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Abstract

Methods of prediction of the second virial coefficient which may be used in calculation of inverse gas
chromatographic parameters are presented. It is shown that these predictions led to various B, ,-values. Moreover,
the final result, i.e. Flory—Huggins interaction parameter x| , and/or mass activity coefficient Q7 is also different.
However, the relative differences between inverse gas chromatographic parameter are one order of magnitude
lower than those of the second virial coefficient. Variations in inverse gas chromatographic parameters depend also

on the stationary phase used.

1. Theory

The number of empirical and semiempirical
equations-of-state, which allow to establish exist-
ing relationships between the variables p, V and
T exceeds 150. Each of them is the result of the
theoretical interpretation of a relatively simple
model of interactions or represents an empirical
relationship valid for a given class of compounds
or substances. Individual properties of each class
are taken into account by introducing additional
factors into the equation which are constant for
this group. The Van der Waals equation is most
often used for the description of the behaviour of
a real gas. It presents a correct qualitative
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description of gases and liquids and predicts the
existence of a critical point. However, for non-
ideal gases — even under relatively low pressure—
satisfactory agreement between predicted and
experimental data is seldom observed [1]. There-
fore, the well-known virial equation of state was
proposed to overcome existing difficulties in the
description of correlations between p, V and T:

V=RT+Bp+Cp*+Dp’+--- (1)
p p

For an ideal gas all virial coefficients
(B, C,D...) are equal to zero. In other words,
virial coefficients are the measure of gas non-
ideality caused by the presence of bi-, trimolecu-
lar etc. interactions in a real gas at a given
temperature.

In the examination of polymers and other
materials by inverse gas chromatography [2]
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knowledge of the solute binary parameter is
necessary. This value is used in calculations of:
(i) Flory-Huggins interaction parameter «} ,:

. 273.15R\ P°
K= [n< P(I)Vng ) ”R_}(Bn - V?)
VO
+ 1n(ﬂ) - (1 ——;) @)
P vV,

where M, P, B,,, V%, p, and Vg are the
molecular mass, saturated vapour pressure, sec-
ond virial coefficient, molar volume and specific
retention volume of the solute, respectively; p,
and V' are the density and molar volume of the
stationary phase; T is column temperature, and
R is the gas constant; «;, was further used in
prediction of the solubility parameter of poly-
mers and their mixtures [2].

(ii) Mass activity coefficient Q7

273.15 R
InQF = ln(ﬁ> - ln<3—1>
w, PV M,

__}i B _VO
RT( 11 1)
(3)

where a, is the activity coefficient and w, is the
mass of a solute.
(iii) Partial molar free energy of solution AG:

AG; =RTInQ} (4)

Condor and Young [3] indicated that “‘there are
no really satisfactory results for predicting sec-
ond virial coefficient of polar substances al-
though it is possible to extend the principle of
corresponding states to substances with small
dipole moments with limited success”. They
have stated also that the permissible uncertainty
in estimation of second virial coefficient of solute
should be +10% (at 20-50°C).

Several methods which are most often used in
prediction of second virial coefficient are pre-
sented below. According to the principle of
corresponding states [4,5] for any two gases two
relationships are valid

B, _ ( T ) 5)
Vi T,

and

B, < T )

o =®l— (6)
V22 T22

where VS, T9,, V3, and T3, are the critical
volumes and temperatures of species 1 and 2,
respectively, while @ is the same function func-
tion for both gases. Applications of Egs. (5) and
(6) lead Guggenheim and McGlashan [6] to the
following relationship

7 7)-os(T)
Ve~ 0.461 — 1.158( T 0.503 T (7)
where B, is expressed in cm’/mol, V¢ in ml/g,
T and T° in K (valid for Egs. 7-10). This
relationship was used, e.g. by Martire is his work
on theoretical aspects of gas chromatography [7].

McGlashan and Wormald [8] corrected Eq. 7
by introducing an extra term

- (7)-osl )
e =0.430 — 0.886( = ) — 0.694(

~0.0375(n — 1)( TTC)“ (8)

where n is the number of carbon atoms in
hydrocarbons.

