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THEORETICAL INVESTIGATION OF THE EXCESS FREE ENERGY OF
BINARY #-ALKANE SYSTEMS
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Chemistry Department, The University of Mississippi, University, Miss. 38677 (U.S.A.)

SUMMARY

It is shown that the recent theory of Janini and Martire can be used to interpret
the infinite dilution activity coefficients of 36 binary n-alkane systems at 80, 100, and
120 °C, and activity coefficients as a function of mole fraction for three n-alkane sys-
tems.

INTRODUCTION

The normal alkanes serve as reference or model systems for many applications
and there is a great need for a theory of non-electrolyte solutions which can be used
to interpret and/or predict thermodynamic excess properties for the n-alkanes. The
partial molar excess free energy of a low-molecular-weight solute in a higher-
molecular-weight solvent is easily measurable by gas chromatography; thus, the great-
est emphasis has been placed on the interpretation of this function. However, any
useful solution theory must also predict the other excess properties, such as volume
and enthalpy. Often this is a more critical test than the ability of the theory to account
for activity coefficient data.

There are presently numerous theories for predicting activity coefficients and
these range from simple empirical correlations to very sophisticated and hard-to-use
rigorous theories. However, they all have some points in common. One convention
that is agreed upon is that the logarithm of the activity coefficient, In y, is composed
of a sum of two or more contributions. The earliest work was based on the concept
of two contributions, viz., a combinatorial or athermal portion, In pcombd. and an ener-
getic or thermal contribution, In yth,

Ashworth and Everett! used a two-term expression to represent their data for
several alkane systems. The combinatorial or athermal term was calculated from
Guggenheim’s? treatment of athermal solutions. The same term can also be calculated
from the Flory-Huggins equation for athermal solutions®*, which can be obtained
from Guggenheim’s equations by letting the number of nearest neighbors, z, approach
infinity. Ashworth and Everett! and Young® analyzed activity coefficient data using
several values for z and concluded that the data could be reproduced equally well for
z=6,9, 12, or co. Everett and Munn® analyzed the activity coefficient data of Mc-
Glashan and Williamson? for #-hexane in n-hexadecane by treating the ratio of the
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sizes of the solvent and solute molecules, r, as an adjustable parameter for different
values of z. The “best fit”’ values of r varied with the choice of z and temperature;
however, the “‘best” value of r approached the ratio of molar volumes at z = oo. The
authors concluded that although r varied with the choice of z, the overall fit of the
data was independent of z.

The general conclusion is that the Flory-Huggins equation is as good as the
more complicated theories for evaluation of the combinatorial contribution to In y.
The Flory-Huggins equation®* is

comb. — ﬂ — r_l
In yycomb- = In - (1 - ) )
In pycombo — Jn 22 1 — J1 Q)
ry Ty

where In y,%0mb- and In y, %mb-. are the activity coefficient and infinite dilution activity
coefficient, respectively, of the solute®, ¢, and x, are the volume fraction and mole
fraction of the solute, respectively, and r; is some measure of the size of the ith com-
ponent. The exact interpretation of the » parameter is open to discussion. The older
literature generally involves an interpretation of r = r,/r, as the ratio of the molar
volumes or partial molar volumes. An alternative approach is to use the ratio of the
so-called ““hard-core” volumes which are proportional to the carbon numbers for #-
alkanes. This latter interpretation is more theoretically sound, easier to use, and re-
sults in a combinatorial contribution which is temperature independent.

The thermal or energetic term is proportional to ¢% and is generally expressed
in terms of the Flory interaction parameter, y (ref. 3).

In y,'b = yof (3)
Iny,° = y “

Numerous authors®8-!! have interpreted y in terms of the lattice theories of
Guggenheim!? and Barker!®. In this treatment y is attributed entirely to an interaction
energy between segments of the molecules.

