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ARSTRACT

Diffusion is a very important phenomenon in all mass transfer operations. From
practical considerations, the molecular diffusivity is an important transport prop-
erty for the design of a separation process. From theoretical considerations, a knowl-
edge of molecular diffusivity in liquids is useful in understanding the mechanism of
diffusive transport in liquids and the structure of liquids.

In this study, an apparatus based on Taylor dispersion phenomenon was con-
structed for measuring diffusion coeficients of gases in liquids. The diffusion coeffi-
cients of propene were measured in the solvents n-butanol, chlorobenzene, ethylene
glycol and n-octane between 298.15 K and 348.15 K and between 101.3 kPa and
6891 kPa. These data were considered new in the literature. It was generally found
that the diffusivity tended to decrease with increasing pressure. However, the effect
of pressure on the diffusivity was relatively small from 101.3 to 6891 kPa, and the
cffect became more significant at higher tempcratures.

The rough hard sphere (RHS) theory was utilized to analyse the experimental
data and develop a predictive equation for gas-liquid systems. Methods for esti-
mating the parameters needed to predict the diffusivity from the RHS theory were
provided.

The steady-state capillary cell method was also employed to measure the dif-
fusivities of propene in the solvents acetic acid, acetone, n-butanol, chlorobenzene,

N,N dimethyl formamide, ethy! acetate and n-octane between 278.15 K and 323.15



IX and at atmospheric pressure. The solvents used in this investigation have dif-
ferent polarities and tendencies for molecular association. It was found that the
diffusivities were reduced in associating solvents.

In this study, three new empirical correlations have been proposed for prediction
of diffusivities for specified solute-solvent systems. The first is for the n-alkane
systems, the second correlation is for dissolved gases in organic solvents, and the
last one is for dissolved gases in water. It was found that all these correlations gave
lower average absolute errors when it compared with the available correlations in
the literature.

Finally, in addition to the molecular diffusivities, the gas solubilitics, densities
and viscosities of all eight solvents used in this study, were measured by different

techniques.
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Chapter 1

INTRODUCTION

Molecular diffusion refers to the net transport of material within a single phase
which results strictly from the random thermal motion of molecules, and excludes
mixing caused by any mechanical means whatsoever or by convection. Molecular
diffusion is caused by a gradient in chemical potential, which results in the diffusion
of a species from a region of higher chemical potential to a region of lower chemical
potential. Since the gradient of chemical potential is difficult or impossible to
measure experimentally, the concentration gradient is usually utilized in diffusion
equations. When a concentration gradient occurs in a solution, it causes a diffusive
flux which acts to bring the solution to a uniform concentration. Based on the
Fick’s first law, the proportionality constant between the diffusive flux and the
concentration gradient is called the diffusion coefficient or diffusivity.

Diffusion plays a decisive role in many chemical processes involving mass trans-
fer, such as distillation, solvent extraction, absorption, chemical reaction ete.. In
all the mass transfer operations, mass transfer occurs between two phases sepau-

rated by an interface through which material passes by the mechanism of moleenlar



diffusion. For instance, distillation involves the vapor and liquid phases, liquid
extraction involves two immiscible liquid phases and absorption involves the gas
and liquid phases. In each case, a concentration gradient is the driving force for the
molecular diffusion. Diffusion is also important in many other fields, as for example,
in biological systems, in certain aspects of pollution control, and in the separation
of isotopes.

From practical considerations, the molecular diffusivity is an important trans-
port property for predicting the mass transfer coefficient for the design of a separa-
tion process. From theoretical considerations, a knowledge of molecular diffusivity
in liquids is useful in understanding the mechanism of diffusive transport in liquids
and the structure of liquids. It is noted that the study of diffusion processes in the
gas phase are also important in the chemical process industries, particularly in the
analysis of transfer rates in microporous catalysts of catalytic reactors. However,
this research is limited to diffusion processes in liquids, and more particularly to
diffusion processes for dissolved gases in liquids, to reduce the scope of this research
for practical reasons.

There are two general classifications of diffusion coefficients, with special types
within each classification. The nomenclature used in the literature is often con-
fusing; therefore, the definitions of the various classes of diffusion coefficients will
be summarized below. The first general class of diffusion coefficients are called
inter-diffusion or mutual diffusion coefficients which can be explained based on the

following experiment. When two liquid solutions containing the same species buc

(&



at different concentrations are put in contact with cach other, the components will
diffuse to eleminate any concentration gradients. A nect flux of the various com-
ponents can be observed. The diffusion coefficients which pertain in this situation
are called inter-diffusion or mutual diffusion cocfficients. Diffusion coefficients at
infinite dilution are a special type of inter-diffusion cocfficients determined for a
system in which the solute species is present ouly in very low concentrations. The
determination and correlation of diffusion coefficients at infinite dilution are the
subject of this study. In this work, we shall refer to the diffusion cocfficients at
infinite dilution simply as diffusion coeflicients or diffusivities, and shall use the
notation D4 g to represent them. The diffusivities at infinite dilution of each of the
components in a solution represent a limiting case for the inter-diffusion coefficients.

The second general classification of diffusion coefficients are termed intra-diffusion
or tracer diffusion coefficients. When there exists a solution of uniform composi-
tion, no net mass flux can be observed. However the molecules are still in dynamic
motion. If it is possible to label a group of otherwise similar molecules (for exam-
ple, by radioactive isotopic substitution) and observe their motion, one can obtain
the intra-diffusion coefficient which describes the motion of molecules within an es-
sentially uniform environment. The self-diffusion cocfficients are a special type of
intra-diffusion coefficients for a system that consists of only one chemical compo-
nent, and represent a limiting case for the intra-diffusion coefficients.

Diffusion coefficients in liquids are important in many theoretical and engineer-

ing calculation~, Experimental diffusion coefficient data are used whenever they are



available. However, comparatively few such data have been published. In particu-
lar, there are few data at high temperatures and pressures because of the difficulties
and the cost of experimentally determining them. Molecular diffusion of dissolved
gases in liquids forms a special class of molecules of small size in the broad category
of liquid diffusion. The first objective of this work was to measure the diffusion
coefficients of propene gas in various solvents at different temperatures and pres-
sures. The diffusivity data for these solute-solvent pairs are considered new in the
literature; therefore, the measurements are intended to broaden the available data
base.

The solute-solvent pairs investigated in this study are chosen for the following
reasons. First, these systems are useful in industrial chemical processing. Second,
the use of these diffusivity data allows one to investigate the diffusion process over
a wide range of molccular sizes, shapes and masses. Third, there are no such
diffusivity data available in the literature.

Diffusion in liquids is more difficult to understand than in either solids o1 low-
density gases, because of the additional complexities introduced from different types
of molecular association in liquids, a variety of molecular motion and intermolecular
forces. At present, no completely theoretical equation for predicting the diffusion
coeflicients in liquids is available. Thus empirical and serni-empirical correlations
for predicting diffusion coefficients play an important role in design calculations
and for other purposes in engineering. However, the predictions based on these

correlations sometimes may differ from the experimental values by more than 50%,



and most of the correlations were designed for moderate temperature range and for
atmospheric pressure. It is clear that the available correlations are only partially
successful, and thus the problem of accurate prediction of diffusion coefficients at
different conditions still remains to be solved. The second objective of this study
was to examine available predictive equations and develop correlations for predicting
diffusion coefficients for some specific solute-solvent systems. Finally, the effect of
pressure on diffusivity of gases in liquids has been a major component of this study.

In addition tc the primary goal of data acquisition and interpretation, some
contribution in the area of experimental techniques for measuring the diffusivity
for a broad range of conditions was made. An apparatus was constructed for the
measurement of diffusivities at high pressures and temperatures. In addition to

diffusivity measurements, gas solubilities, as well as densities and viscosities of the

solvents used in this study, were also measured.
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Chapter 2

LITERATURE SURVEY

This chapter contains a brief review of the literature that is relevant to this study.
There are three sections in this chapter. In the first section, the broad classification
of diffusivity measurement methods is discussed and the critical techniques involved
are reviewed. In the second section, three theories for the diffusion process in liquids
which are used for analysis of the experimental data obtained in this study, are
reviewed. In the last section, some important correlations for the prediction of
diffusivities based on selected data from the literature, are discussed.

There is only one comprehensive review for diffusion of dissolved gases in liquids
in the literature and it is by Himmelblau {1]. In this review, some of the theories
and correlations which were developed at that time were discussed. Many different
techniques for measuring the diffusivities of dissolved gases in liquids were alse
described. The author also summarized the gas-liquid diffusivity data available in

the literature up to 1964.



2.1 Experimental Techniques and Devices

Different techniques have been employed for the measurement of diffusion coeffi-
cients of dissolved gases in liquids as reported in the literature. It is noted however
that the diffusivity data reported in the literature show large variations, in certain
instances, depending on which technique or device is used. This fact indicates that
at least some of the devices used do not give reliable diffusivity results.

The most widely used methods to determine molecular diffusion coefficients
of dissolved gases in liquids are to measure the mass transfer rate of gas into or
out of a liquid phase, or to measure concentration gradients along the path of
diffusion. Almost all the methods employ Fick’s first and/or second laws as a basis
for determining the diffusion coefficients. The difference between the methods lies
mainly in the boundary conditions and in the analytical procedures used. Difficulties
encountered during measurement have often arisen because of convection currents

or bulk movement of the test solution due to vibration, or temperature fluctuation.

2.1.1 Methods for the Measurement of Diffusivities of
Dissolved Gases in Liquids

Diffusivity measurement techniques can be classified depending on whether the
solvent is flowing or is stagnant. The various techniques are further classified as

follows:



A. Liquid in motion

I. gas absorption in laminar flow systems
1. laminar jet
2. wetted wall column

3. flow over a wetted sphere

II. Taylor dispersion in a capillary tube
B. Quiescent liquid

I. diaphragm cell technique with diffusion through pores of the diaphragm

II. open-tube technique with non-steady state absorption rate determined

volumetrically through the gas-liquid interface

IIT. techniques utilizing capillaries

p—

. diaphragm consisting of multiple capillaries

b

steady-state capillary cell

et

single open-ended capillary cell operated in a transient desorption

mode
IV. bubble dissolution technique with gas absorption from gas bubble

1. bubble adhering to a flat surface

2. for a constant bubble size

For all the techniques mentioned above, the concentration gradient falls into one of

three categories: (1) steady-state, corresponding to a concentration gradient which,



once established, is time independent; (2) pseudo-steady state, which shows some
time variation, but closely approximates a steady-state process and (3) non-steady
state, which is time dependent or transient. Various methods have been utilized
for generating the necessary concentration gradients for the various measurement

techniques. Some of the experimental techniques will now be described in more

detail in the following sections.

2.1.2 Description of Experimental Techniques

Gas absorption in laminar flow systems

Several different techniques have been devised for determining diffusion coeffi-
ceints of gases in liquids by measuring gas absorption rates in solvents which are in
laminar flow under precisely controlled conditions. In these metl.ods, if the absorp-
tion rate can be independently measured and the velocity profile in the liquid can be
accurately described, the rate of molecular diffusion into the exposed liquid surface
can be determined. A commonly used device involves the laminar fiow of solvent in
the form of a jet of circular cross-section [2] - [11], another involves a wetted-wall
column [12] - [15] and a third device involves the flow of a thin film over a sphere
[16]. All these techniques have a non-steady state concentration gradient at the
solvent surface, and they have the advantages of being fast and being relatively
insensitive to mechanical vibrations as well as to minor fluctuations in temperature
and/or minor changes in the concentration gradient. Unfortunately, end cffects are

often very significant in these devices because they cause some uncertainty in the
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velocity profiles at the inlet and outlet. The uncertainty in hydrodynamics results
in deviations from the idealized hydrodynamic models which are used for calcula-
tion of the diffusion coefficients. The other limitation of these techniques is that the
accuracy of the measured diffusivity depends greatly upon the accuracy of the gas
solubility data which pertains. An error of 1% in the gas solubility will introduce

an error of about 2% in the calculated diffusivity.

Taylor dispersion technique

In this technique, a small sample of a dilute solution is introduced as a pulse
into a solvent which is in steady laminar flow through a capillary tube. According
to the analyses of Taylor [17,18] and Aris [19], the combination of flow in the axial
direction and molecular diffusion in the radial direction causes the injected pulse of
solute to disperse axially. At the far end of the capillary tube, the concentration
distribution along the tube is considered to be gaussian, and the variance to be
inversely proportional to the diffusion coefficient of the sclute in the solvent. The
Taylor dispersion technique was first used for measurement of diffusivities in the
gas phase {20], then a number of workers modified this technique to determine
diffusivities of dissolved gases in liquids [21]-{28]. The application of the Taylor
dispersion technique to high temperatures and pressures has been demonstrated in
a number of recent papers [28]-[32]. This technique has several advantages: (1)
no gas-liquid interface is present, (2) no calibration is necessary, (3} a knowledge

of gas solubility is not required, (4) it is a relatively fast method, and (5) it is

10



easily adaptable to extremes of temperature and pressure. This is the experimental

technique utilized in this study for diffusivity measurements at elevated pressures,

and a detailed description will be given in Chapter 5.

Diaphragm cell technique

A diaphragm cell consists of two chambers filled with different concentrations of
solute, separated by a porous sintered-glass or metal diaphragm. When a steady-
state rate of diffusion occurs across the diaphragm, then the diffusion coeficient
can be determined by accurately measuring the changes in concentration on each
side of the diaphragm over a specified period of time. Since the dimensions of the
channels for diffusion cannot be determined by direct measurement, each cell has
to be calibrated by means of a solute-solvent pair of known diffusivity. However,
the cell constant is a function of viscosity and concentration of the solution in-
volved, and therefore, the calibration must be performed using a solution having
physical properties similar to the one under investigation. This is a disadvantage
of the diaphragm cell technique. With sparingly soluble gases there is an inherent
difficulty in measuring small concentration changes in the solutions and ensuring
that there is no loss of gas on sampling the solution. A number of workers have
used this techniques to measure the diffusivities of dissolved gases in liquids {33] -
(38], and McCool and coworkers [39,40,41] extended this technique to measure the

self-diffusion coefficients in liquids at elevated pressures.
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Open-tube technique

In the open-tube technique, the diffusion ceofficient is determined by measuring
the transient rate of absorption of gas through the gas-liquid interface. The expen-
mental methods described in the literature differ mainly in the size and shape of the
gas-liquid interface {42,43]. Reamer, Sage and coworkers [44] - [49] used the open-
tube method to measure diffusion coefficients of methane, ethane and n-butane in

liquid hydrocarbons under pressure,

Techniques utilizing multiple capillaries

Ross and Hildebrand [50] measured diffusion coefficients of gases in liquids by
using a modified diaphragm cell. The 'diaphragm’ consisted of a large number
of capillary-sized holes drilled in a plate. Nakanishi et. al. [51] modified the
'diaphragm’ so that it contained a bundle of hypodermic tubes imbedded in a solder
plug. These cells required no prior calibration since the diffusion path dimensions
were known; thus the diffusivity could be calculated directly from a knowledge of
the gas absorption rates.

Recently, Comb and Field [52,53] proposed a technique which combined the
open-tube technique and the multiple-capillary diaphragm technique, for measuring
diffusion coefficients of gases in liquids. In this method, the gas solubilities and

diffusion coefficients can be simultaneously determined.



Steady-state capillary cell technique

The steady-state capillary cell techinque for measuring diffusion cocfficients of
gases in liquids was developed by Hayduk and coworkers [54] - [61]. A column
of degassed solvent is confined in a capillary, one end of which is connected to
a reservoir of degassed solvent and the other is exposed to dissolving gas. The
flux of gas is measured by observing the movement of a gas-saturated solvent bead
in the capillary. Bused on the gas solubility and the shrinkage rate of gas inside
the capillary, the diifusion coefficient can be determined. This technique does not
require any chemical analysis and the structure of the cell and the experimental
procedure are relatively simple. Therefore, it is employed for the measurement of
diffusion coefficients at atmospheric pressure in this study, and a detailed description

will be presented in Chapter 5.

Open-ended capillary cell technique

The open-ended capillary cell technique involves the transient effusion of solute
from a capillary into a much large volume of solvent. The technique becomes
disfavour because of the analytical difficulty of determining the exact amount of
solute in an extremely small volume of solution, and alsc because the end cffects of
this technique were found to be significant introducing errors in the results. The
use of the open-ended capillary cell technique for self-diffusion and mutual diffusion
coefficients measurements had been extended to high pressures by Hildebrand and

coworkers [62,63]. Naghizadeh and Rice [64] utilized the same method to measure
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self-diffusivities of several liquidified gases at elevated pressures.

Gas bubble dissolution technique

The gas bubble dissolution technique involves suspending a small gas bubble
in a degassed solvent and measuring the rate of shrinkage of the bubble which is
equivalent to measure the gas absorption rate. The gas bubble dissolution technique
is assumed to obey a pseudo steady-state boundary condition. This technique is
attractive because it gives a direct measurement of the gas absorption rate, it is
rapid, and it is also relatively easy to analyse because of the essentially spherical
geometry of the liquid surrounding the bubble. However, this technique is very
sensitive to vibration and other sources of convection. A number of workers used
this technique for the measurement of diffusivities [65]-[72]. De Blok and Fortuin (73]
reduced convection resulting from the shrinking effect in the gas bubble dissolution
technique by maintaining the gas bubble at a constant size. This was made possible
by adding gas through a syringe needle.

This concludes a brief survey of the measurement techniques for diffusion coef-

ficients of dissolved gases in liquids.

2.2 Theories Concerning Diffusion in Liquids

The structure of liquids is complicated by the dense packing of the molecules;
the time-average distance between molecules in liquids is very small so that inter-

molecular forces are significant. However, the effects of these intermolecular forces
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cannot be easily taken into account mathematically, because the molecules are not
confined to fixed lattice sites as they are in solids. Therefore, the diffusion in liquids
is more difficult to understand than in either solids or dilute gases. Various theoret-
ical models of the diffusion process in liquids have been reported. However, none of
these theoretical approaches has yielded equations that can predict diffusion coeffi-
cients with satisfactory accuracy for all systems. The most important contribution
of these theoretical models is to provide a basis for correlation and extrapolation of
data. In this section, three theoretical approaches for diffusion in liquids are pre-
sented, namely, the hydrodynamic theory, the Eyring rate theory, and the kinetic

theory of rough hard spheres. These three approaches will be used in Chapter 6 in

the interpretation of experimental results.

2.2.1 Hydrodynamic Theory

For a single particle moving in a fluid medium, Brownian motion theory shows
that for the case where there is no correlation of molecular motions, the diffusion

coefficient is inversely proportional to the frictional coefficient £.

Dap = % (2.1)

The above equation is also known as the Nernst-Einstein equation and is the starting

point for the hydrodynamic theory.

