
CHAPTER 2

THEORY

2.1 B asic Theory o f Headspace A n alysis ( 22, 54 )

Headspace a n a ly s is  ( HSA ) i s  an in d ir e c t  method for the  
d eterm ination  o f v o l a t i l e  c o n s t itu e n ts  in l iq u id  or s o l id  by gas 
c h r o m a t o g r a p h ic  a n a l y s i s  o f  th e  v a p o r  p h a se  w h ich  i s  in  
thermodynamic equ ilibrium  with the sample to  be analyzed in  a c lo sed  
system . I t  i s  a gas ex tra c tio n  technique which i s  based on the 
d is tr ib u t io n  o f a substance in two im m iscible p h a s e s , i . e . ,  gas- 
liq u id  or g a s - s o l id .  When a substance i s  added to  a two phases 
system , i t  w i l l  d is tr ib u te  i t s e l f  in the two phases in a d e f in it e  
manner. The equ ilibrium  d is tr ib u t io n  o f substance i between two 
im m iscib le phases can be expressed  by th e d is tr ib u t io n  law

= K = d is tr ib u t io n  c o e f f ic ie n t (2 .1 )

where 2 i s  the con cen tration  o f so lu te  i in the phase 1 .
C; 9 i s  the con cen tration  of so lu te  i  in the phase 2 .1 1 c

K is  the d is tr ib u tio n  c o e f f ic ie n t  or d is tr ib u t io n  con stan t

In g a s - liq u id  system , i t  i s  con ven tion al in the HSA method 
to  con sid er  the liq u id  phase as phase 1  and gas phase as phase 2 , 
hence the g a s - liq u id  d is tr ib u t io n  c o e f f ic ie n t  in headspace technique  
can be expressed  as the fo llow in g
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K = —  (2 .2 )

where C p Cg are the equ ilibrium  con cen tration  o f the so lu te  in  
l iq u id  phase and gas phase, r e s p e c t iv e ly .

K i s  the g a s - liq u id  d is tr ib u t io n  c o e f f ic i e n t .

The exp ression  o f the d is tr ib u t io n  law i s  v a lid  on ly  for  
id ea l system  as can be seen from a thermodynamic d er iv a tio n  o f the  
law. From th e  stu d ied  system , i t  i s  the thermodynamic c lo sed  system . 
Thus, when i t  reaches the eq u ilib r iu m , the chem ical p o te n t ia l ,  ;น , 
of s o lu te  between two phases are equ al. Therefore

( 2 - 3)

where ;û  2 i s  the chem ical p o te n t ia l  o f so lu te  i  in  l iq u id  phase.
g  i s  the chem ical p o te n t ia l  o f so lu te  i  in gas phase.

S in ce the chem ical p o te n t ia l  o f any s o lu te  in  the so lu t io n  
can be exp ressed  as

M i  = ;น0 1 + RT In ( xi  X i) (2 .4 )

where ^  i s  the a c t iv i t y  c o e f f ic ie n t  o f the so lu te  i 
in so lu t io n .

x^ i s  the mole fr a c tio n  o f the so lu te  i  in s o lu t io n .
/น0  ̂ i s  the chem ical p o te n t ia l  o f the s o lu te  i  in a s p e c i f i c  

referen ce  s ta te  and i s  a con stan t independent o f  
com position but i s  dependent on the tem perature and
pressure o f the system .
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B y  s u b s t i t u t i n g  t h e  c h e m i c a l  p o t e n t i a l  e x p r e s s e d  i n  E q u a t i o n

( 2 . 4 )  i n t o  E q u a t i o n  ( 2 . 3 ) ,  i t  g i v e s

.“° i , l  + RT m  ( *■ .11 *111) = A , 8 * RT In ( *118 *118) (2 .5 )

or

In f i , l x i , l  s  A , g -  A , 1
ri>gx i»g

(2 .6 )
RT

The right-hand  s id e  o f t h is  ex p ressio n , which co n ta in s  the  
d iffe r e n c e  o f the standard va lu es o f chem ical p o te n t ia ls  o f the  
so lu te  in l iq u id  and gas phases, i s  a co n sta n t. T herefore, th e r a t io  
of a c t i v i t i e s ,  f-X j, in d if f e r e n t  phase a lso  must be co n sta n t.

