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PREFACE

Two models, based on the Bearman equation, are developed for
predicting infinite dilution diffusion coefficients for liquid metals.
One of the models is theoretical and the second one is semi-empirical in
nature. Both models are equally good; the semi-empirical equation is,
however, easier to use. The semi-empirical equation is combined with
the Stokes-Einstein temperature correction equation to obtain an
equation for predicting infinite dilution diffusion coefficients for
organic systems at various temperatures.

A second type model is developed for predicting self-diffusion
coefficients for organic liquids, based on the Arrhenius equation. A
group contribution technique represented by a geometric series is used
to determine the predictive constants. This predictive method was
tested for the homologous series of n-alkanes and n-alcohols and was
found to be better than the existing models. The proposed method is
promising and its application to other homologous series is recommended.

I wish to express my sincere appreciation to all the people who
assisted me during the course of this study at the University of Wyoming
and Oklahoma State University. I am especially grateful to my major
adviser, Dr. Anthony L. Hines, for his guidance, encouragement, and
interest. I am also thankful to the other committee members, Dr. Robert
N. Maddox, Dr. Mayis Seapan, and Dr. Gilbert J. Mains for their

assistance and advisement in the course of this work.



The help of Dr. J. P. Chandler in the use of Marquardt's subroutine
is appreciated. Thanks are also due to the University Computer Center
of Oklahoma State University for the facility and computer time offered.

I am also thankful to the friendship and encouragement of Dr.
Enayat 0. Pedram, Amar C. Bumb, and Atish D. Sen of the University of
Wyoming.

Special thanks are due to the Chemical Engineering Department,
University of Wyoming and the School of Chemical Engineering, Oklahoma
State University for the financial support I rece}ved during the course
of this work.

I want to express my deepest appreciation to my brother, Kishan,
and other family members for their constant support, encouragement, and
understanding.

Finally, I wish to thank Bonnie Orr for the excellent typing of

this work.

jv



TABLE OF CONTENTS

Chapter Page
I. INTRODUCTION. L ] L] L] L] . . L] L] L] L] L] . . L] [ ] L] . L] L] L] 1 ] . [ ] L) 1
II. LITERATURE REVIEw . L] L) L] L] L] . L] L] L] L] L] L] . . L] L] L] . L] . L] 3

Correlations for Self-Diffusion Coefficients « « ¢« « « « 3
Correlations for Infinite Dilution Diffusion
CoefficientS « o o o o o o o ¢ o o s ¢ ¢ ¢ o o o o ¢ o 9
Liquid Metal SystemS. « ¢« ¢« ¢ ¢ ¢ ¢« ¢ ¢ o ¢ o « o« o 10
0rganic SYStems o « o o o o s o o o o s s o s o o o 14

IIT. DEVELOPMENT OF MODELS & &« ¢ ¢ ¢ ¢ o ¢ o ¢ o o o o o o o o o « 19

Infinite Dilution Diffusion Coefficients « « ¢ ¢« ¢« « « « 19
Proposed Models « « « « o o o« o 2 o ¢ s o o o o« &« o 20
Self-Diffusion CoefficientS. o« « ¢« o« ¢« o o o o o« o o« « o 24
Group Contribution Method « « ¢« ¢ ¢« ¢« ¢ ¢ o o o« o« « 24

IV, RESULTS AND COMPARISONS WITH OTHER METHODS. . . . . « « « . . 31

Infinite Dilutijon Diffusion Coefficients « « ¢« ¢« &« « o« o 31
Liquid Metal SystemSe « ¢« « « ¢ o o o o o o o o « o 31
Organic Systems « « ¢« o ¢ ¢« o o o » e o e e e s o 34

Self-Diffusion Coefficients Using the Group

Contribution Method.: + « ¢« ¢« ¢« ¢« ¢« ¢ o ¢ o o o s o o o 38

V. CONCLUSIONS AND RECOMMENDATIONS ¢ ¢ ¢« « ¢ o« o o o s s o o » & 05l

CONCTUSTONSe « o o o o o o o o o o o o o o o o o o s o o« Bl
Infinite Dilution Diffusion Coefficients. « « « « . 51
Self-Diffusion Coefficients « o« o« « ¢ o o o ¢« o « « 52

RecommendationSe o « « o o o o o o o ¢ o o« o o « o s o o 53
Infinite Dilution Diffusion Coefficients. « « « « . 53
Self-Diffusion Coefficients « « ¢« o o ¢ o« o« o« o« o« o« 53

BIBLIOGRAPHY o L] L] L] * L ] L] L] L] L] L] L] L] * L) L L] L] L L] L] L] L] L] L] L] . Ll 54
APPENDIX A - TABULATION OF DATA USED FOR CALCULATIONS. « « « « « « . 59
APPENDIX B - SAMPLE CALCULATIONS « ¢ ¢ & ¢ ¢ ¢ o o o o o o o o s o & 15



Table

IT.

ITI.

Iv.

VI.
VII.
VIII.

IX.

XI.

XII.

XIII.

XIV.

XV.

LIST OF TABLES

Comparison of Experimental and Predicted
Infinite Dilution Diffusion Coefficients
for Liquid Metal Systems « « « ¢ « o o o o o o &

Comparison of Experimental and Predicted
Infinite Dilution Diffusion Coefficients
for Organic SyStemS. « v « o o o o o o o o o o &

Correlation of Self-Diffusion Coefficients for
n-Alkanes and Comparison with Other Methods. . .

Prediction of Self-Diffusion Coefficients for
n-Alkanes and Comparison with Other Methods. . .

Correlation and Prediction of Self-Diffusion
Coefficients for n-Alcohols and Comparison
w‘ith Other Methods L ] L] L ] L] .. L] L ] L] [ ] [ ] L] L] L] L] L]

Correlation of Critical Temperatures for n-Alkanes

Correlation of Critical Temperatures for n-Alcohols.

Group Contributions for the n-Alkane Series. . . .
Group Contributions for the Hydroxyl Group . . . .

Self-Diffusion Coefficients and Coordination
Number Data for Liquid MetalS. « « « o ¢« o« o« o &

Diffusion Coefficients and Thermodynamic Data
at Infinite Dilution for Liquid Metal Systems. .

Diffusion Coefficients, Activity Coefficients,
and Coordination Number Data at Infinite
Dilution for Organic Systems « « « « o o o o o &

Data for the Prediction of Infinite Dilution
Diffusion Coefficients by the Wilke-Chang,
Sitaraman et al., and Scheibel Correlations. . .

Self-Diffusion Coefficient Data for Organic Systems.

Data for the Prediction of Self-Diffusion
Coefficients by the Wilke-Chang and

Tyn-cahls COPPE]at'iOﬂS e e e e o 8 e o s o o o o o

vi

Page

33

35

39

43

45

49

49

50
50

60

61

62

65
67

71



LIST OF FIGURES

Figure Page

1. Critical Temperature Versus Carbon Number
fOF n-A]kaneS & ® o e o o o o o o O o o o & o ©° o o o o o o o 26

2. Contribution of nth Methylene Group to the
Critfca] Temperature fOP n-A]kaneSo ® o e o o o o o o o o o o 28

3. Contribution of nth Methylene Group to the Natural
Logarithm of the Self-Diffusion Coefficient for
n-A] kanes at Tr a4 0.66. L] . . . . L] L] . L . . . . . L . Ld . . 29



NOMENCLATURE

a activity

A constant for a particular liquid, defined by Equation (2-13)

AAPD average absolute percent deviation

C concentration

Calc. calculated diffusion coefficient

d interatomic distance

D self-diffusion coefficient

Dy pre-exponential factor

D; tracer diffusion coefficient of A in the mixture

Dpg self-diffusion coefficient of B

Dag mutual diffusion coefficient

D;B diffusion coefficiént of A at infinite dilution in B

AlnD difference of natural logarithmic self-diffusion coefficient
between two neighboring members of the n-alkane series

e electronic charge

E activation energy for self-diffusion

EC coulombic interaction energy

Es activation energy for self-diffusion

Ei activation energy for impurity diffusion !

Exp. experimental diffusion coefficient

G(n) fitted value of a certain parameter as a function of n

AOGXS partial molar excess Gibbs free energy of A at infinite
dilution in B

AH latent heat of vaporization at the normal boiling point, cal/g

AHV latent heat of vaporization at the normal boiling point,

cal/mol

viii



Xp
AX

Y1

fluctuation distance
constant in Reddy-Do
constant in Scheibel
force constant

molecular weight

additive and constitutive parameter for self-diffusion

coefficient, defined

raiswamy equatiqn

equation

by Equation (1-8)

number of carbon atoms in a compound

number of carbon atoms in n-alkane

Avogadro's number
total number of data
percent deviation
absolute value of pe

screening constant

points

rcent deviation

geometric ratio for n-alkane series

geometric ratio for n-alcohol series

gas constant
predictive constant
absolute temperature
molar volume

molar volume at the
predictive constant
predictive constant
mole fraction of A
predictive constant
predictive constant

predictive constant

for a functional group

normal boiling point
for n?alkane series

for n-alcohol series
for a functional group

for n-alkane series

for n-alcohol series
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Ay predictive constant for a functional group

z excess valence of the solute
g coordination number of solvent B
ZXB coordination number of A at infinite dilution in B

Greek Symbols

B slowly varying function of z
Y activity coefficient
YX activity coefficient of A at infinite dilution in B
A interaction energy
A Wilson parameter, defined by Equation (B-2)
u viscosity
P density
¢ association factor of solvent B
w accentric factor
Subscripts
A solute
B solvent
o at critical temperature
m at melting point
r in reduced form
Superscripts
o infinite dilution



CHAPTER I
INTRODUCTION

Molecular diffusion is encountered in practically all branches of
chemical engineering. Knowledge of diffusion coefficients is useful in
the design of chemical reactors and equipment for unit operations, such
as distillation, extraction, absorption, and adsorption. On a theoreti-
cal basis, knowledge of diffusion coefficients is useful in the under-
standihg of the mechanism of diffusion transport in liquids.

Molecular diffusion is gaused by a chemical potential gradient,
which results in the diffusion of a spécies from a region of higher
chemical potential té a region of lower chemical potential. However,
due to the difficulty of experimentally measuring a chemical potential
gradient, the diffusion coefficient is defined in terms of the concen-
tration gradient. The term intra-diffusion (or tracer-diffdsion)
coefficient is used when the diffusion of a labeled component is
followed in a chemically homogeneous mixture. Self-diffusion is the
special case of tracer-diffusion for a system that consists of only one
chemical component. The term inter-diffusion (or mutual-diffusion)
coefficient is used to describe the diffusion of one constituent in a
binary system. Inter-diffusion at infinite dilution (or infinite dilu-
tion diffusion) is the special case of inter-diffusion for a system in

which the species being followed is present in very low concentrations.



At present, no general correlation is available for predicting
self-diffusion coefficients for organic liquids with reasonable
accuracy. One of the objectives of this work was to develop a general
method for predicting self-diffusion coefficients. The method developed
in this work is based on the corresponding states principle and the
group contribution technique. The group contributions were obtained by
correlating self-diffusion coefficients for n-alkanes and n-alcohols.
Subsequently, the group contributions were used to predict self-
diffusion coefficients for n-alkanes and n-alcohols not used during the
correlating process.

A second objective of this research was to develop models for
predicting infinite dilution diffusion coefficients for liquid metals
and for organic systems. A theoretical model was developed for pre-
dicting infinite dilution diffusion coefficients by using the solvent
self-diffusion coefficients and thermodynamic properties of the system.
This model was tested by predicting infinite dilution diffusion
coefficients for liquid metals. Subsequently, the theoretical model was
empirically modified in order to obtain a simple equation. The semi-
empirical equation was then combined with the temperature correction
equation to predict infinite dilution diffusion coefficients for organic

systems at various temperatures.



CHAPTER II
LITERATURE REVIEW

A large number of correlations are available in the literature for
the prediction of self-diffusion and infinite dilution diffusion
coefficients in liquids. Most of these correlations are either semi-
empirical or empirical in nature, and they all have certain limitations
regarding the classes of liquids and/or the temperature ranges in which
they are applicable. Ertl, Ghai, and Dullien (1,2) reviewed the
theories and correlations that were developed for predicting self-
diffusion, infinite dilution diffusion; mutual-diffusion, and intra-
diffusion coefficients through 1972, Some of the important correlations
will be reviewed in this chapter in order to show the present status of
the equations that can be used for predicting self-diffusion and

infinite dilution diffusion coefficients.
Correlations for Self-Diffusion Coefficients

Most of the correlations for predicting infinite dilution diffusion
coefficients for organic systems can also be used to predict self-
diffusion coefficients. These correlations will be presented in the
section on infinite dilution diffusion coefficients. The correlations
used exclusively for the prediction of self-diffusion coefficients in
liquids will be reviewed in this section.

Van Geet and Adamson (3) proposed an empirical equation to predict

self-diffusion coefficients for n-alkanes, which was based on the



regularities in this class of liquids. They noted that the self-
diffusion coefficient for any single hydrocarbon obeyed the Arrhenius

exponential equation quite well. The Arrhenius equation is written as

E
D =D, exp (- &7) (1-1)

where
D = self-diffusion coefficient, cmz/s
D, = pre-exponential factor, cm?/s
E = activation energy for self-diffusion, Kcal/mol
T = absolute temperature, K

In addition, the values of self-diffusion coefficient at a given
temperature were found to vary with the chain length in a regular way,
and a simple relationship was observed between the pre-exponential

factor and the activation energy. This relationship is expressed as
Tog D, = -3.28 + 0.179 E (1-2)

where log is used to represent the logarithm to the base 10. They
combined Equations (1-1) and (1-2) to obtain the following equation
_ 1000 -
log D = -3.28 - E (§T§§T - 0.179) (1-3)
The authors constructed a nomograph for the prediction of self-diffusion

coefficients for n-alkanes based on Equation (1-3). The only informa-



tion needed is the number of carbon atoms in the n-alkane. They esti-
mated an average error of 5 percent for n-alkanes which had carbon
numbers ranging from 5 to 32, and for a temperature range of -50 to
300°C. However, the correlation was tested for the available experi-
mental data, which did not cover the entire range of conditions set
forth in the model. Ghai et al. (2) reported that the nomograph gave
higher errors at high temperatures.

