Journal of Chromatogruphy. 95 (1973) 1-12
¢ Elsevier Scientific Publishing Company. Amsterdam — Printed in The Netherlkinds

CHROM. 7461

RETENTION VOLUME IN HIGH-PRESSURE GAS CHROMATOGRAPHY

I. THERMODYNAMICS OF THE SPECIFIC RETENTION VOLUME

STANISLAV WICAR and JOSEF NOVAK
Institute of Analvtical Chemistry. C=echoslovak Academy of Scivnces, Brio { Czechoslovakia)
(Received March 19th. 1973)

SUMNMIARY

Formal thermodynamic relationships were derived for the specific retention
volume of the solute in the solute-carrier gas-stationary liquid ternary system. appli-
cable at higher pressures and with a negligible pressure drop across the column.
Special attention has been paid to the effects of the solubility of the carrier gas in the
stationary phase and to the non-tdeai behaviour of the carrier gas. The relationships
derived show that the pressure dependence of the specific retention volume alone can
give only approximaite information on binary solute-carrier gas systems. If more
precise data are to be obtained. it is necessary to know additional parameters (the
partial molar volume of solute in the solute-carrier gas-stationary liquid ternary sys-
tem. activity coeflticients of the dissolved carrier gas and their dependence on the com-
position. and the molar fraction of dissolved carrier gas). which cannot bt. obtained
reliably from chromatographic data.

INTRODUCTION

Originally. the carrier gas was assumed to play a largely passive role in gas
chromatogriphy: it was considered merely as 2 means of transporting the solute from
one end of the column to the other. This concept. which is applicable to a perfect
gas. is incorrect under currently used chromatographic conditions and fails completely
at higher pressures. In tact. the carrier gas always takes a more or less active part in
the equilibration of the solute between the gaseous and the stationarv phases. This
more precise understanding of the role of the carrier gas was discussed by Everett and
Stoddart! in 1961 and was utilized in the separation of porphyrins by Klesper er al.?
in 1962. Since then. a numkber of papers have been published in which the non-ideality
of the carrier gas was utilized in separations. Examples are the series of papers by Sie
and co-workers* ™ and by Giddings and co-workers®~!3. 7

Simultaneously with the practical utilization of the equilibrium shifis induced
by the non-ideality of the carrier gas. methods began to be sought in order to use the
simplicity of the chromatographic technique for obtaining thermodynamic data that
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characterize separations. The idea of using a gas chromatograph to obtain data on
the thermodynamic properties of the solute~carrier gas-stationary liquid system is not
new: Young's review! can be referred to in this context. Whereas the data referred to
the stationary phase, such as the activity coefficient of the solute and its temperature
dependence. have only limited practical utility owing to the special character of the
chromatographic system, the information on binary gascous mixtures of the type
vapour of organic liquid-permanent gas has a more universal applicability and can
be of wider interest's.

The possibility of employing the pressure dependence of retention data for
obtining the second cross-viriil coeflicient of the solute-carrier gas mixture. originaily
suggested by Everett and Stoddart!. was later utilized more extensively by Desty e a/.*®
and particularly by Cruickshank and co-workers'’2°. The measurements were per-
formed within relatively narrow limits of mean pressures (within about 1-10 atm).
which has the inherent disadvantages that. in addition to relatively high demands on
the precision of the measured data. problems associated with the pressure drop across
the column are encountered. If the pressure drop reaches values that are comparable
in order of magnitude with the absolute pressure in the column. it is necessary to carry
out relatively complicated averaging of the pressure-dependent components of the
capacity ratio by applying averaging integrals. With gases that show ideal behaviour.
these integrals have been expressed in an analytical form by Everett® and are known
as the J# factors. :

A substantially more involved situition occurs it it 1S necessary to consider the
real behaviour of the carrier gas. Explicit expresstons for the pressure dependence of
the capacity ratio have to be found in order to cuarry out corrections for the com-
pressibility of the mobile phase. However. the functions that form the above expres-
stons are usually transcendent with respect to pressure and can be expressed explicitly
oniy by making significant simplifications. This applics particularly to the fugacity
coeflicient of the solute in the gascous phase and for the correction of the capacity
ratio for the solubility of the carrier gas in the stationary phase.

