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1 ABSTRACT

A study was made of the properties of metal hydrides
which may be suitable for use in chromatagraphic separation
of hydrogen isotopes. Sixty five alloys were measured, with
the best having a hydrogen~deuterium separation factor of
1.35 at 60 degrees C. Chromatographic columns wusing these
alloys produced deuterium enrichments of up to 3.6 in a
single pass, using natural abundance hydrogen as starting

material.



2 _INTRODUCTION

The metal hydride chromatagraphic method of separating
hydrogen isotopes makes use of the ability of same metals and
intermetallic alloys to reversibly form solid metal hydrides
when in contact with gaseocus hydrogen at room temperatura ard
pressure. Many of the deuteride analcgues of these wmetal
hydrides are less stable than the normal hydrides and
therefore exhibit a higher hydrogen equilibrium pressure. If
the stability difference is large enough and the equilibrium
between hydrogen gas and hydride is sufficiently +fast, a
chromatographic coclumn filled with a metal hydride forming
metal can be used tp separate deuterium Ffrom a deuterium-

hydrogen mixture.

The method differs from the usual chromatographic
technique in that no carrier gas is used, The
chromatographic column is initially filled with argon. The

deuterium-protium mixture is ther forced slowly into one end
of the column, pushing the argan out the other end. As the
hydrogen stream enters the column it flows thraough hydride
already saturated with tydrogen until it reaches unsaturated
metal, where it is absorbed ta form more hydride. As the
hydrogen flows down the saturated part of the column, it
isotopically eguilibrates with the hydride and becames more
enriched in deut srium, while the hydride becames
deuterium-depleted. When this deuterium—enriched hydragen
gas reaches unsaturated metal and reacts it forms a hydride

enriched in deuterium, which then further erwiches the gas
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passing aver it. Thus the deuterium in the incoming hydrogen
stream is concentrated at the boundary between hydrogen and
argon as the boundary is pushed down the column. When the
boundary reaches the bottom of the column, the first hydrogen
gas to come off the column will be greatily enriched in
deuterium. The bourndary between hydragen and argon remains
sharp as it moves down the column because of reaction of
hydrogen with unhydrided metal at the boundary prevents
hydrogen from diffusing into the argon.

I+ the column is only partly filled with deuterium-
containing hydrogen and this hydragen is then pushed out with
hydrogen which bas been depieted of deuvterium, all the
deuterium can be concentrated in the Hhydrogen which first
comes off the cclumn. The maximum fraction of the column
which can be filled with undepleted hydrogen depends on the
gas~sniid bhydrogen isotope separation factar of the metal

tiydride. This fraction F is approximately
(1) F = {5-1)/8

where S is the separation factor, which is defined in Section
I.5.

Chromatographic separation of hydrogen isotopes was
first reported by Glueckauf and Kitt in 1957 [11. They used a
column packed with a mixture of pa!ladium black and
asbestos. A single pass through this column was enough to
concentrate the deuterium :in a hydrogen mixture containing
twa perce: ¢ deutorium into a band which contained over ninety
percent decterium. Palladium has a hydraogen—deuterium
separation factor of two and easily faras reversible hydrides
with gaseous hydrogen. This method of deuterium separation
would ba cammercially superior to the methods now used if

palladium were less expensive.



3 EXPERIMENTAL

3.1 MATERIALS

All the elemental metals used were commercially pure,
with purities ranging +$ram 99.9% for most of the metals to
397 for some of the rare earths. The gases were 99.9%9%Z pure,

except far the deuterium which had an isotopic purity of 97%.

3.2 PREPARATION DF INTERMETALLIC CCMPOUNDS

The intermetallic compounds were prepared hy arc melting
of the elemental metals in a water cooled copper boat under
en argon atmaosphere. Each of the samples was melted at least
tive times, with the sample being turned after each melting
to insure homogeneity.

With some allaoys an excess af the maore volatile element
bad to be added sa that the final allay would have the
desired composition. In a few allaoys the velatility of the
elements made arc melting impossible and samples were
prepared with a muffle furnace by melting the elements in a
zirconium carbide crucible under an arjon atmosphere or
sealed Iin a quartz ampoule. The composition of the samples
wag verified by atomic absarption analysis. Samples were
annealed under argor for 24 hours at 800 to 1000 degrees

centigrade. five to ten grams were prepared for each tun.
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Kilagram quantities of some ABg type compounds were purchased
from Nucor Carp. ar Ergenics Corp., far use in column
experimants.

Many of the compounds spontaneously fractured into a
fine powder when they were hydrided and those wihich did not
became so brittle that they could easily be powdered with a
mortar and pestle. The powdered compounds oxidized rapidly
on expasure to air, and were prepared and stored under an
argon atmosphere. In same column experiments the
intermetallic powders were size graded with sieves and only a

selected size range was used in the column.

3.3 HYDRIDE PRESSURE-COMPOSITION ISOTHERMS

Pressure—-composition isotherms were measured with the
apparatus shown in simplified faorm in Figure 1. The volume of
the part of the system labeled A was calibrated and could be
changed by changing the auxiliary wvolume, labeled B. Both the
auxiliary velume and the sample cell were made +from high
pressure stainless steel plumbing fixtures. Pressure was
measured with a madel DP-15 Validyne pressure transducer.
After the sample was placed in the sample cell and the cell
was evacuated arnd thermally equilibrated with an ail bath,
the gas volume of the cell was measured by expanding argon
gas from subsection A& into the cell.

