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SUMMARY 

Seve ra l  meta l  hydr ides  were shown t o  a c t  a s  chromatographic media f o r  

hydrogen i s o t o p e s . .  The procedure was t o  e q u i l i b r a t e  a column of hydr ide  w i t h  
. . 

f lowing  hydrogen, i n j e c t  a small quan t f ty  of t r i t i u m  t r a c e r ,  and observe i t s  

e l u t i o n  behavior .  C h a r a c t e r i s t i c  r e t e n t i o n  times were found. From t h e s e  and 

t h e  e x t e n t  of widening of t h e  t r i t i u m  band,, t h e  h e i g h t s  equ iva l en t  t o  a 

t h e o r e t i c a l  p l a t e  could be  c a l c u l a t e d .  Values. of around 1 cm were .obta ined .  
. , 

The fo l lowing  a r e  t h e  me ta l s  whbse hydr id i s :  were ' s t u d i e d ,  t oge the r  wi th  t h e  

temperature ranges  i n  which chromatographic behavior  was observed: vanadium, 

0' t o  70°C; zirconium, 500" t o  600°C; LaNig, -78' t o  +3.0°C; MgpNi, 300' t o  

375OC; pal ladium, O 0  t o  70°C. 

A dual- temperature i s o t o p e  s e p a r a t i o n  process  based on hydr ide  chromatog- 

raphy was demonstrated. I n  t h i s ,  a column was caused t o  c y c l e  between two 

tempera tures  whi le  being supplied, w i t h  a cons t an t  s t ream of, t r i t ium-t raced  

hydrogen. Each ha l f - cyc l e  was continued u n t i l  "breakthrough," i . e . ,  u n t i l  

t h e  t r i t i u m  concen t r a t ion  i n  t h e  e f f l u e n t  was t h e  same a s  t h a t  i n  t h e  feed .  

Up t o  t h a t  po in t ,  t h e  e f f l u e n t  w a s  enriched o r  dep le t ed  i n  t r i t i u m ; b y  up 

t o  20%. 



. . .  

I. INTRODUCTION 

This  r e p o r t  d e s c r i b e s  a series :of experiments t h a t  'were c a r r i e d  o u t  t o  

explore  p r a c t i c a l  ways of u s ing  meta l  hydr ides  f o r  t h e  s e p a r a t i o n  of hydrogen 

i so topes .  Many hydr ides  show l a r g e  i s o t o p e  e f f e c t s ,  i n  t h a t  t h e  d i s s o c i a t i o n  

p re s su re  of t h e  d e u t e r i d e  d i f f e r s  from t h a t  of t h e  p r o t i d e  by a f a c t o r  of two 

o r  more. The d i r e c t i o n  of t h e  e f f e c t  v a r i e s ;  most d e u t e r i d e s  a r e  l e s s  s t a b l e  

than  t h e  corresponding p r o t i d e s ,  b u t  some a r e  more s t a b l e .  The magnitude of 

t h e  e f f e c t  u s u a l l y  is s t r o n g l y  temperature dependent.  
1 

I n  previous work from t h i s  l abo ra to ry ,  i s o t o p e  e f f e c t s .  were determined 

f o r  a number of systems. Some of t h e s e  appeared. s u f f i c i e n t l y  i n t e r e s t i n g  

wi th  r e s p e c t  t o  magnitude, d i r e c t i o n ,  and temperature c o e f f i c i e n t  t o  be  worth 

explor ing  a s  p r a c t i c a l  media f o r  hydrogen i s o t o p e  sepa ra t ion .  A novel  and 

supe r io r  s e p a r a t i o n  process  could have many a p p l i c a t i o n s ,  e .g . ,  t r i t i u m  scav- 

- enging from nuclear  power was tes ,  a n a l y t i c a l  procedures ,  deuter ium product ion ,  

,and. u s e  i n  t h e  tritium c y c l e  of .thermonuclear r e a c t o r s .  

The me ta l  hydr ides  of i n t e r e s t  w e r e  used a s  s u b s t r a t e s  i n  chromatographic 

columns, f o r  r ea sons  d iscussed  i n  t h e  next  s e c t i o n .  A: la rge  number of exper- 

iments were done, and t h e i r  r e s u l t s  a r e  summarized below. The work, done 

most ly i n  1972 and 1973, remains incomplete,  b u t  i t  seemed b e s t  t o  de l ay  no 

longer  i n  g e t t i n g  it on record .  This  account may be  u s e f u l  i f  r e s e a r c h  i n  

t h i s  f i e l d  i s  .resumed. . . 

Some of t h e  d a t a  publ ished h e r e  were used by R. Benenati  f o r  p roces s  

des ign  s t u d i e s  on a p l a n t  t o  .decontaminate t r i t j e t ~ d  w a t e r .  
2 

11. HYDRIDES AND THE CHROMATOGRAPHIC PROCESS 

The r e s o l u t i o n  of f l u i d  mixtures  by s e l e c t i v e  absb rp t ion  i n ,  o r  adsorp- ' 

t i o n  on, a s o l i d  i s  b e s t  e f f e c t e d '  by some v a r i a n t  of t h e  chromatographic 

process .  ' I n  t h e  s imples t  c a s e  of '  t h i s ,  ' the  mixture  i s  caused t o  p a s s  through 

a bed of absorbent  under condithons' such t h a t  a r e i a t i v e l y  l a b i l e  a s s o c i a t i o n  

occurs. between t h e  s o l i d  and each cbmponent of t h e  mixture.  The more s t r o n g l y  

absorbed compbnents a r e  r e t a rded  r e l a t i v e  t o  t h e  less s t r o n g l y  absorbed. Each 



emerges from t h e  bed, a f t e r  repea ted  abso rp t ions  and deso rp t ions ,  a t  a 

c h a r a c t e r i s t i c  t ime and can b e  ' i s o l a t e d .  I n  one method, a l l  t h e  a c t i v e  com- 

.ponents a r e  absorbed toge the r  from a n  i n e r t  ma t r ix  o r  s o l v e n t  and l a t e r  r e -  

moved, i n  chromatographic success ion ,  by a n  e l u t i n g  f l u i d  . More s o p h i s t i c a t e d  

procedures  may invo lve  va ry ing  t h e  temperature i n  t ime o r  space t o  i n c r e a s e  

. t h e  reso lu t ion . :  

Chromatographic s e p a r a t i o n s  of hydrogen i s o t o p e s , h a v e  been.demonstrated 

: f o r  a..number of s u b s t r a t e s .  3-5 On some s u b s t r a t e s ,  l i k e  A1203, t h e  i n t e r -  

a c t i o n  was an  adsorp t ion;  'with o t h e r s ,  l i k e  Pd and .U, t h e  hydrogen f o n e d  a  

t r a n s i t o r y  a l l o y  o r  compound. Palladium has  been t h e  s u b j e c t  o,f t h e  l a r g e s t  

amount of such r e s e a r c h .  - A p a r t i c u l a r l y  thorough i n v e s t i g a t i o n  was done by 

Glueckauf and ~ i t t , ~ ' ~  who used columns packed wi th  pal ladium black  supported 

on a sbes tos .  Th.ree d i f f e r e n t  procedu=es were t r i e d :  ( a )  Breakthrough exper- . . 
iments ,  i n  which a mixture  of H and  D was f ed  cont inuous ly  t o  t h e  i n l e t  of 

2 2 
a column. The f i r s t  gas  t o  emerge was n e a r l y  pure deuterium. . (b) Displace- 

ment experiments,  i n  which a  l i m i t e d  q u a n t i t y  of a  H -D mix ture  was absorbed 
2 2 

on a column a n d , t h e n  e l u t e d  by a  s t ream of norma1,hydrogen. A l a r g e  f r a c t i o n  

of. t h e  deuter ium came o f f  i n  n e a r l y  pure  £ o n .  (c) A s i m i l a r  experiment i n  

which t h e  displacement  of absorbed gas 'was  accomplished, no t  by an e l u a n t ,  

bu t  by p rog res s ive  heat5ng of t h e  column from t h e  r e a r .  I n  a  t y p i c a l  r u n  i n  

which t h e  s t a r t i n g  mixture  contained 40.69% deuterium, 93% of t h e  deuterium 

was recovered i n  t h e  f r o n t  band, which analyzed 97.49% deuterium. Good r e -  

s u l t s  were a l s o  obta ined  w i t h  lower en t e r ing  compositions.  This  work.did no t  

l ead  t o  t h e  development of a  p r a c t i c a l  i so tope  s e p a r a t i o n  process  because 'of  

t h e  h igh  c o s t  of palladium. It seemed t o  u s ,  however, t h a t  t h e  p r i n c i p l e  i n -  

volved was a  u s e f u l  one, and - t h a t  if a cheaper meta l  were found t o  behave 

l i k e  pal ladium a new commercial p rocess  might r e s u l t .  