Both of the above disadvantages can be avoided by providing for the cluent
expansion to occur outside the column. In this case. the column operates under vir-
tually . isobaric conditions. the pressure drop between the column inlet and the
detector being determined by o throtiling device independent of the column. Such a
modification makes it possible to increase the pressure range of the measurements and
to decrease the demands on the precision of the data measured. The isobaric model
of the chromatographic column. corresponding to the above experimental arrange-
ment. is much simpler than models that involve the pressure drop across the column.
On the other hand. operation under higher pressures leads to greater demands on the
strictness of the thermodynamic processing of the experimental results.

Above alll it is necessary to take into account the role of the carrier gas dis-
soived in the stationary phase. as the solubility of the carrier gas can reach very
significant levels under higher pressures®. Further. a more precise calculation of the
fugacity coeflicient of the solute in the gaseous phase is necessary. Finally. in chroma-
tography with the carrier gas in a state close to the eritical point. more general problems
are encountered associated with comparing the system in the column with a reference
system, which is usually placed in a region of low pressures. In this paper. mainly the
first two problems are dealt with in greater detail.
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RE['ENT[ON VOLUME IN HIGH-PRESSURE GC. 1.
SPECIFIC RETENTION VOLUME

The classical thermodynamics of the chromatographic partition coefficient! are
based on the dsmm1ptmn of*a binary character of both phases. The vapour of the
stationary liquid present in the gascous phase and the concentration of the carrier gas
dissolved in the stationary hquld are neglected. :

The solute capacity ratio, &, which determines the Chl‘Ol‘nd[O“!‘dphlL retention.
can be defined as the equilibrium ratio of the number of moles in the liquid (station-
ary) phase to that in the gascous (mobile) plmse within an element of the column of
unit volume. Hence,
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In this discussion. the quantities referring to the solute. carrier gas and stationary
phase are designated by the subscripts 1.2 and 3. respectively, and the superscripts G
and L arc used in order to distinguish between quantities concerning the gaseous and
the liquid (stationary) phase. respectively. Thus, #t and 2§ are the number of moles
of solute in the stationary and in the gascous phase in a unit-volume element of the -
column. Xat and Xn® are the sums of the number of moles of solute, carrier gas and
sorbent material in the liquid and in the gaseous phase. respectively. in a unit-volume
element of the column. and x, and 1, dre the molar fractions of the soluie in Ihc liquid
and in the gaseous phase. respectively.

Provided that (i) the solute concentrations in both phases are neghligible, (i1) {im
stationary hqlud is non-volatile and (iii) the carrier gas is insoluble in the stationary

liquid, then X% = #f and X0© x~ #¢. and

ky - —-5y | ) ' V (
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There s a simple relationship between the partition coetlicient. &,. and the
specific retention -cnlumc of” the solute if the pressure drop across the column can be
neglected. fe., it Py P.ou; ~ u, — fiand v; = v, == ©. where P; and P, are the
absolute inlet and outlu: LOIUH‘!R pressures. £ is the absolute mean column pressure.
u; and u, are the forward flow velocities of the mobile phase at the inlet and outlet
of the column (at pressures £; and £,) and at the column temperature 7, i is the for-
ward flow velocity of the mobile phase as measured at the column temperature 7 and
the mean pressure P, v and v, are the volume flow-rates at the inlet and outlet of the
column (at pressures P; and P,) and at the column temperature 7. and v is the volume
flow-rate of the mobile phase in the column at column temperature 7 and mean pres-
sure P. The retention time. 7. of the solute with a capacity ratio A, is then given by

73]
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where / 1s the column length. :
Lc us define the specitic retention \oluxm_. I as the volume of the mobile
phase essary to elute the solute throughout the column. reduced by the column
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void volume. expressed at the mean column pressure P and at an arbitrarily chosen
reference temperature 7r, and referred to 1 g of the stationary liquid in the column.
Thus.

v =I(P.Tr) Ty

l‘,"’" . AL — 7 ] :
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where =I7 is the compressibility factor of the carrier gas at pressure £ and temperature
Tr. -, is the compressibility factor of the carrier gas at pressure P and column tem-
perature 7. wj is the weight of the stationary liquid contained in the column and 7,
is the dead retention time (//a).