Dullien (4) derived an equation to predict self-diffusion coeffi-
cients of liquids by using a general relationship between transport
coefficients of pure fluids and a molecular kinetic model of liquids.
The constant was empirically modified to correlate experimental data for
32 liquids with an average deviation of 4 percent. This equation is

written as

w0 5124 x10

-6 2/3
RT vc

where

viscosity, cp

=
i

molar volume, cm3/mo1

<
f

Ve T critical volume, cm3/mo1

However, this correlation failed to correlate experimental data for
methanol and ethanol with reasonable accuracy.

Vadovic and Colver (5) developed an expression, equivalent to
Dullien's equation (4), for predicting self-diffusion coefficients.

They developed the equation from a consideration of the rigid sphere



model and modified the constant by a least squares fit of the experi-

mental data for 20 liquids. The empirically modified correlation is

DwM _ 0.216 x1078 2/3
pl m

(1-5)

where

=
L}

molecular weight

density, g/cm3

©
1]

v = molar volume at the melting point, cm3/mo1

This equation predicted self-diffusion coefficients for 20 liquids,
including liquid metals, with an average deviation of 6 percent. The
advantage of this expression over the Dullien equation is that the molar
volume at the melting point is readily available for liquid metals and
other high boiling substances, whereas the critical volume is not
generally available.

Ertl and Dullien (6) correlated self-diffusion coefficients for
n-alkanes by using the Arrhenius exponential equation. They also found
a correlation between activation energy and the number of carbon atoms

for n-alkanes:
E = -6.11 + 8.04 1n (N) (1-6)
where

In = natural Togarithm



m
1]

activation energy for self-diffusion, KJ/mol

=
]

number of carbon atoms in the n-alkane

This equation was found to apply to systems containing carbon numbers
ranging from 5 to 20; but, it became invalid for systems with smaller
carbon numbers. The authors pointed out that a decreasing influence of
chain length on the diffusion process was implied by Equation (1-6).

Tyn and Calus (7) correlated the self-diffusion coefficients for
liquids by using additive and constitutive parameters. They derived the

following equation for the self-diffusion coefficient:

0 =T (gip) (1-7)
where
[M] = additive and constitutive parameter for the self-diffusion
coefficient
= v (1/0)3/23, (Ks7cm2v)3/23 (em3/mo1) (1-8)

molar volume, cm3/m01

<
1]

Contributions to the parameter [M] were computed for various bonds
present in alkanes, aromatics, cycloparaffins, alcohols, organic
halides, and ethers by using experimental self-diffusion data. The bond
and structural contributions were used to calculate the parameter [M]
for 46 liquids. Subsequently, self-diffusion coefficients were

reproduced with an average deviation of 12 percent for 46 liquids.



Tyn (8) presented a simple graphical correlation for predicting
self-diffusion coefficients for 38 liquids in the temperature range of 0
to 100°C. The principle is analogous to the Duhring rule, which
correlates the properties of compounds with those of a reference com-
pound, A linear relationship was assumed between the temperature at
which a particular liquid would have a given self-diffusion coefficient
and the temperature at which pure water would have the same self-
diffusion coefficient. The author reported an average error of 2
percent for the liquids correlated. However, this method has the dis-
advantage that self-diffusion coefficients at two temperatures must be
known in order to apply the same principle to liquids not used during
the correlating process.

The most recent correlation for predicting self-diffusion
coefficients in liquids is due to Riazi and Daubert (9). They used the
corresponding states principle to correlate reduced self-diffusion
coefficients of pure liquids with reduced temperature and an accentric

factor. The reduced self-diffusion coefficients were correlated as

=D . (1) (2)
Dr = ﬁz = (0.4-m)Dr + (0.2-w) Dr (1-9)
where
DC = self-diffusion coefficient at the critical
temperature, cmz/s
Dr’ Dﬁl), Dﬁz) = preduced self-diffusion coefficients

accentric factor

€
L}



The critical self-diffusion coefficients were evaluated relative to that
of benzene, which was obtained by extrapolation to the critical tempera-
ture. The authors presented a graph of reduced self-diffusion coeffi-

2)

cients Dﬁl) and D(

r as a function of reduced temperature, Tr' They

reported an average error of 4.5 percent for 16 liquids. However, this
correlation failed to predict the self-diffusion coefficient of ethanol
with reasonable accuracy.

In this study the Tyn graphical correlation, the Tyn and Calus
group contribution method, and the Wilke-Chang equation will be used as

a basis of comparison for the proposed method.

Correlations for Infinite Dilution Diffusion

Coefficients

Diffusion coefficient of a solute at infinite dilution in a solvent
implies that each solute atom or molecule is in an environment of
essentially pure solvent. In engineering work, however, infinite
dilution diffusion coefficients are assumed to be applicable for
concentrations of the solute up to approximately 5 mole percent. From
an engineering point of view, equations relating infinite dilution
diffusion coefficients to self-diffusion coefficients are most
desirable. Only a few such equations have been presented, and these are
all restricted to liquid metal systems and the homologous series of
n-alkanes. Some of the important correlations for infinite dilution
diffusion coefficients will be reviewed separately in the following

sections for liquid metals and for organic systems.
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Liquid Metal Systems

Self-diffusion coefficients for 1liquid metals can be predicted with
high accuracy by using the hydrodynamical and the fluctuation theories.
The models which can be used to predict self-diffusion coefficients for
liquid metals were developed by Swalin (10), Walls and Upthegrove (11),
Hines, Walls, and Arnold (12), and Hines and Walls (13). However, the
development of models that can be used to predict infinite dilution
diffusion coefficients has met with less success. The fluctuation, the
critical fluctuation, and the hole theories for self-diffusion have been
extended by several investigators to predict infinite dilution diffusion
coefficients in liquid metal systems.

For the case of tin diffusing into silver, Leak and Swalin (14)
attributed the enhancement in diffusioﬁ to the coulombic contribution
that resulted from the solute having a higher valence than the solvent.
They proposed a model based on Swalin's (10) fluctuation theory for
self-diffusion, but with the Thomas-Fermi model being used to represent
the coulombic interaction energy. The Thomas-Fermi model was combined
with the Morse potential in order to account for the presence of the

solute. The fluctuation theory equation is

p° °E
R 110
BB f qd
where
DXB = diffusion coefficient of A at infinite dilution in B, cmz/s
DBB = self-diffusion coefficient of B, cmz/s

screening constant, g1

Q
]
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interatomic distance, R

Q.
1]

= force constant, Mdyne/cm

~
—h
[

The coulombic interaction term is defined as

2
EC =-§§g— exp (-qd) (1-11)
where
e = electronic charge, e.s.u.
z = excess valence of the solute

The quantity g is a slowly varying function of z. Alfred and March (15)
estimated the value of g from solute diffusion in solid metals.

Swalin and Leak (16) proposed two models to relate infinite dilu-
tion diffusion (or impurity diffusion) coefficients to solvent self-
diffusion coefficients. In one model they modified the fluctuation
theory of Swalin (10) to incorporate a critical fluctuation volume.

They used the Thomas-Fermi model to calculate the coulombic interaction
between the solute and the solvent and the Morse potential to evaluate
the activation energy of the solvent. The critical fluctuation theory

expression is

—= = exp (—iﬁfl) (1-12)
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where

m
]

S activation energy for self-diffusion, cal/g atom

m
[}

activation energy for impurity diffusion, cal/g atom

The difference in activation energies for self-diffusion and impurity

diffusion was defined as the coulombic interaction energy, Ec’ where

Ec = Es-Ey
Nosze2
= 7 exp [ - q (d+j)] (1-13)
4,185 x 10’ (d+j)
and
N, = Avogadro's number
j = fluctation distance, R

In the second model, Swalin and Leak (16) used the Thomas-Fermi
model along with the hole theory to derive an equation for the ratio of
the impurity diffusion coefficient to the solvent self-diffusion
coefficient. They proposed that the energy of hole formation would be
reduced by a coulombic interaction term. The hole theory expression is

given by Equation (1-12) with the following modification.

Nosze2
= ———— exp (-qd) (1-14)
4,185 X10'd
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Swalin and Leak (16) tested Equations (1-10) through (1-14) for systems
in which the solute and the solvent differed only in their valences.
Gupta (17) modified the critical fluctuation theory expression for
the coulombic interaction term and obtained the following equation:
Nosze2 1
7 exp [-q (d+3]) ] (1-15)
(d+j)

Ee

4.185 X10

Gupta (17) tested the fluctuation, the critical fluctuation, and the
hole theory expressions for systems similar to those evaluated by Swalin
and Leak (16). These studies reported combined average errors of 18 and
28 percent for seven systems when compared with the fluctuation and the
critical fluctuation theory models, respectively. The hole theory gave
an average error of 18 percent for four systems. All systems tested
were for silver as the solvent.

Gupta (18) modified the fluctuation and the critical fluctuation
theories to account for the inequality of the jump frequency of the
solute and the solvent. He tested these equations for eight solutes in
solvent tin and six solutes in solvent silver. The modified fluctuation
theory gave an average error of 68 percent for solvent tin and 33
percent for solvent silver. The modified critical fluctuation theory
predicted impurity diffusion coefficients with an average error of 78
percent for solvent tin and 30 percent for solvent silver. The hole
theory gave an average error of 80 percent for solvent tin and 33
percent for solvent silver.

Wang and Gupta (19) modified the expressions proposed by Gupta (18)
for the fluctuation and the critical fluctuation theories by using the

Thomas-Fermi and the Hartree potentials to calculate the additional
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coulombic interaction term due to the excess solute charge. Wang and
Gupta (19), and Gupta and Wang (20) tested these equations for five
solutes in solvent silver. The modified expressions gave an average
error of 15 percent for the fluctuation theory and 50 percent for the
critical fluctuation theory.

From a review of the existing correlations it is clear that most of
the expressions do not predict infinite dilution diffusion coefficients
in liquid metals with reasonable accuracy. Only one each of the
fluctuation and the hole theory equations predict infinite dilution
diffusion coefficients with average errors less than 20 percent.
However, it is important to note that these expressions have been tested
for only two solvent systems - silver and tin. Besides, some of the
terms in these expressions wére adjusted to fit the experimental data.
Consequently, none of the existing correlations is truly predictive in

nature.

Organic Systems

The Wilke-Chang (21) equation is one of the most widely used
correlation for predicting infinite dilution diffusion and self-
diffusion coefficients in non-electrolytes at low viscosities. The
Wilke-Chang equation is an empirical modification of the Stokes-Einstein

equation and is expressed as

o oM 1/2
D9, = 7.4 X10 8 -(—BL——OIG (1-16)
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where
DXB = diffusion coefficient of A at infinite dilution in B, cmz/s
Mg = molecular weight of solvent B

= molar volume of solute A at its normal boiling point, cm3/m01

<<
>
[}

ug = viscosity of solvent B, cp
T = absolute temperature, K

¢ = association factor of solvent B

Wilke and Chang (21) recommended a value of 2.6 for the association
factor for water, 1.9 for methanol, 1.5 for ethanol, and 1.0 for
unassociated solvents such as benzene, ether, and the aliphatic
hydrocarbons. According to Reid et al. (22), the Wilke-Chang equation
predicts diffusion coefficients to within 11 percent of experimental
values for water as a solvent and to within 23 percent for organic
solvents. The Wilke-Chang equation is not recommended when water is the
solute, since the prediction errors may be as high as 200 percent.

The chief disadvantage of the Wilke-Chang correlation is the
necessity to evaluate the association factor for a particular solvent
before it can be used to predict diffusion coefficients. Consequently,
a number of correlations have been presented as modifications of the
Wilke-Chang equation by eliminating the association factor. The equa-
tions of Sitaraman et al. (23) and Reddy and Doraiswamy (24) are the
results of two such efforts.

Sitaraman et al. (23) eliminated the association factor in the
Wilke-Chang equation by introducing the latent heats of vaporization of
the solute and solvent at their normal boiling points. Sitaraman et

al.'s equation is
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. o MR 0003
Dpg = 5+4 X107 (BB (1-17)
Uy V AHA

B A

where AH, and AHg are the latent heats of vaporization of the solute and
solvent, respectively, at the normal boiling points, with units of
cal/g. The Sitaraman et al. (23) equation is less restrictive than the
Wilke-Chang equation, and is recommended when water is the solute
(25). The Sitaraman et al. equation gives about 12 percent error for
water as a solute, whereas the Wilke-Chang equation gives about 200
percent error. Both equations give the same magnitude of errors for
water and organic solvents.

Reddy and Doraiswamy (24) modified the Wilke-Chang equation by
replacing the solvent association factor with the cube root of the

solvent molar volume. Their equation is expressed as

K M. 1727
o _ B
Dyp = (1-18)

AB 173
wg (Vo Vg)

where Vg is the molar volume of the solvent at the normal boiling point,
with units of cm3/mol. Reddy and Doraiswamy (24) recommended the
following values of the constant K: (1) if Vg/Vp < 1.5, K = 10 X 10'8;
and (2) if Vg/Vp > 1.5, K = 8.5 X 1078, They reported average errors of
less than 20 percent for 96 binary systems. Infinite dilution diffusion
coefficients were predicted with an average error of 25 percent for
water as a solute in organic solvents.

