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ABSTRACT

The Eyring rate theory equation has been modified successfully to enable
predictions of binary molecular diffusivities for a wide variety of liquid-liquid
systems. The activation free energy for binary diffusion has been evaluated in
terms of the activation free energies for self diffusion of the solvent and solute.
This was accomplished through the use of regular solution theory by relating
the bond breaking energy of the jump step to the bond breaking energy in
evaporation. Diffusivities estimated by this equation and the equations developed
by Olander, by Gainer and Metzner, and by Wilke and Chang were compared
with experimental data. All of the equations tested predicted adequately the
diffusivities for most low viscosity as well as for some moderately high viscos-
ity systems. The high viscosity system diffusivities are more accurately
predicted by three modified absolute rate theory equations. An important
result of this study was the observation that the jump step portion of the total
activation energies generally constituted from 0 to 35 percent of the total energy

for all of the modified absolute rate theory equations.
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I. INTRODUCTION

In almost all studies of mass transfer in liquids, accurate liquid molecular
diffusion coefficients are needed for the liquid systems under consideration. At
the present time, relationships are available with which one may estimate binary
liquid diffusivities with reasonable accuracy for a variety of simple, low viscos-
ity systems. However, there are several significant problems which tend to
preclude the application of these relations for the prediction of diffusivities for
certain classes of binary liquid systems. For example, estimations of the
molecular diffusion coefficients for some high viscosity systems using existing
approaches (except for one recently proposed mechanism) have resulted in
order of magnitude errors. TLarge deviations between experimental and pre-
dicted diffusivities also have been observed for some systems exhibiting
hydrogen bonding.

The objective of this work is to present a mechanism which will allow
one to estimate binary molecular diffusivities for the simple, low viscosity
systems and for liquid solutions with high viscosity components and/or com-
ponents exhibiting hydrogen bonding. The proposed mechanism utilizes the
Eyring rate theory as a basic starting point. The novel feature of this method
is an application of regular solution theory in the calculation of the free energy
of activation for binary diffusion.

The diffusivity prediction model developed in this work and other methods
presented in the literature will be compared with experimental data. Since

literature diffusion data for systems in the moderately high viscosity range



are very limited, additional data were obtained experimentally during the
course of the investigation. A radioactive tracer technique was used to obtain
data in the very low solute concentration region, in contrast to the relatively

high solute concentrations used in a previous study of high viscosity systems.



II. LITERATURE REVIEW

The many diverse methods of estimating binary molecular diffusivities
will not be reviewed here since they are adequately described elsewhere (Reid
and Sherwood, 1966). However, the diffusion mechanisms proposed by Olander
(1963) and Gainer and Metzner (1965) will be described because some of the
concepts which they introduced have been employed in the mechanism to be
proposed later in this work..

The absolute rate theory equation for the prediction of the molecular
diffusion coefficient is often expressed in the following form (Ree et al., 1958):

AF - AFD

1 Mg AB
exp RT @)
3

>

L ok
AB  £ng AgA

Until 1963, the free energy of activation for viscous transfer AF’U and binary
molecular diffusion AFD were usually considered to be equal, i part
because there was no rel?a?ole way to evaluate the free energy of activation for
binary molecular diffusion. In 1963, Olander proposed a method of estimating
this free energy term.

In the development of his diffusion mechanism, Olander (1963) suggested
that at low solute concentrations the mechanism of viscous transfer is deter-
mined almost entirely by the solvent molecule interactions. This viscous
mechanism can be thought of as occurring via two processes. The first process
is the formation of a hole or a vacant lattice site followed by the second process

which is the movement of a neighboring molecule to fill the hole. This

mechanism tells nothing of the relative importance of the two processes, but



it does allow one to consider the total free energy of activation for viscous

transfer in a pure substance as

AF  =AF' +AF @)
"B 452! )

where the superscripts h and j refer to the hole formation and jump step contri-
butions of the total process, respectively.

In the binary diffusion process for very dilute solutions where solute A
can be considered to be almost completely surrounded by solvent molecules, B,
the hole formation process can be considered as occurring in pure B. However,
the movement (i.e., jump) of the solute molecule into the hole must ultimately

take into account the interaction of the solvent and solute molecules. Thus,

AFE = AFD (3a)
AB BB
and, consequently,
N AF% + AFJD (3b)
AB BB AB

Since the jump term is considered as passage up a potential energy

1
barrier, €, the following equation can be written by making use of the zero

point energy difference: Q
. AR .
exp (-AFJD /RT) =5~= exp (¢, /KT) )
AB AB AB

There are no universally exact combination rules for the zero point
energy difference between dissimilar species. However, Olander (1963)
utilized a relation proposed by McLaughlin (1959) indicating that for both

laminar viscous and self diffusion processes this zero point energy difference



can be represented by a fraction (empirically determined) of the Lennard-Jones
expression for the potential energy between the central molecule and its nearest
neighbors. McLaughlin also indicated that the zero point energy difference
depends primarily upon the force constant ¢. Olander then assumed that, if a
linear relation between € and e; is valid, the combination rules for the molec~
ular constant € could be applied to the zero point energy difference to give

1 ' Y

& % & (5)
AB AA °BB

If it is then assumed that the product of the ratio of the partition functions for
the activated and equilibrium states for binary diffusion times the inverse ratio
of the partition functions for viscous transfer is approximately unity, then the

following relation is obtained:

AP AR =AF - [AF. AP )
0z D 2} Daa Pgpp

AB
If one also assumes that the jump part of the free energy of activation consti-

1
tutes a constant fraction, f, of the total free energy of activation, then the

diffusion coefficient can be estimated by the following equation (Olander, 1963):

, |
f(AF_ - [AF

1/3 “ Ppp / . Daa AFDBB)

aB g, VP RT

(7)

It was assumed by Olander in the above development that the free energy of
activation for viscous transfer and self diffusion are equal.

Olander (1963) empirically obtained a value of approximately one-half
for the parameter f "and a value of about 5.6 for £ from binary diffusion data.

Gainer and Metzner (1965) developed a somewhat similar method for



estimating the activation energy for binary diffusion. They also started with
the Eyring absolute rate theory equation in a form similar to Equation 1 but
had the activation energy in the exponential term instead of the free energy of
activation as used by Olander. However, they further extended their analysis
and divided the contribution of the activation for the jump step into two parts
by first assuming that the energy term was a measure of the solvent-solute
bond energies. These two terms are assumed to account for ordinary dis-
persion forces and for hydrogen bonding forces. Thus,

B = ¢, EJ;:) +C B )

DAA AA-H 2 DAA -D

Consideration of the effects of these two forces as a function of the distance
over which they act leads to the following expressions for the correction

parameters C1 and C2 for the individual jump terms:

C, =R A/R AR (9a)
and

C, = (R A/R AB)l/ 12 (9b)
where

R, = (\_/’A/N)l/ 3 (9¢)

R, = (/M (9a)

Ryp = Ry + Rp)/2 (9e)

The ratio of the activation energy due to hydrogen bonding to the total

activation energy is assumed by Gainer and Metzner (1965) to be related to



the heat of vaporization by the following ratio:

E vap
DAA -H _ AHA. ~-H 10)
E vap
Daa  AHy

where the AHZa_'_I;I is the heat of vaporization due to hydrogen bonding and may
be estimated as the heat of vaporization of the liquid of interest minus the heat
of vaporization of the hydrocarbon homologue of that liquid at the same reduced
temperature. Gainer and Metzner assumed that the activation energy for self
diffusion was equal to that for the viscous process. Using this latter assump-
tion, the parameter £ was evaluated from self diffusion data, and an average of
6.0 was obtained.

Gainer and Metzner (1965) further assumed that the jump and hole forma-

'

tion portions of the total activation energy were of equal magnitude (i.e., f =

1/2). Their final equation for the estimation of D is given as follows:

AB
E -E
A <\ (_15__)1/ | B Das aia)
AB g n. Vg RT
where
E E E
£ -g  —B Sal[®a Ma-m B s
g Dap 2 Eg|yBap 2 Bap 2
12 E 12 E
Ry Ma-p Bg "B-D
e ST ) (1b)
AB AB

Gainer and Metzner (1965) recommended that En be calculated by the
B
following equation:



_2/3 vap
ngVp AFp

E =RTIn
g 1. 09(10"3)M1/2T3/2

12)

The above equation was developed assuming that the internal contributions to
the total partition functions were the same for the equilibrium and activated
states. This assumption was also made during the development of Equation 11.
The procedure was used to estimate binary molecular diffusivities with reported
average absolute deviations of about 20 percent or more for the intermolecular
hydrogen bonded systems and highly viscous solvent systems studied in their
work. The claim of superiority of the Gainer and Metzner equations over
prior methods was based primarily on the comparison of predictions of their
model with the high viscosity data obtained in their laboratories. These data
appear to be based upon experiments in which somewhat high solute concen-
trations were used.

The primary assumption made in the developments of Olander (1963) and
Gainer and Metzner (1965) is that the basic Eyring absolute rate theory ade-
quately describes the mechanisms of viscous transfer and molecular diffusion.
In addition to this assumption, the intermolecular distance terms (i.e., the
A's) were assumed to be equal and proportional to the cube root of the molar
volume. The application of Eyring's theory by both Olander (1963) and Gainer
and Metzner (1965) should primarily be applied to very dilute solute concen-
trations in binary systems. The energies of activation were assumed to be
equal for viscous transfer and self diffusion. Both of these developments

introduced the viscosity coefficient 7 into the equation for the diffusivity



prediction. Consequently, it was assumed that the product of the ratio of the
partition functions for the activated and equilibrium states for binary diffusion
times the inverse ratio of the partition functions for viscous transfer was
approximately unity. They also assumed that the combination rules for the
force constants can be applied directly to the zero point energy difference to
obtain the binary activation energy (or free energy) as a geometric average of
the individual component activation energies.

The last two assumptions summariied above were eliminated in this
investigation (1) by not introducing the viscosity coefficient into the Eyring
prediction equation and (2) by considering that the contribution of the jump
step to the total activation free energy of the diffusion process is proportional
to the energy of vaporization. Once these assumptions were accepted, the

relationship between AFD and the free energies of the individual species A
AB

and B were readily obtained through the use of regular solution theory.



III. THEORETICAL DEVELOPMENT

Eyring's absolute rate theory equation for the prediction of the molecular
diffusion coefficient can also be represented in terms of the free energy of

activation by the following relationship (Ree et al., 1964):

S 2/3 AF
L ke | _Pap
aB tnx ) P TRy 13)

In this work, it is assumed that A== ks =)= sz_fB/N)l/ 3.

The parameter £ can be evaluated from a variation of Equation 13 and
from a knowledge of viscosity and self diffusion data at any particular temper-
ature if one assumes that the free energy of activation for self diffusion and

viscous transfer are equal. Thus,

& = L ) e |- 22X (14)
X DXXh N RT
where
AF = AF @5)
Dyx Nx
and
nX:\;X‘/Z
AF =RTIn o (16)

The parameter £ was re-evaluated by the author for a number of pure sub-
stances. Values of £, suggested for use in this model, are presented in
another part of this work.

A. Evaluation of the Free Energy of Activation for Binary Diffusion .

As stated above, the free energy of activation for self diffusion and

10



viscous transfer were assumed to be equal. However, for binary diffusion,
this equality is invalid because of the difference in mechanism, as emphasized
by Olander (1963). In order to estimate the free energy of activation for binary

diffusion, AF was related to the free energies of activation for pure

DAB
solvent and pure solute: AF and AF . As in the work of Olander, the
Dyx %

total free energy of activation was assumed to equal the sum of two portions:
that due to the hole formation step and the jump step. Thus,

— h j
AF  =AF) +AFJD @7

AB AB AB
If in this instance, it is further assumed that the hole formation contribution
to the free energy of activation is the same in a dilute binary solution as it
would be in a pure solvent, then

AF_ = AFD AR 1s)

AB BB AB

The problem of evaluating AF now becomes one of estimating

DAB
AFJD in terms of AF*I]) and AI«"]'3 and also of estimating the portions
AB AA BB
of the total free energy, AFD , that can be attributed to the hole formation
AB

and solute jump process.

The process of molecular motion for both diffusion and viscous flow
requires additional space (a hole) in the liquid, as visualized in the absolute
rate theory approach. Thus, a molecule that jumps from its surrounding
cage into a hole can be considered as behaving in a manner very similar to a
molecule that jumps from the bulk of a liquid near the vapor interface into

the vapor layer above the liquid. (Although in the case of the jump step in

11



12

diffusion or viscous transfer, the hole that must be available may not necessarily
be the full size of the molecule that is jumping). This consideration suggests
that the free energy of activation for diffusion due to the jump step may be taken

as a fraction of the energy of vaporization so that

I AR
AF,  =KAE, 19)

BB
Experimental evidence supporting the above relationship is only indirect.
The jump step portion of the activation free energy of diffusion represents some
fraction f' of the total activation free energy. Thus,

AF

5 20)

!
BB DBB

By combining Equations 15, 17, and 19, the following relationship is obtained:

vap

-
AF —(,)AEB

1
=k AE P 1)
"Bt B
Experimental data by Glasstone et al. (1941) seem to suggest a relationship

similar to Equation 21. The following relationship was found by Glasstone

et al. to approximate the data of nearly 100 liquid substances:

1 va
AF =—— AE. P

ng 245~ B @2)

The above relation applies for liquids as diverse as water and other associated
liquids, for glycerol, and for nonpolar substances such as hydrocarbons. It
does not apply, however, to liquid metals. The approximate nature of
Equation 22 was discussed briefly by Bondi (1946). The similarity of the

experimentally obtained relation (Equation 22) to Equation 21 suggests the



possible validity of Equation. 19.

It has been assumed that the above analysis for self diffusion and viscous
transfer can be applied to a very dilute solution of A in B. The solution must
approach infinite dilution in A so that any molecule of A can be considered to
be surrounded only by B molecules. It follows, therefore, that the jump step
portion of the activation free energy of diffusion can be approximated as a

fraction Z of the energy of vaporization of solute A from almost pure B:

AP = ZAE,D @3)
AB

The above expression is used in the following application of regular solution
theory.

Regular solution theory has several basic limitations. The theory
assumes a nearly random distribution of solute molecules in the solvent
medium. This assumption restricts the theory to systems exhibiting a zero
excess entropy of mixing. In addition, regular solution theory accounts for
only ordinary intermolecular dispersion forces. Hydrogen bonding or electro-
static interactions were not accounted for in the original treatment. In spite
of its shortcomings, regular solution theory allows for a straightforward

means of estimating AFD

AB
From regular solution theory, it can be shown that for infinitely dilute
binary solutions &Efﬁ can be given by (Hildebrand and Scott, 1964)
vap vap
AE AE
TVap _ \.vap _ = A 172 £"p 1/2

A B

13



Upon assuming that the activation free energies of diffusion for the jump

process are a fraction of the respective energies of vaporization for pure and

j

binary systems (Equations 19 and 23), the following equation for A,FD can be
AB
obtained:
. . 9
. . N AFJDAA 1/2 A-]f'JDBB 1/2
AR =AFL -V, | () 5)
AB AA A B

In order to obtain Equation 25, it has been assumed that the proportionality
constants k and Z for Equations 19 and 23 are the same. The validity of this
assumption will be examined later.

Equation 23 may be substituted into Equation 3b to give

AF% 1/2 AF% 1/2|?
AR =AFp  +AFL -V, | (2% BB | @
AB BB AA VA VB

If one now assumes that the portion of the free energy of activation due to the
hole formation process constitutes a constant fraction, f, of the total free

energy of activation, i.e.,

f= AF]; /AFD @7)
XX XX
where
1
f=1-f 28)

then the binary molecular diffusion coefficient for dilute solutions may be

expressed as

- 2/3 AF
k “2VB DAB

DAB=§1‘( R AN (13)

14



where _
AF  =fAF, - (-f) 3AF_ ;_‘-;é. i
AB BB " BB B
' (29)
AR, AT 1/2
- AA, BB
A B

and where AF and AF are determined using Equations 15 and 16 along

DAA DBB

with a knowledge of the viscosity and molar volume of each component at the
temperature in question. The recommended values for f and ¢ will be given
later. Thus, Equations 13 and 29 may be used for the estimation of the

molecular diffusivity D AB"

B. Summary of Assumptions.

The assumptions that have been introduced in the development of
Equation 29 are summarized as follows:

1. Eyring's rate theory of unimolecular reactions is a valid repre-
sentation of the processes of viscous and diffusional transport in
a cell model of the liquid state.

2. Regular solution theory is valid for infinitely dilute solutions.

3. The activation free energy for diffusion can be divided into two
parts--a hole formation and a jump term (Equation 17).

4, The activation free energy for self diffusion is equal to the
activation free energy for viscous flow (Equation 15).

5. The activation free energy for the hole-forming process for

the self diffusion process is a fraction, f, of the total free

15



energy for the self diffusion process (Equation 27).
6. The value of the fraction f for self diffusion of the pairs AA and
BB is the same as that for binary diffusion of the AB system.
7. The activation free energies of the hole-forming process for
both binary and solvent self diffusion are equal (Equation 3a).
8. The activation free energy for the diffusional jump steps can be
considered as fractions of the total energy vaporization (Equa-
tions 19 and 23), and k is equal to Z.
It will be assumed later that f is a constant for all binary systems within
a major category of systems but that the value of f may be different for each of
the three major categories of systems.
The validity of the third, sixth, and seventh assumptions has been
tested by using thermodynamic data. The development that led to Equation 29

can be followed in a similar manner using these assumptions to yield

AP, =AF_  +k [AEf‘p -AEC® - AH A;n”‘] (30)
AB BB
If the assumptions are valid, one would expect a plot of AFD versus
. AB
aj aj —
AE, P - AETP - AHTF tobe linear. The author was  able to obtain

thermodynamic solution data and diffusion activation free energy data for the
solutes carbon tetrachloride, chloroform, ethanol, and methanol in the
solvent benzene and for the solutes methanol, ethanol, n-propanol, and n-
butanol in the solvent water. The data used for these calculations are given in
Appendix A, In addition, the values of AF , were calculated using

D
BB mix

Equations 15 and 16, and included for the term (AE‘:‘-’- AEVBap- AH, ) equal

16
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to zero. These data are presented in Figures 1 and 2. One can tentatively
conclude on the basis of this one comparison that the combined effect of the
three assumptions may be valid. Studies with more systems and tests of the
non-combined effect of assumptions would be necessary for final conclusions

as to the validity of these assumptions.
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IV. EXPERIMENTAL

In order to compare predicted binary molecular diffusivities with experi-
mentally determined diffusivities for systems in the moderately high viscosity
range, five binary systems were studied experimentally (Table VII). The
solution viscosities for these systems ranged from 6.8 to 43.4 centipoise.

The conventional steady-state methods for determining diffusivities were
not considered practical because of the very slow rates of mass transfer. In
addition, previously used unsteady-state techniques require either relatively
high initial solute concentrations (e.g., interferometric techniques) or a
radiometric method with a strong beta or gamma source as the solute. Thus,
an unsteady-state porous frit technique was devised, as described below, for
use with solutes tagged with carbon-14. A detailed description of the technique
and apparatus used to determine binary molecular diffusivities is given in
Appendix B.

A. Equipment and Procedure.

The essential component of the apparatus is a porous ceramic plate
about 2-7/8 inches square by 1/4 inch thick. The edges of the plate were
sealed with an epoxy resin.

The clean, dry, porous plate was first soaked in a binary solution with
a known concentration of solute. The solute consisted of a known mixture of
radioactively tagged (C-14) solute and non-tagged pure solute. The initial
concentration of the solute, ethylene glycol, in the solvents, propylene glycol

and diethylene glycol, that were inside the porous plate was 4.50 (10)-:2 moles
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per liter. The initial concentration of the solute cyclohexanol in the solvents
ethylene glycol, propylene glycol, and diethylene glycol was 2.41 (10)"2 moles
per liter. Following the pre-soak period, the porous plate was rigidly
fastened inside a solvent bath which consisted of a 6 x3-1/2x1~1/4 inch box.
A stirring assembly was then lowered around the two faces of the plate. This
assembly consisted of four horizontal blades which swept up and down very
close to both surfaces of the plate. The blades could be reciprocated over a
wide range of frequencies by means of a variable speed transmission. The
stirring assembly was activated immediately before the solvent bath, holding
the porous frit, was filled with 300 cc of pure solvent. The solvent bath was
almost totally immersed in a constant temperature oil bath whose temperature
was controlled at the desired temperature to within + 0. 01°C. The diffusivities
were measured at temperatures of 25.0, 30.0, 40.0 and 50. OOC. The viscosity
of these systems varies by less than 2.5 centipoise/OC at these temperatures.

The solute inside the porous plate was transported by molecular diffusion
through the pores, to the surface of the plate, and then into the well-agitated
solvent in the solvent bath box. The agitator frequency was adjusted to
minimize the resistance to mass transfer in the solvent bath immediately
adjacent to the porous plate and to assure a uniform solute concentration in
the solvent bath (at any given time) during the unsteady state buildup of the
bath solute concentration.

During the course of a run, one milliliter samples were removed from

the solvent bath to determine the bath solute concentration as a function of
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time. About 12 samples were removed during each run and later analyzed.

The radioactivity of the solute in the samples was counted in a liquid
scintillation counter. The total solute concentration was then determined
from the solute activity. The effect of radioactive decay was considered to
correct the measurements to the time each run was begun.

Certain calibration parameters for the porous frits were determined
during standardization runs using a binary system for which the molecular
diffusion coefficient was already known. The diffusion of radioactive sodium
chloride in distilled water was used for this purpose [D AB (1.61%. 01)10'-5
sz per sec. at 250C (Harned and Owen, 1958)]. The initial concentration
of this solute was 1.10 (10)—'3 moles/liter. The activity of the Na-24 was

determined using a standard Gieger-Mueller detector and a counter.

B. Analysis of the data,

The molecular diffusion coefficients were determined from the data for
the bath solute concentration versus time. The molecular diffusion process
inside the porous plate is described by the following relations during the

""penetration-theory' portion of the diffusion process:

2

dC d C

% ~PaB 3 (3la)
ox

C(x, 0) = C_ (31Db)

Cle,t)=C_ @Blc)

C(0, t) = C(t) (314)



The solute balance, which describes the solute concentration in the sol-

vent bath, is

dc
f 3C(0, t
S S €0, t) 2
Ve & Daghr o (322)
c,(0) =c? (32b)
£ £

Equations 31 and 32 were solved simultaneously by using Laplace trans-
forms to give the following expression for the solute concentration in the

solvent bath, C_,, as a function of time (see Appendix B for details):

f’

c,-C
2
—-i———-—-g— =exp (K t). [1 - erf (Ktl/ 2)] (33a)
c. - C
f o
where

k=28, D0/, @)

and where the solvent bath volume, V_ is assumed to be a constant during the

entire run, even though V, changes during the run. The average solvent bath

f
volume is approximated by
Vv, =300 - N/2 (34)

where N is the total number of one milliliter samples withdrawn from the
sample bath.

The development of Equation 33 necessitated restricting sample times,

2 . .
t, to values less than 0.30Leff /D AB’ where L g 18 the effective length of
the pores. Approximate values of Le gp Were determined in a separate inves-

tigation (Wu, 1968) and varied from 0.38 to 0.58 cm for one-half of the plate

thickness.

23
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The molecular diffusion coefficients were determined from a knowledge

of Cf versus t; however, the porous plate area parameter, AT’ first has to be

determined using a system with a known diffusivity. Regardless of whether
one is concerned with a diffusivity determination run or a calibration run, the

term K was considered as a curve-fitting parameter. In order to consider any

o}

possible initial solute concentration in the bath, C £

also has to be regarded as
a curve-fitting parameter.

An iterative, nonlinear, least-squares technique was used to determine
the values of K and C?. This technique minimized the weighted sum of the

square of the deviation, S;

N !
S =;) Wi(Cf. - Cf.) (35)
i=1 i i
where the weighting factor is
W, =0 2(C 36
i =0 ( f ) ( )

i
The experimental measurement of the dependent variable is the counts per

minute of the radioactive solute tracer in the solvent bath. This measurement

is proportional to the total concentration of the solute in the bath, C £ Thus,
the standard deviation can be considered as
1/2
o(Cp =A C; / @37)

assuming that all error is related to the normal randomness of the radio-
active decay process. (The proportionality constant, A, disappears in the

resulting least-squares 'mormal" equations.)
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The porous plates were calibrated at the beginning of the study and
recalibrated following their use in the determination of D AR The calibration
of each plate consisted of about three determinations of AT-—at least one at
the beginning and at least one at the end of the study; the average value of AT
was used in the parameter K to determine the molecular diffusivity. There
were no consistent trends in the values of AT. This indicated that foreign
particles did not accumulate in the pores of the plates during the experiments.
The cleaning procedures for the porous plates have been described in
Appendix B.

The values of the binary molecular diffusivities that were determined
experimentally are given in Table IV, along with values of D AB that were

estimated by using various models.



V. RESULTS AND DISCUSSION

The molecular diffusivity prediction model developed in this work as well

as other methods presented in the literature (Wilke and Chang, 1955; Olander,

26

1963; Gainer and Metzner, 1965) are compared with the experimentally determined

diffusivities given in the literature and obtained in this work. The comparisons
that have been divided into three classes of experimental data will be preceded
by a discussion of the estimation of the terms £ and f.

A. Evaluation of the Parameter £.

The term £ was introduced into the original rate theory as a lattice
parameter to describe the geometric arrangement of the diffusing molecule
with respect to its neighbors. Reeet al. (1958) determined the value of £ to be
six, based on the assumption that £ equals the number of nearest neighbors in
a plane normal to the direction of motion of the diffusing molecule for an
assumed hexagonal close-pack structure.

Li and Chang (1955) experimentally determined £ by assuming that the
activation free energies for viscous transfer and self diffusion were equal.
Thus, use of Equation 1 leads to

1/3
£, = L4 [.15 ] / (38a)
X Dexx | Vx

where (\7X/N)1/ 3

is assumed equal to A2A3/X1. This equation, along with
self diffusion coefficients, viscosities, and molar volumes for pure compo-

nents, was used by Li and Chang to obtain a value of 6.0 for £.

Ree et al. (1958) evaluated £ in a similar manner by using dilute binary
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diffusivities and obtained an average value of 5.60. This value was subse-
quently used by Olander (1963).

Gainer and Metzner also evaluated £ by using Equation 1. They obtained
an average value of 6. 0 for all solvents except the lower normal paraffin
alcohols (i.e., methyl and ethyl alcohol) for which £ was 8.0. They used self
diffusion data and molar volumes that were possibly calculated by using Kopp's
rule for the normal boiling temperature.

The parameter £ was re-evaluated by the author: to account for the
hexagonal close-packing correction factor, /2, used in the evaluation of \ and
also to use experimental values of the molar volumes at the same temperature
as the self diffusion and viscosity measurements. The following equation,
obtained from Equations 14, 15, and 16 was used to determine £:

=X )1/3
7

kT
£ =5 (38D)

XXX
The results are indicated in Table I. As observed by earlier investigators,
the average value of £ found in this work for methanol and ethanol (£ = 7.5) is
considerably higher than that of most other solvents (£ = 5.6). These average
values have been used in the model developed in this work in the temperature
range of about 0° to 30°C.

As may be noted in Table I, the values of the geometric parameter, £,
for water were not included in the table or used in the calculation of the
average £. These data were not included, because as indicated by Johnson

and Babb (1956), serious disagreement exists among various investigators as



TABLE 1

¢ AND THE VISCOUS ACTIVATION FREE ENERGY

FOR VARIOUS PURE COMPOUNDS

Temp AFD
o BB
Compound C £ Kcal/Mole
Benzene 15 5.10 3.074
25 5.34 3.099
35 5.58 3.126
45 6.06 3.156
Ethanol 15 7.27 3.197
25 6.77 3.216
35 6.59 3.230
45 6.36 3.219
Methanol 15 7.06 2,574
25 7.19 2,582
35 7.29 2,591
n-Propanol 15 4.91 3.741
25 5.24 3.747
35 5.43 3.739
45 5.54 3.730
i-Propanol 15 4.76 3.843
25 4.63 3.830
35 4.55 3.817
45 4.55 3.791
n-Butanol 25 5.67 3. 842
35 5.28 3.930
45 5.42 3.962
n-Pentane 25 5.28 2,659

n-Hexane 25 4,96 2,901




TABLE I (continued)

Temp

AF

DBB
Compound °c £ Kcal/Mole
n-Heptane 25 4.94 3.120
n-Octane 25 5.54 3.358
n-Nonane 25 4.81 3.574
n-Decane 25 4.73 3.765

29
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to the value of DXX for water. If one used these widely varying data for the
self diffusion coefficient, the values of £ for water will range from 4.1 to 6.3.
These values bracket the value of 5.6 used in this work

The effect of temperature on the geometric parameter, £, was investi-
gated to determine if any general relationship for systems of solvents could be
obtained. Neutron and X-ray diffraction data (Eyring and Marchi, 1963)
indicate that the number of nearest neighbors to a molecule increases in an
orderly manner as the temperature is decreased. For some of the compounds
studied in this work, £ was found to increase as the temperature decreased;
however, for other systems, £ decreased as the temperature decreased. There
appears to be no correlation of £ with reduced temperature and reduced
pressure,

The values of £ in Table I were determined from self diffusion coeffic~
ients. Because the geometry with respect to the nearest neighbors for the
pure solvents should vary when a solute molecule has a volume considerably
different than a solvent molecule, the £ value for binary systems might differ
from those indicated in Table I. This possibility will be investigated at a
later date.

