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ABSTRACT

New data are reported for the solubilities of butane
in normal hexane, heptane, octane, dodecane and hexadecane
over the temperature range from 5° to 50°C, and in normal
butanol between 5° and 75°C. Solubilities of propane in
normal hexane and hexadecane at 25°C, and in normal butanol,
chlorobenzene and acetone, at 0°, 25° and 50°C, are also
reported. Statistical analyses, based on some of these
results, along with a large number of literature data, were
made to compare the linearity of the plots log x vs log T,
and log x vs 1/T, for polar solvents; the first mentloned
plot was found to be slightly more linear. A correlation
relating log x and log T was found to describe the data
appreciably better than the one relating log x and 1/T, for
both polar and non-polar solvents. Based on the chosen
' correlation, a method involving the solvent solubility
parameter and the critical temperature, was found to sueccess-
_fully describe the temperature coefficient of gas solubility
in both non-polar and slightly polar solvents.

Diffusion coefficients for propane in normal hexane,
hexadecane and butanol, as well as chlorobenzene, were
measured at 25°C using the capillary-cell method. A linear
relationship between the logarithm of the solvent viscosity
and the logarithm of the diffusion coefficient was obtained

for non-associated solvents. The constancy of the product
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D62, where D is the diffusion coefficient and 6 the molecular
diameter of the solute, was confirmed for the systems involv-
ing methane, ethane and propane, this result belng consistent
with the concept that diffusion is coﬁtrolled by molecular

size.
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CHAPTER 1
INTRODUCTION

Gas-1iquid solubilities and diffusivities have
become increasingly more important for both the theoretical
undersfénding of the liquid state and solutions, and for
practical applications, sugh as the design of gas-liquid
mass transfer equipment.

In the write-up of this thesls solubilities and
diffusivities were treated separately for the sake of conve-

nience and clarity in presentation.

Solubility

Much work has been done, particularly by Hildebrand
and Scott (2, 3) to present a satisfactory theory of solu-
tions for regular systems, from experimental results'for the

solubilities of light gases in normal liquids. Some useful

relations have been discovered, based either on empirical

evidence or on theoretical derivations in some simplifying

assumptions:

1. The entropy of solution is directly related to the slope
of the logarithm solubility - 16garifhm_temperature line.

2. For a number of gases in a particular solvent, the
entropies of solution are linearly related to the loga-
rithm of the gas solubilities themselves, 1.e., the
higher the solubilities, the higher the coefficient

of solublility.
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3. There is a linear relationship between logarithm
solubllity and both logarithm temperature and inverse
temperature.

i, For a certain gas, logarithm solubility varies linearly

with the number of carbon atoms 1n the solvent.

Some of these relations, along with the observation
that it appeared that as the solution temperature was
increased toward the critical temperature of the solvent
(or solution), the solubilities of all gases in that solvent
approached a constant molar concentration, constitute the
basis of an empirical method proposed recently from this
laboratory (11) for determining the temperature coefficient
of solubility for regular solutions in liquids.

There are a large number of systems involving either

highly soluble gases or polar solvents for which the extent

of applicability of the above mentioned relations is either
unknown (highly soluble gases) or not sufficiently studied
(polar solvents). One of the purposes of this work was to
give some indications about the behavior of these systems
and to suggest a way to predict solubilities of gases in
polar solvents.

For the experimental part, butane was chosen as an
example of a gas of particularly high solubilities in
normal hydrocarbons; due to the high solubilities involved,
a transition between gas solubility and vapor-liquid equi-

1ibrium behavior was expected. Also, some experieménts
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for propane in the polar solvents acetone, chlorobenzene
and normal butanol were performed to analyze the solubility
behavior in polar solvents. These results, together with the
literature data for gas solubilities in 17 polar solvents,
ranging from slightly polar, such as toluene and bromo-
benzene, to highly polar, such as acetone and methanol, were
used to select the more appropriate solubility plot for polar
solvents.

An empirical method relating logarifhﬁ solubllity
and logarithm temperature have been proposed recently for
non-polar solvents.(1ll). This method was tested to find
its limits of applicability to polar solvents. A similar
method relating logarithm solubility and inverse temperature
was also tested for both polar and non-polar solvents.

In conjﬁnction with solubilities, partial molar

volumes were measured and some observations briefly discus-

sed.

Diffusion

The devélopment of empirical equations to predict
diffusivities has been hindered by the lack of experimental
data and the uncertainty in measuring accurate diffusion
coefficients for gas-liquid and liquid-liquid systems.

Most of these equations, notably those by Wilke-Chang (42)
and Scheibel (U43), can be used to predict diffusivities at

infinite dilution for the systems discussed here, even
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though large deviations sometimes appear, particularly for
dissolved gases in viscous solvents.

The relationship between molecular diffusivity and
solvent viscocity in dilute solutions was recently reviewed
(58) for various substances in a number of non-associating
solvents. In general, a linear relationship was obtained
between logarithm diffusivity and logarithm solvent viscocity.
Gases, such as propane for which diffusivity data were not
available at that time, were not included in the review.

It was considered interesting to experimentally verify this
relationship for propane. With this purpose, diffusion
coefficients for this gas in normal hexane, hexadecane and
butanol, as well as in chlorobenzene, were measured at 25°C
by use of the capillary cell technique previously utilized
in this laboratory (11, 12, 60). Solvents were chosen so
as to have a wide range of viscosities, from 0.2969 cp for
hexane to 3.0909 for hexadecane.

In general, diffusion coefficients are functions
of the concentration of the diffusing substance. Most of
the experimental techniques give only integrated values
over the concentration range of the experiment. For slightly
soluble gases in liquids, integrated and differential
diffusivities are very close due to the small concentration
gradients involved. This argument however, is not valid
for a highly soluble gas, such as butane 1n normal hydro-

carbons; for these systems, a complicated relationship
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between diffusivity and concentration appears. A brief
account of the progress in this area is presented in this

work.




CHAPTER 2
SOLUBILITIES AND PARTIAL MOLAR VOLUMES

2-1. Theory

Solubility

For any gas-liquid system, solubility is defined as

the amount of gas dissolved per unit mass of volume of liquid
at equilibrium at a constant pressure and temperature.
According to the units and conditions utilized to express
these amounts of gas and liquid, various ways to express

solubilities appear.

As a part of thls thesis, literature values of mole

fraction solubilities in polar solvents were obtained either

directly of by use of the appropriate conversions. A list

of these units and conversions are presented:

1.

Mole Fraction Solubility (x2): Moles of gas dissolved

per mole of solution.

Ostwald Coefficient (L): Milliliters of gas dissolved
(at the temperature and pressure of the experiement)
per milliliter of solvent (1).

L/v,
X2 T LIV, ¥ 1M, (2-1)

. Bunsen Coefficient (X): mls of gas dissolved (at 0°c

and 1 atm) per ml of solvent (1).

L= «T7/273.15 (2-2)
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4., Milliliters solute per gram solvent (G):

L =C 9T (2-3)
273.15

5. Weight percentage of solute in the solution (W)
W/100 M, (2-1)

x2_

The experimental results from this work are presented as mole
fraction solubilities.

A great deal of work has been done particularly by
Hildebrand and co-workers (2, 3, 4, 5, 6) to obtain and test
equations to predict solubilities in gas-liquid systems.

These equations apply fairly well for the so called 'Regular
Solutions', defined by Hildebrand as 'one involving no entropy
change when a small amount of one of its components is trans-
ferred to it from an ideal solution of the same compbsition,

the total volume remaining unchanged'. These equations are:

-log x,=-log xé-}-log “;2_-{-0.1!31!3(1 - :;_2) -}-2_3%%@_ (61-52)2
1 1 .
_ (2-5)
1 —log x4 2 (6,-6,)2 (2-6)
THOB XpT TI0B 3 +2.3031@ 172 '

Where:

log xp— OAH (1 -1) (2-8)
=3.303R T T,
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These equations are not applicable to the systems studied

in this work, for two reasons:

1. They are useful for dilute solutions of dissolved gases
in liquids, and cannot be applied with confidence when
x2>0.1.

2. They were derived on the assumption that the molecules
in solution were non-polar (polar molecules present
solvation and association complexes) and hence cannot
be applied to solutions o} polar solvents.

Gjaldbaeck and Andersen (7) tried to use equation

(2-6) to calculate the solubilities of carbon dioxide,

oxygen, carbon monoxide and nitrogen in various polar solvents.

They found that the differences between calculated and

experimental values of -log x, were approximately propor-

tional to the dipole moments. of the solvents (ﬂ5 as well as
the electronic polarization of the gas (ng).

