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Abs t rac t  - The excep t iona l  p r o p e r t i e s  o f  g r a p h i t i z e d  carbon b lacks  
i n  gas chromatography a re  descr ibed and t h e  exp lana t ion  o f  t h e i r  
behaviour i s  exp la ined  i n  terms o f  t h e  thermodynamic f u n c t i o n s  r e l a t e d  
t o  t h e  chromatographic process and o f  t h e  k i n e t i c s  o f  adsorp t ion .  
A n a l y t i c a l  a p p l i c a t i o n s  u s i n g  bo th  packed and c a p i l l a r y  columns u s i n g  
t h e  work ing  mechani sm o f  gas 1 i qu i  d s o l i d  chromatography a re  repo r ted .  

INTRODUCTION 

The te rm "Gas L i q u i d  S o l i d  Chromatography" (GLSC) was in t roduced  by P u r n e l l  ( r e f . 1 )  
t o  i n d i c a t e  t h e  p a r t i c u l a r  techn ique where a l i q u i d  m o d i f i e r  i s  added t o  an adsorbent 
i n  o rde r  t o  reduce t h e  peak t a i l i n g  u s u a l l y  ob ta ined  i n  gas s o l i d  chromatography ( r e f . 2 ) .  
The g rea t  advantages o f  u s i n g  G r a p h i t i z e d  Carbon B lacks  (GCB) i n  adso rp t i on  gas chromato- 
graphy have been shown a t  a l a r g e  e x t e n t  by K i s e l e v  and h i s  coworkers i n  many papers 
and a d e t a i l e d  d i scuss ion  o f  t h e  e n t i r e  t o p i c  i s  r e p o r t e d  e x t e n s i v e l y  i n  h i s  book ( r e f . 3 ) .  

WORKING MECHANISM 

G r a p h i t i z e d  carbon b lacks  a re  s u b s t a n t i a l l y  non porous o r  macroporous adsorbents.  T h i s  
leads  t o  ou ts tand ing  p r o p e r t i e s  when they  a re  coated  w i t h  d i f f e r e n t  amounts o f  a l i q u i d  
m o d i f i e r .  I n  F i g u r e  1 t h e  behaviour o f  t h e  i s o s t e r i c  heat  o f  adso rp t i on  Qs a t  zero  
su r face  coverage o f  n-pentane, when t h e  adsorbent su r face  i s  coated  w i t h  i n c r e a s i n g  
amounts o f  a non p o l a r  l i q u i d  phase l i k e  squalane, i s  repo r ted .  I n  t h e  case o f  GCB,one 
can c l e a r l y  see t h a t  a maximum o f  QS i s  reached j u s t  b e f o r e  a monolayer i s  formed, 
w h i l e  a con t inous  decrease i s  abserved u s i n g  a porous m a t e r i a l  such as s i l i c a  g e l .  

Th i s  f e a t u r e  i s  a ve ry  impor tan t  one , -s ince  on GCB t h e  " l a t e r a l  i n t e r a c t i o n s "  w i t h  t h e  
l i q u i d  mod i f i e r  a re  ve ry  e f f e c t i v e  and p l a y  an impor tan t  r o l e  i n  t h e  s e l e c t i v i t y  o f  
t h e  adsorbent toward t h e  s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  t h e  molecules e l u t e d .  The work ing  
mechanism i s  exp la ined  ve ry  s imp ly  by t h e  model shown i n  F ig .  2 .  