Guggenheim and Wormald [9] applied another
version of Eq. 7

By _ 0 1‘144(Tc) -0 480(Tc>2
e = 0.500-1. T ) T

- 0.042( 1;)3 %)

while for paraffinic hydrocarbons having 1 to 8
carbon atoms they proposed to calculate B,
from

B11 B ( C)4.5 10
e =0.0375(n ~ 1) (10)

Blu et al. [10] and Nesterov and Lipatov [11]
predicted B,, values from

9RT* (T“)Z}
= - 11
Bu 128p°{1 S\ (1)
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The authors proposed to calculate the second
virial coefficient from the relatively simple rela-
tionship

B, =V.[0.25 - 1.5(T°/T)] (12)

in the case when 0.6 > T/T°<1.0.

Pitzer and Curl [12] and O’Connell and Praus-
nitz [13] introduced the acentric factor (w,)-a
measure of deviations from the properties of a
simple, inert gas. They predicted B, values from
general relationship

p‘B
RTlc1 '=fg))(TR) + wifg)(TR) (13)

where p° and T° denote critical pressure and
temperature, respectively; T, is reduced tem-
perature equal to the ratio 7/T_; w, is defined as

o, = —lg(p;/p) — 1.000 (14)

where p; is the saturated vapour pressure when
T/T,=0.7; factors f{’(Ty) and f)(Ty) are
calculated from the following equations:
0.330 0.1385 0.0121

Ty T? T

FENTy)=0.1445 -

(15)

Table 1

0.46 050 0.097 0.0073
) _ + _ _ _
F3TR) = 0073 + == ==

(16)

Besides these two factors these authors [13]
introduced also the unit: f,(ug, Tg) and pre-
sented values of wy (acentric factor) and u
(dipole moment) for the series of gases consist-
ing of polar, organic molecules.

To calculate the second virial coefficient from
Eqs. 7-10 and 12 knowledge of the critical
pressure is not necessary. The critical pressure
may be also calculated from the general relation-

ship [14] valid for all molecules

. 208T°

and the error of prediction does not exceed 11%
(V° expressed in ml/mol, T° in K and p° in atm).
For a mixture of two different chemical sub-
stances Cruickshank et al. [15] presented a
relationship which allowed to calculate B,;:

Comparison of second virial coefficient values calculated from various relationships at 373.15 K

Test substance B,, (cm®/mol) predicted from

Eq.7 Eq.8 Eq.9 Eq. 11 Eq. 13 From
Ref. [20}]

n-Pentane —632 —687 —555 —664 -773 -526
n-Hexane —878 —-1011 -747 -932 —1419 -783
n-Heptane -1168 —1494 -973 —1233 —-1514 -1102
n-Octane —1505 -2085 -1322 -1577 —2086 —1584
n-Nonane —2049 - -1428 —1879 —2578 -2093
n-Decane —2281 - —1784 -2359 —3576 —-2633
Benzene - - —821 —1226 —-768
Toluene - - —1136 —1274 -1077
2-Butanone - - - -1256 —664
1-Nitropropane - - - —894 -
Pyridine - - - —1051 -907
1,4-Dioxane - - - —998 -
m-Cresol - - —1547 —3034.6 -
Acetic acid - - —611 -969 -




142 A. Voelkel, J. Fall | J. Chromatogr. A 721 (1995) 139—-145

By (Ti,z) (Ti,z)z
Vi,2_0'430—0'886 T —0.694 T

n,+n,\(T1,\*°
—0.0375( 12 2)( T) (18)

where V1, and T§, are pseudocritical volume
and temperature, respectively; n, and n, denote
the number of carbon atoms in two hydrocar-
bons constituting the mixture. The most widely
applicable rules for calculation of V7, and T,
were discussed by Conder and Young [16].
Please, do check the formal similarity of Eqgs. 8
and 18. McGlashan and Potter [17] predicted B,,
for binary mixture from the following relation-
ship

B, =(1-x)’V,®(T,/T)
+2(1 —x)V S ®(TSs/T) + X’V ®(T5/T)
(19)

where Vi, and TSy are pseudocritical volume
and temperature calculated from

Vie =0V +05) T /3 (20)

Ths = (TaT3)"” (21)

and @ is the universal function.