B. Evaluation of the parameter f.

The parameter f is defined in this work as the fraction of the total
diffusional activation free energy which can be attributed to the hole formation
portion of the liquid phase transport process (see Equation 27). A similar

1
term, f, was used by Olander (1963), except that it was based upon the jump



31

step contribution (fy =1 -f). Using a graphical analysis of a wide variety of
diffusion data, Olander found f' equaled 0.50. Gainer and Metzner (1965) also
used a value of f' equal to 0. 50 in their development. Before determining the
f value to be used in the model developed for this work, the value of f'
determined by both Olander (1963) and Gainer (1964) was re-examined in this
paper.

Olander (1963) graphically curve-fitted experimental data selected from

the literature to the following relation:

N0 ‘_IB o
v=-22R 6B o 'y (392)
where
A BB AFDAA .
8= "Rt t- AF o)
BB

He obtained a value of f' equal to 0.50. However, by using the same data, the
author obtained a value of 0.397 but employed a nonlinear, least squares,
curve-fitting technique to obtain f' (i.e., £=0.60). The data were also
correlated with a slightly modified form of Equation 39a. The argument of
the exponent was taken to equal (f’ 6 +b), where b was merely an empirical
constant that was included so as not to force the curve-fit through (Y = 1. 00,
6 =0). The value of f thus obtained was very close to 0. 60 but still was not
0.50. The use of 0.60 rather than 0. 50 leads to only a small difference in
the estimation of D, _ using the Olander (1963) model; however, as will be

AB

shown later, the model developed in this article is much more sensitive to
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values of f. Olander (1963) discussed the possibility of f values being
different from the tentative values of 0.50 recommended in his work.

As mentioned earlier, Gainer and Metzner (1965) used a value of f' equal
to 0.5 in their model. They assumed this value on the basis of Olander's (1963)
work. Gainer (1964) supported this choice with a study of one of about 14 sys-
tems used in his study. The value of D AB predicted by his model was compared
with the experimentally determined diffusivity for the methanol (A)-glycerol (B)
system using three different values of f' /3, 1/2, 2/3). For this one system,
the optimum value of £ ' obtained by Gainer appeared to about 0.50--similar to
Olander's observation. In this work, the optimum value of f' using the
original Gainer and Metzner (1965) model for other high-viscosity systems for
which Gainer experimentally obtained molecular diffusivities was determined.
Five systems were studied (hexanol-glycerol, hexanol-triethylene glycol,
water—-glycerol, water ethylene glycol, and methanol-glycerol). The value of
f' which minimized the deviation between the experimental and the predicted
D for an individual system was determined, along with the value of fr which

AB

minimized the average absolute percentage deviation (AAPD) for all of the
systems. The parameter, f ', was varied from zero to one in increments of
0.025 in a direct search for the value of fr that minimized the deviation. The
same type of search procedure is used later in this article for all models
studied.

The above re-examination of Gainer's data, to test the

1
assumption that £ equals one-half, resulted in some interesting



observations not directly related to the determination of an

using the Gainer and Metzner

vap

!
optimum f . The prediction D AB

model is dependent upon good estimations of and

Vo M
According to Gainer and Metzner (1965), the values of the heats

of vaporization were determined using the Bondi and Simkin (1957)
article. Most of the values of the heats of vaporization used by
Gainer and Metzner are not currently available (Gainer, 1969).
Thus, one can only compare the viscous activation energies, E_ ,

B

that they obtained and tabulated (Gainer, 1964) with the E?7 values
B

a
that were calculated using Equation 12 and our values of AEV P

B
(calculated from AH;;ap). In this study, either experimentally
determined heats of vaporization were used or values of AH;;ap
were calculated using vapor pressure versus temperature data and
the Clausius~Clapeyron equation. The values of E") generally
agree to within 10 percent. However, Gainer (1964;3reports E77
of n-hexanol at 25°C to be 3910 cal / mole, compared with 1850B
that was obtained in this work. Part of this large discrepancy may
be due to Gainer's use of the Bondi and Simkin (1957) approach to
evaluate AH;?p and part may be attributed to the values of the
molar volume he used.

The molar volumes used in this work were those calculated
from the density of the liquid components at the temperature of the

diffusion experiment; whereas, the molar volumes used by Gainer

appear to be calculated using Kopp's rule at the boiling point

33
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(although Gainer does not state this explicitly). In some cases,
these values of the molar volume differ from one another by as much
as 50 percent, e.g., for the solvent glycerol. Such differences can
lead to final differences of 15 percent and more when estimating the
molecular diffusivity.

The viscosity data used by Gainer and Metzner (1965) and those
measured in this work or obtained in the literature agree within
several percent except for the ethylene glycol and triethylene glycol
data. The data used here for these two glycols were measured in this
laboratory and the results agreed within about 5 percent with
literature data; however, the viscosity data differed by about 20
percent from the values used by Gainer and Metzner. The value of
the viscosity of n-hexanol used by Gainer and Metzner was not
reported so no comparison was possible.

The predicted values of D are sensitive to the physical property

AB
data one selects for use in the calculations and, as discussed above, there is
some concern as to what these values are or should be. Thus in the author's
re-estimation of optimum values of £, the study of the above-mentioned five
systems was restricted first by using the exact physical property data of
Gainer and Metzner and second by using our best estimations or measure-
ments. The physical property data actually used in this study for each
system are tabulated in Appendix A.

Using Gainer and Metzner's model and their physical property data,

the value of f which minimized the AAPD for all five systems was determined



as 0.550. The values of f which minimized the deviation for each system
considered separately varied from 0.400 to 0.600. Thus, Gainer and
Metzner's study of one system was fortunately very representative of most of
their systems.

When Gainer and Metzner's model was used with what is believed to be
more accurate physical property data, the value of £ which minimized the
AAPD for all five systems was 0.650. In this case, individual system f values
ranged from 0.40 to 0.75. The effect of the use of the best estimates of
physical property data on the predicted diffusivity was pronounced only with
the glycerin (A) - hexanol (B) system. For this system, the experimental
D, is 0.060 x1078 cmz/ sec, that predicted by Gainer's original model is
0.077 (10‘6) em”/sec. When an optimum f (viz., 0.650) and the best esti-
mates or measurements of the physical property data is used, the D AB
predicted is 0.113x10° em?/sec.

In this work, the Gainer and Metzner model was also modified so that
the viscous activation energy, E77 , 1s calculated from experimental viscosity

B
versus temperature data using the following relation

d(nm.,)
E =R _]13
"B AT

(#0)

instead of Equation 12. Using this method of determining E  and the

G2}
physical property data evaluated in this work, values of the parameter f vary
from 0.725 to 0.900. The value of f for the methanol-glycerol system using

this ""modified" approach to the Gainer and Metzner model will be examined



more carefully in the following sections.

There is also evidence in the literature to suggest that for many systems
the fraction of the total energy of activation for molecular transport processes
due to the hole formation step, £, is closer to 0.9 than to 0.5. Using the data

of Jobling and Lawrence (1951) for the viscosity of normal liquids at constant

volume, Bockris et al. (1964) concluded that the predominant term AHD is
. AB
the enthalpy to form a hole, i.e., AHh , and that AHJ contributes very
Dan Das

little (10 percent) to the total enthalpy of activation. The results of this
analysis appear to be similar to an earlier analysis reported by Glasstone

et al. (1941) who considered that the activation energy of viscosity for a
constant volume process, E77 , equaled the activation energy of the jump step,
E:’) . Glasstone, et al. (1941]?), analyzed constant volume viscosity versus
texfperawre data with a modified rate equation for viscous transport in order
to compute E:? . They reported values of f ranging between 0.8 and 0.9 for
most "nomnal']'gliquids.

Bockris et al. (1964) have indicated by using binary diffusion data how the
ratio (A}%AB/AHDAB ) should vary as a function of the isothermal compress-
ibility coefficient of pressure. The ratio was reported to be equal to about
0.01 for normal alcohols, 0.04 for hydrocarbons, and 0.17 for glycols; that
is f is approximately equal to 0.99, 0.96, and 0.83, respectively. They

calculated AH;J
AB

from the following expression:

BlnDAB

j
pl —-m——2E
DB /Ty
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The assumption that the activation energy of diffusion (or viscous trans-
port) at constant volume represents only the jump-step contribution has been
disputed (Collins, 1957). The activation energy of diffusion measured at con-
stant pressure is considered to be the sum of the jump and hole formation
activation energies.

The calculation of f using the constant volume and constant pressure self

diffusion energies (ED )P and (ED )V reported by McCall et al. (1959) has

BB BB
been re-examined in this work, and the parameter f has been calculated from

the following expression:

£ = EEDBB)P - (ED.BB)J/(EDBB)P @1)
The results are presented in Table II. With a few exceptions, notably water and
methanol, f values tend to be concentrated in the range of values found by the
above workers who used this general approach and also found in this work, by
using the search for optimal f values in conjunction with the various diffusion
models described earlier in this paper. For nonassociating solvents such as
benzene and isopentane, f is generally greater than two~thirds. Olander (1963)
suggests that for hydrogen bonded molecules f should be less than one-half--
which is indicated in Table II.

It should be pointed out that the data in Table II for water imply that
AHEIDBB is equal to the total activation enthalpy. This does not agree with the
observations of Glasstone et al. (1941). They state that AH% is negative,

BB j

but they do not reveal their source of data nor the magnitude of AHD .
BB



TABLE I

ACTIVAT'ION ENERGY AT CONSTANT PRESSURE AND

VOLUME, AND THE PARAMETER f

FOR SELF DIFFUSION

(EDBB )P (EDBB)V

Compound Kcal/Mole Kcal /Mole f Ref.
Benzene 2.780 0.780 0.72
Methanol 3.500 2,700 0.23
Water 4.950 4.950 0.00 c
Nitromethane 3.810 0.790 0.79 c
Acetone 2,030 1.000 0.51 c
Benzene 2,000 0.230 0.88 c
Cyclohexane 4,560 2.380 0.48 c
i-Pentane 1.730 0.190 0.89 c
Carbon Tetrachloride 3.300 1.070 0.68 d

S

[oN

Hiraokaet al. (1958a)
Hiraoka et al. (1958b)
McCall et al. (1959)
Watts et al. (1955)
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The above discussion suggests that the value of f equal to one-half that
was used by Olander (1963) and Gainer and Metzner (1965) should probably be
somewhat larger--perhaps about 0.8. It is also recognized, however, that the
value of f varies, and in cases widely, from system to system. The model
developed in this work (DM), the original Gainer and Metzner model (D GM)’
the modified Gainer and Metzner model (DE}M) and the Olander model (D O) are
dependent upon the value of f used. In the following sections, the best value of
f to use for a given diffusivity prediction technique (D GM’ DE}M’ D o’ DM) will
be determined by the direct search optimization technique outlined above
which minimizes the AAPD for all solute-solvent pairs within a given type of
system (low viscosity, nonassociating; low viscosity, associating; high vis~
cosity, associating).

The parameter f will be considered to be constant for its respective
model within each of the three major types of systems, i.e., the hole forma-~
tion step is assumed to require the same fraction of total activation energy
for each binary solution within a major system category. In some special
cases, a major type of system will also be broken into subsystems for which
a single value of f will be used. (Such a generalization is an oversimplifi-
cation in reality; and the best values of f for individual binary systems are
expected to vary from the best f value for a given category of systems.)

In the following discussion, experimental binary diffusivities will be
compared with six different diffusion coefficient prediction techniques:

Wilke~Chang method (D original Olander model (D O)’ original Gainer

WC),
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and Metzner model (D GM)’ with f = 0.5, the Gainer and Metzner model with an
optimum f and experimental values of E77 , and the model developed in this

B .
work (DM) with an optimum value of f.

C. Predictions for nonassociating systems (low viscosity).

A comparison of the experimental values for the binary molecular
diffusion coefficients of the 28 different solute-solvent systems that exhibit
negligible hydrogen bonding between the binary pairs (Table III) and the pre-
dicted diffusivities of the various models will be made in this section.

The author's modification of the Gainer and Metzner model (optimum f =
0.850 and experimental E ) predicts diffusion coefficients with an average
absolute percent deviation ](?AAPD) of 16.9 percent. This may be compared
with AAPD values of 17.3, 18.9, 21.0, 21.9 and 35.8 percent that result,
respectively, from the predictions of the Olander equation (f = 0.5), the
model proposed in this work (f =0.675), the original Gainer and Metzner
model (with an optimum f = 0.90), the Wilke-Chang equation, and the original
Gainer and Metzner model (f = 0.5). The modified Gainer and Metzner model
is clearly superior to the original Gainer and Metzner model. Likewise, the
original Gainer and Metzner model is improved considerably by the optimi-~
zation of f.

For those models for which AAPD was optimized, the best value of f
was in the range of about 0.70 to 0.90~-which appears to be in agreement with
predictions based upon viscosity data discussed earlier. This range of f

contrasts with the value of f equal to about one half that was found by Olander

(1963) and used by Gainer and Metzner (1965).
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TABLE III
EXPERIMENTAL AND PREDICTED DIFFUSIVITIES

(x105cn2/SEC) FOR LOW VISCOSITY

SYSTEMS

L} L
Solvent Temp n  Dgyp  (REF) Dy A(Wc) D, AlDg) Dy  A(GM) Dgy A(GM) Dy, (M) Dy, A(M)
0
c cp % % % % % 4

Benzene 15 0.696 1.92 a 2.14 11,5 1,84 4,2 2.15 12,0 1,87 2.6 1,81 . 1.7 8.9

" Carbon Tetrachloride 15 0.696 1,60 a 1.68 5.0 1.72 7.5 2.03 26.9 1.90 18.8 1,79 1?.; l.Z7 8.1

15  0.696 2.39 a 1,89 20.9 2,06 13.7 1.90 20.5 1.82 23.8 1.97 17.6 1.87 21.8

15 0.696 2.15 a 1.39 35.3 2.1 1.9 2.89 34,4 2.15 0.0 1,86 13.5 2,13 0.9

15 0.696 2.50 a 3.10 24,0 2.45 2.0 2.02 19,2 1.45 42.0 1.57 37.2 2.54 1.6

15 0.696 2.25 a 2.34 4,0 1.82 19,1 1,30 42,2 1.30 42,2 1,38 38.7 1,72 23.6

Methyl Ethyl Ketone 30 0.569 2.09 b 2.25 7.6 2.77 32.6 3.01 44,0 2.43 16,3 2,42 15.8 2.55 22.0

25 0.610 2.09 c 1.82 12,9 1,98 5.3 2.15 2.9 2.16 3.4 1.94 7.2 1,69 19.1

25 0.610 4,12 c 2,42 41.3 2,86 30.6 3.96 3.9 2.44 4.8 2.87 30.3 2,69 34.7

Toluene 15 0.623 3.00 a 2.84 5.3 1.95 35.0 1.37 54.3 1.37 54,3 1.42 52.7 1.95 35.0

" Chlorobenzene 15  0.623 1.90 a 1,91 0.5 1.91 0.5 1.81 4,7 1.88 1.1 1,91 0.5 . 12,1

Methyl Ethyl XKetone 30 0,523 2.21 b 2.66 20.4 2,91 31.7 3.02 36,6 2.48 12,2 2,46 1.3 2,69 21.7

25 0.553 3.56 d 2.73  23.3 1,90 46.6 1.32 62.9 1.86 47.8  2.09 4.3 1.74 51.1

He xane 15 0.337 3.70 a 3.80 2.7 3.23 12.7 2.33 37.0 2,98 19.5 3,28 11.4 3,01 18,6

" Methyl Ethyl Ketone 30 0.278 3.74 b 4,84 29.4 4,57 22.2 4,04 8.0 4,13 10.4 4,53 21.1 4,27 14.2

Methanol 15 0.623 2,40 a 1.73 27.9 2.27 5.4 5.88 145.0 3.00 25.0 3.71 54,6 1.74 27.5

Chloroform 15  0.596 2.51 a 2,53 0.8 2.19 12.6 2,01 19.9 2.09 16.7 2.03 19.1 1.92 23.5

Carbon Tetrachloride 15  1.038 1.08 a 1.65 52.8 1,43 32,4 1.04 3,7 1.12 5.7 1.18 9.2 1.31 21,3

" 25 0.888 1.28 e 1.76  37.5 1.48 15.7 1.26 1.6  1.36 6.2 1,28 0.0 1,31 2.3

Chlorobenzene 15  0.844 1,48 a 1.53 3.4 1,63 10.1 1.45 2,0 1.39 6.1 1.42 4.1 1.48 0.0

" 15 0.844 1,40 a 1.52 8.6 1.39 0.7 1.31 6.4 1.37 1.4 1,38 1.4 1.20 14.3

Ethanol 15 1,327 1,67 a 0.84 49,7 1.2t 27.6 3.19 91,0 1,31 21.6 1,60 4,2 0.93 44,3

" 15 1.327 1.60 a 0.74 53.8 1,19 25.6 3,47 116,9 1.37 14,4 1,65 3.1 1.03 35.6

Bromobenzene Chlorobenzene 15 1,196 1,10 a 1.30 18,2 1,17 6.4 1,05 4.5 1,00 9.1 1.03 6.4 1.07 2.7

Acetone 25 0,308 2.75 c 3.50 28.7 3.91 42,2 7.09 157.8 4,85 76.4 4,93 79.3 3,22 17,1

n-Propanol 25  1.950 1.35 d 0.50 63.0 0.96 28,9  1.22 9.6 0.78  42.2 .32 2,2 1,08 23,0

Cyclohexane 25 0.8383 1.88 c 1.48 21.3 1.70 9.6 1,46 22.3 1.4 23.6 1,54 18,1 1,58 16.0

" Carbon Tetrachloride 25 0.883 1,48 e 1,42 4,1 1.51 2.2 1.68 13.5 1.55 4.7 1.56 5.4 1.36 8.1

Average absolute percent deviation 21.9 17.3 35.8 21,0 18,8 18.9
Value of the parameter f used 0.50 0.50 0,900 - 0.850 0.675

a.

c.

e,

Johnson and Babb (1956)
Amourdam and Laddha (1967)
McCall and Douglas
Shroff and Shemilt
Kulkarni et al. (19

¥
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Figure 3 indicates the dependence of the AAPD for each prediction model
of the parameter f. In the case of the Olander model, the AAPD varies only
slightly as the parameter f varies from zero to one. All other models, however,
show a stronger dependence on f for these nonassociating, low viscosity systems.
This shows, of course, that there is greater scatter in the optimum value of f
for the individual solute-solvent systems for the Olander model. This appears

to be so because the difference between AF17 and AF is small, and thus,

B DyB

the exponential term is probably close to unity. This implies that a small
error in the evaluation of that difference could yield a large error in the best
value of the parameter f one obtains.

The values of f discussed above are for an assumed constant value for
the entire set of nonassociating systems. The values of the optimum f for
individual solute-solvent systems (not indicated in Table III) are consistently
in the range of 0.6 to 1.0. For a few systems, they are, however, found to
be nearer zero.

On the basis of this comparison, it would appear that the modified
‘Gainer and Metzner equation best predicts diffusion coefficients for low
viscosity, nonassociating systems. Except for the original Gainer and
Metzner model, all prediction expressions are of comparable accuracy. In
view of this, the relatively easy-to-use Wilke-Chang (1955) equation is
recommended for these binary solutions.

D. Predictions for associating systems (low viscosity).

A comparison of the experimental values of the binary molecular
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The average absolute percent deviation versus the

fraction f for 28 low viscosity nonassociating systems.
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diffusion coefficients for 19 different solute-solvent associating systems with
with the predicted diffusivities for various models will be discussed in this
section. These comparisons are shown in Tables IV, V and VI and in Figures
4, 5 and 6.

The Wilke-Chang equation clearly predicts the diffusivities for this class
of systems far better than any of the other equations when all of the data are
considered together (as in Table IV). Since the AAPD's are all greater than 40
percent for all the other equations and less than 20 percent for Wilke-Chang
equation, this relatively easy-to-use equation is again recommended for this
set of binary solutions.

A closer look at Table IV reveals that for all of the equations except the
Wilke~Chang equation, the diffusivities for the systems where water is the
solvent (aqueous systems) are predicted much less accurately than for systems
where water is not the solvent. The reason for this condition is that the
parameter f is quite different for these two subdivisions within this category
of systems. On this basis, these subdivisions were studied separately, and
the results are given in THles V and VI and in Figures 5 and 6.

For the aqueous systems shown in Table V, the Wilke-Chang equation
is still far superior to any of the other equations and is still recommended for
calculating diffusivities for this subdivision. This result was not unexpected
since a great deal of the data upon which the Wilke-Chang equation was based
was of this particular type.

The optimum value of the parameter f for these aqueous solvent systems

varies quite widely. Olander's model and the Gainer and Metzner modified
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TABLE IV
AXPERIMENTAL AND PREDICTED DIFFUSIVITIES

(xIOECmQ/SEC) FOR LOW VI3SCOSITY

ASSOCIATING SY3TEMS

L
Solvent Solute Temp n DEXP* DWC A(WC) Ty A(Do) Dey A(GM) Doy A(GM) Doy A(GM) Dy A(M)
og cp - 4 k4 % 1 4
Water 1-Butanol 15 1,104 0.77 0.82 6.5 1.07 39.0 2.30 198.7 1.93 150.6 1.86 141.6 1.84 139.0
B n-Butanol 15 1,104 0,77 0.82 6.5 1.14 48,1 2.35 205.2 1.90 146.8 1.88 144,2 1,84 139.0
" Ethanol 15 1,104 1,00 1,14 14,0 1.51 51.0 0.92 8. 1,40 40,0 1.39 38.9 1.84 84.0
" Methanol 15 1.104 1,26 1,51 19,8 1,96 55.6 1,15 9.6 1,43 13.5 .39 10.6 1.84 46.0
" i-Propanol 15 1,104 0.87 0.94 8.0 1,22 40,2 1,90 118, 4 1,81 108.0 1.86 11%3.8 1.84 111.5
" n-Propanol 15 1,104 0.87 0.94 8.0 1.26 44.8 1.88 116,1 1.78 104,6 .87 114,9 1,84 111.5
" Acetone 15 1.104 1,22 1,00 18.0 1.97 61,5 2,81 130.3 1.93 58.2 1.93 58.2 1.84 50.8
1-Butanol Water 15 4,70% 0.30 0.29 3.4 0.68 126,7 0.74 146, 7 0,26 13.3 0.31 3.3 0.25 16.7
Ethanol water 15 1.327 1.02 0.97 4.9 1.65 6.8 2,40 135.3 1.07 4.9 1,14 11.8 0.76 25.5
Methanol Water 15 0,623 .75 1,99 13.7 2.98 70.3 3.83 118.9 2.57 46.8 2,77 58,3 1,87 6.9
i-Fropanol Water 15 2.859 0.38 0.43 13,2 0.97 155.3 1,07 181.,6 0.45 18,4 0.54 2.1 0. 44 15.8
n-Propanol Water 15 2,522 0.61 0.49 19.7 1,06 73.8 1.21 98. % 0.52 14.8 0.59 3,3 0.50 18.0
Methanol Acetic Acid 15 0.623 1,54 2,12 37.7 2,17 40.9 4,70 205.2 2,62 70.1 2.7 76.0 1,87 21,4
Chloroform Rthanol i5 0,569 2.20 3.38  53.6 2.07 5.9 147 33.2 1.57 28,6 1.62 26,4 2.08 5.5
" Ether 15 0.569 2.07 2.36 1%.0 2.75 32.9 3.21 55.1 2.18 5.3 2.23 7.7 2,08 0.5
Acetone 15 0.569 2.35 2.95 ?5.5 2.77 17.9 4,01 70.6 2,18 7.2 2,25 4,3 2.08 1.5
Sther Chloroform i5 0.247 4,40 5.17 °7.5 4,45 1.1 4,06 7.7 L.82 9.5 4,78 8.6 4,61 4,8
Ethanol Chloroform 15 1.327 1,63 0.91 55,2 1.30 20.2 . 3.36 106, 1 1,08 33.7 1,15 29,7 0.76 53,4
Acetone Chloroform 15 0.355 3.92 3.36 14,2 3.63 7.4 6. 46 64.3 3.76 4.1 4.07 3,8 3.79 3.3
Average absolute percent deviation 13.0 50.2 105.8 46,2 49,8 15,5
value of the parameter f used. 0.500 0.500 1.00 0.975 1.00

#Johnson and Babb (1956)
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TABLE V
EXPERIMENTAL AND PREDICTED DIFFUSIVITIES
(x _10° om?/SEC) FOR LOW_VISCOSITY
ASSOCIATING AQUEOUS SYSTEMS

Solvent Solute Temp n Dip (ch) A(WC) DO A(Do) DGM A(GM) 1)GM AlGM) D('m A(GM) DM AM)
°c cp # % % % % %

Water i-Butanol 15 1.104 0.77 0.82 6.5 1.07 39.0 2.30 205.2 0.99 28.6 0.78 1.4 0.76 1.3
" n-Butanol 15 1,104 0.77 0.82 6.5 1.14 48,1 2,35 198,7 1.00 29,9 0.99 28.6 0.42 45.5

" Ethanol 15 1,104 1,00 1,14 14,0 1,51 51.0 0.92 8.0 0.64 36.0 0.49 51.0 1,16 16,0

" Methanol 15 1.104 1.26 1.51 19.8 1.96 55.6 1.15 9.6 0.68 46.0 0.54 57.2 0.80 36.5

" i-Propanol 15 1.104 0.87 0.94 8.0 1,22 40.2 1.90 118.4 0.91 4,6 0.69 20.7 1,18 35.6

" n-Propanol 15 1.104 0.87 0.94% 8.0 1,26 44,8 1,89 116.1 0,90 3.4 0.88 11 1.07 23.0

" Acetone 15 1.104 1.22 1,00 18.0 1.97 61.5 2,81 130.3 1.04 14,8 1.75 43, 4 0.16 86.7
Average absolute percentage deviation 11.5 48.6 112.3 21.9 29.1 35.0
The parameter f used 0,50 0.50 1.10 0.375 2,20
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TABLE VI

.
EXPERIMENTAL AND PREDICTED DIFFUSIVITIES

(x_10° cm2/SEC) FOR LOW VISCOSITY

ASSOCIATING NONAQUEOUS SYSTEMS

Solvent Solute Temp n Doyp (DWC) A(WC) Dy A(Dy)  Dgy A(GM) Dy A(GM) DY, A (M) Dy AM)
og cp % % % % % %
1-Butanol  Water 15 4,703 0,30  0.29 13,4 0.68 126.7 0.7 14.7 0.26 13,3 0.26 13.3 0.30 0.0
Ethanol Water 15 1.327 1,20 0.97 4.9 1.65 61,8 2,40 135.3 1.07 4,9 1,06 11,7 0.84 30.0
Methanol Water 15 0.623 1.75 1,99 13.7 2.98 70.3 3.83 118.9 2.57 46.8 2.62 49.7 1.94 10.9
i-Propanol  Water 15 2.859 0.38 0.43 13,2 0,97 155,3 1,07 181.,6 0.45 18,4 0.4 21.1 0.51 34,2
n-Propanol  Water 15 2.522 0.61 0.49 19.7 1,06 73.8 1,21 98.4 0,52 14,8 0.53 13.1 0.58 4.9
Methanol Acetic Acid 15 0.623 1.54 2,12 37.7 2.17 40,9 4,70 205,2 2.62 T70.1 2,62 7T0.1 1.78 15.6
Chloroform  Ethanol 15 0.569 2,20 3.38 53.6 2.07 5.9  1.47 33,2  1.57 28.6 1.64 25,5 2.05 6.8
" Ether 15 0.569 2,07 2.36 14,0 2,75 32.9 3.2 55.1 2.18 5.3 2.18 5.3 2.17 4.8
" Acetone 15 0.569 2.35 2.95 25.5 2.77 17.0 4,01 70,6 2.18 7.2 2,18 7.2 2,15 8.5
Ether Chloroform 15 0.247  4.40 5.17 17.5 4,45 1.1 4,06 7.7 4.82 9.5 4.83 9.8 4,50 2.3
Ethanol Chloroform 15 1,327 1,63 0.91 44,2 1,30 20.2 3.36 106.1 1,08 33,7 1,06 35.0 0.79 51.5
Acetone Chloroform 15 0.3%5 3.92 3.36 14,3 3,63 7.4 6.46 64.8 3.76 4,1 3.97 1.3 3.67 6.4
Average absolute percent deviation 21.8 51,2 102.0 21.4 22,0 14,7
The parameter f used 0.50 0.50 1,00 1.00 0.9%

L¥
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model both give values of f that are less than 0.5. This fact agrees with

Olander's statement that A,FJD should be larger than normal for hydrogen-

bonded substances. On the ofhir hand, Gainer and Metzner's original model
and the model developed in this work give values of f that are greater than 1.0.
Eyring, in Glasstone et al. (1%41), indicates that the activation energy for the
jump step is negative for water. This agrees with an f value of more than 1.0.
Thus the proper value for the parameter f is still open to question when water
is the solvent.

