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PREFACE_ 

Solutions of molecular mixtures have been treated as solutions 

of the constituent groups- of the compo1+ent molecules.. Based pn the 
i ... ,, 

concept of group interaction contributions, models were developed. 
i . . 

The models were then used for representatiop 'of excess thermodynamic 

properties of alcohol-n-paraffin binary '·systems. The well-known 
; 

quasi-,.lattice theory was also tested for its ·ability to represent 

the excess properties of alcohol-n-paraffin systems. 
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CHAPTER I 

INTRODUCTION 

One of the important applications of thermodynamics is in the 

area of development and design of proc~sses for the recovery and 

purification of organic compounds. Since the need for acc.urate 

descriptions of the thermodynamic properties of solutions in this 

area is frequently great and the systems are complex, description of 

the thermodynamic properties of solutions relies primarily upon direct 

experimental measurements. However, experimental measurements are· 

frequently difficult, tedious, and costly• These factors provide 

incentive to develop means to calculate the thermodynamic properties 

of solutions by reduci.ng and generalizing the limited experimental 

data at hand. Toward this end, many sound theories, thermodynamic 

relations, and empirical relations have been developed for making 

such calculations. 

In the past~ theories and relati.ons were devel9ped in terms of .i 

component molecules, and molecular theories have been used to pred.ict 

thermodynami.c properties of solutions. Interactions among molecules 

have been visuali.zed as the source of thermodynamic i:rrteracti.on_,, and 

thermodynamic properties are qharacterized by molecular interactions 

in solutions. 

Recently.11 there has been new interest in solutions of groups; 

that is, breaking down a molecule into constituent groups and 

l 



2 

considering interactions among the groups. Suitable combinations of 

the interactions among the groups can be us_ed to characterize the 

solution properties o Models which con.sider ·solutions to be made up :: 

of the constituent groups of the molecules in the solution rather than . 

being made up of the molecules themselves have certain a~vantages: 

1. Relatively few interaction parameters are required. 

2. Mixture properties are related to the pure fluid propertieso 

3. Extension to multicomponent mixtures is easily facilitatedo 

4.. Predictions are possible on mixtures for which no data are 

availableo 

Specifically, a large number of molecular solutions can be made up 

of a very few groupso :l3y knowing the nature of interactions among 

these groups, a laTge number of solutions may be characterizedo Ho'llF' 

ever, for !llOlecular iiheories, informa:tion.on.interactions between the 

molecular pa.~rs is .needed.ll and each new molecule· brought into the 

solution requires new information on interactions between that molecule 

and every other molecule in the solutionso Thus, group solution 

theory facilitates a considerable reduction of the information re-

quired to characterize solutionso For e.xample 3 there is a large 

number of binary mixtures of n-paraffins and n-alcoholso If they are 

characterized thermodynamically by characterizing the interactions 

between molecular pairs 3 then a mmiber of characteristi.c parameters 

for each binary mixture would be necessaryo If group solution theory 

is used, only three groups, which have six different types of inte~ 

action (CH3-c13, CH3-cH29 CH2-cH2., CIJ-OH,, CH2-0H, and Oi.OH),, need 

be considered. In this way,. six t;v.pes of interact::i,.ons might charac­

terize a large number of alcohol-paraffin mixtures.- Thus, the 
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measurement of the thermodynamic properties of a single alcohol-

paraffin binary system could, in principle, be used to estima·te the 

thermodynamic properties for any alcohol-paraffin system.. Complicated 

multicomponent mixtures become amenable to calculations as they are 

reduced to systems containing only a few groups • 

. ·In dealing with mixtures of molecules in terms of their 

constituent groups, account must be taken of the interactions of the 

various groups ~n solut:~ons,. the restrictions imposed upon these 

interactions by the organization of the groups into molecules, and the 

organization of the molecules in the solution. Detailed theories of 

mixtures take these effects into account in terms of some models. 

But even for mixt:1:1res of simple molecules,, the effects are so com­

plicated that completely sati~factory models have yet to be developed. 

It is the purpose of this study to develop theories based on 

constituentgroup contribution in liq'Ui9i mixtures for calculating the 

excess thermodynamic properties of polar mixtures. 

Previous development of theories and correlations for liquid 

solutions contai.ni.n_g polar substances was _hampered by a lack of 

experimental data. Recent contributions by Van Ness and ccrworkers 

(48, 56, 57) are notable for their: systematic measurement of heat of 

mixing of alcohol-n-paraffin mixture .. systems. Their data on binary 

mixtures of ·alcohols and paraffins are used in the development and 

testing of the present theories~ 

\ 
\ 



CHAPTER II 

REVIEW OF EARLIER GHOUP CONTRIBUTION THEOHIES 

Because of the attractive advantages of group solution theory.., 

investigations of solutions of groups have been of interest since the 

pioneering work of Langmuir (36)o As a result, there exists consid­

erable literature on the subject (14)0 This chapter makes no pre­

tense of encompassi.ng all previous contributions o However, a 

selected fraction of these contributions are presented to illustrate 

the present status of group solution theory as it applies to this 

studyo 

Ao 1angmu.ir Model 

The most significant early description o.f simple mixtures in 

terms of groups was given by Langmu.ir (36) in 19250 He proposed that 

certain character.istics of solutions could be expressed in terms of 

the constituent·groups or radicals on the molecules in the solutiono 

He suggested that interaction forces among molecules were dependent 

on the exposed surf ace area of the groups in the molecules and that 

the force field around a group or radical is largely independent of 

the nature of the rest of the moleculeo This forms the so-called 

"principle of independent surface action." As a first approximation, 

~ngmuir neglected any local orientation and segregation of molecules 

in a liquid and considered instead the various interf acial energies 
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~ . 
he might expect for a molecule in a liquid mixtureo By sunlm:ing these 

interfacial energies of the pai:r;'.s of groups in contact, weighted 

according to surface fraction in a binary mixture 3 he derived ex-

pressions for the partial pressures of the componentso He dealt 

explici:t;ly--oiily-with molecules of the kind R-X in which a nonpcilar R 

group is considered a single group and .X is a polar groupo He applied 

this theory primarily to two-phase relations, such as surface tension.9 

film adsorption and vapor pressureso 

He indicated that the model could fit experimental data for 

binary systems with moderate deviations o Reasonable mutual solu-

bility predictions could be made for a few systems with large devia-

tions from Raoult 1s .lawo 

Bo T.i mi ting Activity Coefficient Model 

Group contribution theory has been extensively developed to 

descripe the activity coefficient of a solute at infinite dilution 

in a solvento The infinite dilution activity coefficient is directly 

related to the parameters in semi~empirical expressions for excess 

free energy. ·rn'. fact~ the two terminal activity coefficients in a 

binary system suffice to determine both equation parameters in any 

~two-parameter excess free energy expression. 

The work of Butler,, et alo (8, 9) is a second early work which is 

basically a group approacho They considered the infinitely di.lute 

solutipn of a series of solutes in a given solvent as the s.implest 

case for study instead of the more conventional study of concentration 

effects wi.thin a single system of componen1s o They systematically 
J 

measured Henry's Iaw constants for a wide range of solutes within a 



given f~ly. Through these they observed a simple relation .between 

solute carbon number and its activity coefficient. They noted that 

6 

the partial molal excess free energies of solution increase by roughly 

constant increments through the homolog6us serieso They also indi= 

cated that this roughly constant increment depends upon the nature of 

the polar groupo 

Pierotti and cO-workers (41, 42) have made a more extensive~ 

systematic study of homologous serieso They experimentally measured 

activity coefficients at high dilution for homologous series of sol-

utes in fixed solvent and fixed solute in homologous series of sol-

vents and inspected the dependence of the limiting activity coeffi-

cient upon the carbon numbers of solute and sol1rent. 

If a mono-functional molecule of the type RI., where R stands for 

an alkyl group and X the !!functional" group which might be OH., CH0.9 

or COOH (X might.also stand fo!' a nonptjlar group such as phenyl or 

naphthyl group) is considered. 9 and when a RI.molecule is in solution 

at infinite dilution in a solvent of R 1X 1 molecules 3 the RI mole~ 

cules are completely surrounded by R'X' molecules. The s:i.gnificant 

contribution to the interaction energy involving RX molecules are 

visualized to be as shown in Figll.1'.'§l lp If J.·.t. d th t 1n ° is assume a · .y. 
1 

( = GiE/RT) of RX. in R1x 1 is made up of group interaction contributions 

and these contributions do not mutually interact 9 then this concept 

may be expressed by 

0 
lny. = I + Ib + I +Id· + I + If 

· 1 a c e 
(2-1) 

0 where y. is the activity coefficient of RX.at infinite dilution in 
]. 

aixr, and I's are the interaction contributions as shown in Figure 1. 



R < 
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> X' < 

Figure lo Group Interaction Between Two Mono­
Functional Molecules 

Pierotti.9 et al. (41.9 42) empir.ically developed expressions for 

the I 1s in terms: of the carbon numbers of solute and solvent based on 

their experimental results and re-expressed Equation (2=1) as a 

function of the carbon numbers. 

where n:a' 1lir = number of carbon atoms 1n hydrocarbon radicals R and 

R'~ respectively. 

c1 = coefficient which depends on nature of solute and solvent 

functional groups 3 X and X' • 

7 

c2 = coeff.i.cient which depends only on nature of solvent function~ 

al group, x•. 
c3 = coefficient which depends only on solute funct.ional group 3 X. 



c4 = coefficient independent of both x and xr depends on temp­

erature, which was taken from the results of study of par­

affin mixtures by Bronsted and Koefied (7). 

8 

c5 = coefficient which depends only on nature of solute function­

al group3 X. 

c6 = coefficient which essentially depends only on nature of the 

solvent functional group.? X1 • 

Numerical values of C1s are given for a large number of homologous 

series including acids.'I primary, secondary,, and tertiary alcoholsJ 

aldehydes, ketones, acetals, ethers, ni,triles !) esters!) water, hydro-

carbons, etc. In spite of its coverage of an extremely broad range 

of limiting activity coefficients.., this empirical correlation agrees 

quite well with the experimental data. For 44 sets of systems (350 

individual cases), the overall average deviation in y° about f'ffo. 

C. Quasi-Lattice Theory 

langmui.r (36) indicated that two phase relati,ons of a solution 
. . 

such as vapor pressures would be strongly influenced by the pref eren~ 

. tial orientation of the molecules at phase interfaces. In addition.'/ 

increasing experimental evidence showed that the liquid stat.e has many 

features, such as a large number of first neighbors and loca,1 order" 

in common with crystals. For this reason, several investi.gators (2" 

3, 10, 11~ 183 24, 25 9 26, 53, 54) have attempted 3 based on the theory 

of liquid sol\].tions on a lattice. model!) to account for such orienta--

tion effects by applying s.tatistics to a quasi...,,lattice arrangement of 

the molecules.:> in which a molecule is free to rotate about a fixed 

lattice point and different groups are subjected to contact with 
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surrounding molecules. 

Guggenheim (24, 25, 26i) credited Chang (10, 11) wi.th being the 

.first to propose this theory based on the idea that the chan15e on 

mixing of all relevant thermodynami.c properties may be expressed :in 

terms of the lattice partition function. The energies which appear in 

this partition function are those ·or the groups at rest in their equi~ 

librium positions in the lattice. The evaluation of the combina­

torial factor for polymer solutions by Flory (18) and Huggins ('.32) 

was a major success of this model. 

Barker (;2, 3) extended Guggenheim's theory to allow one molecule 

to have different kinds of segments. Barker's results are in terms of 

grand partition functions. Basi.cally.9 the quasi-lattice theory cbn-

siders each molecule in solution to be composed of given numbers of 

segments .. placed on a well-defined lattice. Each type of segment 

possesses a specified nuµil;>er.of contact points where it may interact 
'' 

with adjacent segments. The interaction energy of the solution is the 

sum of c,ontributions from interactions between pairs of adjacent sites. 

Barker and his associates (4 9 5) .have successfully a.pplied such a 

model to several systems involving associated liquids. This theory 

has also been shown to apply well to paraffi.n-aro:mati.c (34) 3 alcohol~ 

aromatic (2jl 21, 22), alcohol-ester (53)., and alcohol-n-para.f.fin (35) 

systems. 

D, Corresponding States Theory of r-mers 

Prigo~ine .(43) developed, based on his average potential model 

(44), a corresponding states theory of r-mers which is basically a 

group approach. The average potential model which was developed based. 
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on statistical mechanics with average interaction energy for a pair of 

molecules combines the basic ideas underlying the theory of conformal 

solutions with those of the cell model of solutionso 

The corresponding states theory of r-mers assumes that the number 

of degrees of freedom of a molecule may be divided into the internal 

degrees.of .freedom, which are controlled almost entirely by the va~ 

lence forces of the molecule and are only slightly influenced by the 

molecular environment, and the external degrees of freedom, which are 

unaffected by the valence forces and are dependent on the environment 

of the moleculeo The number of external degrees of freedom alone 

enters into the configurational partition function and gives rise to 

structure-dependent ·contributions to the excess functionso 

This theory considers all of the molecules to be composed of 

groups or segments which may be thought of as point centerso Two 

molecules·interact when one or more groups of one molecule interact 
·-

with one or more groups of the second molecule •.. Pairwise additivity 

is assumed and hence the total potential energy of the liquid is 

given by summing the pairwise interactions over all two-group inter~ 

actions in the systemo 

In this model the molecules are imagined to be arranged on a 

quasi-crystalline lattice with each group corresponding to a lattice 

point, and the cell method is applied in a straightforward manner to 

obtain the partition functiono 

This theory pel'I¢.ts correlatiop. of the thermodyp.amic properties 

of· polymers and demonstration of how their size and structure deter-

mines these thermodynamic propertieso However, the theory is re-

stricted to systems where all segments of a molecular chain are 
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identical. 

Hermsen and Prausnitz (27, 2B) extended the theory to the case 

where the segments of a molecule chain may be primary, secondary, or 

tertiary, or may have double bonds. They permitted the cell partition 

function to be a function of both reduced volume and reduced tempera~ 

ture. At the same time they included (in a semi-empirical manner) 

the effect of lattice irregularities on the configurational energy. 

The modified theory gives a satisfactory fit of the configurational 

properties of 35 hydrocarbons ranging from cl to c20 from the triple 

point to slightly above the normal boiling point. 

E. Group Interaction Model 

Redlich, Derr, and Pierotti (45) developed a group .interaction 

model which calculates the heats of mixing of liquid solutions as the 

sum of contributions from pairs of interacting groups. The contri­

bution of each pair of groups is assumed to be independent of the 

nature of the molecules involved and dependent on the group co:rlcentra­

tio~ ngroup cross sectl.on" characteristic of each kind of group and 

interaction energy characteristic of each group pair. 

This model has been tested by Papadopoulos and Derr (40) on· 

binary solutions of hydrocarbons with a deviati.on w:ithin the experi~ 

mental errors of the limiting heat data. Specially noteworthy 

features of the model include~ 

- 1. The energy of interaction of molecules is considered to be 

the sum of contributions due to contacts between groups 

(or radicals) in the molecules. . The contribut.ion of ea.ch 

contact is dependent on the two groups in question but is 
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independent of other groups either on the same molecule or on 

other molecules in the mixture. 

2. The relative frequency of interaction among groups is assum~d 

to depend on the cross section of the groups. Einpirical 

rules are established to relate liquid molal volume of hydrQi-

carbons to group volumes. The cross section of a group is 

then related to the 2/3 power of its group volume. 

F. Solution of Groups Model 

Wilson and Deal (59) have proposed a solution of groups model 

which describes the partial excess free energy as the sum.of struc-

tural contributions and group contributions as 

(2-3) 

The first term on the right hand' side of Equation (2-3) is a 

structural contribution due to structure of the molecule as a whole. 
I 

The second term on the right hand side of the equation is a group 

contribution due to the interaction of the functional groups. 

The structural contribution or the size contribution, which 

represents the only diFlt1inction between environments of the same 

group constitution and different molecular constitutions, is eval= 

uated by a Flory-Huggins relation expressed in terms of the number of 

groups in the respective molecules of the mixture~ . 

r: n' . r: n 1 • 

log y.s =log v Y1 + 0.4343 (1.0 - v vi ) 
1 Lr: x.n 1 • r:.r: x.n 1 • 

JVJ ~ JVJ ~ 
(2-4) 
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where n'vi is the number of atoms of type v in molecular component i. 

The contribution from interactions of groups is the sum of the indi­

vidual contributions of each group taken as the difference between 

contributions in solution ~nd molecular standard state. 

G . 
log y. = ~ n 1 (log r - log fi!-) 

1 v v v v (2-5) 

where r is the activity coefficient of group v in a group solution v . 

and r* is that in a standard group solution. The individual group v 

contribution (r ) is taken as a single fmiction of the group concen-
i v 

trations of environment ·for both solution and standard state: 

(2-6) 

.where Yts are group concentrations in teJ:'IllS of fraction. 

This model,, with its assumptions that in some way both the 

enthalpic and entropic contributions to the partial molal excess free 

energy are simply additive (Equation 2-5) and that the concentration 

dependency of these contributions may be characterized from a base 

case (:Equation 2-6),, is most useful. Wilson applied this model t;o 

two fairly extreme cases,, mixtures containing paraffin (CH3,, CH2) and 

hydrrucy-1 (OH) groups and mixtures containing paraffin and nitril (CN) 

groups; no distinction was made between methyl and methylene groups. 

In the -OH case,, he used the single hexane-methanol binary as base to 

.obt.ain r curves and estimated .the ethanol-heptane binary. The results 

show satisfactory agreement with experimental data over a wide range 

of activity coefficient values •. 

Recently,, Scheller f50) presented a correlation of a broad range 

of mixtures based on the solution of groups model. By the use of 
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mixture data containing water, he has defined r0H and rCH 
2 

the entire r:a,nge or CH2-0H mixtures and calculated the log 

curves over 

s 
y term 

with molar volumes instead of the group.numbers. This correlation 

represents the e:Jtperimental data of eight binary systems quite satis-

f actorily. 

There are several models, which are basically group approaches, 

that have reached some success in representing thermodynamic proper"-

ties of solutions, such as models by Flory (19), Hijmans (29), Irmann 

(33), Meyer and Wagner (38). 

In summary, the preceding review of the literature on group 

contribution models serves to indicate the current state of progress 

in the field.. The review demonstrates that the intuitively reasonable 

approach of treating mixtures in terms of their constituent groups to 

estimate·the thermodynamic properties can be of considerable practical 

use. However,. the approaches to handling mixtures in terms of groups 
~ . .. 

remain essentially empirical in. nature. Although some more theoretical 

approaches have been presented, more detailed and sufficiently quanti~ 

tative theories to meet technological needs are needed. 



CHAPTER III 

THE LOCAL SURFACE GROUP CONTRIBUTION THEORY 

A group contribution theory !Jor liquid solutions containing 

polar substances is developed in this chapter in a manner similar to 

the group interaction theory of heat of mixing advanced by RedlichJ) 

Derr, and Pierotti (45); in this work, however, the probability of 

interaction between two groups is considered to depend both on the 

magnitude of the interaction energy between the groups and on the 

free surf ace ar,eas of the groups. Thus, the local ordering or 

preferential interaction between groups due to interaction energy 

differences is considered in this study. 

There is certainly oversimplification in the group interaction 

theory of Redlich, et al., for no account is taken of some generally 

recognized factors, such as (1) chemical effect of neighboring groups 

on the energy,of an interacting pair of groups, (2) effect of varia= 

tion of distance of separation,of the groups in different mixturesJ) 

and (3) preferential interaction between groups due to either spatial 
' ', 

or energy conditions. The effect of these factors can be expected to 

vary depending on the mixture. 

In particular, the postulate concerning the relative frequency of 

group interaction appears to be adequate for hydrocarbon solutions in 

which the interaction energies a.re of comparable order of magnitude. 

For these interactions, the relative frequencies might reasonably be 

15 
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expected to be governed by a purely geometrical property such as the 

group cross section. However, interaction energies in solutions 

containing polar substances can be of very different magnitude and 

strongly attracted pairs interact preferentially. Thus, the relative 

frequency of interaction is governed by the energy properties of the 

groups as well as by their geometrical properties. 

The objectives of the present study are (1) to develop quanti= 

tative expressions for relative frequency of interaction of groups in 

solutions containing polar substances, (2) to develop the necessary 

energy parameters to describe group interactions in solutions of 

alcohols and n-paraffins, and (3) to make comparisons with experi= 

mental, data. 

A. Heat of Mixing 

1. Surface Area as a Measure of Frequency 

Consider a pure liquid in which each molecule to be composed of 

characteristic groups, or radicals. These groups may be (1) CH_J..ii 

(2) CH2, (3) OH, etc. Let the number of groups of type v per molecule 

be n· and the free surface area per group be s • That is~ a molecule 
v v 

may consist of nv groups v with sv free surface area per group.ll nu 

groups u with s free surface area per group, etc. The total free 
u 

surf ace area of v groups in a molecule is then 

A = n s v v v 

The total surf ace of one molecule is 

A = I; A 
t v v 

(3=2) 
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where the summation is taken over all the kinds of groups in the 

molecule. The :fractional area or the free ~urface belonging to group 

u is 

:r = A /r. A, u u v v (3-3). 

For the moment, if preferential interactions due to energy'di:fferences 

are ignored, the probability of interaction of the groups would be 

determined entirely by the surface fractions and is taken proportional 

to the free surface fraction in the liquid~ Now consider a central 

group v being surrounded by all kinds of groups in the pure liquid. 