Scheibel (26) modified an earlier equation proposed by Wilke (27)
to eliminate the diffusion factor, which was given in the form of a
family of curves. Scheibel represented the curves by an empirical
equation and combined it with the Wilke equation to obtain the following

equation:
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— 173 (1-19)

where
K =8.2x10°8 1+ (=2) ] (1-20)

Scheibel (26) made the following recommendations as exceptions to the
general form of K' represented by Equation (1-20): (1) for water as a
solvent, K' = 25.2 X 1078 if Vpo < Vg; (2) for benzene as a solvent, K' =
18.9 x 1078 if V, < 2Vy; and (3) for other solvents, K' = 17.5 X 1078 if
Vp < 2'5VB' Reid et al. (22) reported that the Scheibel equation
predicts infinite dilution diffusion coefficients with an average error
of 11 percent for water as a solvent, and to within 20 percent for
organic solvents.

King et al. (28) reported that the self-diffusion coefficient
should be dependent upon variables representing the molecular size,
intermolecular forces and the number of nearest neighbors. Based on the
empirical observation that the group Du/T was nearly constant for self-
diffusion, King et al. (28) developed-an empirical equation for the
prediction of infinite dilution diffusion coefficients. King et al's
equation is
Vg 1/6 aH g 1/2

8 T
( §
Hp VA AHV

(1-21)
A
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where AH,, and AH,p are the latent heats of vaporization of the solute
and solvent, respectively, at their normal boiling points, with units of
cal/mol. The King et al. equation predicts infinite dilution diffusion
coefficients with an average error of 20 percent. However, this
equation is not recommended for viscous solvents. The recommended upper
limit for Doy wp/T is 1.5 X107/ cp cmP/ks.,

Lo (29) observed that the infinite dilution diffusion coefficient
in a binary n-alkane system is a linear function of the logarithm of the
number of carbon atoms in the solute for a particular solvent. Lo (29)
developed an analytical expression for the infinite dilution diffusion
coefficient in terms of the self-diffusion coefficient of the solvent
and the number of carbon atoms in the solute and solvent. Lo's equation
is |

-5 N
) 1X 10 A
= Dgg * 01964 - 0.06785N, log QNE) (1-22)

where

= gelf diffusion coefficient of solvent B, cmz/s

Lo
oo
o

L

number of carbon atoms in solute A and solvent B,

Nps N

respectively

Reid et al. (22) recommended that the Scheibel equation be used to
predict infinite dilution diffusion coefficients for solutes diffusing
into organic solvents. The equations of Wilke-Chang, Sitaraman et al.,
and Scheibel will be used for comparisons with predictions of the

present work.



CHAPTER III
DEVELOPMENT OF MODELS
Infinite Dilution Diffusion Coefficients

Bearman (30) derived an equation to show the concentration
dependence of diffusion coefficients in liquids by using the statistical
mechanical theory. As shown by Bearman (30), the concentration

dependent diffusion coefficient for regular solutions is given by

* a]naA

=Dy (_a_lnCA)T,P (2-1)

Dpp
*

where Dpp is the mutual diffusion coefficient, DA is the tracer diffu-

sion coefficient of A in the mixture at the same composition, ap is the

activity of A, and CA is the concentration of A. An alternate ex-

pression for the concentration dependent mutual diffusion coefficient is

* (XA Va + Xg VB alnaA )
A Vg a]nxA T,P

(2-2)

where vVa and vy are the molar volumes, and XA and Xg are the mole
fractions of A and B. Writing the activity in terms of the mole
fraction and the activity coefficient, Equation (2-2) can be written as
*  Xa Va4 Xg¥p a]nyA

g v )[1+('§r5;7\—

1,0 ] (2-3)
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Proposed Models

As defined by Bearman (30), regular solution theory is based on the
assumption that the molar volumes are mole fraction additive, and the
radial distribution functions are independent of concentration at
constant temperature and pressure. The former assumption is
approximately met for liquids in general, and the latter assumption is
valid when the solute and solvent molecules are of similar size and
shape. The latter assumption is also met approximately in infinitely
dilute solutions. If A is infinitely dilute in B, x, can be equated to
zero and Xg can be equated to one in the above model. In addition, the
diffusion of a solute may be visualized as the diffusion of an impurity
through the solvent. 1In infinitely dilute solutions the diffusivity of
the solute should be equal to the diffﬁsivity of the solvent except for
a correction factor associated with the non-ideal effects caused by the
presence of the solute. For this limiting case the tracer diffusion
coefficient in the Bearman (30) equation can be replaced by the self-
diffusion coefficient of the solvent, and Equation (2-3) can be

expressed as

° alny:
Dag = Dgg [ * Graxr,p ! (2-4)
where
DXB = diffusion coefficient of A at infinite dilution in B, cmz/s

DBB = self-diffusion coefficient of solvent B, cmz/s

activity coefficient of A at infinite dilution in B
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Equation (2-4) shows that the correction to be applied to the solvent
self-diffusion coefficient is related to the term (31n yX/aln xA). If
the solute and solvent form an ideal solution, the diffusion coefficient
of the solute would be equal to that of the solvent, as expected. Since
the solute moves through an approximately uniform environment for the
case of infinite dilution, the gradient of the activity coefficient
provides a small but finite contribution to the diffusion coefficient of
the solute. Equation (2-4) was used to predict infinite dilution
diffusion coefficients for liquid metal systems.

Application of Equation (2-4) to organic systems is not practical
since activity coefficient data are not readily available for dilute
solutions at the temperatures of the reported diffusion data.
Consequently, Equation (2-4) was modified empirically in order for it to
apply to organic systems.

Since the activity coefficient of the solute is related to the
partial molar excess Gibbs free energy, Equation (2-4) can be written as

O=XS
5 AG
o _ l__ A _
Dpg = Dpg (I +®F —5Tn Xy ) (2-5)

where AOGXS is the partial molar excess Gibbs free energy of A at
infinite dilution in B. In the expression above, the difference between
the solute and solvent diffusion coefficients is due to the partial
molar excess Gibbs free energy that results from the non-ideality of the
solution due to the presence of the solute. This energy may be
described simply as an additional binding energy associated with the
presence of the solute in the solvent. This additional binding energy,
in turn, can be related to the number of nearest neighbor bonds that

must be broken before diffusion of the solute can occur.
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Diffusion of a solute at infinite dilution in a solvent may be
visualized as the diffusion of an impurity. The number of nearest
neighbors of solute A at infinite dilution in solvent B may be
represented by ZXB. Before an atom or molecule can travel from one
equilibrium position to another, one-half of the near neighbor bonds
must be broken. For the case of impurity diffusion, the number of bonds
that must be broken is ZXB/Z. The partial molar excess Gibbs free
energy, AOG:S, is the energy necessary to break ZXB/Z nearest
neighbor bonds with the solute. Thus, the correction term to the
solvent self-diffusion coefficient is related to the partial molar
excess Gibbs free energy, AOGXS , and the number of nearest neighbors,
ZXB' In order to simplify Equation (2-5), the correction term to the
solvent self-diffusion coefficient, (39 AOGXS/a In x,), 1is replaced by
the term (-AOGXS. 2/ZXB) as an approximation. In effect, this
substitution implies that the energy needed to break one near neighbor
bond of the solute is (-Aoéxs. 2/ZZB). The negative sign of this term

is based on empirical observations made for liquid metal systems

investigated in this work. Thus Equation (2-5) can be written as

O=XS
N 2,

o
RT ZA

(e}

Dpg = Dgg (1 -

(2-6)
B

Although Equation (2-6) is relatively easy to use, it still does
not solve the problem of non-availability of activity coefficient data
in infinitely di]ﬁte solutions at the temperatures of interest.
However, activity coefficients at infinite dilution can be calculated
near the boiling points by using the Wilson equation. Equation (2-6)
can be written for any reference temperature, in this case the boiling

point BP, as
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o=XS
(02)ep = (Dnn)ep (1 L —2—) (2-7)
AB/BP BB‘BP RT Zo BP
AB

The reference temperature is taken as the boiling point of the lower
boiling component in the binary system.

Application of the Stokes-Einstein equation (25) to diffusion at
two temperatures, T; and T,, gives an equation for the temperature

correction to the diffusion coefficient, as

Dou
AB "B
). = ¢

)
T

T )T (2-8)

where pg is the viscosity of the solvent. Combining Equations (2-7) and
(2-8) the following correlation is obtained for the prediction of infi-

nite dilution diffusion coefficients at any temperature:

Doy AOGXS
o _ .’BBB T A2
Dag = =7 Jap g - - ;E‘)BP (2-9)
AB
Equation (2-9) can be written in an alternate form in terms of the
activity coefficient, as
Dop W 21ny;
o _ BB "B T A
DAB - (—__T——.)BP'EE - ——7;5—-_") BP (2-10)
AB

Infinite dilution diffusion coefficients at the temperatures of
interest can be predicted by using the solvent self-diffusion
coefficient at the reference temperature, the solvent viscosity at the
reference temperature and at the temperature of interest, the activity
coefficient of the solute at the reference temperature and the number of

nearest neighbors of the solute at infinite dilution in the solvent.
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Self-Diffusion Coefficients

Group Contribution Method

The temperature dependence of experimental self-diffusion

coefficients is widely reported in the form of an Arrhenius equation

E
D =D, exp (- ﬁT') (2-11)
where
D = self-diffusion coefficient, cm2/s
D, = pre-exponential factor, cm2/s
E = activation energy for self-diffusion, cal/mol
T = absolute temperature, K

Equation (2-11) can be written as a reduced equation if comparison is

made at constant pressure. Thus

= 1 -
TnD = 1nD + A (1 T ) (2-12)
where
1n = natural logarithm
D. = self-diffusion coefficient at critical temperature, cmz/s
A = ﬁ%‘ = constant for a particular liquid (2-13)
c
T. = T/T. = reduced temperature
T. = critical temperature, K
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Equation (2-12) has the form of a corresponding states type correlation.
This equation was used for the correlation and prediction of self-
diffusion coefficients for n-alkanes and n-alcohols. The experimental
values of the critical temperature, Tc’ were fitted to an analytical
equation. Subsequently, Tc was treated as a reference temperature,
which was obtained from the analytical equation. D, was defined as the
self-diffusion coefficient at the critical temperature Tc' However,
since 1nD_ was obtained by fitting Equation (2-12) to experimental data,
lnDc was treated as an empirical constant.

The parameters 1nDc, A, and TC were correlated witﬁ the number of
carbon atoms in the molecule of the diffusing species. The most general
form of the equation, that can be used to correlate the parameters 1nD.,

A, and Tc with the carbon number n, has a geometric form expressed as

2 3

G(n) =x+y (l+r+rc+r +.......+r”'1) (2-14)
c ey f2=rh)
= y-(l_—r)-—forr‘#l (2'15)
= X + yn forr =1 (2-16)
=X+y forr =0 (2-17)

where the function G(n) represents the parameters InD., A, and T.. The
term n is the number of carbon atoms in the compound, and x, y, and r
are adjustable constants. The contributions due to the successive
addition of methylene groups to a carbon skeleton with one carbon atom
are yr, yr2, yr3, e o o o o o yrn'l. This implies that each methylene
group contribution differs from the preceding one by a constant ratio r.

A plot of critical temperature versus carbon number for n-alkanes

is shown in Figure 1. The increment in the critical temperature
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associated with the successive addition of methylene groups to the
carbon skeleton is shown in Figure 2. The increment in the critical
temperature due to the addition of successive methylene groups decreases
with increasing carbon number. This behavior is represented by a
geometric series with “r" less than 1. For the case of the geometric
ratio "r" less than 1, the group contribution due to the addition of a
methylene group to any carbon skeleton decreases progressively in going
from a low carbon compound to a higher carbon compound. The difference
in the natural logarithm of the self-diffusion coefficient for n-alkanes
with increasing carbon number, at a fixed value of the reduced tempera-
ture, is shown in Figure 3. It follows the same trend as that observed
for the critical temperature. In analogy, all three parameters 1nDC, A,
and T. were represented by a decreasing geometric series with the
geometric ratio "r" less than 1. The geometric series type group
contribution was proposed by Chen (31). Ertl and Dullien (6) also
observed that the activation energy for self-diffusion, E, for n-alkanes
was a decreasing function of the number of carbon atoms in the diffusing
molecule.

The functional form of the parameters 1nDC, A, and T, is the same
for any homologous series. However, the adjustable constants include
the contribution due to the addition of a particular functional group,
such as a hydroxyl group, to the carbon skeleton of the n-alkane

homologous series. Thus

(1‘r1n)
G(n) = Xp *+ ¥ —TT:FIT— for ry# 1 (2-18)
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where

X] = X + AX (2-19)
yp =yt oy (2-20)
Py = r +Ar (2-21)

The group contributions x, y, and r are the same as those for the
n-alkane series, while the constants Ax, Ay, and Ar are contributions
due to the addition of a functional group at the end of the carbon chain
of the n-alkane homologous series.

Equations (2-15) and (2-18) were used to generate each of the three
parameters lnDC,‘A, and TC in Equation (2-12). The three constants for
critical temperature were first obtained for the homologous series of
n-alkanes and n-alcohols. Subsequently, the remaining six constants for
both homologous series were obtained by using the available self-
diffusion data for n-alkanes and n-alcohols. Thus, there are nine con-
stants required to predict self-diffusion coefficients for n-alkanes.