I n  t h e  procedures  descr ibed  s o  f a r ,  t h e  absorbing bed material i n  i t s  

normal s t a t e  was unreac ted  m e t a l ,  t h e  formation of hydr ide  being t r a n s i t o r y  

and p o s s i b l y  l imi t ed  t o  s u r f a c e l a y e r s .  I n  another  system f o r  e x p l o i t i n g  a  

hydr ide  i s o t o p e  e f f e c t  chromatographical ly  t h e  s u b s t r a t e  is  i n  t h e  hydr ide  
I .  

f o n  throughout,  and s e p a r a t i o n  is  caused by.exchange r a t h e r , t h a n  by a 
. . 



hydr ide  formation-decomposition cyc le .  Consider,  f o r  example, a column of 

meta l  hydr ide  i n t o  which hydrogen conta in ing  a  t r a c e  of t r i t i u m  i s  being 

fed .  I s o t o p i c  exchange i s  assumed t o  t a k e  p l a c e  f a s t  enough t h a t  t h e  l eng th  

of a " t h e o r e t i c a l  p l a t e "  is  s h o r t  compared wi th  t h e  l eng th  of t h e  column. 

The exchange w i l l  r e s u l t  i n  t r a n s f e r  of t r i t i u m  t o  t h e  s o l i d  and t h e  produc- 

t i o n  of a  q u a n t i t y  of t r i t i u m - f r e e  hydrogen. Eventua l ly ,  of course ,  t r i t i u m  

w i l l  appear i n  t h e  e f f l u e n t ;  a t  t h i s  "breakthrough" p o i n t ,  t h e  t r i t i u m -  

protium r a t i o  i n  t h e  s o l i d  hydr ide  phase w i l l  be g r e a t e r  o r  l e s s  than  t h a t  

i n  t h e  en t e r ing  gas,  depending on t h e  v a l u e  of t h e  s e p a r a t i o n  f a c t o r ,  

def ined below. A u n i t  p rocess  of t h i s  s o r t  can .obviously be incorpora ted  

i n t o  a  m u l t i s t a g e  s e p a r a t i o n  p l a n t .  

The s i t u a t i o n  i s  e s p e c i a l l y  advantageous i f  t h e  s e p a r a t i o n  f a c t o r  is  a  

s e n s i t i v e  f u n c t i o n  of temperature.  I n  such a  ca se ,  i f  t h e  exchanging column 

i s  a l t e r n a t e d  between two temperatures  wh i l e  a  cons t an t  i s o t o p i c  mixture  is  

f ed  i n ,  t h e  two e f f l u e n t  s t reams w i l l  d i f f e r j  one be ing  h igher  i n  a  g iven  

i s o t o p e  than  t h e  i n f l u e n t  s t ream and t h e  o t h e r  lower. 

111. RESULTS OF EXPERIMENTS 

A .  Vanadium 

The bulk  of our  chromatographic runs ,  and a l l  the.development  of tech- 

nique, were c a r r i e d  ou t  wi th  vanadium. Vanadium hydr ide  had e a r l i e r  been 

found t o  have a  l a r g e  equi l ibr ium i s o t o p e  e f f e c t , '  which i s  def ined  quant i -  

t a t i v e l y  i n  terms of a ,  t h e  s epa ra t ion  f a c t o r :  

( t  /PI,  
- .  

ci 
9 - 

t p  ( t l p I g  

where p,  d ,  and t a r e  t h e  concen t r a t ions  of protium, deuter ium, .and  t r i t i u m ,  

and the subsc r ip to  o and g r e f e r  t o  so l iT1 .phas~  and gas phase, Some v a l u e s  

of a  f o r ' v ,  Pd, and U a r e  p l o t t e d  a g a i n s t  r e c i p r o c a l  temperature i n  F igure  1. 

The,vanadium a  can be seen  t o  have an apprec i ab le  . temperature c o e f f i c i e n t .  
. . 
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F i g u r e  1. E q u i l i b r i u m  i s o t o p e  s e p a r a t i o n  f a c t o r s  i n  
meta l -hydrogen  sys tems .  (Data  s o u r c e s  : vanadium1; 
uraniumh; adp  f o r  pa l l ad ium7 ;  u f o r  pa l l ad ium from 
da ta7 '  c o n v e r t e d  by t h e  e q u a t i o n b P l n  a tp  = 1 . 4  i n  a d p . )  

CLOCK T I M E  

F i g u r e  2 .  E l u t i o n  of t r i t i u m  f rom.vanadium h y d r i d e ,  
r u n  No. 3 3 .  
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Figure 3. Elut ion of t r i t ium from vanadium hydride, strip-chart record of 
run No. 33.  



Also, i t s  curve s lopes  i n  t h e  d i r e c t i o n  opposite  t o  t h a t  of t h e  curves f o r  

most hydrides,  which suggests  poss ib le  advantages f o r  tritium scavenging. 

The s u i t a b i l i t y  of a given hydride system f o r  a chromatographic pro- 

cess depends on var ious  f a c t o r s .  The i so tope  exchange equil ibrium must, of 

course,  be  es tabl ished rapidly .  Also, t h e  k i n e t i c s  should be  such t h a t  a 

band of an  i s o t o p i c  species  moving through a column has reasonably sharp 

leading and t r a i l i n g  edges. Slow equ i l ib ra t ions ,  such as might r e s u l t  from 

c o n t r o l  by so l id - s ta te  d i f fus ion ,  could smear out  a band and reduce separa- 

t i o n  ef f ic iency.  The experimental program was the re fo re  aimed a t  determining 

t h e  rates of passage and changes of shape of t r i t i u m  bands i n  hydride columns, 

a s  a func t ion  of temperature, pressure ,  method of hydride preparat ion,  pre- 

sence of d i l u e n t s ,  gas flow r a t e ,  e t c .  

The columns used were usua l ly  of Q-in.-0.d. s t a i n l e s s  steel, t y p i c a l l y  

3 f t  long, packed with granular  vanadium hydride. I n  some experiments t h i s  

was mixed wi th  several p a r t s  of Chromosorb A,  an i n e r t  packing mater ia l .  

Before being used i n  i so tope  experiments, the  hydride was ac t iva ted  by being 

pu t  through one o r  more cycles of dehydriding and rehydriding. The composi- 

t i o n  of t h e  hydride va r ied ,  depending on t h e  hydrogen pressure .  A t  room tem-  

pe ra tu re  and one atmosphere t h e  monohydride w a s  obtained. The much less 

s t a b l e  dihydride r e s u l t e d  i f  hydrogen pressures  of severa l  atmospheres were 

appl ied ,  and a number of runs were made with t h i s  subs t ra te .  I n  t h i s  con- 

nect ion,  a d e t a i l e d  account of t h e  p roper t i e s  of t h e  V-H system has been 

published. 15  

Two types of experimental procedure were followed. I n  "breakthrough" 

experiments, the  capaci ty  of a column f o r  scavenging t r i t i u m  from a mixture 

was determined d i r e c t l y .  I n  a t y p i c a l  run,  t h e  column was brought t o  con- 

s t a n t  temperature and equ i l ib ra ted  wi th  a stream of pure hydrogen. Flow 

r a t e s  were i n  t h e  range of 35 cc/min. A t  t = 0 t h e  gas enter ing t h e  column 

was replaced by hydrogen containing a t r a c e  amount of t r i t ium.  The gas 

stream leaving t h e  column w a s  monitored f o r  tritium by mixing i t  with t e n  

p a r t s  of P-10 counting gas and passing it through an tnternal propor t ional  

counter. Tritium d i s i n t e g r a t i o n s  were reg i s t e red  on standard counting 



equipment. Our p r a c t i c e  w a s  bo th  t o  t ake  f r equen t  one-minute counts  "by hand" 

and a l s o  t o  u s e  t h e  equipment i n  t h e  r a t e - m e t e r  mode t o  provide  a cont inuous 

pr in t -out  of t h e  e f f l u e n t  a c t i v i t y  on a s t r i p  c h a r t .  F igures  2 and 3 i l l u s -  

trate t h e  two ways of graphing t h e  r e s u l t s .  Note t h a t  i n  F igu re  3 t h e  t ime 

inc reases  from r i g h t  t o  l e f t .  

It proved, however, t h a t  more informat ion  could be obtained from s t u d i e s  

of t h e  behavior  of a narrow band of heavy i so tope .  I n  t h e s e  "band" exper i -  

ments, a s m a l l  q u a n t i t y  of more concent ra ted  t r i t ium-prot ium mixture  was 

i n j e c t e d  over a v e r y  s h o r t  t ime i n t e r v a l  ( a t  f i r s t ,  minutes; l a t e r ,  seconds) 

i n t o  t h e  hydrogen s tream e n t e r i n g  t h e  column. The a c t i v i t y  passed through 

t h e  column i n  t h e  form of a narrow band and was r e g i s t e r e d  a s  such a t  t h e  

o u t l e t .  

