CHAPTER II

THEORY

2.1 Basic Theory of Headspace Analysis ( 6,11,33,40,41 )

Headspace analysis ° technique ( HSA ) is an indirect
,method for determination of volatile componenﬁs in liquid or solid by
gas chromatographic analysis of the vapor phase which i8I0
thermodynamic équilibrium with the sample to be analysed‘in a closed
system. This technique is based on the distribution of a substance
in two immiséible‘ phases, i.e. gas - liquid or gas - soiid. A
component when added to a two phases system, will distribute itself
in the two phases in a définite manner. Once an equilibrium state is

established in the different phase system, the phenomenon of

component i can be expressed mathematically by distribution law.(40)

Ci,1

= K = distribution coefficient { T
Ci,2
where Cj 4 and Cj 5 are the equilibrium concentrations
of the component i in the phases 1 and 2, respectively and K

is a constant.
’ In liquid sample system of HSA, the phase 1 is the liquid

phase and the phase 2 is the gas phase. Therefore the gas-liquid

distribution coefficient can be expressed as the following (11): .
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Ci 1 )
K = ERT s W

Ci,g

where C;j 1 and Cj 4 are the equilibrium concentrations
of the component i in liquid phase and gas phase, respectively.

Such an expression of the distribution law is valid only for
ideal system as can be seen from thermodynamic derivation of the law.
The change in free energy in a system, is expressed by the

differential (41)

dG dG
dr + dp
0T /BNy Az} -eu WO P/ T,nq.n9,.-
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Since, by definition

3G .
< > = Partial molar free energy "
anl T,P,nz,... -
= Chemical 'p_otential.' B [ 28)
0G : 296G
daG = <—-_> dT + _ : dp
aT PlnlanI"‘ aP .T,nl,nz,... ¥
+ oar M dnl + ot dnz o ( 2.5 )

At constant temperature and préssure,
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6 = ugdy o+ M, dnyg & ... - (2.6 )

Since there is no change in the total amount of material
involved in- the system and the system is thermodynamically closed.
Thus dG is equal to 0 for equilibrium at constant temperature and

pressure, Therefore,
MG Redhe 40 0
‘or ' S u dn = 0 &
This conditicn applies to the entire closed system. If a

small quantlty of the component 1 is moved. with in the system from-

phase 1 to phase 2 at equlllbrlum (40 )

i
o

PB RETE L S S R . of

and A5 1 = Mi 2 i (2.8
That as: the chemical'potentiél of a component distributed

between two phase at equilibrium is the same in both phases.

The chemical potential of any solute in solution can be

written as (47)
o7 =/uo+ R T ina . (29)

where a is the activity of solute in solution.
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4° is the chemical potential of solute in a specific
reference state and is a cdnétént independent
of the composition but is dependent of the
temperature and pressure of system.
T is the absolute temperature.

R is the gas constant.

By substituting the chemical potential expressed in equation

(2.9 dinte eqﬁation ( 2.8, /it gives

MO 1 +RTIn (aj3) = u% 5 +RTIn (2 ;) ¢ 2,10
aj,1 ' e M e
o < AR A S
\3i,2, RT

The right-hand side of this expression is a constant, hence
the ratio of the/activity of solute i in immiscible phases also must

be constant.

1}
jav]
I

Partition coefficient ( 2.12 )
The ac;ivity of any solute in solution can be written as (42)
a v ¥C : ()

where ¥ 1is the respective activity coefficient.

C 1is the concentration of solute in solution.
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However, an approximation holds true for dilute solution
and ideal behaviour, ¥ is equal to 1 and equation ( 2.12 ) can be

change to the original form as equation (2.1).

Ci1

= K = distribution coeffiicient
‘3.2 :

Since headspace analysis depends on an equilibrium exiéting
between the liquid and gas phase that is injected into thé gas
chromatograph ( GC ). The resultant peak area ( A ) from GC detector
is a measure of the amount of component i in gas phase and is thus

proportional to its partial vapor pressure, Pi-: ( 44 )
Nt O TN : i ag

where £ is the detector response factor and constant.

The partial pressure of the volatile solute i above
the solution depends on the concentration of component i in the vapor
phase ( Ci,g ), peak area can be shown to the concentration form,
is directly proportional. to the concentration of'component'i-in the

vapor phase.
N = % o (- ZedB:]
where Ci,g is the concentration of the component i in vapor

phase which introduces into gas chromatograph.

and T is the proportional constant .
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In addition, according to Raoult's and Dalton's laws the

partial vapor pressure ( Pi) is generally expressed as (45)

pPi = UiPOiXi,l = Pxi,g e
where Xji g .- Xj,] are the mole fraction of component i in
gas and liquid phases, respectively, P°i is the vapor pressure
of pure liquid component i, P is total vapor pressure and B, is

the activity coefficient.

