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PRESSURIZED CONTINUOUS CHROMATOGWHY 

R. M. Canon, J. M. Begovich, and W.G. Sisson 
Oak Ridge Nat iona l  Laboratory 

Oak Ridge, Tennessee 37830 
P .  0. Box X 

ABSTRACT 

A pressur ized  continuous annular chromatograph has been 
developed f o r  p repa ra t ive  sepa ra t ions .  This  device u t i l i z e s  a 
slowly r o t a t i n g  annular  bed of sorbent  material, f i xed  m u l t i p l e  
feed  p o i n t s ,  and f ixed  withdrawal l oca t ions .  Most of our 
i n v e s t i g a t i o n s  have been performed wi th  a 28-cm-diam column, 
but a l a r g e r  model i s  being designed and cons t ruc ted .  The 
sepa ra t ion  of copper,  n i c k e l ,  and coba l t  components from a 
carbonate  s o l u t i o n  h a s  been s tud ied  i n  d e t a i l .  This s o l u t i o n  
s imula tes  t he  leach  l i q u o r  from t h e  Caron process  f o r  recover ing  
n i c k e l  and coba l t  from l a t e r i t e  o re s .  Use of  continuous g rad ien t  
e l u t i o n  has  been demonstrated. Recent s t u d i e s  have inves t iga t ed  
s e v e r a l  s epa ra t ions ,  i nc lud ing  t h a t  of zirconium and hafnium 
(necessary f o r  t h e  production of zirconium f o r  use  i n  nuc lear  
r e a c t o r s ) ,  on a p repa ra t ive  scale. This  system, because of its 
continuous feed and product withdrawal,  i ts  a d a p t a b i l i t y  t o  
la rge-sca le  opera t ions ,  and i t s  a b i l i t y  t o  sepa ra t e  many 
components, i s  expected t o  make chromatography a more compet i t ive  
process i n  t h e  i n d u s t r i a l  s e c t o r .  

INTRODUCTION 

Appl ica t ion  of chromatography t o  i n d u s t r i a l  p repa ra t ive  

opera t ion  has  been hampered by s e v e r a l  f a c t o r s .  The necess i ty  

of ba t ch  opera t ion  and t h e  channeling occurr ing  wi th  la rge-  

diameter columns have been major reasons  f o r  t h e  avoidance of 

ion-exchange sepa ra t ion  methods i n  t h e  chemical processing 
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656 CANON, BEGOVICH, AND SISSON 

i n d u s t r y .  Its u s e  has  been l a r g e l y  r e s t r i c t e d  t o  low throughput  

systems and f o r  p r o c e s s i n g  s e n s i t i v e  materials f o r  which u n i t  

o p e r a t i o n s  methods are n o t  s u i t a b l e .  Attempts t o  develop a 

cont inuous chromatograph have been made i n  t h e  p a s t  (1-5) ,  b u t  

w i t h  only l i m i t e d  success .  S e v e r a l  r e s e a r c h e r s  used an a n n u l a r  

r o t a t i n g  chromatograph but  w e r e  n o t  a b l e  t o  s o l v e  t h e  o p e r a t i o n a l  

d i f f i c u l t i e s  a s s o c i a t e d  w i t h  such a d e v i c e .  The a p p a r a t u s  used 

by Dunni l l  and L i l l y  w a s  capable  of making r e l a t i v e l y  s imple 

biochemical  s e p a r a t i o n s  but  could o n l y  o p e r a t e  wi th  g r a v i t y  o r  

low-pressure f low.  The des ign  of  t h i s  system w a s  n o t  compat ible  

w i t h  g r a d i e n t  e l u t i o n  techniques .  

We have developed a r o t a t i n g  a n n u l a r  chromatograph t h a t  can 

be opera ted  under  p r e s s u r e  and can u t i l i z e  g r a d i e n t  e l u t i o n  

techniques .  

s o r b e n t  material moving p a s t  s t a t i o n a r y  feed  e n t r y  p o i n t s  and 

s t a t i o n a r y  product  c o l l e c t i o n  p o i n t s  ( F i g .  1). A s  t h e  bed 

r o t a t e s ,  i t  r e c e i v e s  feed  material  f o r  a s h o r t  p e r i o d  of  t i m e ,  

then  i t  is  exposed t o  t h e  e l u e n t  f o r  a somewhat l o n g e r  t i m e  

per iod .  A s  t h e  downward f low of e l u e n t  produces s e p a r a t i o n  among 

t h e  v a r i o u s  c o n s t i t u e n t s  of t h e  f e e d ,  they  are c a r r i e d  

c i r c u m f e r e n t i a l l y  w i t h  t h e  bed as  it  r o t a t e s .  Consequently, 

t h e  separa ted  c o n s t i t u e n t s  appear  as h e l i c a l  bands w i t h i n  t h e  bed. 

Since the  feed  p o i n t  i s  f i x e d  and t h e  t i m e  s p e n t  i n  t h e  column 

is  a c o n s t a n t  f o r  a g iven  feed c o n s t i t u e n t ,  t h e  a n g u l a r  displacement  

experienced by t h a t  c o n s t i t u e n t  is  a l s o  a c o n s t a n t .  Therefore ,  

t h e  v a r i o u s  products  can be c o l l e c t e d  a t  s t a t i o n a r y  p o i n t s  around 

t h e  chromatograph e x i t .  Material w i t h  t h e  l a r g e s t  d i s t r i b u t i o n  

c o e f f i c i e n t  w i l l  remain i n  t h e  column l o n g e s t  and w i l l  

t h e r e f o r e  exper ience  t h e  l a r g e s t  a n g u l a r  displacement  from t h e  

feed p o i n t .  

T h i s  d e v i c e  c o n s i s t s  of  a r o t a t i n g  a n n u l a r  bed of 

We have used two models of t h e  cont inuous  annular  chromatograph 

(CAC), and a t h i r d  i s  b e i n g  f a b r i c a t e d .  

been obta ined  on a device  (CAC-11) w i t h  annulus  o u t s i d e  d iameter  of 

2 7 . 9  e m  and annulus  wid th  of 1 . 2 7  cm. The c r o s s - s e c t i o n a l  area 

Most of  o u r  d a t a  have 
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PRESSURIZED CONTINUOUS CHROMATOGRAPHY 657 

GAS OVERPRESSURE 

ELUENT INLET STATIONARY INLET DISTRIBUTOR 

INLET PRESSURE SEAL 

FEEO INLET 

ELUENT STREAMS 
CONTINUOUS 
FEEO STREAM 

27 9 cm ANNULUS 0.0. 
ROTATINO ANNULAR 
CHROMATOGRAPH 
30.5 cm O.D. 