The fraction or the surf ace or group v interacting with group u in 

the liquid is the same as the fraction of the overall surface belong~ 

ing to group u, that is :r • J 
Let A denote the e:ergy of interaction betw en group u and 

UV I . . ! 

group v per unit surface area of contact. The energy of interaction 

between the v groups in a specified molecule and the u groups in the 

liquid is 

A (A/~ A )A v. u -w. w .uv 

f 

The energy of all interactions in which the v groups of- a molecule 

participate is 

A I:. (A /I: A )A. vuuwwuv 

By summing the above expression. over all groups and dividing by two to 
,. . I 

avoid counting each interaction twice, the tdtai.:ertergy of interaction 

of all the groups of a molecule is 
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where all the v-v interactions must be counted twice. The sum extends 

over all groups present in the molecule. For example,11 for a molecule 

containing two types of groups of u and v, the total interaction ener=-

gy is 

A 2r.. A A A. A 2 r.. u uu u y uy v vv 
(A + A ) + (A + A ) :+ (A +A ) 

u v u v u v 
(J-6a) 

The total energy of interactions in one mole of liquid is obtained 

simply by multiplying the total interaction energy of a molecule by 

Avogadro's number, N, and this energy is identified with the energy of 

vaporization into vacuum: 

The concepts are extended to mixtures. The free surface area and 

the surf ace area fraction of groups in solution may be found in a 

similar way. The free surface area of group u in solution is given by 

~.x.A . (3~8) 
J J UJ 

where x stands for mole fraction. The first subscript in a doubly 

subscripted quantity identifies a group; the second subscript a 

molecule. The fraction of the surface area of all molecules i.n solt<.--

tion that belong to group u is found to be 

f = ~.x.A ./L ~.x,A . 
U J J UJ --W 1 1 W1 

(~9) 

For one mole of mixture, the energy of vaporization into vacu1JJD. 
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is 

-6UvM = .H2 L:j2'.. E l: (xjx. A jA k/L: L:.x.A . )A. K U V .K U V: W 1 1 WJ. UV 
(3-10) 

To evaluate the enthalpy of mixing, the following mixing pra=-

cesses are considered: 

1. The components are mixed in the liquid state and the mixture 

is vaporized into vacuum. 

2. Ea.ch pure component with an amount equal to its mole fracti.on 

in the mixture is vaporized at the same condition into vacu-

um, and the vapors are then mixed. 

In the first case, the total energy change involves energy of 

vaporization and energy of mixing. In the second process, the total 

energy change is the energy of vaporization only, since there is no 

energy of mixing of ideal gases. Thus, the difference of the total 

energy changes between the two mixing processes is the energy of mix~ 

ing of the liquid solution. If any minor differences between inter­

nal energy of mixing, 6uM, and heat of mixing, sJ'f-, for liquid solu~ 

tions are ignored, then the enthalpy of mixing is related to the ener-

gies of vaporization into vacuum by 

The surface areas of the groups and of the molecules are calc·u~ 

lated from Van der Waals radii and covalent radii of atoms. Figure 

2 shows the geometrical construction. 

The atomic radii for carbon, hydrogen, and oxygen atoms are 

taken from Gould (23) and are given in Table I~ The surface areas of 

groups thus computed are given in Table II. The detailed method of 
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computation is given in everywhere (6, 51). 

Figure 2. Geometry of Bonded Atoms 

Atom 

c 
H 
0 

TABLE I 

ATOMIC RADII (23) 

0 

R, Van der Waal's. radius., A. 
0 

L, Covalent radius.:i A. 

0.77 
0.28 
0.74 
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TABLE II 

FREE SURFACE AREAS OF GROUPS 

Group Bonded to s x 10-9, sq. cm./mole/group 

CH2 Two carbons lo35 

CH2 One carbon, one oxygen lo54 

CH3 Carbon 2.13 

CH3 Oxygen 2oJ2 

OH Carbon lo JO 

The use of atomic surfaces is a departure from the cross section 

of Redlich, et al. Atomic surfaces appear to be more natural choices 

for the development of a molecular model, since group cross sections 

cannot be evaluated for the hydroxyl group and most other polar groups 

as their group volumes are negative when evaluated from molal liquid 

volumes, 

2. Local Concentration Due to Energy Differences 

The foregoing treatment probably is suitable to account for the 

frequency of group interaction either in mixtures in which all the 

interaction energies are of comparable magnitude or at such high 

temperatures that the thermal energy of motion suffices to upset any 

preferential energy conditions. However, when the interaction ener-

gies between various group pairs are widely different, and the dif-

ferences are large compared with the thermal energy of motion, one 
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would expect the high energy group pairs to interact preferentially. 

The deciding factor for preferential interaction is the relative mag-

nitude of the interaction and thermal energies. 

To incorporate the preferential interaction due to interaction 

energy differences, a pure liquid is first considered. · Prigogine (43) 

suggested that the external degree of freedom of a chain molecule of 

r-mers is 2r + 1. The average external degree of freedom per chain 

link is (l/r )(2r + 1), which is approximately equal to 2. The 

principle of equi-partition of energy states that the average energy 

associated with each degree of freedom is !kT. The thermal energy 

of each chain link or group is approximately kT. 

As before, the interaction energy between group u and group v 

per unit area of contact is d~noted by \iv• The thermal energy of u 

group per unit area is kT/su; and that of v group is kT/sv. The 

total thermal energy associated with the interaction energy, Auv' is 

then 

.1 ..l..I S +s 
kT(:...-.. + ~ = ( u Y)kT s s .I. s x s (3-12) 

u v u v 

The probability of a v group interacting with a u group is then 

assumed to depend on the ratio of this interaction energy to its 

associated thermal energy. 

The probability of interaction is taken to be proportional to the 

total surface of u groups weighted statistically by the 
s s A 

factor exp[-(8 ~ys ) ~], that is 
u v 

Boltzmann 

(3=13) 
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This quantity when normalized leads to the expression of fractional 

probability as 

(3-14) 

The energy of interaction of the v groups of a molecule with all other 

groups is given by 

A .E [A exp(-s "'A ikT) Ir, A exp(-s "'A lkT)J "'A 
V U U UV Uv' '/ ' W W WV 'wv'. UV 

where by definition 

s s yy 
s = 

UV S + S 
u v 

s· is then a half of the harmonic mean of s ands • · 
~ u . v 

(3-15) 

The energy of.::all the interactions in one mole of pure liquid is 

identified with the molal ener~ of vaporization into vacuum: 

-t::.Uv ·= -2N \ ). [A A exp(-s . "'A ikT) Ir, A exp(-s "'A /kT)J "'A (3~16) L 4- u v uv uv' · '/' w w wv wv uv · 
u v . 

Equation (3-16) reduces to Equation (3-7) when all sA: 1s are of compa~ 

rable magnitude or when kT is large compared with s"'A. 

The same concepts are extended to mixtures. The fractional 

probability of interaction of a central v group with a u group is 

given by 

r..x.A . exp(-s "'A ikT)lr, r..x.A . exp(~s "'A /kT) 
J J UJ · UV Uv' 6

• ./ ' W J. J. W1 . WV WV · . 
(3=17) 

The total energy of all the interactions in one mole of mixture 

is identified with the molal energy of vaporization into vacuum~ 



24 

(3-18) 

The enthalpy of mixing is related to the energies of vaporization into 

vacuum by Equatipn (3-11) in the same way as before. 

B. Excess Entropy and Excess Free Energy 

Consider a liquid mixture containing n , n , • • , groups and 
u v 

··-
ignore for the moment the preferential,interactions due to energy 

differences and' fo'cus attention on a central group v in the solution~ 

the probability of i:r.itei-action of groups u and v would be equal to the 

fraction of the surface area of all molecules in the solution that 

belong to group u as given by Equation (3-9)., 

f = I: .x.A ./z:. I:.x.A . 
·U JJUJ W11w:L 

(3-9) 

The number of groups u required to cover this fraction of v's 

surface is given by 

n ° = f s Is 
UV U v' U 

(3-19) 

Thus, the group fraction of u about v is given by 

yo= n o/~ n o 
U UV -WWV 

I:1x.A i s 0 I:.x.A . s = ( - J u. J) ( J J _m.J .J) 
L I:.x.A . $ ~ L I:.x.A . s 
-w11w:i. u --WJ.1WJ. m 

This is a bulk group•fraction of u about v. The superscript o denotes 
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the bulk quantity. Similarly, the group fraction of v is 

E.x.A . ~· ;~··· E.x.A . s . E .. x.n y 0 = ( J J YJ ~-Y) ... f J J UJ ~..JC):. .. J. J y . 
v E I:jx .A • s . · . · . E I: .x .A . s · · . I: ·I: .x .n 

W J .WJ . V . W J J WJ U .W J J W 
(3-21) 

If the preferential interactions due to energy differ.ences are 

taken into ac.count, the :i;bcal group fractions Y1, Y2, • • • which­

differ from the bulk fractions due to the specific interaction of v 

with other groups can be evaluated in the same way. 

The fr~ction of v's surf~ce covered by u is given by Equation 

(3-17). as 

t.x.A . exp(-s. A. ikT) 
J J y..J . . uy uv' •• .. . 

t I:.x.A . exp(-s ~WVJkT) 
Wl.J. Wl. WV·· . 

(.3-17) 

The number of groups u required to cover this fraction of surf ace is 

s · I: .. x.A • exp(-s . A vfkT) 
. ..JC · J J UJ · uy ij . · 

nuv = s Ew. E~x.A • exp(-s A.. ikT) 
u · ·-11 wi ·wvwv·· 

(3-22) 

The number of group v is 

(3-23) 

and the total number of groups required to c9ver the surface of the 

central group v is 

n... =.En 
~lV U UV. 

(.3-24) 

Thus, th~ local group fraction of v is 

(~25) 



26 

From thermodynamics, the molal entropy of mixing of an ideal 

solution is 

(3-26) 

and the partial molal entropy of :mixing of i is 

- Mo Si · = -Rln(~) (3-27) 

The same concept is extended to solution of groups. The partial 

group entropy of mixing of v of an ideal group solution is given by 

S Mo = -Rln(Y 0 ) 
v .v (3-28) 

and that of group solution is 

-M S =-Rln(Y) v . v (3-29) 

A partial group excess entropy is defined to be .. the. difference of 

Equation (3-29) and Equation (3-28). 

(3-30) 

Thus, the excess entropy of a mixture is the difference of the sum of 

contributions to the mixture and to the pure components from partial 

group excess entropies of groups in the solution. 

SE _ (""' ...., j;}-S E.) " (""' ...., .t;:SE) - L.J L.J~x.n · M - ..., . .x;. L.J L.Jjxjn • . 
V..iJV V J.J. V VVJ. 

(3-31) 

Having known 1::.i4- and SE, the excess free energy of the solution 

can be calculated from .. the following thermodynamic relation: 
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(3-32) 

C. Application 9f Theory to Alcohol-Paraffin Systems 

The propo:iled model was tested by using experimental data on heats 

of mixing in n-alcohol-n-paraffin binary systems, These systems were 

chosen for initial study because they possess only a few groups (CH2, 

CH_J, and OH) and because excellent data are available from the system-

atic study of Savini, Winterhalter, and Van Ness (48) and Van Ness, et 

al, (56, 57). The data are comprised of seven binary mixtures which 

include three paraffins and five alcohols. 

To predict the heats of mixing from F.quation (3-18), values for 

the surface areas of CH2, CH3, and OH groups are required, as are 

values of the interaction energies for CH2-cH2, CH2-c13, CH_J-CH_J, 

CH2-0H, CH_J-OH, and OH-OH group interactions, The surface areas 
. . 

·were calculated from the geometric model of the molecules involved· 

as discussed in the previous section and are listed ,in Table II. 
I 

The hydrocarbon interaction energy parameters (CH2-cH2, CH2~ 

CH_J, and Cfj-CIJ) were determined independently of the h'eat of mix~ 

ing data by applying F.quation (3-16) to experimental data on the 

energies of vaporization at 30°c of the pure n-paraffins propane 

through decane. 

Heats of vaporization from API Project 44 tables (l) were 

converted to t:.Uv values by use of the generalized charts of Lyder'son.1> 

et al. (37) to account for compressibility factor and effect of pr.es­

sure on enthalpy. A nonlinear regression was performed to determine 

the values of the three energy parameters which would give the least~ 

mean-squares fit of Equation (3-16) to the energies of vaporization, 
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Values of the resultant parameters are given in Table IIIa,, and a 

comparison of the calculated and experimental energies of vaporiza­

tion is shown in Table IV. The agreement is very good (maximum error 

of o.1%). However, this is not an exacting test of the model,, since 

numerous three-parameter models represent paraffin heats of vapor­

ization accurately. 

The remaining three energy parameters, CH2-0H, C~-OH, and OH-OH,, 

were determined directly from heat of mixing data on the seven binary 

mixtures. Nonlinear regression was used to determine the parameter 

values. The previously determined hydrocarbon interaction energy 

parameters from Table IIIa were used as fixed input to this calcula­

tion. :Nine experimental points, .spaced at Ool mole fraction intervals 

from each of the seven binary mixtures, were useg. The resultant 

parameters are shown in Table IIIb. The predicted heats of mixing, 

based on these parameters, are compared with the experimental data in 

Table V and in Figures 3 through 9. Also shown in these Figures 

(dashed lines) are results of a modified version of the theory which 

is discussed later. 

The energy parameter values in Table III were employed to calcU=­

late excess free energies and entropies by Equation (3-31) and 

.Equation (3-32) for three alcohol-n-paraffin binary systems where 

experimental data are available at the same temperatureo The excess 

free energy data of ethanol-n-hexane solution at 30°0 were obtained 

from extrapolation of Smith's (52) data at 25°c, using Wilson's equa­

tion (54). Since the Wilson equation has a built-in temperature de­

pendence and the range of extrapolation is: small, the data obtained 

from the extrapolation should be adequate for the present study. 
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Results of the free energy and entropy predictions are given in Table 

VI and in Figures 10, 11, and 12. 

TABIE.III 

GROUP INTERACTION ENERGY PARAMETERS 

Groups Intera9tion Energy 
-~ x 10 , cal./sq. cm. 

a. Based on energies of vaporization 

1,731 

·1:,406 

911 

b. Based on heats of mixing 

2,174 

1,340 

4,751 



Hydrocarbon 

Propane 

n-butane 

n-pentane 

n-hexane 

n-heptane 

n-octane 

n-nonane 

n-decane 

TABLE IV 

HYDROCARBON INTERNAL ENERGIES OF 
VAPORIZATION AT J0°C 

Energy of Vaporization, ~Uv 
cal./g.-mole 

Experimental* This WorkiH~ 

.3,265 .3,26.3 

4,497 4,501 

5,704 5,708 

6,905 6,901 

8,090 8,085 

9,262 9,265 

10,441 10,441 

11,615 11,616 

i~ Based on heats of vaporization from Reference 1 

iH~ Based on energy parameters from Table IIIa 

.30 



System 

Ethanol-
n-he.xane 

Ethanol-
n-nonane 

Propanol.:.. 
n-heptane 

Butanol-
n-heptane 

TABLE V 

COMPARISON OF CALCULATED AND EXPERIMENTAL 
HEATS OF MIXING AT 30°c 

Mole tJ:.If @ ~o0c 2 cal.Le;.-mole D~:Qat1Qll 
Fraction 
Alcohol ~·i. (~al CaJ." 1d1 cal.Le;.-mole '__!_ 

0.1 ll2.93 105.46 -7.47 -6.6 
0.2 138.85 156.21 17.36 . 12.5 
0.3 149.42 173.61 2L~.19 16.2 
0.4 151.15 169.83 18.68 l2o4 
0.5 144.8.3 152.40 7.,57 ; 5.2 
o.6 133.27 126.37 -6.90 :..5.2 
0.7 114.59 95.41 -19.18 -q,6. 7 
o.8 88.46 " 62.40 -26.06 -29.5 
0.9 52.57 29.-81 -22.76 -43 .. 3 

0.1 130.67 108.27 -22.40 -17.1 
0.2 161.15 172.29 ll.14 609 
0.3 175.67 20?.75 27.08 15.4 
0.4 179.42 207.75 28.33 15.7 
0.5 175.48 193.06 17.58 10.0 
o.6 164.42 164.25 -0.17 -0.1 
0.7 145.89 125.75 -20.14 -13.8 
o.8 ll8.08 82.04 -36.04 ~30.5 
0.9 74.86 ,, .. 38.05 -36.81 -49 .. 2 

0.1 127.21 103.96 -23.25 -18.3 
0.2 157.31 158.35 1.04 0.7 
0.3 170.12 180.55 10 .. 43 6.1 
0.4 170.19 181,05 10.86 6.4 
0.5 160.07 166.67 6.60 4.1 
o.6 141.92 142.10 0.18 0.1 
0.7 116.61 . 110.74 -5.87 -5.0 
o.8 85.00 75.22 -9t.78 -11.5 
0.9 46.73 37.69 -9.04 -19.3 

0.1 123.75 99.70 -24.05 -19.4 
0.2 151.92 151.ll -0.81 -0.5 
0.3 165.07 171.98 6.91 4.2 
0.4 165.00 172.61 7.61 4.6 
0.5 154.50 159.46 4.96 3.2 
o.6 134.42 136.79 2.37 108 
0.7 107.52 107.59 Oo07 0.1 
o.8 75.38 74.01 -lo37 =1.8 
0.9 39.16 37.73 -1.43 -3.6 

31 
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TABLE V (Continued) 

Mole A~~ ~Q0Q. ~~l.Li.-mQl~ D~lci.~;i.Q;a 
System Fraction 

Alcohol Exnt 'i. '~al c~~rct 1 ci:aJ.. I.~ .-mcl~ _!., 

0.1 109.69 91.93 -17 .76 -16.2 
0.2 132.31 133.99 1.68 1.3 
0.3 141.85 148.23 6.38 4.5 

Pentanol- 0.4 140.77 145.71 4.94 3.5 
n-hexane 0.5 129.81 132.57 2.76 2.1 

o.6 110.19 112.50 2.31 2.1 
0.7 85.82 . &? .f>Jl 2.05 2.4 
o.8 58.46 60.24 1.78 3.0 
0.9 29.42 30.71 1.29 4.4 

0.1 106.41+ 80.41+ -26.00 -24.4 
0.2 123.08 118.10 -4.98 -4.0 
0.3 129.23 131.59 2.36 1.8 

Octanol- 0.4 '127.50 130.30 2.00 2.2 
n-heptane 0.5 118.99 119.46 0.47 0.4 

o.6 103.85 102.20 -1.65 -1.6 
0.7 82.28 80.52 ..;1.76 -2.,1 
o.8 56.92 55.72 .-1.20 -2.1 
0.9 28.56 28.68 0.12 0.4 

0.1 121.59 84.91 -36.68 -30.2 
0.2 142.31 131.08 -11.23 ~7.9 

0.3 149.93 151.75 1.82 1.,2 
Octanol- 0.4 149.42 154.83 5.41 3.6 
n-nonane 0.5 141.23 145.40 . ¢4.17 2.9 

o.6 122.88 126.87 3.99 3.,2 
0.7 99.45 101.58 2.13 2.1 
o.8 70,00 71.24 1.24 1.8 
0.9 36 .• 13 37.08 0.95 2.6 

\ 



TABLE'VI 

COMPARISON OF PREDICTED AND EXPERIMENTAL EXCESS 
FREE ENERGIES AND EXCESS ENTROPIES_AT 30°c 

33 

Mole E 
~ I ~il1Li:1-mQl~ 

E 
TS. 'I ~il. LB:.-mgJ.~ 

System Fraction 
Alcohol ~'l. C5!J.~'d 1 ~ Eirnt 1l1 C5!J.~ Id!! ~ 

0.1 152.80 192.44 39.64 -86.97 
0.2 244.80 304.41 59.61 -148019 
0.3 300.99 361.69 60.70 -188.07 

Ethanol- 0.4 329.74 379.16 49.42 -209.33 
n-hex.~me 0.5 334.70 366.08 31.38 -213.70 

(52) o.6 317 .35 328.58 11.23 -202.23 
0.7 277.69 270.85 -6.84 -175.47 
o.8 214.30 . 195.83 -18.47 -133.47 f 

0.9'. 123.92 105.37 -1$.55 -75.60 
1.0 o.oo o.oo o.oo o.oo 

0.1 159.44 185.35 25.91 "-38~78 -78.65 -39.87 
0.2 251.99 299.36 47.37 -104.89 ~136.72 -31.83 
0.3 309.99 361.06 51.07 -150.37 -176.30 -25.93 

Ethanol- 0.4 340.56 382.56 42.00 -178. 70 -198.75 : ~20.05 
n-heptane 0.5 347.38 372.00 24.62 -190.72 -204.97 -14.25 

(56) o.6 330.88 335.15 4.27 -185.89 -195.46 -9.57 
0.7 290.75 276.32 -14.43 -164.30 -170.41 ~6.11 
o.8 226.64 198.92 -27.72 -126.79 -129.76 =2.97 
0.9 132.82 105.90 -26.92 -72.20 -73.19 =0.99 
1.0 o.oo o.oo o.oo o.oo o.oo o.oo 

0.1 147.40 178.86 31.46 -20.78 . -74092 ~54.14 
0.2 230.17 285.94 55.77 -73.59 -127.61 -54.02 
0.3 279.76 342.04 62.28 -110.20 -161.53 -51.33 

Propanol- 0.4 304.35 359.98 55.63 -134.68 =178.96 ~44~28 
n-heptane 0.5 307.38 348.15 40.77 -147.99 -181.51 -33.52 

(57) o.6 289.79 312.35 22.56 -148.54 -170.30 -21.76 
0.7 251.61 256.80 5.19 -135.30 -146.11 -10.81 
o.8 191.$4 184.63 -7.01 -106.85 -109.47 =2.62 
0.9 108.67 98.35 -10.32 -62.17 ~60.72 +lo45 
1.0 o.oo o.oo o.oo o.oo o.oo o.oo 
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D. Discussion 

1. Representation of Excess Properties 

Figure 3 through Figure 9 show that by using three parameters 

based on the data of heats of mixing, reasonable agreement between 

theory and data is obtained for the seven binary systems, The asym-

metry of the heat of mixing curves is correctly reflected by the model. 