1= ol — wy | ot ©)

¢, is the total number of contact points on the solute, u; is the fraction of contact
points of type u of molecule i and w is the interchange energy.
Eqn. 5 has been widely used to interpret ¥ with o treated as a constant
independent of the solute and solvent for alkanes. ¢
However, Orwoll and Flory* have shown that this treatment of y as an
enthalpy of mixing determined only by contact interactions is inadequate for the pre-

* The subscripts 1 and 2 will be used to designate the low- and high-molecular-weight compo-
nents, respectively.
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diction of excess properties. This collaborated the earlier work of Prigogine!s, who
discussed the excess free energy in terms of three contributions:

(a) Geometrical effect, In pcomb. due to the different molecular volumes of the
solute and solvent.

(b) Energetic effect, ¥E, due to the difference in the solute-solute, e:;, solute—
solvent, ef;, and solvent-solvent, 8;;, interaction energies.

(c) Structural effect, x5, due to the fact that the solute and solvent may not
have the same number of external degrees of freedom per segment.

Thus, the full expression for the activity coefficient would be

Iny = In yeomb. - (yE 4 48) g} (6)

Prigogine’ presented an explicit expression for the excess free energy and
recently Janini and Martire'® have derived simplified expressions based on Prigogine’s
treatment, for the excess free energy, excess volumes, and excess enthalpies for »-
alkane systems. The expressions derived for yE and y5 are

_h 62
E 1
2= T4RT ™
Cpy (A + O)
S . ANV 7S
) ®

where Cp, and 4, are the configurational heat capacity and enthalpy of the solute and
A and ¢ are defined by eqns. 9 and 10.

_q_ Lefr)s
r=1 (c/r) )
3:2 — &
5= T;"z_ (10)

(3¢/r); is the number of external degrees of freedom per segment of molecule i and §
is a constant which is proportional to the depth of the potential well for 1-1 and 2-2
interactions. ¢ can be estimated from the critical temperatures and ‘‘hard-core”
volumes!®. The (¢/r); term cannot be evaluated directly and Janini and Martire!®
used this ratio as an adjustable parameter and presented an empirical equation for
(c/r); as a function of the number of segments in molecule i, r;, from previously pub-
lished activity coefficient data.

The activity coeflicients of #n-CyH,, to n-CygHy, in #-CyyH,e to n-CyH,, have
recently been measured at infinite dilution!” and three of the systems have been
measured at finite concentrations'®. This set of data will be interpreted in terms of
Janini and Martire’s'® theory of non-electrolyte solutions.

INFINITE DILUTION ACTIVITY COEFFICIENTS

The detailed calculations and procedures for obtaining theeretically sound
activity coefficients from elution and frontal chromatography have been presented
elsewherel”~' and only the results will be discussed here. The Raoult’s Law infinite



196 J. F. PARCHER, K. S. YUN

TABLE I

AVERAGE VALUES OF THE INFINITE DILUTION ACTIVITY COEFFICIENTS OF THE
n-ALKANES AT 80, 100, AND 120 °C

Solute Solvents

n-CyyHyy n-CygHy,y

n-CyyHyg n-CyHy n-CouHsg n-CaoHgy n-CsoHgg

n-C,H,, 0.805 0.739 0.693 0.681 0.639 0.619 0.594
n-CsH,, 0.816 0.753 0.698 0.680 0.654 0.631 0.606
n-CgH,, 0.859 0.801 0.736 0.712 0.689 0.665 0.639
n-C;Hy,q 0.893 0.831 0.768 0.743 0.721 0.696 0.672
n-CgH,g 0.927 0.854 0.796 0.772 0.753 0.728 0.701
n-C,oHze  0.950 0.895 0.845 0.830 0.817 0.782 0.751

dilution activity coefficients for the n-alkane systems studied are given in Table I.
The activity coefficients were independent of temperature in the range 80-120 °C with
an average relative deviation of less than 19, and the data presented in Table I are
the average values for the three temperatures.