In 1958, Gjaldbaeck and Niemann (9) showed that
equation (2—5) can roughly account for the solubility at

25 C of nitrogen, argon and ethane in alcohols, 1if 61 is

substituted by 5g calculated from

§2 = § - (E-1)(0.165 - 0.00143cK, * 10°°) (2-9)

Later on, Lannung and Gjaldbaeck (8) followed the same proce-
dure to calculate the solubilities of methane in various
alcohols and other polar solvents. In general, serious

deviations were found (29% in acetone, 17% in methyl acetate,

ete.).
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It can be concluded that for calculations of solubllities
of gases in polar solvents, only qualitative considerations are
so far available, and application of Equations (2-5) and (2-6)
to these systems may lead to values which are considerably lower

than the corresponding experimental results.

Partial Molar Volumes

In dealing with extensive properties of solutions, it 1s
convenient to consider separately the contribution attributable
to each component present. For example, the total volume of
solution represents the sum of the contributions of all components
present. For a two components gas-liquid system, that portion of
the total volume of a solution which is attributable to the presence

ﬁof the solute is termed the partial volume of that solute.
Similarly, the partial molar volume represents the volume occupied
by the dissolved solute per mole of gas in the solution, while

the composition of the solution remains the same.

In ideal liquid solutions, the contributions of the two
components are the same as the properties of the two components
existing separately in the solution. However, for the systems
considered here, intermolecular forces between unlike molecules
causing all factors involved in deviations from ideal behavior
(dipoles, hydrogen bonds and weak complexes, among others) play
an important role; for that reason additivity of properties does
not exist, and the volume of the solution is not exactly equal

to the sum of the pure component volumes.

N
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Mathematically, the partial molar volume of a compo-

nent of a solution may be defined (10) as:

v = (2 V)
\4 - (21'10
2 ? n2 p,T3n1 )

If the assumption that 72 is constant with composition is
made (a2 small addition of component 2 does not affect the

concentration enough to vary Vé), equation (2-10) becomes:

= (2 V)
7, = _ (av) (2-11
2 9my p,Tny )

na p,T,n1

In Equation (2-11) AV is the change in total volume of the
solution, caused by the addition of n, moles of solute, the

solution belng initially pure solvent.
2-2. Apparatus and Procedure

Refer to Figure 2-1. Basically the solubility
apparatus utilized here was the same as the one described
previously by Buckley (11). Becaumse of the high solubilities
of the gases involved, a number of changes were required to
guarantee good accuracy for the experiments. The solubllity
was measured by observing the rate of absorption of a gas by

a continuus stream of degassed solvent.

As a result of the very high and variable solubilitles
expected (Ostwald Coefficients ranging from about 5 to 600
ml gas per ml solwent), the gas burette utilized (100 ml,
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WATER OUTLET ~—

GAS INLET —=—)\

GAS BURETTE (100 ML) | | fL
4 F I -
T | | SOLUTION
[ 4+ {BURET TE (5 ML)

MERCURY [ ?
LLEVELLING - ;
BOTTLE g |

b g : ;

~ |ELEVATING
PLATFORM

FIGURE 2-1. Solubility apparatus.
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graduated in 0.1 ml subdivisions) was substantially bigger
than the liquid burette (5 ml, graduated in 0.01 ml subdivi-
sions). For the same reason, the rate of flow of deaerated
solvent was adjusted to have enough time (about two hours)
to enable the volume of the gas burette to be accurately
read and to ensure saturation in the absorption spiral. The
deaerated solvent was fed into the apparatus by means of a
syringe pump supplied by the Harvard Apparatus Company,
using a 10 ml gas-tight Hamilton syringe and motor speeds
of 1/3, 1/5, 1/10, 1/20 and 1/30 r.p.m., the one belng used
depending on the temperature and the system under consideration.
The rate of flow corresponding to a given motor speed was
obtained by weighing the amount of distilled water collected
from'the syringe for a certain period of time and then
converting to volume units from the density of water at the
temperature of the calibration.

The required temperature was obtalned by circulating
a constant temperature (+ 0.05°C) glycol-water solution, by
means of a Standard Colora bath, through the jacket of the
solubility apparatus and then through a jacket surrounding
the syringe pump in order that the degassed liquid entered
the solubility apparatus at the temperature of the experiment.

In some cases, especlally at 0° and 5°C, some
léakage of solvent from around the piston of the syringe
occured, in which case the flow of cooling fluid through

the syringe jacket was stopped. Necessary corrections for
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the change in the density of the liquid were made in deter-
mining the right solvent flowrate.

The lowest temperatures (0 and 5°C) were obtained
by using a refrigerating unit provided by Neslab Instruments.
The temperature rise through the apparatus was observed by
comparing the readings of two thermometers, one located at
the entrance and the other at the exit of the jacket of the
solubility apparatus. Adjustment of the heater setpoint in
the temperature bath was made so that the desired temperature
was the arithmetic mean of the input and output values. This
difference in temperature was minimized by wrapping a trans-
parent plastic film around the solubility apparatus thus
decreasing the heat ihterchange with the surroundings.

In every case it was verified at the beginning of
each run that the end of the syringe needle was touching the
walls of the spiral so as to have a constant flowrate of
1iquid down the tube. If this was not done the pressure in
the gas buret was not constant and tended to vary in a
cycle equivalent to that for drop formation.

Volumes of solution accumulated along with volumes
of gas absorbed were recorded for various periods of time
and, since partial molar volumes were computed, the total
time for each run was also registered.

Full details concerning the different steps followed

in these experiments are presented by Cheng (13) and Buckley

(11).
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2-3. Properties of test flulds

The gases used here, n-pfbpane and n-butane, were
supplied by Matheson of Canada and had a specified minimum
purity of 99.5% (instrument grade). The gas molar volumes
for n-butane and n-propane at one atmosphere and the expe-
rimental temperature used in the calculation‘of solubility
and their sources are presented in Table 2-1. Molar volumes
for the compressed liquids at the same temperatures, utilized
in the analysis of partial molar volumes, are also presented.

The normal hydrocarbons were supplied by Canadian
Laboratory Supplies (Canlab). The hexane, heptane and octane
were of the chromatoquality grade (99.0 mole 9 min.) and had
lot analyses all above the minimum specification. The
dodecane and hexadecane were specified olefin-free with a
minimum purity of 99%.

The polar hydrocarbons were obtained from Fisher
Seientific Company. The acetone and n-butane were of a
certified 99% minimum purity. The chlorobenzene had lot

analyses indicating a 0.2% of water and 0.1% of volatile

matter.

Due to some uncertainty in the available results for
densities of acetone and chlorobenzene, these values were
measured in this laboratory with the help of a 50 ml pycnometer.

These results seem to agree fairly well with the literature

values as shown in Table 2-2.
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TABLE 2-1
Gas Temp. Normal Molar Volume Liquid Molar Volume
name (°c) ‘*  ml/gmole. ml/gmole
n-butane 5 21981 (15) 97.19(23)
25 : 23757 100.55
50 25908 106.06
75 - 28026 113.74
n-propane 0 22000(16) 83.05
25 23950 89.27
50 26190 98.22

TABLE 2-2. Comparison of densities (gms/ml)’

Temp. Acetone Chlorobenzene
(°c)
expt. 11t.(19)| %dev. expt. | 11t.(20)| Z%Zdev.
0 0.81372 | 0.81392 |0.0024 1.12798 |1.12780 |0.0590
25 0.78572| 0.78612 {0.0051 1.10163 |1.10100 j0.0572
50 0.75652 | 0.75820%0.2090 1.07463 {1.07380 {0.0772

*Extrapolated
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TABLE 2-3
liquid Temp. density vapor pressure
name (°c) (gm/ml) (mm Hg)
n-Hexane 5 0.6724(16) 58.89M(16)
25 0.6548 151.261
50 0.6316 405,328
n-Heptane 5 0.6964 15.411
25 0.6795 45,718
50 0.6583 141.620
n-Octane 5 0.7148 L,ou43
25 0.6985 13.976
50 0.6784 50.355
n-Dodecane 5 0.7600 0.0162
25 0.7452 0.1551
50 0.7271 0.8334
n-Hexadecane 25 0.7670 0.00068
50 0.7528 0.00119
n-Butanol 0 0.8242 1.117(19)
5 0.8206 1.680
25 0.8060 6.780
50 0.7867 34,450
75 0.7699 128.00
Acetone 0 0.8137* 70.80(17)
25 0.7857 228.10
50 0.7565 600.20
Chlorobenzene 0 1.1280 2.66 (18)
25 1.1016 11.68
50 1.0746 Lo.uo

¥Measured in this laboratory.
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Densities and vapor pressures for all of these solvents

as used in the calculations of solubilities are presented in

Table 2-3.

