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LJTILIZATION OF THE SOLUTION-OF-GROUPS CONCEPT IN GAS- 
LIQUID CHROMATOGRAPHY 

(Received October 7th. 19X2) 

SUMMARY 

The possibilities of utilizing the UNIFAC group model of activity coefficients 
for the prediction of gassliquid chromatographic retention data are discussed. Ex- 
amples of the determination of the specific retention volumes of different types of 
solute compounds on both simple and mixed stationary phases, relative retentions, 
Kovats retention indices and differential sorption enthalpies are given. It appears 
that the original version of the UNIFAC model can be used merely to give a rough 
estimation of relative retentions, Kovats retention indices and sorption enthalpies. 

INTRODIJCTION 

Since the advent of gas chromatography, considerable attention has been paid 
to relationships between the molecular structure of solutes and their chromatographic 
behaviour. In a number of papers, Kovats retention indices’ were utiliycd to char- 
acterize the retention behaviour of solute compounds as well as the properties of 
chromatographic stationary phases. The retention indices predicted from the struc- 
ture and/or topology of the solute molecules are ofteu in good agreement with ex- 
perimental values2-‘. However, the applicability of these,methods is usually limited 
to a very narrow range of compounds (e.g., isoalkanesl-j). These methods also lack 
direct consistency with the thermodynamics of solutions, which restricts the possi- 
bilities of the interpretation of the results. 

Another possibility of predicting andjor correlating rctcntion behaviour is 
based on the relationship between the specific retention volume and the activity coef- 
ficient of the solute compound in a given chromatographic system. Provided the 
gaseous phase behaves ideally, this relationship is described by the equation* 

where Vz, R, yD, PE, x1 and Ml are the specific retention volume of the solute, 
molar gas constant, Raoult-law activity coefficient of the solute, saturation vapour 
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pressure of the solute, molar fraction of the stationary phase (solvent) in the 
solute--stationary phase mixture within the gas chromatographic zone and the molar 
mass of the solvent, respectively. Unless the molar mass of the solvent is significantly 
(more than about 100 times) larger than that of the solute, the quantity x1 approaches 
unity under the usual conditions of elution gas chromatographic experiments, and 
eqn. 1 is simplified to 

Y.; = 273.15 R/(y$P;M,) (2) 

where r$ is the solute activity coefficient at infinite dilution with the solvent. For 
mixed solvents composed of k pure components there holds under the conditions of 
infinite solute dilution 

Vi = 273.15 R; ygP:, i (.$MJ 1 (3) i-l 
where Mi and x: are the molar mass and molar fraction of an ith component of the 

mixed solvent [il xi = 1 1 , respectively. Hence, if the values of M1 (M,), Pg and 

r$ are known, it is possible to estimate by eqn. 2 and/or eqn. 3 the value of Vg for 
a given solute in a given solvent under given conditions. Vapour pressure data for 
a large number of compounds are available in the literature, so that the main problem 
of predicting Vi by eqns. 2 and 3 is obtaining the value of the activity coefficient. 

One of the possibilities of obtaining the activity coefficient is the use of the 
solution-of-groups model. This approximate model is based on the assumption that 
the excess chemical potential of each component of a liquid mixture of non-electro- 
lytes is given by the sum of the contributions of the groups that constitute the mol- 
ecule of the component. An exact formal derivation of the basic equation of this 
model was published by Hila’. The concept of solution-of-groups model is due to 
Langmuir (~::c the respective quotation in ref. 9). 

A remarkable advance has been the combination of the group model with 
semi-empirical relationships for the excess Ciibbs function of a liquid mixture, based 
on the concept of local composition of the mixture. One of theso relationships is 
Abrams and Prausnitz’ss universal quasi-chemical equation (IJNIQUAC). Fredcns- 
lund et ~;II.~ combined the UNIQUAC equation with the solution-of-groups concept. 
The resulting UNIFAC model (UNIQUAC Functional-Group Activity Coefficients) 
makes it possible to calculate activity coefficients in both binary and multi-component 
liquid mixtures by virtue of structural parameters and binary parameters charactrr- 
izing the energy of mutual interaction of the functional groups present in the system. 
The structural parameters are derived from the Van der Waals volumes and surface 
areas of the functional groups. The interaction parameters were obtained by reducing 
a large volume of experimental data on vapour-liquid and liquid- liquid equilibria. 
The activity coefficient of a component is calculated as the product of a combinatorial 
and a residual contribution. The combinatorial contribution depends only on the 



