
CHAPTER II

THEORY

2 .1  Types o f  Chrom atography

Chrom atography i s  d iv id e d  in t o  two m a in  typ e s  such a re  l iq u id  

chrom atog raphy (LC) and gas chrom atog raphy (G C ). The fo rm e r means a 

case th a t  m o b ile  phase i s  l iq u id  and th e  l a t t e r  means a case t h a t  m o b ile  

phase i s  gas. C la s s i f ic a t io n  o f  c h ro m a to g ra p h ic  te c h n iq u e s  i s  shown 
i n  F ig u re  2 .1 .

The sample i s  re ta in e d  by p a r t i t i o n in g  betw een th e  m o b ile  l iq u id  and 

th e  s ta t io n a r y  l iq u id .  The re q u ire m e n t h e re  i s  t h a t  th e  m o b ile  l iq u id  

shou ld  n o t be a s o lv e n t  f o r  th e  s ta t io n a r y  l iq u id .  I n  f a c t ,  w a te r  i s  

o f te n  used as th e  s ta t io n a r y  l iq u id  and o rg a n ic  s o lv e n ts  a re  used f o r  
th e  m o b ile  l iq u id .  Paper chrom atography (PC) i s  a subgroup o f  LLC.

I n  paper ch rom atog rap h y, th e  s ta t io n a r y  phase i s  a c t u a l ly  w a te r  h e ld  
on th e  f ib e r s  o f  c e l lu lo s e .

L iq u id - l iq u id  chrom atog raphy (LLC) i s  p a r t i t i o n  ch rom a tog rap h y.
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L iq u id - s o l id  ch rom atog rap h y (LSC) i s  a d s o rp t io n  ch rom atog rap h y. 
The a d s o rb e n ts , s i l i c a  g e l,  a lu m in a , m o le c u la r  s ie v e  o r  p o rous  g la s s ,  

a re  packed in  a column and th e  sample components d is p la c e d  by a m o b ile  

phase . T h in - la y e r  chrom atog rap hy i s  c o n s id e re d  to  be LSC, th e  a d so rb e n t 

i s  spread in  a t h in  f i lm  on a g la s s  p la te  in s te a d  o f  h a v in g  th e  a d so rb e n t 
i n  th e  colum n.

Ion -exchang e  chrom atog rap hy uses z e o l i t e s  and s y n th e t ic  o rg a n ic  

and in o rg a n ic  re s in s  to  p e rfo rm  c h ro m a to g ra p h ic  s e p a ra t io n s  by an 

exchange o f io n s  betw een th e  sample and th e  r e s in .

E x c lu s io n  ch rom atog rap hy i s  a n o th e r  fo rm  o f  l iq u id  ch rom ato ­
g ra p h y . I n  t h is  p ro c e s s , a u n ifo rm ,  h ig h ly  p o ro u s , n o n io n ic  g e l i s  

used to  se p a ra te  m a te r ia ls  a c c o rd in g  to  t h e i r  m o le c u la r  s iz e .  The 

s m a ll m o le c u le s  can e n te r  in t o  th e  p o lym e r n e tw o rk  and w i l l  be re ta rd e d , 

w hereas th e  la rg e  m o le c u le s  canno t e n te r  th e  p o lym er n e tw o rk  and w i l l  
be swept o u t o f  th e  co lum n. E x c lu s io n  chrom atog rap hy can p e rfo rm  in  
two ways such a re  g e l p e rm e a tio n  and g e l f i l t r a t i o n  ch rom a tog rap h y.

F o r  s e p a ra t io n s  p e rfo rm ed  on p o lym e rs  w h ic h  s w e ll  in  o rg a n ic  s o lv e n ts  

th e  te c h n iq u e  i s  c a l le d  g e l p e rm e a tio n . F o r s e p a ra t io n s  p e rfo rm e d  on 

p o lym e rs  w h ich  s w e l l  in  w a te r  t h i s  i s  c a l le d  g e l f i l t r a t i o n .

G a s - liq u id  ch rom atog rap hy (GLC) i s  p a r t i t i o n  chrom atog raphy 

s im i la r  to  LLC b u t i t  d i f f e r s  i n  t h a t  th e  m o b ile  phase i s  gas in s te a d  

o f  l iq u id .  T h e re fo re ,  th e  d i f f i c u l t y  a b ou t s o l u b i l i t y  o f  th e  s ta t io n a r y  

phase in to  th e  m o b ile  phase i s  n o t  seen . M o b ile  phase, c a r r ie r  gas, 
f o r  GC i s  i n e r t  gas such as n i t r o g e n ,  h e liu m  and a rg o n . The r e q u ir e ­
ment h e re  i s  th a t  th e  sample o th e rw is e  i t s  d e r iv a t iv e s  m ust be v o l a t i l e .

G a s -s o lid  chrom atog rap hy (GSC) i s  a d s o rp t io n  ch rom a tog rap h y.
The s ta t io n a r y  phase i s  a d so rb e n t s im i la r  to  LSC b u t th e  m o b ile  phase 

i s  gas in s te a d  o f  l iq u id .  The re q u ire m e n t i s  a ls o  th e  v o l a t i l e  sample 
l i k e l y  in  GLC.
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These c h ro m a to g ra p h ic  te c h n iq u e s  can be conc luded  i n  a n o th e r

two ty p e s  such a re  colum n ch rom atog rap h y and n o n -co lum n  c h ro m a to g ra p h y . 

E xcep t paper ch rom atog rap hy and t h in - la y e r  c h ro m a to g ra p h y , a l l  o f  them 
a re  column ch rom atog rap hy w h ic h  s ta t io n a r y  phase i s  i n  a co lum n, i . e . ,  

th e  s e p a ra t io n  o c c u rs  i n  th e  co lum n, to o .  M ost o f  t h i s  t h e s is  concerns 
GLC.

2 .2  Gas C h rom a tog rap h ic  System

F ig u re  2 .2  S chem atic  d ra w in g  o f  a gas c h ro m a to g ra p h ic  sys te m .

The b a s ic  p a r ts  o f  gas chrom atograph a re :

1. C y lin d e r  o f  c a r r ie r  gas
2 . F lo w  c o n t r o l l e r  and p re s s u re  r e g u la to r

3 . I n je c t io n  p o r t

4 . Column

5 . D e te c to r  ( w ith  n e c e ssa ry  e le c t r o n ic s )
6 . R e c o rd e r
7 . T h e rm o s ta ts  f o r  i n je c t o r ,  co lum n, and d e te c to r

2 .2 .1  C a r r ie r  Gas

Common c a r r ie r  gas i s  hyd ro g e n , h e liu m , n i t r o g e n  and c a rb o n - 

d io x id e ,  among th e s e  gases hyd rog en can e a s i ly  e x p lo d e . I n  a n a ly s is ,

Carrier
Gas
Bottle



th e  f lo w  r a t e  o f  c a r r i e r  gas m ust be c o n s ta n t.  To o b ta in  t h i s ,  a 

p re s s u re  r e g u la to r  and a f lo w  c o n t r o l le r  a re  used to  c o n t r o l  th e  
p re s s u re  and speed o f  c a r r ie r  gas.

2 .2 .2  I n je c t io n  P o r t

I n je c t io n  p o r t  i s  th e  i n l e t  o f  sample to  th e  co lum n, by 

u s in g  a m ic ro -s y r in g e  to  in je c t  an amount o f  th e  sam ple th ro u g h  a 

septum w h ic h  p r o te c ts  th e  sample to  le a k  back o f f  th e  co lum n. The 

te m p e ra tu re  o f  in je c t io n  p o r t  m ust be h ig h  enough to  e v a p o r iz e  th e  

sample im m e d ia te ly  and sh o u ld  be h ig h e r  th a n  th e  te m p e ra tu re  o f  co lum n. 
F o r th e  gaseous sample i t  i s  in je c te d  on to  th e  colum n by u s in g  a g as- 
t i g h t  s y r in g e  o r  a b y -p a ss  sample lo o p .

2 .2 .3  Column

G e n e ra l ly ,  th e  s t a in le s s - s t e e l  colum ns a re  m ost p o p u la r  

because o f  t h e i r  s t r e n g th  and in e r tn e s s  to  common su b s ta n c e s . F o r  

s e n s i t iv e  o r  c o r r o s iv e  compounds such as p e s t ic id e s ,  p h e n o ls , s te r o id s  

and am ines, g la s s  colum ns a re  n e c e s s a ry . F o r s u l f u r  gases th e  t e f lo n  

colum ns a re  re q u ire d .  The le n g th  o f  3 -10  fe e t  i s  g e n e ra l ly  used . A 

lo n g  colum n w i l l  p ro v id e  many numbers o f  p la te s  and h ig h  r e s o lu t io n .  

However, th e  to o - lo n g  colum n i s  n o t good because th e  f lo w  r a te  o f  th e  
c a r r ie r  gas may be v a r ie d  a lo n g  th e  column and th e  i n l e t  p re s s u re  m ust 

be h ig h .  The l a t t e r  causes th e  d i f f i c u l t y  o f  i n je c t in g  and le a k  o f  

th e  sample th ro u g h  th e  sep tum . A n o th e r advantage o f  lo n g  column i s  
t h a t  more sam ple can be used .

The s ta n d a rd  d ia m e te rs  o f  colum ns a re  1 /8  and 1 /4  in c h  
o u te r  d ia m e te r .  F o r  c a p i l la r y  colum ns w h ich  p ro v id e  a la rg e  number o f  
t h e o r e t ic a l  p la te s  th e  d ia m e te r o f  1 /16 in c h  o u te r  d ia m e te r i s  fa v o re d . 
F o r  s e p a ra t io n  as p re p a ra t iv e  s c a le  th e  column d ia m e te r o f  3 /8 ,  1 /2

29
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in c h  o u te r  d ia m e te r o r  more i s  used. H ow ever, th e  la rg e  d ia m e te r o f  

colum n causes d i f f u s io n  and m u l t i - p a th  e f f e c t  t h a t  r e s u l t s  in  re d u c in g  
th e  colum n e f f ic ie n c y .

W ith in  th e  column i t  i s  th e  p a c k in g  m a te r ia l  w h ic h  i s  

a d so rb e n t f o r  g a s -s o lid  chrom atography and i s  a l iq u id  phase c o a tin g  
on th e  s o l id  s u p p o rt f o r  g a s - l iq u id  ch rom atog rap h y.