For those systems where water is not the solvent shown in Table VI
and Figure 6, but where association between binary pairs exists, the model
developed in this work predicts the diffusivities significantly better than any
of the other models tested. The AAPD for the model developed in this work
isl4.7. as compared to 21.8: for the Wilke~Chang equation, 22. 0 for the
modified Gainer and Metzner model, 21.4 and 102..0; for the original Gainer
and Metzner model with an optimum £ and f equal to 0.5, respectively, and
51.2.for Olander's model.

For those models for which the AAPD is optimized, the best value of f
for the nonaqueous solvent systems ranges from 0.950 to 1.0. This range
agrees very well with the value of f (0.99) estimated by Bockris et al. (1964)
for normal alcohols.

This comparison shows that the model developed in this work gives the

best prediction for the diffusivities of nonaqueous solvent, low viscosity,

associating systems. When the proper optimum value of f is used, all of the
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models give average deviations of less than 25 percent. Because the model
developed in this work gives significantly lower deviations, the model is
recommended for calculating diffusivities for this subclass of systems. When
the necessary data are not available, the Wilke-Chang eduation serves as an
excellent substitute.

E. Predictions for high viscosity systems.

The results of a comparison of the experimental values of the binary
molecular diffusion coefficients for 19 high viscosity, solute-solvent systems
with the predicted diffusivities of the various models are summarized in Table
VI and in Figure 7 when all the data are analyzed together.

The diffusivities for the first five systems shown in Table VII (i.e.,
those where ethylene glycol and cyclohexanol are the solutes) were measured
in this work. The diffusivities of these systems at other temperatures were
also measured in this work, but were not included in Table VII. They were
not used here so that the results would not be unduly weighted by these few
moderately high viscosity glycol systems. The effect of temperature on the
diffusivities for these systems will be investigated in a separate study. The
diffusivities for the remainder of the systems shown in Table VII are from
the work of Gainer and Metzner (1965).

None of the equations tested adequately predict the entire set of data.
The best model is the modified Gainer and Metzner model (with an optimum f
of 0.850), which has an average deviation of 39.9 percent. Table VI reveals,

however, that some of the equations tested do adequately predict some of the



TABI.E VIT
YT IRIMENTAL AND PREDICTED DIFFUSIVITIES

(x 106Cm?/330) FOR HIG: VI3SCOSITY

IYSTEMS
Solvent Solute Temp 1 L (Byg)  B(W0) % ADy) Dy A(SM) Dy A(GY) Dy, A(aM) Dy A(M)
og poise - % % % k4 %
Propylene Ttaylene 30 0.326 0.53 0.433 8.9 0.621 17.2 0,545 2.8 0.513 3.2  0.639 20.6 0.505 . 4.7
Glycol Glycol
Diethylene Ethylene 30 0.216 0,65 0.861 32.5 0.826 27.1  0.795 22,3 0,739 13,7 0.717 10.3 0.710 9.2
Glycol 3lycol
3th;1r1eni Cyclohexanol 30 0.135 0,64 0.681 6.4 0.803 25.5 1.27 98.4 1,23 92,2 0.859 34,2 0.882 37.8
3lyco
Pro?yler{e Cyclohexanol 30 0.326 0,31 2,313 1.0 0.398 28,4 0,476 53.5 0.464 49,7 0.388 25.2 0.386 24,5
Glyco .
Dlethyline Cyclohexanol 30 0.216 0.50 0.559 11,8  0.531 6.2 0,548 9,6 0.560 11,9 0,403 19,4 0,498 0.4
Glyco
Glycerin Hexanol 25 9.5 0,060 0.011 81.7 0.138 130.0 0.273 355.0 0.131 118,3 0.122 103,3 0,124 106.7
Triethylene
31lycol Hexanol 0 1,60 0,51 0.077 84.9 0.324 36.5 0.360 29.4 0.234 54,1 0,207 47,1 0.,0175% 65.7
Glycerin yater 20 12,8 0,133 0.0105 92.1  0.162 21.8 0.190 42.9  0.089 33.1  0.099 25.6 0.041 69.2
Slycerin Yethanol 21 13,4 0.064 0.0179 72.0 0.5%40 140,6 0,052 18,8 0,032 50.0 0,065 1,6 0.044 31.3
Ethylene Water 20 0.206 1.80 0.618 65.7 2.64 46,7 2.65 47.2 1,91 6.1 1.32 26.7 1.46 18.9
Flycol
3lycerin Hexanol 0 121.0 0.0137 0.0008 94.2 0.0182 32.5 0.0386 181.8 0.0157 14.6 0.0149 8.8 0.0157 14.6
Tthylene n-imyl Aleohol 3D 0.135 2,08 0.716 65.6 1.5t 27.4 2,34 12,5 1.95 6.2 1.48 28.8 1,66 20,2
3lycol
Zthylene n-Hexane 30 2,135  B,20 0.670 91.8 2.85 65.2 12.03 46.7 6.66 18.8 3,60 56.1 4,01 51.1
5lycol
"Chrysene"” n-He xanol 23.4 24,8 0.193 2.09569? 6.4 0.0302 84,4 0,0504 73.9 0.0265 86.3 0.0478 75.2 0.0122 93.7
"Chrysene" n-Amyl “leoho!  23.4% 24,5 0,140 0.00763  95.2  0.0350 78.1  0.0621 61,2 0.0310 80.6 0.0536 66.5 0.0131 91.8
"Chrysete” n-Tecane 22,0 24,5 0.077 0.00530 93,1 0.0467 39.4 0.0392 49,1 0.0219 T71.6 0.0537 30.2 0.0177 77.0
"Hendecane”  n-Hexanol 22.0 40.0 0,102 0.00557 94,6 0.0211 79.5 0.0584 43,3 0.0247 16.0 0.0492 52,2 0.0078 92.4
"Hendecane”  n-Octanol 22,0 40,0 0.0635 0,00476 92,5 0.0163 74.3  0,0368 42,0 0.0175 T72.4 0.0353 44,3  0.0067 89.5
"Heniecane n-Tecane 22,0 <D.,0 0,150 0.00423 97.1 0.0339 77.4  0,0354 76.4 0.0170 88.7 0.0456 69.6 0.0090 94.0
tverage absolute percent deviation 66.5 54.6 66.7 49.9 39.9 52.3
The parameter f uced 0.50 0,50 0.625 0.850 0.825

)

"Chrysene" 1s 1, 2, 3, 4, 5, 6, 7, 3, 13, 14, 15, 16 dodecahydrochrysene

"yepdecane" is 1, 1-di-(alpha-decalyl)-nendecane

gs
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individual systems and that logical subgroups of systems do exist. The most
logical subgroups of systems seem to be the extremely high viscosity systems
and the more moderate high viscosity systems. Because of this, the systems
whose solvents are labeled ""hendecane' and 'chrysene' were studied as one
subgroup and the remainder as another subgroup.

The first subgroup, shown in Table VIII, contains (see Figure 8) the more
moderate high viscosity systems. These systems have at least one material
that exhibits hydrogen bonding, and for most of the binary pairs both the solute
and solvent exhibit hydrogen bonding. The results show that the original Gainer
and Metzner model, the modified Gainer and Metzner model, and the model
developed by the author all predict the data to about the same degree of
accuracy; namely the average percent deviation is around 35. Olander's model
gives a slightly higher deviation when the parameter f is taken to be one half,
but when the optimized value of 0. 650 is used, the average deviation is 31.0
percent.

The optimum f values range from 0.65 to 0.85. This range is also in
agreement with the range predicted by Eyring in Glasstone et al. (1941).
Bockris et al. (1964) shows, as discussed earlier, that for glycols the value
of f should be around 0.83. The modified Gainer and Metzner model and the
model developed in this work have optimum values of f of 0.850 and 0.825,
respectively. Thus, these two models substantiate Bockris' results almost
exactly.

The second subgroup, shown in Table IX and Figure 9, consists of



TABLE VIII

EXPERIMENTAL AND PREDICTED DIFFUSIVITIES

(x 106Gm2/SEC) FOR MODERATELY HIGH VISCOSITY

SYSTEMS
Solvent Solute Temp n Dgxe Dic A(WE) "o A(no) Dy A{cM) Dy AlGM) Déﬁ A(eM) Dy A(M)
og poise 7 % 4 4 % %

fropylene Ethylene 30 0.326 0.53 0,483 8.9 0.621 17.2 0.545 2.8 0.507 4.3 0.639 20.6 0.505 4.7
Glycol Glycol

Diet{ylene nt;ylene 30 0,216 0.65 0,461 32.5 0.826 27.1 0.795 22.3 0.729 12.2 0.T\7 10.3 0.710 9.2
Slycol Slycol

Ethygene Gyclghexanol 30 0.135 0.64 0.681 6.4 0.803 25,5 1,21 98.4 1,23 92,2 0.859 34.2 0.882 37.8
3lycol .

Propglene " 30 0.326 0,31 0.313 1,0 0.398 28,4 0,476 53.5 0.461 48.7 0.388 25.2 0.386 24.5
3lycol

D!et%ylene " 30 0.216 0.50 0.559 11,8 0.513 6.2 0.543 9.6 0,562 12,9 0,403 19.4 0,498 0.4
Glyecol

Slchrin Hexanol 25 9.5 0.06 0,011 81.7 0.133 130.0 0.273 355,0 0.113 83.3 0.122 103.3 0.124 106.7

Triethylene

raiycile Hexanol (o] 1,60 0.51 0.077 51.0 0,324 36.5 0.360 29.4 0,215 57.8 0,207 47.1 0.175 65.7

5lyceriu Hater 20 14,8 0.133 0.0105 92,1 0,162 21,8 0.190 42,9 0,076 42,9 0.099 25.6 0,041 69,2

3lycerin Me thanol 21 13.6 0.064 9.0179 72,0 0,154 140,6 0.052 18,8 0,029 54,7 0.065 1.6 0.044 31,3

Ethylene Water 20 0.206 1.80 0.618  65.7 2.64 46,7 2.65 47.2 1.78 1.1 1,327 26.7 1.4 18.9
3lycol

slycerin Hexanol 0o 121.0 L0137 .008 94,2 0,18 32,5 ,03% 131,8 0.131 4,4 ,0149 8,8 .0157 14.6

Etﬁylene n-dmyl 4leohol 30 0.135 2,03 0.716 AG,6 1,51 27.4 2,34 12,5 1,88 9.6 1.48 28,8 1,66 20.2
3 1

Ethy¥23e e xane 30 0.135 8,20 0.670 2'.3 2.85  65.2 12,03 4.7 5,92  27.8 3.60 56,1 4,01 51,1
5lycol

Average absolute percent deviation 51.9 46.5 70.8 35.1 31.4 34.9

value of I used 0.50 0.50 0.65 0.85 0.825
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Figure 8. The average absolute percent deviation versus the fraction

f for 13 moderately high viscosity systems.
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TABLE IX

EXPERIMENTAL AND vREDICTED DIFFUSIVITIES

(x_106cm2/SEC) FOR EXTREMELY HIGH VISCOSITY

Solvent Jolute n Daxe Dic A(WT) Yo 8(P) Moy Day  2(oM) Dy A(M)
poise k4 A % %
ng 2t I 24.5 0.193 0.00674 96.4 0.030 B4.4 0.050 56.5 0,073 62.2 095 50.
hryﬁen :ifzgglﬂlcohol 24.5 0,160 0.00744 95.2 0.035 78.1 0.062 32.5 0.083 48.1 116 27.
" Tecane 24,5 0.077 0.00516 23.1 0,047 39.%4 0,039 19.5 0.083 7.2 264 242,
"Hendecane" Hexanol 40.0 0.103 0.00557 94,6 0.021 79.5 0.058 12,6 5.085 17.5 098 4,
" Jctyl Alochol 40.0 0.0635 0.00476 92,5 0,016 T74.3 0.037 5.5 0.058 8.7 065 2.
" Necane 40,0  0.150 0.00428 97.1 0.034 77.% 0.035 57.3 9.078. 48.0 143 a,
Average absolute percent deviation 24,8 72.2 30.6 32.0 55.5
value of the parameter f used 9.50 0.40 0.8 0.525
“Chrysene” is ', 2, 3, 4, 5, 6, 7, 8, 13, 14, 15, 16 dodecahydrochrysene
"Hendecane" is !, 1-di-(alpha-decalyl)-hendecane
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Figure 9. The average absolute percent deviation versus the fraction

f for 6 extremely high viscosity systems.
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systems whose solvents are ""hendecane' and ''chrysene’. The modified
and original Gainer and Metzner models, with optimized f values, give average
deviations of about 30 percent. None of the other models tested adequately
predicted the diffusivities for this subgroup. The optimum f values for
this subgroup vary from 0.225 to 0.825. There appears to be no systematic
correlation for these f values.

The average absolute percent deviations in Table VI range from 39.9 to
67.2 percent when all of the 19 high-viscosity systems are considered together.
One significant fact that can be obtained from this table is that the diffusion
coefficients measured in this laboratory (i.e., the systems whose solutes are
ethylene glycol and cyclohexanol) are predicted generally with greater precision
than those taken from Gainer and Metzner's work. The apparent reason for
this is that the diffusivities reported by Gainer and Metzner were not measured
at very low solute concentrations as was done in this work. The highest solute
concentration used in this work was approximately 0.025 moles per liter. In
contrast, the concentrations used in the work of Gainer and Metzner were not
explicitly stated, but an analysis of their data indicates interfacial concen-
trations ranging from a high of eight moles per liter to a low of 0.1 moles
per liter.

One would expect their data to be very concentration dependent (or
concentration average values) since the diffusion coefficients of associating
systems, especially high viscosity systems, are known to vary greatly with

concentration. This is expected to happen even at fairly low concentrations.
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On the basis of this, the average absolute percent deviations versus f were
recalculated using only the experimental results of this project.

The results of this recalculation are shown in Table X and in Figure 10.
The average deviation is lowest for the Wilke~Chang equation--the value being
12,1 percent. This is comparable with the 14.8, 17.9, 20.8, and 37.3 percent
deviation for the authors' model, the modified Gainer and Metzner model,
Olander's model, and the original Gainer and Metzner model, respectively.
It is interesting to note that none of the equations tested gives an average value
of the absolute percent deviation greater than 25 except the original Gainer
and Metzner model. Thus, one might speculate that all of the equations tested
predict adequately the diffusion coefficients for all types of systems at concen-

trations approaching infinite dilution. This could apply even to the ability of

the Wilke~Chang equation to predict the diffusion coefficients of moderately
high viscosity systems.

The optimum f values are between 0.775 and 0. 925~-as expected from
the results of Eyring in Glasstone et al. (1941) and Bockris (1964)--for all of
the models except Olander's.

On the basis of the author's study, the Wilke~-Chang equation can
adequately predict the diffusivities for moderately high viscosity systems--
to about 30 centipoise or more--but it is definitely not adequate for high
viscosity systems. All of the other equations tested also predict quite
adequately the diffusivities for the moderately high viscosity systems. It is
also important to note that the predictions are much more accurate for these

other equations when an optimized f value is used than when a value of one-half



TABLE X
EXPERIMENTAL AND PREDICTED DIFFUSIVITIES
(x_105cm2/SEC) FOR HIGH VISCOSITY
SYSTEMS MEASURED IN THIS WORK

Solvent Solute Temp n Dexp Dy A{WO) Dy A(Dg) Dgy A(GM) Doy A(GM) Dy 4 (GM) Dy &M
°c poise 9 % % % % £

Propylene Ethylene

Glyecol Glycol 30 0.326 0.53 0.483 8.7 o0.621 17.1 0.545 2.8 0.461 13,0 0.524 1.7 0.536 1,1
Diethylene Ethylene

Glyeol Glyeol 30 0.216 0.65 0.461 32.4 0,826 27.0 0.795 22.3 0.649 0.2 0.653 0.5 0.757 16.4
Ethylene Cyclohexanol

Glycol 30 0.135 0,64 0.681 6.4 0,803 25.4 1,21 98,2 1,17 83.0 0.987 54,2 0.832 30.0
Propylene Cyclohexanol

Glycol 30 0.326 0.31 0.313 1.1 0,398 28,4 0,476 53.5 0.443 42.8 0.409 31.8 0.380 22,5
Diethylene Cyclohexanol

Glycol 30 0.216 0.50 0,559 11.7 0.513 6.3 0.548 9.7 0.580 16.1 0,490 20.4 0.480 4.0
Average absolute percent deviation 12,1 20.8 37.3 31.0 17.9 14,8
Value of the parsmeter f used 0.50 0.50 0.85 .925 175

29
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Figure 10.

The average absolute percent deviation versus the fraction

f for 5 high viscosity systems measured in this work.
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is used for the f parameter.

For the higher viscosity systems, the equation developed in this work,
the original and modified Gainer and Metzner model, and the Olander model,
all can be used to predict the diffusion coefficients. Again, an optimized value
of f will give more accurate results. Since the data reported by Gainer and
Metzner are probably concentration dependent, the value of the parameter f
shown in Table VIII should be used for these calculations. It is obvious here

that more high-viscosity diffusivities at low solute concentrations are needed.
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VI. CONCLUSIONS

The Eyring rate theory equation has been successfully modified to enable
one to predict binary molecular diffusion coefficients for a variety of liquid-

liquid systems. The activation free energy, AFD , has been evaluated in
AB

terms of the self-diffusion, activation-free energies of the solute and solvent.
This was accomplished through the use of regular solution theory by relating
the bond -breaking energy of the jump step to the bond-breaking energy in
evaporation. The assumptions used in this development have been tested (with
the meager data available in the literature), and these preliminary results
showed the assumptions to be valid.

Comparisons of the ability of the equation developed in this work with the
equations developed by Olander, by Gainer and Metzner, and by Wilke and Chang
to accurately predict the diffusion coefficients were made for three general
types of systems. Generally, the results showed the Wilke-Chang equation to
be adequate for most low viscosity systems as well as forthe moderately high
viscosity systems studied in this project. Likewise, all of the other equations
tested adequately predicted the diffusion coefficients for these same systems.
This is especially true if the optimized value of the parameter f is used instead
of the value of one-half suggested by Olander and by Gainer and Metzner.

The diffusivities for the high viscosity systems are more accurately
predicted by the three modified forms of the Eyring absolute rate theory
equation than by the Wilke-Chang equation. Since these three equations give
similarily adequate results, the availability of data for the system of interest

is a very important consideration. The equation developed in this work and the
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equation developed by Olander require less data than the Gainer and Metzner
model and are thus preferred. As for the low viscosity systems, the three
modified forms of the Eyring absolute rate theory equation give superior
results when an optimized value of the parameter f is used. This is even more
evident for the high viscosity systems, since the AAPD's are more dependent
upon f for these systems.

The parameter f generally is in the range of 0.65 to 1.0 for most of the
systems and for most of the equations studied. This range agrees with the
estimation by Eyring that the jump step portion of the total activation energy
should constitute about 10 to 20 percent of the total activation energy.

More specifically, the value of the parameter f is between 0. 95 and 1. 00
for all of the equations tested for the low viscosity associating systems--
excepting those containing water as the solvent. This agrees almost exactly
with the estimation by Bockris et al. (1964) that f is about 0. 99 for normal
alcohols. On the other hand, the value of the parameter f for aqueous systems
varies considerably depending upon the model being tested.

Olander's equation shows very little dependence of the average absolute
percent deviation on the parameter f. For normal liquids, this means that
the choice of f equal to one-half by Olander was a good one. In general, however,
the optimized value of f gives better agreement between calculated and experi-
mental diffusivities than the value of one-half. This is especially true for the
low viscosity associating systems and for some high viscosity systems.

The diffusion coefficients reported by Gainer and Metzner may be subject

to severe error due to a possible concentration dependence. Thus, the values



of f used for future predictions should only be based on the data obtained in this

laboratory until more accurate high viscosity diffusion data are available,
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APPENDIX A

PHYSICAL PROPERTIES AND PARAME TERS

USED FOR CALCULATIONS

A. Selection of Data.

In this section the methods used to select the various physical properties

and parameters used in calculating the binary diffusivities will be presented.

They are as follows:

1.

2,

k, the Boltzman constant 1.3805(0) ¢ erg/°K.

h, the Planck constant 6. 624;2(10)—27 erg/sec.

N, the Avogadro number 6. 023 (10)23 molecules/mole.

R, the universal gas constant 1. 987(10)_3 Kcal/mole.

T, the temperature at which the diffusivity was required in oK.

V.

X’ the molar volume of component X at the temperature of

interest (except for use with the Wilke-Chang equation) was used in
units of cms/mole. This is readily obtainable from the density and
the molecular weight of the component. The density is usually
obtainable from one of the following references:

a. The Handbook of Chemistry and Physics, (1965).

b. Perry (1963)

c. The International Critical Tables (1926).

d. Timmermans (1959).

e. Tables of the A.P.I. Research Project 44 (1968).
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10.

70

If not available from these references, the density can be measured
[Daniels et al. (1962)]. For all the systems reported in this work,
the density data wereavailable in the above references except for the
solvents ethylene glycol, diethylene glycol and propylene glycol. The
densities for these were measured by Moore (1967). The densities of
the systems '"Hendecane'' and ""Chrysene' were also not available in
the above references;they were measured by Lowitz et al. (1959).
When used in the Wilke-Chang equation, the solute molar volume
in cm3 /mole is required at the boiling point. This was calculated
using Kopp's rule and the "Atomic Volumes'" given in Treybal (1963).
nB, the viscosity of the solvent (or solution of solute A in solvent B
at infinite dilution) was used in units of poise. The viscosity is
usually available from one of the references discussed above.
£, the geometric parameter in the diffusion coefficient was set
equal to 5.6 for all solvents for Olander's equation. It was 5.6 for
DM for all solvents except methanol and ethanol for which it was
equal to 7.5. £ was 6.0 for Gainer and Metzner's equation for all
solvents except methanol and ethanol for which the value of 8.0 was
used.
@, the molecular association constant in the Wilke-Chang equation
was equal to 2.6 for water, 1.9 for methanol, 1.5 for ethanol and

1.0 for all other solvents.

AFD , for use in Olander's equation was calculated by the following
XX



11.

12,

equation:

AF_=RT Inf, V, /bN) (A-1)

and the assumption that AF equals AF . The selection of the
Dyx Mx

terms in this equation has been described previously. When used in

Equation 29, .AF. is calculated using the following equation

DXX
=RT 1 V. /h A-2
AF"X n¢/2n, Vi /bN) (A-2)
and the assumption that AF equals AF .
D n
XX X
E , for use in the modified Gainer and Metzner equation was

%
calculated from viscosity data versus temperature with the following

equation:

dln'r)x
da/T)

= RT

A-3
Ny (A=3)

When used in the original Gainer and Metzner equation, E = was
X

calculated with the following equation:

3/2
/))

E = RT (. V. AE')/(1.0910) M T (A-4)
n TxVx %% '

X
The data necessary for use in both of the above equations have already
been discussed, except the energy of vaporization term which will be
discussed later.
o, the volumetric coefficient of thermal expansion, is calculated

from the following equation:

1 PV
o =T (A-5)
vV, dT

X
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13.

14.

15.

and molecular volume data as a function of temperature.

ED , When used for all forms of the Gainer and Metzner equation,
XX
E is assumed equal to E . All of the necessary data used in
Dyx Nx

these equations have been discussed previously.
The term AH;’{ap isuswally given in one of the references discussed
earlier. These data are usually at the normal boiling point. When it

was not available at the desired temperature, it was corrected by the

following equation (see Perry, 1963)

vap
AHTl TC - T2

vap = ( )0.38 (A-6)
AHT2 Tc - T1

When no value of the AH;;ap was available, it was calculated from the
Claperyon-Clausis equation [see Moore (1955)] and the vapor pressure
data given in Jordan (1954). In just two cases (viz. for "Hendecane'
and ""Chrysene''), the enthalpy of vaporization at the normal boiling

was estimated by Trouton's rule (see Perry, 1963)

vap

AH ™ = @LTY oo (A=T)
E (used in the Gainer and Metzner equation) was calculated
"X -D
from the ratio
vap
E AH‘.EZ
"X-D b
E T _vap (A4-8)

AHy

The evaluation of AH;(&p is discussed above. The term AH}VipD is

the enthalpy of vaporization of the hydrocarbon homologue of X at
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the same reduced temperature.

16. E is calculated from the equation
"x-H

E =E -E (A-9)
"xmw ™ Tx-p

17. AE;(ap is simply obtained from the AH;;ap by the equation

vap _ ..V

AE AHXap - RT (A-10)

B. Data

The following tables contain the data collected from the literature and
the parameters used in order to perform the necessary calculations throughout
the thesis.

Table A-I shows the molecular weight, the solvent association parameter
used in the Wilke~-Chang correlation, and the parameter £ used in the various
forms of the absolute rate theory equations.

Table A-II gives the density data used to calculate the diffusion coeffic-
ients and the volumetric coefficient of expansion at constant pressure.

Table A-III gives the viscosity data used in the calculations.

Table A-IV gives the value of the molar volume obtained from Kopp's
rule, the heat of vaporization, and the ratio of the heat of vaporization due to
dispersion force bonds to the total heat of vaporization

Table A-V gives the viscosity, self diffusion, and volumetric coefficient
of thermal expansion at constant pressure data used in the calculation of the

parameter £.



