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Abstract

STATISCAL THERMODYNAMICS OF LIQUID MIXTURES

By

Fu-Juan Hsu

Adviser: Professor Vojtech Fried

A parameter n, characteristic of the liquid, which
appears in the cohesive energy-volume relation, E=-A/VD,
where A is a constant related to the interaction energy bet-
ween molecules and V is the molar volume, is introduced to
modify and expand Flory's theory, so that one would be able
to predict the excess enthalpy from easily measurable excess
volume. A partition function is developed for the descrip-
tion of polar and non-polar liquids. This partition leads
to an equation of state, expressed in terms of reduced pro-
perties of the pure liquid; these depend on the parameter n
and can be evaluéted from the thermal expansion coefficient
and thermal pressure coefficient.

The reduced properties, V and T; and the characteristic

properties, T*, V*, and P*, as well as the external degrees



of freedom per molecule, C, which is equal to P*V¥*/RT*, for
molecules of various constituents were calculated at various
values of n within appropriate ranges. They all show subs-
tantial change with n. This reveals the significance of the
energy-volume surface curvature on the behavior of a liquid.

The parameter Xj59, which characterizes the interaction
energy between unlike molecules &nd is.a function of n, is
used to derive expressions for the characteristic pressure
and characteristic temperature of binary mixtures in terms of
the properties of the solution components. The excess enthal-
Py and volume of mixing are then expressed by the characteri-
stic and reduced properties of the components and Xjps. Tﬁe
reduced volume of a binary mixture, obtained from the experi-
mental excess volume, is used to calculate Xj9, and conse=
quently, the excess enthalpy of mixing. The contact inter-
action contribution to the excess enthalpy, resulting from
the interaction between unlike molecules, and the equation
of state contribution to the excess enthalpy resulting from
the difference in the reduced volumes between the mixture and
its components, were discussed for various systéms.

The refined theory has been applied to mixtures of va-
rious constituents, spherical and chain, polar and non-polar.

The results have been found in most cases very good. A value



of n=1.29, independent of temperature and composition, was
found for mixtures of n-paraffin hydrocarbons; a value of
n=1.40 was found for mixtures composed of spherical or close-
to-spherical molecules; a value of n=1.00 was obtained for
mixtures of l-alcohols; finally a value of n=0.92 was obtained
for the l-Alcohol—n-Hexane mixtures. The consistence in n,
in fact, makes the prediction of the excess enthalpies at va-
rious temperatures and compositions-possibze, from just den-
sity measurements and one excess énthalpy measurement.

The geometric mean rule and the extent to which the
different systems obey this rule is also discussed in this

work.
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I. INTRODUCTION

The central problem in the statistical treatment of
solutions ié to calculate the properties of a given mixture
from the intermolecular forces between the like and unlike
molecules. The Lennard-Jones potential function is the most
commonly applied relationship for this purpose. However,
even for comparatively simple poly-atomic molecuiéé, the acen-
tric distribution of the polarizable electrons necessitates
fairly drastic modification of this potential function (1).
Kihara (2), Hamann and Lambert (3), and Pitzer (4, 5) have
offered an improved intermolecular potential function for
globular poly-atomic molecules.

The first attempts to give a description of the liquid
state with the cell model were made by Eyring (6) and Eyring
and Hirschfelder (7) in 1936. However, Lennard-Jones and
Devonshire (8, 9) were the first to use the cell theory to
express the thermodynamic properties in terms of intermolecu-
lar forces. The cell model assumes that the molecules &dre : -
arranged in a perfect array, each being assigned to the cen-
ter of its cell. The shortcomings of the model arise from the

fact that it overestimates the local order in liquids.



Until 1950, of the various statistical theories exi-
sting, the most general were probably the theories of regular
or strictly regular solutions by Fowler and Guggenheim (10),
Rushbrooke (11), and Hildebrand and Scott (12). These theories
assume that in a liquid mixture (a) the molecules are.arranged in
a regular lattice, (b) the individual liquid components have
ordered structures of the same type and (c) the intermolecu-
lar potential energy is the sum of contributions arising sole-
ly from two neighboring molecules depending only on their che-
mical nature. The theory of regular solutions has been suc-
cessful in describing mixtures of non-polar liquids; however,

it cannot be regarded as satisfactory for the folowing reasons:

First, the assumption of a regular lattice is appropri-
ate only to crystals, and possibly to liquids near their free-
zing points. It becomes less realistic as the critical tem-
perature is approached, and breaks down completely for gases.
Thus the theory of regular solutions overstresses the solid-
liquid analogy, and takes no account of the observed continui-
ty between the liquid and gaseous states.

Second, it is not reasonable to assume that the inter-
molecular energy is the sum of a number of fixed terms only,
one for the interaction of each pair of neighbors. In reality,

the intermolecular forces must vary continuously with distance,



and this variation is responsible mainly for the compressi-
bility, thermal expansion, and other important thermodynamic
properties of the system.

Third, it is not difficult to show that if the contact
energy wyo (13), [which is equal to %(8114'622)- ¢ ,, where ¢,
€59, and e;, are the interaction energies between two neigh»:
boriﬁg molecules of kind 1, two neighboring molecules of kind
2, and between two unlike molecules of kind 1 and 2, respec-
tively], is regarded as temperature-independent, then the
excess entropy of mixing of 1 with 2 must always be negative,
which is in disagreement with experimental results. Although
Guggenheim has shown that such discrepancies may be elimina-
ted by allowing wyp to vary with temperature, the theory of
regular solutions provides no clue as to the actual dependence
of wys on temperature.

The theorem of corresponding states (1l4) assumes that
the potential energy of a pair of molecules, u(r),ccan be
represented by a universal function, £, of two scale factors,

€ and o ;
u(r) = e£(x/o)
where € is the energy parameter, ¢ is the length parameter, u

#s the intermolecular potential, and r is the distance between

two molecules. The configuration partition function in terms



of the theorem of corresponding state can be written as

QN, T, V) = o3Nq(T, HY

q(E; V). is the partition function per molecule and N is Avoga-
dro's number. The meaning of the reduced quantities is obvi-

ous from the relationships:
P=podfe, Ta=v/No}, T =kT/e

In 1951, Longuet-Higgins published the theory of com-
formal solution (15). The starting point of this theory is
the thecorem of corresponding states in its most modern form
as developed by Pitzer (16), Guggenheim (17), de Boer, and
other (18). Using a simple perturbation approach, Longuet-
Higgins was able to show that, as long as one retains first-
order perturbation terms only, the properties of a mixture
can be directly deduced from assumptions about the intermole-
cular forces and the thermodynamic properties of the pure
components, without any appeal to specific statistical model.
The first-order theory was found reasonably successful in
correlating the mixing properties of the nonpolar and slightly
polar gas-liquid and liquid-liquid solutions which had been
studied before 1950. All these solutions possess an important
feature of the first-order theory, namely, that the thermody-

namic excess mixing functions all have the same sign. This



occur in the case of the Very simple mixtures such as CO—
CH,, CCl,—C(CH3), for which the basic assumption of the
theory of comformal solutions should be satisfied.

The importance of this theory lies in the fact that
it showed for the first time the possibility of application
of‘ the- theorem of corresponding states to multi=-component
systems.

Brown in 1957 derived an equation for the second-
order perturbation free energy of a comformal solution by
a vigorou Taylor-series expansion of the configuration inte-
gral in powers of the difference between the intermolecular
energy and size parameter, about an ideal unperturbed ref-
erence solution. Unlike the first-order terms, those of the
‘second order contain statistical functions of a reference
solution which cannot, in general, be related to its thermo-
dynamic properties.

Prigogine, Bellemans and Mathot (14) combined the main
advantages of both the cell model and the theory of comformal
solutions and made full use of the corresponding states to
produce the average potential model (APM), in both crude and
refined versions. Scott (20) independently developed a simi-
lar version with one liquid (crude version of Prigogine), two

liquid (refined version of Prigogine), and three liquid models



based on the principle of corresponding states. The series
expansions of Prigogine involved higher derivatives, whose
values are rarely available in the literature, and when avai-
lable, are generally not sufficiently accurate. The series
expression of excess function converages very slowly, espe-
cially for the excess volume.

The average potential model was critically reviewed in
an article by Bellemans, Mathot, and Simon (21), in which they
presented a detailed and significant comparison of APM with
experimental data available up to July, 1965, on simple mix-
tures. In their modified version, they used the full expre-
ssions instead of the expanded forms of the excess functions.
Also, analytical expressions of the reduced properties based
on the principle of corresponding stagés\were used as basis
for calculating excess functions. Quantitative discussions
of the following five systems were given: CO—CH,, Ar—Kr,
No—CO, and CO—Ar. The results for the excess free energies
and volumes obtained from the average potential model were
compared with experimental data (23). The conclusion was that
the APM was able to semi-quantitatively predict the excess pro-
perties of simple mixtures.

It has been observed that the older average potential,
or the random mixing theory, grossly exaggerates the effects

of difference in molecular size (24). It is now agreed (25,



26) that the prediction that a difference of molecular size
should lead to very 1érge positive contributions to the excess
functions, GE, HE, and VE, is incorrect. Recently Leland, Row-
linson, and Sather (25, 26) have shown that the van der Waals

one~fluid-relations

a(xl) = x%all + 2x1xza]_2 + X%azz (A)

b(xl) = xib11 + 2x1x2b12 +’x§b22 (B)
[where Xq and x, are the appropriate mole fractions, aij and
bij the appropriate van der Waals constants, and a(xl) and
b(xl) are the parameters in the van der Waals equation of st-
ate for a binary mixture of molecule 1 and Zﬂ
P = RT/[V-b(x;)] - alx;) /v?

lead to the expressions -of various ‘excess:ithermodynamic ‘fun-
ctions which show. greatly.-improved -agreément=with experiment
for mixtures: of simple molecules.

Marsh et al. (27) have shown that the one-fluid-rela-
tions when combined with the various hard-sphere equations
of state give values for the excess functions which agree . -
about as well with experiment as those calculated by Leland,
Rowlinson, and Sather. Leland, Rowlinson, Sather, and Watson

(26) and Marsh et al. (27) have used the analogous van der

Waals two-fluid-relations and obtained substantially better



agreement with the experimental results for simple systems
than with the corresponding one-fluid theories.

Prigogine's corresponding states principle for poly-
meric liquids (14) was made possible by the concept of divi-
sion of the degrees of freedom of a chain-molecule into in-
ternal and external categories. Flory and co-workers (28,
29, 30, 31) made full use of this concept to derive an equa-
tion of state, for mixtures as well as for pure liquids, by
assuming that each molecule can be divided into a number of
equal-size segments and that the excess thermodynamic pro-
perties result from the interactions among the segments.

Flory's theory made the calculation of one thermo-
dynamic function from another possible. The calculated
excess volumes :from: excess.enthalpies: are.in:fair'agreement
with the experimentally found excess volumes for polar and
non-polar mixtures of various molecular size ratios. However,
the reverse procedure, which would be more desirable, does not
work. ‘When excess enthalpies are calculated from the experi-
mental excess volumes, the results based on Flory's formula
fail to come even close to the experimental values. This is
so because the excess enthalpy is a highly sensitive function
of the reduced volumes. As for the estimation of the excess
free energy anfl entropy from either the excess volume or the

excess enthalpy, Flory's formula fails completely, since the



contributions to the excess free energies and entropies ari-
sing from the contact interactions are not included in the
formula, and furthermore, the combinatorial partition func-
tion which accounts for the orientations and randomness are
not included in the expression of SE and GE. This makes the
contributions from the combinatorial partition function ex-
cluded from the calculations of SE and GE. Though aa empiri-
cal method (32) has been suggested to amend the discrepancies
between the estimated and experimental values of entropy, it
offers no explanation whatsoever of the real physical nature
of the solutions.

The significance of Flory's theory is that it enables
one to estimate the interaction parameters between the unlike
segments of molecules of mixtures and consequently the excess
functions from the thermal expansion and thermal pressure co-
efficients of the two pure components without making any use
of the combination rules. Nevertheless, the Berthelot's
combination rule is discussed later in this work.

The principal objective of this work is to modify and
to expand Flory's theory in such a way that it would be able
to predict the more difficultly obtainable enthalpy:!of mixing
from the more easily measurable excess volume. The refined
theory has been applied to mixtures of various constituents,

spherical and chain, polar and non-polar; the results are,
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in most cases, very good. Part of Flory's theory is restated
briefly in order to facilitate its modifications and its

application.



II. REDUCED EQUATION OF STATE

. Classical Partition Function:

Statistically an equation of state is defined.as
P = dln
k(2100 (1)

where P, V, T, N, k, and Q are the pressure, volume, tempe-
rature, total number of particle, Botzmann's constant, and
the partition function of the system. If the partition fun-
ction is known the pressure of the system can be determined.
Equations relating the other thermodynamic properties of a
system to the partition function may be also derived from
statistical thermodynamics.

The classical partition function can be written as

Q= (—z—)\ exp(=H)dqydpy...dqqdpyy  (2)
w3 " JeN kr oL N3

where H is the Hamiltonian defined by
3N
T ps
H = lzm + E(qls qZ’ “t s q3N) (3)

11
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where E(ql, dQos *** q3N) is the intermolecular energy depen-
ding on the coordinates of the particles in the system, 1/n3N
is introduced as a proportionality constant, p and q are the
momentum and the position coordinates of the N molecules, and
m is the mass of a molecule.

The integration over the momentum space can be made
easily and leads to

SN
Q= CJEE%QLJ 2 Qeong | (4)

where Q.,h¢ is the configurational partition function and is

defined as

1 B -
Qeonf ™ (N! )j exp (-~ e )dql dqqy (5)
3N
For a system of non-interacting particles E(ql, dogs ***>» q3N)
= 0, and eq.(5) takes the form
id N
.Qcon ='%%- (6a)

For systems in which N is a very large number, stirling appro-
ximation, N' = e N may be used,to express N!. Consequently
eq. (6a) becomes

id eV, N
N

Qeong = ¢ (6b)
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2. Partition Function of Systems of Interacting Molecules:

The evaluation of Q. ,f for interacting particles is
not an easy task. The following procedure has been used in
this work.

Let us consider a collection of N indistinguishable
hard-sphere particles, Aq, Ay, :--, Ay, of diameter a, whose
centers are constrained to move along a straight line between
two fixed boundaries a éistance L apart. Let the position of
particle Ar be xi. The possible values of x; are restricted
both by the boundaries of the straight line and finite size

of the other molecules present. Thus
2 5 X . SL.2" and Xi-X: %a (7
9 k 2 i7%j

which can be better seen from Fig. 1:

s

a
a >

2 N
a

Fig. 1. Boundary Conditions of Particles

aéxkél" -az‘:"—

Fan i
},

Lg

Lo ot
-

We::shall number the molecules from 1 to N in the order
they actually occur. The allowed positions of the particles

are

'g" -] Xl,' xl = XZ"a, XZ g X3'a, e, XN = L--g- (8)
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The minimum coordinate condition for each molecule is

a < Xl,

5 % X5, 5 < X3, cony (2N-1)-g- < xN“€f9)

This is illustrated in the following Fig. 2:

¢ a
(Zk-l)gb————*XZN-l)z

DY T
NAN

L~

Fig. 2. Mininmun Coordinate Condition for each Particle

The maximum coordinate condition depends on the position of
the next molecule to the right.

According to Tonk (33) the total number of point po-
sitions (all the possible ways of distributing the N particles

along the length L) of such a system is

L-% X3-3rXy-a
I = LI C e dxldxz- . ‘dXN (10)
(2N-1) a 3a |a
2 2 2

The integral (also called configurational space integral)

can be evaluated and is equal to
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I = gL-aNZN (11)

N!

If a certain way of distributing the N particles along
the length L is called a given configuration of this N parti-
cle assembly, then the probability of any given configuration

is equal to

Nl

(L-a)
which is proportional to exp(-jé%é, or
N! 1 \ Ej
P = = (— ;exp(-—l-{?) (13)
(L-aN) Qonf .

where E; is the energy of a given configuration and Qtonf is

the molar partition function

N E
' _  (L-aN)" _ i
Qconf = ( N exp ( kT) - (14)
Stirling approximation is used to express N!. Consequently

eq. (14) becomes
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“Qong = [(1-2) Nexp (12 (15)

where 1 = L/N is the average length accessible to each par-
ticle.

Using the same argument for a three dimensional sys-
tem and assuming that there exits a geometric factor q which
establishes the relationships (qv*)l/3 = a and (qv)l/3 =1,
where v* is the actual volume of each molecule, and v is the
volume available for each molecule, we obtain the configu-

rational partition function for a three dimensional system

N .
Qonf ='[qe3(vé - "’&)3] exp(-%—) (16)

3. Partition Function of Flory's Version:

According to Flory and his co-workers (30, 31), a non-
spherical molecule can be considered as consisting of r ho-
mogeneous eléments (or segments); consequently there are rN
segments in all in the N molecules. The segments are arbi-
trarily chosen isometric portions of the molecule. The r
elements can be tfeated as a collection of r point-centres,

each of which is subjected to a system of central forces
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exerted by the centers of the nearest neighbors (molecules).

Prigogine and co-workers (14, 34, 35, 36) made a sig-
nificant contribution to the theory of chain molecules.
According to these theories there are two types of degrees
of freedom of molecular motion in liquids: the intramolecu-
lar (internal), and the intermolecular (external) degrees
of freedom. The former are associated with the higher fre-
quency motions such as bond stretching, which is unaffected
by thegnVifonmént.The latter are associated with the lower
energy motions of molecules, such as rotation around a bond,
and these interact with the surrounding. These external
degrees of freedom are important when dealing with the con-
figuration properties. Prigogine achieved remarkable suc-
cess with this concept in thé development of the principle
of corresponding states for chain molecules.

Making use of the assumption made by Prigogine for
polymer chain molecules that each segment has 3c external
degrees of freedom, which are independent of the central
force of the segment and depend only on the environment of

the segment, and letting Q be the combinatorial factor

comb
taking account of the number of ways of interspersing the
rN elements among one another regardless of the precise lo-

cation of each segment relative to its chosen neighbors, we

can write eq. (16) as
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N E;
Qconf = QcombeXP(3N)[Q(V - **)3]r CEXP('jé%D (17)

4. Cohesive Energy:

Next we intend to approximate the intermolecular ener-
gy with the cohesive energy. The cohesive energy of liquids
as a function of volume has been studied by many investiga-
tors (37-40) and the following form is often recommended over

a small temperature range:

E = - A (18)

where E is the molar cohesive energy, V is the molar volume,
and A and n are constants within a narrow temperature range;
their values depend on the nature of the particular liquid
only. It has been shown experimentally that, for a number

of pure liquid substances, the exponent n has values rang-

ing from one to two (37-42), For a uniformly expanded model,
Benson (43) derived a value of n=2.0, but a value of 1.67
resulted in better agreement with experiment. In the normal
liquid range, Scott found for perfect liquids and hydrocarbons
a value of n equal to about 1.50 for non-isothermal conditions

(along the vapor-liquid equilibrium curve). According to a
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paper by V. Fried (39), n depends on the polarity of the
molecule and for non-polar molecules a value of 1.40 has
been found.

Recently, Lee (41) has assumed a constant value of
n=1.15 as it appears in eq. (18) for n-alkanes in his deri-
vation of a partition function which leads to the expression
of the heat of vaporization, and found good agreement bet-
ween the calculated and experimental values. Also, Fang
(42) has calculated the values :of n for 29 simple liquids
over a wide temperature range, and found that the values
of n vary between 0.81 and 1.66.