2-4, Treatment of data

Solubility

In the determination of the Ostwald coefficient L,
the different data points for volumes of vapor-free gas
dissol#ed vs volumes of solution accumulated were fitted
by least squares to obtain the best linear relation between
them.%

It was assumed that the liquid adjacent to the
interface was readily saturated with the contacting gas, and
that the gas adjacent to the interface was likewise saturated
with vapor. For these conditlons, Raoult's law was appliled
in estimating the solvent vapor pressure. The volume of the
gas was measured at its partial pressure p - ﬁi(l - x2),
and upon application of the ideal gas law the corresponding

volume for a total pressure p was found. With these consi-

derations in mind, L was given by:

r_ "V p (2-12)
Gz{p-—plﬂ.-xén

The ealculations for L from (2-12) implied a trial-
and-error procedure: 1initially X, was assumed equal to zero

and a first estimate for L was obtained. With this value




SOLUBILITIES AND PARTIAL MOLAR VOLUMES 18

of L, X, was calculated and a new estimate for L was made.
This was repeated until the difference between two successive

values for L was sufficiently small.

Partial Molar Volumes

The Partial Molar Volumes were calculated from

V,_av (V1 °%%) 760 , Vv, (ml/gmole)  (2-13)

2 — a
n2 m'vl p

2-5. Experimental Results

The solubilities of n-butane at 5°C, 25°C and 50°C
in hexane, heptane, octane, dodecane, hexadecane and n-butanol
"(also at 75°C for this liquid) are reported in Table 2-4 A
both as Ostwald coefficients and mole fractions. In the same
way, the solubilities of n-propane at 25°C in hexane and
hexadecane, and at 0°C, 25°C and 50°C for n-butanol, acetone
and chlorobenzene are presented in Table 2-4 B.

Experimental results for propane in hexane and

hexadecane at 25°C were compared with literature values.
For hexane, the comparison was very favorable, 0.5% higher
than the result by Thompson and GJjaldbaeck (22) and 0.9%
higher than the result by other workers in thils laboratory
(21). For hexadecane, the result was 2.9% higher than one
presented earlier from this laboratory (21).

The partial molar volumes for butane and propane

in the above mentioned solvents are presented in Table 2-5.
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TABLE 2-4. Solubilities for butane and propane

liquid Temp. Mole Fraction solubilities L
name (°C) run #1 | run #2 | run #3 | mean mean

A. Gas in n-butane

Hexane 5 0.7311{0.7299 | 0.7325 | 0.7312 || 466.70
25 0.3784 [ 0.3839 | 0.3845 | 0.3823 || 111.73
50 0.2014 [ 0.1997 | 0.2008 | 0.2006 47.67
Heptane 5 0.7926 | 0.8041 | 0.7864 | 0.7944 590.97
25 0.4256 | 0.4278 | 0.4162 |0.4232 | 118.21
50 0.2143 | 0.2143 | 0.2135 |0.21k0 L46.36
Octane 5 0.7988 | 0.8004 | 0.7966 |0.7986 | 545.44
25 0.4314 | 0.4330 | 0.4303 {0.4316 | 110.32
50 0.2196 | 0.2206 { 0.2195 |0.2199 43.36
Dodecare 5 0.8162 | 0.8120 { 0.7987 |0.8090 416.07

25 0.4455 | 0.4413 [ 0.4413 |0.4427 83.30
50 0.2369 | 0.2347 | 0.2351 |0.2356 34,08

Hexadecane 25 0.4626 | 0.4581 | 0.4594 |0.4600 68.82
50 0.2448 | 0.2513 0.2494 |0.2485 28.48

n-Butanol 5 0.3936 | 0.3985 | 0.3860 |0.3927 157.38

25 0.1420 | 0.1385 {0.1424 {0.1410 b2.39
50 0.0689 | 0.0684 0.0686 20.26
75 0.0600 | 0.0600 | 0.0601 {0.0600 18.59
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TABLE 2-4, (cont'd)

liquid Temp. Mole Fraction solubllitiles L
name (°C) .run #1 | run #2 | run #3 | mean mean

B. Gas is n-propane

Hexane 25 0.1160 | 0.1168 | 0.1169 | 0.1166 24,01
Hexadecane 25 0.1358| 0.1378 | 0.1374 | 0.1370 12.93
n-Butanol 0 0.0739] 0.0735 | 0.0739 | 0.0738 18.60
25 0.0372 0.0372 | 0.0372 | 0.0372 10.07
50 0.0227 | 0.0225 | 0.0226 | 0.0226 6.43
lAcetone 0 0.0538| 0.0528 { 0.0530 | 0.0532 17.33
25 0.0302| 0.0304 { 0.0301 |0.0302 10.09
50 0.0207 | 0.0207 | 0.0201 | 0.0205 6.33
Chlorobenzene 0 0.1036! 0.1032 | 0.1034 {0.1034 25.43
25 0.0573| 0.0574 | 0.0563 | 0.0570 14.16
50 0.0392| 0.0401 | 0.0394 |0.0396 9.12
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TABLE 2-5. Partial Molar Volumes for butane and propane

liquid Temp: Partial Molar Volumes (ml/gmole)
name (°C) run #1| run #2| run #3| mean
A. Gas is n-butane’

[Hexane 5 89.8 | 83.1 84 .4 85.8
25 80.2 73.3 | 79.0 77.5
50 96,1 98.3 | 75.1 | 89.8

Heptane 5 102.5 | 102.5 87.1 97.3
25 106.5 | 105.8 96.3 | 102.9
50 116.7 | 106.3 97.8 | 106.9

Octane 5 101.0 |1o04.4 "}1101.5 | 102.3
25 103.1 | 103.0 97.7 | 101.2
50 111.1 | 114.1 |112.0 §112.4

Dodecane 5 101.4 | 103.1 98.2 | 100.9
25 99.5 | 94.9 | 96.7 | 97.0
50 135.7 |128.9 |124.3 |129.7

Hexadecane 25 116.0 | 111.8 1090.4 112.4 
50 117.2 |2134.2 |139.3 |130.2

n-Butanol 5 99.3 |111.6 |100.8 |103.9
25 131.5 |120.3 |122.9 |124.9
50 179.1 |[179.5 178.8
75 183.0 |188.0 |184.4 |185.1
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TABLE 2-5. (econt'd)

liquid Temp. Partial Molar Volumes (ml/gmole)
name (°c) run #1 | run #2 | run #3 | mean

B. Gas is n-propane

Hexane 25 122.7 141.5 144,21 136.1
[Hexadecane 25 179.8 | 195.2 | 188.2 | 187.7
[n-Butanol 0 153.6 133.1 135.7 140.8
25 220.4 238.7 222.97| 227.3
50 374.7 365.7 | 327.7 | 356.0
Acetone 0 137.2 127.1 125.8 130.0
25 240.8 252.5 221.0 238.1
50 582.6 | 602.6 592.3
Chlorobenzene| O 115.4 | 104.5 |118.7 | 112.9
25 148.1 172.2 152.9 157.7
50 157.7 179.1 168.4
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In some cases (propane-acetone and propane-chlorobenzene, at
50°C) high differences in the results for duplicate runs
were found and abnormally high values discarded. The reason
for these deviations 1s the result of the small volume
expansion of the solution (Vl - ©2z) so that a small error

in the determination of Vl’ resulted in a significant diffe-

rence in partial molar volumes.

2-6. Discussion

Analysis of experimental results

a. At the temperatures considered, butane is so soluble
in the n-paraffins that in many cases it constitutes the
major component of the solution. Hence, the normal conside-
rations for gas solubilities in which the dissolved gas is
dilute with respect to the solvent are not found in these
particular butane solutions.

Hayduk and Cheng (12) showed that for a considerable
number of dilute gases in n-hydrocarbons, the mole fraction
solubility varies linearly with the number of carbon atoms
of the solvent. This kind of plot was intended for butane
as well as propane at 25°C (data for propane were obtained
from this work as well as from reference 21) as shown by
Figure 2-2. For comparison, 1deal solubilities based on
Raoult's law were also displayed (dotted lines in Figure
2-2). For propane at 25°C, x1 = 0,120 as given by Thompson

C3
and Gjaldbaeck (22). For butane, xéu was calculated from:
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Poy =PQu- %oy —  Tou= 1/pgy (2-11)
Giving the results, x5, = 0.813 at 59, xg, = 0.417 at 25°C,
and xéu = 0.204 at 50°C. Data for vapor pressures of butane
as used in Equation (2-14) were obtained from Jordan (24).