In order to predict self-diffusion coefficients for n-alcohols, another
nine constants are to be added to the nine n-alkane constants. The
predictive capability of the group contribution method was tested by
using the method to obtain self-diffusion coefficients for compounds not

included in the regression,



CHAPTER 1V
RESULTS AND COMPARISONS WITH OTHER METHODS
Infinite Dilution Diffusion Coefficients

Liquid Metal Systems

Diffusion coefficient computations at infinite dilution were made
for 20 systems by using Equations (2-4) and (2-6). The systems were
chosen at temperatures above the melting points of the solute and sol-
vent. Failure to observe this precaution introduces the effect of
solute dissolution in the solvent, and hence predicts diffusion coeffi-
cients which may be in error by as much as an order of magnitude. The
selected systems were restricted to those for which thermodynamic data
were available. Thermodynamic data that had been evaluated at a con-
sistent standard state were obtained from Hultgren et al. (32). The
solvent self-diffusion coefficients and coordination numbers are given
in Table X (Appendix). At infinite dilution the number of nearest
neighbors of the solute in the solvent can be represented by the
coordination number of the solvent, ZB' This substitution is justified
since the solute is present in very low concentrations and does not
alter the structure of the solvent significantly. Diffusion coeffi-
cients and thermodynamic data at infinite dilution are given in Table XI
(Appendix). Experimental impurity diffusion and self-diffusion coeffi-
cients were obtained from the Arrhenius equations reported by the origi-

nal investigators, unless their values were reported at the temperature

31
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for which thermodynamic data were available. In a few cases the Arrhe-
nius equations for experimental self-diffusion coefficients were applied
slightly outside the temperature range of the actual measurements.

The partial molar excess Gibbs free energy a G;S was correlated

in terms of mole fraction by using the o-function defined by Hultgren et

al. (32).
a = (4-1)

A graph of aq versus x, was constructed to obtain values of ap in the
mole fraction range of 0 to 0.05. These ap values were then used to
calculate partial molar excess Gibbs free energies and activity coeffi-
cients. Activity coefficients at mole fractions of 0.01 and 0.02 were
used to calculate values of the term (3ln yX/a]n xA). The calculated
values are given in Table XI (Appendix).

The experimental and predicted diffusion coefficients at infinite
dilution and the deviations between the predicted and experimental
values are given in Table I. The diffusion coefficients were predicted
with average absolute deviations of less than 18 percent by using Equa-
tions (2-4) and (2-6). The proposed models give better results than
most of the existing models. The predictions are comparable to the
fluctuation theory and the hole theory predictions, but the present
models are much easier to use.

Comparison of the terms (3 In yZ/a Tn xA) and AOGXS in Table XI
(Appendix) shows that the numerical values of these two terms have
opposite signs except in one case. This empirical observation was used
to modify Equation (2-5) in order to obtain the simpler Equation (2-6)

for the prediction of infinite dilution diffusion coefficients.
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TABLE I

COMPARISON OF EXPERIMENTAL AND PREDICTED
INFINITE DILUTION DIFFUSION COEFFICIENTS
FOR LIQUID METAL SYSTEMS

Exp. Pred. Eqn. (2-4) Pred. Eqn. (2-6)
Solute (A) - Temp. D:B xlO5 DXB xl()5 Dev. DXB x105 Dev.
Solvent (B) K cmz/s cmz/s % " cm2/s %
Ag-Sn 1250 14.89 11.76 -21.0 14.83 -0.4
Sb-Sn 905 6.47 6.77 4.6 7.93 22.6
T1-Sn 723 3.09 4.30 39.2 3.58 15.9
Cu-Ag 1423 3.55 3.70 4,2 2.85 -19.7
Ag-Cu 1423 4,15 4,54 9.4 3.61 -13.0
Au-Ag 1350 3.12 3.47 11.2 4,08 30.8
Ge-Ag 1250 3.91 2.82 -27.9 3.15 -19.4
Bi-Sb 1200 8.33 9.41 13.0 10.94 31.3
Cd-Ga 700 6.44 8.41 30.6 4.97 -22.8
Sn-Ag 1250 3.88 2.42 -37.6 2.43 -37.4
Cd-Pb 773 4.83 4,89 1.2 3.57 -26.1
Ag-Sb 1250 9.82 9.85 0.3 11.08 12.8
Sn-Cd 773 5.10 4,10 -19.6 3.68 -27.8
Pb-In 673 3.99 4,60 15.3 4,16 4.3
K-Na 384 4,23 4.54 7.3 3.82 -9.7
Na-K 384 5.85 5.27 -9.9 4.44 -24.1
Bi-Pb 700 5.16 3.76 -27.1 4.37 -15.3
Sb-Ag 1250 4.09 3.09 -24.4 4,30 5.1
Bi-Sn 600 2.75 3.14 14.2 2.96 7.6
Sn-In 700 5.39 5.29 -1.9 6.05 12.2
AAPD: 16.0 17.9

No. of Systems = 20
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Organic Systems

Infinite dilution diffusion coefficients were predicted for organic
systems by using Equation (2-10). Diffusion coefficients, activity
coefficients, and coordination numbers at infinite dilution are given in
Table XII (Appendix). The coordination numbers at infinite dilution
were obtained by the method of Alukhanov et al. (33). Some of the
activity coefficients were obtained by using the Wilson parameters
slightly outside their temperature range. The experimental and
predicted infinite dilution diffusion coefficients, and deviations
between the experimental and predicted values are given in Table II.

The infinite dilution diffusion coefficients were predicted with an
average absolute deviation of 16 percent.

Infinite dilution diffusion coefficients predicted by the methods
of Wilke-Chang (21), Sitaraman et al. (23), and Scheibel (26) are also
given in Table II for comparison. It is clear from Table II that the |
predictions of the proposed method are comparable to the predictions of
Wilke-Chang and Scheibel. In addition, the present correlation performs
better than the correlation of Sitaraman et al.

The data used for the prediction of infinite dilution diffusion
coefficients by the Wilke-Chang, Sitaraman et al., and Scheibel
correlations are given in Table XIII (Appendix). The viscosity data
were obtained from API Research Project 44 (34) for hydrocarbons, and
from TRC Data Project (35) for n-alcohols. The viscosity data for
chloroform and CC14 were taken from CRC Handbook (36) and for MEK from
Timmermans (37). Latent heats of vaporization at NBP (normal boiling
point) were obtained from Perry (38). The molar volume at NBP was

calculated by the LeBas method (22).



COMPARISON OF EXPERIMENTAL AND PREDICTED INFINITE DILUTION
DIFFUSION COEFFICIENTS FOR ORGANIC SYSTEMS

TABLE II

Exp. This Work Wilke-Chang Sitaraman et al. Scheibel
Solute (A) - Temp. DKB x105 DZB x105 Dev. DXB x105 Dev. DXB xl()5 Dev. DXB x105 Dev.
Solvent (B) K cm2/s cmz/s % cm2/s % cm2/s % cmz/s %
n-Hexane-Benzene 278.0 1.78 1.39 -21.9 1.14 -36.0 1.11 -37.6 1.23 -30.9
284.0 1.89 1.56 -17.5 1.28 -32.3 1.24 -34.4 1.38 -27.0
288.0 2.15 1.69 -21.4 1.39 -35.3 1.34 -37.7 1.50 -30.2
Benzene-n-Hexane 288.0 3.70 3.28 -11.4 3.92 5.9 3.09 -16.5 3.37 -8.9
298.0 4.64 3.72 -19.8 4,45 -4.1 3.48 -25.0 3.83 -17.5
n-Heptane-n-Hexane 298.0 3.78 4.19 10.8 3.24 -14.3 2.88 -23.8 3.21 -15.1
Cyclohexane-Toluene 298.0 2.42 2.11 -12.8 2.20 -9.1 1.93 -20.2 1.93 -20.2
313.0 3.069 2.63 -14.3 2.74 -10.5 2.37 -22.5 2.41 -21.2
328.0 3.80 3.21 -15.5 3.34 -12.1 2.86 -24.7 2.94 -22.6
Toluene-Cyclohexane 298.0 1.569 1.16 -26.1 1.29 -17.8 1.17 -25.4 1.19 -24.2
313.0 1.913 1.55 -19.0 1.73 -9.6 1.53 -20.0 1.59 -16.9
328.0 2.409 2.02 -16.1 2.26 -6.2 1.97 -18.2 2.08 -13.7
Toluene-n-Heptane 279.9 2.95 2.14 -27.5 2.45 ~-16.9 2.05 -30.5 2.07 -29.8
298.0 3.72 2.79 -25.0 3.19 -14.2 2.62 -29.6 2.69 -27.7
313.0 4,33 3.39 -21.7 3.87 -10.6 3.14 -27.5 3.27 -24.5
n-Heptane-Benzene 298.0 1.785 1.82 2.0 1.53 -14.3 1.50 -16.6 1.72 -3.6
313.0 2.279 2.33 2.2 1.96 -14.0 1.90 -16.6 2.21 -3.0
318.0 2.75 2.52 -8.4 2.12 -22.9 2.04 -25.8 2.39 -13.1
338.0 3.65 3.36 -7.9 2.83 =22.7 2.67 -26.8 3.18 -12.9
348.0 4,07 3.84 -5.7 3.23 -20.6 3.02 -25.8 3.63 -10.8
353.1 4,25 4,08 -4.,0 3.43 -19.3 3.19 -24.9 3.86 -9.2
358.0 4.60 4,35 -5.4 3.66 -20.4 3.39 -26.3 4,12 -10.4

1



TABLE II (Continued)

Exp. This Work Wilke-Chang  Sitaraman et al. Scheibel
Solute (A) - Temp. Dy x10° Dy x10° Dev. Drg x10° Dev. Dy x10° Dev. Dyg x10° Dev.
Solvent (B) K cmz/s cm2/s % cmz/s % cmz/s % cmz/s %
Benzene-n-Heptane 298.0 3.40 2.75 -19.1 3.61 6.2 2.82 -17.1 2.88 -15.3
318.0 4.40 3.56 -19.1 4,67 6.1 3.58 -18.6 3.73 -15.2
328.0 5.616 4.01 -28.6 5.26 -6.3 4,00 -28.8 4,20 -25.2
338.0 6.05 4,50 -25.6 5.91 -2.3 4.46 -26.3 4,72 -22.0
348.0 6.55 5.04 -23.1 6.61 0.9 4,95 -24.4 5.27 -19.5
358.0 7.30 5.61 -23.2 7.36 0.8 5.47 -25.1 5.87 -19.6
371.4 8.40 6.44 -23.3 8.45 0.6 6.22 -26.0 6.74 -19.8
Cyclohexane-Benzene 298.0 2.09 2.00 -4.3 1.85 -11.5 1.69 -19.1 1.91 -8.6
298.0 2.101 2.00 -4.8 1.85 -11.9 1.69 -19.6 1.91 -9.1
313.0 2.65 2.58 -2.6 2.38 -10.2 2.14 -19.2 2.46 -7.2
333.0 3.445 3.46 0.4 3.20 -7.1 2.81 -18.4 3.30 -4.2
Benzene-Cyclohexane 298.0 1.88 1.26 -33.0 1.46 -22.3 1.26 -33.0 1.27 -32.4
298.0 1.883 1.26 -33.1 1.46 -22.5 1.26 -33.1 1.27 -32.6
298.0 1.896 1.26 -33.5 1.46 -23.0 1.26 -33.5 1.27 -33.0
308.0 2.207 1.53 -30.7 1.78 -19.3 1.51 -31.6 1.55 -29.8
313.0 2.45 1.68 -31.4 1.96 -20.0 1.65 -32.7 1.70 -30.6
333.0 3.285 2.39 -27.2 2.78 -15.4 2.29 -30.3 2.42 -26.3
Toluene-Benzene 298.0 1.847 2.10 13.7 1.85 0.2 1.68 -9.0 1.91 3.
313.0 2.385 2.71 13.6 2.38 -0.2 2.13 -10.7 2.46 3.
Benzene-Toluene 298.0 2.545 2.37 -6.9 2.49 -2.2 2.07 -18.7 2.07 -18.
313.0 3.24 2.95 -9.0 3.10 -4.3 2.54 -21.6 2.58 -20.
Cyclohexane
-n-Hexane 298.0 3.77 3.97 5.3 3.93 4,2 3.24 -14.1 3.57 -5.3
CC14-n-Hexane 298.0 3.70 3.81 3.0 4,03 8.9 3.92 5.9 3.62 -2.2
298.0 3.86 3.81 -1.3 4,03 4.4 3.92 1.6 3.62 -6.2
CC1,-n-Heptane 298.0 3.17 2.83 -10.7 3.27 3.2 3.18 0.3 2.73 -13.9
CC1,-Toluene 298.0 2.19 2.18 -0.5 2.25 2.7 2.34 6.8 1.96 -10.5
CC14-Cyclohexane 298.0 1.486 1.19 -19.9 1.32 -11.2 1.42 -4.4 1.20 -19.2
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TABLE II (Continued)

Exp. This Work Wilke-Chang Sitaraman et al. Scheibel

Solute (A) - Temp. XB x10 DXB xlO5 Dev. XB x105 Dev. DXB x105 Dev. Dev.

