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ABSTRACT 

Ear l y  work on use o f  carbons f o r  l i q u i d  chromatography shows 
tha t  special  carbons must be developed i f  carbon i s  t o  be useful  
i n  HPLC. The processes used t o  make carbons, the p roper t i es  of 
such carbons and the requirements f o r  HPLC carbons are discussed. 
The preparat ion o f  HPLC carbons i s  reviewed i n  d e t a i l  and the 
r e s u l t s  which have been obtained are assessed i n  terms of t h e i r  
k i n e t i c  and thermodynamic performance. App l ica t ions  are  reviewed. 

It i s  concluded t h a t  none o f  the e x i s t i n g  HPLC carbons 
combine a l l  the desired features o f  p a r t i c l e  r i g i d i t y ,  adequate 
surface area and un i fo rm i t y  o f  surface chemistry bu t  t h a t  there  
i s  no reason t o  doubt tha t  such a mater ia l  can eventua l l y  be 
prepared. The k i n e t i c  performance o f  e x i s t i n g  mater ia ls  i s  
probably adequate bu t  peaks are  o f ten  wide due t o  inadequate 
con t ro l  o f  the surface chemistry.  Carbons from d i f f e r e n t  
sources e x h i b i t  s i m i l a r  bu t  not i den t i ca l  s e l e c t i v i t y .  Broadly 
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2 KNOX, UNGER, AND MUELLER 

carbons e x h i b i t  d i f f e r e n t  s e l e c t i v i t y  from reversed phase s i l i c a  
gels. In  p a r t i c u l a r  they show greater d i sc r im ina t i on  o f  isomers 
and members o f  homologous ser ies  but less d i sc r im ina t i on  o f  
func t iona l  groups. Carbons show much stronger re ten t i on  w i t h  any 
e luent  than do reversed phase s i l i c a  ge ls  bu t  d i f f e r e n t  e luents  
(other than water) show ra ther  a small range o f  e l u o t r o p i c  
strength.  

1 , I NTRODUCT !ON 

Act ive  carbon adsorbents have f o r  many years played an 

important r o l e  i n  i n d u s t r i a l  p u r i f i c a t i o n  and refinement 

processes (1). Carbon was there fore  an obvious choice f o r  the 

ea r l y  fundamental studies i n  column l i q u i d  chromatography by 

T i  sel i us and co-workers (2,3). 
t i m e  and indeed u n t i l  q u i t e  recent ly ,  were made from i n d u s t r i a l  

products and were no t  s p e c i f i c a l l y  designed f o r  chromatography. 

Amongst the substances separated on carbon using po la r  eluents 

were 0 1  igosaccharides and t h e i r  methylated de r i va t i ves  (4-71, 
amino acids (8-lo), f a t t y  acids and f a t t y  a lcoho ls  (11) and 

even S'-nucleotides obtained from the enzymatic d iges t i on  of 

RNA and DNA respec t ive ly  (12). Analysis o f  re ten t i on  pa t te rns  

revealed tha t  aromatic de r i va t i ves  were more s t rong ly  adsorbed 

than a l i p h a t i c  der iva t ives :  

g raph i te - l i ke  surface o f  a c t i v e  carbons. 

i r r e v e r s i b l e  adsorpt ion o f  the solutes,  carbons were o f t e n  

pre-treated w i t h  modif iers,  e.g. s t e a r i c  acid,  n-octadecane, 

n-octadecylamine etc.  (10, 13). With s t e a r i c  ac id  as 

deac t iva t ing  reagent, f o r  example, aromatic amines could be 

e lu ted  from carbon columns w i t h  h igh  recoveries (10) .  Deta i led  

studies were c a r r i e d  ou t  on the e f f e c t  o f  molecular s i ze  and 

eluent composition on the adsorpt ion o f  methyl de r i va t i ves  o f  

py r id ine  (14,15). During t h i s  per iod  the main theo re t i ca l  

i n t e r e s t  i n  l i q u i d  chromatography centred on the treatment o f  

adsorpt ion phenomena and the  eva lua t ion  o f  separat ion techniques: 

the s ta tus  o f  carbon i n  t h i s  context  was reviewed by Snyder i n  

1968 (16). 

The carbons used a t  t ha t  

t h i s  was a t t r i b u t e d  t o  the 

I n  order t o  prevent 
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CARBON AS PACKING MATERIAL 

During the years fo l l ow ing  the e a r l y  chromatographic 

experiments on carbon, manufacturing processes f o r  carbons were 

extended and improved; carbon blacks i n  var ious grades and 

w i t h  def ined proper t ies  were produced i n  l a rge  q u a n t i t i e s  f o r  

the rubber indus t ry ;  the high-temperature treatment of carbon 

mater ia ls,  inc lud ing  g raph i t i za t i on ,  was thoroughly examined. 

Concurrently gas chromatography was developed as a p o t e n t i a l  

separat ion technique (17,  18) .  I n  gas-sol i d  chromatography 

a c t i v e  carbon was employed as adsorbent f o r  hydrocarbon 

separations (19) and graph i t i zed  carbon blacks were chosen as 

model adsorbents f o r  examining gas-sol i d  i n te rac t i ons  (20,211, 

due t o  t h e i r  non-polar and homogeneous surfaces. Graphi t ized 

carbon blacks were a l so  employed as supports i n  gas - l i qu id  

chromatography (22,23) and as s ta t i ona ry  phases i n  c a p i l l a r y  

columns, (24 ,25 ) .  Research between 1960 and 1970 i n  gas 

chromatography resu l ted  i n  exce l l en t  separations o f  v o l a t i l e  

hydrocarbons and provided a much b e t t e r  understanding of the  

phenomena occur r ing  a t  the gas-sol id in te r face .  

For completeness' sake i t  may a l so  be noted t h a t  a few 

experiments have been performed on a c t i v e  carbon as a support 

i n  th in - l aye r  chromatography (26,273. 

p la tes ,  however, made a simple v i s u a l i z a t i o n  o f  the spots 

d i f f i c u l t ,  al though the drawback could be avoided by using 

rad io - l abe l l ed  solutes o r  by subsequent e l u t i o n  from the  

carbon i n t o  a s i l i c a  layer. 

The b lack  co lour  o f  the  

Ear ly  i n  the 1970's a new era i n  chromatography opened w i t h  

the development o f  h igh  performance column 1 i q u i d  chromatography 

f o r  which m ic ropar t i cu la te  s i l i c a s  and t h e i r  surface mod i f ied  

de r i va t i ves  r a p i d l y  became the pre fer red  column packings. 

However, i n  the search fo r  new supports showing d i f f e r e n t  

s e l e c t i v i t i e s  and greater resistance t o  h o s t i l e  eluents,  

espec ia l l y  a l k a l i s ,  a t t e n t i o n  has once again turned t o  carbon. 

I n  con t ras t  t o  30 years ago, h i g h l y  developed technologies now 

e x i s t  f o r  producing various k inds o f  carbon: a c t i v e  carbons, 
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KNOX, UNGER, AND MUELLEK 4 

PYrolYt 
carbons 

c carbons, glassy carbons, carbon blacks and g raph i t i zed  

Between them these mater ia ls  possess a wide range o f  

surface and pore s t ruc tu res .  Nevertheless, such carbons s t i l l ,  

i n  the  main, have been developed f o r  purposes other than 

chromatography, e.g. as adsorbents i n  water treatment, as coatings, 

as f i b r e s ,  as f i l l e r s  etc.  I t  i s  not there fore  su rp r i s ing  tha t  the 

development o f  carbon packings f o r  HPLC has had t o  be c a r r i e d  ou t  

independently. The present review describes the  work o f  the l a s t  

decade and concludes w i th  a c r i t i c a l  d iscussion o f  what has been 

achieved. 

2. PREPARATION OF CARBON PACKINGS 

2 . 1 .  Desirable Charac ter is t i cs  f o r  a Column Packing Mater ia l  

To be app l icab le  as a packing i n  HPLC a p a r t i c u l a t e  carbon 

should possess the fol lowing c h a r a c t e r i s t i c s :  ( i )  s u f f i c i e n t  

hardness t o  wi thstand high pressures: 

reproducible and s tab le  surface which shows no change dur ing  

chromatographic work o r  storage: 
2 area i n  the range o f  50 t o  5OOm /g t o  g i ve  adequate re ten t i on  

o f  solutes and t o  maintain a reasonable l i n e a r  sample capaci ty:  

( i v )  a mean pore s i ze  not less than lOnm and an absence o f  

micropores i n  order t o  ensure rap id  mass t rans fe r  of so lu tes  

i n t o  and out o f  the  p a r t i c l e s :  (v)  ease o f  preparat ion by a 

simply cont ro l led ,  low-cost process. 

( i  I )  a we1 I -de f  ined, 

( i  i i )  a s p e c i f i c  surface 

The ex ten t  t o  which these o f t e n  c o n f l i c t i n g  cha rac te r i s t i cs  

can be achieved w i l l  be dependent upon the type o f  s t a r t i n g  

mater ia l ,  upon the procedure chosen f o r  p repara t ion  o f  the  

product and upon the cond i t ions  under which i t  i s  used. 

Ev ident ly  numerous routes can be taken i n  the  synthesis o f  

tai lor-made porous carbon products and much work i s  s t i  1 1  

required t o  provide carbons w i t h  optimum proper t ies  f o r  HPLC. 
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CARBON AS PACKING MATERIAL 5 

2.2. Processes involved i n  Carbon Formation 

I n  p r i n c i p l e  four consecutive stages may be d i s t  

i n  the  format ion o f  carbons from n a t u r a l l y  occurr ing 

precursors: homogenization, carbonizat ion,  v o l a t i l i z a t  

ngui shed 

r syn the t i  

on o f  

inorganic impur i t ies ,  and g raph i t i za t i on .  

The term "homogenization" covers a l l  operat ions wh 

t o  an improved order ing  o f  the  s t ruc tu re  o f  any s o l i d  o 

ch lead 

1 i q u i d  

carbonaceous s t a r t i n g  mater ia l .  

treatment o f  the s t a r t i n g  mater ia l  a t  700 t o  1000 K i n  an i n e r t  

atmosphere. I t  i s  we l l  known t h a t  the degree o f  s t r u c t u r a l  

order o f  the  carbon precursor e s s e n t i a l l y  determines the ex ten t  

I t  usua l l y  cons is ts  o f  a thermal 

t o  which the penul t imate mater ia l  i s  converted 

or an amorphous carbon, the t w o  1 i m i t i n g  cases. 

n t o  a g raph i t  

Carbonization covers a number o f  processes i nc lud ing  cok 

cha r r i ng  and reac t ion  w i t h  o x i d i s l n g  gases such as oxygen, 

carbon d iox ide  and water vapour. I t  i s  c a r r i e d  ou t  between 

1000 and 1500 K ( 2 8 ) .  Carbonization increases the percentage 

carbon content and introduces pores. The products SO formed 

are termed a c t i v e  carbops and possess a h igh  adsorp t ive  

capaci ty,  

gaseous hydrocarbon i s  pyrolysed between 1300 and 2000 K t o  

y i e l d  dense non-porous layers  o f  p y r o l y t i c  carbon (29) .  