It can be observed that for 08’ 012 and Cl6 a linear
relationship is observed but for C7 and C6 the slope changes.
As the experimental temperature is increased, this behavior
becomes less evident, as can be noticed by comparing the plots
for 59, 259 and 50°C in Figure 2.2.This last result is not
surprising since as the temperature increases, Xy decreases
and the system tends to follow the same patterns as the

dilute gases.

Comparison between experimental and ldeal solubillities
indicate that they are of the same order of magnitude. 1In
fact, specially for low temperatures (around 5°C), application
of Equation (2-1l) gives values of solubility which (C6
excepted) are very close to the real ones, this being an
indication that systems, such as Ch-c8 and 05012 are essen-

tially ideal at these temperatures.

b. According to Hildebrand (2), when the mole fraction
solubilities are plotted against the logaritms of the absolute
temperatures, a linear plot 1s obtained. Similarly, for the
solubility of n-butane in normal hydrocarbons, a linear

relationship 1s obtained as shown by Figure 2-3. In this
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graph only data for 04—06 and Cu-C12 are presented, but all
the others follow the same pattern.

For butane dissolved in n-butanol, however, a curve
is obtained which looks similar to those for inert gases
dissolved in water, as obtained by Miller and Hildebrand
(26), who tried to explain them in terms of hydrogen bondings
and observed changes in the heat capaclty of these solutlons
with respect to pure water. The influence of similar para-
meters in butanol solutions can only be speculated upon.

Finally, for propane dissolved 1n polar solvents a
certain curvature is obtained, which might as well be some-
how related to hydrogen bondings and solvent-solute assoclations.

Curves for propane in acetone, n-butandl and chlorobenzene

are shown in Figure 2-3.

¢. Figure 2-U4 represents a plot for the partial molar
volumes of butane and propane in various polar and non-polar
solvents. As a result of the high errors encountered in
the determination of Vé it 1s just qualitative. For compa-
rison, partial molar volumes for acetylene-chlorobenzene
and acetylene-acetone, as obtained from Horiuti (27), are

also presented (dotted lines in Figure 2-4). A few comments

can be drawn from this graph:

1. V2 is nearly proportional to the temperature;

2. ¥, increases with the number of carbon atoms, in normal

2
hydrocarbons.
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In general, values of Vé for both butane and propane are
higher than the corresponding molar volumes at the normal
bolling point (Vb2), i.e., 96.3 ml/gmole for butane (From
Gallant (23)) and T4.5 ml/gmole for propane (from Reid
and Sherwood (28)), this result being in agreement with
that obtained earlier by Hildebrand and Scott (2) for
various gas-liquid systems.

Values for V., are also generally higher than the

2
corresponding molar volumes of the compressed liquid at
the experimental temperature (V21) as given in Table 2-1.

The last mentioned authors try to interpret these
volume expansions as the combined result of the kinetic
energy of the solute and the smaller attraction which one
of these solute molecules exerts upon the surrounding
solvent molecules.

Exceptions for these expansions are presented by the

systems butane-hexane, for which 72 is less than both

Vb2

mately equal to the corresponding V21 for the temperatures

and V,,, and butane-heptane, for which Vé is approxi-

studied here. If this behavior is explained in terms of
Hildebrand's interpretation, the intermolecular attractions
butane-butane in the liquid phase, should be less than
those for butane-hexane and approximately equal to those
for butane-heptane. This result might 1n fact have some

relation with the abnormally low solubilitiles observed

for these two systems (Figure 2-2).

.




SOLUBILITIES AND PARTIAL MOLAR VOLUMES 30

Selection of the best solubllity plot

Two types of plots have been commonly used for linearly
extrapolating gas solubilities to other temperatures: log x
vs log T and log x vs 1/T. There appears to be no strong theo-
retical reason for choosing one or the other. It was therefore
considered useful to statistically test these two methods of
extrapolation using solubility data available in the literature.
A 1list of the references used for this purpose is presented in
Table 2-6. Densities of liquids and densities of gases as
utilized in the convertion of data to moele fractions were obtalned
from references (20) and (29) respectively.

In Appendix I, the condensed results for the linearity
test for the above mentioned data, 1s presented. The criteria

for comparison are the percentage maximum absolute error, e,

€= 100,{ (xexp - xcalc)/xcalc }'max (2-15)

And standard deviation, s ,

2 \
s::v[ EZ(log Xexp ~ log xcalc) /(N=-1) (2-16)

A few comments, based on the results from Appendix I and the

considerable deviations encountered for some of the systems

studied, should be made here:
a. For slightly polar solvents, such as fluorobenzene, bromo-

benzene, and toluene, values of e and s are relatively

low for both log x vs log T and log x VS 1/T. Besides,
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TABLE 2-6. Literature of the solubility data used in this work¥

31

.Solvent

gas, source of data

Acetone

Aniline

Bromobenzene

n-Butanol

Chlorobenzene

Chloroform
Cyclohexanol

n-Ethanol

Ethylene Glycol
Fluorobenzene
TIodobenzene

Methanol

CH, (8,33)-C0,,(7,33)-0,,(7,33)-C0(7,33)-N, (7,
32,33)-He(33)-H,(33)-C,Hg(33)-Ne(33)-Ar (32,
33)-Rn(33)~C,H, (33)-N,0(33)~C,H,(27)-50,(27)

€0, (7,32,33)-C0(7,32)-Xe(33)-Rn(33)-N,0(33)-
H2(32).
He (27)-Ne(27)-Ar(27)-Xr(27)-Xe(27).

Ar(9,33)-N,(9,33,34,35)-0,(33,35)-C,H (32)-
co(32).

002(32,7)-02(27)-CO(27)-N2(27)-SO2(33)-H2
(27)-CH) (27)-C,Hg (27)-C,H, (27)-N,0(27)-CH,
(27)-He(30)-Ne(30)-Ar(30)-Kr(30)-Xe(30).

€0,,(7,32,33)-C0(7,32)-Rn(32)-H,(33)-N,0(33).
CH4(8)—He(33)—Ne(32)-Ar(33).

cH, (8,33,34)-C0,(38,33,36)-50,(33)-He(33)-
Ne(33)-Ar(33)—Rn(33)-H2(33)—N2(8,32,33)-
0,(33)-C,H, (33)-N,0(33)-N0(33).
Ar(9)-C,Hg(9).

He(30)-Ne (30)-Ar(30)-Kr(30)-Xe(30).

He (30)-Ne (30)-Ar (30)-Kr(30)-Xe(30).

cH, (8,33)-C0,,(32,33,36)-50,(33)-He(33)-Ne(33
_Ar(33), H,(33)-N,(33,34)-C0(32)-0,(33)-
N,0(33)-NO(32).

Ne”
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TABLE 2-6. (cont'd)

Solvent gas, source of data

Methyl Acetate CO(33)—N2(33)-H2(33)-N20(33)-CHu(33)-02H2
(33)-02H4(33)-02H6(33)

Nitrobenzene 002(7,32)-H2(32)-NO(32)-He(32)-Ne(32)—Ar
(32)-Kr(32), Xe(32)

i -Propanol C3H8(36)—N2(35)—02(35)-00(32)

n-Propanol Ar(9,32)-C2H6(9,32)-CO(9,32)

Toluene He(30)-Ne(30)-Ar(30)-Kr(30)-Xe(30)-H,(31)

%Data conversion carried out by using Equations (2-1) to (2-4).
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when the respective graphs are made, it is found that the

behavior of these solvents can be compared with that for

non-polar solvents in that the solubilities can be extra-

polated to a common point at the solvent'critical tempe-

rature as found by Hayduk and Buckley (38).

b. There are (at least) three kinds of molecular interactions

which might occur in gas-liquid solutions to complicate

correlation and prediction of solubilities. These are:

1. Polgrity of the solvent. For example, nitrobenzene
(C = 34.9, as compared with &= 2.37 for toluene) is a
very polar solvent and chemical reactions are likely
to occur.

2. Hydrogen bonding or association of like solvent
molecules. It occurs in solvents such as acetone and i
alcohols, with solutes such as C2H6 and CHu which
act as weak proton acceptors (25).

3. Hydrogen bonding or solvation of solvent-solute mole-
cules. According to Prausnitz (25) it is present in
solvents such as those mentioned in case 2 for solutes

such as CZHM and CZH2 (strong proton acceptors).