The above definttion of the specific retention volume differs from the conven-
tional definition merely by the arbitrariness in the choice of the reference temperature:
in the classical definition. Tr == 273.2 "K. The usefulness of this modification in high-

- pressure gas chromatography is apparent from the following simple consideration. Iff
T >T. = Trand P > P, then the mobile phase in the column is formed by a com-
pressed gas above its critical temperature. However, if the gas is cooled to the tem-
perature 7r at a pressure P - P_according to the classical definition. it will liquety.
and discontinuities will occur on the ¥FI7 versus P curves. [t is therefore reasonable
to provide for the choice of Tr = T.. which is just the purpose of the above moditica-
tion.

The substitution of egns. 3 and 2 into egn. 4 results in

1 ST RTr sy

A VN P

where AZ; is the moleculiar weight of the stationary liquid and R is the gas constani

The applicability of eqn. 3 is quatliticd by the validity of the assumptions made in its
derivation. When disregarding the difference between the measured peak maximum
and the ideal retention time?’-*? and neglecting. at absolute pressures reaching several
tens of an atmosphere. pressure drops that do not exceed a few tenths of an atnros-
phere, only the classical assumptions (i). (i) and (iii) remain to be considered.
Owing to the sensitivity of ionization detectors. the assumption of infinite dilution
of the solute in both phases can almost always be practically tulfilled. Similarly. the
cffect of the volatility of the stationary liquid can be eliminated by a suttable choice
of both the stationary liquid and the working temperature.

However. the situation with solubility of the carrier gas in the stationary phase
is different. as this solubility can affect the solute retention more significantly. If the
carrier gas dissolves in the stationary liquid. then Xat x~ nf - nk.

The solubility of the carrier gas in the stationary liquid can be described by
means of the respective partition coeflicient:

L
'YZ ’Il
K = S N S (6)
: = iR} b

equil. 3 B

In accordance with the assumption of mfinite dilution of the solute in the gasecous
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phase, the molar fraction of the carrier gas. y». in the latter is considered to be approxi-
mately unity. Thus, the expression for &,. analogous to eqn. 2. will acquire the form

. ,
+ "Ny o 1
ko = L g D

it follows from the above discussion that the carrier gas dissolved in the liquid
phase influences the retention in two ways: it increases the number of moles of the
liquid phase per unit volume of the column and. at the same time. it modities the sorp-
tion properties of the liquid phase. The increase in the capacity ratio due to the
merease in the amount of Hiquid phase in the column is characterized by the factor
/(1 — &,): the altered properties of the iquid phase are. for the time being. indicated
by a -+ as a superscript to the respective svmbols. In the following text. this superscript
will be generally used to denote the composition-dependent quantities that refer to the
ternary solute-carrier gas-stationary phase syvstem.

PARTITION COEFFICIENTS v AND &,

Let us start from the Gibbsian condition of equilibrium: at equilibrium. the
fugacities of the solute in both phases are the saume. and the equation

G (T.P.0Y v, P sF (TP Xy x, (T P) ()
holds. from which it follows that

’fr Y gy (T, P ) o 9)
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where ¢, 1s the solute fugacity coeflicient in the solute~carrier gas mixture at tempera-
ture 7 and mean column pressure P, 37 is the activity coefficient of the.solute in the
ternary system solute-carrier gas-stationary phase at 7and P and f? is the fugacity of
the pure liquid solute at 7 and P.