Carbonization a l so  covers processes whereby a 

Ac t ive  carbons may s t i l l  con ta in  inorganic impur i t i es  such 

as sulphur and s i l i c a  depending upon t h e i r  o r i g i n .  These can 

be removed by v o l a t i l i z a t i o n  a t  1500 t o  2000 K. This process 

leaves a la rge  number o f  de fec t  s i t e s  i n  the  s t ruc tu re  and 

causes a d isorder ing  o f  the mutual arrangement o f  layers.  

Microscopic holes may even be formed w i t h i n  the  p a r t i c l e s .  

Graph i t i za t i on  covers the subsequent heat-treatment i n  an 

i n e r t  atmosphere a t  2000 K t o  3200 K. 

b r ings  about d e n s i f i c a t i o n  w i t h  concurrent removal o f  s t r u c t u r a l  

defects,  and forms a three dimensional ly ordered g r a p h i t i c  

Such heat treatment 
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6 KNOX, UNGER, AND MUELLER 

s t r u c t u r e  (30). 

brought  about by h i g h  temperature t rea tmen t  depends s t r o n g l y  

on i t s  i n i t i a l  source and s t r u c t u r e .  Thus t rea tmen t  o f  some 

a c t i v e  carbons a t  temperatures as low as 1500 K can g r e a t l y  

reduce or  even comp le te l y  e l i m i n a t e  t h e  p o r o s i t y  of t h e  

m a t e r i a l ,  whereas some g lassy  carbons may n o t  conver t  t o  g r a p h i t e  

even on h e a t i n g  t o  3200 K .  

The degree o f  y r a p h i t i r a t i o n  o f  any carbon 

2.3. Cons ide ra t i on  Relevant t o  t h e  Syn thes i s  o f  Carbon Packings 

f o r  HPLC 

P a r t i c l e  S i ze  and Shape 

Wi th  a g r a n u l a r  s t a r t i n g  m a t e r i a l  o f  s u f f i c i e n t  hardness, 

angu la r  m i c r o p a r t i c l e s  can r e a d i l y  b e  o b t a i n e d  by m i l l i n g  and 

s i z e - g r a d i n g  i n t o  narrow c u t s  ( 3 1 ) .  
such as carbon b l a c k  agglomerates can be r e i n f o r c e d  by d e p o s i t i n g  

p y r o l y t i c  carbon as b i n d e r  (32,33), Spher i ca l  l y  shaped carbon 

p a r t i c l e s  i n  the 5-200pm s i z e  range can be o b t a i n e d  by thermal 

t rea tmen t  o f  polymer beads (34-36). W i th  a l  1 pre -s i zed  m a t e r i a l s  

note must be taken o f  t h e  e x t e n t  t o  which consecu t i ve  t rea tmen ts  

may change the  shape, s i z e  and s i z e  d i s t r i b u t i o n  o f  t h e  o r i g i n a l  

p a r t i c l e s .  

A l t e r n a t i v e l y  s o f t  carbons 

An e s s e n t i a l  requirement o f  any f i n a l  m a t e r i a l  f o r  HPLC i s  

t h a t  i t  must possess s u f f i c i e n t  hardness t o  w i t h s t a n d  h i g h  

pressures and h i g h  e l u e n t  f l o w  r a t e s  d u r i n g  column pack ing  and 

opera t i on .  The hardness o f  carbon i s  d i r e c t l y  r e l a t e d  t o  i t s  

mo lecu la r  and pore s t r u c t u r e s :  thus l a y e r - t y p e  m a t e r i a l s  such 

as g r a p h i t e  a r e  s o f t  whereas amorphous g lassy  carbons possess 

h i g h  mechanical s t r e n g t h  due t o  t h e i r  m i c r o c r y s t a l  1 i n e  mosaic 

s t r u c t u r e .  Between these two l i m i t i n g  cases a l a r g e  number 

o f  s t r u c t u r a l  i n te rmed ia tes  e x i s t s .  One o f  them i s  t h e  so- 

ca l  l e d  t u r b o s t r a t i c  s t r u c t u r e  proposed by B iscoe  and Warren 

(37) .  The l a y e r s  I n  such carbon m a t e r i a l s  a r e  'ar ranged 

rough ly  p a r a l l e l  and e q u i d i s t a n t  b u t  a r e  n o t  o t h e r w i s e  m u t u a l l y  

o r i e n t e d ' .  I t  may be concluded t h a t  because o f  t h e i r  l ow  
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CARBON AS PACKING MATERIAL 7 

mechanical s t r e n g t h  h i g h l y  o rde red  g r a p h i t e - I  

l e s s  l i k e l y  t o  be s u i t e d  as pack ings i n  HPLC 

o r  amorphous carbons. 

ke carbons a r e  

han m i c r o c r y s t a l l i n e  

P a r t i c l e  p o r o s i t y  a l s o  has an impor tan t  e f f e c t  on mechanical 

s t r e n g t h .  I n  general p a r t i c l e s  a r e  too f r a g i l e  f o r  HPLC when 

the p a r t i c l e  p o r o s i t y  exceeds about 70% (a t y p i c a l  s i l i c a  ge l ,  

f o r  example, has a p a r t i c l e  p o r o s i t y  o f  about 55%). 
s i t u a t i o n  a r i s e s  w i t h  carbons o f  compos i te  s t r u c t u r e ,  e.g. 

r e i n f o r c e d  ca rbon  b l a c k s .  These have an inhomogeneous m o l e c u l a r  

s t r u c t u r e  as w e l l  as b e i n g  porous.  No p r e d i c t i o n s  can be made 

f o r  such m a t e r i a l s :  t hey  must be t e s t e d  under  e x p e r i m e n t a l  

c o n d i t i o n s .  

A comp l i ca ted  

Sur face  c o m p o s i t i o n  

A p a r t  from i t s  p r i m a r i l y  a r o m a t i c  c h a r a c t e r  t h e  carbon 

s u r f a c e  c a r r i e s  a v a r i e t y  o f  f u n c t i o n a l  groups.  The m a j o r i t y  

a r e  a c i d i c  groups such as c a r b o n y l ,  c a r b o x y l  and p h e n o l i c  

h y d r o x y l  b u t  some b a s i c  groups ( 3 8 , 3 9 )  may a l s o  be p r e s e n t .  

These f u n c t i o n a l  groups a r e  l o c a t e d  a t  d e f e c t  s i t e s  w h i c h  occur  

randomly a t  t h e  edges o f  c r y s t a l l i t e s .  Thus t h e  l e s s  c r y s t a l l i n e  

t h e  p r o d u c t  t h e  h i g h e r  w i l l  be t h e  c o n c e n t r a t i o n  o f  p o l a r  

s u r f a c e  f u n c t i o n a l  groups, a1 though even c r y s t a l  1 i n e  g r a p h i t e  

r a p i d l y  chemisorbs oxygen when exposed t o  t h e  atmosphere. The 

p o l a r  s u r f a c e  f u n c t i o n a l  groups can b e  e l i m i n a t e d  by  a n n e a l i n g  

a t  about  750 K (40 )  b u t  some w i l  1 immed ia te l y  r e f o r m  on  exposure 

t o  a i r .  A more e f f e c t i v e  means o f  removal i s  h y d r o g e n a t i o n  a t  

1300  K .  A l t e r n a t i v e l y ,  more s p e c i f i c  s u r f a c e  r e a c t i o n s  can be 

c a r r i e d  o u t  t o  mask t h e  p o l a r  f u n c t i o n a l  groups,  as  i s  done i n  

s u r f a c e  m o d i f i c a t i o n  o f  s i l i c a  ( 4 1 ) .  G r a p h i t i z a t i o n  f o l l w e d  

by chemical  r e d u c t i o n  o f  t he  s u r f a c e  w 

b e s t  chances o f  success i n  p r e p a r i n g  a 

However, g i v e n  t h e  c o n s i d e r a t i o n s  

i t  becomes apparen t  t h a t  t h e r e  a r e  s e r  

1 1  a p p a r e n t l y  o f f e r  t he  

good adso rben t  su r face .  

o f  t h e  l a s t  two s e c t i o n s ,  

ous d i f f i c u l t i e s  i n  
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a KNOX, UNGER, AND MUELLEK 

making robust carbons w i t h  s t a b l e  and w e l l  de f i ned  surfaces fo r ,  

wh i l e  g r a p h i t i z a t i o n  may improve sur face  p r o p e r t i e s ,  i t  w i l l  

reduce the p a r t i c l e  s t rength .  A compromise may have t o  be 

accepted, o r  a l t e r n a t i v e l y  a composite s t r u c t u r e  may be required. 

O r i g i n  o f  Po ros i t y ,  Pore Size and S p e c i f i c  Surface Area. 

The o r i g i n  and c h a r a c t e r i z a t i o n  o f  p o r o s i t y  i n  carbons 

i nc lud ing  g raph i te  has been the  sub jec t  o f  severa l  d e t a i l e d  

s tud ies  (42-45). Evans and Marsh (42) c la im  tha t  the "shape, 

s i ze  and d i s t r i b u t i o n  of poros i t y  are i n t ima te l y  associated 

w i t h  the (molecular) s t ruc tu re  of carbons and graphites". 

I so t rop i c  and non-graphi t izable carbons are  microporous, 

whereas an iso t rop i c  g raph i t i zab le  carbons genera l l y  e x h i b i t  

l i t t l e  microporosi ty.  

o p t i c a l  microscopy, scanning e lec t ron  microscopy and phase- 

cont ras t  h igh reso lu t i on  e lec t ron  microscopy. 

parameters descr ib ing  the s i z e  and volume o f  micropores of 

below 3nm diameter a re  der ived from sorp t ion  measurements (44). 

Apart from open and accessible pores carbon may a l so  conta in  

c losed pores which are  i n d i r e c t l y  evidenced by comparing the 

apparent densi ty measured by hel ium w i t h  tha t  o f  pure graphi te,  

Each populat ion o f  pores cont r ibu tes  t o  the t o t a l  s p e c i f i c  

Pore s i ze  and shape can be observed by 

Charac te r i s t i c  

surface area. Micropores can p o t e n t i a l l y  con t r i bu te  surface 

areas exceeding lOOOm /g. So-cal led superrnicropores w i l l  

provide even higher areas al though by t h l s  stage the  concept 

o f  surface area loses i t s  physical  meaning. I n  general a c t i v e  

carbons have high surface areas whereas g raph i t i zed  mater ia ls  

have low surface areas. 

t o  micropores are no t  su i tab le  fo r  use i n  column l i q u i d  

chromatography on account o f  slow mass t rans fer ,  h igh  a c t i v i t y  

i n  adsorption, heterogeneity o f  surface a c t i v i t y  and too  h igh  

re ten t ion .  Undoubtedly one o f  the major problems i n  the  

manufacture o f  porous carbons s u i t a b l e  for HPLC ar ises  from the 

extreme d i f f i c u l t y  of e l i m i n a t i n g  micropores. 