It was shown that the £ can be calculated for a rigid sphere of radius r4, moving
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through medium B having shear viscosity of ug, from classical hydrodynamics [74]:

= 2up + 148
f = 61‘&'[15'."4 (m) (22)

In the above equation, 3 is the coefficient of sliding friction between the diffusing

molecule and its surroundings. There are two possible limiting forms, namely:

1.

o

When there is no tendency for the fluid to slip over the surface of the sphere,

B = co for this situation; therefore equation (2.1) becomes

_ kT
- 6mupra

Das (2.3)

This is the well known Stokes-Einstein equation and is known to apply for the

case where the size of the solute molecules is very large compared to the size

of the solvent molecules.

When the fluid slips over the surface of the sphere, then § = 0, and the

equation (2.1) reduces to:

kT
Dig= 3
TEBrA

(2.4)

This equation may be expected to give a better correlation for data for solute-

solvent pairs for which the molecular sizes are comparable.

There have been many attempts to develop a rigorous hydrodynamic approach

to diffusion, but the problems involved are many, both conceptually and computa-

tionally. For example, the Stokes-Einstein equation applies, at best, only for the

case where the size of solute molecules is much larger than those of the solvent; that

is not true for the gas-liquid systems investigated in this work. In this research,
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the size of solute molecules was slightly smaller than those of the solvents. Also, if
the solute is not spherically symmetrical, then three frictional coefficients instead
of one are required {75].

Although the hydrodynamic approach is based on an over-simplification of liquid

structure, it has provided the starting point for many empirical correlations, such

as Wilke-Chang correlation.

2.2.2 Eyring Rate Theory

The Eyring rate theory attempts to explain diffusion and other transport phe-
nomena in a way analogous to the activated state approach to kinetic reaction rate
constants. The development is based on the hole theory of the liquid state which
describes diffusion as a process in which molecules move from a given position into
an adjacent hole in the liquid structure.

The first application of the rate theory to diffusion process was given by Eyring
[76]. By assuming that the liquid maintains a lattice type structure, it is possible

to express the diffusion coefficient as {77):

_ Fp kT (—AGD)
Das =g X\ RT

In this equation, A is a jump distance, and AGp is the difference in Gibbs energy
between the "normal” molecules and those in the activated state. This approach has

had success as the basis of several predictive equations, such as that of Olander [78]

and Akgerman and Gainer {79,80], because the diffusion coeficient is observed to
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follow the exponential dependence of equation (2.5) over a fairly wide temperature
range.
The chicf use of the Eyring rate theory arises when it is combined with Eyring’s

expression for viscosity:

F, X\ (

= nex 2.6
= R PART .
In the above expression, .\; is the distance between two adjacent layers, A; and A3
are the distances between two neighboring molecules in a layer perpendicular to,

and in the direction of motion, respectively. Combining equations (2.5) and (2.6),

the result is:

_KTFF, M (AG,,—AGD) 2.1)

Daupg = —-D
A o Fi s ¥ R,T
By assuming that {1) the processes of diffusive and viscous flows are identical, so
Fp = F,, Fj = F; and AGp = AG,, and (2) the intermolecular distance can be

related to the molar volume as:

Thus, equation {2.7) becomes:

@)

Dyg=—
H

(2.8)

There is cxperimental evidence suggesting that values predicted utilizing Eyring’s
approach in the form of equation (2.8) are not accurate. Thus, equation (2.8) only

gives value of diffusivity, of the correct order of magnitude.
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2.2.3 Rough Hard Sphere Theory

The rough hard sphere (RHS) approach to diffusion and other transport pro-
porties is one specific result in the broad field of kinetic theories. In compact form,

the RHS mutual diffusion coecfficient is obtained as the product of four terms:

_1
9(oas)

The rough hard sphere approach begins with an analytical expression for diffusion

D4p = DHZS C(oa,08,ma,mp, V) F (2.9)

in a dilute gas, scales this expression to the moderately dense region with the radial
distribution function g{c.g), then applies two more corrcction terms, C and F,
accounting for correlated motions and exchanges of rotational and kinetic energics.
The terms in equation (2.9) are discussed briefly:
The first term D#EC is the mutual diffusion coefficient for a low density hard
HSG

sphere gas. The expression for D3¢ was derived by Chapman and Enskog [82]

with the following assumptions:

1. molecules are spherically symmetrical and smooth.

o

the mean free path is large compared to the diameters of the molecules.
3. all collisions are binary.

4, the collisions are perfectly elastic and instantancous.

5. there is no correlation between position and velocity vectors of molecules.

6. there are no force fields affecting the molecules on their flight between colli-

sions.
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For the above conditions, the expression of D¢ can be written as [82]:

3 kT fmqa4+m ]‘/2
HSG _ L (faT B 2.10
Dz 8noig 21.'( mamg ) ( )

In the above expression, n is the number density (molecules/volume), gap is the
average collision diameter of the solute and solvent molecules and m4 and mpg are
t1e molecular masses of solute and solvent.

As the density of the fluid increases, the assumptions of no correlation between
position and velocity vectors of molecules and binary collisions are not applicable

foir real molecules. Enskog [82] showed that:

TIDAB _ 1
(nDZE%)  g¢(oas)

(2.11)

In this equation, nD,p is the number density times the diffusivity at moderate
density, and (nDgg)° is the same quantity at low density, and g(o45) is the radial
distribution function for hard spheres evaluated at a particular contact distance.
The cffect of g(o48) is to correct the dilute gas diffusivity for the increased frequency
of collision in the denser gas.

The radial distribution function g(o4g) can be considered as a correction term
relating diffusivities in dilute gas to that in moderately dense gas. This function
depends on the composition and molar volume of the mixture and on the diame-
ters of the constituent molecules. For an infinitely dilute solution, g(o4p) can be

obtained by using the following expression [83]:

_ 1 3pos o4
9(oas) = - +(1_¢),(ad+03) + 3T —9)en (2.12)
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In the above expression, ¥ is the packing factor for hard sphere assemblies. For the

infinitely dilute case (n4 = 0), ¢ can be obtained by using the following expression
[83]:

_ Tnpoy

=%

(2.13)

At liquid densities, it is found that the assumption of uncorrelated velocities
breaks down completely. The diffusion coefficients calculated from the first two
terms of equation (2.9) were found to differ significantly from experimental values.
The deviation from the Chapman-Enskog theory is considered to result from two
phenomena, namely backscattering and vortex motion. At high densities (p >
1.5p.) and for low solute to solvent mass ratios, the diffusion coefficient is decreased
by backscattering. It is considered that the solute is tempora.rily trapped in a
"cage” for a time corresponding to several collisions before it can move on. At
somewhat lower liquid densities (p < 1.5p.) and of higher solute to solvent mass
ratios, it has been shown that a vortex of neighbor molecules forms around the
diffusing molecule, acting to increase its diffusion coefficient (and velocity) above
that predicted by Chapman-Enskog theory [28]. The term C(o4,08,m4, mg, Vp)
in equation (2.9) corrects the Enskog theory for densities in the region of liquid
densities for backscattering and vortex formation. The factor C is defined as:

D3y
C(os,08,m4,mp, V) = (DHE%/g(oaB)) (2,14)

In the above expression, D325 represents the diffusion coefficient of smooth hard-

spheres. The factor C cannot be obtained analytically. Chen et. al. [23] reported

21



the values of C for various solute-solvent mass and size ratios at various specific
volumes by interpolating or extrapolating from existing computer simulation results
on hard-sphere fluids.

In collisions between polyatomic molecules, it is possible that kinetic and rota-
tional energy can be exchanged, violating the smoothness assumption of the Enskog
theory. Chandler [84] has discussed this phenomenon and has shown that a rough-
ness factor F should be introduced to account for this. The effect of coupling

between rotational and kinetic energy is to reduce the diffusion coefficient, so that:
0<F<1 (2.15)

The constant, F, is essentially independent of density and temperature. Several
workers [83,84] proposed values of F for different systems.
Dymond [85] has shown that computer calculations for self-diffusion coefficients

of hard sphere molecules can be fitted accurately to the following expression:

2,306 x 10-5(T/M)\/?

D VR

(V — 1.384V,) (2.16)

In this equation, M is the molecular weight, V is the molar volume of the liquid

solution and V, is the closed-packed hard sphere volume defined as:

3
Noy

V2

Based on Dymond’s result, Chen et. al. [26] and Matthews [28] have introduced

Vo= (2.17)

an expression which is equivalent to equation (2.9) in terms of the molar volume of

o]
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the solution.

Dug __ const. (mA 4+ mpg

\/T—- 0?43

In the above expression, a is a constant for a given solute-solvent pair and the

1/2
ALTE) la(v -t =alv = Vel (219)
constant b has been found empirically to be 1.358 [75]. For infinite dilution diffusion
coefficients, the constant, Vp, should depend only on the solvent. The constant, ¥,
will depend on both the solute and the solvent, and should be inversely proportional
to the 45 and the square root of the reduced mass (m4 + mg)/mamy.

The RHS theory has been shown to be useful in interpreting diffusivity data in
a number of systems. The physical approach of the RHS theory, while imperfect, is

perhaps more sound than those for the hydrodynamic or Eyring rate theories.

2.3 Correlations for Prediction of Diffusion

Coefficients at Infinite Dilution

In the absence of a satisfactory theory of the liquid state, it is not possible to
provide any exact picture of the diffusion phenomenon in liquids. Therefore, no
completely successful theoretical equation for predicting diffusivities in liquids has
yet been developed. A large number of correlations are found in the literature for
prediction of diffusion coefficients in liquids, however, most of these correlations
are either semi-empirical or entirely empirical in nature, and they all have certain
limitations regarding the classes of liquids and/or the temperature ranges in which
they can be applied. Most of the correlations are based on properties that can he

readily measured or estimated such as viscosity, molar volume etc.. Ghai, Ertl and
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Dullien [86,87], Reid et. al. [88,89], and Hayduk [90] reviewed the correlations that
were developed for predicting diffusivities at infinite dilution.

The diffusion coefficient of a solute at infinite dilution in a solvent implies that
each solute molecule is in an environment of essentially pure solvent. In engineering
work, a diffusion coefficient at infinite dilution, D%g, is considered to be applicable
for concentrations of solute of up to &, or perhaps 10 mole percent.

Some of the important or recently developed correlations for prediction of diffu-
sivitics at infinite dilution are reviewed in this section and are discussed under the

following headings:

1. general correlatons for all types of solutes in all types of solvents.

1o

correlations for dissolved gases in liquids.
3. correlatious for liquid n-alkane systems.
4, correlations for water as solvent.

The purpose for making the different classifications is that correlations devised for a
limited amount of data for chemically similar systems usually yield a lower error of
prediction, or are simplier in form, than those for general case that includes widely
different solvent and solute properties. To keep the correlations in their original
forms, the units of the diffusivity are retained as cm?/s, of the viscosity as ¢p, and
of the molar volume as ¢cm®/mole and are used for the correlations presented in the

following subsection.
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2.3.1 General Correlations for Prediction of Diffusivities at

Infinite Dilution in Liquids
Wilke and Chang correlation

Wilke and Chang [91] developed a classic correlation which is one of the most
widely used and referred to in the literature. 'L'le Wilke-Chang equation is an
empirical modification of the Stokes-Einstein equation. The correlation can be

expressed by the general equation as:

(BMp)/*T

-8
D;B =T.4x10 .UVE&G

(2.19)

In the above equation, u is viscosity of solution in centipoise, and ¢ is the association
parameter. The authors proposed that & = 1.0 for non-associated solvents, ® = 2.6
for water, ® = 1.9 for methanol, and ¢ = 1.5 for ethanol, and defined ®Mp being
the ’effective molecular weight' with respect to the diffusion process.

Hayduk and Laudie [59] examined the literature data for diffusion in aqueous
solution at 298.15 IK. They proposed that a revised association parameter for water
of 2.26 instead of 2.6 improves the accuracy of the Wilke-Chang equation for dif-
fusivities in water. An average error of about 10% was noted when 285 data were
tested by the authors. However, it has been found that this correlation should not

be used when the solute is water and for highly viscous solvents.
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King, Hsueh and Mao correlation

King, Hsueh and Mao [92] presented a correlation which was based upon the em-
pirical observation that Du/T was nearly constant for self-diffusion. They utilized
the latent heats of vaporization as a measure of the intermolecular forces involved.

The expression is:

T\ (Vig\ Vo [ AHg\ 2
o __ ~8f + b8 B
D%p =44 x 10 (#B) (VM) ( 2 HA) (2.20)

This correlation has worked satisfactorily for solutes which have a small molecular
size or are polar, but it still results in serious error for polar solvents of high viscosity.

Also, it is found generally inaccurate for diffusion coefficients in aqueous systems.

Tyn and Calus correlation

Based on Stokes-Einstein equation, Tyn and Calus (93] utilized the ratios of the
molecular sizes and of the parachors as measures of molecular interaction and they

proposed the following correlation:

o /Vea\V8/ Pg\98/ T
D%, =893 x 10 8(—-) (._,,) (—) 2.21
AB .VE;ZB PA 4B ( )

The parachor 1s related to the liquid surface tension as follows:
P, = Vst (2.22)

In the above expression, S; is the surface tension in dynes/cm, and V; is the molar
volume in e¢m3/mol, both measured at the same temperature. It has been found

that over a moderate temperature range, the parachor is essentially constant.
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When using the Tyn-Ca.lus correlation, several specific rules are noted: (1) The
correlation should not be used for diffusion in viscous solvents {ug > 20cp); (2)
If the solute is water diffusing in organic solvents, the water is considered to be a
dimer so that appropriate values of V4 and P, should be used; (3) If the solute
is an organic acid and the solvent is other than water, methanol or butanol, the
acid should be considered as a dimer with double the values of V4 and Pg; (4)
For nonpolar solutes diffusing in monohydroxy alcohols, the value of Vg and Py
should be multiplied by a factor equal to 8ug ,where up is the solvent viscosity in
centipoise.

This correlation was tested by Reid et. al. [89] for a number of systems. They

concluded that this equation gave estimates of diffusivity with errors normally less

than 10%.

Hayduk and Minhas correlation

Hayduk and Minhas [94] modified the Tyn and Calus correlation to get slightly

improved results. Their correlation based on the parachor values is:
Dp = 1.55 x 107371, 509y, 50 B pro42 pps (2.23)

The same authors also used the molecular radius of gyration, R, to describe the
effects of molecular size and shape on the diffusion process in liquids and proposed

an equation as follow:

Dle = 6.916 x 10—10T1.?#ED.BR;0.4R%2 (224)
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Equation (2.23) was tested for 756 data and average error of 13.9% was reported by
the authors. It isimportant to note that when using the Hayduk-Minhas correlation,

the same specific rules apply as in the Tyn-Calus correlation.

Siddiqi and Lucas correlation

Siddiqi and Lucas [95] developed a correlation based on the assumption that the
viscosity of the solvent and the molecular volumes at the boiling point of the solute
and solvent are adequate measures for the intermolecular forces associated with the

diffusion process. The working equation for organic liquid mixtures is :
Djp = 9.89 x 107 Tup™ "V, 45V "% (2.25)

This equation was tested for 1275 data points and an average error of 13.1% was

reported by the authors.

2.3.2 Correlations for Prediction of Diffusivities of Dissolved

Gases in Liquids
Hayduk and Cheng correlation

Hayduk and Cheng [56] proposed a hypothesis that diffusivity of a solute in
a dilute solution depended only on the solvent viscosity. A relation of the follow-
ing form has been found to apply to systems in which there is no association or
complexing.

D3 = eu (2.26)



In the above equation, € and { are constants which are only dependent on the solute
properties. This equation is useful to predict diffusivities of a solute in various

solvents if diffusivity values are known in at least two solvents of known viscosities.

Akgerman and Gainer equation

Akgerman and Gainer [79,80] developed an equation for prediction of diffusion
coeflicients of dissolved gases in liquids. This correlation was based on the absolute

rate theory of Eyring, and the working equation is:

o kT ( N )1/3(MB)1/2 (E,, - ED)
= <= 2.27
B =\ Vs ) P BT (2.27)

In the above equation, €4 is the number of solvent molecules around the central

solute molecule A, and it was defined by the authors as:

VbA)UB

€4 =6(V55

(2.28)

The activation energy difference is calculated from the jump energies associated

with different molecules.

: EJ N 1
E,—Ep= E’BB[l - (E;M) : ] (2.29)
BB

In the above expression, Eﬂ 4 and Ehg are the jump energies for solute and solvent

respectively, and these are calculated from the following equations:

Ryl (%) + %5 (%)

Ejg=- I 1 (2.30)
Ty Tz
EJ , = 5875.3M ;%1% (2.31)

29



This equation can be used for small gas molecules such as hydrogen and helium and

for solvents having high viscosities (ug > Scp).

Sovovd correlations

Sovova [96] applied the hypothesis proposed originally by Hayduk and Cheng

[56] to develop correlations. The general working equation is:

n
D3y = 14.8 x 10-5%;% (2.32)

In the last expression, f=1.0 and n=-1.15 for water as solvent, f=1.8 and =-1.15
for solvents of aromatic hydrocarbons and their derivatives and f=2.28 and n=-0.50

for solvents of aliphatic hydrocarbons and alcohols.

Sridhar and Potter correlation

Sridhar and Potter {97) combined Hildebrand's expression for gas-liquid diffu-
sion and Dullien’s expression for self-diffusion; they came up with a correlation for

diffusivities of gases in liquids. The expression is:

Vol R,T 1

D%g = 0.088 N gV chff (2.33)
The value V* is determined as follows:
V*=0.31Vep (2.34)

This correlation should not be used for gases like hydrogen and helium.
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Umesi and Danner correlation

Umesi and Danner [98] developed a correlation for predicting diffusivities of hy-
drocarbon gases in nonpolar solvents. Those authors ulitized the radius of gyration
to define the size-shape relationship which was considered to be the predominant

factor in determining the diffusivity. The expression is:

=275 x 10~ [ ] 2.35
B ”FB 2/3 ( )

The equation can be extended to the cases of dilute nonpolar or polar solutes

diffusing in nonpolar solvents.

2.3.3 Correlations for Prediction of Diffusivities of n-Alkane

Systems

Lo correlation

Lo [99] studied the binary systems of several n-alkanes. He gave the following re-
lationship between mutual diffusion coefficient at infinite dilution and self-diffusion

coefficient of the solvent (Dgg).

1
0.1964 — 0.06785Ng

D%g = Dps + x 107° log %r;‘- (2.36)

In this equation, N4 and Ng are the numbers of carbon atoms in the solute and
in the solvent respectively. This correlation is limited for prediction of diffusivity
to substance for which the self-diffusivity is known as a function of temperature. A

shortage of the necessary data in the literature for self-diffusion coefficients greatly
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limits the application of this correlation. An average error of 3.46% was reported

by the authors based on 27 systems.