Complying with the above assumption of isometric
segments of each molecule, and assuming that each segment
has s intermolecular contact sites capable of interacting
with the nearest sites of the other molecules, we can ex-

press eq. (18) in the following form:

E = - _gi_Nrn' (19a)
2V

where n' represents a constant characterizing the energy
between a. pair of interacting sites for one mole of liquid
substance, and factor of 2 in eq. (19a) corrects for double

counting of pairs. If?" is the energy constant responsible
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for a pair of interacting sites only, then eq. (19a) becomes:

E = - _N;'\_,Sﬁ’.?_ _. (19b)

where v is the available volume per segment in accord with
the terminology used above. In short, the dimension of

or " has to be consistent with the volume to which it is
applied. In éq. (19b) only the energy resulting from the
interaction of a pair of nearest sites is included in the
total cohesive energy; the energy resulting from the inter-

action with the more distant sites is fully ignored.

. Reduced Equation of State:
Substituting eq. (19b) into eq. (17), we obtain for

the partition function as follows:

. . *%. 3 rNec N
Qonf = omyeXP (3M [q(va’ - v ] exp(——z-;,%) (20)

and its logarithm takes the form

1nQ = InQgyy, + 3N + rNelng + 3rNeln(v¥ - v*%)

+ Nrsn
2VRT (21)
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Differentiation of eq. (21) with respect to v at constant

temperature, yields

alnQ _ rNev=2/3 nNrsn

(————

BV )T,N - Vé - V*% B ZVH.FIRT

(22)

The combinatorial factor Qg.omb a@and the communal entropy fac-

tor, e3N (44, 45), along with qN

have disappeared in the pro-
cess of differentiation. Thus, for the evaluation of the
thermodynamic functions in which the derivative of the par-
tition function appears, e3N, qN, and Q. 1, are unimportant.
Nevertheless, these functions are significant for the eva-
luation of the thermodynamic functions directly related to
the partition function, such as entropy and Gibbs free ener-
gy -

Assuming that a constant, k', equivalent to Botzmann
constant, k, for a molecule, can be found for a segment, we

write k = rk'. Since R = Nk, it follows that R = rNk'.

Therefore eq. (22) becomes

aan rch"Z/3 nsn

It follows from eq. (1) that P

k'T(aan/av)T N and- conse-

quently:
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k'TrNev-2/3 nsn
P = - - (24a)
or
-2/3 ;

v% _ v*i 2vn+1

Let us now use v, v*, and " for the corresponding mo-

lar quantities (one mole of segments) and further let us de-
fine the characteristic pressure P* and characteristic tem-

%
perature T of the liquid system in the following way:

P* = -——,Sv;g_rl— (25)

* ___sm (26)

L
|

Consequently

p* = <RI (27a)

or

e
P* = —9%—— (27b)

where C = rc and V = rv. The reduced quantities per mole

of segment are equal to

P 2V*n+1

P=—gela— (28)
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- *n
T = T'I;" - 2v anRT (29)
Ve = (30)

wﬁere \ is>the molar volume of the liquid and v* is the co-
rresponding hard core molar volume (since V¥ = rv*).
Substituting P, T, and v from eqs. (28), (29), and
(30), respectively, into eq. (24), we obtain a reduced eq-
uation of state for liquids composed of non-spherical as well

as spherical molecules

W vt
PV v n

VBV - (31)
R

The reduced equation of state at low pressure (P £ 0) can

then be approximately represented by

(32a)

=l Lo

?}Fw

As is obvious, at the same V and T all the systems must have
the same n.
The reduced equation of state may be expressed alter-

natively as
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P 7
= — - n (32b)
-+l En(l-d)

where d = 1/V is the reduced density.

6. Comparison with the other existing Equations of State:

In general, the equation of state of a pure substance

can be written approximately as

Lbyty2hiyy2hi,yd |
PV = RT 3 -V
(1-y)

(33)

where y = b/4V and a and b are van der Waals parameters.
The various equations of state can be written to a
good approximation in a form similar to the above genera-

lizied equation. For the van der Waals equation

PV = RT(l_ty> - 8 (34)

the term 1/(l-4y) can be expanded as
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= [?Efiygl(1+y+y2+6y2+27y3+---)

Thus, by neglecting the higher order terms in the above eq-

uation, the van der Waals equation becomes

2,02 3
14yty 46 y~+27y _a
] v (34b)

(vdw) PV = RT[ 3
(1-y)

that is wy = 6, wyp = 27

For Guggenheim's equation (46):

PV = RT[——l—-——] - % (35a)
(1-y)4
the term 1/(1-y)4 can be written as
1 I
S = (
(-4 [ @a-n3. 1oy’

1
= | | (Lyrby 2y 34 - 2)
| (1-y)3

Thus, by neglecting the higher order terms in the Guggenheim's

equation, it assumes

2..3
(@) PV = RT[ 1"'(Y;"_Yy)'"§’ ]_ % (35b)
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that is Wy = 0, Wy = 1.

For the Longuet-Higgins and Widom equation (47):

(36)

<o

(LH, W) PV =Rr[li21131 -
(1-y)3

The two parameters in the generalized equation are wj = 0,
Wz = Oc
If we use the Percus-Yevick pressure equation of state

for hard sphere (48, 49), we have

2
PV = RT[ 1+2Y+3§ J - & (37a)
(1-y)
It can be rewritten as
| 2 .3
(PYP) PV = RT! Ltyty -gy J - %
(1-y)

this corresponds to the generalized equation with wy = 0,
W2 = -1-

Finally, by using the Carnahan-Startling equation (50)
for the hard sphere part, the equation of state can be expre-

ssed as

(Cs) PV = RT [

2 3
Lyty~ -y
(1—y)3 :I - % (38)
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which corresponds to the generalized equation with Wy = 0,
Wy = 0.

Recently, Leland, Rowlinson, and Sather (25, 26) have
used the Percus-YeVick approximation to support the argument
that the prescriptions of eq. (A) and eq. (B) given in the
introduction are the most appropriate to use in the one-fluid
corresponding states treatment of mixtures. In order to apply
the = one~fluid principle of corresponding state, it is nece-
ssary to determine the pertinent set of constants a and b of
the pure components for each set of wy and wy. This can be
done by solving the following equations for a and b without

referring to any experimental values

(-:-1}17)Tc =0 and (%j-};-),rc =0
where T, is the critical temperature of the pure liquid.

For mixtures of simple globular molecules it has been
shown that eq. (37b) and eq.(38) lead to results similar to
those predicted by (G) and (LH,W).

Multiplying 'both. sides 'of eq.- (24b) -by V (br rv), we

obtain the following equation:

%
v
PV = RT(m) - ‘—Z-fr%"_r (39a)
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or
sn
PV = RT < - (39b)
[ 1- [L)3] 2™
which in turn equal to
: c : sn
PV = RT —_— = (39¢)

where y = v¥ v (i.e. b=4V®) and a is equivalent to sn/2.
In fact, y is the reciprocal of the reduced volume, V, since
y = b/4V = V¥/V = 1/V which is usually smaller than one.

Apparently, eq. (39¢) can not be reduced exactly to
the general form of the equation of state, eq. (33), because
of the appearance of the fraction power of y and the (n+l)th
power of V., Besides, both ¢ and y are functions of n too.

If the magnitudes of ¢ and sn/2 in eq. (39c) are com-
parable with those of l+y+y2+w1y2+w2y3 and a, respectively,
in eq. (33), then the first term of eq. (39c) is always greater
than that of eq. (33) because yé>y3. When n>1, sn/(vetl) <
a/V, so that the value of PV calculated from eq. (39¢) is al-
ways greater. When n<l, sn/(Vn+1)>-a/V, and the value of“PV
is diminished by that of the second term. When n=l, the pro-
duct of P and V from eq. (39¢c) is always greater than that

from eq. (33).
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However, I. Pollin®* has calculated the product of P
and V from eq. (39c) at. various values of n and found that

PV is independent of n.

7. The Reduced Properties and Characteristic Parameters of Pure

Components:

Differentiating eq. (31) with respect to reduced

temperature, T, at constant reduced pressure, P, and rearrang-

ing, we.have

. —n+1

Ty /3VYR —=-n+l PV + n —=nt1

=) [(evY ¢ 2 =

(v) (a'T';.p (PV + ns) + 5,(_* T D) PV + n (40)

Differentiating eq. (31) with respect to reduced pre-

ssure, P, at constant reduced temperature, T, we - have

_ _ =ntl n

Differentiating eq. (31) with respect to reduced tem-~

perature, T, at constant reduced volume, V; we have

TRE) = F + 42)

*I. Pollin just started to work for Prof. V. Fried on a similar
topic.
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From the definitions of the coefficient of thermal
expansion, @, the coefficient of compressibility, B, and
the thermal pressure coefficient, ¥, and from eqs. (28), (29),

and (30), the following expressions can be derived:

T vV
a- &(31), - &) s 43)
p=-& 35, - () BF) (44)
v=8- (30 - (&) (F)s (45)

To eliminate (3V/3T)p, (3V/3P)7, and (3P/3T)5 from
eqs. (40), (41), and (42), we solve eqs. (43), (44), (45) in
terms of (3V/ a"f)F, (3-\-7-/35)71'-', and (a"f/af)v and substitute these
terms into eqs. (40), (41), (42), respectively, through which
T is also eliminated. The substitution yields the following

equations:

1, 1 o) (463)
aT  3(y% - 1) W 4+ n
1 1 ) n
= - —F + 1] + +1 47
BT 3@ . 1 A “
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and

P :
Y = (—.17) 1+ %‘?ﬁTT) (48)

Substitution of P = PP* into eq. (47) results in

1 1 1
= = - n (— + 1) + o+l (49a)
R 3(TE - 1) By L
and
1 nP”*
Y = () (P + oFT) (50a)
respectively.

At low pressure, P is close to zero, and eqs. (46a),

(49a), and (50) take the forms.

3(73-1)

of = =
1 - 3n(VE-1)

(46b)

B (49b)

Ll -+ = g (50b)

respectively.

These equations furnish a simple way for evaluating the

various characteristic and reduced parameters. Solving eq. .
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(46b) for V, we have

V= [ 3(1_3“@) + 1]3 (51)
Eq. (51) permits V to be computed from the coefficient of ther-
mal expansion of liquids at low pressure. Thus, the characte~
ristic volume, V*, can therefore be calculated from V according
to eq. (30). Substitution of V into eq. (32) yields T and "
hence T* by eq. (29). The value of P* may then be estimated
from the limiting compressibility using eq. (49b). Alterna-
tively, P* may be obtained from the ﬁhermal pressure coeffi-
cient using eq. (50b).

Having evaluated these characteristic parameters V*,

*

T, and P*, the primary parameters € and s?” are available

from eq. (28) and (29):

n+1

an = 2P*V*n+1 - _EZI%____ (52)
*. %
PV
C = St (53)

RT



III. THERMODYNAMIC PROPERTIES OF BINARY MIXTURES

1. Basic Assumptions:

Flory's theory deals with liquids as composed of mo-
lecules with mutually interacting surface sites. According
to this theory, the thermodynamic properties are related to
the kinds of chemical segments of which the molecules are
composed, the average contacting surface area per segment
of each kind, and the average energy of segment-segment in-
teraction per unit area for each type of contact. Let subs-
cripts 1 and 2 represent the two components of a randomly
mixed binary mixture and assume that molecules of the two
components are divided into equal-sized segments so that v?
= vg. The division of V¥ into rv* is for convenience only,
and the size of a segment has no absolute significance.

The corresponding number of contacting segments of components
1l and 2, ry and ry , shall be in the ratio of the respective
molar hard core volume, Vf and Vg. In analogy, we take the

number of contact sites risj per molecule to be proportional

to the surface area of a sphere of the same core volume.

Thus

33
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r, V]
1.1
r2 V2
3
rls1 V3 ) g
989 V2
- &L )"5 < )*

Sz

2. Descriptions of Binary Mixtures by the Properties of its

Components:

Consider a N-particle binary mixture in which Nj is
the number of molecules of component 1 and Ny is that of com-
ponent 2. As us obvious, N = N; + Np. Let Ajj, Aqp, and A9y
be the number of contact pairs between the respective species
in one mole of substance, and let 713/v®, N12/v®, and 1 9o/vR
be the energies associated with each contact pair. The energy

of the binary mixture is therefore

= (A11M11 + AjoMg + Agoligg) /vP (54)
Since
2817 + A1 = 8311y (55)

2899 + Aqp= sor9N) (56)
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eq. (54) can be written as

-E = (slrlNlnll--i-szerznz2 - Alzun)/Zvn (57)

where

We next define the site fractions of the species of

kind 1 and 2 for a binary mixture as:

SnY AN
92 = ]_...91 = 2272 (59)
srN
where
r,N,4+r,N
- 171 ~272
T N (60)
and
< slr1N1+szr2N2 (61)
rN

Let us further assume that the probability of a species
of kind 1 and 2 to be a neighbor of any given site is propor-

tional to its site fractionel}n:62;Aconsequent1y,

App = 871N %) = sprolfy (62)
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Combining eqs. (57), (59), (62), we

e = (— 6.6
o PACP TIPS L) (63)

Substitution of eq. (58) into eq. (63) and rearrangement of

the resulting equation yields

. ) (0ymyp HO5My, + 2046,7,,) (64)
v

- £ -
TN (

Let us introduce next the segment fractions ?q and Py

defined as

N
9, = — 1 1 (65)

' rN

| 1Ny
Pp = -9 T (66)

From this we may express T, s, 8;,and 6, in terms of ¢;. and g:

L., % (67)
T rl rz
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52 51
6,y = (g)ﬁafz and 6, = (--S.—) P71 (69a)
Rearrangement of eq. (69a) gives
9, = ()6 and o, = (28 (69b)
2 82 2 1 Sl 1

By analogy to the characteristic pressure of the pure

components [see eq. (25)] , we define an interaction parameter,
X192, in the following way:
X12 = (70)

Xlz has the dimension of pressure and can be expressed as

energy per unit volume.

Applying eq. (19b) for a mixture, we have

E _ 57

Making use of eq. (25) for binary mixtures and conbining it

with eq. (7la), we obtain

or E =~ (71b)
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Analogously, combination of eq. (26) and eq. (71la) yields

E Y
N 9;3 (71c)

where P*, v*, and T* are the characteristic functions of the

mixture, and c has the form of c = 9;cq+9,c,.

The characteristic pressure of the mixture,P* in terms
of the characteristic pressure of the pure components,.Pf and
Pg, and the interaction parameter Xjj, can be derived as
follows:

Substitution of 7y, 7y, from eq. (25) and 27 from

eq. (70) into eq. (63) results in

_ g g %o
(g)( S 8PV 9192X12)__ E (72)
v = -

S1 S9 S1 TN

Then, upon substitution from eq. (69) and comparing with eq.
(71b), we obtain for the characteristic pressure of a binary

mixture as follows:

% % %
PP =Py + 9Py - 9168,%4, (73)

From eqs. (71c) and (73) and from the formula that

c = ¢ycy + 95cy, the equation for the characteristic tempe-
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rature of a mixture is derived in terms of x12:

* 3 o %
%P1, %F PP1 | 92F2
3 % 03 3
1 - 1 T2 T1 1o
ko % %* == o (74a)
T P P119P5 01 X9

Consequently, the reduced temperature of the mixture, T=

*
T/T", is expressed as

G- SR A SR ™ * .= *
7o T1%PTIToepRy _ T191P71+To9oP3 (74b)
= * * - %
P1P1FPyP =916 9X49 F

An expression relating the reduced volume:0f the mix-
turr to the reduced temperature and the characteristic pre-
ssure of the pure components is obtained from eq. (32) (when

it is applied to a mixture) and eq. (74b):

nG@ - 1) @PT1+9P3T)

vE PP +9Po-918 2X1 2

9 PHT. 4, PAT
__%1P7 }P*z 25 75)

Eqs. (74) and (75) provide:'a: way to calculate the

reduced properties of mixtures from the behavior of their
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pure components if Xj9 is known. It can be evaluated from
~ any measurable property of a solution.

It is evident from eq. (70) that, at :constant tempe=
rature, Xy, is only a function of the parameter n. To treat
n as an adjustable parameter is just like to adjust Xj5 to

its best representation of interaction.

. Excess Enthalpy and Volume of Binary Mixtures:

(a) . Excess Enthalpy of Mixing:

Excess functions are thermodynamic properties of sol-
utions which are in excess of those of an ideal solution at
the same conditions of temperature, pressure, and composition.
For an ideal solution all excess functions are zero. The mo-~
lar excess enthalpy of mixing of liquid solutions (essentially
equal to the excess molar energy of mixing) is the difference
between the enthalpy of one mole of solution and the sum of

the molar enthalpies of its pure components; that is
Hpixing = HE = H(mixture) - H(1) - H(2) (76)

Ignoring the difference between the energies and entha-

pies in condensed systems, we may write
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B = E(mixture) - E(1) - E(2) (77)

Combination of egs. (655, (66), (71b), and (77) results in

an equation expressing the excess enthalpy of mixing:

9P 9oP *
E (7101 2" 2 P )
" v ( - o (78)
vr-f \b) v
Substitution for P* from eq. (73) into eq. (78) yields
: 1 91 69X19 A
HE = va*E&P’ﬁ;-}? - g0 + %P3 < - o+ — 2-~1-2-] (79)

This is an equation of general validity. In order to eli-

minate r, we substitute eqs. (65) and (66) into eq. (79) to

obtain
1 i N.v¥e, X
*.x, 1 1 e - 1°1°2712
HE = N1P1v1("',—'ﬁ - le-) + N2P2v2(‘n i',-n_‘) + 70 (80)
1 2

where v"i‘ = rlv:’f and v’; = rzv;’, are the actual volumes of mo-
lecules 1 and 2, respectively.

Substituting Nj = xlN and N2 = XN (xl and x, are mo-
le: fractions of componentsil and 2, and N is Avogadro's num-

4o
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, %
ber, respectively) into eq. (80) and;replacing Ny, by the cha-
racteristic molar volume of component 1, V?, and Nyg by that

of component 2, Vg, we obtain

%
V,0,X
E ko1l 1 ek 1 1 *1Y172%12
H* = x.PTV (= - =) + x,P,V, (= - =) + ———=—=5-=2- (81)
Py v° 0 2225 ¥ ™

Substitution of eq. (60) and (68) into eq. (59) yields

for the c ntact site fraction

Szerz (82 )
a
(P15179585) (x9Np+r,N))

82 =

Dividing both the'numerator and denominator of the right-

hand side of eq. (82a) by soryN, we obtain

2 (82b)
6, = . — 2b
2 ey s
2 2
where

% gy
n_v s s1, (11_) ¥
T * s ¥

The last term on the right hand side of eq. (81) rep~

resents the contribution from the contact interactions atrri-
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butable to a difference in interacting energy between 1,2
pairs and the average of 1,1 and 2,2 contact pairs. It is
the term similar to the contact energy, wjg, in the regular
solution theory (13), and dj2 in the theory of comformal sol-
utions (15). As will be seen later in results and discussion,
we designate.!the enthalpy resulting from this contact inter-

action as HE The terms preceding it are referred to as

cont'
the enthalpy resulting from the equation of state. The con-
tribution from the equation of state depends on the reduced

volume of the solution and the reduced volume of the pure

components.

