one-minute counts. For some reason, the rate-
meter trace (which was less precise) always indicated a worse performance;
For relative results, ho&ever, it was adequate. (One-minute. counts were not
always taken.) It can be seen that there was a slight fall-off in efficiency

but that this was not progressive.

4. Effect of Flow Rate
Several series of rins were carried out with no changes from No. 43
except in flow‘rate, which was taken.as high as 115 cc/min. The results are
presented in Table 1 and Figure 5. Thc number of stages decreases with

increasing flow rate in a roughly linear way.

5. Effect of Temperature
An inereace in tempcrature should hasten the approach Lo gas-solid

equilibrium and therefore increase the number of stages. This was confirmed

- 12 -



Table 1

‘Effect of Flow Rate on Number of Theoretical Stages, N,
in a Vanadlum Column at 30° C

Flow rate, cc/min  * Run No. N N (group av.)
16.5 - . 43 48
B 56°
c 46 >0
D 50
32.5 C o 44A 47
: B 46 . 46
c 46
64 45A 29
B 25 ' 27
C 26
115 51A 15
B 14 : 14
C 14

) W ’N o o
o 1) o o o .
T
1

NUMBER OF THEORETICAL PLATES, N

S)

oo 1 L
0 , 50 100
FLOW RATE , cm® / min

" Figure 5. Effect of flow rate on VH column
: performance at 30 C.

- 13 -



in a qualitative way by a few runs in which only the temperature was varied.
The results of runs 44A, B, and C, at 30° (Table 1) may be compared with
those of runs 46A, B, and C, at 40°. 1In the latter series, N values of 62,
43, and 45 were obtained. These avefage 50, comparéd with 46 for the 30°
runs, but the real difference may be greater, if the high value in the first
40° run is given more weight on the assumption that the column deteriorated
later. A better measure_of the-temperature.effect)waé_later obtained on a
different column run at 70° (run No. 67) and then at 30° (run No. 68) on the
same day. The respective numbers of stageé were 101 and 32, as calculated
from curves constructed ffom,one—minute counts; or 36 and 21, from the strip-
chart data. Whichever comparison is accepted, a definite improvement is

seen on going to 70°.

6. Effect of Solid Composition

Several runs were carried out at 0°C in order to extend the range
of temperature comparisons. Performance was poor, about 10 stages being
found under conditions that gave 25 to 30 at 30°. The band became asymmet-
rical; the trailing edge being drawn out.<AThesé effects probably are not
due to temperature alone but are related to the partial conversion of the
substrate to VHZ' The decomposition pressure of this phase is only 1.3 atm
at 0° and it was slightly exceeded in the 0° rums.

To see how VH, behaved at a higher temperature, we carried vut a

30° run at 145 psia, a pressure at which VH, is the stable'phase. Flow rate

2 :
was 32 cc/min. Again performance was poor: the emerging band was wide and
asymmetrical, as Figure 6 shows, and the N value (if the éalcdlation has any

meaning under the circumstances) was only 4.

7; Best Runs _

‘The results of the two best vanadium runs are recorded here to
facilitate engineering calculations and as a starting point for possible
future resumption of research. The same column was used for both: a coil
of %-in.-o.d. stainless steel tubing, filled for 61 cm of its length with
comﬁercial grade vanadium of 10 to 20 mesh. The flow rate in each case was

- 35 cc/min and the presSure,.36.4 psia. Oniy fhé temperatures differed,

- 14 -



being 70° in run No. 67 and 25° in run No. 78. The results, as calculated

three ways, were as follows:

Run 78, 25° Run 67, 70°

N1 54 75
N2 52 78
N3 78 101
61 85
av.
hetp, -av. 150 cm 0.7 cm

Figures 7 and 8 show the elution curves.

B. Other Hydrides

1L LaNi5

The intermetallic compound LaNi

5 forms a hydride of the approximate

composition LaNi H7, which has an isotope effect in the same direction as

that of vanadiumsbut somewhat smaller.l To study its chromatographic behav-
ior, a series of band-passage experiments was carried out under the same
conditions that were used for vanadium. The alloy was prepared by arc-
melting the pure metals together. The ingot was then ground into a coarse
powder. About 20 g alloy was mixed with 5.5 cc Chromosorb, charged into a
60-cm length of %-in.-o.d. stainless steel tubing, and subjected to several
cycles of hydriding and dehydriding. Finally, with the column in its hydride
form, tritium retention times and bandwidths were obtained and used to cal-
culate a theoretical plate number as before. The effects of changes in tem-
perature, pressure, and flow rate were ascertained. Results of the series
of runs are presented in Table 2. The first three columns give the values
of the operating variables; the next two give the equilibrium dissociation
pressure of the hydride at the operating temperature and the retention time,
tmax; and the last column gives the number of theoretical plates found by
using Eq. (3).