The combinatorial contribution to In y was calculated from eqn. 2 using r as
the ratio of “hard-core” volumes. The “hard-core’ volumes were calculated from the
formula given by Janini and Martire'®. The calculated values of the thermal contribu-
tion, or , calculated from eqn. 11 are given in Table II.

x = In p,*° — In p comb. am

TABLE 11
EXPERIMENTAL .VALUES OF y CALCULATED FROM EQN. 11

Solutes Solvents

1-CopHyg n-CyHgo n-CagH gg 1-CaoHgp n-CyHeg n-CyyHg n-CyeHy,

n-C4H,o 0.553 0.535 0.593 - 0.632 0.622 0.641 0.648
n-CsHj, 0.421 0.404 0.446 0.474 0.486 0.499 0.506
n-CgHy, 0.357 0.347 0.374 0.393 0.409 0.421 0.427
n-C,H,¢ 0.402 0.287 0.314 0.330 0.348 0.358 0.367
n-CygHyg 0.263 0.234 0.264 0.280 0.301 0.311 0.315
n-C,Hze  0.170 0.156 0.188 0.213 0.239 0.235 0.234

INTERPRETATION OF y BASED ON A SINGLE (ENERGETIC) CONTRIBUTION

In this case, the combinatorial contribution to In ¢ was calculated using the
ratio of molar volumes so that the results could be compared with previous studies®5-11,
The interaction energy, w/k, was calculated from eqn. 5, with the types « and v seg-
ments defined to be methyl and methylene groups, respectively®13. The explicit ex-
pression for y in terms of the solute and solvent carbon numbers, n, and n, is

1 2
1 l)a)

=8 (G~ T) a7 (12
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TABLE III

CALCULATED VALUES OF w/k FOR n-ALKANES AT 80 °C BASED ON EQN. 12
Solutes 7 Solvents
n-CyyHyg n-CyyHyo n-CogH g n-CsoHygs 1-CypHgg n-CyyHyrg n-CyeHy,
n-C,H,, 52.6 46.1 49.5 529 49.6 47.8 49.9
n-CsH,, 58.8 50.3 51.9 54.3 54.2 54.4 53.6
n-CgH,, 71.0 61.6 59.9 60.3 61.2 61.2 59.9
n-C;Hyq 82.3 67.8 65.2 65.8 66.2 66.3 65.6
n-CgHy, 96.4 71.5 69.6 70.2 72.7 71.7 69.2
n-C;oH,, 107.6 79.7 78.2 84.1 89.5 81.8 75.8
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Fig. 1. Plot of w/k calculated from eqn. 12 at 80 °C as a function of solute carbon number.
O, n-CyHyo; @, 1-CyyHyo; O, n-CysHse; M, n1-CyoHez; A, #-CyoHeg; V, n-CyHyo; A, 1-CygHoy.

The values of w/k calculated from the data of Table I are given in Table III and Fig. 1
for the 80 °C data set. The results for the 100 and 120 °C data were analogous to those
for the 80 °C data, and the general conclusions were the same for the segment model
as opposed to the contact point model. Except for the n-C,,H ¢ column, the w/k values
are relatively independent of the solvent; however, there is a definite dependence of
the interaction energy on the solute carbon number. The value of w/k increases linearly
with n,. The causes for the discrepancy of the data for the #-C,,H,q solvent are not
known, although it is probably due to the liquid phase loss of this low-molecular-
weight liquid during the course of the experiment. This could not be detected from the
specific retention volumes, however.

It is obvious that w/k is not a true constant and that eqn. 5 is not adequate for
the interpretation of y. It would require an interaction contribution to y with
w/k ~ 25 °K plus another contribution which increases with the molecular size of the
solute for an accurate assessment of y.

INTERPRETATION OF y BASED ON TWO (ENERGETIC AND STRUCTURAL) CONTRI-
BUTIONS

Determination of the physical properties and A and & parameters for eqns. 7 and 8
h, is the configurational enthalpy of the solute and can be obtained from the
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heat of vaporization at the temperature of the experiment from eqn. 13. The heats
of vaporization

hy = —Ahvev. + RT (13)

of the solutes at 80, 100, and 120 °C were calculated from the values at the boiling
point?® using the Watson correlation (see ref. 21).

Cp, is the configurational heat capacity of the solute and is best calculated®
from the measured data for #-heptane and the theory of corresponding states using
eqn. 25 of ref. 16.

