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ABSTRACT 

Previous publications have described the application of the UNIFAC group contribution method to the prediction of retention in 
chromatographic systems via their thermodynamic properties but concluded that the basic method was of limited, if any, use for this 
purpose. This paper describes results from some recent developments in UNIFAC including modifications to the equations and newly 
calculated parameter sets applied to the retention of a range of solvents in squalane, dinonyl phthalate, N-methylpyrollidone, poly 
(isobutylene) and poly(ethylene oxide) stationary phases. 

The best results obtained predicted the specific retention volumes to about lo%, although this model could only be applied to a few 
systems; predictions for a wide range of polar and non-polar systems in the phases could be correlated to approximately 20-25%. While 
this level of accuracy is sufficient to allow prediction of elution orders in some systems, none of the modifications to UNIFAC in current 
use are suitable for widespread application to chromatographic systems. 

INTRODUCTION 

The selection of an appropriate stationary phase 
for a particular analysis is an ever present problem 
for the chromatographer and a number of strategies 
such as the use of retention indices [l] or “window 
diagrams” [2] have been developed. Previous papers 
[3,4] in this series have explored the use of UNIFAC 
for this purpose. This is a “group contribution” 
method [5,6] which takes the components of a 
solution, splits them into a number of functional 
groups and sums their properties to arrive at the 
overall solution activity, from which activity coeffi- 
cients, yl, can be calculated. Comparisons of the 
infinite dilution activity coefficient, y?, with chro- 
matographic data can then be made in terms of the 
measured specific retention volumes, V,“, of the 
solutes in the stationary phases using the well known 
relationship [7], 

y? = 273.15 R/V; P; M2 (1) 

where R is the gas constant, Mz is the molecular 
weight of the stationary phase liquid, Py is the 
saturated vapour pressure of the solute at the 
column temperature and V,” is the retention volume 
of the solute per gram of stationary phase fully 
corrected to standard temperature and pressure. 
However, when considering polymeric stationary 
phases as are commonly used in current gas-liquid 
chromatography (GLC), this definition is often 
complicated by lack of an accurate value for M2. 
Thus, the activity coefficients, Szy, are usually 
defined on a weight fraction rather than mole 
fraction concentration basis [8]. Thus, 

Or = 273.15 R/V; P: Ml (2) 

where M1 is now the molecular weight of the volatile 
solute. 
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The UNIFAC method was developed by Fredens- 
lund and co-workers [5,6] to allow the prediction of 
phase equilibria and other thermodynamic proper- 
ties of solution in liquid mixtures and has been fully 
described in the previous papers [3,4]. The basic 
technique assumes two contributions to the thermo- 
dynamic activity in solution. The combinatorial (or 
entropic) part, a:, accounting for differences in size 
and shape between the molecules in solution and a 
second, residual (or enthalpic) contribution to the 
activity, a:, accounting for energetic interactions in 
solution. These two contributions were found to be 
adequate for small molecules solutions but, when 
working with polymer solutions, an extra contribu- 
tion, aI;‘“, to the solvent activity arising from the well 
known free volume differences between polymers 
and solvents must be considered as shown by Oishi 
and Prausnitz [9]. The overall activity of the volatile 
solute in the solution is thus given by: 

In al = In uf: + In arj + In a:” (3) 

RothandNovak[lO]applied theoriginalUNIFAC 
method to a number of systems and concluded that 
“. . (it) can be used merely to give a rough estima- 
tion of relative retentions”. We have applied both 
the original and free volume modified versions to a 
number of stationary phases such as squalane, 
dinonyl phthalate and similar compounds [3] and 
found that, in most cases, although the absolute 
values of I’,” were not accurately predicted, the 
correct order of elution was obtained although very 
wide discrepancies were found with polar stationary 
phases such as N-methylpyrollidone. Similar results 
were found [4] with polymer stationary phases 
including “OV” silicones and Carbowax. It was thus 
concluded that, in its current state of development, 
UNIFAC was of limited, if any, use to the chroma- 
tographer. 