The above mentioned interactions being functions of temperature
originate changes in the slopes of the solubility plots and
decrease the tendency for the extrapolated lines to meet at

the solvent critical temperature, as shown for n-ethanol in

Figures 2-5 and 2-6.
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In general, analysis of the results in Appendix I
suggests that the plots log x vs log T are only slightly
more linear than those for log x vs 1/T; the different maxi-

mum errors and standard deviations are similar in both

cases.

Selection of the best solubility correlation

Recently a correlation was developed by Hayduk and
Buckley (38) to relate log Xy with log T for non-polar solvents.
It was based on the fact that the solubilities of all gases
in a single solvent appeared to approach a constant value X,
(the reference solubility) as the solution temperature was
increased towards the critical temperature of the solvent.
A linear relationship was obtained between the solubility )
parameter for the solvent (61) and the reference solubllity
X_. One solubility point (xl) at a temperature T1 would

o]
permit calculation of the solubility (x2) at a different

temperature T2:

log Eg

log *2 — (log *0) . ( 1) (2-17)
X S | log Eg
T

and

log,, (10"x ) = 2.265 - 0.1348 (2-18)
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For polar solvents the tendency for the extrapolated
lines to meet at the critical temperature was not as conclu-
sive as 1t was for non-polar solvents. However, a correlation
based on Equation (2-17) was attempted for polar solvents.

At the same time, a correlation relating log x, and the
inverse absolute temperature was also attempted for both
polar and non polar solvents and its results compared with
those obtained from the first mentioned correlation. The

equation describing the second correlation is given by:

log 2 _ (log ¥o) (1172 /Ty (2-19)

xl Xq TI/Tc

The procedure followed for analysing the abilities of Equations

(2-18) and (2-19) was as follows:

For a certain solvent, lines were fitted by the least
squares technique to the data points for each gas and the
different values for X 4 and x' (theoretical solubilities

for log T=1log T, and for 1/T==1/Tc) calculated. The averages

Eﬁ and Eg were obtained from:

"

n
x, =2 x4/n (2-20)
o q

xéi/n (2-21)

HM.‘J

The average reference solubilities for each solvent

were used to calculate the least-mean-squares line through

3
&
P4
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the solubility data for each gas. Maximum differences and
standard deviations were calculated for each gas. Table
2-7 presents a list of these average reference solubilities
for both polar and non-polar solvents.

For non-polar solvents, plots of log x vs log T
tended to give somewhat smaller deviations from experimental
solubilities than those for log X Vs 1/T. The actual values
are 1isted in Appendix II.

For butane, whose solubility was found to be extre-
mely high in the non-polar (paraffin) solvents, a linear
extrapolation to a common reference solubility at the solvent
critical temperature was unsuccessful. The log x vs log T plot
was essentlally lineér, however.

For polar solvents, in general, the consistency of
solubility data for elther log x - log T or log x - 1/T plots
was not as good as for non-polar solvents. Between the two
methods of plotting, however, using the appropriate average
reference solubility, a log X - log T plot described the
data appreciably better than the log x - 1/T plots, as can be
observed from the tébulated values ;n Appendix III. Gross
deviations were observed for the highly polar solvents,
acetone and aniline. For these solvents, comparisons of

solubility behavior with non-polar or moderately polar

solvents were unsuccessful.
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TABLE 2-7. Average reference solubilities for various solvents
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Correlation of average reference solubilities

For non-polar solvents, a linear relationship was
obtained between the solubility parameter 51 and associated
average reference solubility. The same correlation was
tested for polar solvents.

Solubility parameters‘have been evaluated for many
non-polar solvents. For polar solvents, however, only a few
are availlable (3, 39) and for that reason they were evaluated

from available information about the solvents, based on the

definition:

.. AE AH - RT (2-22)
61 = v— = -————---V

1 1
If the heat of vaporization was not directly available, it
was estimated in one of two ways:
1. PFrom the method suggested by Hougen, Watson and Ragatz ;
(10), based on the heats of vaporization of water at the -
reduced temperature considered. As an illustratlion, the

calculations of AH at 25°C for chlorobenzene were as

follows:

.
Sr T, /T, = 0.905

with Tc==1138°R for chlorobenzene
Where Sr is the slope of the vapor pressure plot of

log pg (water) and Té is the critical pemperature of




SOLUBILITIES AND PARTIAL MOLAR VOLUMES 3]

water. The factors Sr and Sr Tc/Té are tabulated in
reference (10) for various solvents. '

Finally, AH for chlorobenzene is given by:

3

AH=.AHW . Sr T_c;: (2-23)
c
For Hw==18,800 BTU/1b mole, the calculated heat of
vaporization was 9,440 cal/gm mole.
2. For those solvents for which the Watson's heat of

vaporization facter were not available, AH was calculated

from the Clapeyron equation:

AH _ Rr? 9Py (2-24)
p; - dT |

Values for pi and 'dpg/ 4T were obtained from the tabula-

tions and graphs by Jordan (24).

Table 2-8 presents a 1list of these polar solubility parameters,
along with some intermediate variables involved 1in the
calculations.

A graph relating the reference solubllities (xo) and
the solubility parameters is presented in Figure 2-7, in which
the slope of the straight line is the same as that for non-
polar solvents. ’

The points for slightly polar solvents, such as
toluene, chloroform, chlorobenzene, propanol and butanol

seem to be very close to the line for non-polar solvents,




42

SOLUBILITIES AND PARTIAL MOLAR VOLUMES

SOLUBILITY PARAMETER (6, )
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' liquid.
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Solubility parameters for polar solvents at 25°C

1iquid p; |dpAT| AH v, 6,
Acetone 9.82
Aniline 11.73
Bromobenzene 4.4 | o.2u5] 9835| 105.5| 9.36
n-Butanol 1 10500 91.9{ 10.38
Chlorobenzene ohho} 102.2| 9.50
Chloroform 7410| 80.7| 9.19
Cyclohexanol 1.36] 0.063] 8180} 106.1} 8.46
n-Ethanol 9920} 58.7| 12.61
Fluorobenzene 77.0 | 2.86 6560 94.5| 7.95
Todobenzene 1.03 0.054 9260 111.9 8.80
Methanol 9050{ L40.7| 1i4.41
Methyl Acetate| 210.0 [11.88 9990} 79.9{ 10.85
Nitrobenzene 10.86
n-Propanol 9380 75.1} 10.82
Toluene 9000 107.0 8.87
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.but points for solvents such as methanol, ethanol, acetone,
aniline and methyl acetate are far from 1it.

Equation (2-18) seems to be useful for obtaining
the reference solubilities of non-polar and slightly polar
solvents as a function of the solubility parameter. When
used for extrapolation of solubilities in moederately polar

solvents, errors of up to 25% may be encountered.




CHAPTER 3
DIFFUSION
3-1. Theory

Diffusion is the transfer of a substance through
any substance (gas, liquid or solid) resulting from a
difference in concentration (or, more generally, chemical
potential) at two regions in the substance (28).

For the case of diffusion in liquids, two different
models have been proposed, one in which the molecules are
arranged in a quasilattice (Eyring theory), the other in
which they are in a state of maximum disorder (Hildebrand
theory) (3, 40). According to the first, diffusion occurs
by jumps of the length of the molecular diameter into
'1attice vacancies' or 'holes'; according to the other,
diffusion consists of small irregular 'random walk' dis-
placements.

Not enough evidence is as yet available to compare
the validity of these two rival models; however, some
observations from experimental results have been obtalned
(3, 41):

a. Experiments on the effect of temperature upon the rate
of diffusion of 12 in CClu at constant volume and
substitution of the resulting data into the equation
derived from rate theory, gave jump lengths much smaller

than the molecular dlameters.
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b. The factor D62, D being the diffusion coefficient, and
6 the molecular diameter, is virtually constant for
CHu, N2, 02, Ar, CFM and (isotopic) CClu. This obser-
vation, which has been found true only for relatively

small molecules, indicates that D o<1/62.

It can be said that the mechanism of diffusion in
liquids is still unknown and only semiempirical correlations,
based on known physical properties of the substances under
consideration, are available to predict diffusion coefficients
for gas-liquid and 1iquid-1liquid systems.

