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The BACK se miempirica l equati o n of state wa s em ployed to determine the excess thermod ynamic 
fu nc tions of five binary mixtures composed of bcnzcne with cy c lo hexane, n-pcntanc, n-hc.\anc, 
n-heptane, and n-octane at 298 ·15° K. T wo se ts of mi xin g rules a re discussed and va lues o/" the 
excess thermodynamic function s o f cquimo lar so luti ons, calc ulated o n their ba sis, a re co m pared 
with experimental data . The calculated and experimental equilibrium data are co mpared in th~ 
.\' - .1' dia gram s. 

In several contributions t - 4 it was shown that the equation of state BA CK (Bou blik

-Alder- Chen- Kreglewski) yields very accurate description of the P- V- T beh aviou r 
of systems of simple molecules in a broad range of the liquid a nd gaseous aggregation 
states. This fact led to a n application of the BACK equation to study the equilibr ium 
behaviour of one- a nd two-component systems (of relatively simple compounds) 
a t elevated pressures. The simple form of the equation enables an easy determinat ion 
of the excess thermodynamic functions of mixtures (at P -> 0). This fact can be 
used to study the mixing rules (for parameters of the equation) which often deter
mine in a deci sive way the prediction of the mixture behav iour from the given equa
tion. This contribution is devoted to thi s problem . 

J:HEORETICAL 

The BACK equation of state, proposed by Chen and Kreglewski l
-

3 is composed 
o f two parts: a contribution essentially corresp onding to repulsive forces, z\ and 
a contribution of attractive forces , z", 

(I) 

The first contribution in the BACK equation is expressed by the equation of state 
proposea by the present authorS for systems of hard convex bodies. These bod ies 
model the short-range repulsive forces which determine "size and shape" of given 
molecules; denoting by a symbol Zh the compressibility factor of the one-component 
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2714 Boublik: 

system of hard bodies it holds 

where zit is the compressibility factor and ~ the packing fraction, i.e. the ratio of the 
total volume of hard particles and the volume of the studied system, V From the 
relationship for the volume VO of hard spheres with a diameter a in the close packed 
configuration, VO = Na3/~2 (where N is the number of particles), the relationship 
between ~ and VO follows 

~ = ~ ~2 VO = 0'74048VojV . 
6 V 

(3) 

The parameter (X is a measure of the non-sphericity of molecules; for hard spheres 
(X=1. 

The contribution of attractive forces , z·, is in the BACK equation expressed by the 
form 

(4) 

which is based on the Alder's6 study of the equilibrium behaviour of the square-well 
system by the method of molecular dynamics. In expression (4) Dnm denote constarrts -
adjusted to experimental data of several chosen systems of simple compounds; 
they are assumed to be valid for any compound. 

For u/k it holds true 

(5) 

where uO/k is the value of the intermolecular pair potential in the minimum, divided 
by the Boltzmann constant (it has a dimension of temperature) and the parameter 
l1/k includes the effect of electrostatic interactions etc .. The effect of temperature 
on the thickness of the (representative) hard bodies is taken into account by expressing 
VO as a function of temperature in the following way: 

(6) 

VOO is (for spheres) the close packed-, generally the characteristic volume at zero 
temperature, · T = 0 K; C stands for a constant which equals 0·12 for majority 
of compounds. 
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Vapour-Liquid Equilibrium at Low Pressures 2715 

It is obvious that the P-V-T behaviour of pure fluid s is given by the knowledge 
of four (eventuallY five) characteristic parameters: u/k, '1 /k, Voo, and (X (eventually C). 
For approximately 20 compounds these parameters were determined from their 
vapour pressures, densities in the liquid phase, critical constants (eventually the 
P-V-T data); they are given in refs l

-
4

. Their knowledge not only allows to describe 
the P-V-T behaviour but also the evaluation of the configurational thermodynamic 
functions. For example, the difference in the free energy of the sys tem and the perfect 
gas at the same conditions, F-F*, is 

(F - F*)/RT = (!X 2 
- I) In (t - ~) + 3!X~/(1 - ~) + 

+!X2~/(1 - ~f + IIDnm(u/kT)" (vO/v)m . (7) 

Further thermodynamic functions can be obtained by differentiating with respect 
to Vor T 

