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INTRODUCTION 

Gas-liquid chromatography finds increasing use for the determination of 
thermodynamic data. Following a suggestion by EVERETT AND STODDART’ several 
workers have indicated that, from measurement of the variation of net retention 
volume of a solute with the pressure of the carrier gas, one may obtain the activity 
coefficient of the solute at infinite dilution (ylOo) in the stationary liquid and the sec- 
ond virial coefficient (B,,) characterising unlike pair interactions between solute 
vapour and carrier gas. 

(Grenl B&lain) 

The treatment of DESTY et aL2 leads to the equation: 

h VN = In h”Vt + f37!~0J2~ (1) 

where VN is the net retention volume, and 12” is the partition coefficient at zero 
pressure related to the activity coefficient (ri”) by: 

&R T (J&l - 03) p1 
ln jz” = ln --- _ p-FT-- 

'vly1 yJ"l 

(where gtl is the number of moles and Vz the total volume of stationary liquid, PO, is 
the vapour pressure of the solute, zloz the molar of the solute and B,, the second 
virial coefficient of pure solute). 
/3 is related to the second virial coefficient (B,,) by: 

B 
21312 - ZJim = ---- 

RT 
(31 

(where 7.P 1. is the partial molar volume of the solute at infinite dilution in the station- 
ary liquid) and we have used the notation3: 

where 9~ and PO are the column inlet and outlet pressures respectively. 
EVERETT’S~ treatment leads to the equation: 

VN = k”VJ (z -I- /3po.J34> (5)1 
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and CRULCKSNANK, WINDSOR AND YOUNG’S+ treatment leads to: 

In 1/N = In k”VZ I- p#0J34 (6) 

Each of these equations (I), (5) and (6) leads to the application of a different 
plotting procedure to experimental net retention volumes obtained over a range of 
pressure, if ylrn and 13,s are to be determined. They cannot all be right. CRUICKSHANX, 
WINDSOR AND YOUNG” have investigated this problem rigorously and we present 
here a rather different approach which is both mathematically and conceptually 
simpler. The two approaches are complementary. 

DESCRIFTION OP TWE ELUTION PROCESS 

We consider a column of total length L divided into equal segments of length 
dl each containing the same weight of stationary liquid. For an incompressible 
carrier gas, theories of chromatography give the following expression for the net 
retention volume per segment (VN) of a solute: 

VN = IZ~IJZ~CL? (7) 

Where ZJ~ is the volume of stationary liquid per unit length of the column and 
12, the partition coefficient of the solute, is defined by: 

12 = CZ/CQ 

(Cl and CO are the concentrations 
Since : 

UN = tN*td 

($1 

of solute in liquid and carrier gas respectively.) 

(9) 

where 1~ is the net retention volume per segment and u is the flow rate of the carrier 
gas, then: 

k*vl*cll 
tN = -;---- (10) 

If the length of a segment is small the carrier gas pressure within that segment 
will he effectively constant and equation (IO) will he valid for a compressible carrier 
gas, Since dl = L/N where N is the number of segments in the column, we may write: 

L lzvl 
t,,, = -*- 

N at. 

Thus the total retention time for the column TN is: 

VI 
TN = - 

N 
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where Vl = L l d, the total amount of stationary liquid on the column. To calculate 
TN it is therefore necessary to know the values of Iz and 21 in each of the N segments 
of the column. 

EVERETT~ has shown that the partition coefficient, A, of a solute depends on 
the carrier gas pressure, and is given by: 

12 = lz” ~l#P (13) 

where 12” is the partition coefficient at zero pressure which is simply related to the 
activity coefficient of the solute at infinite dilution in the stationary liquid and /? is 
simply related to the second virial coefficient (B,,) characterising unlike pair inter- 
actions between the solute vapour and the carrier gas. In order to make use of equation 
(I 2) we need to know the variation of pressure along the length of the column and this 
can be obtained from Darcy’s Law: 

where n is the viscosity of the carrier gas, CC is the cross-sectional area of the column 
and I< is the permeability of the column packing. We shall consider the use of eqn. (14) 
to obtain the pressure ($) at any point in the column in terms of the inlet pressure 
(&) and the outlet pressure @,) for an ideal and a non-ideal carrier gas. 