Generally, the activity coefficient can be assumed to be a
constant in dilute solution ( the concentrations less than or equal
to 1% or 10,000 ppn (26)). With constant activity coefficient
Raoult's law (  UiPOi') can be éiﬁplified ito Henry's }aw; which
stated that vapor pressure of the‘pure cémponent i is given by

Pi = HEjgis PXi g {2.2%)

where H is the Henry's constant and is the product of ¥

and Poi

In such’a relationship with the distribution coefficient, K

(43 ).
P
e W v A (B { .28}
H ;

This expression shows that the . Henry's constant, H is
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inversely proportional to the distribution coeffiéiéﬂé; K and is
used frequently in practical thermodynamic compﬁt;tions while the
dist;ibution coefficients are mofeA convenient for analytical
applications.

The; Aaim of the analysis is to determine 'the initial
concentration of analyzed éample‘in solution. Under such conditions
the formula acquired a special value satisfying this requirement,
which is derived in the foliowing manner.

In the eqﬁilibrium condition for any component between
liquid sample 'and headspace gas, the relationship is given by

Vitenberg(33) can be identified from a mass balance.
COlVl % ClVl + Cng R (L 2E9)

where ' C° is the imitial concentration of solute in
liquia sample before equilibration.

C; and Cy are the .concentrations of solute in liquid
phase and gas ©phase, respectively after
equilibration.

Vi " and Vg are fhe.'volume of the liquid phase and gas ‘

phase, respectively.

According to the distribution law in equation ( 2.2 ),
Cy = KCg , thus
: ColVl = KCng + CuV (258

g'g

and simplifying yield ( 46 ).
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Vg
c* = Cg(K +—) .. (2.22)
Vi
This formula is the principle of headspace analysis which
indicates that the initial concentration of any component in
solution is directly proportional to their concentration after
equilibration in gas phase that relate with the peak area from gas
chromatograph in equation (  2.15 ) and it also forms the basic of'
more useful methods of measuring distribution coefficients.
Therefore, if the initial concentration C%;, the .volume Vv, of
liquid' phase, the volume Vg of‘gas phase and the concentration C;
after equilibfation, which can be determined from headspace gas by
gas chromatograph, are known, the distribution coefficient K of'the

solute can be easily-caléulate,or,measured with this equation.

2.2 Sensitivity ef Headspace Analysis Technique.

The Dbasic parameters determining the sensitivity of
headspace analysie are the values of the distribu;ion coefficient, K
and the relationship of the two phases volumes in equilibrium closed
container.,'In realify, the eensitivity e s supposed to mean the
ratio of signal to sample size(46j. In this method, the sensitivity

can be expressed as a following

S = { 2:48 )

where' A is the peak area of gas chromatographic analysis.

Col is the initial concentration of component.
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Since the peak area depends on the mass of the component, m
which 1is introduced into the chromatographic column-and the detector

response factor, f. Therefore,it can be written as (48)
A = fm = ngvg (.2.23:)

where Cg is the concentration of solute in gas phaée
after equilibration.
and Vg is the volume of sample of equilibrium headspace

gas introduced into the column or injection volume.

If the values of A from equation ( 2.23 ) and €%y from
equation ( 2.21 ) are substituted and simplified into equation
(:2.22 ); then it would yield as

ik

ai = ( 2.24 )

= ' KT Vg/Vl )

This equation shows the relationship of the sensitivity of
headspace analysis with the nature of analyte ( or detector response
factor ), the injection volume, the ratio of two phases and the

distribution coefficient.

2.3 Method of Increasing the Analytical Sensitivity of Headspace

Analysis Technique.

2.3.1 Temperature.
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The dlstrlbutlon coefficient is related to the

temperature and vapor pressure by the following equatlon (6,11}

d 1InK ~ R

LAY
3P /T,n RT

where Vy, is the partial molar volume of analyte in liquid

phase.

and the Clausius-Clapeyron equation (41,45) is shown the

relationship between vapor pressure and temperature.

dP P AHVAP :
S/ /A BN { 298 )
dT RTZ ;

where Aikug>1s the molar ‘heat of vaporlzatlon, whlch is the_
change in enthalpy accompanylng the transfer of 1 mol of component

from a solution into the gas phase.