Except for electrolytes, few experimental data are
available on the effect of solute concentration on D, and
most are for binary systems at low concentrations of the
diffusing substance. The available empirical cofrélations

are likewise restricted to dilute solutions. Some of these ;f

correlations are presented here: ?

a. Arnold correlation

Arnold (41) applied the classical kinetlc theory
for gas diffusivity to liquid systems. He presented
an empirical correlation for diffusion as a function
of molar volumes, molecular weights and abnormality
factors for both solvent and solute, along with the

viscocity of the solvent. Arnold's equation is,

generally, not found useful in predicting diffusivities

since the abnormality factors are usually not known

in advance.
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Wilke-Chang equation

Based on absolute reaction theory (molecules arranged
in a quasilattice), Wilke and Chang (42) proposed the

equation
, P (XM1)1/2T
D21= 7.4 « 10 5 (3-1)
AT
Equation (3-1) gives reasonable prediction for many

systems.

Scheibel correlation

Unless the association factors are known in advance
(from experimental data), Equation (3-1) is not espe-
cially useful in predicting diffusivities of dissolved
gases. Scheibel tried to eliminate the parameter X

from the Wilke-Chang equation and came up with the

expression (43):

; 2/3

1 + (3V,/V,)

8.2 o 1078 { %7§l, } T (3-2)
M (V)

D21 =

The average absolute error with this correlation has

been found to be less than 20% within the temperature

range of 10 to 30°C (13).

Reddy equation
Reddy et al (44) replaced the association parameter

of Wilke-Chang eaquation by retaining the exponent

1/3 for the solute molar volume, as done before by
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Scheibel, and introducing the solvent molar volume,
also raised to the same power:
a
MZ T

1
D.,= K (3-3)
21 ﬂl(vz)l/B(vl)l/3

The value for the constant X in equation (3-3) depends

on the ratio Vl/V2 as follows:
8

when V1/V2 £1.5 K=10 « 10~

8.5 ¢ 10"8

]

when Vl/V2 ~1.5 K

e. Lusis and Ratecliff equation

One more modification to Wilke-Chang equation was
presented by Lusis and Rateliff (45). It also eliminated

the need for an association parameter:

v, 1/3V
-8 7T -1/3 1 2
D..= 8.52 « 107" =— (V,) {I.MO(—) +(—)} (3-4)
21 M1 1 V2 V1
This equation has also been tested mainly for liquid-

liquid systems.

Effect of concentration on the diffusion coefficlent

Available correlations for gas-liquid and liquid-

liquid diffusivitiés are mainly restricted to dilute

solutions. The diffusion coefficients in liqulds, however,

are functions of the concentration of the diffusing subs-

tance.
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Most of the experimental techniques give only
integrated values of the diffusion coefficients over the
concentration range of the experiment. When this concen-
tration range is small, and the solution is approximately
ideal, those integral coefficients (521) are approximately

equal to the differential coefficients (D2l) or, mathema-

tically:

D,, = 1im D (3-5)
21 AC+O 21

In general, however, since D21 is a function of concentration:
# D } (3-6)
21 fc=o0

Since this work deals with liquid solutions, 1t 1s necessary
tb review the work done so far in regards to the relations

between diffusion coefficients and econcentrations of the

diffusing substances.

Roseveare, Powell and Eyring (46) suggested that

the quantity DAM/T should vary linearly with mole fraction

for an ideal system:

_ Dy M

Dyy M 1

Doy M
—F T

T

} (3-7)
x=0

If viscoeity data are not available, then as an approximation,

- T x=1

+ X {DZI'“
x=0

the diffusion coefficient at'a given temperature, may be

assumed to be linear with mole fraction (47):
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Po1| = Paa| o X{DZI‘le - D21|x=0} (3-8)

Equations (3-7) and (3-8) have been tested by Caldwell and
Babb (47) for the systems chlorobenzene-bromobenzene,
toluene-chlorobenzene, and benzene-carbon tetrachloride,
with excellent agreement. The same authors suggested that
D21‘x==0 and D21 _— , in the absence of experimental
values, could be calculated from the available semiempirical
correlations. When dealing with gas-1iquid systems, the
error incurred by the use of these empirical equations

could be higher than 20%.

Diffusivity was found to be an approximately linear
funetion of concentration for many other systems, such as
hexadecane-hexane, hexadecane-heptane, dodecane-hexane,
and diphenyl-benzene, as shown in the paper by Dullien
(48). PFor many other systems, such as hydrogen bonding
solutes in carbon tetrachloride (49, 50), water and chloro-
form, and methyl ethyl ketone - CCly (48), the functionality

was not linear and Equations (3-8) and (3-9) did not apply

for them.
To account for the deviations in non-ideal solutions,

Roseveare, Powell and Eyring (46) inserted the activity of

the solution into Equation (3-7):

D, M

21

T lx DioM _ Dzll**‘ +D21M
d 1n a, T l,_-1 T ly—p T

(3-9)

x=0
d 1n x2
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For non ideal solutions in which the components assoclate,
equation (3-9) was found not to be 1linear (51). 1In fact,
when it was applied to systems containing an associated
component and a non-polar component, the activity term
'overcorrected’. To_eliminate this 'overcorrection', Rathbun

and Babb (49) modified Equation (3-9) to the form:

D

o1 = (Dgg Xt D3, %,)(d 1A a/d In S (3-10)

A value s=0.6 was applied for systems containing an
associated component and a non-polar component. A good
agreement was found between the experimental diffusivity-
mole fraction curves and those predicted from Equation
(3-10).

Using the assumption that the activation energy

for diffusion was linear in mole fraction, Vignes (52)

derived the Equation:

D X x
21 _ /00 y L (p® 2 _

where:

~d 1n %,

Although the Vignes equation correlated existing binary

data well for a number of systems, when used as a predictive

equation, it also led to substantial error.
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Equation (3-11) did not explicitly incorporate the
effects of solution viscosity even although relationships
between diffusion coefficient and viscosity emerged from
statistical mechanical considerations.

Based on a relation between diffusivity and solvent
viscosity, Leffler and Culliman (53) modified Vignes equation
as follows:

Doy M

— (n° *1 .0 X2
== (D7, M) = (Dyq My) (3-13)

With binary n-alkane systems excepted, Equation
(3-13) improved the correlation in all caseé, except for
acetone-carbon tetrachloride, in which substantial disagreement
sti111 existed. Equations (3-12) and (3-13) have the advantage

over Equations (3-10) and (3-11) that activities are not

required.

In summary, diffusion coefficients are functions
of composition. For ideal binary systems, this functionality
is linear, while for non-ideal systems, it may have different
forms, incorporating the activities, viscosities and

compositions of the components of the system.

Integral and differential diffusion coefficients

The diffusion cell method, as well as most of the
other experimental techniques ntilized to measure diffusion
coefficients (54) are based on a finite difference in

céncentration of the diffusing substance as the gradient.
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Consequently, since the diffusion coefficient 1s a function
of concentration, an interpolated value for this coefficient
over the concentration range is obtained. The diffusivities
which have theoretical and practical significance are,
however, the differential values, related to the integral
values through the Equation (55, 56, 57):

C'l

ol EC" ’ D-de (3-14)
ok

O

Within a concentration interval C' to c''.
For the capillary diffusion cell method utilized
in this work, C' was essentially equal to zero, and the

Equation (3-14) can be written in the form:

G
D = %— .| D-de (3-15)

0

The observation that when C is small D=p° justifies
the use of the aforesaid cell to measure diffusion coeffi-
cients at infinite dilution for slightly soluble gases,
such as ethane (58) and methane (59). It is equally useful
for moderately soluble gases,'such as propane. For very
soluble gases, such as n-butane, however, the integral
diffusion coefficients cannot be assumed equal to the
differential ones, and unless the functionality between D
and C is known for the particular concentration interval,

the diffusion coefficients are not meaningful.
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For ideal systems for example, D may be expected

to vary linearly with C, and for this particular case:

D=oD (3-16)

c/2

When dealing with non-ideal systems, such as ethanol-benzene,
aniline-benzene, aniline-carbon tetrachloride, benzyl alcohol-
carbon tetrachloride (50), propanol-toluene (55), ethanol-
chloroform, and acetone-benzene (48), the diffusion coeffi-
cients tend to change very rapidly for low concentrations

of diffusing substance and D would be equal to D° only for

very low concentrations.
3-2. Properties of the test fluids

In section 2-3, the properties of the fluids utilized
for both solubility and diffusion experiments were presented.
In addition, available correlations to predict diffusion
coefficients require the knowledge of viscbsities for the -
solvent along with the ﬁolar volumes at the normal bolling
point. Table 3-1 presents a list of these properties.