-----—— -—  = K = p a r t it io n  c o e f f ic ie n t  (2 .7 )
ri»g  x i*g

The r a t io  o f the mole fr a c t io n s  Xj i / x j  g  would r e ta in  i t s  
in te g r ity  on ly  i f  the a c t iv i t y  c o e f f ic ie n t s  remain uniform as in 
d ilu ted  and id e a l s o lu t io n s . In the la t t e r  ca se , = 1  over the
e n t ir e  in te r v a l o f mole fr a c t io n  0 to  1. Thus, the d is tr ib u t io n  
law tak es the form

= K (2 .8 )
x i ,g

I t  w ou ld  be u se d  w it h o u t  c o n c e n t r a t i o n  l i m i t a t i o n s  o n ly  in  
heterogeneous system s in which the phases can be con sid ered  as id ea l  
s o lu t io n . In rea l so lu tio n  the c o n sisten cy  o f the r a t io  o f mole 
fr a c tio n  x^ ]/X j g i s  m aintained as Xĵ  approached to  zero . When the  
con cen tra tion  o f such so lu t io n s  i s  c a lc u la te d , the mole fr a c t io n s  i s
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not on ly  a con cen tration  u n it  which can be used , but a ls o  any 
con cen tration  u n it can be exp ressed .

S ince headspace a n a ly s is  depends on an eq u ilib riu m  e x is t in g  
between th e  l iq u id  or s o l i d  p hase and th e  vap or p h a se  t h a t  i s  
in je c te d  in to  the gas chromatograph. The parameter measured in 
headspace a n a ly s is  i . e . ,  the peak height (h ) , or the peak area (A) 
i s  p roportion al to  the p a r t ia l  vapor p ressu re, p^, o f th e v o l a t i l e  
component i ,  in the headspace. Thus, i t  can be exp ressed  as the 
fo llo w in g  equation

A or h = f Pj (2 .9 )

where f = the d e tec to r  response fa c to r .
p  ̂ = the p a r t ia l  vapor pressure o f component i .

According to  R ao u lt’s law, the p a r t ia l  pressu re (p^) o f the
so lu te  above the so lu t io n  depends on the mole fr a c t io n , Xj, o f  the
so lu te  i ,  and the vapor p ressu re , p°£, o f the pure compound i a t a
given tem perature corrected  for any d ev ia tio n  from id e a l i t y  by the
a c t iv i t y  c o e f f ic ie n t ,  (2 2 ,4 8 ,5 5 -5 6 )

pi  = x i ri p° i  (2 .10 )

G enerally , for d ilu te d  so lu t io n s  (ppm range) the a c t iv i t y  
c o e f f i c i e n t  can be assumed to  be a c o n s ta n t  ( 5 7 ) .  T h e r e fo r e ,  
R aoult’ s law can be s im p lif ie d  to  Henry’ s law, which s t a t e s  th at 
th e  p a r t ia l  p ressu re  o f  a v o l a t i l e  com ponent i i s  d i r e c t l y  
p roportion al to  i t s  mole fr a c t io n  in the liq u id  phase

pi Hi x i , l (2 .11 )
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where H ̂ , H enry’ s c o n s ta n t , i s  th e  p ro d u c t o f  th e  a c t i v i t y  
c o e f f ic i e n t ,  ^ ,  and the vapor pressure o f the pure component, 
P°J. At th e p ressu res approach id e a l gas behavior, th e mole fr a c t io n  
o f component i in  th e  vapor phase i s  n u m e r ic a l ly  e q u a l to  th e  
r e la t io n sh ip  between the p a r t ia l  pressure and th e t o t a l  pressure  
p. T herefore

Compared Equation

pi p x i , g  = Hi x i , l

(2 .1 2 ) with Equation (2 .8 )  t h is  g iv e s

(2 .1 2 )

Hj ----  or K ----  (2 .1 3 )
K Hi

where p i s  the t o ta l  p ressu re.
Hj i s  the Henry’s co n sta n t.
K i s  the d is tr ib u t io n  c o e f f ic ie n t .

T h is e x p r e s s io n  shows th a t  th e  H en ry ’ s c o n s t a n t  Ĥ  i s  
in v e r se ly  p rop ortion al to  the d is tr ib u t io n  c o e f f ic ie n t  K and i s  used  
fr e q u e n t ly  in  p r a c t ic a l  therm odynam ic c o m p u ta t io n s  w h ile  th e  
d is tr ib u t io n  c o e f f ic ie n t s  are more convenient fo r  any a n a ly t ic a l  
a p p lic a t io n s .