The § parameter was calculated from the equation

Ty/(Vs)t
= T~ (14)

Where V’: is the “hard core” volume of component i and the T¢ is the critical tempera-
ture of the ith component. The ¥'; values were calculated from Janini and Martire’s'¢
definition of r; and the critical data were taken from the compilation of Kudchadker
et al.®,

Cp, h,, and d are solute parameters which, with the exception of 8, vary with
temperature. The calculated values of these terms at 80, 100, and 120 °C are listed
in Table IV.

TABLE 1V

CALCULATED VALUES OF #,, Cp,, AND d AT 80, 100, AND 120 °C

Solute —hy (keallmole) Cp1 (callmole-°K) é x 10°
- 80°C 100 °C 120 °C 80 °C 100 °C 120 °C

n-C,H,q 3.32 2.82 2.18 10.34 10.69 11.08 11.48

n-C;H,, 4.75 4.34 3.87 11.73 12.01 12.35 7.61

n-C¢H,, 6.01 5.63 5.21 - 13.08 13.25 13.52 494

n-C;Hy, 7.18 6.81 6.41 14.46 14.53 14.70 3.20

n-CgH,g 8.30 7.94 7.55 15.88 15.81 15.92 2.06

n-Cy\Hy, 11,23 10.03 9.65 18.80 18.55 18.45 0.78

The A term can be calculated from the (¢/r); ratios for the solute and solvent
via eqn. 9; however, there is no a priori method for calculating (¢/r):. Janini and
Martire!® found that the following empirical equation gave the best fit for the set of
limiting activity coefficients used in their study.

(%) — 0.550 & 1.817  1.834 (15)

1

2
123 ri

However, we found that a slighfly better fit was obtained for our more extensive data
set by using eqn. 16.
(i)_:0.534+ 1.839  1.813 (16)

r/; ri r?
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TABLE V
CALCULATED VALUES OF 4 USING EQNS. 9 AND 16

Solutes Solvents

n-CopHyg n-CoyHyo n-CoaH 55 n-CyoHge n-CyyHeg n-Cy Hoyo n=-CygHoy

n-CHj, 0.310 0.321 0.338 0.345 0.351 0.370 0.362
n-CsH,, 0.284 0.295 0.313 0.320 0.327 0.332 0.337
n-CeHyy 0.256 0.267 0.286 0.293 0.300 0.306 0.311
n-C;Hy, 0.229 0.240 0.260 0.267 0.274 0.281 0.286
n-CgHis 0.203 0.215 0.235 0.243 0.250 0.257 0.263

n-C;iHp,  0.158 0.171 0.192 0.201 0.208 0.215 0.221

This resulted in calculated A values which were 0.01-0.02 units larger than the 2 values
quoted by Janini and Martire'®. The calculated values of A obtained from eqns. 9 and
16 are listed in Table V.

Comparison of calculated and experimental values of the infinite dilution activity coef-
ficients

The average deviation for the reproduction of the infinite dilution activity coef-
ficients, %, for all of the solutes in each solvent are given in Table VI. The deviation
is expressed simply as

6
% {1} ylcalc. — ylexp. ]i

where i is used to represent the six #-alkane solutes studied. All of the values of y,*
were in the range 0.60-0.95, so this simple error expression was used rather than the
more complicated measures of precision, such as the relative mean deviation or the
root mean square deviation.

Again, the data for n-C,,H,; do not agree with the remainder of the data set.
However, for all of the other solvents, the average deviation between the calculated
and experimental values was +0.008. This is close to the 1% relative deviation quoted
for the three data sets at different temperatures and slightly larger than the value of
40.006 given by Janini and Martire's. Thus, the theory adequately accounts for the
data within the experimental error.