Table A-VI gives the binary diffusion and heat of mixing at infinite
dilution data used to test the validity of assumptions as shown in Figures 1 and

2,

T4



MOLECULAR WEIGHT AND PARAMETERS USED FOR

TABLE A-I

DIFFUSIVITY PREDICTIONS

Solvent
Assoc. 3
Tgmp Parameter Molecular
Solvent C for DW C Weight D GM D 0 DM
Benzene 15.0 1.0 78.11 6.0 5.6 5.6
Benzene 25.0 1.0 78.11 6.0 5.6 5.6
Benzene 30.0 1.0 78.11 6.0 5.6 5.6
Toluene 15.0 1.0 92,13 6.0 5.6 5.6
Toluene 25.0 1.0 92,13 6.0 5.6 5.6
Toluene 30.0 1.0 92.13 6.0 5.6 5.6
Hexane 15.0 1.0 86.17 6.0 5.6 5.6
Hexane 30.0 1.0 86.17 6.0 5.6 5.6
Methanol 15.0 1.9 32.04 8.0 5.6 7.5
Methanol 30.0 1.9 32.04 8.0 5.6 7.5
n-Propanol 15.0 1.0 60.09 6.0 5.6 5.6
n-Propanol 25.0 1.0 60.09 6.0 5.6 5.6
i-Propanol 15.0 1.0 60.09 6.0 5.6 5.6
n-Butanol 15.0 1.0 74.12 6.0 5.6 5.6
i-Butanol 15.0 1.0 74.12 6.0 5.6 5.6
Acetic Acid 15.0 1.0 60.05 6.0 5.6 5.6
Chloroform 15.0 1.0 119.39 6.0 5.6 5.6
Carbon Tetrachloride 15.0 1.0 153.84 6.0 5.6 5.6
Carbon Tetrachloride 25.0 1.0 153.84 6.0 5.6 5.6
Chlorobenzene 15.0 1.0 112,56 6.0 5.6 5.6
Bromobenzene 15.0 1.0 157.02 6.0 5.6 5.6
Ethanol 15.0 1.5 46.07 8.0 5.6 7.5
Ether 15.0 1.0 74.12 6.0 5.6 5.6
Acetone 15.0 1.0 58.08 6.0 5.6 5.6
Acetone 25.0 1.0 58.08 6.0 5.6 5.6
Water 15.0 2.6 18.00 6.0 5.6 5.6
Water 21.0 2.6 18.00 6.0 5.6 5.6
Methyl Ethyl Ketone 30.0 1.0 72.10 6.0 5.6 5.6
Cyclohexane 25.0 1.0 84.16 6.0 5.6 5.6
Ethylene Glycol 30.0 1.0 62.10 6.0 5.6 5.6
Ethylene Glycol 20.0 1.0 62.10 6.0 5.6 5.6
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TABLE A-I (continued)

Solvent
Assoc. £
Tgmp Parameter Molecular
Solvent C for DW a Weight D M D o DM
Propylene Glycol 30.0 1.0 76.10 6.0 5.6 5.6
Diethylene Glycol 30.0 1.0 106.10 6.0 5.6 5.6
Triethylene Glycol 0.0 1.0 150.20 6.0 5.6 5.6
Cyclohexanol 30.0 1.0 100.20 6.0 5.6 5.6
Glycerin 0.0 1.0 92.10 6.0 5.6 5.6
Glycerin 20.0 1.0 92,10 6.0 5.6 5.6
Glycerin 21.0 1.0 92,10 6.0 5.6 5.6
Glycerin 25.0 1.0 92.10 6.0 5.6 5.6
Hexanol 0.0 1.0 102.20 6.0 5.6 5.6
Hexanol 25.0 1.0 102.20 6.0 5.6 5.6
Hexanol 22.0 1.0 102.20 6.0 5.6 5.6
Hexanol 23.4 1.0 102.20 6.0 5.6 5.6
n-Amyl Alcohol 23.4 1.0 88.20 6.0 5.6 5.6
n-Amyl Alcohol 30.0 1.0 88.20 6.0 5.6 5.6
"Chrysene'" 22,0 1.0 240.40 6.0 5.6 5.6
n-Decane 22.0 1.0 142.30 6.0 5.6 5.6
""Hendecane" 22,0 1.0 418.80 6.0 5.6 5.6
n-Octanol 22.0 1.0 130.20 6.0 5.6 5.6

"Chrysene'is 1, 2, 3, 4, 5, 6, 7, 8, 13, 14, 15, 16 - dodecahydrochrysene
"Hendecane' is 1, 1-di-(alpha-decalyl)-hendecane



TABLE A-II

DENSITY DATA USED FOR

DIFFUSIVITY PREDICTIONS

Den%ity Dens(i)ty ?@t

Tg.mp atT C T+Hl5 C
Solvent C Gr./Cm Gr./Cm Ref-Page
Benzene 15.0 0.88420 0.86844 T-144
Benzene 25.0 0.87365 0.85760 T-144
Benzene 30.0 0.86844 0.85220% T-144
Toluene 15.0 0.87160 0.85770 T-152
Toluene 25.0 0.86258%* 0.84830 T-152
Toluene 30.0 0.85770 0.84360% T-152
Hexane 15.0 0.66380 0.65055 T~ 44
Hexane 30.0 0.65055 0.63508%** T- 44
Methanol 15.0 0.79609 0.78208 T-304
Methanol 30.0 0.79030% 0.77610% T-304
n-Propanol 15.0 0.80749 0.79600 T-315
n~-Propanol 25.0 0.79980 0.78500 T-315
i-Propanol 15.0 0.78916 0.77690 T-317
n-Butanol 15.0 0.81337 0.80206 T-319
i-Butanol 15.0 0.80576 0.79437 T-321
Acetic Acid 15.0 1.05310% 1.03802 T-382
Chloroform 15.0 1.49845 1.47060 T-220
Carbon Tetrachloride 15.0 1.60370 1.57480 T-226
Carbon Tetrachloride 25.0 1.58430 1.55570 T-226
Chlorobenzene 15.0 1.11172 1.09550 T-284
Bromobenzene 15.0 1.50170 1.48150 T~-288
Ethanol 15.0 0.79367 0.78096 T-310
Ether 15.0 0.71925 0.70205 T-344
Acetone 15.0 0.79597 0.77931 T-355
Acetone 25.0 0.78458 0.76820 T-355
Water 15.0 0.99913 0.99568 P-3.70
Water 21.0 0.99723 0.99406 P-3.70
Methyl Ethyl Ketone 30.0 0.79452 0.77970%* T-361
Cyclohexane 25.0 0.77385 0.75985% T-195
Ethylene Glycol 30.0 1.10620 1.09580% M
Ethylene Glycol 20.0 1.11320%* 1.10280% M
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TABLE A-II (continued)

Densoity Dens(i)ty #at
Tgmp at T C 3 T+5 C

Solvent C Gr./Cm Gr./Cm Ref-Page
Propylene Glycol 30.0 1.02920 1.01770%* M
Diethylene Glycol 30.0 1.10920 1.09850%* M
Triethylene Glycol 0.0 1.13880%* 1.12730%%* M
Cyclohexanol 30.0 0.94155 0.92994 T-491
Glycerin 0.0 1.27370%* 1.26440 T-336
Glycerin 20.0 1.26130%* 1.25190% T-336
Glycerin 21.0 1.26080% 1.25130%* T-336
Glycerin 25.0 1.25830% 1.24900 T-336
Hexanol 0.0 0.83285 0.82239 T-330
Hexanol 25.0 0.81560%* 0.81524%%* T-330
Hexanol 22.0 0.81750%* 0.80710% T-330
Hexanol 23.4 0.81660%* 0.80610%* T-330
n-Amyl Alcohol 23.4 0.81240% 0.80170% T-326
n-Amyl Alcohol 30.0 0.80760 0.79700%* T-326
"Chrysene' 22,0 0.04800%* 1.03850%* L
n-Decane 22,0 0.72850% 0.71710% A-288
"Hendecane" 22.0 0.93020%** 0.92090%* L
n-Octanol 22,0 0.82730% 0.81710%%* T-332

* Interpolated from data given in specified reference

** Extrapolated from data given in specified reference

Timmermans (1959a)

Perry (1963)

Moore (1967)

American Petroleum Institute Research Project 44 (1968)

Lowitz et al. (1959)

The densities at T and T+1500 were used in Equation A-5 to calculate g.

H=H>=E2HHA



TABLE A-III

VISCOSITY DATA USED FOR

DIFFUSIVITY PREDICTIONS

Visagsity Visc%sﬁ#r at

Tg.mp atT C T+l5 C
Solvent C cp cp Ref-Page
Benzene 15.0 0.696 0.569 T-146
Benzene 25.0 0.610 0.504%* T-146
Benzene 30.0 0.569 0.475% T-146
Toluene 15.0 0.623 0.523 T-152
Toluene 25.0 0.553%* 0.467* T-152
Toluene 30.0 0.523 0.440% T-152
Hexane 15.0 0.337 0.278 T- 44
Hexane 30.0 0.278 0.229%* T- 44
Methanol 15.0 0.623 0.510 T-305
Methanol 30.0 0.567* 0.476% T-305
n-Propanol 15.0 2,522 1.722 T-315
n-Propanol 25.0 1.950% 1.325%* T-315
i-Propanol 15.0 2,859 1.765 T-317
n-Butanol 15.0 3.379 2.271 T-320
i~Butanol 15.0 4.703 2.876 T-322
Acetic Acid 15.0 1.314 1.040 T-382
Chloroform 15.0 0.569 0.514 T-220
Carbon Tetrachloride 15.0 1.038 0.845 T-227
Carbon Tetrachloride 25.0 0.888 0.739 T-227
Chlorobenzene 15.0 0.844 0.711 T-285
Bromobenzene 15.0 1.196 0.985 T-288
Ethanol 15.0 1.327% 1.065% T-311
Ether 15.0 0.24%7 0.227%% T-344
Acetone 15.0 0.355 0.295 T-355
Acetone 25.0 0.308 0.271%* T-355
Water 15.0 1.104 1.011 P-3.201
Water 21.0 1.005 0.722 P-3.201
Methyl Ethyl Ketone 30.0 0.365 0.312%* T-361
Cyclohexane 25.0 0.883* 0.683* T-195
Ethylene Glycol 30.0 13.56 7.98 * M
Ethylene Glycol 20.0 20.62 ** 11.30 * M
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TABLE A-III (continued)

Vis c(())sity Vis c%s11#7 at
Temp atT C T+l5 C
)

Solvent C cp cp

Propylene Glycol 30.0 32,63 15.50 * M
Diethylene Glycol 30.0 21.61 12, * M
Triethylene Glycol 0.0 160. *ok 56. * M
Cyclohexanol 30.0 41.07 17.19 T-491
Glycerin 0.0 12100. + 2267. T-337
Glycerin 21,0 1360. * 349, *% T-337
Glycerin 20.0 1480. * 382, k% T-337
Glycerin 25.0 950. * 245, *x T-337
Hexanol 0.0 0.880%* 0.620 T-330
Hexanol 25.0 0.437% 0.287%* T-330
Hexanol 22.0 0.498% 0.310% T-330
Hexanol 23.4 0.476% 0.297%* T-330
n-Amyl Alcohol 23.4 3.610% 2,310%* T-326
n-Amyl Alcohol 30.0 2.987*x* 1.880%* T-326
"Chrysene" 22,0 2450. + 570, *k L
n~-Decane 22.0 0.906% 0.703% T-116
""Hendecane"' 22.0 4000. + 810. * % L
n-Octanol 22.0 8.22 * 4.76 ** T-332

*

Interpolated from data given in specified reference

*k Extrapolated from data given in specified reference

Gainer and Metzner (1965)

Timmermans (1959)

Moore (1967)

American Petroleum Institute Research Project 44 (1968)

Lowitz et al. (1959)

The viscosity at T and T+15°C were used in Equation A-3 to calculate ETI .
B

w=H 2+



TABLE A-IV

MOLAR VOLUME AND

vap

USED FOR

DIFFUSIVITY PREDICTIONS

VA at
I]?:c.)::;;'s vap AHYP
Temp Rul AHX XD
Solvent °c Cm /Mole Cal/Mole Ref-Page AH;(ap
Benzene 15.0 96.0 8100 T-149 1.000
Benzene 25.0 96.0 8100 T-149 1.000
Benzene 30.0 96.0 8100 T-149 1.000
Toluene 15.0 118.2 8840 T-153 1.000
Toluene 25.0 118.2 8840 T-153 1.000
Toluene 30.0 118.2 8840 T-153 1.000
Hexane 15.0 140.6 7540.% T~ 47 1.000
Hexane 30.0 140.6 7540 * T- 47 1.000
Methanol 15.0 37.0 8950 * T-306 0.395
Methanol 30.0 37.0 8950 * T-306 0.395
n-Propanol 15.0 81.4 10400%* T-316 0.555
n~-Propanol 25.0 81.4 10400%* T-316 0.555
i-Propanol 15.0 81.4 1024.0%* T-318 0.540
n~Butanol 15.0 103.6 10530% T-320 0.611
i-Butanol 15.0 103.6 10460%* T-322 0.598
Acetic Acid 15.0 68.4 6030% P~-3.112 0.910
Chloroform 15.0 84.8 8360%* T-221 1.000
Carbon Tetrachloride 15.0 103.2 7830% T-228 1.000
Carbon Tetrachloride 25.0 103.2 7830% T-228 1.000
Chlorobenzene 15.0 114.4 8900%* P-3.113 1.000
Bromobenzene 15.0 119.3 9200%* P-3.113 1.000
Ethanol 15.0 59.2 10000% T-312 0.463
Ether 15.0 107.2 6620%* T~345 0.900
Acetone 15.0 74.0 7610% T-356 0.384
Acetone 25.0 74.0 7610% T~356 0.384
Water 15.0 75.6 10250 P-3.191 0.202
Water 21.0 75.6 10250 P-3.191 0.100
Methyl Ethyl Ketone 30.0 96.2 6500% T-361 0.960
Cyclohexane 25.0 118.2 7050 T-197 1.000
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TABLE A-IV (continued)

VA at
B.P.
Kopp's vap va%
Temp  Rule AHy -
Solvent C Cm3/Mole Cal/Mole Ref-Page AH;(ap
Ethylene Glycol 30.0 66.6 19100+ J- 72 0.331
Ethylene Glycol 20.0 66.6 19300+ J- 72 0.331
Propylene Glycol 30.0 88.8 15500+ J- 73 0.454
Diethylene Glycol 30.0 118.4 12250+ J- 173 0.568
Triethylene Glycol 0.0 170.2 17400+ J- 73 0.914
Cyclohexanol 30.0 136.9 12700+ J- 173 0.666
Glycerin 0.0 96.2 23400+ J- 80 0.365
Glycerin 20.0 96.2 24000+ J- 80 0.365
Clycerin 21.0 96.2 23800+ J- 80 0.365
Glycerin 25.0 96.2 23800+ J- 80 0.365
Hexanol 0.0 148.0 12700+ J- 67 0.750
Hexanol 25.0 148.0 12420+ J- 67 0.754
Hexanol 22.0 148.0 12420+ J- 67 0.754
Hexanol 23.4 148.0" 12730+ J- 67 0.754
n-Amyl Alcohol 23.4 125.8 12730% P-3.113 0.668
n-Amyl Alcohol 30.0 125.8 12580% P-3.113 0.668
"Chrysene 22.0 340.2 8620 TR 1,000
n-Decane 22.0 229.4 12280 A-436 1.000
""Hendecane' 22,0 658.6 8960 TR 1.000
n-Octanol 22,0 192.4 16220 P-3.113 0.696

*

Corrected for temperature by Equation A-6

+ Estimated from vapor pressure data and Claperyon-Clausis equation,
Moore (1955)

Timmermans (1959a)

Perry (1963)

Jordan (1954)

American Petroleum Institute Research Project 44 (1968)

TR Estimated by Troutons Rule, Perry (1963).
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TABLE A-V

DENSITY, VISCOSITY,SELF DIFFUSION COEFFICIENT

AND ¢ USED FOR CALCULATING THE PARAMETER £

Temp  Density Viscosity DB 1 0)5 ol 0)3#
Compound °¢c  Gr./Cm® cp Ref-Page Cm /sec  Ref °cl Ref-Page
Benzene 15 0.88420 0.696 T-146 1.88 JB 1.206 1-29
Benzene 25 0.87365 0.610%* T-146 2.15 JB 1.225 I-29
Benzene 35 0.86277* 0.525% T~146 2.40 JB 1.245 I1-29
Benzene 45 0.85220%* 0.475% T=146 2.67 JB 1.268 I1-29
Ethanol 15 0.79367 1.360% T-311 0.80 JB 1.062 I-27
Ethanol 25 0.78503 1.120 T-311 1.05 JB 1.088 I1-27
Ethanol 35 0.77641%%  (,949% T-311 1.31 JB 1.116 1-27
Ethanol 45 0.76706**  0,780% T-311 1.70 JB 1.152 I-27
Methanol 15 0,79609 0,623 T-305 1.93 JB 1.178 I-27
Methanol 25 0.78660 0.551%% T-305 2.27 JB 1.202 I-27
Methanol 35 0.77711%* 0.479%* T-305 2.65 JB 1.228 1-27
n-Propanol 15 0.80749%% 2,522 T-315 0.504 JB 0.987 1-28
n-Propanol 25 0.79980%* 1.950% T-315 0.646 JB 0.983 1-28
n-Propanol 35 0.79207* 1, 710%* T-315 0.814 JB 1.014 1-28
n-Propanol 45 0,78545% 1,380%* T-315 1.017 JB 1.046 1-28
i-Propanol 15 0,78916 2.859 T-317 0.474 JB 1.035 I1-28
i~Propanol 25 0,78095 2,420% T-317 0.649 JB 1.053 1-28

€8



TABLE A-V (continued)

Temp Density Viscosity DB @ 0)5 o 0)3 #
(o] 3 -
Compound C Gr./Cm cp Ref-Page Cm /sec Ref °c 1 Ref~-Page
i-Propanol 35 0.77275%%  1,900%%* T-317 0.867 JB 1.071 1-28
i-Propanol 45 0.76445*%*%  1,480%* T-317 1,145 JB 1.090 1-28
n-Pentane 25 0.62133 0.22 DM 5.45 DM 1,466 1-29
n-Hexane 25 0. 65502 0.29 DM 4,21 DM 1.250 1-29
n-Octane 25 0.69882 0.51 DM 2,00 DM 1.147 1-29
n-Nonane 25 0.71328 0.67 DM 1.70 DM 1.022 1-30
n~Decane 25 0.72043 0.85 DM 1.31 DM 0.968 1-30

*  Interpolated from data given in specified reference
*k  Extrapolated from data given in specified reference

# Calculated from data given in reference

T Timmermans (1959a)

JB Johnson and Babb (1956)

I International Critical Tables (1926)
DM Douglass and McCall (1959)
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TABLE A-VI

BINARY DIFFUSION AND HEAT OF MIXING

AT INFINITE DILUTION DATA

5 ix

T(e)zmp D,.10)° AH
Solvent Solute C Cm’ /Sec Ref  Kcal/Mole Ref
Benzene Carbon Tetrachloride  10.0 1.466 JB 0.100 (at 20°C)* T
Benzene Carbon Tetrachloride 25,3 1,912 JB
Benzene Carbon Tetrachloride  40.0 2,432 JB o
Benzene Ethanol 15.0 2. 37+ JB 3.690 (at 20 C)** M
Benzene Ethanol 27,0 3.22# JB
Benzene Chloroform 15.0 2,39 JB  ~0.290 (at lgOC)** T
Benzene Methanol 11.0 3,144 JB 3.64 (at 20 C)** M
Benzene Methanol 27.1 3.08%# JB
Water n-Butanol 1.0 0. 44# JB 2,85 (at 15°C) Ba
Water n ~Butanol 25,0 0.97# JB
Water n-Propanol 11.0 0.79% JB  -2.85 (at 15°C) Ba
Water n-Propanol 15,0 0.87 JB o
Water Methanol 15.0 1.26 JB  -1.756 (at 25 C) Bb
Water Ethanol 10.0 0.85%# JB -2,75 (at 15 C) Bb
Water Ethanol 15.0 1.00 JB
Water Ethanol 25.0 1.24 JB

* Interpolated from data given in specified reference

g8



TABLE A-VI (continued)

** Extrapolated from data given in specified reference
# Extrapolated linearly to zero concentration from data given in specified reference

M Mrazek and Van Ness (1961)
JB Johnson and Babb (1956)

T Timmermans (1959b)

Ba Bertrand et al. (1966)

Bb Bertrand et. al. (1968)
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APPENDIX B

EXPERIMENTAL PROCEDURES AND RESULTS

Wall et al. (1952 and 1958) devised a method for measuring molecular
diffusivities for binary systems of low viscosity, high molecular weight aqueous
polymer solutions. The conventional steady-state methods available at that
time were impractical due to the slow rate of mass transfer of these high
molecular weight polymers.

The original method employed a porous disc of unglazed porcelain. This
disc was first soaked in an aqueous solution of the polymer for a time sufficient
to enable a uniform concentration of the polymer in the solvent to develop
throughout the disc. The disc was then transferred to a well agitated pure
solvent bath. At various time intervals the water agitation was stopped, and
the apparent weight of the disc was measured. These data allowed the molec~-
ular diffusivity to be calculated. This method should be applicable to the high
viscosity systems of interest here where the mass transfer rate is also
expected to be small.

Marcinkowsky, Nelson and Kraus (1965) devised an experimental
technique very similar to the method described above except that the disc was
filled with a radioactive tracer of strong gamma emission (viz., Na-22).

They flushed fresh solvent past the disc so that the solute concentration out-
side the disc was nearly zero. By placing their detector close to the disc but
outside the apparatus, they were able to measure the radioactivity of the

tracer left in the porous disc versus time and, subsequently, determine the



molecular diffusivity. This radioactive tracer method could be used for
organic solvents only by measuring the activity of the solute in the bath, be-
cause the low beta energy of C-14 could not be detected by the technique used
above.

These methods have been modified for use in this work as described in
the following sections.

A. Description of Apparatus

The apparatus used in this investigation is shown in Figures B-1 through
B-6. The basic components include (1) a porous plate immersed in a solvent
bath which is stirred vigorously with a mechanical stirrer, (2) a constant
temperature bath, and (3) 2 counting apparatus. The details of the apparatus
are as follows.

1. The Porous Disc. The porous plates are about 2-7/8 inches square

and about 1/4 inch thick. The plates were obtained from Fisher Scientific
Company and were ground on a carborundum (No. 203) grinding sheet with
water. They were cleaned with 12 molar HCl and distilled water and then with
acetone, and again with distilled water. The edges of the porous plates were
sealed with an epoxy resin (with a thickening filler to prevent capillary
action) and cured. They were then mounted in aluminum frames for support.
2. Solvent Bath. The solvent baths are aluminum boxes about 6x3 1/2x
1 1/4 inches with small clips in the bottom. These clips held the porous plates
in place.

3. Stirring Apparatus. The stirring assemblies are mounted on rods
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Figure B-1. Schematic diagram of porous plate and associated

equipment.



Figure B-2.

Porous plate fitted with stirring blades used to measure

diffusivities.
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Figure B-3. Porous plate beside stirring blade used to measure

diffusivities.

Figure B-4. Porous plate, stirring blade and solvent bath used to

measure diffusivities.
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Figure B-5. End view of constant temperature bath showing cams and

variable speed motor.

Figure B-6. Front view of constant temperature bath.
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which are allowed to move vertically and are connected to eccentrically
mounted cams. The cams are mounted on a shaft which is driven by a variable
speed transmission motor. The stirring blades are mounted on a frame which
has four horizontal stirring blades on each side of a porous plate. The blades
themselves are equilaterally triangular in shape, and as they move up and down
they wipe the solvent away from the surface of the porous plates. The blades
serve to reduce the resistance to mass transfer in the solvent bath immediately
adjacent to the porous plates, and they also keep the solute concentration in the
bath uniform during the unsteady-state buildup of the solute concentration.

4. Constant Temperature Bath. The constant temperature bath is made

of sheet aluminum and contains approximately thirty gallons of transformer oil.
The oil is agitated by a centrifugal pump. The temperature in the bath is
coarsely controlled by a cooling coil (through which tap water is passed) and a
heating element that is controlled by a variable voltage rheostat. The fine
temperature control heater is made of about 30 feet of 30 gauge nichrome wire
wrapped on a plexiglass frame. This fine-control heater is connected to a
relay which is in turn connected to a mercury, thermometer-type thermo-
regulator. The bath temperature can be controlled to within =+ 0. OIOC over

the desired temperature range. The temperature of the experiments ranged
from about 25° to 50°C.

5. Counting Apparatus. The tracer materials used were C-14 tagged.

No good—-quality, inexpensive method is available for continuously counting the

C-14 tracer in the solvent bath. Perhaps the best method of doing this would
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be by a liquid scintillation method. However, the scintillation materials, if
added to the solvent, would alter the physical properties of the solvent and give
rise to erroneous molecular diffusivities (i. e., a diffusivity through a multi-
component system). Because of these difficulties, small samples of the liquid
in the solvent bath (i. e., outside of the porous plate) were removed at various
time intervals.

The radioactivity of the solute in the liquid was counted using a liquid
scintillation technique. Liquid scintillation counting is a method of assay in
which self-absorption and window absorption of nuclear radiation are eliminated
by dissolving or suspending the sample in a scontillation liquid as described by
Overman and Clark (1960). The samples to be camted were dissolved in a
solution of toluene (the primary solvent which absorbs most of the energy of the
beta particle and transfers the energy to the primary scintillator), 5-diphenyl-
oxazole (the primary scintillator), 1, 4~-bis-2-(4 methyl~-5~phenyl-oxazolyl)-
benzene (the secondary scintillator), and ethyl alcohol (a diluent which aids in
the dissolution of the sample to be counted). These solutions are described in
detail later.

The samples were counted in the Soils Laboratory in the Agriculture
Department on the Columbia campus of the University of Missouri on a Packard
model 3310 liquid scintillation spectrometer. The results of each count were
automatically typed out on a Monroe digital printer.

For the standardization runs, the aqueous sodium chloride samples were

evaporated to dryness and counted using a standard Gieger-Mueller detector
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and scaler. Due to the poor condition of the scalers used, each sample was
counted in two different units and the results averaged.

B. Experimental Procedure.

The porous plates were first soaked in a solution of solute plus solvent
until a constant concentration of solute was obtained throughout the porous plate.
This soaking period varied from ten hours for a standardization run to three
days for the highly viscous solvents. The time necessary to obtain a constant
concentration of solute throughout the porous plate was decreased by heating the
soaking solution to 50°to 70°C.

After the porous plates were removed from the soaking solution and
blotted to remove excess solution from the surfaces, they were mounted in the
solvent baths. The solvent baths were then mounted in the constant temperature
bath. The stirring plates were set in motion and approximately 300 milliliters
of pure solvent were added to the bath. The initial time was recorded as the
average of the initial pouring time and the final pouring time, usually + 0.1
minutes,

During the course of the run, one milliliter samples were removed from
the solvent baths and set aside for later counting. The number of samples
removed during a run generally was twelve, This caused the volume of the
solvent bath to decrease from 300 milliliters to about 288 milliliters.

Preliminary experiments showed that there was very little change in the
rate of increase in solute concentration as the stirring speed was changed

from 100 to 200 cycles per minute. Thus, this latter speed was used.
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After each run, the cells were soaked in a very dilute solution (about 0.5
molar) of nitric acid for several hours, in several batches of distilled water for
about five to eight hours each, and then dried at 11 0°C for twelve hours.

The standardization runs were performed at the beginning of this work and
at the end to see if there was any significant change in the characteristics of the
porous diffusion plates as a result of either rubbing of the stirring blades on the
porous plates, adsorption of foreign material in the pores, or any other causes.

C. Measurements of Solvent Viscosities

Moore, (1967) determined the solvent viscosities of the glycols used in this
work. The results obtained from his work are listed in Appendix A as well as in
an unpublished report. The viscosities were measured using a series of
modified Canon~Fenske capillary viscometers. The densities were also measured
by Moore (1967) using a standard pycnometer. The temperature was controlled
during the viscosity and density measurements to + 0.02°C.

The thermometers used for both the diffusion coefficient measurements
and the viscosity and density measurements were calibrated by Moore (1967) by
using a National Bureau of Standards thermometer.

D. Description of Materials

1. Solvents. The solvents used include ethylene glycol, diethylene glycol,
and propylene glycol and were donated for use in this project by the Dow
Chemical Company. Each was further purified by vacuum distillation.

2. Solutes. The solutes ethylene glycol and cyclohexanol were C-14

tagged. Both were purchased from the New England Nuclear Corporation in
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standard form.

The sodium chloride was obtained from the University of Missouri - Rolla,
Department of Chemistry. For each standardization run 0.0195 gram of salt was
irradiated in the University of Missouri - Rolla Nuclear Reactor Facility. The
time the samples were irradiated varied from ten minutes to one hour depending
upon core position, power and time elapsed before using.

3. Solutions for Measuring Diffusivities. The ethylene glycol came as a

solution of 3. 65 milligrams of ethylene glycol in methanol. To this was added
about four milliliters of non-tagged ethylene glycol. The methanol was distilled
off by applying an aspirator vacuum (approximately 20 millimeters of mercury)
for forty minutes with stirring and heating up to about 35°C. One milliliter of this
solution was then added to each of three battery jars containing 150 milliliters
each of ethylene glycol, propylene glycol, and diethylene glycol. These solutions
were then used to soak the porous plates in before each run when ethylene
glycol was the solute. The concentration of ethylene glycol was 4. 5(10)_2 moles
per liter in the solvents propylene glycol and diethylene glycol. The concentra~
tion of C-14 tagged ethylene glycol in the non-active ethylene glycol was 3.6(10)-_5
moles per liter.

The cyclohexanol comes in standard form as a solution in benzene. (In
this case 5.40 mg/. 094 ml of benzene). To this was added exactly 4 milliliters
of nonradioactive cyclohexanol. The benzene was then removed under an
aspirator vacuum. One milliliter of this solution was then added to each of

three battery jars, each of which contained 200 milliliters of the appropriate
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solvent. The porous plates were then soaked in these solutions when cyclohex-
anol was the solute. This gave a concentration of 2,41 xlO—2 moles per liter
of cyclohexanol in each of the three solvents. The fourth aliquots ofboth the
ethylene glycol and cyclohexanol were kept for future work.

4. Scintillation Liquid. The scintillation liquid was made of toluene

(spectro quality) purchased from Arthur Thomas Co. as the primary solvent
with ethanol obtained from the University of Missouri - Rolla, Department of
Chemistry as a diluent. The primary scintillator was PPO, and the secondary
scintillator was Dimethyl-POPOP (both these were purchased from Packard
Instrument Co.). Slightly different amounts of ethanol were used to dissolve
each of the different solvents used as mentioned above. The scintillation
liquid was made up of the following amounts as shown in Table B-I for the
solvents shown, each in one liter of toluene.

5. Standardization Solutions. The solutions used for standardizing the

cells were of sodium chloride in water. They were made up of 0.0195+ . 0003
grams of NaCl, which had been irradiated in the University of Missouri - Rolla
Reactor Facility for about one hour, which was dissolved in 300 milliliters of
distilled water. The porous plates were soaked overnight in this solution
before the run was begun. These solutions had a concentration of 0.00111
moles of NaCl/liter.