2 .2 .3 .1  S o l id  Support

T h e re  a re  two fa c to r s  i n  choos ing  a m a te r ia l  as a 

s u p p o rt.  One i s  s t r u c tu r e ,  th e  o th e r  i s  s u r fa c e  c h a r a c te r is t ic s .  
The s t r u c tu r e  means th e  e f f ic ie n c y  o f  th e  m a te r ia l  as a s u p p o rt 

and th e  s u r fa c e  c h a r a c te r is t ic s  mean th e  degree to  w h ic h  i t  e n te rs  

in t o  th e  s e p a ra t io n .  A good s o l id  su p p o rt sh o u ld  have th e se  

fa c to r s  as d e t a i ls  as th e  fo l lo w in g s :
1. a la rg e  s p e c i f ic  s u r fa c e  a re a  w h ic h  i s  fro m

1 to  20 m^/g

2 . a p o re  s t r u c tu r e  w i th  u n ifo rm  p o re  d ia m e te r 
in  th e  range o f  10 ym o r  le s s

3 . in e r tn e s s  t h a t  i s  a minimum o f  c h e m ic a l and 
a d s o rp t iv e  in t e r a c t io n  w ith  th e  sample

4 . r e g u la r i ty - s h a p e  p a r t ic le s ,  u n ifo rm  in  s iz e  
f o r  e f f i c i e n t  pack ing

5 . m echan ica l s t r e n g th ,  shou ld  n o t  c ru sh  on

h a n d lin g .

2 .2 .3 .2  S ta t io n a r y  Phase

S ta t io n a r y  o r l iq u id  phase i s  th e  h e a r t  o f  g a s - 
l iq u id  ch rom atog rap h y. I t  i s  th e  s e p a ra to r  o f  th e  sample compounds 
fro m  th e  c a r r ie r  gas. The s e p a ra t io n  depends on th e  p a r t i t i o n  
c o e f f ic ie n t  o f  t h a t  compound. The p ro p e r t ie s  o f  l iq u id  phase a re
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th e  fo l lo w in g s :

1. n o n - v o la t i le  a t  th e  o p e ra t in g  te m p e ra tu re

2 . T h e rm a lly  s ta b le ,  n o t decomposed a t  th e  
o p e ra t in g  c o n d it io n

3 . i n e r t  to  sample

4 . a b le  to  be a good s o lv e n t  f o r  sam ples w i t h  
d i f f e r e n t  d i s t r ib u t i o n  c o e f f i c ie n t .

F o r  GLC th e  l iq u id  phase i s  d iv id e d  in t o  3 typ e s  
based on th e  p o la r i t y .  These a re  p o la r ,  in te r m e d ia te ly  p o la r  and 

n o n -p o la r  l iq u id  phases. C hoosing  th e  l iq u id  phase depends on 

w hat th e  components o f  th e  sample a re  by u s in g  th e  p r in c ip le  
" L ik e  d is s o lv e s  l i k e " .

2 .2 .4  D e te c to rs

The d e te c to r  in d ic a te s  th e  p resence  and m easures th e  amount 

o f  components i n  th e  column e f f l u e n t .  The te m p e ra tu re  o f  d e te c to r  and 
th e  c o n n e c tio n  betw een th e  colum n and th e  d e te c to r  m ust be h ig h  enough 

to  p re v e n t th e  c o n d e n s a tio n  o f  th e  sample and l iq u id  phase in  th e  
d e te c to r .

R eq u irem en ts  f o r  a good d e te c to r  a re  th e  fo l lo w in g s :

1. h ig h  s e n s i t i v i t y
2 . lo w  n o is e  le v e l

3 . w id e  l i n e a r i t y  o f  resp onse

4 . resp onse  to  a l l  ty p e s  o f  compounds
5 . in s e n s i t iv e  to  f lo w  and te m p e ra tu re  change
6 . in e x p e n s iv e .

T h e re  i s  no d e te c to r  w h ic h  has a l l  o f  th e se  p r o p e r t ie s .
The u n iv e r s a l  d e te c to rs  a re  th e rm a l c o n d u c t iv i t y  and fla m e  io n iz a t io n  
d e te c to rs .  The s p e c i f ic  d e te c to rs  such as e le c t r o n  c a p tu re , fla m e
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p h o to m e tr ic  and th e rm io n ic  s p e c if ic  d e te c to rs  have th e  advantage in  th a t  
th e y  s e le c t iv e ly  d e te c t o n ly  c e r ta in  ty p e s  o f  compounds. T h is  makes 

them e x tre m e ly  u s e fu l  f o r  t ra c e  and q u a l i t a t i v e  a n a ly s is .

2 .3  C h rom a tog rap h ic  T h e o ry

C hrom a tog rap h ic  s e p a ra t io n s  can be e v a lu a te d  by th e  shape o f  th e  
peaks and depend upon th e  is o th e rm s  th a t  d e s c r ib e  th e  r e la t io n s h ip  

betw een th e  s o lu te  c o n c e n tra t io n  in  th e  s ta t io n a r y  phase to  th e  s o lu te  
c o n c e n tra t io n  in  th e  c a r r ie r  gas. The is o th e rm  i s  a g ra p h ic a l re p re ­

s e n ta t io n  o f  th e  p a r t i t i o n  c o e f f ic ie n t  o r  d i s t r ib u t i o n  c o n s ta n t ,  K , a t  
a g iv e n  te m p e ra tu re

K  2 , 1

w here  Cg i s  th e  s o lu te  c o n c e n tra t io n  in  th e  s ta t io n a r y  phase o r  th e  

s o l id  s u r fa c e  and Cg i s  th e  s o lu te  c o n c e n tra t io n  i n  th e  gas phase.
The m easurem ents a re  done a t  th e  e q u i l ib r iu m  o f  c o n c e n tra t io n s .  Three  

ty p e s  o f  is o th e rm s  a re  o b ta in a b le :  l in e a r ,  convex and concave is o th e rm s .

The l in e a r  is o th e rm  i s  o b ta in e d  when th e  p a r t i t i o n  c o e f f ic ie n t  
o r  d i s t r ib u t i o n  c o n s ta n t,  K , i s  a c o n s ta n t o v e r a l l  w o rk in g  c o n c e n tra t io n  
ra n g e s . T h e re fo re ,  th e  bands o r  th e  peaks a re  s y m m e tr ic a l.  The convex 

is o th e rm  d e m o n s tra te s  th a t  th e  component moves th ro u g h  th e  column a t  a 

f a s t e r  r a te  th u s  i t  causes th e  f r o n t  boundary  to  be s e lf - s h a rp e n in g  

and th e  r e a r  boundary  to  be d i f f u s e .  I n  o th e r  w o rd s , i t  causes th e  peak 
t a i l i n g .  The concave is o th e rm  r e s u l t s  fro m  th e  o p p o s ite  e f f e c t .  I n  
t h i s  case th e  s o lu te  is  re ta in e d  in  th e  colum n f o r  a lo n g e r  t im e  and 
th e  peak le a d in g  i s  o b ta in e d .

These e f fe c ts  a re  d e p ic te d  i n  F ig u re  2 . A. Changing th e  sample 
c o n c e n tra t io n  o r  p h y s ic a l c o n d it io n  ( te m p e ra tu re , f lo w r a te ,  p re s s u re ,
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g
F ig u re  2 .3  Is o th e rm s  (1 ) l in e a r  is o th e rm , (2 ) convex is o th e rm  and 

(3 ) concave is o th e rm .



F ig u re  2 .4  The dependence o f  peak shape on th e  fo rm  o f  th e  p a r t i t i o n  is o th e rm ;  (1 ) s y m m e tr ic a l,
(2 ) t a i l i n g ,  and (3 ) le a d in g  p eaks .



35

e tc . )  can h e lp  in  c o n v e r t in g  th e  r e a r  and f r o n t  b o u n d a rie s  to  symme­

t r i c a l  shape.

I n  o rd e r to  e x p la in  c h ro m a to g ra p h ic  th e o ry  on th e  b a s is  o f  a 
c o n tin u o u s  model th re e  a ssu m p tio n s  a re  made:

1. e q u i l ib r iu m  between s o lu te  c o n c e n tra t io n s  in  th e  two phases 
i s  reached in s ta n ta n e o u s ly .

2 . d i f f u s io n  o f  s o lu te  in  m o b ile  p hase , a lo n g  th e  colum n a x is  
i s  n e g l ig ib le .

3 . colum n i s  packed u n i fo r m ly .

T h e re  a re  two fa c to r s  such a re  colum n e f f ic ie n c y  and s o lv e n t  

e f f ic ie n c y  w h ic h  have r o le s  on th e  r e s o lu t io n  o f  c h ro m a to g ra p h ic  p eaks .

2 .3 .1  Column E f f ie n c y

Column e f f ic ie n c y  concerns th e  peak b ro a d e n in g  o f  an 

i n i t i a l l y  compact band as i t  passes th ro u g h  th e  co lum n. The b ro a d e n in g  

r é d u it s  fro m  th e  column d e s ig n  and o p e ra t in g  c o n d it io n s .  Column e f f i ­
c ie n c y  can be d e sc rib e d  by two th e o r ie s  such a re  p la te  th e o ry  and r a te  

th e o r y .

2 .3 .1 .1  P la te  T h e o ry

M a r t in  and Synge (32 ) f i r s t  a p p lie d  th e  p la te  

th e o ry  to  p a r t i t i o n  ch ro m a to g ra p h y. The th e o ry  assumes t h a t  th e  

colum n is  d iv id e d  in t o  a number o f  zones c a lle d  t h e o r e t ic a l  p la te s .  
One d e te rm in e s  th e  zone th ic k n e s s  o r  h e ig h t  e q u iv a le n t  t o  a th e o ­
r e t i c a l  p la te  (HETP) by assum ing t h a t  th e re  i s  p e r fe c t  e q u i l ib r iu m  

betw een th e  gas and l iq u id  phases w i t h in  each p la t e .  The r e s u l t in g  

b e h a v io r  o f  th e  p la te  colum n i s  c a lc u la te d  on th e  a ssu m p tio n  t h a t  
th e  d i s t r ib u t i o n  is o th e rm  i s  l in e a r  and th e  d i f f u s io n  o f  th e  s o lu te
in  th e  m o b ile  phase fro m  one p la te  to  a n o th e r  i s  n e g le c te d . P la te s
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a re  u s e fu l  to  compare s im i la r  co lum n, o r  s e t  s ta n d a rd s  f o r  p a c k in g  

te c h n iq u e s . T h e o r e t ic a l  p la te s  can be e a s i ly  measured fro m  th e  
chrom atogram . Tang en ts  a re  drawn to  th e  peak a t  th e  p o in ts  o f  

i n f l e c t i o n  (a b o u t 2 /3  o f  th e  h e ig h t ) . The number o f  t h e o r e t ic a l  
p la te s ,  N, i s  g iv e n  by

2.2

w here t  i s  th e  r e te n t io n  t im e ,  th e  d is ta n c e  fro m  in je c t io n  to  

peak maximum ( in c lu d in g  th e  dead v o lu m n ) , and พ i s  th e  base w id th  

o f  th e  peak, th e  le n g th  o f  th e  b a s e lin e  c u t by th e  two ta n g e n ts .  

