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Excess molar volumes have been determined for four

ternary chlorobenzene + dibutyl ether + alkane mixtures at

250C. Results of these measurements are used to test the

applications and limitations of BAB, Redlich-Kister, Kohler

and Hwang et al. cubic models. For the systems studied,

Redlich- Kister, Kohler and Cubic models were found to

provide reasonable predictions. Differences between

experimental and predicted AV 3 values were about +0.020

cm3mol-1 or less at most ternary compositions.

Solubilities are reported for anthracene in binary

mixtures containing propanol and butanol with alkanes at

250 C. Results of these measurements are used to test the

NIBS/Redlich-Kister expression. The three-parameter form of

this expression is found to provide reasonable mathematical

representation with deviations between experimental and

back-calculated values being less the 11%.
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CHAPTER I

INTRODUCTION TO THE STUDY

Knowledge of thermodynamic and physical properties of

multicomponent systems is important in chemical industry.

Researchers have been working in this field for a long time

to get more reasonable data for design calculations

involving chemical separations, heat transfer, mass transfer

and fluid flow. Experimental measurements of these

properties, however, become progressively difficult and

time-consuming with each additional component beyond binary

mixtures, even with modern instrumentation. One of the

primary goals of research in the area of solution

thermodynamics has been the development of expressions for

predicting thermodynamic properties of multicomponent

mixtures.

Derived expressions can permit estimation of

multicomponent properties in the absence of actual

experimental data, and as will be shown later, they serve as

the point-of-departure for mathematical representation of

observed data. Vapor pressures, solubilities, enthalpies,

densities and other solution properties are useless unless

they are transmitted from the experimentalist to the

chemical engineer involved in designing industrial

processes. Mathematical representations provide a

1
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convenient means for computerized data storage and

retrieval, for screening data sets for possible outliers in

need of remeasurement, and finally, for interpolating values

at desired compositions between measured data points.

The expanding chemical industry requires very precise

experimental data to test the limitations and applications

of newly-derived thermodynamic solution models. Attention

was initially focussed on binary systems and over the past

forty years or so numerous papers have appeared in the

chemical literature reporting binary enthalpic, volumetric,

heat capacity and excess Gibbs free energy data. Elsevier

Scientific Publishers have published several monographs in

their Physical Sciences Data Seriesl~4 devoted to reporting

complete citations of papers pertaining to liquid-liquid,

solid-liquid and vapor-liquid equilibrium data.

International DATA Series: Select Data on Mixtures,

published by the Thermodynamics Research Center at the Texas

A&M University, is an entire journal devoted exclusively to

the publication and critical evaluation of thermodynamic

data on binary systems.

The need of accurate thermodynamic data has prompted

the development of new instrumentation. Several batch5-7

and continuous dilution dilatometers 8 ' 9 were designed for

measuring excess volumes directly. Commercial vibrating-

tube densimeters permit indirect measurement of excess

volumes to a precision of about 0.002 cm3 molV 1 .
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Distillation stills and various types of apparatuses for

total pressure measurements have also been reported.1 1-15

Hala et al.16 in 1967 gave a detailed review of techniques

suitable for vapor-liquid equilibrium measurements at

moderate system pressures. Methods for measuring excess

molar enthalpies (AHex) were first reviewed by McGlashan 1 7

in 1961. Since that review appeared in print, a number of

stepwise dilution calorimeters and flow calorimeters have

been developed to permit rapid measurement of AHeX over the

complete range of mixture composition. 1 8-2 1

Modern instrumentation does facilitate experimental

determination of thermodynamic properties; however, one must

remember that relatively few compositions need to be studied

in order to define each binary system. Ternary systems

require a more extensive set of experimental measurements

because one can vary the composition of all three mixture

components. It is not too surprising therefore to find that

thermodynamic properties of binary systems are relatively

abundant in the chemical literature. Data for ternary and

higher-order systems are scarce and scattered. To increase

the ternary data base, and as part of this thesis, I have

measured excess molar volumes of ternary dibutyl ether +

chlorobenzene + n-heptane, dibutyl ether + chlorobenzene +

n-octane, dibutyl ether + chlorobenzene + cyclohexane, and

dibutyl ether + chlorobenzene + 2,2,4-trimethylpentane at

298.15 K, as well as the volumetric properties of the nine
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corresponding sub-binary systems. Results of these

measurements are used to test the predictive abilities of

several expressions derived from two-body and three-body

interactional models. Of particular importance is the need

to test the three-body interactional model recently proposed

by Hwang and coworkers. This model was initially tested

with very limited excess free energy data for three ternary

systems, and has not yet been applied to volumetric and

enthalpic data. I also briefly explore in this thesis the

mathematical representation of experimental isothermal solid

solute solubility data in binary solvent mixtures using

expressions derived from the Hwang et al. 2 2 three-body

interactional model.



CHAPTER II

HISTORICAL BACKGROUND

A. STRICTLY EMPIRICAL PREDICTIVE EXPRESSIONS

Historically, mathematical expressions for predicting

the thermodynamic properties of multicomponent

nonelectrolyte solutions have been derived by extending an

empirical binary mathematical "curve-fit" equation to

include additional components or by a theoretical

consideration of molecular interactions present in the

mixture. Thermodynamic excess properties of binary

mixtures, A2?, (the superscript "ex" denotes excess), are

calculated by subtracting the thermodynamic property of the

ideal solution, Agdeal, from the measured binary

property 2 3' 2 4

A~ex = AZm~eas _ Ag deal (2.1)12 (2.1)

where Z represents any extensive thermodynamic property, and

Raoult's law (AH{deal =Aijeal - o, A-1deal = - 12 =

RT X1 ln X1 + RT X2 ln X2 ) generally serves as the "ideal

solution" for molecules of comparable size. Binary excess

properties calculated in this fashion are smooth functions

having a parabolic shape or s-shaped when plotted against

5
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binary mole fraction composition (both positive and negative

values). The numerical value of the binary excess property

must go to zero at both mole fractions of X1 = 0 and X1 -

1.0. Of the possible mathematical functions which could be

selected to describe a parabolic shape, and yet which goes

to zero at mixture compositions corresponding to the two

pure liquids, Redlich and Kister25 (1948) selected a

mathematical form of the type

AZ e = X1 X2 z, (2.2)

where zV represents a "curve-fit" coefficient determined by

least-squares analysis of the measured thermodynamic data in

accordance to equation (2.2).

This particular expression describes a completely

symmetrical curve, and the authors incorporated skew into

their mathematical representation by introducing a power

series expansion in X1 -rX2

= X1 X2 [ (z,) 0 + (zv) 1 (X1  - X2) + (zv) 2 (X1 - X2)2

+ . .. ](2.3)

which can alternatively be written as

AZe = X, (1 - Xi) [(zv)o + (z) 1 (2Xi - 1) + (z) 2 (2Xi - 1)2
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+. .(2.4)

because X - X2= 2X - 1 in the case of a binary system.

The relatively simple mathematical nature of equation (2.3)

was especially appealing back in the late 1940's as most

computations were performed by hand. The (zv)o parameter

was calculated from the smoothed thermodynamic data at the

equimolar composition as (z)o = A2x/ (X1 X2)- Numerical

values of the remaining "curve-ffit" parameters could be

obtained by selecting smoothed thermodynamic data at other

specific mole fraction compositions, and by solving the

resulting equations simultaneously. Except for alcohol +

hydrocarbon mixtures, rarely were more than 3 or 4

coefficients needed to describe the measured binary data to

within experimental uncertainty.

Redlich and Kister25 also proposed a very similar

mathematical expression for excess Gibbs free energies of

ternary systems

,Xr GXr
AG23 XX2  (Gv)1 2 (Xf-X2 )v + X1 X3  (Gv)13(Xi-X3)Vv=O v=O

r

+ X2 X3 Z (Gv) 2 3 (X 2 -X 3 )v (2.5)
v=O

with provisions for an additional ternary parameter (ie., a

XI X2 X3 (G.,) 123 term). The general form of this equation

was also applied to representing excess enthalpies and

volumes, but with a different set of binary parameters,
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(Hv) ij and (Vv) ij, respectively. Careful examination of

equation (2.5) reveals that if all three sets of binary

parameters are known, then equation (2.5) can be used to

estimate thermodynamic properties of ternary nonelectrolyte

mixtures.

Scatchard et al.2 6 suggested a slightly different

combination of binary Redlich-Kister equations

23 = XIX2 v=O (Gv) 12 (2X )V + XX3  v)13(2X-
r

+ X2 X3 v=(Gv) 2 3 (X 2 -X 3 )v (2.6)

based upon both equations (2.3) and (2.4). Here the authors

treated the polar component in the ternary methanol +

tetrachloromethane + benzene differently than the two

nonpolar components.

Mole fraction compositions are inter-related in ternary

systems by the X1 + X2 + X3 = 1 mass balance constraint.

Mathieson and Tynne 2 7 proposed an equation which is

intermediate between the Redlich-Kister equation (2.5) and

the Scatchard et al. equation (2.6) by substituting the

ternary mass balance constraint into the first two terms of

equation (2.5), giving a predictive expression of the

following form:

AT23 = XiX2 v=O (Gv)23(X1 - X2 X3 / 2 )v

+ X1 X2 Z (Gv)13(XI X3 - X2/2)
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r

+ X2 X3 Z 0(Gv) 2 3 (X2 - X3 ) V (2.7)

Again, the predictive model requires that all sub-binaries

must be curve-fit in accordance to the Redlich-Kister

equation as the binary (Gv)ij-coefficients are used in the

ternary predictions. Curve-fitting of binary is time-

consuming if a number of systems are to be mathematically

described. Furthermore, in the case of highly non-ideal

binary alcohol + hydrocarbon systems upto eight parameters

may be needed in order to describe the highly skewed

enthalpy data to within experimental uncertainty.

B. TWO-BODY INTERACTIONAL AND MOLE-FRACTION SYMMETRICAL

MODELS

Several semi-theoretical thermodynamic models for

nonelectrolyte solutions have been developed from the simple

mixing process depicted below:

nA A

n A + nB + nc C nBB

nc C XA, XB

in which nA moles of component A, nB moles of component B

and nc moles of component C are mixed to form a ternary

solution of known mole fraction composition (XA, XB, 1 -

XA - X3 ). Molecules interact through specific dipole-
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dipole, dipole-induced dipole, induced dipole-induced

dipole, hydrogen bonding, charge transfer, and nonspecific

van der Waals-type interactions. Rarely, if ever, will such

interactions be identical between any given two classes of

compounds. Differences in the strengths of molecular

interactions give rise to solution nonideality and

deviations from Raoult's law.

In the case of a pure liquid A, molecules by necessity

must interact only amongst each other, ie., only hAA two-

body , hAA three-body and hAA... higher-order interactions

are present. Interactions between two (or more) dissimilar

molecules are possible in nonelectrolyte mixtures. Assuming

that only two-body interactions are present for the moment,

one would have the following three heterogenous interaction

types, hAB, hAc and hBc, for the ternary mixture depicted

above, in addition to the three homogeneous hA, hBB and hcC

interactions found also in the pure, unmixed liquids.

The enthalpy of mixing corresponding to the formation

of the ternary mixture

A 0  (nA B + nc [A nB HAB + nA n HAC + nB n HBOI

(2.8)

reflects the number of A-B, A-C and B-C interactions formed,

and number of A-A, B-B and C-C interactions broken as a

result. Note, two A-B interactions are formed from each A-A

and B-B pair broken. The binary enthalpic interactional
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parameters in equation (2.8) are HAB = hAB - 0.5 hA - 0.5

hBB, HAC = hACo- 0.5 hA - 0.5 h0c, and HBC = hBC - 0.5 hBB -

0.5 hCC-

The basic model can be extended to other thermodynamic

properties by assuming that the entropy of mixing is given

by Raoult's law, ie., A~ix = - R [ XA ln XA + XB ln XB + XC

ln XC]. Now the excess molar Gibbs free energy and excess

molar volume of mixing are

AGBc= (nA + nB + nc) 2 [nA nB GAB + nA nc GAC + nBnCGBC]

(2.9)

and

ABC = (nA + nB + nc) 2 [nA nB VAB + nA nC VAC + nBnCVBC]

(2.10)

given by equations (2.9) and (2.10), respectively.

Inspection of equations (2.8) - (2.10) reveals that the

thermodynamic properties of the three contributing sub-

binaries would be given by

A2Zi- = (ni + n) - 2 ni nj Zj

X9 X Zjj(2.11)

where Z represents either enthalpy, volume and/or Gibbs free

energy, and X9 and X9 corresponds to the mole fraction

composition of the ij-binary system calculated as if the

third component were not present. The various binary
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interactional parameters can be evaluated by a least-squares

analysis of the measured binary data in accordance to the

appropriate binary reduction equation. Alternatively, it is

possible to evaluate the Zj 5-interactional parameters using

measured binary data at a single mole fraction composition.

If A21, X9 and X9 are known, then one can solve the

resulting equation for Zjj.

Numerous predictive expressions have appeared in the

chemical and metallurgical literature based upon Z values

calculated at different binary compositions. In each

predictive method the interactional parameters were replaced

by the measured ZP' values. For example, Toop2 8 (1965)

proposed an equation for predicting the excess enthalpy of a

ternary system:

i3= X2(l-X1)f1 AHl + X3(1-X)~1 AHlI + (1-X) 2 A

(2.12)

where the AfIP is the excess enthalpies for the binary

mixtures at composition (X7,X3), such that X = X1 for the

1,2- and 1, 3-binary systems,

2 = (n1 + n2 + n 3) -2 n1 n2 H12  (2.13)

AFIf (n + n2 + n3) n1 n3 H1 3 (2.14)

and X = X2/(X 2+X3 ) for the 2,3-binary system
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AH = (n 2 + n3 ) -2 n2 n3 H1 2  (2.15)

As noted previously, equation (2.12) was derived by solving

the three binary equations for Hij, substituting the

resulting Hij expressions into equation (2.8), and followed

by algebraic manipulations. Equation (2.12) has a desirable

mathematical form for predicting the properties of the

ternary solutions, but its unsymmetrical nature is a

undesirable feature and gives rise to several predicted

values, depending upon which chemical is numbered component

1. Knobeloch and Schwartz2 9

(1962) suggested some modifications which are extremely

complicated, especially for estimating partial molar

quantities.

Kohler 3 0 (1960) proposed a symmetrical expression,

unlike equation (2.12), for the excess Gibbs free energy of

a ternary solution:

2A qx+ (X +X 3 )
2 AT + (X2+X 3 )

2A P' (2.16)

where AG refers to the excess free energies of the binary

mixtures at a composition (X9, X9), such that X = 1 - X =

Xi/ (Xi+ Xj). By symmetrical it is meant that the numerical

predictions are independent of the arbitrary designation of

component numbering. In Kohler's equation, all three binary

systems are treated identically.

Colinet 3 1 (1967) established a little more complicated
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relationship for representing the thermodynamic excess

properties of multicomponent systems:

S0.5 n-n n1

-12...n=.5 Xi( I X )[A ] (2.17)
1=1 3>i

Six [AGP ] numerical values must be calculated from the

binary data at constant mole fraction X in order to make a

single ternary prediction.

Jacob and Fitzner 3 2 (1977) proposed an equation for

estimating the properties of ternary system:

A Tx23 X1 X2 (XI + X 3 /2)~ 1 (X 2 + X 3 /2)~ 1 AG

+ XIX3(X1 + X2 /2)~ 1(X3 + X2 /2)~ 1 A.e

+ X2X3 (X2 + X 1 /2)~ 1 (X 3 + X1 /2)~ 1A3Ge (2.18)

where AGo is the excess Gibbs free energy of the binary

solution at composition (X9,X9) , such that Xi - X= X -

X9 . This particular predictive equation is based upon

combining the binary data at mole fractions closest to the

ternary composition. Anytime that binary data for all three

sub-binaries are curve-fit via the Redlich-Kister equation,

it can be shown that predicted values of equation (2.18)

equal those of equation (2.5). To prove this, one recalls

that AGe values used in the Jacob-Fitzner model are

calculated at mole fractions such that Xi - Xj = X9 - X9.

For the binary mixture containing components 1 and 2, the
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ternary and sub-binary mole fractions are related as follows

X0 = X1 + X3/2 and X0 = X + X3/2 (2.19)

and the corresponding binary AGof is given by

A1j = (X1 + X3 /2)(X2 + X3/2) zv(Gv)12(Xj-X2 )V (2.20)

Similar Redlich-Kister expressions exist

AG3; = (Xi + X2/2)(X3 + X2/2) ZS(Gv)13(XJ-X 3 )v (2.21)

A23 = (X2 + X1 /2) (X 3 + XI/2) Ez(Gv) 2 3 (X2-X 3 )v (2.22)

for the remaining two sub-binaries. By combining equations

(2.18) and (2.20) - (2.22) it is fairly easy to transform

the Jacob-Fitzner equation into a mathematical form

identical to that of equation (2.5).