F i g .  1. 
Typ ica l  behaviour o f  t h e  heat  o f  adso rp t i on  o f  
n-pentane on porous and non porous adsorbents.  
L i q u i d  phase: squalane. 
S o l i d  l i n e :  Graph i t i zed  Carbon B lack  
Dot ted  l i n e :  s i l i c a  ge l .  
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When t h e  su r face  i s  p e r f e c t l y  c lean, t h e  molecule coming f rom t h e  gas phase i s  p r e f e r e n t i a l l y  
adsorbed on t h e  a c t i v e  s i t e s  o f  t h e  g r a p h i t i c  surface, namely cracks,  c r e v i c e s  and, 
i n  general ,  h i g h  e l e c t r o n  d e n s i t y  adso rp t i ve  s i t e s .  When a few molecules o f  a non v o l a t i l e  
l i q u i d  m o d i f i e r  a re  added t o  t h e  adsorbent,  these w i l l  be p r e f e r e n t i a l l y  adsorbed on 
t h e  most a c t i v e  s i t e s ,  so t h a t  i n  t h i s  s i t u a t i o n ,  t h e  molecules e l u t e d  w i l l  be adsorbed 
on lower energy s i t e s .  Th is  e x p l a i n s  t h e  i n i t i a l  decrease o f  t h e  heat  o f  adso rp t i on  
(F ig .  28) and t h e  molecules o f  t h e  o rgan ic  m o d i f i e r  ac ts  as a d e a c t i v a t i n g  agent, making 
t h e  adsorbent a more "gaussian" one. Th is  e f f e c t  i s  common t o  a l l  adsorbents when coated  
w i t h  a m o d i f i e r  and t h i s  can be s imp ly  taken as a t a i l  reducer,  g i v i n g  r i s e  t o  more 
symmetr ical  peaks i n  chromatographic exper iments because t h e  adso rp t i on  i so the rm i s  
1 i n e a r i  zed. 
A s t r i k i n g  d i f f e r e n c e  between a porous and a non porous m a t e r i a l  i s  observed when t h e  
o rgan ic  m o d i f i e r  covers t h e  sur face  a t  a h ighe r  ex ten t .  I f  t h e  adsorbent i s  a non porous 
one, a ve ry  homogeneous d i s t r i b u t i o n  o f  t h e  m o d i f i e r  may occur and " l a t e r a l "  i n t e r a c t i o n s  
o f  t h e  molecules t a k e  p lace .  Th is  means t h a t  t h e  molecule e l u t e d  i n t e r a c t s  n o t  o n l y  
w i t h  t h e  sur face ,  b u t  a l s o  w i t h  t h e  molecules o f  t h e  m o d i f i e r s .  
Th i s  r e s u l t s  i n  an i nc rease  o f  t h e  heat  o f  adso rp t i on  (F ig .  2C). Once t l i e  monolayer 
i s  formed a sharp decrease o f  t h e  heat  o f  adso rp t i on  occurs because o f  t he  " s h i e l d i n g  
e f f e c t "  o f  t h e  adso rp t i on  f o r c e s  opera ted  by t h e  c ;od i f ie r  ( F i g .  2 D ) .  I f  t h e  adsorbent 
i s  very  homogeneous a second maximum i s  observed by  f u r t h e r  i n c r e a s i n g  t h e  amount o f  
m o d i f i e r ,  due t o  t h e  fo rma t ion  o f  a second l a y e r  ( F i g .  2 i ) .  
T h i s  behaviour i s  n o t  observed w i t h  a porous m a t e r i a l ,  ma in l y  rtue t o  t h e  i m p o s s i b i l i t y  
o f  fo r i i i i ng  a r e g u l a r  monolayer, beciiase of pore  f i l l i n g  and o t h e r  d i s t u r b i n g  phenomena. 
It should be a l s o  no ted  t h a t ,  f o r  d i f f e r e n t  molecules e l u t e d  on t h e  same adsorbent and 
the  same m o d i f i e r ,  t h e  monolayer may occur  a t  d i f f e r e n t  percentages o f  t h e  m o d i f i e r  ( r e f . 4 ) .  