Hayduk and Minhas correlation

Hayduk and Minhas [94] developed a correlation from a viscosity-diffusivity

‘map’ for n-alkanes. The following correlation was proposed:

L3_g59
D5p = 13.3 x 10-8T 4Ty ppa 7 -0 (2.37)

The above equation was tested by means of 58 data for solutes ranging from pentane
to dotriacontane and for solvents ranging from pentane to hexadecane. An average

error of 3.4% was reported by the authors.

Chen and Chen correlation

Cher. and Chen [100] proposed an empirical correlation for binary systems in-

volving long-chain hydrocarbons. The currelation was:

T 11.96
D°%p = 1.0 x 10-°—V2/3, (———- - 0.8796) 2,38
AB LB -] V;{a ( )

in the above equation, v is a parameter depending on the group of solutes and
solvents. For example, it is equal to one for n-alkane solvents. The authors reported

that the average error was 5.8 % for n-alkane systems based on 84 data points.



Matthews correlation

Matthews [28] proposed a correlation for diffusivities for n-alkane systems based

on the RES theory. The working equation is:

o 2.99
j’f‘; = 15.8 x 1079 M ;156 (gﬁ) (Vs — Vp) (2.39)

The constant, Vp, is estimated as follows:
Vp = 0.308Ves (2.40)

In the above equation, D%y is in m?/s, T is in K and molar volumes are in

x107%m3/mol. An average error of 5.5% was reported by the author.

2.3.4 Correlations for Prediction of Diffusivities in Water
Othmer and Thakar correlation

Othmer and Thakar [101] developed a correlation for predicting diffusion cocf-
ficients of various solutes in dilute water solutions based on the Eyring rate theory.

The expression is:

14.0 x 10-%

(2.41)
pi VEE

Daw =
Hayduk and Laudie [59] modified the Othmer and Thakar equation as follows:

» _ 13.26x 10°°

AW — 1.141/0.589
Hyy VbA

(2.42)

Those authors reported that equation (2.42) gave better results than equation (2.41)
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Hayduk and Minhas correlation

Hayduk and Minhas {94] proposed a correlation for predicting diffusivities of

various solutes in water solvent. The correlation is:
Dy = (L25V;20%9 — 0.365) x 10~8u a2 (2.43)
An average error of 3.4% was reported by the authors based on 237 data points.

Siddiqi and Lucas Correlation

Siddiqi and Lucas [95] proposed a correlation for aqueous solutions including

dissolved gases. The proposed equacion is:
Diyw = 2.98 x 107 T upt 0%y, 2547 (2.44)

An average absolute error of 19.7% for 6358 data points was reported by the authors.
This concludes a brief review of the correlations for diffusion coefficients at

infinite dilution for specified systems as available in the literature.
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Chapter 3

DEVELOPMENT OF NEW
CORRELATIONS

Investigations in which changes of only one physical variable at a time, such as
temperature, pressure, or concentration of solute during measurement of diffusion
coefficients are considered as fundamental tests of these particular variables on the
diffusion process. These fundamental investigations are useful for understanding
the diffusion process and for developing models for the diffusion process.

In this work, only diffusion coefficients at infinite dilution are considered. Thus
the effect of concentration of solute on the diffusion coefficient can be considered
negligible because the concentration of the solute is relatively low in every case. The
correlations proposed in this chapter are for the prediction of diffusivities in liquids
at atmospheric pressure, thus the effect of pressure on diffusivity is not considered
at this stage. Therefore, of the vaniables mentioned, only the cffect of temperature
on diffusivity is discussed in this chapter.

Also in this chapter, three new correlations are present:d for the prediction



of diffusivities for specific type of solutes and/or solvents in each case. The first
correlation is for the n-alkane systems, the second is for dissolved gases in organic
solvents, and the third correlation is for dissolved gases in water. These correlations
are discussed and compared with correlations found in the literature. The reasons
for developing correlations for specific solute-solvent systems instead of a single
general correlation are that these correlations usually give better predictions of

diffusivity and are simplier in form.

3.1 Effect of Temperature on Diffusivity in
Liquid

Most equations developed to predict diffusivities in liquids contain the temperature-
dependent variable, the liquid viscosity. Because the viscosity of liquid is highly
dependent upon temperature, a test of these equations for changes of only the tem-
perature is not possible. In the literature, only two equations can be found relating
diffusivity to temperature without involving any temperature-dependent variable.
The first one describes the temperature dependence of diffusivity by utilizing a form

of the Arrhenius equation:

—-K

D=k exp (?2) (3.1)
In the expression above, &, and x; are constants, and the «; can be identified with
Ep/R, in which the term Ep is the free activation energy for diffusion. Equation
{3.1) is based on the linear relationship observed in the plot of logarithm of diffu-

sivity versus the reciprocal of absolute temperature. The second equation, slightly
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different in form, also describes the temperature dependence of diffusivity:

D = k3T exp (T) (3.2)

In this equation, x3 and x4 are also constants. Equation (3.2) is based on the work
of Eyring rate theory.

In this study, the applicability of the two equations shown above was tested
by means of experimental data found in the literature. The data consisted of
mutual and self-diffusion coefficients at infinite dilution involving many different
solute-solvent systems; for each system there were data for at least three different
temperatures. Totally 296 systems (2325 diffusivity data) for gas and liquid solutes
in liquid sol;rents were tested. The temperature range of the data was from 194.65
K to 561.65 K.

The parameters in equation (3.1) and equation (3.2) were estimated for each
system by using the nonlinear least squares criterion. A computer package named
NLIN from SAS library at University of Ottawa was utilized for nonlinear regression
analysis, and Marquardt’s method was employed in NLIN. There was no evidence of
lack of fit based on the observation of residual plots. Therefore, it is considered that
both equations (3.1) and (3.2) can describe the effect of temperature on diffusivity
for most of the solute-solvent systems for which data are available.

Since these two equations contain the same number of parameters (two), the
models can be compared by means of the sum of squares of residuals (§S1t). The
comparison shows that equation (3.1) gives smaller values of SSR for 156 systems,

and equation (3.2) gives smaller values of SSR for 140 systems. However, the
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differences of the values of SSR between two modcls are small; they are always less
than 3% from the average values of SSR’s. Therefore, ther= is no clear indication as
to which equation is better. Figure 3.1 is a semi-logarithm plot of diffusivity versus
the reciprocal of absolute temperature for self-diffusion of n-heptane at atmospheric
pressure. It shows that the curves representing equations (3.1) and (3.2) give values
which are very similar for temperatures between 273.15 K and 373.15 K. However,
because most of the experimental data used in this test lie in the temperature
range mentioned above, it is diffiicult to indicate which model is the better of the
two based on the test performed. The other systems tested in this work gave, more
or less, the same result as that shown in Figure 3.1. Therefore, it is concluded
that for temperature between 273.15 K and 373.15 K both equations describe the
temperature dependence of diffusivity equally well. The shortage of reliable data at
extremely low and extremely high temperatures makes it difficult to evaluate the
effect of temperature on diffusivity for wide ranges of temperature. Earlier, Simons
and Pontor [74] examined the above two equations extensively and came to the

satme conclusion.

3.2 New Correlation for Prediction of Diffusivi-

ties at Infinite Dilution in n-Alkane Solutions

Diffusion in normal alkane systems is comparatively simple because the solute
and solvent are not associated, and there »re no complex intermolecular forces

between the molecules. Hayduk and Buckley [57] stated that the mechanism of
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diffusion for long-chain hydrocarbon molecules was expected to be different from
that for spherical molecules; it was considered that for long-chain molecules diffusion
consisted of multiple displacements of chain segments rather than of molecules as a
whole. Most of the currently available correlations were developed based on either
the hydrodynamic theory or the kinetic theory; however, these diffusion theories
were derived on a basis of spherical molecules. Therefore, some of the available
correlations may be inadequate for n-alkane systems for which the molecules are far
from spherics. It is considered possible to develop a correlation specifically for the
n-alkane systems which is an improvement over existing correlations.

A new empirical correlation for prediction of mutual and self-diffusion coeffi-
cients of n-alkane solutions at infinite dilution is proposed here. This correlation
was developed by using a diagnostic technique and an iterative model-building pro-
cedure.

Onc hundred and four data of mutual and self-diffusion coeflicients for n-alkane
systems at infinite dilution were collected from the literature. A listing of the refer-
ences for the solute-solvent pairs used in this correlation is presented in Appendix
A. The temperature range for the data was from 273.15 K to 373.15 K. All diffusiv-
ity data were measured at atmospheric pressure. The solutes ranged from pentane
to dotriacontane, and the solvents ranged from pentane to octadecane. The values
of the diffusivity data were from 0.32 x 10-? to 7.30 x 10~° m?/s.

The correlation was started by using a form of equation equivalent to equation

(3.1) for the effect of temperature on diffusivity. By examining the plot of In D%
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at 298.15 K versus In M, for the n-alkane systems as shown in Figure 3.2, a linear

relationship is observed within experimental error for each of the individual solutes

and this linear relationship can be represented by:
Doy = M$? (3.3)

Therefore, the basic model form for the correlation was made up by combining

equations (3.1) and (3.3), which resulted in the following expression:

Dia =B (2 12 (3.4)

The diagnostic technique for model building was applied to equation (3.4). In
this technique, a statistical analysis is applied to the estimated parameters rather
than to the observation directly. The parameters in equation (3.4) were estimated
by means of the nonlinear regression analysis for groups of data of various solutes

diffusing in a specified solvent, for which the following relationships were obtained:

p=a+bMp (3.5)
P2 =c+dMp (3.6)
B =e+ f.‘WB (3.7)

Combining equations (3.4) and (3.6), yields the result:

2 + 1M

= )M}* (3.8

Dis =mexp (
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Figure 3.2: Plot of In D% versus In M, at 298.15 K for n-alkane systems
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The parameters in equation (3.8) were estimated by using the nonlincir least squares
criterion based on 104 data; again the NLIN package from the SAS library was
utilized.

The iterative procedure was employed for model-building at this stage. This
procedure involves three basic steps, namely, identification, fitting and diagnostic
checkiné. The procedure starts by identifying the model form, then uses an ap-
propriate estimation criterion to fit the model, and finally, the model is checked by
utilizing a lack of fit test. If the model is inadequate, then the iteration is continued
until an adequate model is obtained. By following the basic steps of the iterative

model-building procedure, the final expression of the correlation is:

2
D% = 8 Mg exp (9’ + 9°M; + 9“’""3)1\4}*“‘"5 (3.9)

The constants in the above expression are §; = 0.000318+0.000024, 6, = —483.81 %
60.03, ; = —8.317 £ 0.656, §; = 0.0166 £ 0.001, 6s = —0.504 £ 0.041 and 6; =
—0.0017 & 0.0005. In the above correlation, D3g is in em?/s, M4 and Mg are in
g/mole, and T is in K. The detailed development of this correlation can be found
in reference [102].

The plots of residuals of 104 data against predicted responses and all indepen-
dent variables for equation (3.9) were examined, and all residuals were found to be
randomly distributed in those plots. No correlation between the residuals was de-
tected. Therefore, there was no evidence for lack of fit of the proposed correlation
equation (3.9). The predicted diffusivities from the equation (3.9) are compared

with the experimental data as shown in Figure 3.3. It shows that the predicted
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results are very close to the experimental data.
Equation (3.9) was compared with the Hayduk-Minhas (2.37), Chen-Chen (2.38)
and Matthews equations (2.39) for n-alkane systems by means of the average abso-

lute percent error, defined as follows:

| ezpt'l data — predicted result |

absolute % error =
° expt'! date

x 100% (3.10)

The comparison, as reported in Table 3.1, shows that the proposed correlation has
the smallest average absolute percent error (2.78%) based on 104 data. Although
the improvement of prediction based on the proposed correlation is small when
compared with the existing correlations, a significant advantage of the proposed
correlation is that only values of temperature and molecular weights of solute and
solvent are required for the prediction of diffl;.sivities. The molecular weights are
easy to obtain and are known exactly. Thus the proposed correlation is easier to

use than any of the existing correlations in the literature. However, the propoesed

correlation is an empirical model so that extrapolation cannot be made with confi-

dence.

3.3 New Correlation for Prediction of Diffusivi-
ties of Dissolved Gases in Organic Solvents at

Infinite Dilution

Molecular diffusion of dissolved gases in liquids forms a special class of molecules
of small size in the broad category of liquid diffusion. A new empirical correlation

for diffusion coefficients of dissolved gases in organic solvents at infinite dilution has
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Figure 3.3: Comparison of experimental data and predictive results from equation
(3.9) based on 104 data
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CORRELATION AVERAGE ABSOLUTE
PERCENT ERROR (%)

Proposed equation (3.9) 2.78
Hayduk and Minhas (2.37) 3.39
Chen and Chen (2.38) 4.65
Matthews (2.39) 5.02

Table 3.1: Comparison of the average absolute percent error from the four correla-
tions for n-alkane systems based on 104 data

been proposed in this work. The correlation utilizes the viscosity of the solvents,
the critical volumes and molecular weights of the sclutes and solvents as measures of
the size, shape effects and of the intermolecular forces associated with the diffusion
process.

Three hundreds and fifty two diffusivity data have been collected from the litera-
ture. A listing of the sources for the solute-solvent pairs utilized in this development
is given in Appendix B. The data do not include those for hydrogen and helium as
solutes because the reported data for those solutes, while available in the literature,
are very inconsistent. The diffusivity data were reported for a temperature range
from 273.15 K to 433.15 K. All the data were reported for atmospheric pressure.
The values of the diffusivities were from 2.79 x 1071° to 1.88 x 10-% m?/s. For use
in the correlation. the viscosity data were taken from the literature, and the range

was from 2.07 x 1074 to 3.92 x 1072 kg/m.s. The critical volumes were estimated by
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Lydersen’s method [88], if the data could not be found in the literature. The range
of the critical volume for the solutes was from 7.34 x 102 to 3.01 x 10! m*/kmol,
and that for the solvents was from 1.18 x 10™! to 9.20 x 107! m?/kmol.

The correlation was started by using an equation having the form of equation
(3.1) for describing the temperature dependence of the diffusivity. Based on the
empirical observation from the plots of diffusivity versus various physical properties
of solutes and solvents, a seven-parameter model was initially tested. The original

form was as follows:
Dip = Brexp (%) pEVE VEy M MET (3.11)

The parameters in equation (3.11) were estimated by the nonlinear regression analy-

sis; again the NLIN package from the SAS library was utilized. The final correlation

was simplified to the form of:

"
Dip = nexp (113.)#]’9’ (-gc%f—‘,) (M MBY™ (3.12)
A

In this equation, 7, = 0.0025 = 0.00068, -y, = —514.81 + 45,00, 3 = —0.607 £0.032,
74 = 0.358 £ 0.030 and s = —0.152 £ 0.014. In the above equation, D%z is in
cm?/s, M, and Mg are in g/mole, up is in cp, Vo4 and Vg are in em®/mole and
T is in K. The residual plots based on 352 data showed that the residuals were
randomly distributed. Thus there was no evidence for lack of fit of the proposed
correlation. The results predicted by means of equation (3.12) are compared with
the experimental data in Figure 3.4; it shows that the proposed correlation can be

used for reasonably accurate predictions for most of the systems.
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The proposed correlation as expressed by equation (3.12), was compared with
four correlations for dissolved gases in liquids found in the literature and included
those of: Akgerman and Gainer (2.27), Umesi and Danner (2.35), Sridhar and
Potter (2.33) and Sovové (2.32). The parameter compared, was the average absolute
pereent. error as mentioned in the last section. The comparison is shown in Table
3.2. Basecd on the same set of data, the proposed correlation has an average absolute
percent error of 15.82%, which is the lowest among all the correlations. It can be
concluded that the proposed correlation gives better predictions of the diffusivity
of dissolved gases in organic solvents than any of the existing correlations. The
proposed correlation is an cmpirical model so that confidence for extrapolation is

limited.

3.4 New Correlation for Prediction of Diffusivi-
ties of Dissolved Gases in Water at Infinite

Dilution

It Las been found that diffusivities for dissolved gases in water and for dissolved
gases in organic solvents may not be correlated using a single equation due to a
significantly lower diffusion rate in water of essentially all gases. The reason for the
lower rate of diffusion in water is probably the result of the formation of complexes
of the diffusing sclute with water and/or the result of self-association of the water
molecules. A simple empirical correlation for prediction of diffusion coefficients of

dissolved gases in water at infinite dilution has been developed. The correlation
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Figure 3.4: Comparison of experimental data and predictive results from equation
(3.12) based on 332 data
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CORRELATION NO. OF DATA AVERAGE ABSOLUTE
PERCENT ERROR (%)

Proposed equation {3.12) 352 15.82
299 14.14
Akgerman and Gainer (2.27) 352 33.77
Umesi and Danner (2.35) 299 29.28
Sridhar and Potter (2.33) 352 30.62
Sovovd (2.32)
(group 2) 107 31.42
(group 3) 212 22.33
average 319 25.71

Table 3.2: Comparison of the average absolute percent error from the correlations
for dissolved gases in liquids



utilizes critical volumes of solute to represent the effects of the size or mobility of
the solute molecules.

Three hundreds and nine diffusivity data were collected from the literature. A
listing of the sources for the data utilized in this development is given in Appendix
C. Again the data do not include hydrogen and helium as solutes because the
experimental data for those solutes are very inconsistent. The temperature range
for the data was from 273.15 K to 348.15 K, and all the data were measured at
atmospheric pressure. The range of the diffusivity data was from 3.75 x 107" to
1.36 x 10~8 m?/s. The critical volumes were estimated by Lydersen’s methaod [88],
if the data could not be found in the literature The range of the critical volumes
for the solutes was from 4.17 x 1072 to 2.25 x 10~! m®/kmol.

The correlation was again started by using an equation of the same form as equa-
tion (3.1) for describing the effect of temperature on diffusivity. A three-parameter
model was utilized:

D%g = arexp (%) Ve (3.13)

The parameters in equation (3.13) were estimated by the nonlinear regression anal-
ysis; again the NLIN package from the SAS library was utilized. The estimated
parameters in the above equation are: a; = 2.348 + 2.402, o, = —2531.67 1+ 204.02,
and a; = —0.704 & 0.130. In the above correlation, D% is in ecm?/s, Vg, is in
cm?®/mole, and T is in K. There was no evidence for lack of fit of the proposed cor-
relation based on the observation of the residuals plots. The diffusivities predicted

using equation (3.13) are compared with the experimental data as shown in Figure
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3.5 which shows that the proposed correlation gives a good prediction for most of
the systems except the systems involving butene and nitric oxide in water. These
data were reported by Unver and Himmelbau [4] and Wise and Houghton [68], and
it is considercd that these data may not be reliable.