Solvent (B) K cm/s cm2/s % cmz/s % cm2/s % %
CC14-Cyclohexane 313.0 1.915 1.59 -17.0 1.77 -7.6 1.86 -2.9 1.61 -15.9
328.0 2.415 2.08 -13.9 2.32 -3.9 2.39 -1.0 2.11 -12.6
CC14-Benzene 293.0 1.76 1.73 -1.7 1.74 -1.1 1.88 6.8 1.77 0.6
298.0 1.922 1.90 -1.1 1.90 -1.1 2.05 6.7 1.94 0.9
298.0 2.00 1.90 -5.0 1.90 -5.0 2.05 2.5 1.94 -3.0
Benzene-CCly 298.2 1.419 1.39 -2.0 1.95 37.4 1.36 -4.2 1.26 -11.2
313.0 1.775 1.78 0.3 2.51 41.4 1.72 -3.1 1.62 -8.7
Toluene-n-Hexane 298.0 4.21 3.60 -14.5 3.93 -6.7 3.23 -23.3 3.57 -15.2
Benzene-Methanol 300.0 2.76 1.86 -32.6 2.09 -24.3 1.84 -33.3 2.11 -23.6
Toluene-Methanol 298.0 2.56 1.76 -31.3 1.78 -30.5 1.66 -35.2 1.77 -30.9
CC14-Methanol 288.0 1.70 1.43 -15.9 1.52 ~10.6 1.70 0.0 1.52 -10.6
298.0 2.248 1.72 -23.5 1.83 -18.6 2.01 -10.6 1.82 -19.0
298.0 2.30 1.72 -25.2 1.83 -20.4 2.01 -12.6 1.82 -20.9
Chloroform-Methanol 288.0 2.07 1.72 -16.9 1.72 -16.9 1.75 -15.5 1.75 -15.5
MEK-Benzene 303.0 2.086 2.03 -2.7 2.28 9.3 1.90 -8.9 2.23 6.9
Chloroform-Benzene 298.0 2.50 2.03 -18.8 2.15 -14.0 2.10 -16.0 2.07 -17.2
MEK-Toluene 303.0 2.21 2.20 -0.5 2.68 21.3 2.15 -2.7 2.23 0.9
Benzene-Ethanol 298.0 1.81 0.889 -50.9 1.09 -39.8 1.04 -42.5 1.05 -42.0
Toluene-Ethanol 288.0 1.60 0.682 -57.4 0.772 -51.8 0.787 -50.8 0.784 -51.0
Methylcyclohexane 298.0 2.21 2.07 -6.3 1.98 -10.4 1.84 -16.7 1.82 -17.6
-Toluene 318.0 3.09 2.76 -10.7 2.64 -14.6 2.40 -22.3 2.43 -21.4
333.0 3.66 3.36 -8.2 3.21 -12.3 2.88 -21.3 2.96 -19.1
AAPD: 15.8 14.0 20.1 17.1

No. of systems

No. of data points

LE
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Self-Diffusion Coefficients Using the Group

Contribution Method

A non-Tinear Teast squares fitting subroutine MARQ written by
Chandler (39) was used to obtain the optimal group contributions (or
predictive constants). The group contributions for the reference temp-

erature, T., were first obtained for the homologous series of n-alkanes

c
and n-alcohols by fitting the experimental critical temperature data
with the proposed model represented by Equations (2-15) and (2-18).
Subsequently, the remaining six predictive constants for both homologous
series were obtained by fitting the available self-diffusion data for
n-alkanes and n-alcohols with Equations (2-12), (2-15) and (2-18).
Thus, nine constants were generated for the homologous series of
n-alkanes, and another nine constants for the hydroxyl group. The nine
constants for the hydroxyl group are to be added to the nine constants
for n-alkanes in order to predict self-diffusion coefficients for
n-alcohols.

The proposed method was applied to 10 n-alkanes and 5 n-alcohols.
The deviations between the correlated self-diffusion coefficients and
the experimental data for n-alkanes are given in Table III. The pre-
dicted self-diffusion coefficients and deviations from the experimental
values for n-alkanes are given in Table IV. The compounds listed in
Table IV were not included in the regression. The experimental, corre-
lated, and predicted self-diffusion coefficients for n-alcohols are
given in Table V. The deviations of the correlated and predicted self-
diffusion coefficients from the experimental values are also given in
Table V. The compound marked with asterisk (n-octanol) was not included

in the regression and thereby constitutes prediction by the proposed



TABLE III

CORRELATION OF SELF-DIFFUSION COEFFICIENTS FOR N-ALKANES
AND COMPARISON WITH OTHER METHODS

Exp. This Work Wilke-Chang Tyn Tyn-Calus
Temp. D x105 D x105 Dev. D x105 Dev. D x105 Dev. D x105 Dev.
Compound K cm2/s cm2/s % cm2/s % cm2/s % cm2/s %
n-Pentane 250.1 2.97 3.08 3.7 2.56 -13.8 - - 2.59 -12.8
273.0 4,14 4,17 0.7 3.52 -15.0 4,20 1.4 3.62 -12.6
298.0 5.62 5.52 -1.8 4,77 -13.0 5.55 -1.3 5.30 -3.3
308.5 6.29 6.13 -2.5 5.37 -14.6 6.10 -3.0 6.27 -0.3
n-Hexane 273.0 3.00 3.02 0.7 2.54 -15.3 3.05 1.7 2.77 -7.7
293.0 3.85 3.91 1.6 3.32 -13.8 3.90 1.3 3.65 -5.2
298.0 4.12 4,15 0.7 3.54 -14.1 4,15 0.7 3.92 -4.9
313.0 4.80 4,91 2.3 4,24 -12.0 4.90 1.7 4.85 0.6
333.0 6.00 5.99 -0.2 5.31 -11.5 6.00 0.0 6.50 8.3
353.0 7.30 7.14 -2.2 - - 7.35 0.7 8.81 20.7
n-Heptane 185.4 0.310 0.295 -4.8 0.188 -39.4 - - - -
210.0 0.634 0.613 -3.3 0.460 -27.4 - - 1.02 60.9
220.7 0.827 0.801 -3.1 0.623 -24.7 - - 1.17 41.5
240.2 1.275 1.23 -3.5 0.989 -22.4 - - 1.50 17.6
250.1 1.52 1.48 -2.6 1.21 -20.4 - - 1.71 12.5
260.3 1.866 1.78 -4.6 1.46 -21.8 - - 1.95 4.5
273.0 2.08 2.19 5.3 1.82 -12.5 2.15 3.4 2.29 10.1
288.4 2.647 2.74 3.5 2.30 -13.1 2.60 -1.8 2.80 5.8
293.0 2.80 2.92 4.3 2.45 -12.5 2.85 1.8 2.97 6.1
297.5 3.036 3.10 2.1 2.61 -14.0 2.95 -2.8 3.15 3.8
299.0 3.230 3.16 -2.2 2.66 -17.6 3.10 -4.0 3.22 -0.3
300.0 3.279 3.21 -2.1 2.70 -17.7 3.15 -3.9 3.26 -0.6
305.1 3.368 3.42 1.5 2.89 -14.2 3.30 -2.0 3.49 3.6
308.0 3.572 3.54 -0.9 3.00 -16.0 3.45 -3.4 3.62 1.3
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TABLE III (Continued)

Exp. This Work Wilke-Chang Tyn-Calus
Temp. D x10° D x105 D x105 Dev. Dev D x10°  Dev.
Compound K cm2/s cm2/s % cmz/s % % cm2/s %
n-Heptane 315.6 3.978 3.88 -2.5 3.30 -17.0 -4.5 4.00 0.6
318.5 4,123 4,01 -2.7 3.42 -17.1 -4.,2 4.16 0.9
327.3 4,500 4,42 -1.8 3.80 -15.6 -2.7 4.68 4.0
327.5 4.569 4.43 -3.0 3.81 -16.6 -3.7 4.70 2.9
335.6 4,804 4.83 0.5 4.19 -12.8 -1.1 5.24 9.1
337.3 4.990 4,91 -1.6 4,27 -14.4 -1.8 5.37 7.6
346.6 5.391 5.39 -0.0 4.74 -12.1 1.1 6.10 13.2
354.4 5.522 5.80 5.0 5.16 -6.6 6.8 6.81 23.3
360.5 6.240 6.13 -1.8 5.50 -11.9 1.0 7.42 18.9
368.8 6.56 6.59 0.5 6.00 -8.5 3.7 8.37 27.6
373.0 7.030 6.82 -3.0 6.26 -11.0 1.7 8.89 26.5
n-Nonane 235.1 0.509 0.519 2.0 0.379 -25.5 - 0.905 78.0
263.5 0.948 0.979 3.3 0.789 -16.8 - 1.27 34.0
280.2 1.309 1.34 2.4 1.11 -15.2 -4.5 1.55 18.4
298.0 1.70 1.80 5.9 1.52 -10.6 2.9 1.92 12.9
299.5 1.790 1.84 2.8 1.56 -12.8 0.6 1.95 8.9
320.2 2.388 2.48 3.9 2.14 -10.4 0.5 2.50 4.7
339.2 3.092 3.16 2.2 2.77 -10.4 -3.0 3.15 1.9
357.7 3.832 3.90 1.8 3.47 -9.4 -0.8 3.96 3.3
372.6 4,308 4.56 5.8 4,10 -4.8 4.5 4,77 10.7
385.8 4,991 5.18 3.8 4,73 -5.2 - 5.64 13.0
403.6 6.004 6.06 0.9 5.68 -5.4 - 7.13 18.8
421.8 6.984 7.03 0.7 6.77 -3.1 - 9.12 30.6
n-Decane 247.7 0.480 0.502 4.6 0.371  -22.7 0.983 104.
247.9 0.499 0.504 1.0 0.374 -25.1 - 0.986 97.6
263.3 0.707 0.716 1.3 0.565 -20.1 - 1.17 65.5
275.3 0.878 0.917 4.4 0.747 -14.9 -3.2 1.35 53.8
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TABLE III (Continued)

Exp. This Work Wilke-Chang Tyn-Calus
Temp., D x105 D x105 D xlO5 Dev. D xl()5 Dev.
Compound K cm2/s cm2/s % cm2/s % % cmz/s %
n-NDecane 293.0 1.29 1.27 -1.6 1.07 -17.1 -3.1 1.64 27.1
298.0 1.31 1.38 5.3 1.17 -10.7 6.9 1.74 32.8
298.5 1.360 1.40 2.9 1.18 -13.2 4.4 1.75 28.7
299.0 1.388 1.41 1.6 1.19 -14.3 3.7 1.76 26.8
313.0 1.749 1.76 0.6 1.52 -13.1 2.9 2.06 17.8
328.8 2.267 2.21 -2.5 1.93 -14.9 1.5 2.48 9.4
355.3 3.184 3.10 -2.6 2.75 -13.6 -2.6 3.37 5.8
355.5 3.219 3.10 -3.7 2.76 -14.3 -3.1 3.38 5.0
373.3 4,017 3.79 -5.7 3.42 -14.9 - 4.17 3.8
395.4 5.069 4,74 -6.5 4.36 -14.0 5.48 8.1
420.0 6.190 5.91 -4.5 5.60 -9.5 7.52 21.5
440.0 7.299 6.94 -4.9 6.79 -7.0 9.86 35.1
n-Tetradecane 279.2 0.368 0.364 -1.1 0.284 -23.8 - -
286.3 0.442 0.428 -3.2 0.346 -21.7 0.358 -19.0
303.0 0.637 0.611 -4.1 0.522 -18.1 0.425 -33.3
317.6 0.815 0.808 -0.9 0.712 -12.6 0.493 -39.5
330.1 1.050 1.01 -3.8 0.901 -14.2 0.559 -46.8
346.2 1.371 1.31 -4 .4 1.19 -13.2 0.658 -52.0
359.2 1.685 1.58 -6.2 1.45 -13.9 0.750 -55.5
374.3 2.035 1.95 -4.,2 1.80 -11.5 0.874 -57.1
393.4 2.505 2.47 -1.4 2.30 -8.2 1.01 -59.7
416.0 3.227 3.19 -1.1 2.99 -7.3 1.34 -58.5
433.6 3.868 3.82 -1.2 3.62 -6.4 1.61 -58.4
n-Octadecane 301.7 0.297 0.297 0.0 - - 0.366 23.2
304.8 0.320 0.319 -0.3 0.263 -17.8 0.378 18.1
313.0 0.383 0.382 -0.3 0.326 -14.9 0.411 7.3
323.0 0.460 0.470 2.2 0.413 -10.2 0.455 -1.1
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TABLE III (Continued)

Exp. This Work Wilke-Chang Tyn Tyn-Calus
Temp. D x10° D xlO5 Dev. D x105 Dev. D x10° Dev. D x10° Dev.
Compound K cmz/s cmz/s % cmz/s % cmz/s % cmz/s %
n-Octadecane 323.6 0.479 0.476 -0.6 0.418 -12.7 0.52 8.6 0.457 -4.6
347.7 0.763 0.747 -2.1 0.685 -10.2 0.70 -8.3 0.579 -24.1
374.5 1.141 1.15 0.8 1.08 -5.3 - - 0.747 -34.5
396.2 1.528 1.57 2.7 1.47 -3.8 - - 0.914 -40.2
416.0 1.938 2.02 4,2 1.90 -2.0 - - 1.10 -43.2
426.0 2.135 2.28 6.8 2.15 0.7 - - 1.20 -43.8
438.6 2.533 2.63 3.8 2.48 -2.1 - - 1.35 -46.7
AAPD: 2.7 13.7 3.8 23.2