. 1. Breakthrough Experiments 

The kind of in format ion  given by t h i s  s e r i e s  is  b e s t  i l l u s t r a t e d  by 

Figure  4 ,  which is  a graph of a c t i v i t y  v s .  t ime .ob ta ined  i n  one of our b e t t e r  

vanadium runs ,  No. 64. The cond i t i ons  were a s  fol lows:  column dimensions, 

2 f t  x %-in.-0.d.; loading ,  23 g commercial vanadium (Union Carbide) of mesh 

s i z e  -10 +20, converted t o  t h e  monohydride (VH ); temperature,  30.0' t o  
~ 0 . 8  

30.5"C; p re s su re ,  36.4 p s i a ;  f low r a t e ,  35 cc/min ( a t  STP). The o r d i n a t e  

shows observed counts  per  minute,  which, a s  can be seen ,  remained a t  back- 

ground l e v e l  f o r  about 2% h r  a f t e r  t h e  t r i t i um- t r aced  mixture  began t o  e n t e r  

t h e  column. I n  o the r  words, some 4.7 l i t e r s  were completely p u r i f i e d  of 

t r i t i u m .  That t h i s  was due t o  a genuine chromatographic e f f e c t  can be  seen 

by c a l c u l a t i n g  t h e  t r a n s i t  t ime through t h e  column of an element of gas  which 

d id  no t  i n t e r a c t  w i th  t h e  s o l i d .  From t h e  f low r a t e  and an  es t imated  dead 

volume f o r  t h e  column and a s soc i a t ed  tub ing  of about 15 cc, t h e  t r a n s i t  t ime 

comes t o  about  h a l f  a minute. This  was exper imenta l ly  confirmed i n  a sepa- 

r a t e  experiment,  hy determining t h e  t r a n s i t  t ime of a smal l  q u a n t i t y  of 

krypton-85. 

It can be ca l cu la t ed  from t h e  vanadium con ten t  of t h e  column and t h e  

t o t a l  hydrogen emerging be fo re  breakthrough t h a t  t h e  l a t t e r  was about  equal  

i n  mass t o  t h e  hydrogen i n  t h e  s o l i d  phase. It fo l lows  t h a t  t h e  



chromatographical ly  . ac t ive  vanadium hydri.de was n o t  l i m i t e d  t o  s u r f a c e  

l a y e r s  bu t  comprised t h e  e n t i r e '  charge,  and t h a t '  s o l i d - s t a t e  d i f f u s i o n  of 

t h e  hydrogen i s o t o p e  w a s  no t  1.imiting. 

Fu r the r  i n s p e c t i o n  of F igu re  4 shows t h a t  s a t u r a t i o n  of t h e  column . - 
w i t h  r e s p e c t  t o  t r i t i u m  occurred about  4% h r  - a f t e r  t h e  s t a r t .  S h o r t l y  

t h e r e a f t e r ,  a t  1416, t h e  inf lowing t r i t i um- t r aced  gas was rep laced  wi th  

hydrogen, and t h e  t r a c e r  began t o  be d i sp l aced  from t h e  vanadium hydr ide  

i n t o  t h e  gas .  The a c t i v i t y  l e v e l  i.n t h e  outf low remained con'stant u n t i l  

about  1630, aga in  2% h r .  Then t h e  a c t i v i t y  began i t s  descent  ,along a  curve 

approximately t h e  i n v e r s e  of t h e  r i s i n g  po r t ion ,  wi th  t h e  f i n a l  p o r t i o n  (not 

shown i n  F igure  4) showing t h e  gas  back a t  background a c t i v i t y .  No n e t  i so -  

t ope  s e p a r a t i o n  r e s u l t s  from a c y c l i c  i so the rma l  process  such a s  t h i s ,  b,ut.'a 

ha l f - cyc l e  can b e  used i n  a  s t a g e  of a two-temperature s e p a r a t i o n  process ,  

a s  desc r ibed  l a t e r ,  

The s u i t a b i l i t y  of a p a r t i c u l a r  column ,and s e t  of ope ra t ing  condi- 
. .. 

t i o n s  can b e  judged (a) by t h e ' t o t a l  exchange capac i ty  and (b) by t h e  sharp- 

n e s s  of t h e  moving f r o n t  t h a t  becomes e s t a b l i s h e d  between t r i t i um- t r aced  and 

C L O C K  T I M E  

Figure  4. Hydrogen and t r i t i u m  displacement on 
vanadium hydr ide ,  run No. 64. 

. . .  



pure hydrogen. The former is measured by t h e  amount of gas  t h a t  passes  

through be fo re  any (or some a r b i t r a r y  l e v e l  o f )  a c t i v i t y  appears  i n  t h e  

e f f l u e n t .  The l a t t e r  r e f e r s  t o  t h e  s teepness  of r i s e  i n  e f f l u e n t  a c t i v i t y .  

For a curve  such a s  t h a t  of F igu re  4,  i t  i s  conven ien t . t o  measure t h i s  by 

t h e  t ime e l aps ing  between t h e  appearance of 10% of t h e  s a t u r a t i o n  a c t i v i t y  

and t h e  a t ta inment  of s a t u r a t i o n .  For t h e  experiment shown, t h e  10% a c t i v i t y  

l e v e l  appeared a t  2.6 h r  (.t ) ..and s a t u r a t i o n  a t  4.25 h r  (t ) , t h e  d i f f e r -  
0 .1  s a t  

ence ( t  ) being 1.65 h r .  
rise 

A few breakthrough- experiments were conducted under d i f f e r e n t  condi- 

t i o n s .  I n  some, t h e  coa r se  vanadium powder was mixed w i t h  a n  approximately 

equal '  volume o f ' ~ h r o m o s o r b .  Thus, f o r  run  No. 23 t h e  cond i t i ons  were a s  

fol lows:  column dimensions, 4  f t  x  %-in.-0.d.; loading ,  22.7.g V p l u s  10.3 g 

Chromosorb; temperature,  30°C; p re s su re ,  58 psis; f low r a t e ,  17 cclmin. A 

p l o t  of t h e  d a t a  y ie lded  t h e  fol lowing:  toel  = 3.67 h r ,  t = 9 h r ,  trise - - s a t  
5.3 h r .  The p u r i f i e d  volume corresponding t o  t was 3.7 l i t e r s ,  somewhat 

0 . 1  
l e s s .  than  t h e  4.7 l i t e r s  of r u n  No. 64. Since t h e  amounts of vanadium i n  t h e  

two columris were t h e  same, t h e  i n f e r i o r  performance of No. 23 can probably be 

a sc r ibed  t o  t h e  ' l o n g e r .  column l eng ths  o r  lower f low r a t e ,  o r  both.  These 

f a c t o r s  could have promoted l o n g i t u d i n a l  mixing t o  t h e  de t r iment  of e f f i c i e n -  

cy. Such mixing i s  a l s o  suggested by t h e  much longer  t of r u n  No. 23. r i s e  
A- more d i r e c t  measure of t h e  e f f e c t  of column l eng th  a lone  i s  a f -  

forded by comparison of runs  23 and 18.  These d i f f e r e d  only  i n  t h a t ,  i n  r u n  

No. 18, only 17 g V was used (mixed wi th  Chromosorb) and t h e  column l eng th  

was 3 f t  i n s t ead  of 4. 'l'he r e s u l t s  were r: = 2.5 h r , '  = 5.3 hr, e - 
0 .1  L s a t  r i s e  

2.8 h r ;  volume corresponding t o  t 
0.1' 

2.6 l i ters.  The comparison bea r s  o u t ,  

ve ry  roughly,  t h e  expec ta t ion  t h a t  bo th  t h e  capac i ty  o£ t h e  column and t 
r i s e  

would be  p ropor t iona l  t o  column length .  The longer  t h e  t r a v e l  t ime of a  

f r o n t ,  t h e  more i t  w i l l  be  widened by l o n g i t u d i n a l  d i f f u s i o n .  

2. Band Experiments 

I n t e n s i v e  s t u d y , o f  t h e  e f f e c t s  of opera t ing  v a r i a b l e s  was no t  pur- 

sued w i t h  breakthrough runs  because i t  was found t h a t  band experiments gave 



more informat ion  i n  l e s s  t ime. A t y p i c a l  experiment ( run No. 33) i s  i l l u s -  

t r a t e d  i n  F igures  2  and 3 .  The p o i n t s  i n  F igu re  2  r e p r e s e n t  one-minute 

counts  on t h e  f lowing e f f l u e n t  gas;  F igu re  3  i s  a  photograph of t h e  s t r i p -  

c h a r t  record  of t h e  rate-meter ,  on t h e  same gas .  The cond i t i ons ,  which were 

q u i t e  s i m i l a r  t o  t hose  of t h e  breakthrough run  No. 64 except  f o r  t h e  presence 

of d i l u e n t ,  were a s  fol lows:  column, 2  f t  x  %-in.-0.d.; loading ,  14 g  V of 

about  200 mesh p l u s  2.4 g  Chromosorb; temperature 3Q°C; p re s su re ,  35 p s i g  a t  

column i n l e t ,  20 p s i g  a t  o u t l e t ;  f low r a t e ,  17 cc/min. Af t e r  t h e  cnlumn had 

come t o  equi l ibr ium w i t h  f lowing normal hydrogen, t h e  i n f l u e n t  s t ream was 

i n t e r r u p t e d  and rep laced  f o r  2% min by an  equal  s t ream of t r i t i um- t r aced  hy- 