(b). Excess Volume 6f Mixing:

Likewise the way the reduced functions of pure compox
nents were defined, the excess reduced volume of solutions

can be written as

=
3

- -0
=V -7 (83)

<

where VE is the molar excess volume of mixing, VE =
-
V(mixture) - xlvl - x2V2, V¥ = x1V§ + x2V§, and V =
(x1V1+x2V2)/(x1VT+x2V§) is the "ideal" reduced volume.which
=0°
is obtainable when additivity of volumes prevails. V' can -

be expressed in terms of segment fraction ® and ®’withi.
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the assistance of the basic assumption that (Vf/V§)=(r1/r2)

as follows:

A e
D. S B By B Bl ot . 5 3 b
—o v \v¥ T2\ xl( AAAA
Vi r
N1 1
43 —
%] (329?) 2 X1 (rz)""z
r
Ly
VoA,V — _
N+, N
N (EL1) 4y r1Ny+r)Ny
154N,
)
= 91V1+0,V, (84)

where the segment fraction ¢, can be alternatively expressed

as
e . %
I A .\
®0q = x x . o %
L NyVHN,v, x1V1+%oV2

4. Calculations of Excess Qugntities:

These derived formulas enable one to calculate thermo-
dynamic properties of a solution from other easily obtainable
thermodynamic property. Either experimental excess volumes

or excess enthalpies of mixing can be used for the evaluation
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of the reduced volume of solutions and consequently X12'
The following procedure illustrates the calculations of HE

from the observed vE and vice versa:

(a) . Calculations of HE from VE:A

Since measurements of VE are experimentally easier
to achieve, and also because these data are more available
in the literature, it is more essential to find a way of
estimating HE or other excess thermodynamic properties from

VE of solutions. From eqs. (75) and (81), we have

2 TEA ek 31
B KIPIVD mpPRVS P Vi PRVS
v v, v

(’*‘1‘”'1c )[ P1PTHIIPD _ "“+%(“’1P1T1+‘92P2T2)] (85)

v 1 e @ - 1)

where V can be. found from eq. (84).

Eq. (85) indicates that HE is a function of n, V (or
VE), and the reduced and characteristic properties of the
pure components. The parameters, Pf, Vf, Ti, and Vi of the
pure components for any given value of n can be evaluated by
the method described previously. HE calculated from eq. (85)

for the various values of n are then compared with the value
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of HE of the mixture. The value of n for which HE .1, agrees
with HE is then taken as the parameter characterizing the
mixture under consideration. V'evaluated from eq. (845 can
also be adopted in the estimation of excess free energies and
excess entropies. With the value of n fixed, the contact -:

interaction contribution to the enthalpy of mixing can be

evaluated from eq. (81).

(b) . Calculation of VE from HE:

Solving eq. (75) for 6,X;, and substituting it into eq.
(81), we obtain an equation which enables one to calculate
V of binary mixtures from the observed value of H' and from

the properties of their respective pure components:

ngy \[L& | X1P1V] , _%pP3V5 T 7 | 7otE
( .)H - -+ —25L + (@ BT 49,5 T)|V

;C]_V?f V]_ V2
Ko % % %
S AT R L M I AP AT
v = 7
X1V 1 Va

TR, %

P1Vi4PHV -

i {nmpfﬂng) _— __1__1.__3_2_] 73
x1V1

ney %% *. % . *
- [(;I\-’%f_) (x1P1V1+ xP3V3) - n(‘ﬂ?lpl""’PZPZ)] =0 (86)
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The value of V at any given value of n is found by a
trial-and-error method. Firét a value of V which is expected
to be smaller than the root of the equation is assigned for
V. The left-hand side of the equation is then calculated.

V is then gradually increased by a small increment of 0.005
until the value of the left-hand side of eq. (86) changes

its sign. One tenth of each previous increment is then re-
peatedly added to the last assigned value of V-0.005 until
the value of the left-hand side of eq. (86) falls within

the range of +0.0005. (any further change in V at-this-point
does not have any significant change at all in the value of
the:left<hand.'side. bf thesedquation for four systems of various
constituents tested for this purpose)} The value of V so ob-
tained is then employed to estimate.VE from eq. (84). Al1 -
the calculations are dome.by-a computer using a specially wris=
tten program. The best-fit value of n is determined from
comparison of VE_; with VE.

The procedures described in (a) and (b) are applicable

to any binary mixtures of any compositions.



IV. Results and Discussion

. Application of the Modified Theory to the n-paraffin Hydro-

carbons Mixtures:

The introduction of the adjustable parameter n makes
the successful application of this modified Flory's theory
to different types of molecules possible. The first group
of mixtures used to test the proposed theory is the binary
mixtures of normal paraffin hydrocarbons. Excess enthalpies
and excess volumes of mixing for six normal paraffin hydro-
carbon mixtures at various mole fractions and at several tem-
peratures were examined. They are the following: n-C6H14——
n-C1oHg, n-CgHy4s—n-CygHas, n-CHig—n=CigHss, n-Cphyg—

n-036H74, n-C8H18—n-C16H34, and n-08H18—n-CZ4H50.

(a) . Physical Properties of the Pure n-paraffin Hydrocarbons:

Physical properties, such as density.d, molar volume
V, thermal expansion coefficient &, and thermal pressure co-
efficient v, for the individual pure component at various tem-
perature are shown in Table I. The values of d, o, and ¥

were calculated from the best-fit polynomial expressions based

48
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Table I: Physical Properties of the Pure n-paraffin

Hydrocarbons
Compound T d v ax10° y
(°C) (g/ml) (ml/mole) (/deg) (cal/ml-deg)
n-CgHyy 20 0.65951 130.67 1.346 0.2012
25 0.65530 131.51 1.391 0.1946
30 0.65045 132.49 1.417 0.1882
35 0.64585 133.43 1.441 0.1820
40 0.64120 134.40 1.465 0.1760
50 0.63175 136.41 1.513 0.1643
51 0.63081 136.62 1.518 0.1632
n-C7Hjg 20 0.68354 146.60 1.243 0.2110
25 0.67930 147.51 1.253 0.2040
76 0.63483 157.85 1.429 0.1470
n-CgHjg 20 0.70236 162.64 1.151 0.2185
106 0.62919 181.55 1.426 0.1286
n-CioHgg 20 0.74895 227.44 0.974 0.2440
n-CigH3, 20 0.77330 292.83 0.878 0.2537
25 0.76990 294.13 0.884 0.2468
30 0.76650 295.43 0.890 0.2401
35 0.76308 296.76 0.896 0.2337
40 0.75966 298.09 0.903 0.2274
50 0.75279 300.81 0.916 0.2155
51 0.75210 301.09 0.917 0.2144
n-Cy, Hey 106 0.74380 455.32 0.873 0.174

n-C36H74 76 0.78276 647.69 0.804 0.214
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on the experimental temperature dependent data provided by
Orwell and Flory (51). Molar volume were directly computed
frdm their respective densities and molecular weights. y of
n-C7H16 and n'012H26’ and d, & and ¥ of n-Cz4H50; for which
no accurate measurements are reported, were obtained by gra-
phical interpolation from the behavior of their homologs as

explained in reference (51).

(b) . The Dependence of the Characteristic and Reduced Quan-

tities of the Pure Components on the Exponent n:

L] * * Ll * * *
Values of the characteristic quantities, V', P, T"

and the reduced quantity'v'of the pure components as a fun-
ction of n (from n=0.90 to 1.50) at several temperatures are
shown in Table IL. The temperatures chosen are those at
which both excess enthalpy and excess volume of mixing of
a mixture have been investigated (52).

The variation of these parameters for n-GgHj,, n-CyHyg,
n-CgH;g, and n-CygHg, with the value n at 20°C is graphically
shown in Figs. 3, 4,5, and 6, respectively, In these figures

*

v¥, p¥*

*, and V were plotted against the value n. These

P, T
parameters all show substantial change with n at constant tem=~
perature. Following from this one may conclude that properties

of pure liquids vary strongly with the value of n.
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Table II: The Dependence of the Characteristic and Reduced
Propertities of the. Pure Components:on n: -

1. Compound: n-Cghy,

T n v ™ P~ v T C
(°C) (ml1/mole) (OK) (cal/ml)

20 0.90 98.71 4697 112 1.3238 0.06241 1.18
1.00 99.47 4430 102 1.3137 0.06618 1.15
1.10 100.19 4213 93.7 1.3042 0.06959 1.12
1.20 100.88 4033 86.8 1.2953 0.07269 1.09
1.30 101.54 3882 81.0 1.2869 0.07552 1.07
1.40 102.17 3753 76.0 1.2789 0.08048 1.04
1.50 102.78 3643 71.7 1.2714 0.08048 1.02

25 0.90 98.63 4693 111 1.3334 0.06353 1.18
1.00 99.42 4430 102 1.3227 0.06730 1.14
1.10 100.18 4217 93.4 1.3127 0.07071 1.12
1.20 100.91 4040 86.6 1.3033 0.07380 1.09
1.30 101.60 3892 80.8 1.2944 0.07661 1.06
1.40 - 102.26 3766 75.8 1.2860 0.07918 1.04
1.50 102.90 3657 71.4 1.2781 0.08153 1.01

30 0.90 :+ 98.66 4692 111 1.3429 0.06461 1.17
1.00 99.50 4434 101 1.3316 0.06837 1.14
1.10 100.29 4224 93.1 1.3210 0.07177 1.11
1.20 101.05 4050 -86.3 1.3111 0.07485 1.08
1.30 101.78 3904 80.5 1.3017 0.07764 1.06
1.40 102.47 3780 75.5 1.2930 0.08019 1.03
1.50 103.13 3674 71.1 1.2847 0.08252 1.01

35 0.90 98.69 4696 111 1.3520 0.06562 1.17
1.00 99.57 4442 101 1.3401 0.06938 1.14
1.10 100.40 4235 92.6 1.3290 0.07277 1.11
1.20 101.19 4064 85.9 1.3186 0.07583 1.08
1.30 101.95 3920 80.1 1.3088 0.07861 1.05
1.40 102.67 3798 75.1 1.2996 0.08114 1.02
1.50 103.36 3693 70.8 1.2909 0.08345 1.00

40 0.90 98.74 4702 110 1.3611 0.06660 1.16
1.00 99.66 4451 100 1.3486 0.07036 1.13
1.10 100.53 4247 92.2 1.3369 0.07374 1.10
1.20 101.36 4078 85.4 1.3260 0.07678 1.06
1.30 102.14 3937 79.7 1.3158 0.07954 1.04
1.40 102.90 3817 74.7 1.3062 0.08205 1.01
1.50 103.61 3713 70.4 1.2971 0.08434 0.99

(to be continued)
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to be continued)

T n V¥ I* p* v T c
(°c) (ml1/mole) (©°K) (cal/ml)

50 0.90 98.89 4717 109 1.3794 0.06850 1.15
1.00 99.89 4473 99.0 1.3656 0.07225 1.11
1.10 100.83 4275 91.0 1.3528 0.07560 1.08
1.20 101.73 4111 84.4 1.3409 0.07861 1.05
1.30 102.59 3973 78.7 1.3297 0.08133 1.02
1.40 103.40 3857 73.7 1.3192 0.08380 0.99
1.50 104.18 3756 69.4 1.3094 0.08604 0.97

51 0.90 98.01 4719 109 1.3813 0.06869 1.15
1.00 99.91 4475 98.9 1.3674 0.07243 1.11
1.10 100.87 4278 90.9 1.3544 0.07578  1.07
1.20 101.77 4114 84.3 1.3424 0.07879 1.05
1.30 102.64 3977 78.6 1.3311 0.08151 1.02
1.40 103.46 3861 73.7 1.3206 0.08620 0.97
1.50 104.24 3760 69.4 1.3107 0.08620 0.97

. Compound: n-CyH;q

20 0.90 112.75 4923 113 1.3003 0.05955 1.30
1.00 113.51 4632 103 1.2916 0.06329 1.27
1.10 114.23 4395 94.5 1.2833 0.06671 1.24
1.20 114.93 4198 87.6 1.2756 0.06983 1.21
1.30 115.60 4033 81.8 1.2682 0.07268 1.18
1.40 116.24 3893 76.8 1.2612 0.07531 1.15
1.50 116 .85 3772 72.4 1.2546 0.07773 1.12

25 0.90 112.91 4943 112 1.3065 0.06032 1.28
1.00 113.70 4654 102 1.2974 0.06417 1.25
1.10 114.45 4418 93.7 1.2888 0.06749 1.22
1.20 115.17 4223 86.9 1.2808 0.07060 1.19
:1.30 115.86 4059 81.1 1.2731 0.07345 1.17
1.40 116.53 3920 76.1 1.2659 0.07607 1.14
1.50 117.16 3799 71.8 1.2590 0.07848 1.11

76 - 0.90 112.75 4923 113 1.3003 0.05955 1.30
1.00 113.51 4632 103 1.2916 0.06329 1.27
1.10 114.23 4395 94.5 1.2833 0.06671 1.24
1.2G 114.93 4198 87.6 1.2756 0.06983 1.21
1.30 115.60 4033 81.8 1.2682 0.07268 1.18
1.40 116.24 3893 76.8 1.2612 0.07531 1.15
1.50 116.85 3732 _ 72.4  1.2546 0.07773 1.13

(
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T n v T p* v T C
(oC) (ml/mole) (%K)  (cal/ml)
3. Compound: n-C8H18
20 0.90 126.88 5128 114 1.2818 0.05717 1.42
1.00 127.65 4815 104 1.2741 0.06089 1.39
1.10 128.38 4560 95.7 1.2668 0.06429 1.36
1.20 129.09 4349 88.7 1.2599 0.06741 1.33
1.30 129.76 4171 82.8 1.2534 0.07028 1.30
1.40 130.41 4020 77.7 1.2471 0.07293 1.27
1.50 131.04 3889 73.3 1.2412 0.07538 1.24
106 0.90 128.80 5307 104 1.4096 0.07145 1.27
1.00 130.28 5045 94.7 1.3936 0.07515 1.23
1.10 131.67 4833 87.0 1.3880 0.07845 1.19
1.20 133.00 4658 80.6 1.3651 0.08139 1.16
1.30 134.25 4512 75.1 1.3523 0.08404 1.12
1.40 135.45 4387 70.4 1.3404 0.08643 1.09
1.50 136.58 4280 66.2 1.3292 0.08859 1.06
4, Compound: n-C12H26
20 0.90 182.71 5636 120 1.2448 0.05202 1.96
1.00 183.57 5269 110 1.2390 0.05564 1.92
1.10 184.40 4970 101 1.2334 0.05898 1.89
1.20 185.20 4722 92.7 1.2281 0.06208 1.85
1.30 185.97 4514 87.4 1.2230 0.06495 1.81
1.40 186.71 4336 82.0 1.2182 0.06762 1.78
. 1.50 187.42 4182 77.4 1.2135 0.07010 1.74
5. Compound: n-Cl6H34
20 0.90 239.26 5999 121 1.2239 0.04887 2.43
1.00 240.22 5595 111 1.2190 0.05240 2.39
1.10 241.15 5265 102 1.2143 0.05568 2.34
1.20 242.04 4991 94.2 1.2098 0.05874 2.30
1.30 242.91 4760 87.9 1.2055 0.06159 2.26
1.40 243.74 4563 82.5 1.2014 0.06424 2.22
1.50 244,55 4393 77.8 1.1974 0.06673 2.18
25 0.90 239.42 6013 120 1.2285 0.04958 2.42

(to be continued)
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T n V¥ T* P¥ v T C
(°c) (m1/mole) (°K)  (cal/ml)
5. Compound: n-CjgHg, (continued)

25 1.00 240.41 5611 110 1.2234 0.05314 2.37
1.10 241.37 5283 101 1.2186 0.05644 2.33
1.20 242.30 5011 93.9 1.2139 0.05950 2.28
1.30 243.20 4782 87.7 1.2094 0.06236 2.24
1.40 244,06 4586 82.3 1.2052 0.06502 2.20
1.50 244.90 4417 77.6 1.2010 0.06750 2.16 -

30 0.90 239.57 6028 102 1.2332 0.05029 2.41
1.00 240.60 5628 110 1.2279 0.05387 2.36
1.10 241.60 5302 101 1.2228 0.05718 2.31
1.20 242.56 5031 93.6 1.2180 0.06026 2.27
1.30 243.48 4803 87.4 1.2133 0.06312 2.23
1.40 244 .38 4609 82.0 1.2089 0.06578 2.19
1.50 245.24 4441 77.3 1.2046 0.06827 2.15

35 0.90 239.74 6043 120 1.2379 0.05099 2.40
1.00 240.81 5645 109 1.2324 0.05459 2.35
1.10 241.84 5321 101 1.2271 0.05791 2.30
1.20 242.84 5052 93.3 1.2221 0.06100 2.26
1.30 243.80 4825 87.1 1.2173 0.06386 2.21
1.40 244.72 4632 81.7 1.2126 0.06653 2.17
1.50 245.62 4465 77.0 1.2082 0.06900 2.13

40 0.90 239.86 6055 120 1.2428 0.05172 2.38
1.00 240.97 5659 109 1.2370 0.05533 2.33
1.10 242 .04 5337 100 1.2316 0.05867 2.29
1.20 243.07 5070 93.0 1.2263 0.06177 2.24
1.30 244 .07 4845 86.8 1.2214 0.06464 2.20
1.40 245.03 4653 8l1.4 1.2166 0.06830 2.16
1.50 245.95 4487 76.8 1.2120 0.06979 2.12

50 0.90 240.18 6083 119 1.2524 0.05312 2.36
1.00 241.38 5693 108 1.2462 0.05677 2.31
1.10 242.52 5374 99.5 1.2403 0.06013 2.26
1.20 243.63 5110 92.3 1.2347 0.06324 2.21
1.30 244.69 4888 86.1 1.2294 0.06611 2.16
1.40 245.72 4699 80.8 1.2242 0.06878 2.13
1.50 246.70 4535 76.2 1.2193 0.07126 2.09

(to be continued)
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Hi |

T n ' T P v C
(°c) (ml/mole) (°K)  (cal/ml)
5. Compound: n-CygHg, (continued)
51 0.90 240.23 6087 119 1.2533 0.05325 2.36
1.00 241.43 5697 108 1.2471 0.05690 2.31
1.10 242.59 5379 99.5 1.2412 0.06026 2.26
1.20 243.70 5115 92.2 1.2355 0.06337 2.21
1.30 344.77 4893 86.1 1.2301 0.06625 2.17
1.40 245.80 4704 80.8 1.2249 0.06891 2.12
1.50 246.80 4540 76.2 1.2200 0.07139 2.08
6. Compound: n-Cy,Hsg(
106 0.90 356.46 6702 117 1.2773 0.05657 3.12
1.00 358.56 6290 106 1.2699 0.6057 3.05
1.10 360.56 5954 97.9 1.2628 0.06368 2.98
1.20 362.48 5876 90.8 1.2561 0.06680 2.92
1.30 364.33 5442 84.7 1.2497 0.06968 2.86
1.40 366.11 5242 79.5 1.2437 0.07233 2.80
1.50 367.82 5070 75.0 1.2379 0.07478 2.74
7. Compound: n-C36H74
76 0.90 521.80 6780 125 1.2413 0.05150 4.85
1.00 524.19 6336 114 1.2356 0.05511 4.75
1.10 526.50 5975 105 1.2302 0.05844 4.65
1.20 528.72 5675 97.3 1.2250 0.06153 4.56
1.30 530.86 5422 90.8 1.2201 0.06440 4.47
1.40 532.92 5206 85.2 1.2154 0.06707 4.39
1.50 534.91 5020 80.4 1.2108 0.06955 4.31
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(c). The Dependence of the Characteristic and Reduced Quan-

tities of the Pure Components on Temperature:

The characteristic and reduced quantities, V*, P*, T*,
and V'at n=1.29 [see section (d); the estimated value of n
characterizing the mixtures of n-paraffin hydrocarboné] of
n-C6H14, n-C8H18, and n'C16H34’ .the . components of those
binary mixtures whose excess enthalpies and volumes are avai-
lable in the literature at more than on temperature, -are shown
in Table III. The effet of temperature on these quantities
is clearly shown in Figs. 7, 8, 9, and 10, respectively.
V¥ shows very small increase with temperature. Since V in-
creases faster with temperature than V*, V shows a greater
rate of increase with temperature. The small change of T*
with temperature is, however, significant. This affects
directly the increase of V¥ with T. In fact, eq. (17) and

eq. (24) require that
% %
dlnT" /dT = (1/aT) (d1nV /4T) (87)

Values of the parameter C = P*V*/RT*, expressing the
effective number of external degrees of freedom per mole-
cule, are listed in the last column of Table II. They are

of incidental interest for the purpose of this work.
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Table III: The Change of the Characteristic and Reduced
Properties with Temperature at n=1.29

Compound T v* T* p¥* v T C
(©°C) (m1/mole) (°PK) (cal/ml)

n-CgHy, 20 101.48 3896 81.6  1.2877 0.07525 1.07
25 101.53 3906 81.3  1.2953 0.07634 1.06
30 101.71 3918 81.0  1.3027 0.07738 1.06
35 101.80 3947 81.0  1.3097 0.07834 1.05
40 102.08 3950 80.2  1.3168 0.07928 1.04
50 102.50 3986 79.2  1.3308 0.08107 1.02
51  102.55 3990 79.1  1.3322 0.08125 1.02

n-CgH,q 20 129.68 4188 83.4  1.2540 0.07001 1.30
106 134.01 4539 76.1  1.3548 0.08353 1.13

n-CygHg, 20 242.97 4793 88.4  1.2052 0.06116 2.25
25 243.11 4803 88.3  1.2099 0.06208 2.25
30 243.39 4825 87.9  1.2138 0.06284 2.23
35 243.61 4868 88.2  1.2182 0.06359 2.22
40  243.97 4866 87.3  1.2218 0.06434 2.20
50 244.59 4908 86.7  1.2299 0.06583 2.17
51  244.67 4913 86.7  1.2306 0.06597 2.17
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(d) . The Evaluation of the Value of the Exponent n for the

Equal Molar Mixtures:

Table IV shows the enthalpy of mixing at equal molar
concentration at each iterated value of n ranging between
0.90 and 1.60 for the afore-mentioned six systems at various
temperatures. Also shown in Table IV are v calculated from .
eq. (85) and the contact interaction energy, HEont’ defined
as lelelez/vn, in which subscript 1 refers to the component
with fewer number of carbon atoms in the molecule, at their
correponding values of n.