The number o f  p la te s  a re  som etim es measured a t  th e  b a n d w id th  a t  
h a l f - h e ig h t ,  Wq . From s t a t i s t i c s

พ = I n  2 พ,0 .5 2 .3

and s u b s t i t u t in g  E q u a tio n  2 .3  i n  E q u a tio n  2 .2 ,  one o b ta in s

.  .  , , 1! ■ - ’พ0 .5
2 .4

H a v ing  c a lc u la te d  th e  number o f  t h e o r e t ic a l  p la te s  
and know ing  th e  le n g th  o f  th e  co lum n, L , u s u a l ly  i n  c e n t im e te rs ,  

one may d e te rm in e  th e  h e ig h t  e q u iv a le n t  to  a t h e o r e t ic a l  p la t e ,
HETP, by

HETP = 2 .5

HETP c a lc u la t io n  a l lo w s  com parisons betw een colum ns o f  d i f f e r e n t  
le n g th s  and i s  th e  p r e fe r r e d  measure o f  column e f f ic ie n c y .  P la te  

th e o ry  d e s c r ib e s  t h a t  HETP becomes s m a lle r  w i t h  d e c re a s in g  f lo w  
r a t e ;  h o w e ve r, e x p e r im e n ta l ev id ence  shows th a t  a p lo t  o f  HETP 
v e rs u s  f lo w r a te  a lw ays  goes th ro u g h  a m inimum. F o r  a g iv e n  colum n
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o f  c o n s ta n t le n g th ,  th e  HETP re p re s e n ts  th e  peak b ro a d e n in g  as a 

fu n c t io n  o f  r e te n t io n  t im e .  I n  a gas c h ro m a to g ra p h ic  co lum n, each 

component w i l l  y ie ld  d i f f e r e n t  N and HETP v a lu e s .  Those s o lu te s  

w i t h  h ig h  r e te n t io n  (h ig h  K v a lu e s )  w i l l  r e s u l t  i n  g re a te r  numbers 
o f  t h e o r e t ic a l  p la te s  and th u s  lo w e r HETP v a lu e s .  I t  i s  g e n e ra l ly  

found  th a t  a n e c e ssa ry  number o f  th e  t h e o r e t ic a l  p la te s  f o r  packed 
gas c h ro m a to g ra p h ic  colum ns a re  10 tim e s  g re a te r  th a n  i n  d i s t i l l a ­
t i o n  f o r  a s im i la r  s e p a ra t io n .

2 .3 .1 .2  R a te  T h e o ry

S in c e  p la te  th e o ry  does n o t e x p la in  o th e r  f a c to r s ,  

a more s o p h is t ic a te d  approach, th e  r a te  th e o ry ,  i s  a p p lie d .  R a te  

th e o ry  i s  based on such p a ra m e te rs  as r a te  o f  mass t r a n s fe r  between 

s t a t io n a r y  and m o b ile  p hases, d i f f u s io n  r a te  o f  s o lu te  a lo n g  th e  

co lum n, c a r r ie r  gas f lo w r a te  and th e  hyd rod ynam ics o f th e  m o b ile  
p h a se . The g e n e ra l e q u a tio n  o f  th e  r a te  th e o ry  developed by van  
D eem ter (1 ) i s

HETP = A + ^  + Cy 2 .6

w h ere  A i s  a c o n s ta n t w h ic h  concerns m u lt ip a th  e f f e c t  o f  eddy 
d i f f u s io n ,  B i s  a c o n s ta n t w h ic h  concerns m o le c u la r  d i f f u s io n ,  

c i s  a c o n s ta n t w h ich  concerns r e s is ta n c e  to  mass t r a n s fe r  and y 

i s  th e  l in e a r  gas v e lo c i t y  o r  f lo w  r a te  th ro u g h  th e  ch ro m a to g ra p h ic  

co lum n. A re p re s e n ta t io n  o f  E q u a tio n  2 .6  i s  i n  F ig u re  2 .6  w h ic h  
shows th e  e f f e c t  o f  change in  l in e a r  gas v e lo c i t y  on HETP. The 

optim um  f lo w r a te ,  y i s  th e  v a lu e  w h ic h  g iv e s  th e  lo w e s t HETP,
i . e . ,  th e  m ost column e f f ic ie n c y .  E q u a tio n  2 .6  i s  t h a t  o f  a h y p e r-

นb o la  h a v in g  a minimum a t  v e lo c i t y  y 0 = (B /C ) 2 and a minimum HETP

(h  ) a t  A + 2 (BC) 2. The c o n s ta n ts  may be g r a p h ic a l ly  c a lc u la te dm in
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F ig u re  2 .5  C a lc u la t io n  o f  t h e o r e t ic a l  p la te s

t^  i s  th e  r e t e n t io n  t im e  o f  s o lu te ,
t .  i s  th e  r e t e n t io n  t im e  o f  a i r  (dead v o lu m e ).A
พ i s  th e  base w id th  o f  th e  p eak,
H i s  th e  h e ig h t  o f  th e  peak and

พ0 Ç. i s  th e  peak w id th  a t  h a l f - h e ig h t .
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fro m  an e x p e r im e n ta l p lo t  o f  HETP v e rs u s  l in e a r  gas v e lo c i t y  as 
shown in  F ig u re  2 .6 .  The van Deem ter e q u a tio n  i s  extended  as 
E q u a tio n  2 .7 .

40

HETP = 2Adp + 1“ ( 1 -  ■ f . ‘ ï  1
1! 2 d + k ' ) 2 , Di i q .

• น 2 .7

w here  X

dp

Y

gas

a c o n s ta n t w h ic h  i s  a m easure o f  p ack ing  i r r e g u la ­
r i t i e s  .

ave rag e  p a r t ic le  d ia m e te r o f  th e  s o l id  s u p p o rt, 

a c o r r e c t io n  f a c t o r  a c c o u n tin g  f o r  th e  t o r t u o s i t y  
o f  th e  gas c h a n n e ls  i n  th e  colum n, 

d i f f u s i v i t y  o f  th e  s o lu te  i n  th e  gas phase.

k

K

l i £

F l i q

gas

D- - liq

th e  l in e a r  gas v e lo c i t y
F

c a p a c ity  f a c to r  = K -
'■ gas

p a r t i t i o n  ( d is t r ib u t io n )  c o e f f ic ie n t  o f  th e  s o lu te ,  

exp ressed  as th e  amount o f  s o lu te  p e r u n i t  vo lum e o f 

l iq u id  phase d iv id e d  by th e  amount o f  s o lu te  p e r น 

u n i t  vo lum e o f gas phase.

f r a c t io n  o f  c ro s s  s e c t io n  occup ied  by th e  l iq u id  
phase .

fraction of cross section occupied by the gas phase, 

effective thickness of the liquid film which is CO 

coated on the particles of the support, 

diffusivity of the solute in the liquid phase.

W ith  th e  p a r t ic le  s iz e  used in  a n a ly t ic a l  gas c h ro ­

m a to g ra p h ic  co lum ns, 6 0 /8 0  mesh (0 .2 5 -0 .1 7  mm) i t  i s  v e ry  d i f f i c u l t  
to  have a l l  th e  p a r t ic le s  th e  same d ia m e te r and some o f  th e se  
p a r t ic le s  m ig h t f i t  i n t o  v o id  spaces betw een p a r t ic le s .  I n  any 

packed co lum n, s o lu te  m o le c u le s  and c a r r ie r  gas m o le c u le s  t r a v e l
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a lo n g  many p a th s . These p a th s  have d i f f e r e n t  le n g th s ,  th e r e fo r e  

th e  s o lu te  m o le c u le s  have d i f f e r e n t  re s id e n c e  t im e .  These add to  

peak b ro a d e n in g . The b ro a d e n in g  depends upon th e  s iz e  o f  p a r t ic le s  

c o n s t i t u t in g  th e  p a c k in g , th e  shape, and th e  manner i n  w h ic h  th e y  

a re  packed and th e  colum n d ia m e te r .  The p re s s u re  drop a c ro ss  th e  
colum n i s  a n o th e r l im i t i n g  f a c t o r  on p a r t ic le  s iz e .  S m a ll p a r t ic le s  
in c re a s e  th e  p re s s u re  d ro p . To in c re a s e  colum n e f f ic ie n c y  by m in i­

m iz in g  th e  A te rm  one sh o u ld  use s m a ll p a r t ic le s  o f  u n ifo rm  s iz e  

c o n s ta n t w i th  lo w  p re s s u re  d ro p , lo w  A, and s m a ll d ia m e te r co lum ns.

The m o le c u la r  d i f f u s io n ,  B te rm  i s  p r o p o r t io n a l  to  

^gas’ so-'-u te  d i f f u s i v i t y  in  th e  c a r r ie r  gas. H ig h  s o lu te
d i f f u s i v i t y  le a d s  to  band b ro a d e n in g  and a consequence lo s s  i n  th e  

e f f ic ie n c y .  D i f f u s i v i t y  i s  a p ro p e r ty  o f  b o th  s o lu te  and c a r r ie r  

gas. The s o lu te  d i f f u s i v i t y  in  th e  l iq u id  phase , D j .  , i s  e x tre m e ly  

s m a ll compared to  th a t  in  th e  gas phase and can be n e g le c te d . To 
reduce th e  B te rm  one sh o u ld  in c re a s e  th e  l in e a r  v e lo c i t y  and use 

a h ig h  m o le c u la r  w e ig h t c a r r ie r  gas.
O b v io u s ly  ke e p in g  d^, th e  th ic k n e s s  o f  th e  f i lm ,  

s m a ll w i l l  reduce th e  c te rm . T h is  causes a re d u c t io n  o f  c a p a c ity  
f a c t o r ,  k '  and an in c re a s e  in  th e  te rm  k ' / ( l + k ' ) ^ .  How ever, u s in g  

t h i n l y  coated  column p a c k in g s  in c re a s e s  th e  p r o b a b i l i t y  o f  ad sorp ­

t io n  o f  s o lu te  m o le c u le s  on th e  s u r fa c e  o f  s u p p o rt m a t e r ia l ,  w h ic h  

m ig h t r e s u l t  in  peak t a i l i n g .

The k '  te rm  i s  te m p e ra tu re  d ep end en t, so we 

in c re a s e  k '  and decrease k ' / ( l+ k ' ) ^  by lo w e r in g  te m p e ra tu re .
Low ering  o f te m p e ra tu re  in c re a s e s  v is c o s i t y  and th u s  decreases

. T h e re fo r e , th e  e f f e c t s  o f  th e  fa c to r s  k 'V G + k '')^  and 1/Dq^q 
c o u n te ra c t each o th e r .
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A l iq u id  phase w h ic h  e x h ib i t s  h ig h  d i f f u s i v i t y ,  

^ l i q ’ tenc*s t(0 reduce t h i s  c te rm . F o r t h i s  reason  l iq u id  phase 
o f  low  v is c o s i t y  p roduce more e f f i c i e n t  colum ns.

To m in im iz e  th e  c te rm , a t h in  u n ifo rm  f i lm  o f  
a lo w  v is c o s i t y  l iq u id  shou ld  be used. The f lo w  r a te  m ust be low  

enough and th e  d i s t r ib u t i o n  c o e f f ic ie n t  m ust be h ig h  enough to  

fa v o r  e q u i l ib r iu m  betw een th e  l iq u id  and gas phases.