drogen. The normal hydrogen supply w a s  then  r e s t o r e d ,  w i th  t h e  same f low 

c o n d i t i o n s  as before .  A s  F igu re  2  shows, t h e  tritium a c t i v i t y  appeared i n  

t h e  e f f l u e n t  about  3% h r  ( t he  r e t e n t i o n  time) l a t e r .  It had widened, from 

i ts  o r i g i n a l  2% min, i n t o  a  bell-shaped band w i t h  a  width,  a t  t h e  base ,  of 

about  138 min. (The base  width,  tb, i s  def ined  a s  t h e  d i s t a n c e ,  on t h e  t ime 

a x i s ,  between t h e  i n t e r c e p t s  of t angen t s  t o  t h e  b e l l  a t  t h e  p o i n t s  of s t eep -  

est s lope .  Drawing t h e  t angen t s  i s  admi t ted ly  a  somewhat s u b j e c t i v e  opera- 

t i o n . )  It i s  convenient  t o  d e f i n e  t h e  e f f i r j ~ n r y  nf a column i n  termc of t h c  

t ime t o  peak maximum, 
tmax ' and t h e  bandwidth, which may be taken a s  tb o r  a s  

t h e  wid th  a t  a s p e c i f i e d  h e i g h t .  Two measures of t e n  used a r e  t 0. hn7 and 

tfl.3h8' the wicllrhs on t h e  t ime a x i s  of the  band a t  t h e  n r r l i n a t e  p o i n t s  that 

a r e  r e s p e c t i v e l y  0.607 and 0.368 of t h e  maximum. The corresponding equat ions  

f o r  t h e  number of t h e o r e t i c a l  p l a t e s ,  N ,  a r e  9 

For a  p e r f e c t l y  Gaussian curve  a l l  t h r e e  g i v e  t h e  same va lue .  With a  given 

set of experimental  p o i n t s ,  one o r  t h e  o t h e r  may prove e a s i e s t  t o  apply.  



N-values may a l s o  be  obta ined  f r ~ .  t h e  a r e a  .under .  t h e  curve,  A, t h e  

va lue  of t h e  ord3nate  a t  the.peakmaximum, h, and t . T h q e q u a t i o n  is 
max 

The q u d t i e n t  R/N ,  where R is the e f f e c t i v e  l e n g t h ,  becomes t h e  

"hetp" o r  he igh t  equ iva l en t  t o  a t h e o r e t i c a l  p l a t e .  The abso lu t e  v a l u e s  of 

N and he tp  obtained i n  t h i s  work a r e  n o t  ve ry  p r e c i s e ,  b u t  t h e  r e l a t i o n s h i p  

between r e s u l t s  of runs  i n  which a v a r i a b l e  i s  changed can be s i g n i f i c a n t .  

Th.e e f f e c t s  of changes a r e  assessed  below i n  terms of t h e s e  somewhat a r b i -  

t r a r y  s t a g e  numbers o r  he tp  va lues .  

To r e t u r n  t o  run  No. 33, Eqs . (1) , (2) ,  (3) , and (4) gave N va lues  

of 36', 40, 44, and 38 r e s p e c t i v e l y ,  averaging 39.5; he tp ,was  1.56 cm. When 

t h e  run  was repea ted  s e v e r a l  t imes t o  t e s t  r e p r o d u c i b i l i t y ,  a c o n t i n u a l  

s l i g h t  d e t e r i o r a t i o n  was observed, breakthrough occdrr ing  a l i t t l e  sooner  

wi th  each succes s ive  run .  It w a s  surmised t h a t  t h i s  was caused by gaseous 

impur i t i e s  i n  t h e  hydrogen, poss ib ly  water vapor ,  which could form oxide  

f i l m s  on t h e  hydride . su r f ace .  Eventua l ly ,  improvement was obta ined  by 

pass ing  t h e  hydrogen c a r r i e r  gas  over  h o t  calcium j u s t  be fo re  use.  

It was found t h a t  d e t e r i o r a t e d  columns could be r e s t o r e d  t o  t h e i r  

o r i g i n a l  cond i t i on  by s u b j e c t i n g  them t o  two o r  t h r e e  cyc l e s  of evacuat ion  

a t  400' and re-hydriding a t  room temperature.  I n  an e l u t i o n  run  (No. 38) 

a f t e r  such a t rea tment ,  c a r r i e d  ou t  on t h e  same column t h a t  was used f o r  

run  No. 33 and under t h e  same cond i t i ons ,  t h e  tmax was 210 min, compared 

with 218 f o r  run No. 33, and  the v a l i i e  o f  N was the  same w i t h i n  experimental  

unce r t a in ty .  

3. E f f e c t  of P a r t i c l e  S i z e  

To t e s t  t h e  e f f e c t  of vanadium mesh s i z e  on e f f i c i e n c y ,  a column 

was charged with 320-mesh meta l ,  mixed a s  be fo re  w i th  an approximately equal  

volume of Chromosorb. Since t h e  p re s su re  drop through t h i s  m a t e r i a l  was 

g r e a t e r  than through the  previous 200-mesh charge ,  t h e  t o t a l  amount of vana- 

dium had t o  be reduced from 14.0 g t o  9.6 g.  Otherwise, cond i t i ons  were held 

cons tan t .  The r e s u l t s  (run No. 41A) were t = 147 min, t = 130 min, and 
max b 



N = 20. It i s  i n t e r e s t i n g  t h a t  breakthrough came cons iderably  sooner t han  

be fo re ,  wh i l e  bandwidth remained t h e . s & e .  I f  N is  co r rec t ed  f o r  t h e  de- 

c reased  amount of vanadium (assuming d i r e c t  p r o p o r t i o n a l i t y ) ,  t h e  number 

obta ined  i s  30;vs. 45 w i t h  t h e  coarse= charge.  The l a t t e r  i s  e v i d e n t l y  t o  

be  p r e f e r r e d .  

A s t i l l  coa r se r  s u b s t r a t e  was then  t e s t e d ,  t h i s  t ime without  added 

Chromosorb. The usua l  2-f t  c o i l  was charged wi th  vanadium of 10 t o  20 mesh. 

Operating cond i t i ons  were kep t  e s s e n t i a l l y  t h e  same (30°C, 16.5 cc/min f low 

r a t e )  except  t h a t  now t h e r e  was v i r t u a l l y  no p r e s s u r e  drop a c r o s s  t h e  column. 

Column p res su re  was 37 p s i a .  An e x c e l l e n t  run,  No. 42 ,  r e s u l t e d :  - - 
tmax 

394, tb = 199, N = 6 3 ,  h e t p  = 0.9 cm. Reproduc ib i l i t y  was t e s t e d  by ca r ry ing  

o u t  f o u r  more r u n s ,  Nos. 43A, B y  C ,  and D ,  under approximately t h e  same con- 

d i t i o n s .  The r e s u l t s  were a s  fo l lows:  

43A 43B 43C 43D , Av. - - - - -  
N 
h e t p  (cm) 1.15 1.0 1.2 1.1 1.1 

These numbers, i t  should be  noted,  were ob,tained f ~ o m  t h e  s t r i p - c h a r t  re=ord  

of t h e  rate-meter  and a r e  no t  d i r e c t l y  comparable wi th  t h e  N = 63 of r u n  No. 

42, which was obta ined  from one-minute counts .  For some reason ,  t h e  rat .e-  

meter t r a c e  (which was l e s s  p r e c i s e )  always ind ica t ed  a  worse performance. 

For r e l a t i v e  r e s u l t s ,  however, i t  was adequate .  (One-minute..counts were ' no t  

always taken.)  It can be seen  t h a t  t h e r e  was a  s l i g h t  f a l l - o f f  i n  e f f icgency  
. . 

b u t  t h a t  t h i s  was not  p rog res s ive .  

<> . 4. E f f e c t  of Plow Rate  

Several serles of r u n s  were c a r r i e d  ou t  w i th  no changes from No. 43 

except  i n  f low r a t e ,  which was taken  a s  h igh  a s  115 cc/min. The r e s u l t s  are 

presented  i n  Table 1 and F igu re  5 .  Thc number of s t a g e s  dec reases  w i t h  

i n c r e a s i n g  flow r a t e  i n  a  roughly l i n e a r  way. 

5.  Ef fec t  of Temperature 

An i ne reace  i n  t m p c r a t u r e  should h a s t e n  t h e  appxoach L e  gas-sol id 

equ i l i b r ium and t h e r e f o r e  i n c r e a s e  t h e  number of s t a g e s .  This  was conf irmed 



. . 
Table 1 

'Effect  of 'Flow Rate on Number of Theoretical  Stages,  N, 
i n  a Vanadium Column a t  30°C 

~ l d w  r a t e ,  cc /mi~i  '. 'Run N O .  N N (group av . )  

0 50 . 100 

FLOW RATE , cm3 I min 
. . 

' Figure 5 .  Effect ?f flow rate on VH column . 
performance at 30°C. 



i n  a q u a l i t a t i v e  way by a few runs  i n  which only  t h e  temperature was v a r i e d .  