RESULTS 

Chromatographic e f f i c i e n c y  and s e l e c t i v i t y  a re  s t r o n g l y  enhanced i n  the  r e g i o n  o f  
maximum l a t e r a l  i n t e r a c t i o n s  (ir,aximun Qs va lues )  and deeply aPfected by t h e  presence 
o f  d i f f e r e n t  f u n c t i o n a l  groups (OH, C001-1, :M2, e t c . )  i n  t h e  m o d i f i e r .  An exa-fipl:! o f  
t h e  c o u n t e r a c t i n g  e f f e c t  o f  t h e  same m o d i f i e r  on no lecu les  o f  d i f f e r e n t  s t r u c t u r e  
i s  g i ven  i n  F i g .  3, where the  values o f  chs c a ? a c i t y  r a t i o  k '  a r e  r e p o r t e d  aga ins t  
t h e  percentage o f  two d i f f e r e n t  m o d i f i e r s ,  g l y c e r o l  and squalane. Fo r  n-peniane, when 
squalane i s  t h e  m o d i f i e r ,  the e f f e c t  o f  l a t e r a l  i n t e r a c t i o n s  and t h e  sh i 'e ld ing  e f f e c t  
o f  t h e  nionolayer f o r g a t i o n  are  c l e a r l y  seen (dashed l i n e ) .  The s a w  co-,poimd, when 
g l y c e r o l ,  a i i i g h l y  p o l a r  l i q u i d  phase, i s  used, S ~ O ! J S  s. l i n e a r  decrease o f  k'. T h i s  
i s  due t o  t h e  f a c t  t h a t  t h e  o n l y  e f f e c t  o f  g l y c e r o l  i s  t o  deci-c?ase t h e  s v r f a c e  area 
o f  :he adsorbent, s ince  no l a t e r a l  i n t e r a c t i o n  u i t h  t l i e  e l u a t e  o c c w .  
On t h e  con t ra ry ,  i f  n-propanol i s  e l u t e d  on g l y c e r o l ,  t h e  r e t e n t i o n  inc reases  l i n e a r l y  
w i t h  t h e  percentage o f  t l i e  l i q u i d  phase, due t o  the i n c r e z s i n g  number o f  a l c o h o l i c  
-0!4 groups t h a t  i n t e r a c t  wi:h t h e  a l c o h o l i c  f u n c t i o n  o f  n-p;opanol. 
Fu r the r ,  i t  should be observed t h a t ,  by c o a t i n g  t h e  sur face  o f  t h e  acsorbent ; r i th  a p o l a r  
mod i f i e r ,  t h e  separa t i on  o f  a l i p h a t i c  hydrocarbon isomers i s  no t  a f fec ted .  
I n  t h i s  case t h e  d r i v i n g  f o r c e  o f  t h e  process i s  gas adso rp t i on  on l i q u i d  ( r e f .  5). 
On t h e  bas i s  o f  these f a c t s  one comes t o  t h e  conc lus ion  t h a t  u s i n g  i nod i f i ed  non porous 
adsorbent as s t a t i o n a r y  phases i n  gas chromatography, t a i l o r  made columns can be made 
and a h i g h  s e l e c t i v i t y  may be reached. 
An example o f  t h e  e f f e c t i v e n e s s  o f  GLSC as compared t o  GLC i s  g i ven  i n  F ig .  4, dhere 
t h e  separa t i on  o f  some h a r b i c i d e s  i s  r e p o r t e d  and ob ta ined  on a GLC c a p i l l a r y  column 
w i t h  about 60.000 t h e o r e t i c a l  p l a t e s  ( a )  and on a packed column hav ing  about 5.000 
p l a t e s  ( b ) .  The packed column works i n  GLSC and t h e  t h r e e  compounds, a t raz ine ,  s imazine 
and propaz ine  are  b e t t e r  separated i n  a much s h o r t e r  t ime. 
I n  F i g .  4c and d t h e  same columns a re  used t o  separate n i n e  compounds and s i m i l a r  
r e s u l t s  a re  ob ta ined  on t h e  c a p i l l a r y  and packed column. As a ma t te r  o f  f a c t ,  f rom 
t h e  chromatogram i t  may be seen t h a t  t h e  h ighe r  number o f  t h e o r e t i c a l  p l a t e s  o f  t h e  
c a p i l l a r y  column i s  n o t  f u l l y  used; a c l u s t e r  o f  f i v e  peaks i s  e l u t e d  w i t h i n  l e s s  
than two minutes,  w h i l e  wide reg ions  o f  t h e  chromatogram do n o t  show any peaks ( r e f . 6 ) .  
From these f a c t s  i t  may be i n f e r r e d  t h a t  u s i n g  a c a p i l l a r y  column w i t h  t h e  work ing  
mechanism o f  g a s - l i q u i d - s o l i d  chromatography, ou ts tand ing  r e s u l t s  c o u l d  be obtained. 
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F ig .  4. Separation o f  herbicides on a cap i l l a ry  column (a and c) containing 
SC-54 ( 3 0 1 ~  x 0.24nm i.6.; 130 "C, 2 min then t o  230 " C  a t  4 " C h i n )  
and a packed co lum ( b  and d) containing 80-100 mesh o f  C3.bopacl: F 
(6.0 sq.m/g) coated w i th  0.3 % SPlOOO ( In  x 2m1i i.d., 240 " C  
isother ical) .  Flariie ion iza t ion  detection. Peaks: l =d i c loben i l ;  
2=trifl ura l  i n; 3=2,4-D ffE; 4=propazine; 5=atrazine; G=simazi ne; 
7=Silvex i ; E ;  C=2,4,5-T i;E; S=3C?A. 