The maximum values of ~~ seems to be well represented by the theory 
I 

except for ethanol mixtures, Best agreement occurs for the mixtures 

of higher molecular weight components in the region of high alcohol 

concentrations. Least satisfactory agreement is found at low alcohol 

concentrations, where the model predicts consistently low values of 

Figures 10 through 12 show that the excess free energies and the 

excess entropies calculated from the set of energy parameters deter-

mined from energies of vaporization of n-paraffins and the heats of 

mixing data give a qualitative representation of the experimental 

excess entropies and free energies, The model fails to reflect the 

positive values of excess entropy at low alcohol concentrations. The 

E positive TS values shown at low concentrations are due to the break-

ing of hydrogen bonds and the resulting gain in orientational free-

dam of the alcohol molecules. Since this breaking of hydrogen bonds 

is purely due to a dilution effect, it is significant at low alcohol 

concentrations, 

2, Surface Energies of Group Pairs 

The v~lues of the interaction energy parameters/of Table III are 
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shown graphically in Figure 13. As expected the OH-OH interaction, 

where hydrogen bonding may occur, is by far the strongest :interaction 

in the solution. However, when an OH group interacts with a hydro­

carbon group, it behaves very similarly to a CH2 groU.po; The energies 

of CH2-cH2 and CH3-c~ interactions appear in Figure 13 to be quite 

different. However, the values shown are in terms of energy per unit 

surf ace area. The energies per group pair may be obtained from these 

values by multiplying by the surface area per group and are as follows: 

cal~/mole/group 

1,940 

2,337 

In contrast, the value for OH-OH is 6,176 cal./mole/group. 

Since the model has a built-in temperature dependence, these 

energy parameters could be considered, to a good approximation, to be 

independent of temperature over a small interval, which means that 

parameters obtained from data at one temperature may be used with 

reasonable confidence to predict properties at some other temperature 

not too far away. 

In principle,, the three interaction energy parameters involving 

the hydrrocyl group {or,, in fact, all six parameters) could be deter­

mined from data on energies of vaporization of pure n-alcohols. Ho~ 

ever,, this was not attempted for the reason tbat any inaccuracies in 

the parameters and defficiencies in the theory would be magnified in­

to excessively large errors in heats of mixing when all the energy 

parameters were determined from energies of vaporization. Thus, the 

remaining three energy parameters, CH2-0H, CH_J-OH, an<i OH-OH were 
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determined directly from the heat of mixing data. 

3. Alcohol Internal Energies of Vaporization 

In ord.er to verify the attempt just mentioned, the previously 

determined energy parameters in Table III were used to predict the· 

internal energies of vaporization of the normal alcohols and to com-

pare with experimental data in Table VII. As expected, the agreement 

is poor. 

Alcohol 

Methanol 
Ethanol 
Propanol 
Butanol 
Pentanol 

TABLE VII 

ALCOHOL INTERNAL ENmGIE3 OF VAPORIZATION AT 30°0 
BASED ON ENERGY PARAMETERS IN TABLE III 

4Uv. cal. /g.-mole 

~t·J.7!- Cialc'!l. 

8,233 4,195 
9,378 5,503 

10,492 6,654 
11,575 7,791 
12,672 8,923 

71-Based on heats of vaporization from Reference 200 

Deviation 

% 

-49.0 
-41.3 
-36.6 
-32.7 
-29.6 

The experimental internal energies of vaporization of n-alcohols 

at 30°0 were converted from the heats of vaporization at 25°0 given by 

Gjaldbaek and Niemann (20), They p~d collected the heats of 
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vaporization data from several sources. The data reported at 25°c 

were converted to 30°c according to the following equation suggested 

by Hougen, Waston, and Ragatz (31). 

~ =(l.O - Tr?)0.38 
l1_ 1.0 - Trl 

(J-33) 

The heat of vaporization of butanol used by Gjaldbaek and Niemann 

seems to be small. The value used here was a smoothed value from a 

plot of' internal energies of vaporization versus carbon number on the 

alcohol molecules as shown in Figure 14. The value of 11,575 calo/g.-
' 

mole for butanol used in this work is within the range of· reported 

experimental valueso 

Values of the three energy parameters involVing the hydroxyl 

group were also evaluated performing a nonlinear regression to obtain 

a least-mean-squares fit of F.quation (3-~6) to the energies of vapor-

ization of alcohols. Values of the energy para:rneters so obtained are 

as follows: 

"-dH2~0H 
6 -9 calo/sqo -1,4 3 x 10 CIDo 

. ' -9 
"-cH ..:.oH -1,805 x 10 Calo/sq. cmo 

3 
-10,265 x 10-9 "-oH .. :.oH cal./sqo cm., 

A comparison of the calculated and experimental energies of vaporiza~ 

tion is -shown in Table VIII. 

The agreement is very good,, but the resultant energy parameters 

represent poorly the heats of mixing and excess properties. Thus:; the 
i 

possibility of determining properties of highly non=-ideal rpixt"l.:ires 

from pure component properties is not achieved in the.present worko 
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However, it is important to realize that this possibility is contained 

in the group solution theory. This possibility will continue to.offer 

a worthwhile objective for further development of the theory in future 

investigations. 

TABIE VIII 

ALCOHOL INTERNAL ENERGIES OF VAPORIZATION AT 30°C: 
RESULTS OF FITTING EQUATION (3-16) TO THE DATA 

4Uv. cal./g.-mole Deviation 

Alcohol EiApt'l, (20) Calc'd, % 

Methanol 8,233 8,288 Oo67 
Ethanol 9,378 9,,366 -0.13 
Propanol 10,,492 10,460 -0.30 
Butanol 11,575 11,581 Oo05 
Pentanol 12,672 12,717 0.35 

4. Application to Partially Miscible Systems 

Heats of mixing data for methanol-n-hexane and methanol-n­

heptane :mixtures at 30°c are available in literature from Sa.vini, 

Winterhalter, and Van Ness (49). These systems show partial misci­

bility at 30°c. However, there is no way to test the applicability of 

the model to the partially miscible systems directly by heats of mix-

ing data. 

When a binary :mixture is partially miscible, there exist two 
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points with a comm.on tangent on the plot of free energy of mixing 

versus mole fraction if the free energy of IIrixi.ng is treated as a con­

tinuous function (47). The compositions of the two points represent 

the phase compositions in equilibrium. 

To see whether the proposed model is applicable to the partially 

miscible systems, the free energies of IIrixi.ng of methanol-n-hexane 

mixture are calculated from the following equation: 

M _E , 
~G =a-+ RT~.x.ln(x.) 

l. l. l. 
(3-34) 

by using the energy parameters in Table III. A plot of free energy 

versus mole fraction of the system is shown in Figure 15. Apparently 

there exists a comm.on tangent. The predicted two phases in equili~ 

brium have compositions of 0.02 and 0~745 mole fractions of methanol. 

The actual phase compositions in equilibrium at 30°c are 0.330 and 

0.745 mole fractions of methanol. The proposed model predicts one 

phase composition exactly but fails to predict the other. Therefore~ 

the application of the model to partially miscible systems is not 

recommended. 

E, Mod.ified Model--OH-OH Interaction as function of OH Groyp Surface 
C9ncentration 

The inability of the model to fit adequately the data at low 

alcohol concentrations led to further study in this region. Energy 

parameters for hydro.xyl interactions were re-evaluated with only data 

below 0.4 mole fraction alcohol, The results were qualitatively s~ 

ilar to those in Figures 3 through 9; that is, the shape of the curve 

was not correctly reproduced, However, a study treating the 
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hydroxyl-hydroxyl interaction as a function of OH group surface con-

centration has made a substantial improvement of the model in repre-

sentation of heats of mixing data at low alcohol concentrations. 

If all the energy parameters in Table III except OH-OH inter6 

actions are used along with heat of mixing data, values of the OH-OH 

interaction energy for various concentrations can be calculated by 

Equations (3-11) and (3-18). Figure 16 shows a plot of the calculated 

OH-OH interaction energies versus OH group surf ace concentration on 

the semi-logarithmic scale. This figure shows that the OH-OH inter-

action energy may be represented empirically as a linear function of 

the logarithm of OH group surface concentration. This finding sug~ 

gests the following form for OH-.OH interaction energy. 

(3-34) 

Where f sOH is OH group surface concentration as percent of total group 

surface area in solution. 

The constants B1 and B2 in Equation (3-34) can be determined from 
I 

the intercept and the slope of the plot in Figure 16. However, in 

order to have values for the two constants which provide an optimum 

fit of the model to the experimental heat of mixing data, a non-linear 

regression was performed to evaluate the two constants by fitting 

the model to heat of mixing data (48) on seven paraffin-alcohol binary 

systems at 30°c. The other two energy parameters involving OH group 

interaction, i.e., CH2-0H and CIJ-OH, were re-determined at the same 
I . 

time. The hydrocarbon interaction energy parameters from Table IIIa 

were again used as fixed input to this calculation. The resultant 

values are shown in Table IX. The predicted heats of mixing are 
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compared with the data in Table X. The results are also shown in 

dashed line in Figures 3 through 9 to compare with experimental data 

and with the results based on energy parameters in Table III. 

TABLE IX 

GROUP INTI!RACTION ENERGY PARAMETERS INVOLVING OH GROuP 
INTERACTION DETERMINED FROM HEAT OF MIXING DATA 

WITH OH-OH INTERACTION AS A. FUNCTION OF 

Groups 

OH-.QH 

OH GROUP SURFACE CONCEN'IRATIOM3 

Interaction Energy, -A. x io9, cal./sq.cm. 

8671 ± 641.:f:, (f sOH) 

2266 

841 



TABLE X 

PREDICTED HEA'IS OF MIXING AT 30°c BASED ON 
ENERGY PARAMETERS IN TABLE IX 

Mole ~~. ~al.Li.-mgl~ D~Jci.~:t;lsm 
System Fraction 

Alcohol EAP:t'l• (~al C~l~'d 1 "al.Ls:.-mgl~ ...L, 

.01 42.86 42.23 -0.63 -1.5 
·~:02 61.53 63.00 1.47 2.4 
.03 72.76 ','JJ~9.l 1.15 1.6 
.04 81.51 82.06 0.55 0.7 
.05 88.60 89.12 0.52 o.6 
.or'/5 102.56 104.42 1.86 1.8 
.10 112.93 117.45 4.52 4.0 
.125 121.47 128.62 7.15 5.9 

Ethanol- .15 128.42 138.14 9.72 7.6 
n-hexane .175 133.96 146.20 12.24 9.1 

.20 138.85 152.93 14.08 10.1 

.30 149.42 168.79 19.37 13.0 

.40 151.15 170.46 19.31 12.8 

.50 144.83 161.01 . 16.18 11.2 

.60 133.27 142.42 9.15 6.9 

.70 114.59 116.09 1.50 1.3 

.so 88.46 83.06 -5.40 -6.1 

.90 52.57 44.16 -8.41 

.01 46.57 46.87 0.30 o.6 

.02 70.01 75.24 5.23 7.5 
~03 84.01 91.30 7.29 s.7 
.04 94.71 101.66 6.95 7.3 
.05 103.56 109.43 5.87 5.7 
.075 119.74 124.38 4.64 3.9 
.10 130.67 136.51 5.84 4.5 
.125 140.14 146.92 6.78 4.8 

Ethanol-: .-:.. ... .:.l5 148.34 155.88 7.54 5.1 
n-nonane .175 155.48 163.53 8.05 5.2 

.20 161.15 169.94 8.79 5.4 

.30 175.67 184.78 ... 9.11 5.2 

.40 179.42 184.97 5.55 3.1 

.50 175.48 173.11 -2.37 -1.4 

.60 164.42 151.13 -13.29 ,..8.1 

.70 145.89 120.73 -25.16 .... 17.2 

.so 118.08 83.70 -34.38 -29.1 

.90 74.86. 42.34 -32.52 -43.4 
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TABLE X (Continued) 

Mole ~~. gal.Lg.-mgl~ D~:JG.a:tlgn 
System Fraction 

Alcohol Exn:t 'l1 c~al Calc'g• c&J.. Li.-m.Ql~ -1.. 

.01 45.34 44.74 -0.60 -1.3 

.02 67.66 67.59 -0.07 -0.1 
103 82.61 79.98 -2.63 -3.2 
.04 90.92 ·;se;61 -2.31 -2.5 
.05 98.88 95.71 -3.17 -3.2 
.075 115.07 110.61 -4.46 -3.9 
.10 127.21 123.19 -4.02 -3.2 
.125 136.98 134.02 -2.96 -2.2 

Propanol- .15 144.97 143.30 -1.67 -1.2 
n-heptane .175 151.66 151.18 -0.48 -0.3 

.20 157.31 157.80 0.49 ~0.3 

.30 170.12 173.53 3.41 2.0 

.40. 170.19 175.29 5.10 3.0 

.50 160.07 165.92 5.85 3.6 

.60 141.92 147.25 5.33 3.8 

.70 ll6.61 120.53 3.92 3.4 

.80 85.00 86.65 1.65 1.9 

.90 46.73 46·30 -0.43 -0.9 

.01 43.76 44.30 0.54 +1.2 

.02 ,· 65.77 66.80 1.03 1.6 

.03 79.90 78.86 . ~0.74 -0.9 

.04 89.72 87.16 -2.56 -2.8 

.05 97.74 93.92 -3.82 -3.9 

.075 112.40 107.96 -4.44 -4.0 

.10 123.75 119.69 -4.06 =3.3 

.125 132. 77 129.68 -3.09 =2.3 
Butanol- .15 140.37 138.16 -2.21 -1.6 
n-heptane .175 146.80 145.29 -1.51 -1.0 

.20 151.92 151.20 -0.72 =0.5 

.30 165.07 164.55 -0.52 -0.3 

.40 165.00 164.74 -0.26 -0.2 

.50 154.50 154.67 . 0.17 0.1 

.60 134.42 136.20 1.78 1.3 

.70 107.52 110.63 3.11 2.9" 

.so 75.38 78.93 3.55 4.7 

.90 39.16 :41.85 2.69 6.9 



TABLE X (Continued) 

Mole ~~. ~al.Lg.-mQl~ D!i!D.5!.:t;i.Qll 
System- - Fraction 

Alcohol ht'l1 (~~l C§.l~ '~• ~al. LS:.-m!i2l~ J_ 

.01 42.57 41.90 -0.67 -1.6 

.02 61.77 60.59 -1.18 -1.9 

.03 73.10 ;, 70~47 -2.63 -3.6 

.04 81.42 77.58 -3.84 -4.7 

.05 87.92 83.56 -4.36 -5.0 

.075 100!'39 96.15 -4.24 -4.2 

.10 109.69 106.53 -3.16 -2.9 

.125 117.00 ll5.16 -1.84 -1.6 
Pentanol- .15 123.21 122.28 -0.93 -0.8 
n-hexane .175 128.06 128.09 0.03 o.o 

.'20 132.31 · 132.73 0.42 0.3 

.30 141.85 141.8-5 o.oo o.o 

.40 140.77 139.46 -1.31 ~0.9 

.50 129.81 128.67 -1.14 ~0.9 

.60 110.19 lll.43 1.24 1.1 

.70 85.82 89.07 3.25 3.8 

.80 58.46 .,62.,58 4.12 7.0 

.90 29.42 32.70 3.28 ·· 11.1 

.Dl 42.43 42.03 -0.40 ~0.9 

.02 62.33 62.59 0.26 0.4 

.03 73.66 72.87 -0.79 ~1.1 

.04 81.23 79.39 -1.84 -2.3 

.05 87.12 $4.35 -2.77 -3.2 

.075 98.39 93.93 -4.46 -4 .. 5 

.10 106.44 101.34 -5.10 -408 

.125 112.53 1CJ7.24 -5.29 -4 .. 7 
Octanol- .15 117,00 111.88 -5.20 -4<>4 
n-heptane .175 120.43 115 .. 45 -4.98 -4.1 

.20 123.08 11$.06 -5.02 -4.1 

.30 129.23 121.08 -8.15 ~6.3 

.40 127.50 115.41 -12.09 -9.5 

.50 ll8.99 103.82 -15.17 -12.7 

.60 103.85 87.99 .;.15.86 ~15.3 

.70 82.28 69.03 -13.25 -16.1 

.80 56.92 47.71 -9.21 -16.2 

.90 28.56 24.56 -4.00 -14.0 
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TABLE X (Continued) 

Mole ~J'i-~ ~~l.Lg.-m,Ql~ D~Y.l.st~Qll 
System Fraction 

Alcohol ~·le (48) Calc 1d1 cal./g.--mole --1. 

.01 44.29 44.6J o.J4 o.8 

.02 67.66 71.14 J.48 5.1 

.OJ 81.J5 85.64 4 .. 29 5oJ 

.04 91.29 94.51 J.22 J.5 

.05 98.77 100.78 2.01 2o0 

.075 112.2J lll.85 -OoJ8 ~o.J 

.10 121.59 120.09 ~1.50 =1.2 

.125 128.8J 126.7J -2.10 ~lo6 
Octanol- .15 134.24 132.10 ~2.14 =1.6 
n-nonane .175 138.82 136oJ8 ~2.44 ~1 .. 8 

.20 142oJl 139.68 -2.6J -1.8 

.JO 149.9J 144.77 -5.16 -J.4 

.40 149042 139.77 -9o65 =6.,5 

.50 l4lo2J 127 .. JJ -JJ.90 =9.8 

.60 122.88 109020 =13.68 -11.1 

.70 99.45 86.59 -12.86 =12o9 

.80 70.00 60.42 -9o58 =13.7 

.90 J6.l3 Jl.J8 -4 .. 75 =lJol 
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Both Table X and Figures 3 through 9 show that the agreement 

between theory and data has been substantially im.pr,oved at lower 

alcohol concentrations with the modification that OH-OH interaction 

energy is a linear function.of logarithmic surface concentration of 

OH group in solution. The shape of the heat of mixing curves is 

correctly reflected by the model with the use of energy parameters in 

Table IX. 

Again energy parameters in Table IX were used to calculate the 

internal energies of vaporization of pure alcohols. The calculated 

internal energies of vaporization are compared with experimental data 

in Table XI. In view of the accuracy of pure alcohol heats of 

vaporization data, the agreement is encouraging. 

However, energy parameters in Table IX fail to represent 

adequately the excess entropies and excess free energies. 

TABLE XI 

INTFBNAL ENERGIES OF VAPCRIZATION OF ALCOHOIS BASED 
ON ENERGY P.ARAMET.ERS IN TABLE IX 

Energy of Vaporization, @ 30°0, !::.UV DeJci.s.tii;in 
Alcohol ~~= 17 -~ol~ Ex:n~~im.en::i 2Q:- CsaJ.~ula1'~d ~ 

Methanol 8,233 8,165 -0.8 
Ethanol 9,378 9,595 2.3 
Propanol 10,492 10,773 2.7 
Butanol 11,575 11,929 3.1 
Pentanol 12,672 D,077 J.2 



F. SiimrnRrv 

A new group interaction theory is presented and applied to polar 

substances. The theory accounts,, to a first approximation,, for the 

effect of the strength of group interactions on the probability of 

interaction. The probability of interaction between two groups is 

considered to depend both on the magnitude of the interaction energy 

between the groups and on the free surface areas of the groups. The 

surf ace areas are calculated from a realistic geometric model of the 

molecules involved. The model is shown to provide satisfactory 

qualitative representation of excess properties of n-alcohol~n­

paraffin systems with reasonable values used for group interaction 

energies. Unsatisfactory results from this and other models (22,, 46) 

at low alcohol concentrations suggests the need for future study of 

the nature of dilute polar solutions. 

A substantial improvement in predicting heats of mixing at low 

alcohol concentrations was obtained by the modified model which treats 

the OH-OH interaction energy as a function of OH group surface concen­

tration in solution. However,, this energy parameter modification is 

an empirical with no theoretical justification. 



CHAPTER·IV 

THE QUASI-LATTICE THEORY 

Previous investigators have applied group solution (1.3) and 

association-type (46, 58) mod.els to the description of alcohol-

paraffin systems. However, no similar results have appeared for the 

quasi-lattice theory (2, 25). The work in this chapter examines the 

quasi-lattice model in its ability to describe the excess enthalpy 

and free energy of alcohol-paraffin systems. 

The quasi-lattice theory advanced by Guggenheim (25) and Barker 

(2), re-expressed in canonical partition function of group inter..,, 

actions, is used in the present study. The present equations serve 

as a convenient basis for further development and use in cell=theory 

calculations (12). 

A. 'The Quasi-Lattice Theory 

Basically, the quasi~lattice theory considers each moJ.ecule i in 

solution to be composed of a number (r.) of segments (or groups) 
l 

placed on well=defined lattice sites. Each type of segment v pos= 

sesses a number (z ) of contact points, where it interacts with v 

adjacent segments. For example, a pentane molecule "could be consid-

ered to consist of two methyl segments and three methylene segments. 