S in ce the aim o f the a n a ly s is  i s  to  determ ine th e i n i t i a l  
con cen tra tion  o f the analyzed sample. Under such c o n d itio n s  the  
formula a cq u ires a sp e c ia l  value s a t is fy in g  t h is  requ irem ent, which 
i s  d erived  in  the fo llo w in g  manner.

While an equ ilibrium  i s  being e s ta b lish e d  between a l iq u id  
sample o f volume Vj and a gas th a t occu p ies volume Vg, a c e r ta in

0 1 6 ย 2 2
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p ortion  o f the v o l a t i l e  su b stan ce, contained  in  the l iq u id , would 
d is tr ib u te  i t s e l f  in to  the gas phase. The equ ilibrium  con cen tration  
of the v o l a t i l e  substance (C^) then would be l e s s  than i t s  i n i t i a l  
con cen tra tion  ( C ° ^ ) .  Their r e la t io n sh ip  can be derived  from a mass 
balance

๙ 1V1 = Cj Vj  ♦  cgvg (2.14)

and according to  d is tr ib u t io n  law in  Equation (2 .2 ) ,  Cĵ  = K Cg, thus

c° l vl = K c gvl + c gvg (2 ,15)

or

This formula i s  the foundation o f  headspace a n a ly s is  and i t  
a ls o  form s th e  b a s is  o f th e  more u s e f u l  m ethods o f  m easu r in g  
d is tr ib u t io n  c o e f f ic ie n t s .  T herefore, i f  the i n i t i a l  con cen tra tion  
c ° p  th e volume Vj o f the l iq u id  phase, the volume Vg o f the gas 
phase and the con cen tration  Cg which can be determined from gas 
phase by gas chrom atograph, are known, th en  th e  d i s t r i b u t i o n  
c o e f f ic ie n t  o f the so lu te  can be e a s i ly  determined w ith t h is  
formula.

2 .2  S e n s i t iv i t y  o f Headspace A n alysis Technique ( 22, 58-59)

The b a s ic  param eters d e te r m in in g  th e  s e n s i t i v i t y  o f  an 
a n a ly s is  are the va lu es o f the d is tr ib u t io n  c o e f f ic ie n t  and the  
r e la t io n sh ip  o f the phase volumes in  the con ta in er in which the  
eq u ilib riu m  has been e s ta b lish e d . In r e a l i t y ,  the s e n s i t iv i t y  (ร) i s



Atf (2 .1 7 )
ร = —pO c 1

S in c e  th e  a r e a  o f  th e  p eak  on a ch ro m a to g ra m  i s  
p rop ortion al to  the mass, m, o f the component (5 9 ) . T herefore, i t  
can be w r itten  as fo llo w

d e f i n e d  a s  t h e  r a t i o  o f  s i g n a l  t o  s a m p l e  s i z e  ( 5 8 ) .  T h u s ,  t h e

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

Ag = f  “g = f  c g vg (2 .1 8 )

where f i s  the d e tec to r  response fa c to r
mg i s  the mass o f the substance introduced  in to  the

chromatographic column per sample o f eq u ilib riu m  gas. 
Vg i s  the volume o f sample o f eq u ilib riu m  gas introduced  

in to  the column or in je c t io n  volume.

I f  the v a lu es  o f Ag from Equation (2 .1 8 )  and c°^ from 
Equation (2 .1 6 )  i s  su b st itu te d  in to  Equation ( 2 .1 7 ) ,  then i t  would 
r e s u lt  as

ร (2 .1 9 )

This equ ation  shows the r e la t io n sh ip  o f the s e n s i t iv i t y  o f headspace 
a n a ly s i s  w ith  th e  n atu re  o f th e  a n a ly z e d  s u b s t a n c e ,  th e  l iq u i d  
phase, and the c o n d itio n s  under which the experim ent i s  conducted.



1 8

2 .3  Method o f  In c r e a s in g  th e  A n a ly t i c a l  S e n s i t i v i t y  o f  
Headspace A nalysis Technique.