2 

Carbons having h igh  surface areas due 
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CARBON AS PACKING MATERIAL 9 

The above d i s c u s s i o n  i n d i c a t e s  t h a t  i t  w i l l  be v e r y  

d i f f i c u l t  t o  o b t a i n  an i d e a l  m a t e r i a l  hav ing  t h e  c o r r e c t  

combinat ions o f  p a r t i c l e  r i g i d i t y ,  adequate s u r f a c e  area, 

u n i f o r m i t y  o f  pore s t r u c t u r e  and u n i f o r m i t y  o f  s u r f a c e  

composi t ion.  I n e v i t a b l e  compromises w i l l  have t o  be accepted. 

The best  s o l u t i o n  may r e s t  w i t h  a composi temater ia l  hav ing  a 

ha rd  m i c r o c r y s t a l  1 i n e  framework w i t h  lOnm pores, t h e  i n t e r n a l  

s u r f a c e  o f  which i s  coated w i t h  a t h i n  dense l a y e r  o f  g r a p h i t e .  

2.4. P r e p a r a t i o n  Procedures 

The most e x t e n s i v e  work on t h e  p r e p a r a t i o n  and c h a r a c t e r i s a t i o n  

o f  carbons f o r  HPLC has been t h a t  o f  Guiochon and co-workers 

(32,331 who have devoted much e f f o r t  t o  t h e  m o d i f i c a t i o n  o f  carbon 

b l a c k  agglomerates. 

s p h e r i c a l  p a r t i c l e s  o f  submicron s i z e :  they possess a s p e c i f i c  

s u r f a c e  area o f  between 10 and 200111 /g (46) and s i g n i f i c a n t  p o r o s i t y .  

Owing t o  t h e i r  o r i g i n ,  carbon b lacks  c o n s i s t  o f  smal l  c r y s t a l l i t e s  

o f  g r a p h i t i c  s t r u c t u r e ,  sometimes c o n t a i n i n g  i n t r u s i o n s  o f  amorphous 

carbon (47) ,  and they possess a v a r i e t y  o f  f u n c t i o n a l  groups 

c h e m i c a l l y  bound t o  t h e  s u r f a c e  which g i v e  r i s e  t o  t h e i r  oxygen 

and hydrogen c o n t e n t .  Heat t rea tmen t  a t  about 3000 K i n  an i n e r t  

atmosphere removes these s u r f a c e  groups. I t  a l s o  leads t o  an 

i n t e n s e  growth o f  c r y s t a l s ,  and improves t h e i r  mutual arrangement 

and o r i e n t a t i o n .  The d e n s i t y  o f  p a r t i c l e s  o f  g r a p h i t i z e d  thermal  

carbon b lacks  (GTCB) approaches t h a t  o f  g r a p h i t e  and t h e  s u r f a c e  

becomes non p o l a r  and homogeneous (47) .  However, t h e  aggregates 

o f  t hese  p o l y h e d r i c  m i c r o p a r t i c l e s  a r e  mechan ica l l y  v e r y  f r a g i l e .  

Reinforcement o f  aggregated GTCB p a r t i c l e s  can be per formed by 

d e p o s i t i n g  a t h i n  f i l m  o f  p y r o l y t i c  carbon through p y r o l y s i s  o f  

benzene a t  1200 K (32,33,48). 

area o f  pyrocarbon-modi f ied carbon b l a c k  (PMCB) a re  c l o s e l y  r e l a t e d  

t o  t h e  amount o f  pyrocarbon depss i ted  !32,33). Whi le  c o a t i n g  i s  

t r a d i t i o n a l l y  performed i n  f l u i d i z e d  beds (49), C o l i n  e t  a l  (32,33) 

used a q u a r t z  tube  c o n t a i n i n g  a c r u c i b l e  f i l l e d  w i t h  carbon powder. 

These agglomerates a r e  made up from independent 

2 

The hardness and s p e c i f i c  s u r f a c e  
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I n e r t  gas c o n t a i n i n g  a low 

w h i l e  the tube was heated 

p r o p e r t i e s  o f  p y r o l y t i c  ca 

KNOX, LINGER, AND MUELLER 

p a r t i a l  p ressu re  o f  benzene was passed 

n a furnace a t  about 1200 K. The 

bon, namely i t s  a n i s o t r o p y ,  apparent  

dens i t y ,  c r y s t a l l  i t e  s i z e  and m i c r o s t r u c t u r e ,  a r e  s t r o n g l y  

i n f l uenced  by the temperature, t h e  gas composi t ion,  t h e  c o n t a c t  

t ime  and t h e  bed s u r f a c e  area (491, b u t  i n  genera l  i t  possesses 

a t u r b o s t r a t i c  s t r u c t u r e .  Fo r  l ow  s u r f a c e  a rea  carbon b lacks ,  

e.g. S t e r l i n g  FTFF, t h e  amount of pyrocarbon depos i ted  was 

p r o p o r t i o n a l  t o  t h e  c o n t a c t  t i m e  and t h e  c o n c e n t r a t i o n  o f  benzene 

c i r c u l a t e d  t h r o u g h  t h e  furnace.  The load c o u l d  b e  i n c r e a s e d  t o  

50% w/w o r  more, b u t  h i g h  l o a d i n g  r e s u l t e d  i n  a s h a r p  d r o p  f rom 

the i n i t i a l  s u r f a c e  a r e a  and i n  a heterogeneous s u r f a c e  ( 4 9 ) .  
The optimum d e p o s i t  was about 15-20% (w/w) w h i c h  s t i l l  p r o v i d e d  

s u f f i c i e n t  mechanica l  s t r e n g t h .  Sur face p u r i f i c a t i o n  was 

ach ieved  by  hydrogen t rea tmen t  a t  1300 K o r  by t h e r m a l  t rea tmen t  

a t  3000 - 3300 K.  S u r p r i s i n g l y  such t r e a t m e n t s  gave o n l y  s l i g h t  

improvement i n  chromatographic  p r o p e r t i e s ,  such as  peak p r o f i l e  

and l o a d a b i l i t y  (32,33,5O). I n  p roduc ing  m a t e r i a l s  f o r  HPLC, 

problems a r o s e  i n  s i z i n g  ba tches  o f  8-10um o f  c a r b o n  b l a c k s ,  

i n  c o a t i n g  these  agglomerates and i n  s i z i n g  t h e  r e s u l t i n g  powder. 

Consequent ly ,  most s t u d i e s  were per formed on  p a r t i c l e s  w i t h  dp 

> 15urn. L a t e r  Col i n  and Guiochon ( 5 1 , 5 2 1  adop ted  t h e  benzene 

p y r o l y s i s  p rocedure  t o  d e p o s i t  pyrocarbon on  t h e  s u r f a c e  o f  

s i l i c a  as deve loped  by B e b r i s e t  a l  (53, 5 4 ) .  T h e r m a l l y  p r e -  

t r e a t e d  s i l i c a  g e l s  were employed and a g a i n  t h e  op t imum carbon 

d e p o s i t  f o r  a v o i d i n g  p a r t i c l e  a g g l o m e r a t i o n  and l o w  chromato-  

g r a p h i c  per formance was about 15% (w/w). U n f o r t u n a t e l y  t h e  

c o a t i n g  o f  t h e  s i l i c a  s u r f a c e  was n o t  c o n t i n u o u s  and  f r e e  o f  

d e f e c t  s i t e s ,  and t h e  r e t e n t i o n  o f  s o l u t e s  was n o t  t h e  same a s  w i t h  

pu re  carbon.  

The p y r o l y s i s  o f  o r g a n i c  compounds on porous s i l i c a  was 

f u r t h e r  examined by  Leboda (55-58), u s i n g  a l i p h a t i c  and a r o m a t i c  

a l c o h o l s  and d i ch io romethane .  Two-stage p y r o l y s i s  was sometimes 

used. The c a r b o n - s i l i c a  adsorbents  were c h a r a c t e r i z e d  by 
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CARBON AS PACKING MATERIAL 11 

sorp t  ion-measurements, i n f r a r e d  spectroscopy and gas chromato- 

graphy. 
was c a r r i e d  ou t .  

However, no separa t ion  by 1 i qu id -so l  i d  chromatography 

A novel  carbon ma te r ia l  has recen t l y  been developed by 

Czechoslovakian researchers (59,60). I t  i s  unusual i n  be ing  

prepared no t  by high-temperature ca rbon iza t i on  bu t  b y  r o o m  

temperature reduc t i on  o f  p o l y t e t r a f l  uoroethylene (PTFE). Non- 

porous angular m i c r o p a r t i c l e s  o f  PTFE were f i r s t  degreased and 

d r ied  under vacuum a t  423 K. 

t rea ted  w i t h  lithium-amalgam a t  293 K, forming l i t h i u m  f l u o r i d e  

and a carbon residue. The l i t h i u m  f l u o r i d e  was ex t rac ted  and 

the product, c a l l e d  JAOO-carbon, d r i e d  under vacuum a t  423 t o  

623 K. 

reduced (60), loaded w l t h  l i t h i u m  f l uo r ide ,  and w i t h  L i F  f u l l y  

extracted. Elemental ana lys is  (by weight) o f  the dry  product 

gave C 86%; H 1%; oxygen (residue) 13% (59). The apparent 

(he1 ium) densi ty was 2.17g/cm , the s p e c i f i c  surface area 

according t o  the BET method employing argon SBET was 2500m /g! 

Uptake o f  benzene a t  298 K amounted t o  1.25ml/g, i n d i c a t i n g  a 

h igh  p a r t i c l e  po ros i t y  of E = 0.73. 
s t ruc tu re  o f  JAOO-carbon i s  amrphous, the mic ro-s t ruc tu re  

comprises f i b r e s  j o i n i n g  nodules. 

0.35nm i n  diameter and the distance between them i s  1.9 2 0.3nm. 

The r e s u l t i n g  c a v i t i e s  i n  the carbon skeleton are  2.3 2 0.3nm i n  

diameter. The f i n a l  s t ruc tu re  i s  determined by the pr imary 

s t ruc tu re  o f  PTFE. 

The r e s u l t i n g  crumbs were then 

Samples were prepared p a r t i a l  ly reduced (59) , completely 

3 
2 

Although the molecular 

The nodules are 1.1 2 

Attempts were subsequently made t o  decrease the s p e c i f i c  

surface area and oxygen content by var ious treatments (61):  

( i )  a f t e r  leaching the 1 i t h ium f l u o r i d e  the  m ic ropar t i c l es  were 

d r ied  under vacuum a t  573 K and annealed a t  1223 K under hel ium 

g iv ing :  SBET - 2000m /g; 

a t  1223 K under helium. A f t e r  coo l i ng  the  mater ia l  was immersed 

i n  a 0.1% w/w s o l u t i o n  o f  aqueous detergent. Excess o f  s o l u t i o n  

was removed, the sample washed, d r i e d  and heated a t  973 K i n  

2 
( i  1 )  the L i F  loaded carbon was heated 
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12 KNOX, UNGEK, AND MUELLER 

2 hydrogen g i v ing  SBET = 1300m /g: E - 0.76; 
( i i i )  the L i F  loaded carbon was heated a t  1223 K i n  he1 ium. 