The r e s u l t s  of r u n s  44A, B y  and C,  a t  30" (Table 1 )  may b e  compared w i t h  

t h o s e  of r u n s  46A, B y  and C ,  a t  40". I n  t h e  ' l a t t e r  s e r i e s ,  N v a l u e s  of 62, 

43, and 45 were obta ined .  These average 50, compared wi th  46 f o r  t h e  30' 

r u n s ,  b u t  t h e  r e a l  d i f  f  erence'may be  g r e a t e r ,  i f  . the  h igh  va lue  i n  t h e  f i r s t  

40" r u n  i s  given more weight o n . t h e  assumption t h a t  ' the  column d e t e r i o r a t e d  

later. A b e t t e r  measure o f  t h e  temperature,  e f f e c t  was l a t e r  ob ta ined  on a  

d i f f e r e n t  column run  a t  70" (run No .. 67) and then. a t  30' ( run  No. 68) on t h e  

same day. The r e s p e c t i v e  numbers of s tage 's  were 101  and 32, a s  c a l c u l a t e d  

from curves cons t ruc ted  from, one-minute counts;  o r  36 and 21, from t h e  s t r i p -  

c h a r t  d a t a .  Whichever comparison i s  accepted.  a d e f i n i t e  imprnvement i s  

seen  on going t o  70'. 

6. E f f ec t  of So l id  Composition 

Severa l  runs  were c a r r i e d  ou t  a t  O°C i n  order  t o  extend t h e  range  

of temperature comparisons. Performance was poor,  about  10 s t a g e s  being 

found under cond i t i ons  t h a t  gave 25 t o  30 a t  30'. The band became asymmet- 

r i c a l ,  t h e  t r a i l i n g  edge be ing  drawn out  . . .  These e f f e c t s  probably a r e  no t  

due t o  temperature a lone  but  a r e  r e l a t e d  t o  t h e  p a r t i a l  conversion of t h e  

s u b s t r a t e  t o  VH2. The decomposition p re s su re  of t h i s  phase i s  only 1.3 atm 

a t  O0 and:it was s l i g h t l y  exceeded i n  t h e  0" runs .  

To see how VH, behaved a t  a h igher  trrnperature, w e  carried uut  a 
2 .  

30' r u n  a t  145 p s i a ,  a  p r e s s u r e  a t , w h i c h  VH i s  t h e  s t a b l e  phase. Flow r a t e  2 
was 32 cc/min. Again performance was poor: t h e  emerging band was wide and 

asymmetrical,  a s  F igu re  6 shows, and t h e  N v a l u e  ( i f  t h e  ca l cd la t ?on  has any 

meaning under t h e  circumstances)  was only 4. 

7. Best Runs 

The r e s u l t s  of t h e  two b e s t  vanadium r u n s  a r e  recorded h e r e  t o  

f a c i l i t a t e  engineering c a l c u l a t i o n s  and a s  a  s t a r t i n g  p o i n t  f o r  p o s s i b l e  

f u t u r e  resumption of r e sea rch .  The same column was used f o r  both: a  c o i l  

of g-in.-0.d. s t a i n l e s s  s t e e l  tub ing ,  f i l l e d  f o r  61 cm of i t s  l e n g t h  wi th  

commercial grade vanadium of 10 t o  20 mesh. The flow r a t e  i n  each case  w a s  

35 cc/min and the  p re s su re ,  36.4 p s i a .  Only t h e  temperatures  d i f f e r e d ,  



being 70' i n  run No. 67 and 25' i n  run No. 78. The r e su l t s ,  as calculated 

th ree  m y s ,  were as follows: 

Run 78, 25' Run 67, 70' 

hetp, .av. 1.0 cm 0.7 cm 

Figures 7 and 8 show t h e  e lu t ion  curves. 

B. Other Hydrides 

1. LaNi5 

The in te rmeta l l i c  compound LaNi forms a hydride of t h e  approximate 
5 

composition LaNi 51$, which has an isotope e f f e c t  i n  the  same d i r ec t i on  a s  

t h a t  of vanadium but somewhat smaller.' To study i ts  chromatographic behav- 

i o r ,  a series of band-passage experiments was ca r r ied  out under t he  same 

conditions t h a t  were used f o r  vanadium. The a l l oy  was prepared by arc- 

melting t h e  pure metals together. The ingot w a s  then ground i n t o  a coarse 

powder. About 20 g a l l oy  was  mixed with 5.5 cc Chromosorb, charged i n t o  a 

60-cm length of $-in.-0.d. s t a i n l e s s  s t e e l  tubing, and subjected t o  severa l  

cycles of hydriding and dehydriding . Final ly ,  with t he  column i n  its hydride 

form, tritium re ten t ion  times and bandwidths were obtained and used t o  cal -  

cu l a t e  a t heo re t i c a l  p l a t e  number as before. The e f f e c t s  of changes i n  tem- 

perature,  pressure, and flow r a t e  were ascertained.  Results of t he  series 

of runs a r e  presented i n  Table 2. The f i r s t  th ree  columns give t h e  values  

of t h e  operating var iables ;  t h e  next two give t he  equilibrium d issoc ia t ion  

pressure of t h e  hydride at  t h e  operating temperature and t he  r e t en t i on  time, 

tmax ; and the  l a s t  column gives t he  number of t heo re t i c a l  p l a t e s  found by 

using Eq. (3) . 
Certain conclusions a r e  evident. When t h e  operating pressure was 

below the  equilibrium d issoc ia t ion  pressure,  a s  i n  t he  f i r s t  two runs,  

breakthrough was  iunnediate as indicated by a <1 value f o r  N. I f  t h e  pressure 



Figure 6 .  Elutton of tritium from vanadium hydride, strip-chart record of 
run No. 48B. 
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Table 2 

Chromatographic .Performance of Lanthanum-Nickel Hydr ide 

Temp., Operating Flow rate, Equilib. Retent. time, No. of 
OC press. , atm cc/min press., atm13 t min theor. plates max ' 
60 1 16.5 4.9 < 1 < 1 
30 1 16.5 1.57 < 1 < 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 . 0.135 298 35.0 
-78 1 16.5 0.00145 . 426 18.1 
-78 1 71 .S 0.00145 174 ' . 8.1 ' 
30 3 16.5 1;57. 30 29.7 
3 0 4 16.5 1.57 2 29 41.6 
30 11 16.5 1.57 2 58 42.1 
3 0 2 0 16.5 1.57 258 47.3 
3 0 2 0 16.5 1.57 249 46 .O 

0 
0 5 0 100 

FLOW RATE, crna / r n ~ n  

Figure 9. Effect of flow rate on performance of 
Mischmetall-nickel hydride column at 30°C. 



cond i t i on  was s a t i s f i e d ,  however, chromatographic behavior w a s  observed 

over t h e  temperature range  -78"o +30°c. A t  -.20°, column behavior  was 

b e t t e r  than  a t  -78O, as expected. The anomalous poor behavior  a t  O°C may 

poss ib ly  be  due t o  a  l o s s  of hydrogen from t h e  s o l i d ,  which, because of t h e  

pressure-composition h y s t e r e s i s  phenomenon, would probably no t  b e  made up 

from t h e  ambient hydrogen a t  1 atm. 

The 30°C runs ,  when conducted a t  a n  adequate  p re s su re ,  gave good 

and c o n s i s t e n t  r e s u l t s .  The average N of t h e  last  f o u r  runs  was 44 and t h e  

hetp,  1 .4 cm. P r e s s u r e  seemed t o  make no d i f f e r e n c e  i n  t h e  range  between 

4 and 20 atm, b u t  a poss ib ly  s i g n i f i c a n t  f a l l - o f f  was seen a t  3  atm. 

S ince  t h e s e  r e s u l t s  were obtained on t h e  f i r s t  column t r i e d ,  and 

many v a r i a t i o n s  on t h e  p repa ra t ion  of t h e  s u b s t r a t e  a r e  p o s s i b l e ,  i t  i s  

probable t h a t  a d d i t i o n a l  e f f o r t  would r e s u l t  i n  columns a t  l e a s t  as good a s  

t hose  wi th  vanadium. 

2. Mi5 

The lanthanum i n  LaNi can be  rep laced  by o the r  r a r e  e a r t h  me ta l s  
5  

o r  by a  mixture  of them. One such mixture  i s  t h e  commercial a l l o y  ~ i s c h -  

meta l1  (Mm). Since a l l o y s  of, n i c k e l  . with  . Mischmetall ,  Mi5, had been made 

i n  our l abo ra to ry  f o r  another  purpose, we  decided t o  t e s t  one a s  a  chroma- 

tographic  s u b s t r a t e .  I n  t h e  a l l o y  chosen, t h e  r a r e  e a r t h  p o r t i o n  had t h e  

composition ( in  wt %):  Ce, 50; La, 24; Nd, 14; P r ,  4 ;  o t h e r  r a r e  e a r t h  
1 

meta ls ,  2. An a l l o y  of s i m i l a r  composition had been found t o  have a  

t r i t ium-prot ium s e p a r a t i o n  f a c t o r  of 1: 29 a t  O°C. 