The configurational energy of the solution is the sum of contributions 

from interactions between pairs of adjacent segments. 
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Guggenheim' (25) developed the quasi-lattice theory of molecules 

of different sizes and occupying different number of lattice sites. 

Segments of the same molecule irtteract in the same.way. Barker (2) 

extended Guggenheim's theory to allow each molecule to have different 

kinds of segments. Barker's results are irt terms of grand partition 
I . 

functions. In the following, Guggenheim's results are re-expressed, 

still allowing each molecule to have more than one kind of segmento 

The present results are in the canonical, form and appear to be well 

suited for further development into the language of the cell-theories 

(12). 

The configurational energy E of a lattice solution is completely 

determined by a set of numbers Nuv that represents the numbers of 

contacts between segm~nts of types u and v. The canonical partition 

function is given by 

Q = .E g exp (-E/kT) 
N 

UV 

'·' ~ .. ~ 

(4-1) 

where g denotes the degeneracy of the configuration describediby the 

set of N •s. 
UV 

Let A.• stand for the energy of interaction betweeh an u segment 
UV 

and a v segment. Then, 

E - J. :E N A. 1 
- """"U~U UV UV 

(4-2) 

The degeneraby g has so far not been evaluated rigorously for 

3-dimensional lattices. However, seYeral approximations have been 

developed. Following Guggenheim (25) and assuming that 

1. ln(g)/~ is homogeneous of "degree zero 11 ·in the N1•s. 
i 



2. the free energy is a continuous function of E in the neigh­

borhood of E = O; that is1 ln(g) reduces to ln(g*) when E.= o. 
3. the conditions for maximizing Q·with respect to N are . UV 

equivalent to conditions of a "quasi-chemical equilibrium,. 11 

the degeneracy g will have the following expression 

N* ! N* ! 2Nuv 
ln(g) = ln(g*) + 2:: ln(Nuu,) + 2:: 2:: ln( uy N*) (4-3) 

u uu· uv N !2uv 
UV 

The values of g and N are related to the corresponding values 
UV 

(denoted by asterisks) in the athermal theories of Flory and Huggins 

(17). Thus, 

N* = (2::.niNiz )(~. ni~z )/2:: ~. (ni~z ) 
UV l. U U -:1.. V V W l. W W 

. . 2 .. 
N* = i(~.n1N1z) /L ~.(n1N1z) uu l. u u -w l. w w 

i where nu denotes the number of u groups in a molecule i. 

(4-4) 

(4-5) 

As usual in statistical thermodynamics 1 the sum of Equation (4-1) 

is replaced by its maximum term. In order to pick the maximum,, we 

differentiate with respect to Nuv and set the derivative equal to zero, 

~· [g exp(-E/kT)] = 0 
UV. 

Upon performing the.indicated operation1 bearing in mind that all the 
' . 

asterisked quantities are independent of Nuv1 the following expression 

is obtained,, 

rf-
N ~y = 4 exp(-20~,/kT) 
uu vv 

(4-7) 
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where the exchange energy or is defined by -u.v . 

o• = A.' - i(t..r + t..r ) -u.v UV UU VV 
(4-8) 

Equation (4~7)_expresses the well-known quasi-chemical relation that 

is contained in the approximation of .Equation (4-3). 

In the evaluation of the N rs, Eq,uation (4-7) is combined with 
UV 

the following stoichiometric equations of contact points. 

(4-9) 

In a solution containing n types of segments there are n(n-1)/2 

equations like Equation (4-7), and n equations like Equation (4-9), 

making up a total system of n(n+l)/2 equations, corresponding to 

exactly the same number of Nuvrs. There are just as many equations 

as unknowns. 

II). the following applications of the theory, the exchange ener.-

gies ~v are considered to be adjustable parameters. The geometric 

factors z and z are taken from previous results by other investi­
u 

gators. The N rs are fixed by Equations (4-7) and (4-9) for 
UV 

specified values of Ni. 

The excess enthalpy of the solution is expressed in terms of the 

N by 
UV 

I!' = - >: .E (>:. Noi - N )or 
ll v:>U ;_ UV UV UV 

where the superscript oi denotes the assembly of ~ molecules of i 

(pure liquid). 

Based on the thermodynamic relations, the entropy of solution is 

evaluated from the canonical partition function as follows: 



(. gln Q) ( ) S = kT\ oT V,N +.k 1n Q 

= k ln(g) 

Similarly, the entropy of pure liquid i is 

The entropy of mixing of the solution is then given by 

(4-l3) 

Combining Equation (4-3) and Equation (4-13), the ~ntropy of mixing 

of the solution is expressed in terms of the Nuv by 

M N 'N , .N* oi '.N'lf- oi '· . S _.IL o .o . 

· r. 1£' .. ) 1. uu uv TI uu. uy ) 
k = ln'TI: ~J>i - ~Lvtu ln\Nfru !Nfrv ! i N01 ! Noi' 

1 6 · uu uv· 

For an ideal solution, the entropy of mixing is given by 

SMo =-k l: .. N.ln(x.) 
11 1 

Thus, the excess entropy of the solution is given by 

+ L.N.ln(x.) 
1. 1 1 

(4-15) 

(4 ... 16) 

'66 
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The excess free energy is obtained upon combining Equations (4-1o) 

and (4-16) 

For specified values of ~' the N •s are fixed by Equations 
UV 

(4-7) and (4-9). However, it is hard to solve the Nuv's directly 

from the n(n+l)/2 simultaneous equations in the form of Equations 

(4-7) and (4-9). To make the solution easier, the f ollow:ing technique 

of change variables is employed. 

If the substitutions 

N = m_2 uu u (4-18a) 

N = 2NX x exp(-o• /kT) 
UV U V UV 

(4-18b) 

are made, the quasi-chemical relation of Equation (4~7) are aut0=-

matically satisfied, the the stoichiometric equations of Equation 

(4-9) become 

L::.N1niz 
( I ) _l l, uu x L: x exp ~rn kT = ~ N 

UV V UV 

where X•s are new variables to be solved from the n(n+l)/2 simu.1-

taneous equations. In the present study of alcohol-n-paraffin soll.J!-> 

tions, if the type of contact points is specified in the manner of 

Barker (2), Equation (4-19) becomes 



where x = mole fraction alcohol 
a 

x = mole fraction n-pa.raffin 
p 
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H,, <),, I, S = hydro:x;y-1 hydrogen,, hydroxyl oxygen,, alkyl,, and 

paraffin solvent groups respectively. 

Combining Equations (4-10) and (4-18),, the excess enthalpy of the 

solution is expressed in terms of new variables X•s by 

+ ~15 exp(-Ofs/RTH-Ofs/RT) (4-21) 

where .x11 s in Equation (4-21) are found by solving Equation (4-20) 

for the special case of ~ = l.O. 

B. Ap,plication to Alcohol-Par§ffin Systems 

In the present work, the type and number of contact points were 

specified in the manner of Goates,, et al, (211 22), F.a.ch paraffin 



molecule was considered to contain only paraffin-type segments, S, 

with two contact points on each methylene group and three on each 

methyl group. The alcohols were divided into a hydroJcy"l hydrogen 

segment, H, a hyd.roJcy"l oJcy"gen segment, O, and paraffin type segments,, 

I. The H segments were specified to have a single contact point, 0 

segments two and paraffin-type contacts specified as they were for the 

n-paraffins. 

With the segments and contact points specified as in Table !XII, 

the exchange energies, 01, were evaluated by fitting the model to 

experimental data. In the present case, six exchange energies arise; 

0-H, 0-I, 0-S, H-I, H-S, and I-S. In past studies, certain exchange 

energies have been neglected by reasoning that their magnitudes (or 

the number of contacts) might be expected to be small. Results have 

been found to be sensitive to the choice of energy values retained as 

significant (21). 

Five separate choices of energy parameters were evaluated in 

the present study. For each choice of parameters, a non-linear re-

gression was performed to evaluate the parameter values which re­

sulted in a least-squares fit to heat of mixing data (48) on eight 

paraffin-alcohol systems at 30°c. The five choices of energy 

parameter sets and their values are shown in Table XIII. 

The considerations that led to these choices are as follows: 

Parameter set A, in which.only the 0-H and I-S energies.were consid­

ered conforms to Goates, et al. (21) choice for describing cyclo-

hexane-alcohol systems.. Set B, which appears more reasonable on a 
I 

physical basis, was previously evaluated for the cyclohexane-ethanol 

system with unsatisfactory results (21),. Set C was tried as a 



possible improvement on B, although the I-S interaction energy was 

expected to be small. Set D is similar to that used by Goates, et 
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al. (22) in aromatic-alcohol systems, where interactions of the 0 and 

H sites with paraffin segments on the alcohol were neglected. Set E 

placed no restrictions on the energy parameters, allowing all six 

parameters to be regressed. The ability of the energy parameter sets 

to represent the heat of mixing data improved from A to E. Set A was 

markedly inferior, set B and set C comparable and somewhat poorer 

than set D, which in turn was marginally inferior to E. 

Component 

Ethanol 
Propanol 
Butanol 
Pentanol 
Octanol 
n-hexane 
n-heptane 
n-nonane 

TABLE XII 

NUMBER A~ TYPE OF CONTACT POINTS, 
SITES AND COORDINATION NUMBERS 

nHzH nozo nizI ns~s 

1 2 5 
1 2 7 
1 2 9 
1 2 11 
1 2 17 

14 
16 
20 

z 

4* 
4 
4 
4 
4 
4 
4 
4 

rl 

3 
4 
5 
6 
9 

* The coordination number, z, is given by E n z = rz - (2r - 2) uuu 

r2 

6 
7 
9 



TABLE XIII 

INTBRACTION ENERGY PA.R.AMim!RS~E- AT 30°c 

Set 06..H °h-s "H-I 06-s 06..I Of-s 

A -2,756 0 0 0 0 2 
B -3,173 (,...~24 = -224) (-284 = -284) 0 
c -3,161 (-194 = -194) (-317 = -317) <l 
D -3,175 -91 0 216 0 <l 
E -3,748 -251 ....,253 -257 -465 <l 

* cal./g;.-mole 

C. Discussiop o;( Results 

The results of fitting the quasi-lattice theory to the heat of. 

mixing data by using the energy parameters set E in Table XIII are 

shown in Table XIV and for the purpose. of ease in comparison~ in 
' 

Figures 17 through 24; these systems are the ones employed in least-

squares regression to evaluate the energy parameters. Figures 17 

through 24 s·pow the degree to which the energy parameters of set E 

are capable of representing the data. Parameter set D produced re-

sults essentially identical to set E for heat of mixing. For compari-

son, results from set B and from the local surface group contribution 

model in previous chapter~ are shown in Figures 17 and 24 •. These 

· figures show that reasonable agreement between the theory and the 

experimental heat of mixing data is obtained for the eight binary 

systems. The asynnnetry of the heat of mixing curves is correctly 
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reflected by the theory. The quasi-lattice theory predicts consist­

ently low values of heat-of~mixing at low alcohol concentrations. 

Similar results have been reported for several other models (13, 22, 

46) in representation of alcohol systems. Again, this inadequacy at 

low alcohol concentrations is felt to be a fault of the model and not 

of the interaction parameters used. 

The energy parameter values in Table XIII were employed to 

represent the excess free energies and entropies for the systems in 

Figures 17 through 24 for which such data are available. Results 

are given in Figures 25 through 27. Results based on parameter set 

E are also given in Table X!J to compare with ·experimental data. The 

predicted excess properties shown in these figures appear quite 

sensitive to selection of the energy parameter set. Parameter set E 

produces the best representation of the free energies and entropies. 

Goates, et al. (21) obtained a value of -3,200 cal./g.-mol: for 

the 0-H exchange energy based on heat-of-mixing data for the cyclo­

hexane-ethanol system. This is in general agreement \"[ith the O...H 

energy values obtained in the present work. No direct comparisons 

are available for the other energy parameters from this study. 



System 

Ethanol-
n-hexa.ne 

(48) 

Ethanol-
n-heptane 

(56) 

TABLE XIV 

HEATS OF MIXING OF ALCOHOL-PARAFFIN SOLUTIONS 
AT Jo0c BASED ON QUASI-LATTICE THEORY 

ENERGY PARAMETER SET E 
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Mole ~1'1. ~51.l. Lg.-m2l~ D~:!Q.51.:tiQll 
Fraction 
Alcohol ht'l. Q51.l~'d1 ~al. Lg.-m2J.~ ~ 

.01 42.86 26.4.3 -16.43 -.380.3 

.02 61.5.3 44. 7.3 -16.80 -27 • .3 

.0.3 72.76 58.8.3 -l3. 9.3 ~19ol 

.04 81.51 70.27 -11.24 -l3o8 

.05 88.60 79.85 -8.75 -9.9 

.075 102.56 98.40 -4.16 -4.1 

.10 ll2.9.3 111.96 -0.97 -0.8 

.125 121.47 122.50 1.0.3 008 

.15 128.42 130.45 2.0.3 1.6 

.175 13.3.96 137.15 .3019 2.4 

.20 138.85 142.02 .3017 2 • .3 
• .30 149.42 15.3 .28 .3.86 2.6 
.40 151.15 154.50 .3 • .35 2.2 
.50 144.8.3 147.81 2.98 2o0 
.60 l3.3 .27 136.94 .3.67 2.8 
.70 ll4.59 115.77 1.18 1.0 
.80 88.46 88.07 -0 • .39 -0.4· 
.90 52.57 49.82 -2.75 -5.2 

.01 4.3.65 27.08 -16.57 -.38.o 

.025 71.24 54 • .39 -16.85 -2.3.6 

.05 9.3ol0 84,40 -8.70 -9 • .3 

.075 110.14 104.94 ~5.20 ·-4.. 7 

.10 120.6.3 120.06 -0.57 -0.5 

.20 147.10 15.3 .67 6.57 4.5 
• .30 159.62 167.02 7.40 4.6 
.40 161.86 168 • .36 6.50 4.0 
.50 156.67 16.3.20 6.53 4.2 
.60 145.00 148.39 3.39 2.3 
.70 126.45 127.37 0.92 Oo7 
.80 99.85 97.70 -2.15 ~2.2 

.90 60.62 . 56,76 -3.86 -6.4 

.95 33.89 32.40 -1.49 -4.4 

.975 l7o95 16.21 -1.74 -9.7 
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TABLE XIV (Continued) 

Mole ~rl_. Ciil• Li.-mgl~ D~:x;;j.filc1Qll 
System Fraction 

Alcohol Etwt 1l1. Qii!.lC I di Ciil.l• Li:.-ms;il~ ...L 

.01 46.57 28 • .04 -18.53 -39 •. 8 

.02 70.01 49.04 -20.97 -30.0 

.03 84.0l 65.92 -18.09 -21.5 

.04 94.71 79.99 -14.72 -15.5 

.05 103.56 92.01 -ll.55 -11.1 
-- .075 ll9.74 115.87 -3.87 -3.2 

.10 J30.67 J33.76 3.09 2.4 
•125 140.14 147.66 7.52 5.4 

~hanol- .15 148.34 158.68 10.34 7.0 
n-nonane .175 155.48 167._29 11.81 7.6 

(48) .20 161.15 174.59 J3.44 8.3 
.30 175.67 190.30 14.63 8.3 
~40 179.42 193.64 14.22 7.9 
.50 175.48 186.21 10.73 6.1 
.60 164.42 170.87 6.45 3.9 
.70 145.89 147.32 1.43 1.0 
.80 ll8.08 1J3.89 -4.19 -3.5 
.90 74.86 66.29 -8.57 -ll.4 

.01 45.34 26.80 -18.54 -40.9 

.02 67.66 45.91 -21.75 -32.1 

.03 82.61 60.81. -21.-80 -26.4 

.04 90.92 72.96 -17.96 -19.8 

.05 98.t88 83.22 -15.66 -15.8 

.075 115.07 103.29 -ll.78 -10.2 
• 10 127.21 . n8.oo -9.21 -7.2 
•125 Do.98 129.08 -7.90 -5;,8 
.15 144.97 J37 .• 83 -7.14 -4.9 

Propanol- .175 151.66 144.74 -6.92 -4.6 
n-heptane .20 157.31 150.44 -6.87 -4.4 

(48) .30 170.12 161.65 -8.47 -5.0 
.40 170.19 161.69 -8.50 -5.0 
.50 160.07 153.70 -6.37 -4.0 
.60 141.92 J38.39 -3.53 -2.5 
.70 ll6~61 n6.34 -0.27 -0.2 
.80 85.00 86.48 1.48 ; 1.7 
.90 46.73 48.48 1.75 3.7 



75 

TABLE XIV (Continued) 

Mole ~~. ca~.~.-m2l~ D~y;;L~t;i.Q;a 
System Fraction 

Alcohol Ex;p.t 11. Qalc 1g. ca.l. Li.--mgl~ _1.. 

.01 43.76 26.51 -17.25 -39.4 

.02 65.77 45.33 -20.44 -31.1 

.03 79.60 60.00 -19.60 -24.6 

.04 89.72 71.96 -17.76 -19.8 

.05 97.74 82.01 -15.73 -16.1 

.075 112.40 101.51 -10.89 -9.7 

.10 123.75 115.76 -7.99 -6.4 

.125 J32.77 126.42 -6.35 -4.8 
Butanol- .15 140.37 J34.99 -5.38 -3.8 
n-heptane .-175 J.46.00 141.31 -5.49 -3.7 

(48) .20 151.92 146.65 -5.27 -3.5 
.30 165.07 156.25 -8.82 -5.3 
.40 165.00 155.07 -9.93 -6.o 
.50 154.50 145.53 -8.97 -5.8 
.60 J34.42 129.50 -4.92 -3 .. 6 
.70 107.52 106.96 -0.56 -0 .. 5 
.oo 75.38 78.07 2.69 3.6 
.90 39.16 42.75 3.,59 9.,2 

.01 42.57 25.57 -17.00 -39.9 

.02 61.77 43.12 -18 .. 65 -30.2 

.03 73.10 56.47 -16.63 -22.8 

.04 81 .. 42 67.,23 -14 .. 19 -17.,4 

.05 87.92 76.25 -11.67 -JJ.3 

.075 100.39 93.31 -7.08 -7.0 

.10 · 109.69 105.58 -4.11 -3.7 

.125 117.00 114.96 -2.04 ~1 .. 7 
Pentanol- .15 123.21 122.01 -1.20 -1.-0 
n-hexane .175 128.06 127.37 -0.69 -0.5 

(48) .20 J32.31 JJl.45 -0.86 -Oo6 
.30 141.-85 J38.64 -3.21 -2.3 
.40 140.77 J34.96 -5.81 ~4 .. 1 
.50 129.81 125.68 ~4.JJ ~3 .. 2 
.60 110.19 109.39 .-0.80 =0o7 
.70 85.82 88.65 2 .. 83 3 .. 3 
.oo 58 .. 46 64.11 5.65 9.6 
.90 29 .. 42 33.86 4.44 15.~ 



TABLE XIV (Continued) 

Mole Arf-. ca:i,.4.-mole D~:z;i.5llc;1gn 
System Fraction 

Alcohol ~t•i. QiiiJJ "•g • ca.l.1.lii.-DW~ _j_ ... 

.01 42.43 25.40 -17.03 ~40.1 

.02 62.33 43.17 -19.16 ~30.7 

.03 73.66 56.80 -16.86 ~22.9 

.04 81.23 67.83 -13.40 -16.5 

.05 87.12 77.07 -10.05 -11.5 

.075 98.39 94.51 -3.88 -3.9 

.10 106.44 107.12 o.68 o.6 

.125 112.53 116.36 3.83 3.4 
Octanol- .15 ll7.08 123.07 5.99 5.1 
n-heptane ~175 120.43 128.52 8.09 6.7 

(48) .20 123.08 131.94 8.86 7.2 
.30 129.23 137.12 7.89 6.1 
.·40 127.50 132.87 5.37 4.2 
~50 118.99 121.10 2.11 1.8 
.60 103.85 104.30 0.45 0.4 
.70 82.28 83.14 o.86 1.0 
• 80 56.92 58.82 . 1~90 3.3 
.90 28.56 31.45 2.89 10.1 

.01 44.29 26.36 -17.93 -40.5 
·.02 67.66 45.78 -21.88 -32.3 
~03 81.35 61.10 -20.25 -24.9 
~04 . 91.29 73.72 -17.57 -19.2 
.·05 98.77 84.·44 -14.33 :..14.5 
.·075 112.23 105.21 -7.02 -6.2 
.10 121.59 120.20 -1.39 --1.1 
.125 128.·83 131.70 2.87 2.2 

Octanol- ~15 134.24 140.40 6.16 4.6 
n-nonane .·~175 JJ.8~$2 146~·77 7~95 5.7 

(48) .20 142.31 151.73 9.42 6.6 
.3o 149.93 160.24 10.31 6.9 
.4o 149.42 156.45 7.03 4.7 
.50 141.23 143.76 2.53 l.8 
.60 122.88 124.68 1.80 . 1.5 
~:70 99.45 100.28 o.83. o.8 
.So 70.00 70.48 0.48 0.7 
.90 36.13 36.56 0.43 -.1.2 
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TABLE: XV 

PREDICTED EXCESS FREE ENERGIES AND EXCESS ENTROPIES 
AT 30°c BASED ON QUASI-LATTICE THEORY 

ENERGY PARAMETER SET E 

Mole q:E, cal.h.-moie TSE, ~~l.l~.-n:wl~ 
'1~· .. 

