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Extension of Chromatographic Method of Determination of
Thermodynamic Properties

I. KIKIC* and H. RENON

GROUPE COMMUN REACTEURS ET PROCESSUS
ECOLE DES MINES—E.N.5.T.A.
75272 parIs CEDEX 06, FRANCE

Abstract

A gas-chromatographic method is proposed for the cetermination of the slope
of the curve y = p(x) for x — 0. The values so obtained are compared with
those calculated on the basis of liquid-liquid and liquid-vapor data.

INTRODUCTION

Gas-liquid chromatography is now an established method for determin-
ing the thermodynamic properties of a solution at infinite dilution of
solutes in solvents (i.e., activity coefficients at infinite dilution) from mea-
surement of the retention time.

The deviations of this quantity from its value at infinite dilution, when
a finite concentration of the solute is considered, can be caused either by a
variation of the partition coefficient or by a physical effect which can be
derived from the theory of chromatography (/, 2).

In the papers of Lenoir (2, 3) these effects are considered and good
agreement is obtained when experimental chromatographic data (retention
time) are compared with those calculated on the basis of vapor-liquid equi-
librium measurements on the same systems.

The present paper reports an attempt to study the variation of retention
time from its infinite dilution value for the determination of the slope of
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the curve y = p(x) for x = 0. In this manner the gas-liquid chromato-
graphy would allow two thermodynamic parameters to be determined:
activity coefficients at infinite dilution, and the activity coefficient slope for
x = 0.

THEORY

The equations relating the characteristic quantities of the elution process
(retention time) to the thermodynamic parameters, as the equilibrium
coefficient of the solute, are obtained by a material balance on the solute
around an element of column of length dz:

__( )+.£_}_16_+Ka(__x>=0 4y
ot m

e — H) H)é’_‘_xa<l_x) ~0 V)
v, ot m

(where n = y/(1 — y) is the mole fraction of the solute in the vapor phase
on a solute-free basis), with the boundary conditions:

atr =0 =x=0
atz=0  y@) =yl(r)

In these equations the axial diffusion is neglected and the overall mass
transfer coefficient K is assumed constant. An equation in which the
moments of the response impulse are the main variables is obtained from
the Laplace transforms of Egs. (1) and (2):

i )

The retention time is then calculated by

tr = [n)i/Inlo “)

Integration of Eq. (3) presents some difficulties in the finite concentra-
tion case: it can not be considered in the gas phase y = n and also, what is
the main difficulty, the partition coefficient m is not a constant but it is a
function of the concentration of solute in the liquid phase. Its variations
are ascribed to the corresponding variation of activity coefficient with con-
centration:

mimg, = [y, &)
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The liquid phase concentration, x, is obviously the variable within the
activity coefficient and the distribution coefficient change, but in what
follows, for mathematical facility, the development of m as a function of
gas-phase concentration, y, is considered:

2 age X withe, =1 (6)

The calculation of [5); by integration of Eq. (3) in which x is replaced by
its value obtained from Eq. (6) yields the relation between (96/0t,),, - and
a,; by dropping the terms of higher order in the development of ()
(derivation in Appendix A), where

§ = Ig — (R (7)
Ir
and
[nlo
= 8
"= ®)
we obtained:
2 _ 26_ 3 _1__ I _l__ tRacz 9
“ [<a> V" T [ Ti e — ®
From Eqs. (5) and (6) and from the equilibrium relation
0
(g%;) = —azyqto_ (10)
x=0

it follows that the evaluation of «, from experimental data of retention
times by Eq. (9) gives the slope of the y = y(x) curve for x = 0.

EXPERIMENTAL

The apparatus used and the experimental techniques for the preparation
of the column, when volatile solvents are used, are described elsewhere (4).

In the case of nonvolatile solvents, the solid support (Chromosorb W)
and the stationary phase in weighed proportions (25 wt-% stationary
phase) were mixed with a volatile solvent, which was then evaporated in a
stream of inert gas with continuous stirring. In this manmer a uniform film
was obtained on the support.