The cell was then evacuated agein and the sample
hydrided. Hydrogen was admitted to part A of the system, its
pressure was measured, and it was expanded into the cell.
The 1initial hydriding was usually slow, requiring several
hours to several days at pressures up to 65 atmospheres.
After several hydride—dehydride cycles were campleted, the

pressure composition isotherms were run. The prassure



transducer and the valves were interfaced with a Digital
Equipment LS5I-11 computer which ran the experiment.

fAn absorption isotherm was obtained by admitting a small
amount of bhydrogen through valve 1 inta the calibrated
volume, then opening valve 2 to allow the hydrogen o
equiljbrate with the sample. When the pressure became
constant, valve 2 was closed and more hydragen was acmitted
through valwve 1. The processe was contipued until the
equilibrium pressure had increased to a predetermined value.
Usually the hydrogen pressure was increased by 0.1 to 0.2

atmosphere per step.

t————— Volume A — =
Mass Validyne
spectrometer — pressure
inlet transducer
Vacuum _ — Gas
pump supply
VMVej
3 Valve
2
Sample
cell
Figure 1 System for measuring pressure-—

composition isotherms




A desarption isotherm was then ohtained in a similar
manner by removing hydrogen from the calibrated volume in
small increments through valve 3. The desorption-equilibrium
cycle was repeated until all the hydrogen had been removed.
The caomputer used the measured changes in prassure and the
known volume of variocus parts of the system ta calculate the
total amount of hydrogen in the system after each step and
the fraction in the gaseous and hydride phases. The computer
also plotted the absorption~desorption isaotherms. It took
from two to twelve hours to obtain the data for each sample.

The system shown in Figure 1 was also used to measure
the speed with which an intermetallic alloy absorbs
hydrogen. The calibrated volume was filled with &5
atmospheres of hyvdrogen, valve 2 was opened, and the pressure
was monitored by the computer until it became constant. The
computer then calculated the time regquired for the hydride to
reach various fractions of final saturation.

It was hoped that this type of experiment would provide
some kinetic infarmation about how fast hydrogen molecules
disgociated at the hydride—gas interface and how rapidly
hydrogen atoms diffused inta the hydride. The hydriding
speed was so strongly related to the equilibrium hydrogen
pressure of the individual hydride being studied that kinetic
canclusions cauld be drawn only in the few cases when
hydrides with nearly equal equilibrium pressures were being

studied.

3.4 DETERMINATION OF HYDROGEN ISOTOPE RATIOS

The apparatus for determining hydraogen isotaope ratios is
shown in Figure 2. The mass spectrometer is a Nuclide model

3-60-HD magnetic deflection type system equipped with dual



Mass
spectrometer

Neeadle

Sarnple
monifold

Pressure
gauge

Yacuum
pump

Figure 2 Mass zpectrometer inlet system

Faraday cup detectours for simulitsnepus recorcinD of ¢ asses

and three. The instrument is capahle of rocaording
ne

two

natural abundance HD with a reproducibility of about

It is equipped with a mercury diffusion pump and
during a

percent.
the sample gas was continuausly pumoed through it
measurement. A gas sample to be analyzed was introduced into
the wvolume marked A and the pressure adjusted to 0.2
atmosphere. The leak valve was then adjusted to give a

pressure of 4 ¥ 1077 turr inside the mass spe:trometer.
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Some fractionation of H and HD occurs: at the leak
valve. Experimental error due ta tkhis fractionation was
minimized by ‘alwavs running the system with the mame pressure
at the leak valve inlet. An additional error was introduced
by the formation of H3+ irside the nass spectrometer. This
appears with HD as part of tne mass 3 peak. The
concentration of this ion fluctuated from day to day and was
a functian of both background pressure and nydrogen pressure
within tte mass spectrometaer.

Bo h the fractionation and H3+ effects were compensated
for Ly running a hydragen standard through the mass
spectrometer immec-.ately after each run, using the same inlet
pressure as the sample ran and a range of mass spectrometer
pressures above and brlow the sample pressure. A calibration
curve was calculatad from this data and the sample data was

corrected using this curve.

3.5 DETERMINATION OF HYDRIDE SEPARATION FACTORS

The hydrogen isotope separation factor S is defined as

the ratio
(2 S = (D/H)gaS ! (D/H)snlid

in a closed system where hydrager gas and a metal hydride are
in equilibrium. 1In this study, which was done using hydr ogen
containing less than 0.1% deuterium, the separatction fac:or
was experimentally determined from the ratio

3. (HD /H5) 7 (HD/HoY co1id

gas

rreom



which is the same as the ratio in Equation 2 when low
deuterium to protium ratios are used. The (HD/H5) g i0
Equatian 3 refers to hydragen gas which has been desorbhed
from the hydride after aquilibration. When the hydrogen is
in the metal hydride, it is in atomic rather than molecular
form.

Before a ssparation factor wmeasurement, the hydride was
allowed to egquilibrate with gaseous hydrogen, at a pressure
high enough to saturate the hydride, for at least 12 hours.
A small amount uf the gas was then drawn off and its isotopic
ratio measured. The gas phase was then pumped off and the
pumping continued wuntii about half of the hydrogen was
removed from the hydride. At this point the hydrogen being
pumped from the hydride was trapped and used to measure the
igotopic ral:o of the hydride hydroven. This method gave the
same isotopic ratio for the hydride as would analysis of all
the gas 'desorbed from the sampie. Fipure 3 shows the
isotopic compozition of the gas being removed from the
hydride as a function of the fraction of the total hydroger
desorbed.

The isotopic ratio is constant until 95% of the hydrogen
has been removed for all the ABg compounds tested. Palladiom
hydride hehaves in a different manmer, with the deuterium
concentration decreasing monotonically as the hydrogen is
depleted. The isotopic ratio af the hydrogen from palladium
hydride could not be determined by measuring the hydroge:.
trapped after half of the hydragen had been removed. With
palladium all the hydrogen desorbed had to be trapped and
analyzed since its isotopic ratio changed as the desaorption

progressed,
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Figure 3 Deuterium content of hydrogen removed fram

metal hydrides

I.46& SEPARATION COLUMNS

3.6.1 PREPARATION OF THE COLUMNS

The columns were made of heavy-walled brass or stainless
steel tubing with a maximum length of 75 centimeters.
Columns longer than 75 centimeters were made of multiple 75
centimeter sections. The sections were joined with Swagel ok
fittings and could be sealed at each end so that air would
not enter during filling. Before a column section was filled
with hydride it was evacuated, filled with arga~, and then

sealed. The column was then placed in an argon atmosphere

11



inside a glove bag, opened, and filled with hydride powder.
As it was filled it was tapped to insure good packing. If
spacers were used they were drapped down *he column each time
a measured amount of hydride mixture was added. After each
column section was filled, it was sealed bafore the glove bag
was removed so that the hydride was never exposed to air. In
columns where the hydride was mixed with other material, the
mixing was dane by placing all the companents in a glass
bpttle under argon and turning the bottle until the material
was uniformly mixed.