2 .3 .2  S o lv e n t E f f ic ie n c y

S ubstances h a v in g  th e  same vap or p re s s u re  can be e a s i ly  

s e p a ra te d  by a p p ro p ia te  s e le c t io n  o f  th e  l iq u id  phase. The re  a re  
num erous s e le c t iv e  l iq u id  phases a v a i la b le  and th e  fo l lo w in g  comments 

sh o u ld  be a id  in  c h o o s in g  th e  p ro p e r one.

2 .3 .2 .1  I n t e r a c t io n  fo rc e s  and p a r t i t i o n  c o e f f ic ie n t

T h e re  a re  fo u r  in te r a c t io n  fo rc e s  w h ic h  can a id  

in  th e  gas c h ro m a to g ra p h ic  s e p a ra t io n :

1 . O r ie n ta t io n  o r  Keesom fo rc e s :  fo rc e s  r e s u l t in g  

fro m  th e  in t e r a c t io n  betw een two perm anent d ip o le s .  The h yd rog en - 
bond i s  a p a r t i c u la r l y  im p o r ta n t typ e  o f  o r ie n t a t io n  fo rc e  

e ncoun te red  i n  gas ch rom atog rap h y.

2 . Induced d ip o le ,  o r  Debye fo rc e s :  fo rc e s  

r e s u l t in g  fro m  th e  in t e r a c t io n  between a perm anent d ip o le  i n  one 

m o le c u le  and th e  induced  d ip o le  i n  a n e ig h b o rin g  m o le c u le . These 
fo rc e s  a re  u s u a l ly  v e ry  s m a ll.

3 . D is p e rs io n ,  London o r  n o n -p o la r  fo rc e s :  fo rc e s

a r is in g  fro m  s y n c h ro n iz e d  v a r ia t io n s  in  th e  in s ta n ta n e o u s  d ip o le s  
o f  th e  two in t e r a c t io n  s p e c ie s . These fo rc e s  a re  p re s e n t i n  a l l  
cases , and a re  th e  o n ly  so u rce  o f  a t t r a c t io n  energ y  between two 
n o n -p o la r  su b s ta n c e s . They a re  weak compared to  th e  two fo rm e r
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fo r c e s .

4 . S p e c if ic  in t e r a c t io n  fo rc e s :  fo rc e s  r e s u l t in g  

fro m  c h e m ic a l b o n d in g , com plex fo rm a t io n  betw een s o lu te  and s o lv e n ts .  

These fo rc e s  o f  in t e r a c t io n  d e te rm in e  th e  s o l u b i l i t y  and th e re b y  

th e  s e p a ra t io n  a c h ie v e d . T h e ir  combined e f f e c t s  a re  exp ressed  by
c

th e  p a r t i t i o n  c o e f f i c ie n t ,  K = —  The v a lu e  o f  K i s  h ig h  when
g

m ost o f  a sub stance  i s  re ta in e d  in  th e  l iq u id  phase . T h is  means 

th a t  th e  substance moves s lo w ly  a lo n g  th e  colum n because o n ly  a 

s m a ll f r a c t io n  w i l l  be i n  th e  c a r r ie r  gas a t  any g iv e n  t im e .

T ra n s p o r t  i s  n e g l ig ib le  i n  th e  l iq u id  phase , and o n ly  t h a t  f r a c t io n  
in  th e  gas phase i s  c a r r ie d  th ro u g h  th e  co lum n.

Thus s e p a ra t io n  betw een tw o compounds i s  p o s s ib le  
i f  t h e i r  p a r t i t i o n  c o e f f ic ie n t s  a re  d is s im i la r ,  The g re a te r  th e  

d if fe r e n c e  in  t h e i r  K v a lu e s  i s ,  th e  fe w e r th e  p la te s  o r  th e  

s h o r te r  th e  colum n le n g th  i s  re q u ire d  to  a c h ie v e  a s e p a ra t io n .

2 .3 .2 .2  S o lv e n t  e f f ic ie n c y  and te m p e ra tu re

S o lv e n t e f f ic ie n c y  i s  m easured by a , th e  r e la t i v e  

r e te n t io n .  I t  i s  th e  r a t i o  o f  a d ju s te d  r e t e n t io n  tim e s  o r  p a r t i ­

t i o n  c o e f f ic ie n t s  as i n  E q u a tio n  2 .8 .

a 2.8

where a i s  th e  r e la t i v e  r e t e n t io n  t im e ,  t^  i s  a d ju s te d  r e t e n t io n  
tim e  o f  each peak and K i s  p a r t i t i o n  c o e f f ic ie n t  o f  s o lu te .  The 
m easuring  o f  d a ta  i s  d em ons tra ted  in  F ig u re  2 .7 .  R e la t iv e  r e te n ­
t i o n  d i f f e r s  fro m  th e  s e p a ra t io n  f a c t o r ,  S . F . ,  w here  S .F .  i s  th e  
r a t i o  o f  u n a d ju s te d  r e te n t io n  tim e s  as i n  E q u a tio n  2 .9 .
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t_  UNADJUSTED RETENTION TIME R2
I*-----------------------------------------------------------------------------------------------------------------ฯ .

F ig u re  2 .7  C h a r a c te r is t ic  d a ta  o f  th e  peaks f o r  c a lc u la t io n  o f  s o lv e n t
e f f ic ie n c y
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s.F. 2 .9

w here t  i s  u n a d ju s te d  r e te n t io n  t im e  o f  each p e a ks . The m easuring  

o f  th e s e  d a ta  i s  a ls o  shown in  F ig u re  2 .7 .  B o th  a and K a re  tempe­

r a tu r e  d ependent. However, o v e r a l im i t e d  te m p e ra tu re  range a w i l l  

be c o n s ta n t .  The d is t r ib u t io n  c o e f f i c ie n t ,  K , d ecreases w i th  

in c re a s in g  te m p e ra tu re , i . e . ,  th e  f r a c t io n  o f  th e  s o lu te  i n  th e  

gas phase w i l l  in c re a s e  and hence th e  e lu t io n  t im e  w i l l  d e c rease . 
T h is  r e s u l t s  in  d e c re a s in g  s e p a ra t io n .  To im p rove  s e p a ra t io n s ,  

lo w e r te m p e ra tu re  shou ld  be used . Lower te m p e ra tu re  means more 
l iq u id  phase in t e r a c t io n ,  more s e p a ra t io n ,  lo n g e r  a n a ly s is  t im e .
As a m inim um , th e  s o lu te  sh o u ld  spend 50% o f  th e  t im e  in  th e  l iq u id  

phase, so th a t  th e  r e te n t io n  t im e  exceeds tw ic e  th e  r e te n t io n  t im e  

o f  a i r .

2 .3 .2 .3  R e s o lu t io n

The t r u e  s e p a ra t io n  o f  two c o n s e c u tiv e  peaks i s  

measured by th e  r e s o lu t io n ,  R. R e s o lu t io n  i s  a m easure o f  b o th  th e  

colum n and s o lv e n t  e f f ic ie n c ie s .  I t  acc o u n ts  f o r  b o th  th e  n a rro w ­

ness o f  peaks and th e  s e p a ra t io n  betw een m axim a. I t  i s  c a lc u la te d  

fro m  E q u a tio n  2 .1 0 .

R "  «โ + “2
2.10

w here  d i s  th e  d i f fe r e n c e  o f  r e te n t io n  t im e  and พ i s  th e  peak
นw id th  a t  th e  b a s e l in e .  From s t a t i s t i c s  พ = ( 2 / l n  2) 2 Wq , so 

E q u a tio n  2 .1 0  can be exp ressed  as

(v  s h  +d <w 0.5> 2
R 2.11



F ig u re  2 .8  C h a r a c te r is t ic  d a ta  o f  th e  peaks f o r  c a lc u la t io n  o f

r e s o lu t io n .
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i f  R = 1, th e  r e s o lu t io n  o f  two e q u a l-a re a  peaks i s  a p p ro x im a te ly  
98% c o m p le te ,

i f  R = 1 .5 ,  b a s e lin e  s e p a ra t io n  (99.7% r e s o lu t io n )  i s  a c h ie v e d .

2 .3 .2 .4  Number o f  p la te s  f o r  re q u ire d  s e p a ra t io n

An e q u a tio n  w h ic h  i s  u s e fu l  i n  d e te rm in in g  th e  
number o f  p la te s  and th e  le n g th  o f  column re q u ire d  i s

req 16R2 a 2 k '  +  1
. a - 1 . - k 2 -

2
2.12

w here N = th e  number o f  re q u ire d  p la te sreq
th e  r e s o lu t io n  re q u ire d  _ 1Vth e  s o lv e n t  e f f ic ie n c y  = _^ „

R] R2c a p a c ity  f a c t o r  f o r  peak 2 = ——

2 .4  D e a c t iv a t io n  o f  th e  S u p p o rt S u rfa c e

U s u a l ly ,  th e  s u p p o rt sh o u ld  n o t e n te r  th e  s e p a ra t io n .  The 

s ig n i f ic a n t  fe a tu r e  to  in d ic a te  th a t  th e  s u p p o rt i s  n o t s u f f i c ie n t  i n e r t  

i s  th e  peak t a i l .  T a i l in g  in c re a s e s  p r o p o r t io n a l ly  as th e  a b i l i t y  o f  
th e  compound to  hyd rog en  bond in c re a s e s . E xcep t h y d ro c a rb o n s , m ost 
c la s s e s  o f  compounds e x h ib i t  some degree o f  t a i l i n g .  B a s ic  and a c id ic  

compounds a ls o  show l i t t l e  t a i l .  The degree o f  t a i l i n g  o f  compounds 

a re  ta b u la te d  i n  T a b le  2 .1 .  G e n e ra l ly ,  f o r  hom ologous s e r ie s  o f  
compounds, th e  lo w e s t member o f  them w i l l  t a i l  th e  m ost s e v e re ly .

An im p o r ta n t  c o n s id e ra t io n  in  t a i l i n g  i s  t h a t  o f  sample s iz e .

As th e  sample s iz e  o r  c o n c e n tra t io n  i s  red uced , th e  t a i l i n g  becomes

more s e v e re . I n  p r a c t ic e  one f in d s  as th e  sample s iz e  i s  red uced , th e  
r e te n t io n  t im e  o f  th e  peak in c re a s e s  as shown in  F ig u re  2 .9 .  N o te  t h a t  
th e  t a i l i n g  edge o f  th e  peak i s  r e la te d  to  th e  a d s o rp t io n  is o th e rm  o f
th e  s u p p o r t .



Table 2.1 Showing degree of tailing of compounds with non-inert support.

Degree o f  T a i l in g C la ss

F a i r K e to n e s , a ld e h y d e s , e s te rs

Bad A lc o h o ls ,  a c id s , a m in e s , p h eno ls

V e ry  bad G ly c o l,  p o lya m in e s

T e r r ib le W ate r
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F ig u re  2 .9  E f f e c t  o f  sample s iz e  on r e te n t io n  t im e  in  th e  case o f 

a d s o rp t io n  on th e  s o l id  s u p p o rt.
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To reduce a d s o rp t io n  o f  th e  sample o r  t a i l i n g  o f  th e  peak th e  

a c t iv e  s i t e s  on th e  s u p p o rt s u r fa c e  m ust be d e a c t iv a te d .  T h e re  a re  

s e v e ra l methods to  d e a c t iv a te  th e  s u p p o rt s u r fa c e . Those m ethods a re  

a c id  w a sh in g , base w a sh in g , s i l a n iz a t io n ,  s a tu r a t io n  o f  th e  s i t e s ,  and 
p r im in g .