STATIONARY 

COLLECTION 

1.27 cm 8 SO cm 

FIGURE 1. Pressu r i zed ,  continuous annular  chromatograph (CAC-11). 

2 of t h e  bed i s  106 cm . Bed depth i s  approximately 60 cm, and 

the bed is  supported by a s o l i d - s t e e l  p l a t e  wi th  a v-groove 

machined below t h e  annulus.  There a r e  180 e x i t  ho le s  d r i l l e d  

thorugh t h i s  p l a t e  a t  t h e  bottom of t h e  groove, each plugged wi th  
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658 CANON, BEGOVICH, AND SISSON 

porous Tef lon  above t h e  exit t u b e .  T h i s  c o n f i g u r a t i o n  g i v e s  180 

d i s c r e t e  e x i t  p o i n t s  l o c a t e d  at  2" i n t e r v a l s  around t h e  

c i rcumference .  Samples can be c o l l e c t e d  from i n d i v i d u a l  t u b e s  

( o r  s e v e r a l  t u b e s  t o  c o l l e c t  a n  e n t i r e  band) ,  o r  a n  a n a l y t i c a l  

ins t rument  ( e . g . ,  spec t rophotometer )  can  b e  connected t o  any 

tube  t o  produce a c o n v e n t i o n a l  chromatogram. 

The i n l e t  d i s t r i b u t o r  i s  a 2- in .  s tee l  p i p e  t h a t  i s  he ld  

s t a t i o n a r y  w h i l e  t h e  chromatograph r o t a t e s .  S e a l  i s  accomplished 

by two O-rings c o n t a i n e d  i n  t h e  t o p  f l a n g e .  Two f e e d  e n t r y  

p o i n t s  (180' a p a r t )  and f o u r  e l u e n t  e n t r i e s  are  provided i n  t h i s  

d i s t r i b u t o r .  Four mani fo lds ,  each w i t h  s i x  n o z z l e s ,  have been 

f a b r i c a t e d  t o  a l l o w  o p e r a t i o n  i n  t h e  g r a d i e n t  e l u t i o n  mode. Each 

manifold s u p p l i e s  e l u e n t  t o  one-quar te r  of  t h e  column, r e s u l t i n g  

i n  24 n o z z l e s ,  e q u a l l y  spaced around t h e  column, which are capable  

of  f e e d i n g  f o u r  d i f f e r e n t  e l u e n t s .  T h i s  system i s  c o n s t r u c t e d  

of P l e x i g l a s  so  t h a t  v i s u a l  o b s e r v a t i o n s  of t h e  s e p a r a t i o n  can  

be  made and o p e r a t e s  a t  a maximum p r e s s u r e  of 30 p s i .  F u r t h e r  

d e t a i l s  on i t s  c o n s t r u c t i o n  can be  found i n  p a p e r s  by S c o t t  e t  a l .  

(6)  and Canon and S i s s o n  ( 7 ) .  A smaller d e v i c e  (CAC-ME) h a s  a l s o  

been c o n s t r u c t e d  of  P l e x i g l a s  and h a s  been o p e r a t e d .  Its annulus  

o u t s i d e  d iameter  i s  8 . 9  cm, and annulus  wid th  i s  0.64 c m ;  t h e  bed 

depth  i s  60 c m ,  and bed c r o s s - s e c t i o n  i s  16.5 cm . T h i s  model h a s  

proved p a r t i c u l a r l y  u s e f u l  i n  t e s t i n g  new s e p a r a t i o n s  on a s m a l l  

scale. Its s m a l l e r  s i z e  e n a b l e s  r a p i d  change of e l u e n t s  a n d . f e e d s  

wi thout  r e q u i r i n g  l a r g e  volumes o f  t h e s e  s o l u t i o n s .  The CAC-ME 

can  be  opera ted  a t  p r e s s u r e s  as h i g h  as  90 p s i .  

2 

A t h i r d  d e v i c e  i s  now be ing  f a b r i c a t e d  and i s  expec ted  t o  

provide  s c a l i n g  d a t a  and t o  prove t h e  concept  on a r e l a t i v e l y  

l a r g e  scale.  T h i s  d e v i c e  (CAC-111) i s  c o n s t r u c t e d  of Carpenter  20 

a l l o y  s tee l  and w i l l  be r a t e d  f o r  o p e r a t i o n  a t  150 p s i .  The 

annulus  o u t s i d e  d iameter  i s  59.7 c m ,  and annulus  wid th  i s  4.45 cm. 

T o t a l  c r o s s - s e c t i o n a l  area of t h e  bed i s  771 c m L ,  more t h a n  seven  

times t h e  area of  CAC-11. T h i s  d e v i c e  (F ig .  2 )  w i l l  have t h e  

c a p a b i l i t y  of o p e r a t i o n  w i t h  m u l t i p l e  f e e d  p o i n t s  and o p e r a t i o n  

i n  t h e  g r a d i e n t  e l u t i o n  mode w i t h  a wide v a r i e t y  of e l u e n t s .  
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FIGURE 2. Pressurized, continuous annular chromatograph (CAC-111). 
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660 CANON, BEGOVICH, AND SISSON 

METHODS 

I s o c r a t i c  Opera t ion  

Opera t ion  w i t h  a s i n g l e  e l u e n t  i s  accomplished by t h e  use  of  

a c o n d u c t i v i t y - t y p e  l i q u i d - l e v e l  c o n t r o l l e r  o p e r a t i n g  t h e  e l u e n t  

pump. A c o n s t a n t  g a s  o v e r p r e s s u r e  i s  main ta ined  t o  f o r c e  l i q u i d  

through t h e  bed w h i l e  t h e  c o n t r o l l e r  m a i n t a i n s  a l i q u i d  head above 

t h e  top of t h e  bed.  Feed mater ia l  i s  i n j e c t e d  c o n t i n u o u s l y  by 

a n o t h e r  pump i n t o  a 3-cm-deep l a y e r  o f  small g l a s s  beads  above 

t h e  s o r b e n t  mater ia l .  Because t h e  bed i s  r o t a t e d  r e l a t i v e  t o  

t h e  f e e d  p o i n t ,  f r e s h  s o r b e n t  i s  c o n s t a n t l y  r e c e i v i n g  f e e d  material. 