No. of compounds = 7

No. of data points = 85

ey



TABLE IV

PREDICTION OF SELF-DIFFUSION COEFFICIENTS FOR N-ALKANES
AND COMPARISON WITH OTHER METHODS

Exp. This Work Wilke-Chang Tyn Tyn-Calus
Temp. D x10° D x10° Dev. D x10° Dev. D x10° Dev. D x10° Dev.
Compound K cm2/s cm2/s % cmz/s % cm2/s % cm2/s %
n-Octane 273.0 1.47 1.60 8.8 1.33 -9.5 1.50 2.0 1.59 8.2
293.0 2.10 2.19 4.3 1.85 -11.9 2.05 -2.4 2.03 -3.3
298.0 2.25 2.36 4.9 2.00 -11.1 2.20 -2.2 2.16 -4.0
313.0 2.73 2.90 6.2 2.48 -9.2 2.70 -1.1 2.60 -4.8
333.0 3.57 3.70 3.6 3.21 -10.1 3.40 -4.8 3.34 -6.4
343.0 3.80 4.14 8.9 3.63 -4.5 3.85 1.3 3.80 0.0
353.0 4,15 4,60 10.8 4,05 -2.4 4,25 2.4 4,33 4.3
373.0 5.20 5.58 7.3 5.05 -2.9 5.30 1.9 5.64 8.5
n-Dodecane 264.0 0.419 0.412 -1.7 0.310 -26.0 - - 1.05 150.6
278.7 0.568 0.576 1.4 0.463 -18.5 0.50 -12.0 1.23 116.5
298.0 0.814 0.851 4.5 0.722 -11.3 0.80 -1.6 1.51 85.7
300.5 0.900 0.891 -1.0 0.759 -15.7 0.85 -5.6 1.55 72.2
314.3 1.151 1.14 -1.0 0.990 -14.0 1.20 4.3 1.80 56.4
329.9 1.448 1.47 1.5 1.30 -10.2 1.40 -3.3 2.13 47.1
345.4 1.834 1.84 0.3 1.65 -10.0 1.80 -1.9 2.52 37.4
361.6 2.298 2.29 -0.3 2.07 -9.9 2.20 -4.3 3.01 31.0
380.9 2.925 2.90 -0.9 2.65 -9.4 - - 3.74 27.9
406.4 3.714 3.82 2.9 3.55 -4.4 - - 5.00 34.6
434.6 4,871 4,99 2.4 4,76 -2.3 - - 7.00 43.7
n-Hexadecane 291.7 0.352 0.327 -7.1 - - 0.40 13.6 0.351 -0.3
299.7 0.426 0.392 -8.0 0.327 -23.2 0.45 5.6 0.382 -10.3
318.3 0.580 0.577 -0.5 0.509 -12.2 0.65 12.1 0.462 -20.3
332.9 0.773 0.759 -1.8 0.687 -11.1 0.80 3.5 0.533 -31.0
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TABLE IV (Continued)

Exp. This Work Wilke-Chang Tyn Tyn-Calus
Temp. D x10° D xl()5 Dev. D x10° Dev. D x105 Dev. D x10°  Dev.
Compound K cmz/s cm2/s % cm2/s % cm2/s % cmz/s %
n-Hexadecane 343.7 1.002 0.916 -8.6 0.839 -16.3 0.95 -5.2 0.595 -40.6
368.0 1.400 1.34 -403 1.25 "10-7 1035 -3.6 00763 -45.5
382.8 1.663 1.65 -0.8 1.55 -6.8 - - 0.898 -46.0
397.4 2.083 2.00 -4.0 1.88 -9.7 - - - -
399.6 2.141 2.05 -4.3 1.93 -9.9 - - - -
419.8 2.655 2.61 -1.7 2.46 -7.3 - - - -
434.6 2.894 3.07 6.1 2.91 0.6 - - - -
AAPD: 4.0 10.4 4,5 36.1
No. of compounds = 3
No. of data points = 30
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TABLE V

CORRELATION AND PREDICTION OF SELF-DIFFUSION COEFFICIENTS
FOR N-~ALCOHOLS AND COMPARISON WITH OTHER METHODS

Exp. This Work Wilke-Chang Tyn-Calus
Temp. D x105 D xlO5 Dev. D x105 Dev. D xlO5 Dev.
Compound K cm2/s ) cmz/s % cmz/s % cmz/s %
Methanol 268.0 1.26 1.10 -12.7 - - - - 1.86 47.6
278.0 1.55 1.44 -7.1 2.47 59.4 1.50 -3.2 2.11 36.1
288.0 1.91 1.84 -3.7 2.98 56.0 1.85 -3.1 2.39 25.1
298.0 2.44 2.31 -5.3 3.58 46.7 2.25 -7.8 2.71 11.1
308.0 2.90 2.86 -1.4 4,25 46 .6 2.80 -3.4 3.07 5.9
313.0 3.01 3.18 5.6 4,62 53.5 3.00 -0.3 3.27 8.6
318.0 3.43 3.50 2.0 5.01 46.1 3.25 -5.2 3.47 1.2
328.0 3.97 4,23 6.5 5.87 47.9 3.80 -4.3 3.92 -1.3
338.0 4,50 5.05 12.2 6.84 52.0 4.50 0.0 4.45 -1.1
Ethanol 279.8 0.618 0.651 5.3 0.964 56.0 0.60 -2.9 0.975 57.8
288.0 0.770 0.804 4.4 1.17 51.9 0.75 -2.6 1.07 39.0
298.0 1.01 1.03 2.0 1.46 44 .6 1.00 -1.0 1.21 19.8
308.0 1.30 1.29 -0.8 1.82 40.0 1.35 3.8 1.36 4.6
318.0 1.66 1.59 -4.2 2.23 34.3 1.65 -0.6 1.53 -7.8
328.0 2.06 1.94 -5.8 2.72 32.0 2.00 -2.9 1.72 -16.5
338.0 2.61 2.35 -10.0 3.30 26.4 2.40 -8.0 1.94 -25.7
n-Propanol 288.0 0.504 0.510 1.2 0.473 -6.2 0.50 -0.8 0.625 24.0
297.0 0.512 0.643 25.6 0.610 19.1 27.0 0.690 34.8
298.0 0.646 0.659 2.0 0.628 -2.8 8.4 0.698 8.0
308.0 0.814 0.836 2.7 0.821 0.9 -1.7 0.780 -4.2
318.0 1.03 1.05 1.9 1.06 2.9 -2.9 0.873 -15.2
328.0 1.37 1.29 -5.8 1.34 -2.2 -8.8 0.981 -28.4
338.0 1.74 1.57 -9.8 1.69 -2.9 -16.7 1.10 -36.8
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TABLE V (Continued)

Exp. This Work Wilke-Chang Tyn Tyn-Calus

Temp. D xlO5 D x105 Dev. D x105 Dev. D x105 Dev. D x105 Dev.

Compound K cm2/s cm2/s % cmz/s % cmz/s % cmz/s %
298.0 0.504 0.461 -8.5 0.456 -9.5 0.55 9.1 0.516 2.4
308.0 0.649 0.591 -8.9 0.606 -6.6 0.65 0.2 0.574 -11.6
* 318.0 0.822 0.747 -9.1 0.793 -3.5 0.80 -2.7 0.638 -22.4
n-Octanol 297.0 0.138 0.136 -1.4 0.137 -0.7 - - 0.242 75.4
AAPD: 6.1 28.9 5.5 21.2

No. of compounds = 5 ‘ -

No. of data points = 28

* not included in regression

9y
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method. The proposed group contribution method gave average absolute
deviations of 2.7 and 4.0 percent for correlation and prediction of
self-diffusion coefficients for n-alkanes. The average absolute
deviation for n-alcohols was 6.1 percent. The results are equally good
for compounds which were excluded from the regression. 0Only one point
for n-propanol gave a deviation of 25 percent. Similar deviations were
obtained for this data point by other prediction methods. This
indicates that the experimental value may be in error.

The percent deviation is defined as
PD = [(Calc. - Exp.)/Exp.] x100 (4-2)

where Calc. is the calculated value and Exp. is the experimental

value. The average absolute percent deviation is defined as
AAPD = ¢ |PD| / NPTS (4-3)

where |PD| is the absolute value of percent deviation and NPTS is the
total number of data points.

Seif-diffusion coefficients predicted by the Wilke and Chang
equation, the Tyn and Calus group contribution technique, and the
graphical correlation of Tyn are given in Tables III, IV and V for the
purpose of comparison. The results obtained by the proposed method are
as good as those obtained by the graphical correlation of Tyn. In
addition, the present method performs significantly better than the
methods of Wilke and Chang, and Tyn and Calus. The Tyn graphical

correlation cannot predict self-diffusion coefficient for n-octanol,
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since two self-diffusion coefficients are needed for each compound in
order to obtain a correlating line on the graph and only one
experimental value is available for n-octanol. Furthermore, the Tyn
correlation cannot be applied outside the temperature range of 0 to
100°cC.

The results of critical temperature correlation for n-alkanes and
n-alcohols are given in Tables VI and VII. The experimental critical
temperatures were obtained from Ambrose (40). The group contribution
values for n-alkanes and the hydroxyl group are given in Tables VIII and
IX. These constants should be used with Equations (2-12), (2-15), and
(2-18).

The sources of experimental self-diffusion data are given in Table
XIV (Appendix). The data used to predict self-diffusion coefficients
for n-alkanes and n-alcohols by the methods of Wilke and Chang, and Tyn
and Calus are given in Table XV (Appendix). The molar volumes were
calculated from the density data. The viscosity and density data for
n-alkanes were obtained from the API Research Project 44 report (54,
41). The density data for n-alcohols were obtained from the MCA
Research Project report (42), and viscosity data were taken from the TRC
Data Project report (35). The viscosity of n-octanol was obtained by
interpolation of the data given by Lange (43). The molar volume at the

normal boiling point was calculated by the LeBas method (22).



CORRELATION OF CRITICAL TEMPERATURES FOR N-ALKANES

TABLE VI
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Critical Temperature, T

c

Compound Exp., K Eqn. (2-15) Percent Dev.
n-Pentane 469.5 471.2 0.36
n-Hexane 507.3 506.4 -0.18
n-Heptane 540.1 538.4 -0.31
n-0Octane 568.68 567.4 -0.23
n-Nonane 594 .4 593.9 -0.08
n-Decane 617.5 617.9 0.06
n-Undecane 638.7 639.7 0.16
n-Dodecane 658.1 659.5 0.21
n-Tridecane 676.0 677.5 0.22
n-Tetradecane 693.0 693.8 0.12
n-Hexadecane 722.0 722.2 0.03
n-Octadecane 748.0 745.6 -0.32
AAPD: 0.19
TABLE VII

CORRELATION OF CRITICAL TEMPERATURES FOR N-ALCOHOLS

Critical Temperature, T

c

Compound Exp., K Eqn. (2-18) Percent Dev.
Ethanol 513.77 512.1 -0.33
n-Propanol 536.63 538.8 0.40
n-Butanol 562.9 564.0 0.20
n-Pentanol 588.0 587.9 -0.02
n-Hexanol 611.0 610.4 -0.10
n-Heptanol 633.0 631.6 -0.22
n-0ctanol 652.4 651.7 -0.11
n-Nonanol 671.0 670.6 -0.06
n-Decanol 687.0 688.5 0.22
AAPD : 0.18




TABLE VIII

GROUP CONTRIBUTIONS FOR THE N~ALKANE SERIES
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A 1nDc TC
X 1,1731 ~3.9103 234.2
y 0.18227 0.06785 56.884
r 0.90992 0.80501 0.90857
TABLE IX
GROUP CONTRIBUTIONS FOR THE HYDROXYL GROUP
A 1nDC TC
AX 2.9005 - 3.0712 219.6
Ay -0,1841 -2.36605 -26.911
Ar 0.08998 -0.61933 0.03572




CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS
Conclusions

Infinite Dilution Diffusion Coefficients

Infinite dilution diffusion coefficients are predicted for 1iquid
metals and organic systems starting from the pure component self-
diffusion coefficients of the solvents. Thus, infinite dilution
diffusion coefficients can be predicted for any number of systems by
using a few self-diffusion coefficients. The number of systems for
which the infinite dilution diffusion coefficients can be predicted are
restricted only by the availability of thermodynamic data for the
systems. The other data required for the predictions are readily
available in the literature. The following conclusions can be drawn
based on the results of this work:

1. Thé Bearman equation can be modified to predict diffusion coeffi-
cients at infinite dilution for liquid metals with reasonable
accuracy.

2. The theoretical model developed from the Bearman equation was
modified empirically to obtain a simple equation which can be used
to predict infinite dilution diffusion coefficients for liquid
metals with reasonable accuracy.

3. Predictions of the theoretical and the semi-empirical models

developed from the Bearman equation are comparable to those of the
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fluctuation and the hole theory models for liquid metals. In
addition, the new models are easier to use than other currently
existing models.

The semi-empirical equation developed from the Bearman equation was
combined with the Stokes-Einstein temperature correction to predict
infinite dilution diffusion coefficients for organic systems at any
temperature with reasonable accuracy.

Predictions of the semi-empirical equation for organic systems,
obtained by combining the Stokes-Einstein temperature correction
with the semi-empirical equation developed from the Bearman equa-
tion, are comparable to those of the Wilke and Chang, and Scheibel

equations, and better than the predictions of Sitaraman et al.

Self-Diffusion Coefficients

Self-diffusion coefficients are correlated and predicted for

n-alkanes and n-alcohols over a wide range of temperature. The only

information required for predicting the self-diffusion coefficients is

the structure of the compound. The following conclusions can be drawn

from the results of this work:

1.

3.

The Arrhenius equation in the corresponding states form can be used
to represent adequately the temperature dependence of self-diffusion
coefficients.

The constants of the reduced Arrhenius equation can be represented
by a geometric series.

The constants of the group contribution technique for predicting
self-diffusion coefficients were generated for both non-polar (n-

alkanes) and polar (n-alcohols) compounds.
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4. The proposed method correlates and predicts self-diffusion
coefficients with a higher accuracy than any other currently

existing method.
Recommendations

Infinite Dilution Diffusion Coefficients

1. A comprehensive experimental program should be undertaken to measure
infinite dilution diffusion coefficients for organic and aqueous
systems over a wide temperature range.