After the column was prepared 1t was placed in a
thermostated o0il bath and run  through several hydride-

dehydride cycles before measurements were made.

3.6.2 COLUMN ENRICHMENT EXPERIMENTS

The experimental apparatus for calumn deuterium
enrichment experiments is shown in Figure 4. Experiaents were
run at pressures of 15 to 60 atmeosphere:: The column was
first filled with argon at the desired pressure. Needle
valve 1 was adjusted to provide the desired fiow rate and
needle valve 2 was adjusted to provide the standard 0.2
atmospihiere pressure at the mass spectrameter leak valve
intet.

When the flow rate and system pressure were stabilized,
the gas enkt=ring the column was changed from argon to
hydrogen and the run was started. When hydrogen appeared st
the bottom of the column the Hp level rose to a steady value
while the HD level rose to a peak due Lo its enrichment at
the argon—hydrogen interface and then fell to a steady
value. The ratiao of the peak HD concentration to the

steady—-state concentration will be defined as the enrichment

iz
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factor, to distinguish it from the separation factor defined

earlier. An example of a typical separation run 1is shown in

Fiqure S.

Pressure pump
transducer

Mass
spectrometer

Figure 4 System for column enrichment experiments

13



3 l T T ] ] ;
Mass 2 ]
= -
b=
=
¥y b—
@
£
Q
§ 3+ ]
a2
@ Mass 3
S 2 .
Ti— H3+ —
e e e
1 ] ! I 1
0 1 2 3 4 5
Minutes

Figure 5 Column output of hydrogen isotopes vs time
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4,1 METAL HYDRIDE PROPERTIES

Many reversible metal hydrides were surveyed in a search
for the best compounds to use in separation columns. Many aof
these have been investigated before but only a few of them
have had previous measurements made of deuterium hydride
properties or of separation factors. References to other
work on these compounds are included in the tables. Most of
the compounds were the ABg type where A is a rare earth or
calcium and B is a transition metal. This type of
intermetalilic hydride was accidentally discovered in 1970
during research on rare earth cohalt magnets with the ABg
zrystal structure, and mony other examples were quickly found

[23.

4.1.1 LANTHANUM BASED ABg COMPOUNDS

LaNt (5-x) My

Absorption isotherwms for some of these compounds are
shown in Figures & and 7. Oth=r properties ars summarized in
Table 1, The cclumn in the tables labeled "Hydrogen Atoms per
Molecule nat Removed" contains the amount of hydride hydrogen
not removed by pumping on the sample far one half hour at &0
degrees C. The "Sep~ration Factor" columns contain separation

factors measured before and after multiple hydride-dehydride

15



cycles. This is explained in detail in Section 4.1.5.

f.aMig. This has a larger hysteresis loop with deuterium
than with protium. The curve is the clasest of all the
allpys studied to the theoretical flat plateau. The binary
alloys usually have this type of curve while most of the
ternary allays have curves with sloped plateaus.

LaNigzAl. Substitution of aluminum for part of the nickel
gives a higher separation factor, a lawer equilibrium

pressure, and reduces the hydrogen capacity by 2 factor of

twa. The hydriding is very slow, as if the aluminum has
poisoned the surfece. Much aof the tydrogen <an not he
removed at &0 degree=s C during the desorptian run. The

hydrogen was desorbed between runs at about 200 degrees LC.
LaNiy 5Al 5 also has a much lower equilibrium pressure than
LaNig, but the pressure is high enaugh for all the hydrogen

to be removed during the desorpition cycle.

LaNine_ This has an eqguilibrium pressurg about half as
high as Lal\ii5 and a lower hydrogen capacity. A sample of
LaNisFez absorbs four hydrogen atoms per molecule of metal
but 70% of the hydrogen car not be removed at 200 degrees C.

LaNi4Zn. This has deuterium and hydrogen isotherms which
are almost identical. The zinc reduces the equilibrium

pressure by sixty percent.

LaMNi g_y, Cuy

A series of compounds were studied wWith varied ratigs of
nickel to copper. All have a sloped plateau and a deuterium
capacity which 15 1less than the protium capacity. The
equilibrium curves for these compounds are shewn in Figures 8
and 9.

lLaNiCuy he=z a separation factor of 1.32 at &0 degrees C.
and was used in the first successful column isctopic

separation experiments. Some samples were prepared with part

16




of the copper replaced with aluminum. These samples have
lower hydrogen equilibrium pressures and higher separatian
factors, but equilibrate slowly and must to be strongly
h :ated to remove all the hydrogen from them. Aluminum 15
known to lower the eguilibrium pressure of #ABg compounds

L71L831.