The pressure dependence of the product ;-7 /% can formally be eliminated by
itroducing activity coetflicients at a reference nressure™ by means of the thermo-
dynamically rigorous relationship: '

P IR, a
+ 40 + P - 0P, - V(L Pl X))
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where »7¥is the activity coeflicient of the solute at temperature 7. an arbitrary
reference pressure Prand a constant liquid phase composition equal to that at pres-
sure P, f9 is the fugacity of the pure solute at temperature 7 and reference pressure
Pr and V17 is the partial molar volume of the solute in the liquid phase at
temperature 7 and at a constant liquid phase composition equal to that at pressure £.
A basic condition for the validity of eqn. 10 is the preservation of an invariable com-
position of the liquid phase when passing from pressure P to the reference pressure Pr.
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This condition cannot be fultilled precisely in our case. as the solubility of the carrier
gas in the stationary phase varies with the pressure and the liquid phase composition
varies accordingly. In spite of the above reservation, eqn. 10 represents the only
acceptable means of providing for at least an approximate application of the iso-
thermal-isobaric integrals of the Gibbs-Duhem eguation to the concentration depen-
dence of the activity coefficient of the solute. Employing eqn. 10, eqn. 9 can bL re-
written as

N 4 .
. cxp[ | — (VE7/RT) dp]
Ry Prv .
B wp = Pr gopr (1n
LI B ]

The partition coeflicients of the carrier gas. w,. can be derived from a relation-
ship analogous to eqn. 8. The equation

g T PYP - 3(T.P.x)x, HAT. P) (2
hokds. from which

0 =
g5 P

where 49 is tln, fugacity coeflicient of the pure carrier gas at temperaiure 77 and
pressure P 57 is the aetivity coeflicient of the carrier gas dissolved in the liquid phase
at T and P. referred to an infinitely dilute solution as a reference state. and #. is the
Henry law constant of the carrier gas in the stationary phase at 7 and P.

In deriving eqn. 13, both phases have been considered to be inlinitely difute
solutions of the solute. Hence the effects of the solute on the fugacity of the carrier
gas (Lewis-Randall rule) and on the solubility of the carrier gas in the stationary
phase have been neglected.

Through a formal application of egn. 10. the product ¥ £, in eqn. 13 can fur-
ther be rearranged. so that

»
qgﬁcxp[ [ - lf}‘”,fRT)dP]
Pre
#IPTL Prox) HY (T, Pr) (4

where ;¥ is the activity coeflicient of the carrier gas dissolved in the liquid phase at
temperature 7T and reference pressure Prand at a constant liquid phase composition
equal to that at pressure P. referred to an infinitely dilute solution reference state.
£177 1s the Henry law constant of the carrier gas in the pure liquid phase at temperature
T and reference pressure Prand FLis the p..trtml molar volume of the carrier gas dis-
solved in the pure liquid phase at temperature 7 and a constant liquid phase composi-
tion equal to that at pressure P. The same reservations hold for the transition from eqn.
I3 to egn. 14 as those specified for the trapsition from egn. 9 to eqn. 11.
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Finally. when replacing the expression «,/P. applicable to a binary system. by
&F/IP(1 — &»)]. valid for the ternary system. in eqn. 5. a relationship that is sufliciently
eeneral for our purposes is obtained:

. - VLt
e gpy o], [ = (PUTIRT) AP

A . -+ Pr g0Pr
"‘.[5 E 1 .l 1

Tr
v,

'§<l‘r l‘lfr
I HIT — 43 P exp| (- (VHRT)dP]

Pr

-
e

LIQUID PHASE

Dependence of the activity coefficients on the composition

The properties of the liquid phase alfect the specific retention volume by meians
of the functions 7 ?r fOr and ¥ HE7. generally f4#7x;. where f9(T.FPr.x) is the
fugacity of the ith component of the liquid phase at a reference pressure Pr. tempera-
ture 7 and a given composition of the liquid phase. and by means of the functions
L+ and VL. At a constant temperature. the functions /-7 are dependent only on the
composition of the liquid phase and comply with the isothermal-isobaric Gibbs-
Duhem equations. )