THE SOLUTION-OF-GROUPS CONCEPT IN GLC 25 

sizes and shapes of the molecules present in the system, whereas the residual contri- 
bution depends on the energy of interaction of pairs of functional groups and on the 
fraction of the surface of these groups that is available for mutual interaction. This 
approach partially takes into account the deviation of the actual molecular configu- 
ration in the mixture from the configuration corresponding to random mixing of the 
components. It is particularly this feature that makes the UNIFAC method attractive 
in view of its possible application in gas-liquid chromatography (GLC). 

Scheller et al.‘O published a group-model variant parameterized on the basis 
of GLC retention behaviour. The possibilities of using the group model in chroma- 
tography were outlined by Pierotti et al.“, Langer12 and, most recently, Rizzi and 
Huber13. The aim of this work was to try out these possibilities with regard to their 
utilization for predicting GLC retention data. 

CALCULATION 

A program in Fortran IV, for the calculation of the activity coefficients of 
solutes at infinite dilution was designed on the basis of the equations and group 
parameters quoted by Fredenslund et al. 9, The saturation solute. vapour pressures 
necessary to calculate specific retention volumes (cJ1. eqns. 2 and 3) were calculated 
from tabulatedI Antoine-equation constants. 

RESULTS 

Siivlple stationary pkuses 
The specific retention volumes were calculated, in the above-outlined way, for 

TABLE I 

COMPARISON OF CALCULATED SPECIFIC RETENTION VOI.LJMES WITH THE CORRESPONDING 

Bis(?-cthylhcxyl) scbacatc 

Bis(Z-elhklhexyll adipatr 

Dibutyl tetrachlorophthalate 
Dwtyl phthalate 

Blr( Z~cthoxycthyl~ phthalatc 

Toluene 
Heptanal 
n-Decane 

2-Octanonc 
Ethyl propionate 
2.3-Dirnethylbutane 

Dkpropyl ether 
3-Methyl-2-pentanol 
3-Pentanone 
d-kpyl acetate 

o-Xylenc 
nr-Xylene 
p-Xylene 
2-Propanol 

I-Pentanol 
1,4-Dioxane 
3-Hydroxy-2-butanone 
I -Prtqxlnol 

1.3-Proaanediol 

Trmpmmm I V,o)<.lc 

!“Cl lrnli<YJ 

x0 192 
80 369 
80 1951 

I20 333 
120 49.4 
100 25.4 
100 77.5 
120 54.9 
120 49.5 
120 59.2 
I 20 140 
120 120 
120 117 
100 53.0 
100 449 
100 110 
100 3’5 
I 20 51.9 
120 4930 

(V,o!‘.X, AC%) 

lml,'gl 

226 14.9 
47x 22.x 

1508 29.4 
341 2.4 

40.8 21.0 
20.5 24.1 
54. I 43.3 

77.1 28.9 
41.0 10.7 
36.1 64.0 

142 1.7 

113 6.1 
111 5.5 
35.5 49.2 

269 67.0 
87.1 26.0 

388 16.2 
20.4 155 

3895 26.6 
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Fig. I. Comparison of calculated and experimental” relative retention volumes at 120°C. (0) Ketones 
dioctyl phthalate (relative to 2-nonanone); 1 = acetone: 2 = 2-pentanone: 3 = 3-pentanone; 4 = 3- 
methyl-2-butanone; 5 = Z-hexanone; 6 = Shexanone: 7 = 3-methyl-?-pcntanone: 8 = 4-methyl-2-pen- 
tanone; 9 = 2-heptanone; 10 = 4-hcptanone: 11 = 2,4-dimethyl-3-pentanone; 12 = cyclopentanone: 
13 = cyclohexanone. (a) Alcohols-diglycerol (relative to 1-nonanol): I = methanol: 2 ~ ethanol; 3 = 
I-propanol: 4 = 2-propanol; 5 = l-butanol; h = 2-butanol: 7 = I-pentanol; 8 = 2-pentanol; 9 = 2- 
methyl-I-butanol: 10 = 3-methyl-I-butanol: I1 = I-hexanol: 12 = 2-hcxanol: 13 = 2-methyl-I-pcntanol; 
14 = 3-methyl-l-pentanol: 15 = 4-methyl-1-penranol: 16 = 2-octanol. 