A f t e r  washing ou t  the  L iF  residue and dry ing  under vacuum a t  

573 K the product was annealed a t  2673 K under argon g i v ing :  

SBET - 20m /g; E 0; oxygen 0. 

oxygen 0.5%; 

2 

By a procedure analogous t o  tha t  o f  Plzak e t  a l  (59), Zwier 

and Burke (62) prepared a high-strength carbon packing by 

reduc t ion  o f  t he  f luorocarbon Kel-F 300 LD w i t h  l i t h i u m  amalgam. 

As the surface o f  t h i s  KFD carbon e x h i b i t e d  p o l a r  behaviour due 

t o  the presence o f  hydroxyl ,  carbony l  and carboxy l  groups the  

mater ia l  was t r e a t e d  ( i )  w l t h  t r i m e t h y l c h l o r o s i l a n e  t o  mask the 

hydroxy ls  and ( i i )  w i t h  t h i o n y l c h l o r i d e  fo l l owed  by r e a c t i n g  

the c h l o r i n a t e d  carbon w i t h  the  Grignard reagent C8H,7 NgBr, 

g i v i n g  an o c t y l  bonded carbon. The e f f e c t  o f  s i l a n e  and 

Grignard m o d i f i c a t i o n  was monitored by means o f  ESCA measurements 

The sur face  mod i f i ed  KFO carbon showed behaviour i n te rmed ia te  

between t h a t  o f  t h e  unmodif ied KFD carbon and t y p i c a l  s i l  i ca  

based reverse phase ma te r ia l s .  

Recognising the  disadvantages o f  PMCB, C i c c i o l i  e t  a1 (63) 
examined a commercial g r a p h i t i z e d  carbon b lack ,  Carbopack B 

marketed by Supelco and made from saran a c t i v e  carbon (64) .  

The ma te r ia l  was f i r s t  ground t o  a p a r t i c l e  s i z e  o f  around 20pm 

and the f r a c t i o n  o f  dp > 20um used as packing. 

ma te r ia l  was ex t remely  f r a g i l e  and requ i red  very  c a r e f u l  hand1 ing 

i t s  LC p r o p e r t i e s  were encouraging, and conf i rmed t h a t  the 
g r a p h i t i c  surface i s  l i k e l y  t o  be the optimum f o r  HPLC app l i ca t i ons  i f  

i t  can be prov ided on a more robus t  s t ruc tu re .  

Al though the 

Unger e t  a l  (31 ,65 )  employed cokes and a c t i v e  carbons as 

precursors.  The s t a r t i n g  m a t e r i a l s  had adequate hardness f o r  

HPLC and cou ld  be m i l l e d  and f r a c t i o n e d  t o  g i ve  narrow cuts o f  

t he  des i red  p a r t i c l e  s ize .  Batches were then t r e a t e d  t o  remove 

the non-carbonaceous cons t i t uen ts :  
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CARBON AS PACKING MATERIAL 13 

( i )  by l each ing  o f  inorgan ic  i m p u r i t i e s  w i t h  HCl/HF mix tu res  

and subsequent annea l ing  a t  2073 t o  3073 K, 

( i i )  

( i i i )  

w i t h  

s a l t s  

by annea 

by annea 

ron s a l t s  

and f i n a l  

P roced u r e  s 

i n g  a t  2073 t o  2 8 7 3  K wi thou t  e x t r a c t i o n ,  

i n g  according t o  ( i  i )  fo l lowed by t reatment 

p a r t i a l  degassing a t  1 2 7 3  K, removal o f  added 

reduc t i on  by hydrogen a t  673 K. 

( i )  and ( i i )  r e s u l t e d  i n  products hav ing  o n l y  

meso- and macropores bu t  w i t h  ve ry  low sur face  area. Procedure 

( i  i i) gave SBET values i n  the range o f  50 t o  200m /g, but  the 

products s t i l l  contained a propor t ion  o f  micropores. 

2 

Another form o f  carbon has recent ly  been described by Knox 

and G i l b e r t  (66). The mater ia l  i s  a porous glassy carbon 

(PGC)  and i s  made by pyro lys ing  a phenol formaldehyde mix tu re  

w i t h i n  the pores o f  a template mater ia l  (66) such as s i l i c a  ge l .  

The composite po lymer /s i l i ca  gel i s  g radua l ly  heated from 400 K 

t o  1300 K t o  carbonize the polymer. The s i l i c a  template i s  then 

dissolved ou t  by a l k a l i  o r  by hyd ro f l uo r l c  a c i d  and the  r e s u l t i n g  

porous carbon heated t o  a temperature i n  excess o f  2500 K. The 

area o f  the porous carbon when i n i t i a l l y  prepared a t  13OO0C i s  

50 t o  500m /g depending upon the  surface area and pore dimensions 

o f  the s i l i c a  gel i n i t i a l l y  used. 

the area i s  reduced t o  between a h a l f  and a quar te r  o f  the 

o r i g i n a l  value. Carbon produced i n  t h i s  way from a t y p i c a l  

s i l i c a  gel has a ra ther  h igh  po ros i t y  o f  around 80% and i s  

s t r u c t u r a l l y  weak. However, by using a more porous gel, mater ia ls  

capable o f  wi thstanding h igh  pressures can be produced. 

chromatographic cha rac te r i s t i cs  o f  the PGC's so f a r  produced are  

somewhat s imi l a r  t o  those o f  o the r  h igh  temperature carbons, 

espec ia l l y  the p y r o l y t i c  carbons o f  Guiochon (32,33,50). I t  i s  

a lso  app l icab le  i n  gas chromatography where i t s  chromatographic 

p roper t ies  are s i m i l a r  t o  those o f  Carbopack B except t ha t  the 

mater ia l  i t s e l f  i s  vary much mare robust. 

2 

A f t e r  heat ing  t o  > 2500 K 

The 
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14 KNOX, UNGER, AND MUELLER 

3. CHROMATOGRAPHIC STUD I ES ON CARBON PACK1 NGS 

3.1. K i n e t i c  Performance 

The term " k i n e t i c  performance1' imp l ies  a combination o f  

speed o f  e l u t i o n ,  p l a t e  e f f i c i e n c y ,  and economy o f  pressure drop. 

I t  i s  best measured by the separat ion impedance E (67) def ined 

by equation ( 1 ) :  

where h - reduced p l a t e  height,  0 '  - f l o w  res is tance fac to r ,  

N - number o f  t heo re t i ca l  p la tes  t o  which column i s  

equivalent,  tm = e l u t l o n  t i m e  o f  unretained f u l l y  permeating 

solute, Ap =pressure  and n - e l u e n t  v i s c o s i t y .  

resistance fac to r  0 '  i s  dimensionless and given by equation (2) 

The f l ow  

where d 

and L =column length.  Where the  mean p a r t i c l e  s i z e  i s  w e l l  

establ ished, 0 '  i s  found t o  be i n  the  range 500-1000. For 

we1 1 behaved 1 i q u i d  chromatography the reduced p l a t e  he igh t  

h i s  found t o  obey the approximate equation 

==mean p a r t i c l e  diameter, u = l i n e a r  v e l o c i t y  o f  e luent  
P 

h -B /v  + + Cv ( 3 )  

The best columns show B = 2 ,  A = 1, C = 0 .1  and have minimum 

h o f  about 2-3 a t  v i n  the range 2-5 (67,681. 

The performance o f  any mater ia l  packed i n t o  a column i s  

summarized by quot ing i t s  0I-value and e i t h e r  showing the  

(h,v) p l o t ,  g i v ing  values of A, 6 and C, o r  g i v i n g  optimum 

values o f  h. 
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CARBON AS PACKING MATERIAL 15 

I m p l i c i t  i n  t h e  te rm "we1 1 behaved 1 l q u i d  chromatography", 

however, i s  t h e  assumption t h a t  peak d i s p e r s i o n  a r i s e s  e n t i r e l y  

f rom t h e  k i n e t i c  e f f e c t s  covered i n  equa t ion  ( 3 ) .  For  t h e  

carbon adsorbents  so f a r  t e s t e d  t h l s  i s  r a r e l y  the  case. Peaks 

a r e  o f t e n  asymmetric as a consequence o f  non-l i nea r  isotherms 

f o r  t h e  a d s o r p t i o n  o f  s o l u t e s  f rom e l u e n t  o n t o  t h e  su r face .  

Whi le  i t  may be u s e f u l  t o  t r e a t  t he  data acco rd ing  t o  equa t ion  

(3)  i t  i s  n o t  n e c e s s a r i l y  l e g i t i m a t e  t o  i n t e r p r e t  A ,  B and C 

i n  terms o f  t h e  k i n e t i c  p rocesses  w i t h  wh ich  t h e y  a r e  u s u a l l y  

assoc ia ted .  The goodness -o f -pack ing  o f  a column l a r g e l y  

determines t h e  pa ramete r  A .  M i c r o p a r t i c u l a t e  ca rbons  have 

u s u a l l y  been packed by t h e  we l l - known  s l u r r y  t e c h n i q u e  (31 ,32 ,67 ,  
69 )  u s i n g  suspension media adap ted  t o  t h e  w e t t i n g  c h a r a c t e r i s t i c s  

o f  carbon. 

o f  dioxane and p a r a f f i n  o i l  ( 3 1 )  have been used. R e c e n t l y  PGC's 

have been s u c c e s s f u l l y  packed u s i n g  a 1% aqueous s o l u t i o n  o f  t h e  

n o n i o n i c  d e t e r g e n t  Tween 20 as suspension medium ( 7 0 ) .  C i c c i o l  i 
e t  a1 ( 6 3 ) ,  however, d r y  packed t h e i r  columns u s i n g  Carbopack B .  

C o l i n  e t  a l  (33 )  d e t e r m i n e d  column e f f i c i e n i c e s  o f  PMCB 

M i x t u r e s  o f  d ibromoethane and a c e t o n i  t r i  l e  (32 )  , and 

u s i n g  p a r t i c l e s  o f  15pm and above. Optimum per formance was 

ach ieved  w i t h  a 20% l o a d i n g  o f  py roca rbon .  Optimum h - v a l u e s  of 

3-7 were found f o r  s o l u t e s  w i t h  k ' - v a l u e s  up t o  1 . 1 .  However, 

f o r  k ' - v a l u e s  above 2 column e f f i c i e n c y  g e n e r a l l y  dropped r a p i d l y ,  

p robab ly  due t o  s u r f a c e  i n h o m g e n e i t y  and o v e r l o a d i n g  (52). 
G r a p h i t i z a t i o n  o f  PMCB a f f e c t e d  a v e r y  s m a l l  improvement i n  lower ing  

A, B and C f o r  an u n r e t a i n e d  s o l u t e  (SO) b u t  s i g n i f i c a n t  improvement 

f o r  r e t a i n e d  s o l u t e s  ( 3 2 ) .  O t h e r  carbons (31 ,61 )  showed s i m i l a r  

e f f e c t s .  One o f  t h e  b e s t  chromatograms p u b l i s h e d  u s i n g  PMCB 

i s  shown i n  F i g u r e  1 .  F i g u r e  2 shows a s e p a r a t i o n  on ca rbon  

produced by p u r i f i c a t i o n  and h i g h  tempera tu re  t r e a t m n t  o f  a c t i v e  

carbon ( 3 1 ) .  