That p a r t  of t h e  bed n o t  r e c e i v i n g  feed  a t  a g i v e n  t ime i s  under- 

go ing  e i t h e r  e l u t i o n  o r  r e g e n e r a t i o n .  

A spec t rophotometer  h a s  been connected d i r e c t l y  t o  one of  

t h e  r o t a t i n g  e x i t  t u b e s  t o  measure t h e  s e p a r a t i o n .  Angular 

d i sp lacement  of any p o i n t  measured from t h e  f e e d  p o i n t  i s  analogous 

t o  t i m e  on a c o n v e n t i o n a l  column chromatograph; t h e r e f o r e ,  as t h e  

e x i t  t u b e  r o t a t e s  t o  a g r e a t e r  a n g u l a r  d i sp lacement ,  i t  r e c e i v e s  

material  t h a t  h a s  been  i n  t h e  column l o n g e r .  A s  a r e s u l t ,  any 

t u b e  can be  used and w i l l  e v e n t u a l l y  p a s s  under  a l l  t h e  s e p a r a t e d  

bands, g i v i n g  a convent iona l - type  chromatogram. 

Gradien t  E l u t i o n  Opera t ion  

Gradien t  e l u t i o n  chromatography w i t h  t h e  CAC is e q u i v a l e n t  

t o  t h a t  i n  a c o n v e n t i o n a l  column b u t  w i t h  s i g n i f i c a n t  o p e r a t i o n a l  

d i f f i c u l t i e s  t o  overcome. S i n c e  a n g u l a r  d i sp lacement  (from t h e  

feed  p o i n t )  i s  e q u i v a l e n t  t o  t i m e ,  d i f f e r e n t  e l u e n t s  must be  f lowing  

s imul taneous ly  through v a r i o u s  v e r t i c a l  s e c t i o n s  of t h e  column. 

(These are  imaginary s e c t i o n s ,  because  t h e  annulus  i s  n o t  p a r t i t i o n e d . )  

S ince  a l i q u i d  head o f  e l u e n t  cannot  be t o l e r a t e d ,  s p e c i a l  changes 

i n  o p e r a t i o n  (from t h e  i s o c r a t i c  mode) are r e q u i r e d .  The g l a s s  

beads a l l o w  u s  t o  m a i n t a i n  a l i q u i d  head ( t o  prevent  f o r c i n g  a i r  

th rough t h e  bed) and avoid  mixing of  t h e  e l u e n t s .  A d i f f e r e n t i a l  

p r e s s u r e  c o n t r o l l e r  measures  t h e  l i q u i d  head and a d j u s t s  t h e  g a s  

o v e r p r e s s u r e  t o  m a i n t a i n  t h e  l i q u i d  level j u s t  below t h e  t o p  o f  
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PRESSURIZED CONTINUOUS CHROMATOGRAPHY 661 

t h e  g l a s s  beads l a y e r .  Four d i f f e r e n t  e l u e n t s  can be used 

simultaneously.  The e luen t  manifolds a r e  used t o  conf ine  each 

e luen t  t o  a s p e c i f i c  angular  po r t ion  of t h e  column (90" when 

fou r  are used) a t  t h e  po in t  of i n t roduc t ion .  

through t h e  column wi th  l i t t l e  mixing a t  t h e  i n t e r f a c e s .  The e luen t  

manifold nozz les  extend i n t o  t h e  g l a s s  beads, thus  avoiding most 

of t h e  mixing which would occur wi th  a l i q u i d  head. 

i s  fed  from a s e p a r a t e  metering pump, and each nozzle r ece ives  

116 of t h e  t o t a l  manifold flow. 

g ive  equal  f lows, t h e  c o n t r o l l e r  i s  allowed t o  seek t h e  

equ i l ib r ium gas overpressure  t h a t  w i l l  prevent l i q u i d  accumulation 

o r  dep le t ion  above t h e  top  of t h e  g l a s s  beads. This  makes i t  

poss ib l e  t o  inc rease  t h e  number of e l u e n t s  without f u r t h e r  

complication t o  the  c o n t r o l  system. Small v a r i a t i o n s  i n  gas  

p re s su re  (<1%), and t h e r e f o r e  l i q u i d  v e l o c i t y  i n  t h e  column, are 

s u f f i c i e n t  t o  c o n t r o l  t he  system. 

The e l u e n t s  then  flow 

Each manifold 

When a l l  e luen t  pumps a r e  s e t  t o  

RESULTS 

Although many sorbent  materials could be used i n  t h e  CAC, 

a l l  s t u d i e s  repor ted  he re  used Dowex 50W-X8 c a t i o n  exchange r e s i n  

wi th  a wet s i z e  range of 50 t o  60 pm. Data were obtained on 

t h e  28-cm-diam column (CAC-11) f o r  s e v e r a l  systems. 

Copper-Nickel-Cobalt System 

The sepa ra t ion  of copper,  n i c k e l ,  and coba l t  from a s y n t h e t i c  

process l i q u o r  has been inves t iga t ed  as an ion-exchange sepa ra t ion  

of p o t e n t i a l  u t i l i t y .  I n  t h e  Caron process  f o r  n i c k e l  recovery 

from oxide  o r e s ,  an  ammonia-rich process  l i q u o r  is  produced t h a t  

con ta ins  copper and n i c k e l  complex ions  and a s  many as t h r e e  

coba l t  complex ions ,  which a r e  r e f e r r e d  t o  as Cu, N i ,  Co-1, Co-2, 

and Co-3. Hurst (8) i d e n t i f i e d  t h e  n i c k e l  and coba l t  complexes 

and s tud ied  t h e  e f f e c t  of e luen t  concent ra t ion  and pH upon t h e i r  

d i s t r i b u t i o n  c o e f f i c i e n t s .  H e  concluded t h a t  a h igh- reso lu t ion  

ion-exchange sepa ra t ion  could be used f o r  t h e  f i n a l  p u r i f i c a t i o n  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