E. Analysis of Data

1. Equations Describing Diffusion. The following is a development of

the equations necessary for the analysis of data for diffusion of a solute out of



TABLE B-I

AMOUNTS OF ETHANOL, PPO, AND DIMETHYL-POPOP

IN ONE LITER OF TOLUENE

FOR SCINTILLATION COUNTING

Milliliters Grams Grams of Dimethyl
Solvent of Ethanol of PPO POPOP
Ethylene Glycol 250 4.40 0.1150
Propylene Glycol 160 3.71 0.1060
Diethylene Glycol 140 3.64 0.1040
193944

133918
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a porous plate which is suspended in an initially pure solvent. Diffusion in only
one direction out of the plate need be considered since the edges of the porous
plates were sealed with an epoxy glue. The experimental conditions to be
imposed such that the following equations are valid are:
1. For dilute solutions the diffusivity is not a function of concentration;
thus all solutions will be less than 10*2 molar.
2, The diffusivity is a function of temperature, thus it will be controlled
to + 0.01°C.
3. The pores in the porous plate are small enough that any natural
convection effects within the plate may be disregarded.
4, The bulk flow terms in the diffusion equations are negligible.
5. The solvent is stirred sufficiently fast so that there is no resistance
to diffusion outside the porous plate.

Referring to Figure B-7, the equation for diffusion can be written

2
=p2% (B-1)
3X

#1a

The subscriptsAB are omitted from D in this section for simplicity.
With the boundary conditions:
1. For short time periods, i.e.,t< 0.3 Lef‘f‘z/D
Ce, t) = C, (B-2)
2. The initial concentration in the porous plate is C0

Cx, 0)=C,_ (B-3)

3. There is no resistance to diffusion outside the porous plate at x equal
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Figure B-7. Boundaries of porous plate and concentration profiles

at times indicated.
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Zero
C(0, t) = C(t) (B-4)
The equations describing the conditions in the solvent bath are

1. The amount of solute diffusing out of the porous plate may be accounted

for by a material balance at the surfaces (i.e., x = 0) as:

dc, (t)
i 3C(0, t)
= =2 -
A DA S (B-5)
2. If initially the concentration in the solvent bath is Co, then
C.(0) = Co | B-6
{0 = (B-6)

Taking the Laplace transforms of equations B-1, B-2, B-4. and B-5

gives
~ a>G
sC(x, s) - C_=D—2 = (B-7)
° dx
C@, s) = c /s (B-8)
C(, s) = Ef(s) (B-9)
= _ A0 dE(O, s) -
V(sC; (s) Cp) = ~2DA - (B-10)

The Laplace transform of equation B-1 was taken without justification
that the Laplace transform of the second derivative of C(x, t) with respect to x
is equal to the second derivative of the Laplace transform of C(x, t) with
respect to x. This cannot be justified since the function C(x, t) is unknown.
Justification of the final function will be made with respect to the boundary

conditions to show that they are satisfied. The total solution of Equation B-7

becomes



T(x,s) = A] exp(- /s/Dx) + A} exp( /s/Dx) + Co/s (B-11)
From Equation B-8, A'2 = 0. Thus the total solution reduces to
C(x,s) = 1 exp(-/s/Dx) + Cy /s (B-12)

The derivative of Equation B-12 with respect to x is

dC(x, s)/dx = -/s/D A! exp(-/5/Dx) (B-13)
By introducing Equation B-12 into Equation B-9 and the result along with
Equation B-13 into Equation B-10, the resulting equation can be solved for A'1
to give

A} = (Cf - C)/ [(2ArD/s/D /Vy) + ] (B-14)
Introducing Equation B-14 into Equation B-13 and the result into B-10 gives

V¢ (sCg(s) - Cf) = ViK/5 (Cg = Cg)/ (K/E + 8) (B-15)
where

K = 2A./D/V; (B-16)
Rearranging gives

Ce(s) = C2/ s+ (CF - Co)/ s(L+ K /5) (B-17)

The inverse Laplace transform is given in the Handbook of Chemistry and

Physics (1965) as

C(t) = Cy + (C2 - Cg) exp (K2) erfe(K/f) (B-18)
or
Cg(t) = Co + (CF - Cp) exp (K2t)(L. - erf(K/D)) (B-19)

Equation B-19 at t=0 gives the value of C; as Cg . Thus, this satisfies

the boundary conditions. This equation is good for short diffusion times, and
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when rearranged takes the form

c -G, 0 L
< = exp(K t)(l-erf(Kt) (B-20)
c -¢c°

0 f

Holander and Barker (1963) have shown that a much more simple equa-
tion can be obtained when the concentration outside of the porous plate is
assumed to be the same as the initial concentration outside the porous plate. The
boundary conditions for Equation B~1 are now
1. For short time periods,
c@, t) = C, (B-2)
2, The initial concentration in the porous plate is Co
Cx, 0)=C_ (B-3)

3. If there is no resistance to diffusion outside the porous plates

(@t x = 0)
o
C@,t)= Cf (B-21)
Taking the Laplace transform of Equations B-1, B-2, and B-21 gives
2—.
sCx, s) - c_=piE&s) (B-7)
o 2
dx
C, 8) = c /s (B-8)
and
= 0
C@, s) = Cf/s (B-22)

The total solution of Equation B-7 is again
Cx, §) = A} exp (+/57D x) + Ajexp (57D x) + C_/s (B-11)
From equation B-8, A'2 is zero and

Cx, 8) = Al exp (-/S7D %) + C /s (B-12)
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From Equation B-22
! = o — _2
Al (Cf co)/s (B-23)
Thus, E(x, s) is
Cix,s)=s+ (c;’ - C,)exp (/57D x) + C_/s (B-24)
The inverse Laplace transform of B-24 is given in the Handbook of Chemistry

and Physics (1965) as

o@,t) = C_ + (c‘f’ - co)[l. - erf (2/’]‘55):' (B-25)

The material balance

dc,(t)
dt

= -ZDATC—L’—-}OX : (B-26)

can now be solved by introducing Equation B~26 to give

4 syL
C = CO + il(iq__l/{- (B-27)
f f v
f
Equation B-27 at t = 0 gives the value of C_ as Co. Thus, this satisfies

f f

the boundary conditions. This equation and Equation B-20 are only valid when
2

the product Dt/Leff is equal to or less than 0.3. This is due to the choice of

the boundary condition that C(x, t) does not change at x =« (i.e. the center of

the diffusion cell, where x really is equal to Leff)'

Equation B-27 can be considered a linear approximation to Equation
B-20 and can be used without prior knowledge of the parameters to be

obtained during the least squares analysis. It will be used only to obtain an

estimate of C(f) and D (or AT’ whichever is unknown). These estimates will

then be used to enter the nonlinear least squares analysis of Equation B-20

for C? and D (or AT, whichever is unknown). The details of the least squares
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analysis and the program used is given later.

2. Conversion of Activity Data to Concentration Data. The activity data

obtained for a standardization or diffusivity measurement were corrected only
by subtracting the measured background. It was not necessary to correct for
counting efficiency for the samples taken for the standardization runs because
the geometry for each count was the same. Correction for self absorption of
sodium chloride was negligible due to the very dilute solutions that were
sampled. The decay of Na-24 is sufficiently fast (half life of 15.0 hours) that
it was necessary to allow for decay time. The radioactive decay was

accounted for by multiplying the measured activity less the background by

0.693 t
exp i
%

where t is the time elapsed from the beginning of the run to the time the

sample was counted. The half life used for the decay correction (1:,1?, =15.0
hours) was measured since it was possible, upon irradiation of the sodium
chloride sample, to obtain radioactive species other than Na-24,

The counting efficiency in liquid scintillation spectrometers varies with
the concentration of diluent, and with the concentration of the prhﬁary and
secondary scintillators. To avoid the necéssity of correcting for slight
variations in the concentration of these materials, enough of the solution was
prepared to add to all the samples for each run.

The initial concentration inside the porous plate is known for the sample
that is taken from the soaking cell. The concentrations of all samples

removed from the solvent bath were obtained readily since the activity is
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directly proportional to the concentrations.

3. Method of Least Squares Analysis. Equation B-27 may be used with

the concentration data directly for very short time periods to obtain an initial
estimate of the diffusivity (or the area of mass transfer in the case of a stand-
ardization run). To perform this technique, the concentration versus the
square root of time is fit by least squares to a straight line. The slope of this
line is

4AT Co‘/D

mf
and the intercept at time equals zero is assumed to equal C?.

The average value of V_ was used in this and all subsequent analyses.

f
This average value was calculated as follows

V,=300.0 - N/2 (B-28)
For these experiments, 300 milliliters of solvent were added during each run
and N is the number of data points used in the analysis. The use of an average
value of Vf will lead to slightly erroneous results. However, the error intro-
duced by this should be less than 3 or 4% since the true volume is in the worst
case 292 + 8 milliliters.

The number of data points to be used was determined in the following

mamer. Equations B-20 and B-27 are valid as long as the time for which the

diffusion was allowed to occur did not exceed

2
t<0.3L /D (B-29)

The effective value of L was approximated by Wu (1968) by using a nonlinear,

three variable, least square fitting technique with the following equation:



©

2 2

C-C 1 exp(-Db t/L ¢ ) B-30)
- CO - ) -
co Cf Lt (1+(x+ozb2)
n
n=1
In this equation, b is the nth root of the equation
n

.tan bn = abn (B-31)

and ¢ is the volume of the liquid surrounding the plate divided by the volume of
the porous plate that is occupied by the liquid.

In his work, Wu assumed CO L

£ Logp and ¢ were all unknown for the

standardization runs. An average value of Le was found by him to be 0.544

ff
and was used to determine the number of terms to be used in the analysis of a
standardization run in this work. For the diffusivity determination runs, the

values of Le as calculated by Wu varied considerably from run to run. Thus,

ff
the value that he obtained for each individual run was used. These values are
listed with the results for each run in Tables B-IV through B-IX.

The values of the diffusivity obtained by Wu (1968) were used as the

initial values to estimate t in Equation B-29.

Equation B-20 may be written in the following form

2
Cfi = CO + (Cf - Co) exp ——""/,;2—— 1. -erxf T (B-32)

where C £ is the actual experimentally measured value of the concentration at
i
the time ti'

For the following analysis, the two parameters that will be determined

(o)

by least squares technique are C £

and AT' Since Equation B-32 is not

linear in the parameters, a nonlinear least squares analysis was used. This

108
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analysis requires an iterative technique.

The initial values of A __ will be denoted by A° , and the initial value of

T
o . 00 o 00 . . .
C ¢ will be denoted by C £ If AT and C ¢ are substituted into Equation B-32,
the result will be an approximate value of C £ C% , wWhich is given by
i i
o
00 ZAT‘/DT
1 = + - - —_— -
fi Co (Cf CO) exp 1, -exf Vf (B-33)

The residuals or differences for each data point, i, of the actual value of

C £ from the approximate value, C!., are then
i i

(o]

r, = Cfi t, Cp, A = C (B-34)

£
i

f
i

where C! is given by Equation B-33. Letting GAT be a small correction to

the initial value of A A;‘, such that
(o]
AL =AY +0A, (B-35)

and similarly for CO, such that

Cp =C; +8C; (B-36)
then Equation B-34 for the residual terms becomes
— 00 o .0 _
Cfi + ri Cfi (ti, Cf + 6Cf, AT'_"— GAT) B-37)

By considering the right hand side of Equation B-33 as a function of AT and

C?, the following Taylor series expansion can be applied to Equation B-37 to

gve 3C; 3C
— oo ,0 i 0 i _
Cp +1,=Cf €,C; > Ap) +\558-) 6C; +\ 3z 84, (B-38)

i i - f o o

The subscript o means a quantity is evaluated at ti’ AOT and C(f)o. All the



110

second and higher order terms in the Taylor series expansion have been
neglected.

Each data point may be described by Equation B-38. The resulting
equations are linear in the correction terms 60? and 6AT and may be handled
in a manner similar to any other linear equation containing two unknown
variables.

Once the correction terms are evaluated by applying the linear least

squares technique to Equation B~32. The new values of AT and CO, namely

(o)
An=AL +8A (B-39)
and
(o} 00 (0]
Cp =Cp +6C; (B-40)

00

P and the process

may be substituted back into Equation B-38 for AoT and C
repeated. The process may be repeated as many times as is necessary to
allow the correction terms aAT and 60? to approach zero.

Since all the data wereobtained by counting a radioactive sample for a
specified time, the probable error for each sample or data point is different.
Thus each data point should carry a different weight during the least square
fitting technique. This is simply accomplished by multiplying the residual
(as determined by Equation B-34) by an appropriate weighting factor.

The probable error for a total count of a radioactive sample is equal to
the square root of that count. Since the concentrations were obtained by

merely multiplying the total count by a constant for any one run, the probable

error of the concentration terms is . also approximately equal to the square



root of the concentration. (This is true for all the diffusivity determination
runs since all of the samples were counted for the same length of time and
for most of the standardization runs).
The relation between the probable error and the proper weighting factor
is shown by Scarborough (1962) to be:
weighting factor = 1/(probable error)2
Thus a weighting factor of this type was used. Since the probable error is
equal to the square root of the count, the weighting factor becomes,
weighting factor = 1/count
Radioactive decay is a statistical process. For this reason some total
counts that are measured for a short period of time may be excessively lower
(and others excessively higher) than the true or mean count rate for that
period. The weighting factor as given above could conceivably be wrong for
counts that are measured for a short time period. To avoid this possibility,
the counts were all measured for a sufficient length of time (viz. from several
minutes for high activity samples up to one hour for low activity samples).
Most samples were counted for five minutes.
The actual program used to determine the area of mass transfer for a
standardization run with the input data and the results are given below.

F. Experimental Results

The results shown in this section will include the results obtained from
the standardization runs as well as the results of the experimentally measured

diffusion coefficients.
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RUN= 1 SOLUTE= 2 SOLVENT= 1
CONCENTRATION= 0.30630491E~05 TIME=
CONCENTRATION= 0.40487843E-05 TIME=
CONCENTRATION= 0.36149085E-05 TIME=
CONCENTRATION= 0.66381519E-05 TIME=
CONCENTRATION= 0.10483953E~04 TIME=
CONCENTRATION= 0.13302548E-04 TIME=
CONCENTRATION= 0.16425219E-04 TIME=
CONCENTRATION= 0.19105843E-04 TIME=
CONCENTRATION= 0.24144401E-04 TIME=
CONCENTRATION= 0.27595536E-04 TIME=
CONCENTRATION= 0.29989435E~04 TIME=
CONCENTRATION= 0.29853037E~04 TIME=
CONCENTRATION= 0.29714181E-04 TIME=
CONCENTRATION= 0.33790732E~-04 TIME=
CONCENTRATION= 0.37246194E-04 TIME=
CONCENTRATION= 0.37982825E-04 TIME=
CONCENTRATION= 0.40054215E-04 TIME=
CONCENTRATION= 0.42009882E~04 TIME=
CONCENTRATION= 0.42493771E~04 TIME=
CONCENTRATION= 0.51539584E~04 TIME=

CONCENTRATION/COUNT RATIO=

0.40837342E-08

TEMPERATURE=

0.10200000E
.27000000E
.42000000E
.19199999E
.49200000E
. 84000000E
.13560000E
0.20280000E
0.32460000E
0.41460000E
0.51419999E
0.60419999E
0.69419999E
0.78420000E
0.87420000E
0.96420000E
0.10541999E
0.11442000E
0.12443999E
0.63120000E

©C O O O OO

PARAMETERS AND INITIAL VALUES FROM EQUATION B-27

NO. OF TERMS =11

INITIAL CONCENTRATION IN BATH=

AREA OF MASS TRANSFER=
INITIAL CONCENTRATION IN POROUS PLATE=
0.16100000E-04
AVERAGE VOLUME IN SOLVENT BATH=
RESULTS FROM EQN B-33

DIFFUSIVITY=

NO. OF TERMS =11

0.15648379E-05
0.11644274E 02

0.11100000E-02

0.29450000E 03

02
02
02
03
03
03
04
04
04
04
04
04
04
04
04
04
05
05
05
05

25.0

LTT



INITIAL CONC. IN BATH= 0.15194262E-05
AREA OF MASS TRANSFER=  0,.11865972E 02

EFFECTIVE LENGTH = ~0.00000000E~-19 -

NUMBER OF ITERATIONS= 2

AVERAGE ABSOLUTE PERCENT DEVIATION = 0.44057584E 01
STANDARD DEVIATION OF INITIAL CONCENTRATION IN BATH=
STANDARD DEVIATION OF DIFFUSIVITY= 0.90748133E-01
ERROR SIGNAL= 1

0.72612161E~07

8TT
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1. Standardization. The data obtained from the standardization runs

are summarized in Table B-II as runs numbered 1 through 14 and 105 through
110. These summarized results include the run number, the number of data
points used in the analysis and the corresponding average solvent bath volume,
the initial concentration of the solute in the bath and its standard deviation,

the area of mass transfer and its standard deviation, and the average absolute
percent deviation of the residuals. For this latter term the percent deviation

of the residuals is defined by, ,
.

C,

DEV = 100% (B-41)

All of the standardization runs were performed at 25. 0°C were the
diffusion coefficient of sodium chloride is (0.161 + . 001) xlon5 square
centim eters per second (Harned and Owen, 1958).

The results obtained for the standardization runs are also summarized
in Table B-III. The areas determined show agreement to + 5% for any one
cell. The runs numbered one through fourteen were performed at the
beginning of this project and those numbered 105 through 110 at the end. The
values of the area of mass transfer do not show any trends either increasing
or decreasing. This indicates that during the course of this work the pores
in the plates did not significantly collect any foreign particles.

While counting the samples taken from these standardization runs, it
was noticed that periodically the counters being used would malfunction.

This was usually noticed by an unusual drift in the count rate obtained for one

sample of a series of samples. To minimize the possibility of errors



TABLE B-II

RESULTS FOR THE STANDARDIZATION RUNS

Average Initial 3tandard Average
Volume in Number Concentration Deviation Area of Mass Standard Percent
Run Cell Solvent of Nata 1in Bath of Initiel Transfer Deviation Deviation
Number Nn, Rath, em? Points mole/liter Concentration eme of Area of Residuals
x105 x106
1 1 294,5 1 0.1519 0.0726 11,87 0.0907 4.1
2 1 294.5 1 0.1270 0.1130 12.12 0.1443 5.41
3 2 294.5 1t 0. 1424 0.1231 14,14 0.1565 15.86
4 3 295.0 i0 ~-0.0421 0.1233 11,70 0.1565 6.65
5 2 294, 5 11 -0.1018 0.0587 12,74 0.1189 13,56
6 3 295.0 10 -0.1223 0.0949 13.01 0.1125 5.66
7 4 294,5 i -0.0318 0.0705 12.79 0.1125 T.33
8 4 294.5 13 -0.0168 0.1063 i1,46 0,1581 9.83
9 5 294.5 " -0,0826 0.0781 12.14 0.1419 10,11
10 5 204,5 11 -0.0915 0.0742 10.20 0.1398 - 15,10
12 1 294,5 11 -0.0736 0.0488 12,62 0.0953 6.34
13 6 294.5 1! -0.0955 0.0594 10,98 0.1287 10.87
14 6 294.5 1 -0,1452 0.0280 10,38 0.0880 5.34
105 1 295.,5 9 -0,0280 0.15:9 11,51 0.214 7.59
106 2 298.0 10 -0.1014 0.1303 10.87 0.1826 6.44
107 6 295.5 9 -0.2746 0.1561 11.90 0.2398 2.18
108 3 296,0 8 -0.0328 0.1526 11,18 0.2144 4,49
109 ! 206.0 8 0.0604% 0.0718 11,51 0.0858 6.54
110 5 296.0 8 -0.1282 0.1137 14,58 0.1438 5.74

Solute ¥NaCl

Solvent Water

Temperature 25.0°0C 4

Diffusivity = 0.161(10)~7 cn“/sec

Initial concentration of porous plate = 0.011! moles/liter
Effective length = 0.544 em (Wu, 1968)

02T
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TABLE B-IIL

STANDARDIZATION RESULTS

SUMMARIZED
Cell Average Area of Mass
Number Transfer, cm
1 ' 12,03 = 0.6
2 12,59 £ 1.6
3 11,96 = 1.1
4 11.92 + 0.9
5 12,31 = 2.3
6 11.09 = 0.9

Average of Cells: 11.98
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obtained from these drifts, each sample was counted by two different counters
in rapid succession. Likewise, the samples taken during the diffusivity
determination runs were counted twice; however, the liquid scintillation
counter used for these samples did not show this drift. This unusual drift

in the count rate was probably due to the poor counters used as they were
very old.

During the data analysis of the diffusivity determination runs it was
noticed, by Wu (1968), that if the individual cell average area of mass trans-
fer was used, the results did not yield a smooth Arrhenius activation energy
plot of the calculated diffusivities versus reciprocal temperature. On the
other hand, if the average area for all cells was used, the determined
diffusivities gave a smooth Arrhenius activation energy plot. This indicates
that some error was introduced during the standardization runs that was not
introduced during the diffusivity determination runs. That error is probably
due to the counters used as indicated above. Thus, the average area of mass
transfer of 11. 98 square centimeters as shown in Table B-III was used in the
data analysis for all of the diffusivity determination runs.

This average area should be very close for all cells as they were all
made to the same dimensions. The use of this average probably limits the
accuracy of the experimentally determined diffusivities to approximately ten
percent or more.

The results obtained for the area of mass transfer from the analysis by

Equations B-20 and B-27 differ in most cases by less than 10%. The results
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of the data analysis obtained from Equation B-20 will be used here since this
equation was developed by including the effects of the solute concentration
increase in the solvent bath.

2. Diffusivities. The data obtained from these runs are summarized in
Tables B-IV through B-IX and appear as runs 50 through 104. Shown with
other data for each run are the values of the diffusivity and the initial concen-
trations obtained from the leastsquaresanalysis of Equation B-20. The
experimentally measured diffusion coefficients at the given temperatures are
summarized in Table B-X. The activation energies and the free energies of
activation for each temperature are also given in Table B~X for each system.
The diffusion coefficients shown in Table B-X are the average values of all
the runs made for any specified solvent-solute system at the temperature
indicated.

Figures B-8 and B~9 show the variation of the binary diffusion
coefficients as a function of reciprocal temperature. The activation energies
given in Table B-X are calculated from these data. The activation energies
vary from 4.48 to 9, 92 Kcal/mole. On the other hand, the free energies
of activation vary only from 4.70 to 5.66 Kcal/mole.

Estimates of the entropies of activation for these six systems vary
from about 0 to 17 entropy units. Bondi (1946) shows entropies of activation
for viscous flow that range from -10 to 100 entropy units for the viscous
materials that he investigated.

Bondi (1946) also has shown that there exists a ""degree of proportionality'

between the enthalpy of activation and the entropy of activation. The activation



TABLE B-IV

RESULTS FOR THE DIFFUSIVITY RUNS FOR THE

DIFFUSION OF CYCLOHEXANOL INTO

PROPYLENE GLYCOL

Average Initial Standard Averace

Solvent Number Effective®* Bath Deviation Standard Percent
Run Cell Temp Voluge of Data Length Concentration of Initial Qigfusivity Teviation of Deviation
No. No. o¢ cm Points cm mole/liter Concentration cm“/s=c. Diffuslvity of Residuals

x10% x106 x106 x108

91 3 26.6 293.,0 14 0.324 0.1826 1.6704 0.2810 0.7573 8.11
92 3 26.0 292.5 15 0.325 0.0856 0.5510 0.2365 0.2678 2.05
97 6 30.0 292.5 15 0.320 0.1280 1,2657 0.3i21 0.6454 2.60
98 6 30.0 292.5 15 0.322 0.1314 1.2752 0.3082 0.6433 2.89
103 3 39.9 295.0 10 0.375 0.6622 2.0126 0.5549 1,5374 3,18
104 > 39.9 295.0 10 0.373 0.6362 2.0033 0.5886 1.5934 3.10

Initial concentration in porous plate = 0.0241 moles/liter

Ares of mass transfer = 11

#7u (1968)

.98 cm”©

o}
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TABLE B-V

RESULTS FOR THE DIFFUSIVITY RUNS FOR THS

DIFFUSION OF CYCLOHEXANOL INTO

DIETHYLENE GLYCOL

Average Initial Standard Average
Solvent Number Effective® Bath Deviation Standard Percent
Run Cell Temp Voluge of Data Length Concentration of Initial Diffusivity Deviation of Peviation
No. No. ¢ cm Polnts c mole/liter Concentration cm”/sec. Diffusivity OFf Residuals
x104 x102 xlo6 xi07
89 5 26.6 294,5 11 0.345 0.3059 Q.2221 0. 4621 0.1539 2.17
90 3 26.6 294.5 i1 0.344 0.2678 0.,2117 0. 4586 0.1488 5.70
g5 2 30,0 292.5 15 0.332 0.2219 0.1579 0. 4980 0.0994 .80
96 2 30.0 292.5 15 0.333 0.?7254 0.1542 0. 4950 0.0974 4.4
101 5 39,9 294,0 12 0.499 0.9780 0.2645 0.8278 0.1970 2.10
102 5  39.9 295.0 10 0.462 0.9624 0.2750 0,8257 0.2511 2.85

Initial Concentration in porous plate = 0.0241 moles/liter

Area of mass transfer =

#ju (1968)

11,98 em?