TABLE 1
LANTHANUM BASED ABg, COMPOUMDS AT &0 DEBREES C

COMPGUND HYDROGEMN ATOMS SEPARATION REFERENCES
FER MOLECULE FACTOR
ABSORBED NOT BEFORE AFTER
REMOVED CYCLES CYCLES

LaNig &1 0.1 1.08 i.08 2,%,4,5,6
LaNi 4A1 3.8 2.7 1.29 - 7,8
LaNig sAl, 5 5.5 0163 1.15 - 7,8
LaNi4Fe S.0 0.2 - - <9
LaNisFex 3.9 2.B - -

LaNigZn 5.8 0.6 - - 9
LaNi=Zn, 4.2 1.5 - -

LaNi 4Cu 4.8 0.1 - - 2,10
LaNi zCu- 4.0 Q.15 - - 10
LaNi 5Cux 4.7 0.2 - - 10
LaNiCuy, 3.5 a.2 1.32 - 10
LaNiAlCuE 2.95 1.23 1.32 -

17



TABLE 1

CONTINUED

LANTHANUM BASED ABg COMPOUNDS AT &0 DEGREES C

COMPAUND HYDROGENM ATOMS SEPARAT ION REFERENCES
PER MODLECULE FACTDR
ABSORBED NOT BEFORE AFTER
REMOVED CYELES CYCLES
LaMig gl sCug 2.95 0.36  1.55 -
LaNi,A1Cuy 3.32 1.8 1.31 -
taNi s s5Con g - - 1.05 1.07
LaNi4C0 5.890 0.33 1,00 1.03 i1
LaNig Co, o - - 1.04 1.03 11
LaNi<Co, 5.05  ©0.28 1.075 - 11
caNiy gCoy o  5.37 0,02 1.13 1.12
LaNip ,Cop x  S5.18  0.09  1.15 -
LaNig_ ,Cop ,  S.42  0.13  1.18 -
LaNiyp_ aCos 5.45 0.12 1.12 - 1t
LaNiy <Cap, 5 4.8 0.05  1.17 -
LaNip oCop. g 4.96 0.0t i.20 -
LaNiZCG3 4.78 .03 1.23 - 11
LaNi; 5Coz =  4.28  0.13 1.28 - 11
LaNiCn4 4,32 G. 13 1.31 - 11
LaNi0_5C04_5 3.94 0.48 1.2 - 11
LaNig »Cay.g 3.0 .51 1.25  1.23
LaCDs X.40 0.44 1.20 1.16 11

18
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LaNjIS,x,Cux
A series of compounds were studied with these

comonpsitions. The desorption isotherms:for these compouriys
are shown in Figures 10 and 11, Separation factors were also
measured for this series of compounds. They are shawn in
Fiqure 12. There is a sharp break in separation factor at a
composition of iaNi, sCos s.

These campounds w2re previously studied by Van Mal et.
al. who measured desorption isotherms and crystal lattice
param=ters [11]. They showed that there is a sharp break in
the crystal lattice parameters at = romposition of
LeNin gC05 g, the same composition at which the separatian
factor discontinuity 15 observed here. The alloyes rich in
cobalt, including LaCag chow 2 two plateau desorption curve
with +the second plateau shnwing a twofold increase in
equilibrium pressure when deuterium is substituted far
protium (117{133. The separatian factors are much lower than
these pressure ratios. The =alloy LaNifo, has thz best
separation factor of this group and was used in many column
experiments.

The deuterium—to-hydrogen r - ateau pressure ratios
measured from the curves do not correlate well with the
measured separatiom, factors. For axample, Figure 11 shaows
that the ratio of Geuterium to hydrogen plateau pressures is
1.27 in LaNi lo hydride and is 1.1i0 in LaNi, gCon - hydride.
The measured separation factaors are 1.03 far LaNigzCao and 1.12
for LaNij gfop - The compound with the larger pressure ratia

has che smaller separation factar.

23
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4.1.2 CALCIUM BASED ABg COMPOUNDS

Many campounds af the general farmula CaMg were
prepared. All those which formed hydrides contained at least
same nickel in the M component. Usually a better ceparation
factor is cobtained with compaunds which are slightly calcium
deficient, with a composition of about 0.8-0.9 calcium atom
per molecule.

CaNig has &2 large bhysteresis loop and a two step
plateau, with about +ive hydrogen atoms absorbed per
Its separation factor is extremely variable from
Many compounds

molecule.
sample ta sample, ranging from 1.0&6 to 1.20.

26

e e a o= et o,



were prepared where part of the nickel was replaced with
other elements. Most of the substituted compounds are not as
satisfactory as CaNig for use in separation coluans, with
lower hydrogen capacities, lower separation factors, and in
same cases slower absorption and desarption times. A summary
af their properties is shown in Table 2, and a comparison of
some of their desorption isotherms is shown in Figure 13,

A series of compounds with the general formula
CaNi(5_x)Cux were prepared. CaNigCu has a higher and more
reprocucible separation factor than CaNig. CaMNizCu, has about
the gcame separation factor as CaNii4Cu, but it has a lower
equilibrium pressure curve, making it harder to remove all
the absorbed hydrogen, and it equilibrates slowly. CaNi 4Cu

and Ca gMNizlu were used in column separation experiments,

which are described in section 4.2.
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TABLE 2
CALCIUM ABg COMPOUNDS AT &0 DEBREES C

COMPOUND HYDROGEN ATOMS SEPARATION REFERENCES
PER MOLECULE FACTOR
ABSORBED NOT BEFORE AFTER
REMOVED CYCLES CYLCLES

CaNisg 5.27  0.03 1.05 1.13 10,12,13
CaNi 4A1 1.62 1.16 1.37 -

CaNi 4Si 1.1 0.79 1.08 -

CaNi 4Cr 1.25  0.866 1.19 -

CaNigTi 0.70 0.19 1.02 -

CaNi 4V 0.94  0.14 1.14 -

CaNi gMn 2.11 1.59 1.11 -

CaNi 4Co 1.83  0.45 1.20 -

CaNig sCog.5  4.05  0.50 1.04 1.14

CaNi, sMgg.s  5-42  2.42 1.05 -

CaNig sMog 5  3.18 1.35 1.0a -

CaNiy sAly. 5 3.19 1.45 1.35 -

CaNi 4Mg 4.60  ©.S8 1.15 -

CaMig =Cugp 5  4.55  0.38 1.07 1.20 14
CaNi 4Cu 5.12  0.77 1.12 1.32 14
CaNig slity g  4.59  0.77 1.16 1.27

CaNi 3Cus 3.74  0.63 1.17 1.23
Cag_gMig 3.50  0.06 1.03

Caq_gNig4Cu 3.73 0.21 1.07 1.30 14
Cag_ gNi=Cus 2.95  0.38 1.19 1.27

Ca,  5NigLu 6.16  2.43 1.0% 1.30

Ca; oNizCu, 4.69  2.29 1.15 1.23
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4.1.3 OTHER ABg COMPOUNDS

Attempts were made to improve hydride performance by
substituting other elements far part n¥ the lanthanum or
calcium in the A part of the alloy,.