CANON, BEGOVICH, AND SISSON 662 

s t e p  

coba 

most 

i n  t h e  Caron p r o c e s s ,  w i t h  recovery  of b o t h  n i c k e l  and 

t .  I n  such a p r o c e s s ,  a cont inuous  chromatograph would be 

u s e f u l  

Dowex 50W-X8 cat ion-exchange r e s i n  (50 t o  60 pm) w a s  used i n  

C A C - I 1  t o  s e p a r a t e  t h e  components i n  a s y n t h e t i c  feed l i q u o r  

c o n t a i n i n g  Cu, N i ,  Co-1, and Co-2. The t h i r d  c o b a l t  s p e c i e s  w a s  

no t  inc luded  s i n c e  it c a n  b e  e a s i l y  removed p r i o r  t o  t h e  CAC 

u s i n g  a s t a t i o n a r y  ion-exchange column. The e l u e n t  w a s  1 

(NH ) CO b u f f e r e d  t o  a pH of 7 .8  u s i n g  carbon d i o x i d e .  S i n c e  a l l  

f o u r  s o l u t e s  are c o l o r e d  s u b s t a n c e s ,  t h e  s e p a r a t i o n  could  be  r e a d i l y  

fol lowed by a spec t rophotometer .  Copper and n i c k e l  bands were 

measured a t  644 nm w h i l e  Co-1 and Co-2 were measured a t  t h e  

a b s o r p t i o n  maxima, 523 and 510 nm, r e s p e c t i v e l y .  

4 2  3 

Use of i n - l i n e  i n s t r u m e n t s  w i t h  t h i s  d e v i c e  has  made a c c u r a t e  

d e t e r m i n a t i o n s  o f  t h e  r e s o l u t i o n  p o s s i b l e .  R e s o l u t i o n ,  R,  i s  

d e f i n e d  a s  

2 ( e 2  - el) 
R =  

w1 + w2 ’ 

where 

p o i n t )  of t h e  maximum c o n c e n t r a t i o n s  of  c o n s t i t u e n t s  1 and 2 ,  

and W i s  t h e  c o n s t i t u e n t  bandwidth. A r e s o l u t i o n  v a l u e  of  u n i t y  

i n d i c a t e s  no dead volume between peaks h u t  v i r t u a l l y  no o v e r l a p p i n g .  

A series of exper iments  wereconducted t o  determine  t h e  e f f e c t  of  

f e e d  ra te  on r e s o l u t i o n  f o r  a g iven  feed  c o n c e n t r a t i o n .  Data f o r  

copper ,  n i c k e l ,  c o b a l t - 1  and cobal t -2  are shown i n  Fig.  3 .  

R e s o l u t i o n s  g r e a t e r  t h a n  u n i t y  could  be  main ta ined  a t  f e e d  rates 

as h i g h  as  2.5% ( 6 . 7  cc/min) of t h e  t o t a l  e l u e n t  f low f o r  a l l  b u t  

t h e  copper -n icke l  s e p a r a t i o n .  S i n c e  t h i s  d e v i c e  i s  in tended  f o r  

l a r g e - s c a l e  p r e p a r a t i v e  chromatography, i t  i s  d e s i r a b l e  t o  o p e r a t e  

near  t h e  maximum f e e d  rates. Loss of r e s o l v i n g  power i s  t h e  

l i m i t i n g  f a c t o r  f o r  f e e d  rate and de termines  t h i s  maximum. 

and e2 a r e  t h e  a n g u l a r  d i sp lacements  (from t h e  f e e d  

Another inducement t o  o p e r a t e  n e a r  t h e  maximum i s  t h e  r e d u c t i o n  

i n  d i l u t i o n  a t  h i g h  f low rates .  I d e a l l y ,  one would l i k e  t o  s e p a r a t e  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



PRESSURIZED CONTINUOUS CHROMATOGRAPHY 

?'Or------ 

50- 

z 

+ 
2 
_1 
0 
ln 
w 3.0- 
LL 

0 4 0 -  

2.0 

1.0 

663 

- 

I I I 

I I I I 1 I I I I 
I 0  2 0  3 0  4 0  5 0  6 0  7 0  8 0  90 10 

VOLUMETRIC FEED RATE ( c c  / rnin)  

FIGURE 3. CAC r e s o l u t i o n  v s  v o l u m e t r i c  f e e d  r a t e  f o r  t h e  
Cu-Ni-Co system i n  (NH4)2C03. 

t h e  c o n s t i t u e n t s  w i t h  no d i l u t i o n .  While t h i s  i s  not  p o s s i b l e ,  one 

can sometimes approach t h i s  c o n d i t i o n .  F i g u r e  4 shows t h e  

r e d u c t i o n  i n  d i l u t i o n  which o c c u r s  w i t h  i n c r e a s i n g  f e e d  rate.  

A t  2.5% of e l u e n t  f low,  t h e  d i l u t i o n  i s  a f a c t o r  of 6 f o r  Co-2 

and less t h a n  4 f o r  t h e  o t h e r  components. 

I n  a p r e p a r a t i v e  d e v i c e  t h e  f e e d  r a t e  could  b e  e a s i l y  

manipula ted  t o  a c h i e v e  t h e  d e s i r e d  s e p a r a t i o n  w i t h  t h e  maximum 

throughput .  However, one might a l s o  b e  a b l e  t o  change t h e  f e e d  

c o n c e n t r a t i o n  i f  t h e r e  w a s  s u f f i c i e n t  b e n e f i t  t o  be ga ined .  

Consequent ly ,  w e  have i n v e s t i g a t e d  t h e  e f f e c t  of f e e d  c o n c e n t r a t i o n  

on r e s o l u t i o n  and d i l u t i o n  f o r  t h e  same c a r b o n a t e  system. The 

r a t i o s  of t h e  c o n c e n t r a t i o n s  of t h e  s p e c i e s  i n  t h e  f e e d  w e r e  h e l d  
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664 CANON, BEGOVICH, AND SISSON 

VOLUMETRIC FEED RATE (cclrnin) 

FIGURE 4 .  Dilution factor as a function of volumetric feed rate 
for the Cu-Ni-Co system. 

constant, as would be the case if evaporation or dilution were 

used. These experiments did not show (Fig. 5) a drastic reduction 

in resolution with an increase in feed concentration. In general, 

resolution was only reduced by about 20% for a six-fold increase in 

the total metal concentration of the feed. The dilution factor 

behaved somewhat unexpectedly, showing a slight increase (20 to 

40%)  over the same concentration range (Fig. 6 ) .  These results 

demonstrate the advantages of operating at high feed concentrations 

and the maximum flow rate possible while still maintaining the 

desired resolution. 