2. These consistent experimental data should be used to test the
predictive capability of the proposed equation.

3. The available experimental self-diffusion data for water show large
variations. Hence, self-diffusion coefficients for water should be
measured. The measured self-diffusion coefficieﬁts should be used

to test the proposed equation for aqueous systems.

Self-Diffusion Coefficients

1. A study should be undertaken to measure self-diffusion coefficients
for higher carbon number n-alcohols and other homologous series.

2. The new self-diffusion data for n-alcohols should be used to test
the reproducibility of the present group contributions for the
hydroxyl group.

3. The new self-diffusion data should be used to generate group
contributions for other functional groups and for the effect of

position of the functional group.
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TABLE X

SELF-DIFFUSION COEFFICIENTS AND COORDINATION
NUMBER DATA FOR LIQUID METALS

Self-Diffusion Coefficient

Element Temp. DBB xlO5 Coordination Number
K cm2/s Ref. ZB Ref.
Sn 600 3.18 44 8.8 45
723 4.42 46 8.8 45
905 6.60 46 8.8 45
1250 10.74 46 8.8 45
Cu 1400 4,45 47 10.4 45
1423 4,71 47 10.4 45
Sb 1200 9.26 48 8.8 45
1250 9.94 48 8.8 45
Na 384 4,69 49 11.1 45
K 384 5.38 49 10.2 45
Ga 700 9.12 50 9.0 45
Ag 1250 2.65 14 9.4 45
1350 3.34 14 9.4 45
1423 3.86 14 9.4 45
In 673 4,70 51 9.8 45
700 5.04 51 9.8 45
Cd 750 3.94 52 10.4 45
773 4,21 52 10.4 45
Pb 700 3.73 53 8.3 45
773 5.05 53 8.3 45




TABLE XI

DIFFUSION COEFFICIENTS AND THERMODYNAMIC
DATA AT INFINITE DILUTION FOR
LIQUID METAL SYSTEMS

Infinite Dilution Aoézs
Diffusion Coefficient at Infinite
o 5 3ln YX
Solute (A) - Temp. DAB x10 Dilution
2 9ln Xp
Solvent (B) K cm®/s Ref, cal/g atom

Ag-Sn 1250 14.89 46 -4160 0.095
Sb=-Sn 905 6.47 46 -1600 0.025
T1-Sn 723 3.09 54 1200 -0.028
Cu-Ag 1423 3.55 55 3465 -0.041
Ag-Cu 1423 4,15 55 3440 -0.036
Au-Ag 1350 3.12 17 -2782 0.039
Ge-Ag 1250 3.91 20 -2200 0.064
Bi-Sh 1200 8.33 56 -1900 0.016
Cd-Ga 700 6.44 50 2850 -0.078
Sn-Ag 1250 3.88 14 990 -0.087
Cd-Pb 773 4,83 57 1869 -0.032
Ag-Sh 1250 9.82 58 -1250 -0.009
Sn-Cd 773 5.10 59 1008 -0.025
Pb-In 673 3.99 60 750 -0.022

K-Na 384 4.23 61 790 -0.033

Na-K 384 5.85 61 680 -0.021
Bi-Pb 700 5.16 53 -993 0.008
Sb-Ag 1250 4.09 16 -7265 0.165
‘Bi-Sn 600 2.75 62 363 -0.013

Sn-In 700 5.39 63 -1362 0.049




TABLE XII

DIFFUSION COEFFICIENTS, ACTIVITY COEFFICIENTS, AND
COORDINATION NUMBER DATA AT INFINITE
DILUTION FOR ORGANIC SYSTEMS
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Infinite Dilution

Diffusion Coefficient

Infinite Dilution

Infinite

Activity Coefficient Dilution

o 5 Coordination
Solute (A) - Temp. DAB x10 Temp. Number
Solvent (B) K cm2/s Ref. K lnyz Ref. Z°AB
n-Hexane- 278.0 1.78 64 338 0.4191 65 11.4
Benzene 284.0 1.89 64
288.0 2.15 64
Benzene- 288.0 3.70 21 333  0.3107 65 8.9
n-Hexane 298.0 4,64 66
n-Heptane-
n-Hexane 298.0 3.78 66 333 -0.2561 65 10.6
Cyclohexane- 298.0 2.420 67 353 0.2274 65 10.0
Toluene 313.0 3.069 67
328.0 3.800 67
Toluene- 298.0 1.569 67 353  0.2377 65 10.0
Cyclohexane 313.0 1.913 67
328.0 2.409 67
Toluene- 279.9 2.95 68 373  0.2577 65 9.1
n-Heptane 298.0 3.72 68
313.0 4,33 68
n-Heptane- 298.0 1.785 67 353  0.4033 65 12.0
Benzene 313.0 2.279 67
318.0 2.75 69
338.0 3.65 69
348.0 4,07 69
353.1 4,25 69
358.0 4,60 69
Benzene- 298.0 3.40 69 353 0.2155 65 8.5
n-Heptane 318.0 4,40 69
328.0 5.616 67
338.0 6.05 69
348.0 6.55 69
358.0 7.30 69
371.4 8.40 69
Cyclohexane- 298.0 2.090 67 353 -0.1626 70 10,7
Benzene 298.0 2.101 71
313.0 2.650 67
333.0 3.445 67
Benzene- 298.0 1.880 71 353 -0.1592 70 9.3
Cyclohexane 298.0 1.883 72
298.0 1.896 67



TABLE XII (Continued)
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Infinite Dilution

Diffusion Coefficient

Infinite Dilution
Activity Coefficient Dilution

Infinite

° 5 Coordination
Solute (A) - Temp. DAB x10 Temp. Number
Solvent (B) K cm?/s  Ref. K ny,  Ref. 2°g
Benzene- 308.0 2.207 66
Cyclohexane 313.0 2.450 67
333.0 3.285 67
Toluene- 298.0 1.847 67 353 -0.4369 65 10.8
Benzene 313.0 2.385 67
Benzene- 298.0 2.545 67 353 -0.3276 65 9.3
Toluene 313.0 3.240 67
Cyclohexane-
n-Hexane 298.0 3.77 66 333 0.0375 73 9.5
CC14- 298.0 3.70 74 333 0.2162 70 9.0
n-Hexane 298.0 3.86 66
CC]4-
n-Heptane 298.0 3.17 21 353  0.0955 70 8.7
CC1,-
Tgluene 298.0 2.19 21 353 0.0611 70 9.5
CC14- 298.0 1.486 67 353 0.1086 70 9.5
Cyclohexane 313.0 1.915 67
328.0 2.415 67
CC14- 293.0 1.76 75 353 0.1228 70 10.2
Benzene 298.0 1.922 76
298.0 2.00 21
Benzene- 298.2 1.419 64 333 0.0856 77 9.7
CC1 313.0 1.775 64
Toluene-
n-Hexane 298.0 4,21 68 333 0.4777 70 9.5
Benzene-
Methanol 300.0 2.76 78 328 1.7893 73 13.9
Toluene-
Methanol 298.0 2.56 79 328 2.0364 73 15.0
CC14- 288.0 1.70 23 328 2.0390 73 14.1
Methanol 298.0 2.248 80
298.0 2.30 74
Chloroform-
Methanol 288.0 2.07 23 328 0.9630 73 13.1
MEK-
Benzene 303.0 2.086 81 353 0.2265 70 10.0
Chloroform-
Benzene 298.0 2.50 38 333 -0.1389 77 9.5
MEK-
Toluene 303.0 2.21 81 353 0.3603 70 9.3
Benzene
Ethanol 298.0 1.81 82 338 1.3631 73 11.8
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TABLE XII (Continued)

Infinite Dilution Infinite Dilution Infinite
Diffusion Coefficient Activity Coefficient Dilution
o 5 Coordination
Solute (A) - Temp. DAB x10 Temp. Number
Solvent (B) K cmz/s Ref. K 1nyX Ref. Z°AB
Toluene

Ethanol 288.0 1.60 83 338 1.6854 77 12.9

Methylcyclohexane 298.0 2.21 84 373 0.2698 73 10.7
-Toluene 318.0 3.09 84

333.0 3.66 84




TABLE XIII

DATA FOR THE PREDICTION OF INFINITE DILUTION
DIFFUSION COEFFICIENTS BY THE WILKE-CHANG,

SITARAMAN ET AL., AND SCHEIBEL
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CORRELATIONS
Latent
Molar Heat of
Volume Vaporization
at NBP at NBP Temp. Viscosity
Compound cm”/mol cal/g K cp
n-Hexane 140.6 80.48 288.0 0.3265
n-Heptane 162.8 76.45 279.9 0.4827
298.0 0.3955
313.0 0.3416
318.0 0.3262
328.0 0.2984
338.0 0.2739
348.0 0.2522
353.0 0.2424
358.0 0.2330
371.4 0.2105
Benzene 96.0 94.14 278.0 0.8235
280.3 0.7931
284.0 0.7456
288.0 0.6983
293.0 0.6468
298.0 0.6010
303.0 0.5604
313.0 0.4908
318.0 0.4615
333.0 0.389
338.0 0.368
348.0 0.332
353.0 0.317
358.0 0.301
Toluene 118.2 86.80 298.0 0.5500
303.0 0.5187
313.0 0.4636
318.0 0.4398
328.0 0.398
333.0 0.379
353.0 0.316
373.0 0.268
Cyclohexane 118.2 85.60 298.0 0.895
308.0 0.759
313.0 0.702
328.0 0.563
333.0 0.526
353.0 0.410



TABLE XIII (Continued)

Latent
Molar Heat of
Volume Vaporazation
at, NBP at NBP Temp. Viscosity
Compound cm”/mol cal/g K cp
Methanol 37.0 262.79 300.0 0.5362
Ethanol 59.2 204 .26 298.0 1.0826
Chloroform 92.3 59.01 298.0 0.542
MEK 96.2 105.93 303.0 0.365
Methylcyclohexane 140.4 76.90 298.0 0.683
CCly 113.2 46.42 298.0 - 0.906
313.0 0.739
323.0 0.651

333.0 0.585




TABLE XIV

SELF-DIFFUSION COEFFICIENT DATA FOR
ORGANIC COMPOUNDS

Self-Diffusion Coefficient

Temp. D xlO5
Compound K cm2/s Ref.
n-Pentane 250.1 2.97 85
273.0 4,14 85
298.0 5.62 85
308.5 6.29 85
n-Hexane 273.0 3.00 86
293.0 3.85 87
298.0 4,12 86
» 313.0 4,80 86
333.0 6.00 86
353.0 7.30 86
n-Heptane 185.4 0.310 88
210.0 0.634 88
220.7 0.827 88
240.2 1.275 88
250.1 1.52 85
260.3 1.866 88
273.0 2.08 85
288.4 2.647 88
293.0 2.80 86
297.5 3.036 88
299.0 3.230 88
300.0 3.279 88
305.1 3.368 88
308.0 3.572 88
315.6 3.978 88
318.5 4,123 88
327.3 4,500 88
327.5 4,569 88
335.6 4,804 88
337.3 4,990 88
346.6 5.391 88
353.0 5.60 86
354.4 5.522 88
360.5 6.240 88
368.8 6.56 85
373.0 7.030 88
n-Octane 273.0 1.47 86
293.0 2.10 87
298.0 2.25 4
313.0 2.73 87

333.0 3.553 89



TABLE XIV (Continued)
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Self-Diffusion Coefficient

Temp. D xlO5
Compound K cm2/s Ref.
n-Nctane 343.0 3.80 87
353.0 4,15 86
373.0 5.20 86
n-Nonane 235.1 0.509 88
263.5 0.948 88
280.2 1.309 88
298.0 1.70 4
299.5 1.790 88
320.2 2.388 88
339.2 3.092 88
357.7 3.832 88
372.6 4,308 88
385.8 4,991 88
403.6 6.004 88
421.8 6.984 88
n-Decane 247.7 0.480 88
247.9 0.499 88
263.3 0.707 88
275.3 0.878 88
293.0 1.29 86
298.0 1.31 4
298.5 1.360 88
299.0 1.388 88
313.0 1.749 88
328.8 2.267 88
355.3 3.184 88
355.5 3.219 38
373.3 4,017 88
395.4 5.069 88
420.0 6.190 88
440.0 7.299 88
n-Dodecane 264.0 0.419 88
278.7 0.568 88
298.0 0.814 89
300.5 0.900 88
314.3 1.151 88
329.9 1.448 88
345.4 1.834 88
361.6 2.298 38
380.9 2.925 38
406.4 3.714 88
434.6 4,871 88
n-Tetradecane 279.2 0.368 88
286.3 0.442 88



TABLE XIV (Continued)

Self-Diffusion Coefficient

Temp. D x10°
Compound K cm2/s Ref.
n-Tetradecane 303.0 0.637 88
317.6 0.815 88
330.1 1.050 88
346.2 1.371 88
359.2 1.685 88
374.3 2.035 88
393.4 2.505 88
416.0 3.227 88
433.6 3.868 88
n-Hexadecane 291.7 ‘ 0.352 88
299.7 0.426 88
318.3 0.580 88
332.9 0.773 88
343.7 1.002 88
368.0 1.400 88
382.8 1.663 88
397.4 2.083 88
399.6 2.141 88
419.8 2.655 88
434.6 2.894 88
n-Octadecane 301.7 0.297 88
304.8 0.320 88
313.0 0.383 88
323.0 0.46 4
323.6 0.479 88
347.7 0.763 88
374.5 1.141 88
396.2 1.528 88
416.0 \ 1.938 88
426.0 2.135 38
438.6 2.533 88
Methanol 268.0 1.26 90
278.0 1.55 90
288.0 1.91. 90
298.0 2.44 91
308.0 2.90 91
313.0 3.01 90
318.0 3.43 91
328.0 3.97 91
338.0 4,50 91
Ethanol 279.8 0.618 90
288.0 0.77 90
298.0 1.01 90