Certain conclusions are evident. When the operating pressure was
below the equilibrium dissociation pressure, as in the first two runs,

breékthrough was immediate as indicated by a <1 value for N. If the pressure
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Table 2

' Chromatographic Performance of Lanthanum-Nickel Hydride

Temp., Operating Flow rate, Equilib. Retent. time, No. of
°C press., atm cc/min  press., atm!3 tmax’ min theor. plates
60 1 16.5 4.9 <1 ' <1l
30 1 16.5 1.57 <1l <1

0 1 ©16.5 0.4. 52 14.8
0 1 - 16.5 0.4 160 25.2

-20 1 16.5 0.135 298 ' 37.6

~20 1 16.5 .0.135 i 298 35.0

-78 1 16.5 0.00145 . 426 18.1

-78 1 31.5 - 0.00145 4 174 Co- 8.1
30 3 16.5 1.57. 30 29.7
30 4 16.5 1.57 229 41.6
30 11 16.5 1.57 258 42.1
30 20 16.5 1.57 ) 258 47.3
30 20 16.5 1.57 249 ' 46 .0 -

50 - -

NUMBER OF THEORETICAL PLATES, N

H
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Figure 9. Effect of flow rate on performance of
Mischmetall-nickel hydride column at 30°C.
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condition was satisfied, however, chromatographic behavior was observed
over the temperatufe rahge -78° to +30°C. At -20°, column behavior was
better than at ;78°, asneﬁpeeted. ‘The anomalous poor behavior at 0°C may
possibly be due to a loss of hydrogen from the solid, which, because of the
pressure—comp051t10n hystere31s phenomenon, would probably not be made up
from the ambient hydrogen at 1 atm. _

The 30°C runs, when conducted at an adequate pressure, gave good
and consistent results. The average N of the last four runs was 44 and the
hetp, 1.4 cm. Pressure seemed to make no difference in the range between
4 and 20 atm, but a possibly significant fall-off was seen at 3 atm.

Since these results were obtained on the first column tried, and
many variations on the preparation of the substrate arelpossible, it is
probable that additional effort would result in columns at least as good as

those with vanadium.

2. M'mNi5

The lanthanum in LaNi5 can be replaced by other rare earth metals
or by a mixture of them. One such mixture is the commercial alloy Miseh—

metall (Mm). Since alloys of nlckel w1th Mlschmetall MmNi had been made

>
in our laboratory for another purpose, we decided to test oie as a chroma-
tographic substrate. In the alloy chosen, the rare earth portion had the
composition (in wt %): Ce, 50; La, 24; Nd, 14; Pr, 4; other rare earth
metals, 2. An alloy of similar composition had been foundl to have a
tritium—protium‘separation factor of 1.29 at 0°C.

A column was made up and operated by the previously described pro-
cedures. In this case, the temperature and pressure were kept constant
throughout all runs, at 30°C and 25 atm. Since the dissociation pressure
of the hydrided alloy is knoWnlO to be 21 atm at 30° , there should have been
no loss of hydrogeﬁ from the solid. Eight runs were made, in which the flow
rate was varied from 16.5 to 115.5 cc/min. The results, given in Figure 9,

show that performancc is similar to that of LaNiS.
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3. MgzNi ‘

The alloy Mgle forms a hydride . MgzNiH4 which has a tritium-
protium separation factor of 0.45 in the range  250° to 325°, i.e., the
'isotope effect is in the opposite directioh to that of vanadium and LaNiS.
This means that in principle the retention time of a tritium band - will be
shofter on a MgzNiH.4 column; but the effec; will not be large. Our band-
passage experiments did not lend themselves to quantitative determination
of separation factors; their veiue lay in the kinetic information they
yielded. » ’

A column was charged with MgzNi and, after the usual activation and
final hydriding, a series of runs was carried out as before. The operating
‘conditions and results are presented in Table 3. Inspectiun of thc data
shows that temperature is very important in this series. At 30° and 66°C,
immediate breakthrough occurred; even at 300°C the retention time was very
short and the number of stages was smail. The chromatographic behavior con-
tinued to improve with temperature up to 375°C, the highest temperature that
could be reached without loss of hydrogen at the maximum convenient operat-
ing pressure of 20 atm. The relatlon is roughly linear and can be approxi-
mated by the equation N = 0.28(T - 274) where T 1s Lu °C. The relationship
is plotted in Figure 10. Efficiency was not very sensitive to flow fate up

€0 33 ce/min.