In this paper, results using some of the more 
recent developments to the UNIFAC method to 
estimate I’,” are described to determine whether they 
will allow retention to be predicted with greater 
accuracy and hence assist with the selection of 
appropriate systems for analyses where little or no 
experimental data is available. To test the range of 
applicability of the methods (if any), calculations 
were performed for five representative stationary 
phases covering a range of properties. Three were 
low-molecular-weight phases: squalane (SQ. non- 

polar), dinonyl phthalate (DNP, moderately polar) 
and N-methylpyrollidone (NMP, polar). Two pol- 
ymeric phases, polyisobutylene (PIB, non-polar) 
and polyethylene oxide (PEO, polar) were also used. 
The experimental results were taken from the same 
sources as used previously [3,4] and were chosen 
from high-quality thermodynamic measurements 
made by GLC. As many solutes as possible were 
used, these having been described in our earlier 
papers [3,4]. From a chromatography point of view, 
studies of polydimethyl siloxane, the base material 
of the widely used OV series would have been useful 
but there are a very limited number of UNIFAC 
parameters available for silicones so that they were 
not considered here. 

RESULTS AND DISCUSSION 

Since a value of zero concentration cannot be used 
in the UNIFAC equations, a solute weight fraction 
of 1 . 10m6 was used to simulate infinite dilution, the 
usual situation pertaining to analytical gas chromat 
ography. The use of lower concentrations was found 
to have negligible effect on the results. The UNIFA 
C activity of the solute was calculated using the 
appropriate equations as outlined above in a BASIC 
program written for the IBM-PC and converted to 
an activity coefficient by dividing by the mole or 
weight fraction as appropriate to the system. Values 
of the specific retention volume were then calculated 
from eqns. 1 or 2 using physical property data from 
literature sources [l l-131. 

Values have been calculated for each of the 
modifications considered using both the original 
treatment and with the free volume correction 
proposed for polymer solutions. These will be 
designated “uni” and “uni-fv”, respectively. The 
deviation of the predictions from the experimental 
results was calculated according to 

dV,o(%) = 100 {[V,O(UNIFAC) - ?‘,O(Expt.)]/ 

Mod~ficutions to UNIFAC 

V,O(Expt.)) (4) 

The combinutoriul,fuctor. One of the main features 
of UNIFAC is that it assigns a zero interaction 
parameter between groups of similar chemical na- 
ture, e.g., methyl and methylene. This results in no 
contribution to the activity coefficient. and hence 
retention volume, from residual or energetic factors. 
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Thus in hydrocarbon mixtures, the activity coefli- 
cient is composed solely of combinatorial terms 
together with, for UNIFAC-FV, a free volume term. 
Since even in such mixtures, e.g., hexane-squalane, 
V,” is not predicted well by the basic methods, we 
first tried some of the suggested modifications to the 
equation for the combinatorial activity, a:, given in 
the original treatment by 

In a: = In & + & + 
(z MiqJ2)tln (&/&) - 1 - (WMI (5) 

where M1 is the solvent molecular weight, z is a 
“lattice coordination number”, conventionally set 
to 10 to conform with recent practice [6,9] and 4i 
and 19~ are the UNIFAC segment and surface area 
fractions, respectively, given for a weight fraction of 
solvent WI by: 

Wi ri; 81 = WI 41 

the molecular parameters ri and qi are found by 
summing the volume and surface parameters for 
each group which are listed in the literature [6], 
having been calculated from Van der Waals proper- 
ties as given by Bondi [ 121. 

By optimizing activity coefficients for a large 
number of alkane and alcohol systems, Thomas and 
Eckert [14] suggested an empirical alteration to 
eqns. 5 and 6 where 

I 

/ i 

and 

In af = In 4; + (1 - 4;) + 
(z M1q1/2)[ln (&i&) - 1 - (41Pdl (54 

Other workers [6] have suggested that a 2/3 power 
term gives better results than the 3/4 power term. As 
a third altenative, particularly for the polymeric 
stationary phases, we have also calculated V,” using 
a Flory-Huggins (F-H) [ 15,161 type combinatorial 
term as used in polymer solution thermodynamics, 

In a: = In cpl + (1 - V,“/Vp) cp 2 (6b) 

where cp is the volume fraction of a species and V” its 
molar volume. 