A column~was made up  and operated '  by t h e  p rev ious ly  descr ibed  pro- 

cedures .  I n  t h i s  ca se ,  t h e  temperature and p r e s s u r e  were kep t  cons t an t  

throughout a l l  r uns ,  a t  30°C and 25' atii. S ince  t h e  d i s s o c i a t i o n  p re s su re  

of t h e  hydrided a l l d y  i s  kno&l0 Lo be  21a t1n  a t  3 0 ° ,  t h e r e  should have been 

no l o s s  of hydrogen from t h e  i o l i d .  Eight  iruns'were mahe, i n  which th'e f low 

r a t e  was var ' ied from 16.5 t o  115.'5 cc/min. The r e s u l t s ,  g iven  i n  F igu re  9,  

show t h a t  performance i s  s i m i l a r  t o  t h a t  of LaNi 
5 ' 



3. Mg2Ni 

i H  which, has  a  tritium- The a l l o y  Mg2Ni forms a hydr ide  . . Mg2N 
prot ium s e p k a t i o n  f a c t o r  of 0.45 i n  t h e  range1 250" t o  325O, i.e.,, t h e  . 
i s o t o p e  e f f e c t  i s  i n  t h e  oppos i t e  d i r e c t i o n  t o  t h a t  of vanadium and LaNi 5 ' 
Thi s  means t h a t  i n  p r i n c i p l e  t h e  r e t e n t i o n  time of a t r i t i u m  band. w i l l  be  

s h o r t e r  on a Mg N i H  column; bu t  t h e  e f f e c t  w i l l  n o t  be  l a r g e .  Our band- 2 4 
passage experiments d i d  n o t  lend themselves t o  q u a n t i t a t i v e  de te rmina t ion  

of s e p a r a t i o n  f a c t o r s ;  t h e i r  va lue  l a y  i n  t h e  k i n e t i c  in format ion  they  

y i e lded .  

A column w a s  charged wi'th Mg N i  and, a f t e r  t h e  u s u a l  a c t i v a t i o n  and 2 
f i n a l  hydr id ing ,  a  s e r i e s  of runs  was c a r r i e d  out  a s  before .  The ope ra t ing  

. cond i t i ons  and r e s u l c s  are presented i n  Table 3 .  In spec t iua  of t h c  d a t a  

shows t h a t  temperature i s  ve ry  important  i n  t h i s  s e r i e s .  A t  30' and 60°C, 

immediate breakthrough occurred;  even a t  300°C t h e  r e t e n t i o n  t i m e  was v e r y  

s h o r t  and t h e  number of s t a g e s  was s m a l l .  The chromatographic behavior  con- 

t inued  t o  improve wi th  temperature up t o  375OC, t h e  h ighes t  temperature t h a t  

could be  reached wi thout  l o s s  of hydrogen a t  t h e  maximum convenient  operat-  

i ng  p r e s s u r e  of 20 .atm.' The r e l a t i o n  i s  roughly l i n e a r  and can be  approxi- 

mated by t h e  equat ion  N = 0 . 2 6 ( ~  - 274) vhele T is 111  ' c .  ' Thc r o l n t i n n s h i p  

i s  p l o t t e d  i n  F i g u r e  10. ~ f f i c i e n c ~  was not  very  s e n s i t i v e  t o  f low r a t e  up 

eo 33 cc /u in .  

4. Zirconium 

For comparison w i t h  t h e  previous  m a t e r i a l s ,  i t  was d e s i r a b l e  t o  

s tudy  t h e  chromatogra'phic behavior  of t h e  very s t a b l e  hydr ide  Z r H 2 .  The 

sanie procedure was used, i . e . ,  Laad-pas3age,ru1rs~ca+ri.rd out , f rorn  75' t o  600°C. 

Table  4 and F igu re  11 presene rhe results. With t h i s  system, the  passage of 
. - 

t r i t i u m  was delayed only above about  450°C. From 500°C up, t h e  dependence of 

stage ntrmbur urr tcmpePnture was  approximately l i n e a r ,  w i t h  a s l o p e ,  d ~ / d ~ ,  of 

0.18, somewhat smal le r  t han  t h e  v a l u e  o f  0.28 found f o r  magnesium nicke l  

hydr i d e  . 



Table '3 

Chromatographic Pcrf  ormance of Magnes ium-Nickel Hydride 
(Estimated column charge:  13  g) 

Temp., opera t ing  ' F l o w r a t e ,  Equi l ib .  Reten t .  t ime, No. of 
O C p re s s . ,  ' atm cc./min p r e s s  .', atml l 

tmax min theor .  p l a t e s  
.. . 

36 2 . i8 .5  3.3 10-5 < 1 < 1 
60 2 16.5 2.0 lo-4 < 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 8 8 14.8 
350 15 16.5 9.91 113 21.2 
375 15 16.5' 16.0 88 28.7 
375 2 0 16.5 16.0 112 25.9 
37 5 20 16.5 16.0 107 27.8 
375 2 0 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 

TEMPERATURE, O C  

. .. . . . . . .  

Figure 10. Effect  o f  tempersturc on perlurmance 
of Mg2Ni hydride column. 



Table 4 

Chromatographic Performance of Zirconium Hydr i d e  
(Column loading: 30.90 g meta l ,  und i lu t ed ,  i n  24 i n .  of %-in.-0.d. tube)  

Temp., Operating Flow r a t e ,  Equi l ib .  Reten t .  t ime, ' No. of 
. O C  p r e s s . ,  atm cc/min p t e s s . ,  ~ o r r l *  tmax, min theo r .  p l a t e s  

25 1 '16.5 c 1 <1 
300 1 16.5 <lo-k < 1 < 1 
350 1 16.5 <5 3 < 1 
450 1 16.5 0.002 252 4.4 
500 . 1 16.5 0.01 354 8.7 
5bU 1 16.5 0.08 400 18.6 
600 1 16.5 0.6 418 27.U , 

600 1 82.5 . 0.6 112 17.3 

Figure 11. Effect  of temperature on performance 
of zirconium hydride column. 

20 

10 

0 

I I 

- 
, 9, - 

- , , -  / . .  

'1 
/ /' - I I I - 

300 400 . 500 600 

TEMPERATURE. " C  



5. Comparison of Systems 

À he' d a t a  of t h e  preceding f o u r  s e c t i o n s  sugges t  a  r e l a t i o n s h i p  ,. 

between t h e  onse t  of chromatographic behavior  and t h e  temperature a t  which 

t h e  d i s s o c i a t i o n  p re s su re  of t h e  hydr ide  becomes apprec i ab le .  Th i s  i s  in..... 

accord wi th  t h e  expec ta t ion  t h a t  t r i t i u m  r e t e n t i o n  w i l l  no t  occur u n l e s s  

t h e r e  is  r a p i d  exchange a t  t h e  s u r f a c e  between hydrogen i n  t h e  gas  phase and 

i n  t h e  s o l i d .  A necessary  and perhaps s u f f i c i e n t  cond i t i on  f o r  r a p i d  ex- 

change would be  'a t  least a moderate d i s s o c i a t i o n  p re s su re .  Such a  p r e s s u r e  

impl ies  dynamic equi l ibr ium a t  t h e  gas-sol id  i n t e r f a c e .  

A c l o s e r  look a t  t h e  d a t a  shows some incons i s t enc i e s .  With Mg2NiHx, 

performance remained poor even a t  a  temperature (300') where t h e  d i s s o c i a t i o n  

p re s su re  i s  > 3  atm, whereas, w i th  Z r ,  f a i r  performance wak obtained when t h e  

Z r H  p re s su re  was < 1  Torr ,  a t  600°C. An explana t ion  may l i e  I n  d i f f e r e n c e s  2  
between s t i c k i n g  c o e f f i c i e n t s .  The r a t e  of s u r f a c e  exchange is  l imi t ed  by 

t h e  r a t e  a t  which gas molecules become incorpora ted  i n  t h e  s o l i d .  A t  e q u i l i b -  

rium t h i s  r a t e  is p ropor t iona l  t o  t h e  d i s s o c i a t i o n  p r e s s u r e  and t o  t h e  s t i c k -  

i ng  c o e f f i c i e n t .  It is p o s s i b l e ,  t h e r e f o r e ,  t h a t  t he  slow r a t e  of Mg2NiHx i s  

due t o  a  small v a l u e  of t h e  l a t t e r .  Another p o s s i b i l i t y  is  t h a t  i n  .some ' cases  

t h e  exchange r a t e  i s  l imi t ed  not  by t h e  s u r f a c e  r e a c t i o n  but  by subsu r face  

d i f f u s i o n .  The compound Mg2NiHx i s  s a l t l i k e ,  whereas t h e  o the r  hydr ides  

t e s t e d  a r e  m e t a l l i c ;  a  d i f f e r e n c e  i n  d i f f u s i o n  c o e f f i c i e n t s  i s  l i k e l y . .  