Krichevskii*® derived the following relationships for dilute regular ternary solu-
nons: '

RTInfYP = RTIn HP" Xy — a5 (1 — X3) - @i Xy = (dy> -+ dyy — az5) Xa X

(16)

3

RTInft - RTIn HY Xy — das (1 — X3) = dpa X7 -~ (@ya —— das — ty3) Xy X5

et e e e, ot e e
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RT In f3¥0 = RT In " x5 = aas X3 - a5 x] = (ays = das —~ d:) Xy X

where /87 is the Henry law constant in the binary solute-stationary phase system a
temperature 7Tand reference pressure Pr. /987 is the fugacity of the pure stationary liquid
at temperature 7 and reference pressure Prand «g;; are binary constants dependent
only on T and Pr. System 16 1s a simplified form of Margules™ symmetrical equation
of the third order for a ternary system (sce ret. 26).

In our case of an infinitely dilute solution of the solute. x;, ~-0and x; —- 1 — xa.
and
tyy — Uy — U (45X
In fLfr . In HP" x| --- = -Xa - X3 . (17
. B - X2 X3
! ! RT RT °
InfLPr o= In HE vy — S22 x, — 4 : (18)
* = e RT ~ % 2 ,

from which 1t follows that

e .. n , ) 2 .
1 Pr/l;l"r = -:__.a:?l"r Hfr = l‘ e ['[‘;r CXP[((! — [l) Xa -t Iz -\_S] (19)
=+l
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-LPr
T:;prAi[;" - ’%_ — HI exp[— g (2.x; — x3)] . (20)

where ;57 P is the activity coeflicient of the solute in the ternary soluie-carrier gas—
stationary phase system. referred to the reference state of an infinitely dilute solution
of the solute in the stationary phase. « =: (@, — a;3)/RT. and § = a»;/RT.

« Eqgns. 19 and 20 express the required dependences of the activity coefiicients of -
the solute and carrier gas on the hquid phase composition. If (¢ — f)x, =3 px? and
2x, - x3 tora carrier gas with a low solubility, the concentration dependence of the
activity coefficients can be further simplified:

FEP S - e — s (2D
+Er S 1 -~ 2N, (22)

In a general case. however. the relatively simple system 16 may become un-
satisfactory and more complicated integrals will have to be used. A survey of the
expansions of the dependences of activity coeflicients on concentration. based on the
generzl Wohl expansion for a ternary system. was given by Hila er a/ 2% for example.

Partial molar volumes of the components in the liguid phase

The partial molar volume of the solute in the liquid phase and also its pressure
dependence are closely associated with the problem mentioned in the introduction.
mamely the comparison of two liquid systems. one in the column at pressure P and
the other. a reference system. considered at the same temperature and composition.
but at a very low reference pressure Pr.

For regions close to saturation. approximate methaods tor calculating the par-
tial molar volumes from an equation of state. based on the theorem of corresponding
states and empirical rules of mixing the constants of pure substances®™. have been
developed. However. owing to the special nature of stationary liquids emploved in
chromatography. the above rules are of no use for our purposes. Direct experimental
dati. especially for ternary systems. do not exist.

When neglecting, at least in a region far from the critical region of the mixture.
the pressure dependence of the partial molar volumes of the components in the
condensed phase. the equation

P [_—,_La.- i_—.»_l_é -
— L _-dP — (P — Pr 23
o TREC rRT " =)

holds approximately and the problem is reduced to secking the pseudo-constant L+
at a given composition of the liquid phase and at a given temperature. The replace-
ment of the quantity V-+(7.x) by the molar volume of the pure component in the liquid
phase at the temperature 7. FO(T} (refs. 16 and 21). is not a very satisfactory solution
as the actual solutions of both the solute and dissolved carrier gas correspond to
oppostie sides of the concentration range. In addition. further problems are encoun-
tered. for example those in determining the molar volume of the liguefied carrier gas
above its criticai temperature.