To compare these expressions, V,” values were 
calculated for each solute-stationary phase system 

and the average absolute deviation for each phase is 
shown in Table I. 

The final row of Table I shows the average 
percentage deviation for each of the modifications 
tested for all of the V,” values calculated for each 
phase (58 systems in total). It can be seen that the 
free-volume corrected results give the best overall 
results except in the case of NMP, but none of these 
has a significant advantage over the original 
UNIFAC treatment. The individual results have not 
been included here for the sake of brevity, but even 
in the hydrocarbon mixtures there was no dramatic 
improvement in the results. 

The energeticfactor. Clearly then, modification of 
the combinatorial terms alone using the existing set 
of interaction parameters is insufficient to give a 
better prediction of chromatographic behaviour. 
The parameters were calculated by minimising the 
deviation of UNIFAC derived activity coefficients 
from the corresponding experimental values from a 
large number of vapour-liquid equilibrium systems 
over a range of concentrations. More recently, 
several tables of results derived exclusively from 
experimental data at infinite dilution have been 
compiled so that it seemed a potentially useful 
approach to investigate these. Two such parameter 
tables have been used here. However, it must be 
stressed that, as yet, these values are only available 
for a restricted range of systems so that any conclu- 
sions must, of necessity, be narrow. 

Bastos et al. 1171 used 11 500 results for vapour- 
liquid equilibria at infinite dilution covering 40 

TABLE I 

PERCENTAGE DEVIATION OF UNIFAC V,” VALUES 
FROM EXPERIMENTAL FOR MODIFICATIONS TO THE 
COMBINATORIAL TERMS 

See text for explanation of column headings. 

Original r314 +3 F-H 

uni- 
fv 

uni uni- 
fv 

SQ 17.8 14.4 
DNP 19.9 8.7 
NMP 41.1 55.0 
PIB 99.9 16.3 
PEO 32.1 14.0 

All 40.4 18.7 

uni uni- uni 
fv 

uni uni- 
fv 

19.5 18.4 20.2 19.0 29.9 19.5 
22.6 11.5 27.0 16.1 35.3 12.9 

38.4 53.0 35.4 50.7 92.3 52.9 

90.6 15.8 83.4 15.2 61.8 22.5 

33.2 22.5 35.9 27.6 22.2 32.7 

34.4 19.2 58.5 23.2 44.6 25.3 
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groups to calculate values which allowed them to 
correlate most of the data with an average error of 
20%. The original UNIFAC and UNIFAC-FV 
equations were used with these new parameters and 
the results are shown in Table II. 

It can be seen by comparing values from Table II 
with those for the original UNIFAC model in 
Table I that this data set does not significantly 
improve the predictive value of the method. The 
“uni” results give a somewhat worse lit to the 
experimental data. While the free-volume corrected 
values are slightly closer to experiment using these 
interaction parameters, the improvements are not 
significant in terms of using the method to predict 
chromatographic behaviour. In particular, the new 
interaction parameter for “CH20” as in PEO seems 
to be unsuitable for use with polymers. 

The final modification to the UNIFAC method 
used here is to employ the set of parameters derived 
by Weidlich and Gmehling [18]. These workers 
changed the original UNIFAC model by incorpo- 
rating a Yi 314 term into the expression for the 
combinatorial term as described above in addition 
to deriving a new set of interaction parameters that 
they claimed greatly improved prediction of infinite 
dilution activity coefficients and enthalpies of mix- 
ing. Rather than a single parameter to describe 
interactions between groups, three new constants 
for each group were calculated to take account of 
temperature, T, dependence, 

ll/ij = exp - (&j/T + bij + CijT) 

where Y represents the UNIFAC interaction energy 
of group i with group j and aij, bij and cij are the 
tabulated interaction parameters. With this model, 
the average error in predicted yy for a wide range of 

TABLE II 

PERCENTAGE DEVIATION OF UNIFAC V,” VALUES 
FROM EXPERIMENTAL FOR MODIFICATIONS TO THE 
UNIFAC INTERACTION PARAMETERS 

uni uni-fv 

SQ 20.5 i 1.7 
DNP 22.1 7.4 

NMP 41.1 35.1 
PIB 94.6 14.6 
PEO 108.2 53.3 

small molecule systems was reduced from 2 1.1% to 
5.3%. 