The rapid production of similar expressions becomes

confusing, especially when the equations are encountered for

the first time. We can not know which method will provide

the best predictions for any given nonelectrolyte solution,

because no single equation can describe all types of

systems. That is why so many empirical equations have been

developed.
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C. THE NEARLY IDEAL BINARY SOLVENT TWO-BODY INTERACTIONAL

MODEL

The solution models (and predictive expressions derived

therefrom) presented in the preceding section assumed that

the binary thermodynamic excess properties were all

symmetrical curves when plotted versus mole fraction

composition. There are a number of systems for which this

is not true. Rather, the thermodynamic excess function

might be symmetrical in terms of volume fractions, surface

fractions, mass fractions, or some other weighted mole

fraction composition. The Nearly Ideal Binary Solvent

(NIBS) model, developed by Bertrand and co-workers,3 3-35

expresses the AZx 3 in terms of

AZ 23 = (n 1 ri + n2 1 2 + n3r 3 )~
1 x (n1 r 1 n2r 2 A1 2

+ n1 r n3] 3 A1 3 + n2] 2 n3r 3 A23) (2.23)

where Z represents any extensive thermodynamic property such

as enthalpy, ri is the weighting factor for component i, and

Ai is a binary interaction parameter that is independent of

composition. Weighting factors used in equation (2.23)

represent a rough measure of the skew of the binary A~Z

mixing property form a symmetric curve with an extremum

(both maximum or minimum are possible) at the equimolar

composition (X9 =X = 0.50) . As will be shown in a

following paragraph, weighting factors can be evaluated in a
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relative sense as the ratio of two weighting factors, ri/ri,

using the measured AZ7e data at two different binary

compositions.

Although this particular model actually described very

few real binary or ternary systems, Bertrand, Acree and

Burchfield3 6 found that like equation (2.8) it also can be

used to combine measured binary data in order to predict

ternary properties. By suitable mathematical manipulation

the authors rearranged equation (2.23) to

A 2 3 = (Xi+ X2 )(f.1 + f2) X7 X 1 2 A12 (X7 2)

+ (XI+ X3) (f1 + f3) x7 x 3 P3 A 1 3 (x7 3+ Xr3)y1

+ (X2+ X3)(f 2 + f3) X' X 32 P23 A23 (X2 2+ Xr3 y)'

(2.24)

in which

f,= n1Ir1 /(n1 r1 + n2r2 + n3] 3) (2.25)

2 = n2] 2 /(n1 r1 + n2] 2 + n31 3) (2.26)

f3 = n3 r3 /(n1 r1 + n2r 2 + n3] 3) (2.27)

and the superscript (0) represents a composition of the

binary system which would be formed if all of the third

component were removed, so that for the i-j system X7 = 1 -

X = Xj/ (Xi + Xi). Note: this is exactly the same

extrapolation employed by Kohler in deriving equation

(2.16).
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Inspection of equation (2.24) reveals that for model

systems obeying this model, the properties of the

contributing sub-binary systems would obey

A~: 9 X9 r, r -1 +(2.28)
,j = 1X X i Aij (X9 ri + X F )~(.)

Replacement of the three Aij interactional parameters in

equation (2.24) with measured binary data gives the

following expression

12 = (X1 + X2 ) (f1 + f2 ) AZ 2 + (X1 + X3 ) (f1 + f3 ) AZ

+ (X2 + X3 ) (f2 + f3 ) AZe (2.29)

for predicting the thermodynamic properties of a ternary

system. Equation (2.29) is referred to as the BAB equation,

abbreviated using the first letter in the last names of the

three authors. Most of the specific elements of the general

mixing model have been removed, with only the weighting

factors needed to relate fi to the mole fraction composition

of the system.

To insure that these ratios obey

l/r3 = (r1/r2) (r2/r3 ) (2.30)

the authors3 6 suggested that the numerical values be

calculated as follows. First one computes a raw weighting
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factor ratio (Piraw/rraw) from binary excess molar volumes

at mole fractions xi = 0.3333 and xi = 0.6666

riraw 2 V% [at xi = 0.3333] - V?-j[at xi = 0.6666]

r raw 2 -[at xi = 0.6666] - Vex[at xi = 0.3333]

(2.31)

The three raw weighting factor ratios are then combined and

normalized to an average value of approximately 100 by

r, = 3 0 0 /[(r raw/rraw) + ( 2raw/r 1raw) + (r3raw/ 1/.raw)] (2.32)

r2 = 3 0 0 /[(pIraw/1r 2raw) + (r2raw/r2raw) + (r3raw/r 2raw)] (2.33)

and

13 = 3 0 0 /[ (7 raw/r 3raw) + (r2raw/r3raw) + (r3raw/1 3raw)] (2.34)

These computations become meaningless if a ratio of raw

weighting factors calculated from equation (2.31) has a

negative value (or an abnormally high or low value) as can

happen if the binary mixing property shows a point of

inflection when plotted versus mole fraction. This is

uncommon, however, and if the ratios of raw weighting

factors were less than 1/10 or greater than 10 times the

ratio of molar volumes, the authors simply used pure

component molar volumes for weighting factors of all

components.
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D. COMBINED TWO-BODY AND THREE-BODY INTERACTIONAL MODEL

The Kohler, Toop, Jacob-Fitzner, Colinet and BAB

equations were all based upon a generalized mixing model

that assumed only two-body interactions. The different

mathematical expressions arose from the different binary

compositions used in evaluating the two-body interactional

parameters. Most thermodynamic models assume only two-body

interactions; however, Hwang et al. 2 2 recently published a

relatively simple three-body interactional model that could

be used in describing nonelectrolyte solutions. To

familiarize readers with the procedure used to derive the

new relations, I will first briefly review the derivation as

given by Hwang et al.2 2 using the notation of the authors.

Binary mixtures contain two-body interactions (eg., 1-1, 2-2

and 1-2), and three-body interactions (eg., 1-1-1, 2-2-2,

1-1-2 and 1-2-2) to a much lesser extent. Higher-order

interactions are generally negligible. Random mixing

requires that internal energy contributions from all two-

body interactions be

um(2 ) = X12 u1 1 + X2
2 u22 + 2 X1 X2 u1 2  (2.35)

and from all three-body interactions be

um(3 ) = X1
3u1 11 + X 2

3 u2 2 2 + 3X1 X2 (X1 u1*1 2 + X 2 u*2 2 )

(2.36)
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given as a simple summation over all possible interactions,

and that the number of each type of interaction must be

proportional to a weighted mole fraction product. Molecular

interactions between molecules 1 and 2 are counted twice as

either 1-2 or 2-1, whereas ternary interactions are triply

degenerate. For simplicity the present model is restricted

to molecules of comparable size so that Raoult's law will

represent a good approximation of the entropic contribution

to the overall free energy of mixing.

The apparent three-body interactional parameters u1 12

and u*22 are not purely cross-parameters except in

infinitely dilute solutions. In a non-random mixture, some

111 and 222 clustering may occur along with mixed

collisions. Hence the apparent interactions are

concentration dependent. The empirical forms for the

apparent interactions at infinite dilution are assumed to be

* 2
U112= u1 1 2 (1 - cIX1

2 ) (2.37)

* 2 ( .8122= u1 2 2 (1 - c2X2
2 ) (2.38)

where c1 and c2 denote constants. Through suitable

mathematical manipulation, equations (2.36) - (2.38) can be

combined as follows

um(3 ) = X1 2 u11 1 + X2
2 u2 2 2 + X1 X2 [3(X1 ui*12 + X 2 u1* 2 2 )
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-Xlu11 - X2 u2 2 2 ]

= X1
2 U1 1 1 + X2

2 U 2 2 2 + XIX2 [X1 (3u11 2 - u1 1 1 ) +

X2 (3u12 2 - u2 2 2 ) - 3u1 1 2 cIX13 -3u12 2 c2X2
3 ] (2.39)

The compositional dependence can be further simplified by

assuming that

3U112 - u111 = 3U122 - u2 22 = 6U(3,12) (2.40)

where 6u(3,ij) eliminates the effect of pure three-body

interactions, uij, and U222, from mixed interactions. The

minimum in the molar internal energy, uM, is the sum of

um = Um(2 ) + um( 3 )

= X1
2 (u11 + u111) + X2

2 (u22 + U222) + X1 X2 [2u12 +

6U(3,12) - 3u11 2 cIX1 3 - 3u12 2 c2 X2
3 ]

= X1 (u11 + U111) + X2 (u22 + u22 2 ) + XIX2 [2u12 +

-((3,12) (11 + u.11 ) - (U22 + U222) - 3u 11 2 cIX1 3

3u1 2 2 c2 X2 3

= X1611 + X2622 + X1 X2 (6 1 2 - 6 1 1 -6 2 2 - 3u 1 1 2 cIX1
3

- 3uL2 2c2X2
3 ) (2.41)

where 6 1  11u1 + Uiii, E2 2  1122 + u222 , and c12 _= 2U12 +

6u(3,12)-

Recalling that the model assumes that the entropic

contribution is described by Raoult's law, um is converted
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to the excess Helmholtz energy,

AA = X1X2 (aO + aXj3 + a2 X2 3) (2.42)

by subtracting (X1e11 + X2 c2 2 ) from um; with ao = -(E + 622

-612), a1 = - 3 u1 1 2 c1 , and a2 = - 3 u12 2 c2 - A more rigorous

treatment involving chemical lattice theory and coordination

numbers is presented elsewhere. 2 2 Similarly, the model

yields the following relation between excess Helmholtz and

Gibbs functions

22 1 AA2 - (AV )2/2BV + . . . . (2.43)

where AVWij denotes volume change on mixing, B is the

compressibility and AGei is excess Gibbs free energy. If

(AVex)2 /2BV and higher-order terms are negligible, as will

often be case for pressures not too far removed from 1.0

atm., then the Gibbs and Helmholtz free energies are

identical

2= = X1X2 (aO + a1X1
3 + a2 X2

3 ) (2.44)

Differentiation of equation (2.44) with respect to pressure

and temperature gives the following expressions

A17ej = X1 X2 (vo + viX1
3 + v2X2

3 ) (2.45)



24

AH2 = XIX2 (ho + h1 X1
3 + h2 X2 3) (2.46)

for the excess volumes and excess enthalpies, respectively.

As an informational note, the volumetric and enthalpic

coefficients are defined by v = (aa/&P)T,X and h =

[ (a/T) /aT~ L] P .

Careful examination of the AGi, AV12 and AfIx

expressions reveals that each one is just a three-parameter

mathematical form. Unlike many of the strictly empirical

curve-fitting equations suggested in the past, this

particular solution model contains no provisions for

additional parameters. It will be very interesting to learn

if the three-parameter volumetric expression can

mathematically describe the \e data for binary dibutyl

ether + n-heptane, dibutyl ether + n-octane, dibutyl ether +

cyclohexane, dibutyl ether + 2,2,4-trimethylpentane, dibutyl

ether + chlorobenzene, chlorobenzene + n-heptane,

chlorobenzene + n-octane, chlorobenzene + cyclohexane and

chlorobenzene + 2,2,4-trimethylpentane mixtures which were

measured as part of the thesis research work.

The basic model presented above can be easily extended

to ternary and higher-order multicomponent systems. In the

case of ternary mixtures, the internal energy is described

in terms of six binary interactions22

um(2 ) = X1
2u11 + X 2

2 u2 2 + X3
2 u3 3 + 2 X1 X2 u1 2 + 2 X1 X3 u1 3 +
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2 X2X3 u2 3  (2.47)

and ten ternary interactions

um(3 ) = X1 u 111 + X23u 2 +3 + 3X1X2 (X ui 2 +

X2u1*22 ) + 3X1X3 (Xui*1 3 + X3 u 3 3 ) +

3X2 X3 (X 2 u22 3 + X3 u23 3 ) + 6 X1 X2 X 3 uI*2 3  (2.48)

which result from molecular interactions between similar

(uji) and dissimilar (ujij and uijk) mixture components.

Using steps analogous to those employed in the case of

binary mixtures, and remembering that in the ternary mixture

the mole fraction compositions are inter-related via X1 =

1 - X2- X3 , one rewrites equation (2.48) as follows

um( 3 ) = X12U 1 1 + X2
2u222 + X3

2 u3 3 3 + X1 X2 [ (Xi + X2 ) Su(3 ,12 )

3u112CI (12)X13- 3u12 2 c2 (1 2 )X2
3 ] + XIX3 [(X1 + X3 ) Su( 3 , 1 3 )

- 3u1 1 3 c1 (1 3 )X1
3 - 3u1 3 3 c3 (1 3 )X3

3 ] + X2 X3J (X 2 +X 3 ) Su(3 ,2 3 )

- 3u2 2 3 c2 (23)X2 3 - 3u2 3 3 c3 (2 3 )X3
3 ] + 6X 1X2 X3 u1*2 3

(2.49)

In order to reduce the compositional dependence of the terms

in the parentheses, one first assumes that

3123= u1 1 1 + u2 2 2 + u33 3 + 1/2 (6u1 2 + (u 1 3 + (u 2 3 )

(2.50)
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and then uses the resulting approximation to expand equation

(2.40) to

,6ui = (3 uji - uji) - ui -

= (3 uj - uj) - ui -M

= 6u3 ,i - uii - ujjj (2.51)

ternary systems. Direct substitution of equation (2.51)

into equation (2.50) yields

U123= 1/6 [ (3u112 - u.11 ) + (3u 1 3 3 - u3 3 3 ) + (3u 2 2 3 - U222)]

= 1/6 [Su( 3 , 12 ) + 6u(3,13 ) + Su(3,23)] (2.52)

a mathematical relationship between the three-body 123

interactional term and the various binary combinations,

which should be applicable in the case of small, dissimilar

three-body interactions.

After suitable algebraic manipulation of equations

(2.47) - (2.52), the internal energy and excess molar Gibbs

free energy of the ternary mixture can be expressed by the

equations

um = X1611 + X2622 + X3 63 3

+ X 1X2 (6 1 2 - 611 - -22 ~-3u112C1(
1 2 )X1

3 - 3u12 2 c2 (1 2)X2
3 )

+ XIX3 (6 1 3 -611 - 6 3 3 - 3u1 13c1 ()13 X1
3 

- 3u133 c3 (1 3 )X3
3 )

+ X2X3 (623 - 622 - 633 - 3u2 2 3 C 2 (2 3 )X2
3 -3U233C3(23)X33)
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(2.53)

X $3 = X1 X2 (a 0 ( 1 2 ) + a1 (
1 2 )X1

3 + a2 (
12 )X2

3 )

+ X1X3 (aO(1 3 ) + a,1 (
1 3 )X1

3 + a2 (
1 3 )X3

3 )

+ X2 X3 (a0 ( 2 3 ) + a1 (
2 3)X2

3 + a2 (
2 3 )X3

3 ) (2.54)

Again the entropic contribution to the configurational

entropy has been described in terms of Raoult's law, and the

various cii and 6ij are defined in accordance with the

binary reduction.

Differentiation of AGex with respect to pressure and

temperature gives the following expressions for the excess

volume

A4 e3= XIX2 (vO( 1 2 ) + vI( 1 2 )X1
3 + V2(12)X23)

+ X1X3 (V0(
1 3) + v1 (

1 3 )X1
3 + v2 (

1 3)X3
3 )

+ X2X3 (v0(
23 ) + vI( 2 3 )X2

3 + v2 (
2 3 )X3

3 ) (2.55)

and

A2 3  = XIX2 (ho(1 2 ) + h1 (
1 2 )X 1

3  + h2(12)X23)

+ XIX3 (ho(13 ) + hi( 1 3 )X1
3 + h2 (

1 3 )X3
3 )

+ X2 X3 (ho( 2 3 ) + hi( 2 3 )X2
3 + h2 (

2 3 )X3
3) (2.56)

The nine v- and h-coefficients can be obtained by either

curve-fitting binary volumetric and enthalpic data or by

parameterizing experimental ternary data. From an

operational standpoint, the former method is preferred in
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that experimental ternary data are relatively scarce, and it

is far less time-consuming to compute three sets of three

parameters each than one large set of nine parameters.

E. PARTIAL MOLAR PROPERTIES AND SOLUBILITIES

Thus far, I have considered only predictive methods for

integral thermodynamic properties, which result when a

mixture is formed from pure liquids or solids (recall mixing

process on page 9). Differential or partial molar

properties, on the other hand, correspond to the following

type of mixing process:{nA A Solution of

1 mole of A + oo nB B Mole Fraction

nc C XAIXB XA , XB

Here one is primarily concerned with how each thermodynamic

function changes (per mole of solute), as an infinitesimal

amount of solute is added to the nonelectrolyte solution.

In the above scheme the mixture composition remains constant

and the solute is denoted as component A in all alphabetical

labelling schemes and component 1 in numerical schemes.

If one considers a homogeneous open system having k

different components, then the Gibbs free energy is

expressed as

k
dG = -SdT + VdP +; E Apdn, (2.57)

J-=1
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a function of T,P,nl, ...,nk. For a three component system,

the total differential of G is

dG = -SdT + VdP + Aidn1 + A 2dn2 + p3dn3  (2.58)

If one takes the derivative of equation (2.58) with respect

to the number of moles of solute, holding n2, n3,P and T

constant, the following relationship is obtained

(dG/dnl)n2 ,fn3,PT = -S(dT/dnl) + V(dP/dn1 ) + A,(dn 1 /dn 1 )

+ g2(dn2/dn1 ) + A 3 (dn3/dn1 ) (2.59)

which upon simplification yields

(aG/anl)n2 ,n3,PT = Al (2.60)

the thermodynamic definition of chemical potential, A,.