Substitution of cerium for part of the calcium in
CaNi Cu or Cag gMijsCu increases the equilibrium pressure and
reduces the fractian of the hydraogen which could not be
easily pumped off, but it also decreases the separation
factor. An attempt was made to use Ca_gle oMNijsCu in a column
but its equilibrium pressure was too high for satisfactory
column operation.

Substitution of zirconium for part of the calcium
redures both the equilibrium pressure and the separation
factor. The use of mischmetal pr cerium—free mischmetal for
the A part of the campound always gives separation factors
near unity. Similarly, the use af lanthanum—calciui. wmixtures
gives compounds with separation factors which are too low to
use for deuterium separation. These results are summarized

in Table 2.
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OTHER COMPOUNDS AT &C DEGREES C

TABLE THREE

CUMPOUND HYDROGEN ATOMS SEPARATION REFERENCES
PER MOLECULE FACTOR
ABSORBED NODT BEFORE AFTER

REMDOVED CYCLES CYCLES
Cag, yslag, gsNig 5.6 0.10 - 1.04 10
Cag, slag sNig 3.90 Q.11 - 1.02 10
Cag glag gNigCu 3.89 0.03 - 1.12 10
Cag, gCep_ oNigCu 3.09 0.0t 3.00 1.21 10
Cag, 4Ceqg. oNi4Cu 4.28 0.08 1.03 1.23
Cag girg, oNisCu 3.33 0.24 1.09 1.27
Cag, g2rg. oNigCu 2.99 0. 14 1.04 1.22
MmCas™® z2.97 0.24 - - 15,16
MmCog** 2.80 0.20 1.05 -
NiTi, 3.90 3.34 1.11 -
Irg.gTig.oMnp  2.85 0.32 1.07 1.07 17,18
Laﬂg2 2.78 2.45 1.12 -
Pd 0.78 0.3 1.60 1.56 b
Zrtin - 3.63 Q.49 - 1.03
* Mm = mischmetal
** Mm = cerium free mischmctal
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4.1.4 NON-ABg COMPOUNDS

FeTi and CaMgy, and some other compounds of the same
crystal types were stdied in preliminary screening
experiments. pNone  of these compounds ig useful for
separation.

Palladium is already known +or its hydriding properties
and has been studied by many investigators. Its separation
factor and pressure—composition isotherms were remeasured
here ta provide calibration for the apparatus and a baseline
for camparison with other compounds. The separation factor
found here for palladium is 1.55, while other investigators
have found values near 2.0 (11, The measurements reported
fiere were made using hydrogen with natural abundance isotape
ratios, while +the previous investigators used deuterium
concentrations which were two or three orders of magnitude
higher. The data for palladium and the non fdg compounds are
included in Table 3. Only the compounds which would form

hydrides at 60 degrees C are included.

4.1.5 EFFECT OF REPEATED ABSORPTION-DESORPTION CYCLES

Many of the calcium based ABg compounds have separation
factors which can not be reproduced from sample to sample.
After many hydride cycles the divergent separation factors
change and become much more reproducible. It has been shown
that in LaNig a surface segregation pccurs in which lanthanum
forms an oxide and nickel forms metallic clusters an  the

sur face. This surface change continues during multiple
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hydriding cycles, with lanthanum diffusing to the surface and
oxidizing [193[201. This change in LaNig is seen at room
temperature. A similar change occurs on the surface of FeTi
but here a temperature of 200 to 400 degreec C is required
[21310221. It is thought that the nickel surface clusters
catalyze the surface dissociation of adsorbed hydrogen gas.

Experiments with calcium ABg compounds show that
separation factors change rapidly during the first hydriding
cycles and then stabilize after about fifty cycles at a
temperature of 100 degrees C. An example is shawn in Figure
14, This stabilization occurs much more slowly at 60 degrees
C, with some samples not reaching a stable separation factor
after bundreds of cycles. The separation factors shown in
Figure 14 were measured at 60 degrees C, but the cycling was
done at 100 degrees C.

No change in separation factor with multiple eycles is
seen with lanthanum compounds. I+ the separation factor
change is due tp the surface segregation ocewrring during
multiple hydriding cycles, the changg may not seen in
lanthanum compounds because the segregation occurs at room
temperature and the surface reaches a stable configuration
quickly after the compoaund has been pawdered by the initial
hydriding reaction.

In calcium compounds the surface reactions may be
slower, as in FeTi, and the greater atomic mobility braought
about by higher temperatures and the lattice changes caused
by hydriding may be needed to cause the postulated surface
changes to occur. X—ray measurements af crystal lattice
structure were made before and after multiple hydriding
cycles had changed the separation factors. The lattice
parameters were not changed by (e wmultiple cycles. This
suggests that the isotapic selettivity is connected with the

dissociation and reassociation of molecular hydrogen as



catalyzed by nickel reqgiaons on the surface. On the ather
hand the calcium compounds usually had a 1ower hydraogen
capacity after cycling, which would indicate that bulk
changes had occurred. This decrease in capacity aftter many
cycles has been seen with both LaNig and CaNig (1210233, It
is thought to be due to disproportionation of the hydrided

alloy into lanthanum or calcium hydride and nickel metal,

1.4 T T

Separation factor

10 | 1 J i
D 20 40 60 80 100

Number of hydriding cycles

Figure 14 Beparatian fa<tor of CaNigCu vs

number of hydriding cycles
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4.2 COLUMN SEPARATION EXPERIMENTS