By c o n t r a s t  t o  t h e  ha rd  carbons,  Carbopack B s t u d i e d  by  

C i c c i o l i  e t  a l  ( 6 2 )  w i t h  p a r t i c l e  s i z e  o f  20vm gave h = 4  a t  k '  

= 7 and e x c e l l e n t  peak symmetry as shown by F i g u r e  3. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
5
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



16 

11 

KNOX, UNGER, AND MUELLER 

u 
0 10 20 30 

time / min 

FIGURE 1 .  Separa t i on  o f  methyl benzenes. Column 550mm. 
Packings: 25-31~m, Black  Pear l s  L + 44% pyrocarbon, g r a p h i t i z e d ,  
40m2/g. Eluen t :  a c e t o n i t r i  l e  0.5ml/min. D e t e c t o r :  UV. 

h f o r  l a s t  peak = 15. Solutes:  1 = u n r e t a i n e d ;  2 =benzene; 
3 = 1,3 dimethylbenzene (DMB); 
benzene (TMB); 6 i m p u r i t y ;  7 - 1,2,4 TMB; 8 = 1,2,3 TMB. 
9 = 1,2,4,5 t e t r a m e t h y l  benzene (TeMB); 10 = 1,2,3,4 TeMB; 
1 1  = pentamethylbenzene. ( f r o m  r e f .  33). 

4 =1,2 UMB; 5 = 1,3,5 t r i m e t h y l -  

PGC f a l l s  between t h e  PMCB and Carbopack and g i v e s  reasonab ly  

symmetr ica l  peaks a t  k ' - v a l u e s  up to  15, as shown i n  F i g u r e  3 ,  
b u t  h appears t o  b e  l a r g e  a t  a b o u t  25 w i t h  t h e  5um p a r t i c l e s  used. 

The p e r m e a b i l i t y  o f  ca rbon  columns i s  much as expec ted  w i t h  

3 0 0  < 0 ' <  1000 p r o v i d e d  t h a t  w e l l  s i z e d  f r a c t i o n s  f r e e  o f  f i n e s  a r e  

used and t h a t  t h e  m a t e r i a l  i s  s u f f i c i e n t l y  r o b u s t  t o  r e s i s t  

compress i o n .  

I n  some s t u d i e s  (31, 7 1 )  column l o a d a b i l i t y  was s t u d i e d  u s i n g  

Snyder 's  parameter O o . ,  (16), d e f i n e d  as t h e  mass o f  s o l u t e  

i n j e c t e d  p e r  gram of pack ing  m a t e r i a l  w h i c h  produces a 10% 
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01 5 10 15 20 
t ime/  min 

2 FIGURE 2. Separat ion o f  benzene carboxy l  i c  ac ids.  Column: 
100 x 1Omm. Packings: 9wn a c t i v e  carbon c a l c i n e d  2073 K, -  5m /g. 
E luent :  methanol/water (30/70 v / v ) ,  pH = 6.0 c o n t a i n i n g  5mM 
tetrabutylammnium,2.7ml/min. Detector :  UV. h f o r  l a s t  peak - 45. Solutes:  1 = pentacarboxybenzene; 2 - 1,4 dicarboxybenzene- 
3 = 1 methyl 3 carboxy benzene; 4 = 1,3,5 tr icarboxybenzene, 
5 - 1,2 d ihydroxy,  3 carboxybenzene ( r e f .  71). 

1 

3 

I I I I 
0 5 10 15 

time / min 

FIGURE 3. Separat ion o f  analges ics.  Column: 250 x 2mm. 
Packing: 25-33l.m Carbopack 8,’ 8011129. E luent :  Methanol , 
lml /min.  Detec tor :  UV. h f o r  l a s t  peak = 10. Solutes:  
1 - phenylacetamide; 2 - phenacetin; 3 - c a f f e i n e  ( f rom 
r e f .  63). 
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18 KNOX, UNGER, AND MUELLER 

0 . 1  decrease i n  k'. F o r  s i  1 i c a s  and  reversed-phase s i l  i c a s  8 

n o r m a l l y  1 i e s  between 100 and lOOOug/g. An a l t e r n a t i v e  measure 

i s  t he  mass o f  s o l u t e  per gram o f  p a c k i n g  w h i c h  produces e i . 5  
a 50% r e d u c t i o n  i n  the  p l a t e  e f f i c i e n c y  o f  t h e  column. 

Bo th  8 0 . 1  and 8 '  

h e t e r o g e n e i t y ,  t h e  n a t u r e  o f  t h e  s o l u t e  and of  i t s  i n t e r a c t i o n  

w i t h  t h e  adsorbent  s u r f a c e ,  and t h e  n a t u r e  o f  t h e  e l u e n t .  

depend upon t h e  t ype  o f  adso rben t ,  t h e  s u r f a c e  
0 .5  

C o l i n  e t  a l  ( 7 1 )  r e p o r t e d  8 '  va lues  o f  10-6Oug f o r  PMCB 0 . 5  
w i t h  a c e t o n i t r i l e  as s o l v e n t .  Unger e t  a l  (31) o b t a i n e d  va lues 

2 
o f  around 1Ovg/g on carbons o f  v e r y  low s u r f a c e  areas (-5m / g ) .  

Higher  va lues  more i n  l i n e  w i t h  t hose  f o r  s i l i c a  g e l s  would be 

a n t i c i p a t e d  f rom carbons o f  h i g h e r  s p e c i f i c  s u r f a c e  a reas .  

They a l s o  s h w e d  t h a t  80.1 and 8 i m 5  va lues  were d i f f e r e n t  f o r  

d i f f e r e n t  e s t e r s  u s i n g  methanol as e l u e n t .  

I t  may be concluded t h a t  ca rbons  can be produced t o  g i v e  

good chromatographic  e f f i c i e n c i e s  w h i c h  i n  some cases a r e  

comparable t o  those o b t a i n e d  w i t h  s i l i c a  g e l s .  However, t he  

e f f i c i e n c y  i n  g e n e r a l  i s  s i g n i f i c a n t l y  l e s s  as i s  t he  column 

l o a d i n g .  These t w o  f e a t u r e s  a r e  c l o s e l y  a s s o c i a t e d ;  b o t h  

p robab ly  a r i s e  f rom t h e  a s - y e t  u n s a t i s f a c t o r y  s u r f a c e  c h e m i s t r y  

o f  t h e  p resen t  carbons. However, t h e r e  i s  e v e r y  reason t o  

zuppose t h a t  h i g h  e f f i c i e n c y  ca rbons  can be produced wh ich  w i l l  

e v e n t u a l l y  compete o n  equal  terms w i t h  e x i s t i n g  s i l i c a  g e l  

based m a t e r i a l s .  

3 . 2 .  R e t e n t i o n  and S e l e c t i v i t y  

S o l u t e  r e t e n t i o n  on carbon a r i s e s  f r o m  a d s o r p t i o n  o f  s o l u t e s  

o n t o  t h e  carbon su r face .  S o l v e n t  mo lecu les  adsorbed a t  t he  

s u r f a c e  a r e  thought  o f  as b e i n g  d i s p l a c e d  by s o l u t e  mo lecu les  

d u r i n g  e l u t i o n ,  t he  ba lance  between s o l v e n t  and s o l u t e  a d s o r p t i o n  

p r o v i d i n g  t h e  observed r e t e n t i o n .  Accord ing t o  Snyder (16) t h e  

column c a p a c i t y  r a t i o  f o r  an adsorbent  can be expressed by  equa t ion  

( 4 )  : 
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loglOkl - l o g  

19 

where Vs =volume o f  a monolay r o f  e luent  cover ing the a c t i v e  

surface, Vm - volume o f  eluent,B =su r face  a c t i v i t y  f a c t o r ,  

S =dimensionless f ree  energy o f  adsorpt ion o f  so lu te  

(AG/2.303RT) from a standard e luent ,  As - m l e c u l a r  cross 

sec t iona l  area o f  t ha t  pa r t  of the so lu te  i n  contact  w i t h  the 

surface measured i n  u n i t s  o f  8 . 5 A  , E =dimensionless f ree  

energy o f  adsorpt ion o f  a quan t i t y  o f  e luent  s u f f i c i e n t  t o  

cover 8.5A . 
f o r  a standard e luent  s ince absolute values are no t  d i r e c t l y  

measurable. I n  the case o f  s i l i c a  gel ,  pentane i s  taken as the  

standard having EO "0, g i v i n g  E values i n  the range 0 t o  1 .  

The parameters Vs and 6 a re  a f fec ted  by the  water coverage o f  

the surface. For carbons, methanol has been taken as the 

standard eluent w i t h  E~ = 0 and i n  the l i g h t  o f  the very l i m i t e d  

da ta  ava i l ab le  on surface a c t i v i t y  8 may be taken as un i t y .  

With these conventions E -values f o r  carbon are p o s i t i v e  f o r  

solvents such as dichloromethane, alkanes, benzene, which are 

stronger than methanol, and a re  negat ive f o r  e luents conta in ing  

water. The extension o f  the ser ies towards water and neat 

aqueous bu f fe rs  is,  however, l i m i t e d  by the f a c t  some carbons 

are no t  wetted by water. 

0 

02 0 

02 Both So and c0 are  measured r e l a t i v e  t o  the value 

0 

0 

Eluot rop ic  ser ies have been reported on charcoal (16), 
PMCB (33) and carbons made from thermal ly t rea ted  cokes and 

a c t i v e  carbons ( 3 1 )  and a re  l i s t e d  i n  Table 1.  I t  i s  noted 

t h a t  there  are  s i g n i f i c a n t  d i f fe rences  i n  the sequence which 

can probably be a t t r i b u t e d  t o  the d i f f e r e n t  surface c h a r a c t e r i s t i c s  

o f  the mater ia ls  and the d i f f e r e n t  t e s t  solutes used. 