Properties for n-heptane and n-octane, in which the diffu-

sion coefficients of propane were measured earlier in this

laboratory (59) are also presented.
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TABLE 3-1. Viscosities (cp) at 25°C and molar volumes
at the normal boiling point (ml/gmole)

fluild viscosity Vb
(ep) (ml/gmole)
Propane 74.5 (28)
Hexane 0.2969 (58) 140.6 *
Heptane 0.3929 (58) 162.0 (28)
Octane 0.5143 (58) 185.0 *
Hexadecane 3.0909 (58) 362.6 *
n-Butanol 2.582 (20) 103.6 *
Chlorobenzene 0.755 (47 115.0 (28)

# Calculated from the Le Bas method (28).
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3-3. Apparatus and Procedure

Diffusion Cell for provane

The diffusivities for propane were measured using
the steady-state capiilary cell method described elsewhere
(11, 13, 60), which was considered sultable for moderately
soluble gases. The diagram for this diffusion cell is
presented in Figure 3-1.

Apart from the fact that‘a top capillary of larger
diameter (1 mm) was used, the cells are the same as those
utilized before (11, 60). This modification was necessary
to guarantee a sufficiently long period of time for the
experiments. When a top capillary of 0.508 mﬁ was uqed
by Bromfield (60), the experiments lasted for about 20
minutes, as compared to at least two hours in the present
work. The longer period of time permitted a more accurate

measurement of the movement of the liquid bead within the

capillary.

Procedure

First, the diffusion cell was carefully washed
with chromic acid, after with water, and finally with
acetone. Then it was dried, its stopcocks properly greased
and gas propane purged through it for about 15 minutes.

At the same time liquid was degassed in the degassing

apparatus described earlier by Cheng (13).
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GAS OUTLET = 3=—GAS INLET
3
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FIGURE 3-1. Diffusion cell.
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Next, degassed liquid was allowed into the cell
through stopcock 1 (Figure 3-1), at a rate sufficiently low
as to eliminate any risk of air contamination. Once the
cell was filled with liquid, about 40 mls of it were
purged, and the required diffusion path length obtained
by adjusting the pressure of the gas within the cell
(succesively opening and closing stopcock 3).

Subsequently, the cell was immersed in the tempera-
ture bath and allowed to attaln steady state during a period
of time determined by Crank equation: D& = 0.451? (60).
For the most viscous solvents, € was relatively high
(about 60 hours for n-butanol) as compared to that value

for the less viscous solvents (approximately 20 hours for

hexane).

Once steady state was achieved, a bead of saturated
liquid was injected just above the mouth of the upper
capillary. After one hour, or as soon as the speed of the
bead was found constant, the bead position was determined
with the help of_a cathetometer, for various intervals of
time. Because the solubilities of propane are higher than
those for gases such as methane and ethane, the rate of

bead movement was relatively high, even though propane

diffusivities are lower.

3-4, Treatment of data

Reference (12) presents a derivation of the equations

involved in the determination of the diffusion coefficients

~
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at infinite dilution for slightly soluble gases in liquids,

from the capillary cell method.

The two basic equations for the -determination of

diffusion coefficienté used:

‘A, p, M
D21=<§5)<§>(§§><%) X T (3-17)
in (7/—m—
1+x2l
and
(P.1w,.) | (D,,0/1%) - A,/6
Wy = 120 |8-f§i 2 (3-18)

For the calculation of D21 from Equation (3-17), W,y Was
first assumed to be zero; then a value for Wor, was calculated
from Equation (3-18) and utilized in Equation (3-17) to
obtain a new value for D21. This procedure was repeated

until two successive values for D21 were essentially

identical.

3-5, Experimental results and Discussion

Experimental results, together with those predicted

from several empirical equations are presented 1n Table

3-2. Raw experimental data, from which these experimental

results were computed, are given in Appendix IV.
In general, Wilke-Chang equation along with

Ratcliff equation seemed to give the best predictions.
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TABLE 3-2. Comparisons for diffusion coefficients for Propane in
various solvents at 25°C.

Solvent Diffusivity X 10° (cm®/sec)
Mean Wilke-Chang | Scheibel | Reddy Ratcliff
expt. (3-1) (3-2) | (3-3) | (3-4)
Hexane | 4,48 5.19 4,63 3.63 5.96
h,68%
Heptane 4, 30% 4,23 3.32 2.82 b, 7h
Octane 3.74* 3.45 2.41 2.20 3.80
Hexadecane 1.47 0.81 0.32 0.41 0.84
Chlorobenzene | 2.75 2.33 1.97 1.74 2.19
n-Butanol 1.57 0.55 0.60 0.50 0.62

* Obtained earlier in this laboratory (59).
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The Reddy equation predicted very low values and the
Scheibel correlation predicted diffusivities quite different
from the experimentally measured ones,

The result obtained for propane in hexane at 25°C
is 4.5% lower than one obtained by Bromfield (59).

The diffusion coefficient for propane in acetone
was measured a considerable number of times. The scattering
of the different results did not permit a reliable value.
In general, the more volatile the solvent, the higher the
degree of scattering of the different results; solvents,
such as hexane, gave scattered results, but after a suffi-
cient number of runs, various results appeared to converge
well towards the reported mean diffusion coeffieient. This
difficulty, encountered for highly volatile solvents, may
have been concerned with keeping the gaé phase completely
saturated with solvent vapor for the duration of the expe-
riment. The degree of saturation of the gas may have
affected the volume of gas confined in the capillary.

The diffusivities of propane in various solvents
at 25°C are shown in Figure 3-2 plotted as the logarithm
of the diffusity versus the logarithm of the solvent
| viscosity. The points seem to lle on a straight line
covering a wide range of viscosities. This result and
that obtained for methane (11) appear to confirm the
observation reported in an earlier paper by Hayduk and

Cheng (58) that the diffusivity of a substance in a
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non-associating solvent depends mainly on the solvent

viscosity, in the form:
= B '
D =AM (3-19)

For this case, the value of B, the slope of the line, was
found to be approximately 0.51 and A = 2.6 X 107, so that
for diffusion of propane in non-assoclating solvents,

Equation (3-19) becomes:
p=2.6 Xx1004%2! (3-20)

Interpolations from this equation promise to give much
better results than those obtained from the available
empirical correlations. The diffusivity of propane in
chlorobenzene gives a result which is slightly lower than
that expected from Equation (3-20). This might be a
result of the strong tendency of the chloride atoms (-C1)
to interact with surrocunding hydrogens from the propane
molecules.

According to Ross and Hildebrand (61), the
product D-62 is constant for diffusion in a given
solvent. This statement was verified for the diffusion
of methane (11), ethane (58) and propane in normal
hydrocarbons. The results of this test are presented
in Table 3-3. Smoothed values for the molecular

diameters ( § ) were obtained from Witherspoon and Saraf

(62).
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TABLE 3-3. Tabulations for the product D62 [D(X10°), cm>/sec].

Methaneo Ethane o Propaneo

(6=3.81 4) (6=4.52 A) (6=5.15 A)

Solvent D D42 D pé? D D4°

(59) (58)

Hexane 8.64 125.4 5.79 118.3 4,48 118.8

Heptane 7.52 109.2 5.45 111.3 L,30% 104.0

Octane 6.49 94 .2 .57 93.4 3.Th% 99.2
Dodecane 3.94 57.2 2.73 55.8

Hexadecane | 2.66 38.6 1.95 39.8 1.47 39.0

%#Data obtained from Reference (60).
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Analysis of the results in Table 3-3 seem to
confirm the constancy of D'62 for the systems considered,
thus indicating that the diffusion of methane, ethane and
propane in normal hydrocarbons i1s mainly dependent on the

size of the diffusing substance.



CHAPTER 4

CONCLUSIONS

Solubility

The solubility apparatus utilized here was found
capable of producing data for the highly soluble gases
n-butane and n-propane. Comparisons with literature values
for the last mentioned gas gave differences less than 1%
in hexane and about 3% in hexadecane.

Statistical analyses with a series of literature
values for solubilities in polar solvents indicated that a
plot of log X, Versus log T was slightly more linear than
versus 1/T, and it was observed that the plots of log X5
vs log T showed greater tendency to intersect at log Tc
than the log X, versus 1/T to meet at 1/Tc.

A correlation relating log X, and log T was studied
for both polar and non-polar solvents and compared with
a similar correlation for log X, Vs 1/T. For the majority
of the cases studied, the first correlation was found to
give better results. This correlation was recommended for
use in predicting solubilities of non-polar solvents, as

well as for slightly polar solvents.
The prediction of the reference solubilities for

polar solvents as a function of their 'solubility parameters
was not very successful. It was found that the use of

apparent reference solubilities, obtained by interpolation
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from the line for non-polar solvents, gave reasonable results
for solubilities, of gases in slightly polar

solvents.

Predictions for the temperature coefficients of
solubility in highly polar solvents, appeared to be compli-

cated by molecular interactions.