4,2.1 LaNiCu,

The first column experiments were rur with a 6.5 millimeter
diameter, 75 centimeter long column packed with LaNiCuy. This
column enriched the deuterium concentration by only a factor
of 1.4. In later experiments the LaNiCu, was diluted with
Copper powder sSo that LaNiCu, was only 10%Z by weight. The
same column filled with this mixture had an enrichment factor
of 2.2. The added copper damped the temperature rise from the
exothermic hydriding reaction and increased the ratio of
gaseous to hydride hydrogen inside the column. With the
added copper about 15% of the column hydrugen was  in the
gasepus state, while without the copper diluent, only 3% pf
the column hydrogen was gaseous.

Columns in which the LaNiCu, was diluted with powdered
firebrick (instead of copper powder} gave emrichment factors
which were the same as those ohtained with undiluted LaNiCu4.
Since firehrick has a much lower density and thermal
conductivity than copper it can not provide significant
thermal damping but it does provide a higher gas to solid
hydragen ratio. This shows that the thermal damping effect
is the mure important one provided by the additien af tne
Copper powder.

Maximum enrichment with LaNijCu columns was found at a
pPressure of 27 atmospheres and at a flow rate of 100 cc per
minute of STP hydrogen. All the experiments with (.5
millimeter diameter columns filled with various hydrides

diluted 10 +ta 1 with inert material showed maximum
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enrichments at flow rates between 100 and 200 cc per minute.
This flaw rate represents the traditional gas chromatography
compromise between excessive back diffusion at slow flow
rates and lack of complete equilibrium at high flow rates.

Maximum enrichment was found at a temperature of 80
degrees C for columns which contain LaNiCug. All the hydrides
used in column experiments had separation factors which
decreese as the temperature 1i1ncreased. The best temperature
iz a compromise between high separatiaon factor at 1lower
temperatures and faster equilibrium at higher temperatures.

A column with a length of 225 centimeters filled with
the copper—-LaNiCug mixture had an enrichment factor of 2.4,

only ten perce “ higher than that obtained in 75 centimeter

calumns.

4.2.2 LaNiCoy

This gave much better results than LaNiCugq. A 75
centimeter column with the LaNiCo4 diluted to 10% with copper
gave an enrichment factor of 2.4 under the best conditians.
A 2259 centimeter column filled with the same mixture had an
enrichment factor of 3.46. The HD peak with the 225 centimeter
column contained three times as much HD as the peak from the
75 centimeter column. The 225 centimeter peak was 2.5 times
as wiwe as the 75 centimater column peak. Both coalumns
contained 5% of the cclumn HD in the peak. LaNiCog columns
have their best enrichment factar at a temperature of 100 to
120 degrees € and a pressure of S5 atmospheres.

Mixtures of LaNiCog and copper did not disperse evenly,
with the LaNiCo4 tending to clump and not disburse through
the copper. This is probably because LaNiCay is magnetic.

Some columns were filled with a mixture of LaNiCa4 and nickel
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powser. This gave a more even dispersion of the hydride
because nicke: is also magnetic but did not improve the
column performance. Either the uneven dispersion was not
important or the effect of impraving it was oifset by the

lower thermal conductivity of niclkel.

4.2.3 CaNi4Cu

The CaNigCu used in  column experiments was run through
enough hyilride cycles to stabilize the separaticn factor
before it was used to fill a column. Each packed column was
alsc run  through ten hydride cycles hefore it was used for
separatio~ experiments. CaNi 4Cu does not work well as a
calumn racki:'g material. A 7S centimeter column packed with
CaNij 4Cv diluted to 10% with copper powder gave an enrichment
factor of only 1.5 compared to 2.6 for the analagous LaNiCo,
calumn. The CaNijCu column gave its best enrichment at a
cemperature of 125 degrees C. CaNigqCu has about the same
separation factor as LaNiCo,q but a slower equilibration rate
and a lower hvdrogen equilibrium pressure. The slawer
equilibration rate probably accounts for the poaorer

ernrichment factor.

4.2.4 OTHER COLUMN EXPERIMENTS

Many experiments were run with LaNilo, columns ir  an
attempt ta improve column perfarmance. To determina if the
argon—hydrogen interface was flat or curved a column was
prepared with several lumps of pure LaNiCao,, undiluted with
copper, around the outer edge of the hydride mixture a few

centimeters from the top of the column. A centimeter nearer
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to the taop, another lump of LaNiCo, was placed in the center
af the hydride mixture. When hydrogen flowed down the column
the flow rate momentarily increas=2d when the hyd-ogen hit the
pure hydride in the center of the column, and then
momentarily increased again by a larger amount when hydrogen
hit the three lumps of pure hydride at the edge of the
coiuan.

When hydrogen flowed through the column in the reverse
direction the same increases in flow were seen when the
hydragen reached the pure hydride, now located near the end
of the reverse—flow calumn. The larger flow increase duc tag
the edge pure hydride now came first. The time interval
between the two flow increases +as the same in both
directions, indicating that the hydrogen—argon interface was
flat across the column. If the interface had been moving
dowr the column faster at the edge or center the time between
the twao flow increases would nat have been the same in both
flcw directions.

The small gain in deuterium enrichment seen when column
length 1is increased suggested that back diffusion was
limiting column performance. An attempt was made to slow the
back diffusiun of deuterium by placing brass spacers in  the
column. The spacers were shart cylinders with cone shaped
ends and a diameter slightly less than the inside bare of the
column. They were spacerd evenly down the celumn so that a 75
centimeter column contained about 20 of them. The increased
hydrogen velocity where the gas was forced to go around the
spacer should decrease back diffusion past the spacers.