The proposed correlation (3.13) was compared with seven correlations for dis-
solved gases in liquids in the literature and included those of: Akgerman and Gainer
(2.27), Umesi and Danner (2.35), Sridhar and Potter (2.33), Sovové (2.32), Othmer
and Thakar (2.41), Hayduk and Minhas (2.43), and Siddiqi and Lucas (2.44). The
comparison was on the basis of the average absolute percent error. The result is
reported in Table 3.3. Based on the same set of data (309 data), the proposed cor-
relation has an average absolute percent error of 13.51%; it is the lowest among all
the correlations. However, the improvement of prediction from the proposed corre-
lation is marginal when compared with the Othmer and Thaker equation (13.63%)
and the Sovova correlation (13.71%). Therefore, it is considered that those three
correlations can be used for predicting the diffusivities of dissolved gases in water
with essentially the same result. Again the proposed correlation is an empirical

model so that confidence for extrapolation is limited.
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CORRELATION NQ. OF DATA AVERAGE ABSOLUTE
PERCENT ERROR (%)

Proposed equation (3.13) 309 13.51

Othmer and Thakar (2.41) 309 13.63

Hayduk and Minhas (2.43) 309 17.16

Siddiqi and Lucas (2.44) 309 27.37

Akgerman and Gainer (2.27) 309 24.07

Umesi and Danner (2.35) 299 29.28

Sridhar and Potter (2.33) 309 14.28

Sovova (2.32) 309 13.71

Table 3.3: Comparison of the average absolute percent error from the eight corre-
lations for dissolved gases in water



Chapter 4

PROPERTIES OF MATERIALS

The chemicals used in this investigation were obtained from different companies.
The solute gas, propene, was purchased from Air Product. The specified purity of
the gas was 99%. The useful physical properties of propene are listed in Table
4.1. All the solvents {acetic acid. acetone, n-butanol, chlorobenzene, N,N dimethy!
formamide, ethyl acetate, ethylene glycol and n-octane) were obtained from the
Aldrich Chemical Company. The specified purities and the physical propertics of
these solvents are presented in Tables 4.2, 4.3, 4.4 and 4.5.

The molar volumes of propene gas at different temperatures were calculated
by means of the second virial coefficient except for the value at 278.15 K. The
experimental data for the second virial coefficients of propene from the literature

could be fitted by the following equation {103):
B = pTX (4.1)

In the above equation, B is the second virial coefficient,  and x are the constants

characteristic of the substance, and T is the absolute temperature in K. The values

(S}
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of ¢ and x were determined by an optimization technique utilizing a computer, and
the results were ¢ = —1.012 x 10® and x = —2.209. The temperature range of
the experimental data used was from 280.15 to 500.15 K [103]. The second virial
coefficient obtained from equation (4.1) was then substituted into the truncated

form of the vinial equation of state.

=14+= (4.2)
In the above equation, P,V, R, and T are the pressure, the molar volume, the gas

constant and the absolute temperature, respectively. Then the molar volume was

calculated by the following equation:

' 2
V= C‘—i-w,/C2 +4BC (4.3)
where
_RT
C==3% (4.4)

The molar volume of propene gas at 278.15 K was calculated by means of Pitzer

three-parameter correlation [104].
Z = Z°NT,,P,) + wZ"NT., P.) (4.5)

It was because this temperature was outside the temperature range used for the
correlation for the second virial coefficients. The calculated values of molar volumes
of propene gas at different temperatures are listed in Table 4.6.

Saturated vapor pressures of all solvents were calculated by the Antoine equation

[105].

w2 - g (4.6)



PROPERTIES PROPENE

molecular weight (kg/kmol) 42,081
normal freezing point (K) 87.90
normal boiling point (K) 225.40
critical temperature (K) 365.00
critical pressure (kPa) 4619.28
critical volume (m*/kmol) 0.181
critical compressibility [Z.] 0.275
Pitzer’s Acentric factor [w] 0.148
dipole moment (debyes) 0.40

heat of vaporization at n.b.p. (cal/kmol) 4.40 x10°

Table 4.1: Physical properties of propene gas
In this equation, p! is the saturated vapor pressure of substance i, P. is the critical
pressure in psi, T° is temperature in °F, and A,, 4; and A3 are constants charac-
teristic of the substance. The values of 4;, A; and Aj; for the solvents used in this
study are listed in Table 4.7.
Densities and viscosities of all sclvents were measured at different temperatires.
Thus the methods utilized in the measurements of densities and viscosities and the

measured, results will be presented in Chapter 5 and Chapter 6.
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PROPERTIES ACETIC ACID ACETONE
purity 99.8% 99.9+%
molecular weight (kg/kmol) 60.052 58.080
normal freezing point (K; 289.80 178.20
normal boiling point (K) 391.10 329.40
critical temperature (K) 594.40 508.10
critical pressure (kPa) 5784.23 4700.32
critical volume (m3/kmol) 0.171 0.209
critical compressibility [Z.] 0.200 0.232
Pitzer's Acentric factor [w] 0.454 0.309
dipole moment (debyes) 1.30 1.90
heat of vaporization at n.b.p. (cal/kmol) 5.66 x10° 6.96 x10°
refractive index at 293.15 K 1.3716 1.3588

Table 4.2: Physical properties of acetic acid and acetone

PROPERTIES N-BUTANOL CHLOROBENZENE
purity 99.94+% 99.9+%
molecular weight (kg/kmol) 74.123 112.559
normal freezing point (K) 183.90 227.60
normal boiling point (K) 390.90 404.90
critical temperature (K) 562.90 632.40
critical pressure (kPa) 4416.68 4517.98
critical volume (m3/kmol) 0.274 0.308
critical compressibility [Z,] 0.259 0.265
Pitzer's Acentric factor [w] 0.590 0.249
dipole moment (debyes) 1.80 1.60
heat of vaporization at n.b.p. (cal/kmol)  1.03 x107 8.74 x10°
refractive index at 293.15 K 1.3985 1.5241

Table 4.3: Physical properties of n-butanol and chlorobenzene
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PROPERTIES DMF  ETHYL ACETATE
purity 99.9+% 99.9+%
molecular weight (kg/kmol) 73.095 88.107
normal freezing point (K) 212.72 189.60
normal boiling point (K) 426.15 350.30
critical temperature (K) 596.55 523.20
critical pressure (kPa) 5216.95 3829.14
critical volume (m3/kmol) 0.249 0.286
critical compressibility [Z,]  — 0.252
Pitzer's Acentric factor [w] —_ 0.363
dipole moment (debyes) —_ 1.90
heat of vaporization at n.b.p. (cal/kmol) 9.16 x10° 7.70 x10°
refractive index at 293.15 K 1.4305 1.3720

Table 4.4: Physical properties of N,N dimethyl formamide and ethyl acctate

PROPERTIES ETHYLENE GLYCOL N-OCTANE
purity 99.0+% 99.0+%
molecular weight (kg/kmol) 62.069 114.232
normal freezing point (K) 260.20 216.40
normal beiling point (K) 470.40 308.80
critical temperature (K) 645.00 568.80
critical pressure (kPa) 5216.95 3820.14
critical volume (m?/kmol) 0.186 0.492
critical compressibility [Z,] 0.270 0.259
Pitzer’s Acentric factor [w] — 0.394
dipole moment (debyes) 2.20 0.00
heat of vaporization at n.b.p. (cal/kmol) 1.26 x107 8.23 «10°
refractive index at 293.15 K 1.4318 1.3974

Table 4.5: Physical properties of ethylene glycol and n-octane
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TEMPERATURE (K) MOLAR VOLUME (m?®/kmole)

278.15 22.39270
288.15 23.26059
293.15 23.68520
298.15 24.10912
323.15 26.21832
J348.15 28.31437

Table 4.6: Calculated values of molar volume of propene gas

SUBSTANCE Ay A, As

Acetic acid 7.203594 7376.157 410.1814
Acetone 6.244412 5356.715 397.5290
N-butanol 6.303186 5235.324 274.4291
Chlorobenzene 5.888080 6222905 372.2756
N,N dimethylformamide 5.298043 5665.834 313.2540
Ethyl acetate 6.330700 5440.049 373.4S00
Ethylene glycol 7.258288 8088.817 311.8854
N-octane 6.414100 5947.491 360.2600

Table 4.7: Constants for the Antoine vapor pressure equation (4.6)
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Chapter 5

EXPERIMENTAL EQUIPMENT
AND PROCEDURE

In this study, several different experimental devices were used for the measure-
ments. The densifies of the pure solvents were measured at atmospheric pressure
and elevated pressures by means of two Anton Paar densitometers, one for low
pressures, the other for high pressures. The viscosities of the pure solvents were
determined at atmospheric pressure by means of Cannon-Fenske viscometers. The
solubilities of propene gas in various solvents were measured by an apparatus which
was similla.r to that used by Asatani [106]. The diffusivities of propene gas in various
solvents were measured at atmospheric pressure by means of the steady-state capil-
lary cell method. The apparatus used in this study was similar to the one employed
by Hayduk and Cheng [36]. Some modifications were made to the original appara-
tus in the interest of simplifying the experimental procedure. For the measurements
of diffusivities at elevated pressures, an apparatus based on the Taylor despersion

phenomenon was developed.
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5.1 Density Measurements of Pure Solvents at

Atmospheric pressure

For the precise measurements of solvent densities, an Anton Paar densitometer
was utilized, This densitometer consisted of two components. One was the sensing
unit, DMAGO1 which contained a U-shape sample tube connecting to a glass reed
oscillator. The other comnponent, DMAGQ was a frequency counter and displayed the
period of oscillation of the reed characteristic of the liquid or gas in the sample tube.
The sample tube was enclosed in a circulating chamber where the temperature of
the sample cou'd be controlled to within £0.01 K by means of constant temperature
fluid.

The density was determined by means of the following equation relating the

density with the period of oscillation (§2):
p=1(Q%-J) (5.1)

In the above equation, I and J are apparatus constants which are determined by
calibration. The calibration is performed by measuring the periods of oscillation
for two samples of known densities, usually dried air and distilled water. Let the
densities of two reference samples be p, and p;, and the corresponding periods of
oscillation obtained from DMAGO be 2, and Q,. The constants [ and J can be

determined by the following equations:

£2 — P1
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1
J=Q} - 17 (5.3)

After the apparatus constants I and J were obtained, equation (5.1) was used
to calculate the densities of the samples. In this study, dried air and distilled water
were used as reference fluids for the calibration, and the densities of both substances
were obtained from Weast [107]. The detailed procedure for density measurements

can be referred to in the instruction manual for the Anton Paar densitometer.

5.2 Viscosity Measurements of Pure Solvents at

Atmospheric Pressure

The viscosities of the pure solvents were measured by Ca.nnon:Fenske viscorme-
ters immersed in a constant temperature bath. The Cannon-Fenske viscometer is
classified as a gravity type viscometer. In this type of viscometer, the liquid under
test is allowed to flow through a capillary tube, and the kinematic viscosity can
be obtained by timing the position of the liquid meniscus as it passes between two
marks. All the viscometers used were obtained from Induchem Lab Glass Co., and
were calibrated by the Cannon Instrument Co.. The detailed procedure for using

the Cannon-Fenske viscometer can be referred to in the instruction sheet for the

viscometer.
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5.3 Degassing Apparatus and Procedure

A diagram of the degassing apparatus used for deaerating the solvent is shown
in Figure 5.1. The degassing apparatus consisted of a solvent flask and a solvent
accumulation column connected to a vacuum pump. A tape heater around the
solvent flask supplied the heat for boiling. The bottom of the solvent accumulation
column was filled with glass beads, and the lower outlet was bent. The glass beads
provided greater surface area for solvent as it filled the column exposing it to the
vacuum that aided the complete degassing of the solvent.

The procedure for degassing the solvent involved charging the solvent flask with
a suitable amount of solvent and then applying heat and vacuum. After a boiling
time of about 20 to 30 minutes had elapsed, the solvent was allowed to flow into

the solvent accumlation column where further degassing was performed.

5.4 Solubility Measurements at Atmospheric

Pressure

For the steady state capillary cell method, a knowledge of the gas solubility
is required for calculation of the diffusivity. However, gas solubilities for some
of the systems under the present investigation are not available in the literature.
Therefzie, the solubilities of propene gas were measured in acetic acid, acetone,
n-butanol, chlorobenzene, N,N, dimethy! fori:nam.ide, ethyl acetate, ethylene glycol

and n-octane at different temperatures.
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Figure 5.1: Degassing apparatus for deaerating the solvent



The apparatus used to measure gas solubilities at atmospheric pressure was the
same design as that described by Asatani [106]. This technique involved measuring
the rate of dissolution of the gas by a constant flow of deaerated solvent passing
through a spiral coil. A diagram of the apparatus for gas solubility measurements
is shown in Figure 5.2.

The apparatus consisted of a gas burette, a spiral coil, 2 miniature capillary U-
tube manometer and a solution collecting burette. All these were enclosed inside a
cylindrical glass jacket through which a fluid at constant temperature was circulated.
The lower end of the gas burette was connected to the mercury levelling bottle
which could be raised by means of a variable speed motor. For most experiments,
the solubility apparatus used had a 2.5 x 10~ m® (25.0 m!) gas burette. For
measuring lower solubilities such as that for propene in ethylene glycol, a second
apparatus equipped with a 1.0 x 10~% m?® (10.0 ml) gas burette was used. The
top end of the spiral coil was closed with a rubber septum. The degassed solvent
was brought into the system through the rubber septum by means of a syringe
attached to a syringe pump. A heat exchanger for the solvent syringe was installed
in which the solvent was brought to the experimental temperature before it went
into the spiral coil. The solvent syringe used was a 5.0 x 107® m? (5.0 mi) gas-
tight Hamilton syringe, and the syringe pumn was a Harvard infusion-withdrawal
pump, model 1100 which operated with a interchangeable constant speed motor.
For most experiments, motor speeds of 1/10 rpm and 1/20 rpm were used and the

corresponding solvent infusion rates were 2.95 x 107'® m?®/s and 1.47 x 107*° m?/s
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Figure 5.2: Apparatus for gas solubility measurements at atmospheric pressure
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respectively. The volumetric infusion rates were determined accurately by weighing
the quantity of distilled water delivered in a given period of time.

The experimental procedure for solubility measurements will be briefly described.
While the solvent was being degassed, the solubility apparatus was purged with so-
lute gas. Then the syringe filled with degassed solvent was attached to the syringe
heat exchanger and then to the syringe pump. The needle of the syringe was in-
serted into the spiral coil through the rubber septum. It was confirmed that the
tip of the needle actually touched the wall of the spiral coil in order to ensure a
continuous supply of solvent. The stopcock at the outlet of the solvent collecting
burette was closed, and the syringe pump was switched on. The solubility apparatus
was left with the solute gas slowly flowing through it until gas-saturated solution
appeared in the capillary U-tube manometer, one end of which was open to the
atmosphere. Then the flow of the solute gas was shut off, and the mercury level in
the gas burette was slowly and continuously raised by raising the position of the
mercury levelling bottle. In this way the liquid in the capillary U-tube manometer
remained at a constant level indicating a constant gas pressure in the solubility
apparatus. The gas volume in the gas burette which was replaced by the mercury
was identical to the volume of solute gas dissolved in the solvent, and was recorded
at regular time intervals. With the knowledge of volumes of dissolved gas and of

degassed solvent supplied to the apparatus, the solubility could be caiculated.
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5.5 Treatment of Data for Gas Solubility

Measurements at Atmospheric Pressure

The volumes of dissolved gas as measured at fixed time intervals are always
found to be directly proportional to the volume of degassed solvent supplied. The
gas solubility is based on the slope of the straight line in a plot of volume of dissolved
gas versus volume of solvent supplied.

Let the slope of the straight line be (SLP) and the liquid phase mole fractions

of solute gas and solvent be z,4 and z 5 respectively, the ratio of the mole fractions

of solute to solvent can be written as:

MVp
MV,

-:ﬁ = (SLP) (5.4)

In the above equation, MV,, and MVp, are molar volumes of solute, and solvent,
respectively. The molar volume of sclute gas is calculated by the methods described
in Chapter 4, and the molar volume of solvent is calculated from the mass density.

The gas solubility, z4( P, T), at an atmospheric pressure of P and the tempera-

ture, T, is then obtained by means of the following equation:

ZA
zA(P,T) = —F1 (5.5
1+22

It is conventional to convert the gas solubility measured at atmospheric pressure,
P, to the gas solubility for which the partial pressure of solute gas is one atmosphere

(101.3 kPa). Assuming Henry’s law and Raoult’s law are valid, the gas solubility
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at a gas partial pressure of 101.3 kPa can be expressed as:

101.3
P —p3ll —z4(P,T)|

z4(101.3kPa,T) = z4(P,T) x (5.6)

In the above cquation, p} is the vapor pressure of the solvent at temperature T,

and it is calculated from the Antoine equation as mentioned in Chapter 4.

5.6 Diffusivity Measurements at Atmospheric

Pressure

The diffusivities of propene gas were measured in acetic acid, acetone, n-butanol,
chlorobenzene, N,N dimethyl formamide, ethyl acetate and n-octane at different
temperatures by means of the steady-state capillary cell method which was origi-
nally described by Malik and Hayduk [54]. This method is relatively simple because
it does not require any complicated analysis, and the capillary cell is easy to con-
struct. Furthermore, the diffusion process of the steady-state capillary cell method
can be accurately described mathematically. However, a knowledge of gas solubility
is required for the calculation of the diffusion coefficient.

A diagram of a capillary cell is shown in Figure 5.3. The capillary cell consisted
of a glass capillary sealed in a closed reservoir which could be filled with degassed
solvent by means of two stopcocks. The upper stopcock was connected at an angle
which made the filling procedure more easy. The capillary stem was made of two
capillary tubes of different inside diameters which were permanently joined together.
The upper capillary had an inside diameter of 6.13 x 10~* m and was at least 0.20

m long. The lower capillary had an inside diameter of 1.016 x 10~ m and was at
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least 0.05 m long. The end of the lower capillary which was positioned inside the
reservoir was conically ground to aid dissipation of solute. The capillary tubes with
small inside diameters could prevent any convection during the diffusion process.
The reason for joining two capillaries of different diameters was to magnify the
change in volume of the gas confined in the capillaries resulting from absorption and
diffusion. The capacity of the reservoir was about 2.0 x 10~3 m?3. The glass capillary
tubes were purchased from Wilmad Glass Company Inc., Buena, New Jersey, with
a manufacturer’s tolerance for the bore of £3.8 x 107® m. The diameters of these

capillaries were verified by a mercury displacement method assuming the inside

diameters of the capillaries to be uniform.