The change of V with n for the system n-CgHys—n-CygHsgy
at x7=0.5 at several temperatures and for the systems n-CgH;,—
n-Cq5Hye, n_C6H14'_n-C16H34’ n-C7H16——n-Cl6H34, and n-CSng__
n-CqcHg,, all at x3= 0.5 at 20°C is graphically shown in Figs.
11 and 12, respectively. The dependence of V on both tempera-
ture and n, for these binary mixtures is of the same nature
as for the pure components.

It is apparent from Table IV that HEalc’ the enthalpy
of mixing calculated, decreases sharply as the value of n

increases. Since the change in HE corresponding to a

calc
change in n of 0.10 (see column 1 of Table IV) is large, va-

E
lues of Hcalc

corresponding to smaller increments in n are
necessary in order to be able to evaluate the value of n for

which HEalc =HE, In practice,Hgafcﬁcorrespbﬁding to con= " .

L e
=
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Table IV: The Dependence of the Excess Enthalpy of Mixing
at xj = 0.50 On the Exponent n

T3 E E
n v Healce Heont X12
(cal/mole) (cal/mole) (cal/ml)

. frgstem: n-C6H14—n-C12H26, T = 20°C
@ 11 cal/mole (53,54), VE = -0.31 ml/mole

0.90 1.2703 34.2 32.7 1.37
1.00 1.2630 26 .6 26.2 1.11
1.10 1.2562 20.5 21.0 0.90
1.20 1.2496 15.3 16.7 0.72
1.30 1.2434 11.1 13.4 0.58
1.40 1.2375 7.4 10.5 0.46
1.50 1.2319 4.3 8.1 0.36
. System: n-CgHy,—n-CygHg,, T = 20°C
HE = 30 cal/mole (56), VE = -0.48 ml/mole; (57)
0.90 - 1.2502 66.4 63.4 2.44
1.00 . 1.2439 52.8 51.5 2.01
1.10 1.2378 41.4 41.9 1.65
1.20 1.2321 32.2 34.1 1.35
1.30 1.2267 25.5 27.7 1.11
1.40 1.2215 17.9 22.5 0.908
1.50 1.2165 12.2 18.0 0.733
Tw25C, HE=27 cal/mole, (58), VE=-0.53 ml/mole (59)
0.90 1.2560 66.6 64.2 2.48
1.00 1.249% 52.4 51.8 2.03
1.10 1.2431 40.8 41.9 1.66
1.20 1.2371 31.2 33.9 1.35
1.30 1.2314 23.2 27 .4 1.10
1.40 1.2260 16.4 22.0 0.89
1.50 1.2208 10.6 16.4 0.71
T=300C, HEm23 cal/mole (60), VE=-0.58 ml/mole (57)
0.90 1.2618 64.7 63.3 2.46
1.00 1.2548 50.2 50.7 1.99
1.10 1.2482 38.3 40.6 1.61
1.20 1.2420 28.5 32.6 1.30
1.30 1.2360 20.4 26.0 1.05
1.40 1.2304 13.5 20.5 0.83
1.50 1.2250 7.5 15.8 0.65

(to be continued)
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Table IV (continued)

< E
n v HIg.’—.\lc Hoont X12
(cal/mole) (cal/mole) (cal/ml)

Tw=35°C, HE=19 cal/mole (60), VEw-0.62 ml/mole (59)

0.90 1.2675 66.4 65.1 2.54
1.00 1.2602 51.3 52.1 2.05
1.10 1.2534 38.8 41.5 1.65
1.20 1.2468 28.6 33.1 1.33
1.30 1.2407 20.3 264 1.07
1.40 1.2348 13.0 20.7 0.85
1.50 1.2292 6.8 - 15.9 0.65
T=40°C, HE=16 cal/mole (61), VE=-0.69-ml/mole (57)
'0.90 1.2732 58.7 59.5 2.33
1.00 1.2656 43.7 46.7 1.85
1.10 1.2585 31.5 36.6 1.46
1.20 1.2517 21.4 28.4 1.14
1.30 1.2452 13.1 21.8 0.89
1.40 1.2391 5.9 16.2 0.66
1.50 1.2333 - 0.3 11.5 0.48
T=50°C, HE= 8 cal/mole (60), VE=-0.82 ml/mole (57)
0.90 1.2846 51.9 55.3 2.18
1.00 1.2764 36.5 42 .4 1.68
1.10 1.2686 23.8 32.0 1.29
1.20 1.2612 13.4 23.7 0.96
1.30 1.2543 4.8 17.0 0.70
1.40 1.2477 - 2.5 11.5 0.47
1.50 1.2414 - 8.8 6.8 0.28
Tw51°C, HE= 9 cal/mole (61), VEw-0.82 ml/mole (61)
0.90 1.2858 55.4 58.1 2.29
1.00 1.2775 39.4 bby.7 1.78
1.10 1.2697 26.6 34.2 1.37
1.20 1.2622 15.9 25.6 1.04
1.30 1.2552 7.0 18.7 0.76
1.40 1.2486 - 0.5 13.0 0.53
1.50 1.2460 - 7.0 8.2 0.34
(to be continued)
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Table IV (continued)

= E .
n v HEalc Heont X12
(cal/mole) (cal/mole) (cal/ml)

3. System: n-C7H16——-n-C]_6H34
Tw20°C, HEw26 cal/mole (62), VEw-0.31 ml/mole (55)

0.90 1.2466 57.5 52.9 1.84
1.00 1.2405 47.1 43.8 1.54
1.10 1.2348 38.5 36.2 1.29
1.20 1.2293 31.4 30.2 1.08
1.30 1.2240 25.5 25.3 0.92
1.40 1.2190 20.5 21.2 0.77 "
1.50 1.2142 16.1 17.6 0.65
T=259C, #E=23 cal/mole (63), VE=-0.34 ml/mole (55)

0.90 1.2516 54.8 50.7 1.77
1.00. 1.2453 44.3 41.5 1.46
1.10 1.2393 35.8 34.2 1.22
1.20 1.2335 28.7 28.2 1.01
1.30 1.2313 22.7 23.3 0.85
1.40 1.2229 17.7 19.2 0.70
1.50 1.2179 13.4 15.8 0.58

4. System: n-C7H16—-n-C36H74

Tw76°C, HE=31 cal/mole (61), V'=-1.56 ml/mole (61)

0.90  1.2622 156 .4 148.5 4.38
1.00 1.2551 116.4 114.4 3.40
1.10 1.2484 84.4 87.7 2.63
1.30 1.2361 35.6 28.5 1.48
1.40 1.2303 16.9 34.1 1.05
1.50 1.2243 1.2 22.3 0.69

5. System: n-CgHj g—n-CqgHjy

T=20 C, HE=21 cal/mole (68), VEw-0.19 ml/mole (55)

0.90 1.2429 43.5 39.4 1.25
1.00 1.2371 36.1 32.7 1.05
1.10 1.2315 30.1 27.5 0.89
1.20 1.2262 25.1 23.3 0.76
1.30 1.2212 20.9 19.6 0.65
1.40 1.2163 17.6 16.9 0.57
1.50 1.2117 14.5 14.3 0.49

(to be continued)
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Table IV (continued)

- E 4B
n \ Heale - Heont X192

(cal/mole) (cal/mole) (cal/ml)

6. System: n-CgHjg—n~Cy Hs5qg

T=106°C, HE= -6 cal/mole (61), VE=-1.33 ml/mole (61)

0.90 1.3069 60.1 65.6 1.95
1.00 1.2974 38.3 47.8 - 1.44
1.10 1.2884 20.7 33.9 1.03
1.20 1.2800 6.1 22.6 0.69
1.30 1.2720 - 6.0 13.6 0.42
1.40 1.2645 -16.4 6.1 0.19
1.50 1.2574 -25.0 0.1 0.00
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tinuous n with an interval of 0.02, and if necessary, of 0.01

were calculated. The best-fit values of n so evaluated for
the six above mentioned systems at their respective tempera-
tures are listed in the third column of Table V. The uncer-
tainty in n is expected to be less than 0.01, The value of
n may also be evaluated graphically as shown in Fig. 13 for
the systems n-CgHjg—n-CjoHsg, n-CgHyp—n-CigH34, n-CyHig—
n-CigHs3,, and n-CgHig—n-CigHsz, at 20°C.

It g of great interest to note that the value of n cha-
racterizing these six systems lie within the range of n=1.29%
0.03 regardless of temperature and the size ratio of molecules
of the two components of the mixtures. The system n-CgHjs——
n-CygHgy, at 20°C for which n=1.22 seems to be exceptional.

The error in n resulting from the possible maximun
error in the measurement of,VE is seen in the last column of
Table VI. The value of 8VE (see column 4) is the assumed possi-
ble maximun error in VE, ‘When the error in VE is 0.005 ml/mole,
the corresponding error in n, or &n, ranges from 0.05 for the
system n-CyH16—n-C1gH3s at 20°C to 0.01 for the system n-CgHyy
—n=-CygH34 at 50°C. The error depends mainly on the magnitude
of the value of VE of the system. For the system n-CyH;g—
n-C3gHy, which has the largest absolute value of vE (-1.56 ml/

mole), the relative uncertainty in n is quite small.
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Table V: Results of the Estimation of the Exponent n
from Comparison of HE with HE at x1=0.50~v

calc
E E

System T vE g¢  Heale n Hn=1.00

(°C) (ml/mole) (cal/  (cal/ (cal/

mole) mole) mole)

n-C6H14——' 20 -0.31 11 11.1 1.30 26.6
n-CyoHsg

n-CgHyp— 20 =0.49 31  30.7 1.22 57.1

n-Cl6H34 25 -0.53 27 27.1 1.25 52.4

30 -0.58 23 22.7 1.27 50.2

35 -0.62 19 18.7 1.32

40 -0.69 16 16.3 1.26 43.7

50 -0.82 8 8.1 1.26 36.5

51 ~-0.82 9 8.7 1.28 39.4

n-C;Hjg— 20  -0.31 26  25.7 1.29  47.1

n-Cyghs, 25  -0.34 23 23.5 1.29  44.3

n-C7H16—— 76 -1.56 31 31.8 1.32 116 .4
n-CggHyy,

n-CSng—— 20 -0.19 21 21.3 1.29 36.1
n-CygHsy

n-C8H18—— 106 -1.33 -6 -6.0 1.30 38.3

n-Cy.Hsg
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n-C7H16—-—n-C16H34, and 4, n-08H18—n-C16H34 at 20 C.



Table :VL: The Effect of the Error in VE on the Exponent n .

76

vE

sVE

HE

sHE

System T n
(°C) (m1/mole) (ml/mole) (cal/mole)
n-CgHys—  @0:" 330.31  #0.005 11 #1  1.30%0.03
G H £0.01 £ 1.30£0.06
12 26
n-CgHyz— 20 -0.48  #D.005 30 1 1.22¢0.02
- +0.01 +3 1.22+0.03
n-Ciefl3s 25 -0.53  +0.005 30 0 1.2540.00
-0.005 -3 1.25-0.04
+0.01 +1 1.25+0.01
-0.01 -4 1.25-0.05
30 -0.58 +0.005 23 +1 1.2740.02
-0.005 -1 1.27-0.02
+0.01 +2 1.2740.03
-0.01 -3 1.27-0.04
40 -0.69 +0.005 16 +1 1.2640.01
-0.005 -2 1.26-0.02
50 -0.82 4+0.005 +1 1.2640.01
-0.005 -1 1.26~0.01
+0.01 +2 1.2640.03
-0.01 -2 1.26-0.03
n-C7H16—— 20 -0.31 +0.005 26 +1 1.2940.05
Ly -0.005 -1 1.29-0.04
16 34 +0.01 +3 1.2940.05
~-0.01 -3 1.29-0.05
25 -0.34 +0.005 23 +2 1.2940.03
-0.005 -1 1.29-0.03
+0.01 +3 1.2940.05
-0.01 -2 1.29-0.04
n-CsHjg— 76 -1.56  40.01 31 43 1.3240.02
“'036H74 -0.01 -2 1.32-0.01
+0.05 +13 1.3240.07
-0.05 -12 1.32-0.06
n-Cgjg— 20 =-0.19  +0.005 21 42 1.2940.04
oG H -0.005 -1 1.29-0.03
1634 +0.01 +4 1.294+0.08
-0.01 -2 1.29-0.06
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Column 6 of Table VI lists the values of HE which cause
a similar error in n. Table VII illustrates the error in n
caused by a change in HE of 41 and #2 cal/mole, respectively,
should VE remain constant. The error is moderate, ranging .
from 0.02 to 0.05 for an uncertainty in HE of %2 cal/mole. 1In

measuring the density an error of only 10™4 g/ml, may lead to

an error of about 0.01 ml/mole or 6% in vE (this depends on sys-
tems) . Taking into consideration the vapor space of a calori-:
meter, difference in the vapor pressure of the pure componets,
and the maximum error in the temperature reading, we believe
that the maximun error in i could amount to 1 cal/mole. The
numerical values of VE and HF used in the calculation of n are
given to one hﬁndredth for the volume and to ome unit for the
enthalpy. Considering the possible maximum error -in either,

or both VE and HE , the best-fit value of n=1.29 * 0.03 for

this group of mixtures is considerablely very good.

E
(e). The Relative Change of Hoeont and Equation of State Contri-

bution to the Enthalpy of Mixing at ¥1=0.5 with n:

HEont (see colum 4 of Tableﬂﬂ)“can=behidentiﬁiednthgpugh.
eq. (81) as the contact interaction contribution to the enthal- -
py of mixing. The difference between HEalc and Hgont repre~
sents the equation of state contribution to the enthalpy of

mixing, as expressed by the other terms of eq. (81). The eq-

uation of state contribution depends not only on the reduced
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Table VII: The Effect of the Error in HE on the Exponent n

System T vE HE gHE n
(°C) (ml/mole) (cal/mole)

n-CgzHq )—n~-Cq9H 20 -0.31 11 1 1.30¥0.03
6714 12726 +2 1.30¥0.05
h-C6Hl4—_n-C16H34 20 -0.49 31 +1 1.22-0.01
-1 1.2240.02

+2 1.22-0.02

-2 1.2240.03

25 -0.53 27 ] 1.26¥0.01

+2 1.26-0.02

-2 1.2640.03

30 -0.58 23 +1 1.27-0.02

-1 1.2740.03

40 -0.69 16 +1 1.26-0.02

-1 1.2640.01

+2 1.26-0.03

-2 1.264+0.02

50 -0.82 8 ¥] 1.26%0.01

+2 1.26-0.02

-2 1.2640.03

n-C7H16——n-Cl6H34 20 -0.31 26 ¥ .1.29%0.02
2 1.29%0.04

25 -0.34 23 +1 1.29-0.02

-1 1.294+0.03

+2 1.29-0.03

-2 1.2940.04

n-CoH, o—n~C, H 20 -0.19 21 4+1 1.29-0.02
8718 T 716734 -1 1.2940.03
+2 1.29-0.04

-2 1.2940.06

n-C;H, ,.—m-C, H 76 -1.56 31 4+l 1.32-0.00
7716 36774 -1 1.3240.01

+2 1.32-0.01

-2 1.3240.02

n-CgH18—n-C24H50 106 -1.33 -6 #] 1.30%0.01
¥  1.30%0.02
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volume of the mixture, and therefore on the excess volume,
but also on the difference between the reduced volumes Vi
and ﬁ% of the pure components, respectively.

Like HEalc’ HEont also decreases sharply as n increa-:
ses. The relatively slower decrease in Hgont (see Figs. 14
and 15) makes the equation of state contribution more signi-
ficant at higher values of n. This contribution tends to
be negative for mixtures of components with very diffe-
rent reduced voluﬁes. Comparing the reduced volumes of the
pair of components of any systems at various temperature in
Table II, we conclude that, as temperature increases, the
differencefbetﬁeenyVi-and'Vé also increases, so that the equa-
tion of state contribution usually becomes negative, except
at low temperatures. For n-paraffin hydrocarbon mixtures,
the enthalpy of mixing decreases with increasing temperature.
The equation of state contribution becomes more and more im-
portant and dominates the contact interaction term at high
temperatures, rendering the enthalpy of mixing negative (29);
this is the case of the system n-CgH;g—n-C, Hy, at 106°cC.
The contact interaction contribution dominates, however, the -
equation of state contribution for all the other systems at
n=1.29 * 0.03.

x12’ a parameter characterizing the interaction between

unlike molecules, has the same dimension as pressure and ap-. ..
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75 1. The System n-CgHjz—mn-CigH3y
' 1 2. The System n-C7H16——n-016H34
70 3. The System n-08H18——n-C16H34
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pears only in the contact interaction term. It is worth men-
tioning that at constant composition it depends on n, tempera-
ture, and also on the relative size of the two components of
the mixture. Its temperature dependence for the system n-C6H14
~—n~-CicHq, at x7=0.5 is shown graphically in Fig. 16. Fig. 17
in which X;, is plotted against the segment ratio r]_/r2 (equal
to the hard core volume ratio, V?/V?) for the equal molar

mixtures n-C6H14.._n-C 121{26 s n-C6H12_n-Cl6H34 s n-C7H16_-n-C16H34,

and n-CgHjg—n-CigH3, at 20°C, shows that X2 is inversely

proportional to V?/V?.