The actual columns made with spacers showed improvement,
but the improvement was not dramatic.. Column enrichment
factors increased about 25%Z, and column performance still
fell off drasi czally as column length increased. The caolumns

could be run with about 30% lawer flaow rates than was
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possible without spacers before performance fell off. This
suggests that the column performance was being limited by
back diffusion. The dramatic improvement in cal umn
performance as temperature was increased suggests that poor
equilibrium was also a maijor limitation.

Thermal equilibrium may be anothter problem. The larqge
heat of hydride formation can raise the hydride temperature
so high that its hydrogen capacity is reduced. As the
bydride cools it will absorh more hydrogen. Isotopic
exchange and enrichment of the gas phase will not occur
significantly until the hydride is essentially saturated.
This will have an effect similar co slow isotopic
equilibration, but with an vpposite temperature dependence.

I+ the first hydrogen absorbed by a hydride +tcrming
maierial goes onto a site where it is more firmly bound than
hydrogen abscrbed when the hydride is already partly
saturated, then these first sites will contain the hydrogen
which is most enriched in deuterium. I+ these sites exchange
more slowly with the gas phase, then the deuterium separaticn
will be poorer. If these sites exchange toa slowly, then the
deuterium will he stripped cut of the peak, exchanged LEtack
into the gas stream in a reqgion where it is deuterium
depleted, and essentially lost. To test this possibiiity a
column run wWas made with 0.7 cc. of pure deuterium loaded
onto the top of the column at the start of the run. The HD
peak at the end of the run was six times higher and had an
area fifty times larger than the area of a run without added
deuterium. All the added deuterium was recavered in the HD
peak. The deuterium acded was less than 0.1% of the tntal
amount of hydrogen needed to saturate the column.

The deuterium was not stripped from the front of the gas
stream by any non-exchanging hydride sites. The HD peak was

nuch broader at the bottom of the column, with the maximum HD
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concentration in the peak only 0.3%, while the HD
concentration at the top of the calumn was nearly 100%.

In another run, 4.5 cc of pure deuterium was loaded onto
the top of the column at the start of the run. The maximum
HD concentration at the bottom of the column was 1.1%, and
the HD peak width was about the same as in the previous run.
It is not possible to tell from these experiments if the peak
broadening was caused by gas phase back diffusion ar by slow
equilibrium between the gaseous and hydride phases. These
experiments do shaw that the peak broadening is not a

function of the maximum HD concentration.
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S _DISCUSSION

The column experiments produced individual enrichment factors
of up to 3.4, but did not produce a large enough enrichment
and did not concentrate enough of the column deuterium in the
peak to be commercially practical. A practical calumn would
have to extract about 307 of the column deuterium into the HD
p2ak, ard the peak would need an average enrichment factor of
at least three. This would require a peak enrichment +factor
of ahbout eight, instead aof the 3.& actually obtainod. At tie
temperatures where +the best enrichment was occurring the
hydrides had separation factors of only 1.10 to 1.15,
Equation (1) shaws that only about {i% of the deuterium in
the cglumns could theoretically be concentrated in the peak.
Experimentally only 35S% was concenirated there, because of
incomplete equilibrium and back diffusian. Thtis percentage
did nat change when lpnger columns were used.

In a commercially operating sepsration plant the column
would probably be partly filled with the amount of hydrogen
from which the deuterium coula be extracted and then thic
hydrogen would be pushed down the column with hydrogen which
had been previously depleted. if only S% of the calumn isg
filled with undepleted hydrogen, then the amount of hydrogen
to be pumped is twenty times wmore than the amount to he
deplated in deuterium. The cost of pumping =nd compressing
this amount of hydrogen will make the method uneconomical
[253. A separation factor of 1.4 should require anly four

times wmare hydrogen to be pumped than the amount to be
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depleted.

A plate type caomputer model of a column war used to
calculate the effect on column performance of changing
various column parameters. The model is described in the
appendix. The model could simulate experiments by adjiusting
the =ceparation factor, degree of plate equilibrium, back
diffusion between plates, fraction of column hydrogen in the
gas phase, and amount of residual hydride in the column
betore the start of a run. Calculations using this model
suggest that both back diffusion and isotopic non—-equilibrium
are present to a large extent. The calculations show good
agreement with experimental data. As an example, the results
of a calculation are compared with a real column in Figure
15. The mpdel column had a separation factor of 1.12, 707
equilibrium, 13% onaseous hydrogen, and 40% back diffusion.
The experimental column was the same one used in Figure 5. It
was a LaMNigCo column with 15%Z gaseous hydrogen and a
separation factor of ~taut 1.12 at the 100 degree temperature
at which the run ¢ made. The =guilibrium and back
diffusiaon percentaces .'ere adjusted in the calculation to
give the best agreement with experiment.

Using the relations developed experinentally by Boser
[247 for absorption and desorption ra%es of LalNig as a
function of temperature, and assuming that the equilibration
rate follows the same temperature dependence, the percentage
of equilibrium can be calculated as a function of
temperature. The relative back diffusion rate can also be
calculated as a function of temperature change, since the
diffusion constant is proportional to the sguare root of
temperature. These, alang with the experimental separation
factors measured at different temperatures, can then be uw.d

to model changes in column perfarmance at different

temperatures.
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A comparison of experimental and calculated enrichment
factore is shown in Table 4. The parameters in the
calculation were adjusted ta give the best agreemenl with
eyperiment far the 795 centimeter column at 100 degrees C.
Thege parameters were then used to calculate enrichment
facrtors at other temperatures and with other column lengths.
Only the &0 degree calculation shows a large deviation from
the experimental result. The results show fair agreement
with experiment, and the calculations shaw that at lower
temperatures the increase in separation factor is offset by
much poorer equilibrium. The experimental perfarmance at
lower temperature is poorer than the calculation predicts.
This may indicate that isatapic equilibrium is slower than
the data of Boser wnuld predict. Diffusion effects are not
significantly changed by temperature changes o2 the range

used in these experiments.