System Fraction 
Alcohol iu>:t'l. Cal~'g• ~ Ex:o:t 'l. Cal~'g•_ ~ 

.01 19.90 23.88 3.98 2.53 

.02 38.41 43.84 5.43 o.88 

.03 55.71 62.15 6.44 -3.32 

.04 71.97 79.13 7.16 "-8.f!? 

.05 87.30 94.98 7.68 -15.14 

.10 152.80 161.84 9.04 -49.88 
Ethanol- .20 244.80 254.31 9.51 -112.30 
n-hexane .Jo 300.99 310.61 9.62 -157.35 

(52) .40 329.74 338.42 8.68 -18.3.95 
~50 334.70 341~08 6.38 -193.30 
.60 317.35 319.62 2.27 -182.72 
.-70 277.69 279.18 1.49 '~' ... ;\ -163.45 
~80 214.30 213.28 -1.02 -125.26 
.90 123.92 121.43 -2.49 -71.68 

.01 22.23 23.73 1.50 21.42 3.34 -18.08 
~025 52.16 52.98 o.82 19.08 1.41 -17.67 
~05 93.66 95.06 1.40 -0.56 -10.65 -10.09 
.075 128.-76 127.96 -o.so -18.62 -23.01 -4.39 
·.10 159.44 159.77 0.33 -38.78 -39.72 -0.94 
·.20 251.99 258.68 6.69 -104.89 -105.02 -0.13 

Ethanol- .JO 309.99 3151115 '5.16 -150.37 -148.12 2.25 
n-heptarie .40 340~56 348.71 '' 8.15 -178.70 -180.35 -i.65 

(50) .·50 347.38 352.38 5.00 -190.72 -189.17 1.55 
·.60 330.88 336.76 5.88 -185.88 -188.37 -2.49 
.70 290.75 294.49 3.74 -164.30 -167.11 ... 2~81 
.so 226.64 227.03 0.39 -126.79 -129.31 -2.~j2 

.90 132.82 130.33 -2.49 -72.20 -73.56 .. .;..1 • .'.36 

.95:- 72:.75 69.~2 -3.53 -38.87 -36.82 +2.05 

._975 38.09 36.40 -1."69 -20.14 -20.17 -0,.·03 



TABLE XJI (Continued) 

Mole E G ·, ca+.lg.-µiole TSE. "al. Le; • .amgl~ ' J ' .. 
System Fraction 

Alcohol E&>t 1l1_ Q~c•g. ~ ~t·i. Q~~·g,. -.lliiL 

.01 21.28 19.75 -1.53 23.81 7.05 -16,.76 

.02 40.24 39.04 -1.20 27.08 6.86 -20.22 

.05 87.21 91.94 +4.73 11.21 -8.72 -19.93 

.075 ll9.52 123.27 J.T5 -4.99 -19.98 -14.99 

.10 147.40 153.53 6.13 -20.78 -35.53 -:~14.75 
Propanol- .20 230.17 243.29 13.12 -73.59 -92.84 ~19.25 
n-heptane .JO 279.76 299~13 19.37 -no.20 -137 .48 -27.28 

(57) .40 ! 304.35 324.71 20.36 -134.68 ~163 .02 -28.34 
.50 307 ~38 329.36 18.98 -147.99 -172.65 -24,.66 
.60 289.79 305.23 15.44 -148.54 '-166.84 -18 • .30 
.70 251.61 262.72 11 .. 11 -135.31 -146.39 -11.08 
.so 191.64 199.14 7.50 -106.85 -112.66 -5181 
.90 108.67 112.03 3.36 -62.17 -63.55 -1.38 
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The magnitudes of the interaction energy parameters in Table XIII 

display two unexpected features. First, for set D, the 0-S interi-

action energy is a positive number, contrary to the usual sign for 

such exchange energies. No physical explanation is offered for this 

occurrence. Second, the values of the 0-S and 0-I energies in set E 

differ by more than might be expected. It is possibly a reflection of 

the altered chemical nature of the methylene'groups adjacent to a 

hydro.:icy-1. It might be profitable in future work to consider the ~-

methylenes to be a separate group species. However, it has been found 

that the quasi-lattice theory does not require a unique set of para-

meters for representation of the heat-of-mixing data. Rather, it 
I 

appears the response surf ace (in terms of sum-of-squares of deviations) 

is rather shallow, and a considerable range of parameter sets may pro­

duce essentially equivalent representation of the experimental data.~ 

This makes assigning.physical significance to small differences in 

energies a tenuous proposition. 

Previous models which have been applied to alcohol-paraffin 

.systems include the local surface group contribution model (13), the 

association models of Renon and Prausnitz (46) and Wiehe and Bagley 

(58). The models are listed in order of their generality. The local 

surface group contribution model appears most general; it requires no 

information specific to a given binary molecular pair, only inter-

action energies between group pairs. In this regard, the group 

contribution model is more general in form than the quasi-lattice 

theory, which requires a priori specification of segments and contact 

points. The continuous linear association model studied by Renon 

and Prausnitz requires one parameter specific to each'binary system~ 
I 
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and the model of Wiehe and Bagley contains two such parameters. 

In their ability to represent the excess properties of alcohol­

paraffin systems; the continuous linear association model seems 

superior to the others. This might be expected in view of the pres­

ence of the adjustable parameter specific to each system. The Wiehe-

Bagley model, while providing excellent fit to free energies for 

various systems, produces an inferior description of excess enthal­

pies (58). The quasi-lattice model predicts excess enthalpies with 

better accuracy than the local surface group contribution model 

developed in the previous chapter. 

While the calculations of the present work are all at a single 
0 temperature, 30 C, the usefulness of the energy parameters reported 

here can be extended by means of the Helmholtz equation 

(4-22) 

In this manner the excess free energy and phase equilibrium. proper-

ties can be estimated at other temperatures if not far from the base 

value. 

A possibility exists that representation of alcohol-paraffin 

excess properties by the quasi-lattice model could be improved by a 

choice of energy parameters other than those studied here. Also, the 

number of segments might be varied; such a modification was em.ployed 

by Jones, et al. (34), to obtain an improved fit to heats-of-mi.x:i.ng in 

alkane-benzene systems. Using the segment, contact point, and ex-

change energies given herein; the quasi-lattice model appears to 

provide a less accurate description of the alcohol-paraffin systems 
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than it does for the alcohol-aromatic, paraffin-aromatic, and alcohol­

cycloparaffin systems studied in previous literature. 

With the segments and contact points specified as in Table XII, 

the coordination number has a value of 4. This value seems to be 

small for liquids. For liquids, the coordination number varies in 

the neighborhood of from B to 12 (15). In order to test the effect 

of the value of coordination number to the application of the theory, 

a value of 10 was chosen for the coordination number and several 

choices of contact points were made as shown in Table XVI. In Table 

XVIa the number of contact points was specified in the same manner 

as that in Table XII. In Table XVIb the numbers of contact points of 

hydro.xyl hydrogen and hydro.xyl o.xygen segments remain the same as 

before, but the contact points of paraffin-type segments were speci­

fied in the manner as that employed ·by Jones, et al. (34). In Table 

XVIc, the H segments were specified to have a single contact point O 

segments B, and paraffin-type segments B on each methylene group and 

9 on each methyl group. With these changes the results have not been 

affected in the application of the model to alcohol-paraffin systems; 

results were essentially identical to those obtained by using the 

values in Table XII. In this regard, the model seems to be insensi­

tive to the choice of contact points and coordination number. 



Component 

Ethanol 
Propanol 
Butanol 
Pentanol 
Octanol 
n-Hexane 
n-Heptane 
P:'."'.Nonane 

b. 

Ethanol 
Propanol 
Butanol 
Pentanol 
Octanol 
n-Hexane 
n-Heptane 
n-Nonane 

c. 

Ethanol 
Propanol 
Butanol 
Pentanol 
Octanol 
n-Hexane 
n-Heptane 
n-Nonane 

TABLE XVI 

NUMBER AND TYPE OF CONTACT POINTS AND SITES 
WITH COORDINATION NUMBER EQUAL 10 

~ZH nozo nI~I ~ZS 

a. Contact Points Specified as Table XII 

1 2 5 
1 2 ·.·1 
1 2 9 
1 2 11 
1 2 17 

14 
16 
20 

Contact Points Specified as that by Jones (31) 

1 2 10 
1 2 12 
1 2 14 
1 2 16 
1 2 22 

19 
21 
25 

Contact Points of Chcy'gen and Methylene = 8 

1 8 17 
1 8 25 
1 8 33 
1 8 41 
1 8 65 

50 
58 
74 

9J 

z r 

10 •75 
10 1.00 
10 1.25 
10 1.50 
10 2.25 
10 1.50 
10 1.75 
10 2.25 

10 1.375 
10 1.625 
10 1.875 
10 2.125 
10 2.875 
10 2.125 
10 2.375 
10 2.875 

10 3 
10 4 
10 5 
10 6 
10 9 
10 6 
10 7 
10 9 



94 

D. &1rnmarv 

Reasonable representation of excess thermodynamic properties of 

alcohol-paraffin binary systems has been obtained using the quasi­

lattice model. Results were found to be sensitive to the choice of 

exchange energies regarded as significant but not to the choice of 

coordination number and contact points. Description of excess 

properties by the quasi-lattice theory was superior to that of the 

local surface group solution mod.el proposed in the previous chapter. 



CHAPTER V 

THE ONE DIMENSIONAL LATTICE MODEL 

The thermodynamic properties of liquid mixtures containing polar 

substances show considerable complexity in their dependence on concen­

tration. The local surf ace group contribution model which relates 

the heat of mixing of solutions of alcohol in n-paraffin solvents with 

the group interaction between two groups occurring in the solutions 

and the free surface area of the groups, predicts the heat of mixing 

of solutions of alcohol-paraffin binary systems with some success. 

However, the model is intuitive and difficult to extend to excess 

entropy and excess free energy of solutions. 

In this chapter, the model has been restructured into a more 

formal framework. This facilitates the use of statistical mechani­

cal methods in evaluating the complete expression for the canonical 

partition function of the system as determined by the interaction 

energies between group pairs in the solution and free surface area of 

the groups in the system. This leads to the developnent of the one­

dimensibnal lattice model without using the quasi-lattice picture of 

the liquid. 

A. DeveJ.oµneqt of the Model 

For the development, assumptions are made as follows: 

1. The principle of "independent action of groups" advanced by 
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Langmuir (36) is valid. 

2. The interaction energy between groups is a function only of 
'I 

the identity of the groups involved. 

3. The interaction energy can be expressed in terms of a contact 

surface energy density. 

4. The surface area of all like groups can be lumped. 

Suppose a solution containing n types of groups has n1 numbers of 

group 1 with surface area sl" ~ numbers of groups 2 with surface area 

s2, and so on. The total lumped area of group 1 is n1s1, of group 2 

is n2s2, and that of group u is nusu. Let Auv denote the total over­

lapping surface area of contact between group u and group v, and "'uv 

b~ the corresponding interaction energy per unit area of overlap. 

Then, the sum of the overlapping surface area of group v is equal to 

the total lumped area of. group v·.. This is expressed in equation as 

2 A + r. . ....k.A = n s (5-1) 
VV u.rv UV V V 

There will be a total of n simultaneous equations of Equation (5-1) 

for a solution containing n types of groups. 

The total interaction energy of the system is the sum of contri-

butions from interactions between pairs of groups in the system. 

or 

E=J. r. A A. lI U.,?:V UV UV 

Define an interchange energy n by 
UV 

o = A. - ~(A. + A. ) -uv UV UU VV 

A. = 0 + 1 (A. + A. ) uv ·uv ~ uu vv 

(5-2). 

(.5-3) 

(5-4) 



Substitution of Equation (5-4) into F.quation (5-2) produced an ex-

pression in terms of O for the energy of the system 
UV 

where 

E = E0 + ~L: L: A 0 
UV UV UV 

E0 = ~lli s "A v v v vv 

(5-5) 

E0 is a constant for a system of specified molecular composition and 

is independent of Auv· 

Let g(A ) denote the number of ways of arrangement of lumped 
UV 

areas n1s1, n2s2, ••• nnsn corresponding to fixed values of over-

lapping areas between different types of groups, A12, A13, ••• 

An-l n• Then, the contribution of these configurations to the canoni­

cal partition function is 

g(A ) exp(-EjkT) 
UV 

· The canonical partition function of the system for given lumped areas 

is the sum of all possible ways of arrangement. This is expressed 

in equation as: 

Q(n1, n2, ••• n , T) = exp(-E0/kT)L:'A g(A. ) e:xp(-~J.L.A O /kT) (5-7) n . UV 'IIV UV UV 
UV . 

Since the only configurational contributions due to inter-group action 

are included in Q, the Q is a configurational partition function. 

To evaluate g(A ), the lumped areas are divided into identical 
UV 

pieces (like poker chips) each with two sides and each side of unit 

area. Then there are !n1s1 pieces of type 1, and !n2s2 pieces of 

type 2, etc. The pieces are envisioned as being stacked together 
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into a column as follows: 

• • • • • •••• 

3 2~ 2 I 2 3 I I 2 

The number of contacts of the type 1-1 in this column is equal to 

All" and that of the tYJ>e -1.-2 in this column is equal to A12.; 

Similarly, the number of contacts of the type u-v in this column will 

be equal to Auv• 

By doing so, a one-dimen.Sional adsorpted gas problem results 

which can be solved exactly in statistical mechanics. The number of 

possible arrangements of the column for specified values of n1s1, 

n2s2, • • • and A12, A13,, • • • based on the one-dimensional lattice 

gas theory is given(l6,, 30) by 

, , _ { .~nys/2)!_ '· ) 
g(Auv) -1i, (n s. 12. - i 4-.·~ A ) ! 1.h,.J (A · /2):r J v V' ' up UV u.rv . UV 

(5-8). 

F_or a system containing two types of groups~ F.quation (5-8) reduces 

to 

(5-8a) 

For a system containing three types of groups, F.quation (5-8) becomes 
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Having a known g--function, evaluation of the canonical partition 

function, Q, can proceed, but the sum is difficult. In statistical 

mechanics, ln(Q) is of interest rather than Q itself, and the log--

arithm of a sum, as mentioned in previous chapter, is frequently 

approximated by logarithm of the largest term in the sum. Therefore, 

the partition function is evaluated with the maximum term in the sum 

found by setting the derivative of the logarithm of the partition 

function with respect to Auv equal to zero •. 

<Un Q(l),, n2 , • 

a.A.UV 

One obtains 

• • n , T) 
n =0 

A A 
uu VY · = exp (;2s 0 llrT) 
(.~A )2 uv-uv' ·• · 

.UV 

(5-9) 

(5-10) 

where suv = susv/(su + sv) is a factor empirically inserted into the 

above equation to maintain consistency of the thermal energy associ-

ated with the interchange energy' o • In a solution containing n . -uv 

types of groups, there are ~n(n ~ 1) simultaneous equations of Equa-

tion (5-10). Values of the Auv's evaluated from Equation (5-10) are 

the most probable values for system of specified values of 
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nlsl' n2s2, • • • nnsn. 

To evaluate the A 1s F.quation (5-10) is combined with F.quation 
UV 

(5-1) to make up a total of ~n(n + 1) equations corresponding exactly 

to the number of the unknown Auv'sa 

Using the results of F.quations (5-8) and (5-10), the thermody-

namic functions for the solution may be calculated in terms of the 

most probable case of group interactions. 
i 

The enthalpy is' given by 
! 

= E0 + ~'5: >: A 0 
-U-V UV UV 

The entropy is given by 

i • • • 

• • • n ' n 

T) oln Q(nl,i n2, 
S = kT[ oT 

n ' n 
lv··· ,n 

= k 1n g(A ) 
UV 

and the free energy is given by 

n , T) 
n 

G ~A = -kTlnQ(n1, n2, • • • n , T) 
n 

= -kTlng(A ) + E0 + ~~ ~ A 0 
UV UV UV UV 

(5-ll) 

(5-12) 

(5"-13) 

The trivial differences between Gibbs free energy, G, and Helmholtz 

free energy, A, and between enthalpy, H, and internal energy3 U~ have 

been neglected. 

By setting all components except one equal to zero, the 
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thermodynamic functions for the pure components of the solution may 

be f oun~. If an ideal solution of groups is defined as a mixture of 

groups nth no interaction between groups> then the changes in the 

thermodynamic functions on mi:xing, and hence the changes in excess of 

those for an ideal solution may be calculated. Thus, the excess 

enthalpy of the solution is expresse~ in terms of the Auv by 

(5-14) 

where the superscript oi denotes the quantity of pure component ia 

The excess entropy is given by 

SE = k[ln g{A,uv) . _ 1n g(Auv!i-*·] 
TT ( A )01 TI (A ) 01 
.g UV .g UV 
1 1 

. ~ (A +!A )! = k~ 1n VV UV . 

·. iv (M*' + l.AiE- )! .... . VV '2' UV 

where the quantities with * are ideal solution quantitieso 

The excess free energy is obtained upon combining Equations 

(4-14) and <~15). 

(5-16) 

B. Application of the Model to Alcohol-Paraffin Systems 

The proposed model was tested again by using excess properties of 

the n-alcohol....;n-paraffin binary systems, mentioned previously. In 
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prediction of the excess properties by this model, values for the 

surface areas of all groups and that for the interaction energies for 

all possible interactions between group pairs are required. The sur­

face areas of the groups (calculated from geometric models of mole­

cules) listed in Table II were used in this model. The interaction 

energies were evaluated by the same process used in the previous 

chapter to fit the model to experimental data; that is, the hydro­

carbon interaction energy parameters (cH2-cH2, CH2-cH3, and CH3-c~) 

were determined by application of the model to data on the energies 

of vaporization of the pure n-paraffins propane through decane, the 

remaining three energy parameters (C8J-OH, CH2-0H, and OH-OH) were 

determined from heat of mixing data on the eight binary mixtures. 

Non-linear regression was again used to determine the energy parameter 

values which would give the least-mean-squares fit of the model to the 

data. 

Values of the resultant energy parameters for the hydrocarbon 

interactions are given in Table XVIIa,and a comparison of the calcu­

lated and experimental energies of vaporization is shown in Table 

XVIII. The agreement is very good with a maximum deviation of 0.05%. 



~roups 

CH2-cH2 

C~-C~ 

C~-C~ 

CH2-0H 

C~-OH 

OH-OH 

CH2-0H 

·c~-OH 

OH-OH 

TABLE XVII\ 

GROUP INTERACTION ENERGIES. FOR ONE­
DIMENSIONAL LATTICE MODEL 

Interaction Energy, -A x 109 cal./sq. 

a. Based on energies of vaporization 

l, 718 

l,433 

934 

b. Based on heats of mixing 

2,894 

3,231 

8,283 

c. Based on heats of mixing 

2,050.8 

3,216.6 

103 

cm. 

9,525.2 + 253.2 ln(f80J 



TABLE XVIII 

HYDROCARBON INTERNAL ENERGIES OF VAPORIZATION AT 30°0 
CALCULATED FROM ONE-DUJMENSIONAL.IATTICE MODEL 

Energy of Vaporization 4uv, cal./g.-mole 
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Hydrocarbon 
Experimental ~i- Calculated~Hi-

Deviation 
% 

Propane 3,265 3,264 -0.02 
n-Butane 4,497 4~498 OoOl 
n-Pentane 5,704 5,707 0.05 
n-Hexane 6,905 6,902 -0.05 
n-Heptane 8,090 8,087 -0.04 
n-Octane 9,262 '9,266 0.05 
n-Nonane 10,441 10,44~. 0.01 
n-Decane ~ 11,615 ll,614 -0.01 

~i- Based on heats of vaporization from Reference 1. 
~Hi- Based on energy parameters from Table XVIIa. 

The interaction energy parameters involving the OH group 

deter.mined directly from heat of mixing data on the eight binary mix-

tures are given in Table X:VIIb and Table XVIIc. The energy parameters 

in Table XVIIb are the resultant values from a nonlinear regression, 

0 treating .the OH-~H interaction as constant. The parameters in Table 

XVIIc are that with treating the OH-OH interaction as a function of 

OH group surface concentration. In both regressions, the previously 

deter.mined hydrocarbon interaction energy parameters from Table X:VIIa 

were used as fixed input to the calculations. The predicted heats of 

mixing based on the parameters in Table XVIIb and Table X:VIIc are 

compared with experimental data in Figures 28 through.,,35. The dashed 

lines in these figures are results from parameters in Table X:VIIb. 
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Figure 33. Heat of Mixing in the Pentanol-n-Hexane System at 30°c by the One-Dimensional 
Lattice Model 
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-
The predicted heats of mixing from parameters in Table XVIIc are ex-

pressed as solid lines in these figures. Table XIX shows the com-

parison of results based on the parameters in Table XVIIc with experi-

mental data. 

The energy parameter values in Table XVII were employed to 

predict excess free energy and excess entropy for alcohol-paraffin 

systems where data are available at the same temperature. The pre-

dieted excess free energies and excess entropies for three binary 

systems from Equations (5-15) and (5-16) based on energy parameter 

values in Table XVIIa and Table XVIIc are compared with experimental 

data in Table XX. Comparison of the predicted results with data is 

also shown in Figures 36, 37, and 3B for ethanol-n-hexane, ethanol~n­

heptane, and propanol-n-heptane systems, respectively (using energy 

parameters from Table XVIIc)o The energy parameter values in Table 

XVIIb gave a qualitative representation of heat of mixing but were 

not able to represent the excess free energies and the excess en--

tropies for the three systems. 