Columns of various lengths (from 0.30 to 1 m) and 0.4 mm i.d. were
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used. We used N-methylpyrrolidone (NMP), B,8'~oxydipropionitrile, and
hexadecane as the stationary phase.

The solutes were hydrocarbons (n-hexane, isooctane, n-heptane, cyclo-
hexane, and benzene). They were chosen so as to change the y-values in a
range as large as possible.

Liquid-liquid equilibria were measured for the systems n-hexane-NMP,
n-heptane-NMP, and isooctane—-NMP, between 20 and 30°C by a modifi-
cation of the cloud point method.

Liquid-vapor equilibrium data were also determined for the systems
n-heptane-NMP and cyclohexane-NMP with a static apparatus presented
elsewhere (5).

RESULTS AND DISCUSSION

According to Eq. (4), the retention times are calculated from the mea-
sured quantities with a computer program which calculates first and
second moment from a transcription on punched cards of the peaks read
on a recorder. The retention time at infinite dilution is evaluated by ex-
trapolating the experimentally determined retention times which are also
correlated with ..

In Figs. 1 to 3 the experimental values of 6 obtained are plotted as a
function of 7, for the different solutes in the solvents used. In these dia-
grams the dashed line represents the theoretical values of deviations
calculated for y,, = 1 and a, = a; = 0.

It can be noticed that the difference between the slopes of all experi-
mental and the theoretical curves is always positive for solutes with nega-
tive and positive deviations from ideality; solutes in hexadecane present
deviations which, as absolute values, are greater than the theoretical
values; this occurs when the square term of Eq. (14A) is not negligible.
This is a confirmation that the chromatographic behavior depends only on
a,? and a,?; consequently the curves have the same slope at the origin for
the same absolute value of a, whatever the sign of a,.

The a,? and (8y/8x), -, values obtained are reported in Table 1. The sign
of (8y/0x), = is given according to thermodynamic considerations: indeed,
for these systems, if y,, > 1 we have (3y/0x),-o < 0,and ify, < 1 we have
(09/8X)xu0 > 0.

An estimation was made of the error affecting the (8y/0x),.o values
obtained. The error in (dy/0x),., arises from the determination of
(06/07,).,=0 and of the activity coeflicients at infinite dilution. In Fig. 4,
é/t, values are reported as a function of 7,. The value of the intercept
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TABLE |

Experimental Values of a,2, (87/0x)y=0, and 7o
Solute Solvent a;? (07/8x)xmo Yo
n-Hexane NMP 6.5516 —982.0 14.77
n-Heptane NMP 20.215 —-77.0 18.54
Isooctane NMP 16.056 —86.5 20.07
Cyclohexane NMP 10.469 —28.4 9.09
Benzene NMP 15.398 —0.37 0.997
n-Hexane Hexadecane 2.9856 —0.24 0.87
n-Heptane Hexadecane 24.197 —0.23 0.907
n-Pentane Hexadecane 0.7386 —0.41 0.926
n-Propane Hexadecane 0.6693 —5.06 0.961
Isobutane Hexadecane 0.2054 —1.29 1.051
Isooctane Hexadecane 11.597 —0.20 0.972
Cyclohexane Hexadecane 5.8062 —0.18 0.778
Benzene Hexadecane 6.7086 —0.34 1.056
n-Heptane B.8-Oxydipropionitrile 7.46 —2218 120.6
Isooctane B,B’-Oxydipropionitrile 3.584 —2120 136.6
Cyclohexane B.B’-Oxydipropionitrile 1.872 —215.4 36.25
Benzene B.8’-Oxydipropionitrile 6.006 —2.01 2.658
Acetone B.8’-Oxydipropionitrile 1.524 —0.34 0.997

for 1, = 0 is (06/01,),,-o. It can be noticed that the spread of the values
is greater at the lowest t, values when the quantities injected, and con-
sequently the reproducibility of the measurements, are lower. From Egq.
(9) it is possible to calculate the error in the evaluation of a,2, which is of
the same order as (96/d1,),,=,. Finally, from Eq. (10) and from the loga-
rithmic derivative properties:

@oee ~wm T 7e T P {n

Since Aayfa, =~ 429, Ay, /7., is assumed (6) ~ 4%, and A[(f°/P)/(f°/P))
is 1%, it follows that

AOY2R)ses _ <o
@00, % (12

The tests of the agreement of chromatographic measurement with
direct measurement of equilibrium data were performed in three different
ways:

(@) Predict liquid-liquid and liquid-vapor equilibria from chromato-
graphic data only.
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(b) Predict the thermodynamic behavior in the whole range of composi-
tion from chromatographic and other equilibrium data (i.e., one
liquid-vapor point or solubility).