4, Zirconium , '

’For comﬁarison with the previous materials, it was desirable to
study the chromatographic behaviqr of the very stable hydride Zer. The
same procedure was used, 1.e., band-passage ruus carried out from 25° to 600°C.
Table 4 and Figure 11 present fhe resultsd With this system, the passage of
tritium was delayed only above about 450°C.' From 500°C up, the dependence of
stage numher vt temperature was'epprnximately linear, with a slope, dN/dT, of
0.;8, somewhat smaller than the value of 0.28 found for magnesium nicke]

hydride.
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Table 3
Chromatographic Performance of Magnesium-Nickel Hydride
(Estimated column charge: 13 g)

Temp., Operating  Flow rate, Equilib. Retent. time,  No. of
°C press., atm cc/min  press., atm!l’ tax’ min °~ theor. plates
36 2 16.5 3.3 x 105" <1 <1
60 .2 16.5 2.0 x 10— <1 <1

250 3 16.5 1.09 48 . 8.0

300 6 16.5 3.35 122 7.4

325 10 16.5 5.89 120 13.7

325 15 16.5 5.89 80 ' 11.6

325 15 : 16.5 5.89 88 14.8

350 15 16.5 9.91 113 ‘ 21.2

375 15 16.5 16.0 88 28.7

375 20 16.5 16.0 112 ’ 25.9

375 20 16.5 16.0 107 27.8

" 375 20 8.5 16.0 226 20.5
375 20 33.0 16.0 48 24.2
375 20 16.5 16.0 100 28.8
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Figure 10. Effect of temperature on perfurmance
of MgoNi hydride column.
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Table 4

Chromatographic Performance of Zirconium Hydridé
(Column loading: 30.90 g metal, undiluted, in 24 in. of %-in.-o.d. tube)

Temp. , Operating Flow rate, ~ Equilib. Retent. time, - No. of
°C press., atm cc/min press.,vTorrl“ tax’ min theor. plates
25 1 "16.5 <10=% <1 <1

300 1 16.5 <10~" <1 <1

350 1 16.5 <5 x 10~" 3 <1

450 1 16.5 0.002 252 4,4

500 1 16.5 0.01 354 8.7

550 1 16.5 0.08 400 18.6

600 1 16.5 0.6 418 27.0 .

600 1 82.5 0.6 112 17.3
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‘Figure 11. Effect of temperature on performance

of zirconium hydride column.
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5. "Comparisbq‘of Systems

The'daté of the ﬁrecediﬁg four sections suggest a relationship
between the onset of chromatbgraphic behavior and the temperature at which
the dissociation pressure of the hydride becomes appreciable. This is in:-
accord with the expecfation that tritium retention will not occur unless
there is rapid exchange at the surface between hydrogen in the gas phase and
in the solid. A necessary and perhaps sufficient condition for'rapid ex-
change would be at least a moderate dissociation pressure. Such a pressure
implies dynamic¢ equilibrium at the gas-solid interface. v

A closer look at the data shows some inconsistencies. With MgzNiHX,
performance remained poor even at a temperature (300°)‘whére the dissociation
preséure'is >3 atm, whereas, with Zr, fair pérformance was obtained when the
ZrH2 pressure was <1 Torr; at 600°C. An explanation may lie in differences
between sticking coefficients. The rate of surface exchange is limited by
the rate at which gas molecules bgéome incorporated in the solid. At equilib-
rium this rate is proportional to the dissociation pressure and to the stick-
ing coefficient. It is possible, therefore, that the slow rate of MgZNiHX is
due to a small value of the latter. Another possibility is that in ‘some cases
the exchange rate is limited not by the surface reaction but by subsurfacé
diffusion. .The compound MgzNin is saltlike, whereas the other hydrides -

tested are metallic; a difference in diffusion coefficients is likely..

c. Dual-Temperature Experiments

As mentioned in the Introduction, a simple isotope separation process
can be based on a hydride that has a temperature-dependent isotope effect.
Vanadium has such a prOperty,l and, since its chromatographic behavior had
been demonstrated, we decided to test the unit process that might be made the
basis of a separafion plant. The method was to equilibréte a column of
vanadium hydride like those described above with flowing tritium-traced
hydrogen at a low temperature. Then, as quickly as possible, the temperature
was raised. The separation factor being thus decreased, the gés stream

should pick up tritium from the solid. A "front" of higher tritium
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concentration should form, move slowly through the column, and eventually
‘break through, to be detected by the downstream pfoportional counter. When
the temperaturé was then lowered to its original value, the incoming gas
should begin to give up tritium to the solid, and a front of the opposite
sense form. The more efficienf the column, the greater the difference in the
two effluent tritium concentrations and the greater the volume passed between
breakthroughs. 4 ’