Values f o r  Eo have been c a l c u l a t e d  by C o l i n  e t  a l  ( 7 1 , 7 2 )  

and a s e l e c t i o n  o f  these va lues  a r e  shown i n  F igure  5. The 

range o f  e l u o t r o p i c  s t r e n g t h  i s  s u b s t a n t i a l l y  less  on carbon 

than on s i l i c a  gel e s p e c i a l l y  i f  aqueous mix tu res  are  

discounted. For methanol/water mix tu res ,  loglOkl increases 
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2 0  KNOX, UNGER, AND MUELLER 

TABLE 1 

E luo t rop ic  Series f o r  Carbons 

( i n  order o f  increasing so lvent  strength) 

Cha rcoa 1 PMC B Thermal l y  t rea ted  

(16) coke and a c t i v e  

carbon 

( f o r  a l k y l  benzenes) ( f o r  naphthalene) 

(33)  (31)  

water 

methanol e-a methanol @-amethanol 

aceton i t r i l e  

e thy lace ta te  t e t  rach 1 oromethane 

ethanol 

ace tone 

hexane 

hexane 

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

dimethylsulphoxide 

t e t  ra  hyd r o f  uran 

t r  1 chl oromethane 

d i ch 1 o rome t hane 

dichloromethane 

e thy l  acetate b u t y l c h l o r i d e  

hexane t e t  rahydrof uran 

heptane 

octane 

nonane 

benzene @-a benzene e-e benzene 

l i n e a r l y  w i t h  water conten t  as i n  reversed-phase chromatography 

t o  a maximum water conten t  o f  about 50% corresponding t o  the 

composi t i o n  a t  which ca 

( 3 1 , 7 1 ) .  As found i n  c 

carbons, mod i f i e rs  such 

a r e  o f t e n  necessary t o  

(see F igure  4) the addi 

bon ceases t o  be wet ted  by t h i s  mix tu re  

a s s i c a l  adsorp t ion  chromatography on 

as aromat ic  hydrocarbons, bases and acids 

mprove peakshape. Wi th  PGC f o r  example 

i on  o f  te rpheny l  (70 )  was necessary 
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2 

I 
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i 
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FIGURE 4. Separa t i on  o f  methylbenzenes. Column: 100 x 2mm. 
Packing: 
380rn2/g. E luen t :  methanol. De tec to r :  UV. h f o r  l a s t  peak 
= 25.  Solutes:  1 = benzene; 2 - t o l u e n e  + 1,4 DMB; 3 = 
l , 3  DMB; 4 = 1 , 2  DMB; 5 = 1,2,4 TMB; 6 == 1,2,4,5 TeMB. 
( r e f .  7 0 ) .  

5pm porous g lassy  carbon PGC26 heated t o  2600 K. 

t o  g i v e  s y m e t r i c a l  e l u t i o n  peaks fo r  t h e  m r e  r e t a i n e d  a l k y l  

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

a c i d  was necessary f o r  s u c c e s s f u l  e l u t i o n  o f  a r o m a t i c  a c i d s .  

S i m i l a r  behav iou r  was obse rved  w i t h  t h e r m a l l y  t r e a t e d  a c t i v e  

carbons (73 ) .  I t  seems 1 i k e l y  t h a t  t h e  m o d i f i e r  occup ies  

s p e c i f i c  a c t i v e  s i t e s  on  t h e  s u r f a c e  o f  t h e  carbons,  such s i t e s  

b e i n g  r e s p o n s i b l e  for s u r f a c e  h e t e r o g e n e i t y  and t h e  ext reme 

c u r v a t u r e  o f  t h e  a d s o r p t i o n  i s o t h e r m  a t  low s u r f a c e  coverages. 

The s i t u a t i o n  i s  f a m i l i a r  t o  t h o s e  i n v o l v e d  i n  a d s o r p t i o n  

c h r o m t o g r a p h y  w i t h  s i  1 i c a  g e l  ( l b ) .  

e l u e n t  compos i t i on  i s  e v i d e n t l y  necessa ry  w i t h  c u r r e n t l y  a v a i l a b l e  

carbons i f  good peak shape i s  t o  be o b t a i n e d .  

l n t e l l  i g e n t  c o n t r o l  o f  
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2 2  KNOX, UNGER, AND MUELLER 

I 1 I I I 1 

FIGURE 5. 
us ing  a l k y l  benzenes, methyl benzenes, methyl phenols and 
po lynuc lea r  aromat ics:  
0 c a l c u l a t e d  f rom i n t e r f a c i a l  s u r f a c e  t e n s i o n  data.  (Data 
se lec ted  from Table 3 o f  r e f .  7 2 ) .  

Mean e l u o t r o p i c  s t r e n g t h  o f  o r g a n i c  e l u e n t s  on P M C B  

0 determined by chromatography, 

Carbons o f f e r  a s p e c i a l  advan tage  o v e r  s i l  ica-based 

m a t e r i a l s  i n  t h a t  t h e y  can be used o v e r  a much w i d e r  range o f  

pH. JADO carbon was used w i t h  n e a t  b u f f e r s  o f  pH f r o m  1 t o  8 
(61,74) w h i l e  i lnger e t  a1 ( 3 1 )  separated a l k a l o i d s  u s i n g  methanol /  

w a t e r  b u f f e r s  w i t h  pH f rom 6-12. An example i s  shown i n  

F i g u r e  6.  As w i t h  bonded s i l i c a s ,  s e p a r a t i o n s  based on  i on -  

p a i r  f o r m a t i o n  a r e  a l s o  p o s s i b l e  as seen f r o m  F i g u r e  2 .  
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FIGURE 6 .  Separation o f  a l ka lo ids .  Column 100 X 10mm. 
Packing: 9vm a c t i v e  carbon calc ined a t  2073 K,- 5m2/g. 
Eluent: methanol/water (80/20 v/v) ,  OH = 11.2, 1.5ml/min. 
Detector: UV. h f o r  l a s t  peak -200. Solutes: 1 'ephedrine; 
2 - codeine + anaestesin; 
5 - s t r ychn ine .  ( f rom r e f .  31). 

3 = theobromine; 4 = caf fe ine ;  

A wide ly  used method o f  q u a n t i t a t i n g  the hydrophobic 

balance between a s t a t i o n a r y  and mob i le  phase i s  t o  p l o t  

loglOkl for  members o f  a homologous se r ies  against  the number 

o f  carbon atoms, n, i n  the molecule o r  a l k y l  chain. A l i n e a r  

re la t i onsh ip  i s  o f t e n  found. Such measurements i n  reversed- 

phase systems g i ve  a scale o f  e luo t rop i c  s t rength  f o r  the CH2 

group, as can be seen by d i f f e renc ing  equation ( 4 )  f o r  two 

successive homologues. 
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2 4  

where So i s  t h e  d imension less f r e e  

a CHZ group f rom the  s tandard e l u e n t ,  
CH2 

KNOX, UNGER, AND MUELLER 

energy o f  a d s o r p t i o n  o f  

and ACH i s  t he  a rea  
2 

occupied by a CH group on t h e  su r face .  Several au tho rs  

(32,33,61) have shown 1 i nea r  p l o t s  o f  logl0kIn a g a i n s t  n, 

from which the  va lues o f  a '  may be c a l c u l a t e d .  These va lues  

a r e  c o l l e c t e d  i n  Tab le  2 .  They a r e  s u b s t a n t i a l l y  g r e a t e r  t han  

those ob ta ined  i n  reversed phase s i l i c a  pack ings w i t h  t h e  same 

e l u e n t  composi t ion (31, 65) .  
a '  = O . l 5  f o r  a l k y l  benzenes e l u t e d  by methanol f rom P a r t i s i l  

00s-2 whereas the  values f o r  carbon a r e  about 0.25. 

2 

For example, C o l i n  e t  a1 quo te  

The a ' - va lues  f o r  d i f f e r e n t  carbons a r e  s e l f  c o n s i s t e n t  

and c l e a r l y  show t h e  i n c r e a s i n g  e l u o t r o p i c  s t r e n g t h  (dec reas ing  

a '  value)  from methanol and a c e t o n i t r i l e  t o  pentane and heptane. 

T y p i c a l  a ' - v a l u e s  f o r  t he  quasi-homologous s e r i e s  o f  methy l  

s u b s t i t u t e d  benzenes a r e  0.4 t o  0.45 (33, 70) .  

Increase i n  t h e  number o f  conjugated r i n g s  In the  s o l u t e  

molecule leads t o  a marked increase i n  r e t e n t i o n  as seen f rom 

t h e  d a t a  o f  Table 3.  I t  i s  no ted  t h a t  i n  s p i t e  o f  a v e r y  wide 

range o f  su r face  area w i t h i n  t h e  carbons s t u d i e d  t h e  e l u t i o n  

o r d e r  i s  always t h e  same. Values o f  k' r e l a t i v e  t o  f l u o r e n e  a re  

g e n e r a l l y  comparable and when p l o t t e d  a g a i n s t  t h e  number o f  

carbon atoms i n  t h e  s o l u t e  g i v e  a f a i r  c o r r e l a t i o n  as shown i n  

F i g u r e  7.  The g r a d i e n t  g i v e s  an a ' - v a l u e  o f  0.32 for a d d i t i o n  

o f  each carbon atom . T h i s  f a l l s  c l o s e r  t o  t h e  va lue  f o r  

a d d i t i o n  o f  CH2 groups (0.25) than  t o  the  v a l u e  f o r  a d d i t i o n  o f  

CH groups (0 .4  t o  0.45) and i n d i c a t e s  t h a t  c o n t r a r y  t o  genera l  

b e l i e f  g r a p h i t i z e d  carbons do n o t  s h w  any s p e c i a l  s e l e c t i v i t y  

towards conjugated r i n g s .  

3 

The behaviour  o f  carbon i s  d i s t i n c t l y  d i f f e r e n t  f rom t h a t  

o f  reversed phase s i l i c a s  (76,77) i n  regard t o  r e t e n t i o n  o f  

a romat i c  compounds c a r r y i n g  p o l a r  f u n c t i o n a l  groups. A s  shown 

by F i g u r e  8, p o l a r  d e r i v a t i v e s  o f  benzene, e s p e c i a l l y  those 

hav ing  l a r g e  d ipo les ,a re  much more s t r o n g l y  r e t a i n e d  by carbons 
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1.0 

0-5 

0 

Q) 
c -0.5 : a 
d .- 

-1.0 
Y 

e 
m 
A o -1.5 

-2.0 

-2.5 

y i 

- 

6 8 10 12 14 16 

Number d Carbon Atoms 

upon carbon number, 1 ok f l  uorene FIGURE 7.  Dependence o f  log  

n, f o r  e l u t i o n  o f  polynuclear aromatic hydrocarbons from 
carbons. Data from Table 3 .  

than benzene i t s e l f  whereas the opposi te i s  t r u e  w i t h  reversed- 

phase bonded s i l i c a  gels. I n  general, however, the e f f e c t  o f  

added groups whether po la r  o r  not gives approximately the same 

increase i n  re ten t i on  when considered on the  basis o f  the 

number o f  heavy atoms (C ,N ,O)  i n  the group, provided t h a t  the 

stereochemistry o f  the adsorbate does prevent adsorpt ion o f  a l l  

the groups. Th is  again emphasises the importance o f  d ispers ive  

ra ther  than po la r  i n te rac t i ons  a t  the carbon surface. 
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28  KNOX, UNGER, AND MUELLER 

ELUENTS 

9C 

k' -1 
5 

0 COOCH3 
0 NO2 

v) 
0 
r c 
-4 

r n  
rn 

0 OCH3 

0 COCH3 
Q H  

00H 

FIGURE 8. 
Column and packlng: as f o r  F igu res  2 and 6. 
methanol /water&/30 v /v)  : 
(40/60 v /v ) ;  AcCN - a c e t o n i  t r i  l e /wa te r  (50/50 v/v)  . 
E luen ts  marked THF, MeOH or  THF, AcCN, MeOH e t c .  a r e  
made by m i x i n g  equal  volumes o f  the  i n d i v i d u a l  e l u e n t s .  
Solutes:  monofunct ional  d e r i v a t i v e s  o f  benzenes as shown 

So lven t  s e l e c t i v i t y  f o r  d i f f e r e n t  e l u e n t s  on  carbon. 
E luents :  MeOH = 

THF - t e t  rahyd r o f u r a d w a t e  r 

- - --- 

( r e f .  73). 
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CARBON AS PACKING MATERIAL 29 

The d i sc r ima t ing  behaviour o f  carbons towards so lu tes  o f  

d i f f e r e n t  p o l a r i t y  i s  r e l a t i v e l y  poor. On the o ther  hand 

d i sc r im ina t i on  on the basis o f  molecular s i ze  appears t o  be 

higher than t h a t  o f  reversed phase s i l i c a s .  Carbon a l s o  o f f e r s  

super ior  s e l e c t i v i t y  w i t h  respect t o  pos i t i ona l  isomers such 

as c is - t rans ,  aromatics conta in ing  he tero  atoms e tc .  

i l l u s t r a t e s  t h i s  s e l e c t i v i t y  i n  the separat ion o f  xylenes 

us ing  PGC. While the d i f fe rences  i n  e luo t rop i c  s t rength  o f  the 

common eluents on carbon seems r e l a t i v e l y  small (Figure 51, the 

ra ther  special  s e l e c t i v i t y  o f  carbons requires de ta i l ed  examination 

and may we l l  show strong dependence on e luent  composition. This 

area requires much more study. 

i nd i ca te  t h a t  such work i s  l i k e l y  t o  be rewarding. 