Gradient Elution with Copper-Nickel-Cobalt 

Although gradient elution techniques are not required to 

perform separation of  the Cu-Ni-Co system, its colored constituents 
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FIGURE 5 .  E f f e c t  o f  t h e  t o t a l  feed  c o n c e n t r a t i o n  on r e s o l u t i o n  
f o r  t h e  Cu-Ni-Co system. 

g r a p h i c a l l y  i l l u s t r a t e  t h e  method. F i g u r e  7 i s  a photograph of 

CAC-I1  o p e r a t i n g  i n  t h e  g r a d i e n t  e l u t i o n  mode w i t h  Cu, N i ,  and 

Co-2 i n  t h e  feed .  A pH g r a d i e n t  w a s  used ,  w i t h  t h e  quadrant  

c o n t a i n i n g  t h e  f e e d  p o i n t  r e c e i v i n g  1 M  (NH4)2C03 a t  pH 9.4, w h i l e  

t h e  a d j a c e n t  quadrant  r e c e i v e d  1 The i n t e r -  

f a c e  between t h e s e  e l u e n t s  i s  c l e a r l y  marked by t h e  change i n  s l o p e  

of t h e  copper and n i c k e l  bands.  The Cu, Ni,and Co-2 have 

approximately t h e  same d i s t r i b u t i o n  c o e f f i c i e n t  i n  t h e  h i g h  pH 

e l u e n t ,  b u t  they  are markedly d i f f e r e n t  a t  low pH. The i n t e r f a c e  

i s  v e r y  sharp  and i t s  p o s i t i o n  is s t a b l e ,  i n d i c a t i n g  l i t t l e  

e l u e n t  mixing and no s i g n i f i c a n t  f low v a r i a t i o n s  i n  t h e  column. 

(NH4)*C03 a t  pH 7 .8 .  

Iron-Aluminum System 

Our r e s e a r c h  and development e f f o r t s  i n  r e s o u r c e  recovery  (9) 

have produced a c i d  l i q u o r s  (from t h e  a c i d  l e a c h i n g  of  c o a l  a s h )  
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FIGURE 6. Effect of the total feed concentration on dilution 
factor for the Cu-Ni-Co system. 

that contain significant amounts of iron and aluminum, as well as 

smaller quantities of many other metals. Efficient separation 

of these metals has not yet been demonstrated by other methods, 

therefore continuous chromatography is being examined for this 

application. It may also have utility in separating or partitioning 

the many trace metals found in these solid residues. 
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F I G U R E  7. Use of a pH gradient in the separation of Cu-Ni-Co 
with 1 (NHq)2C03. 
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668 CANON, BEGOVICH, AND SISSON 

The l i t e r a t u r e  g i v e s  methods f o r  t h e  s e p a r a t i o n  of  a l a r g e  

number of t h e s e  metals v ia  c o n v e n t i o n a l  i o n  exchange. However, 

t h e s e  are a n a l y t i c a l  methods, s u i t a b l e  f o r  s m a l l  q u a n t i t i e s ,  

b u t  no t  f o r  p r e p a r a t i v e - s c a l e  work. They i n v o l v e  u s e  of many 

e l u e n t s ,  i n c l u d i n g  H C 1 ,  H2S04, and methanol  i n  v a r i o u s  c o n c e n t r a t i o n s  

and combinat ions.  The r e s i n  s p e c i f i c  volume changes o c c u r r i n g  

w i t h  t h e s e  e l u e n t s  p r o h i b i t  t h e  u s e  o f  t h i s  sys tem i n  t h e  cont inuous  

chromatograph. T h e r e f o r e ,  a new sys tem w a s  sought  t o  s e p a r a t e  

t h e s e  metals i n  a n  a c i d  s o l u t i o n .  S i n c e  aluminum and i r o n  are t h e  

major components, methods t o  s e p a r a t e  t h e s e  m e t a l s  w e r e  g i v e n  f i r s t  

p r i o r i t y  , 

Simulated l i q u o r s  c o n t a i n i n g  i r o n  and aluminum n i t r a t e s  w e r e  

used f o r  t h e  f e e d  s o l u t i o n s .  Dowex 50W-X8 c a t i o n  exchange r e s i n ,  

t h e  same r e s i n  used p r e v i o u s l y  f o r  t h e  Co-Ni-Cu system, w a s  used 

f o r  a l l  tests. 

l i q u o r ,  n e u t r a l i z a t i o n  ( o r  e v a p o r a t i o n )  t o  a pH of  about  1.4 i s  

r e q u i r e d  b e f o r e  f e e d i n g  t o  t h e  column. S o l u t i o n s  of ammonium 

s u l f a t e  and s u l f u r i c  a c i d  were examined f o r  u s e  as  e l u e n t s  and 

d i s t r i b u t i o n  c o e f f i c i e n t s  were measured. F i g u r e  8 shows t h e  

d i s t r i b u t i o n  c o e f f i c i e n t s  f o r  0.025 _M H2S04 and v a r i o u s  

c o n c e n t r a t i o n s  o f  (NH4)2S04. 

from column measurements on a c o n v e n t i o n a l  0.50-in.-diam column. 

The d i s t r i b u t i o n  c o e f f i c i e n t  w a s  c a l c u l a t e d  from 

S i n c e  t h e  m e t a l s  w i l l  n o t  load  from t h e  h igh-ac id  

The c o e f f i c i e n t s  w e r e  determined 

v - v  
R O  

'T - ' 0  ' 
K=- 

where 

VR = volume of e l u e n t  used t o  e l u t e  t h e  s o l u t e  a t  peak 

c o n c e n t r a t i o n ,  

Vo = void  volume of  t h e  column, 

VT = t o t a l  volume of  t h e  column. 