The ideal ratio of the tritium concentrations in the high and low tem-
perature effluents can bé shown to be equal tu the square of the ratio of
the two separation factors. Let the tritium-hydrogen ratios be denoted by t,
with subscripts as follows: g, gas in column in equilibrium with solid
hydride; s, solid hydride;‘l, at lower temperatutre; 2, at higher temperature;
0, in the incoming gas stream; e, in the effluent gas stream. The separation

factors, o, are then defined at the two temperatures as a and

17 1751
Consider the case of a column equilibrated throughout with

‘When

0 =ty o/t o

gas of composition t, at temperature 1. For the solid, t

= t..
0 s,1 - %170
the temperature is raised, the gas in the column and in the early stages of

effluent acquires the composition t o /az,'since the amount

g2 = ts,1/% =.%o%
of hydrogen in the gas phase is negligible compared with that in the snlid,

The continued influx of gas at t., will eventually cbnvert all the solid to a

0

composition t = azto, and the effluent concentration will be LLe same ac

2
the incoming.s’Now let the temperature be lowered again. The concentration
of the column gas, and the efflﬁent, becomes tg,l = dzto/al. The ratio of
the effluent concentrations immediately after the temperature changes is
Lheretore ‘

/tg 1= (al/az)z.

To see whether actual systems performed as predicted, a series of runs

t .
852

was carried out iu which tritium-traced hydrogen was fed to vanadium columns
. while they were cycled between 0° and 70°C. In an illustrative run (No. 82),
of which a curve taken from a recorder trace is shown in Figure 12, the

conditions were as follows: column, 2 ft x %-in.-o.d. stainless steel tube;
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charge, 22.965 g commercial vanadium, 10 to 20 mesh; gas flow rate, 34.5
cc/min; pressure, 17.5 psia. Each half of the two-temperature cycle lasted
1% hr. At the end of each half-cycle the column was valved off and one con-
stant-temperature bath was replaced by another. One hour was then allowed to
elépse for equilibration before flow was resumed at the new temperature.
Figure 12 shows that appreciable isotope separation did indeed occur.
For instance, compare the maximum activity value in the 70° half of cycle 1,
about 51, with the minimum in the subsequent 0° half-cycle, about 41.5. - If
these are corrected for a background reading of about 2 (not shown), the
resulting ratio, 49/39.5 = 1.24, provides a tentative value for (aoo/a 0°)
For practical purposes, it is not the maxima but the average values of
the effluent concentrations in the two half-cycles Lhat arc of interest. The
activity vs. time curves were usually far from level, often with even more
curvature than Figure 12 shows. A possible measure of column merit is the
area, A, between a half-cycle curve and aarefe:ence line corresponding to the
activity of the incoming gas. In practice, this line is drawn in such a way
that the areas for the two half-cycles are equal.and opposite, as nearly. as
possible, for reasons of mass balance. Instead of a numerical value of'A,'
it is convenient to use its ratio, R, to the arva bLetwcen the reference line
and rhe time axis, bdth,being corrected for background; this gives a frac-

tional enrichment or depletion. For rum No. 82, some values uf IR arc as

follows:
cycle 1: Q° 0.075 cycle 4:  0° 0.082
70° 0.080 70° 0.076
rycle 2: 0° 0.080 cycle 5:  0° 0.064
70° 0.081 70° 0.054
cycle 3: ov 0.061
70° 0.085

That is tn say, the 70° effluent averaged about 8% richer in tritium than
the incoming hydrogen, and the 0° effluent was depleted by an cqual amount.
For any particular pair of half-cycles the material balance was often

defective, but over the whole .series it was fairly exact.
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These results are typical of a large‘number of runs,. if allowance is
made for a'good.deal of scatter. It.proved very difficult to reproduce any
experiment exactly, and the effects of minor changes in the variables could
not be determined because of random variations. Some runs gave less fa-
vorable results than the one illustrated; a.few showed much better perfor-
mance. The general trend was such that we believe a result as good as that
of run No. 82 could be readily achieved in a repetition of this work.