Note: dP = dT = dn2 = dn3 = 0.

It is possible to develop predictive expressions for

how the solute's chemical potential varies with solvent

composition by differentiating the Kohler, Redlich-Kister,

Toop, Jacob-Fitzner, BAB and the many other solution models

discussed in the previous three sections. Discussion will

be limited to the Nearly Ideal Binary Solvent (NIBS) model;

however, as this is the only solution model used in the

chemical literature to predict solubility of crystalline
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nonelectrolyte solids in binary solvent mixtures. One of

the goals of this thesis study is to briefly examine the

mathematical representation of isothermal solute solubility

data in binary solvent mixtures to facilitate computerized

storage and retrieval of measured solubility data.

Eventually it is hoped that a sufficient data base will be

developed so that one will be in the position to predict

solubility in ternary solvent mixtures from measured

solubility data in the sub-binaries, analogous to what is

currently done with the integral thermodynamic excess

properties.

Returning to the basic NIBS mixing model, the Raoult's

law entropy is added to the excess Gibbs free energy. The

resulting equation is

AGmix = RT (n iln X, + n2 ln X2 + n3 ln X3) +

(nlr]? + n2 r 2 + n3 r3 )~1 x (n1r 1 n2 r 2 A1 2

+ n1 r1 n3 r3 A13 + n2 r2 n3] 3 A23) (2.61)

differentiated with respect to n1, holding n2 , n3 , P and T

constant. Readers are reminded that Xi and fi are

Xi = ni/(n, + n2 + n3 )

f1 = niri/(n1 rI + n2] 2 + n3] 3)

both functions of n1. After simplification, the following
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result is obtained:

(dAG/8nl)n2,n3PT- = RT in X, + Frf2 (l-f1 )A 12

+ rlf3 (1-f1 )A 13 - rlf 2 f 3 A2 3  (2.62)

In the case of a saturated solution containing solid

component 1, the thermodynamic criterion of equilibria

further requires that (aAG/anl)n2,n3PT I = RTlna1  ; where

a1 olidis referred to as the "activity of solid solute."

Setting these two partial derivatives equal to each other,

we get

RTln(asolid) = RT ln (Xqat) + rf2(l-fsat)A12

+ rif3(1_fsat)A 13 - rf 2f3A 2 3  (2.63)

in which Xsat denotes the saturated mole fraction

solubility.

Standard thermodynamic textbooks 37 3 9 define a1o d as

the ratio of the fugacity of the pure solid (ps) to the

fugacity of the pure hypothetical supercooled liquid (pscl),

ies. ,aolid = /fsc.Thenumerical value of aolid

computed from

ln asoH = - I (TMP - T)/R TMP T (2.64)

the solute's molar enthalpy of fusion, AHfus, at the normal
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melting point temperature, TMP. The standard state of a

nonelectrolyte solid differs appreciably from that of an

electrolyte salt (a= d = 1). The nature of thermodynamic

modelling requires that all components be in the same phase,

hence solids are treated as hypothetical supercooled

liquids. No special emphasis will be placed upon this

particular standard state as a1 olid is treated as a

numerical constant in all of the predictive expressions

considered in this thesis.

All binary interaction parameters, Ajj can be

eliminated by using experimental values. For the solute 1

dissolved in only one pure solvent 2 or 3, we obtain the

binary reduction of Equation (2.63)

RTln solidi) = RTln(Xat)2 or 3 + r(1-f at)2A or 13

(2.65)

For notational simplicity (AGlx) 2 or 3 is defined as

(AGix)2 or 3 = (..1-fsat) -2 RTln(atolid/Xsat) 2 or

=F 1A12 or 13 (2.66)

for direct substitution back into equation (2.63).

Similarly, parameter A23 can be eliminated from basic NIBS

mixing model equation in favor of

A23 = (n + n)/(nr + n3 F3 A3/n 2n3 3 ) (2.20)
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measurable Aij data, which is available in the chemical

literature in the form of vapor pressure data or can be

estimated from the Scatchard-Hildebrand solubility parameter

model4 0

AG;: = p2 p3(X2V2 + X3 V3 ) (62 - 63)2 (2.68)

in which 6i is solubility parameter of component i and the

volume fractions 0i are computed assuming that AM3 = 0.

Excess Gibbs free energies are related to vapor pressures

and Raoult's law activity coefficients (yi) as follows4 1

= RT [X2 ln Y2 + X3 ln y3] (2.69)

total = X2 2 Y2 + X3 P3 0(3

Y2 = Y2 Ptotal/ (X2 P2) and '3 = Y 3 Ptotal/ (X3 P3)

where Yj is the vapor mole fraction composition above the

binary 2-3 mixture, and P9 is the vapor pressure of pure

component i at the system temperature.

After performing the afore-mentioned substitutions,

equation (2.63) becomes

(1-fsat) -2 RTln (a-olid/Xsat) = Ax) 2 +f0 x)3

- [(r A) / (xrO 2 + XrP3)] (2.70)

Three weighting factors, rF, F2, r 3, still have to be either
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eliminated or approximated in order to predict the

solubility in binary solvents. The following approximations

of the weighting factor, ri, are suggested in the

literature: 3 5 , 3 7 , 4 2

(1) Since all molecules are approximately the same size, it

is assumed that the weighting factors for each

component are equal, that is, ri = r2 = 3. The

weighted mole fractions become mole fractions:

f, = xirl/(xlrl + X2r 1 + X3F1) = X1 , etc. (2.71)

and the predictive form of equation (2.70) is now

1-Xsat2 RTln (asolid/Xsat) x) 2 + X3(A ) 3 -

(2.72)

(2) Weighting factors for each component are approximated

by molar volumes, Vi, that is, ri = V1. Weighted mole

fractions become volume fractions

fl= XIV1/(XIV1 + X2V2 + X3V3 ) = 01, etc. (2.73)

and equation (2.70) becomes

(1-$psat)-2 RT ln(asolid/Xsat) = p0(AG*x)2 +

- [VAGpx/(X V2 + X3V3 )] (2.74)

(3) Weighting factors for each component are equal to the

molecular surface areas, Aj, that is, ri = Aj. If this

approximation is used, then fi becomes the surface

fractions Oj, such that

fl = X1 A1 /(XIA1 + X 2 A2 + X3 A3 ) = 01, etc. (2.75)

and the corresponding solubility predictions are based

upon
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( 1 -(,sat) -2 RTln (asolid/Xsat) = (G x) 2 + OA(Gx) 3

-[A1 AG /(XA2 + X3 A 3 )] (2.76)

a surface fraction average of the properties of the

solute in each pure solvent minus a contribution

representing the breaking of solvent-solvent

interactions to create a cavity wherein the dissolved

solute will reside.

By comparing predicted and experimental solubilities of

solid naphthalene, biphenyl, anthracene, benzil, p-benzoqui-

none, pyrene, thianthrene and carbazole dissolved in binary

solvents mixtures containing only nonspecific interactions,

Acree and co-workers 3 5 , 3 7 , 4 2- 5 4 concluded that molar volumes

provided the best approximations for weighting factors. The

first approximation that assumes the molecules are

approximately the same size is poor, particularly in binary

solvent systems such as n-hexadecane + carbon tetrachloride,

octamethylcyclotetrasiloxane + cyclohexane, squalane +

dibutyl ether where considerable disparity exists in terms

of molecular size. The third approximation that assumes that

the weighting factors are equal to surface area is not

generally used because Ai is not a measurable quantity like

molar volume, Vi. The molecular surface area must be

calculated by specialized computer programs which treat the

individual atoms as spheres. There are several such

programs55-60 and the numerical Ai values do not agree

because of the method the various authors used in the
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treatment of intersecting spheres. Furthermore, a number of

the commercial programs include a solvent molecule in the

so-called "solvational sphere" and in the case of a binary

solvent mixture it is not clear which of the two solvent

components should be included.

For molecules of similar size, the Nearly Ideal Binary

Solvent model assumes the entropy terms is equal to that of

an ideal solution (Raoult's law) and attention was focussed

of the enthalpy of mixing. However, when considering

solutions containing different-size molecules, it has been

found advantageous to assume that the enthalpy of mixing is

zero and to concentrate on the entropic contributions.

Flory6 1 ,6 2 and Huggins63-65 independently derived an

expression for the entropy of mixing in an athermal solution

by using the concept of a crystalline lattice as a model for

the liquid state. They assumed that a polymer molecule in

solution behaves like a chain with a large number of equal

sized segments which have the same size as the solvent

molecule. Each segment occupies a single site in the

crystalline lattice and adjacent segments have to occupy

adjacent sites. If there are n, moles of solvent, n2 moles

of polymer, and m segments in a polymer molecule, then the

total number of sites is (n, + mn2 )NA, in which NA is the

Avogadro's number. The volume fractions of the solvent and

polymer are (L-= n1/ (n + mn2) and 0 2 = mn2 / (n1 + mn2) ,

respectively. Flory and Huggins further argued that if the
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amorphous polymer and the solvent mix without any energetic

effects, then the change in Gibbs free energy and

entropy are given as follows:

AG '=-TASm' = RT(n iln 01 + n2 in 02) (2.77)

in which ASmix is similar to that for an ideal solution,

except ideal volume fractions appear inside the logarithmic

terms instead of mole fractions. Model equations describing

the enthalpic effects can be added to equation (2.77) since

the Gibbs free energy of mixing is AGmix = AHmix - T ASm'x.

By way of similar mathematical manipulations and

simplifying approximations, Acree and Bertrand3 5

incorporated the Flory-Huggins model into the basic NIBS

model and derived the following expression:

(1-#gat)-2 RT{ ln(a /lidp at) - ( at) [l-V1/(XV2+X V3 )]}

= (A G!) 2 + 03(AG!h)3 - VI(X2V2 + XV3)~(AG )] (2.78)

for predicting solute solubility in binary solvent mixtures

from the measured solubility in the two pure solvents. In

equation (2.78) the superscript "fh" indicates the Flory-

Huggins excess and AG3 is the excess Gibbs free energy of

the binary system based upon the Flory-Huggins model, such

that
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A- -= Ae + RT[ln (X2V2 + X3V3) - X ln V2 - X3 ln V3]

(2.79)

As far as predictive ability is concerned, solute

solubilities estimated from equation (2.78) differ by less

than + 2 % from values calculated via equation (2.74). To

date, Acree and co-workers 3 5 , 3 7 , 4 2- 5 4 have been unable to

determine whether Raoult's law or the Flory-Huggins model

provides the "better" mathematical description of solution

ideality in simple nonelectrolyte mixtures of moderate size

disparity (0.25 < V2/V3 < 4).

The original NIBS model accurately describes the

solubility of organic solutes in binary solvent mixtures

containing only nonspecific physical interactions. A more

complicated version of this model, called the Extended NIBS

model, was developed by Acree and coworkers 6 6-7 1 to describe

solubility in systems containing specific solute-solvent

complexation. The authors started with the Flory-Huggins

based NIBS model, which for a multicomponent system is:

AGmix =RT(Z ni ln 0j) + (, n Vj) ( i j $P$PA ) (2.80)

In the quaternary complexing system (A,B,C 1 ,AC) the

following equilibrium is assumed:

Al + C1 4 AC

and the equilibrium constant is

AC = 'AC( Ci) (2.81)
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which is based upon volume fractions. In equation (2.81) A1

is the uncomplexed solute, C, is the uncomplexed solvent and

AC is a 1:1 molecular AC complex formed.

The expansion of equation (2.80) for this quaternary

system takes the form of

AGmix = RT [nA1 ln A1+ nB ln O + nc ln PC1 + nAC ln pc] +

(AA1VA + nBVB + cC + nACVAC) [OABAA1B +

PA 1 C1AA 1C1 + kjPCAAjAC + (PB 0c1ABC + 'PBCABAC +

'PC 1'PCAC1AC]

(2.82)

The only assumption made is that the molar volume of the AC-

complex is equal to the sum of the molar volumes of

component A and C, that is, VAC = VA + VC-

To develop an expression for solubility the partial

derivative of equation (2.82) is taken with respect to nA 1 .

As before nB, nc1, nAC, T and P are held constant.

Performing this derivative one gets the following result:

(=Gmix rAj, RT,[,lnPTA1 ) + 1 - (VA/Vsoln)1I +

VA ['PB (1-0'A1) AA1 B + q5C (l-OA1 )AA1C1 + AC(l~

PA1)1AA1AC1 B-CBABC B1ACABAC - PCIACACIAC] (2.83)

in which V6 0f, is the molar volume of the true solution and

its mathematical expression is
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(1/Vsoln) = (OA1/VA) + (B/VB) + (OCc/VC1) + [(OAc)/(VA + VC)]

(2.84)

The caret overscripts in equations (2.81) - (2.84) are used

to indicate that the mixture composition refers to the

associated quaternary solution. The molar volume of the

solution approaches that of the binary solvent mixture at

infinite dilution, Vo0 1 = Vsolvent, which is where the

Extended NIBS model is normally applied.

Although completely rigorous thus far, equation (2.83)

contains six interactional parameters which somehow must be

evaluated if the model is to have practical applications.

Unfortunately, there is only a single data point associated

with the saturated solubility in a pure solvent. Evaluation

of six interactional parameters is not possible under these

conditions. The authors removed the three AA1Act, Ac1 Ac, and

ABAC binary interaction parameters involving the AC complex

by assuming that

AA1Ac = (Vc) 2 (V+Vc)-2 Aa ci(2.85)

Ac1 Ac = VA)A2 (Vi+VC )-2 Aa (2.86)

ABAc = [VAAA1B/(VA, + VcI) ] + [VcABC /(VA + VCj)]I

-[VA VCAAciA/ (Va + VC0 -)2 ] (2.87)

As noted by the authors, this is the only set of

approximations which reduces the number of binary

interactional parameters to three. Solubility data in each
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of the pure solvents represent two independent measurements

and can be used to eliminate two Asolute-solvent parameters,

analogous to what was done in deriving equations (2.72),

(2.74) and (2.76). Similarly, the remaining ABC solvent-

solvent interactional parameter will eventually be

eliminated from the model in favor of measured vapor

pressure data, in more specifically, in favor of A ;x data.

After substitution, the following expression is obtained:

('/A=l B, n , n ,'P,1T RT [ln (5at ) + 1 - (VA/VsoIn)I] +

VA (1-A)2 [ BAAIB + CAAC ~ PCABC 1

solid
= RT ln(aA ) (2.88)

When the solubility is sufficiently small, sat z 0 and 1-

sat ~ 1, the volume based equilibrium constant Kc can be

easily evaluated from the simplified version of equation

(2.88)

ln $sat = ]p Ln (gat + ln sat)c

+ ln [1 + VAKtc'c/ (VA + VC) ] -~c ln [1 + VAKtc/(VA +

Vc) ]+ VAAC/RT (XBVB + XcVc)] (2.89)

Here the three remaining Aij interactional parameters have

been eliminated from the model using measured binary data

(either solute solubilities in the pure solvents, ($gat)B
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and

(<pat), or ABC data) as discussed above. The standard

solid
state activity, aA , is mathematically eliminated in the

infinite dilution form of the Extended NIBS model as a

direct result of algebraic manipulations.

To date, the Extended NIBS model has described

experimental solubilities for carbazole dissolved in ten

binary alkane + dibutyl ether mixtures (Kc = 25.3 +

2.7),68-70 for pyrene in six binary alkane + 1,4-

dichlorobutane mixtures (Ktc = 14.2 + 2.4),72 f or anthracene

in six binary alkane + 1-chlorobutane mixtures (Kc = 3.9 +

1.3),73 for anthracene in six alkane + diethyl adipate

mixtures (Ktc = 11.0 +1.5),74 and finally for anthracene in

six alkane + butyl acetate mixtures (Kc = 6.2 + 1.4)75 to

within an average absolute deviation of about + 2 % using a

single equilibrium constant. The slight variation of the

association constant between the various inert hydrocarbon

cosolvents indicates that the simple mixing model is by no

means perfect; however, it does provide one of the better

descriptions of solution nonideality at this point in time.

As shown by Acree and McCargar,68 other previously derived

solution models gave rather large three-fold differences in

the calculated Ktc when applied to several of these systems.

The success of the basic NIBS and Extended NIBS models

is impressive, especially if one realizes that these

expressions do provide a very smooth transition between non-
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complexing and associated solutions. There are one hundred

systems which have been described to date by these models.

It seems only natural to examine the possibility that the

NIBS model might serve as a point-of-departure for the

mathematical representation of solute solubility data. One

possible representation might take the form of

ln Xsat = o ln (Xsat)B + X ln (Xat)c

+ 4 X0 r Si (X - Xe)i (2.90)

which would be based upon equation (2.72) of the basic NIBS

model, with the AG being given by the Redlich-Kister power

series expansion in X - X( [see equation (2.3)]. Instead

of using vapor pressure for the binary solvent mixture to

determine the various Si "curve-fit" parameters, the

numerical values would be evaluated by a least-squares

analysis of the measured solubility data in accordance with

equation (2.90). The feasibility of using equation (2.90)

to mathematically represent isothermal solubility data will

be briefly examined in the Results and Discussion section of

this thesis. Furthermore, it will be shown that equation

(2.90) is derivable from the Hwang et al. combined two-body

and three-body interactional model (see pages 19-27) through

the

appropriate differentiation and algebraic manipulations.