S e v e r a l  exper iments  were performed w i t h  a s i n g l e  e l u e n t  w i t h  

r e l a t i v e l y  poor r e s u l t s .  With low c o n c e n t r a t i o n s  of  (NH ) SO 

i n  t h e  e l u e n t ,  d i l u t i o n  of aluminum w a s  h i g h ,  w h i l e  h i g h e r  
4 2  4 
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FIGURE 8. D i s t r i b u t i o n  c o e f f i c i e n t s  of aluminum and i r o n  i n  
0.025 p1 H2S04 as a f u n c t i o n  of  (NH ) SO c o n c e n t r a t i o n .  4 2  4 

(NH4)2S04 c o n c e n t r a t i o n s  (>0.50 M) would n o t  g i v e  s e p a r a t i o n .  

Consequent ly ,  a g r a d i e n t  e l u t i o n  i n  t h e  CAC-I1  w a s  used.  The 

s e p a r a t i o n  is  shown i n  F i g .  9 ,  w i t h  a f e e d  c o n t a i n i n g  4.0 g F e l l  

and 7 .0  g A l / l .  

p o i n t .  

(NH4)2S04 and 0.025 g H2S04 extended from 303 t o  123" and t h e  

remainder  r e c e i v e d  1 . 0  g (NH4)2S04 and 0.025 g H2S04. 
ra te  w a s  210° /hr ;  t h e  feed  ra te  w a s  4.05 cm /min; and t h e  super-  

f i c i a l  e l u e n t  v e l o c i t y  w a s  2 . 2 9  cm/min. These c o n d i t i o n s  w e r e  

chosen t o  e n a b l e  t h e  i r o n  t o  e l u t e  s imul taneous ly  w i t h  t h e  a r r i v a l  

of  t h e  second (h igher  c o n c e n t r a t i o n )  e l u e n t .  The second e l u e n t  

then  e l u t e d  t h e  aluminum q u i c k l y ,  compressed t h e  band, and 

Angular d i sp lacements  were measured from t h e  f e e d  

With t h e  feed  p o i n t  a t  O ' ,  t h e  area r e c e i v i n g  0.5 g 

The r o t a t i o n  
3 
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F I G U R E  9 .  Cont inuous s e p a r a t i o n  of  i r o n  and aluminum w i t h  
g r a d i e n t  e l u t i o n  chromatography. The v e r t i c a l  l i n e  
r e p r e s e n t s  t h e  i n t e r f a c e  of t h e  two e l u e n t s .  

s i g n i f i c a n t l y  reduced t h e  amount of  d i l u t i o n .  Table  1 shows a 

comparison of i s o c r a t i c  and g r a d i e n t  e l u t i o n .  D i l u t i o n  

( c o n c e n t r a t i o n  i n  t h e  f e e d l c o n c e n t r a t i o n  i n  t h e  e l u t e d  band) w a s  

reduced s p e c t a c u l a r l y  f o r  aluminum and s i g n i f i c a n t l y  f o r  i r o n .  

Recovery (g  metal  f e d  p e r  minute /g  metal  recovered  i n  t h e  product  
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PRESSURIZED CONTINUOUS CHROMATOGRAPHY 671  

TABLE 1 

Comparison of Isocratic and Gradient Elution Results for Iron and 
Aluminum 

Run no./conditions Dilution % recovery % cross contamination 
Fe A1 Fe A1 A1 in Fe Fe in A 1  

FEA-l/isocratic 19 .3  51.5 80 78 0.069 1 .00  

FEA-18lgradient 7.4 8.5 92 98 0.029 0.66 

band per minute) was also significantly improved and cross 

contamination was reduced slightly. Cross contamination refers to 

the concentration of the contaminant (minor) metal in the product 

metal after the product stream is reduced to the metal. Thus, 

the aluminum produced from the product in run FEA-18 would 

contain 0.66 wt % iron. 

These results indicate that aluminum and iron can be 

separated using continuous ion exchange methods with gradient 

elution techniques. Investigations on this system are continuing, 

and the system will be expanded to include titanium, manganese, 

and other metals. However, the real utility of the process may 

prove to be in separating or isolating the many trace metals 

found in these leach liquors, especially those known to be 

hazardous. Additional studies will also be required to improve 

further the separation of the major components. 

Zirconium-Hafnium System 

All naturally occurring zirconium ores typically contain 

about 3% (by weight of the zirconium) hafnium. Due to the 

similarity of their atomic and ionic radii and their electron 

structures, the separation of  zirconium and hafnium is a very 

difficult and complex task. 

pure components has come from the field of nuclear technology, 

The primary incentive for obtaining 
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672  CANON, BEGOVICH, AND SISSON 

where t h e  low n e u t r o n  c a p t u r e  c r o s s  s e c t i o n  of  z i rconium makes 

i t  a t t r a c t i v e  as  f u e l  c l a d d i n g  i n  n u c l e a r  r e a c t o r s ,  and t h e  h i g h  

c r o s s  s e c t i o n  of  hafnium makes i t  u s e f u l  f o r  c o n t r o l  rod 

a p p l i c a t i o n s .  A s  t h e  p r o d u c t i o n  r a t e s  of  z i rconium and hafnium 

a r e  i n c r e a s e d ,  however, a number of  o t h e r  a p p l i c a t i o n s  are l i k e l y  

t o  be found. For  example, hafnium may w e l l  p rove  t o  b e  u s e f u l  

i n  t h e  c o n s t r u c t i o n  of  j e t  e n g i n e s  s i n c e  i t  can  absorb  and g i v e  

up h e a t  a t  more t h a n  t w i c e  t h e  r a t e  of  z i rconium o r  t i t a n i u m .  

Hafnium may a l s o  f i n d  u s e s  i n  e l e c t r o n i c s ,  t h e  o p t i c a l  i n d u s t r y ,  

and as c a t a l y s t s .  

C u r r e n t  commercial t echnology f o r  the s e p a r a t i o n  of z i rconium 

and hafnium c ters on two l i q u i d  e x t r a c t i o n  methods. The f i r s t  

i n v o l v e s  t h e  e x t r a c t i o n  of  t h e  t h i o c y a n a t e  complexes of  z i rconium 

and hafnium u s i n g  i s o b u t y l  methyl  k e t o n e ,  w h i l e  the o t h e r  method 

u s e s  t h e  t r i b u t y l  phosphate  e x t r a c t i o n  of t h e  n i t r a t e  complexes. 