The BACK equation of state was also applied to the description of the equilibrium 
behaviour of solutions. Though expression (2) for Zh has its counterpart in the exactly 
derived equation of state of hard (convex) body mixtures, expressions (1)-(2) 
and (4) together with mixing and combining rules for the characteristic parameters 
were considered in refs 2 -4. Thus, the parameter of non-sphericity in mixtures, IX • • was 
taken as 

IX. = LX;!X; ' (8) 

and u/k (eventually uO/k) 

u. = LLX;XjU;j , (9) 

where 

U;j = (1 - vij) (U;;Ujj)I /2 • (9a) 

The rule4 

V.O = LLX;Xj V;~ (I 0) 

together with 

V;~ = (1 - T;j) (Vi~ 1/3 + ~~ 1/3)/8 (lOa) 

or (in refs2 - 3) 

VsO = LX;V;o (11) 

were ~sed. 

Recently 7 we have studied methods for the determination of the entropy of mixing, 
sm;., of the hard body mixtures. By the comparison with the exact calculations 
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(corresponding to the pseudoexpcrimental data) we have found that Eq. (1) together 
with the combining rule given by (8) yields unsufficiently accurate (always lower) 
values of smix. On the contrary, the mixing rule 

(12) 

proposed in the mentioned work, yields values of smix in a good agreement wit h 

pscudoexperiment. 

In this work two sets of mixing rules were considered for the evaluation of the 
excess thermodynamic functions of mixtures: in the first case (Set A) the rules given 
by Eqs (12), (9 , 90), and (! 1) (theoretically based), in the second case (Set B) luleS 
(8), (9, Yo) and (10, lOa) were employed. 

RESULTS 

Binary systems of benzene-cyclohexane, benzene-n-penlanc, benzene-n-hexa-ne, 
benzene-n-heptane, and benzcnc-n-octane at 298'15 K were studied. The constants 
D"m were taken from the paper by Chen and Kreglewski l and the characteristic 
parameters from ref. 4

; they are listed in Table I (C = 0·)2 in all the cases). Calcula
tions were performed at pressure P -> 0; (owing to a very slight dependence of thermo
dynamic quantities of liquids on pressure and taking into account the fact that all the 
furthcr considered data correspond to prcssures less than 100 kPa this simplification 
introduces only negligible errors into the resulting va lues of thermodynamic quant it ies ·, 
and reduccs considerably the computing time). 

For thc mixturc of a given composition the volume (at P -> 0) and thc vol ume 
of mixing were determined first and from them the Gibbs free energy alod enthal py 
o f the mixture and the corresponding excess quantities. In the course of calculatio ns 

mixing rules of sets A or B were corsidered. The parameter Tij was taken equal to zero 
in both the cases. As expected, the lise of the geometric mean rule to determine l(ij 
i.e. the assumption vij = 0 does not yield good results; estimates of Vij for the single 
binary solutions from the different semi-empirical rules vary considerably. There
fore, the unique valuc of vij = 0·035 was chosen for all the studied systems. 

In Table Il values of thc excess thermodynamic functions of the equimolar solu
tions, evaluatcd by employing the combining and mixing rules of sets A or B, are 
compared with the experimental data 3 - 14 of the studied systems at 298·15 K. F..QHl1 

the comparison it follows that calculations with both the sets of mixing rules yield 
similar results for the first four binaries whereas for the benzene-n-octane system 
large differenccs between values, determined from sets A and B, as well as worse 
agreement with the experimental data results. For the first four binaries better prc
diction of the GE values from the set A and of HE from set B can be found. In a ll 
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the~e cases the agreement with the experiment is fair and the sam e is tru e fo r VE. 

In case of the benzene- n-oc ta ne system , however, o nly the pred icti o n of C E is of prac
tical use . 