(£) . Dependence of the Excess Enthlpy.:ofpsMixing at-Various

Compositions of the Binary Mixtures on the Exponent n:

VE and BE for the systems n-CgHy,—n~CqgHs,, n-C7H16
—n-~C1gH34, and n-CgHjg—n-CigH3, at several compositions
are summarized in Table VIII where the corresponding values
of ¥, HE_ 1., HEonﬁ’ and Xj, are also given. The value of n
at each mole fraction estimated from the best~fit between HEalc
and HE , as described in section (d) is given in columm 8.
It is clear that in general the value of n at each composition
agrees very well with that obtained at x,=0.5 for the same
mixture; The system n'C6H14_'n'Cl6H34 require, ' ‘throughout
the whole concentration range, a value of n=1.22* 0.01 which

is somewhat lower than the average value of n=1.29 & 0.03
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Data used for Fig. 16

o] .

20 1.22
25 - 1.10
40 . 0.89
50 0.70
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Fig. 16. The Dependence of X;9 on
Temperature for the System n-C6H14

—-1‘1~C16'H34 .
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Data used for Fig. 17:

System

n-CgHy—n-Cyolyg
n'CBH18—n'C16H34
n-C7H16—n-C1gl3y
n-CgHy4—n-Cyet3y

Xy, (cal/ml) ViV,
0.58 " 0.546
0.66 0.534
0.93 0.476
1.28 0.417

Xq9 (cal/ml)

1

' 4 A

0.40

0.45

0.50 0.55 0.60

x5k
v,/

Fig. 17. The Change of X;, with the Ratio of the

Hard Core Volumes of the Two Components of
n-paraffin Hydrocarbon Systems at 20°C.



Table VIII: The Exponent n Evaluated for three n-paraffin Hydrocarbon Mixtures
at Various Compositions

e  — — ———— — — —— —  —— ——— —— —— —————  — ——— — 4

System T X4 VE \ HE HEalc n H}czzont X12
(°C) (ml/mole) (cal/mole) (cal/mole) (cal/mole) (cal/ml)

n-CgHy,— 20 0.3117 -0.344 1.2211 @ 27.2 27.0 1.21 27.6 '1.40

n‘ClﬁH3Q 0.3355 -0.367 1.2218 27.2 27.1 1.22 28.1 1.36

e 0.4070 ~0.427 1.2255 29.1 29.2 1.22 30.8 1.33

0.4873 -0.481 1.2302 30.9 30.5 1.22 32.6 1.31

0.4988 -0.487 1.2309 30.8 30.7 1.22 32.9 1.31

0.5527 -0.510 1.2335 31.0 30.9 1.22 33.3 1.30

0.5941 -0.521 1.2371 30.0 29.7 1.23 32.3 1.27

0.6151 -0.524 1.2394 30.1 30.2 1.22 32.8 1.30

0.6365 -0.526 1.2412 29.2 29.5 1.22 32.2 1.30

0.6559 -0.527 1.2435 29.7 29.4 1.21 32.1 1.30

0.6977 -0.520 1.2475 27.5 27.6 1.21 30.5 1.29

0.7127 -0.515 1.2483 26.0 26.0 1.22 29.1 1.26

0.7861 -0.268 1.2559 21.1 21.1 1.23 24 .4 1.24

n-CsH1g— 20 0.4008 -0.282 1.2266 25.8 25.6 1.22 25.2 0.98

n-C16H34 0.5571 - -0.332 1.2297 26.7 26.6 1.25 26.6 0.95

0.5762 -0.332 1.2303 26.2 26.1 1.26 26.2 0.93

0.6180 -0.335 1.2324 24.9 25.1 1.27 24.9 0.91

n-Cghyg— 20 0.4654 -0.183 1.2197 20.8 21.0 1.30 19.6 0.66

n'C16H34 0.5735 -0.195 1.2234 20.3 20.7 1.32 19.5 0.65

0.5944 -0.195 1.2244 20.5 20.8 1.32 19.5 0.65

G8
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found for the other mixtures in the group. This is probably
due to the discrepancies in the measurements of vE and/or HE,
The effect of composition on Xj5 is given in Table VIII.

It shows very.small change with composition.

(2) . The Dependence of n on Temperature:

It is interesting to note from Table V that, like being
independent of composition, n is also independent of tempera-
ture for the six systems tested. The constant value of n
throughout: the: concentration and temperature ranges enables
one to predict the excess enthalpy from excess volume at any
mole fraction and at any temperature, provided that one pair
of VE and HE at any one temperature and composition of the

binary mixture:.is experimentally available.

(h) . Prediction of Enthalpy of Mixing:

Taking n=1.29 as a constant characterizing the n-para-
ffin hydrocarbon mixtures in the expression of the mean inter-
molecular energy, E=-A/V1'29, we zare.ready to compute.the corres-
ponding characteristic and reduced parameters, and consequently

from VE. HE computed for the average n=1.29 is la-

E
H calc

calc
beled as HE=1.29 in Table IX. It is reasonable to say that
H§=1.29 and HE agree remarkably well considering the possible
maximum ‘error in the experimental data used in the compu-

tation. The third column of Table IX shows the value of n
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Table IX: Comparison of the Enthalpy of Mixing predicted
at n=1.29, Hﬁnl.zg with HE

E i f
System T n Hi1 .29 Hp=1.00 H
(©0C) (cal/mole) (cal/mole) (cal/mole) -

n-CgHj,— 20 1.30 11.4 26.6 11
n-CpoHog

n-C6Hl4f— 20 1.22 28.6 57.1 31

30 1.27 21.2 50.2 23

35 1.32 21.0 19

40 1.26 13.8 26.6 16

50 1.26 5.6 36.5 8

51 1.28 7.9 39.4 9

n-C7H16—— 20 1.29 26.1 47.1 26

n-Cl6H34 25 1.29 23.3 44.3 23

n-C7H16——- 76 1.32 37.7 116 .4 31
n-Cagtyy,

n-08H18— 20 1.29 21.3 36. 1 21
n-C16H3y4

n-C8H18"— 106 1.30 -4.9 38.3 -6

n-CysHs0
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at which HEalc best reproduces HE.
Hgalc for n=1.00 from Flory's formula is shown in co-
lumn 5 of Table V. It is obvious that these values are no-
where even close to HE, even though Flory (31) has shown that
for mixtures comprising pairs of small globular molecules,
except those containing benzene as one of the components, the
volume of mixing calculated from HE appears to agree within
the limit of error. Because of extreme sensitivity of the
change of HEalc with the value of the exponent n in E=-A/VD,
it is inappropriate to use Flory's equations to predict en-

thalpy of mixing of binary mixtures from experimental volume

of mixing.
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2. Application of the Modified Theory to Binary Mixtures

Comprising small Globular Molecules:

The binary mixtures CCl,—c~CgHyy, CCl;—C(CH3),,
cCl,—SiCl,, SiCl,;—SnCl,, c-CgHjo—m-CgHy,, and c-CgHjo
n-CsyH1g at various temperatures are considered here. They
comprise pairs of molecules which (a) are rather small,

(b) do not differ significantly in size, (c) are approxi-
mately spherical, and (d) are non-polar. Deviations of
those solutions from ideality or from regularity is gene-
rally small. This fact places grater demands on the experi=-
mentally accuracy of the data and at the same time provides,
in some respects, a stricter test of the theory. Such sys-
tems require very reliable equation of state parameters for

*, and P*. We estimate

the pure components such as V*, T
them from molar volume V, thermal expansion coefficient e,
and isothermal compressibility R, or thermal pressure coe-

fficient y, which is equal to (3P/aT) or «/R.

(a) . Physical Properties of the Pure Components:

Experimental values of the physical properties V, o,
and ¥, for the components of the above mentioned binary mix-
tures are given in Table X at several temperatures. All data
refer to ordinary pressure and may be used at lower pressure.

Sources of reference are indicated in the Table.
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Table XY Physical Properties of the Pure Components

Compound \ ox103 v
(°C) (ml/mole) (1/deg) (cal/ml-deg)
CCl, 0 94.21 (64) 1.191 (65)  0.321 (66,67)
20 96.49 (65) 1.219 (65): 0.277 (68)
25 97.68 (65) 1.229 (65)  0.273 (69)
40 - :.08.91 (65) 1.265 (65)  0.248 (69)
c-CgHyp 20 108.10 (65)  1.202 (65)  0.264 (70)
25 108.75 (65) 1.217 (65) 0.255 (69)
40 110.79 (65) 1.265 (65)  0.234 (69)
C(CHy), O 118.03 (64) 1.811 (71)  0.&85 (66,67)
~-n=CgHy, 20 130.67 1.346 0.2012
n-CyH; . 20 146.60 1.243 0.2110
SiCly 20 114.64 (72) 1.415 (72)  0.214 (68)
25 115.47 (72) 1.442 (72)  0.208 (68)

SnCl, 20 116.92 (72) 1.171 (72) 0.271 (68)
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(b) . The Dependence of the Characteristic and Reduced Quan-

tities on the Exponent n:

= % %k %
V, V., T, P, and C for the non-polar, spherical

components, all computed as functions of the: exponent n::inithe
range of n = 0.90 to 1.50, are found in Table XI. The trend

is similar to that of n~paraffin hydrocarbons. -.ic.

(c) . The Evaluation of n for the Equal;Molai Mixtures:

Table XII lists Hgalc’ Hgonts X192 and V for various

values of n (range between n = 1.00 and 1.60) at the indicated
temperatures. Included in the table is also v° of the mixture,
which was calculated directly from the pure components using

the relation V° = ¢£V1+¢272. The dependence of X12 onn is

calc and H.E

ont with n

shown in Fig. 18. The variation of
for these mixtures is seen in Fig. 18, in which the thick cur-

ves represent the change of Hgalc with n while the thin curves

represent that of HEont with n. Both Hgalc and HE show

cont
moderate decrease with n except for the system CCla——C(CH3)4
at 0°C in which the decrease is rapid. For the system CClﬁ—
c-CgH1o, the difference between HEalc and HEont’ (HEalc-Hgont),
is the same for all n values, indicating that the correspon-

ding equation of state contributions to HE of this system

alc

at xléO.SJare the same regardless of the exponent n. For the

other systems, the equation of state contributions show a
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Table XI: The Dependence of the Characteristic and Reduced
Properties of the Pure Components on n

T n v T p¥ v T C
(°C) (ml/mole) (9K) (cal/ml)
1.Compound: CCl4
"0 1.00 74 .41 4572 141 1.2661 0.05974 1.15
o 1.10 74.82 4527 129 1.2592 0.06313 1.13
1.20 75.21 4123 120 1.2527 0.06625 1.10
1.30 75.58 3951 112 1.2465 0.06913 1.08
1.40 75.94 3805 105 1.2406 0.07179 1.06
1.50 76.29 3679 99.1 1.2350 0.07424 1.03
1.60 76.62 3570 93.8 1.2296 0.07652 1.01
20 1.00 74.97 4677 135 1.2871 0.06268 1.09
1.10 75.44 4435 124 1.2799 0.06610 1.06
1.20 75.88 4235 115 1.2715 0.06922 1.04
1.30 76.31 4067 107 1.2644 0.07208 1.01
1.40 76.73 3924 @ 101 1.2576 0.07271 0.99
1.50 77.12 3801 94.8 1.2512 0.07714 0.97
1.60 77.50 3693 89.7 1.2450 0.07938 0.95
25 1.00 75.09 4698 136 1.2929 0.06347 1.09
1.10 75.57 4458 125 1.2846 0.06688 1.07
1.20 76.03 4259 116 1.2767 0.07000 1.04
1.30 76 .48 4092 108 1.2703 0.07286 1.02
1.40 76.91 3950 102 1.2623 0.07548 0.99
1.50 77.32 3828 ~95.9 1.2556 0.07790 0.97
1.60 77.71 3721 90.7 1.2492 0.08012 0.95
40 1.00 75.42 4753 134 1.3114 0.06589 1.07
1.10 75.96 4519 123 1.3021 0.06930 1.04
1.20 76 .48 4325 114 1.2933 0.07240 1.01
1.30 76.98 4162 106 1.2849 0.07524 0.99
1.40 77.45 4024 99.8 1.2771 0.07783 0.97
1.50 78.34 3801 94.0 1.2696 0.08020 0.94
1.60 78.34 3801 89.0 1.2616 0.08239 0.92
2.Compound: C(CH3)4
0 1.00 86.23 3763 94.7 1.3688 0.07259 1.09
1.10 87.06 3597 87.1 1.3558 0.07593 1.06
1.20 87.84 3460 80.7 1.3436 0.07894 1.03
1.30 88.59 3345 75.2 1.3323 0.08165 1.00

(to

be continued)
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V¥ ™ Py T c
_(°0) (ml/mole) (°K) (cal/ml)
2. Compound: C(CH3)4 (continued)
0 1.40 89.30 3248 70.5 1.3217 0.08411 0.98
1.50 89.98 3164 66.4 1.3117 0.08634 0.95
1.60 90.63 3091 62.8 1.3023 0.08837 0.93
3. Compound: C-C6H12
20 1.00 84.20 4710 128 1.2838 0.06224 1.15
1.10 84.72 4465 117 1.2760 0.06565 1.12
1.20 85.21 4262 109 1.2687 0.06878 1.10
1.30 85.68 4092 102 1.2617 - 0.07164  1.07
1.40 86.13 3947 95.4 1.2550 0.07428 1.05
1.50 86.57 3822 89.9 1.2487 0.07671 1.02
1.60 86.99 3713 85.1 1.2427 0.07896 1.00
25 1.00 84.26 4721 127 1.2906 0.06316 1.14
1.10 84.80 4479 117 1.2824 0.06658 1.11
1.20 85.32 4278 108 1.2747 0.06969 1.08
1.30 85.81 4110 101 1.2674 0.07255 1.06
1.40 86.28 3966 94.6 1.2604 0.07518 1.04
1.50 86.72 3842 89.2 1.2539 0.07760 1.01
1.60 87.17 3735 84.5 1.2476 0.07983 0.99
40 1.00 84.49 4755 126 1.3112 0.06586 1.13
1.10 85.10 4520 116 1.3019 0.06928 1.10
1.20 85.68 4327 107 1.2931 0.07238 1.07
1.30 86.23 4164 100 1.2848 0.07521 1.05
1.40 86.76 4025 94.1 1.2769 0.07780 1.02
1.50 87.27 4906 88.1 1.2695 0.08018 1.00
1.60 87.76 3802 83.9 1.2625 0.08237 0.98
4. Compound: SiC14
20 1.00 86.67 4356 110 1.3228 0.06731 1.10
1.10 87.33 4146 101 1.3127 0.07071 1.07
1.20 87.96 3972 93.6 1.3033 0.07380 1.04
1.30 88.56 3826 87.4 1.2944 0.07661 1.02
1.40 89.14 3702 82.0 1.2860 0.07918 0.99
1.50 89.69 3596 77.2 1.2781 0.08153 0.97
1.60 90.22 3503 73.1 1.2700 0.08369 0.95
25 1.00 86.70 4359 110 1.3318 0.06840 1.10
1.10 87.40 4153 101 1.3212 0.07180 1.07
1.20 87.40 4153 93.8 1.3113 0.07487 1.04
1.30 88.69 3839 87.5 1.3019 0.07767 1.02

(to be continued)
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9%

*

*

T n v ™ P v T c
(°C) (m1/mole) (°K)  (cal/ml)
4. Compound: SiCl,
257 1.40 89.30 3717 82.1 1.2931 0.08022 0.99
1.50 89.87 3612 77.4 1.2848 0.08255 0.97
1.60 90.43 3521 73.2 1.2770 0.08468 0.95
5. Compound: SnC14
20 1.00 91.49 4773 130 1.2780 0.06143 1.25
1.10 92.03 4522 119 1.2705 0.06483 1.22
1.20 92.55 4314 111 1.2634 0.06780 1.20
1.30 93.04 4139 103 1.2566 0.07083 1.17
1.40 93.52 3990 97.0 1.2502 0.07347 1.14
1.50 93.98 3862 91.4 1.2442 0.07591 1.12
1.60 94.42 3750 86.6 1.2384 0.07817 1.10

6.ln-C6H14 (see Table II)

7. n-C;Hyq (see Table II)
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Table XII: The Dependence of the Excess Enthlpy of Mixing
at x; = 0.50 on the Exponent n

0
n v v Hoale Heont X12

(cal/mole) (cal/mote) (cal/ml)

1. System: CCl,—c-CgHyy, T = 25°C
HE = 35 cal/mole (73), VE = 0.16 ml/mole (65,74,75)

1.00 1.2937 1.2917 45.9 33.6 2.23
1.10 1.2854 1.2834 42.8 30.5 2.05
1.20 1.2776 1.2756 40.3 28.0 1.90
1.30 1.2703  1.2683 38.1 25.8 1.77
1.40 1.2633 1.2613 36.8 24..0 1.67
J.50  1.2566  1.2547 34.7 22.4 1.57
1.60 1.2503 1.2484 33.4 21.0 1.49

Tw40°C, HE=34 cal/mole (73), VE=0.16 ml/mole (65)
1.00 1.3133 1.3113 42.2 30.2 2.03
1.10 1.3040 1.3020 39.3 27.3 1.86
1.20 1.2951 1.2932 37.1 25.1 1.73
1.30 1.2868 1.2849 35.1 23.1 1.61
1.40 1.2789 1.2770 33.5 21.5 1.51
1.50 1.2715 1.2696 32.1 20.1 1.43
1.60 1.2644  1.2625 30.8 18.8 1.35

2. System: CC1l4=C(CH3)4, T = 0°C

HE:a 75 cal/mole (76), VE=-0.50 ml/mole (76,64)
1.00 1.3150 1.3212  135.1 103.5 6.97
1.10 1.3050 1.3112  114.7 86.4 5.90
1.20 1.2956 1.3017 97.7 72.6 5.01
1.30 1.2867 1.2928 83.6 61.4 4.28

¢ .1.40  1.2784  1.2844 71.6 52.0 3.67
1.60 1.2705 1.2765 61.3 44,2 3.15
1.60 1.2630 1.2690 52.5 37.7 2.71

3. CC1;,—SiCl,, T = 20°C

HE = 42 cal/mole (77), VE = 0.05 ml/mole (72)
1600 1.3068 1.3062 58.3 43.0 2.86
1.10 1.2978 1.2971 52.4 37.6 2.53
'$.20 1.2892 1.2971 47.5 33.3 2.27
1.30 1.2944 1.2886 43.4 29.7 2.05

(to be continued)
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Table XII (continued)

— s) X
n v v Hcalc Hcont 12
(cal/mole) (cal/mole) (cal/ml)

. System: CCl;—SiCly, T = 20°C (continued)

1.40 1.2735 1.2805 30.9 26.7 1.86
1.50 1.2663 1.2729 36.9 24.1 1.69
1.60 1.2594 1.2588 34.3 21.9 1.56

T=25°C, HE=36 cal/mole (77,78), VE=0.02 ml/mole (68,72)

1.00 1.3140 1.3137 56.1 41.2 2.75
1.10  1.3045 1.3042 50.0 35.8 2.42
1.20 1.2955 1.2953 45.1 31.5 2.16
1.30 1.2871 1.2868 40.8 27.9 1.93
1.40 1.2791 1.2791 37.3 24.9 1.74
1.50 1.2715 1.2713 34.2 22.3 1.58
1.60 1.2644 1.2642 31.6 20.1 1.44

. System: SiCl;—SnCl,, T = 200C

H = 64 cal/mole (77), VE = 0.13 ml/mole (72)
1.00 1.3012 1.2998 91.2 67.8 4.00
1.10 1.2925 1.2911 82.6 59.8 3.57
1.20 1.2843 1.2828 75.5 53.4 3.23
1.30 1.2765 1.2751 69.5 48.0 2.93
1.40 1.2691 1.2677 64.3 43.4 2.68
1.50 1.2622 1.2607 59.9 39.5 2.46
1.60 1.2555 1.2541 56.2 36.3 2.28

. System: c-CgHjp—n-CgHys, T = 20°C
H® = 51 cal/mole (79,80), VE = 0.15 ml/mole (79,81,82)

1.00 1.2999 1.2983 76.6 56.2 3.28
1.10 1.2913 1.2897 69.7 49.8 2.95
1.20 1.2832 1.2815 64.0 44.6 2.67
1.30 1.2755 1.2739 59.2 40.2 2.44
1.40 1.2682 1.2666 55.1 36.5 2.24
1.50 1.2613 1.2597 51.6 33.4 2.07
1.60 1.2547 1.2531 48.5 30.7 1.92
1.70 1.2485 1.2469 45.8 28.3 1.79

(to be continued)



97

Table XII (continued)

) 0, E E
n v v Heale Hoont X12
(cal/mole) (cal/mole) (cal/ml)

6. System: C-C6H12——H-C7H16, T = 20°C
HE = 64 cal/mole (83,84,86), VE = 0.30 ml/mole (79,86)

1.00 1.2913 1.2883 87.6 64.4 3.59
1.10 1.2832 1.2803 81.3 58.1 3.29
1.20 1.2756 1.2726 76.0 52.9 3.03
1.30 1.2684 1.2654 71.5 48.6 2.81
1.40 1.2615 1.2586 67.6 44.8 2.62
1.50 1.2550 1.2521 64.3 41.6 2.46
1.60 1.2488 1.2469 6%.4 38.9 2.32
1.70 1.2430 1.2400 58.9 36.4 2.19
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rather slight decline with n except for the system CCl,—

C(CHg), at 0°C, in which the decline with n is more rapid.
The values of n which best repropduceﬂﬂzare shown in

Table XIIIL. These systems show a rather constant range of

n at which HE

reproduces HE. The average is n = 1.40 =
calc *°€

0.05. If we excludeithe systems c-CgHjp—n~CgHi, and
c-CgH12—n-CyH1g, which are not as spherical as the others,

the average value of n is equal to 1.39 # 0.03. Considering
the large-error in n resulting from the possible maximun ex-
perimental errors, the value of n = 1.40 £ 0.05 is expected
to be within experimental error. For instance, an error of
£0.01 ml/mole in the excess volume alone causes an uncertainty
of as much as 0.13 in n for the system CCl,—c-CgHyo, 0.06
for the system CCl,—SiCl,, and 0.07 for both the systems
c-C6H12—-n—C6H14 and c-CgHqo—n=~CoHq(¢. Column 6 of Table

XIV shows the change in H ‘caused iby :a possible error in

calc

VE, should n remain constant.