Both of  t h e s e  methods are  complex and expens ive ;  t h i s  provided  

our  m o t i v a t i o n  f o r  a t t e m p t i n g  t h e  s e p a r a t i o n  on a cont inuous  b a s i s  

u s i n g  c a t i o n  exchange r e s i n  i n  t h e  CAC. Using a c o n v e n t i o n a l  

column packed w i t h  Dowex 50W-X8 c a t i o n  exchange r e s i n ,  Hurs t  (10) 

determined t h e  d i s t r i b u t i o n  c o e f f i c i e n t s  o f  bo th  z i rconium and 

hafnium i n  t h e  s u l f a t e  form as a f u n c t i o n  of t h e  s u l f u r i c  acid 

e l u e n t  c o n c e n t r a t i o n .  Over a n  a c i d  c o n c e n t r a t i o n  range  of  0.5 t o  

2 1, t h e  r a t i o  of  t h e  d i s t r i b u t i o n  c o e f f i c i e n t s  decreased  from 9 
t o  4 .5 .  

For  cont inuous  s e p a r a t i o n s ,  t h e  CAC-I1  was packed t o  a d e p t h  

of  60 cm w i t h  Dowex 50W-X8 c a t i o n  exchange r e s i n .  S u l f u r i c  a c i d ,  

w i t h  c o n c e n t r a t i o n s  r a n g i n g  from 0 .9  t o  1 . 5  N, h a s  been used as 

t h e  e l u e n t  a t  a t y p i c a l  f low r a t e  of  250 ml/min. The zirconium 

and hafnium f e e d  l i q u o r  i s  s i m u l a t e d  by d i s s o l v i n g  commercial ly  

a v a i l a b l e  z i rconium s u l f a t e  (ZrOSO4.H2SO4-3H20) i n  water.  This  

material  h a s  n o t  been processed  t o  remove hafnium, s o  t h e s e  

m e t a l s  are  p r e s e n t  i n  t h e  s a m e  r a t i o  as found i n  t h e  o r i g i n a l  

ore .  

have been prepared  i n  t h i s  manner. 

Feed s o l u t i o n s  c o n t a i n i n g  up t o  135 g Z r / l  and 4 .1  g H f / l  
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A t y p i c a l  experimental  r e s u l t  i s  shown i n  Fig.  10.  The 

f i r s t  peak, a t  approximately l o " ,  corresponds t o  a spec ie s  wi th  

zero d i s t r i b u t i o n  c o e f f i c i e n t .  Although f o r  t h i s  peak t h e  r a t i o  

of hafnium t o  zirconium i s  reduced s l i g h t l y  from t h e  r a t i o  i n  t h e  

f eed ,  t h i s  zero  d i s t r i b u t i o n  c o e f f i c i e n t  i n d i c a t e s  t h a t  t h e  feed  

con ta ins  a smal l  amount of m a t e r i a l  which does not i n t e r a c t  wi th  

5,000 

2,000 

1,000 

10,000 t 
CONTAINS - 90% 

OF THE ELUTED Zr 
WITH Go.oin ~i 

FEED : 0.4 cm3/nin OF 
26 g Zr CI 0.1 g Hf/l 

ELUENT ; I5 I/hf OF 1.3N H@, 

ANGULAR DISPLACEMENT FROM FEED POINT (deg) 

FIGURE 10. Continuous sepa ra t ion  of zirconium and hafnium 
wi th  CAC-11. 
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674 CANON, BEGOVICH, AND SISSON 

t h e  r e s i n .  F o r  t h e  case shown i n  t h e  f i g u r e ,  approximate ly  10% 

of  t h e  zirconium i s  t i e d  up i n  t h i s  f i r s t  peak and i s  contaminated 

w i t h  hafnium. However, t h e  remain ing  90% of t h e  z i rconium i s  

e l u t e d  i n  t h e  second peak,  and c o n t a i n s  less t h a n  0.01% hafnium, 

which q u a l i f i e s  i t  as p u r e  z i rconium f o r  n u c l e a r  u s e .  The 

zirconium c o n t e n t  of t h e  t h i r d  peak,  which i s  p r i m a r i l y  hafnium, 

i s  n o t  well known s i n c e  t h e  lower l i m i t  of a n a l y t i c a l  d e t e c t i o n  i s  

approximately 1 ppm. 

F i g u r e  1 0  a l s o  shows t h a t  t h e  e n t i r e  s e p a r a t i o n  t a k e s  less 

t h a n  one quadrant  of t h e  chromatograph. Thus i t  would b e  a s imple  

matter t o  put  i n  t h r e e  more feed  l i n e s  and space  t h e  f e e d  i n l e t  

p o i n t s  90" a p a r t .  For f o u r  f e e d  p o i n t s  and t h e  c o n d i t i o n s  

d e s c r i b e d  i n  t h e  f i g u r e ,  t h e  s m a l l - s c a l e  C A C - I 1  would be a b l e  t o  

produce o v e r  20 kg of p u r e  z i rconium p e r  y e a r .  Furthermore,  

i t  a p p e a r s  e n t i r e l y  f e a s i b l e  t h a t  b o t h  t h e  f e e d  r a t e  and t h e  feed  

c o n c e n t r a t i o n  can  be  i n c r e a s e d  s i g n i f i c a n t l y ,  r a i s i n g  t h e  p o t e n t i a l  

p roduct ion  of  t h i s  s m a l l  u n i t  towards 1000 kg of  p u r e  zi rconium 

p e r  y e a r .  

Scale-up of t h e  Continuous Annular Chromatograph 

A s  mentioned p r e v i o u s l y ,  a l l  of t h e  systems s t u d i e d  t o  d a t e  

have been r u n  i n  t h e  28-cm-diam C A C - I 1  o r  t h e  9-cm-diam CAC-ME. 

A 60-cm-diam u n i t ,  C A C - 1 1 1 ,  i s  p r e s e n t l y  b e i n g  f a b r i c a t e d .  To 

o b t a i n  t h e  p r o p e r  scale-up f a c t o r ,  t h e  copper -n icke l -cobal t  system 

was run  on t h e  C A C - I 1  and t h e  CAC-ME, u s i n g  t h e  same e l u e n t  

v e l o c i t y  i n  b o t h  u n i t s .  