2 .3 .1  Temperature (2 2 ,5 4 ,5 6 ,6 0 )

The d i s t r i b u t i o n  c o e f f i c i e n t  i s  r e l a t e d  t o  th e  
tem perature and vapor pressure by the fo llo w in g  Equation (22)

R T dr
fi p ° i »L

(2 .20 !

where dĵ  = the d en sity  o f the liq u id  phase.
M|̂  = the molar mass o f the liq u id  phase.
P°^ = the vapor pressure o f pure component i .

T h is e q u a tio n  shows th a t  th e d i s t r i b u t i o n  c o e f f i c i e n t ,  K, i s  
d ir e c t ly  p rop ortion al to  the tem perature, and

d p'-
d T

P° ÛHvap (2 .2 1 )
R T

where AH, 0 i s  the molar heat o f v a p o r iza tio n , which i s  theV &p
change in enthalpy accompanying the tr a n sfe r  
of 1 mole o f component i from a so lu t io n  in to  
the gas phase.

This equation  i s  known as C lausius-C lapeyron equation  which i s  shown 
the r e la t io n sh ip  between vapor pressure and tem perature (54 , 60). 
S in ce p°, A  H,r„_ and RT̂  are p o s i t iv e ,  hence, the right-hand  
s id e  o f Equation (2 .2 1 ) i s  p o s i t iv e ,  and, th e re fo r e , the vapor 
p r e s s u r e , p ° , would be in c r e a se d  w ith  th e  i n c r e a s in g  o f  th e  
tem p era tu re . When th e  vapor p r e s s u r e ,  p ° , o f  com ponent i i s
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Moreover, the enhancement of the s e n s i t iv i t y  in headspace 
technique can be achieved by lowering the d is tr ib u tio n  c o e f f i c i e n t ,  
K, as can be seen from Equation (2 .1 9 ) . However, in crea sin g  the  
tem perature o f system  would r e s u l t  in in c r e a s in g  o f  th e  vap or  
pressure o f component i  as can be seen from the C lausius-C lapeyron  
eq u a tio n  and a lso  th e d is t r ib u t io n  c o e f f i c i e n t  i s  i n v e r s e l y  
proportional to  the vapor pressure of pure component as shown in  
Equation (2 .2 0 ) . Thus, in creasin g  in temperature would lower the  
d is tr ib u t io n  c o e f f ic ie n t ,  and, th ere fo re , i t  would be enhancing the  
s e n s i t iv i t y  o f the headspace a n a ly s is .

However, enhancing th e s e n s i t i v i t y  o f  h e a d sp a c e  
a n a ly s is  tech n iq u e  by in c r e a s in g  th e  tem p era tu re  i s  o f  l im i t e d  
exp erim en ta l a p p lic a t io n , owing to  th e  r is k  o f  b u r s t in g  th e  
c o n ta in e r  or o f lo s in g  th e  com ponents as a r e s u l t  o f  c h e m ic a l  
in te r a c t io n  with the m aterial used as a septum (5 4 ).

2 .3 .2  Phase Ratio (22)

Equation (2 .19 ) in d ic a te s  th at the s e n s i t iv i t y  o f the  
a n a ly s is ,  ร, in creases with the decreasing o f the phase r a t io  
Vg/V^. However, reducing the r a t io  Vg/V^ to  a minimum valu e somewhat 
i n c r e a s e s  th e  e r r o r  in  th e  d e t e r m in a t io n  o f  th e  i n i t i a l  
con cen tration  of the substance in the so lu tio n  { 22 ) as can be seen  
from Equation (2 .22 ) which i s  the d if f e r e n t ia l  form o f Equation 
(2 .1 6 )

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

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

e x t r a c t i o n  o f  t h e  s o l u t e  i n t o  t h e  g a s  p h a s e .
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% ' ^ 7 7 3
(2 .2 2 )

This equation  shows th at the in crease o f the r a t io  Vg/V]  ̂
lowers the co n tr ib u tio n  of the error in the d eterm in ation  o f K to  
the to ta l  error of an a n a ly s is  (e s p e c ia l ly  in the most favorab le  
c a s e s  w ith  low  K ). T h e r e f o r e ,  i f  th e  c o n d i t i o n s  o f  g a s -  
chrom atographic a n a ly s is  en su re s u f f i c i e n t  s e n s i t i v i t y  fo r  th e  
determ ination  o f Cg, the r a t io  o f Vg/Vj should be in crea sed  to  the 
l im it s  allow ed by the system used to e s ta b lis h  th e  d is tr ib u t io n  
c o e f f ic ie n t  (K).