Unfortunately, a number of groups needed for the 
systems studied here, e.g., the ester group in DNP 
were not included in the new parameter table so that 
only a limited range of results could be obtained and 
these are shown in Table III. For each of SQ and PIB 
phases, values were calculated for nine solvents and 
the average deviation from experiment calculated. 

As can be seen, this model does give somewhat 
improved predictions for the systems considered and 
gives the best fit to experimental results of all the 
models examined here. However, the best predic- 
tions give errors that are of the order of 10% and 
perhaps it is worth stressing that SQ is a somewhat 
“ideal” phase in which the best results would be 
expected. More detailed consideration awaits fur- 
ther development of the parameter sets. 

Further di.scussion 
The results presented here have only considered 

deviations from experimental results. Our previous 
work [3,4] has shown that, in general, the order of 
elution of a series of compounds can be reasonably 
well predicted using UNIFAC. The closest predic- 
tions show differences of around 10% from experi- 
mental and this is sufficient to lead to reversal of 
predicted elution order for compounds of different 
chemical nature and hence to limited application to 
chromatography. 

The reasons for the deviation of the predictions of 
the UNIFAC models from experimental results can 
be ascribed to a number of sources. Firstly, any 
group contribution method must, by its nature, be 
approximate since it assumes that all functional 
groups will behave in the same manner irrespective 
of the molecule in which it occurs and that there are 
no proximity effects. Clearly, with more groups 
included, a larger number of environments could be 

TABLE III 

PERCENTAGE DEVIATION OF UNIFAC V,” VALUES 
FROM EXPERIMENTAL FOR METHOD OF WEIDLICH 
AND GMEHLING [I 81 

uni uni-fv 

SQ 10.6 9.4 
PIB 74.9 14.3 
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described but, this would lead to an increasing 
number of parameters needed, reducing the flexibil- 
ity of the technique. 

The application of UNIFAC to chromatographic 
systems modifies two of the basic situations for 
which it was developed. The current application 
requires infinite dilution of solvent while the com- 
binatorial expression and, with the exception of 
those of Bastos et al., the interaction parameters are 
derived from results at finite concentrations. An 
alternative expression to eqns. 5 and 5a may be more 
appropriate at infinite dilution. However, even when 
used with interaction parameters derived solely from 
data measured at infinite dilution, UNIFAC does 
not yield satisfactory predictions of solution behav- 
iour. 

The largest source of error lies in the use of 
parameters derived using small molecule solutions 
for polymers. In solutions of low-molecular-weight 
components, all of the functional groups will be 
relatively accessible to each other so that it is valid to 
sum interactions over all groups in solution. How- 
ever, it is well known that polymer chains can adopt 
a range of conformations so that a solvent molecule 
may not be able to interact with all polymer 
segments. Other reasons for the inability of 
UNIFAC to describe polymer solutions have been 
suggested [19-211. While squalane and dinonyl 
phthalate are not polymers, they are relatively large 
molecules so that the same arguments may apply, 
albeit to a lesser extent. NMP is a much more polar 
molecule than the others considered and the large 
deviations found with this system are clearly indica- 
tive of the inability of UNIFAC to accurately deal 
with highly polar interactions which, due to specific 
interactions, can greatly influence a:’ as well as ~7. 

Clearly then, as it stands UNIFAC is unable to 
predict the retention behaviour of chromatographic 
systems with sufficient accuracy to justify its wide- 
spread use. Future developments that may change 
this would include the derivation of a parameter set 
exclusively from polymer systems. Although rela- 
tively few have been studied in detail, sufficient 
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studies have been published to allow a preliminary 
test of this,approach. To be useful, we estimate that 
UNIFAC, or a derivative of the approach, would 
have to predict V,” to within 5% for a wide range of 
solvents. If this can be achieved, it would be a 
relatively straightforward extension to the computer 
program to calculate the amount of stationary phase 
or length of capillary column necessary to perform 
the separation assuming a reasonable efficiency. 
This seems some way in the future. 
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