The general method of B,, prediction was
presented by Hayden and O’Connell [18]. For
calculation of the second virial coefficient B,
knowledge of the critical parameters and tem-
perature of the experiment is required. The
second virial coefficient is also tabulated for a
rather limited group of compounds in several
handbooks, e.g. [19].

Inverse gas chromatographic applications

The point of interest is if the accuracy of
prediction of the binary parameter significantly
affect the resulting values of the physicochemical
parameters used in characterization of polymers
and their mixtures. The values of B,, calculated
with the use of several relationships presented
above at 373.15 K are presented in Table 1.

Additionally, some B;, values were found by
extrapolation of data presented in Ref. [20].
Values of critical parameters (pressure, volume
and temperature) were taken from Refs. [21-
24].

The values of the second virial coefficient for
selected test solutes differ significantly. Differ-
ences very often exceed the 10% limit indicated
by Conder and Young as the accepted limit of
uncertainty. The highest relative variation of B,;
expressed as ((Byimax ~ Biimin)/Biimin) X 100%
was found for n-hexane (90%), n-decane
(100%) and m-cresol (96.2%) (Fig. 1A). Most
often the values for the relative variation exceed

variation [%}

", varlation [%]

Fig. 1. Variation of second virial coefficient B,,, expression
- (pY/RT)B,, - V?) from Eq. 2 (A) and Flory-Huggins
interaction parameter «; , calculated with the use of various
B,, values for two stationary phases (pipeline and Flotta—
Blend petroleum residues as in Tables 2 and 3) (B); a=
n-pentane; b= n-hexane; ¢ = n-heptane; d=rn-octane; e =
n-nonane; f=n-decane; g=benzene; h=toluene; i=
2-butanone; j = pyridine; k = m-cresol; 1 = acetic acid.
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50% and only for benzene and pyridine rather
low values were found, i.e. 18.3 and 15.9%,
respectively. These variations in B, significantly
mfluence the following values of the expression
— (pY/RT)(B,, — V?) (see Table 2). The relative
variations calculated in the same way as for the
second virial coefficient are also significant (Fig.
1A). For n-alkanes these variations are almost
the same as those for B,, and the expression
—(p)/RT)(B,, —V?). Although the values for
the latter expression decrease with increasing
molar mass as well as with decreasing saturated
vapour pressure of the solute, the observed
differences do not follow this rule.

The expression — (p}/RT)(B,, —V?) is fur-
ther used in Eq. 2 to calculate the Flory—Hug-
gins interaction parameter «;, and/or in Eq. 3
to give the mass activity coefficient Q7. There-
fore, one may expect that the values of both
physicochemical parameters will also depend on
changes in the second virial coefficient values. In
fact, Flory-Huggins interaction parameter k7 ,-
values tabulated in Table 3 differ when using B,
predicted by different methods. The values of
k3, were calculated with the use of retention
data collected for comparable fractions from two
petroleum fractions used as liquid stationary

Table 2

phases in chromatographic column. These frac-
tions were obtained in a separation process of
vacuum residues from pipeline oil and Flotta—
Blend oil.

The relative variations in «; , calculated as for
B,, were much lower than those of the second
virial coefficient and the expression —(p)/
RT)(B,,—V})) (Fig. 1B). Generally, they did
not exceed 10%, and only in some cases were
higher, e.g. for n-pentane (Flotta—Blend pitch)
(54.7%) or n-hexane (pipeline oil pitch) (50%)
(Table 1). It is also clear that the range of
variation was affected by the stationary phase
used in gas chromatographic experiment. The
k7, variation parameter for Flotta~Blend oil
residue fraction is significantly lower than for the
corresponding fraction from pipeline oil residue.