621



TABLE B-VI

RESULTS FOR THE DIFFUSIVITY RUNS FOR THRE

DIFFUSION OF CYCLOHEXANOL INTO

ETHYLEN® GLYCOL

Average Tnitial Standard Sverage
Solvent Number Effective Bath Deviation Standsrd Percent
Run  Cell Temp ?oluge of Tata  Tength Concentration of Initial Digfusivity Deviation of Teviation
No. No. oC cm Folnts cm mole/liter Concentration cm?/sec. Diffusivity of Residuals
x10% x10° x108 x107
87 4 26,6 295.5 9 0.330 0.2744 0,2573 0.5951 0.2602 6.46
88 4 26.6 295.5 9 0.325 0.2843 0.2487 0.6209 0.2580 3,64
93 1 30.0 293.5 13 0.357 0.5336 0.2778 0.6132 0.1690 3.84
94 1 30.0 293.0 14 0.356 0. 4953 0.2208 0.6547 0.1551 4,57
99 4 39.9 296.0 8 0. 444 0.5252 0.2965 1.0362 0. 4476 2.71
100 4 39.9 295.5 9 0.474 0.4822 0.2626 1,1078 0.3489 3,04

Initial councentration in porous plate

Area of mass transfer

#Wu (1968)

11.98 cm

2

= 0.024%1 moles/1iter

921



TABLE B-VII
RESULTS FOR THE DIFFUSIVITY RUNS FOR THE

DIFFUSION OF ETHYLENE GLYCOL INTO

ETHYLENE GLYCOL

Average Initial Standard Average
Solvent Number Effective# Bath Deviation Standard Percent

Run Cell Temp Voluge of Data Length Concentration of Initial Digfusivity Deviation of Deviation

No. No. o¢ cm Polnts cm mole/liter Concentration em©/sec. Diffusivity of Residuals

x107 x108 x105 xt07

51 4 25.0 297.0 6 0.324 0. 4257 0.2191 0.0976 0.2646 10.51

52 4 25.0 297.0 6 0.339 0.4839 0.2319 0.1041 0.2864 12.43

57 1 25.0 295.5 9 0.545 0.3129 0.2201 0.0916 0.1526 2.76

58 1 25.0 295.5 9 0.536 0.2956 0.2187 0.0912 0.1519 2,90

63 4 30.0 295.5 9 0.582 0.3374 0.2184 0.1145 0.1821 4,94

64 4 30.0 296.0 8 0.558 0.3353 0.2277 0.1127 0.2131 2.19

69 1 40.0 297.0 6 0.459 0.5581 0.3478 0.1543 0.5311 4,39

70 1 40.0 297.0 6 0.502 0.4997 0.3392 0.1548 0.5227 3,06

75 4 40.0 295.5 9 0.546 0.4865 0.3592 0.1497 0.3682 2.96

76 4 40.0 295.0 10 0.568 0. 4764 0.3450 0.1446 0.3057 2.09

81 1 50.0 297.0 6 0.354 0.3170 0. 4054 0.2067 0.7685 3,05

Initial concentration in porous plate = 0.000036 moles/liter
Area of mass transfer = 11.98 cm®

#Wu (1968)

L2T



RESULTS FCR THE DIFFUSIVITY RUNS FOR THE

TABLE B-VIII

DIFFUSION OF ETHYLENE GLYCOL INTO

DISTHYLENE GLYCOL

Average Initial Standard Average
3o0lvent Number Effective® Bath Teviation Standard Percent
Run Cell Temp Voluge of Data Length Concentratina of Initizl Diffusivity Deviation of Deviation
No. No. °g cm Toints cm mole/liter Concentration cm?/sec. Piffusivity of Residuals
x194 x105 x109 x108
59 2 25.0 294.,5 (B 0.475 0.5510 0.2746 0.0563 0.9013 2.83
60 2 25,0 294.5 11 0.493 0.4728 0.2597 0.0554 0.8653 3.48
65 5 30,0 293.5 i3 0.740 0.5174 0.2480 0.0624 0.7627 5.40
6€ 5 395.0 295.0 10 0,488 0.5361 0,2756 N.0676 1.1596 3,07
77 5 40,0 295.5 9 0.402 0.995" 0.5478 2.0326 3.3147 3,61
78 A 41,0 795.8 Q M 0.7808 0.5'73 N.,1066 3,481 2.17

Tniti=1 concentration in porous plate = 0,045 males/liter

Area of mass transfer

#7u (1968)

11,98 cm

2

8G1



T*BLE B-IX

RESULTS FOR TH%

DIFFUSIVITY RUN3 FOR THz

DIFFUSION OF ETHYLEKE

GLYCOL INTO

FROTYLENE GLYTCL

Average Tuitial Standard iverage
Jolvent Tumber  EBffective#® Rathy Teviation Standard Fercent
Run Cell Temp Valug of MNata Lengtht Joncentration of Initlal Digfusivity Deviation of TDeviation
No. No. nnA . Polnte cm nele/liter Concentration cm¥/sec. Diffusivity of Residuals
x10% x105 x106 x108
61 6 25.0 204.,5 1 0.479 0.3245 0.225% 0. 4866 0.7588 5.84
52 6 25.0 294.%5 11 0.525 0.3782 0.2350 0.4772 D.7635 5.75
57 3 30,0 202.5 15 0.77% 0.2545 0.1596 0.5274 0.5136 4,65
68 3 30,0 23".0 12 0.56 0.0434 0.1945 G, 5363 0.6882 7.15
73 6 L0.0 297.0 A G, 523 0.&i187 0,295 i,0293 3,3815 8.27
T4 5 £0.2 296.5 T 0,479 0.5204 0.2420 0.8139 1.73350 8.04
85 € 52,0 297.% 5 2.34%9 0.0710 0.3204 1.2531 3.6511 +,88
8¢ 5 50.0 237.5 -5 0.349 0.0821 0.3727 1.2657 4,2417 1,40

Initial concentration in
ires of mass transfer =

#qu (19368)

porous plate = 0,045 moles/liter

11,98 cm”

621



TABLE B-X

EXPERIMENTALLY MEASURED DIFFUSION COEFFICIENTS,

OF ACTIVATION AT THE TEMPERATURES INDICATED

ACTIVATION ENERGY AND FREE ENERGY

6
Temp D, _(10) E AF
. AP DamB Dan
Solvent Solute C Cm /Sec (Kcal/Mole)
Ethylene Ethylene 25 0.961+.10 4.48 4.74
Glycol Glycol 30 1.,136+.12 4.73
40 1.509+.15 4.73
50 2,067+.21 4.70
Diethylene Ethylene 25  0.558+.06 5.99 5.27
Glycol Glycol 30  0.650%.07 5.28
40 0.996+.10 5.21
Propylene Ethylene 25  0.482+.05 6.48 5.25
Glycol Glycol 30 0.532+.06 5.29
40 0.9244+.10 5.15
50 1.259+.13 5.14
Ethylene Cyclo- 26.6 0.608+.06 7.07 5.04
Glycol hexanol 30 0.636+.06 5.08
39.9 1.072+.10 4.94
Diethylene Cyclo~ 26.6 0.460+.06 7.25 5,42
Glycol hexanol 30 0.4964.05 5.44
39.9 0.827+.09 5.32
Propylene Cyclo~ 26.6 0,259+.03 9.92 5.66
Glycol hexanol 30 0,310+.04 5.62
39.9 0.572+.06 5.44

130
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Figure B-8. Diffusivities of ethylene glycol in the solvents ethylene
glycol, propylene gylcol and diethylene glycol versus

temperature.
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Figure B-9. Diffusivities of cyclohexanol in the solvents ethylene
glycol, propylene glycol and diethylene glycol versus

temperature.
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energies in Table B-X are anlyslightly different (by less than 10%) from the
enthalpy of activation. The free energy of activation defined by

AF = AHD - TAS

D D

AB AB AB
Thus, since this degree of proportionality between the enthalpy and entropy of
activation exists, one should expect the free energy of activation to deviate
much less from system to system than does the activation energy. This is of

course shown in Table B-X.
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G. Programs

The following program was used to predict the diffusivities by the Wilke-
Chang equation, the modified Gainer and Metzner equation, the Olander equa-

tion, and the equation developed in this work.
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156 FORMAT{10X, 83H FRACTION OF TOTAL FNTHALPY OF VAPCRIZATION ATTRIBUT
ED DISDERSION ORCF BONDS = 3)

157 ;gzMAT(%gxéfﬂH SOLVENT ASSDCIATION PARAMFTFR FOR WILKE-CHANG EQUAT

158);?RMATilO&.!4H MOL ECULAR WEIGHT OF SOLVENT.XM = ,F8.3,10H GRAM/MOL

1‘9LFOPMAT(IOX'23H XI_FNR EQUATICN DGM = ,F5.2436H AND XI FOR EQUATIC
N DM? AND DM3 = ,F5.2)

lﬁO?g?gth(lOX.BZH viscous ACTIVATIUN ENERGY.EN = ,F12.5,13FH CAL/DEG*M

161 FORMAT (10X, 64H SELF DIFFUSION ACTIVATION ENERGY FOR FQUATION DM2 A
2ND DM34ED = ,F12.5y 13H CAL/DEGXNMOLE)

162222RT?géé?X'43H COEFFIELIENT OF VOLUMETRIC EXPANSION,ALP = LF12.7,

163,Fﬂﬂg?};éeésﬁlH MOL AR VOLUME AT THF BOILING PCINT,NRBF = ,F10.5,

170 FORMAT( 10X, 14H TEMPERATURE = ,F6.2,6H DEG C'18H DIFFUSIVITY = ,
2F12.5,10H CM*%2/SFC,y 15H VISCOSITY = ,FR.546H POISE)

171 FORMAT(5X,49H THE FOLLOWING DEVIATIONS ARE AVERAGES FOR FACH F)

172 FORMAT(5Xy5H £ = ,F5.3,84 NDO = 4Fl1.8,9H DNDGM = ,F11.,8,94H nNDM1
2 = 4yF1l1.8y9H NDM2 = ,F11,9,9H DDM3 = ,Fll.8)

173 FORMAT(5Xy8H NDOWC = ,F9.5)

200 ;ggMAT(&IB)

139
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YGW0645 MITCHELLsReD.
UNIVERSAL GAS CONSTANT,R = 1.98700 CAL/DEG*MULE
PLANCK CUNSTANT,H = 0.66250000E-26 ERG¥SEC
BOLTZMAN CONSTANT,XK = 0.13805400E-15 ERG/ DEG
AVUGADRY NUMBERJAVGN = 0.60225200E 2% L/MOLE
EMPER ICAL CONSTANT FOR WILKE~CHANG EQUATION,CK = 0.74000000€-05

SOLVENT NUMBER = L
FRACT [ON OF TOTAL ENTHALPY OF VAPORIZATION ATTRIBUTED TO OISPERSION FORCE BONDS = 0.331
SIOLVENT ASSOZIATION PARAMETER FOR WILKE-CHANG EQJATION = 1.00
MULECULAR WEIGHT OF SOLVENT,XM = 62,130 GRAM/MUOLE
X1 FIR EQUATION OGM = 6.00 AND XI FOR EQUATION DM2 AND DM3 = 12.00
MOLAR VOLUME AT THE dOILING POINT,DBP = 66.60000 CC/MOLE
DENSITY = 1.10620 AT 303.0 DEG C DENSITY = 1.09580 AT 318.0 DEG Cs IN GRAM/CC
VISCISITY = 0.13560 AT 303.0 DEG C VISCOSITY = 0.07980 AT 318.0 DEG Cy IN POISE
VISCIUS ACTIVATION ENERGYJEN = 676T.12933 CAL/DEG*MOLE

SELF UIFFUSION AZTIVATION ENERGY FOR EQATION DM2 AND DM3, ED = 6©203.542T2 CAL/DEGKMOLE
COEFFIELENT UF VOLUMETRIC EXPANSION,ALP = 0.0006327 L/DEG

SOLVENT NUMBER = 2
ERACTION OF TOTAL ENTHALPY OF VAPORIZATION ATTRIBJTED TO DISPERSION FORCE BONDS = 04331
SULVENT ASSOCIATION PARAMETER FOR WILKE-CHANG EQUATION = 1.00
MULECULAR WEIGHT OF SOLVENT XM = 52.10) GRAM/MOLE
XL FIR EQUATION JGM = 6,00 AND XI FOK EQUATIUN DM2 AND DM3 = 12.00
MUOLAR VILUME AT THE 3OILING PUOINT,DBP = 66.50000 CC/MOLE
DENSITY = 1.11320 AT 293.0 DEG C DENSITY = 1.10280 AT 308.0 DEG C» IN GRAM/CC
VISCOSITY = 0.20620 AT 293.0 DEG C VISCOSITY = 0.11300 AT 308.0 DEG C, IN POISE
VISCIUS ACTIVATION ENERGYEN = 7190.03223 CAL/DEG*MOLE
SELF OIFFUSION ACTIVATION ENERGY FOR EQUATION DM2 AND DM3, E0 = 6643.58966 CAL/DEG®MOLE
COEFFIEIENT OF VILUMETRIC EXPANSION,ALP = 0.0006287 1/DEG

SULVENT NUMBER =
FRACTION OF TOTAL ENTHALPY OF VAPORIZATION ATTRIBUTED TO DISPERSION FORCE BUNDS = 0.454

SULVENT ASSOCIATION PARAMETER FOR WILKE-CHANG EQUATION = 1.0)
MOLECULAR WEIGHT OF SOLVENT,XM = 76.10) GRAM/MOLE
XI FIR EQUATION DOGM = 6.00 AND XI FOR EQUATION DM2 AND DM3 = 12.00

MOLAR VILUME AT THE BOILING POINT,DBP = 88.30030 CC/MOLE
DENSITY = 1,02920 AT 303.0 DES C DENSITY = 1.01770 AT 318.0 DEG Cy IN GRAM/CC
VISCISITY = 0.32630 AT 303.0 DG C VISCOSITY = 0.15500 AT 318.0 DEG C,y IN POISE

VISCIUS ACTIVATION ENERGYSEN = 9501.19177 CAL/DEG*MOLE
SELF DIFFUSION ACTIVATION ENERGY FOR EQUATION UM2 AND DM3, ED = 8944.93945 CAL/DEG*MOLE
CUEFFIEIENT OF VOLUMETRIC EXPANSION.ALP = 0.0007533 1/DEG

SOLVENT NUMBER =
FRACTIUN UF TOTAL ENTHALPY OF VAPORIZATIUN ATTRIBUTED TO DISPERSION FORCE BONDS = 0.568
SOLVENT ASSICIATION PARAMETER FOR WILKE-CHANG EQUATION = 1.00
MULEZULAR WEIGHT UF SULVENT,XM = 106.1)) GRAM/MOLE
X1 FIJR EJUATION JGM = 6,00 AND XI FOR EQUATION DM2 AND DM3 = 12,00
MULAL VOLUME AT THE BOILING POINT,0BP = 118.40000 CC/MOLE
VENSITY = L.10920 AT 303.0 DEs C DENSITY = 1.09350 AT 318.0 DEG Cy IN GRAM/CC
VISCISLTY = 0.21610 AT 303.0 DEG C VISCOSITY = 0.12000 AT 318.0 DEG Cy IN PDISE
VISCIUS ACTIVATIIN ENERGYEN = 7508.23508 CAL/DEG*MILE
SELF UDIFFUSIUN AZTIVATION ENERGY FOR EQUATION UM2 AND DM3, ED = 6945.66211 CAL/DEG®MILE
COEFFIEIENT UF VOLUMETRIC EXPANSION,ALP = 0.000649% 1/DEG

SOLVENT NUMBER = 5
FRACTIUN OF TUTAL ENTHALPY OF VAPORIZATION ATTRIBUTED TO DISPERSION FORCE BONDS = 0.914

SOLVENT ASSOCIATIIN PARAMETER FOR WILKE-CHANG EQJATION = 1.0)
MOLECULAR WEIGHT OF SOLVENT,XM = 150.200 GRAM/MOLE

X1 FIR EQUATION I3M = 6,00 AND XI FOR EQUATION DM2 AND DM3 = 12.00
MULAR VILUME AT THE BOILING POINT,DBP = L70.,20000 CC/MOLE



141

YGW0645 YMITCHELLR.De

efgﬁgr; i-?:ggoa'ég-,g DEg c DENSITY = 1.12730 AT 288.0 DEG C, IN GRAM/CC
. <0 DEG C VISCOSITY = 0.56000 AT 288.0 DEG C, IN POISE
VISCIUS ACTIVATION ENERGY,EN = 10933.95008 CAL/DEGHMOLE : !

SELF DIFFUSION ACTIVATION ENERGY FOR
COEFFIEIENT OF VOLUMETRIC EXPANS[ON.AE?:HON;'?;%O::&ml‘?agg * 1042508044 CAL/DEGSHOLE

F:m.vsm NUMBER = 6
ACTION OF TOTAL ENTHALPY OF VAPORIZATION ATTR
SOLVENT ASSOCIATION PARANETER FOR WILKE-CHANG e&?ﬂ?f&'f D:S:§RSION FORCE BONDS = 0-666
MOLECULAR WEIGHT OF SOLVENT,XM = 100.200 GRAM/MOLE ’
XI FIR EQUATION JGM = 6.00 AND XI FOR EQUATION DM2 AND OM3 = 12.00
MOLAR VOLUME AT THE BOILENG POINT,DBP = 136.90000 CC/MOLE :
3?’;253:3 2.94155 AT 303.0 DEG C DENSITY = 0.92994 AT 318.0 DEG C, IN GRAM/CC
0.41070 AT 303.0 DEG C VISCOSITY = 0.17190 AT 318.0 DEG C, IN POISE

zéS{éJgSFACT{VATlUN ENERGYJEN = 11116.53943 CAL/DEG*MOLE

LF DIFFUSION ACTIVATION ENERGY FOR EQUATION DM2 A *
COEFFIEIENT OF VOLUMETRIC EXPANSION,ALP = 0,2303;‘20303652 T 10963.08972 CAL/DEGEHOLE

LI WA o]

A AL ENTHALPY OF VAPORIZATION ATTRIBUTED TO 0 0.372
SOLVENT ASSOCIATION PARAMETER FOR WILKE-CHANG EQUAT ION = :Eggasmu FORCE BONOS =
MOLECULAR WEIGHT OF SOLVENT,XM = 92,100 GRAM/MOLE

XI FIR EQUATION DGM = 6.00 AND XI FOR EQUATION OM2 AND DM3 = 12.00

MOLAR VOLUME AT THE BOILING POINT,DBP =  96,20000 CC/MOLE

DENSITY = 1.25830 AT 298.0 DEG C DENSITY = 1.26300 AT 313.0 DEG C, IN GRAM/CC
VISCUSITY = 9.50000 AT 298.0 DEG C VISCOSITY = 2.45000 AT 313.0 DEG C, IN POISE
VISCOUS ACTIVATION ENERGY,EN = 16744.43413 CAL/DEGHMOLE

SELF DIFFUSIUN AZTIVATION ENERGY FOR EQUATION DM2 AND OM3,ED = 16181.55505 CAL /DEG&MOLE
COEFFLEIENT OF VOLUMETRIC EXPANSION,ALP =  0.0004966 1/DEG

SOLVENT NUMBER = 8

FRACTION OF TOTAL ENTHALPY OF VAPORIZATION ATTRIBUTED TO DISPERSION FORCE BONDS = 0.368
SOLVENT ASSOCIATION PARAMETER FOR WILKE-CHANG EQUATION = 1.0)

MOLECULAR WEIGHT OF SOLVENT,XM = 92.10) GRAM/MOLE

X1 FIR EQUATIUN JGM = 6.00 AND XI FOR EQUATION DM2 AND DM3 = 12.00

MOLAR VILUME AT THE BOILING POINT,DBP = 96.20000 CC/MOLE

DENSITY = 1.26130 AT 293.0 DEG C DENSITY = 1.25190 AT 308.0 DEG Cy» IN GRAM/CC
VISCOSITY = 4.80000 AT 293.0 UVES C VISCOSITY = 3,832000 AT 308.0 DEG Cy IN POISE
VISCIUS ACTIVATION ENERGY,EN = 16190.65710 CAL/DEG*MOLE

SELF OIFFUSION ACTIVATIUN ENERGY FOR EQUATION DM2 AND DM3,ED = 15636.92896 CAL /DEG*MILE
COEFFIELIENT OF VOLUMETRIC EXPANSION,ALP = J.0005005 1/DEG

SOLVENT NUMBER = 9 N
FRACTION OF TOTAL ENTHALPY OF VAPORIZATION ATTRIBUTED TD DISPERSION FORCE BONDS = 0.368

SULVENT ASSOCIATIUN PARAMETER FOR WILKE-CHANG EQUATION = 1.0)

MOLECULAR WEIGHT OF SOLVENT XM = 92.13) GRAM/MOLE

XI FIR EQUATIUN DGM = 6.00 AND XI FOR EQUATION DM2 AND DM3 = 12.00

MULAR VILUME AT THE 30[LING POINT,DBP = 96,20000 CC/MOLE

DENSITY = 1.26080 AT 294.0 DEG C DENSITY = 1.25130 AT 309.0 D&G Cs IN GRAM/CC
VISCISITY = 3.60000 AT 294.0 DEG C VISCOSITY = 3.49000 AT 309.0 DEG C,» IN POISE
VISCIUS ACTIVATION ENERGY,EN = 16368.35339 CAL/DEG*MOLE

SELF DIFFUSION ACTIVATION ENERGY FOR EQUATION DM2 AND DM3,ED = 15813.15161 CAL /DEG®MILE
COEFFIEIENT OF VILUMETRIC EXPANSION,ALP = 3.0005061 1/DEG

SOl NT NUMBER = 10
FRAE¥EON Ug TOTAL ENTHALPY OF VAPORIZATION ATTRIBUTED TO DISPERSION FORCE BONDS = 0.7S54

SOLVENT ASSUCIATION PARAMETER FOR WILKE-CHANG EQUATION = 1.0d
MOLECULAR WEIGHT OF SOLVENT,XM = 102.200 GRAM/MOLE

X1 FIOR EQUATION JGM = 6.00 AND XI FOR EQUATION DM2 AND DM3 = 12.00
MULAR VOLUME AT THE BOILING POINT,DBP = 148.00000 CC/MOLE
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DENSITY = 0481560 AT 298.0 DES C DENSITY = 0.81524 ATl 313.0 DEG C, IN GRAM/CC
VISCISITY = 0.00437 AT 298.0 DEG C VISCOSITY = 0.)0287 AT 313.0 DEG C, IN POISE
VISCOUS ACTIVATION ENERGY +EN = 5194.95399 CAL/DEG*MOLE
SELF DIFFUSION ACTIVATION ENERGY FOR EQUATION DM2 AND DM3, ED = 4604.56952 CAL /DEG*MOLE
COEFFIEIENT OF VOLUMETRIC EXPANSIONsALP = 0.0030294 L1/DEG

SOLVENT NUMBER =

FRACTION OF TUTAL ENTHALPY OF VAPORIZATION ATTRIBUTED TO DISPERSION FORCE BONDS = 0.750
SOLVENT ASSOCIATION PARAMETER FOR WILKE-CHANG EQUATION = 1.00

MOLECULAR WEIGHT OF SULVENT,XM = 102.200 GRAM/MOLE

X[ FIR EQUATIUN JGM = 6400 AND XI FOR EQUATION DM2 AND DM3 = 12,00

MOLAR VILUME AT THE BOILING POINT,DBP = 148.)0000 CC/MOLE

DENSITY = 0.83285 AT 273.0 DEG C DENSITY = 0.82239 AT 238.0 DEG Cy IN GRAM/CC
VISCOSITY = 0.00880 AT 273.0 DEG C VISCOSITY = 0,)0577 AT 288.0 DEG C, IN POISE
VISCIUS ACTIVATION ENERGYHEN = 4395,98458 CAL/DEG*MOLE

SELF DIFFUSIUN ACTIVATION ENERGY FOR EQUATION DM2 AND DM3,ED = 3895.39035 CAL /DEG®MILE
COEFFIEIENT OF VOLUMETRIC EXPANSION,ALP = 0.0008473 1/DEG

SULVENT NUMBER = 12

FRACTION OF TOTAL ENTHALPY OF VAPORIZATION ATTRIBUTED TO DISPERSION FORCE BONDS = 0.100
SULVENT ASSOCIATION PARAMETER FOR WILKE-CHANG EQUATION = 2.60

MOLECULAR WEIGHT OF SOLVENT, XM = 18.000 GRAM/MULE

XI FIR EQUATIUN JGM = 6.00 AND XI FOR EQUATION DM2 AND DM3 = 12.00

MULAR VILUME AT Tdt BOILING POINT,DBP = 15.60000 CC/MOLE
DENSITY = 0.99723 AT 293.0 D&G C DENSITY = 2.996406 AT 308.0 DEG Cy IN GRAM/CC
VISCISITY = 0.01005 AT 293.0 DEG C VISCOSITY = 0.)0722 AT 308.0 DEG C, IN POISE

VISCIUS ACTIVATION ENERGYJEN = 3953.50595 CAL/DEG*MOLE
SELF DIFFUSIUN ACTIVATION ENERGY FOR EQUATION DM2 AND DM3, ED = 3383.40332 CAL/DEG&MOLE
COEFFIEIENT OF VOLUMETRIC EXPANSLUN,ALP = J2.000212% 1/DEG

SOLVENT NUMBER = 13

FRACTION OF TOTAL ENTHALPY OF VAPORIZATION ATTRIBUTED TO DISPSRSION FORCE BONDS = 0,395
SOLVENT ASSUCIATIIN PARAMETER FOR WILKE-CHANG EQUATION = 1.92

MULECULAR WEIGHT OF SOLVENT 9XM = 32.000 GRAM/MOLE

XI FIR EQUATION DGM = 8.00 AND XI FOR EQUATIUN DM2 AND DM3 = 16.00

MOLAR VILUME AT THE BOILING POINT,DBP = 35.30000 CC/MOLE

DENSITY = 0.79030 AT 294.0 LEG C DENSITY = 0,77510 AT 329.0 DEG Cv IN GRAM/CC
VISCISITY = 0.00576 AT 294.0 DEG C VISCOSITY = 0.,)0476 AT 309.0 DEG Cy IN POISE
VISCOUS ACTIVATION ENERGYEN =  2294.77390 CAL/DEG*MOLE

SELF UIFFUSIUN ACTIVATION ENERGY FOR EQUATION DM2 AND DM3, ED = 1780.42723 CAL /DEG*MILE
CUOEFFIEIENT UF VOLUMETRIC EXPANSION,ALP = J.0012198 1/0EG

SOLVENT NUMBER = 14
FRACTION UF TOTAL ENTHALPY OF VAPORIZATIUN ATTRIBJTED TO DISPERSION FORCE BONDS = 0,365

SOLVENT ASSOCIATION PARAMETER FOR WILKE-CHANG EQUATION = 1.0)

MOLECULAR WEIGHT OF SOLVENT, XM = 92.10) GRAM/MOLE

XI FIR EQUATION )GM = 6.00 AND XI FOR EQUATION DM2 AND DM3 = 12.00

MOLAR VOLUME AT THE BOILING PUINT,DBP = 96.20000 CC/MOLE

DENSITY = 1.27370 AT 273.0 DEG C DENSITY = L1.26440 AT 288.0 DEG Cs» IN GRAM/CC
VISCISITY = 1.00000 AT 273.0 DEG C VISCOSITY = 2.6T000 AT 288.0 DEG C, IN POISE
VISCIUS AUTIVATION ENERGYEN = 17442.60132 CAL/DEG*MOLE

SELF DIFFUSIUN ACTIVATION ENERGY FOR EQUATION DM2 AND DM3, ED = 16924.35547 CAL /DEG#MILE
COEFFIELENT UF VOLUMETRIC EXPANSION,ALP = 0.0004903 Ll/DEG

SULVENT NUMBER = 15
FRACTION UF TOTAL ENTHALPY OF VAPORIZATION ATTRIBUTED TO DISPERSION FORCE BONDS = 0.668

SILVENT ASSOCIATION PARAMETER FOR WILKE-CHANG EQUATION = 1.0)
MOLECULAR WEIGHT OF SOLVENT XM = 884200 GRAM/MOLE

XI FIR EQUATIUN D)GM = 6.00 AND XI FOR EQUATION DM2 AND DM3 = 12.00
MOLAR VOLUME AT THE BOILING POINT,DBP = 125.8)000 CC/MOLE
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vIscasiTy 2'3%22632?330 0EG C DENSITY = 0.79700 AT 318.0 DEG C. IN GRAM/CC
. oA ° 3.0 DEG C VISCOSITY = 0.01880 AT 318.0 DEG C, IN POISE
VISCIUS ACTIVATION ENERGY,EN = 5879.61444 CAL/DEGS®MOLE )

SELF DIFFUSION AZTIVATION ENERGY FOR EQUATIO|
CUEFFIELENT OF VOLUMETRIC EXPANSION'ALg‘x No?ggo::&mgbgg T P33-aer CALARGHIE

SDL¥E3T gUHBER = 16

FRACTION OF TOTAL ENTHALPY OF VAPORIZATION ATT !