_L__. -. A 
__  ̂

140 compounds (hydrocarbons, alcohols, ketones, esters and ethersj on nine station- 
ary phases [b&(2-ethoxyethyl) phthalate, Carbowax 400, dibutyl tetrachlorophthal- 
ate, b&(2-ethylhexyl) sebacate, bis(2-ethylhexyl) adipate, dioctyl phthalate, diglycer- 
01, n-docosanol and squalane]. As is shown by several examples in Table I, the dif- 
ferenccs between the calculated and measured” P$’ values reach tens percent of the 
value measured. 

It is possible from the calculated Vi values to express the respective relative 
retention data (rcalc.) and compare them with the corresponding measured relative 
retention data (I.,,~,). Fig. I shcws a comparison of the Y,,,~. and rexp. values for 
ketones on dioctyl phthalate and alcohols on diglycerol. As would be expected (see 
Discussion), with the alcohol-diglycerol systems there are marked differences between 
the calculated and measured r values. 

The calculated Vg” values were further processed to express the Kovats reten- 
tion indices (I&. Fig. 2 shows a comparison of these data with the corresponding 
measured values (feXp,) for alkyl esters of lower carboxylic acids on bis(2-ethylhexyl) 
sebacate and for alcohols on n-docosanol. With the esters on bis(2-ethylhexyl) se- 
bacate the differences jlcalc, - leXP,] usually do not exceed 10, whereas with the al- 
cohols on n-docosanol these differences arc as high as 50 or more. 
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Mixed stutionary phases 
In recent years, considerable attention has been devoted to the utilization of 

GLC with mixed stationary phases (mixed solvents) for studying the thermodynamics 
ofmolecular associations in solutions ’ 6--24, Until now, essentially two models of liquid 
mixtures were applied in the interpretation of the retention behaviour of solutes on 
mixed solvents: (1) a model 16*17~21+23 based on the combination of Scatchard-Hil- 
debrand’s theory of regular solutions and the Flory-Huggins equation, involving the 
assumption of rundom mixing of the components of the mixture; and (2) Purnell and 
co-workers’ “microscopic partitioning” model’ *,19, according to which a liquid mix- 
ture of two solvents is looked upon as a microscopically two-phase liquid, consisting 
of microscopic aggregates of the molecules of the individual pure components. The 
distribution constant KRcMj of a solute in a gas-mixed solvent system is, in the context 
of this model, given by the simple equation 

K ~04) = @KR(s~ + ~DAKR(A) (4) 

where KRcsj and KRcAJ are the distribution constants of the solute in the pure com- 
ponents S and A of the mixed solvent, respectively, and qs and (PA are the volume 
fractions of these components in the mixed solvent ((0s + (PA = 1). 

As it allows, to some extent, for deviations from random mixing of the com- 
ponents of mixtures, the UNIFAC model probably offers a more realistic picture of 
the situation than the above two models can do, and therefore seems to be a plausible 
compromise between the rather extreme views of the situation with the other’two 
models. Eqn. 3 makes it possible to utilize the UNIFAC model to establish the course 
of the dependence of KRcMj on the composition of the mixed solvent. 

Meyer and Meyer 24 studied the retention behaviour, of n-alkanes, l-chloroal- 
kanes and z.o-dichloroalkanes on n-eicosane-dinonyl ketone (DNK) mixed sta- 
tionary phases at 60°C. The volume fractions of the components of the stationary 
phase were calculated with the (experimentally checked) assumption of zero excess 
volume of mixing. The distribution constant, KKcxJ, of a solute in a gas-solvent X 
system at temperature T is related to the specific retention volume of the solute on 
solvent X as a stationary phase by 

&(X, = V,oTp,/273.15 (5) 

where px and T are the stationary phase density and column temperature, respec- 
tively. Fig. 3 shows a comparison of the measured and calculated courses of the 
dependences of the distribution constant of n-heptane on the volume fraction of 
DNK in the liquid phase. Similar dependences are shown for I-chlorobutane and 
1,2-dichloroethane in Figs. 4 and 5, respectively. It is apparent from Figs. 4 and 5 
that the UNIFAC method considerably overestimates the deviations of the KRcMj 
versus (PDNK dependence from linearity with the solutes employed. 