The Flory—Huggins interaction parameter & ,
is often discussed as the measure of mutual
solubility for solute—polymer systems. We have
shown that the significant variations in second
virial coefficient data possibly collected from
different sources affect the final result, i.e. the
physicochemical parameters which are used for
discussion of the practical application of polymer
and petroleum systems. The variations in the
resulting data do not change the selection of a

Comparison of expression — (p}/RT)(B,, — V?) calculated for various B,, values at 373.15 K

Test substance

— (pY/RT)(B,, — V) expression for B,, value calculated from

Eq.7 Eq. 8 Eq.9 Eq. 11 Eq.13 From
Ref. [20]

n-Pentane 0.166 0.178 0.149 0.173 0.176 0.143
n-Hexane 0.080 0.091 0.070 0.084 0.123 0.072
n-Heptane 0.040 0.056 0.038 0.047 0.057 0.043
n-Octane 0.026 0.034 0.023 0.027 0.034 0.027
n-Nonane 0.016 - 0.011 0.015 0.020 0.016
n-Decane 0.008 - 0.006 0.008 0.012 0.009
Benzene - - - 0.059 0.086 0.056
Toluene - - - 0.005 0.006 0.005
2-Butanone - - - - 0.079 0.044
1-Nitropropane - - - - 0.030 —
Pyridine - - - - 0.023 0.020
1,4-Dioxane - - - - 0.035 -
m-Cresol - - - 0.001 0.002 -
Acetic acid - - - 0.016 0.018 -
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Table 3
Comparison of Flory-Huggins interaction parameter «, calculated for various B, values at 373.15 K

Test substance K , parameter calculated for B,, value predicted from

Eq.7 Eq.8 Eq.9 Eq. 11 Eq. 13 From

Ref. {20}

The aromatic fraction Ar Il (1.53< n’} <1.55) separated from pipeline petroleum residue used as stationary phase [25]
n-Pentane -0.562 —-0.574 —0.545 -0.569 -0.594 —0.539
n-Hexane —0.116 -0.127 —0.106 -0.120 —0.159 —0.108
n-Heptane 0.067 0.051 0.069 0.060 0.050 0.064
n-Octane 0.125 0.117 0.128 0.124 0.117 0.124
n-Nonane 0.098 - 0.103 0.099 0.094 0.098
n-Decane 0.124 - 0.126 0.124 0.120 0.123
Benzene - - - -0.137 —0.164 —0.134
Toluene - - - 1.726 1.725 1.726
2-Butanone - - - - 0.540 0.575
1-Nitropropane - - - - 1.797 -
Pyridine - - - - -0.077 —0.074
1,4-Dioxane - - - - 0.276 -
m-Cresol - - - 0.920 0.919 -
Acetic acid - - - 1.295 1.293 -

The aromatic fraction Ar Il (1.53 < n’} <1.55) separated from Flotta—Blend petroleum residue used as stationary phase [25]

n-Pentane 0.065 0.053 0.082 0.058 0.053 0.088
n-Hexane 0.569 0.558 0.579 0.565 0.526 0.577
n-Heptane 0.728 0.712 0.730 0.721 0.711 0.725
n-Octane 0.763 0.755 0.766 0.762 0.755 0.762
n-Nonane 0.769 - 0.774 0.770 0.765 0.769
n-Decane 0.768 - 0.770 0.768 0.764 0.767
Benzene - - - 0.549 0.522 0.552
Toluene - - - 2.343 2.342 2.343
2-Butanone - - - - 0.937 0.972
1-Nitropropane - - - - 2.482 -
Pyridine - - - - =2 =*
1,4-Dioxane - - - - 0.779 -
m-Cresol - - - 1.767 1.766 -
Acetic acid - - - 2.035 2.033 -

* Retention data not obtained because of adsorption of the solute into the stationary phase.

given solute as good or poor solvent for the
examined liquid phase. However, one should
take into account the possible error of estimation
caused by the uncertainty in the physicochemical
data which may, in several cases, exceed 10% of
the value of the inverse gas chromatographic
parameter.
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