One complication worth mentioning was the tendency for performance.to
deteriorate during the course of a series. This may have been due to impu-
rities in the hydrogen, although stringent precautions were taken. Another
problem may have been caused by our practice of adhering to uniform time
cycles. This sometimes resulted in changing the temperature before a column
had been completely converted to the current-temperature equilibrium con-
dition; such a situation can result in a subsequent concentration vs. time
curve that is difficult to analyze. Finally, it is probable that in the low

temperature runs some VH, formed, since pressures of 50 to 70 psia were ob-

served when a column waszvalved off and heated to 70°C. Our experience with
band-passage experiments, described abo?e,'suggests that VH2 formation is
best avoided. )

Before perfecting a V-H process, it was -deemed advisable to test the
dual-temperature column process on another system, Pd-H. This system has a
large isotope effect which is in the opposite direction from that of vana-
dium; that is, the heavier isotope forms the less stable hydride. . In both
cases, the isotopic difference increases as the temperature is lowered, as
illustrated in Figure 1. Thus, a palladium column used in a two-temperature
cycle will retain tritium in the high temperature period and release it on
the low temperature side. The two types of behayior are equally suitable
for a practical separation process.

A column was therefore charged with a mixture of 5 g palladium black
and 5 g Chromosorb W, of mesh size 100 to 130. The palladium, sppplied by
Engelhard Industries, had a surface area of 25 mz/g. The charge filled

84 em of a %-in.-o0.d. stainless steel tube like that used for vanadium runs.
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Band-passage experiments having demonstrated chromatographic behavior but
with a much shorter retention time than for vanadium, several dual-
temperature runs were carried out. Figure 13 shows the record of a repre-
sentative run, No. 87. The conditions were column pressufe, 26 psia;
temperature extremes, 0°C and 70°C; flow rate of tritium-traced hydrogen,
2.5 cc/min; length of half-cycle, 50 min on the first two cycles, 1 hr
thereafter. _

Examination of the trace shows release of tritium at 70°C and pickup at
0°C, as expected. -Several other conspicuous differences from the vanadium
results were noted. Concentration extremes were greater, breakthrough came
sooner, and separative efficiency was higher. The maximum tritium concen-

. tration in the 0°C effluents averaged 46.5, in the relative activity units
shown on the chart; the minimum in the 70° half-cycles averaged 27 units.

The ratio of these numbers is 1.72, which is the square of 1.31, the ratio

r = a70°/d0°. This may be compared with the value of 1.29 derivable from the
Pd:atp line of Figure 1. The agreement is quite good.

As with vanadium, the average tritium enrichment and depletion are more
important than the maxima. As described above, the areas between the half-
cycle curves and a reference activity line can be used as measures of sepa-
rating efficiency, or the ratios, R, of these areas to the area between the
reference line and the time axis. ‘The question Lhen arises, how long a timo
period should be chosen? In the palladium runs, the peridod of effluent en-
richment or depletion was always less than the pre-set 50- or 60-min duration
of the half-cycle. To obtain a fair value of R, one shduld consider the
half-cycle complete as soon as the effluent concentration returns to that of
the input gas‘and calculate the reference area accordingly. Such handling
of the results of run No. 87 gives the data shown in Table 5. In spite of
the scatter, the separation efficiency clearly was morc than twice that of a
good vanadium run.

. To conclude, it is probably fair to say that our results give reason to
hope that an isotope separation process based on the principle described is

a real possibility, but thal wmuch more research ncedc -to be done before its
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- economic viability can be calculated. More metal hydride substrates should
be tested, eachjuhdér_a_ﬁide-fange'éf.temperaturE, pressure, flow rate,.
particle size, etc. In recent years;'i50£ope effects.have been determined
for a number of newAalloy—hydrogén systems, and some of these appear quite
promising forvchrbmatogréphic purposes, e.g., the titanium alloys reported
by Tanaka et'al.-12 o ‘

We are grateful to A. Holtz for help in preparing‘cpluﬁns, to
G. Strickland for calculations of coiumn efficiencies, and to R.rBenenati

and D. MacKenzie for helpful-advice.

) ‘ Table 5 A _
Results of Dual-Temperature Experiment on Palladium Hydride (Run 87)

*

Cycle . Temp., °C Time, Min Area ratio, RT
1 0 o 30 0.326
70 Lo 40 - N 0.145
2 .0 - 30 0.235
70 45 0.191
3 0 " 30 0.183
70 40 0.168
4 0 45 0.198
70 50 0.174
5 0 - ' 40 0.153
0.162

70 42

*
Time from temperature change to retu¥n of effluent concentration to that of
input gas. ‘ -

T . . o . .
Average fractional increase (or decrease) of tritium concentration in the
0° (or 70°) effluents.
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