A schematic diagram of the apparatus for diffusivity measurements is shown in
Figure 5.4. The apparatus consisted of a constant temperature bath with glass win-
dows, a propene gas cylinder, a bubbling device, a capillary cell and a cathetometer.
The temperature bath was 2 Neslab Model TMV70DD which could maintain con-
stant temperature to within £0.01 K by means of a build-in temperature controller.
For measurements at low temperature, a Neslab bath cooler (PBC-75I1} was used
for cooling, and water-glycol solution replaced water in the temperature bath to
prevent freezing. Propene gas was obtained from Air Product (99 % purity, CP
grade). The gas flow rate was controlled by a rotameter and a regulator. The
gas was saturated with the solvent in the bubbling device before it contacted the
degassed solvent. As a result of the simplicity in construction and the relati-ely

long period of time required to achieve steady state, two capillary cells were used
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upper capillary tube, i.d. = 0.613 x 10~3m
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Figure 5.3: capillary cell used for steady-state capillary cell method



simultaneously at a time for the diffusivity measurements.

The experimental procedure will be briefly described. Prior to use, the capillary
cell was cleaned by means of chromic acid solution and distilled water; then it was
rinsed with acetone and dried with dry air. The stopcocks were greased using a
small amount of water resistant silicine grease. About 1.20 x 10™* m? solvent under
investigation was degassed by means of the degassed apparatus. While the solvent
was being degassed, the capillary cell was purged with propenc gas for about 20
minutes to ensure there was no air trapped inside the cell. After the (icgussing
was completed, the degassed solvent was introduced into the reservoir through the
lower stopcock until the reservoir was completely filled with the degassed solvent.
More than 6.0 x 107% m? of additional degassed solvent was used to flush out the
cell so that any solvent which had been even briefly in contact with the gas was
adequately purged. The capillary cell was then immersed in the temperature bath.
The height of the diffusion path in the lower capillary was adjusted to about 0.02
m by adjusting the two stopcocks. The reason for setting the diffusion path to at
least 0.02 m was to climinate any end effects [54]. A small stream of propene gas
was permitted to flow continually through the system to maintain an atmosphere of
propene gas at the upper end of the capillary cell. The thermal equilibrium could
be attained after an elapsed time of about an hour. However, it took a much longer

time for obtaining a steady-state concentration profile along the diffusion path. The
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length of time required was estimated, using the equation given by Crank [108] as:

Dagt _ .45 (5.7)
L

In this expression, D4p is the diffusion coefficient, ¢ is the time required to achieve
steady state and L, is the diffusion path length. In general, at least 1.2 times the
estimated time ¢ was allowed for development of a steady state concentration profile.
After steady state was obtained, a bead of gas saturated solvent was injected by a
syringe through a three-way valve and was placed in the top section of the upper
capillary. The solvent used for the bead was initially saturated by bubbling with
the solute gas at room temperature. The position of the liquid bead was observed
by means of the cathetometer. The liquid bead positions and the corresponding
times were recorded at regular time intervals. The skrinkage rate of the gas in the

capillary could be related to the flux of gas at the gas-liquid interface and then to

the diffusivity.

5.7 Theory of the Steady-State Capillary Cell Method

For the derivation of the appropriate equation to describe the steady-state cap-

illary cell method, several necessary assumptions are stated:

1. that a steady-state concentration profile was established along the diffusion

path.

2. that end effects were negligible.



3. that the concentration of solute in the reservoir was very low and constant

during the experiment.
4. that the total mass concentration in the liquid phase was nearly constant.

The general diffusion equation for species A (solute) relative to a stationary axiz is
given by:

nYy = ja+nwy = ja+ (n] +nplwa (5.8)

In the equation, n} and nj are the mass fluxes of A and B, n, is the total flux, wy
is the mass fraction of A and j4 is the mass flux resulting from diffusion. By using

Fick’s first law:

) dwy4
=-D —_— 5.9
JA ABP dy (5.9)

In Fick’s law equation, p is the total mass concentration and y is the direction of
diffusion.
The volume increases in solution as solute gas is absorbed in the system, is equal

to the volumetric upward displacement of column of liquid. Thercfore, it follows

that:
nE_ M (5.10)
PAI P

In the above equation, pg is the effective mass concentration of A in solution.

Combining equations (5.8) and (5.10), the following equation is obtained:

duw 4 P
ny = —Dagp—— — —niw (5.11
A p dy pAl AWA )
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Separating the variables and integrating yields the required result:

La AL dw
nTdy = —D f” B (5.12)
nTLy 1 -
PAl | —2a?°
14w,y

For some systems encountered in this work, equation (5.13) can be simplified by
making the assumption that the liquid phase has a constant mass density with the

final result:

‘nde 1
Dpp = 24— (5.14)
p In Thwal

5.8 Treatment of Data for Diffusivity

Measurements at Atmospheric Pressure

The rate of the gas-saturated solvent bead travelling down the capillary tube,
denoted by (ROB), is determined by the slope of the straight line obtained from
plotting the bead position against the corresponding time. The volumetric rate
of shrinkage of gas and associated vapor (V,) can be determined by the following
equation:

V, = (ROB)%‘; (5.15)

In the above equation, 4,, and A;, are the cross-sectional areas of the upper, and
lower capillary tubes, respectively.
Usually, the solubility data are reported at 101.3 kPa partial pressure of solute

gas, so they have to be corrected to the experimental pressure. Assuming Henry’s
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law 1s valid, then

(5.16)
In the above equation, z,, and z,, are mole fractions of solute in solution at exper-
imental pressure, and at 101.3 kPa partial pressure of solute gas, respectively, and
Py is the partial pressure of the solute gas in kPa at the experimental pressurc. The

partial pressure can be obtained by Raoult’s law:

pp=pa =P —ps(} —z;) (5.17)

In the equation, P, is the total pressure in the system, and pj} is the vapor pressure of
the solvent. By substituting equation (5.17) into equation (5.16) and by rearranging,

the following expression is obtained:

. = (P — py)
7 (1013 — z,p%)

(5.18)

The Ostwald coefficient (OST) can be determined from the mole fraction by the

following equation:

zp(MVy)

(OST) = Gava)i = =,)

(5.10)

In the above equation, MV, and AMVp, are molar volumes of solute, and solvent,
respectively.

Since the quantity of solute gas in the solution is small, the solution density can
be considered to be simply the solvent density. Based on the solubility data, the

mass fraction of the solute at the gas-liquid interface can be calculated by:

oo = (OST)pa(Ma/MVa)
42" pp +(OST)ps(Ma/MV,)

(5.20)
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In the above expression, pg is the density of solvent, and M4 is the molecular weight

of solute.
Assuming that ws; = 0, and utilizing equation (5.13), the diffusivitiy can be

calculated:
Dap = ViraMa  La
T MVypay, Hogwae
In 2250

The value of p4; can be estimated by means of Hankinson-Brobst- Thomson technique

(5.21)

[89]. Theoretically, the actual concentration in the bulk of the cell can be estimated

by an equation given by Crank [108]. For relatively long period of time for diffusion:

_ Ailawao (Dwf 1 09

L? 6
In the equation above, (VC) is the volume of solution contained in the cell reservoir,
and ¢ is the time for development of the steady-state concentration profile. The

initial estimated diffusivity is used in equation (5.22). After w4y is calculated, the

final value of diffusivity is re-calculated by equation (5.21).

5.9 Density Measurements of Pure Solvents at

Elevated Pressures

The Anton Paar densitometer with a high-pressure measuring cell was utilized
for the measurements of solvent densities at elevated pressures. This densitometer
was similar to the one described in section 5.1; it also consisted of two components.
One was the high peressure sensing unit DMA512, which contained a stainless steel

sample tube connecting to a measuring oscillator. The capacity of the sample tube
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was approximately 2.5 x 107% m?, and the sample tube was enclosed by a jacket
for circulating constant temperature fluid to control the temperature of sample
to within £0.01 K. Both ends of the sample tube were equipped with Swagelok
connectors. The unit, DMA312, was suitable for dynamic measurements, and it
could be used for pressures up to 40 M Pa and temperatures to 423.15 K. The
other component was DMA60 which was a frequency counter and digital display
component as described in section 5.1. The period of oscillation of the liquid or gas
in the sample tube of the DMA512 was determined and displayed by means of this
component.

A schematic diagram of the apparatus used for density measurements of solvents
at elevated pressures is shown in Figure 5.5. The solvent was degassed by means
of helium gas bubbled inside the solvent holding tank. After the degassing was
completed, the solvent was delivered to the system by means of a Milton Roy Co.,
model 396 high pressure metering pump. A pulse damper (SSI model LP-21 LO-
Pulse) was installed at the discharge of the pump to reduce pressure pulsations from
the reciprocating action of the pump. The degassed solvent was pumped through
the sample tube of the DMA512 and then through a Hoke adjustable relief valve
for controlling the system pressure. A pressure transducer was installed upstream
of the densitometer to measure the system pressure. The pressure transducer was

calibrated by means of a dead weight gauge.

Prior to tle density measurements of solvents, the densitometer was calibrated.

Calibrations were carried out at the same temperatures as those used for the density
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(1) helium gas cylinder, (2) regulator, (3) solvent holding tank, (4) metering pump, (5)
pulse damper, {6) DMA 512 densitometer, (7) DMA 60 display unit, {8) temperature bath,
(9) relief valve, (10) pressure transducer

Figure 5.5: A schematic diagram of the apparatus used for density measurements
of solvents at elevated pressures
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measurements. Two reference substances which densities for different pressures were
known, were required for the calibrations. In this work, distilled water and nitrogen
were used.

The densities of distilled water at the calibration temperatures and elevated
pressures were taken from Haar, Gallagher & Kell {109]. It was found that the molar
volumes of nitrogen were very accurately reproduced by utilizing the Pitzer-Curl
method [110] to predict the second virial coefficients [106]. Thus the Pitzer-Curl
method was used to estimate the second virial coefficients, then the molar volumes

of the nitrogen were determined by equation (4.3). The densities of nitrogen were

calculated by:

M
=— 5.2
MV (5.23)

In the equation above, MV is the molar volume and M is the molecular weight.

The calibration constant (A4,) for .. ;h-pressure density measurements is ex-

pressed by the following equation:

_ Q-

A
? ,M— M

(5.24)

In this equation, p1 and p; are the densities of the reference substances, and {2,
and 2, are the periods of oscillation read from the DMAG0 unit for the reference
substances. In this work, 'l’ represents distilled water, and "2’ represents nitrogen
gas. At a constant temperature, the value of the calibration constant (4,) has
been found to be pressure independent {106]. Therefore, the density of the sample.

p, whose period of oscillation is read as Q from the DMAGO. is expressed by the
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following equation:

1 9 ] -y
p= T(Q' - ..QE) -+ p2 (0.20)
A,

In the above equation, the period of oscillation for nitrogen, Q,;, was found to

be linearly correlated with the absolute pressure at any particular temperature:
Qg = kl + kgP (5.26)

In this equation, k; and ky are temperature dependent constants which were esti-
mated by a linear regression for each temperature.

Thus by substituting equation (5.26) into equation (5.23), the density of a sample

is expressed as a function of pressure P and the period of the oscillation § as:
1 - n “‘{2
= (0% — (k) + k. P)? 507

The values for the calibration constants, ,, by, k2 and the second virial coefficient
B of nitrogen are reported for the calibration temperatures of 298.15, 323.15 and

348.15 K in Appendex D.

5.10 Diffusivity Measurements at Elevated

Pressures

The diffusivities of propene gas were measured in n-butanol, chlorobenzene,
cthylene glycol and n-octane at different temperatures and at elevated pressures
by an apparatus which was based on the phenomenon of Taylor dispersion. The
technique essentially consisted of injecting a pulse of dilute solution into a stream

of solvent in laminar flow and allowing it to pass through a long capillary tube.
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According to Taylor’s analysis of dispersion in liquids {17,18], the concentration
profile at the end of the tube is gaussian, and the variance is related to the diffusion
coefficient of the solute in the solvent.

A schrauntic diagram of the Taylor dispersion apparatus constructed for this
study is shown in Figure 5.6. The solvent was degassed by means of bubbling with
helium gas inside the solvent holding tank. Then the degassed solvent was delivered
at room temperature and at a low and steady flowrate by a metering pump to the
capillary tube. The metering pump was a Milton Roy Co., model 396 pump, and
it was specified to give a constant pumping rate to within £0.3%. A pulse damper
(SSI model LP-21 LO-Pulse) was installed downstream of the pump to reduce any
pressure pulsations.from the pump. Two on-line filters (15 micron and 2 micron)
were used to ensure that there were no small dust particles in the system. The
solvent could be divided into two streams by means of a SSI three-way valve. One
portion was directed into the reference cell of a differential refractometer, and the
other portion was directed through an injection valve, thence to a dispersion column
consisting of a long capillary, a restricted passage and then finally into the sample
cell of the differential refractometer. The injection valve was a Reodyne valve and
was suitable for injecting small quantities, 2.0 x 10~% m® of gas saturated solvent,
into the system. The solvent was essentially saturated by bubbling the solute gas
through the solvent at room temperature for at least one hour. The column was
made of 68 m long, 1.59 x 10~® m outside diameter and 7.60 x 10~* m inside

diameter stainless steel capillary tube wound into a coil of 0.105 m radius. It was
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submerged in a constant temperature bath (Tamson bath) that could maintain at
constant temperature to within +0.01 K. After several hours, the fluid, containing
the injected pulse of solute, passed through a restricted passage which consisted
of a fine metering valve and a short section of small diameter capillary tube; this
restricted passage provided a resistance to flow and hence controlled the pressure
inside the capillary to 6900 kPa by viscous friction. A pressure transducer was
installed upstream of the injection valve to measure the system pressure, and the
system pressure was recorded by means of a recorder for checking the constancy of
the pressure. The pressure transducer was calibrated by means of a dead weight
gauge. The analyzer utilied was a Waters R401 differential refractometer, which was
utilized to monitor the axial solute concentration profile within the capillary. The
concentration profile was recorded by a linear Instructment Corp. recorder. Prior
to the diffusivity measurements, the linearity of the differential refractometer was
checked by following the procedure in the operation instruction manual. Usually a
series of solute pulses were injected in sequence so that several response curves were
obtained after the peaks eventually reached the detector. This resulted in a more

rapid rate of accumulation of the diffusion coefficient data.

5.11 Theory for the Taylor Dispersion Method

Consider a é-function pulse of a dilute solution introduced in a stream which is
flowing in a straight tube in laminar flow. In an isothermal laminar flow system, with

no chemical reaction and with a concentration distribution being axial symmetical,
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the mass balance for fully developed flow is given by:

60,1 §Ca . 6C. 620,,]
[1 ] bz DAB[r 61'( ér )+ §x2 (5-28)

In the above equation, C is the concentration in mass units per unit volume, £ is the
time, r is the radial distance measured perpendicular to the axis of the tube which
has a radius, R, D4p is the diffusion coefficient which is assumed to be independent
of concentration, z is the axial coordinate, and v, is the average velocity which is

equal to half of the maximum velocity. If the ratio r/R is written as z, then:
vy = 20,(1 - 2%) (5.29)

It is convenient to measure the concentration distribution relative to an axial co-
ordinate z,,, which moves with the average fluid velocity v,,. The flow velocity

relative to this new frame of reference, u;, is:

Uz = Uz = U = V(1 — 22%) (5.30)

Then equation (5.28) becomes:

§Cy L 18Cs st?c,, _ R? §C, + R Um (1 — 9 )6CA

622 'z 8z 6z, ~ Dug 6t Dg Y

(5.31)

In the equation, the operator §/6t is taken at constant z,,, that is, at planes fixed
with repect to 2 reference frame moving with velocity vy,. The term §2C,/6z2
represents axial transport by diffusion, and Taylor [17,18] has shown that this can
be neglected when the solute concentration is examined after passing through a

tube of length L if:

4, Rum
R ™ Dyp

> 6.9 (5.32)
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Thus, for those conditions, equation (5.31) can be reduced to:

620‘4 lch _ R?. (SCA szm

+ - + E_Ci
62 z 6z  Dgug 6t Dug

O

(1 - 2:%) (5.33)

The simplest parameter to measure experimentally, is the mean concentration of
the solute C,, at any selected plane in the average velocity reference frame. This is
defined by:
1
C. =2 ] Cazdz (5.31)
0
Taylor {17,18] and Aris [19] have shown that when the conditions for equation (5.32)

are fulfilled, the mean concentration obeys the following differential equation:

§Cm .. 8°C,, .
5t K ) (5.33)
Aris [19] showed that:
R*%?
K=D = 5.36
b A8t 3SDup (5.36)

The quantity, I, is called the 'Taylor diffusion coefficient’ or 'dispersion cocfficient’.
Equation (5.33) can be solved for the case of injection of a é-function pulse into the

flowing stream [17]. The solution is:

m

_xfn .
Cn = R Gy 2R P [2(21{0] (5.37)

In this equation, m is the mass of solute in the pulse injected. Equation (5.37)
describes a gaussian curve with variance (72) of 2/'t. The above derivation is
based on the assumption that the tube is straight. However, it is difficult to utilize
a sufficiently long straight capillary tube in practice because of the long length

required, so that it is usually necessary to coil the tube in the form of a helix.
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Two additional but opposiug modes of mass transport need to be considered -
when a helical form is used for the capillary tube. At different positions in the
tube, the fluid traverses different path lengths in its passage through the tube, an
effect which tends to increase the dispersion. In addition, the helical form sets up
secondary flows which decrease the dispersion. The net effect of these additional
mass transport mechanisms in a helical tube is that a correction term must be added

to equation (5.36) [111].

R*1[1 + 192f(¢, Re, Sc)]
48D ,p

K =Dup+ (5.38)

The correction term (f) within the square bracket is a function of ¢, the ratio of
the helix radius to the tube radius, the Reynolds (Re) and Schmidt (S¢) numbers.