(a) Ideal carrier gas 

The pressure $ is given by: 

p = (pp _ f @,a - pop))l’” 
(15) 

where I is the distance from the column inlet. The variation of flow rate zc with pres- 
sure for an ideal gas is : 

(16) 

where z,co is the flow rate at column out!et. The pressure 34 in any segment can be cal- 
culated from eqn. (IS) hence 12 and zc in any segment can be calculated by use of 
eqns. (13) and (16). The total retention time may be obtained by summing over all 
the N segments according to eqn. (x2). It is customary in GLC to convert retention 
volumes measured at outlet pressure to conditions of “mean column pressure” f?;) : 

Hence the net retention volume (V,) is given by: 

where : 

PofCo ai = -_- 
P 
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For any chosen set of values of p,, $0, L, 12”, /J, tie a single value of VN may be 
calculated. This is conveniently carried out by means of a digital computer and the 
procedure is shown in Fig. I. 

Calculate p a8 a function of I, 
/> = [pi" - I(@ - &,2)/L]v2 

For 100 kluos of I, 
got 100 vnluas ol p. 

CalcMlato /I =/Jo f/J/J* 

For 100 vnlucs of /J, 

100 values of If. 

Calculnte IE = 

For 100 vnlues of p, 

got 100 values of k. 

For each of 100 p&s of II and h, 

got 100 voluos of lhp 

I 
Sum 100 values of IN 

Got TN’ 

Cnlculab VN = TN ii. 

l?ig. I. Scheme of numerical calculation of net retention volulne ~ulucs. 

(b) Non-ideal carrier gas 
In the case of a non-ideal carrier gas eqn. (16) is replaced by: 

P&o u = _-- r - 
P C 

13 (PO - P) 
RT 1 (19) 

where B is the second virial coe*fficient of the carrier gas, and eqn. (IS) is replaced by: 

(20) 

In calculating $ by this equation it is sufficiently accurate to replace $ in the 
third term on the r.h.s. of the equation by eqn. (15). The net retention volume ‘I/N 
may then be calculated in an exactly analogous way to that shown in Fig. I by using 
the new eqns. (19) and (20) and assuming a value for 8. 

In this treatment we have ignored the small pressure-dependence of carrier 
gas viscosity but the results are unaffected by including a’term for this effect. To 
assess the reliability of the summation procedure we can, in the case of an ideal 
gas, derive an expression for VN that can be integrated analytically. 

From eqn. (IO) the total retention time TN may be written: 

Vl LR 
TN = - 

L s -*CL! 
OU 

(21) 
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and substituting for 1~ from eqn. (13) and for zc from eqn. (16) : 

Iz,VJ I* 
TN = - s POUOL 0 

Use of Darcy’s law (eqn. 14) gives: 

xx - ‘2”v1r= - -__ 
P S 

p, p-em 
ouoLm P$ 

--.~p 
u. 

and : 

s L 

L 
.rc = ClZ = - 

0 ncc s “,” ;.clp 
i 

and substitution of eqn. (24) into eqn. (23) gives: 

(22) 

(23) 

(24) 

The integral J $9. epp. dp is a standard integraF of which the solution is : 

s p.ep3, clp = $f (pp - 2gp + 2) 

Therefore : 

we may final.ly express VN as: 

-- c e PP 

PO T/N=----- 

-p- (B2P2 - 2PP -t- 4-J;; 
------ 

1) 

pt 

(2.5) 

(26) 

(27) 

(28) 

Table I gives a comparison between values of VJV obtained by analytical inte- 
gration (eqn. 28) and by summation of eqn. (12). Results are given for various corn- 
binations of pt, J!Y, and ,8 together with fixed values of k”, vl, zcO and L. 

The results show that summation, with the number of segments (ZV) equal to 
IOO or greater, gives results which agree to within 0.01 o/O with those obtained by 
analytical integration. 
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TABLE 1 

VALUES OF vfl OBTAINED BY SUMMATION OF EQUATION (12) 

Analytical integration (equation ~8) gives I/N = 5o.oooo in each case. 