From known excess free energies, the phase equilibrium 

. properties of the system can be predicted. This can be done by 
. E 

several methods such as differentiation of the analytical G 

expression, graphical differentiation, or evaluation from parametric 

GE expressions such as Wilson's equation (39) or Redlich and Kister's 

equation (31). The cl' expression developed in this chapter (Equation 

5-16) is too complicated to perform the differentiation with respect 

to the number of moles of the components in solution to obtain the 

activity coefficient. In the present work Wilson's two parameter 

equation was employed. 



TABLE XIX 

HEATS OF MIIlNG OF ALCOHOL-PARAFFIN SOLUTIONS AT 30°c 
CALCUIATED FROM ONE-DtI:MENSIONAL LATTICE MODEL 

WITH ENERGY PARAMETERS IN TABLE XVIIc 
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Mole ~~. ~il.Lg.-mgl~ Devisilij,o;c, 
System Fraction 

Alcohol E(wt•i. Qs.l~'g. ~a.l.Lg.-lil.Ql~ ...1.. 

.01 42.86 28.62 -14.24 -33.2 

.02 61.53 47.14 -14.39 -23.4 

.03 72.76 61.50 -11.26 -15.5 

.04 81.51 73.30 -8.21 -10.1 

.05 88.60 83.36 -5.24 -5.9 

.075 102.56 103.56 1.00 1.0 

.10 112.93 119.10 6.17 5.5 

.125 121.47 131.52 10.05 8.3 
Ethanol- .i5 1~8.42 141.61 13.19 10.3 
n-h~ne .175 133.96 149.86 15.90 11.9 

(48) .20 138.85 156.58 17.73 12.8 
.JO 149.42 171.85 '22.43 15.0 
.40 151.15 173.34 22.19 14.7 
.50 144.83 164.34 19.51 13.5 
.60 133.27 146.53 13.26 9.9 
.70 114.59 120.80 6.21 5.4 
.BO 88.46 87.66 -o.BO -0.9 
.90 52.57 47.35 -5.22 -9.9 

.01 43.65 29.43 -14.22 -32.6 

.025 71.24 56.52 -14.72 -20.6 

.05 93.10 86.35 -6.75 -7.2 

.075 110.14 107•46 -2.68 -2.4 

.10 120.63 123.75 3.12 2.6 

.20 147.10 163.37 16.27 11.0 
Ethanol- .30 159.62 179.92 20.30 12.7 
n-heptane .40 161.86 182.06 20.20 12.5 

(56) .50 156.67 173.14 16.47 10.5 
.60 145.00 154.81 9.81 6.8 
.70 126.45 127 .• 95 1.50 1.2 
.BO 99.85 93.04' -6.81 -6.8 
.90 60.62 50.31 -10.31 ~17.0 

.95 33.89 26.08 -7.81 -23.0 

.975 17.95 13.26 -4.69 -26.1 
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TABIB lIX (Continued) 

Mole ~i:.. ca.1.~,..-mcJ ~ D~Jci.51i:t;i.Qll 
System Fraction 

Alcohol EAPt 11. QSi.li;;:'•d. i;;:a.l. Le;.-l!Wl!i! ....1.. 

.01 46.57 30.86 -15.71 -33.7 

.02 70.01 57.37 -12.64 -26.6 

.03 84.0l 67.36 -16.65 -19.8 

.04 94.71 80.55 -14.16 -15.0 

.05 103.56 91.85 -11.71 -11.3 

.075 119.74 114.65 -5.09 -4.2 

.10 lJ0.67 132.32 1.65 1.3 

.125 140.14 146.56 6.42 4.6 
Ethanol- .15 148.34 158.22 9.88 6.7 
n-nonane .175 155.48 167.85 12.37 8.0 

(48) .20 161.15 175.79 14.64 9.1 
.30 175.67 194.59 18.92 10.8 
.40 179.42 197.82 18.40 10.2 
.50 175.48 188.93 13.45 7.7 
.60 164.42 169.58 5.16 3.1 
.70 145.89 140.59 -5.30 -3.6 
.ao 118.08 102.3-7 -15.71 -13.3 
.90 74.86 55.22 -19.64 -26.2 

.01 '.45.34 29.06 :-16.28 -35.9 

.02 67.66 47.91 -19.75 -29.2 

.03 82.61 62.48 -20.13 -24.4 

.04 90.92 74.42 -16.50 -18.1 

.05 98,.88 84.58 -14.30 -14.5 

.075 115.07 104.89 -10.18 -8.8 

.10 127.21 120.42 -6.79 -5.3 

.125 136.98 J32.77 -4.21 -3.1 
Propanol- .15 144.97 142.75 -2.22 -1.5 
n-heptane .175 151.66 150.86 -o.so -0.5 

(48) .20 157.31 157.42 0.11 0.1 
.JO 170.12 171.98 1.86 1.1 
.40 170.19 172.79 2.60 1.5 
.50 160.07 163.26 3.19 2.0 
.60 141.92 145.11 3.19 2.2 
.70 116.61 119.32 2.71 2.3 
.so 85.00 86.40 1.40 1.6 
.90 46.73 46.61 -0.12 -0.,2 
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TABLE XIX (Continued) 

Mole fii/f-1 Qal. Li.-ms;il!i n!in'1.:t;i.2n 
System Fraction 

Alcohol EAPt'l• Q'1.lQ'd• cal.Ls .. -m2l~ _j_ 

.01 43.76 28.58 -15.18 -341.7 

.02 65.77 46.97 -18.80 -28 .. 6 

.03 79.60 61.10 -18 .. 50 -231.2 

.04 89.72 72.60 -17.12 -19.1 

.05 97.74 82.33 -15.41 -15.8 

.075 112.40 101.61 -10.79 -9 .. 6 

.10 123.75 116.17 -7.58 -6.1 

.125 132. 77 127.58 -5.19 -3 .. 9 
Butanol- .15 140.37 136.68 -3.69 -2.6 
n-heptane .175 146.80 143.95 -2.85 -1.9 

(48) .20 151.92 149.73 -2.19 -1 .. 4 
.30 165.07 . 161.64 -3.43 -2 .. 1 
.40 165.00 160.61 -4 .. 39 -2.7 
.50 154.50 150 .. 12 -4 .. 3$ -2 .. 8 
.60 134.42 132 .. 00 -2 .. 42 -1.8 
.. 70 107.52 107.35 -0.17 -0.2 
.80 75.38 76.85 L47 2.0 
.90 39.16 40.97 1.81 4 .. 6 

.01 42 .. 57 27.05 -15052 -36.4 

.02 61.77 44.05 -17 .. 72 -28.7 

.03 73.10 56.94 -16.16 -22.1 

.04 81.42 67.30 -14 .. 12 -17.3 

.05 . 87.92 75.96 -11.96 -13.6 

.075 100.39 92.78 -7.61 -7.6 

.10 109.69 105 .. 13 -4.56 =402 

.125 117.00 114.53 -2.47 ~2.1 

Pentanol- .15 123.21 121.78 -1.43 -1.2 
n-hexane .,175 128.06 127.35 -0.71 -o.6 

·(48) .20 132.31 131.56 -0.75 -o.6 
.30 141.85 138.53 -3.32 '-2.3 
.40 140.77 134.52 ~6.25 ~4.4 

.50 129.81 123.02 -6 .. 79 -5.2 

.60 110.19 105.90 -4.29 ~3.9 

.70 85.82 84.33 -1.49 . ~1.7 

.80 58.46 59.12 o.66 1.1 

.90 29.42 30.86 1.44 4.9 
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TABLE XIX (Continued) 

Mole ~J'f-3 ~5i!.l1li1-1!1Ql~ D~D,a:t;i.Qn 
System Fraction 

Alcohol Exn:t 'l. ' Cal~ •d1 ~ala ~.-mQl~ .1. 

.01 42.43 26.63 -15.80 -37.2 

.02 62.33 43.14 -19.19 -3008 

.03 73.66 55.44 -18.22 -24.7 

.04 81.23 65.18 -16.05 -19.8 

.05 87.12 73019 -l3e93 -16.0 

.075 98.39 88.38 -10.01 -10.2 

.10 106.44 99.12 -7.32 -6.9 

.125 112.53 106.98 -5.55 -4.9 
Octanol- .15 117.08 l~.77 -4.31 -3.7 
n-heptane .-175 120.43 116.98 -3.45 -2.9 

(48) .20 123.08 119.93 -3.15 -2.6 
.30 129.23 122.87 -6.36 -4.9 
.40 127.50 116.51 -10.99 -806 
.50 118.99 104.31 -14.68 -12.3 
.60 103.85 88.07 -15.78 -15.2 
.70 82.28 68.89 -13.39 -16.3 
.BO 56.92 47.51 -9.41 -16.5 
.90 28.56 24.43 -4.13 -14.5 

.01 44.29 28.54 -15.75 -35.6 

.02 67.66 46.82 -20.84 -30.8 

.03 81.35 60.66 -20.69 -25.4 

.04 91.29 71.75 -19.54 -21.4 

.05 98.77 91.01 -17.76 -18.0 

.075 112.23 98.91 -13.32 -11.9 

.10 121.59 lll.98 -9.61 ~7.9 

.125 128.83 121.87 -6.96 -5.4 
Octanol- .15 134.24 129.46 -4.78 ~3.6 
n-nonane .175 138.82 135.25 -3.57 -2.6 

(48) .20 142.31 139.60 -2.71 -1.9 
.30 149.93 146.54 -3.39 -2.2 
.40 149.42 141.97 -7 .. 45 -5.0 
.50 141.23 129.60 -11.63 -8.2 
.60 122.88 111.41 -11.47 -9.3 
.70 99.45 88.63 -10.82 -10.9 
.-so 70.00 62.10 -7.90 -11.3 
.90 36.13 32.41 -3.72 ~10.3 



TABLE XX 

EXCESS FREE ENERGIES AND EN'IROPIES OF ALCOHOL-PARAFFIN AT 
30°c PREDICTED FROM ONE-DIMENSIONAL IATTICE MODEL 

WITH ENERGY PARAMETERS IN TABLE XVIIa AND c 
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Mole E G a ~al. Lg.-mol~ TSEI ~al.Lg.-moJ.e 
System Fraction 

Alcohol Exp+1•J. CaJ c 1!l. ~ EJq)t I J • CaJ c 1!l. .JleL. 

.01 19.90 24.47 4.57 4.16 

.02 38.41 42.74 4.33 4.40 
~03 55.71 58.49 2.78 3.02 
.04 71.97 72.57 0.60 0.73 
.05 87.30 94.66 7.36 -11.30 
.075 ll5.53 127.68 12.15 -27.71 
.10 152.80 165.37 12.57 -46.26 

Ethanol- .20 244.80 250.92 6.12 -94.34 
n-hexane .Jo 300.99 299.26 -1.73 -127.40 

(52) .40 329.74 320.63 -9.ll -147.28 
.50 334.70 319.16 -15.54 -154.82 
.60 317 .35 296.78 -20.57 -l50.25 
.70 277.69 254.19 -23.50 -133.39 
.80 214.30 191.2'5 -23.05 -103.59 
.90 123.92 107.07 -16.85 -59.73 

.01 22.23 25.94 3.71 21.42 3.50 -17 .92 

.05 93.66 91.90 -1.76 -0.56 -5.55 -4.99 

.10 159.44 172.58 13.14 -38.78 -48.83 -10.05 

.20 251.99 264.21 12.22 -104.89 -100.85 -+4.04 
Ethanol- .30 309.98 317.39 7.41 "".'150.37 -137 .48 +12.89 
n-heptane "~~40 340.56 342.44 1.88 ~178.70 -160.38 +18.32 

(56) .50 347.38 343.30 -4.08 -190.72 -170.16 +20.56 
.60 330.88 321:.61 -9.27 -185.88 -166.80 +19.08 
.70 290.75 277.66 -13.09 -164.30 -149.71 +14.59 
.80 226.64 210.73 -15.91 -126.79 -117.70 +9.09 
.90 132.82 ll9.13 -13.69 -72.20 -68.82 +3.38 

.01 21.28 24.57 3.29 23.81 4.49 -19.32 

.02 40.24 42.94 2.70 27.08 4.96 -22.12 

.05 87.21 85.32 -1.89 n.21 -0.74 -ll.95 

.10 147.40 159.58 12.18 -20.78 -39.15 -18.37 

.20 230.17 239.85 9.68 -73.59 -82.43 -8.84 
Propanol- .30 279.76 283.50 3.74 -ll0.20 -111.52 -1.32 
n-heptane .40 304.35 301.22 -3.13 -134.68 -128.43 +6.25 

(57) .50 307.38 297.41 -9.97 -147.99 -134.15 +13 .. 84 
.60 289.79 274.27 -·15.52 -148.54 ~i29.15 -tl9 .• .19 
.70 251.61 232.88 -18.73 -135.31 -113.57 +21.74 
• 80 191.64 173.61 -18.03 -106.85 -87.22 . +19.63 
.90 108.67 96.24 -12.43 -62.17 -49.63 +12.54 
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The two parameters evaluated by fitting Wilson's equation 

to the predicted excess free energies are shown in Table XXI. These 

parameters are defined as 

L 
v2 

1\2 = L exp - [ (>-32 - '-h )/RT] 
vl 

where v~ = molar liquid volume of pure i. 
J. 

'-12, ~ll = interaction energies of type 1-2 and 1~1 3 

respectively 

In general A12 f A21, whereas '-12 = A~l· 

TABIE XXI 

WILSON PARAMRI'ERS AT 30°c 

System 

Ethanol-n-Hexane 
Ethanol-n-Heptane 
Propanol-n-Heptane 

0.0261 
0.0234 
0.0278 

0.3514 
0.2558 
0.4479 

(5=18) 
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The two parameters so obtained were used to calculate the 

activity coefficients according to the following equations 

(5=20) 

(5=21) 

Equations (5-20) and (5-21) are derived from F.quation (5-17) by using 

the rigorous relation between activity coeff~cient and excess Gibbs 

energy. 

From known activity coefficients the phase equilibrium cam.po-

sitions can be readily found from the equation of equilibrium. 

· o o L( o)/R M.yoP = x.P.v.y. exp[v. P - P. T] 
1.1. 1.1.11.. 1. 1. 

(5=22) 

where mi = vapor phase fugacity coefficient of component i 

v~ = fugacity coefficient of pure i at system temperature and 

0 pressure P. 
1. 

L 
vi = molar liquid volume of component i at the system tempera= 

ture 

P = total vapor pressure of the system 

P~ = vapor pressure of pure component i at system temperature 

exp[vt(P - P~)/RTJ = Poynting correction factor to the standard 

state fugacity of component i 

The predicted phase compositions from Equation (5-22) are compared 

with experimental data in Table XXII and in Figures 39 through 4lo 
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TABIB XXII 

PREDICTED VAPCR COMPOSITIONS OF ALCOHOL AT 30°c 

L.iquid Mole Vapor Mole 
System Fraction Alcohol Fr~~t1gn Al~QbQl 

x %Pt'l1 C~l~'dtt 

0.01 0.089 0.147 
0.02 0.139 Ool88 
0.03 0.170 0.206 
Oo04 0.190 0.215 
0.05 Oo205 0.221 
0.10 0.239 0.232 
0.20 0.258 Oo238 

Ethanol- 0.30 0.265 0.,243 
n-Hexane 0.40 0.270 0.,249 

(52) 0.50 0.275 0.258 
0.60 0.283 0.271 
0.70 0.297 0.293 
0.80 0.324 0.,334 
0.90 0.398 0.437 
0.95 0.5ll 0.571 

0.01 0.319 0.388 
0.05 0.471 0.,500 
0.10 0.503 0.512 
0.,20 0.531 0.518 
0.30 0.542 0.522 

Ethanol- 0.40 0.547 0.527 
n-Heptane 0.,50 0.554 0.,534 

(56) 0.60 0.555 0.545 
0.70 0.571 0.563 
o.80 0.597 0.596 
0.90 o .. 658 0.,677 
0.,95 0.741 0.,771 
0.975 0.824 o.856 
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TABIE XXII (Continued) 

System 

Propanol­
n-Heptane 

(57) 

Liquid Mole 
Fraction Alcohol 

x 

0.01 
0.02 
0.04 
0.10 
0.20 
0.30 
0.40 
0.50 
Oo60 
0.70 
o.so 
0.90 
0.975 

Vapor Mole 
Fraction AJ.cohol 

E1wt•1. caic•d. 

0.125 
0.166 
0.199 
0.238 
0.270 
0.281 
0.296 
0.308 
0.322 
Oo343 
o.382 
0.,482 
Oo781 

0.152 
0 .. 197 
0.227 
0.247 
0.256 
0.264 
0.273 
0.,287 
0.,306 
0.337 
0.392 
0.,516 
0.,783 

The: .energy parameter values in Table XVIIa and XVIIc were also 

em.ployed to pre~ict internal energies of vaporization of pure alcohol 

0 at 30 C. Results are compared with experimental data in Table XXIII. 

C. Discussion of Resµlts 

Table XVIII shows that very good agreement is obtained between 

the model and experimental data on internal energies of vaporization 

at 30°c of the pure n-paraffins propane through decane. 

Figures 28 through 38 show that reasonable agreement between 

theory and data is obtained for the alcohol-n-paraffin binary systems .. 

The set of energy parameters in Table XVIIb, in which the OH--OH inter-

action is considered to be constant, gives only qualitative 
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representation of heats of mixing and fails to represent the excess 

free energies and excess entropies. The asY1DJlletry of the heat of mix-

ing curves is reflected by the model with this set of energy para-

meters. However, the quantitative deviation between the model and 

data is significant, as shown by dashed lines in Figures 28 through 35. 

Alcohol 

Methanol 
Ethanol 
Propanol 
Butanol 
Pentanol 

TABLE XXIII 

INTERNAL ENERGIES OF VAPORIZATION OF ALCOHOIS AT 30°c 
PREDICTED BY ONE-DIMENS~ONAL LATTICE MODEL 

iinergv of Vaporization Uv. 

Efwt'l.~E-

8,,233 
9,3P!7 

10,,492 
11,575 
12,672 

Calc'd,** 

9,106 
10,190 
11,315 
12,441 
13,,569 

cal, /g,-mole 

Deviation 
% 

10.6 
8.6 
7 .. 8 
7.5 
7 .. 1 

* Based on heats of vaporization from Reference 20. 
~E- Based on energy parameters from Table XVIIa and c. 

Reasonable agreement between the model and the experimental heat 
' 

of mixing data is obtained for the eight binary systems with the use 

of energy parameters in Table XVIIc, in which the OJl..OH interaction 

energy is considered to be a function of OH group surf ace concentra-

tion in the solution. As shown by solid lines in Figures 28 through 

35, the as;ymmetry of the heat of mixing curves is correctly reflected 



1.30 

by the model. However, the model predicts consistently low values of 

heat of mixing at low alcohol concentrations. Here again, .this in­

adequacy at low alcohol concentrations is felt to be a fault of the 

model and not of the interaction parameters used. 

The excess free energies and excess entropies predicted from this 

set of energy parameters are compared with data in Figures 36 through 

38. These three figures show that reasonable agreement between the 

model and the experimental excess free energies is obtained for the 

three binary systems with the use of energy parameters in Table XVIIc. 

The excess entropies of alcohol-n-paraffin binary mixtures 

exhibit positive values at low alcohol concentrations and negative 

values at higher alcohol concentrations. This behavior is reflected 

by the model. As mentioned in Chapter III, the positive excess en­

tropies shown at low alcohol concentrations are due to the breaking 

of hydrogen bonds and the resulting gain in orientational freedom of 

the groups on alcohol molecules. The negative values of excess en-

tropy at higher alcohol concentrations are due to the tendency of the 

alcoholmolecules to cluster together (2). This behavior might be 

qualitatively reflected by the surface concentration dependent ex= 

pression of the OH-OH group interaction energy, i.e., AOH-OH = B1 + 

B21n(f sOH). · At lower alcohol concentrations, the absolute values of 

OH-OH interaction energy has a smaller value as can be seen in the 

surface concentration dependent expression. This results in the 

interactions between the OH groups and all groups other than OH being 

more probable; that is, more hydrogen bonds have been broken and the 

OH groups have gained more orientational freedom. At higher alcohol 

concentrations the OH-OH interaction has higher values~ and that makes 
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the OH groups cluster together. Thus, the more rapid breaking of 

hydrogen bonds at low alcohol concentration than is pr~dicted by the 

basic model can be, in part, compensated by using AOH-OH = F(s0H). 

The three hydrocarbon energy parameters obtained in this model 

as shown in Table .X:VIIa are in agreement with the energy values ob-

tained in the local surface group contribution model as shown in 

Table IIIa. However, the values of energy parameters involving OH 

group interaction for the two models are quite dif:ferent. 1 

As expected, the OH-OH interaction is by far the strongest 

interaction in the solution. Since a different means of breaking 

down molecules into constituent groups is used for quasi-lattice 

theory and this model, a comparison of energy parameters from these 

two studies is not feasible. 