The r e s u l t s  are shown i n  F i g s .  11 and 1 2 .  The a b s c i s s a  i n  

both  f i g u r e s  i s  t h e  r a t i o  of  t h e  v o l u m e t r i c  f e e d  and e l u e n t  f low 

r a t e s  ( reduced feed  r a t e ) .  S i n c e  t h e  e l u e n t  v e l o c i t y  was h e l d  

c o n s t a n t ,  t h e  a n n u l a r  c r o s s - s e c t i o n a l  area i s  t h e  s c a l i n g  f a c t o r  

f o r  t h e  two f i g u r e s ,  and as t h e y  show, i t  a p p e a r s  t o  be  approximately 

t h e  c o r r e c t  s c a l i n g  f a c t o r .  Data f o r  t h e  two d e v i c e s  g e n e r a l l y  

a g r e e  f o r  t h e  l i m i t i n g  s e p a r a t i o n s .  The r e s o l u t i o n  i s  s l i g h t l y  

b e t t e r  i n  t h e  CAC-ME which i s  probably  t o  be  expected due t o  i t s  
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8 

6 -  

2 
0 

1 I 1 I I I 

FEED: 4 9 Ni/llter. I g Culliter.1 p Co-lll iter, I 9  Co-E/ l i ter  

ELUENT: I M (NH412 CO3, pH.7.9 AT 2 .55  cmlmin 

C A C - I I  CAC - ME 
o C u - N i  
A Ni-Co-1 A 

I I I I I 1 
0 . 0 0 4  0.008 0.012 0.016 0.020 0 . 0 2 4  

VOLUMETRIC F E E D  RATE/VOLUMETRIC E L U E N T  RATE 

FIGURE 11. Effect of reduced feed rate on resolution in the 
copper-nickel-cobalt system. 

6 -  

4 -  

2 -  

0 1  

I I 1 I 1 

C A C - I I  CAC-ME 

-i -- -  ------ _ _ _  

A 
FEED:  4 g Nilliter, I g Culliter.1 g Co-lll iter, I g Co-2l l i ter  

ELUENT: l M ( N H q ) 2 C O 3 ,  pH.7.9 AT 2.55 cmlmin 

1 1 I I I 

2 4  

FIGURE 12. Effect of reduced feed rate on product dilution in 
the copper-nickel-cobalt system. 
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smaller a n n u l a r  wid th .  S i m i l a r l y ,  t h e  d i l u t i o n  f a c t o r  i s  on t h e  

same o r d e r  i n  b o t h  u n i t s ,  w i t h  t h e  smaller chromatograph g e n e r a l l y  

having  a s l i g h t l y  lower product  d i l u t i o n .  

Based on t h e s e  r e s u l t s ,  t h e  a n n u l a r  c r o s s - s e c t i o n a l  area h a s  

been used as t h e  i n i t i a l  sca le -up  f a c t o r  f o r  t h e  d e s i g n  of  the 

CAC-111. A d d i t i o n a l l y ,  exper iments  are planned t o  de termine  

t h e  e f f e c t  of  e l u e n t  v e l o c i t y  on t h e  r e s o l u t i o n  of  t h e  f e e d  

component s p e c i e s  so t h a t  t h e  column l e n g t h  can be  set .  Using 

Fig.  1 0  as a g u i d e  f o r  t h e  zirconium-hafnium system, a 60-cm-long 

CAC-111,  o p e r a t i n g  a t  150 p s i g  could  produce approximate ly  1 metric 

t o n  of pure  z i rconium p e r  y e a r ,  w i t h  t h e  p o s s i b i l i t y  of a c h i e v i n g  

50 m e t r i c  t o n s  p e r  y e a r  i f  t h e  f e e d  ra te  and c o n c e n t r a t i o n  can be  

i n c r e a s e d  as  now a p p e a r s  f e a s i b l e .  T h i s  would compare q u i t e  

f a v o r a b l y  t o  t h e  U.S. demand, which w a s  1900 metric t o n s  i n  

1973  (11). 

CONCLUSIONS 

The cont inuous  a n n u l a r  chromatograph h a s  been demonstrated 

t o  hold g r e a t  p o t e n t i a l  f o r  per forming  s e p a r a t i o n s  on a 

p r e p a r a t i v e  s c a l e  i n  t h e  metals i n d u s t r y .  The s e p a r a t i o n  of  

copper ,  n i c k e l ,  and c o b a l t  f rom a n  ammoniacal l e a c h  l i q u o r  h a s  

been thoroughly  explored  and can b e  e a s i l y  performed by the CAC. 

I n v e s t i g a t i o n s  on t h e  a c i d  l i q u o r s  o b t a i n e d  i n  t h e  l e a c h i n g  of  

low-grade o r e s  are c o n t i n u i n g  t o  show promise f o r  t h e  CAC i n  t h a t  

area.  T h i s  system r e q u i r e s  g r a d i e n t  e l u t i o n  t e c h n i q u e s  and 

demonst ra tes  t h e  power of  t h e  d e v i c e  when o p e r a t i n g  i n  such  a 

manner. I t s  a d a p t a b i l i t y  t o  g r a d i e n t  e l u t i o n  w i t h o u t  s e r i o u s  

compl ica t ion  of  i t s  o p e r a t i o n  t remendously i n c r e a s e s  i t s  p o t e n t i a l  

i n  t h e  p r o c e s s i n g  i n d u s t r i e s .  I ts  most immediate impact ,  however, 

may be  i n  t h e  s e p a r a t i o n  o f  z i rconium and hafnium. This  s e p a r a t i o n  

i s  c r i t i c a l  t o  t h e  n u c l e a r  i n d u s t r y  and i t s  d i f f i c u l t y  can be  

judged f r o m  t h e  d e s c r i p t i o n  o f  t h e s e  metals, by one handbook ( 1 2 ) ,  

a s  b e i n g  t h e  two most d i f f i c u l t  e lements  t o  s e p a r a t e .  S c a l i n g  t o  

produce 2.5% of t h e  U.S. demand on a d e v i c e  o n l y  60 cm i n  
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diameter demonstrates a very powerful technique. Much larger 

devices could be quite easily constructed and operated. 
Investigations with the CAC-111 will be performed to prove its 

potential for utility as a large-scale separations device in 

the processing industry. 
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