TABLE VI
AVERAGE ERROR (x100) IN THE REPRODUCTION OF y,* FOR ALL SOLUTES

Temper- Solvent

ature - o
(°C) n-CooHyg  1-CouHlyy n-CyHyg n-CooHey n-CyaHgg 1-CyHlzg  n-CigHry

Ref.16, 80 5.5 2.1

1.8 2.3 2.2 1.9 1.4

eqn. 15 100 5.2 1.8 1.5 2.0 2.0 1.7 1.1
120 4.7 1.6 1.3 1.5 L5 1.2 0.6

This 80 4.1 1.0 0.7 0.9 0.9 0.2 0.9
work, 100 39 1.0 0.7 0.9 0.8 0.3 0.8

eqn. 16 120 3.6 0.8 0.7 1.0 0.8 0.8 0.9
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TABLE VII

FINITE CONCENTRATION ACTIVITY COEFFICIENTS FOR n-HEXANE IN »#-TETRA-
COSANE, n-OCTACOSANE, AND n-DOTRIACONTANE

Solvent Temperature  x, —Iny 100 4

(°C)
Calculated  Observed
n-Cy,H;, 60 0.00 0.233 0.219 —1.4
0.07 0.190 0.180 —1.0
0.25 0.153 0.137 —1.6
0.27 0.141 0.164 +2.2
0.29 0.133 0.127 —0.6
0.34 0.098 0.120 +23
0.43 0.079 0.089 +1.0
Average +1.4
n-Cy3Hs, 80 0.00 0.234 0.222 -1.2
0.04 0.261 0.211 —-5.0
0.12 0.202 0.203 +0.1
0.20 0.171 0.188 +1.7
0.27 0.142 0.137 —0.5 .
0.34 0.116 0.122 +0.6
0.41 0.095 0.100 +0.5
0.42 0.090 0.111 +2.1
Average +1.5
n-Cy,Hyy, 100 0.00 0.230 0.222 —0.8
0.03 0.177 0.228 +5.1
0.09 0.185 0.210 +2.5
0.10 0.183 0.192 +1.1
0.21 0.161 0.168 +0.7
0.32 0.120 0.149 +2.8
Average +2.2
n-CysHiq 80 0.00 0.306 0.307 +0.1
0.04 0.287 0.290 +0.3
0.05 0.286 - 0.254 —32
0.17 0.246 0.235 —1.1
0.20 0.219 0.227 +0.8
0.29 0.184 0.180 4-0.4
0.33 0.169 0.189 +2.0
0.35 0.164 0.168 +0.4
0.37 0.154 0.144 —1.0
0.43 0.125 0.145 +2.0
Average +1.1
n-CsHge 80 0.00 0.375 0.373 —0.2
0.17 0.299 0.298 -0.1
0.18 0.280 0.318 +3.8
0.23 0.268 0.229 —3.8
0.26 - 0.247 0.255 +0.8
0.39 0.184 0.204 +2.0
0.41 0.179 0.234 +5.5
0.46 0.152 0.105 —4.7

Average +2.6
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Comparison of calculated and experimental values of the activity coefficients at finite
concentrations

The activity coefficients of three of the systems studied at infinite dilution have
also been measured as a function of the mole fraction of the solute, x;, by means of
frontal chromatography!®:2¢, The results of this study are given in Table VII along
with a comparison of the calculated values of In y,. The solute mole fractions were
limited to less than 0.5 by the instrumentation. In this range, however, the average
deviation in In y; was +0.018, which corresponds to a deviation of approximately
4-0.015iny;. Thisdeviation was larger than the -+-0.010 quoted by Janini and Martire;
however, there was no systematic deviation between the observed and calculated
values. The larger deviation in the data is caused by the imprecision of the chroma-
tographic measurements at finite concentrations rather than to any inadequacy in the
theory.

Discussion of the separate contributions to y, i.e. x5 and yE

In this study, the x5 term accounted for at least 989 of the y value and the
deviation between the calculated and observed values of y was larger than E, so the
physical significance of the energetic term is questionable. Patterson et a/.?® have sug-
gested that y can be accounted for entirely by an equation of state or structural term
and that a finite value of ¥E is merely a reflection of the inaccuracy of the formulation
of the x5 term. These workers used Orwoll and Flory’s!4.2% theory; however, the same
conclusion could, perhaps, be drawn from this study using Janini and Martire’s
theory. The accuracy of the data is insufficient for a conclusive test; however, the
calculations could be simplified without a significant loss of accuracy by using eqns.
6 and 8 with yE = 0.