SOLVENT ASSOZIATION PARAMETER FOR WILKE-CHANG 2&1&:;53‘{]‘2 D{SOP:E’RSIUN FORCE BONDS = 1.000
MOLECULAR WEIGHT UF SOLVENT XM = 864230 GRAM/MOLE :

XI FIR EQUATION 9GM = 6400 AND XI FOR EQUATION OM2 AND DM3 = 12.00

MOLAR VOLUME AT THE BOILING POINT,DBP = 140.60000 CC/MOLE

UENSIT{ = 0.65050 AT 303.0 DEG C DENSITY = 0.63720 AT 318.0 DEG C, IN GRAM/CC
VISCISITY = 0-00?78 AT 303.0 DEG C VISCOSITY = 0.)0227 AT 318.0 DEG C, IN POISE
YISCJUS AC'”VATI\_)N ENERGYEN = 2586.83170 CAL/DEG*MILE

SELF DIFEUSNN A:.T[VAHUN ENERGY FOR EQUATION DM2 AND DM3,ED = 2069.38553 CAL/DEGEMOLE
COEFFLEIENT OF VOLUMETRIC EXPANSION,ALP = J3.00L3915 1/DEG

(UL st A

A L ENTHALPY OF VAPURIZATION ATTRIBUTED TO D = .
SOLVENT ASSOCIATION PARAMETER FOR WILKE-CHANG EOJ:T?D‘{ S :fggRSIUN FORCE BonDS t-000
MOLECULAR WEIGHT OF SOLVENT,XM = 240.400 GRAM/MOLE

XI FIR EQUATION DGM = 6.00 AND XI FOR EQUATION DM2 AND DM3 = 12.00

MOLAR V3LUME AT THE BO0ILING POINT,DBP = 340.20000 CC/MOLE

VENSITY = 1.04800 AT 295.0 DEG C DENSITY = 1,03850 AT 310.0 DEG C, IN GRAM/CC
VISCOSITY = 4.50000 AT 295.0 DEG C VISCOSITY = 5,70000 AT 310.0 DEG C, IN POISE
VISCIUS ACTIVATIUN ENERGYEN = 17664.82959 CAL/DEG*MOLE

SELF DLFFUSION ACTIVATION ENERGY FOR EQUATION DM2 AND DM3,ED = 17113.81616 CAL/DEG*MILE
CUEFFIEIENT JF VILUMETRIC EXPANSION,ALP = J.0006099 1/0DEG

SOLVENT NUMBER = 13

FRACTIUN OF TOTAL ENTHALPY OF VAPORIZATION ATTRIBUTED TO DISPERSION FORCE BONDS = 0.668
SOLVENT ASSUCIATION PARAMETER FOR WILKE-CHANG EQUATION = 1.0)

MULECULAR WEIGHT OF SOLVENT,XM = L102.20) GRAM/MOLE

X[ FIR EQUATIUN OGM = 6.00 AND XI FOR EQUATION DM2 AND OM3 = 12.00

MOLAR VOLUME AT THE BOILING POINT,DBP = 148.00000 CC/MOLE

DENSITY = 0.81660 AT 296.4 DEs C DENSITY = 0.80510 AT 3l1l.4 DEG C, IN GRAM/CC
VISCISITY = 0.04760 AT 296.4 DEG C VISCOSITY = 0.02970 AT 311.4 DEG C, IN POISE
VISCIUS AZTIVATIIN ENERGY,EN = 5767.08197 CAL/DEG*MOLE

SELF DIFFUSION ACTIVATION ENERGY FOR EQUATION DM2 AND DM3,ED = 5228.66431 CAL/DEG®NOLE
COEFFIELENT JOF VOLUMETRIC EXPANSION,ALP = 0.000868% 1/DEG

SULVENT NUMBER = L9
FRACTION OF TOTAL ENTHALPY OF VAPORIZATION ATTRIBUTED TO DISPERSION FORCE BONDS = 0.668

SOLVENT ASSOZIATIUN PARAMETER FOR WILKE-CHANG EQUATION = 1.0)

MOLECULAR WEIGHT OF SOLVENT,XM = 88.200 GRAM/MOLE

XI FIR EJUATION )GM = 6.00 AND XI FOR EQUATION DM2 AND OM3 = 12.00

MOLAR VILUME AT THE BUILING POINT,0BP = 125.30000 CC/MOLE

DENSITY = 0.81240 AT 296.4 DEG C DENSITY = 0.80170 AT 311.4 DEG C, IN GRAM/IC
VISCISITY = 0.03610 AT 296.4 DEG C VISCOSITY = 0.02310 AT 31l.4 DEG C» IN POISE
VISCIUS ACTIVATIIN ENERGYJEN = 5458.65180 CAL/DEG*MILE

SELF DIFFUSIJN ACTIVATION ENERGY FOR EQUAT IUN DM2 AND DM3,ED = 4921.48920 CAL /DEG*MILE
CUEFFLELIENT OF VOLUMETRIC EXPANSION,ALP = 2.0008893 L/DEG

ULVENT NUMBER = 20
FEA’ETICN OF TUTAL ENTHALPY OF VAPURIZATION ATTRIBJTED TO UISPERSION FORCE BONDS = 1.000

SOLVENT ASSOCIATION PARAMETER FOK WILKE-CHANG EQUATION = 1.0)
MULECULAR WEIGHT UF SOLVENT,XM = 142.330 GRAM/MOLE

XI FOR EQUATIUN 2GM = 6.00 AND XI FOR EQUATION DM2 AND D43 = 12.00
MOLAR VJLUME AT THE BOILING POINT,DBP = 229.40000 CC/MOLE
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DENSITY = 0.72850 AT 295.0 DEG C
VISCISITY = 0.00906 AT 295.0 DEG C
VISCIUS ACTIVATIIN ENERGYEN = 3073.1

SELF OIFFUSION ACTIVATION ENERGY FOR EQUATION OM2 AND DM3,ED =
COEFF [eIENT JF VOLUMETRIC EXPANSION,ALP =

SULVENT NUMBER = 21

FRACTIUN OF TOTAL ENTHALPY OF VAPORIZAT
SULVENT ASSUCIATION PARAMETER FOR WILKE
MOLECULAR WEIGHT UF SOLVENT,XM = 418.8
X1 FIR EJUATION JDGM = 6.00 AND XI FOR
MULAR VJLUME AT THE SOILING POINT,08P =
DENSITY = 0.93020 AT 295.0 DE5S C
VISCISITY = 0.00000 AT 295.0 DEG C
VISCIUS ACTIVATION ENERGYEN = 193456.3
SELF DIFFUSIUN AZTIVATION ENERGY FUR EQ
CUEFFIEIENT OF VOLUMETRIC EXPANSION,ALP

SOLVENT NUMBER = 22

IN GRAM/CC
IN POISE

DENSITY = D.71710 AT 310.0 DEG C,
VISCOSITY = 0.00703 AT 310.0 DEG C»
2799 CAL/DEG*MOLE

2548.05078 CAL /DEG*MOLE
J2.00L0598 1/DEG

ION ATTRIBUTED TO DISPERSION FORCE BONDS = 1.000
-CHANG EQUATION = 1.0)
) GRAM/ MOLE

EQUATION DM2 AND DM3 =

658.60000 CC/MOLE
DENSITY = 0.92)90 AT 310.0 DEG C,
VISCOSITY = 8.10000 AT 310.0 DEG C,
5548 CAL/DEG*MILE
UATION DM2 AND DM3,ED =

= J.0006732 1/DEG

12.00

IN GRAM/CC
IN POISE

18799.00659 CAL/DEG#*MJLE

FRACT ION OF TUTAL ENTHALPY OF VAPORIZATION ATTRIBJTED TO DISPERSION FORCE BONDS = 0.668
SULVENT ASSITIATION PARAMETER FOR WILKE-CHANG EQUATION = 1.00

MOLECULAR WEIGHT OF SOLVENT XM = 102.20) GRAM/MOLE

X1 FIR EQUATION Jd3M = 6.00 AND XI FUR EQUATION DM2 AND DM3 = 12.00

MJLAR VOLUME AT THE BOILING POINT,D8P = 148.00000 CC/MOLE

DENSITY = 0.81750 AT 295.0 DEG C UENSITY = 0.80710 AT 310.0 DEG C, IN GRAM/CC
VISCOSITY = 0.04980 AT 295.0 DEG C VISCUSITY = 0.33100 AT 310.0 DEG C, IN POISE
VISLIUS ALTIVATIION ENERGY.EN = 5742.40859 CAL/DEG*MOLE

SELF DIFFUSION ACTIVATIUN ENERSY FOR EQUATION DM2 AND DM3, ED =

CUEFFIEIGNT OF VILUMETRIC EXPANSION,ALP

SULVENT NUMBER = 23
FRACTION OF TOTAL ENTHALPY OF VAPORIZAT
SILVENT ASSJOCIATION PARAMETER FOR WILKE
MULECULAR WEIGHT OF SOLVENT,XM = 130.2
X[ FIR EQUATION JGM = 6.00 AND XI FOR
MJOLAR VJLUME AT THE BOILING POINT,DBP =
DENSITY = 0.82730 AT 295.0 UEG C
VISCISITY = 0.08220 AT 295.0 DEG C
VISCIUS AUTIVATIIN ENERGYEN = 661841
SELF OIFFUSION AUTIVATION ENERSY FOR EQ
COEFFIELENT OF VOLUMETRIC EXPANSION,ALP
SULUTE CUUE = 18 SOLVENT CODE = 17

TEMPERATURE =296.40 JES C DIFFUSIVITY = J.19300E-06 CY**2/SEC VISCOSITY = 24.50000 POISE
CwC= U.569223576E-08 DOWC= 0.95413
F o= 0.02 DU = 0.20043E-06 DGM = 0.507L7E-01L DML = 0.29170E-05 OM2 = 0.40717E 01 IM3
DDJ = =-U.0384964 UDGM = 779.5283)63 DDML = -14.11384)5 DOM2 = 927.0000000 IDM3 =
F = 0.050 V0 = 0.18142E-06 DGM = 0.33303E-01 UML = 0.24578E-05 OM2 = 0.23978E 01 DM3
0ol = 0.0599955 DDGM = 585.4B04588 DOML = -11.7345685 DOM2 = 835.8750000 ODM3 =
F = 0.015 00 = 0.16421E-06 UGM = 0.21875E-01 DML = 0.20703€-05 DM2 = 0.14120E Ol oM3
Loy = 0.1491462 DDOM = 348.6542969 DOML = =-9.7298512 OUOM2 = 311.6875000 JDM3 =
F = 0.100 DU = 0.14864E-06 DGM = 0.14363E-0L OML = 0.17449E-05 OM2 = 0.83155E 00 OM3
LJJ = 0.229841l8 DDGM = 443.6640525 DOML = <~8.0407223 DDM2 = 524.4375000 DJ0M3 =
F = 0.l¢> D0 = 0.13454E-06 DGM = 0.9436%E-02 DMl = 0.14702E-05 DM2 = 0.48969E 00 DM3
DoJ = 0.3028842 ODGM = 392.04lJ156 O0ODML = -6.6175014 DDM2 = 260.1875000 DJDM3 =
F = 0.150 V0 = 0.121782-06 DGM = 0.61975E~02 DM1 = 0.12387E-05 DM2 = 0.28838E 00 DM3
Loy = 0.3689992 UVDGM = LL0.4914551 DDML = =5.,4183297 DDM2 = 174.4062500 DJINM3 =
F = 0175 00 = 0.11023E-U6 OGM = 0.40703E-02 DML = 0.l0437€-05 OM2 = 0.16982E 00 DM3
0Dl = 0.,4288438 DUGM = 088.856%7451 DODML = =-4.40793%¢1 DDOM2 = 908.4687500 DJDOM3 =
F = 0.200 00 = 0.99779E-07 OGM = 0.26733E-02 DML = 0.87942E-06 OM2 = 0.10001E 00 OM3
Jug = 0,4830127 ODGM = 850.1945801 O0DML = -3.5565936 ODM2 = L71.5507813 DJDM3 =

5205.75854 CAL /DEG*MOLE
= 0.000859) 1/DEG

ION ATTRIBUTED TO DISPERSION FORCE BONDS = 0.696
~CHANG EQUATION = L1.02
J3) GRAM/MULE
EQUATION DM2 AND DM3 = 12.00
192.40000 CC/MOLE
DENSITY = 0.81710 AT 310.0 DEG C,
VISCOSITY = 0.)4760 AT 310.0 OEG C.
9275 CAL/DEG*MOLE
UATION DM2 AND DM3,ED =
= J.0008322 1/0€EG

IN GRAM/ZC
IN POISE

6079.99603 CAL /DEG*MILE

0.
0.
0.
0.
0.
0.
=

0.
=

0.

0.39173E-13
9939998
0.52775€-13
9933397
0.7L100E-13
9999995
0.95787€E~13
9999995
0.12905E-12
9999993
0.17386E-12
9999991
0.23422E-12
9999988
0.31555€E-12
9999984
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0.250
0.275
0.300
0.325
0.350
0.375
0. 400
0.425
0.450
0.475
0.500
0.525
0.550
0.575
0.000
0.625
0.650
0.675
0.700
0.725
0.750
0.775
0.300
0.825
0.4d50
0.875
0.900
0e925
0.950
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0.903156-07
0.5320442
0.81750E~07
0.5764255
0.73997E-07
0.6165976
0.66979E-07
0.6529598
0.60626E-07
0.6858733
0.54877€-07
0. 7156653
0.49672E-07
0.7426319
0.44961E-07
0.7670409
0.40697€-07
0.7891349
0.36837E-07
0.8091335
0.33344€-07
0.8272354
0.30L81E-07
0.8436205
0.27319€-07
0.8584517
0.,24728E-07
0.8718762
0.22343E-07
0.8840270
0.20260E-07
0.8950265
0.183386-07
0.9049823
0.16599E~07
0.9139938
0.15025€-07
0.9221507
0.13600E-07
0.9295340
0.12310E-07
0.9362170
0.Li143E~07
0.9422663
0.L0086E-07
0.9477418
0.91293E~08
0.9526980
0.826356~-08
0.957184<¢
0.74797E-08
0.9612448
0.677043~08
0.9649204
0.61283E-08
0.96824¢74
0.55470E~-08
0.9712588
0.50210E~08
0.9739847

OGM = 0.L755TE-02
DOGM = 096,0515137 OOML =
OGM = 0.11531€E-02 DML
DOGM = 973.6721802 DOML =
DGM = (0.75733€-03 DML
DOGM = 922.986)535 DOML =
DGM = Q.49733E-03 DMl
ODGM = 576.1573181L DOML =
DGM = 0.325657E-03 DML
DDGM = 691.5998588 DOML =
DGM = 0.21455E-03 DML
DOGM = 110.649)21 0OML =
OGM = 0.14091E-03 DML
DDGM = 729.0978317 DOOML =
DGM = 0.92545E-0¢ DML
DDGM = 478.5064812 DOML =
DGM = 0.60781E~04 oML
DDGM = 313.9255562 DDML =
DGM = 0.39919E-04 DML
ODGM = 205.8335906 DDML =
DGM = 0.2621BE~04 OML
DDGM = 134.8421822 DOML =
OGM = 0.17219E-04 DML
DDGM = ~88.,217)354 DDML =
DGM = 0.11309E-04 DML
DOGM = -57.5951347 DDML =
DGM = 0.74273E-05 DML
DDGM = -37.4835300 DODML =
OGM = 0.4878)E-05 DML
DDGM = ~24.2748334 DODML =
OGM = 0.32033E~05 DML
DDOGM = =15.5997583 DDML =

DML

OGM = 0.21041E-05 OM1
DD3GM = -9.9022254¢ OODML =
OGM = 0.13813E-05 DML
DOGM = -6.1632561 DDML =
DGM = 0.90751E-06 oML
DDGM = =3,7025421 DDM1 =
OGM = 0.59603E-06 DM1
DLDGM = -2,0885549 DOML =
DGM = 0.39149E-06 DML
DOGM = -1.0284727 DDNML =
DGM = 0.25712E-06 DML
DDGM = -0,3322391 DOML =
DGM = 0.16BHTE-06 oML
DDGM = 0.1250251 DLML =
DGM = 0.1L09LE-06 oML
DDGM = 0.4253427 DDML =
DGM = 0.72842E-07 DML
DDGM = 0.5225822 DOML =
OGM = 0.47842E-07 DML
DOGM = 0.7521233 DOML =
DGM = 0.3L420E-07 oML
DDGM = 0.8372220 DDML =
OGM = 0.20635E-07 DML
DOGM = 0.3930791 ODDML =
DGM = 0.13553E-07 DML
DDGM = 0.9297775 DOLML =
OGM = 0.89012E-08 oML
ODGM = 0.9534800 DDML =

=

0.74098E-06 oM2

-2.8392844 DDM2 = 147.2695313

0.62433E-06 DM2

= 0.58894E-01
JDM3
= 0.34682E-01

~2.2348919 DDM2 = 698.7285156 DJOM3

0.52605€E-06 omM2

= 0420424E-01

~1.7256443 DDM2 = 822.9179688 DJOM3

0.44324E~06 oM2

= 0.12028E-01

-1.2965643 DDM2 = 317.9746094 JDM3

0«37346E-06 DoM2

= 0.70829E-02

-0.9350315 DODM2 = 698.2177734 OJDM3

0.31467E-06 OM2

= 0.41711E-02

-0.6304123 DDM2 = 610.9130859 JOM3

0.26513E~06 DM 2

= D.24563E-02

~0.3737477 DDM2 = 726.1079102 DJDM3

0.22340E-06 DM2

= 0.l4465£-02

-0.1574877 DOM2 = 493.9051514 DJDM3

0.18823E-06 DM2

= 0.85184E-03

0.0247279 DDM2 = 412.6983643 JDN3

0.15860E-06 oM2

= 0.50164E-03

0.L782585 DDM2 = 598.1961670 DDN3

0.13363E-06 DM2

= 0.29542E-03

0.3076197 DDM2. = 529.6486664 DDM3

0.11259€-06 DM2

= 0.17397€-03

0.4166165 DDM2 = 900.3884430 DJ0OM3

0.94868E-07 DM2

0.5084546 DDM2 = 529.8215561

0.T79934E-07 0M2

= 0.10245€-03
JDM3
= 0.60331E-04

0.5858353 DOM2 = 311.5970688 DOM3
0.67350E-07 OM2 = 0.35529E-04
0.6510346 DDM2 = 183.0862560 DJDMN3
0.56748E-07 DM2 = 0.20923E-04
0.7059698 DDM2 = 107.4071255 DJDM3
0.47814E-07 DM2 = 0.12321E~-04
047522570 DDM2 = -62.8402071 DJDM3
0.40287E-07 DM2 = 0.72558E-05
0.7912575 DDM2 = -36.5950570 DJOM3
0.33945E-07 DM2 = 0.42729E-05
0.8241185 DDM2 = -21.1394691 JDM3
0.28601E-07 DM2 = 0.25163E-05
0.8518063 DOM2 = -12.0377806 JDM3
0.24099E-07 DM2 = 0.14818E-05
0.8751355 DDM2 = =~6.6778589 JIDM3
0.20305F-07 DM2 = 0.87264E-06

0.8947921 DDM2 =
0.17109E-07 oM2
0.9113542 DOM2 =
0.14415E-07 DM2
0.9253092 DDM2 =
0.12146E-07 oM2
0.9370672 DDM2 =

0.10234E-07 oM2
0.9469743 DOM2 =
0.86229E-08 DM2

0.9553218 DDM2 =
0.72654E-08 DM2
0.9623552 DDM2 =
0.61217€-08 oM2
0.9682814 DDM2 =
0.51580E-08 oM2
0.9732746 0DDM2 =

~3.5214381 DJDM3
= 0.51389E-06
~1.6626438 DDM3
= 0.30263E-06
-0.5680123 )JDM3
= 0.17821E-06
0.0766084 JIDM3
= 0.10495E-06
0.4562210 JDM3
= 0.61804E-07
0.6797723 JDM3
= 0.36396E-07
0.8114201 JDM3
= 04214336-07
0.8889466 JDM3
= 0.12622E-07
0.9346014 DDM3

DM3
=
oM3

DM3

DM3

=
oM3
=
pLk]
=
nM3
=
oM3

DM3

DM3

=
LE]
DM3
=

OM3

DM3

=
ON3
=

IM3

pLE]

DM3
DM3

oM3

DM3

DM3
DM3

=
DM3
=
pLE]
=
DM3
=
DM3
=
M3
=
DM3
=
nM3

= 0.42512E~-12
0. 9999978
= 0.5727¢E~12
0.9999970
= 0.77151E-12
0. 9999960
= 0.10395€-11
0.9999965
= 0.14N0SE-11
0.9999927
= 0.l1885B8E-11
0.9999902
= 0.25619E-11
0.9999868
= 0.34245E-11
0.9999823
= 0.45137E-11
0.9399751
= 0.62157E-11
0. 9999578
= 0.83739E-11
0.9999566
= 0.11282E-10
0.9999415
= 0.15199E-10
0.9999212
= 0s20475E-10
0.9398339
= 0.27585E-10
0.9998571
= 0.37165E-10
0.999807%
= 0.50070E-10
0.99974056
= 0.67455E-1)
0.9995505
= 0.90878E-10
0.,9995291
= 0.12243E-09
0.999355%
= 0.15495E-09
0.999145¢
= 0.22222E-09
0.9988485
= 0.2993BE-09
0.9984488
= 0.40334E-09
0.9979102
= 0.54339E-03
0.9971845
= 0.73207€E-09
0.9962069
= 0.98625E-09
0.9948898
= 0.13287E-08
0.993115%
= 0.17901E-08
0.9907249
= 0,2%L17E-08
0.987504%¢
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F = 0.975

1.000

X

T O T T O I T O O T B S I T S I I I I O I T

0.025
0.050
0.075
0. 100
0.125
0.150
0.175
0.200
0.225
0.250
0.275
0.300
0.325
0.350
0.375
0.400
0.425
0.450
0475
0.500
0.525
0.550
0.575
0.600
0.025
0.650
04675
0. 700
0.725
0. 750
0.775
0. 800
0.825
0.850
0.875
0.900
Qs 925
0. 950
0975
1.000
C =

CTPI I A MMM NI T IANTNNA N T T AV NN NANDNANTAT A ANANAI = T

=
£

vo
bul
vo

0 =

EVIATIONS ARE

oD
FOLLUWING O

DJo
Da0
030

U.9483

*0l* UNITOS, EDF.

L T I T I O T T I I I I T R I I BN ]

0.454482-08

OGN =

0.9764520 DDGM =

V.4L1372-08

0.9786853

1.65865356
1.37729990
1.14017498
0.93074922
0. 74576373
0.58946943
0.496261 94
0.46577707
0.44083787
0.44296414
0.45626471
0.48704L23
0.50557975
0.52213231
0.53692125
V.55485131
0.60434055
0. 64827291
0.68727867
0. 72191589
0. 75267876
0.78000502
0.80428241
0.82585452
0.84502582
0.86206615
0.87721471
0.89068362
0.90266092
0.91331343
0.922718911
0.93121926
0.93872035
0.94539572
0.95133719
0.95062618
0.96133505
0.96552804
0.96926218
0.97258817

DGM =

DOGM

0.5845)E-08

0.9697297 DODNML =

0.38395€6-08

0.9801263

AVERAGES FOR EACH F
DOGM = 27.75002200

DDGM
DOGM
DOGM
UDGM
DDGM
DDGM
DDGM
ODGM
DUGM
DOGM
DOGM
DOGM
DOGM
ODGM
DDGM
DLGM
DOGM
DOGM
DOGM
OOGM
DOGM
DOGM
00GM
LDDGM
DOGM
DDG M
DOGM
DOGM
ODGHM
DOGM
DLGM
DOGM
DOGM
DDGM
DOGM
O0GM
DDGM
DOGM
DOGM

L I T T O I O T T T A I I TR I I ]

12.93752)00
55.00002300
59.84375)00
84.17187500
29.15625000
60.56252)00
78.03125)00
65.81835938
05.04396531
62.01223703
52.90573828
55.3020J195
44.82349121
34.13365599
65.84503174
13.77014L60
06.564602561
24.09223175
35.12725267
61.79987717
57.65475)82
94.96653124
57.1627398¢6
34.32223558
20.49532366
12.10827839
T.0L055957
3.90573500
2.01073277
0.89335289
0.38715839
0.32253550
0.56370550
0.72933342
0.83182425
0.39527132
0.93465%42
0.95914385
0.97441562

DMl = 0.43460E-08 OM2 = 0.74330E-08 I3 =
0.9774818 DDNM2 = 0.9614872 JDM3 = 0.9831655
DML = 0.36618E-08 DM2 = 0.43772E-08 DM3 =
DDM1 = 0.9810267 DOM2 = 0.9773201 DJ0OM3 =  0.9773201
DOML = 92.26376343 DOM2 = 02.00000000 JDM3 = 0.99999908
ODMl = T73.99202728 DDM2 = 22.00000000 DJDM3 = 0.99999882
ODML = 59 .31576729 DOM2 = 70.00000000 DOM3 = 0.99999848
DDOM1 = 47.52472353 DOM2 = 92.00000000 JOM3 = 0.99999805
ODML = 38.04944420 DDM2 = 44.00000000 OJDM3 = 0.99999748
DDML = 3).43323445 O0DM2 = 40.00000000 DJ0OM3 = 0.99999577
DOML = 24.30980226 DODM2 = 13.00000000 DJ0M3 = 0.99999583
DOML = 19.38528967 DOM2 = 90.00000000 JDM3 = 0.99999461
DODML = 15.42391348 ODM2 = 46.00000000 DJDM3 = 0.99999303
DDOML = 12.23643621 ODM2 = 20.00000000 JOM3 = 0.99999098
DDML = 9.67095101 DDM2 = 84.00000000 JDM3 = 0.99998832
DDML = T.60549861 DDM2 = 80.00000000 DDM3 = 0.99998485
DDML = 5.94212973 DDM2 = 04.50000000 JDM3 = 0.99998034%
DDML = 4.60217041 DDM2 = 95.25000000 JDM3 = 0.999974%47
DOML = 3.52241054 DDM2 = 9B8.62500000 )JDM3 = 0.99995583
DUML = 2.65204880 0DDM2 = 72.25000000 JDM3 = 0.99995585
DDML = 1.95849553 0O0M2 = 23.15625000 JDM3 = 0.99994384
DDML = 1.44360960 DDM2 = 07.43750000 DJDM3 = 0.9999258%
ODML = 1.02999598 DDOM2 = 49.51953125 DJIM3 = 0.99990453
DOML = D.T74142119 DDM2 = 16.45117188 JDM3 = 0,99987559
DOML = ).55258021 DOM2 = 75.59863281 )DM3 = 0.99983758
ODML = J.55715361 DDM2 = 96.73828125 DJOM3 = 0.99978782
ODML = J).56750688 DDM2 = T2.864399414 DJ0M3 = 0.99972263
OOML = J.577T73541 DOM2 = 27.58215332 DJDM3 = 0.,999563711
DOMI = DJ.58753536 DOM2 = 40.71170044 JDM3 = 0.99952494
DOML = J.596T1942 0DM2 = 08.40029907 ODM3 = 0.99937768
DDOMY = ).64330213 DOM2 = 33.89511871 JOM3 = 0.99918622
DDML = DJ.71058223 D0DDM2 = 36.36324692 DDM3 = 0.99892990
DDML = J3.76507033 ODM2 = 04.77280235 DDM3 = 0.99859542
ODML = 0.80921657 DDM2 = 46.38111687 DDM3 = 0.99815522
DOML = D.84499863 DOM2 = 20.36279583 )OM3 = 0.9975755%
DDML = ).87401339 DDM2 = 8.70919156 DJDM3 = (0.9968L176
DDML = J.89755070 0OM2 = 3.48133612 DDM3 = 0.99580%85
DDML = D.91665281 DDM2 = 1.48485030 DJDM3 = 0.9944757%
DDOML = 3.93216220 0DM2 = 0.89812953 DJOM3 = 0.99272395
DDOML = 0.94476010 O00M2 = 0.72592238 DJDM3 = 0.99040957
DDML = J.95499766 DDM2 = 0.77373958 JDM3 = 0.98735210
ODML = D.96332079 D0OM2 = 0.88794309 )JDM3 = 0.98331095
DDNL = 0.97009057 ODM2 = 0.94343496 DOM3 = 0.97796716
DOM1 = J.97559939 O0DM2 = 0.97089747 JOM3 = 0.97089767
REC= 00000 FIL= 00002

0.3249LE~08
0.43772€~08
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The following program was used to predict the diffusivities for the

original Gainer and Metzner equation.
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END



YGW0645 MITCHELLsR.D.
UNIVERSAL GAS CUNSTANT, XR= 1.98700 CAL/VUEG*MULE
BOLTZMAN CUNSTANT, XK = 0.13803000E~15 ERG/DEG
AVOGADRU NUMBER, XN = 0.60230000E 2% L/MOLE

SULVENT NUMJER = L
ENTHALPY OF VAPORLZATIUN,H = 8100.000 CAL/MOLE
FRACTION UF TOTAL ENTHALPY UF VAPURIZATION ATTRIBUTEUL 12
DENSITY = 0.88420 GRAM/CC

X1 FOR GAINER-MEIZNER EQUATION = 0420

MULECULAR WEIGHT UF SOLVENT,XM = 78.11) GRAM/ MOLE
VISCISITY = 0.00096 AT 288.0 DG C

VISCIUS ACTIVATION ENERGY,t = 1770.82449 CAL/DEG*MILE

SULVENT NUMBER = 2
ENTHALPY OF VAPORIZATLIUNsH = 8840.0J0 CAL/MULE
FRACTION OF TOTAL ENTAALPY OF VAPURIZATIUN ATTRIBJTED TO
DENSITY = 0.87100 GRAM/CC
X1 FOR GAINER-METZNER EQUATLON
MULECULAR WEIGAT OF SOLVENT ¢ XM

= 6edU
VISCOSITY = U.00023 AT 288.0 0tG

92.13) GRAM/MOLE

C
VISCIUS ACTIVATION ENERSY,t = 1782.29398 CAL/UEG*MILE
SULVENT NUMBER = 3
ENTHALPY OF VAPURIZATION,H = 7540.0J0 CAL/MULE

FRALTIUN UF TUTAL ENTHALPY UF VAPUKIZATIUN ATTRIGJTEU 1J
VENSITY = 0.66380 SRAM/CC

X1 FUR GAINER-METZNER EWUATIUN
MOLECULAR WEIGAT UF SULVENT ¢ XM
VISLASITY = U.00337 AT 288.0 Ueb L

Dety
BL.17) LRAM/MUILE

VISCOUS ACTIVATIJUN ENERGY.k = 1430433037 CAL/UEG*MILE
SULVENT NUMBER = 4
ENTHALPY OF VAPURIZATIUN,H = 8950.000 LAL/MULE

FRACTIUN OF TOTAL ENTHALPY UF VAPURIZATIUN ATTRIBJTED TU
DENSITY = 0479609 oRAM/CC

XI FIR GAINER-METZNER EWQUATION
MOLECULAR WEIGHT UF SULVENT XM
VISCOSITY = 0.00623 AT 288.0 3Ly C

VISCIUS ACTIVATION ENERSY .t = L723467773 LAL/UEG®MILE

8410
32.0%J) LRAM/MULE

SULVENT NUMBER = 5
ENTHALPY OF VAPURIZATIUN,H = 10400.00J CAL/MULE
FRACTIUN UF TUTAL ENTHALPY OF VAPURIZATIUN ATTRIBJTED [
DENSITY = 0.80749 GRAM/CC
XI FOR GAINER-METZNER EQUATIUN = 6.5V
MULECULAR WEIGHT UF SOLVENT,XM = 50403) GRAM/MULt
VISCISITY = 0.02522 AT 28b.0 VEG C
VISCIUS ACTIVATIUN ENCKR3Ysc = 2669475395 CALZ0EG*MILE