Dependence of retention on temperature 
It is also possible to predict the temperature dependence of rctcntion by means 

of the UNIFAC method. The dependence of the specific retention volume on tem- 
perature is described by 

dln Vt/dT = A @/(RT2) (6) 



28 M. ROTH, J. NOVAK 

Fig. 2. Comparison of calculaled and expenmental I5 Kovlts retention indices. (0) Esters bis(2-ethylhex- 

yl) sebacate at 120°C: I = propyl formate; 2 ~ butyl formate; 3 = isobutyl for-mate; 4 = sec.-butyl 

formate; 5 = n-propyI acetate; 6 = isopropyl acetate; 7 = n-butyi acetate; 8 = isobutyl acetate; 9 = 
rr-pentyl acctatc; 10 ~ isopentyl acetate; I1 = methyl propionate; 12 = ethyl propionate; I3 = wpropyl 
proptonatc: 14 = wbutyl propionate; I5 = isobutyl ptopionatc: 16 = isopentyl propionate; 17 = methyl 
+butyrate: 18 = ethyl n-butyrate; IO = isobutyl nbutyrate; 20 = isopentyl n-butyrate; 21 = methyl 
isobutyrate; 22 = isobutyl isobutyratc; 23 - ethylene diacetate. (e) Alcoholsn-docosanol at 100°C: 
I = I-propwol; 2 = I-butanol; 3 = isobutanol; 4 = sec.-butanol; 5 = I-pentanol; 6 I 2-pentanol; 

7 = 3-pcntanol; 8 = 2-methyl-I-butanol; 9 = 3-methyl-Lbutanol; IO = I-hexanol; Ii = 2-hexanol; 
12 ~ 3-hexawl; 13 = 2-methyl-I-pentanol; 14 = 4-methyl-I-pentanol; 15 = 3-methyl-2-pcntanol; 
16 = 4-methyl-2-pentanol; 17 = 2-methyl-3-pentanol; I8 = 2-ethyl-I-butanol; I9 = cyclopentanol; 20 
= cyclohexanol. 

where AH,” is the standard differential molar enthalpy of sorption (enthalpy change 
associated with the transition of 1 mole of solute from a standard state in the gaseous 
phase to a standard state in the stationary phase). Provided that the gaseous phase 
can be assumed to behave as an ideal gas, the value of AH: is virtually equal to the 
differential molar heat of sorption as measured under the actual conditions of the 
GLC experiment. If, in addition, the value of AH: can be assumed to be invariant 
within the temperature interval (T,, T,), it is possible to write 

A H.k’ = RTITz [In I’,” (T2) - In I$ (T1)]/(T2 - T1) (7) 

Employing eqn. 7, the AH ,Ovalues for 28 solute compounds on n-hexadecane and 
its derivatives were calculated from the respective specific retention volumes at 40 
and WC, calculated by eqn. 2. These data are summarized and compared with the 
corresponding measured dataz5 in Table II. The mean relative error is less than lo”/0 
of the measured AH gvalue. 
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Fig. 3. Partition coefficient of n-heptane at 60°C as a function of the volume fraction of DNK in a mixed 

solvent (DNK-n-eicosane). -O-. Experimental curw?; -----, calculated curve. 

Fig. 4. Partition coefficients of I-chloroburanc at 60°C as a function of the volume fraction of DNK in a 
mixed solvent (DNK-n-eicosane). -0--, Experimental curvez4: -----, calculated curve. 

DISCUSSION 

Ir the less significant errors introduced by the assumption of ideal behaviour 
of the gaseous phase and by calculating the saturation solute vapour pressures by 
the Antoine equation are disregarded, the causes of the discrepancies between mea- 
sured and calculated retention data can be divided into two groups: (1) errors brought 
about by the fact that the experimental retention data do not represent “exact” so- 
lution of the solute in the solvent and (2) errors due to the method used for calculating 
the activity coefficients. 