As n = 1.29 * 0.02 characterized the binary mixtures
of the n-paraffin hydrocarbons, n = 1.40 £ 0.05 characterizes
the excess enthalpy of mixing of mixtures of non-polar and
spherical molecules. The excess enthalpies of mixing cal-
culated from eq. (85) for m = 1.40 for each of these systems
are also given in Table XV and are denoted asfﬁé;r,4oowThe

predicted enthalpies of mixing agree well with the experimental



Table XIII: The Values of the Exponent n
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reproduces HE at x7=0.5

at which Hgalc

System T vE HE (7 n
- (°C)  (m1/mole) (cal/mole)
CC14—c-CgHy o 25  0.16 35 1.2306 b
40 0.16 34 1.2813 .37
CCl,— C(CH3)4 0 -0.50 75 1.2825 .37
CCl,— SiCly 20 0.50 42 1.2780 .34
25 0.02 36 1.2760 44
SiClj— SnCl, 20  0.13 64 1.2691 .40
c-CgHyo— n-CgHys 20 0.15 51 1.2743 .50
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Table XIV: The Effect of the Error in vE on the Exponent n

System T vE svE HE  .gHE n
(°C)(ml/mole) (ml/mole) (cal/mole)

CCl,—c-CcHy, 25 0.16 +0.005 35 42 1.4440.08
-0.005 . -2 1.44-0.04

+0.01 +3 1.4440.11

-0.01 -2 1.44-0.11

40 0.16 +0.005 34 41 1.3740.06

-0.005 -1 1.37-0.06

4+0.01 +2 1.3740.13

-0.01 -2 1.37-0.13

CC1,~C(CH3), O =-0.50. +0.005 75 0 1.3740.01
-0.005 -2 1.37-0.02

+0.01 +1 1.3740.02

-0.01 -3 1.37-0.03

cCl,—SiCl, 25 0.02 +0.005 36 41 1.4440.03
-0.005 -1 1.44-0.03

4+0.01 +2 1.4440.06

-0.01 -2 1.44-0.06

SiCl,—SnCl, 20 0,12 4+0.005 64 40.4 1.4240.01
-0.005 ~-1.6 1.42-0.03

+0.01 +1.4 1.4240.03

-0.01 2226 1.42-0.06

c-CgHy p— 20 0.15 40.005 51 +41.5 1.50+0.04
n~-C_H ~-0.005 -0.4 1.50-0.01

6 14 +0.01 +2.4 1.5040.07
-0.01 -1.3 1.50-0.03

c-CgHyo— 20 0.30 +0.005 64 +1.3 1.5040.04
n-C_H -0.005 -0.6 1.50-0.02
7716 +0.01 +2.2 1.5040.07
-0.01 -1.6 1.50-0.05
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Table XV: Comparison of HE predicted at n=1.40, and
at n=1.00, with the Experimental Value

40

E
E E= ; HE= HE HE -
System T v n  Hn=1.40 n=1.00 oo HE
(©°C) (ml/mole) (cal/mole) (cal/mole) mole)
CCly— 25 0.16 1.44 36.3 45.9 35 -1.3
c-CgHy2
40 0.16 1.37 33.5 42.2 34 4+0.5
CCl,— 0 -0.50 1.37 71.6 135.1 75 +43.4
C(CH,),,
CC1¢—— 20 0.50 1.34 39.9 58.3 42 +2.1
51C1,,
SiCl4—— 20 0.13 1.40 64.3 91.2 64 =0.3
SnC14
c-CgHyp— 20 0.15 1.50  55.0 66.4 51 4.0
n-C6H14
C-C6H12— 20 0.30 1.50 67.6 81.0 64 -=3.6
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data. Enthalpies of mixing calculated at n = 1.00,o0r H§=1 00>
which correspond to theryersion of Flory's original theory,

are in very poor agreement with the experimental values.

(@) . Dependence of the Excess Enthalpy of Mixing at Various

Compositions of Binary Mixtures on the Exponent n:

The values of n = 1.40 % 0.05 applies to the solutions
of equal molar concentration. If we assume that the same
value of n can be used also for the solutions of other con-
centrations, the parameters of the pure components can easily
be calculated at: thiig value of n. The excess enthalpy of mi-

xing. ealculated, HE

cale? depends on the parameters of the pure

components and the reduced volume V of the solution. The :
reduced volume in turn depends on the excess volume of
mixing, VE, at a.particular mole fraction, and therefore

gk

calc can be expressed as a function of X9, provided that

the equation of VE as a function of Xq is given.
V' for the system CCl;,—c-CgHq, at 259C and 40°C is

experimentally expressed by the formulas (65):

vVE

0.633x7(1-x7) ml/mole at 25°C (a)

and

vE

it

0.0015 + 0.633x7(1-x7) ml/mole at=409C: (b)
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Substituting from eq. (a) :ox. eq. (b) into eq. (83) for V of
the system, and combining the resulting equation with eq. (85),
we arrive at the expression for the enthalpy of mixing in «
terms of xj only. H%alc and Hgont and Xj2 of the system
CCli~—c-CgH12 at different mole:fractions are given in Table
XVI. The values of HE at the corresponding mole fractions
which are also shown in the table were obtained from the fo-

llowing experimental data (73):

HE = (1#4.18¥ {571:6%] (1-k)]-cal/mote. . at:250C

uE = (1/4.18)[562.2x1(1-x1ﬂ cal/molei at 40°C
HE HE, and HE are plotted against in Fi

cale» ™ » cont p 1 against xq 18-

20. Note.that the agreement between Hgalc and HE:is excellent
within the entire composition range. It is reasonable to
assert that the value of n = 1.40 characterizes the solutions

over the whole composition range very well.

Analyzing eq. (85), it is observed that the equation

can be written as sum of two terms:

where

v v Py

(-‘;n*%)[ ‘Pl?ﬁ_l_ +92P5T) 3] (89a)
np, (V3 - 1)

% % doo & o ook *
PYY PV ; V3 [ 91P1499P3
1
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Table XVI: Comparison of the Calculated and Experimental
Enthalpy of Mixing for the System CCl;,—c~CgHyo

over the whole Composition Range

n X1 vE #E HE,j. HGont X2 A B
(m1/ (cal/ (cal/ (cal/ (cal/ (cal/ (cal/
mole) mole) mole) mole) ml) mole) mole)

T = 25°C

1.42 0.10 0.0570 12.7 12.5 8.3 1.64 76.3 5.43
6.20 O.i013 22.6 22.4 14.3 1.64 71.8 10.0
0.30 0.1339 29.7 29.5 19.4 1.63 66.5 13.5
0.40 0.1519 33.9 34.0 22.3 1.63 60.2 16.5
0.50 0.1582 35.3 35.6 23.4 1.63 52.9 18.3
0.60 0.1529 33.9 34.3 22.5 1.62 44.5 19.1
0.70 0.1329 29.7 30.3 19.9 1.62 35.1 18.9
0.80 0.1013 22.6 23.2 25.3 1.62 24.6 17.7
0.90 0.0570 12.7 13.1 8.6 1.62 12.9 15.3

= 40°C

1.40 0.10 0.0585 12.1 12.1 12.0 1.54 79.9 4.40
0.20 0.1028 21.5 21.1 13.6 1.53 74.5 7.86
0.30 0.1344 28.2 27.8 17.9 1.52 68.5 10.4
0.40 0.1534 32.2 32.0 20.5 1.52 61.8 12.1
0.50 0.1597 33.6 33.4 21.4 1.51 54.1 12.8
0.60 0.1534 32.2 32.3 20.7 1.50 45.5 12.5
0.70 0.1344 28.2 28.5 18.3 1.51 35.9 11.3°
0.80 0.1028 21.5 21.9 14.1 1.51 25.2 8.97
0.90 0.0585 12.1 12.6 8.1 1.53 13.3 5.60
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and
B = PIVE(Sy - =% (90)

A and B depend on the behaviér of the pure components and on
the reduced volume,iVl(change with concentration), of the mix-
ture and are easily obtainable.

When x7 = 0.0, V = V9 and B of eq. (90) vanishes, as
does H of solutions. When x; = 1.0, V = V5, 97-=:1.00,

¢, = 0.0, and eq. (89) becomes

' o <, s
A= (=) [P’f- T ifl ] , (89b)
Vi n(V] - 1)

The second term in the bracket of eq, (89b) is simply equal
to PT by substitution of eq. (32). This makes HE in eq. (88)
as well as A equal to zero. The thermodynamic boundary con-
ditions of excess enthalpy of mixing are therefore satisfied.
by eq. (88).

Values of A and B from x;= 0.10 to 0.90 for the sys-
tem CCl;,—c-CgHyy at 259C and 40°C are also given inrTable
XVI. Both are positive over the whole molae fraction range.
They are plotted against x; and extrapolated to xq = 0 and

1, respectively in Fig. 21.
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3. Application of the Modixied Theory to the Binary 1-Alcohol—
1-Alchol Mixtures:

So far, this refingd theory has been useful in inter-
preting the excess properties of a number of binary mixtures
composed of molecular species different in size and shape.

In Flory's original theory (87-89), compounds whose molecules
are forming hydrogen bonds and exhibiting strong dipolar in-
teractions were specifically excluded. The assumption that

a molecule can be divided into isometric segments and that
each segment has equal opportunity to interact with the other
segments may no longer be applicable to such systems. However,
we have found that the application of the modified theory to
the binary normal alcohol systems provides a reasonable good
correlation between the excess enthalpies and excess volumes

of mixingw..

{a) . The Dependence of the Excess Enthalpy of Mixing at Xq=
“ 3 0.50 on the Exponent n:

Enthalpies of mixing calculated from volumes of mixing
for 21 binary 1-Alcohol—1-Alcohol systems are shown in Table
XVII. Values of V, o, R, and ¥ for the pure components at 25°C
are given in Table XVIII, ,and the characteristic and reduced
volumes, temperatures, and pressures at n=1.00 (n=1.00 seems

to best fit this group of systems) are given in Table XIX.

For all the 21 systems, HEont appears to be dominant over the
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*Table XVII: The Dependence of the Excess Enthalpy of Mixing
at x1 = 0.50 on the Exponent n

ey E E
n \' Healce Heont X312
(cal/mole) (cal/mole) (cal/ml)

T =x250C

1. System: Methanol—ZEthanol
HE « 1.07 cal/mole, VE = 0.0085 ml/mole

0.70 1.2970 1:82 1.61 0.221
0.80 1.2885 1774 1.51 0.210
0.90 1.2804 1.62 1.34 0.194
1.00 1.2728 1.56 1.30 0.186
1.10 1.2656 1.2 1.19 0.172

2. System: Methanol—1-Propanol

HE = 19.60 cal/mole, VE = 0.0503 ml/mole

0.70 1.2805 20.83 17.71 2.23
0.80 1.2729 18.74 15.67 2.00
0.90 1.2657 17.08 13.95 1.81
1.00 1.2589 15.74 12.59 1.65
1.10 1.2524 14.64 11.48 1.52

3. System: Methanol—1-Butanol

HE = 34.01 cal/mole, VE = 0.0738 ml/mole

0.70 1.2712 39.97 34.04 4.05
0.80 1.2641 35.58 29.70 3.58
0.90 1.2573 32.14 26.29 3.21
1.00 1.2509 29.40 23.59 2.91
1.10 1.2448 27.11 21.32 2.67

4. System: Methanol—l-Hexanol

"HE = 56.39 cal/mole, VE = 0.116 ml/mole
0.70 1.2519 73.60 63.73 6.98
0.80 1.2457 65.32 55.55 6.16
0.90 1.2398 58.86 49.19 5.51
1.00 1.2343 53.65 44 . 06 4.99
1.10 1.2289 49.46 39.94 4.58

(to be continued)
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Table XVII (continued)

E E
Healc Heont - X329

(cal/mole) (cal/mole) (cal/ml)

o
<l

5. System: Methanol—1~-Octanol
HE = 80.64 cal/mole, VE = 0.1563 ml/mole

0.70 1.2420 111.65 96.88 10.06
0.80 1.2364 98.70 84.14 8.84
0.90 1.2309 88.74 74.35 7.90
1.00 1.2258 80.69 66 .47 7.13
1.10 1.2208 74.09 60.00 6.51

6. System: Methanol—I1~Decanol
HE = 94.92 cal/mole, VE = 0.178 ml/mole

0.70 1.2366 157.84 136.70 13.68
0.80 1.2312 138.84 118.09 11.95
0.90. 1.2260 124.17 103.78 10.61
1.00 1.2210 112.37 92.30 9:54
1.10 1.2163 102.78 83.01 8.66
1.18 1.2126 96.19 76.63 8.06

7. System: Ethanol-—l1-Propanol
HE = 4.59 cal/mole, VE = 0.0084 ml/mole

0.70 1.2736 6.16 5.28 0.504
0.80 1.2664 5.43 4.57 0.442
0.90 1.2595 4.87 4.02 0.395
1.00 1.2529 4.38 3.55 0.352
1.10 1.2567 4.02 13.20 0.321
8. System: Ethanol—1-Butanol
HE = 11.49 cal/mole, VE = 0.0121 ml/mole
0.70 1.2659 15.94 13.60 1.216
0.80 1.2590 13.82 11.65 1.055
0.90. .> 1.2525 12.23 10.13 0.930
1.00 1.2463. 11.01 8.97 0.833
1.10 1.2404 9.97 7.98 0.750

(to be continued)
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I Table XVII (continued)

v E E
n v I'Icalc Hcont X12

(cal/mole) (cal/mole) (cal/ml)

9. System: Ethanol—Il-Hexanol
HE = 30.19 cal/mole, VE = 0.0363 ml/mole

0.70 1.2493 42.65 37.15 3.02
0.80 1.2432 37.42 32.06 2.64
0.90 1.2374 33.18 27.97 2.33
1.00 1.2319 29.92 2484 2.09
1.10 1.2267 27.25 22.28 1.90
10. System: Ethanol—1-Octanol
HE = 51.95 cal/mole, VE = 0.0599 ml/mole
0.70 1.2405 73.14 63.69 4,87
0.80 1.2348 63.99 54.80 4.24
0.90 1.2295 56 .80 47.86 3.75
1.00 1.2243 51.18 42 .45 3.36
1.10 1.2194 46 .57 38.04 3.05
11. system: Ethanol—l1-Decanol
HE = 71.89 cal/mole, VE = 0.0885 ml/mole
0.70 1.2357 121.93 105.58 7.73
0.80 1.2303 106 .39 90.50 6.70
0.90 1.2251 94.27 78.81 5.90
1.00 1.2202 84.68 69.62 5.27
1.10 1.2154 76.76 62.06 4.75
1.18 1.2118 71.49 57.06 4.41
12. System: l-Propanol—-l-Butanol
HE = 1.29 cal/mole, VE = -0.0019 ml/mole
.50.70 1.2571 1.39 1.21 0.089
0.80 1.2507 11323 1206 0.079
0.90 1.2445 0.99 0. 83 0.063
1.00 1.2387 0.84 0.70 0.053
1.10 1.2332 0.77 0.63 0.049

(to be continued)
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Table XVII (continued)

ET2 E E
n v Hcalc Hcont X12

(cal/mole) (cal/mole) (cal/ml)

13. System: 1-Propanol—1l-Hexanol
H = 14.70 cal/mole, vE = 0.0187 ml/mole

0.70 1.2434 20.60 17.88 1.189
0.80 1.2376 18.11 15.45 1.042
0.90 '1.2321 16.14 13.55 0.925
1.00 1.2269 14.48 11.95 0.825
1.10 1.2218 13.28 10.81 0.755
14. System: 1-Propanole—l-Octanol
HE = 36.67 cal/mole, V¥ = 0.0513 ml/mole
0.70 1.2362 50.21 43.46 2.70
0.80 1.2308 44.06 - 37.46 2.36
0.90 1.2256 39.34 32.85 2.10
1.00 1.2206 35.47 29.12 1.88
1.10 1.2159 32.36 26.13 1.71
15. System: 1-Propanol——l1-Decanol
HE = 60.21 cal/mole, VE = 0.0890 ml/mole
0.70 1.2324 96.22 82.86 4.91
0.80 1.2271 84.38 71.32 4.28
0.90 1.2221 75.05 62.26 3.78
1.00 1.2173 67.60 55.08 3.39
1.10 ' 1.2127 61.65 49.37 3.07
16. System: l-Butanol—Il1-Hexanol
HE = 6.45 cal/mole, VE = 6.0115 ml/mole
0.70 1.2404 8.34 7.31 0.418
0.80 1.2348 7.43 6.41 0.371
0.90 1.2294 6.63 5.64 0.331
1.00 1.2243 5.99 5.00 0.297
1.10 1.2194 5.63 +4365 0.279

(to be continued)
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Table XVII (continued)
+

n v HEalc HEont X12
(cal/mole) (cal/mole) (cal/ml)