C. Dual-Temperature Experiments 

A s  mentioned i n  t h e  In t roduc t ion ,  a  simple i s o t o p e  s e p a r a t i o n  process  

can be based on a  hydr ide  t h a t  has  a  temperature-dependent i s o t o p e  e f f e c t .  
1 

Vanadium has  such a  proper ty ,  and, s i n c e  i t s  chromatographic behavior  had 

been demonstrated, we decided t o  t e s t  t h e  u n i t  process  t h a t  might be  made t h e  

b a s i s  of a  s e p a r a t i o n  p l a n t .  The method was t o  e q u i l i b r a t e  a  column of 

vanadium hydr ide  l i k e  those  descr ibed  above wi th  f lowing t r i t i um- t r aced  

hydrogen a t  a  low temperature.  Then, a s  qu ick ly  a s  p o s s i b l e ,  t h e  temperature 

was r a i s e d .  The s e p a r a t i o n  f a c t o r  be ing  thus  decreased ,  t h e  gas  s t ream 

should p i ck  up t r i t i u m  from t h e  s o l i d .  A "f ront"  of h igher  t r i t i u m  



concen t r a t ion  should form, move s lowly through t h e  column, and even tua l ly  

.break through,  t o  b e  de t ec t ed  by t h e  downstream p r o p o r t i o n a l  counter .  When 

t h e  tempera ture  was then  lowered t o  i t s  o r i g i n a l  v a l u e ,  t h e  incoming gas  

should begin  t o  g ive  up t r i t i u m  t o  t h e  s o l i d ,  and a f r o n t  of t h e  oppos i t e  

s ense  form. The more e f f i c i e n t  t h e  column, t h e  g r e a t e r  t h e  d i f f e r e n c e  i n  t h e  

two e f f l u e n t  t r i t i u m  concen t r a t ions  and t h e  g r e a t e r  t h e  volume passed between 

breakthroughs . 
The i d e a l  r a t i o  of t h e  t r i t i u m  concen t r a t ions  i n  t h e  h igh  and low t e m -  

p e r a t u r e  e f f l u e n t s  can be  shown t o  be equal  t o  the square  of t h e  r a t i o  of 

t h e  two s e p a r a t i o n  f a c t o r s .  Let  t h e  tri t ium-hydrogen r a t i o s  be  denoted by t ,  

w i t h  s u b s c r i p t s  a s  fo l lows:  g ,  gas  i n  column i n  equi l ibr ium w i t h  s o l i d  

hydride;  s, s o l i d  hydrfde; 1, a t  lower t e m p e r a t ~ ~ r e ;  2 ,  at  h ighe r  temperet.ure; 

0 ,  i n  t h e  incoming gas  s t ream; e ,  i n  t h e  e f f l u e n t  gas  s t ream. The s e p a r a t i o n  

f a c t o r s ,  a ,  a r e  t hen  de f ined .  a t  t h e  two temperatures  a s  a l  = t / t  and 
s , l  g , l  

a2 = t s , ~ / ~ g , 2  . Consider t h e  c a s e  of a column e q u i l i b r a t e d  throughout with 
- 

gas  of ,composition t a t  temperature 1. For t h e  s o l i d ,  t = a t h e n  
0 s , l  1 0 '  

t h e  tempera ture  i s  r a i s e d ,  t h e  gas i n  t h e  column and i n  t h e  e a r l y  s t a g e s  of 

e f f l u e n t  acqu i r e s  t h e  composition t = t a /a s i n c e  t h e  amount g ,2  = ts,l'a2 0 1 2, 
of hydrogen i n  t he  gas  phase i s  n e g l i g i b l e  compared w i t h  t h a t  i n  t h e  s n l i d ,  

The cont inued i n f l u x  of gas  a t  t w i l l  even tua l ly  conver t  a l l  t h e  s o l i d  t o  a 
0 

composition t = a t and t h e  e f f  1-uenl: concen t r a t ion  wi3 1. be LII+ samc ac 
s - 2  2 0 '  

t h e  incoming. Now l e t  t h e  temperature be  lowered aga in .  The concen t r a t ion  

of t h e  column gas ,  and t h e  e f f l u e n t ,  becomes t = a t / a  The r a t i o  of 
g , l  2 0 1' 

t h e  e f f l u e n t  concen t r a t ions  immediately a f t e r  t h e  temperature changes is  

Ll~esek ore ' . . 

To see whether a c t u a l  systems performed a s  p red ic t ed ,  a s e r i e s  of runs  

was c a r r i e d  out i r ~  whi rh  t r i t i um- t r aced  hydrogen w a s  fed  t o  vanadium columns 

wh i l e  t hey  were cycled between 0" and 70°C. I n  an i l l u s t r a t i v e  run  (No. 821, 

of which a curve taken from a r eco rde r  t r a c e  i s  shown i n  F igu re  12 ,  t h e  

cond i t i ons  were as fo l lows:  column, 2 f t  x %-in.-0.d. s t a i n l e s s  s t e e l  tube;  



F i g u r e  12 .  Enrichment and d e p l e t i o n  of t r i t i u m  i n  
dua l - t empera tu re  proc,ess,  on. vanadium h y d r i d e  column. 

TRITIUM A C T I V I T Y ,  arb. u n i t s  

F i g u r e  13 .  Dep le t i on  and enr ichment  of  t r i t i u m  i n '  
dua l - t empera tu re  p r o c e s s ,  on pa l l ad ium h y d r i d e  
column. 



charge,  22.965 g commercial vanadium, .10 t o  20 mesh; gas  f low r a t e ,  34.5 

cc/min; p re s su re ,  17.5 p s i a .  Each h a l f  of t h e  two-temperature c y c l e  l a s t e d  

1+ h r .  A t  t h e  end of each ha l f -cyc le  t h e  column was valved of f  and one con- 

s tan t - tempera ture  b a t h  was r e p l a c e d b y  another .  One hour was then  allowed t o  

e l a p s e  f o r  e q u i l i b r a t i o n  be fo re  f low was resumed a t  t h e  new temperature.  

F igu re  12  shows t h a t  app rec i ab le  i s o t o p e  s e p a r a t i o n  d id  indeed occur .  

For i n s t ance ,  compare t h e  maximum a c t i v i t y  va lue  i n  t h e  70' h a l f  of c y c l e  1, 

about  51, w i t h  t h e  minimum i n  t h e  subsequent O0 ha l f - cyc l e ,  about  41.5. - I f  

t h e s e  a r e  co r r ec t ed  f o r  a background reading  of about 2 (not shown), t h e  

r e s u l t i n g  r a t i o ,  49/39.5 = 1.24, provides a t e n t a t i v e  va lue  f o r  (aoo/a 
2 

700) ' 

(' 
For p r a c t i c a l  purposes,  i t  is no t  t h e  maxima but  t h e  average va lues  of 

t h e  e f f l u e n t  c o n c e n t r a c i o ~ ~ s  i n  t h c  two ha l t - cyc l e s  LIlat arc of i n t e r e s t .  The 

a c t s v i t y  vs. t ime curves  were u s u a l l y  f a r  from l e v e l ,  o f t e n  wt th  even more 

c u r v a t u r e  t han  Figure  12  shows. A p o s s i b l e  measure of column m e r i t  is  t h e  
4 

a r e a ,  A, between a ha l f -cyc le  curve and a r e f e rence  l i n e  corresponding t o  t h e  

a c t i v 2 t y  of t h e  incoming gas.  I n  p r a c t i c e ,  t h i s  l i n e  is drawn i n  such a '  way 

t h a t  t h e  a r e a s  f o r  t h e  two ha l f -cyc les  a r e  equa l . and  oppos i t e ,  a s  nea r ly . . a s  

p o s s i b l e ,  f o r  reasons  of mass balance.  In s t ead  of a numerical v a l u e  of A,, 

i t  i s  convenient  t o  u s e  i t s  r a t i o ,  Pi, t o  the area- ljetwccn the  r e f e r e n c e  l i n e  

and the the a x i s ,  bo th  being co r rec t ed  f o r  background; t h i s  g i v e s  a f r a c -  

t i o n a l  enrichment o r  d e p l e t i o n .  For run No. 82, some va lues  uf ll a r a  as 

fo l lows  : 

cyc le  1: O0 0.075 c y c l e  4: 0' 0.082 
70° 0.080 70" 0.076 

c y c l e  2: O0 0.080 c y c l e  5: 0" 0.064 
70' 0.081 70" 0,054 , 

cyc le  3: 0" 0.061 
70' 0.085 

That is  t n  say,  t h e  70" e f f l u e n t  averaged abouc 8% r i c h e r  i n  t r i t i n m  than  

t h e  Sncoming hydrogen, and t h e  O0 e f f l u e n t  was dep le t ed  by  an equal  amnunt. 

For any p a r t i c u l a r  p a i r  of ha l f -cyc les  t h e  m a t e r i a l  balance was o f t e n  

d e f e c t i v e ,  bu t  over t h e  whole.  s e r i e s  i t  was f a i r l y  exac t .  