(c) Predict chromatographic data [y, and (dy/dx),¢] from thermo-
dynamic measurements.

The tests involve the use of an expression of g*(x) at the temperature of
measurement with parameters which are calculated from experimental
data and subsequently used to calculate other properties. The Redlich-
Kister equation was used throughout with two or three parameters (in this
case C = 0). Its expression is:

g%(x) = RTx(1 — x)[4 + B2x — 1) + C2x — 1)*] (13)

The results obtained for the systems tested are reported in Tables 2 to 6.

The first test was performed for the systems n-heptane-NMP, isooctane-
NMP, n-hexane-NMP, cyclohexane-NMP, and benzene-NMP. The
mutual solubilities for the immiscible systems were calculated from the
values of two constants in the Redlich-Kister equation calculated from
chromatographic data only. The error in the mutual solubilities is about
509%. The total pressure was also calculated for the systems n-heptane-
NMP, cyclohexane-NMP, and benzene-NMP. The experimental values
are in good agreement with the calculated values for the systems cyclo-
hexane~NMP and benzene-NMP.

The second test was performed using y,, and mutual solubility, equal
activity of one component in the two liquid phases (bl), or y, and mutual
solubilities with 3 parameters (b2). The estimation of (8y/0x),., is not
always good in the first case and is not improved in the second.

The third test (cl) was performed for immiscible systems using mutual
solubilities to calculate two parameters. The prediction of both y, and
(8y/0x),= ¢ is poor.

For miscible systems (cyclohexane-NMP) the third test (c2) was per-
formed using liquid-vapor data for the determination of the constants of
the Redlich-Kister equation. In this case a good agreement is obtained in
the prediction of the activity coefficients at infinite dilution as well as in
the prediction of the slope.

Unfortunately, these tests are not very significant because they rely,
most of the time, upon solubility data, and these data are very sensitive to
the slope of the g=(x) curve. The choice of the Redlich-Kister equation is
probably not appropriate because it leads to great errors in y,, predicted
from solubility data (test cl). The results are better for vapor-liquid
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equilibria where the accuracy of the model is not so important. This is
partly confirmed by the data obtained for the system »#-hexane-hexadecane
for which fairly complete data are available in the literature up to 19
concentration. The (8y/0x),., value obtained by GLC was —0.24, while
that calculated from the data of McGlashan was —0.16. This result ap-
pears more satisfactory than those obtained by extrapolating higher con-
centration data as had been done for the other systems studied.

CONCLUSIONS

The theory of chromatography, with some simplifying assumptions,
gives values not only of the limiting activity coefficient but also of its slope
(0y/éx) ¢ from the analysis of the retention time vs the size of the sample.

The accuracy in (dy/0x),-, should be of the order of 509, because the
errors in chromatographic measurement are still too high. In order to im-
prove the test of the validity of the theory, it will be necessary to obtain
experimental values of the activity coefficients by equilibrium measure-
ments at high dilution to avoid the use of an expression of g* in the testing.
This work is in progress.

There is potential application of the theory in analytical chemistry for
the prediction of the variation of the retention time, taking into account
the size of the sample, from thermodynamic data.

APPENDIX

Substitution of y = mx in Eq. (6) gives m as a function of liquid phase
concentration. Replacing m in Eq. (3), it follows that

© L r+oo
fgrls = 3. ﬁxj [T raa (14)
K=1 0Jo
with
_eH 1l —H) 4
b = v, + m, v . Lt"m
By = el — Hog _ (tre — t) P00y,  forK >2 (2A)
vm,, L

The concentration in the gas phase being finite, y # n, and Eq. (1A)
becomes

_ ] L 4+ n K
o= 5 oe [ |7 () e GA)

K [}
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It is possible to replace n by its Gaussian linear approximation value to
evaluate the integrals in Eq. (3A):

Mo 1 = tg ? 4A

"= S p[ 2<0>} (44

According to the linear approximation, ¢ is proportional to z and 7o is

equal to I/q,, I being the number of moles of solute injected in the column
and g, the molar flow rate of carrier gas at the entry.