Diffusion

Diffusivities for propane as calculated from available
correlations widely deviated from the experimental results.

For the diffusion of propane, in non-associated
solvents, a linear relationship between the logarithm of
the solvent viscosity and the logarithm of the diffusion
coefficient was found. Interpolations from this type of
graphs, when available, promise to give much better results
than the use of the more general correlations.

When interactions between the solvent and the
diffusing solute appear, the resulting diffusion coefficient
i1s usually lower than expected.

The constancy of the product D 62 was confirmed

for the systems involving methane, ethane and propane.




10.

11.

12.

13.

14,

15.

16.

REFERENCES

Battino, R., and Clever, H.L,, "Solubilities of Gases
in Liquids", Chem. Rev., 66, 395, (1966).

Hildebrand, J.H., and Scott, R.L., "The Solubility of
Non-Electrolytes", 3rd Ed., Dover Publications Inc.,

New York, (1964).

Hildebrand, J.H., Prausnitz, J.M., and Scott, R.L.,
"Regular and Related Solutions", 1lst Ed., Reinhold

Publishing Co., New York (1970).

Gjaldbaek, J.Chr., and Hildebrand, J.H., J. Am. Chem.
Soc., 71, 3147, (1949).

Gjaldbaek, J.Chr., and Hildebrand, J.H., Ibid, 72,
609, (1950).

Gjaldbaek, J.Chr., Acta Chem. Seand., 6, 609, (1952).

Gjaldbaek, J.Chr., and Andersen, E.K., Ibid, 8, 1398,
(1954).

Lannung, A., and Gjaldbaek, J.Chr., Ibid, 14, 1124,
(1960).

¢jaldbaek, J.Chr., and Niemann, H., Ibid, 12, 1015,
(1958).
Hougen, O.A., Watson, K.M., and Ragatz, R.A., "Chemical

Process Principles", part I, 2nd Ed., John Wiley and
Sons Inc., New York, (1962).

Buckley, D.W., M. A. Sc. Dissertation, University of
Ottawa, (1971).

Hayduk, W., and Cheng, L.C., Can. J. Chem. Eng., 48,
93, (1970).

Cheng, J., M.A.Sc. Dissertation, University of Ottawa,
(1969). .

Malik, V.K., M.Sc. Dissertation, University of Ottawa,
(1968).

Sage, B.H., Webster, D.C., and Lacey, W.N., Ind. Eng.
Chem., 29, 1188, (1937).

Rossini, F.D., et al, Am. Petroleum Inst., Research
Project 4li, Circular of the Natl. Bur. Standards,

(1947).




17.

18.

19.
20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

REFERENCES 69

Felsing, W.A., and Durban, S.A., J. Am. Chem. Soc.,
48, 2285, (1926).

Weast, Handbook of Chemistry and Physiecs, 48th Ed.,
The Chemical Rubber Co., Cleveland, (1967-1968).

Butler, et al., J. Chem. Soc., 138, 280, (1935).

International Critical Tables, McGraw-Hill Book Co.
Inc., New York, (1928).

Hayduk, W., Walter, E.B., and Simpson, P., Chem. Eng.
Sei., accepted for publication, 1971.

Thomson, E.S., and Gjaldbaek, J.C., Acta Chem. Scand.,
17, 134, (1963).

?al%a?t, R.W., "Hydrocarbon Processing", 44, 7, 101,
196%).

Jordan; T.E., Vapor Pressure of Organic Compounds,
Interscience Publishers Inc., New York, (1954).

Prausnitz, F.M., "Molecular Thermodynamics of Fluld-
Phase Equilibria", Prentice Hall Inc., 355, (1969).

Miller, K.W., and Hildebrand, J.H., J. Am. Chem. Soc.,
90, 3001, (1968).

Horiuti, J., Sci. Papers Inst. Phys. Chem. Research
(Tokyo), 17, 125, (1931).

Reid, R.C., and Sherwood, T.K., "The Properties of
Gases and Liquids", first edition, MeGraw-Hill Book

Co., New York, (1958).

Perry, J.H., Chemical Engineers Handbook, kth E4.,
McGraw-H111l Book Co., New York, (1963).

Saylor, I.H., and Battino, R., J. Phys. Chem., 62,
1334, (1958).

Cook, M.W., Hanson, D.N., and Alder, B.J., J. Chen.
Phys., 26, 748, (1957).

Linke, W.F., and Seidell, A., "Solubilities of
Inorganic and Metal Organic Compounds”, American

Chemical Society, Washington D.C., (1958).




33.

34,

35.

36.

37.

380

39.

uo.

b,
h2,

u3o

4y,

45.

46.

47.

48.

9.

REFERENCES 70

Stephen, H., and Stephen, T., "Solubilities of Inorganic
and Organic Compounds", The McMillan Co., New York,

(1963).

Boyer, F.L., and Bircher, L.J., J. Phys. Chem., 64, 1330,
(1960).

Kretschmer, C.B., Nawakowska, J., and Wiebe, R., Ind.
Eng. Chem., 38, 506, (1946).

Tokunaga, J., et al., Chem. Eng., Japan, 33, 775,
(1969).

Loeffler, C.E., and Mc Ketta, J.I.A.I.Ch.E.J.,
lg’ 813’ (1966)0

Hayduk, W., and Buckley, D.W., Can. J. Chem. Eng., Accep-
ted for publication, May 1971.

Weimer, R.F., and Prausnitz, J.M., Hydrocarbon Processing,
4y, 237, (Nov., 1967).

Nakanishi, K., Voigt, E.M., and Hildebrand, J.H., J. Chem.
Phys., 42, 1860, (1962).

Arnold, J.H., J. Am. Chem. Soc., 52, 3937, (1930).

Wilke, C.R., and Chang, P., A. I. Ch. Eng. Journal, 1,
26”’ (1955)-

Davies, G.A., Ponter, A.B., and Craine, K., Can., J. Chem.
Eng., 45, 372, (1967).

Reddy, K.A., and Doralswamy, L.K., Ind. & Eng. Chem.
Fundamentals, 6, 77, (1967).

Lusis, M.A., and Rateliff, G.A., Can. J. Chem. Eng.,
L6, 385, (1968).

Roseveare, H., Powell, R.E., and Eyring, H., J. App.
Phys., 12, 669, (1941).

Caldwell, C.S., and Babb, A.L., J. Phys. Chem., 60,
51, (1956)0

Dullien, F.A.L., Ind. Eng. Chem. Fundam., 10, 41,
(1971).

Rathbun, R.E., and Babb, A.L., I. & E. C. Process
Design and Development, 5, 273, (1966).




50.

51.

52.
53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

REFERENCES 71

Longsworth, L.G., J. of Colloid & Interface Sclence,
22, 3, (1966).

Hammond, B.R., and Stokes, R.H., Trans. Faraday Soc.,
51, 1691, (1955).

Vignes, A., Ind. Eng. Chem. Fundamentals, 5, 189, (1966).

Leffler, J., and Culliman, H.T., I. & E. C. Fundam., 9,
64, (1970).

Himmelblau, D.M., "Diffusion of Dissolved Gases in
Liquid", Chem. Rev., 64, 527, (1964).

Shroff, G.H., and Shemilt, L.W., J. Chem. & Eng. Data,
11, 183, (1966).

Stokes, R.H., J. Am. Chem. Soc., 73, 3527, (1951).

Jost, W., "Diffusion in Solids, Liquids, Gases", 3rd Ed.,
Academic Press Inc., New York, (1965).

Hayduk, W., and Cheng, S.C., Chem. Eng. Sei., 26, 635,
(1971).

Bromfield, H.A., B.A.Sc. Dissertation, University of
Ottawa, (1969).

Malik, V.K., and Hayduk, W., Can. J. Chem. Eng., 46,
462, (1968).

Ross, M., and Hildebrand, J.H., J. Chem. Phys., 40,
2397, (1964).

Witherspoon, P.A., and Saraf, D.N., J. Phys. Chem.,
69, 3752, (1965).




APPENDIX I

COMPARISONS OF LINEARITIES FOR POLAR SOLVENTS OF THE PLOTS:
LOGARITHM SOLUBILITY VS LOGARITHM TEMPERATURE,
AND
LOGARITHM SOLUBILITY VS INVERSE TEMPERATURE
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APPENDIX II

SELECTION OF THE BEST SOLUBILITY CORRELATION
FOR NON-POLAR SOLVENTS
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APPENDIX III

SELECTION OF THE BEST SOLUBILITY CORRELATION
FOR POLAR SOLVENTS
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