TABLE 4
COMPARISON OF CALCULATED AND EXPERIMENTAL RESULTS
LaNiZog COLUMN

TEMPERATURE COLUMN ENRICHMENT FACTOR
LENGTH

DEGREES C M EXPERIMErT LCALCULATED
100 75 2.8 2.8
100 225 3.6 4.2
100 43 2.3 2.2
&0 79 1.7 2.5
120 75 2.7 2.6

43



4 ] ] ! 1
Experimental

—— ~— Computer motiel

Deuterium enrichment factor

Minutes

Figure 15 Comparison «f experimental and calculated

ccliumn performance

Incomplete desuvi'ption of hydrogen between column runs,
with 5% of the hyu-ogen not desorbing had little effect on
the column perfarmance, according to the computer
simulations. Since experimentally the amount of hydrogen not
remaved between runs was less than 5% at 100 degrees C, thie
is probably not a source of experimental error.

The computer model :iso shows that a column with s

separaticn factor of 1.30 would Ffunction well wich tha
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equilibrium and back diffusion conditions which did not
produce satisfactory enrichments with a separation factaor of
1.12, and that a column with a separation factor of 1.5S5
(i.e. palladium) would wark superbly with only palerd
equilibrium and with &0% back diffusion. The results of
these calculations are shaown in Figure 16. The perforaance of
palladium in separation cpiumns has, of course, been well

snewn experimentally €11,

2 1 (I T
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Figure 14 Calculated column performance
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The canclusion to be drawn from this work is clear.
Both experiment and computer modeling show that an
economically attractive chromatographic hydride separation
scheme is pot possible using any of the hydride—forming
alloys available at a commerciclly acceptable price. I a
lcw coast alloy becomes available with a separation factor of
1.3 or better at the operating temperature required far
rapid equilibrium, then the chromatographic methocd may be
cammercially successful. If an inexpensive allay were found
which matched the separative gualities of palladium, then

cammercial success would surely be assured.
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7 _APPENDIX

COLUMN MODEL
A computer program was written to model the separation

column, in order to study the effects of various parameters
on column performance. A plate model of the column was used,
since it could be easily adapted to computer calculationg,
The plates in the chromatographic column are mathematically
analaogous to the plates in a distillation column.

The column is treated as a succession of plates, with
the gas and hydride phases being in equilibrium within each
plate. The gas phase is allowed to flow between plates,
while the hydride phase is staticnary. The changing
equilibria are calculated as the gas +liows from plate top
plate down the column.

Before the start of a calculation, values of separation
tactor, fraction of hydrogen in the gas phase, and the
initial fraction of hydride saturation are entered. These
valuas are usvally chasen tao match the koown properties af
experimental columns. Yalues for the fraction of equilibrium
attained within a plate, and the fraction of hydreogen gas
which back diffuses between plates, are alsoc entered. These
have not been experimentally measured.

At the start of a calculation, the first few plates are
filled with hydrogen and the equilibrium between gas and
hydride deuterium is calculated from the input parameters,
The gas in each plate is then shifted one plate downstream,

and the first plate in the column is filled with
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unequilibrated gas.

The total amount of deuteriam in each plate after the
shift is calculated and distributed between gas and hydride,
using the separation factor and fraction of equilibrium
specified at the start of the wcalcuiation. After all the
plates are re—-equilibrated, part of the gas in each plate is
exchanged with the next plate upstream to correct for back
diffusian. The process is then started over, with each
plateioad of gas again shifted downstream.

The gas from the last conpletely filled plate flows inco
an empty or partly filled plate, When the process has been
repeated enough times to fill the end plate, it is
eguilibrated and added to the calculation chain. The number
of plates in the column grows larger as the calculation
continues. This is equivalent to the experimental case whare
the length of column Filled with hydrogen grows longer as the
hydrogen—argan boundary moves down the column.

The calculations continue until the desired number of
plates have been ‘illed with hydragen. At this paoint, the
whifting of gas and re—equilibration continues to be
caTcu]ateé as before, but the gas fram the last plate is
pushed uu{ of the column in. tead of intg an :mpty plate.

A plat of the deuterium content aof this numerically
expelled gas is what is shawn in Figures 13 and 1&4. The
computer calculation gives enrichment factor as a function of
number of plateloads of gas expelled from the column instead
of time, as 1is5 shown in the figures. The comparison of
calrulated and experimental curves 1is obtained by dividing
the total number of calculated plates 4illed with H; by the
time required to fill the experimental column with H;. This
gives a value for the number of plates per minute, which is
used to convert the calculated HD perak inta a function of

time. The temporal peak width is usually less than 104 of
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the time required to fill the caolumn in bath the experiment
and calculatian.

When a calculation is being compared to an experimental
run, the calculation is contirued until the calculated and
experimental earichment factor are the same. The shape of
the calcvlated and experimental HD peaks are then compared.
If the shapes do roct match, the calculation is repeated, with
new values for the equilibrium fractien and back diffusion,
until the best fit is found by trial and error.

HUhen columns of different length are being compared, one
column is adjusted for best fit, as abaove. The other column
i3 chen calculated using *he same parameters, with the ratig
cf number of plates calculated the same as th= ratio of the
experimental colnwmn lengths.

wWhen the same column is being run * two different
temperatures the same number of plates 1. used for each
calculation. with on: column simulation adjusted for bhest
fit. The caolumn parameters are then changed to allow for the
expected effuct of temperature and the column calculation jis
rerun without any more adiustment of parameters.

The program can also simulate cases where part of the
column is filled with hydrogen before the start aof the
calculation, and this hydrogen is then pushed down the column
with Hhydrogen containing a different fraction aof deuterium.
This simulate- Lhe scheme where the column is partly filled
with normal abundance hydrogen, and then deuterium—deplsated

hydrogen is used to push the normal hydrogen down the column.
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