For diffusion in liquids, the first term of equation (5.38) can be dropped, then:

_ R™2[1+192f(¢, Re, Sc)]

K
48D 45

(5.39)

The function f(¢, Re,Sc) tends to zero at low Reynolds number. The diffusivity
can be determined from the nature of the concentration distribution curve, and
the flow and capillary tube parameters. Diffusivities can be measured at elevated

temperatures and pressures using this technique.
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5.12 Treatment of Data for Diffusivity

Measurements at Elevated Pressures

The variance (72) of equation (5.37) is 2Kt. Utilizing the definition of K (equa-
tion (5.36)), the variance can be expressed as:

R*olt

72 = 2D gt + (5.40)

For liquid diffusion, the first term on the right hand side of equation (5.40) can be
neglected and the term t = L/v,,. Thus:

., IR, L
T =
' 24D 45

(5.41)

Utilizing the theories for chromatography which are applicable to these experiments,

the plate height can be defined as [112]:

2
H:% (5.42)
Equation (5.41) can be rearranged to give:
R*v,, .
= 4
Dus = o (543)

The plate height is related to the peak widtly, the residence time in the column,

and the columnn length by means of the following relationship [113]:

LW,

=12 (5.44)
5.54t%

In the last equation, tx is the residence time of the solute in the column, and W,
is the width at half the solute peak height. This relationship is valid for a gaussian

peak only.
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Combining equations (5.43) and (5.44), the following equation can be obtained:

Rp

DAB = (0.231
Wi

(5.45)

The values of diffusivity measured were calculated by means of equation (5.45).
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Chapter 6

RESULTS AND DISCUSSIONS

The presentation and discussion of the experimental results has been organized
into six sections. Section one deals with the density and viscosity measurements of
pure solvents at atmospheric pressure; the measured results are compared with re-
ported data in the literature. Section two deals with the gas solubility measurements
at atmospheric pressure; the effects of polarity and tendency for self-association of
the solvent on the gas solubility are discussed. Section three discusses the dif-
fusivity measurements at atmospheric pressure; the diffusivities obtained in this
investigation are compared with predicted results from diffusion theories and exist-
ing correlations in the literature. Section four deals with the density measurements
at elevated pressures; the experimental data are correlated by means of the Tait
equation [131] and by a two-parameter linear equation. Section five deals with the
diffusivity measurements at elevated pressures; the design criteria for utilizing the
Taylor dispersion method are also discussed. In the last section of this chapter,
the RHS theory is tested based on the experimental data for diffusivities at high

pressures.
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6.1 Density and Viscosity Measurements of
Solvents at Atmospheric Pressure

6.1.1 Density Measurements of Solvents at Atmospheric

Pressure

The densities of acetic acid, acetone, n-butanol, chlorobenzene, N,N dimethyl
formamide, ethyl acetate, ethylene glycol and n-octane were measured at atmo-
spheric pressure utilizing tue Anton Paar densitometer. These data were required
for precise determination of gas solubilities. The measurements were carried out at,
at least four different temperatures for each solvent. The experimental error was
estimated to be £0.2%. The measured results are presented in Table 6.1 and Table
6.2 along with those a.va.ila.bl; in the literature.

As indicated in Table 6.1 and Table 6.2, good agreement is obtained between
the densities reported by other workers and those measured in this study. There-

fore, it can be concluded that the method utilized for the density measurements at

atmospheric pressure yields satisfactory density data.

6.1.2 Viscosity Measurements of Solvents at Atmospheric

Pressure

The viscosities of acetic acid, acetone, n-butanol, chlorobenzene, N,N, dimethyl
formamide, ethyl acetate, ethylene glycol, and n-octane were measured by the
Cannon-Fenske viscometer immersed in a constant temperature bath. The mea-

surements were conducted at three different temperatures. The viscosity is an
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SOLVENT TEMPERATURE(K) DENSITY(kg/m®) DENSITY(kg/m?)
THIS WORK LITERATURE
acetic acid 293.15 1049.1 1049.1, 1049.2
1049.3{114]
205.15 1046.9 —_—
298.15 1042.1 1040.0{115]
1044.1[116]
323.15 1016.2 1015.8{115]
1016.5(116]
acetone 278.15 806.5 807.4[116]
288.15 796.9 706.0[114])
293.15 791.3 790.8(114]
295.15 789.0 —_
298.15 785.1 785.0,784.6[114]
785.4[119]
785.3[116]
n-butanol 278.15 820.0 _—
293.15 809.6 809.6[114)
295.15 808.3  —
298.15 806.0 806.0{106]
805.7[117]
806.1[118]
323.15 786.6 786.6(106]
786.7(119]
chlorchenzene 278.15 1121.0 —
293.15 1106.0 1106.1, 1106.2[114]
293.15 1104.1 —_—
208.15 1100.9 1100.8[106]
1100.9,1101.0[114]
1100.9[110]
323.15 1073.3 1073.3{100)
1074.0[114]

Table 6.1: Densities of the acetic acid, acetone, n-butanol, chlorobenzene at atmo-
spheric pressure
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SOLVENT TEMPERATURE(K) DENSITY(kg/m®) DENSITY (kg/m?)
THIS WORK LITERATURE

N,N dimethyl 278.15 961.6 969.1[116]
formamide 293.15 948.8 —_
295.15 946.9 _—
298.15 944.9 943.9[115]
944.3[116]
323.15 920.1 920.1{115]
920.6{116]
ethyl acetate 278.15 920.2 918.7[114]
920.2[116]
288.15 906.6 906.7,905.5[114]
293.15 900.5 900.6{114]
295.15 898.0 —
298.15 894.3 894.4,894.5[114]
894.1{115]
894.2{116]
323.15 863.2 863.2{115]
803.1{116]
ethylene glycol 278.15 1122.9 —
203.15 1113.4 —_—
295.15 1112.0 —_—
298.15 1109.9 1109.9,1110.0{114]
323.15 1092.1 —_—
n-octane 278.15 713.3 —_
293.15 702.5 702.2,702.5,
702.7[114]
295.15 700.9
298.15 698.6 698.7[106]
698.8,698.5[114]
£98.5[120]
323.15 678.0 678.1[106]

677.8,678.1[114]

Table 6.2: Densities of NN, dimethyl formamide, ethyl acetate, ethylene glycol,
n-octane at atmospheric pressure

95



important transport property of the liquid, and it is closely related to the diffusion
process. Furthermore, the viscosity data are required for predicting the diffusivities
from most of the existing correlations. The viscosities measured in this study are
shown in Table 6.3 along with those reported by other workers. The experimental
error. was estimated to be £1%.

As shown in Table 6.3, good agreement is generally found between the results
of this work and the values reported in the literature except for the cases of acetic
acid and N,N dimethyl formamide. For the case of acetic acid, the viscosity data
reported in "International Critical Table” [121] are consistently higher than the
data measured in this work. However, when these data are compared with the data
reported by Timmerman [114] in Figure 6.1, the data from "International Critical
Table” [121] are significantly higher. Thus the data from reference [121] are con-
sidered questionable. Also in Figure 6.1, the viscosities of n-butanol and n-octane
as measured in this study are compared with the data from the literature; it shows
good agreement for both of those solvents. It is difficult to make any conclusion
for N,N dimethyl formamide because there is lack of reported experimental data.
However, based on the good agreement of the results for other solvents, it can
be concluded that the method utilized for viscosity measurements at atmospheric

pressure in this work has produced accurate results.
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SOLVENT TEMPERATURE(K) VISCOSITY VISCOSITY
(x107%kg/m.s) (x107%kg/m.s)
THIS WORK LITERATURE

acetic acid 293.15 1.218 1.265[121]
298.15 1.125 1.155{121]
323.15 0.794 0.810[121]
acetone 278.15 0.375 —_—
288.15 0.338 0.337[114]
298.15 0.315 0.308[114]
0.324[121]
n-butanol 278.15 4.355
298.15 2.593  —
323.15 1.405 —_
chlorobenzene 278.15 0.973 —_—
298.15 0.755 0.758{114]
323.15 0.572 0.571[114]
N,N dimethyl 278.15 1.052 ——
formamide 298.15 0.846 0.802(122]
323.15 0.635
ethyl acetate 278.15 0.545 e
288.15 0.475 0.473[114]
298.15 0.427 0.424(114)
323.15 0.335 —_
ethylene glycol 278.15 40.829 —
208.15 16.200 _—
323.15 6.896 ——
n-octane 278.15 0.660 —
298.15 0.510 0.508[114]
323.15 0.392

Teble 6.3: Viscosities of the solvents at atmospheric pressure
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i o = acetic acid [114]
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a = gcetic acid [121]
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v = n-gctane [this work]
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Figure 6.1: Plot of In g versus 1/T for acetic acid, n-butanol and n-octane
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6.2 Gas Solubility Measurements at Atmospheric

Pressure

In the steady-state capillary cell method for determining diffusivities of dissolved
gases, a knowledge of the gas solubility is required. Therefore, the solubilities of
propene were measured at atmospheric pressure in acetic acid, acetone, n-butanol,
chlorobenzene, N,N dimethyl formamide, ethyl acetate, ethylene glycol and n-octane
by utilizing the solubility apparatus mentioned in Chapter 5. The experiments were
conducted at three different temperatures for each solvents, and the experiments
were repeated at least three times for each system at the same temperature. The
deviations of the multiple results were always less than £1% from the average, and
the experimental error was estimated to be 4:2%.

It is conventional to convert gas solubilities measured at some experimental pres-
sures to that calculated for a solute partial pressure of 101.3 kPa. It is considered
that such a conversion allows a comparison of solubilities for a common gas partial
pressure. Table 6.4 shows the gas solubilities at 101.3 kPa solute partial pressure
and a variation about the mean corresponding to one standard deviation of the
multiple results and a comparison with solubilities available in the literature. The
calculation procedure described in section 5.5 was used for the determination of gas

solubility. A sample calculation is given in Appendix E.

Two potential errors can affect significantly the results in the gas solubility

measurements, namely, incomplete deaeration and less than complete saturation
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SOLVENT TEMPERATURE SOLUBILITY LITERATURE
(K) (mole fraction) VALUE
acetic acid 293.15 0.0246 £ 0.0002
298.15 0.0224 £ 0.0002
323.15 0.0133 £ 0.0001
acetone 278.15 0.0679 £ 0.0003
288.15 0.0542 % 0.0002
298.15 0.0453 + 0.0004
n-butanol 278.15 0.0652 % 0.0001
208.15 0.0390 + 0.0001 0.0389(106]
323.15 0.0223 + 0.0001 0.0221(106]
chlorobenzene 278.15 0.1153 £ 0.0001
298.15 0.0698 4 0.0001 0.0697[106]
323.15 0.0400 £+ 0.0001 0.0400(106]
N,N dimethyl- 278.15 0.0407 £ 0.0001
formamide 208.15 0.0278 = 0.0001
323.15 0.0184 £ 0.0002
ethyl acetate 278.15 0.1037 £ 0.0002
288.15 0.0826 + 0.0001
298.15 0.0661 £ 0.0002
323.15 0.0414 x 0.0003
ethylene glycol 278.15 0.0035 + 0.0001
298.15 0.0023 £ 0.0001
323.15 0.0015 £ 0.0000
n-octane 278.15 0.1757 £ 0.0001
298.15 0.1062 = 0.0001  0.1060[106]
323.15 0.0636 £ 0.0001 0.0635[106]

Table 6.4: Gas solubilities of propene in various solvents at 101.3 kPa partial pres-
sure of solute gas
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of the solvent. To verify that the deaeration was complete, different durations of
the degassing time were utilized for the multiple runs, and the deviations of the
results were less than +1%. Thus it could be concluded that all the deaerations
were complete and independent of deaeration times. To verify that the solvent was
saturated with the solute gas, different motor speeds of the syringe pump, that is,
different infusion rates of the degassed solvent, were utilized for the multiple runs.
If the measured gas solubilities were independent of the motor speed of the syringe
pump as found in these experiments, then the solvent could be considered to be
completely saturated with the solute gas.

Gas solubilities that were previously reported by other workers are compared
with those obtained in this study in Figures 6.2 and 6.3. It is observed in these
figures that generally good agreement is obtained between the data from the lit-
erature and those measured in the work. It can be concluded that the apparatus
used in this study for the measurements of gas solubility at atmospheric pressure is
accurate,

Figures 6.2 and 3.3 are the plots of the logarithm of the mole fraction solubility
versus the logarithm of the absolute temperature. In these figures, the ideal gas
solubilities are indicated as dashed lines with the ideal gas solubility calculated from
the following equation:

101.3

gl = ) (6.1)

In the equation above, pY is the vapor pressure of the gas which is determined

by the Gometz-Nieto and Thodos method [123]. Equation (6.1) indicates that the
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Figure 6.2: Temperature dependence of the gas solubilities of propene in n-octane,
chlorobenzene and n-butanol
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ideal gas solubility becomes unity at the normal boiling point of the solute gas. In
these figures, it can be observed that of all the solvents used, only the solubilities
of propene in n-octane are higher than the ideal gas solubilities.

It appears possible that polarity of the solvent or tendency for self—a.ssociation
of the solvent molecules, influences the gas solubility. In Figure 6.2, gas solubilities
of propene in n-octane, chlorobenzene and n-butanol are compared. It is observed
that the solubilities of propene are highest in n-octane, lower in chlorobenzene and
lowest in n-butanol. Since n-octane is non-polar, chlorobenzene is polar but non-
associating, and n-butanol is highly polar and associating, it appears likely that
the gas solubilities are reduced in polar solvents which tend to self-associate. This
result agrees with the hypothesis proposed by Hayduk and Laudie (129] that large
reductions in gas solubility from the ideal gas solubility were attributed to the

formation of strong hydrogen-bonds in solvents.

6.3 Diffusivity Measurements at Atmospheric

Pressure

The diffusivities at atmospheric pressure of propene were measured by the
steady-state capillary cell method in acetic acid, acetone, n-butanol, chloroben-
zene, N,N dimethyl formamide, ethyl acetate and n-octane. The experiments were
conducted at three different temperatures for each system, and the experiments
were repeated at least three times for each system at the same temperature. The

deviations of the multiple runs were always less than 2%, and the experimental
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error was estimated to be £3%. The diffusivity of propene in ethylene glycol was
not measured by the steady-state capillary cell method because the time required
for development of a steady-state concentration profile was extremely long (about
20 days) due to the extremely low diffusion rate.

The average values of diffusivity and their standard deviations for the repeated
measurements of propene in the seven solvents are shown in Table 6.5. The proce-
dure described in section 5.8 was used for calculation of the diffusivities. A sample
calculation is presented in Appendix F. Linear relationships were obtained for all
systems when semi-logarithm plots of diffusivity versus reciprocal of absolute tem-
perature were constructed as shown in Figure 6.4. This diagram verifies that the
temperature dependence of diffusivity can be described by an equation of the Ar-

rhenius type (3.1) at least for the temperature range studied in this investigation.

The experimental data obtained in this study are considered new because there
are no data available in the literature for comparison. To verify the accuracy of
the diffusivity measurement apparatus and procedure which were employed in this
investigation, the diffusivity of propane gas was measured in n-butanol at 298.151x.
The result obtained for this solvent is compared in Table 6.6 with reported values
from the literature from two different sources. The deviations between the exper-
imental result and the values from the literature are about 1%, which is within
the experimental error. Therefore, it is concluded that the diffusivity measurement

apparatus and procedure utilized in this study can produce accurate results.

A potential error in the steady-state capillary cell method is the "Al effect’ which
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SOLVENT TEMPERATURE NO. OF DIFFUSIVITY
(K) RUNS (MEAN)

(x10""m?/s)
acetic acid 293.15 5 1.60 + 0.03
298.15 5 1.77 £ 0.06
323.15 4 2,70 £ 0.09
acetone 278.15 4 4.82 +£ 0.07
288.15 4 5.43 + 0.09
298.15 4 6.18 £ 0.08
n-butanol 278.15 3 0.83 + 0.02
208.15 5 1.34 £+ 0.02
323.15 5 2.37 + 0.02
chlorobenzene 278.15 4 1.80 £ 0.06
298.15 4 2.40 £ 0.09
323.15 4 3.37 £ 0.06
N,N dimethyl- 278.15 3 1.45 £+ 0.04
formamide 298.15 4 1.89 &+ 0.04
323.15 5 2.66 £ 0.06
ethyl acetate 278.15 4 3.66 £ 0.09
288.15 4 4.26 £ 0.14
208.15 4 4.95 £ 0.13
323.15 4 G.86 £ 0.20
n-octane 278.15 3 2.52 4+ 0.07
208.15 4 3.40 £ 0.09
323.15 4 4.77 £ 0.07

Table 6.5: Diffusivities of propene in various solvents at atmosphric pressure
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Figure 6.4: Plot of In D95 versus 1/T for propene in various solvents
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SOLUTE SOLVENT TEMPERATURE DIFFUSIVITY LITERATURE

(K) (x107%m?/3) VALUE
propane  n-butanol 2908.15 1.58 + 0.01 1.57(140)
1.57 + 0.04[58)

Table 6.6: Diffusivities of propane in n-butanol at atmospheric pressure
arises because the actual length of the diffusion path may differ from the geometric
length owing to a concentration build up at the lower end of the capillary [130].
It has becen found that the effect from the difference between the effective length
and the apparent length of the diffusion paths becomes negligible above a certain
length. It is, of course, impossible to measure the effective length of the diffusion
path which includes the region of solute accumulated at the end of the capillary.
The relation between diffusivity at 298.15 K and apparent diffusion path length
for propene in ethyl acetate is shown in Figure 6.5. From this figure, it is evident
that the length of the diffusion path beyond which 'Al effects’ become negligible, is
about 0.02 m. This minimum length of 0.02 m was applied to all the experiments
involving the steady-state capillary cell method to ensure that the end effects were
negligible.

It has been found that the tendency for seif-association of the solvent molecules
by means of the formation of hydrogen-bonds reduces the rate of diffusion. The

solvent N,N dimethyl formamide, acetic acid and n-butanol are known to have a
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strong tendency for forming hydrogen-bonds. Thus the diffusivities of propene in
those three solvents are lower than in the other four solvents which have a much
iuer tendency for the formation of hydrogen-bonds, as shown in Figure 6.4. It is
also evident that the diffusivity increases with decreasing viscosity of solvent based
on the comparison of the data in Table 6.3 and Table 6.5 and shown in Figure 6.6.

The diffusivities of propene gas in n-butanol as measured at the three tem-
peratures in this study are compared with the values predicted by means of several
available correlating equations previously discussed in Chapter 2, in Figure 6.7. The
Umesi and Danner correlation (2.35) under-predicts the propene molecular diffu-
sivities; the reason for this is considered to result from the fact that the correlation
was developed for predicting diffusivities in nonpolar solvents only. The Sridhar
and Potter correlation (2.33) also seriously under-predicts the propene diffusivities.
The Akgerman and Gainer equation (2.27), on the other hand, under-predicts the
propene diffusivities at low temperatures and over-predicts them at high tempera-
tures. Finally, the Sovova correlation (2.32) and the proposed correlation (3.12) for
dissolved gases in liquids both over-predict the propene diffusivities at low tempera-
tures and under-predict them at higher temperatures. However, the new correlation
proposed here gives a much better prediction of the diffusivity for propene in n-
butanol than those of the other correlations mentioned. Similar comparisons of the
diffusivities of propene gas in each of the other six solvents measured in this study
are shown in Appendix G. For most of the systems studied, the new correlation

and the Akgerman and Gainer correlation give relatively good predictions of the
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propene diffusivities. However, the new correlation for the prediction of diffusivities
for dissolved gases in liquids gives a significantly lower average error than do the
other correlations tested, based on 352 data, as mentioned in Chapter 3.