308.0 1.30 90



TABLE XIV (Continued)

Self-Diffusion Coefficient

Temp. D xlO5
Compound K cmz/s Ref.
Ethanol 318.0 1.66 90
328.0 2.06 90
338.0 2.61 90
n-Propanol 288.0 0.504 92
297.0 0.512 93
298.0 0.646 92
308.0 0.814 92
318.0 1.03 91
328.0 1.37 91
338.0 1.74 91
n-Butanol 297.0 0.426 93
298.0 0.504 92
308.0 0.649 92
318.0 0.822 92
n-0ctanol 297.0 0.138 93
Benzene 333.0 3.40 86
338.0 4.07 90
353.0 4,37 86
Toluene 353.0 4.56 86
373.0 5.60 86
Cyclohexane 353.0 3.14 86
CC14 323.0 2.00 90

333.0 2.44 90




TABLE XV

DATA FOR THE PREDICTION OF SELF-DIFFUSION
COEFFICIENTS BY THE WILKE-CHANG AND
TYN-CALUS CORRELATIONS

Molar
Volume Molar
at, NBP Temp. Viscosity Volume
Compound cm”/mol K cp cm”/mol
n-Pentane 118.4 250.1 0.350 108.24
273.0 0.278 111.79
298.0 0.224 116.15
) 308.5 0.206 118.18
n-Hexane 140.6 273.0 0.3799 127.26
293.0 0.3117 130.71
298.0 0.2976 131.62
313.0 0.2611 134.45
333.0 0.2216 138.54
353.0 - 143.04
n-Heptane 162.8 185.4 3.44 -
210.0 1.591 133.14
220.7 1.236 134,68
240.2 0.8477 137.64
250.1 0.7215 139.21
260.3 0.6211 140.87
273.0 0.5246 143.00
288.4 0.4381 145.70
293.0 0.4169 146.54
297.5 0.3976 147.38
299.0 0.3916 147.66
300.0 0.3877 147.84
305.1 0.3685 148.82
308.0 0.3581 149.37
315.6 0.3336 150.86
318.5 0.3248 151.43
327.3 0.3003 153.23
327.5 0.2998 153.28
335.6 0.2796 154.99
337.3 0.2756 155.37
346.6 0.2551 157.42
354.4 0.2398 159.20
360.5 0.2287 160.65
368.8 0.2146 162.69
373.0 0.2080 163.73
n-Octane 185.0 273.0 0.7104 158.93
293.0 0.5450 162.55
298.0 0.5136 163.49
313.0 0.4355 166.43

333.0 0.3576 170.55



TABLE XV (continued)

Molar
Volume Molar
at, NBP Temp. Viscosity Volume
Compound cm”/mol K cp cm”/mol
n-Octane 343.0 0.3264 172.75
353.0 0.3005 175.02
373.0 0.2547 179.87
n-Nonane 207.2 235.1 2.12 168.06
263.5 1.141 ‘ 173.08
280.2 0.8613 176.22
298.0 0.6676 179.68
299.5 0.6551 179.99
320.2 0.5112 184,27
339.2 0.4189 188.46
357.7 0.3524 192.77
372.6 0.3102 196.46
385.8 0.2787 199.89
403.6 0.2427 204.84
421.8 0.2127 210.28
n-Decane 229.4 247.7 .2.257 186.30
247.9 2.244 186.35
263.3 1.576 189.15
275.3 1,248 191.42
293.0 0.9256 194.87
298.0 0.8588 195.88
298.5 0.8529 195.99
299.0 0.8469 196.09
313.0 0.6989 198.99
328.8 0.5771 202.45
355.3 0.4365 208.62
355.5 0.4357 208.68
373.3 0.3694 213.12
395.4 0.3068 219.16
420.0 0.2538 226.56
440.0 0.2193 233.25
n-Dodecane 273.8 264.0 2.832 221.44
278.7 2.003 224 .44
298.0 1.374 228.58
300.5 1.318 229.13
314.3 1.057 232.22
329.9 0.8466 235.85
345.4 0.6969 239.67
361.6 0.5813 243.78
380.9 0.4788 249.02
406.4 0.3810 256.48
434.6 0.3043 265.56
n-Tetradecane 318.2 279.2 3.225 -
286.3 2.718 258.61

303.0 1.904 262.46



TABLE XV (continued)
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Molar
Volume Molar
at, NBP Temp. Viscosity Volume
Compound cm”/mol K cp cm”/mol
n-Tetradecane 317.6 1.465 265.92
330.1 1.203 268.95
346.2 0.9581 273.03
359.2 0.8133 276.37
374.3 0.6841 280.40
393.4 0.5616 285,73
416.0 0.4562 292.29
433.6 0.3936 297.73
n-Hexadecane 362.6 291.7 - 292.36
299.7 2.974 294 .55
318.3 2.027 299.55
332.9 1.571 303.44
343.7 1.329 306.48
368.0 0.9556 313.75
382.8 0.8028 318.83
397.4 0.6861 -
399.6 0.6709 -
419.8 0.5526 -
434.,6 0.4850 -
n-Octadecane 407.0 301.7 - 327.77
304.8 3.724 328.68
313.0 3.084 331.17
323.0 2.508 334.18
323.6 2.481 334.36
347.7 1.628 341.58
374.5 1.116 349.66
396.2 0.862 356.31
416.0 0.701 362.61
426.0 0.637 365.84
438.6 0.568 369.99
Methanol 37.0 268.0 - 39.33
278.0 0.746 39.78
288.0 0.639 40.25
298.0 0.5513 40.73
308.0 0.4793 41,22
313.0 0.4481 41.47
318.0 0.4196 41.71
328.0 0.3696 42.20
338.0 0.327 42.74
Ethanol 59.2 279.8 1.5429 57.54
288.0 1.3096 58.05
298.0 1.0826 58.68
308.0 0.902 59.33
318.0 0.757 59.99
328.0 0.640 60.67



TABLE XV (continued)
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MoTar
Volume Molar
at, NBP Temp. Viscosity Volume
Compound cm”/mol K cp cm”/mol
Ethanol 338.0 0.544 61.39
n-Propanol 81.4 288.0 2.492 74.40
297.0 1.9936 75.06
298.0 1.9430 75.14
308.0 1.537 75.91
318.0 1.2319 76.71
328.0 0.9993 77.57
338.0 0.820 78.46
n-Butanol 103.6 297.0 - 91.88
298.0 2.571 91.96
308.0 2.000 92.84
318.0 1.5786 93.74
n-0ctanol 192.4 7.818 158.23

297.0




APPENDIX B
SAMPLE CALCULATIONS

75



76

Infinite Dilution Diffusion Coefficients

Liquid Metal Systems

Infinite dilution diffusion coefficients for liquid metal systems
were calculated by using Equations (2-4) and (2-6). The numerical value

of the term ( 81n7X/81nxA ) was calculated by following the procedure

described elsewhere in this dissertation (page 32). The sample

calculations are shown for the system Ag-Sn (A-B) at 1250 K.

From Table XI (Appendix A)

AOGXS(Ag-Sn) = -4160 cal/g atom

3ln Y;

m-—)q\— (Ag-Sn) = 0.095

From Table X (Appendix A)

Dgg (Sn) = 10.74 x107° cm?/s

Zg (Sn) = 8.8

Using Equation (2-4)

10.74 x10~3 (1+0.095)

o
H

11.76 x10™2 cmé/s
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Using Equation (2-6)

2(-4160)

= —5 -
10.74 x10 [1 1.987) (1250

o
|

14.83 x10-5 cm?/s

Organic Systems

Infinite dilution diffusion coefficients for organic systems were
calculated by using Equation (2-10). Infinite dilution activity
coefficients were calculated at the reference temperature by using the

Wilson equation (22), expressed as

o_— - d -
In Y = In AAB Agp * 1 (B-1)

The terms Apg and Agp are defined by the equations

v App= A

__B AB  “AA -
g =, P - —Rr ) (8-2)
and
v App= A
A BA “BB
where
VAs VB = molar volumes of components A and B, respectively,

cm3/mo1
AAB = Agp = interaction energy between A and B, J/mol
AAs Agg = interaction energies for pure A and B,

respectively, J/mol
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—
1}

absolute temperature, K

o)
]

gas constant = 8.314 J/mol K

Sample calculations are shown for the system n-hexane-benzene (A-B)

at 278 K. A reference temperature of 338 K was used for this system.

For Gothard et al. (65)

393.0 J/mol

AB = MAA

)‘BA - ABB 802.2 J/mol

The densities of n-hexane and benzene at the reference temperature, 338

K, were obtained from the APl Research Project 44 report (34, 41).

0.6172 g/cm’

©
"

"

0.8303 g/cm3

The molecular weights of n-hexane and benzene were obtained from Perry

(38).

Mg = 78.11

The molar volumes of n-hexane and benzene at the reference temperature

were calculated from their densities.



M
_ A _86.17 _ 3
VA = -X = 0_6—1—7—2- = 139.61 cm /mo]
"s  78.11 3
VB = -E = 0—8—3m = 94,07 cm /mo]

The parameters Apg and Agp were calculatd by using Equations (B=2) and
(B-3)o

9407 393.0
Mg = 139,67 &P (- @318 (3387

= 0.5859

The infinite dilution activity coefficients were calculated by

substituting these values into Equation (B-1).

n YX - 1n (0.5859) - 1.1155 + 1

0.4191

From Table XIII (Appendix A)

= 0.8235 cp at 278 K

k=
!

0.368 cp at 338 K
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From Table XIV (Appendix A)
Dgg = 4.07 x 10°° cm?/s at 338 K

From Table XII (Appendix A)

o .
ZAB = 11.4

Using Equation (2-10)

DXB = (4.07 x 10-5) ( 0:368 ) (278) (1 - 2(0i4}91) )

= 1.39 x 10-5 cm?
Self-Diffusion Coefficients for Organic Systems

In order to use the subroutine MARQ the initial estimates, and the
upper and lower limits of the constants x, y, and r for the parameters
Tcs 1nDc, and A are required as input values. The initial estimates of
the constants x, y, and r for T. were obtained by plotting T. versus the
number of carbon atoms in the compound for the homologous series of
n-alkanes and n-alcohols. The intercept at a carbon number of zero gave
the initial estimate for x. The initial estimate of y was obtained as
the slope of the best straight line passing through the first few points
in the plot of T. versus carbon number. The initial estimate of r was
arbitrarily set as 0.90. The upper and lower limits of the constants x
and y were arbitrarily set and adjusted while running the MARQ program

so that they did not constitute a restraining condition during the
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iterative procedure. However, the upper and lower limits of r were
arbitrarily set as 0.9999 and 1 X 10'4, respectively.

A plot of 1nD versus T, was made for each compound of the
homologous series of n-alkanes and n-alcohols to obtain the values of
InD. and A for each compound from the intercept and initial slope,
respectively. The initial estimates, and the upper and lower limits of
the constants x, y, and r were obtained for both parameters lnDC and A
by following the procedure used for T..

The group contributions given in Tables VIII and IX were used along
with Equations (2-12), (2-15), and (2-18) to calculate the self-
diffusion coefficients for n-alkanes and n-alcohols. The calculation

procedure is illustrated for one compound of each homologous series.

n-Alkanes
n-Octane:
T =273 K
n=28
From Table VIII
For T.:
x = 234.2
y = 56.884
r = 0,90857
For 1nD.:
x = -8,9103
y = 0.06785
r = 0.80501
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For A:
1.,1731

>
I

0.18227

<
]

0.90992

S
1]

Using Equation (2-15)

T, = 236.2 + 56.884 (1 - (0.90857)° )
(T~ 0.90857)
- 567.4
1nD, = -8.9103 + 0.06785 (1 - (0.80501)%)
(T - 0.80501)
- -8.6237
A = 1.1731 + 0.18227 (1 - (0.90992)8)
(T~ 0.90992)
= 2.2457
To= 4= E£30 - o481
c L]

Using Equation (2-12)

—1
0.4811

1nD -8.6237 + 2.,2457 (1 -

-11.0458



D(n-Octane) = 1.60 X 10~° cm?/s

n-Alcohols
n-Octanol:
T =297 K
n=328
From Table IX
For T..
Ax = 219.6
Ay = -26.911
Ar = 0,03572
For 1nD.:
Ax = 3.0712
Ay = -2.36605
Ar = -0,61933
For A:
Ax = 2.9005
Ay = -0,1841
Ar = 0,08998

Using Equations (2-19) through (2-21)

For T¢:

234,2 + 219.6 = 453.8

X1

y1 = 56.884 - 26.911 = 29.973

0.90857 + 0.03572 = 0.94429

1
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For TnD.:
x] = -8.9103 + 3.0712 = -5.8391
y1 = 0.06785 - 2,36605 = -2.2982
r; = 0.80501 - 0.61933 = 0,18568
For A:

x1 = 1.1731 + 2.9005 = 4.0736

0.18227 - 0.1841 = -0,00183

Y1
r1 = 0.90992 + 0.08998 = 0.9999

Using Equation (2-18)

Te

1nDC

1]

Tp =

453.8 + 29.973 (1 - (0.94429)%)
(1= 0.94429)

651.7

-5.8391 - 2.2982 (1 - (0.18568)%)
T - 0.18568)

-8.6613

4.0736 - 0.00183 (1 - (0.9999)%)
T = 0.9999)

4.0590

T 297.0 _ :

T‘C‘ = '6—5"]'.'.—7' - 004557
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Using Equation (2-12)

InD = -8.6613 + 4.0590 (1 - 0-1%57)

-13.5095

D(n-Octanol) = 1.36 X 10~® cm?/s
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