17. System: l-Butanol—1-Octanol
HE = 24.79 cal/mole, VE = 0.0413 ml/mole

0.70 1.2341 32.02 27.74 1.475
0.80 1.2288 28.23 24.03 1.294
0.90 1.2237 25.34 21.19 1.155
1.00 1.2188 23.06 18.96 1.046
1.10 1.2141 21.04 17.00 0.949
18. System: l-Butanol—Il1-Decanol
HE = 48.08 cal/mole, VE = 0.0778 ml/mole
0.70 1.2307 73.00  62.84 3.172
0.80 1.2256 64.16 54.19 2.770
0.90 1.2206 57.22 47.43 2.455
1.00 1.2159 51.76 42.14 2.207
1.10 1.2114 47.28 37.82 2.003
19. System: l-Hexanol—l1-Octanol
HE= 6.21 cal/mole, VE = 0.0098 ml/mole
0.70 1.2269 7.37 6.34 0.266
0.80 1.2219 6.61 5.59 0.238
0.90 1.2171 5.93 4.91 0.212
1.00 1.2125 5.23 4.23 0.184
1.10 1.2081 4.88 3.90 0.172
20. System: l-Hexanol-—Il-Decanol
HE = 22.80 cal/mole, VE = 0.0375 ml/mole
0.70 1.2246 32.24 27.64 1.095
0.80 1.2197 28.28 23.77 0.954
0.90 1.2150 25.30 20.84 0.847
1.00 1.2105 23.01 18.63 0.766
1.10 1.2062 21.00 16.68 0.694

(to be continued)
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n v HEalc H]é'ont Xy2
(cal/mole) (cal/mole) (cal/ml)
21. System: 1=-Octanol—1-Decanol
HE = 5.35 cal/mole, VE = 0.0075 ml/mole

0.70 1.2213 6.80 5.81 0.194
0.80 1.2165 6.09 5.21 0.173
0.90 1.2119 5.24 4.29 01142
1.00 1.2075 4.98 4.04 0.140
1.10 1.2033 4.41 3.49 0.122

* All the excess enthalpies and volumes of mixing data
were taken from ref. (90) and ref. (91), respectively.
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*Table XVIII: Physical Properties of the pure &lcohols

at 25°C
Compound ' ax103 Rx106 y

(m1/mole) (1/deg) (1/atm) (cal/ml-deg)
Methanol 40.73 1.185 126.4 0.227
Ethanol 58.68 1.083 116.5 0.225
1-Propanol 75.16 0.981 102.5 0.232
1-Butanol 91.96 0.936 94.5 0.240
1-Hexanol 125.26 0.852 84.3 0.245
140ctanol 158.42 0.818 '78.9 0.251
1-Decanol 191.43 - 0.804 73.9 0.263

* All the physical prpperties data were taken from ref. (90).
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Table XIX: Characteristic and Reduced Properties of 1-
Alcohols at n=1.00 at 25°C
Compound v¥ T* P* v T c

(ml/mole) (°K) (cal/ml) :

Methanol 31.71 4784 112 .2845 0.06233 0.373

Ethanol 46.41 5011 107 .2645 0.05950 0.500

1-Propanol 60.43 5287 107 .2438 0.05639 0.615

1-Butanol 74.48 5425 109 .2337 0.05496 0.754

1-Hexanol 102.96 5735 108 .2166 0.05990 0.977

1-Octanol 131.02 5877 109 .2092 0.05074 1.228

1-Decanol 158.72 5939 114 .2061 0.05021 1.534




119

equation of state contribution to the enthalpy of mixing.
The effect of n on Hgalc and HEont are shown graphically
in Fig. 22. As seen from this figure the equation of state
contributions are almost independent of the value of n for
the 21 systems.

Table XVII shows that Xj9 varies moderately with n.
For systems with large differences in molecular size, Xjj is
much larger than for system with a small difference in size.
For instance, the value of Xip for the system Methanol—
1-Decanol, which has the largest difference in size from all
the Alcohol—Alcohol systems, is 9.54 cal/ml. Table XX and
Fig. 23 show the effegt of the ratio of molar core volumes,
V?/Vg, on Xq9 for mixtures of methanol, ethanol, 1l-propanol,
and l-butanol.

The values of ‘n at which HEalc=HE,for ngy,ye-for these-
21 systems of equal molar concentrations are shown in column
3 of Table XVII. The values of n.4zi. vary about 1.00. Systems
of constituents with large molecular size differences show

deviations from n =1.00.

calc
Because pf the large uncertainty in n :(see column: 6. of

ThbleeXXI);resulfingagrﬁmiaésﬁailﬁ¢hahggginiKE?(seeecolumnxf

4), the effect of n on Hgalc for systems with larger -malecilar

size ratio is smaller. This allows accepatable values of n

for these systems to have greater range and still be.within
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Table XX: The Effect of the Ratio of the Molar Core Volume,
Vf/Vg, on X7, of the Alcohol—Alcohol Systems

System v§/vE X12
(cal/ml)
Methanol—Ethanol 0.683 0.186
Methanol—1-Propanol 0.525 1.65
Methanol-—1-Butanol 0.426 2.91
Methanol—1-Hexanol 0.308 4.99
Methanol—1-Octanol 0.242 7.13
Methanol—1-Decanol 0.200 9.45
Ethanol—1I1-Propanol 0.768 0.352
Ethanol—1-Butanol 0.623 0.833
Ethanol—1-~Hexanol 0.451 2.09
Ethanol—1-0Octanol 0.354 3.36
Ethanol—1l1-Decanol 0.292 5.27
1-Propanol—IL-Butanol 0.811 0.053
1-Propanol—1-Hexanol 0.587 0.825
1-Propanol—1-0Octanol 0.461 1.88
1-Propanol—1-Decanol 0.381 3.39
1-Butanol—1~Hexanol 0.723 0.297
1-Butanol—1~Octanol 0.568 1.05
1-Butanol—Il-Decanol 0.469 2.21
1-Hexanol——1~Octanol 0.786 0.184
1-Hexanol—IL-Decanol 0.649 0.766
1-Octancl—1-Decanol 0.825 0.140
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Table XXI: The Effect of the Error in VE on the Expongnt n

System vE - ub 6WE euE n
(ml/mole) (cal/mole)(ml/mole) (cal/mole)

T = 25°C
Methanol— .0503 19.6 +0.005 4+0.7 0.7640.08
1-Propanol -0.005 ~-1.8 0.76-0.09
+0.01 +3.5 0.7640.17
-0.01 -3.6 0.76-0.19
Methanol— .0738 34.01 +0.005 +1.9 0.8440.05
1-Butanol -0.005 -1.6 0.84-0.05
+0.01 ‘+3.6 0.8440.10
-0.01 -3.4 0.84-0.09
Methanol— .1160 56.39 +4+0.005 +2.2 0.9440.04
l-Hexanol -0.005 -1.5 0.94-0.04
+0.01 +3.6 0.944+0.07
-0.01 -3.2 0.94-0.06
Methanol— .1563 80.64 40.005 +1.7 1.004+0.03
1-Octanol -0.005 -1.7 1.00-0.02
+0.01 +3.5 1.00+0.05
-0.01 -3.4 1.00-0.05
Methanol— .1780 94.92 +0.005 +1.5 1.194+0.03
1-Decanol -0.006 -1.0 1.19-0.02
+0.01 +3.8 1.1940.04
-0.01 -2.7 1.19-0.03
Ethanol— .0084 4.59 +40.005 +1.5 0.96+40.31
1-Propanol -0.005 -1.5 0.96-0.31
+0.01 +3.0 0.9640.52
-0.01 -3.0 0.96-0.68
Ethanol— .0121 11.49 +0.005 +1.6 0.96+40.13
1-Butanol -0.005 -1.6 0.96-0.12
+0.01 +3.2 0.9640.24
-0.01 -3.2 0.96-0.25
Ethanol- .0363 30.19 40.005 +1.7 0.9940.05
1-Hexanol -0.005 . =1.6 0.99-0.05
+0.01 +3.4 0.9940.11
-0.01 -3.3 0.99-0.11
Ethanol— .0599 51.95 +40.005 +1.5 0.994+0.03
1-Octanol -0.005 -2.0 0.99-0.03
+0.01 +3.2 0.9940.06
: -0.01 -3.8 0.99-0.07
Ethanol— .0885 71.89 40.005 +1.8 .1740.08
1-Decanol -0.005 -1.4 1.17-0.02

(to be continued)
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Table XXI (continued)

System vE HE ovE 6HE n
(1l /ioté)(cal/mole) (ml/mole) (cal/mole)

Ethanol— 0.0885 71.89 +0.01 +3.4 1.1740.05
1-Decanol -0.01 -3.0 1.17-0.04
1-Propanol— -~0.0019 11229 +0.005 +1.8 -0.8040.40
1-Butanol -0.005 -2.0 0.80-0.40

+0.01 +3.8 TosT

-0.01 -4.8

1-Praopanol— 0.0187 14.70 +0.005 +1.7 0.9840.12
1-Hexanol -0.005 ~-1.6 0.98-0.10
+0.01 +3.6 0.984+0.23
-0.01 -3.3 0.98-0.22
1-Propanol— 0.0514 36.67 +0.005 +1.7 0.97-0.05
1-Octanol -0.005 -2.0 0.97-0.05
+0.01 +3.5 0.9740.10
-0.01 -3.8 0.97-0.10
1=Propanol— 0.0890 60.21 +0.005 +2.1 1.1240.04
1-Decanol -0.005 -1.3 1.12-0.04
' +0.01 +3.8 1.1240.07
-0.01 -3.0 1.12-0.06
1-Butanol— 0.0115 6.45 +0.005 +1.9 0.9240.82
1-Hexanol -0.005 -1.8 0.92-0.31
+0.01 +3.7 0.9240.49
-0.01 -3.7 0.92-0.41
1-Butnaol— 0.0413 24.79 +0.005 +1.8 0.9340.07
1-Octanol -0.005 -2.1 0.93-0.09
+0.01 +3.7 0.934+0.15
-0.01 -4.0 0.93-0.16
1-Butnaol—™ 0.0778 48.08 4+0.005 +1.9 1.0840.05
1-Decanol -0.005 -1.8 1.08-0.04
+0.01 +3.6 1.0840.08
-0.01 -3.6 1.08-0.08
1-Hexanol—  0.0098 6.21 40.005 +2.9 0.88+0.30
1-Octanol -0.005 -2.3 0.88~0.29
+0.01 +4.9 0.88+0.42
-0.01 -4.3 0.88-0.41
l1-Hexanol— 0.0375 22.80 +0.005 +1.7 1.024+0.08
1-Decanol -0.005 2.4 1.02-0.10
+0.01 +3.6 1.0240.16
-0.01 4.0 1.02-0.19
1-Octanol— 0.0075 5.35 +0.005 +2.0 0.9240.32
1-Decanol -0.005 -2.5 0.92-0.30
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the experimental error.

The value of n to give the best fit between HEalc
and HE is about 1.00. The enthalpy of mixing ealculated at
n = 1.00 for these 21 systems is shown in Table XXII along

with the error, H§'ﬁg=1.00' Thecagreement between HE and

calc
HE is satisfactory. Although the absolute errors for the sys-
tems with larger molecular size differences,, such as the
systems Methanol—I1-Decanol and Ethanol—1~Decanol are higher,
the percent relative errors are about the same since these
systems tend to have larger enthalpies of mixing.

Unlike the two previous groups of mixtures, ngalc.ahows
a slow increase with the molar core ratio, VT/ggr Thoﬁgh a
constant value of n was just demonstrated to be applicable,

the range actually varies from 0.75 for the.system Methanol—

1-Propanol to 1.19 for the system Methanol—1l-Decanol.

(b) . Dependence of the Excess Enthalpy of Mixing at Various

Compositions on the Exponent n:

The Redlich-Kister equations obtained experimentally
through the method of least squares by Benson and PEiug (Qi)
for the volumes of mixing, VE, and the enthalpies of mixing,
HE, for the systems 1-Propanol—Il-Hexanol, 1-Propanol—Il-De-

canol, and l-Hexanol—Il-Decanol at 25°C are as follows:
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Table XXII: Comparison of H%=1.00 with the Experimentally
found Value of HE

System vE Negale Hg=1.oo HE Error
(ml/mole) (cal/mole) (cal/mole) HE- HE=1.00

Methanol— 0.0085 1.56 1.07 - 0.49
Eth nol

Methanol— 0.0503 0.76 15.74 19.60 + 3.86
1-Propanol

Methanol-— 0.0738 0.84 29.40 34.01. + 4.61
1-Butanol

Methanol— 0.1160 0.94 53.65 56.39 - + 2.74
l-Hexanol

Methanol— 0.1563 1.00 80.70 80.64 - 0.06
1-Octanol

Methanol— 0.1780 1.19 112.37 94.92 -17.45
1-Decanol

Ethanol— 0.0084 0.96 4.37 4.59 + 0.22
1-Propanol

Ethanol— 0.0121 0.96 11.01 11.49 + 0.48
1-Butanol

Ethanol— 0.0363 0.99 29.92 30.19 + 0.27
1-Hexanol

Ethanol— 0.0599 0.99 51.18 51.95 + 0.77
1-Octanol

Ethanol— 0.0885 1.17 84.68 71.89 -12.79
1-Decanol

1-Propano} -0.0019 0.80 0.84 1.29 + 0.45
1-Butanol

1-Propano}— 0.0187 0.98 14.47 14.70 + 0.23
1-Hexanol

1-Propano}— 0.0513 0.97 35.47 36.67 + 1.20
1-Octanol

1-Propano}— 0.0890 1.12 67.60 60.21 - 7.39
1-Decanol

1-Butnaol— 0.0115 0.92 5.99 6.45 + 0.46
1-Hexanol

1-Butano}— 0.0413 0.93 23.05 24.79 + 1.74
1-Octanol

1-Butanol— 0.0778 1.08 51.76 48.08 + 3.68
1-Decanol

l1-Hexanol— 0.0098 0.88 5.22 6.21 + 0.99
1-Octanol

l1-Hexanol— 0.0375 1.02 23.01 22.80 - 0.21
1-Decanol

1-Octanol— 0.0075 0.92 4.97 5.35 + 0.38

1-Decanol
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For the system l=-Propanol-—l-Hexanol:

VE = x; (1-x1) [0.0749 - 0.0249(1-2x;) + 0.0058(1-2x;)?

- 0.0049(1-2x7) >4 0.019(1-2x7) 4] (m1/mole)

1 : \ L i Y
H = (73g)x1(1-x1)[245589 -- 43.34 (1-2x}) +: 2686 (1+2x7) 2

- 14.60(1-2x,)7] (cal/mole)

For the system l-Propanol-—l-Decanol:

VE = x7(1-x1) [0.3559 - 0.0791(1-2x;) + 0.0571(1-2x7)>

- 0.0260(1-2x1)3 + 0.072(1-2x1)*] (m1/mole)

HE = (Z%Té)xl(l-xl)[1008$21A-.221:65(1x2x1}-+ 108.21

(1-2x1)2 + 11.98(1-2x1)3 + 99.50(1-2x1)4 -

128.23(1-2x;)"] (cal/mole)
For the system l-Hexanol-—l-Decanol:

VE = x; (1-x1) [0.01500 + 0.0028(1-2x;) + 0.0148(1-2x,)?]

‘(m1l/mole)
B = (h)xy (1-xp) [382.34 - 27.72(1-2x) +

17.38(1-2;;1)2 - 14.04(1-2x1)3] (cal/mole)
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vE and HE calculated from these equations for the
above three systems along with their corresponding Hgalc’
Hgont’ X192, A, and B, computed accordingly at various mole
fractions from x¢=0.10 to 0.90 at their corresponding n
obtained in (a) (see column 3 of Table XXII) for the equal
ﬁolar solutions , are shown in Table XXIII. HE, H%alc’ and

Hgont‘Of these systems are plotted against x; in Figs. 24,A

25, 26, respectively. HT and HE ;.

show excellent agreement.,
This proves that a constant value of n can be applieéd to:the
binary mixtures of 1%alcohols over the whole concentration
range. Xjy9, and A and B are plotted against x; imn Fig. 27
and Fig. 28, respectively. As is seen, Xj9 changes very

little with composition. A tends to be negative and B in-

crease sharply with x,.
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Table XXIII: Comparison of the Calculated and Experimental
Enthalpy of Mixing for three Alcohol—Alcohol
Systems over the whole Composition Range

X VE HE  HEa1c HEont X12 A B
(m1/ (cal/ (cal/ (cal/ (cal/ (cal/ (cal/
mole) mole) mole) mole) ml) mole) mole)
1. System: l-Propanol—1l-Hexanol, T = 25°C
0.98 .0.10 0.0058 4.8 4.8 4.0 0.86 -70.0 13.1
0.20 0.0102 8.7 8.4 7.0 0.83 -66.5 27.1
0.30 0.0139 11.6 11.4 9.5 0.83 -61.0 42.5
0.40 0.0168 13.7 13.6 11.3 0.84 ~54.6 59.2
0.50 0.0187 14.7 14.8 12.3 0.85 -47.8 77 .5
0.60 0.0192 14.7 14.9 12.3 0.85 -40.2 97.5
0.70 0.0182 13.5 13.7 11.3 0.87 ~31.7 119.7
0.80 0.0153 10.9 11.1 9.1 0.89 -22.2 144.3
0.90 0.0098 6.6 6.7 5.5 0.92 . =11.6 171.6
2.System: l-Hexanol—Il-Decanol, T = 25°¢C
1.02 0.10 0.0146 8.1 8.3 6.7 0.85 -6.07 9.9
0.20 0.0252 14.3 14.4 11.6 0.81 -8.30 20.1
0.30 0.0322 18.8 18.8 15.2 0779 -9.21 30.8
0.40 0.0363 21.7 21.5 17.4 0.77 -9.45 42.2
0.50 0.0375 22.8 22.5 18.1 0.75 -9.24 54.2
0.60 0.0363 22.3 21.8 17.6 0.73 -8.32 67.0
0.70 0.0318 19.8 19.3 15.5 0.72 -7.00 80.7
0.80 0.0246 15.4 14.9 12.0 0.71 -5.18 95.3
0.90 0.0142 8.8 8.5 6.8 0.69 -2.92 111.1
3. System: 1-Propanol—l-Decanol, T = 25°C
1.12 0.10 0.0311 19.5 19.8 15.9 3.42 11.7 20.7
0.20 0.0532 35.2 35.2 28.0 3.21 0.49 43.5
0.30 0.0701 47.1 46.9 37.6 3.12 =4.95 69.2
0.40 0.0821 55.6 55.7 44.6 3.06 =8.46 98.4
0.50 0.0890 60.2 60.6 48.4 3.01 -11.0 132.2
0.60 0.0898 60.6 61.3 48.8 2.98 =-12.2 171.7
0.70 0.0840 56.1 57.1 45.3 2.96 =12.2 218.6
0.80 0.0702 45.9 46.9 37.0 2.96 -10.3 275.4
0.90 0.0449 28.6 29.0 22.8 3.01 =-6.20 345.4
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4. Application of the Modified Theory to the Binary 1l-Alcohol—

n-Hexane Mixtures:

The fourth group of mixtures to be tested here is the
group of the l-Alcohol—n-Hexane systems. They are the follow-
ing: Ethanol—n~Hexane, l=Propanol—mn-Hexane, l-Butanol—n-He-
xane, l-Hexanol—n-Hexane, and 15Octanol—n-Hexane at 25°C.
n-Hexane is the common component; its physical properties were
already included in Table I.

Table XXV shows the changes of Hggie, Heonts V; and
Xq9 of these systems with the value of n (from 0.70 to 1.00).
Like the 1l-Alcohol—Il-Alcohol systems, the difference between
Heale and Hegpt decreases slowly with n. The degree of dec-

- reasing gradually declines from the system Ethanol—n-Hexane
to the system l-Octanol—n-Hexane. The values of n at which
HEalc best reproduce HE are listed in Table XXVI as Neale
along with HE predicated at n = 0.92 (see note on the next
page of this section), Hp=0.92, which is the average value
of ngg1c(see column 3 of Table XXVI). The characteristic
and reduced properties of the pure components at n = 0.92
are found in Table XXIV.