The calculation of retention data is based on the relationship between the 
specific retention volume and the activity coefficient of the solute compound. Hence, 
it is assumed that there is sorption equilibrium in the solute-concentration maximum 
of the chromatographic zone and that the rctcntion of the solute is due exclusively 
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Fig. 5. Partition coefficient of 1.2-dichloroethane al 60°C as a function of the vnlumc fraction of DNK in 
a mixed solvent (DNK ,I-eicosane). 4 -_ Experimental curve% -----. calculated curve. 

to its dissolution in the bulk liquid stationary phase. As the stationary phase is spread 
in the form of an effectively very thin layer over a large surface arca of the support, 
the first assumption is fairly well met; possible exceptions may be systems with high- 
molecular-weight stationary phases. However, the second assumption is more 
important. If the polarity of the solute differs appreciably from that of the stationary 
phase, the adsorption of solute at the gas solvent phase interface’“J’ can signifi- 
cantly contribute to the retention of the solute. With polar solutes, also the adsorp- 
tion of solute at the solvent support phase interface”” may play an impcrtant role. 
Part of the discrepancy between calculated and measured data is undoubtedly due 
to the above adsorption effects. 

As the solution-of-groups model is a generalized method*“, no concentration 
region is prcfcrred in selecting the data base of the model. This results in the fact that 
the discrepancy between the measured and calculated activity coefficients of a given 
component in the system is usually largest at infinite dilution of the component13,29. 
With most applications of the group model in chemical engineering, from the needs 
of which the model has developed, the above fact does not matter. 

With regard to the potential utilization of the solution-of-groups model in 
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TABLE II 

COMPARISON OF CALCULATED STANDARD DlFFERENTIAL MOLAR ENTHALPIES OF SORPTION 

(3/f r. CI,F, = d11J WITH THE CORRESPONDING EXPERIMENTAL VALUESZs (dH,O,,,,. z AH,). 

Al%) = IIOO(AH:.,,,: AH.:,,r~~!‘W~,,x,.I 

Solute Stationary phase 

Isopentane 21.92 25.52 16.41 24.77 25.36 
n-Pentane 26.86 26.78 0.31 26.36 26.61 

2-Mcthylpentane 29.00 29.71 2.45 28.79 29.46 

3-Methylpentane 30.00 30.00 0.00 28.91 29.75 
n-IIexane 31.09 31.13 0.13 30.21 30.88 

2.4-Dimethylpentane 30.50 31.13 2.06 30.21 30.88 

3-Mcthylhexane 33.68 34.23 1.61 33.64 33.97 
n_Heptane 35.06 35.56 1.43 35.40 35.31 

I -Pentene 25.02 26.48 5.85 24.98 26.44 
2-Methyl-2-butene 26.32 27.74 5.41 26.48 27.70 
1 -Hexene 29.58 30.71 3.81 30.04 30.63 
I-Heptene 34.27 35.06 2.32 34.43 34.98 

Cyclohexane 31.30 32.80 4.81 31.05 

Benzene 30.79 32.09 4.21 31.71 

32.59 

33.14 

Diethyl ether 26.90 27.20 1.09 24.94 
Di-n-propyl ether 33.39 34.56 3.51 34.35 _ 

Methanol 27.91 25.48 8.70 23.22 28.45 
Ethanol 26.02 33.05 27.01 27.28 34.94 
n_Propanol 27.87 38.07 36.64 28.66 40.04 
n-Butanol 2X.58 43.89 53.59 33.30 45.77 

Methyl formate 20.71 23.81 14.95 20.92 
Ethyl formate 23.93 26.23 9.62 26.02 
Ethyl acetate 28.24 30.71 8.74 30.21 _ 

Methyl ethyl ketone 27.23 25.90 5.21 30.21 32.93 

Propionaldehyde 20.50 25.02 22.04 26.48 _ 

?z-Butyraldehyde 27.57 2X.66 3.95 29.92 _ 

n-Propyl chloride 25.10 27.20 8.33 27.41 28.37 

Ethyl cyanide 24.4X 29.20 19.32 29.29 32.84 
n-Propyl cyanide 28.87 32.68 13.19 33.64 36.28 

Average relative 
error (O/u) 

9.89 

n-Heuadecanr I-Chlorohexadecane Palmitonitrile 
._. 