The diffusivities of propene gas in n-butanol as measured at the three tempera-
tures in this investigation are compared with values predicted by utilizing the hydro-
dynamic theory (equations (2.3} and (2.4)) and the rate theory of Eyring (equation
(2.8)), in Figure 6.8. When required, the radius of molecules are estimated, utilizing
the value of the molar volume at the normal boiling point, and assuming that the
molecules are spherical. Both these diffusion theories seriously under-predict the
propene diffusivities. The Stokes-Enistein equation (2.3) is usually considered ap-
plicable only for the case where the size of the solute molecules are relatively large,
when compared with the size of the solvent molecules; hence it is not considered
applicable for the case of diffusion of dissolved gases in liquids. Another form of the
hydrodynamic theory as expressed by equation (2.4) is expected to give better pre-
dictions for systems in which molecular sizes of solute and solvent are comparable;
this situation is not always true for diffusion of dissolved gases in liquids, However,
as mentioned before, equation (2.8) of Eyring’s only gives values of diffusivity of the
proper order of magnitude only; so it is not surprising to find that the predicted
results using equation (2.8) are far different from the experimental data. The same
results are obtained for the other six solvents as shown in Appendix H. It can be
concluded that neither the hydrodynamic theory nor the rate theory of Eyring are

able to give reliable predictions of diffusivity for gas-liquid systems.
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6.4 Density Measurements of Solvents at Elevated

Pressures

The densities of the solvents of n-butanol, chlorobenzene, ethylene glycol and
n-octane were measured at elevated pressures utilizing the Anton Paar densitometer
equipped with a high-pressure measuring cell. These data were required to deter-
mine the molar volumes of the solvents at elevated pressures. The measurements
were carried out at 298.15 K, 323.15 K and 348.15 K and at pressures up to 6891.2
kPa for each solvent. The experimental results are shown in Tables 6.7 to 6.10.
The experimental error was estimated to be £0.5%.

To verify the consistency of the high pressure Anton Paar densitometer, the
densities of the four solvents at 101.3 kPa pressure as listed in Table 6.7 through
Table 6.10 were compared with those obtained with the low pressure densitometer
as listed in Tables 6.1 and 6.2, and good agreement was obtained in all cases.
Therefore, it can be considered that the equipment and method utilized for the
density measurements at elevated pressures is likely to produce reliable density
data.

The classical relationship for expressing the pressure dependence of the molar
volume is the Tait equation [131], usually written in terms of the coefficient of

compression, K, as:

BNV Glog (E +P) (6.2)

ETwOT E+1

W

In the equation above, V}, and V}, are molar volumes at 101.3 kPa pressure. and
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at a higher pressure P, respectively, and the pressure, P is in atmospheres. In the
same equation, E and G are constants. The Tait equation (6.2) can be rewritten

in terms of densities as follows:

1P E_t_{'i)
k=1 PP—Glog(E_I_l (6.3)

The values of E and G in equation (6.3) for the four solvents which densities were
measured in this work, were estimated by means of the nonlinear regression analysis;
again the NLIN package in the SAS library was utilized. The estimated values of
E and G and the average deviations from densities predicted by utilizing equation
(6.3) are reported in Table 6.11. The average deviation is the average value of the
absolute percent error defined by equation (3.10). The predicted values calculated
using equation ‘(6.3) are compared with tlhie experimental data for n-butanol in
Figure 6.9. From Figure 6.9, it is apparent that the Tait equation gives good
predictive results at high temperatures (i.e. 323.15 K and 348.15 K), but gives poor
predictions at low temperature (i.e. 298.15 K) probably because of the extremely
large values of E and G at low temperature. Similar cbservation can be made for
the density data for all the other solvents.

Based on a linear relationship observed from a plot of density versus pressure
within the pressure range studied in this investigation, the pressure dependence of

the density can be expressed by a two-perameter linear equation such as:
p=Q+S-P (6.4)

In this equation, p is demsity in kg/m® and P is pressure in kPa. The values
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of the constants Q and S were estimated by a linear regression analysis, and the
results are presented in Table 6.12. Since the values of the slope S in equation
(6.4) increases with increasing temperature, it implies that the effect of pressure on
density becomes more significant with increasing temperature. In Figure 6.9, the
experimental data for n-butanol are compared with the results predicted by means
of equation (6.4).

Based on the observation of the results obtained and calculations made as shown
in this section, equation (6.3) was found to give the best predictive results for
densities at high temperatures and equation (6.4) to give the best predictions for
densities at low temperatures for the pressure range studied in this investigation.
It was also observed that the changes of density with increasing pressure are more

significant at higher temperatures.

6.5 Diffusivity Measurements at Elevated

Pressures

6.5.1 Design Criteria for the Taylor Dispersion Method

Because the diffusion coefficients of dissolved gases and the solvent viscosities
both vary greatly with temperature and because of the particular solute-solvent
interactions for the systems being studied, it was necessary to check the design
criteria for each measurement of diffusivity utilizing the Taylor dispersion technique.
For each experiment, the design criteria were evaluated and compared with the

operating conditions actually used for the experiment to insure that the conditions
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PRESSURE (kPa) DENSITY (kg/m?)

298.15 K 32315 K 34815 K
101.3 806.0 7868  760.0
344.6 806.1 7869  760.3
689.1 806.2 7871  760.7
1378.2 8064 7876 7614
2067.3 806.7 7881  762.1
2756.5 8069 7885  762.8
3445.6 807.2 7889  763.5
4134.7 807.5 7894  764.2
4823.8 807.8  780.8  764.0
5512.9 8081 7902  765.6
6202.0 8084 7906  766.1
6891.2 087 7910  766.6

Table 6.7: Densities of n-butanol at elevated pressures

PRESSURE (kPa) DENSITY (kg/m?)
208.15 K 323.15 K 348.15 K
101.3 1100.9  1073.0  1047.0
344.6 1100.9  1073.6  1047.3
689.1 1101.0  1073.9  1047.7
1378.2 1101.3 10745  1048.3
2067.3 1101.7 10750  1049.3
9756.5 1102.1 10756  1050.1
3445.6 1102.6  1076.3  1051.0
4134.7 11032 10769 10516
4823.8 1103.6 10775  1052.4
5512.9 11041 10782  1053.1
6202.0 11046 10787  1053.8
6891.2 11052 1079.3  1054.6

Table 6.8: Densities of chlorobenzene at elevated pressures
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PRESSURE (kPa) DENSITY (kg/m?)
208.15 K 323.15K 348.15K
101.3 1109.9 10923  1073.1
344.6 1109.9 10924  1073.3
689.1 1109.9 10925  1073.5
1378.2 1109.9 10927  1073.9
2067.3 1109.9 10929  1074.2
2756.5 1109.9  1093.1  1074.6
3445.6 1110.0 10932  1075.0
4134.7 1110.1 10934  1075.4
4823.8 11102 1093.6  1075.7
5512.9 11103 1093.8  1076.1
6202.0 11104 10940 10765
6891.2 11105 10942  1076.9

Table 6.9: Densities of ethylene glycol at elevated pressures

PRESSURE (kPa) DENSITY (kg/m?)

298.15 K 323.15 K 348.15 K
101.3 6984 6783  660.0
344.6 698.5 6785  660.3
689.1 698.6 6788  660.7
1378.2 6989  679.4 6618
2067.3 699.3  679.9  662.6
2756.5 699.7  680.5  663.4
3445.6 700.1  68L1  664.3
4134.7 7005 6816  665.1
4823.8 700.8 6822  666.0
£512.9 701.2 8828 6669
6202.0 701.6 6823 6678
6891.2 7020 6839  668.6

Table 6.10: Densities of n-octane at elevated pressures
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SOLVENT

TEMPERATURE E G AVE. DEV.

(K) (atm.) (%)

n-butanol 298.15 8.44 x10¥ 9.65 x 10" 0.144
323.15 500.99 0.1072 0.003

348.15 187.29 0.0660 0.005

chlorobenzene 298.15 2.51 x10® 3.32 x10'? 0.236
323.15 152.82 0.0368 0.009

348.15 330.88 0.0897 0.003

ethylene glycol 208.15 6.71 x10'® 1.10 %102 0.016
323.15 562.04 0.0351 0.002

348.15 644.901 0.0816 0.003

n-octane 208.15 7.94 x10'% 1,39 x10'2 0.224
323.15 1686.09 0.4832 0.003

348.15 727.03 0.3363 0.006

Table 6.11: Estimated values of E and G for equation (6.3)
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SOLVENT TEMPERATURE Q S AVE. DEV.
(K) (kg/m®) (kg/m>kPa) (%)
n-butanol 208.15 205.90 3.973 x10—4 0.006
323.15 786.73 6.285 x101 0.005
348.15 760.02 9.800 <104 0.011
chlorobenzene 208.15 1100.50 6.456 x10~4 0.012
323.15 1073.20 8.970 x10~* 0.007
348.15 1047.00 1.077 x10~°3 0.014
ethylene glycol 298.15 1109.50 1.451 x10~4 0.010
323.15 1092.31 2.721 x10~¢ 0.002
348.15 1073.10 5.488 x10-4 0.002
n-octane 208.15 698.30 5.369 x10-4 0.009
323.15 678.23 8.228 x10™ 0.003
348.15 609.91 1.267 x10~% 0.007

Table 6.12: Estimated values of @ and S for equation (6.4)
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were kept within the necessary limits.

Based on Taylor’s analysis [17,18], some dispersion of the injected pulse occurs
in laminar flow. Therefore, the Reynolds number was checked for each experiment
to ensure that the flow was in the laminar region. In this investigation, the highest
Reynolds number used was about 6.0.

In the Taylor dispersion analysis, it was shown that the eluted solute concentra-
tion as a function of time was a gaussian curve; thus the concentration distribution
was necessarily symmetrical. A test for symmetry was carried out for each experi-
ment in this study. The distances on both sides from the center vertical line of each

eluted peak were measured, and the ratio was calculated as:

I} — Ty
(=1 + 2,)/2

In the above equation, z;, and z,, are the distances of the left hand side, and of

Ratio = (6.5)

the right hand side, from the curve to the center line of the peak, respectively. For
the worst case in this study, the ratio was 0.009. Therefore, the eluted peaks in
this work were generally symmetrical. Another measurement of the peak symmetry
could have been obtained by using the third statistical moment, but it required a
digital analysis for the eluted concentration peak.

Experimentally, it is impossible to satisfy the Taylor dispersion condition that
the injected pulse should be a true §-function. In practice, the injection employed
gives a square pulse of finite length. Levenspiel and Smith [132] showed that if the
volume of injected solution was less than 1.0% of the internal volume of the column,

then the error from the imperfection of the §-function was negligible. In this study,
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the volume of injected solution was always 2.0 x 10~® m® and the internal volume
of the dispersion column was 3.08 x 10~° m3. Therefore, the above criterion was

satisfied for all the experiments in this work.

An important assumption made by Taylor [17,18] is that the effect of molecular
diffusion in the axial direction is negligible, and this assumption can be made if the

following conditions are fulfilled:

4L  vnR
R~ D

> 6.9 (6.6)

In this study, the value of 4L/R was approximately 715800, and the value of
vmR/Dap was approximately 510. Therefore, the conditions of equation (6.6) were
satisfied, and the effect of molecular diffusion in axial direction was considered neg-
ligible.

In this investigation, the dispersion column was wound in a coil having a 0.105
m radius because of its long length (68.0 m). It is recognized that secondary flow
occurs when fluid passes through a curved tube. The secondary flow can reduce the
degree of dispersion and hence, in effect, inciease the measured diffusivity. However,
secondary flow effect can be neglected if the ratio of the coil diameter to the tube
inside diameter is large and the flow velocity is relatively low. Alizadeh et. al.
[133) have recommended that if De?Sc < 20, then the effect of secondary flow is
negligible, De is the Dean number (Re/ M), and Sc is the Schmidt number
(u/pD4p). For the worst case in this study, the value of De’Sc was about 16
which was less than 20. Therefore, the secondary flow effects were considered to be

negligible in this work.



It is known that the effect of increasing the solvent flow rate beyond a certain
limited value leads to erroneous results [28]. Experiments were performed at a
number of different flowrates to see if there was an effect of flowrate on the measured
diffusivity. In Figure 6.10, the apparent diffusion coefficients for propene in n-
butanol and n-octane at 298.15 K and at atmospheric pressure are plotted as a
function of the solvent velocities. It is apparent that as the velo.ity increases,
the apparent diffusivity will increase well above the true value. The velocity limit
as indicated in Figure 6.10 is used to guide the choice of the flowrates used for
the experiments. In general, the range of the velocity (vm) used in this study
was between 0.2 and 0.4 x 102 m/s, well below the limit for reliable diffusivity
measurements.

In this study, the temperature and pressure of the solvent were lowered to 298.15
K and atmospheric pressure before it entered the detector. Since the residence time
in the cooling and pressure reducing section was very small as compared to the
period for which the dispersion proceeded. The error on measured diffusivities

carried by temperature and pressure reduction was expected to be negligible.

6.5.2 Experimental Data for Diffusivities by the Taylor
Dispersion Method

The diffusivities of propene were measured by the Taylor dispersion method
at elevated pressures in the solvents n-butanol, chlorobenzene, ethylene glycol and

n-octane. The experiments were conducted at 298.15, 323.15 and 348.15 K for each
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Figure 6.10: Effect of the solvent velocity on diffusivity as measured by means of
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and at atmospheric pressure

126



systemn and for pressures from 101.3 to 6890 £Pa. The experiments were repeated
at least three times for each system at the same temperature and pressure, and the
experimental error was estimated to be & 3 %.

As a confirmation of the proper design of the Taylor dispersion apparatus, a
comparison of some of the diffusivities measured by the Taylor dispersion method
was made with values measured by the steady-state capillary cell method as shown
in Table 6.13. The agreement is generally very good, the maximum difference being
2.0%. Thercfore, it is considered that both measurement methods can produce reli-
able results since it is unlikely that similar results could be coincidentally obtained
by those different experimental techniques.

The average values of the diffusivities of propene in the four solvents are shown
in Tables 6.14 to 6.17. The uncertainties indicated in the tables correspond to one
standard deviation. The calculation procedure described in section 5.12 was utilized
for the determination of the diffusivity. A sample calculation is also presented in
Appendix L.

The diffusivities of the propene in n-butanol, chlorobenzene, ethylene glycol and
n-octane arc given in Figures 6.11 through 6.14 as a function of temperature and
pressure. The lines in those figures represent the results of linear regression analyses
of the experimental data. It is evident that the diffusivity decreases with increasing
pressure. However, the effect of pressure on the diffusion coefficients is relatively
small for pressures from 101.3 to 6891 kPa. Based on observations of the results

obtained, it may be stated that the effect of pressure on the diffusion coefficients
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becomes more significant at higher temperatures. This phenomenon is similar to the
effect of pressure on densities mentioned in section 6.4. Since the density increases
with increasing pressure, it may be considered that the free space between the liquid
molecules through which diffusion occurs, is decreased; thus it is considered that
the rate of diffusion will also decrease because the space for diffusion is reduced.

It has been found that the polarity of the solvent and the tendency for self-
association of the solvent molecules affect the diffusion process. In Figure 6.15, the
diffusivities of propene in n-butanol, chlorobenzene, ethylene glycol and n-octane at
atmospheric pressure are compared. It is shown that the diffusivities of propene in
n-octane is the highest, following by chlorobenzene and n-butanol, and the diffusiv-
ities of propene in ethylene glycol is the lowest among those solvents. N-octane is
nonpolar and non-associating, chlorobenzene is slightly polar but non-associating,
n-butanol is highly polar and associating and ethylene glycol is even more polar and
strongly associating due to its two hydroxyl groups. These solvents show a typical
effect; that is, the higher the degree of molecular association in the solvent, the

greater the reduction in diffusivity of dissolved gases.

6.6 Rough Hard Sphere Treatment of Diffusivity

According to the rough hard sphere (RHS) theory discussed in Chapter 2, the

temperature dependence of the diffusivity should have the following form:

Dis -
= -V {6.
T +(Ve — Vb) 7)
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SOLVENT  TEMP.(K)

DIFFUSIVITY (x10~°m?/s)

STEADY-STATE
CAPILLARY CELL DISPERSION

TAYLOR

METHQOD METHOQD

n-butanol 298.15 1.34 £ 0.02 1.35 £ 0.01
323.15 2,37 £ 0.02 2.40 £+ 0.04

chlorobenzene 208.15 2.40 + 0.09 2.44 4+ 0.01
323.15 3.37 £ 0.0G 3.40 £ 0.01

n-octane 298.15 3.40 + 0.09 3.42 £+ 0.00
323.15 4,77 £ 0.07 4.78 £ 0.0

Table 6.13: Comparison of experimental results for atmospheric pressure of two
different methods for measuring diffusivities of dissolved propene gas in n-butanol,

chlorobenzene and n-octane
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Figure 6.11: Plot of diffusivities of propene in n-butanol as a function of temperature
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PRESSURE (kPa) DIFFUSIVITY (x107°m?/s)
208.15 K 323.15 K 348.15 K
137.8 1.35 £ 0.01 —_— 3.89 + 0.03
172.3 _ 2.40 £ 0.04 _—
468.6 —_— —_ 3.86 £ 0.07
1378.2 _ —_ 3.83 £ 0.00
1722.8 1.31 £ 0.01 -_— —_—
2411.9 —_— 2.30 £ 0.04 —_
2756.5 1.27 £ 0.01 — e
3101.0 — 2.28 £ 0.02 —_—
3376.7 —_— —_— 3.69 £+ 0.04
3790.1 1.24 £ 0.03 2.24 £+ 0.05 —
4410.3 —_— _— 3.62 £ 0.03
4479.3 —_ 2.23 £ 0.04 —_
5444.0 — o 3.93 £ 0.05
5512.9 1.21 +£0.02 2.19 £ 0.02 —_—
57T19.7 —_— —_— 3.52 £ 0.00
6546.6 —_ 2.16 £ 0.02 —_
6822.2 —_— —_ 3.45 £ 0.04
6891.2 1.17 £ 0.03 — —

Table 6.14: Diffusivities of propene in n-butanol at elevated pressures
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PRESSURE (k Pa) DIFFUSIVITY (x10~°m?/s)
208.15 K  32315K  348.15K

117.2 — 340 £0.01 435005
124.0 2.44 + 0.01 — —
206.7 —  340+002 « —
241.2 — — 435+ 0.05
1033.7 2.42 £ 0.01 — —
1378.2 — — 4294007
1585.0 — 3334003 —
2136.3 242 £ 003  — —
2480.8 — — 4194003
2549.7 — 327£003 —
3445.6 2.40 £ 0.01 —_— —
42725 — 3244002 @ —
4582.6 — — 400 +0.04
5099.5 237 £005 « — —
5237.3 — 3224006 @ —
5857.5 —  319+002 @ —
6202.0 233 £002  — —_
6271.0 — — 403002

Table 6.15: Diffusivities of propene in chlorobenzene at elevated pressures
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PRESSURE (kPa) DIFFUSIVITY (x10-°m?/s)
298.15 K 323.15 K 348.15 K
344.6 — — 0.756 & 0.003
379.0 — 0.437 + 0.003 —
447.9 0.200 + 0.001 — —_
1378.2 — 0.433 £ 0.002 0.750 + 0.002
1791.7 0.211 = 0.003 — —
2239.6 — 0.431 + 0.004 —
2687.6 — 0.431 =+ 0.002 —
2894.3 —_— — 0.740 % 0.008
3424.9 0.202 = 0.001 — —
3721.2 0.189 % 0.001 — —
4134.7 — 0.426 £ 0.005 0.721 + 0.008
4892.7 — 0.425 + 0.002 —
5375.1 0.192 = 0.001 — —
5512.9 — — 0.710 + 0.001
6753.3 0.188 % 0.001 — 0.692 + 0.001
6891.2 — 0.419 + 0.002 —

Table 6.16: Diffusivities of propene in ethylene glycol at elevated pressures




’”’

PRESSURE (kPa) DIFFUSIVITY (x10~9m?/s)
208.15 K 323.15K  348.15K

103.4 342+ 000 478005  —
137.8 — — 641006
826.9 330 £0.02  — —
1378.2 3.25 £ 0.02  — —
1447.1 — — 6264 0.08
1722.8 —  467+001  —
2274.1 3.21 + 0.03 4.67+0.05 6.16 + 0.02
2756.5 3174003  — —
3101.0 318 £0.02 460004  —
3514.5 — — 6.0l %006
4134.7 — — 595001
4444.8 —  452+004 @ —
5099.5 3.07£003  — —
5685.2 — 443004 @ —
5995.3 _ — 571+ 0.04
6202.0 3.014+003  —- —
6753.3 — — 563+ 0.05
6856.7 — 4321001 —

Table 6.17: Diffusivities of propene in n-octane at elevated pressures
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If this relationship is valid, then it would be possible to predict the diffusivity for
a given solute-solvent system by using one physical property (the solvent molar
volume, Vp) and two parameters, ¥ and V. Because the form of equation (6.7) is
relatively simple, it is easy to use.