2 .4 .1  A c id  W ashing

I t  i s  b e lie v e d  t h a t  a c id  w ash ing  can d e a c t iv a te  some a c t iv e  

s i t e s  o f  th e  s u p p o rt s u r fa c e  by rem oving  m in e ra l im p u r i t ie s  fro m  i t s  

s u r fa c e .  G e n e ra l ly ,  th e  s u p p o rt i s  washed w i th  h y d ro c h lo r ic  a c id .  I t  
i s  found  th a t  th e  n o n -a c id  washed su p p o rt may cause th e  d e c o m p o s itio n  

o f  l iq u id  phase and sam p les. A f t e r  a c id  w a sh in g , t h i s  e ve n t d is a p p e a rs . 

U n d o u b te d ly , a c id  w ash ing  i s  b e n e f ic ia l  in  c e r ta in  cases , b u t p o s s ib ly  
n o t i n  a l l  cases .

2 .4 .2  Base W ashing

As p re s c r ib e d  above a c id  w ash ing  i s  n o t s u f f i c ie n t  in  some 

cases such as n i t r o g e n  compounds. The t a i l  re d u c e r used f o r  n i t r o g e n  

compounds m ust be a lk a l in e .  I t  has been th e  p ra c t ic e  to  wash th e  s u p p o rt 
w i th  sodium o r  p o ta s s iu m  h y d ro x id e  to  n e u t r a l iz e  th e  a c id  s i t e s .

2 .4 .3  S i la n iz a t io n

In  a d d i t io n  to  a c id  and base s i t e s ,  th e  su p p o rt s u r fa c e  has 

th e  s i l a n o l  g roup (S i-O H ) w h ic h  m ust be removed a ls o .  T h e re  a re  s e v e ra l 
compounds w h ic h  produce s i l y l  e th e rs  w h ich  a re  i n e r t .  Such a re  d im e th y l 
d ic h lo r o s i la n e  (DMCS), h e xa m e th y l d is i l i z a n e  (HMDS) o r S i l ic l a d  and 

t r im e t h y l  c h lo r o s i la n e  (TMCS). The r e a c t io n  o f  th e  s i la n iz a t io n  occu rs

l i k e  th e s e :
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1. D im e th y l d ic h lo r o s i la n e  (DMCS)

OH OH

- s ' i - O - S i -  +  (C H 3 ) 2 S i C l 2 
( s u r fa c e )

-3  CH3
/  S\

0 0

- S i - O - S i -  + HC1

a n d /o r

OH

- s | i - 0 - S i -  +  (C H 3 ) 2 S i C l 2 
( s u r fa c e )

CH 3
ฒ 3- ร ่i - C l  

0 1
-*■  -  S i - O - S i -  + HCl 

I I

F o r  th e  t re a tm e n t to  be s u c c e s s fu l i t  i s  n e c e s s a ry  to  
th o ro u g h ly  wash th e  su p p o rt w i th  m e th a n o l to  c o n v e r t th e  c h lo r o s i l y l  

e th e r  i n  th e  l a t t e r  r e a c t io n  to  a m ethoxy d e r iv a t iv e :

Ï H3
CH3- S i - C l

0
- ร ่i - O - S i -  + CH3OH 
(s u r fa c e )  2

L 3CH3-S.i-OCH 3

- S i - O - S i -  + HCl

2 . H e x a m e th y ld is i l iz a n e  (HMDS)

CH,

OH OH
CH3-S i-C H 3 CH3- ร i-C H 3

- S i - O - S i -  + ( ๓ 3) 3S i-N H -S i- (C H 3) 3 
(s u r fa c e )

-  S i-
0
ร ุ่i -  + NH30
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3. T r im e th y lc h lo r o s i la n e  (TMCS)

CH3 - j i - C H 3

-> -  Si- S i -  + 2HC1
(s u r fa c e )

C o n s id e r in g  a l l  above re a c t io n s  i t  shows t h a t  DMCS can 

re a c t  b o th  s in g le  s i l a n o l  g roup o r  a d ja c e n t s i l a n o l  group w h ile  a n o th e r  

re a g e n ts  c a n n o t. T h is  may be a re a so n  why th e  s i l a n iz a t io n  w ith  DMCS 

p ro v id e s  th e  m ost i n e r t  su p p o rt com paring  to  a n o th e r  s i la n e  re a g e n ts . 

However, th e  s u p p o rt t r e a te d  w i t h  DMCS a f t e r  a c id  w a sh in g  i s  much more 
i n e r t  th a n  th o s e  w ith o u t  a c id  w ash ing  b e fo re .

When w o rk in g  w i th  n o n - s i l ic o n e  s ta t io n a r y  phases, such as 

p o ly e s te r s ,  p o ly g ly c o ls ,  p o ly a m id e s , e t c . ,  one o b ta in s  a g re a t d e a l o f  

d e a c t iv a t io n  by th e  s ta t io n a r y  phase, and i t  i s  le s s  c r i t i c a l  i n  te rm s 

o f  t a i l i n g  to  have a s i la n iz e d  s u p p o r t .  H ow ever, colum ns made w i t h  
s i la n iz e d  s u p p o rts  appear to  l a s t  lo n g e r  th a n  th o s e  made w i t h  n o n - 

s i la n iz e d  s u p p o rts . The s u r fa c e  s i l a n o l  appears to  r e a c t  w i t h  th e  

s ta t io n a r y  phase c a u s in g  them to  d e te r io r a te  r a p id ly .

The s i la n iz e d  su p p o rt i s  h yd ro p h o b ic  r a th e r  th a n  h y d r o p h i l ic  
as i t  i s  n o rm a l.  A h ig h ly  h y d r o p h i l ic  s ta t io n a r y  phase such as g ly c e ro l 

o r  d ig ly c e r o l  w i l l  n o t r e a d i ly  c o ve r a s i la n iz e d  s u r fa c e .  A h ig h  concen­

t r a t i o n  o f  th e s e  phases w i l l  show p oor e f f ic ie n c y  on a s i la n iz e d  su p p o rt 

because o f  th e  w e t t in g  p ro b le m . T h e re fo r e ,  th e  amount o f  s ta t io n a r y  
phase lo a d in g  on th e  s i la n iz e d  s u p p o rt i s  u s u a l ly  1-10% by w e ig h t .

2 . A . 4 S a tu r a t io n  o f  th e  A c t iv e  S i te s

A d s o rp t io n  o r  t a i l i n g  can be reduced by s a tu r a t in g  th e

a c t iv e  s i t e s  w i t h  an a c t iv e  a g e n t. The a c t iv e  a g e n t w h ic h  can be th e
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s a m p le  i t s e l f ,  t h e  s t a t i o n a r y  p h a s e ,  a n  a d d i t i v e  s u c h  a s  KOH t o  t h e  

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

i n t r o d u c e d  i n t o  t h e  c o lu m n  w i t h  t h e  c a r r i e r  g a s .  T h e  a c t i v e  a g e n t s  

e x c e p t  t h e  s a m p le  a r e  c a l l e d  t a i l  r e d u c e r s .  T h e  s a t u r a t i o n  w i t h  t h e  

s a m p le  i t s e l f  i s  c a l l e d  p r i m i n g .  T h e  p r o c e d u r e  o f  d e a c t i v a t i o n  i s  a  

t e m p o r a r y  o n e ,  b u t  o n e  t h a t  m a y  a l l o w  a  w o r k e r  t o  g e t  som e  r e s u l t s  i f  

n o  a l t e r n a t i v e  i s  a v a i l a b l e .  S e v e r a l  l a r g e  i n j e c t i o n s  o f  t h e  s a m p le  

a r e  m a d e , a n d  a f t e r  t h e  r e t e n t i o n  t im e  o r  p e a k  a r e a  h a s  s t a b i l i z e d ,  

t h e  a c t u a l  s a m p le  s i z e  i s  t h e n  i n t r o d u c e d .  I f  t h e  c o lu m n  h a s  n o t  b e e n  

u s e d  f o r  a  m a t t e r  o f  h o u r s ,  t h e n  u s e d  a g a i n  f o r  a n  a n a l y s i s ,  s e v e r e l y  

t a i l i n g  m a y  b e  e n c o u n t e r e d .  I t  i s  a g a i n  n e c e s s a r y  t o  s a t u r a t e  o r  p r im e  

t h e  c o lu m n  w i t h  s a m p le  b e f o r e  i t  c a n  b e  e f f e c t i v e l y  u s e d .

2 . 4 . 5  C o a t i n g  t h e  S u p p o r t  w i t h  a  S o l i d

W i t h  t h i s  t e c h n i q u e  t h e  d i a t o m i t e  b e c o m e s  a  c a r r i e r  f o r  a  

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

i s  s h i e l d e d  f r o m  t h e  s o l u t e  b y  t h e  s o l i d  s u c h  a s  s i l v e r  a n d  t e f l o n .

T h e  e f f e c t i v e n e s s  o f  t h i s  t e c h n i q u e  w i l l  d e p e n d  o n  t h e  a b i l i t y  t o  o b t a i n  

c o m p le t e  c o v e r a g e .  H o w e v e r ,  i t  w a s  f o u n d  t h a t  t h e  s i l v e r e d  s u p p o r t  h a d  

t h e  d i s a d v a n t a g e  o f  r e a c t i n g  w i t h  s u l f u r  c o m p o u n d s  a n d  a m in e s  ( 1 6 ) .

2 . 5  C o lu m n  P r o p a r a t i o n

2 . 5 . 1  S u p p o r t  C o a t i n g

A  f e w  s im p l e  r u l e s  o f  t h e  s u p p o r t  c o a t i n g  m u s t  b e  o b s e r v e d :

1 .  T h e  s t a t i o n a r y  p h a s e  m u s t  b e  c o a t e d  u n i f o r m l y  o v e r  t h e  

s u r f a c e  o f  t h e  s u p p o r t .

2 .  T h e  s u p p o r t  p a r t i c l e s  m u s t  n o t  b e  d a m a g e

3 .  T h e  s t a t i o n a r y  p h a s e  m u s t  n o t  b e  o x i d i z e d ,  h y d r o l y z e d ,  

o r  e v a p o r a t e d  d u r i n g  t h e  p r e p a r a t i o n .