CONCLUSIONS

Janini and Martire!® have previously shown that their theory gives reasonable
values for the excess enthalpy and excess volume of equimolar mixtures of n-alkanes.
This study has shown that the theory satisfactorily accounts for the partial molar
excess free energy of a wide range of binary r-alkane mixtures at infinite dilution and
up to a mole fraction of the solute in the solvent of 0.5. The method suffers the dis-
advantage of an empirical estimation of (c/r);; however, the equations are based on
a solid theoretical foundation and the one empirical equation can be used for all of
the systems and concentrations studied over a 40° range of temperatures. The ability
to calculate accurate excess thermodynamic properties for a variety of systems and
temperatures makes this a valuable method for the investigation of n-alkane solu-
tions.

ACKNOWLEDGEMENTS

The authors would like to express their appreciation to Mr. T. H. Ho and
Dr. C. L. Hussey for their assistance in the experimental portion of this work, which
was supported by Grant No. GP-36885X from the National Science Foundation.
They also wish to thank Dr. D. E. Martire for advanced copies of the manuscripts of
his papers, and helpful discussions.



202 J. F. PARCHER, K. S. YUN

REFERENCES

. J. Ashworth and D. H. Everett, Trans. Faraday Soc., 56 (1960) 1609.

. A. Guggenheim, Mixtures, Clarendon Press, Oxford, 1952, eqn. 10.10.6.

. J. Flory, J. Chem. Phys., 10 (1942) 51.

. L. Huggins, Ann. N.Y. Acad. Sci., 43 (1942) 1.

. L. Young, Trans. Faraday Soc., 64 (1968) 1537.

. H. Everett and R. J. Munn, Trans. Faraday Soc., 60 (1964) 1951.

. L. McGlashan and A. G. Williamson, Trans. Faraday Soc., 57 (1961) 588.

. J. B. Cruickshank, B. W. Gainey and C. L. Young, Trans. Faraday Soc., 64 (1968) 337.

. W. Gainey and C. L. Young, Trans. Faraday Soc., 64 (1968) 349.

. P. Hicks and C. L. Young, Trans. Faraday Soc., 64 (1968) 2675.

. B. Tewari, D. E. Martire and J. P. Sheridan, J. Phys. Chem., 74 (1970) 2345.

. A. Guggenheim, Mixtures, Clarendon, Press, Oxford, 1952, eqn. 11.04.1.

. A. Barker, J. Chem. Phys., 20 (1952) 1526; 21 (1953) 1391.

. A. Orwoll and P. J. Flory, J. Amer. Chem. Soc., 89 (1967) 6822.

Prlgogine, The Molecular Theory of Solutions, Interscience, New York, 1957, Ch. 17.

. M. Janini and D. E. Martire, J. Chem. Soc., Faraday Trans. II, 70 (1974) 837.

F Parcher, P. H. Weiner, C. L. Hussey and T. N. Westlake, J. Chem. Eng. Data, in press.

. L. Hussey, Ph.D. Thesis, The University of Mississippi, Oxford, Miss., 1974.

. E. Martire, Anal. Chem., 46 (1974) 626.

. C. Wilhoit and B. J. Zwolmskl Handbook of Vapor Pressures and Heats of Vaporization of
Hydrocarbons and Related Compounds, Thermodynamics Research Center, College Station,
Texas, 1971.

21 R. C. Reid and T. K. Sherwood, The Properties of Gases and Liquids, McGraw-Hill, New York,
2nd ed., 1966, eqn. 4-67.

22 D. E. Martire, personal communication.

23 A. Kudchadker, G. H. Alani and B. J. Zwolinski, Chem. Rev., 68 (1968) 659.

24 C. L. Hussey and J. F. Parcher, Arnal. Chem., in press.
25 D. Patterson, Y. B. Tewari and H. P. Schreiber, J. Chem. Soc., Faraday Trans. II, 68 (1972) 885.
26 R. A. Orwoll and P. J. Flory, J. Amer. Chem. Soc., 89 (1967) 6814.

WUO“‘O“W“‘MF<OW>ZUOZ”5YU>

DD bt et et bt e b et Rk ok