Like the local surface group contribution model, the one­

dim.ensional lattice model developed in this chapter appears to be one 

of the most general of the models which have been applied to alcohol-

paraffin systems, since it requires no information specific to a given 

binary molecular pair but only interaction energies between group 

pairs. In contr.ast, the quasi-lattice theory requires a priori 

specification of segments and contact points. 
I 

The quasi-lattice and the on&-dim.ensional lattice.model are 

comparable in ·predicting excess free energies. However, the quasi-

lattice model predicts excess enthalpies with better accuracy than 

the one-dime;nsional lattice model ~nd the local group contribution 

model. The one-dimensional lattice model represents the excess prop-
1 • 

erties with ~etter accuracy than the local surface group contribution 

modelo 
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D. Summa.ry 

A group contribution model is developed with the use of 

statistical mechanical methods. The model is shown to provide satis-

factory representation of excess properties in alcohol-rr-paraffin 
. 

systems. The one-dimensional lattice model predicts excess properties 

with better accuracy than that by the local surface group contribution 

model of Chapter III, but is marginally inferior to the quasi-lattice 

theory. 



CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

The present study consists of the development of liquid solution 

theories based on the group contribution concept and of the applica-

tion of these theor1es to solutions containing polar substances. The 

major observations and conclusions drawn from the study are presented, 

along with recommendations for future study, in the following sections. 

The first model developed based on·group methods (the local 
" 

surf ace group contribution model) takes into account the effects of 

both the strength of group interactions and the group free surface 

areas on the probability of interaction. This model was applied to 

alcohol-n-paraffin binary systems. Analysis of the results shows 

that the model provides satisfactory qualitative representation of 

excess thermodynamic properties in eight binary mixtures of alcohols 

and n-paraffins. 

The second group contribution model, expressed in the framework 

of statistical mechanics, was developed by expressing the canonical 

partition function in terms of group interactions and free surface 

areas of groups. A one-dimensional lattice model resulted when the 

lumped surface areas of identic~l groups were divided into identical 

pieces. These pieces were envisioned as being arranged in a column 

and the configurational contributions to the canonical partition 

function were evaluated by sumning all possible arrangements of this 

1'33'. 
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colunm. Analysis of the results shows that the one-dimensional lat-· 

tice model is able to represent the excess thermodYriamic properties 

of alcohol-~paraffin binary mixtures provided the interaction energy 

between hydroxyl groups is considered to be a function of the hydroxyl 

group surf ace concentration. 

The. third model (the well-known quasi-lattice model) was re-
i 

expressed in terms of the canonical partition function of group inter-

actions and applied to the data on the eight binary mixtures of alco-

hols and n-paraffins. Reasonable representation of excess thermo-

dynamic properties of alcohol-n-:.paraffin binary systems was obtained. 

Results were found to be sensitive to the choice of exchange energies 

regarded as significant but not to the choice of coordination number 

and contact points. 

In all three models, analysis of group interaction energy 

parameters reveals that the value of hydroxyl group interaction energy 

is far larger than the other interaction energies. This result is 

interpreted as an indication that the three models correctly reflect 

the existence of hydrogen bonds in the alcohol-n-paraffin solutions. 

However, the breaking of hydrogen bonds at low alcohol concentrations 

apparently occurs more rapidly than these models reflect. All three 

models predict consistently low values of heat-of-mixing and inade-

quately represent the excess free ene~gies and entropies at low 

alcohol concentrations. Although this can be compensated, in part, 

by using the interaction energy between hydroxyl groups as a function 

of the hydroxyl group surface concentration,, the conclusion is drawn 

that the inability of the.models to adequately describe solution 

behavior at low alcohol conc·entrations is a fault of the models and 
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not of the interaction parameters employed. 

Of the three models, the local surface group contribution model 

and the one-dimensional lattice model are of equivalent generality and 

are more general in form than the quasi-lattice model; the former 

require only information on interaction energies between group pairs, 

while the quasi-lattice model requires additional a priori specifi-

cation of contact points. However, in their ability to represent the 

excess properties of alcohol-n-paraffin systems, the quasi-lattice 

model predicts excess thermodynamic properties with a better accuracy 

than the other two models and is the recommended model for present 

applications. The one-dimensional lattice model is superior to the 

local surf ace group contribution model. 

The developments of this study were directed at representation 
. 

of the properties of solutions containing polar substances. This 

objective was achieved by applying.the three models to the eight 

alcohol-n-paraffin binary mixtures. In this study, a ma:x:imum of six 

interaction energy parameters were used for each of the three models 

to represent the excess thermodynamic properties of these systems. 

In fact, the six energy parameters could be used to predict the excess 

properties of systems other than the eight on which the parameters are 

based. This is the power of the generality of group methods; once 

information on any pair interaction is determined, it is applicable to 

the same type of interaction in any other system. 

The local surf ace group contribution model was applied to the 

partially miscible system methanol-n-hexane. The model predicts the 

existence of the two phases but it fails to predict the phase compo-

sitions correctly. Thus, application of ,the model to partially 



mis:cible systems is not recommended. 

The complexity of group interactions in polar solutions is 

reflected by only semi-quantitative agreement of the models with 

experimental data. This suggested that more work is needed in de-

ve,loping group contribution models to represent excess thermodynamic 

properties of solutions containing polar substances. From this 

study, the following recommendations are made as guidelines for 

future work: 

1. The inability of the models to fit adequately the data at 

low alcohol conc.entrations suggests the need for future 

study of the nature of dilute polar solutions. Future 

investigations into the theory should be directed at.finding 

the fundamental criteria of gro~p orientation and inte!'-

action.S. 

2. A·possible modification to improve the representation of 

excess properties of the three models would be' to consider 

the ex-methylene groups separately from other group species 
I ' 

and/o±- to treat separately the groups on dj,.ffer.ent molecule~. 

3. From· the chemical similarity of methyl .and methylene groups, 

arrelation between their interaction energies should be 

evaluated, so th,at the required energy·parameters ~cpuld be 
' ' 

reduced to half.. This would considerably simplify calc~ 

lations. 
; 

4. Two- or three-dimensional models should be developed, which 

·. ·could provide more realistic description of polar solutions. 

5., The use of group surface areas instead of the number of 

contact points in the quasi~lattice model could possibly 
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improve the model for representation of the excess properties 

of polar solutions. The use of group surface areas would be 

more natural and realistic. 

6. The possibility of determining properties of highly nonideaI 

mixtures from pure component properties. is. not achieved in 

the present study. However, the possibility is contained 

in the group solution theory. Future investigations into 

the theory should be directed to this objective. 

7·-.· Experimental e.xcess free energy and entropy data for the 

present interest are available for only three binary mix­

tures. For better analysis of the models, more data are 

needed. Data for multicomponent systems are also desirable 

to test the generality of -the models. 

. ·-~-· 
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APPENDIX. 

COMPUTER PROGRAM 

The non-linear regression computer program used in this study was 

written in FORTRAN IV by R. M. Baer at Chevron Research Corporation. 

It is a fully generalized program in that the only additional input 

required for its use in a particular problem are: 
, 

1. the particular equation to .. be fitted, and 

2. data, including the assignment of program control variables. 

The program is limited to a maximum of three hundred data points, 

twelve variables, and twenty parameters. The program consists of one 

:main program and four subroutines. The brief description of the 

function of each of the five routines is presented in the following 

sections. 

Main Program 

DKNA.ME is an embedding program for subroutine GAUSS. Its 

function is to read in all input data required for the calculations. 

The major calculational subroutine GAUSS is called by this program 

after having read in all required data. 

Subroutine GAUSS 

GAUSS is the major calculational subroutine. Its function is to 

determine the optimum values of parameters for a least--surrr-of-squares 
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fit to the data and to print out the resultant parameters, the speci-

.tied and calculated values of variables, the percent (j,eviation for each 

data point, and average and maximum deviations. The dependent variable 

calculation subroutine, partial derivative, and matrix solution sub-

routines are called by this subroutine at the appropriate time during 

the iterative search for the parameter values. 

Subroutine YCOMP 

!COMP.is the only subroutine to be modified for each particular 

problem. !COMP contains the correlating equation to which the data 

are to be fitted and calculates the value of the dependent variable 1 

for each data point using successive estimates of the parameters as 

determined in the GAUSS and partial derivative subroutines. 

Subroutine DER.IV 

Dl!RIV is employed to estimate the values of partial derivatives 

of the correlating equation by a difference method. The result is 

used to establish the parameter values for the succeeding iteration 
•. 

by GAUSS. It is called by GAIBS during the iterations of the search 

procedure. 

. '.1-

Subroutine SOLV 

SOLV is to solve a matrix f orm.ed by GAUSS for the determination 

of the parameter values for the next iteration. It is called by 

GAUSS during the interations of the:search procedure. 

Program Specifications 



A listing of the non-linear regression computer program is pre­

sented at the end of Appendix A. The input data requirements and for­

mat are discussed in the following sections., 

Input Data Cards 

The input data cards required for the prbgram are arranged in 

the following order: 

CARD l; Program, Control variables 

This card contains the 12 general control variables, in 1216 

format, which control the operation of the program. Each variable 

and its allowable values are discussed below; 

MM(l) = number of data points 

MM(2) = total number of variables~dependent and independent 

variables 

MM(3) = number of parameters 

MM(4) = limit on number of iterations. A value of 15 is 

usually sufficient for convergence. 

MM(5) = if negative, skips reading of Z(i,N) values from input 

(see below) 

MM(6) = -1 give results of calculations for each iteration 

= 0 give final results only 

= 1 give results for only the first and last iterations 

MM(?) = 0 to have a parabolic fit 

= 1 to have a linear fit 

MM(8) = 1 for input 

MM(9) = 1 to print input data as part of output 



= 0 to bypass this printing 

MM(lO) = -1 records each matrix 

= 0 bypasses the recording of matrix 

= 1 records first matrix only 
I 

MM(ll) = number of problems in the run 

MM(l2) = if negative, prints the final solution only 

OARD 2~5 ; Parameter Estimates 

The.second through fifth data cards are the initial estimates of 

parameter values in 6Fl2.0 format. The maximum number of parameters 

is twenty. The twenty-first through twenty-fourth fields are used as 

follows: 

B(21) = tolerance on convergence (0.0001 is reconnnended) . 

B(22) = blank. It is used internally in DERIV subroutine 

B(23) = limit on magnitude of iteration changes (1.0 is 

reconnnended) . 
I 

B(24) = used to control entry point in YCOMP for multiple program 

runs' or. for other purposes« 

The program reads 24 va;Lues regardless of the number.of parameters 

actually used •. 

The remaining cards contain the independent and dependent 

variables of each dat~ :point: read in by, variable name Z(i,N) in 

a format specj.fied in a card preceeding these data cardso 
. I 



PROGRAM LISTING 

//KUOl JOB 110169t551-78-3878t31t•C• Me KU0 1 tMSGLEVEL•ltCLASS•A 
II EXEC FORTGCLG 
//FORT.SYSIN DD • 
C EMBEDDING PROGRAM FOR GAUSS 

DIMENSION 6124Jt Zll2t3001t MM1121 
DIMENSION FMTl18l 
COMMON NUMBERtBtZ 
COMMON /COMA/ MM 
COMMON /COMB/ JJ 

1 READ 15t21 IMMIJl,J=lt12J 
2 FORMAT 112161 

NUMBERaMMllJ 
NSET•MMl21 
JJ•MMl31 
IF INUMBERl 4t4tl0 

4 WR I TE I 6 t 51 
CALL EXIT 

5 FORMAT 140HO GAUSS INPUT 2EROt PROGRAM STOP /lHll 
10 REAOl5tlll IB(JltJ•lt24l 
11 FORMAT16Fl2e4J 

READ 15tl001 IFMTllltlaltl21 
100 FORMAT 118A41 

IF IMM15ll 15tl4,14 
13 FORMAT 14Fl2tl2J 
14 READ 15tFMTlllZIJtNltJ=l•NSETJtNal,NUMBERJ 
15 CALL GAUSS 

IF IMMIBJ-21 30t2Dt30 
20 WRITE 16t21J 
21 FORMAT I 40HO GAUSS CONVERGENCE / / J 

MMI 81 al 
30 MMllll•MMlllJ•l 

IF I MM I 111 l 1tl,14 
END 

SUBROUTINE GAUSS -· ' I 

DIMENSION Al20t2ll•Bl24JtBMINl20ltBSTARTC20ltCl20•1JtXl20tllt 
X Zll2t300ltDELl20ltEl201tMMl121tRECOROtl00JtCYl3001tFPl2bt300l 

COMMON NUMBERtBtZ 
COMMON /COMA/ MM 
COMMON /COMB/ JJ 
COMMON /COMC/ CY 
COMMON /COMO/ FP 
COMMON /COME/ AtCtM 
EQUIVALENCE IAtXl 
NUMBER• MMlll 
NSET • MMl2l 
JJ a MMl3l· 
LI M IT • MM I 4 I. 
NULL• MMl12l 
MMl121 = MMl12l + 1 
IDNTFC a MMl12l 

145 

DECKOOlO 
DECK0020 

OECK0030 
OECK0040 
DECK0050 
DECK0060 
DECK0070 
DECKOOBO 
OECK0090 
DECKOlOO 
DECKOllO 

· DECK0120 
DECK0130 
DECK0140 
DECK0150 

DECK0170 
DECK0175 
DECKOlBO 
DECK0190 
DECK0200 
DECK020l 
DECK0210 
DECK0.220 
DECK0230 
DECK0240 
DECK0250 

GAUS0030 
GAUS0040 
GAUS0050 

'GAUS0060 
GAUS00.61 
GAUS00.62 
GAUS0063 
GAUS0.064 
GAUS0065 
GAUS0070 
GAUS0490 
GAUS05.00 
GAUS0510 
GAUS052Q 
GAUS0530 
GAUS0540 
GAUS0550 



TZERO ,. l.O 
SCALE l .. 0.2 
SCALE 2 • lo5 
SCALE 3 • loO 
TOLl • 91211 
X NORM • OoO 
MARK P • 0 
KKPATH ,. -1 
NDOWN " 0 
NN • 0 
NNPARA • 0 
NPATH • 1 
NTZERO • -l 
SUMSQ • O,O 
T • OoO 
X3 • 3o0 
X2 • 2o0 
Y2 • 2o0 
Y3 • 3o0 
If ILIMIT - 1001 2,47,47 

2 If ITOLll 420,42011 
l DO 4 J•l1JJ 

BMINIJI • B!JI 
BSTARTIJI = ~IJI 
X NORM " X NORM + 8(Jl**2 
DELIJI • OoOS*ABS !BIJll 
If IDELIJI I 41314 

3 DELIJl • Oo05 
4 CONTINUE 

WRITE 16151 
5 FORMAT 151Hl GAUSSIAN PARAMETER SUBROUTINE 

WRITE 1614121 !MMfLl1 L•l1121 
WRITE 1611081 IBIJl1 J " 1,241 
IF IMM!91l 400•6t400 

6 IF IMMl81 - 11 718017 
7 IF 16!2311 8181430 
8 JPARA • -1 

MPATH ,. -'l 
T = OoO 
MMl81 • 2 
WRITEl6t591 
DO 9 J•l1JJ 

9 BSTARTIJI = B!JI 
10 SQLAST • SUMSQ 

SUMSQ • Q,Q 
NTZERO • NTZERO + 1 
NN " NN+l 
IF INN - LIMIT! 12,12111 

11 MMIBI " -2 
GO TO BO 

12 CALL YCOMP 
DO 17 N• ltNUMBER 
YC = CYINl 
DELY " ZINSET1NI - YC 
SUMSQ • SUMSQ + DELY**2 
IF I NULLI 17 tl 3 tl 3 

13 IF I MM I 6 I I 14 1 l 7 1 14 
14 lF IN-11 16'15116 
15 WRITE (6,410) 
16 WRITE 16tl81 N1YCtZINSET1Nl1DELY 

MARK P = 1 
17 CONTINUE 

RECORDINNI • SUMSQ 

Zll213001 
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GAUS0570 
GAUS0580 
GAUS0590 
GAUS0600 
GAUS0610 
GAUS0620 
GAUS0640 
GAUS0650 
GAUS0660 
GAUS067Q 
GAUS0680 
GAUS0690 
GAUS0700 
GAUS0710 
GAUS0720 
GAUS0730 
GAUS0740 
GAUS0750 
GAUS0760 
GAUS0780 
GAUS0790 
GAUSOBlO 
GAUSOB20 
GAUSOB30 
GAUSOB40 
GAUS0850 
GAUS0860 
GAUS0870 
GAUS0880 
GAUS0900 
GAUS0910 
GAUS0930 
GAUS0940 
GAUS0960 
GAUS0980 
GAUSlOOO 
GAUSlOlO 
GAUS1020 
GAUS1030 
GAUS1040 
GAUS1050 

.GAUS1060 
GAUS1070 
GAUS1090 
GAUSllOO 
GAUSlllO 
GAUS1120 
GAUS1130 
GAUS1150 

.GAUSll60 
GAUS1180 
GAUSllBl 
GAUS1190 
GAUS1200 
GAUS1210 
GAUS1220 
GAUS1230 
GAUS1240 
GAUS1250 
GAUS1260 
GA.US1270 
GAUS1280 
GAUS1290 
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18 FORMAT II614El8o7l GAU'Sl~OO 
GO TO 440 GAUS1310 

19 IF INN - 11 20122130 GAUS1330 
20 IF ISUMSQ-SQMINl 2lt2lt27 GAUS1360 
21 NDOWN • 1 GAUS1370 
22 SQMIN • SUMSQ GAUS1380 

DO 24 J•l•JJ GAU51390 
24 BMINIJI • BIJI GAUS14aa 
25 . IF IMPATHl 3a1,2aa,35 GAUS14la 
27 IF INDOWNI 28.28t29 GAUS143a 
28 NDOWN • -1 GAUS1440 
29 IF IMPATHl 301 t200,36 GAUS145a 
3a IF IMMl61l 32t32t31 GAUS1470 
31 MM161 • a GAUS1480 
32 IF IMMllall 2a,2a,33 GAUS149a 
33 MMllOI • a GAUS150a 

GO TO 2a GAUS15la 
36 TZERO • TZERO*SCALEl GAUS153a 

NTZERO • -1 GAUS154a 
38 DO 39 J=l,JJ GAUS156a 

BIJl • BMINIJI GAUS157a 
39 BSTARTIJl • BMINIJI GAUS158a 

Yl • SQMIN GAUS16aO 
Xl • a.a GAUS1610 
JPARA • -1 GAUS1620 
MPATH • -1 GAUS1630 
GO TO 301 GAUS164a 

4a SUM2 • SUMl GAUS166a 
SUMl • SUMSQ GAUS1670 
NNPARA • a GAUS168a 
IF ISUMl - SUM2l 19t45tl9 GAUS169a 

45 TZERO • SCALEl*TZERO GAUS1710 
NDOWN • a . GAUS172a 
T • a.a GAUS1730 
GO TO 8 GAUS174a 

47 LIMIT a 99 GAUS176a 
GO TO 2 GAUS1770 

49 T • -0.5*11Xl*Xl-X2*X21*1Yl-Y31-1Xl*Xl-X3*X31*1Yl-Y2ll/ GAUS1800 
X 11Xl-X31*1Yl-Y21-1Xl-X21*1Yl-Y31l GAUS1810 

MPATH • 1 . GAUS1830 
JPARA • -1 GAUS1840 
NNPARA • l GAUS1850 
NDOWN. • 0 GAUS1860 
GO TO 366 GAUS1870 

53 WRITE 16t54l GAUS1890 
54 FORMAT 124HO OVER-UNDERFLOW //I GAUS1900 

MMl8l ~ -1 GAUS1910 
MMllal • -1 GAUS192a 
GO TO 3al .GAUS1930 

56 WRITE 16,571 GAUSl960 
57 FORMAT 124HO MATRIX IS SINGULAR //) GAUS1970 

MMl81 • -1 GAUS198a 
MMllOI • -1 GAUS1990 
GO TO 3al GAUS2000 

59 FORMAT I ll4HaCYCLE SUM OF SQUARES *************·**********GAUS202a 
X**************** PARAMETERS ***********~*********************//) GAUS203a 

58 FORMAT 116• F1a;5, 5El8o6/IE42,6t4El8•611 . , GAUS2040 
60 DO 66 J•l,JJ GAUS209a 

BTEST • BIJl-BSTARTIJl-OELIJ) GAUS2100 
IF IBTESTI 63t63t62 GAUS2110 

62 BIJl • BSTART{JI + DELIJl GAUS2120 
63 CONTINUE GAUS2130 

BTE'ST • BL.II - 6.!iTAl.H(J.~. + &Etlj> GAU52141'1< 
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IF IBTEST) 65t65t66 . GAUS2150 
65 BIJl ., BSTARTIJl-DELIJl GAUS2160 
66 CONTINUE GAUS2170 

MPATH = -1 GAUS2190 
67 DO 69 JsltJJ GAUS2200 
69 BSTARTIJI • BIJJ GAUS2210 

GO TO 10 GAUS2220 
80 IF INULLI 1000t82t82 GAUS2260 
82 AV • OoO GAU52270 

AVI • o.o GAUS2280 
AV2 • o.o GAU52290 
YMAX • OoO GAUS2300 
ZMAX s OoO GAUS2310 
ZZMAX = OoO GAUS2320 
DO 81 Jsl,JJ GAUS2330 