If the input impulse is considered to be instantaneous, the integration
can be achieved by means of variables:

t~1t I e
f=— K= d = — e ¥/2 5A
= an w N, 2ﬂe (5A)
Equation (3A) with Egs. (4A) and (5A) gives

@ 2L w \E
fonhs = X ﬁK?L arojo <w+ 9) o*ds  (6A)

It is possible to put Eq. (6A) in the form

[gn); = xz—:x Bx(Ax-2 — 2Ag-y + A)LInlo (74)
The integrals
2 2 (VT x

g = ozl dwa vt dy 8A)

depend on a single dimensionless parameter

[nlo

= A
S, o

and they have the values

A-x = 1 + \/ETS
Ao = /21,

- (et 1 nt2 _ 22
1 = 2['.2 ( 1) m‘rs —\73-1 ln‘r + —= 6\/3 ] (IOA)

=1

2 < n 1 1
l = __1 ] 2 (n+K-1) __ _° 2
X ——K[,.go( )<n+K—2)Jn+K+2" J’;”]
for K> 2
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Therefore:

lgnl; = thomo[u_, — 2o + A)lredo

+— R = I Z ag(Ax- 2 = 20y + XK)BKL[W]O] (11A)

tRoo

The retention time, corrected for the variation of g along the column, is
tr = tre| Aoy = 224 + A)qot 4 tm T
R R -1 0 “1)90lR o P \/2
R —
+ B2l S iy = 2+ ix)BxL[rz]o:l (124)

tRoo

The relative deviation § is expressed as:

5(1) = (A_y — 22 + A)qotroltlo + = -1

Rm\/z

siete § oy — Uy + 1K)ﬂKL[nlo] (13A)

tRw

In general, a development of m of third order (with , and «5) is sufficient
to express the variation of m with y, Therefore, for the evaluation of Ay,
only the 7,* and 7,® terms are considered. Relation (13A) becomes:

5(1) = b - ﬁ + (’Rm — tm)z\/za 2
* : ano\/2 tRco z
2 1 _L(tkao - tm)z 2 __ 8 (tRm - m)z 2]
+ 14 [§7§ + 3\/3————-—“002 o 3\/3 —————2———13
2 (’Rao - tm)za 2 _(’Rao _ m) a3 } 2111‘!'

+ 2[: \/3 T \/3 e’ g tReo” NES

(14A)
with the boundary condition

lim &(z) = lim &(z) =0 (15A)

,—0 IR*IRw

The first term of development of m, a,?, is given in Eq. (9).

SYMBOLS

a liquid-gas interfacial area per unit volume
y mole fraction of solute in the gas phase
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mole fraction of solute in the liquid phase

vacuum fraction of the column occupied by the gas phase
injected moles of the sample

transfer coefficient

length of the column

equilibrium constant of the solute

equilibrium constant of the solute at infinite dilution

flow rate at the inlet to the column

retention time

retention time at infinite dilution

dead time

flow rate per unit section

flow rate per unit section at the inlet to the column
molar volume of mobile phase

molar volume of stationary phase

fugacity of solute at the column temperature and for a pressure p
mean pressure of the column

Greek Letters

ax  coefficients in the development of m
Bx coefficients in Eq. (1A)
y activity coefficient of solute in the liquid phase
) relative deviation of the retention time
€ porosity of the solids
n mole fraction on a solute-free basis
n,(1) input impulse curve
no time integral of the impulse curve
[nl. moment of n order of quantity 7(¢)
= | o) d
A integrals
o variance of the impulse at z
T, [nlo/</2n0,, dimensionless parameter
Subscripts
0 a zero-order moment
1 a first-order moment
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e entry of column
s exit of column
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