CHAPTER III

EXPERIMENTAL MATERIALS AND METHODS

A. EXCESS MOLAR VOLUME STUDIES

Chlorobenzene (Aldrich HPLC, 99.9+ %), n-heptane

(Aldrich HPLC, 99+ %), cyclohexane (Aldrich HPLC, 99.9+ %),

n-octane (Aldrich, 99+ % anhydrous),, 2,2, 4-trimethylpentane

(Aldrich HPLC, 99.7+ %), and dibutyl ether (Aldrich, 99+ %

anhydrous) were stored over molecular sieves to remove trace

amounts of water. Gas chromatographic analysis showed

solvent purities to be 99.8 % (or better), which is well

within the manufacturer's stated claims. Binary solvent

mixtures were prepared by weight so that concentrations

could be calculated to 0.0001 mole fraction.

Densities were measured with an Anton PAAR DMA 55

calculating precision density meter thermostated with a

Neslab closed-loop refrigerating constant temperature bath.

The reproducibility of the programmable circulating

thermostat was better than 0.005 K while fluctuations in the

bath temperature were within 0.003 K during the actual time

required for each series of measurements. Samples were pre-

equilibrated in the temperature bath for over 30 minutes and

then introduced into the vibrating densimeter tube via a

glass syringe. One of the pure solvents was periodically

run after several binary/ternary mixtures, and the measured

43
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density f or the pure liquid was used in Vx computations.

The densimeter measures density based upon the

vibration of the natural frequency of a hollow oscillator

(sample tube) filled with different liquids or gases. The

frequency of the sample tube is only affected by the

fraction of the volume of liquids or gases. It is necessary

to ensure that the sample tube is completely filled, but

overfilling is of no consequence.

There is a simple relationship between the density of

the sample and the natural frequency of the filled

oscillator 10

1 C
f = x ( )1/2 (3.1)

2w p x V + M

in which f is the natural frequency, C is a spring constant,

p is the density of the sample, V is the volume of the

sample and M is the mass of the hollow oscillator.

Therefore, the period will be

1 px V+ M
T = = 2 x ( -)1/2 (3.2)

f C

Taking the square of Equation (1) and inserting

4w2 V 4w2 M
A= B =

C C
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we obtain

1
p = -- T2 - B ) (3.3)

A

The difference of the densities of two samples is

1
PI - P2 = (T2 - T2 (3.4)

A

The constants A and B include the volume of sample

participating in the vibration and the elasticity of the

vibrator; therefore, they could be regarded as apparatus

constants and may be calculated from two calibration

measurements of two pure solvents of known density and be

stored in the instrument's memory.

Before the density meter can be used to measure excess

molar volumes of binary and ternary mixtures, we need to

evaluate the apparatus constants A and B and enter them into

the constant memories. Both constants are temperature-

dependent. They have to be remeasured when the system

temperature is changed.

The instrument is connected to a Neslab closed-loop

refrigerating constant temperature bath. In order to reach

precise temperature (298.15 K), the bath temperature was

periodically checked with a calibrated calorimetric

thermometer. Two amber glass bottles of pure solvents,
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cyclohexane and water, were pre-equilibrated in the

temperature bath for over 30 minutes and introduced

respectively into the sample tube via a glass syringe. The

proper filling of the sample tube may be observed through

the window after the light is turned on. The sample has to

be free of even the smallest bubbles.

The switch "Display Select" was set to "T"; then the

period of oscillation "T" was shown on the display after the

light was switched off. The sample should remain in the

sample tube for about 15 minutes in order to reach thermal

equilibrium. When the equilibrium is reached, the numerical

value of the frequency (or density) at the display will

remain constant.

Now with the density values of cyclohexane and water

and the corresponding T-values, the constants A and B are

calculated as follows:

T2 -T 2

A = 2 612(3.5)

PH2O PC6 H12

B = T612 Ax 612 (3.6)

The constants A and B were entered into the memory by

setting the corresponding numerical switches on the top of

the instrument. Now switch the display selector back to " p ",

then the instrument is ready to measure densities.
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After calibration, the densities of the binary/ternary

nonelectrolyte mixtures were measured. The binary/ternary

mixtures were prepared by weight so that the mole fraction

of each component could be obtained easily. From this

information, the excess volumes, ATeX, of binary/ternary

mixtures were calculated by using the following equations:

_c X 1 XMW1 + X2 X MW2  - MW1X MW2
--~i = _ _ _ _ _ _ _ _ - X1 ( ) - X )

pmix pure 2( pure

(3.7)

X1 XMW 1 + X2 X MW2 +X 3 x MW3  MWI
AXtr pmix -X,(pure

P1

-X MW2 MW3(38
2( - ) - X3 ( ) (3.8)pure pure

P2 P3

where Xi is the mole fraction of component i, MWi is the

molecular mass of component i, pmix is the density of

binary/ternary mixtures and pure is the density of pure

solvents.

Excess molar volumes of binary chlorobenzene + dibutyl

ether, dibutyl ether + n-heptane, dibutyl ether + n-octane,

dibutyl ether + 2,2,4-trimethylpentane, dibutyl ether +

cyclohexane, chlorobenzene + n-heptane, chlorobenzene + n-
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octane, chlorobenzene + 2,2,4-trimethylpentane and chloro-

benzene + cyclohexane at 9 different mole fraction composi-

tions are reported in Tables 3.1 and 3.2. Experimental

excess molar volumes of ternary chlorobenzene + dibutyl

ether + n-heptane, chlorobenzene + dibutyl ether + n-octane,

chloro-benzene + dibutyl ether + 2,2,4-trimethylpentane and

chlorobenzene + dibutyl ether + cyclohexane are reported in

Table 3.3. Estimated uncertainties in the excess molar

volumes are believed to be on the order of A(AVex) = + 0.010

cm3 mol- 1 (or less) on the basis of replicate measurements

on the pure solvents and binary/ternary mixtures.
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Table 3.1 Excess molar volumes of several binary mixtures

containing dibutyl ether at 298.15 K.

XA Aex (cm 3mol-1) XA Aex (cm 3 mol-l)

Chlorobenzene (A) + Dibutyl Ether (B)

0.1693 -. 309 0.7115 -0.492

0.3029 -. 473 0.7924 -0.409

0.4232 -. 559 0.8649 -0.291

0.5306 -. 571 0.9333 -0.156

0.6280 -.548

Dibutyl Ether (A) + n-Heptane (B)

0.0939 0.025 0.5656 0.074

0.1831 0.050 0.6669 0.062

0.2755 0.064 0.7714 0.048

0.3661 0.073 0.8812 0.029

0.4646 0.075

Dibutyl Ether (A) + 2,2,4-Trimethylpentane (B)

0.1030 -0.030 0.5942 -0.090

0.2014 -0.056 0.6876 -0.088

0.3008 -0.073 0.7911 -0.070

0.3961 -0.086 0.8931 -0.035

0.4912 -0.090
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Table 3.1 (Continued)

XA AVex(m3mol~ ) XA A)e (cm3mol~l

Dibutyl Ether (A) + Cyclohexane (B)

0.0713 0.154 0.4876 0.393

0.1429 0.262 0.5890 0.356

0.2193 0.339 0.7119 0.275

0.2991 0.384 0.8435 0.170

0.3886 0.409

Dibutyl Ether (A) + n-Octane (B)

0.1080 0.074 0.5930 0.129

0.1965 0.099 0.6906 0.110

0.2925 0.121 0.7914 0.074

0.3867 0.137 0.8865 0.045

0.4882 0.139
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Table 3.2 Excess molar volumes of several binary mixtures

containing chlorobenzene at 298.15 K.

XA AIex(cm3mol-l) XA Aex (cm3moll)

Chlorobenzene (A) + n-Heptane

-0.068 0.6841

-0.140 0.7672

-0.204 0.8462

-0.252 0.9245

-0.271

Chlorobenzene

-0.147

-0.226

-0.303

-0.341

-0.344

(B)

-0.261

-0.218

-0.177

-0.096

(A) + 2,2,4-Trimethylpentane (B)

0.7108 -0.323

0.7910 -0.285

0.8621 -0.236

0.9309 -0.119

0.1455

0.2709

0.3856

0.4875

0.5891

0.1632

0.2983

0.4174

0.5243

0.6217

0.1123

0.2139

0.3105

0.4108

0.5150

Chlorobenzene (A) + Cyclohexane (B)

0.186 0.6169 0.273

0.283 0.7052 0.208

0.321 0.8036 0.148

0.340 0.9054 0.063

0.315



Table 3.2 (Continued)

XA A ex(cm3mol-l) XA Aex (cm3mol~ )

Chlorobenzene (A) + n-Octane

0.006 0.7082

-0.008 0.7879

-0.031 0.8630

-0.055 0.9340

-0.072

(B)

-0.083

-0.083

-0.068

-0.043

52

0.1595

0.2920

0.4130

0. 5119

0.6127
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Table 3.3. Excess Molar Volumes (cm3 molT ) of Ternary

Chlorobenzene (1) + Dibutyl Ether (2) + Alkane (3) Mixtures

at 25.0 o.

AAVe 3

Chlorobenzene

0.1145 0.0667

0.5369 0.0635

0.7399 0.0617

0.1323 0.3897

0.1282 0.6132

0.8391 0.0609

0.6857 0.2007

0.5015 0.3784

0.2806 0.5885

0.1529 0.7066

0.6001 0.2891

Chlorobenzene

0.1370 0.0847

0.6041 0.0722

0.7786 0.0648

0.1358 0.4512

0.1495 0.6441

+ Dibutyl

0.259

0.203

0.028

0.255

0.086

-0.059

-0.245

-0.329

-0.226

-0.078

-0.312

+ Dibutyl

-0.088

-0.321

-0.280

-0.130

-0.202

Ether + Cyclohexane

0.7633 0.1317

0.2860 0.1732

0.3212 0.3860

0.5674 0.1666

0.3980 0.2351

0.4834 0.2904

0.2406 0.2908

0.4472 0.1308

0.2207 0.1317

0.6684 0.1317

0.2685 0.4753

Ether + n-Heptane

0.7820 0.1300

0.3370 0.1951

0.3386 0.4243

0.6079 0.1811

0.4356 0.2617

-0.166

0.228

-0.042

-0.023

0.063

-0.138

0.169

0.154

0.271

-0.063

-0.061

-0.334

-0.280

-0.374

-0.396

-0.385



54

Table 3.3. (Continued)

Xi X2 A2 3 Xi X2 J2A 3

0.8595

0.7091

0.5194

0.2939

0.1513

0. 6163

0.0609

0.2080

0.3927

0.6074

0.7455

0.2910

-0.236

-0.432

-0.503

-0.413

-0.247

-0.483

0.5120

0.2824

0.4936

0.2668

0.7070

0.2771

0.3089

0.3302

0.1524

0.1595

0.1379

0.5114

-0.471

-0.284

-0.371

-0.207

-0.372

-0.344

Chlorobenzene

0.1504 0.0813

0.6187 0.0763

0.7876 0.0670

0.1579 0.4637

0.1494 0.6579

0.8655 0.0615

0.7031 0.2175

0.5276 0.3907

0.2947 0.6080

0.1522 0.7466

0.6276 0.2971

+ Dibutyl

0.021

-0.165

-0.194

-0.074

-0.155

-0.168

-0.383

-0.476

-0.373

-0.244

-0.446

Ether + n-Octane

0.7908 0.1375

0.3463 0.2077

0.3567 0.4165

0.6199 0.1864

0.4528 0.2688

0.5116 0.3092

0.2808 0.3533

0.5149 0.1585

0.2823 0.1644

0.7060 0.1417

0.2865 0.5248

-0.293

-0.120

-0.290

-0.287

-0.263

-0.344

-0.138

-0.201

-0.065

-0.269

-0.255
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Table 3.3. (Continued)

Chlorobenzene + Dibutyl Ether + 2,2,4-Trimethylpentane

0.1492

0.6302

0.7889

0.1527

0.1544

0.8665

0.7067

0.5263

0. 2982

0. 1614

0. 6271

0. 0941

0 .0723

0. 0668

0. 4788

0. 6568

0. 0603

0. 2172

0. 3926

0. 6122

0. 7398

0. 2970

-0.170

-0.404

-0.327

-0.297

-0.296

-0.251

-0.468

-0.554

-0.458

-0.301

-0.519

0. 7946

0. 3558

0. 3594

0. 6218

0. 4576

0. 5284

0 .2880

0. 5241

0. 2835

0. 7149

0. 2973

0. 1367

0. 2175

0. 4257

0. 1871

0. 2724

0. 3161

0. 3505

0. 1545

0. 1743

0. 1410

0. 5247

-0.367

-0.424

-0.486

-0.481

-0.491

-0.537

-0.431

-0.456

-0.338

-0.435

-0.448
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B. SOLUBILITY STUDIES

Anthracene (Aldrich, 99.9%) was used as received. 1-

Propanol (Aldrich, 99+ % anhydrous), 1-butanol (Aldrich

HPLC, 99.8+ %), n-heptane (Aldrich HPLC, 99+ %), cyclohexane

(Aldrich HPLC, 99.9+ %), n-octane (Aldrich, 99+ %

anhydrous), 2,2,4-trimethylpentane (Aldrich, HPLC, 99.7+ %)

and methylcyclohexane (Aldrich, 99+ % anhydrous) were stored

over molecular sieves to remove trace amounts of water. Gas

chromatographic analysis showed purities to be 99.8% (or

better). Binary solvent mixtures were prepared by weight so

that compositions could be calculated to within the 0.0001

mole fraction.

Excess anthracene and the binary solvent mixtures were

placed in amber glass bottles and allowed to equilibrate in

a constant temperature bath at 25.0 + 0.10 C for several

days. The attainment of equilibrium was proved by repetitive

measurements after several additional days and in some cases

by approaching equilibrium from supersaturation by pre-

equilibrating the solution at a higher temperature. Aliquots

of saturated anthracene solutions were transferred through a

coarse filter into a tarred volumetric flask to determine

the amount of sample and diluted quantitatively with

methanol. Concentrations were determined

spectrophotometrically at 356 nm (e= 75,000 M 1 cm_1 ) on a

Bausch and Lomb Spectronic 2000. At this specific wavelength

obeyed the Beers-Lambert law7 6
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Absorbance = e b Canthracene (3.5)

which states that the measured absorbance is directly

proportional to the pathlength of the cell, b (expressed in

units of cm) and the molar concentration of the light-

absorbing species. The proportionality constant is called

the molar absorptivity and is denoted in the above

expression by the symbol e (units of M-1 cmn 1 ) . All solvents

used in the present study are "optically transparent" at 356

nm, and any reduction in the light intensity is caused by

the absorbance of radiation by anthracene in accordance with

equation (3.5). The molar absorptivity was determined

experimentally by measuring the absorbance of standard

solutions of known anthracene concentration. To correct for

instrumental uncertainties associated with resetting the 356

nm wavelength from day-to-day, the molar absorptivity was

determined as part of each day's experimental measurements.