There are several methods using to coat the liquid phase

o n  t h e  s u r f a c e  o f  t h e  s u p p o r t  t o  o b t a i n  a  g o o d  u n i f o r m  c o a t i n g .  T h e r e  

a r e  :

2 . 5 . 1 . 1  R o t a t i n g  E v a p o r a t o r  M e th o d

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

a  s u i t a b l e  s o l v e n t  i s  p l a c e d  i n  a  r o u n d  b o t t o m  f l a s k .  T h e  w e ig h e d  

a m o u n t  o f  s o l i d  s u p p o r t  i s  a d d e d .  T h e  f l a s k  i s  c o n n e c t e d  t o  t h e  

r o t a t i n g  e v a p o r a t o r .  A  w a t e r  a s p i r a t o r  i s  u s e d  t o  r e d u c e  p r e s s u r e  

i n  t h e  f l a s k .  T h e  f l a s k  i s  r o t a t e d  u n t i l  a l l  o f  t h e  s o l v e n t  i s  

e v a p o r a t e d .  U s e  o f  a  h e a t  la m p  h e l p s  e v a p o r a t i o n .  T h i s  m e th o d  

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

C h r o m o s o r p  T ,  T e f l o n  s u p p o r t ,  s h o u ld  n o t  b e  c o a t e d  b y  u s i n g  t h i s

m e t h o d .

2 . 5 . 1 . 2  P a n  C o a t i n g  M e th o d

T h e  w e ig h e d  a m o u n t  o f  l i q u i d  p h a s e  d i s s o l v e d  i n  

t h e  c o r r e c t  a m o u n t  o f  s o l v e n t  i s  a d d e d  t o  t h e  w e ig h e d  s o l i d

s u p p o r t  i n  a  p a n .  T h e  a m o u n t  o f  s o l v e n t  u s e d  i s  j u s t  e n o u g h  t o

w e t  t h e  s o l i d  s u p p o r t  w i t h  n o  e x c e s s .  T h e  s o l v e n t  i s  a l l o w e d  t o  

e v a p o r a t e  s p o n t a n e o u s l y  o r  w i t h  j u d i c i o u s  a p p l i c a t i o n  o f  h e a t .

T h e  m i x t u r e  i s  g e n t l y  a g i t a t e d  d u r i n g  d r y i n g  b y  s h a k i n g  t h e  p a n .

D o  n o t  s t i r ,  a s  t h i s  m a y  c r u s h  t h e  d i a t o m i t e  p a r t i c l e s .  T h e  

a m o u n t  o f  s o l v e n t  t o  u s e  m a y  b e  c a l c u l a t e d  f r o m  T a b l e  2 . 2 .  T h e  

v o lu m e  o f  s o l v e n t  r e q u i r e d  i s  o b t a i n e d  b y  m u l t i p l y i n g  t h e  g ra m s  

o f  s u p p o r t  b y  t h e  z f a c t o r .

2 . 5 . 1 . 3  F u n n e l  C o a t i n g  o r  S o l u t i o n  C o a t i n g  M e th o d

T h e  a m o u n t  o f  2 0  g. o f  s u p p o r t  i s  a d d e d  t o  1 0 0  cm ^  

o f  t h e  p r o p e r  s o l u t i o n  o f  t h e  l i q u i d  p h a s e  i n  a  f i l t e r  f l a s k .



Table 2.2 Amount of solvent to use with supports (1).

S u p p o r t
cm 3 o f  s o l v e n t / g  

o f  s u p p o r t
z

E x a m p le  f o r  
2 0  g  u s e

C h r o m o s o r p  p 1 . 5 3 0  cm 3

C h r o m o s o r p  พ 2 . 0 40  cm 3

C h r o m o s o r p  G 0 . 5 10  cm 3

C h r o m o s o r p  T 1 . 0 2 0  cm 3

F i r e b r i c k 1 . 5 3 0  cm 3

F l u o r o p a c k  8 0 0 . 8 16 cm 3
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T h e  p r e s s u r e  i n  t h e  f l a s k  i s  r e d u c e d  f o r  a  f e w  m in u t e s  w i t h  a  

w a t e r  a s p i r a t o r .  T h e n  t h e  p r e s s u r e  i s  r e l e a s e d  a n d  t h e  f l a s k  i s  

l e t  t o  s t a n d  f o r  15  m i n u t e s .  O t h e r w i s e ,  t h e  s u p p o r t  i s  a d d e d  

s l o w l y  t o  t h e  s o l u t i o n  o f  l i q u i d  p h a s e  w h i l e  t h e  s o l u t i o n  i s  

s t i r r e d  u n t i l  a l l  o f  s u p p o r t  i s  i n  s u s p e n s i o n .  T h e  s l u r r y  i s  

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

s u p p o r t  s e t t l e s .  V a c u u m  i s  a p p l i e d  f o r  a p p r o x im a t e l y  5 m i n u t e s ,  

t h e n  t h e  s u p p o r t  i s  s p r e a d  o n  f i l t e r  p a p e r  t o  d r y .  A f t e r  a i r  

d r y i n g ,  t h e  c o a t e d  s u p p o r t  i s  d r i e d  i n  a n  o v e n  a t  8 3 - 1 0 0 ° C .  L o w  

t e m p e r a t u r e  l i q u i d  p h a s e s  s h o u ld  b e  d r i e d  a t  t h e  r o o m  t e m p e r a t u r e .  

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

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

c a l c u l a t e d  f r o m  T a b l e  2 . 3  a n d  t h e  f o l l o w i n g  e q u a t i o n :

% s o l u t i o n  =  (% c o a t i n g )  X (<}> f a c t o r )  2 . 1 3

w h e r e  <t> f a c t o r  i s  t h e  r a t i o  o f  i n t e r p a r t i c l e  p o r o s i t y  b y  t h e  t o t a l  

p o r o s i t y  o f  t h e  s u p p o r t .

T h e  s o l u t i o n  c o a t i n g  t e c h n i q u e  p r o v i d e s  a  m o re  

u n i f o r m  c o a t i n g  o f  t h e  l i q u i d  p h a s e  o n  t h e  s u p p o r t .  I t  i s  s u i t a b l e  

f o r  t h e  c a s e  o f  l o w  c o n c e n t r a t i o n  o f  l i q u i d  p h a s e  l o a d i n g .  T h e  

e v a p o r a t i n g  t e c h n i q u e  a n d  t h e  p a n  c o a t i n g  t e c h n i q u e  a r e  m o re  

c o n v e n i e n t  f o r  p r e p a r i n g  h i g h  c o n c e n t r a t i o n  p a c k i n g s  o f  t h e  

v i s c o u s  p h a s e  s u c h  a s  c a r b o w a x ,  S E -3 0  a n d  O V - 1 ,  a n d  f o r  p r e p a r i n g  

p a c k i n g s  w i t h  tw o  o r  m o r e  s t a t i o n a r y  p h a s e s  w h i c h  a r e  n o t  s o l u b l e

i n  a  com m on  s o l v e n t .
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T a b le  2 . 3  F a c t o r s  f o r  c a l c u l a t i n g  s o l u t i o n  p e r c e n t a g e s  ( 1 ) .

S u p p o r t <(> f a c t o r  f o r  1%
E x a m p le

( f o r  10% l i q u i d  p h a s e )  
s o l u t i o n  b y  w e i g h t

C h r o m o s o r b  p 0 . 7 5 7 .5 %

C h ro m o s o r b  พ 0 . 5 5 5 .5 %

C h r o m o s o r b  G 1 . 1 5 1 1 .5 %

C h r o m o s o r b  T 1 . 5 0 1 5 .0 %

F . i r e b r i c k 0 . 7 5 7 .5 %

F l u o r o p a c k  8 0 2 . 0 0 2 0 .0 %
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2 . 5 . 2  P a c k i n g  t h e  C o lu m n

B e f o r e  p a c k i n g  t h e  c o lu m n ,  i t  i s  i m p e r a t i v e  t h a t  t h e  i n n e r  

s u r f a c e  o f  t h e  c o lu m n  b e  p r o p e r l y  c l e a n e d  a n d  t r e a t e d .  F o r  m e t a l  t u b i n g ,  

w h i c h  c o n t a i n s  r e s i d u a l  o i l s  a n d  g r e a s e s ,  m u s t  b e  c l e a n e d  b y  t h o r o u g h  

w a s h in g  w i t h  p o l a r  a n d  n o n p o l a r  s o l v e n t s .  G la s s  c o lu m n s  m a y  c o n t a i n  

r e s i d u a l  a l k a l i  m a t e r i a l s  a n d  s h o u ld  b e  t h o r o u g h l y  c l e a n e d  w i t h  d i l u t e d  

a c i d .  T h e y  s h o u ld  t h e n  b e  s i l a n i z e d  s i n c e  g l a s s  c o lu m n s  a r e  u s u a l l y  

u s e d  f o r  a n a l y s i s  o f  s e n s i t i v e  c o m p o u n d s .  T h e  o b j e c t  i n  p a c k i n g  t h e  

c o lu m n  i s  t o  f i l l  i t  a s  t i g h t l y  a s  p o s s i b l e  w i t h o u t  f r a c t u r i n g  o r  

d e f o r m in g  t h e  p a r t i c l e s .  M a n y  t e c h n i q u e s  h a v e  b e e n  d e s c r i b e d  b u t  t h e i r  

e f f e c t i v e n e s s  d e p e n d s  p r i m a r i l y  o n  t h e  s k i l l  a n d  e x p e r i e n c e  o f  t h e  

p e r s o n  f i l l i n g  t h e  c o lu m n .  F o r  m e t a l  c o lu m n s  6 f e e t  a n d  s h o r t e r  i t  i s  

a d v i s a b l e  t o  f i l l  t h e  c o lu m n  a f t e r  i t  h a s  b e e n  c o i l e d  i n  t h e  sam e  m a n n e r  

a s  a  g l a s s  c o lu m n  ( 3 0 ) .  F i r s t ,  a  l a r g e  w a d  o f  g l a s s  w o o l  i s  p l a c e d  

p a r t i a l l y  i n t o  t h e  e n d  o f  t h e  c o lu m n  w h ic h  w i l l  c o n n e c t  t o  t h e  d e t e c t o r .  

T h e  e x c e s s  g l a s s  w o o l  i s  b e n t  b a c k  a r o u n d  t h e  o u t s i d e  o f  t h e  t u b i n g  a n d  

a  p i e c e  o f  r u b b e r  t u b i n g  i s  c o n n e c t e d  t o  t h e  c o lu m n .  T h i s  m e th o d  a s s u r e s  

t h a t  t h e  g l a s s  w o o l  w i l l  n o t  b e  p u l l e d  o u t  o f  t h e  c o lu m n  d u r i n g  f i l l i n g .  

T h e  o t h e r  e n d  o f  t h e  r u b b e r  t u b i n g  i s  t h e n  c o n n e c t e d  t o  a  v a c u u m  s o u r c e  

s u c h  a s  a n  a s p i r a t o r  o r  p u m p . A  f u n n e l  i s  t h e n  c o n n e c t e d  t o  t h e  o t h e r  

e n d  o f  t h e  c o lu m n  a n d  t h e  p a c k i n g  a d d e d  s l o w l y  w h i l e  v a c u u m  i s  a p p l i e d  

a t  t h e  o t h e r  e n d .  D u r i n g  t h e  e n t i r e  f i l l i n g  o p e r a t i o n  i t  i s  a d v i s a b l e  

t o  p r o v i d e  a  s l i g h t  a g i t a t i o n  t o  t h e  p a c k i n g  b y  v i b r a t i n g  o r  t a p p i n g  

t h e  c o lu m n  a t  a p p r o x im a t e l y  t h e  p o i n t  a t  w h i c h  t h e  p a c k i n g  i s  s e t t l i n g .  