Since P , AHyap and RTZ2 are positive, hence the
right hand side...of equation { 2230 kris:positive. Therefore, The
left hand side of this equation must be pesitive as well, it means ‘
that the vapor presure, P will: be increased if the temperature T is
increased. By comparison w1th equation ( 2.25 ), 1f increasing
temperature causes the increasing vapor pressure and all parameters
on the right hand side of vthis equation are positive, the
distribution coefficient, K would be decreased owing to the nagative
value of the right hand side of the equation. So the enhancement of

sensitivity of headspace technique can be achieved by iowering-the
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distribution coefficient, K as can be seen from eqdatiﬁn {2.24 ).
Hence the increasing temperature would be enhanciné the sensitivity
of the headspace analysis. '

However , enhancing the Asensitivity by increasing the
temperature 'is of limited experiﬁental application owing to the
risk  of bﬁrsting the container or of losiqg the components as a

result of chemical interaction with the mate}ial used as a septum

{45).
2.3.2 Phase Ratio

Equation ( 2.24 ) indicates that the sensitivity of
the analysis, S increases with the decreasing of the phase ratio,
'Vg/Vy1. However, reducing the ratio vé/vl T a minimum value
somewhat increases the error in the determination of the initial
concentration of the substance in the solution due to the high
concentration of the substance in gas phase. If there is a little
error of the experimental performance. such as a little error of
liquid volume or injection volume, ‘the precision of the analysis
would decrease due to the different value oi(peak area in the same
‘experiment. Therefore the ratio of Vg/Vj should -be’selected to
the limits allowed by the system -if the condition of headspace gas
" chromatographic analysis ~ ensure sufficient precision for

determination of substances.

2.3.3 Injection Volume
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The sensitivity of headspace technique can be
increased by increasing the injection volume as shown in equation
( 2.24 ) and Halasz (48) indicated the same result by deriving
equation which was shown the relationship between the peak area G-
and the concentration integral with time, ( f C.atid

Fy :
i A lem w0 C4.31)
iy + By
whefe ¥ is a factor of proportionality and C s the
conéentration of the sample in the carrier gas of gas chromatograph
which depends on the flow rates of the sample, Fq and that of

carrier gas, Fo L

In quantitative evaluation of analysis, this holds‘true for
constant flow rate of gas mixture , ( F1 + Fy ) as can be seen

from equation ( 2.28 )

L3

A:———J,Fl,dt (340
‘ FlfFZ 3

The integral, Jﬁ F1 Gt , is the quantity of the sample
'injected,‘ m expressed in the number of moles or‘recalculated, in
mass units and the constant values of ( 8/( Fp + Fy ) ) maybe

combined as follows

Ay o= fm (el )

where f 1is the detector response.,
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Equation ( 2.29 ) can -be rewritten in_ the form of the

concentration and injection volume of the gas phase as

>
I

£ GV . ( 2.36 )

where Cg is the equilibrium concentration of solute in gas
phase.

and Vg is the injection volume.'

It is evident from equation ( 2.31 ) that the peak area can
be increased by increasing the injection volume. However, the
_sensitivity, S which is directly proportional to the peak area ona
chromatogram as discussed in equatlon ( T 22 ) would be 1ncreased as

the 1ncrea51ng of 1n3ectlon volume

2.3.4 salting Out Effect

i Another way of increaéing"the sensitivity of the
headspace anelysis technique is addition of an electrolyte such as
sodium chloride, sodium sulfate, ammonium chloride, etc. into the
aqueoue solution. This technique is known as " salting out effect ".
In general, the addltlon of a soluble salt to an aqueous solution of
an organic compound decreases the solubility of that compound

according to Setschenow's equation, (49)

log- ‘D = 46¢ D, < kM (2.3 )
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where D, denotes the solubility of the Q%ganic compound
in pure water.
D is the solubility of the organic compound in the
salt solution. |
. M is the molarity of the salt.
~k 1is the salting out constant whose value dependg
on the organic compound and on the nat#re of the

salt.

The thsicochemical basic of salting out is rather complex,
one factor is that the high concentration 6f salt may remove water
hydration from the organic species, ﬁhﬁs their solubilities in water
are reduéed ‘and their partial vapor pressure are incfeased-(SO).
In addition,:Curry (25) noticed thatﬁthe salt also serve to decrease
the vapor pressure of water. The result of this is the ephancement
of extraction of solute into the gas phase and the decreasing of thé
distribufion coefficient, K . It means that the sensitivity can.be

increased by addition of a soluble salt into the solution.



	Chapter  II THEORY
	2.1 Basic Theory of Headspace Analysis (6,11,33,40,41).
	2.2 Sensitivity of Headspace Analysis Technique.
	2.3 Method of Increasing The Analytical Sensitivity of Headspace Analysis Technique.