F igure  4 

The r e s u l t s  o f  C o l i n  e t  a1 (79) 

I n  summry, carbon packings o f f e r  s e l e c t i v i t y  c h a r a c t e r i s t i c s  

which appear t o  be s i g n i f i c a n t l y  d i f f e r e n t  f rom those o f  a l k y l -  

bonded s i l i c a s .  I n  p a r t i c u l a r  they show g r e a t e r  se e c t i v i t y  f o r  

members o f  homologous se r ies  and isomeric compounds and lower 

s e l e c t i v i t y  i n  respect o f  f u n c t i o n a l  groups o f  s im i  a r  molecular 

we igh t .  

4 .  A P P L I C A T I O N  OF CARBON PACKINGS 

Al though carbons f o r  HPLC a re  not y e t  a v a i l a b l e  as commercial 

products, a g rea t  d i v e r s i t y  of s o l u t e  types have been separated 

on carbons. 

who employed a column packed w i t h  10pm diamond dust by reso lve  

aromatic hydrocarbons. Bebr is  e t  a l  (53 )  used methanol/water 

mixtures and pyrocarbons mod i f i ed  s i l i c a  ge l  (PMS)  t o  separate 

m n o a l k y l  benzenes, polymethyl benzenes, a lky lnaphtha lenes ,  

A unique study was c a r r i e d  o u t  by Telepchak (78) 

methyl phenols and benzoic a c i d  es te rs .  

The most comprehensive s tud ies  have been ca 

Guiochon and co-workers on PMCB and PHS. A r o m t  

methyl benzenes were we l l  separated using aceton 

e luent ,  naphthalenes requ i red  a s t ronger  so l ven t  

r i e d  o u t  by 

c hydrocarbons and 

t r i l e  as 

dichloromethane, 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
5
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



30 KNOX, UNGER, AND MUELLER 

and d i  phenols  r e q u i r e d  e t h y l a c e t a t e .  O the r  compounds subsequen t l y  

separa ted  were p o l y c h l o r i n a t e d  b i p h e n y l s  (PCB'S) ,  s t e r o i d s ,  

s u l p h u r  and n i  t r o g e n - c o n t a i n i n g  compounds ( 7 1 ,  79). The 

s e l e c t i v i t y  o f  PMCB towards isomers was examined w i t h  m i x t u r e s  

o f  undecen-1 -01 i sorners, i s o m e r i c  aroma t i cs,  and  i s o m e r i c  

compounds used i n  t h e  s y n t h e s i s  o f  l i q u i d  c r y s t a l s  (52). 
Methanol /water  and a c e t o n i t r i l e / w a t e r  were used t o  s e p a r a t e  

adaman tanes ( 8 0 )  . 
Hanai and Wa 1 t o n  (81 ) a p p l i e d  PMCB's and PMS's t o  t h e  

s e p a r a t i o n  o f  PCB's and o t h e r  p e s t i c i d e s  u s i n g  me thano l /wa te r  

as e l u e n t  and a l s o  suggested t h e i r  use f o r  t r a c e  en r i chmen t  

and p r e c o n c e n t r a t i o n  o f  p e s t i c i d e s  i n  e n v i r o n m e n t a l  samples. 

T h i s  s u g g e s t i o n  was e x p l o i t e d  by F r e i  e t  a l  

t h e  e f f e c t i v e n e s s  of ODS-s i l i ca  and carbons o f  d i f f e r e n t  o r i g i n s  

i n  t h e  enr ichment  o f  samples c o n t a i n i n g  t r a c e s  o f  c h l o r i n a t e d  

pheno ls .  

( 8 2 )  who compared 

The Czeckos lovak ian  group ( 6 1 )  found JADO c a r b o n  s u i t a b l e  f o r  

s e p a r a t i o n  o f  amino a c i d s  i n  nea t  aqueous b u f f e r s .  They c a r r i e d  

o u t  d e t a i l e d  s t u d i e s  on t h e  e f f e c t  o f  t h e  pH and i o n i c  s t r e n g t h  

o f  t h e  e l u e n t  t o  p r e d i c t  optimum s e p a r a t i o n  c o n d i t i o n s  ( 7 4  

C i c c i o l i  e t  a l  (62) o b t a i n e d  e x c e l l e n t  s e p a r a t i o n s  o f  a l k y  

s u b s t i t u t e d  benzenes and naph tha lene  d e r i v a t i v e s ,  t r i a z i n e  

isomers, p h t h a l a t e  e s t e r s ,  a n a l g e s i c s  and amino a c i d s  on  

Carbopack B. 

Unger e t  a l  ( 3 1 )  demonstrated t h e  u t i l i t y  o f  ca rbon  i n  

h i g h l y  a l k a l i n e  s o l u t i o n  by r e s o l v i n g  a l k a l o i d s  u s i n g  a methanol/ 

w a t e r  b u f f e r  a t  pH 1 1 - 1 2 .  They a l s o  d i s c r i m i n a t e d  v a r i o u s  

c a r b o x y l i c  a c i d s  u s i n g  reversed-phase i o n - p a i r  chromatography 

( 7 5 ) .  

Carbon pack ings  have thus been used for a w i d e  range o f  

c h e m i c a l l y  d i f f e r e n t  s o l u t e s  r a n g i n g  f r o m  n o n - p o l a r  t o  h i g h l y  

p o l a r  and i o n i c .  I t  appears t o  be p o s s i b l e  t o  e l u t e  compounds 
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CARBON AS PACKING MATERIAL 31 

c o n t a i n i n g  v i r t u a l l y  a l l  common f u n c t i o n a l  groups i f  the e luent  

i s  a p p r o p r i a t e l y  chosen. However, a se r ious  l i m i t a t i o n  o f  

most o f  the carbons i s  t h a t  t h e i r  peak c a p a c i t y  i s  l i m i t e d  by 

growing asymmetry as k ’  increases. However, c e r t a i n  carbons 

do show promise which suggests t h a t  t h i s  problem can be overcome. 

5.  C O N C L U S I O N S  

Carbons have been produced hav ing  some b u t  not a l l  o f  the 

f o l l o w i n g  d e s i r a b l e  fea tures :  

(a)  adequate hardness 

(b) approp r ia te  p a r t i c l e  s i z e  

(c )  good sur face  c h a r a c t e r i s t i c s  

The hard carbons are  super io r  i n  regard t o  (a) and (b) and 

less good i n  regard t o  (c) whereas Carbopack 6 ,  a s o f t  carbon, i s  

super ior  i n  regard t o  (c)  bu t  unsa t i s fac to ry  i n  regard t o  (a).  

There i s  no reason t o  be l ieve  tha t  a carbon cannot be developed 

which possesses a l l  features t o  a s u f f i c i e n t  degree t o  be use fu l  

i n  rou t i ne  HPLC. 

Carbon o f f e r s  a unique s e l e c t i v i t y  which i s  d i f f e r e n t  

from tha t  o f  reversed phase alkyl-bonded s i l i c a  gels.  

i t  has been app l ied  t o  a f a i r  range o f  compounds i t s  a p p l i c a t i o n  

t o  biochemistry has hard ly  begun, and an enormous f i e l d  remains 

t o  be explored. 

Although 

REFERENCES 

1 .  Cheremisinoff, P.N. and El lerbusch, F. (ed i to rs ) ,  Carbon 
Adsorption Handbook, Ann Arbor Science, Ann Arbor, 
Michigan 1978. 

2 .  T i s e l i u s  A. and Claesson, S., Ark i v  Kemi, Mineral .  Geo - 15, (1942) No. 18. 

3. T i s e l i u s ,  A. ,  Kol lo id-Z. ,  3, 1 0 1 ,  (1943) .  

4 .  T i s e l i u s  A. and Hahn, L., Kol lo id-Z. ,  x, 177, (1943) 

. B . ,  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
5
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



32 W O X ,  UNGER, AND MUELLER 

5. Vavruch, I . ,  L i s t y  Cukrovar, 66, 249, (1949). 

6. W h i s t l e r ,  R.L. and Durso, D.F., J .  Amer. Chem. Sot.,  2, 

7. Lindberg, B. and Wickberg, B., Acta Chem. Scand., 8. 569, 

677. (1950). 

(1954). 

8. Synge, R.L.M. and T i s e l  i us ,  A , ,  Acta Chem. Scand., 3, 231, 
(1949). 

9. H a l l ,  D.A. and T i s e l i u s ,  A. ,  Acta Chem. Scand., 5, 854, 
(1951). 

10. Asatoor ,  A. and Da lg l i esch ,  C.E. ,  J. Chem. SOC., 2291, (1956). 

11. W i l l i a m s ,  R.J.P., Hagdahl, L .  and T i s e l i u s ,  A., A r k i v  Kemi, - 7, 1, (1954). 

12.  Sanno, Y . ,  Honjo,  M. and Tanaka, K., Chem. Pharm. Bull., 
(Tokyo), 9, 657, (1961) 

13. Alm, R . S . ,  A c t a  Chem. Scand., 5, l t 8 6 ,  (1952) .  

14. Waksrnundzki, A .  and Oscik, J . ,  Ann. U n i v .  H a r i a e  C u r i e -  
S k l o d w s k a ,  L u b l i n ,  Poland, Sec t .  A6 ,  87, (1951) .  

15 .  Osc i k ,  J., Ann. Un iv .  M a r i a e  Cur ie-Sklodowska,  Lubl  i n ,  
Poland, Sect .  AA, 1 ,  (1952) .  