The value of e = 75,000 M~1 cm~ 1 listed above represents the

"average" of these daily measurements. Experimental

solubilities of anthracene in the six binary 1-propanol + n-

heptane, 1-propanol + n-octane, 1-propanol + cyclohexane, 1-

propanol + methylcyclo-hexane, 1-propanol + 2,2,4-

trimethylpentane and 1-butanol + 2,2,4-trimethylpentane

solvent systems studied are listed in Table 3.4. The

experimental values represent the average of 4 - 6

independent experimental determinations, which were

reproducible to within 1 % (or better).
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Table 3.4. Experimental Solubilities of Anthracene Dissolved

in Binary Alkane (B) + Alcohol (C) Mixtures at 298.15 K

Binary Solvent Mixture XC0xAsat

n-Heptane + 1-Propanol 0.0000

0.1719

0.3272

0.5674

0.6622

0.7444

0.8824

0.9398

1.0000

n-Octane + 1-Propanol 0. 0000

0.1908

0. 3483

0.5892

0.6806

0.7661

0.8939

0.9477

1.0000

0.001571

0.001566

0. 001456

0.001182

0.001077

0.000953

0.000762

0.000681

0.000591

0.001838

0.001779

0.001632

0.001300

0.001145

0.001013

0.000784

0.000682

0.000591
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Table 3.4. (Continued)

Binary Solvent Mixture Xc0xAsat

Cyclohexane + 1-Propanol 0.0000

0.1335

0.2567

0.4886

0.5890

0.6893

0.8511

0.9226

1.0000

Methylcyclohexane + 1-Propanol 0.0000

0.1539

0.2943

0. 5326

0.6305

0.7206

0.8687

0.9328

1.0000

0.001553

0.001576

0.001543

0.001288

0.001150

0.001010

0.000795

0.000699

0.000591

0.001649

0.001697

0.001578

0.001294

0.001154

0.001018

0.000781

0.000687

0.000591
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Table 3.4. (Continued)

Binary Solvent Mixture Xc0 XAsat

2,2,4-Trimethylpentane + 1-Propanol

n-Octane + 1-Butanol

0.0000

0.2141

0.3510

0.5891

0.6884

0.8968

0.9454

1.0000

0.0000

0.1645

0. 3070

0.5368

0.6389

0.7313

0.8738

0.9365

1.0000

0. 001074

0.001089

0. 001057

0.000929

0.000862

0.000693

0.000649

0.000591

0.001838

0.001828

0.001725

0.001467

0.001336

0.001207

0.000998

0.000892

0.000801



CHAPTER IV

RESULTS AND DISCUSSION

A. BINARY EXCESS MOLAR VOLUMES

The thermodynamic consistency of the binary volumetric

data was verified first by plotting AXZ*i versus Xi to see

that every data point within each data set fell on either a

smooth parabolic or S-shaped curve, and second by curve-

fitting the nine binary data sets in accordance with the

Redlich-Kister25

AV".* = X. Xj [voi' + Vi (Xi -X)+ v2  (Xi - X)213(i1) -jx + (ij) j) 2

+ v3 'ij (Xi - X) 3 + . . .] (4.1)

or Hwang et al.22

AT_ = X* X [vodi + Vij X,3 + V2 Xj3

(4.2)

mathematical representations. The various curve-fit

coefficients and corresponding deviations between

experimental and back-calculated Ai values are given in
33

Tables 4.1 and 4.2, respectively. Inspection of Tables 4.1

and 4.2 reveals that both equations accurately describe the

measured data to within the believed experimental

uncertainty of about A+(A.) = + 0.010 cm3 mol~1 (or less)
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for the larger AVe- values.
.L 3
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Table 4.1. Redlich-Kister Curve-Fit Parameters Calculated

from Experimental Excess Molar Volume Data

Component (i) + Component (j) Vk Dev.a

Chlorobenzene + Dibutyl ether

Chlorobenzene + n-Heptane

Chlorobenzene + 2,2,4-Trimethyl-

pentane

Chlorobenzene + Cyclohexane

Chlorobenzene + n-Octane

vo ( )

vi( )

V2 )

V3

VO (U)

vi(

V2(0-)0

V3 (o )

V2(

V3( )

Vo( )

vi )

V2( )

V3( )

vo()

vi(

V2( )

V3

= - 2.30203

= - 0.26072

= - 0.09734

= 0.11831

= - 1.01658

= - 0.51992

= 0.17223

= - 0.07147

= - 1.31354

= - 0.65927

= - 0.22488

= 0.30419

= 1.27670

= - 0.59665

= 0.06735

= - 0.18396

= - 0.20126

= - 0.42557

= - 0.11372

= - 0.04820

0.004

0.004

0.005

0.003

0.001
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Table 4.1. (Continued)

Component (i) + Component (j) Vk (ii) Dev.a

Dibutyl ether + n-Heptane

Dibutyl ether + 2,2,4-Trimethyl-

pentane

Dibutyl ether + Cyclohexane

Dibutyl ether + n-Octane

ij

v1(i)

v1ii)

V2( )

V2( )

V2( )

V2( )

= 0.30429

= - 0.03153

= - 0.02514

= - 0.37576

= - 0.04467

= 0.02816

= 1.55357

- - 0.60628

- 0.31873

= 0.53922

= - 0.16770

= 0.07888

a Deviation = (1/N) Z AV1 g- ecv 3 calc

0.002

0.003

0.002

0.004
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Table 4.2. Hwang et al. Model Curve-Fit Parameters Calculated

from Experimental Excess Molar Volume Data

Component (i) + Component (j) Vk ) Dev.a

Chlorobenzene + Dibutyl ether

Chlorobenzene + n-Heptane

Chlorobenzene + 2,2,4-Trimethyl-

pentane

Chlorobenzene + Cyclohexane

Chlorobenzene + n-Octane

Dibutyl ether + n-Heptane

= - 2.26959

- - 0.38946

- 0.12990

-1.07399

= - 0.41993

- 0.87922

- - 1.23858

= - 0.95431

- 0.35464

= 1.25425

- - 0.69933

- 0.87893

= - 0.16336

= - 0.67891

- 0.37567

= 0.31267

= - 0.07106

= - 0.00402

0.004

0.005

0.009

0.004

0.002

0.002

VO (U)

vi( )

V2( )

VO

vi( )

V2(

vi (i3,)

V2 (o )

V00 (0)

vi( )

V2( )

V2( )

V2(



Table 4.2. (Continued)

Component (i) + Component (j) Vk(Dev.a

Dibutyl ether + 2,2,4-Trimethyl- Vo(i) = - 0.38515 0.003

pentane vij) = - 0.01563

V2 = 0.09073

Dibutyl ether + Cyclohexane V(i) = 1.44733 0.002

vi = - 0.29679

V2 = 1.14674

Dibutyl ether + n-Octane Vo = 0.551293 0.005

V = - 0.09447

V2 = 0.30482

a Deviation = { [Aex.exp -xcalc 2/ (n - 1)}1/20
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Coefficients of equation (4.1) were obtained from a

commercial polynomial least squares analysis IBM-compatible

software package called Table Curve Version 2.1 (marketed by

Jandel Scientific of Corte Madera, CA). The commercial

software package contains over 200 different mathematical

equations, ranging from simple linear and polynomial

equations, to multi-linear equations having two independent

input variables (ie., z is a function of both x and y), to

expressions employing logarithmic, exponential and/or

trigonometric functions. Equation (4.1) is rearranged into

polynomial form by dividing A by the product of Xi and

XX

,& 7e*1/X. X. = von (iih (X V- X )+ 2U -Xj)2

+ v3 (ij (Xi - Xj)3 + . . . (4.3)

The program minimizes deviations between the experimental

dependent variable (which in this case is AVejF/X X.) and

the independent variable (Xi - Xj) in standard fashion.

First, the minimization function is defined as the sum of

the squares of the differences between the experimental and

calculated dependent variables

Min. function = j [(AV'*xP/Xi X ) - (Av cal/Xi X )]2

(4.4)

The experimental dependent variable is assumed to obey a



68

polynomial equation in Xi - Xi in accordance with equation

(4.1), and the various Vk(ij curve-fit parameters are

deduced by partial differentiation of equation (4.4) with

respect to each desired curve-fit parameter, and then by

setting each partial derivative equal to zero. This

procedure gives a set of n equations with n curve-fit

parameters.

The Hwang et al. equation could not be algebraically

manipulated into a mathematical form identical to one of the

200+ equations given in Table Curve. Curve-fit coefficients

for equation (4.2) were therefore obtained by selecting

three individual pairs of AV. and Xi data near Xi = 0.2,

0.5 and 0.8, and then solving the three resulting

mathematical expressions simultaneously. These three

particular data points were chosen in hopes of minimizing

deviations between experimental and predicted AV? over the

entire mole fraction composition range. The rationale

behind this procedure is that excess molar volumes must go

to zero at the two pure components. The absolute value of

AV? generally reaches a maximum in the range of Xi = 0.4 to

Xi= 0.60, so it is important that the curve-fit expression

describe this compositional region exactly. Inclusion of

the data point at Xi = 0.5 insures that the mathematical

representation will correctly back-calculate the equimolar

excess molar volume. Data points at Xi = 0.2 and Xi = 0.8

allow one to skew the calculated AV. values from a1)J
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symmetrical curve so as to imitate the observed AV. versus

mole fraction behavior. As shown in Table 4.2 coefficients

calculated in this manner enable the experimental excess

volumes to be back-calculated to within experimental

uncertainties. The ability of the Hwang et al. model to

accurately describe the binary excess molar volume is

important if the model is to be used to predict ternary

excess molar volumes. A predictive expression is useless if

it cannot reproduce the binary data. Many of the other

mathematical representations, such as the Redlich-Kister

equation, contain provisions for as many curve-fit

parameters as is needed to describe the experimental binary

data. The Hwang et al. model contains only three curve-fit

parameters, however, and there is no reason to necessarily

assume that measured binary data will always be describable

by just three parameters. Results of the present set of

computations show that three-parameters Hwang et al. model

is capable of accurately describing a broad range of excess

molar volume curves, including fairly symmetrical parabolic

curves (ie., chlorobenzene + dibutyl ether), moderately

skewed parabolic curves (ie., cyclohexane + dibutyl ether),

and the S-shaped curve of the chlorobenzene + n-octane

system which has both positive and negative AVe values.

Chemical impurities could conceivably result in a

systematic error which would not be detected in the

replicate measurements or in the mathematical
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representations. As argued by Lepori et al. 7 7 in an

investigation of the sources of errors in AV , purity of

substances is not a crucial factor if the contaminant is

non-reactive. In the simple case of a mixture of compounds

A and B, obeying a one-parameter Redlich-Kister equation of

the AVtB = XA XB v AB) type, the effect of a single impurity

(component C) contaminating component A can be evaluated

through:

6AVg/AVg = (1 - PA)(vBC) - PA -AC) -v6AB))/v6AB) (4.5)

where PA is the degree of purity (in mole fraction) of

component A, and vo(1) is the parameter for mathematically

describing AV . Generally, an impurity is chemically very

similar to the contaminated solvent, ie.., v(AB) v0( BC ) and

vO(AC) < V0(AB), so that the systematic error in AVt caused

by a single impurity is less than (1 - PA), or less than 1

% in the present study. Recall that gas chromatographic

analysis should the solvent purities to be 99.8 % or better

in all cases.

A further indication of the experimental error can be

gained by comparing our experimental AV for the dibutyl

ether (i) + cyclohexane (j) system to published values found

in the chemical literature. Excess molar volumes back-

calculated with the Redlich-Kister parameterization reported

by Berti et al.7 8
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Aig = Xi Xj([1.5373 - 0.623 (Xi - Xj) + 0.2605 (Xi -

Xj)2 - 0.0724 (X, - X) 3 ) (4.6)

differ from values in Table 3.1 by an average deviation of

less than 0.007 cm3 mol1. Excess molar volumes for the

remaining eight binary systems could not be found in the

literature.

B. TERNARY EXCESS MOLAR VOLUMES

Predictive expressions provide a convenient means to

verify the internal consistency of experimental

thermodynamic data for ternary (and higher-order

multicomponent) systems and to screen data sets for possible

outliers in need or remeasurement. Unfortunately, there are

a large number of such predictive expressions and there is

no way of knowing which equation is best for any given data

set. Selection of a predictive method is generally governed

by what types of molecular interactions are believed to be

present in the ternary system under consideration. For the

four ternary dibutyl ether + chlorobenzene + alkane mixtures

studied here one would expect weak dipole-induced dipole

interactions resulting from interactions between the lone

electron pairs on the oxygen atom and the polarizable pi-

electron cloud on chlorobenzene. Usually these interactions

are fairly weak, and reasonable predictions can often be

obtained with two-body interactional models such as the
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Kohler [equation (2.16)], Jacob-Fitzner [equation (2.18)]

and BAB [equation (2.29)] expressions. Recall that these

three approaches differ primarily in the way the various

binary interactional parameters were evaluated, and the BAB

model does incorporate skew in the A2Z versus mole fraction

curve through the weighting factors.

To illustrate the computational procedure, the excess

molar volume of the ternary chlorobenzene (1) + dibutyl

ether (2) + 2,2,4-trimethylpentane (3) system will be

predicted at a composition of X1j = 0.3558 and X2 = 0.2175

using Equation (2.16) and the binary Redlich-Kister

coefficients given in Table 4.1. Excess molar volumes for

the 3 contributing sub-binaries are computed at mole

fraction compositions X0 and X such that X = 1-X =

Xi/ (Xi+X ):

Chlorobenzene (1) + Dibutyl Ether (2):

XI= 0.3558/(0.3558+0.2175) = 0.6206

X = 0.2175/(0.3558+0.2175) = 0.3794

AV 1e= (0.6206) (0. 3794) [-2. 3023-0.26072 (0.6206-0.3794)

-0. 09734(0.6206-0.3794)2+0.11831(0.6206-

0.3794) 3]

-0. 558 (cm 3 mol71 )

Chlorobenzene (1) + 2,2,4-Trimethylpentane (3):

X= 0.3558(0.3558+0.4267) = 0.4547

X1= 0.4267/(0.3558+0.4267) = 0.5453

A7Ve = (0. 4547) (0. 5453) [-1. 31354-0. 65927 (0. 4547-0. 5453)
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-0.22488(0.4547-.05453) 2+0.30419(0.4547-

0.5453) 3]

=-O. 311 (cm 3 molJJ)

Dibutyl Ether (2) + 2,2,4-Trimethylpentane (3):

X2= 0.2175/(0.2175+0.4267) = 0.3376

X3= 0.4276/(0.2175+0.4267) = 0.6624

AVFj = (0.3376)(0.6642)[-0.37576-0.04467(0.3376-0.6624)

+0.02816(0.3376-0.6624)2]

= -0.080 (cm 3 molJJ)

Substitution of the ternary mole fractions and three

calculated binary excess molar volumes into Equation (2.16)

A23 = (0.3558+0.2175)2 (-0.558)+(0.3558+0.4267)2

(-0.311) + (0.2175+0.4267)2(-0.080)

= -0.407 (cm 3 molJ1 )

gives a predicted excess molar volume of A\4 3=-0.407 cm
3mol~

1, which differs only slightly from the observed value of A'i

23 = -0.424 cm3mol- . Computational procedures for the

Jacob-Fitzner and BAB models are very similar, except that

the later method also requires the evaluation and

normalization of weighting factors from the binary data in

accordance with Equations (2.31)-(2.34).

The excess molar volume of the same ternary system at

the same composition could be predicted by using Equation

(2.5) and the binary Redlich-Kister coefficients given in

Table 4.1:

AVW2 3 = (0.3558)(0.2715)[-2.3023-0.26072(0.3558-0.2715)
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-0.09734(0.3558-0.2175)2-0.11831(0.3558-

0.2175)3] + (0.3558)(0.4267)[-1.31354-

0.65927(0. 3558-0.4:267) -0.22488(0.3558-

0. 4267) 2+0. 30419 (0. 3558-0. 4267) 3]

+(0. 2175) (0. 4267) [-0. 37576-0 . 04467 (0.2175-

0.4267)+0.02816(0.;2175-0.4267)2]

= -0.4075 (cm 3 molf1 )

The predictive abilities of the Redlich-Kister

[equation (2.5)], the Kohler [equation (2.16)], the BAB

[equation (2.29)] and the Hwang et al. [equation (2.55)]

methods are summarized in Tables 4.3 - 4.18. For the

reader's convenience the various mathematical expressions,

along with a brief description, are listed at the bottom of

each table. Included in the comparisons are predictions

based upon the Jacob-Fitzner model [equation (2.18)],, which

are identical to those of equation (2.5) as the Redlich-

Kister equation was used to parameterize all contributing

sub-binary excess molar volume data, except for predictions

based upon the Hwang et al. model which required that binary

data be mathematically represented by the model's binary

reduction, equation (2.45).

Table 4.19 summarizes the average deviations for the

four ternary systems predicted by Equations (2.29),, (2.5),

(2.16) and (2.55). It is easily seen from Table 4.19 that

the BAB Equation is inferior to the other three equations

for the ternary systems containing cyclohexane, n-heptane
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and 2,2,4-trimethylpentane. For the system containing n-

octane, the BAB Equation has the smallest deviation. In

comparing the four methods, we found that Redlich-Kister,

Kohler and Hwang et al. models provide very reasonable

estimates of the excess molar volumes of ternary

chlorobenzene + dibutyl ether + alkane mixtures. The

differences between predicted and measured AV12 3 values were

about + 0.020 cm3 mol~J (or less) at most of the ternary

compositions studied, which is twice of the estimated

experimental uncertainty. The major factor that should be

considered is selecting between the three equations is that

Redlich-Kister is a strictly empirical mathematical

representation.
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Table 4.3 Comparison Between Experimental And Predicted

AVE 3 Values Based Upon Eqn. (2.29) for The Ternary System:

Chlorobenzene(1) + Dibutyl Ether(2) + Cyclohexane(3)

exp pre, Deviatianb

0.1145

0.5369

0.7399

0.1323

0.1282

0.8391

0.6857

0.5015

0.2806

0. 1529

0.6001

0.7633

0.2860

0.3212

0.5674

0.3980

0. 4834

0.2406

0.4472

0.2207

0. 0667

0.0635

0.0617

0.3897

0.6132

0. 0609

0.2007

0.3784

0.5885

0.7066

0.2891

0.1317

0.1732

0.3860

0.1666

0.2351

0.2904

0.2908

0.1308

0.1317

0.259

0.203

0.028

0.255

0.086

-0.059

-0.245

-0.329

-0.226

-0.078

-0.312

-0.166

0.228

-0.042

-0.023

0.063

-0.138

0.169

0.154

0.271

0.235

0.173

0.018

0.201

0.039

-0.066

-0.272

-0.371

-0.268

-0.113

-0.352

-0.188

0.179

-0.091

-0.064

0.003

-0.192

0.123

0.113

0.242

0.024

0.030

0.009

0.054

0.047

0.007

0.027

0.042

0.042

0.035

0.040

0.022

0.049

0.049

0.041

0.060

0.054

0.046

0.041

0.029



Table 4.3 (Continued)

X, X2 exp pexp x preda Deviationb

0.6684 0.1317 -0.063 -0.091 0.028

0.2685 0.4753 -0.061 -0.106 0.045

Ave. Dev.c = 0.037

a Excess volumes were predicted with the following equation:

3= (X1 + X2 ) (f1 + f 2 ) 1V2 + (Xi + X 3 ) (if 1 + f 3 ) Av7

+ (X2 + X3 ) (f 2 + f 3 ) Ai43

where AV9' represents the excess molar volume of the ij

binary system calculated at X.0 = 1- Xj 0 = Xi/ (Xi + Xi).

b Deviation = AI3 - -xpred

c Average Deviation = (1/N) Z AV- A Pred

77
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Table 4.4 Comparison Between Experimental And Predicted

AV 123 Values Based Upon Eqn. (2.29) for The Ternary System:

Chlorobenzene(1) + Dibutyl Ether(2) + n-Heptane(3)

123X2. expxpred, a Deviationb

0.1370

0.6041

0.7786

0.1358

0.1495

0.8595

0.7091

0.5194

0.7820

0.3370

0.3386

0.6079

0.4356

0.5120

0.2824

0.4936

0. 2939

0.1513

0.6163

0.2668

0.0847

0.0722

0.0648

0.4512

0.6641

0. 0609

0.2080

0.3927

0.1300

0.1951

0.4243

0. 1811

0.2617

0.3089

0.3302

0.1524

0. 6074

0.7455

0.2910

0.1595

-0.088

-0.321

-0.280

-0.130

-0.202

-0.236

-0.432

-0.503

-0.334

-0.280

-0.374

-0.396

-0.385

-0.471

-0.284

-0.371

-0.413

-0.247

-0.483

-0.207

-0.055

-0.292

-0.257

-0.103

-0.199

-0.208

-0.401

-0.491

-0.314

-0.229

-0.341

-0.360

-0.333

-0.415

-0.235

-0.305

-0.395

-0.236

-0.459

-0.163

-0.033

-0.029

-0.023

-0.027

-0.003

-0.028

-0.031

-0.012

-0.020

-0.051

-0.033

-0.036

-0.052

-0.056

-0.049

-0.066

-0.018

-0.011

-0.024

-0.044



Table 4 .4 (Continued)

AVex~exp Aex,pred,abX 3 LWr 2 3  Deviationb

0.7070 0.1379 -0.372 -0.333 -0.039

0.2771 0.5114 -0.344 -0.317 -0.027

Ave. Dev.c = 0.032

a Excess volumes were predicted with the following equation:

IV23 = (XI + X2 ) (fl + f2) AV1 + (X1 + X3) (i1 + f3) AV

+ (X2 + X 3 ) (if 2 + f3) Av1

where AVe represents the excess molar volume of the ij

binary system calculated at Xi = 1- X 0 =X + Xi).

b Deviation = AVP - -epred

c Average Deviation = (1/N) E j A V23 - 2Pred

79
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Table 4.5 Comparison Between Experimental And Predicted

-ex
AV-1 2 3 Values Based Upon Eqn. (2.29) for The Ternary System:

Chlorobenzene(1) + Dibutyl Ether(2) + n-Octane(3)

X1 A3xPreda Deviationb

0.1504

0. 6187

0.7876

0.1579

0.1494

0.8655

0.7031

0.5276

0.2947

0.1522

0.6276

0.7908

0.3463

0.3567

0.6199

0.4528

0.5116

0.2808

0.5149

0.2823

0.0813

0.0763

0.0670

0.4637

0.6579

0.0615

0.2175

0.3907

0.6080

0.7466

0.2971

0.1375

0.2077

0.4165

0.1864

0.2688

0.3092

0.3533

0.1585

0.1644

0.021

-0.165

-0.194

-0.074

-0.155

-0.168

-0.383

-0.476

-0.373

-0.244

-0.446

-0.293

-0.120

-0.290

-0.287

-0.263

-0.344

-0.138

-0.201

-0.065

0.030

-0.149

-0.177

-0.062

-0.156

-0.166

-0.384

-0.476

-0.375

-0.217

-0.449

-0.290

-0.108

-0.293

-0.289

-0.254

-0.358

-0.148

-0.187

-0.040

-0.009

-0.016

-0.017

-0.012

0.001

-0.002

0.001

0.000

0.002

-0.027

0.003

-0.003

-0.012

0.003

0.002

-0.009

0.014

0.010

-0.014

-0.025



Table 4.5 (Continued)

X, X2  AT23~eP Preda Deviationb

0.7060 0.1417 -0.269 -0.271 0.002

0.2865 0.5248 -0.255 -0.289 0.034

Ave. Dev.c = 0.010

a Excess volumes were predicted with the following equation:

A1 3  (X1 + X2 ) (f1 + f2 ) A12 + (XI + X 3 ) (f1 + f3 ) Ai

+ (X2 + X3 ) (f 2 + f 3 ) A1i3

where AVN represents the excess molar volume of the ij

binary system calculated at X# = 1- X 0 = Xi/(Xi + X)

b Deviation = A123 a- epred

c Average Deviation = (1/N)Z I |Aexp- expred
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Table 4.6 Comparison Between Experimental And Predicted

AV 123 Values Based Upon Eqn. (2.29) for The Ternary System:

Chlorobenzene(1) + Dibutyl Ether(2) +2,2,4-Trimethylpentane(3)

X23 A exp Mpred, a Deviationb

0.1492

0.6302

0.7889

0.1527

0.1544

0.8665

0.7067

0.5263

0.2982

0.1614

0.7946

0.3558

0.3594

0. 6218

0. 4576

0.5284

0.2880

0.5241

0.2835

0.7149

0.0941

0.0723

0.0668

0.4788

0.6568

0.0603

0.2172

0.3962

0.6122

0.7398

0. 1367

0.2175

0.4257

0. 1871

0.2724

0.3161

0.3505

0.1545

0.1743

0.1410

-0.170

-0.404

-0.327

-0.297

-0.296

-0.251

-0.468

-0.554

-0.458

-0.301

-0.367

-0.424

-0.486

-0.481

-0.491

-0.537

-0.431

-0.456

-0.338

-0.435

-0.168

-0.386

-0.316

-0.273

-0.293

-0.238

-0.448

-0.538

-0.449

-0.303

-0.352

-0.367

-0.455

-0.449

-0.454

-0.502

-0.370

-0.420

-0.297

-0.401

-0.002

-0.018

-0.011

-0.024

-0.003

-0.013

-0.020

-0.016

-0.009

0.002

-0.015

-0.057

-0.031

-0.032

-0.037

-0.035

-0.061

-0.036

-0.041

-0.034



Table 4.6 (Continued)

XXAexexp Appreda Deviationb

0.6271 0.2970 -0.519 -0.507 -0.012

0.2973 0.5247 -0.448 -0.430 -0.018

Ave. Dev.c = 0.024

a Excess volumes were predicted with the following equation:

3= (X1 + X2 ) (f1 + f2) A11 + (X 1 + X3) (f1 + f3) AVx

+ (X 2 + X 3 ) (f2 + f3 ) A)zx

where AVW Nrepresents the excess molar volume of the ij

binary system calculated at Xj0 = 1- X.0 = Xi/(Xi + Xj).

b Deviation = AV1exp- -ex,pred
SArn Av1 I |2 3

c Average Deviation =(1/N) ZI AVexp -exi~pred
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Table 4.7 Comparison Between Experimental And Predicted

-ex
AV123 Values Based Upon Eqn. (2.5) for The Ternary System:

Chlorobenzene(1) + Dibutyl Ether(2) + Cyclohexane(3)

XjXex2exp 

pred,a

11X 23 A 5V12Prd' aDeviationb

0.1145

0.5369

0. 7399

0.1323

0.1282

0.8391

0.6857

0.5015

0.2805

0.1529

0.6001

0.7633

0.2860

0.3211

0.5674

0.3980

0.4834

0.2406

0.4471

0.2207

0.0667

0.0635

0. 0618

0.3897

0.6132

0. 0609

0. 2007

0.3784

0.5885

0.7066

0.2891

0.1317

0.1731

0.3860

0.1666

0.2351

0.2904

0.2908

0.1308

0.1317

0.259

0.203

0.028

0.255

0.086

-0.059

-0.245

-0.329

-0.226

-0.078

-0.312

-0.166

0.228

-0.042

-0.023

0.063

-0.138

0.169

0.154

0.271

0.270

0.219

0.045

0.279

0.090

-0.052

-0.229

-0.316

-0.222

-0.081

-0.303

-0.159

0.277

0.005

0.009

0.105

-0.108

0.227

0.195

0.321

-0.011

-0.016

-0.017

-0.024

-0.004

-0.007

-0.016

-0.013

-0.004

0.003

-0.009

-0.007

-0.049

-0.047

-0.032

-0.042

-0.030

-0.058

-0.041

-0.050



Table 4.7 (Continued)

Xl X2  -iexp exp xpreda Deviationb

0.6683 0.1317 -0.063 -0.041 -0.022

0.2685 0.4753 -0.061 -0.025 -0.036

Ave. Dev.c = 0.024

a Excess volumes were predicted with the following equation:
7xr rV

123= XIX 2 Z(Vv) 12 (X-X2 ) v + X1X3 v=O(Vv) 1 3 (Xj-X3 )V

+ X2 X3  (Vv) 2 3 (X2-X 3)V

b Deviation = AV3 - - pred

c Average Deviation = (1/N) Z A123 - Aipred i
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Table 4.8 Comparison Between Experimental And Predicted

AVT 3 Values Based Upon Eqn. (2.5) for The Ternary System:

Chlorobenzene(1) + Dibutyl Ether(2) + n-Heptane(3)

XXexpexP Ave;predaXX2A13 AV12 o eviationb

0.1369

0.6041

0.7786

0.1358

0.1495

0.8595

0.7091

0.5194

0.2939

0.1513

0.6163

0.7820

0.3370

0.3386

0.6079

0.4356

0.5120

0.2824

0.4936

0.0847

0.0722

0.0648

0.4512

0.6441

0. 0609

0.2080

0.3927

0.6074

0.7455

0.2910

0.1300

0.1951

0.4243

0.1811

0.2617

0.3089

0.3302

0.1524

-0.088

-0.321

-0.280

-0.130

-0.202

-0.235

-0.432

-0.503

-0.413

-0.247

-0.483

-0.334

-0.280

-0.374

-0.396

-0.385

-0.471

-0.284

-0.371

-0.069

-0.325

-0.280

-0.128

-0.205

-0.222

-0.431

-0.522

-0.414

-0.244

-0.493

-0.339

-0.275

-0.383

-0.409

-0.386

-0.464

-0.279

-0.353

-0.207 -0.199

-0.019

0.004

0.000

-0.002

0.003

-0.013

-0.001

0.019

0.001

-0.003

0.010

0.005

-0.005

0.009

0.013

0.001

-0.007

-0.005

-0.018

-0.0080.2668 0.1595



Table 4.8 (Continued)

X, X2  3ex ,exp A xipreda Deviationb

0.7069 0.1379 -0.372 -0.372 0.000

0.2771 0.5114 -0.344 -0.348 0.004

Ave. Dev.c = 0.007

a Excess volumes were predicted with the following equation:

,7~,x X r VrV
A1 3 - XIX2 Z (Vv)12 (X-X2 )v + XIX3 Z(Vv)13(X-X3 )V0~ v=0

r
+ X2 X3 Z (Vv) 2 3 (X2 -X3 )v.v=0

b Deviation = A exp -ex,pred

c Average Deviation = (1/N) F AV - Ai2pred1
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Table 4.9 Comparison Between Experimental And Predicted

AOE 3 Values Based Upon Eqn. (2.5) for The Ternary System:

Chlorobenzene(1) + Dibutyl Ether(2) + n-Octane(3)

X1 X2123 AV Pred, a Deviationb

0.1504

0.6187

0.7876

0.1579

0.1493

0.8655

0.7031

0.5276

0.2947

0.1522

0.6276

0.7908

0.3463

0.3567

0.6199

0.4528

0.5116

0.2808

0.5149

0.2823

0.0813

0.0763

0.0670

0.4637

0.6579

0.0615

0.2175

0.3907

0.6080

0.7466

0.2971

0.1375

0.2077

0.4165

0.1864

0.2688

0.3092

0.3533

0.1585

0.1644

0.021

-0.165

-0.194

-0.074

-0.155

-0.168

-0.383

-0.476

-0.373

-0.244

-0.446

-0.293

-0.120

-0.289

-0.287

-0.263

-0.344

-0.137

-0.201

-0.065

0.018

-0.168

-0.187

-0.078

-0.162

-0.171

-0.393

-0.484

-0.380

-0.219

-0.458

-0.298

-0.139

-0.312

-0.309

-0.281

-0.377

-0.174

-0.215

-0.067

0.003

0.003

-0.007

0.004

0.007

0.003

0.010

0.008

0.007

-0.025

0.012

0.005

0.019

0.023

0.022

0.018

0.033

0.037

0.014

0.002



Table 4.9 (Continued)

X, X 2  3ex.pexp Axpred, a Deviationb

0.7060 0.1417 -0.269 -0.286 0.017

0.2865 0.5248 -0.255 -0.302 0.047

Ave. Dev.c = 0.015

a Excess volumes were predicted with the following equation:

A2 3 = X1X2 V= (v) 1 2 (Xi-X2)v + XIX 3 V= (v) 1 3 (Xl-X3 )V
r (

+ X 2 X3 Z (Vv) 2 3 (X2-X 3 )V

b Deviation = AV3 - pred

c Average Deviation = (1/N) Z A2- 2 1pred
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Table 4.10 Comparison Between Experimental And Predicted

-ex
AV123 Values Based Upon Eqn. (2.5) for The Ternary System:

Chlorobenzene(1) + Dibutyl Ether(2) +2,2,4-Trimethylpentane(3)

X1 3 expAx, pred, a Deviationb

0.1492

0.6302

0.7889

0.1527

0.1544

0.8665

0.7067

0.5263

0.2982

0. 1614

0.6271

0.7946

0.3558

0.3594

0.6218

0.4576

0.5284

0.2880

0.5241

0.2835

0.0941

0.0723

0. 0668

0. 4788

0.6568

0.0603

0.2172

0.3926

0.6121

0.7398

0.2969

0.1367

0.2175

0.4257

0. 1871

0.2724

0.3161

0.3505

0.1545

0.1743

-0.170

-0.404

-0.327

-0.297

-0.296

-0.251

-0.468

-0.554

-0.458

-0.301

-0.519

-0.367

-0.423

-0.486

-0.481

-0.491

-0.537

-0.431

-0.456

-0.338

-0.176

-0.410

-0.334

-0.297

-0.310

-0.249

-0.474

-0.565

-0.468

-0.314

-0.535

-0.371

-0.407

-0.494

-0.487

-0.499

-0.542

-0.410

-0.458

-0.328

0.006

0.006

0.007

0.000

0.014

-0.002

0.006

0.011

0.010

0.013

0.016

0.004

-0.016

0.008

0.006

0.008

0.005

-0.021

0.002

-0.010



Table 4.10 (Continued)

X X2 A ~exP "AV pred a Deviationb

0.7149 0.1410 -0.435 -0.431 -0.003

0.2973 0.5247 -0.447 -0.461 0.013

Ave. Dev.c = 0.009

a Excess volumes were predicted with the following equation:

r r
A1 3  XX2 = (Vv) 1 2 (X 1-X 2 ) v + XX3 Z (Vv)13 (X-X3 )V

r (
+ X 2 X3 Z (Vv) 2 3 (X 2 -X 3 )v

b Deviation = AV1exp 2pred

c Average Deviation = (1/N) Z I Ai e - A Pred
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Table 4.11 Comparison Between Experimental And Predicted

AV 123 Values Based Upon Eqn. (2.16) for The Ternary System:

Chlorobenzene(1) + Dibutyl Ether(2) + Cyclohexane(3)

X1 X2123 APreda Deviationb

0.1145

0.5369

0.7399

0.1323

0.1282

0.8391

0.6857

0.5015

0.2806

0.1529

0.6001

0.7633

0.2860

0.3212

0.5674

0.3980

0.4834

0.2406

0.4472

0.2207

0.0667

0.0635

0.0617

0.3897

0.6132

0. 0609

0.2007

0.3784

0.5885

0.7066

0. 2891

0.1317

0.1732

0.3860

0.1666

0.2351

0.2904

0.2908

0.1308

0.1317

0.259

0.203

0.028

0.255

0.086

-0.059

-0.245

-0.329

-0.226

-0.078

-0.312

-0.166

0.228

-0.042

-0.023

0.063

-0.138

0.169

0.154

0.271

0.280

0.225

0.044

0.293

0.092

-0.055

-0.242

-0.330

-0.229

-0.083

-0.317

-0.167

0.293

0.002

0.004

0.107

-0.119

0.241

0.202

0.339

-0.021

-0.022

-0.016

-0.038

-0.006

-0.004

-0.003

0.001

0.003

0.005

0.005

0.001

-0.065

-0.044

-0.027

-0.044

-0.019

-0.072

-0.048

-0.068



Table 4.11 (Continued)

X1 X20,e23 xp pred,a Deviationb

0.6684 0.1317 -0.063 -0.048 -0.015

0.2685 0.4753 -0.061 -0.028 -0.033

Ave. Dev.c = 0.025

a Excess volumes were predicted with the following equation:

A12 3=(X1+X2 )
2AV + (X1+X 3 )

2A'1 + (X2+X 3 )
2 3

where AV9* refers to binary data at mole fraction

composition (XiXI) such that Xi = Xi /(Xi + X) .