TI~e caleu la ted dependence s of t he excess free energy o n t he composition ma ke 

it possible to determine the vapour- liquid equilibrium diagrams for the single bi nary 

systems studied in thi s work. Comparison of the calculated and experimental x - y 

curves is given in F igs 1-5. With excepti on of the n-pentane- benzen e system , where 

o nly the experimen ta l data a t 313'J5 K are at our di sposal!l (at thi s temperature 

a lso the CE va lu es were evaluated). are the o ther theoret ica l a nd experimenta l courses 

compa red a t 298·15 K. From F igs J - 5 a good accord of the predicted x - y curves 

with the experimental d ata in a ll the cases is a pparent. Very good predictions were 

TABLE I 

Cha rac terist ic param ~tcrs of the BA C K equat ion of , tate 

Compound "0. cm o/ mol 11
0

/ " . K II / I,. K 
--~------~-------

Benzene 1·0587 54· 383 532' 12 71-50 
Cyclohexa ne 1'0583 /i4·772 522·46 70·72 
n-Pentane 1·0566 (i5·75 1 435· 83 70 ·72 
n-Hexa ne 1'0720 77-228 4(i8· 33 YO' II 
n-Heptane 1·0799 88'35 1 491·00 113 ·77 
n- Octa ne 1·098 1 96·55(i 517· 52 134·50 

TABLE l[ 

Excess thermodynamic functions of the cqui molar so lu tions of benze ne with cyclohexa ne, 
n-pentane. n-hexa ne, n-heptane. and n-oc ta ne a t 298'15 K 

Syste m 
A B expS - 9 A B exp10 - 14 A 

C6 H6-C6H 12 0·53 0·70 0·65 4fi4 488 290 77 1 797 79Y 
C6 H 6 - C 5 H J2 - 0,05 0'12 463 533 422(/ 758 845 857 

C6 H 6 - C 6 H J4 0 ·10 0'38 0 ·50 397 460 4CO 69 1 750 870 

C6 H 6- C 7 H J 5 0·55 0·88 0·60 3M 431 4 15 713 767 950 

C6 H 6 - C S H I S 1·89 2'39 435 614 318 1773 2 0 12 969 

a Interp31atd from data at other temperatures. 
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2718 Boublik: 

obtained for the n-hexane-benzene and benzene- n-heptane systems. However, 
even in all the remaining cases - from the point of view of chemical engineering 
praxis - the pred iction of the equilibrium behaviour is sufficiently accurate. 

/ 

o ----------- --o:s--x- 10 

FIG. 1 

Vapour- liquid equilibrium in the benzene(l) 
-cyclohexane(2) system at 298·15 K. 
calculated, 0 experimental data 10.14 
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FIG. 3 

Vapour-liquid equilibrium in the n-hexane(1) 
- benzene(2) system at 298'15 K. - - cal
culated, 0 experimental data 12
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FIG. 2 

Vapour-liquid equilibrium in the n-penta
ne(I)- benzene{2) system at 313·15 K. -
calculated, 0 experimental data 11 . 14 

~----"05 _Hl 

FIG_ 4 

Vapour-liquid equilibrium in the benzene(l)
-n-heptane(2) system at 298· 15 K. -
calculated, 0 experimental data 13 . 14 
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CONCLUSION 

From the study the following conclusions about the use of the mixing and combining 
rules for the characteristic parameters of the BACK equation of state can be drawn: 
Set A (with theoretically based rules for parameters exs and VsO) and set B yield es
sentially similar results. This situation is caused by the fact that the values of ex for the 
studied compounds differ mutually only slightly and approach unity. In accord 
with this finding, differences become larger for systems with n-heptane and n-octane. 
In the latter case the predictions based on the rules of set A are superior to those 
for set B; with exception of the excess free energy, however, too great deviations 
from the experiment result. This disagreement could be caused by our worse know
ledge of the characteristic parameters for n-octane, or - more probably - by the 
fact that the form of the equation of state is less suited to describe the behaviour 
of the longer-chain compounds in comparison with the simple-molecule systems. 
In view of four parameters, adjusted to properties of pure substances, the effect 
of the fine form of the equation of state may not playa substantial role on the accuracy 
of the description of a one-component system, it could, however, considerably 
affect the precision of the prediction of the mixture behaviour. 

From the practical point of view it is important that the equilibrium behaviour 
of all the systems studied was described by employing only one common binary 
parameter vij (lying in the interval of values which follow for the systems studied 
from different semi-empirical methods). This fact makes it possible to describe 
the equilibrium behaviour of a studied system by estimating the vjrparameter 
on the basis of its values for chemically similar systems. 

It can be concluded that the BACK equation of state yields sufficiently accurate 
predictions of the equilibrium behaviour of mixtures employing minimum number 
of parameters. 

FIG. 5 

Vapour-liquid equilibrium in the benzene(l)
- n-octane(2) system at 298·15 K. -- cal
culated, 0 experimental data 13 .14 
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