It is to be noted that, like for the 1-Alcohol—
1-Alcohol systems, ngg1. increases gradually as the mole-
cular size ratio increases. But unlike the former systems,

the error in n (see the last column of Table XXVII) due to
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Table XXIV: Characteristic and Reduced Properties of the
Pure Components at n=0.92 at 25°C

Compound v¥ g* p* v v c
(ml/mole) ("K) (cal/ml)
Ethanol 46.20 5270 115 1.2702 0.05657 0.509
1-Propanol 60.19 5572 115 1.2486 0.05351 0.636
1-Butanol 74.21 5723 117 1.2391 0.05210 0.766
~ 1-Hexanol 102.64 6060 116 1.2204 0.04920 0.992
1-Octanol 130.63 6216 118 1.2127 0.04797 1.25
n-Hexane 98.79 4636 109 1.3312 0.06432 1.17
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*Table XXV: The DEpendence of the Excess Enthalpy of Mixing
at xq = 0.50 on the Exponent n

n v Heale Heont X192
(cal/mole) (cal/mole) (cal/ml)

. System: Ethanol-—n-Hexane, HE=133 cal/mole), VE=0.41 ml/mole
0.70 1.3405 155.5 124.0 10.72
0.80 1.3296 138.5 107.3 9.42
0.90 1.3194 135.2 94.4 8.41
1.00 1.3098 114.6 84.1 7.60

. System: l-Propanol—n-Hexane, HE=135 cal/mole, VE=0.180ml/mole
0.70 1.2336 135.2 111.6 7286
0.80 1.3135 118.6 95.6 6.48
0.90 1.3040 105.6 83.3 6.05
1.00 1.2952 95.3 73.5 5.41

. System: 1-Butabol—n-Hexane, HE=122 cal/mole, VE=0.080 ml/mole
0.70 1.3129 154.6 129.7 7.83
0.80 1.3033 134.0 110.2 6.75
0.90 1.2944 118.1 95.2 5.92
1.00 1.2859 105.3 83.3 5.25

. System: 1-Hexanol—n-Hexane, HE=111 cal/mole, VE=-0.16 ml/mole
0.70 1.2912 159.0 139.5 6.67
0.80 1.2827 135.0 117.0 5.67
0.90 1.2747 116.7 99.8 4.91
1,00 1.2671 101.3 86.0 4.29

. System: l-Octanol—n-Hexame, HE=99.1 cal/mole, VE=-0.35 ml/mole
0.70 1.2774 170.4 153.0 6.21
0.80 1.2695 141.9 126.6 5.21
0.90 1.2621 119.7 106.4 4.43

-.1.00 1.2551 102.1 90.5 3.82
1.10 1.2485 87.7 “77.7 3.32

* All the enthalpies and volumes of mixing data were taken
from ref. (92).
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Table XXVI: Comparison of the Enthalpy of Mixing predicted
at n=0.92 with Experimentally found HE

E
System vE n he0.02  HP HE-HI 4 g
(ml/mole) . (cal/mole) (cal/mole)
Ethanol— 0.41 0.84 123 133 +10
n~-Hexane
1-Propanol— 0.18 0.70 104 135 +31
n-Hexane
1-Butanol— 0.08 0.87 115 122 + 7
n~Hexane
1-Hexanol— -0.16 0.93 113 111 - 2
n~Hexane
1-Octanol—— -0.35 1.02 116 99 -17

n~Hexane




Table XXVII: The Effect of the Error in VE on the value

of n
System vE HE sVE sHE n
(ml/mole) (cal/mole) (ml/moled)(cal/mole)

T = 250C

Ethanol 0.41 133 +0.005 +1.0 0.844+0.01

~—n-Hexane -0.005 -1.5 0.84-0.01
+0.01 +2.2 0.844+0.02
-0.01 -2.6 0.84-0.02

1-Propanol 0.18 135 4+0.005 +1.5 0.704+0.01

—n-~-Hexane -0.005 -1.4 0.70-0.01
+0.01 +3.0 0.7040.02
-0.01 +3.0 0.70=0.02

1-Butanol 0.08 122 +0.005 +1.8 0.874+0.01

—n-~Hexane -0.005 -1.8 0.87-0.01
+0.01 +3.2 0.8740.02
-0.01 -2.1 0.87-0.02

1-Hexanol -0.16 111 +0.005 +1.9 0.9340.01

—n-Hexane -0.005 -0.9 0.83-0.01
+0.01 +3.3 0.934+0.02
-0.01 -2.3 0.93-0.02

1-Octanol -0.35 99 +0.005 +1.3 1.0240.01

-—n-~Hexane -0.005 -1.6 1.02-0.01
+0.01 +2.7 1.0240.02
-0.01 -2.9 1.02-0.02
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the possible maximun error in vE (see column 4) is relatively
small. This makes the error in H%=0.92 more sensitive to n.
Therefore, if one is to applycone value of n to all these sys-

tems, the ones whose n deviate more from the average value

calc
of n are expected to have large errors in HE calculated at -
the assigned value of n (see the last column of Table XXIV
for the system 1-Octanol—n-Hexane). One way to amend this
shortcoming is to obtain an emperical formula for n as a fun-
ction of the molecular size ratio and allow n to vary as the
molecular size ratio of the two components of a system varies.
The values of X;o and VT/V? at their corresponding

Noglc are listed in Table XXVIII and graphically illustrated

in Fig. 29. Their non-linear relationship is different from

that of n-paraffin hydrocarbon mixtures.

Note:

We would like to point out here that the experimental
enthalpy of mixing of the system l-Propanol—n-Hexane seems
to be inconsistent with the other four systems. This could
be the reason for the low value of ng.4i. and of the parti-
cular large error in HE=0.92 for this system. Therefore we
excluded the value of ng,1. for this system in averaging n.
The average value of n would have been equal to 0.88 if we :

included ng,3, of this system. This would make the overall



X172 (cal/ml)

143

Table XXVIII: The Dependence of X;, on the Ratio of the

Hard Core Molar Volumes of the two Components
for the l-Alcohol-—n-Hexane Systems at 25°C

System Ncale X129 (cal/ml) Vl/Vz
Ethanol—n-Hexane 0.84 9.02 0.468
1-Propanol—n-Hexane  0.70 7.86 0.610
1-Butanol—n-Hexane 0.87 6.17 0.753
1-Hexanol—n-Hexane 0.93 4.72 , 1.040
1-Ocatnol—n-~Hexane -1.02 3.72 1.324

1 1 I I Il 1 1 1 i 1 i ]

0.4 0.6 0.8 1.0 1.2 1.4
¢

vi/v3

Fig. 29. The Change of Xj5 with the Ratio of the Hard

Core Molar Volumes of the two Components for the 1-Al-
cohol—n-Hexane Systems at 25°C.
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deviation of HE predicted at n=0.88 from HE (excluding the

system l-Propanol-—n-Hexane) greater.
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5. Uncertainties in the Characteristic Properties of the Pure

Components :

The properties of the pure components refer to atmo-
spheric pressure and therefore be considered to hold for zero
pressure without an appreciable error. V¥ and T depend only
on the density d and therthermal expansion coefficient &, both
of which are known to high accuracy, in general to about 1%.
Thermal pressure coefficients are subjéct to large errors.
Values reported by different investigators for the same liquid
frequently differ by more than the acknowledged limits of
error. Values of Y, calculated from the best-fit polynomial
expressions formulated by Orwoll and Flory for n-paraffin
hydrocarbons are said to be fairly reliable, with limits of
error ranging from 1% to 3%. Mixtures of these liquids can
therefore be treated with assurance that the parameters for
the pure components are both accurate and mutually consistent.
In general, the error in ¥y is between 2% and 5%. The values
of v calculated from the adiabatic compressibilities obtained
from sonic measurements are usually of greater error. Since
P is principally determined by ¥, it could be subject to a
large error. An uncertainty of 5% in ¥ could cause the same
percentage error in P* and consequently a 5% error in Hgalc

when Xp» is.smallc
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6. Significance of the Reduced Temperature of Mixtures:

Dividing both the numérator and denominator of eq.

(74)=by © Pj+9,F5, we obtain

P1P1T1+ @oPoTy
T ®1P7 +9oF
©109X79
* R
9RPT + 95PN

(9D)

eq. (91) presents a clue to the factors affecting VE and
HE . If the characteristic temperature for the pure compoa
nents are equal, T’i‘ = T:’{, which is approximately. true for

the system CCl;—c~CgH;o, then eq. (91) becomess

— -']:.'-1 » T
T=— 8,X - e’?= (92)
| 9192%92 9192Xq9
1= % o) 1=
P1P1+ 0 P2 ?1P1+9 9Py

If also Xj9 = 0, then T = T; = Ty. This also indicates through

eq. (32) that V = '-\71 = Vz, and through 'eq. (84) that V = ‘\-7'1 @

Vg = -\70, and consequently VvE = 0, and HE = 0, as follows from
eqs. (84) and (81), fegpectively. The mixture is then ideal

under these conditions.

A positive value of X;, increases T for mixtures, ,there-

fore T > T] = Tp. Ag is seen from Table II, V increases as T
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increases at constant::m so that V:>1ﬁi = Vé whith makes V-
>W1.\71+<P2'\72 = -‘7‘,) hence VE >0 from eq. (84) and its magnitude
depending exclusively on the ratio of_¢192X12/(¢1§i+¢2P§),
and a more positive value of HE is to be expected.

If the characteristic temperature of the pure compongnts
TT and T? differ considerable but Pi = Pg and Xj2 = 0, then
eq. (74) becomes Tﬁw¢li}+¢zfé; T is then linear in the segment
fractions. This reveals the same character as V of eq. (82).
Due to the pronounced upward curvature of V with T; the réduced
volume V of a mixture having the linearly interpolated T must
fall below V_ given by eq. (83). As a result of this, the ne-
gative terms involving v'appearing in the equation of state
contribution to HE increase; This results in a negative effect
in HE, and accordingly, VE and Vﬁare negative with magnitudes
increasing rapid1y~with the difference between ff and fg.
Examples closely following this description are the mixtures
of n-paraffin hydrocarbons treated in this work. In these
instances the negative excess volume is somewhat dimihished

by a small, positive interaction parameter X12.
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. Test of Geometric Mean Rule (Berthelot Relationship) :

None of the combination rules of energy has been used
in the derivation of the eduation for HE, therefore the in-
teraction parameter, Xy, we have obtsined for the four di-
fferent groups of mixtures of various constituents may pro-
vide a way to test the validity of the combination rule.

The geometric mean rule for €yy is
e12 = (e13699)% (93)

where €74, €9, and €99 arg,appropriatetgpergy.parametersg"Eq.
(93) gives acceptable results for simple spherical or nearly
spherical moleculesf¥§§)34 For mixtures of spherical as well
as non-spherical molecuiés, an empirical coefficient has been
introduced to take into account any deviation from the geome-

tric mean rule; we accordingly write
e12 = 8(e11¢p)? (94)

The factor & is experimentally accessible. For the van der

Waals approximation, eq. (94) can be written as

(311922

(95)
by1bgy

812
-E-_- g
12
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where patibs ofuaij/bij correspond to interaction energies

‘ij' The values of aij

critical data of the mixture.

and bij can be obtained from thk.

We apply next the geometric mean rule for this modi-
fied Flory's theory to the interaction energies per unit mo-

lecular volume and write
N12 =8 (17117722)% (96)
From eq. (96) and eq. (58) it follows that

an =y + M- 28 (myqny9)t - 97N

Combining eq. (97) with eq. (70) yields SEE

%12 = (—Tzv,fm ) [’711 N9 = 28 (myy zzﬁ] (98)

By inserting 74 and 7,, from eq. (25) into the above equation,

Xlz/PT takes the form

T g

s i 8
12 -1 - 28|22 +i=2 (99)
P P P
1 1 =L

[¢7]
|-I
A
'—I
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or
2

Py
52 (100)

(1-8) + |1-
Py

S1

X12 is equal to zero for systems of which the geome-
tric mean rule can be applied and of which P%/gf and so9/sq
are equatl to one. iIn case when§ =1, the X12/P”f ratio is
given only by: the second terﬁ of the right-hand side of
eq. (99).

Solving eq. (99) for &, we obtain

. 3 g emen und

Ll
Py .
S

g = % 1 + -Tl (1——-—{.‘2) (101)
P2 P1
So

The parameter P? correspond to a molecular interaction energy
per unit volume, and s; to a molecule surface/volume ratio.
Thus P?/si corresponds to an energy/surface ratio. In fact

E depends on two main factors, one is sj/sp which relates to
the molecular size ratio: of the two components, the other

is Xy9 which relates to the polarity or the interaction bet-
ween unlike molecules. As is seen from eqs. (100) and (101),

when € is known one can find Xj9 from the properties of the
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pure components.

Next we use X12 and the properties of the pure com-
ponents to evaluate E. Table XXIX shows the results of E
calculated from eq. (101) and the corresponding parameters
for the afore-testeéd-fdufogroups of mixtures at their appro-
priate values of n. Asiis seen from Table XXIX for the more
spherical systems (the second group of mixtures), E is closer
to unity. This ﬁéans that these systems follow much closer
the Berthelot's relationship tham do the other groups of less
spherical systems. In the same group of mixtures, those sys-
tems whose - components.are:closer in molecular size usually
have closer-to-unity values for £, like the systems Ethanol—
1-Propanol, l-Hexanol—1-Octanol, and 1-Octanol—Il~Decanol
in the third group, and l-Hexanol-—n-Hexane in the fourth
group of mixtures.

| It has been bhown theoretically (94) that the enthalpy

of mixing is very sensitive to the deviation from the geome-
tric mean rule. There is increasing evidence that & is often,
if not always, slightly less than one (25, 93). The uncere
tainty of € within ai group~of systems is mainly due to tﬁe
errors in P’f and P’éc (result from inaccuracies in Y1 and;(,y‘.',_)

and perhaps also due to the error in the evaluation of the
ratio of s7/s9. The calculated value of § is obviously very

sensitive to SZPT/slBg, especially when g is near unity, and
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discrepancies are significant.
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Table XXIX: Test of the Geometric Mean Rule for All the

Systems Studied

System T P¥ P} X1 s1/sp 10%X15/PF &
(OC)(031{ (cal/ml) (cal/ml)
ml
1. Mixtures of n-paraffin Hydrocarbons, n = 1.29
n-CgHyy— 202 81.6 88.0 0.595 1.224 0.729 0.877
n-CyoHae
n-CgHjs,— 20 81.6 88.4 1.238 1.338 1.515 0.840
n-CigH34s 25 81.3 88.3 1.226 1.338 1.508 0.839
30 81.0 87.9 1.073 1.337 1.325 0.840
35 80.7 87.7® 1,093 1.337 1.354 0.839
40 80.3 87.4 0.909 1.337 1.132 0.840
50 79.2 86.7 0.719 1.336 0.908 0.839
51 79.1 86.7 0.790 1.336 0.999 0.838
n-CyH16—~ 20 82.3 88.5 0.932 1.281 1.132 0.859
n“016H34 25 81.7 88.3 0.892 1.281 1.092 0.857
n-CgHijg— 20 83.4 88.5 0.663 1.233 0.795 0.879
n-CygH3,
n-CsHjg— 76 77.2 91.4 1.529 1.650 1.981 0.751
n-Cagtlyy
n-CgHyjg— 106 75.6 85.3 0.445 1.395 0.589 0.816
n-Cyutso
Mixtures composed of nearly spherical molecules, n = 1.40
CCl,— 25 102 94.6 1.67 1.039 1.637 1.010
c~CgHy o 40 99.8 94.1 1.51 1.039 1.513 1.003
CCly— 0 105 70.5 3.67 1.056 3.495 1.180
C(CHy),
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Table XXIX (continued)

% *
System P%T Py X1 s1/sy 102X1,/87 &
(cal/
(°C) ml) (cal/ml) (cal/ml)
CClﬁ—— 20 101 82.0 1.86 1.051 1.841 1.075
sic1, 25 102  82.1 1.74  1.051 1.706 1.081
c-CgHpp— 20 92.5 75.7 1.95 1.058 2.108 1.065
c-CgHy, 20 92.5 77.1  2.44  1.104 2.638 1.029
n-C7HT6
SiCly— 20 - 82.0 97.0 2.68 1.016 3.27 0.903
SnCl4

. Mixtures of l-Alcbhols, T = 25°C, and n = 1.00

Methanol—— 109 108 - 1.91 1.239 1.752 0.900
1-Propanol , -

Methanol— 109 108 3.09 1.329 2.835 0.869
1-Butanol

Methanol— 109 108 5.33 1.480 4.890 0.824
1-Hexanol

Methanol— 109 110 7.78 1.604 7.138 0.787
1-Octanol '

Ethanol— 109 108 0.288 1.091 0.264 0.961
1-Butanol

Ethanol— - 109 108 1.80 1.304 1.651 0.907
1-Hexanol . o

Ethanol— 109 110 3.17 1.413 1.908 0.840
100ctanol

1-Butanol— 108 113 2.13 1.287 1.97 0.864
1-Decanol

1-Hexanol— 108 110 0.207 1.084 0.192 0.952
leOctanol

1-Octanol— 110 113 0.121 1.066 0.110 0.956

1-Decanol
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Table XXIX (continued)

(cal/ml) (cal/ml) (cal/ml)

4. lt-Alcohol—n-Hexane Mixtures, T = 25°C, n = 0.92

Ethanol— 109 102 7.94 1.289 1.18 0.884
n-Hexane '

1-Bropandl— 108 102 5.50 1.181 5.09 0.925
n-Hexane ‘

1-Butanol— 106 102 4.69 1.101 4.42 0.951
n-Hexane

1-Hexanol— 108 102 4.29 0.988 3.97 1.008
n~Hexane

1-Octanol— 110 102 4.26 0.912 3.69 1.019

n-Hexane




V. CONCLUDING REMARKS

The use of interaction between segments instead of
between molecules takes into account the difference in
structure among the various contacting segments. Although
there are two different kinds of segments in a n-paraffin
hydrocarbon molecule, say, -CH3 on both ends of the chain
and -CHo- in between, their ability of interacting with any
other segments may be regarded comparable since they both
are composed of carbon and hydrogen atoms. For mixtures com-
posed of spherical symmetric molecules, the assumption of
only one type of segment is always valid. It is therefore
expected that the refined theory will give good results for
these two groups of mixtures. As for a l-alcohol molecule,
there are two types of segments, the -OH and the -CH2- or
~CH3. The small but consistent deviation of n from the avex
rage value from system to system for the 1l~Alcohol—l-Alcohol
and 1-Alcohol—n-Hexane mixtures reveals the necessity of
assigning two types of segments if a more constant n is to be
obtained. However, for systems in which the number of -CHp-
segments of both component molecules outnumber the -OH segw-.-.
ments, the difference in the interaction with other segments
will be lessened, and a more constant n is to be expected.

156
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There is little theoretical evidence to assume that
a constant n would be applicable over the whole composition
range for solutions whose components are very different in
molecule structure. A linear trend for the n-xj relation
is, however, expected for such solutions. If this is the case
then the value of n for a solution of any composition can be
obtained from linear combination of the n's of the solution
components.

Summary: The modified theory is able to predict the
enthalpy of mixing for a group of similar systems from den-
sity measurements and one calorimeteic measurement for any
one of the systems from within the group. It is expected
that if correct values of n for the pure components will be-
come more available, then, even the only calorimetric measure-
ment, could be eliminated. The value of n for any mixture
at any composition can be obtained from the linear combina-
tion of the n's of the pure solution constituents. More cal-
culations are, however, required before such a final conclu-

tion can be made.
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