81 BIJI ., BMINjJl GAUS2340 
N = 1 GAUS2350 
DO 90 J•ltJJ GAUS2360 

90 WRITE 16t9ll JtBIJI GAUS2370 
91 FORMAT 14H B I2t El4.5l GAUS2380 

92 
93 

x 
94 
98 

WRITE 16tl001 GAUS2390 
WRITE 16t93l GAUS2410 
FORMAT 182HONUMBER Y OBSERVED Y CALCULATED GAUS2420 

DELTA Y PCT DEVIATION Ill) GAUS2430 
CALL YCOMP GAUS2450 
YC • CYINl GAUS2451 
DELY "' YC - ZINSETtNI GAUS2460 
RATIO• lOOoO * IDELY I ZINSETtNll GAUS2470 
ABSRAT • ABS IRATIOI GAUS2480 
AV • AV + DELY GAUS2490 
AVl • AVl + RATIO GAUS2500 
AV2 • AV2 + ABSRAT GAUS2510 
WRITE 16t951 NtZINSETtNltYC,DELYtRATIO GAUS2520 

95 FORMAT lI5tE23o5tEl7o5t2El9o5J GAUS2530 
ABSVAL = ABS CDELYI GAUS2540 
IF IYMAX - ABSVALI 96,96,97 GAUS2550 

96 YMAX • ABSVAL GAUS256Q 
YYMAX = DELY GAUS2570 
MARK • N GAUS2580 

97 IF CZMAX-ABSRATJ 97lt971,972 GAUS2590 
971 ZMAX • ABSRAT GAUS2600 

ZZMAX = RATIO GAUS2610 
MARKI = N GAUS2620 

972 N = N+l GAUS2630 
IF IN - NUMBER! 99,99,99 GAUS2640 

99 D • NUMBER GAUS2660 
AV = AVID GAUS267Q 
AVl "' AVllD GAUS2680 
AV2 = AV21D GAUS2690 
RTMNSQ = SQRT I SUMSQID )' · GAUS2700 
WRITE (6tlOOJ GAUS2710 

100 FORMATl118HO**********************************************~******GAUS2720 
X****************************************************************l/GAUS2730 
XII . GAUS2740 

101 
x 
x 

WRITE 16tl0ll AVtAVltAV2 GAUS2750 
FORMAT 130HO AVERAGE DEVIATION El4o5t GAUS2760 

20H AVERAGE PCT DEV . El4o5 t GAUS2770 
20H AVE ABS PCT DEV El4o5 I GAUS2780 

WRITE 16tl031 YYMAXtMARK GAUS2790 
103 FORMAT 130HO ~AXIMUM DEVIATION . E14o5tl6l GAUS2800 

WRITE 16tl04l ZMAXtMARKl GAUS2810 
104 FORMAT 130HO MAXIMUM PCT DEV El4o5tl6l GAUS2820 

WRITE 1601051 RTMNSQ GAUS2830 
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105 FORMAT 130HO ROOT MEAN SQUARE DEVIATION El4.51 GAUS2840 
107 FORMAT I 21HO AT ITERATION 13, 24Ht THE SUM OF SQUARES IS GAUS2860 

X El6o7/ 22HO FOR PARAMETER VALUES /1H0//16E20o711 GAUS2B70 
108 FORMAT 15F20o51 GAUS2B80 
109 FORMAT 1//1 GAUS2890 
110 FORMAT 1120t F20o81 GAUS2900 

WRITE 16t51 GAUS2910 
IF IMMIBI + 21 114tllltll4 GAUS2920 

111 WRITE 16,1121 GAUS2930 
112 FORMAT 130HO EXCEEDED ITERATION LIMIT //I GAUS2940 

GO TO 999 GAUS2950 
114 IF IMMIBI - 11 999,5,999 GAUS2970 
200 IF INDOWNI 20lt20lt202 GAUS2990 
201 T = T*SCALEl GAUS3000 

GO TO 203 GAUS3010 
202 T = T*SCALE2 GAUS3020 
203 MPATH • 0 GAUS3030 

JPARA = JPARA + 1 GAUS3040 
GO TO 366 GAUS3050 

301 MPATH • 0 GAUS3070 
NDOWN = 0 GAUS30BO 
DO 305 M•ltJJ GAUS3090 
CIM,11 • OoO GAUS3100 

302 DO 305 N•ltJJ GAUS3110 
305 AIM•NI • OoO GAUS3120 

CALL DERIV GAUS3170 
CALL YCOMP GAUS3160 
DO 313 N • loNUMBER GAUS3210 
DO 313 K • loJJ GAUS3220 
CIK•ll • CIK•ll + FPIKtNI * IZINSETtNI - CYINll GAUS3230 
DO 313 J = K,JJ GAUS3240 

313 AIKoJI • AIKtJI + FPIKtNI * FP(J,NI GAUS3250 
IF INTZEROI 318t31Bt317 GAUS3300 

317 TZERO • loO GAUS3310 
318 T = TZERO GAUS3320 

DO 316 1=2tJJ GAUS3340 
11=1-l GAUS3350 
DO 316 J=ltll GAUS3360 

316 ACl,Jl • AIJtll GAUS3370 
IF IMMI 1011 3l9t331,319 GAUS3390 

319 WRITE 16,3201 N.N GAUS3410 
320 FORMAT 119H6 MATRIX, ITERATION 131 GAUS3420 

MMPATH • 0 . GA0S3430 
322 DO 323 I= l t JJ GAUS3440 
323 WRITE 16t3241 IAlltJlt .J•l1JJI GAUS3450 
324 FORMAT 19El3o5) GAUS3460 

DO 328 I=ltJJ GAUS3480 
328 WRITE 16,3241 Clloll GAUS3490 

IF IMMPATHI 350t33lt35Q GAUS3500 
331 DO 340 I=ltJJ 'GAUS3520 

DENOM •ABS IAlltlll GAUS3530 
DO 336 J=2tJJ GAUS3540 
IF IDENOM-ABS IAIItJlll 335t336t336 GAUS3550 

335 DENOM " ABS CAI ltJI I GAUS3560 
336 CONTINUE GAUS3570 

DO 338 K•ltJJ GAUS3580 
338 AlltKI • AlltKl/DENOM*SCALE3 · GAUS3590 
340 Clltll • Clloll/QENOM*SCAlE3 GAUS3600 

MMPATH • 1 GAUS3620 
IF IMMllOll 322t350t322 GAUS3630 

350 DD • loO GAUS3650 
IF IMMIBll 999,354,354 GAUS3660 

354 CALL SOLV GAUS3670 



GO TO 135115315611 M 
351 'IF IMMl61 I 35213631352 
352 WRITE 1613531 IXIJ1ll1 J~l1JJI 
353 FORMAT 113HQ.DELTA BIJ) /19El3e511 
363 V NORM • OoO 

DO 364 J•l1JJ 
364 V NORM • V NORM + XIJ111**2 

IF IV NORM - X NORMI 3661366t365 
365 T • Oe5*SQRT IX NORMl/SQRT IV NORMI 

Xl • T 
366 
367 
371 

00 367 J•ltJJ 
BIJ) • BSTARTIJI + T*XIJ1ll 

DO 376 J•l1JJ 
IF IBIJI I 3721374t372 

372 XX• ABS llBIJI - BSTARTIJrl/BIJll 
GO TO 375 . 

374 
375 
376 

XX• ABS IBIJI - BSTARTIJll 
IF IXX-TOLll 3761376,378 
CONTI NU!;: 
MM I 81 • 2 

· GO TO 80 
378 IF IMMl711 601379t60 
379 IF INDOWNI 10,100380 
380 IF IJPARAI l0110t49 
400 IF INULLI 6t40lo40l 
401 WRITE 1601001 

IF IMMl511 406t403o403 
403 WRITE 16t4021 
402 FORMAT 115H OBSERVATIONS//) 

DO 404 N•ltNUMBER 
404 
405 
406 

WRITE 1614051 No IZIJoNlt J•ltl21 
FORMAT 11418El4.5/IE18o517El4o511 
WRITE 16051 IDNTFC 
GO TO 6 

410 FORMAT I 60HO DATA 
XRENCE 

41'1 FORMAT CI61F20o71 
412 FORMAT 112161 
420 TOLl • OeOOOl 

GO TO 1 
430 IF 181231 - 1.01 431'818 
431 T ZERO • 61231 

V COMP 

WRITE 1614331 TZERO 
433 FORMAT I 30HO VECTOR SCALE FACTOR.• 81231• 

440 
441 
442 
443 
444 

GO TO 8 
IF INULLI 446t44lt44l 
N SPIN • N SPIN + l 
IFIMARK Pl 44414431444. 
IF IN SPlN - 151 445,444,444 
N SPIN • 0 
WRITE 161591 

445 WRITE 161581 
446 X3 • X2 

X2 • Xl 
Xl • T 
V3 • V2 
V2 • Vl 
Vl • SUMSQ 
IF INNPARAI 40tl9~40 

999 WRITE 1619911 
DO 990 J• l oNN 

990 WRITE 1614051 Jt R~CORDIJI . 
991 FORMAT I 28HO RECORD OF SUM OF SQUARES 

v oes 

El2o4//I 

II 
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GAUS3680 
GAU53690 
GAUS3700 
GAUS3710 
GAUS3730 
GAUS3740 
GAUS3750 
GAU53770 
GAUS3780 
GAU53790 
GAUS3800 
GAUS3810 
GAUS3820 
GAUS3830 
GAUS3840 
GAUS3850 
GAUS3860 
GAUS3870 
GAUS3880 
GAUS3890 
GAUS3900 
GAUS3920 
GAUS3940 
GAUS3960 
GAUS3980 
GAUS3990 
GAUS3991 
GAUS4000 
GAUS4010 
GAUS4030 
GAUS4040 
GAUS4050 
GAUS4060 
GAUS4070 

OIFFEGAUS4080 
GAUS4090 
GAUS4100 
GAUS4110 
GAUS4130 
GAUS4140 
GAUS4160 
GAUS4170 
GAUS4180 
GAUS4190 
GAUS4200 
GAUS4220 
GAUS4230 
GAUS4240 
GAUS4250 
GAUS4260 
GAUS4270 
GAUS4280 
GAUS4290 
GAUS4300 
GAUS4310 
GAUS4320 
GAUS4330 
GAUS4340 
GAUS4350 
GAUS4360 

'GAUS4370 
GAUS4380 
GAUS4390 



993 FORMAT 124HO MINIMIZING 
WRITE 1619931 

PARAMETERS //l 

WRITE 1611081 IBMINIJl1 J•l1JJI 
1000 RETURN 

END 

SUBROUTINE SOLV 
DIMENSION Al2012llt Cl20ollt 
COMMON /COMB/ JJ 
COMMON /COME/ AoCtM 
M • 1 
NP .. JJ+ 1 
DO 11 I • l 1JJ 
CK I I l ,. o. 

11 AII1NPI = Clloll 
DO 50 I • ltJJ 
IP • I + 1 

C• '''''FIND MAX ELEMENT IN I•TH COLUMN• 
AMAX • o. 
DO 2 K • loJJ 
IF <AMAX - ABSIAIKollll 3o2t2 

LOCl20lt CKl20l 

c1111111s NEW MAX IN ROW PREVIOUSLY USED AS PIVOT 
3 IF ICKIKll 4t4t2 
4 LOCIII • K 

AMAX,. ABSIAIK1lll 
2 CONTINUE 

IF IABSIAMAXl.LE.l.E-12lGO TO 99 
C• '''''MAX ELEMENT ~N I•TH COLUMN IS AILoII 

5 L,= LOCIII 
CKILI " 1. 

c• '''''PERFORM ELIMINATION· L IS PIVOT Row. Al Lt II IS PIVOT ELEMENT. 
DO 50 J • loJJ 
IF IL-JI 605006 

6 F • -AIJoll I AILtll 
DO 40 K '" IPoNP 

40 AIJoKl • AIJtKl + F * AILoKl 
50 CONTINUE 

DO 200 I • 11JJ 
L • LOClll 

200 Alloll • AIL1NPI I AIL1Il 
RETURN 

99 M "' 3 
RETURN 
END 

SUBROUTINE DERIV 
DIMENSION 8124loZl12o300loCYl30011FPl20o30011Hl20ltYl300) 
COMMON NUMBER181Z 
COMMON /COMB/ JJ 
COMMON /COMC/ CY 
COMMON /COMO/ FP 
IF IBl22l l 2'011020 

1 Bl22) = 1. 
DO 7 J = 11J>-' 
TEST = ABSIBIJI r 
IF ITEST - 0.0011 50606 

5 HIJI ,. 0.001 
GO TO 7 

6 HIJI ,. 0.0001 * TEST 
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GAUS4400 
. GAUS4410 

GAUS4420 
GAUS4450 
GAUS4460 

SOLVOOlO 
SOLV0020 
SOLV0030 
SOLV0040 
SOLV0050 
SOLV0060 
SOLV0070 
SOLV0080 
SOLV0090 
SOLVOlOO 
SOLVOllO 
SOLV0120 
SOLV0130 
SOLV0140 
SOLV0150 
SOLV0160 
SOLV0170 
SOLVOlBO 
SOLV0190 
SOLV0200 
SOLV0210 
SOLV0220 
SOLV0230 
SOLV0240 
SOLV0250 
SOLV0260 
SOLV026l 
SOLV0262 
SOLV0270 
SOLV0280 
SOLV0290 
SOLV0300 
SOLV0310 
SOLV0320 
SOLV0330 
SOLV0340 
SOLV0350 
SOLV0360 

'DERIVOlO 
DERIV020 
DERIV030 
DERIV040 
DERIV050 
DERIV060 
DERIV070 
DERIVOBO 
DERIV090 
DERIVlOO 
DERIVllO 
DERIV120 
DERIV130 
DERIV140 



1 CONTINUE 
20 DO 22 J • ltJJ 

TEMP " BIJI 
BIJI • TEMP + HIJI 
CALL YCOMP 
DO 21 N • ltNUMBER 

21 YINI • CYINI 
BIJI • TEMP - H(JI 
CALL YCOMP 
BIJI • TEMP 
DO 22 N = ltNUMBER 

22 FPIJtNI • IYINI - CYINll/12o * H(Jll 
RETURN' 
END· 

SUBROUTINE YCOMP 
DIMENSION Bl241tZl12t3001tCYC3001 
COMMON /COMC/ CY 
COMMON NUMtBtZ 

C QUASI-LATTICE THEORY 
Ts303o2 
R•lo987 
QH•lo 
QO•Bo 
AHO=Oo009 
A00'"0o3 
AIO•lo4 
ETOH•EXPl-6111/IR*Tll 
ETHS=EXPl-6121/IR*Tll 
ETOS•EXPl-8(31/IR*Tll 
ETIS•EXPl-8141/IR*Tll 
ETHlmETHS 
ETOizETOS 
DO 1 N=ltNUM 
IFINoEQoloORoNoEQol9o0RoNoEQo34oORoNoEQ.52oORoNoEQ.70oORoNoEQoBB~ 

lOR.N,EQol06o0RoNoEQol241 GO TO 5 
3 XA•Zl3tNI 

XBzl.-XA 
GO TOlO 

5 XA"lo 
XB•Oo 
QJ .. 9, + Bo*ZlltNI 
QS•lBo + Bo*Zl2tNI 
A51"10o5*QSl**Oo5 
ASO=ASl 

10 AH Oo5*QH*XA/IAHO + AOO*ETOH + AIO*ETHI + ~SO*ETHSI· 
AO • Oo5*QO*XA/IAH*ETOH,+ AOO + AIO*ETOI + ASO*ETOSI 
AI • Oo5*QI*XA/IAH*ETHI + AO*ETOI + A!O + ASO*ETISI 
AS ,. Oo5*QS*XB/IAH*ETHS + AO*ETOS + AI*ETIS +ASOI 
AAH " ABSIAH-AHOI 
AAO • ABSIAO-AOOI 
AAI • ABSIAI-AIOI 
AAS .• ABSIAS-ASOI 
IFIAAHoLToOoOOOl oANDo AAOoLToOoOOOl oANDo AAloLToOoOOl oANDo 

lAASoLToOoOOll GO TO 20 
AHO=AH 
AOO•AO 
AIO=AI 
ASO=AS 
GO TO 10 

20 IFIXA.NEolol GO TO 30 
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DERIV150 
DERIV160 
DERIV170 
DERIVlBO 
DERIV190 
DERIV200 
DERIV210 
DERIV220 
DERIV230 
DERIV240 
DERIV250 
DERIV260 
DERIV270 
DERIV2BO 



AHl•AH 
AOl•AO 
All•AI 
AHO•Oo005 
AOO•Oo025 
AIO•Oo09 
ASO•ASl-Oo2 
GO TO 3 

30 HE • -2o*R*T*I IAO*AH -XA*AOl*AHll*ETOH*ALOGIETOHI + IAH*AI - XA* 
lAHl*Alll*ETHI*ALOGIETHII + IAO*AI - XA*AOl*Alll *ETOI*ALOGIETOII +, 
2 AO*AS*ETOS*ALOGIETOSI + AH*AS*ETHS*ALOGIETHSI + AI*AS*ETIS* 
3 ALOGIETISl I 

1 CYINl•HE 
RETURN 
ENO 

//GOoSYSIN 
141 

-30490 

16Fl2o31 
i• 
• 

OD * 
6 4 
-526. 

4o 

141 DATA CARDS 
II 

15 
29. 

0.0001 

.01 

-1 
1.2 

1~54 

l 

lo 

2ol3 

1 -1 1 l 

42.86 
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NOMENCLATURE 

A - total free surf ace area of groups of type v v 

A . total free surface area of v groups in a component molecule j 
VJ 

A - total overlapping surface area of contact between groups u 
UV 

and v 

B1, B2 - constant ir Equation (3-34) 

Ck - coefficients in Equation (2-2), k = 1, •.•• 6 

E - total interaction energy of solution 

Eo . - energy defined by Equation (5-6) 

fsOH - OH group surf ace concentration in solution, % 

f - fractional free surface of group v in solution v 
E G · - excess free energy 

-E 
G. partial excess free energy of component i 

l 

t::.GM - free energy of mixing 

8GMo - free energy of mixing of an ideal solution 

g - degeneracy 

~ - ,excess enthalpy 

8'J!- - enthalpy of mi.Xing . 

Ia' If - group interaction contribution defined in Figure 3 

k - Boltzmann's constant 

L - covalent radius 

N - Avogadr0's number 

~ number of molecules of component i 

Pi/, 
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Nuv - number of contact between segments u and v 
if-

N - number of contact between segments u and v in athermal theory, 
UV " 

defined by Equation (4-4) 

N°i - number of contact between segments u and v in pure component 
UV 

i liquid 

nR - number of carbon atoms in hydrocarbon radical R 

nv - number of groups of type v 

n! number of groups of type v in component molecule i 

n'. - number'of atoms of type v in component j VJ 
n - number of group u required to cover the fractional surface of 

UV 

central group v that interacted with group u in solution 
0 
~v - number of group u required to cover the fractional surf ace of 

central group v that interacted with group u in an ideal . 

solution 

P - syst~ pressure 

P~ - vapor pressure of pure component i at system temperature 

Q - canonical partition function defined by Equations (4-1) and 

(5-7) 

R - universal gas law constant; alkyl group in RX molecule; or 

Van der Waal's radius 

~i number of segments (groups) on a molecule i 

S - entropy of solution 

SE - excess entropy 

SM - molal entropy of mixing 

S"M-0 - molal entropy of mixing of an ideal solution 
-Mo 
S - partial molal entropy of mixing of an ideal solution 

s~ - partial group excess entropy of v, defined by Equation (3-30) 
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-M 
Sv - partial group entropy of mixing of v, defined by Equation 

(3-29) 

-Mo 
Sv - partial group entropy of mixing of v of an ideal solution, 

defined by Equation (3-28) 

s - free surf ace area of group v v 

suv - su x ~Asu + sv)' harmonic average of group surfaces of groups 

u and v 

T - absolute temperature 

Tr - reduce temperature 

b. J1 - energy of mixing 

b.UvM - energy of vaporization of one mole mixture 

V - total volume of solution 
L 

vi - molar liquid volume of pure i 

X - functional group in RX molecule 

X - variable defined by Equation (4-18) 
v 

x. - mole fraction of component i 
l 

Y - group fraction of group v v 

Y0 - group fraction of v in ideal solution v 

yi vapor phase mole fraction of component i 

z - coord:i.:nation number ' 

zv - number of contact points of group v 

Greek Symbols 

rv activity coefficient of group v in a group solution 
?f-

r v activity coefficient of group v in a standard group solution 

y - activity coefficient 

0 yi - activity coefficient of i at infinite dilution 



s y - activity coefficient of structural contributions defined by 

Equation (2-4) 

yG - activity coefficient of group contributions defined by 
I 

Equation (2-5) 

A - Wilson parameters defined by Equations (5-18) and (5-19) 

Auv - interaction energy between groups u and v per unit surface 

area of contact, cal./sq.·cm.. 

' A - interaction energy between groups u. and v, cal./g-mole 
UV. 

0 vi - fugacity coefficient of pure i at system temperature and 

0 vapor pressure P. 
1 

Mi - vapor phase fugacity coefficient of component i 

°uv - exchange energy defined by Equation (5-3), cal./sq. cm. 

O~v - exchange energy defined by Equation (4-8), cal./g-mole 

Su,perscripts 

E - excess thermodynamic property 

i - component i 

L - liquid phase 

M - thermodynamic mixing property 

o - ideal solution property 

oi pure component i 

s - structural contributions 

G - group contributions to activity coefficient 

v - vaporization 

-l!- - athermal property 
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SubscrU1ts 

a, b, c, d, e. f - types of interaction defined in Figure 1 
I 

a - alcohol 

H - hydroxyl hydrogen segment 

I - hydrocarbon segm~nts in alcohol molecule 

i, j, k components i, j, k 

0 - hydroxyl o.:x;ygen segment 

p - paraffins 

R - radical R 

s - paraffin solvent segments 

u, v, w - types of group 
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