b Deviation = AV2- 23Pred

c Average Deviation = (1/N) Z A23P- A2pred
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Table 4.12 Comparison Between Experimental And Predicted

AV1 3 Values Based Upon Eqn. (2.16) for The Ternary System:

Chlorobcnzene(l) + Dibutyl Ether(2) + n-Heptane(3)

1 3 expxpred, a Deviationb

0.1370

0.6041

0.7786

0. 1358

0.1495

0.8595

0.7091

0.5194

0.7820

0.3370

0.3386

0.6079

0.4356

0.5120

0.2824

0.4936

0. 2939

0. 1513

0.6163

0.2668

0.0847

0.0722

0.0648

0.4512

0.6441

0.0609

0.2080

0.3927

0.1300

0.1951

0.4243

0. 1811

0.2617

0.3089

0.3302

0.1524

0.6074

0.7455

0.2910

0.1595

-0.088

-0.321

-0.280

-0.130

-0.202

-0.236

-0.432

-0.503

-0.334

-0.280

-0.374

-0.396

-0.385

-0.471

-0.284

-0.371

-0.413

-0.247

-0.483

-0.207

-0.065

-0.329

-0.283

-0.118

-0.204

-0.224

-0.437

-0.528

-0.344

-0.274

-0.386

-0.417

-0.392

-0.472

-0.275

-0.359

-0.418

-0.246

-0.499

-0.195

-0.023

0.008

0.003

-0.012

0.002

-0.012

0.005

0.025

0.010

-0.006

0.012

0.021

0.007

0.001

-0.009

-0.012

0.005

-0.001

0.016

-0.012



Table 4.12 (Continued)

Xl X 2  a.23exp e x, preda Deviationb

0.7070 0.1379 -0.372 -0.378 0.006

0.2771 0.5114 -0.344 -0.349 0.005

Ave. Dev.c = 0.010

a Excess volumes were predicted with the following equation:

A12 3=(X1+X 2 )
2AG + (X1+X 3 )

2 AG + (X 2 +X 3 ) 2 A3G

where AVi refers to binary data at mole fraction

composition (XX ) such thatX = Xi /(X. + X9.

b Deviation = A123 - epred

c Average Deviation = (1/N) Z A 3exp -A pred
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Table 4.13 Comparison Between Experimental And Predicted

AV 23 Values Based Upon Eqn. (2.16) for The Ternary System:

Chlorobenzene(1) + Dibutyl Ether(2) + n-Octane(3)

e A IexP p , xpred, a Deviationb

0.1504

0.6187

0.7876

0.1579

0.1494

0.8655

0.7031

0.5276

0.2947

0. 1522

0.6276

0.7908

0.3463

0.3567

0.6199

0.4528

0.5116

0.2808

0.5149

0.2823

0.0813

0.0763

0.0670

0.4637

0.6579

0.0615

0.2175

0.3907

0.6080

0.7466

0.2971

0.1375

0.2077

0.4165

0.1864

0.2688

0.3092

0.3533

0.1585

0.1644

0.021

-0.165

-0.194

-0.074

-0.155

-0.168

-0.383

-0.476

-0.373

-0.244

-0.446

-0.293

-0.120

-0.290

-0.287

-0.263

-0.344

-0.138

-0.201

-0.065

0.022

-0.171

-0.191

-0.073

-0.161

-0.174

-0.402

-0.494

-0.385

-0.221

-0.467

-0.304

-0.137

-0.317

-0.319

-0.287

-0.387

-0.171

-0.219

-0.062

-0.001

0.006

-0.003

-0.001

0.006

0.006

0.019

0.018

0.012

-0.023

0.021

0.011

0.017

0.027

0.032

0.024

0.043

0.033

0.018

-0.003



Table 4.13 (Continued)

XX AX e2~exp Aj, xpreda Deviationb

0.7060 0.1417 -0.269 -0.294 0.025

0.2865 0.5248 -0.255 -0.305 0.050

Ave. Dev.c = 0.018

a Excess volumes were predicted with the following equation:

3 (X 1 +X 2 ) 2 A + (Xl+X3 )1 2 A3 + (X2 +X 3 )2 3

where AV' refers to binary data at mole fraction composition

(X ,Xj) such that Xi= Xi /(Xi + X.

b Deviation = AV13exP epred

c Average Deviation = (1/N) Z A , expI- A 4xpred
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Table 4.14 Comparison Between Experimental And Predicted

AV23 Values Based Upon Eqn. (2.16) for The Ternary System:

Chlorobenzene(1) + Dibutyl Ether(2) +2,2,4-Trimethylpentane(3)

XVXx .P A preda Deviationb

0.1492

0.6302

0.7889

0.1527

0.1544

0.8665

0.7067

0.5263

0. 2982

0.1614

0.7946

0.3558

0.3594

0.6218

0. 4576

0.5284

0.2880

0.5241

0.2835

0.0941

0.0723

0.0668

0.4788

0.6568

0.0603

0.2172

0.3926

0.6122

0.7398

0.1367

0.2175

0.4257

0.1871

0.2724

0.3161

0.3505

0.1545

0 . 1743

-0.170

-0.404

-0.327

-0.297

-0.296

-0.251

-0.468

-0.554

-0.458

-0.301

-0.367

-0.424

-0.486

-0.481

-0.491

-0.537

-0.431

-0.456

-0.338

-0.176

-0.415

-0.338

-0.291

-0.309

-0.251

-0.481

-0.573

-0.473

-0.316

-0.375

-0.407

-0.499

-0.498

-0.508

-0.554

-0.407

-0.466

-0.325

-0.435 -0.439

0.006

0.011

0.011

-0.006

0.013

0.000

0.013

0.019

0.015

0.015

0.008

-0.017

0.013

0.017

0.017

0.017

-0.024

0.010

-0.013

0.0040.7149 0.1410



Table 4.14 (Continued)

X2A expexxP A preda Deviationb

0.6271 0.2970 -0.519 -0.543 0.024

0.2973 0.5247 -0.448 -0.465 0.017

Ave. Dev.c = 0.013

a Excess volumes were predicted with the following equation:

AV 3 =(X1 +X 2 ) 2 A + (X1+X3 )
2A13 + (X2+X3)2

where A')f'F refers to binary data at mole fraction

composition (XjX-) such that X= X /(X9 + X.

b Deviation = AV3x -exp xpred

c Average Deviation = (1/N)Z I 2A 3 - Ai2pred
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Table 4.15 Comparison Between Experimental And Predicted

Av 2 3 Values Based Upon Eqn. (2.55) for The Ternary System:

Chlorobenzene(1) + Dibutyl Ether(2) + Cyclohexane(3)

X1 X22A V123Pred'a Deviationb

0.1145

0.5369

0.7399

0.1323

0.1282

0.8391

0.6857

0.5015

0.2806

0.1529

0.6001

0.7633

0.2860

0.3212

0.5674

0.3980

0.4834

0.2406

0.4472

0.2207

0. 0667

0.0635

0.0617

0.3897

0.6132

0.0609

0.2007

0.3784

0.5885

0.7066

0.2891

0.1317

0.1732

0.3860

0.1666

0.2351

0.2904

0.2908

0.1308

0.1317

0.259

0.203

0.028

0.255

0.086

-0.059

-0.245

-0.329

-0.226

-0.078

-0.312

-0.166

0.228

-0.042

-0.023

0.063

-0.138

0.169

0.154

0.271

0.259

0.217

0.051

0.258

0.088

-0.048

-0.216

-0.303

-0.219

-0.080

-0.288

-0.150

0.253

0.001

0.016

0.098

-0.099

0.204

0.187

0.296

0.000

-0.014

-0.023

-0.003

-0.002

-0.011

-0.029

-0.026

-0.007

0.002

-0.024

-0.016

-0.025

-0.043

-0.039

-0.035

-0.039

-0.035

-0.033

-0.025



Table 4.15 (Continued)

XV X2exAVp Pred, a Deviationb

0.6684 0.1317 -0.063 -0.031 -0.032

0.2685 0.4753 -0.061 -0.028 -0.033

Ave. Dev.c = 0.023

a Excess volumes were predicted with the following equation:

A1 3 = X1X2 (v0 ( 1 2 ) + vI( 1 2 )X1
3 +2(12)3

+ X1X 3 (v0(1
3 ) + v1 (

13 )X1
3 + v3 (

13 )X3
3 )

+ X2 X 3 (v0 (
2 3 ) + v2 (

2 3 )X2
3 + V3(23)X33)

where the numerical values of the vi(ik) were determined from

the binary data.

b Deviation = AV"xexP- p -ex.pred

c Average Deviation = (1/N) Z AV- Aepred
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Table 4.16 Comparison Between Experimental And Predicted

-ex
AV123 Values Based Upon Eqn. (2.55) for The Ternary System:

Chlorobenzene(1) + Dibutyl Ether(2) + n-Heptane(3)

1 23 AVx3preda Deviationb

0.1370

0.6041

0.7786

0.1358

0.1495

0.8595

0. 7091

0.5194

0.7820

0.3370

0.3386

0.6079

0.4356

0.5120

0.2824

0.4936

0.2939

0.1513

0.6163

0.2668

0.0847

0.0722

0.0648

0.4512

0.6441

0.0609

0.2080

0.3927

0.1300

0.1951

0.4243

0.1811

0.2617

0.3089

0.3302

0.1524

0.6074

0.7455

0.2910

0.1595

-0.088

-0.321

-0.280

-0.130

-0.202

-0.236

-0.432

-0.503

-0.334

-0.280

-0.374

-0.396

-0.385

-0.471

-0.284

-0.371

-0.413

-0.247

-0.483

-0.207

-0.076

-0.318

-0.275

-0.138

-0.209

-0.222

-0.422

-0.513

-0.334

-0.279

-0.382

-0.396

-0.380

-0.453

-0.285

-0.347

-0.415

-0.245

-0.481

-0.209

-0.012

-0.003

-0.005

0.008

0.007

-0.014

-0.010

0.010

0.000

-0.001

0.008

0.000

-0.005

-0.018

0.001

-0.024

0.002

-0.002

-0.002

0.002



Table 4.16 (Continued)

ATx,,exp Alx,pred,abX1 X2123 prDeviationb

0.7070 0.1379 -0.372 -0.362 -0.010

0.2771 0.5114 -0.344 -0.351 0.007

Ave. Dev.c = 0.007

a Excess volumes were predicted with the following equation:

Ax 3 = X1X2 (v0 (
1 2 ) + v1( 1 2 )X 1

3 + v2 ( 1 2 )X 2
3 )

+ X1X 3 (v0(
1 3 ) + v1 ( 1 3 )X 1

3 + v3 ( 1 3 )X 3
3 )

+ X2 X 3 (vO(2 3 ) + v2 (
2 3 )X2

3 + v3 (
2 3 )X3

3 )

where the numerical values of the vI(jk) were determined from

the binary data.

b Deviation = AV Iexp -ex,pred

c Average Deviation = (1/N) Z | AVJ& x- AV pred I
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Table 4.17 Comparison Between Experimental And Predicted

AV 123 Values Based Upon Eqn. (2.55) for The Ternary System:

Chlorobenzene(1) + Dibutyl Ether(2) + n-Octane(3)

X13 XA .exp expreda Deviationb

0.1504

0.6187

0.7876

0.1579

0.1494

0.8655

0.7031

0.5276

0.2947

0.1522

0.6276

0.7908

0. 3463

0.3567

0.6199

0.4528

0.5116

0.2808

0.5149

0.2823

0.0813

0.0763

0.0670

0.4637

0. 6579

0.0615

0.2175

0.3907

0.6080

0.7466

0.2971

0.1375

0.2077

0.4165

0.1864

0.2688

0.3092

0.3533

0.1585

0.1644

0.021

-0.165

-0.194

-0.074

-0.155

-0.168

-0.383

-0.476

-0.373

-0.244

-0.446

-0.293

-0.120

-0.290

-0.287

-0.263

-0.344

-0.138

-0.201

-0.065

0.013

-0.159

-0.181

-0.083

-0.162

-0.170

-0.381

-0.473

-0.379

-0.219

-0.445

-0.291

-0.139

-0.306

-0.293

-0.269

-0.361

-0.174

-0.203

-0.072

0.008

-0.006

-0.013

0.009

0.007

0.002

-0.002

-0.003

0.006

-0.025

-0.001

-0.002

0.019

0.016

0.006

0.006

0.017

0.036

0.002

0.007



Table 4.17 (Continued)

X, X2  -expexp AV ,pred, a Deviationb

0.7060 0.1417 -0.269 -0.273 0.004

0.2865 0.5248 -0.255 -0.300 0.045

Ave. Dev.c = 0.011

a Excess volumes were predicted with the following equation:

A1 3 =-XIX 2 ( 0(
12) + v 12 X1

3 +V2 )X2

+ X1 X3 (v0(
1 3 ) + vI(1 3 )X1

3 + V3(13)X33)

+ X2 X3 (v0(
2 3 ) + v2 (

2 3 )X2
3 + v3 (

2 3 )X3
3 )

where the numerical values of the v I(jk) were determined from

the binary data.

b Deviation = AVxe - Pred
AV123 i = 1

c Average Deviation =(1/N) Z IA-123P -A~Pred
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Table 4.18 Comparison Between Experimental And Predicted

-.ex
AV12 3 Values Based Upon Eqn. (2.55) for The Ternary System:

Chlorobenzene (1) + Dibutyl Ether (2) +2,2, 4-Trimethylpentane(3)

XV X2A expAVPreda Deviationb

0.1492

0.6302

0.7889

0.1527

0.1544

0.8665

0.7067

0.5263

0.2982

0.1614

0.7946

0.3558

0.3594

0.6218

0.4576

0.5284

0.2880

0.5241

0.2835

0.7149

0.0941

0.0723

0. 0668

0.4788

0.6568

0.0603

0.2172

0.3926

0.6122

0.7398

0.1367

0.2175

0.4257

0.1871

0.2724

0.3161

0.3505

0. 1545

0.1743

0.1410

-0.170

-0.404

-0.327

-0.297

-0.296

-0.251

-0.468

-0.554

-0.458

-0.301

-0.367

-0.424

-0.486

-0.481

-0.491

-0.537

-0.431

-0.456

-0.338

-0.435

-0.179

-0.391

-0.328

-0.301

-0.311

-0.251

-0.460

-0.550

-0.466

-0.313

-0.365

-0.402

-0.483

-0.463

-0.479

-0.520

-0.407

-0.437

-0.333

-0.414

0.009

-0.013

0.001

0.004

0.015

0.000

-0.008

-0.004

0.008

0.012

-0.002

-0.022

-0.003

-0.018

-0.012

-0.017

-0.024

-0.019

-0.005

-0.021



Table 4.18 (Continued)

A$e3 exp Axpred, a b123 FA ,Deviationb

0.6271 0.2970 -0.519 -0.519 0.000

0.2973 0.5247 -0.448 -0.456 0.008

Ave. Dev.c = 0.010

a Excess volumes were predicted with the following equation:

AV9e 3 = XX2 (v0 (
1 2 ) + v1 (

12 )X1
3 + (12)X3

+ XIX3 (vO(1 3 ) + v1 (
13 )X1

3 + v3 (
13 )X3

3 )

+ X2 X 3 (v0 ( 2 3 ) + v2 (
2 3 )X2

3 + v3 (
2 3 )X3

3 )

where the numerical values of the v i(jk) were determined from

the binary data.

Deviation = AV ' - AnPred

c Average Deviation = (1/N)Z I AV1exP - ( Pred 
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Table 4.19 The Average Deviations of Four Ternary Dibutyl

Ether + Chlorobenzene + Alkane Mixtures Predicted by BAB,

Redlich-Kister, Kohler and Hwang et al. Cubic Models.

Ternary Systems Ave. Dev.