B 
atnz-1 

PI PO Sumsnation (N = No. of 
se~menls) 

r&o N = 100 N = 500 

-0.005 2 I - g0.0001 - 
-0.015 I - 50.0005 50.0002 
-0.015 

3 
I - - 4999997 

-0.015 : I 50.0017 - 49.9999 
-0.015 I - - 5a.0002 
- 0.005 4 - 50.0000 - 
-0.015 4 - 49.9999 - 

TESTLNG THE PLOTTING PROCEDURES 

We can now test the various plotting procedures. The method is based on the 
ability of each plotting procedure to retrieve a specified value of ,!3. To do this we 
first specify the value of B and then calculate values of VN for a range of values of 
$Q anclpo (with fixed values of /2’, vJ, zto, L, 13). These retention volumes are then trcat- 
ed as experimental data and subjected to the plotting procedures indicated by 
eqns. (I), (5) and (6) or by any other equation that might be proposed. In each case 
the data are “least-squares” fitted to a straight line as indicated by each equation. 
A comparison of assumed and retrieved values of B is given in Table II, the first six 
cases examined are of an ideal carrier gas, the other values are of a non-ideal carrier 
gas whose second virial coefficient is +20 cm3 mole-l and most carrier gases used in 
GLC do not have second virial coefficients greater than this in magnitude. It is seen 
that we have varied the conditions & and 9, considerably so as to test the equations 
over a wide range of possible experimental conditions. In all cases examined, except 
one, eqn. (6) retrieves /3 consistently most accurately. In this one case agreement for - 

eqn. (5) is fortuitous, as the value of /? retrieved is very sensitive to the value of 23 

TARLE II 

A COMPARISON OF ASSUMED AND RETRIEVED VALUES OF /t? 

@ assawaed 33 h-P. PO 
al’vn-1 ~112~. rnottrl 

p velvicved (a/m-l) 
ah. aim. 

Eqzcaliow (f) Equation (5) Equation (6) 

-0.00500 
-0.01500 
-0.0 1500 
-0.0 1500 
-0.0 1500 
-0.0~000 
-0.00500 
-0.0 1500 
-0.01500 
-0.03000 

- 
- 

,. - 
- 
- 
- 

-I- 20 
+ 20 
+ 20 
+20 

I 

I 

0;5 

I 

z-7 
I 

I 

I 

I-7 

I 

1-15 
1-15 
'1-15' 
10-50 
I 
1-15 
1-15 
1-15 
I 
1-15 

-0.004g8 
-0.014g5 

.’ -‘&01’4gg’ 

-0.01500 
-0.01713 
-o.ozggo 

-0.004g7 

-0.014g4 
-0.01854 
-0.02g8g 

-0.00480 
-0.0133G 
-0.01338 
-0.01033 
--0.01430 
-0.02403 
-0.0047g 
-0.01335 

-0.01537 

-0.02403 

-0.00500 
-0.0 1500 
-0.01500 
-0.01500 
-0,014g5 
-0,03000 
-0.004g7 
-0.0 1499 
-o,orG18 

-0.02ggg 
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assumed. Eqn. (I) is almost as successful as eqn. (5) though it fails where pressure drops 

(9s -PO) are large. The values of /3 retrieved by the above procedure are the same (to 
four significant figures) as those obtained by CRUICKSNANK, WINDSOR AND YOUNG, 
who used a different equation. Although the procedure used by the latter authors is 
mathematically more elegant the method described here has the advantage that the 
summation procedure has a physical significance. 

The values of Iz”V retrieved by the equations may be examined in a similar 
way, the intercepts of the plots do not vary greatly, however, and retrieval of j? 
is a much more sensitive test of the equations. 

The above treatment shows that to derive reliable thermodynamic data from 
GLC, carrier gases which show small deviations from ideality should be used with 
columns across which the pressure drop is small; and that eqn. (6) should be used to 
analyse the retention volume data. 
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SUMMARY 

the University of Bristol 
Science Research Council 

A theory for obtaining mixed second virial coefficients of a solute-carrier gas 
mixture and the activity coefficient of the solute at infinite dilution in the stationary 
liquid is given. The three approximate equations reported in the literature are corn-’ 
pared with the exact relationship by numerical integration, The equation of CRUICK- 

SHANK, WINDSOR AND YOUNG is shown to retrieve assumed values consistently 

most accurately. 
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