With the solute. the independent determination of the partial molar volume in
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an infinitely dilute solute-stationary phase binary system, i.e.. the interchange of 71+
and VL_can be considered to be an adequate approach. With the carri .+ gas, the par-
tial n’loldr volume, VL. can be determined from the pressure dependence of the solubil-
ity of the carrier gas in the pure stationary liquid. However, at pressures and tempera-
tures near the critical region. the assumption of the independence of the partial molar
volumes of the components in the condensed phase on pressure 15 no longer valid. On
the contrary. in this region significant changes in the partial molar volumes occur
upon changing the state variables. and the value of eqn. 10 becomes very question-
able in this case.

GASEOUS PHASE

Fugacity coefficient ’
The fugacity coeflicient of a component of a gaseous mixture.y ; - /(T P.x)/v; P.
is connected with the equation of state of the gaseous mixture through the relation-
ship
o ap -
Ing,; - “_l-_»— . | [( of ) o 1?7 ld‘.m —Inz, ) (24)
- RT v, L OH; T v Yo

where v, is the volume of the gascous mixture at temperature 7 and pressure P and
= 18 the compressibility factor of the mixture at 7 and P.

The choice of a suitable equation of state. necessary for calculating the volume
1, of the mixture. compressibility fuctor =, and the factor éP;én;. is determined by the
precision required and the temperature range. In gas chromatography. the virial equa-
tion of state with the second or third coectlicient is usually cmplovcd from which it
follows for the fugacity coetlicient of the solute that :

.2 3

T B S

Ing, — C!"vv —In =, : (23}

where FF¢is the molar volume of the pure carrier gas at T and P and B, and C,,, are

the cross-virial coeflicients of the binary mixture of solute and carrier oas at tempera-
ture 7. The molar volume and compressibility tuctor of the pure carrier gas at the

column temperature 7 and mean pressure £ have to be determined through the inde-

pendent solation of the equation of state of the carrier gas.

In the low-pressure region. a simplification is sometimes introduced that con-
sists in replacing the molar volume of the carrier gas by the molar volume of an ideal
gas at the same temperature (7) and pressure (P) in eqn. 25, ie.. .

5 -

Ing, - _:1}%?_'[3 _:—z'——ii‘}J—’: ' (250)
Hm\c\u’ this simplification will be mapplicable at higher pressures. and the devia-
tions from eqn. 23a found experimentally then leed to false Lom.mxmn\ about the
necessity for adding further terms of virial expansion.

The virial equation terminated after the third term will be unsatistactory for
describing the properties of the gaseous phase close to the critical point of the carrier
zas (Supereritical Fluid Chromatography). In this case. it is recomnkndt.d that some
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of the semi-empirical equations of state should be used. such as the modified Redlich-
Kwong equation (see ref. 28). rather than increasing the number of the terms of
virial expansion.

DISCUSSION

Egn. 15 can be written in a briefer form:

- _Tr RTv ¢ exXp [ "P — (‘l'?ll.+ :"RT) d[’]
!:. £ s _: -
“ AL

3>

i - l (26)

Iif'r » :_.l'?*l'r ([ o -\.2)

or. after substituting into this equation from eqns. 19. 23 and 25 and introducing the
approxtmation P — Pr < P.

S pere __RTr [Z(Bzz.-"—-z) - B 5 3Cpan ~ ]

& e P - -p:
S VA 7 RT ey !

exp —[lee — p)x, - p X3l

(27)

When neglecting the difference between FE= and V. the first two terms of the right-
hand side of eqn. 27 represent an expression applicable to the classical pseudo-binary
system.and the last term represents the correction for the solubility of the carrier gas
in the stationary phase.

Let us now consider the properties of the above correction term in greater
detail. When omitting the trivial case of x, -~ 0. the correction term acquires the value
ot unity fer a number of the pairs of ¢« - g and g, even at relatively high volues of the
molar fraction x» (approximately 0.2). In order to itllustrate the case. calculated values
of the corrections for several ¢, g and x, values are given in Table 1.