W hen  t h e  c o lu m n  i s  f i l l e d ,  a  s m a l l  p i e c e  o f  s i l a n e - t r e a t e d  g l a s s  w o o l  

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

d i s c o n n e c t e d  f r o m  t h e  o u t l e t  e n d .  T h e  l a r g e  g l a s s  w o o l  p l u g  i s  t h e n  

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

t r e a t e d  g l a s s  w o o l  o r  a  f r i t t e d  d i s k .



L o n g  m e t a l  c o lu m n s  u p  t o  2 0  f e e t  a r e  p a c k e d  i n  s t r a i g h t  

s e c t i o n s  a n d  t h e n  c a r e f u l l y  c o i l e d  w i t h  a  m in im u m  o f  f l e x i n g  o f  t h e  

t u b i n g .  F o r  s t i l l  l o n g e r  c o lu m n s  i t  i s  a d v i s a b l e  t o  p a c k  s h o r t e r  

l e n g t h s  a n d  t o  c o n n e c t  t h e s e  w i t h  a  S w a g e lo k  u n i o n  w h i c h  h a s  b e e n  b o r e d  

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

G la s s  U - t u b e  c o lu m n s  a r e  u s u a l l y  f i l l e d  b y  g r a v i t y  w i t h o u t  

t h e  n e e d  f o r  v a c u u m .  I t  i s  b e s t  t o  a d d  p a c k i n g  t o  b o t h  a rm s  s i m u l t a ­

n e o u s l y ,  o r  i n  s m a l l  s e g m e n ts  t o  e a c h  a r m .  S i l a n e - t r e a t e d  g l a s s w o o l  

i s  re c o m m e n d e d  i n  t h e  i n l e t  s i d e .

2 . 5 . 3  C o n d i t i o n i n g  t h e  C o lu m n

M o s t  c o lu m n s  m u s t  b e  c o n d i t i o n e d  p r i o r  t o  c o n n e c t i o n  t o  t h e  

d e t e c t o r  i n  o r d e r  t o  p u r g e  v o l a t i l e  c o m p o n e n t s  t h a t  w o u ld  f o u l  t h e  

d e t e c t o r  a n d  c a u s e  u n s t e a d y  b a s e l i n e s .  T h e  c o n d i t i o n i n g  p r o c e d u r e  

d e p e n d s  u p o n  t h e  c o lu m n  m a t e r i a l  u s e d ;  e x c e s s i v e  c o n d i t i o n i n g  t e m p e r a ­

t u r e s  r e s u l t  i n  s h o r t  c o lu m n  l i f e .  N o r m a l  c a r r i e r  g a s  f l o w  s h o u ld  b e  

m a in t a i n e d  d u r i n g  c o n d i t i o n i n g  i n  m o s t  c a s e s .

C o lu m n s  p r e p a r e d  w i t h  p o l y m e r i c  s t a t i o n a r y  p h a s e s  s u c h  a s  

C a r b o w a x ,  p o l y e s t e r s ,  o r  p o l y p h e n y l  e t h e r s ,  s h o u ld  b e  c o n d i t i o n e d  a t  a  

t e m p e r a t u r e  a t  w h i c h  t h e  c o lu m n  w i l l  b e  u s e d .  W h i l e  c o n d i t i o n i n g  

o v e r n i g h t  w i l l  u s u a l l y  s u f f i c e ,  t h e  l e v e l  o f  c o lu m n  b l e e d  w i l l  g r a d u a l l y  

d e c r e a s e  a n d  w i l l  b e  i n d i c a t e d  d r i f t i n g  b a s e l i n e .  S i l i c o n e s  r e q u i r e  

s p e c i a l  c o n d i t i o n i n g .  T e c h n i c a l  g r a d e  m a t e r i a l  s u c h  a s  U C -W 9 8 , D C - 2 0 0 ,  

S F - 9 6 ,  2 F - 1  a n d  JX R  s h o u ld  b e  t r e a t e d  a s  a n y  o t h e r  p o l y m e r i c  p h a s e s ,  

a n d  c o n d i t i o n e d  o v e r n i g h t  a t  s l i g h t l y  a b o v e  t h e  p la n n e d  o p e r a t i n g  

t e m p e r a t u r e .  T h e s e  m a t e r i a l s  a r e  n o t  re c o m m e n d e d  f o r  h i g h  t e m p e r a t u r e  

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

t e m p e r a t u r e  u p  t o  300°c.
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C h r o m a t o g r a p h i c  g r a d e  s i l i c o n e s  s u c h  a s  0 V - 1 ,  SE-30, a n d  

S i l a r - 5 C P  r e q u i r e d  a  s p e c i a l  c o n d i t i o n i n g  p r o c e d u r e .  C o lu m n s  s h o u l d  

b e  h e a t e d  s l o w l y  t o  s l i g h t l y  a b o v e  t h e  o p e r a t i n g  t e m p e r a t u r e  f o r  a n  h o u r  

o r  tw o  h o u r s .  T h e n  t h e  c o lu m n  i s  r e a d y  f o r  u s e .  C o n d i t i o n i n g  s u c h  

c o lu m n s  a t  300°c i f  t h e  c o lu m n s  a r e  t o  b e  u s e d  a t  230°c w i l l  o n l y  s h o r t e n  

t h e  c o lu m n  l i f e .

C o lu m n s  s h o u l d  n e v e r  b e  re m o v e d  f r o m  t h e  c h r o m a t o g r a p h  

w h i l e  t h e  p a c k i n g  m a t e r i a l  i s  s t i l l  h o t .  T h e  re c o m m e n d e d  p r o c e d u r e  i s  

t o  t u r n  o f f  o v e n  a n d  i n j e c t o r  h e a t e r s ,  o p e n  t h e  o v e n  a n d  a l l o w  t o  c o o l  

f o r  a p p r o x im a t e l y  3 0  m i n u t e s .  T h e  c a r r i e r  g a s  i s  t h e n  t u r n e d  o f f ,  t h e  

e x i t  e n d  i s  u n c o u p le d  a n d  w h e n  n o  f l o w  c a n  b e  m e a s u r e d  a t  t h e  e x i t  o f  

t h e  c o lu m n ,  t h e  i n l e t  e n d  i s  d i s c o n n e c t e d .  T h e  tw o  e n d s  o f  t h e  c o lu m n  

s h o u ld  t h e n  b e  s e a l e d  w i t h  a  s u i t a b l e  c a p  t o  p r e v e n t  c o n t a m i n a t i o n  o f  

t h e  p a c k i n g  m a t e r i a l .

2 . 6  A p p l i c a t i o n  o f  G as  C h r o m a to g r a p h y

G a s  c h r o m a t o g r a p h y  c a n  b e  u s e d  f o r  b o t h  q u a l i t a t i v e  a n d  q u a n t i ­

t a t i v e  a n a l y s i s .  Q u a l i t a t i v e  i d e n t i f i c a t i o n  i s  e a s i l y  a c h ie v e d  b y  

u s i n g  t h e  r e t e n t i o n  t im e  o f  p e a k  c o m p a re d  w i t h  t h e  s t a n d a r d  p e a k  a t  t h e  

sam e  c o n d i t i o n .  H o w e v e r ,  t h e  i d e n t i f i c a t i o n  o f  c o m p o u n d s  b y  GC i s  

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

s p e c t r o s c o p y ,  i n f r a r e d  s p e c t r o s c o p y ,  U V - v i s i b l e  s p e c t r o s c o p y  a n d  NMR 

s p e c t r o s c o p y .  M o s t  o f  c h r o m a t o g r a p h e r s  p r e f e r  t o  u s e  GC f o r  t h e  

q u a n t i t a t i o n  o f  c o m p o n e n t s .  H o w e v e r ,  t h e  a c c u r a c y  d e p e n d s  o n  s e v e r a l  

f a c t o r s  s u c h  a r e  s a m p le  i n j e c t i o n ,  s a m p le  a d s o r p t i o n  o r  d e c o m p o s i t i o n ,  

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

l a t i o n .
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2 . 7  O t h e r  T e c h n iq u e s  U s e d  i n  T h i s  R e s e a r c h  

2 . 7 . 1  F la m e  E m is s i o n  S p e c t r o s c o p y

F la m e  e m i s s i o n  s p e c t r o s c o p y  ( 3 3 )  i s  b a s e d  o n  t h e  p r i n c i p l e  

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

f l a m e  t o  h i g h e r  e n e r g y  l e v e l s  a n d  t h o s e  e x c i t e d  a to m s  t h e n  r a d i a t e  

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

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

s p e c t r u m  i s  d e t e c t e d  b y  u s i n g  a  p h o t o e l e c t r i c  d e t e c t o r .  T h e  d e t e c t o r  

r e s p o n s e ,  E i s  e x p r e s s e d  b y

E =  k a c  2 . 1 4

w h e r e  k  i s  a  c o n s t a n t  g o v e r n e d  b y  t h e  e f f i c i e n c y  o f  a t o m i z a t i o n  a n d  o f  

s e l f  a b s o r p t i o n ,  a  i s  t h e  e f f i c i e n c y  o f  t h e  a t o m i c  e x c i t a t i o n ,  a n d  c  

i s  t h e  c o n c e n t r a t i o n  o f  t h e  t e s t  s o l u t i o n .

T h e  s c h e m a t i c  d ia g r a m  o f  t h e  a p p a r a t u s  r e q u i r e d  f o r  f l a m e  

e m i s s i o n  s p e c t r o s c o p y  i s  s h o w n  i n  F i g u r e  2 . 1 0 .  C o m b u s t io n  f l a m e  p r o d u c e s  

t e m p e r a t u r e s  i n  e x c e s s  o f  2 0 0 0 K .  I n  m o s t  c a s e s ,  t h e  f l a m e  i s  f o r m e d  b y  

b u r n i n g  t h e  f u e l  g a s  i n  a n  o x i d a n t  g a s  w h i c h  i s  u s u a l l y  a i r ,  n i t r o u s  

o x i d e ,  o r  o x y g e n  d i l u t e d  w i t h  e i t h e r  n i t r o g e n  o r  a r g o n .