16. Snyder, L.R., P r i n c i p l e s  o f  A d s o r p t i o n  Chromatography, 
M. Dekker, New York 1968, 168. 

17. Cremer, E. and P r i o r ,  F. ,  2 .  Elek t rochem. ,  55, 66, (1951) .  

18. Crerner, E.  and  M u l l e r ,  R . ,  Z .  E lek t rochem. ,  55, 2 1 7 ,  (1951). 

19. K i s e l e v ,  A .V .  and Yashin, Ya. I . ,  Zh. F i z .  Khim., 5, 603, 
(1966) .  

20. K i s e l e v ,  A.V. and Yashin, Ya. I., Abh. Deu t .  Akad. Wiss. 
B e r l i n ,  k l .  Chem. Geol. Biol ., 2, 103, (1966) .  

21. K i s e l e v ,  A.V., Kuznetsov, A.V., F i l a t o v a ,  I .  Yu. and 
Shcherbakova, K. ,  Zh. F i r .  Khim. ,  2, 1272, (1970) .  

22. Brodasky, Th. F . ,  Ana l .  Chern., 6, 1604, (1964) .  

23. B landenet ,  G., J e q u i e r ,  W. and  Robin, J.,  Compt. Rend., 
- 259, 3523, (1964) .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
5
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



CARBON AS PACKING MATERIAL 33 

24. HaI&z, I. and Horv i th ,  C . ,  Nature, 197, 71. (1963) .  

2 5 .  HalLsz, I .  and Horv i th ,  C . ,  Anal. Chem., 6, 1178, (1964) .  

26. Perron, R .  and Madelmont, C., B u l l .  SOC. Chim. F r . ,  
3443, (1967) .  

27. Prochazka, Z . ,  J .  Chromatogr., 48, 113, (1970) .  

28. Mattson, J.S. and Mark, Jr., H.B., A c t i v a t e d  Carbon, M. 
Dekker, New York 1971, 1. 

29. Bokros, J.C.. Chemistry and Physics o f  Carbon, Ed. Walker, M .  
Dekker, New York 1969, Vo1.5, 1. 

30. Fischbach, D.B., Chemistry and Physics o f  Carbon, Ed. Walker, 
H. Dekker, New York 1971, V o l .  7, I .  

3 1 .  Unger, K . ,  R o u m l i o t i s ,  P. ,  Mue l le r ,  H. and Cotz, H., 
J. Chromatogr., 202, 3 ,  (1980) .  

32. Co l i n ,  H., Eon, C .  and Guiochon, G., J. Chromatogr., - 119, 41, (1976).  

- 122, 223, (1976) .  

34. Ka iser ,  R . ,  Chromatographia, 1. 38, (1970) .  

35. Yamabe T .  and Takai, N., Seisan-Kenkyu, 26, 178, (1974) .  

36. Yamabe, T., Takai, N . ,  Umezawa, Y.  and I t o ,  T . ,  Jap. 

33. Co l i n ,  H., Eon, C .  and Guio$hon, G. ,  J .  Chromatogr., 

Kokai, - 63, 691, (1976).  

37. Biscoe, J. and Warren, B .E . ,  J .  Appl. Phys., 2, 364, (1942) .  

38. Pu r i ,  B.R., Chemistry and Physics o f  Carbon, Ed. Walker, 
M .  Dekker, New York 1971, Vol .  6, 191. 

39. Boehm, H.P. ,  D ieh l ,  E .  and Heck, W., I ndus t r .  Carbons and 
Graphi tes,  2, 369, (1966) .  

and Graphi te Conference, SOC. Chem. Inds., London, 344, 1976. 

41. Boehm, H.P., D ieh l ,  E . ,  Heck, W. and Sappok, R . ,  Angew. Chem. 

40. Boehm, H.P.  and Bewer, G . ,  Proc. 4th London I n t e r n a t .  Carbon 

I n t e r n a t .  e d i t . ,  2, 669, (1964) .  

42. Evans, M .  and Marsh, H., Symposium on C h a r a c t e r i s a t i o n  o f  
Porous So l ids ,  Ed. Gregg, S . J . ,  Sing. K.S.W. and S toeck l i ,  
H.F. Proc. Symp.,The Society o f  Chemical Indus t ry ,  London 1978. 
53.  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
5
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



3 4  KNOX, UNGER, AND MUELLER 

43 .  Dub in in ,  14.h., Proc.  4 t h  l n t .  Symp.Reac t i v i t y  o f  S o l i d s ,  
E l s e v i e r ,  Amsterdam 1960, 643. 

44. D u b i n i n ,  M.M.,  Symposium on  C h a r a c t e r i s a t i o n  o f  Porous 
S o l i d s ,  Ed. Gregg, S . J . ,  Sing ,  K.S.W. and S t o e c k l i ,  
H.F. Proc.  Syrnp.,The S o c i e t y  o f  Chemical I n d u s t r y ,  London 
1978, 1 .  

45.  Masters ,  K . J .  and McEnaney, B . ,  Symposium o n  C h a r a c t e r i s a t i o n  
o f  Porous Sol i ds ,  Ed. Gregg, S.J., Sing, K.S.W.  and S t o e c k l i ,  
H.F. P roc .  Symp., The S o c i e t y  o f  Chemical I n d u s t r y ,  London, 
1978, 79. 

46. Gregg, S.J. and Sing, K.S.W.,  Adso rp t i on ,  S u r f a c e  Area and 
P o r o s i t y ,  Academic Press, London 1967, 7 0 .  

47. Avgul ,  N.N. and K i s e l e v ,  A.V., Chemis t r y  and Phys ics  o f  
Carbon, Ed. Walker ,  M. Dekker, New York 1970, V o l .  6, 1 .  

48. Barmakova, T.V., K i s e l e v ,  A.V. and Kovaleva,  N.V. , Kol l o i d  
Zh., 36, 1 3 3 ,  (1974). 

49, Bokros. J.C., Chemis t r y  and Phys ics  o f  Carbon, Ed. Walker, 
M. Dekker, New York 1969, V o l .  5, 22. 

50. C o l i n ,  H. and Guiochon, G., J.  C h r o m t o g r . ,  137, 19, (1977) .  

5 1 .  C o l i n ,  H .  and Guiochon, G., J. Chromatogr.,  126, 43, (1976). 

52. Guiochon, G.  and Col i n .  H., Chromatography Review, Spec t ra  
Phys ics,  Santa C la ra ,  Vo l .  4 No. 2 (1978) 2. 

53 .  B e b r i s ,  N.K., Vorobieva,  R . G . ,  K i s e l e v ,  A.V. ,  N i k i t i n ,  Y . S . ,  
Tarasova, L.V., F r o l o v ,  1 . 1 .  and Yashin,  Y . I . ,  J. Chromaioyr.,  - 117, 257, (1976) .  

54. B e b r i s ,  N.K., K i s e l e v ,  A.V., N i k i t i n ,  Y . S . ,  F r o l o v ,  I . I . ,  
Tarasova, L.V.  and Yashin, Y .  I . ,  Chromatographia,  2, 206, 
(1978) .  

55. Leboda, R .  and Waksmundski, A . ,  Chromatographia,  4, 207, (1979) .  

56. Leboda, R . ,  Chromatographia,  2, 549, (1980) .  

57. Leboda, R., Chromatographia,  2, 703, (1980). 

58. Leboda, R . ,  Chromatographia,  14, 524, (1981) .  

59. P l z2k .  Z., Dousek, F.P. and Jansta,  J.. J .  Chromatogr.. - 147. 137, (1978) .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
5
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



CARBON AS PACKING MATERIAL 35 

60. Patzelova, V., Jansta, J. and Dousek, F.P. ,  J. Chromatogr., - 148, 53 ,  (1978). 

J .  Chromatogr., 191, 61, (1980). 
61. Smolkova, E . ,  Zima, J. ,  Dousek, F.P., Jansta, J .  and Plza’k. Z., 

62.  Zwier, T.H. and Burke, M.F., Anal. Chem., 2, 812, (1981). 

63. C i c c i o t i ,  P . ,  Tappa, R., d i  Corc ia ,  A .  and L i b e r t i ,  A . ,  
J .  Chromatogr., 206, 35, (1981). 

64 .  Dacey, J.R. and Thomas, D . G . ,  Trans. Faraday SOC. ,  2, 740, 
(1954) . 

65. Unger, K.  and Goetz, H . ,  Ger. Offen., 2. 802, (1979). 

66. Knox, J.H. and G i l b e r t ,  M.T., Ger. Offen., 2,946, 688, ( C i  
C O I  531/08) June 12, 1980, B r i t .  Appl. 78/45397, 
Nov. 21, 1978, U .S .  Pa ten t .  

67. Knox, J.H., High Performance L i q u i d  Chromatography, 
Edinburgh U n i v e r s i t y  Press, 1978, 5 .  

68. Br istow, P.A. and Knox, J .H. ,  Chromtographia,  lo, 279, (1977). 

69. Br istow, P . A . ,  B r i t t a i n ,  P.N., Ri ley ,  C . M .  and Wil l iamson, P . F . ,  
J. Chromatog., 131, 57, (1977). 

70. G i l b e r t ,  M.T., Knox, J.H. and Singh, B., unpubl ished work. 

71. Co l in ,  H., Ward, N. and Guiochon, G., J. Chromtogr . ,  - 149, 169, (1978). 

72 .  Col i n ,  ti., Guiochon, G, Jandera, P., Chromatographia, 2. 
133, (1982). 

73. Muel ler ,  H., Roumel io t i s ,  P.  and Unger, K.K., t o  be 
publ ished. 

74. Zima, J. and Smlkova,  E. ,  J .  Chromtogr. ,  x, 7 9 ,  (1981). 

75. Unger, K . ,  p resented  a t  the  13 th  I n t e r n a t i o n a l  Symposium 
on Chromatography, Cannes, June 30- J u l y  4 1980. 

76. Bakalyar, S t .  R . ,  M c l l w r i c k ,  R. and Roggendorf, E., J. 
Chromatogr., 142, 353. (1977). 

77. Gla ch, J.L., K i r k land ,  J . J . ,  S q u i r e ,  K.M. and Minor, J.M., 
J .  Chromatogr., 199. 57, (1980). 

78. Telepchak, M.J., Chromtograph ia ,  6, 234, (1973). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
5
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



36 KNOX, UNGER, AND MUELLER 

79.  C o l i n ,  H .  and Guiochon, G . ,  J .  C h r o m t o g r . ,  3, 183, (1978) .  

80.  C o l i n ,  H. ,  Ghiochon, G .  and Prusova, D . ,  J .  Chrornatogr., 
- 234,  1, ( 1 9 8 2 ) .  

81 .  Hanai ,  T .  and Walton,  H . F .  , Anal .  Chern., 2, 1954,  ( 1 9 7 7 ) .  

8 2 .  Werkhcven, C . E . ,  B r i n k r a n ,  U.A.Th; and F r e i ,  R . ,  Ana l .  
Chem., - 5 3 ,  2072, ( 1 9 8 1 ) .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
5
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1