TABLE |
VALUES OF THE CORRECTION FACTOR EXP ! [t - iv: - il (1 x» FOR DIF-
FERENT VALUES OF «, i AND x, ‘

s

g @
.5 1.0 1.3 2.0
0 005 1.027 1.001 0.977 0.952
0.10 1.057 1.005 0.956 0.910
015 1.091 1.013 0939 O.871
0.20 1.131 1.023 0926 .838
I 003 1021 1,999 0971 L9350

010 146 0.995 0.947 0901
0.5 1067 0.990 0919 0852
0.20 1.087 0983 0.890 0.803

1.021 0.996 0972 0.948
0.10 1.036 0.985 0.937 0.892
0.15 1643 0.968 0.8Y8 0.833
0.20 1.042 G945 0.855 0.773

[1°]
e
<
)
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A situation characterized by a unit correction factor at x, # 0 corresponds to
a case in which the effect of the increase in the amount of liquid phase in the column.
brought about by the dissolved carrier gas. is just compensated for by that of the in-
crease in the activity coetlicient of the solute. This is the only way to explain. tfor ex-
ample. the results of Sie e al3. who ascertained that the solubility of carbon dioxide
in squalane did not affect the retention of benzene and methanol although the experi-
mental data showed an apprumbk solubility of carbon dioxide (as much as 20%;,.
wiw).

Let us now compzxrc the correction term defined by eqn. 27 with the formal cor-
rection introduced by Cruickshank and co-workers!®-2'. They employed the symmet-
rical convention for the activity coeflicient of the solute. Hence. they worked with the
activity coeflicient ;-3 ™. and expanded the dependence of the logarithm of the activity
coetlicient of the >0luu_ on the amount of carrier gas dissolved in the stationary phase.
i.e.. the function In 3777 = In 77 P7(x5). into MacLaurin series:

In 7" = dn el —(@In T ME g - 03(@ In AN, e - ooa. (28)

When comparing egns. 28 and 19, 1t follows for the individual terms of
Cruickshanks’ correction that 387 == HEf9 (GInyF Pr/ox.)y = « — 7 and (*InyF ™/
dx3)e -+ 2p. In contrast to the formal expansion {(eqn. 28). the application of eqns. 19
and 20 is of advantage in that they show the relationship between the value of
(d*In;-F Fr/éx3), as well as the deviations from an ideal infinitely dilute solution of the
carrier gas in the binary carrier sas—stationary phase svstem. In accordance with egn.
20. the above deviations are characterized by the value of 7 and can be determined
from direct measurement of the solubility of the carrier gas in the stationary phase.
In addition. egns. 19 and 20 are automatically in compliance with the Gibbs-Duhem
cquation. which cannot be generally proved for the formal expansion 28,

The solubility of the carrier gas in thc stationary phuse 1s expressed by egn. [4:
atter replacing +F in the latter by eqn. 22, the molar tmumn of carrier gas can be
expressed L\PllLllLl\.. When assuming that P - Pr = P_ there holds approximately

the equation

¢ P expl— B PIRT)

A — . (29)
TP 2 gy Pexpl— FE P/RT)
The comparison with Cruickshank™ power series v, == ZP -+ @GP - ¢ PP = ... |5

difficult and purposeless in this case. It holds very roughly that 2 = 1/H!" and
b~ 2EAHE).

When neglecting the correction for the solubthity in the case of a carrier gas of
low solubility. eqn. 13 mukes it possible to seek the pressure dependence of the fugacity
coetlicient of the solute in the solute-carrier gas mixture by emploving the pressure
dependence of F¥r In this cases eqn. 15 can be written as

In rln( v ) - P (30)
e - - - 2
TSR RT ~
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In order to express this equation numerically. it is necessary to know the partial molar
volume of the solute in the liquid phase. Even in this most tavourable case, the mere
knowledge of the pressure dependence of I~ is insufficient for the determination of
the pressure dependence of the fugacity coeflicient (the second cross-virial coeflicient
B, in the simplest cases) of the solute-carrier gas mixture.
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