SULVENT NUMBER = 6
ENTHALPY OF VAPORI ZATIUN,H = 102+40.000 CAL/MULE
FRACTION OF TOTAL ENTHALPY OF VAPUKIZATION ATTRIoJTEU TD
VENSITY = 0.789l6 GRAM/CC
XI FOR GAINER-METZNER EQUATION =
MULECULAR WEIGHT UF SULVENT,XM =
VISCOSITY = 0.02359 AT 288.0 veb L
VISCOUS ACTIVATIUN ENEKoY,z = 2740489523 LAL/VEG*MILE

2440
0JeJ9) URAM/ MOLE

SULVENT NUMBER = 7
ENTHALPY OF VAPURLZATIUN,H = 10530.000 CAL/MOLE

UESPERDIIN

ulSreRSION

ULSPERSIUN

UISPERSION

DISPERSTUN

ULISPERSTON

FJRCE

FJRCE

FuURCE

FaRCL

111RCL

+I<LE

BUNDS

nUNUS

BUND>

BUNDD

bBUNDS

BONUS

L.GLo

1000

L.Ciu

PEREY

Ve%95

e 5480
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YGH0845 MITCHELL,R.D.
FRACTION UF TUTAL ENTHALPY UF vaf ‘
DENSITY =  0.81337 GRAM/CC APURIZATLON ATTRIBJTED Tu
X1 FUR GAINER-METZNER EQUATION = 6,10
MOLECULAK WEIGHT UF SULVENT XM = T4.120 GRAM/MOLE
VISLOSITY = 0.03379 AT 288.0 DEy C
VISCIUS ACTIVATIUN ENERSY,.t = 2861492545 CAL/DEG*MOULE

o

SULVENT NUMBER = 8
ENTHALPY OF VAPORIZATIUNsH = 10460.000 CAL/MOLE
FRACTIUN OF TUTAL ENTHALPY UF VAPURIZATION ATTKIBJTED TU
VENSITY = U.8U576 GRAM/CC

X1 FJR GAINER-METINER EQUATIUN = 6.30

MJILEC ULAR WELIGHT OF SOLVENT,XM = 744120 GRAM/MOILE
VISCISITY = 0.U4T03 AT 288.0 DEG C

VISCUUS ACTIVATION ENERGY,t = 3050407550 CAL/DEG*MILE

SULVENT NUMBER = 9
ENTHALPY UF VAPURIZATIUN.H = 5030.000 CAL/MOLL
FRALTIUN uF TUTAL ENTHALPY OF VAPURLIZATION ATTRISJTED 1D
DENSITY = 1.05310 GRAM/CC
XI FIR GAINUKR-METINER EWUATICN
MULECULAR Wb loHT UF SULVENT XM
VISCUSITY = U.01314 AT 288.u ULG C

0.00
9J.05) GRAM/MILE

VIS IUS ACTIVATION ENERGY . = 1742.37024 CAL/UEG*MILE
SULVENT NUMBEK = LU
eNTHALPY OF VAPORIZATIUN,H = 12200.920 CAL/MULE

FRALTION JF TUTAL ENTHALPY UF VAPORLZATIUN AITRIBJTED 10U
DENSITY = L.49845 GRAM/CL

X[ FUR GAINCR-METINER EQUATION = o0.0u

MULECULAR wEIGHT UF SULVENT XM = 119.33J) GRAM/MULE
VISCISITY = 0.00596 AT 288.0 Dlv C

VISCOUS ACTIVATIUN ENERGY.E = L770.,09784 CAL/UEG*MILE
SULVENT NUMSER = 11
ENTHALPY UF VAPURIZATIUN,H = 7830.000 CAL/MULE

FRACTIUN OF TOTAL cNTHALPY UF VAPORIZATIUN ATT<IBJTEU 10
DENSITY = 1.60370 GRAM/CC

XI FUK SAINER-METINER EQUATIUN
MULECULAR wEIsHT OF SULVENT, XM
VISCUSITY = 0.01038 AT 28d.0 ULS C

58U
153.34) GRAM/MULE

VISCIUS ACTIVATIUN ENERGY,E =  18lbeldshe CAL/DEG*MILE
SULVENT NUMBER = 12

LN THALPY UF VAPORLZATION,H = 900,000 CAL/MULE
FRACTIUN UF TUGTAL ENFHALPY GF VAPURLIZATION ATTRIBJTED 1D
UDENSITY =  1.11172 SRAM/CC

X1 FIR GAINER-METZNEK EQUATION = 0.0

MULECULAR wclGAT OF SULVENT,XM = 122.55) LRAM/MOLE
VISCJSITY = 0.00844 AT 288.0 DEG ¢

VISCIUS ACTIVATIUN ENER3Y,l =  1894.55384 LAL/UEG*MILE
SULVENT NUM3ER = 13 )

ENTHALPY UF VAPURIZATIUN,H =  9200.000 CAL/MULE
FRACTIUN OF TUTAL ENTHALPY UF VAPURIZATLUN AITRIBJTED [y
DEWSITY =  L1.50170 GRAM/CC

CedU
137.02) GRAM/MULE

X1 FIR SAINLR-METZNER EQUATIUN
MJLECULAR WEIGHT UF SULVENT XM
VISCUSITY = 0.0l196 AT 288.0 UEG C

VISCIUS ACTIVATIUN ENERSY,t = 2023.21%59 CAL/UEG*MILE

UISPERSIUN

UISPERSION

UISPESS TUN

DS 0RS [uN

OLlsrexSI0N

ulSre’S TUN

DLSreRSION

FIRCLC

rFIRCE

FaCL

FikCE

FaCE

FIRCE

FIRCE

RUNDS

80NUS

BONDS

BUNID S

LONUS

sUNUS

BONUS

"

Oebll

0. 598

0eS1V

Lo

LoDty
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SOULVENT NUMBER = l¢
ENTHALPY OF VAPORIZATION,H = 10000.000 CAL/MOLE
FRACTIUN UF TOTAL ENTHALPY OF VAPORIZATIUN ATTRIBJTED TO
DENSITY = 0.79367 GRAM/CC
X1 FOR GAINER-METZNER EQUATION = 8.30
MULECULAR WEIGAT OF SOLVENT,XM = 46.07) GRAM/MOLE
VISCOSITY = 0.0L330 AT 288.0 DEG C
VISCOUS ACTIVATIUN ENERGY+E = 2261.04739 CAL/DEG*MILE

SULVENT NUM3ER = 15
ENTHALPY OF VAPORIZATIUNsH = 6620.300 CAL/MOLE
FRACTIUN OF TOTAL ENTHALPY OF VAPURIZATION ATTRIBJTED T3
DENSITY = 0.71925 GRAM/CC
X1 FOR GAINER-METZNER EQUATION = 5.00
MULECULAR WEIGHT OF SOLVENT,XM = 74.12) GRAM/MOLE
VISCOSITY = 0.00247 AT 288.0 DtG C
VISCOUS ACTIVATIUN ENERSYE = 1126.48372 CAL/OEG*MILE

SULVENT NUMDER = lé
ENTHALPY OF VAPURIZATIUNsH = 13100.000 CAL/MOLE
FRACTIUN UF TOTAL ENTHALPY OF VAPURLZATION ATTRISJTEL TO
DENSITY = 0.79526 GRAM/CC
X1 FOR GAINER-METZNER EQUATION = 6400

MOLECULAR WEIGHT OF SOLVENT,XM = 58,110 GRAM/MOLE
VISCUSITY = 0.00355 AT 288.0 DEG C
VISCOUS ACTIVATION ENERGY e = 1689.27315 CAL/UEG*MILE

SULVENT NUMBER = 17
ENTHALPY UF VAPORIZATIONsH = 10250.000 CAL/MULE
FRACTION UF TOTAL ENTHALPY UF VAPORIZATION ATTRIBJTED TO
DENSITY = 0.99913 GRAM/CC
X[ FUR GAINER-METZNER EQUATION =
MOLECULAR WEIGHT UF SOLVENT,XM =
VISCUSITY = 0.01104 AT 248.0 0EG C
VISCOUS ACTIVATIUN ENERGY & = 19391.95358 CAL/UEG*MILE

b.10
18.03) GRAM/MILE

SULVENT NUMBER = L
ENTHALPY UF VAPORI ZATIONsH = 6500.000 CAL/MOLE
FRACTIUN UF TOTAL ENIHALPY OF VAPORIZATIUN ATTRIBJTED 10
DENSITY = 0.79452 GRAM/CC
X1 FUR GAINER-METZNER EQUATIUN = 6.00
MOLECULAR WEIGHT OF SOLVENT,XM = T72.1)) GRAM/MOLE
VISCUSITY = 0.00365 AT 303.0 &5 C
VISCUUS ACTIVATION ENERGYSE = 1315.59453 CAL/UEG*MILE

SJULVENT NUMBER = 19
ENTHALPY UF VAPORIZATION,H = 70504000 CAL/MOLE
FRACTION OF TOTAL ENTHALPY OF VAPURIZATIUN ATTRIBJTED TO

DENSITY = 0.70928 GRAM/CC

X[ FUR GAINER-METZNER EQUATIUON = o0.J0

MJULECULAR WEILLAT UF SOLVENT XM = 84420) LRAM/MULE
VISCUSITY = 0.00820 AT 298.0 Jeu L

VISCUUS ACTIVATIUN ENERGY . = 1870.58045 CAL/UEG*MILE

SULVENT NUMBER = 20
ENTHALPY UF VAPORIZATLION4H = 8100.000 CLAL/MULE
FRACTION OF TUTAL ENTHALPY UF VAPURLZATION ATTRIBJTEDL TU
VENSITY = (.86844 GRAM/LC
XI FOR GAINER-METZNER EQUATION = 0.20
MOLECULAR WEIGHT OF SULVENT, XM = 78.10) GRAM/MOLL

DISPERSION

DISPCRSION

Ul5PERION

VISYERSION
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DISPcRSION

DISPLERSTON
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FORCE

FURCE

FORCE

FURLE

FI1CE
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BUNDS

BUNDS
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VISCOSITY = 0.00569 AT 303.0 DEG C
VISCIUS ACTIVATIUN ENERGYE = L700.723d0 CAL/DEG*MILE

SULVENT NUMBER = 2l
ENTHALPY OF VAPORIZATIUN.H = 8L00.000 CAL/MOLE
FRACTION OF TOTAL ENTHALPY OF VAPURIZATIUN ATTRIBJTEDL 10
DENSITY = 0.87368 GRAN/CC
X[ FOR GAINER-METINER EQUATION =
MOLECULAR WEIGHT OF SULVENT, XM =
VISCOSITY = 0.00599 AT 298.0 DkG C
VISCOUS ACTIVATION ENERGY & = 1716.27121 CAL/DEG*MILE

5.20
78.120 GKAM/MULE

SOLVENT NUMBER = 22
ENTHALPY OF VAPORIZATIUN,H = 13L00.000 CAL/MOLE
FRACTION OF TOTAL ENTHALPY OF VAPUREZATION ATTRIBJTED TO
DENSITY = 0.78250 GRAM/CC
XI FOR GAINER-METZNER EQUATION = 6.00
MOLEC ULAR WEIGHT OF SULVENT XM = 58.10) GRAM/ MULE
VISCUSITY = 0.00302 AT 298.0 DEG ¢
VISCIUS ACTIVATIUN ENERGYE = 1627.27318 CAL/DEG*MIOLE

SULVENT NUMBER = 23
ENTHALPY OF VAPORIZATIUN,H = 8840.000 CAL/MULE
FRACTION OF TOTAL ENTHALPY OF VAPORIZATION ATTRIBJTEUL TJ
DENSITY = 0.85770 GRAM/CC
XI FUR GAINER-METZNER EQUATION = 6.00
MULECULAR WEILGAT OF SOLVENT, XM = 92.1)) GRAM/ MULE
VISCJASITY = 0.00»23 AT 303.0 UEs ¢
VISCUUS ACTIVATION ENERGYst = 1728413130 CAL/DEG*MILE

SULVENT NUMBER = 24 ’
ENTHALPY UF VAPURIZATION,H =  8840.000 CAL/MOLE
FRACTION OF TOTAL ENTHALPY OF VAPURLZATION alTRIBJSTEU TJ
VENSITY =  0.86220 GRAM/CC
X[ FIR GAINER-METZNER EWUATION = 6.00
MULECULAR WEIGAT UF SULVENT,XM =  92.1J0 GLRAM/MULE
VISCUSITY = 0.,00555 AT 294.0 DEG C
VISCIUS ACTIVATION ENERGYE =  L748.25%50 CAL/UEG*MILE

SULVENT NUMGER = 25
ENTHALPY OF VAPORIZATION,H = 1U4U00.000 CAL/MULE
FRACTIUN UF TOTAL ENTHALPY OF VAPURLZATION ATTRIBJTEOD TU
DENSLTY = 0.79730 GRAM/LC
X[ FOR GAINEKR-METZNER EWUATION = 6.5u
MOLECULAR WEIGAT OF SOLVENT,XM = 5U«12) LRAM/MOLE
VISCISITY = 0.0L970 AT 298.0 DEG C
VISCUUS ACTIVATIUN ENERGY e = 2589.70453 CAL/0EG*MILE

SULVENT NUM3ER = 26
ENTHALPY UF VAPURIZATION,H =  7540.000 CAL/MOLE
FRACTIUN OF TOTAL ENTHALPY UF VAPURLZATIUN ATTRIBJTEU Tu
DENSITY = U.65055 GRAM/CC
XI FJR GAINER-METZNER EQUATION = 5.40
MOLEL ULAR WEILGAT OF SOLVENT,XM =  30.20) GRAM/ MULE
VISCOSITY = 0.00278 AT 303.0 DtG C
VISCUUS ACTIVATIUN ENERGY,E =  134B.51570 CAL/UEG*MILE

G

SULVENT NUMBER = 27 ‘
ENTHALPY UF VAPORIZATLUN,H =  T7d30.000 CAL/MULE
FRACTION OF TGTAL ENTHALPY UF VAPURLZATION ATTRIBJTEU TO
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DENSITY =

X[ FOR GAINER-METZNER EQUATION =
MULECULAR WEIGHT OF SULVENT XM =

1.58200 GRAM/CC

5.80

VISCOSITY = 0.00910 AT 298.0 DEG C

VISCUUS ACTIVATION ENERGY & =

SULUTE CUDE = 17
TEMPERATURE

SOLVENT COLE
=288.00 JES C

= 8
DIFRUSIVITY =

153.800 GRAM/MULE

L774.70%70 CAL/UEG*MILE

Ue3UJI0UE-)5 (M¥*2/5EC

F = 0.050 OGM = 0.1902LE-04 DDGM = =-5,34020

F = 0.100 UGM = QelTLZ5E-Ue DOGM = -4.70835

F = 0.150 D3M = 0.15418E-04 DDGM = =-4.13946

F = 0.200 OGM = 0.13882L-04 UOGM = =3,62727

F = 0.250 DGM = 0.12498L-0¢ UDGM = -3.16612

F = 04300 D6M = Q.11253E-04 DOGM = =2.75093

F = 0.350 OGM = 0410L31E-0% VOGM = =2.37712

F o= 0.400 USM =  0e91217E-05 VOGM = =-2.U04256

F = 0.450 O3M =  0.82126E-05 DOGM = ~1.73754

F = 0.500 IGM = 0.73942E~05 UDGM = ~1l.46472

F = 0.550 DGM = 0.60573t~-05 00GM = -1.21909

F = 0.600 UGM = 0.5993dc~-0% LDGM = =0.99794

F = 0.650 O3M = 0.53965c-05 JOGM = =0.79383

F = 0.700 OGM = 0.438587E-05 UDGM = =J.b61956

F = 0.750 JGM = 0.437456-05 DDGM = =).45816

f = 0.800 J3M =  0.39385c-05 UUGM = =J.31284

f = 04850 O3M =  0.3540uUL-05 UDGM = =0.18200

F = 0.900 OGM = O.31926E-0% UDLM = =u.dus2l

F = 0.950 UGM = 0.28T44E~05 JOGM = J.041BS

F = 1.000 J3M = 0.25380L-05 wUGM = J.13734

F = 1.050 UGM = 0.1680TE-05 VOGM = D.45777

F = 1.100 UGM = 0.10993E-0% VOGM = J.b3356

F = 1.150 USM = 0.T71644L-006 UOGM = 0.T7:119

F = 1.200 DGM = Oe40b93E~V6 ODGM = U884 3b

F = 1.250 0GM = 0.30431E-0C6 UULM = u.d98b6

F = 1.300 JGM = 0.19833c-0b JOGM = u.¥3389

F = 14350 O5M = Oel2920L-Ub VOGM = ya9b691

F = 1.400 JGM = Q.B4244E-07 UDGM = U.97192

F = 1.450 OGM = 0.54905c~07 UOGM = J.938170

F = L1500 JoM = 0.35783k-07 VOLM = D.IBBUT

F o= 1.550 OGM = Qe.23321k-07 UDGM =  u.93223

F = 1.0600 IGM = 0.15199c-07 DOOM = U.99493

F = 1.650 JGM = 0. 99060E-0d YDSM = U.99 T

F = 1.700 JGM = Ve b450le-08 JUGM = U.I9T85

F o= 1.750 IGM = 0.42077E-08 VOGM = 0.99850

F = Le800 JGM = 0.27423E-U8 VOLBM = V9909

F = 14850 UGM = 0.17873k-08 VUGM = J.99940

F = 1a900 JoM = Q.11648E-08 VUM = 0.9994 1L

F = 1.950 JGM = 0. 75915E-09 QOGM = 0.99975

F = 2.000 UbM = 0.49477-09 VUBM = D.39904
SOLUTE Cube = 17 SOLVENT CUuk = l4

TCMPERATURE =288.0U VEG L UIFFUSIVITY = GolU2JUE=D+ CMExs/5EC
SULUTE CJDe = 17 SULVENT CUue = &

TEMPERATURE =248.00 Jdco L OLFFYSIVITY = DLL1THJ0E=04 (M&x/ 5t
SULUTE CJbe = L7 SULVENT CQue = o

TEMPERATURE =288.0U JEuv C UIFFUSIVITY = 0.38Ju0E=J5 (M¥%¢/SEL
SOLUTE CUDE = 17 SULVENT Cude = 5

TEMPERATURE =288.00 VEv UIFFUSIVITY = UJ.oluJOE=)S LM%*e/ bkl
SULUTE Cuve = 9 SULVENT CUvE = &

TEMPERATURE =288.00 DEL C ULFFUSIVITY = L419900E=04 (Me%2/35EC
SOLUTE CODE = L4 SOLVENT COUE = 10

TEMPERATURE =2d8.00 JEu DIEFUSIVITY = (.22000E-)4 (Mex2/500C
SULUTE Cub& = LS SULVENT Cuue = Ly

VISCISITY =

vISCISITY =
VISCLSLTY =
VISCISITY =
VILCHSITY =
VISLLISLTY =

visciastiy =

GaaT03 2052

CedL330 20081
UedliGes PO SE
U D2699 2180
Q02522 P2 o2
0ediibes PILSE

GeJUDYOL PG~
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TEMPERATURE
CuvE = 16
TeMPERATURE
LOVE = 10
TEMPERATURE
LUDE = 10
TEMPERATURE
Clbe = 10
TEMPE RATURE
2 0.02%

SOLUTE
SULUTE
SULUTE

SULUTE

0.075
V«1l00
Je.l25
Je150
QellS
Ve200
0.225
Ve250
Ve2T5
Je 300
0.32%
0.350
Qa3
Qe 400
Qe42d
Jedb50
Jewld
Ve 500
=0.525
Je550
Je515
VeolU
Ve025
Ue050
Jeols
Je 700
VeT725
Je 750
Q.775
Je300
J.825
0.850
Ueb75
J«900
0.925
Je950
Ve975
1.000

LI T I T T T T TR T T T T R T VO IO I T T T

TN P AT NN A AT T AT T T YT T T T T P T T T T YT R T T A T ATONTTETD

L T T T VO T T T I T T TR )

«ol®e WNiTOS, cIF.

AVERAGE
0eU5%0 AVERAGE
AVERASE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVLERAGE
AVERAGE
AVERAGE
AVERAGE
AVLRALE
AVERAGE
AVERA S
AVERASE
AVERAGE
AVERAGLL
AVERAGE
AVERASE
AVERAGL
AVcRAGZ
AVERAGE
AVERAGE
AVERAGE
AVERASE
AVERAGE
AVERASE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERASE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERASE
AVERAGE
AVERAGE
AVERAGE

2288.,00 JES C

OLFFUSIVITY =

SOLVENT CODE = 10

=284.00 JEG C

OLFFUSIVITY =

SULVENT CODE = 1S

2288.00 VEL C

SULVENT Coot =
=288,00 OES ¢

SULVENT Coot =
=288.00 UEG C

FRACTIONAL
FRACTIUNAL
FRACTIUNAL
FRACTIUNAL
FRACTIONAL
FRACTIUNAL
FRACTIUNAL
FRAC TIUNAL
FRACTIUNAL
FRAC TIONAL
FRACTIUNAL
FRACTLUNAL
FRACTIUNAL
FRACTIUNAL
FRACTIUNAL
FRACTIUNAL
FRACTIUNAL
FRACITUNAL
FRACTIUNAL
FRACTIUNAL
FRACTIONAL
FRACTIONAL
FRACTIUNAL
FRACTIUNAL
FRACTIUNAL
FRAC TIONAL
FRACTIUNAL
FRAC TIUNAL
FRACTIONAL
FRACTIONAL
FRACTIUNAL
FRACTIUONAL
FRACTIUNAL
FRACTIUNAL
FRACTIONAL
FRACTIONAL
FRACTIONAL
FRACTIONAL
FRACTIONAL
FRAC TIONAL

DIFFUSIVIIY =
L4

DIFRUSIVITY =
ls
DUIFFUSIVITY =
DEVIATIUN =
VEVIATION
LDEVIATION
DL VIATIUN
DEVIATIUN
DL VIATIUN
DEVIATIUN
LeVIATIUN
DEVIATION
LEVIATIUN
DEVIATION
DEVIATIUN
DEVIATION
DuVIATIUN
DEVIATIUON
UL VIATLON
Ot VIATION
DEVIATIUN
LeVIATIUN
LEVIATIUON
DeVIATION
DeVIATIUN
DL VIATION
DEVIATIUN
DEVIATIUN
DEVIATION
OEVIATION
DEVIATION
DEVIATIUN
DEVIATION
DCVIATION
DEVIATION
DEVIATION
DEVIATIUON
DEVIATION
DEVIATION
DEVIATIUN
DEVIATION
DEVLIATIUN
DeVIATIUN

(R EE R I TR

L I T I T T T R T T I I T ]

Ve20T00E=J34
J.23500E-04
Ue440J0E=-O4
V.16300E-04

Ues39200E-04
2.83343
2.55d81%
2431530
2.07293
L.85927
L.662170
Le48174
L.31506
Lelb143
L.ul975
U.88900
J.r68217
Uab56T1
veSb3bo
D.45900
J«37350
Je3)500
Je2644940
U.2189«
Ue21477
Je2381707
Je42230
Je55937
0.66712
VeT4769
Ue.8d81LY
0.85375
U.88820
J.91433
Ue93420
Ue94930
U.96095
Je9598¢4
V497660
0.98192
0.98597
0.98910
U.9915¢
2.99339
J.99485%

CH®x2/ SEC
CU®*2/5EC
CM**2/5EC
(M®x2/SEC

(M*x2/SEC

VISCISITY

0.00596 PIIS:

VISCJSITY 0.00596 PIIS3
VISCOSITY 0.,00247 PIISE
VISCISITY 0.01330 POIS:
VISCJSITY 0.00355 PJIsE
<EL=  00L00 FlL=  (UOU2
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VIII. NOMENCLATURE

A = proportionality constant in Equation 37
AT = effective mass transfer area on surface of porous plate,
2
cm
A'l, A‘2 = constants defined by Equation B-11
bn = the nth root of Equation B-31
C = solute concentration in porous plate, mole/liter
C = Laplace transform of C
CO = initial solute concentration in porous plate, mole/liter
C £ = solute concentration in solvent bath, mole/liter
C £ = Laplace transform of C ¢
C(f) = jnitial solute concentration in solvent bath, mole/liter
C £ = solute concentration of sample number i removed from
! the solvent bath, mole/liter
!
C £ = solute concentration calculated using the curvefitted
1 parameters for sample number i removed from the
solvent bath, mole/liter
Cl’ C2 = constants in Equation 8
2
D AB = binary diffusion coefficients, cm /sec.
. . . . 2
Dop» Doy = self diffusion coefficients, cm /sec.
D GM = binary diffusion coefficient calculated by the original
2
Gainer and Metzner model, cm /sec.
D'GrM = binary diffusion coefficient calculated by the modified

2
Gainer and Metzner model, cm™ /sec.
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DM = binary diffusion coefficient calculated by Equations 29

and 13, cmz/sec.

D o = binary diffusion coefficient calculated by Olander's

model, cm2 /sec.

DW c = binary diffusion coefficient calculated by the Wilke~-

Chang equation, cmz/ sec.

DEV = percent deviation of calculated from experimental
diffusivity.
ED , ED = activation energy for diffusion, Kcal/mole
AB BB
ED = activation energy for diffusion due to hydrogen bonding,
BB-H Kcal /mole
E = activation energy for diffusion due to '"dispersion
DBB—D
force" bonds, Kcal/mole
ET) = activation energy for viscosity, Kcal/mole
B
En = activation energy for viscosity due to hydrogen bonding,
B-H Kcal /mole
E = activation energy for viscosity due to ''dispersion force'
8-

bonds, Kcal/mole

AE'?P = energy of vaporization, Kcal/mole

—Vap

AE AB = partial molar energy of vaporization of a solute A
from solvent, B, Kcal/mole

f = the ratio of the activation (free) energies due to hole
formation to the total,

f' = the ratio of the activation (free) energies due to the

jump step to the total (=1-f)
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AF, , AFy ., AF = activation free energy for diffusion, Kcal/mole
AB BB AA
AF |, AF = activation free energy for viscosity, Kcal/mole
(- SL
-27
h = the Planck constant, 6.6242 (10 ) erg/sec
vap e
AH = enthalpy of vaporization, Kcal/mole
A vap
HX -H = enthalpy of vaporization due to hydrogen
bonding, Kcal/mole
vap e . -
AHX D = enthalpy of vaporization due to dispersion
force bonds, Kcal/mole
AH A]]':’.X = partial molar enthalpy of mixing of A in B,
Kcal/mole
AHD , AH = enthalpy of activation for diffusion, Kcal/mole
D
AB BB
~-16
k = the Boltzman constant, 1.3805 (10 ")
k, k' = constants of proportionality in Equations 19
and 21
-1/2
=2
K AT/DAB/Vf, sec.
Leff = effective pore length in porous plate, cm
M = molecular weight, grams/mole
2
N = the Avagadro number, 6.023x10 3 molecules/
mole
N = the number of samples taken for analysis
during any one run
Qg = partition function for equilibrium state
Q " = partition function for activated state

AB
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R = the universal gas constant, 1.987 (10)_3 Keal/mole °K

R A’ RB = approximate molecular radius, cm

R AB = arithmetic average of R A and RB

s = Laplace transform variable

S = the weighted sum of the square of the deviation of the
actual concentration of sample i from the concentration
of sample i calculated using the curve fit parameters

T = temperature, 0K

Tc = critical temperature, OK

t = time, sec

. -1

t, = half-life, hr

2

—_ 3

v = molar volume, cm /mole

Vf = average volume of solvent in solvent bath during a run,
milliliters

W, = weighting factor

i
X =length, cm
Y = variable defined by Equation 392

Z = proportionality constant in Equation 23
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Greek Letters

o = ratio of volume of solvent bath to void volume of porous
plate

o, = thermal coefficient of volumetric expansion, OC—

o = defined by Equation 39b

04, = correction to AT calculated in least squares program

GC(; = correction to C(f) calculated in least squares program

A = absolute percent deviation of predicted diffusivity from

experimental diffusivity

€ = Lennard-Jones force constant

= zero point energy difference

€Y
°BB

Mg Mx = coefficient of viscosity, poise

by 1’ 12, A3 = the distance between neighboring molecules in the ith
direction, cm

A = the distance between equilibrium positions in the
direction of motion, cm

£, £ A eB’ gX = a lattice parameter in the rate theory equation

o] = the standard deviation of the sample equation
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Subscripts

i = sample number i

p = at constant pressure

v = at constant volume

A, B, X = components A, B, and X

boiling, 1, 2 = boiling temperature, temperature 1 and temperature 2
all in °K.

Superscripts

h = due to the hole formation process

j = due to the jump process

o = refers to initial estimate of variable used in iterative

least squares program
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