-AH, -AH, A(%) --AH,,, -AH, A(‘%) -AH, -AH, A(%) 
fkJ/mole) ikJ!‘mole) (kJ/mole) lkJ/mole) (kJ/mole) lkJ/mole) 

2.36 22.43 

0.95 23.51 

2.33 26.90 
2.89 27.03 

2.22 28.37 
2.22 27.99 

1.00 31.38 
0.24 32.55 

5.86 22.93 

4.58 24.52 
1.95 27.36 
1.58 32.09 

4.99 28.49 

4.49 32.47 

_ 26.19 

- 33.39 

22.52 29.66 

2X.07 32.26 
39.71 37.32 

37.44 41.34 

23.30 
_ 27.49 

- 32.05 

9.00 31.00 

- 26.78 

- 30.67 

3.51 27.07 

12.14 32.47 

7.84 32.47 

9.00 

24.81 10.63 
26.11 11.03 
28.87 7.31 
29.20 8.05 
30.33 6.93 
30.21 7.92 
33.26 6.00 
34.64 6.43 

25.65 
26.78 
29.75 

34.02 

32.13 

11.86 
9.22 

8.72 
6.00 

32.55 

12.78 

0.26 

- 

30.08 1.41 
36.61 13.49 
41.59 11.43 
47.28 14.37 

- 
_ 

34.77 

_ 

29.08 

34.43 

37.78 

- 
_ 

12.15 

_ 
- 

7.42 

6.06 
16.37 

8.90 
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chromatography, Rizzi and Huber13 recently tested the capability of four different. 
variants of the model of predicting accurately activity coefficients in binary mixtures. 
Five different groups, namely CH2, C-OH, CO, aromatic CH and HzO, occurred in 
the mixtures investigated. The ASOG (~6. ref. 13) and UNIFACY models yielded the 
most accurate reproduction of limiting activity coefficients. Rizzi and Huber13 found 
a marked improvement in the reproduction of activity coefficients at low concentra- 
tions of the components studied if the data base of the model consisted exclusively 
of infinite dilut.ion activity coefficients. The aim of our work was to try out the 
possibilities of predicting GLC retention data by means of the UNIFAC model. Use 
was madc of a large compilation of retention data and the original values of UNIFAC 
interaction parameter?, which were not optimized for the reproduction of infinite 
dilution activity coefficients. The UNIFAC method expresses the activity coefficient 
as the product of the combinatorial and residual contributions, the former being 
independent of temperature”. The calculated specific retention volumes generally suf- 
fer from errors in the calculation of both contributions to the activity coefficients. 
On the other hand, the standard differential molar ehthalpies of sorption are influ- 
enced only by the error made in the description of the temperature dependence of 
the residual contribution. With alkane-alkane systems, the relative error of the cal- 
culation of V,O is about an order of magnitude larger than that of the calculation of 
AHQ , while the calculated P$’ values with these systems are influenced only by the 
error of the calculation of the combinatorial contribution, in the context of the UN- 
IFAC model. Hence it seems that it is especially the error in the calculation of the 
combinatorial contribution to the value of y $ that makes the differences between 
calculated and measured V,” values so large. This finding is in agreement with Rizzi 
and Huber’s conclusions13. The expression for the combinatorial contribution to the 
activity coefficient in the UNIFAC model has recently been modified by Kikic 41 
u1.30. 

CONCLUSIONS 

The original UNIFAC model can be used merely to give a rough estimation 
of relative retentions and retention indices of solutes in GLC systems. Absolute 
retention data calculated by means of this model suffer from too large an error, but 
the differential enthalpies of sorption, derived from the dependence of the calculated 
absolute retention data on temperature, may in many instances be fairly reliable. 
Rather than predicting GLC retention data by the UNIFAC model, it appears that 
GLC can advantageously be used to refine this model by providing for its data base 
infinite dilution activity coefficients. Such an application of activity coefficients de- 
termined from GLC retention data has recently been described by Alessi et ~11.~~. 
However, it can hardly be expected that even a refined solution-of-groups model will 
offer the analytical chromatographer retention data as reliable as those obtained 
experimentally with modern chromatographic instrumentation. 
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