T h e  n e b u l i z e r - b u r n e r  s y s t e m  i s  u s e d  t o  c o n v e r t  t h e  t e s t  

s o l u t i o n  t o  g a s e o u s  a t o m s .  T h e  f u n c t i o n  o f  t h e  n e b u l i z e r  i s  t o  p r o d u c e  

a  m i s t  o r  a e r o s o l  o f  t h e  t e s t  s o l u t i o n .  T h e  s o l u t i o n  t o  b e  n e b u l i z e d  

i s  d r a w n  u p  a  c a p i l l a r y  t u b e  b y  t h e  V e n t u r i  a c t i o n  o f  a  j e t  o f  a i r  

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

i s  n e c e s s a r y  i n  o r d e r  t o  p r o d u c e  a  f i n e  a e r o s o l .  T h e r e  a r e  tw o  m a in  

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

t h e  t o t a l  c o n s u m p t io n  o r  t u r b u l e n t - f l o w  b u r n e r .  I n  t h e  p r e - m i x  t y p e  o f  

b u r n e r ,  t h e  a e r o s o l  i s  p r o d u c e d  i n  a  v a p o r i z i n g  c h a m b e r  w h e r e  t h e  l a r g e r



F i g u r e  2 . 1 0  A  s c h e m a t i c  d i a g r a m  o f  a p p a r a t u s  f o r  f l a m e  e m i s s i o n  s p e c t r o s c o p y .
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d r o p l e t s  o f  l i q u i d  f a l l  o u t  f r o m  t h e  g a s  s t r e a m  a n d  a r e  d i s c h a r g e d  t o  

w a s t e .  T h e  r e s u l t i n g  f i n e  m i s t  i s  m ix e d  w i t h  t h e  f u e l  g a s  a n d  t h e  

c a r r i e r  ( o x i d a n t )  g a s ,  a n d  t h e  m ix e d  g a s e s  t h e n  f l o w  t o  t h e  b u r n e r  

h e a d .  A  t y p i c a l  b u r n e r  o f  t h i s  t y p e  i s  s h o w n  i n  F i g u r e  2 . 1 1 .  I t s  

a d v a n t a g e s  a r e  a  l o n g  l i g h t  p a t h ,  b e i n g  q u i e t  i n  a c t i o n  a n d  w i t h  l i t t l e  

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

s o l u t i o n  h a v e  b e e n  e l i m i n a t e d  f r o m  t h e  s t r e a m  o f  g a s  r e a c h i n g  t h e  

b u r n e r .  I t s  d i s a d v a n t a g e  i s  t h a t  w i t h  s o l u t i o n s  m a d e  u p  i n  m ix e d  

s o l v e n t s ,  t h e  m o re  v o l a t i l e  s o l v e n t s  a r e  e v a p o r a t e d  p r e f e r e n t i a l l y .

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

c o n c e n t r i c  t u b e s  a s  s h o w n  i n  F i g u r e  2 . 1 2 .  T h e  s a m p le  s o l u t i o n  i s  

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

a n d  t h e  o x i d a n t  g a s  a r e  c a r r i e d  a l o n g  s e p a r a t e  t u b e s  s o  t h a t  t h e y  o n l y  

m ix  a t  t h e  t i p  o f  t h e  b u r n e r .  S in c e  a l l  l i q u i d  s a m p le  w h i c h  i s  a s p i ­

r a t e d  u p  t h e  c a p i l l a r y  t u b e  r e a c h e s  t h e  f l a m e ,  i t  w o u ld  a p p e a r  t h a t  

t h i s  t y p e  o f  b u r n e r  s h o u ld  b e  m o re  e f f i c i e n t  t h a n  t h e  p r e - m i x  t y p e  o f  

b u r n e r .  H o w e v e r ,  t h e  t o t a l  c o n s u m p t io n  b u r n e r  g i v e s  a  f l a m e  o f  r e l a ­

t i v e l y  s h o r t  p a t h  l e n g t h ,  a n d  h e n c e  s u c h  b u r n e r s  a r e  p r e d o m i n a n t l y  u s e d  

f o r  f l a m e  e m i s s i o n  s t u d i e s .  T h i s  t y p e  o f  b u r n e r  h a s  t h e  a d v a n t a g e s  t h a t  

i t  i s  s im p l e  t o  m a n u f a c t u r e ,  i t  a l l o w s  a  t o t a l l y  r e p r e s e n t a t i v e  s a m p le  

t o  r e a c h  t h e  f l a m e ,  a n d  i t  i s  f r e e  f r o m  e x p l o s i o n  h a z a r d s  a r i s i n g  f r o m  

u n b u r n t  g a s  m i x t u r e s .  I t s  d i s a d v a n t a g e s  a r e  t h a t  t h e  a s p i r a t i o n  r a t e  

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

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

s i g n a l  r e c o r d e d .

F la m e  e m i s s i o n  s p e c t r o s c o p y  i s  u s e d  f o r  q u a n t i t a t i v e  

a n a l y s i s  p r e f e r a b l e  t o  q u a l i t a t i v e  a n a l y s i s .  T h e  i n t e n s i t y  o f  e m i s s i o n  

s p e c t r u m  a t  t h e  m a x im u m  w a v e l e n g t h  w h i c h  c o r r e s p o n d s  t o  t h e  p a t t e r n  o r  

t y p e  o f  e le m e n t  i s  p r o p o r t i o n a l  d i r e c t l y  t o  t h e  c o n c e n t r a t i o n  a s  i n
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F i g u r e  2 . 1 1  A  t y p i c a l  p r e - m i x  t y p e  o f  b u r n e r  ( 3 3 ) .



Burner tip
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F i g u r e  2 . 1 2  A  t y p i c a l  t o t a l  c o n s u m p t io n  t y p e  o f  b u r n e r  ( 3 3 ) .
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E q u a t i o n  2 . 1 2  a b o v e .

2 . 7 . 2  I n d u c t i v e l y  C o u p le d  P la s m a  ( IC P )  S p e c t r o s c o p y

T h e  IC P  s p e c t r o s c o p y  ( 3 4 )  i s  a n  a t o m i c  e m i s s i o n  s p e c t r o s ­

c o p y .  U n l i k e  t h e  f l a m e  e m i s s i o n  s p e c t r o s c o p y ,  t h e  s a m p le  i s  h e a t e d  i n  

a n  i n d u c t i v e l y  h e a t e d  a r g o n  p la s m a  i n s t e a d  o f  b e i n g  a t o m i z e d  i n  a  f l a m e .  

T h e  IC P  s o u r c e  i s  s h o w n  i n  F i g u r e  2 . 1 3 .  T h e  s a m p le  i s  a e r o s o l  a n d  

c a r r i e d  i n t o  t h e  p la s m a  b y  t h e  f l o w i n g  a r g o n .  I o n i z a t i o n  o f  t h e  f l o w i n g  

a r g o n  i s  i n i t i a t e d  b y  a  s p a r k  f r o m  a  T e s l a  c o i l .  T h e  r e s u l t i n g  i o n s ,  

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

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

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

p a t h s  d e p i c t e d  i n  t h e  f i g u r e ;  o h m ic  h e a t i n g  i s  t h e  c o n s e q u e n c e  o f  t h e i r  

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

t h i s  w a y  i s  h i g h  e n o u g h  ( 8 0 0 0  t o  1 0 , 0 0 0 ° K )  t o  r e q u i r e  t h e r m a l  i s o l a t i o n  

f r o m  t h e  o u t e r  q u a r t z  c y l i n d e r .  T h i s  i s o l a t i o n  i s  a c h i e v e d  b y  f l o w i n g  

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

a r r o w s  i n  F i g u r e  2 . 1 3 .

A f t e r  t h e  a to m s  a t  t h e  g r o u n d  s t a t e s  a r e  e x c i t e d ,  r e l a x a t i o n  

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

s p e c t r a .  T h e  e m i s s i o n  s p e c t r a  o f  t h e  s a m p le  i n  a n  i n d u c t i v e l y  c o u p le d  

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

n e u t r a l  i o n s  a s  i n  a  f l a m e .  T h i s  i s  b e c a u s e  t h e  IC P  s o u r c e  i s  m o re  

e n e r g e t i c  t h a n  t h e  o t h e r .  S i m i l a r  t o  a  com m on  e m i s s i o n  s p e c t r o s c o p y ,  

t h e  e m i s s i o n  r a d i a t i o n  h a s  a  m a x im u m  w a v e l e n g t h  c o r r e s p o n d i n g  t o  t h e  

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

o f  e l e m e n t .
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m a g n e t i c

f i e l d

Sample
aerosol or vapor 

เก argon

F i g u r e  2 . 1 3  A  t y p i c a l  i n d u c t i v e l y  c o u p le d  p la s m a  s o u r c e  ( 3 4 ) .
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2 . 7 . 3  S c a n n in g  E l e c t r o n  M ic r o s c o p e  (S E M )

T h e  s c a n n in g  e l e c t r o n  m ic r o s c o p y  i s  a  t e c h n i q u e  o f  x - r a y  

a n a l y s i s .  T h e  b e a m  o f  e l e c t r o n s  f r o m  a  s o u r c e ,  a  t u n g s t e n  f i l a m e n t  i n  

a  h i g h  v o l t a g e  f i e l d ,  i s  s w e p t  o n  t o  t h e  s a m p le  s u r f a c e  b y  a  s c a n n i n g  

c o i l  s i m i l a r  t o  t h e  t e l e v i s i o n  s c e n e .  A f t e r  t h e  s t r i k i n g  o f  e l e c t r o n  

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

w i t h o u t  c o l l i d i n g  t o  a n y  a t o m ,  t h i s  i s  c a l l e d  a  s c a t t e r e d  e l e c t r o n .

I f  t h e  e l e c t r o n  c o l l i d e s  t o  a n  a to m  o r  a n  e l e c t r o n  w i t h i n  a t o m ,  a n d  no

c h a n g e  o f  e n e r g y  o r  a l l  o f  e n e r g y  i s  t r a n s f e r r e d  t o  t h e  m o m e n tu m , t h i s  

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

i s  c h a n g e d ,  t h i s  i s  c a l l e d  a n  i n e l a s t i c  e l e c t r o n .  I f  t h e  e l e c t r o n  

b o u n c e s  b a c k  w i t h o u t  c o l l i s i o n  t o  a n y  a t o m ,  t h i s  i s  c a l l e d  a  . b a c k  

s c a t t e r e d  e l e c t r o n .  I f  a n o t h e r  o r  t h e  sam e  e l e c t r o n  b o u n c e s  o f f  a f t e r  

c o l l i d i n g  t o  t h e  a t o m ,  t h i s  i s  c a l l e d  a  s e c o n d a r y  e l e c t r o n .  O c c u r r i n g  

t h e  s e c o n d a r y  e l e c t r o n  a lw a y s  g i v e s  t h e  r a d i a t i o n  o f  x - r a y  w a v e l e n g t h .  

W i t h  s c a n n in g  a  d e t e c t o r  c o r r e s p o n d i n g  t o  t h i s  e n e r g y ,  t h e  im a g e  o f  

m a t e r i a l  c a n  b e  o b t a i n e d .  T h e  m a g n i f i c a t i o n  p o w e r  o f  a  SEM d e p e n d s  o n

t h e  d e s i g n ,  o n e  c a n  m a g n i f y  a s  h i g h  a s  2 0  t h o u s a n d f o l d ,  a n d  o n e  c a n

m a g n i f y  v e r y  h i g h  t o  1 8 0  t h o u s a n d f o l d .
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