Chlorobenzene (1) + Dibutyl Ether (2) + Cyclohexane (3)

BAB Equation (2.29) 0.037

Redlich-Kister Equation (2.5) 0.024

Kohler Equation (2.16) 0.025

Hwang et al. Cubic Equation (2.55) 0.023

Chlorobenzene (1) + Dibutyl Ether (2) + n-Heptane (3)

BAB Equation (2.29) 0.032

Redlich-Kister Equation (2.5) 0.007

Kohler Equation (2.16) 0.010

Hwang et al. Cubic Equation (2.55) 0.007

Chlorobenzene (1) + Dibutyl Ether (2) + n-Octane (3)

BAB Equation (2.29) 0.010

Redlich-Kister Equation (2.5) 0.015

Kohler Equation (2.16) 0.018

Hwang et alL. Cubic Equation (2.55) 0.011

Chlorobenzene (1) + Dibutyl Ether (2) + 2,2, 4-Trimethylpentane (3)

BAB Equation (2.29) 0.024

Redlich-Kister Equation (2.5) 0.009

Kohler Equation (2.16) 0.013

Hwang et alL. Cubic Equation (2.55) 0.010
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Table 4.20 Mathematical Representation (Eqn. 2.90) of

Carbazole Solubilities in Several Binary Alkane(B) +

Dibutyl Ether(C)

Binary Solvent System S4 % Dv.b

n-Hexane + Dibutyl Ether

n-Heptane + Dibutyl Ether

n-Octane + Dibutyl Ether

Methylcyclohexane + Dibutyl Ether

Cyclooctane + Dibutyl Ether

n-Hexadecane + Dibutyl Ether

3.250

1.671

1.865

3.211

2.921

1.999

1.369

2.650

2.001

2.204

3.398

2.302

2.316

1.137

3.200

1.998

2.074

1.856

1.618

1.092

2.1

2.9

1.7

1.9

2.7

2.7



Table 4 .20 (Continued)

Binary Solvent System S % Dwb

Squalane + Dibutyl Ether

t-Butylcyclohexane + Dibutyl Ether

2,2,4-Trimethylpentane + Dibutyl Ether

Cyclohexane + Dibutyl Ether

0.517

0.592

2.848

2.332

1.736

3.150

1.951

1.964

1.598

3.615

2.750

2.387

2.067

a Combined NIBS/Redlich-Kister curve-fit parameters

ordered as SO i, IS2, etc.

b Deviation (%) = (100/N)Z Iln (Xfred/Xxp)I
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2.2

2.3

3.7
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Table 4.21 Mathematical Representation (Eqn. 2.90) of

Carbazole Solubilities in Several Binary Alkane(B) +

Tetrahydropyran(C)

Binary Solvent System SC % De.b1

n-Hexane + retrahydropyran

n-Heptane + Tetrahydropyran

n-Hexadecane + Tetrahydropyran

t-Butylcyclohexane + Tetrahydropyran

6.951

5.102

5.739

4.806

4.853

2.551

5.161

5.564

2.103

2. 001

2 .776

1.992

4.250

2.901

4.024

3.878

1.9

3.3

1.3

2.6



Table 4.21 (Continued)

Binary Solvent System Sa % Dvb

2,2, 4-Trimethylpentane + Tetrahydropyran 4.720 4.2

2.998

3.272

4.012

Cyclohexane + Tetrahydropyran 5.901 1.9

4.004

4.265

3.495

a Combined NIBS/Redlich-Kister curve-fit parameters are

ordered as SO, Sl, S2, etc.

b Deviation (%) = (100/N) ZIln (X[red/Xexp)1 .
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Table 4.22 Experimental And Predicted Mole Solubilities of

Anthracene in Several Binary Solvent Mixtures at 25.0 0.

Solvent (B) + Solvent (C)

X (Xat)exp (xat)pred

n-Heptane +

0.001571

0.001566

0.001456

0.001182

0.001077

0.000953

0.000762

0.000681

0.00591

n-Octane +

0.001838

0.001779

0.001632

0.001300

0.001145

0.001013

0.000784

0.000682

0.000591

1-Propanol

0.001571

0.001567

0. 001453

0.001187

0.001067

0.000958

0.000764

0.000680

0.000591

1-Propanol

0.001838

0.001779

0.001629

0.001301

0.001154

0.001008

0.000780

0.000683

0.000591

0. 0000

0.1719

0.3272

0.5674

0.6622

0.7444

0.8824

0.9398

1. 0000

0.0000

0. 1908

0.3483

0.5892

0.6806

0.7661

0.8939

0.9477

1.0000



Table 4.22 (Continued)

Solvent (B) + Solvent (C)

X (Xxat)exp (Xat)pred

Cyclohexane + 1-Propanol

0.001553 0.001553

0.001576 0.001584

0.001543 0.001224

0.001288 0.001282

0.001150 0.001153

0.001010 0.001019

0.000795 0.000796

0.000699 0.000697

0.000591 0.000591

Methylcyclohexane + 1-Propanol

0.001649 0.001649

0.001697 0.001688

0.001578 0.001599

0.001294 0.001295

0.001154 0.001149

0.001018 0.001009

0.000781 0.000783

0.000687 0.000687

0.000591 0.000591

114

0.0000

0.1335

0.2567

0.4886

0.5890

0. 6893

0.8511

0.9226

1.0000

0.0000

0.1539

0.2943

0.5326

0.6305

0.7206

0.8687

0.9328

1.0000
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Table 4.22 (Continued)

Solvent (B) + Solvent (C)

4 (Xxat)exp (Xsat)pred

2,2,4-Trimethylpentane + 1-Propanol

0.0000 0.001074 0.001074

0.2141 0.001089 0.001092

0.3510 0.001057 0.001050

0.5891 0.000929 0.000928

0.6884 0.000862 0.000864

0.8968 0.000693 0.000695

0.9454 0.000649 0.000648

1.0000 0.000591 0.000591

n-Octane + 1-Butanol

0.0000 0.001838 0.001838

0.1645 0.001828 0.001828

0.3070 0.001725 0.001725

0.5368 0.001467 0.001468

0.6389 0.001336 0.001335

0.7313 0.001207 0.001207

0.8738 0.000998 0.000998

0.9365 0.000892 0.000901

1.0000 0.000801 0.000801
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Table 4.23 Mathematical Representation (Eqn. 2.90) of

Anthracene Solubilities in Several Binary Solvent Mixtures.

Binary Solvent System S- % Ave. Dev.b

n-Heptane + 1-Propanol

n-Octane + 1-Propanol

Cyclohexane + 1-Propanol

Methylcyclohexane + 1-Propanol

2,2, 4-Trimethylpentane+l-Propanol

n-Octane + 1-Butanol

1.0977

0. 1055

0.3243

1.2752

0.2896

0.2504

1.1212

0.0397

0.2560

1.2348

-0. 0885

0.2043

0. 8249

0.1025

0.2908

0.8839

0.0452

0.2249

0.37

0.31

0.54

0.50

0.29

0.17

a S, is combined NIBS/Redlich-Kister curve-fit parameter.

b Deviation (%) = (100/N) Z I[ (XRredXexP) /XexP].
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C. SOLUBILITY DATA

Expressions for predicting the thermodynamic properties

of ternary systems have been discussed in Historical(section

D and E). Difference between predicted and observed values

are expressed as

(AOe23exP 2) pred = X7X2X3Q (4.7)

with Q-functions of varying complexity. For most systems

commonly encountered, the experimental data can be

adequately expressed by a power series expansion

r S
= A1 2 3 + B 2 (X1-X2 ) + B(X-X3)

i=1 =1 Bj(X 1 X 3 )
t Bk X 2 X)k (4.8)

1B23 (X2-X3)

though rarely are experimental data determined with

precision to justify more than a few parameters.

Conceptually, these ideas can be extended to solute

solubilities in binary solvent mixtures, however, there has

never been a sufficiently large solubility data base to

warrant computerized storage in equational form. As part of

this thesis I also examined the possible mathematical

representation of isothermal solubility data using equation

(2.90) which was based upon the NIBS model. Now, let's take

a look at how equation (2.90) was derived.

We started with equation (2.72) of the NIBS model. This



118

particular equation is based upon a Raoult's law definition

of solution ideality and weighting factors of all components

are assumed to be equal ( Fi = r1) . When the solubility is

sufficiently small, Xiat-0 and (-Xiat)-2 1, equation (2.72)

becomes

RTln(asolid/Xsat) = X(AG[x)2 + X (AGx)3 - (4.9)

Equation (4.9) could be simplified when the solute is

dissolved in pure solvent 2 and in pure solvent 3

respectively

RT ln[arolid/(Xsat) 2 ] 2  (4.10)

RT ln[asolid/(Xat) 3  3  (4.11)

Combine equation (4.9), (4.10) and (4.11), we obtain

RT ln(asolid/Xsat)= X2  ln[aolid/(Xat)2] +

X3 RT ln[a1 Id/(Xsat) 3 ] - AGi (4.12)

After further simplification, equation (4.12) becomes

RTlnXsat =X RTln( + +XRTln(Xsat (4.13)
1B di 2 Ri(Xat) 2gqai3 b RT gt n

By dividing equation (4.13) by RT, we get a new equation
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Xrat = X ln(Xat+)2 + Xln(X )/RT

= X ln(Xat)2 + X3lnf(Xsat)3

+X2X3[A+B(X.-X.).+C(X-X)2--........] (4.14)

which is the same as equation (2.90), whenever the excess

free energy of the binary solvent mixture is described by

the Redlich-Kister equation.

From a historical point-of-view, the Combined

NIBS/Redlich-Kister equation was examined as a strictly

empirical mathematical representation for describing

isothermal solid solute solubility data in binary solvent

mixtures. There was no theoretical justification for ever

trying this particular equation, except that the basic NIBS

model had been previously shown to provide very reasonable

predictions of anthracene, pyrene, benzil, p-benzoquinone,

biphenyl, naphthalene, thianthrene and iodine solubilities

in systems containing only nonspecific, physical

interactions. 35,37,42-54 After the preliminary results7 9 from

this thesis were published, Hwang et al. 2 2 developed the

combined two- and three-body interactional mixing model

discussed on pages 19-27. Acree8 0 later showed that

equation (2.90), which I had used as a strictly empirical

mathematical representation for anthracene and carbazole

solubility data, could be derived from the mixing model of

Hwang et al. The author's approach will be briefly reviewed

so that readers can see the theoretical basis behind the
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Combined NIBS/Redlich-Kister mathematical representation.

The expression for the solubility of a crystalline

nonelectrolyte solute in a binary solvent mixture was

derived by first adding the ideal contribution of the Gibbs

free energy of mixing based upon Raoult's law to equation

(2.54), and then differentiating the resulting equation

AGmix = RT [nA ln XA + nB ln XB + nc ln XC ] +

nA XB [a0 (AB) + a,(AB) XA + a2 (AB) XB 3 ] +

nA XC [ ao(AC) + a,(AC) XA3 + aAc) Xc3 ] +

nB Xc [a(BC) + afBC) XB3 + a BC) Xc3

(4.15)

with respect to the number of moles of solute, p0 - A =

(aGmix/anA), while holding T, P, nB and nc constant.

Performing this differentiation, Acree obtained the

following expression

p 0 - 1  = RT ln aso=id - RT ln Xsat + X0 [a0(AB) + a2(AB)

X0 3 3 + X0 [ao(AC) + a2(AC) Xc3 ] - XB X0 [aO(BC) +

4 a(BC) X0 3 + 4 a2(BC) Xc
3 ] (4.16)

provided that the solute solubility is sufficiently small so

that Xsat = 0 and Xi = Xi. Mole fractions refer to the

initial composition of the binary solvent mixture calculated

as if the solute were not present and solid denotes the
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activity of the solid solute defined on pages 30 and 31. As

will be shown in the next few paragraphs, the standard state

is common for any given crystalline solute dissolved in

binary solvent mixtures and both pure solvents, and can be

cancelled mathematically from the final solubility

expression.

Inspection of equation (4.16) reveals that, for model

systems obeying this expression, the ao(AB) and a 0(AC)

interaction parameters can be eliminated via

RT ln [asolid/(Xsat)B1 = a0(AB) + a2(AB) (4. 17)

RT ln [a8olid/(Xsat)c] = ao(Ac) + a2(AC) (4.18)

the saturation solubilities in the two pure solvents,

(Xat) B and (Xat)c. Direct substitution of Eqns. (4.17) and

(4.18) into equation (4.16),, followed by algebraic

rearrangement, enabled Acree to express solute solubility in

binary solvent mixtures as a simple mole fraction average of

the measured solute properties in both pure solvents minus a

term involving a power series expansion in solvent

composition

RT ln Xiat =X RT ln (Xat)B + X RT ln (Xat)

XB X [ P0 + P1 X + P2 X 2 + P3 X 3 ] (4.19)
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where

P 0 = a2 (AB) + 3 a(AC) + ao(BC) + 4 a2(BC)

P1 = a2(AB) - 3 a2 (AC) - 12 a2(BC)

P2 = a 2 (AB) + a2(AC) + 12 a2 (BC)

p3 = a,(BC) - 4 a2(BC)

Readers will note that the activity of the solid solute,

a olid, appeared on the left- and right-hand sides of

equation (4.19) as - RT ln aolid and -(Xo + Xo) RT inaA ad-BX +X)C Tl

a solidd respectively, and has thus been cancelled

mathematically. The power series expansion is third-order in

X4, and can be easily transformed into

RT ln Xiat = Xo RT ln (Xsat)B + XC RT ln (Xat)C

+ X XO Z Si (X4 - XC) i (4.20)

the Redlich-Kister form (see References 81-83 for details).

Equation (4.20) is mathematically identical to the Combined

NIBS/Redlich-Kister expression.

The ability of the Combined NIBS/Redlich-Kister

expression (Eq. 2.90) to mathematically represent the

experimental solubility of anthracene in binary n-heptane +

1-propanol, n-octane + 1-propanol, cyclohexane + 1-propanol,

methylcyclohexane + 1-propanol, 2,2,4-trimethylpentane + 1-

propanol and n-octane + 1-butanol solvent mixtures is

summarized in Table 4.22 and 4.23 in the form of "curve-fit"
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parameters and percent deviations between back-calculated

and measured solubilities. Parameters of equation (2.90)

were obtained from a commercial polynomial least squares

analysis IBM compatible software package called Table Curve

Version 2.1 which was discussed on page 66 and 67

Examination of these two tables reveals that the three-

parameter form of Eqn. (2.90) provides fairly reasonable

mathematical representations of all six systems studied.

Differences between back-calculated and experimental values

are generally less than +1%, which is comparable to the

experimental uncertainty.

Unfortunately, anthracene solubilities in binary alkane

+ alcohol solvent mixtures cover only a very narrow three-

fold range in mole fraction. A graphical plot of ln Xat
0A

versus Xalcohol is nearly linear and the Redlich-Kister

correctional terms make at most only a 20% contribution to

the overall solubility. A more demanding test of the

descriptive ability of Eqn. (2.90) requires systems where

the solute has vastly different solubilities in each of the

two pure solvents. A search of the chemical literature 3 5 ,4 2 -

54,67-75,84-87 revealed that most sets of published isothermal

solubility data on crystalline nonelectrolyte solutes in

binary solvent mixtures covered less than a ten-fold mole

fraction range. There were two notable exceptions, however,

involving carbazole dissolved in ten binary alkane + dibutyl

ether68-70 and six alkane + tetrahydropyran 8 8 mixtures. Here,
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hydrogen-bonding between the acidic hydrogen on carbazole

and the lone electron pair on the ether's oxygen atoms

results in significant solubility enhancement. In the case

of the alkane (B) + tetrahydropyran (C) systems, the mole

fraction solubility of carbazole in tetrahydropyran (Xat)c

- 0.0424 is about 200-340 times larger than the observed

carbazole solubility in the pure n-alkane cosolvent (ie,

(Xsat)B = 0.000139 in n-hexane, (Xsat)B = 0.00126 in 2,2,4-

trimethylpentane and (Xsat)B = 0.000250 in t-

butylcyclohexane) .88 The alkane (B) + dibutyl ether (C)

systems covered a much smaller thirty- to forty- fold range

in carbazole mole fraction solubilities.

The two-parameter form of Eqn. (2.90) generally failed

to describe the solubility data as the average absolute

deviations were circa 15-25%. Many of these systems had

highly skewed, unsymmetrical ln Xsat versus X0 curves caused

by the large initial solubility enhancement, indicating that

it will be necessary to expand the Redlich-Kister power

series by at least 2 (perhaps more) additional terms. Linear

least squares analysis of

ln Xiat - X0 ln (Xsat ) - Xc ln(Xat)c ] / XXO (4.21)

versus XB - XC led to abnormally large So and S values as

the two-parameter form of Eqn. (2.90) tried to describe the

solubility behavior near the pure alkane cosolvent.
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Unfortunately, even with these large "curve-fit" parameters,

Eqn. (2.90) still underpredicted the initial carbazole

solubilities in binary n-hexane + tetrahydropyran, n-heptane

+ tetrahydropyran, cyclohexane + tetrahydropyran and 2, 2,4-

trimethylpentane + tetrahydropyran mixtures by as much as

25%.

The Redlich-Kister summation does allow one to

introduce as many Si parameters as is necessary to

mathematically describe the solubility data. Examination of

Table 4.20 and 4.21 reveals that Eqn. (2.90) requires 3 or

4 parameters to describe 13 of 16 systems to within an

average deviation of 3.5%. Slightly larger average

deviations of tetrahydropyran and 2,2,4-trimethylpentane +

tetrahydropyran mixtures where the reported reproducibility

in measured carbazole solubilities was circa 4%. Again,

there may be one or two individual data points with each

system for which the deviation exceeds +6%.

Prior to this thesis study, there existed no

recommended mathematical expression for describing

isothermal solute solubility data in binary solvent

mixtures. Critical evaluation of data sets for possible

outliers and prediction of solute solubility at solvent

compositions between actual measured data points were

performed using graphical plots of Xxat (or ln Xsat) versus

initial solvent composition. By drawing the so-called "best

smoothed curve" between the data points, one could estimate
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solubility at all intermediate solvent compositions. The

Combined NIBS/Redlich-Kister equation provides the same

information; however, one is also able to statistical

information such as the probable uncertainty in the

predicted value. Commercial software packages, such as

TABLECURVE, provide not only the best "curve-fit" parameters

for a given mathematical form, but the uncertainties in the

"curve-fit" coefficients and back-calculated "y-values" as

well. With this idea in mind, it is recommended that the

future presentation of experimental isothermal solid

solubility data in binary solvent mixtures include not only

a tabulation of the actual observed values, but if possible,

that the solubility data be mathematically represented by

Eqn. (2.90).
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