- F i g .  3. k '  versus percentage (w/w) o f  l i q u i d  phase. 
Broken l i n e :  squalane; s o l i d  l i n e :  g l y c e r o l ,  n-propanol ,  
A n-pentane. Temperature: 46 "C.  

Fu r the r ,  t h e  k i n e t i c s  i n  gas adso rp t i on  chromatography are  much f a s t e r  than i n  t h e  
GLC mode. For  t h i s  reason, accord ing  t o  G idd ings  ( r e f .  7 )  t h e  C t e rm o f  t h e  Van Deeinter 
equat ion  should have a much lower va lue  w i t h  respec t  t o  GLC. 
I n  F ig .  5, a comparison o f  t h e  Van Deemter curves ob ta ined f o r  t w o  c a p i l l a r y  columns 
o f  t h e  same geomet r ica l  c h a r a c t e r i s t i c s ,  one work ing  i n  GLC and t h e  o t h e r  one i n  GLSC 
w i t h  g r a p h i t i z e d  carbon b lack ,  i s  repor ted .  One o rde r  o f  magnitude i s  ga ined i n  t h e  
decrease o f  t h e  mass t r a n s f e r  term. Th is  a l l ows  f a s t e r  a n a l y s i s  s t i l l  hav ing  a h i g h  
e f f i c i e n c y  i n  terms o f  t h e o r e t i c a l  p l a t e s  ( r e f .  8 ) .  

The p r a c t i c a l  e f f e c t s  o f  what s t a t e d  above are  w e l l  represented  i n  F i g .  6, where t h e  
same p repara t i on  o f  F i g .  4 i s  r e p o r t e d  and t h e  r e s u l t s  a re  b e t t e r  than those ob ta ined 
w i t h  bo th  t h e  GLSC packed columns and t h e  GLC c a p i l l a r y  column. 
The ou ts tand ing  p r o p e r t i e s  o f  GCB coated  w i t h  p o l a r  l i q u i d  phases are  f u r t h e r l y  shown 
by t h e  chromatogram o f  F ig .  7, where t h e  separa t i on  o f  p o l a r  compounds, such as phenols 
and a l coho ls  a re  shown on a c a p i l l a r y  column work ing  i n  GLSC w i t h  Carbowax 20M. 
I t should be no ted  t h a t  t h e  column i s  o n l y  9m i n  l e n g t h  ( r e f .  8 ) .  
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Fig. 5. Van Deemter plots obtained on two fused s i l i c a  Fig. 6 .  Separation of some herbicides  

capi l lary columns w i t h  the same geometrical character-  
i s t i c s  (20m x 0.25mm i.d.1. Coattngs: = graphi t ized 
carbon black, Carbopack F + 0.3 % SPlOOO; 0 = SPlOOO; 
f i l m  thickness 0.25 mi. Samole = n-hexadecane. GEsimazine; 7=Si lvex E; 3=2,4-STME; 

on a GLSC c a p i l l a r y  columns. 
l=diclobeni 1 ; 2 = t r i f l  ural i n ;  
3=2,4-DRE; 4=propazi ne; 5=atrazi  ne; 

.r . - . . -. .. . -. . 

9=DCPA. 
Fused s i l i c a  c a p i l l a r y  colunn (20n 
x 0.25nim i.d.1 coated with Carbopack 
F + 0.3% SPlOOO. Temp. progr. 14.0 "C 
f o r  2 min, then increased at 18 "Chin 
t o  230 "C. 

0 L I 2 4  7 - Fig. 7. Separation of alcohols and 
phenol s. 1 =hexanol ; 2=2-octanol; 
3=l-heptanol; 4=l-octanol ;  5=1-de- 
canol ; G=2-nitrophenol; 7=2-chloro- 
phenol ; S=phenol ; 9=2,4-dimethylphe- 
nol; l0=2,4-dichloropheno1; 11=2,4, 
6-trichlorophenol; 12=4-chloro-3- 
r:iethylphenyl. Fused silica capillary 
column (9ni x 0.251nrn i.d.1 coated 
with Carbopack F t 0.3% Carbowax 
2014. Temp. progr.: 90 O C  f o r  1 min ,  
then increased a t  12 "Chin t o  
140 "C, followed by 25 "Chin t o  
220 "C, 

2 4 6 I 10 mln 
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