2 .3 .3  In je c tio n  Volume (61-62)

The s e n s i t iv i t y  o f the headspace a n a ly s is  techn iq ue can 
be increased  by in crea sin g  the in je c t io n  volume. S in ce the flame 
io n iz a tio n  d e tec to r  i s  c la s s i f i e d  as a m a ss-se n s it iv e  d e te c to r . I t  
g iv es  a response, R, p rop ortion al to  the mass o f s o lu te  reaching the  
d etec to r  in u n it  tim e, dm/dt ( 61-62 ). T herefore, th e resp on se, R, 
can be expressed  as

R = f  —  (2 .2 3 )
dt

where R i s  the response o f the m a ss-se n s it iv e  d e te c to r .
f i s  the d e tec to r  response fa c to r .
dm i s  the mass flow ra te  o f the sample, 
dt
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By d e f in it io n ,  the peak area, A, on a chromatogram i s  an 
in te g r a t io n  o f the d etec to r  s ig n a l with time ( 61 ). T herefore,

/ R dt 12.24

S u b stitu t io n  o f R from Equation (2 .2 3 ) in to  Equation (2 .2 4 ) y ie ld s

/ dm
f Tdt

dt (2 .2 5 )

f m (2 .2 6 )

where i s  the peak area on a chromatogram.
i s  the t o ta l  mass o f sample introduced  in to  the
chromatographic column.
i s  the d etec to r  response fa c to r .

Equation (2 .2 6 ) can be rew ritten  in  the form of the 
con cen tra tion  and the in je c t io n  volume o f the gas phase as fo llow

A = f  c g v g (2 .2 7 )

where C 0  i s  the equilibrium  con cen tration  o f the so lu te  ino
gas phase.

Vg i s  the in je c t io n  volume.

I t  i s  ev id en t from Equation (2 .2 7 ) th a t the peak area can be 
in c r e a se d  by in c r e a s in g  th e  i n j e c t i o n  v o lu m e . T h e r e fo r e ,  th e  
s e n s i t iv i t y ,  ร, which i s  p roportion al to  the area o f the peak on a 
chromatogram as shown 1 in Equation 2.17 would be in creased  as the
in crease  o f in je c t io n  volume.
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2 .3 .4  S a ltin g  Out E ffe c t (63-64)

Another way o f in c r e a s in g  th e  s e n s i t i v i t y  o f  th e  
h ead sp ace a n a ly s is  tech n iq u e  i s  th e  in c r e a s e  o f  th e  a c t i v i t y  
c o e f f i c i e n t ,  . I t  can be a c h ie v e d  by th e  a d d it io n  o f  an
e l e c t r o l y t e  such as sodium c h lo r id e ,  sodium  s u l f a t e ,  ammonium 
c h lo r id e , e t c ,  in to  the aqueous so lu t io n . This technique i s  known as 
" sa lt in g  out". In gen era l, the a d d ition  o f a so lu b le  s a l t  to  an 
aqueous so lu t io n  o f an organic compound d ecreases the s o lu b i l i t y  of 
th a t compound according to  Setschenow ’s Equation

log ร = log  ร0 -  ks M (2 .2 5 )

where ร0 
ร

M 

kร

i s  the s o lu b i l i t y  o f organic compound in pure w ater, 
i s  the s o lu b i l i t y  o f organic compound in the s a l t  
so lu t io n .
i s  the m olarity  o f the s a l t
i s  a con stan t c a lle d  a s a lt in g  out con stan t whose value  
depends on the organic compound and on the nature o f 
the s a l t .

The physicochem ical b a s is  o f s a lt in g  out i s  rather  
complex; one fa c to r  i s  th at the high con cen tration  o f s a l t  may 
remove w ater o f  h yd ra tio n  from th e  o r g a n ic  s p e c i e s ,  th u s  t h e ir  
s o l u b i l i t i e s  in  w ater are redu ced  and t h e i r  p a r t i a l  vapor  
p ressu res are in creased . The r e s u lt  o f th is  i s  the enhancement of 
e x tr a c tio n  o f the so lu te  in to  the gas phase (6 4 ).
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