~ h e i e  r e s u l t s  a r e  t y p i c a l  of a large '  number of runs, .  i f  a l lowance i s  

made f o r  a good . d e a l  of s c a t t e r  ... It. proved .very  d i f f i c u l t  t o  reproduce any 

experiment exac t ly ,  a n d , t h e  e f f e c t s  of minor changes i n  t h e  v a r i a b l e s  could 

not  be determined because of random v a r i a t r o n s .  Some runs  gave less fa -  

vo rab le  r e s u l t s  than  the one i l l u s t r a t e d ;  a .  f  ew showed much b e t t e r  perf  or- 

mance. The gene ra l  t r end  was such t h a t  we b e l i e v e  a r e s u l t  a s  good a s  t h a t  

of run  No. 82 could b e  r e a d i l y  achieved i n  a r e p e t i t i o n  of t h i s  work. 

One complicat ion worth mentioning was t h e  tendency f o r  performance. to  

d e t e r i o r a t e  dur ing  t h e  course  of a s e r i e s .  Th i smay  hav,e, been due t o  impu- 

r i t i e s  i n  t h e  hydrogen, a l though s t r i n g e n t  precaut ions  were taken.  h not her 
problem may have been caused by our p r a c t i c e  of adhering t o  uniform t ime 

cyc le s .  This  sometimes r e s u l t e d  i n  changing -the temperature be fo re  a column 

had been completely converted t o  t h e  current- temperature equ i l i b r ium con- 

d i t i o n ;  such a s i t u a t i o n  can r e s u l t  i n  a subsequent concen t r a t ion  v s .  t ime 

curve t h a t  is  d i f f i c u l t  t o  analyze.  F i n a l l y ,  i t  i s  probable t h a t  i n  t h e  low 

temperature runs  some VH formed, s i n c e  p re s su res  of 50 t o  70 psza  were ob- 
2 

served when a column was valved off  and heated t o  70°C. Our exper ience  wi th  

band-passage experiments,  descri'bed above, . sugges ts  t h a t  VH2 formation is  

b e s t  avoided. 

Before p e r f e c t i n g  a V-H p roces s ,  i t  was .deemed adv i sab le  t o  test t h e  

dual-temperature column process  on another  system, Pd-H. Th i s  system has  a 

l a r g e  i s o t o p e  e f f e c t  which i s  i n  t h e  oppos i t e  d i r e c t i o n  from t h a t  of vana- 

dium; t h a t  i s ,  t h e  heavier  i s o t o p e  forms t h e  l e s s  s t a b l e  hydride.  . I n  both  

cases ,  t h e  i s o t o p i c  d i f f e r e n c e  i n c r e a s e s  a s  t h e  temperature i s  lowered, a s  

i l l u s t r a t e d  i n  F igure  1. Thus, a pal ladium column used i n  a two-temperature 

cyc l c  w i l l  r e t a i n  tritium i n  t h e  h igh  temperature per iod  and r e l e a s e  i t  on 

t h e  low temperature s i d e .  The two types  of behavior  a r e  equa l ly  s u i t a b l e  

f o r  a p r a c t i c a l  s e p a r a t i o n  process .  

A column w a s  t he re f  o r e  charged wi th  a mixture of 5 g pal ladium b l a c k  

T and 5 g Chromosorb W, of mesh s i z e  100 t o  130. The pal ladium, suppl ied  by 
2 

Engelhard I n d u s t r i e s ,  had a s u r f a c e  a r e a  of 25 m /g. The charge f i l l e d  

84 cm of a %.-in.-0.d. s t a i n l e s s  s t e e l  tube  l i k e  t h a t  used f o r  vanadium runs .  



Band-passage experiments having demonstrated chromatographic behavior  bu t  

with a much s h o r t e r  r e t e n t i o n  t h e  than  f o r  vanadium, s e v e r a l  dual-  

t empera ture  runs  were c a r r i e d  out .  F igu re  1 3  shows t h e  record  of a repre-  

s e n t a t i v e  run ,  No. 87. The cond i t i ons  were column p res su re ,  ~ 2 6  p s i a ;  

t empera ture  extremes, O°C and 70°C; f low rate of t r i t ium-t raced  hydrogen, 

2.5 cc/min; l e n g t h  of ha l f -cyc le ,  50 min on t h e  f i r s t  two cyc le s ,  1 h r  

t h e r e a f t e r  . 
Examination of t h e  t r a c e  shows r e l e a s e  of t r i t i u m  a t  70°C and pickup a t  

O°C, a s  expected. Seve ra l  o t h e r  conspicuous d i f f e r e n c e s  from t h e  vanadium 

r e s u l t s  were noted.  Concent ra t ion  extremes were g r e a t e r ,  breakthrough came 

sooner ,  and s e p a r a t i v e  e f f i c i e n c y  was h ighe r .  The maximum t r i t i u m  concen- 

. t r a t i o n  i n  t h e  O°C e f f l u e n t s  averaged 46.5, i n  t h e  r e l a t i v e  a c t i v i t y  u n i t s  

shown on t h e  c h a r t ;  t h e  minimum i n  t h e  70' ha l f -cyc les  averaged 27 u n i t s .  

The r a t i o  of t h e s e  numbers is  1.72, which is t h e  square  of 1.31, t h e  r a t i o  

r = a700/a00. Th i s  may be  compared wi th  t h e  v a l u e  of 1.29 d e r i v a b l e  from t h e  

Pd:a l i n e  of F igu re  1. The agreement is  q u i t e  good. 
t P 

A s  w i t h  vanadium, t h e  average t r i t i u m  enrichment and d e p l e t i o n  a r e  more 

important  than t h e  maxima. A s  descr ibed  above, t h e  a r e a s  between t h e  h a l f -  

c y c l e  curves and a r e f e r e n c e  a c t i v i t y  l i n e  can be used as measures of sepa- 

r a t i n g  e f f i c i e n c y ,  o r  t h e  r a t i o s ,  R ,  of t h e s e  a r e a s  t o  t h e  a r e a  between t h e  

r e f e r e n c e  l i n e  and t h e  t ime a x i s .  m e  quesr ion  ~ l l e l ~  a ~ i b e s ,  how long a timo 

per iod  should be chosen? I n  t h e  pal ladium runs ,  t h e  period of e f f l u e n t  en- 

r ichment  o r  d e p l e t i o n  was always l e s s  t han  t h e  pre-set 50- o r  60-min d u r a t i o n  

of t h e  ha l f -cyc le .  To o b t a i n  a f a i r  v a l u e  of R ,  one should cons ider  t h e  

ha l f -cyc le  complete as soon as t h e  e f f l u e n t  concenLratio11 r e t u r n s  t o  t h a t  of 

t h e  inpu t  gas  and c a l c u l a t e  t h e  r e l e r e n c e  a r e a  accord ingly .  Such handl ing 

of t h e  r e s u l t s  of r u n  No. 87 g ives  t h e  d a t a  shown i n  Table 5.  I n  s p i t e  of 

t h e  s c a t t e r ,  t h e  s e p a r a r i o n  e f f i c i e x ~ c y  c l e a r l y  was morc than  twice  t h a t  of e 

good vanadium run.  

To conclude, it i s  probably f a i r  t o  s ay  t h a t  our  r e s u l t s  g ive  reason t o  

hope t h a t  a n  i so tope  s e p a r a t i o n  process  based on t h e  p r i n c i p l e  descr ibed  i s  

a r e a l  p o s s i b f l i c y ,  bu t  LllaL ruuch luore r e s e a r c h  nccdc t o  be  done b c f o r ~  i t s  



economic v i a b i l i t y  can be  c a l c u l a t e d .  ~ b r e  me ta l  hydr ide  s u b s t r a t e s  should 

be t e s t e d ,  each under a wide range  of temperature,  p re s su re ,  f low r a t e ,  

p a r t i c l e  s i z e ,  e t c .  I n  r e c e n t  yea r s ,  i s o t o p e  e f f e c t s  have been determined 

f o r  a number of new alloy-hydrogen systems, and some of t h e s e  appear q u i t e  

promising f o r  chromatographic purposes,  e . g . ,  t h e  t i t an ium a l l o y s  r epo r t ed  

by Tanaka e t  a l .  
12 

We a r e  g r a t e f u l  t o  A. Holtz f o r  h e l p  i n  prepar ing  columns, t o  

G. S t r i ck l and  f o r  c a l c u l a t i o n s  of column e f f i c i e n c i e s ,  and t o  R. Benenat i  

and D. MacKenzie f o r  h e l p f u l  advice .  

Table 5  

Resu l t s  of ' Dual-Temperature Experiment. on Palladium ~ ~ d r i d e  (Run 87) 

* 
Cycle . Temp., O C  Time, Min Area r a t i o ,  R  t 

5  0  40 0.153 
7  0  4 2 0.162 

* 
Time from temperature cllal~gt! t o  r e r u r n  of e f t l u e n t  concent ra t ion  t o  t h a t  of 
i npu t  gas.  

' ~ v e r a ~ e  f r a c t i o n a l  i nc rease  (o r  decrease)  of t r i t i u m  concent ra t ion  i n  t h e  
' '  

0° (or  70") e f f l u e n t s .  
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