Figures 6.16 to 6.19 are plots of D%5/v/T versus the solvent molar volume, Vg,
for propene in n-butanol, chlorobenzene, ethylene glycol and n-octane at different
temperatures and pressures, In Figure 6.20, D%5/V/T is plotted against the solvent
molar volume, Vg, for propene in acetic acid, acetone, N,N dimethyl formamide and
cthyl acetate at different temperatures and atmospheric pressure. All the figures
show linear relationships between D9g/ VT and Vs. Thus equation (6.7) can be
successfully used to describe the diffusivities measured in the ranges of temperature

and pressure utilized in this study.
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The parameters, v and Vp, were determined by a linear regression of the exper-
imental results for each system aud the estimated values are given in Table 6.18.
The values of the solvent critical volumes are also given in Table 6.18. It was found
that the values of Vp increased in a regular way with increasing solvent critical
volumes. This relation, based on the eight systems investigated in this study, is

expressed as follows:

Vp = 0.306Ves (6.8)

The maximum error of the above equation was found to be 7.6%. The above
relationship is slightly different from the result reported by Matthews [28] that Vp
= 0.302 Vg for the gaseous solutes. Since the parameter Vp can be estimated from
the critical volume of the solvent; it 1s consistent with the discussion in Chapter 2

that Vp is dependent on the properties of the solvent only.

Physically, Vp can be considered to be the hypothetical solvent molar volume
at which the diffusion coefficient goes to zero. The physical meaning of Vp can be
checked 'y calculating the hard sphere diameter, og, based on the values of V),

calculated from the experimental data using the following expression:

bNo},

Vp =4bV, = \/i (6.9)

In the equation above, iV is Avogado’s number, and the constant b has been found
to be 1.358 [75]. The calculated values of the diameter, ¢g, are compared with
the predicted values of diameter. ovpyy, based on the van der Waals voluines in

Table 6.19. The van der Waals volumes are calculated from the group contribution
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SOLVENT Ves ¥ Vb
(m3/kmol) (x107%kmol/msK®%} (m3®/kmol)

acetic acid 0.171 30.70 0.054
acctone 0.209 34.76 0.064
n-butanol 0.274 23.14 0.090
chlorobenzene 0.308 17.30 0.094
N,N dimethyl 0.249 18.24 0.071
formamide

cthyl acetate 0.286 25.66 0.087
cthylene glycol 0.186 15.14 0.055
n-octane 0.492 15.47 0.151

Table 6.18: Values of Vi~g, v and Vp for propence in the eight solvents
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method of Bondi [134]. From Table G.19, it is shown that there is relatively good
agreement between the two diameter values. The ratio of o to aypw is found on

the average to be:

OB
gvpw

= 0.960 (6.10)

This provides another method to calculate Vi if Vg is not known. The van der
Waals volumes can be calculated by means of the Bondi method [134] and V), by
means of equations (6.9) and (6.10). The above finding is consistent with the resalt
reported by Matthews [28] for n-alkane systems for which it was reported that
cg = 0.97401'Dw.

Equation (6.7) would appear to have a sound theoretical basis which is supported
by the experimental data as discussed in the above section, and it is relatively simple
for use for predictive proposes. Thus an attempt was made to correlate the values
of Vp and 4 with the physical properties of solute and solvent, and then to use
equation {6.7) to predict the diffusivities.

Matthews ]28] suggested that diffusivitics of gases in liguids and of liquids i
liquids might not bLe correlated in a single equation due to the large differences
in molecular weight, size and shape of the solute molecules. Therefore, ouly the
diffusivities for gascous solutes in liquids were used for this correlation. Data for
forty six gas-liquid systems were collected from the literature and were added to
data from this study. In total, 329 diffusivity data, at different temperatures and
pressures, were involved. A listing of the solute-solvent systems involved is shown

in Appendix J. The temperature range for the data was from 273.15 to 567.15 K,

144



SOLVENT og av DI
(x107%m) (x107'%m)

acetic acid 4.54 4.68
acetone 4.79 4.98
n-butanol 5.35 5.46
chlorobenzene 5.46 5.66
N,N dimethyl 4.98 5.48
formamide

cthyl acetate 5.30 5.92
cthylene glycol 4.57 4.78
n-octane 6.39 6.56

Table 6.19: Comparison of the calculated diameters of RHS and VDV for the eight

solvents

145



and the pressure range was from 101.3 to 6981 kPa. For each system, the values of
v and Vp were estimated by means of a linear regression analysis.

Since the value of Vp was found to increase with increasing solvent critical
volume, Vcp, a simple relation was assumed to exist between the two variables;

thus the value of Vp was calculated by the following equation:

Vo = oVes (6.11)

The average value of = was found to be 0.308 £ 0.011 based on 54 systems. The
value of Vp could also be calculated by means of equations (6.9) and (6.10) as
mentioned before.

Based on the RHS theory, the parameter, v, is considered to contain all the
information on the interactions between the solute and solvent. It is known that
the parameter, v, is related to the solute and solvent molecular masses and molecular
diameters.

After a number of forms for the correlation of v were examined , a correlation
was found, that gave the best predictive results for v based on the 54 systems and

which had only a few parameters. This proposed correlation for v is:

§
v =6 MO ME (%) ' (6.12)

The parameters in the above equation were estimated by means of the nonlinear
regression analysis; again the NLIN package in the SAS library was used. The
estimated values of the parameters in equation (6.12) are: §; = 11973 £ 8302, é6; =

-0.2754 + 0.0542, &3 = -1.2314 + 0.2106 and 6, = - 0.3265 = 0.1826. In the above
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equation, M4, and Mg, are the molecular weights of solute, and solvent in kg/kmol,
respectively, Vi, and Vig, are the molar volumes of solute, and solvent at normal
boiling point in m?®/kmeol, respectively. The plots of residuals were examined and
all residuals were randomly distributed in those plots, Thus there was no evidence
for lack of fit of equation (6.12).

Therefore, the diffusivities of dissolved gases in liquids can be predicted based

on the RHS theory by the following correlation and related equation:

Dqy x 10°

= 11973029 p 51220 Vea _O'SSGS(V - Vp) (6.13)
\/T - A B B D *

Vi
Vp = 0.308Vep (6.14)

In these equations, D%g is in m?/s, T is in K, and molar volume of solvent, Vg,
and solvent critical volume, Veg, are in m3¥/kmol. It is important to note that
these equations are intended to describe the diffusivity not only as a function of
temperature and molecular sizes but indirectly, of pressure as well.

Equation (6.13) suggests the following physical interpretations. (1) The diffu-
sivity is strongly influenced by the molar volume of the solvent. (2) The diffusivity
decreases with increasing molecular weights of solute and solvent, and the effect of
changes in solvent molecular weight are more significant than those of the solute.
(3) The ditfusivity is influenced by the ratio of molecular sizes of solute and solvent.

Diffusivities were predicted using equation (6.13), and the resulting average
absolute percent deviation from the experimental data was found to be 41.8% based

on 329 data; this average percentage deviation is considered very high. There are
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several reasons for the high percentage deviation from equation (6.13). The values
of @ in equation (6.11) for several systems are far from the average value of 0.308.
For example, the values of @ for different solutes in n-butanol and in cyclohexane
are about 0.321; thus, the predicted diffusivities for these systems are, consequently,
higher than expected, and the average error is forced up. Therefore, the calculation
method for Vp based on equation (6.11) is not considered entirely successful. The
estimation procedure for Vp needs further study based on more experimental data
for high pressure, for example. Although equation (6.13) does not appear to be
able to give acceptable predictive results for all gas-liquid systems, it has been
shown by Matthews [28] that an equation of similar form can be used for diffusivity
predictions for chemically similar system such as for n-alkane systems.

It is concluded that the RHS theory, summarized by equation (6.7), is a promis-
ing method for correlating diffusion coefficients in chemically similar solute-solvent
systems. Further experiments are required, however, to investigate the application
of the RHS theory to a generalized correlation for diffusivities, applicable a wide

range of temperatures and pressures.
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Chapter 7

CONCLUSIONS

The effect of temperature on diffusivity in liquids was investigated in this study
based on the available experimental data. In total, diffusivities for 296 solute-solvent
pairs (2325 data) involving both gas and liquid solutes in liquid solvents, obtained
from the literature were used. The temperature for the data ranged from 194.65
K to 561.65 K. It was found that the equations, as the form of equations (3.1)
and (3.2), could describe the effect of temperature on diffusivity adequately for the
moderate temperature range of the data utilized.

Three new correlations have been proposed for prediction of diffusivities for
specified solute-solvent systems. The first is for the n-alkane systems, the second
correlation is for dissolved gases in organic solvents, and the last one is for dissolved
gases in water.

The proposed correlation for diffusivities in n-alkane systems, equation (3.9),
was compared with three available correlations for n-alkane systems in the literature
and was found to give the lowest average absolute error of 2.8% based on 104 data.

In addition to better representing the diffusivity data for n-alkanes, the proposed
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correlation is easier to use than existing correlations because only the temperature
and the molecular weights of solute and solvent are required.

The proposed correlation for diffusivities for dissolved gases in organic solvents,
equation (3.12), was compared with four correlations for gas-liquid systems from the
literature and was found to give the lowest average absolute error of 15.8% based
on 352 experimental data. The average absolute error was approximately half the
comparable errors obtained with the other existing correlations. It is concluded
that the proposed correlation, equation (3.12), successfully describes the data on
which it is based and may be used for the prediction of diffusivities of dissolved
gases in organic solvents with confidence.

A simple correlation, equation (3.13), has been proposed for the prediction of
diffusivities of dissolved gases in water. The proposed correlation was compared with
seven available correlations for gas-liquid systems in the literature and was found
to give the lowest average absolute error of 13.5% based on 309 data. However,
the correlations of Othmer and Thaker and Sovovd were all considered equally
successful, based on a comparison of the average absolute errors. Therefore, it
is concluded that those two correlations as well as the new, propused correlation,
equation (3.13), can be used for predicting the diffusivities of dissolved gases in
water equally well.

All three proposed correlations are purely empirical correlations; thus there is no
theoretical basis for them. Caution must be taken when they are used for prediction

outside the limits of the conditions and properties for which they were developed.
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The diflusion coefficients of propene gas were measured by the steady-state cap-
illary cell method at atmospheric pressure in the solvents acetic acid, acetone,
n-butanol, chlorobenzene, N,N dimethyl formamide, ethy! acetate and n-octane.
These data were not previously available in the literature. When these diffusivity
data were compared with predicted diffusivities obtained by utilizing the hydrody-
namic theory and the rate theory of Eyring, it was shown that the two diffusion
theories for the diffusion of dissolved gases in liquids had serious drawbacks in de-
scribing observed behavior.

The diffusivitics of propenc were measured by the Taylor dispersion method
at elevated pressures of up to 6891 kPa in the solvents n-butanol, chlorobenzene,
ethylene glycol and n-octane. These data were considered new in the literature. An
experimental apparatus based on Taylor dispersion phenomenon was constructed for
operation at high pressures and temperatures. It was confirmed that this apparatus
could produce reliable diffusivity data. It was generally found that the diffusivity
tended to decrease with increasing pressure. However, the effect of pressure on
the diffusivity was relatively small from 101.3 to 6891 kPe, and the effect became
more significant at higher temperatures. The above behavior was consistent with
expected behavior.

The solvents used in this investigation have different polarities and tendencies
for molecular association. The diffusivities of propene in n-butanol (highly polar
and associating), chlorobenzene (slightly polar but not associating) and n-octane

(nonpolar and not associating) at atmospheric pressure were compared. It was
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found that the diffusivities were reduced to some extent in polar solvents and were
reduced even more in associating solvents.

The rough hard sphere (RHS) theory which predicts a linear relationship be-
tween D%5/v/T and molar volume, Vg, has been investigated for dissolved gases in
organic solvents over moderate ranges of temperature and pressure. In addition to
demonstrating that the form of equation (6.7) correctly describes the relationship
between D%5/vT and molar volume, Vs, methods for predicting the parameters
v and V) in equation (6.7) have been proposed. The physical meaning of these
parameters has been discussed and shown to be consistent with the RHS theory.
The RHS approach is considered to be a promising method of correlating diffusion
coefficients for chemically similar solute-solvents systems.

In addition to the molecular diffusivities, the gas solubilities, densities and vis-
cosities of all the solvents used in this study, were measured by different techniques.
The solubilities of propene were measured at atmospheric pressure in the eight sol-
vents. The gas solubilities of propene in n-butanol, chlorobenzene and n-octane
were chosen for comparison; it was shown that the gas solubilities were reduced in
polar solvents which tend to self associate. The densities of n-butanol, chloroben-
zene, ethylene glycol and n-octane were measured at elevated pressures of up to
6891 kPa. It was found that the density increased with increasing pressure, aned

that the changes of density with increasing pressure was most significant. at higher

temperatures,
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Appendix A

Listing of the Solute-Solvent Systems
Used for Development of Correlation (3.9)
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SOLUTE SOLVENT TEMPERATURE(K) REFERENCE
n-pentane n-pentane  273.15 - 308.65 (135}, [136], [137]
n-hexane 298.15 [138]
n-hexane n-hexane 273.15 - 353.15 (135], [139]
dodecane  298.15 [139], [140}
hexadecane 298.15 [138], {141]
n-heptane n-hexane 298.15 (138]
n-heptane  273.15 - 373.15 [135], {137], [142]
n-octane 293.15 - 298.15 {142]
n-nonane  293.15 - 298.15 (142]
n-decane 293.15 - 298.15 {142]
hexadecane 298.15 (138], [140]
n-octane n-hexane 298.15 {138]
n-octane 273.15 - 373.15 (143], [144)
dodecane  208.15 (139], [143]
hexadecane 298.15 (139)
n-nonane n-nonane  298.15 {144]
r-decane n-hexane 298.15 [138]
n-decane 293.15 - 298.15 [144]
dodecane n-hexane 298.15 - 308.15 (138], [139], [140], [145]
n-octane  298.15 [139], [143]
dodecane  298.15 (139], [143]
hexadecane 298.15 [145]
hexadecane  n-hexane 298.15 (138], [139], {141]
n-heptane  298.15 (140]
n-octane  208.15 [139]
n-decane 298.15 (146}
dodecane 298.15 (145]
hexadecane 298.15 [147)
octadecane n-hexane 208.15 {138]
n-octane 298.15 (143]
dodecane 298.15 (143]
octadecane 323.15 (135]
tetracosane n-hexane 298.15 [145]
n-octane 208.15 [145)
dodecane  298.15 (145]
dotriacontane n-hexane 298.15 (145
n-octane 298.15 (145]

Table A.1: Experimental data used for development of correlation {3.9)
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Appendix B

Listing of the Solute-Solvent systems Used for
Development of Correlation (3.12)

163



SOLUTE SOLVENT TEMPERATURE(K) REFERENCE
argon benzene 208.15 (83]
n-butanol 208.15 - 433.15 [24], [27), (83]
carbon tetrachloride  273.15 - 298.15 [43], [50] [83]
cyclohexane 298.15 - 415.85 (25], [83]
cyclohexanol 303.15 71)
decane 208.15 - 373.15 (26}, (83]
hexane 298.15 (83]
methanol 298.15 - 383.15 [27)
n-octane 208.15 - 403.15 [26]
n-octanol 208.15 - 430.15 (27], [83]
tetradecane 298.15 - 430.15 [26], [83)
carbon dioxide acetone 208.15 [148]
n-amyl alcohol 293.15 - 298.15 [13], [148). [149]
aniline 293.15 [150]
benzene 293.15 - 303.15 (5], [148]
i-butanol 293.15 - 208.15 13}, (38], [148], [149]
n-butanol 298.15 (10], [148]
carbon tetrachloride  293.15 - 298.15 (5], [38], [148]
chlorobenzene 293.15 (150
diethyl ketone 298.15 (148
ethanol 279.55 - 303.15 (2], (5], [10], [71], [54]
ethylene glycol 298.15 (55]
formamide 298.15 (38)
n-heptane 293.15 - 298.15 [13], [148], [119], [15}]
n-heptanol 298.15 {10], [148]
hexadecane 298.15 - 323.15 [56]
n-hexane 298.15 (148]
methanol 293.15 - 298.15 (38), [148]
methyl ethyl ketone  298.15 [148]
4-methyl-2-pentanone 298.15 - 323.15 [152]
nitrobenzene 293.15 (150]
n-octanol 298.15 (10], {38], [148], 172
n-propanol ¥98.15 - 303.15 (38], [148]
tetradecane 298.15 - 323.15 {152
toluene 298.15 - 323.15 (5], [148], (152], {153], [154]
xylene 298.15 (148}
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SOLUTE

SOLVENT

TEMPERATURE(K) REFERENCE

ethane

eth;l,ene

krypton

methane

carbon tetrachloride
o-dodecane
n-heptane
n-hexadecane
n-hexane

n-octane
n-butanol
dodecane

ethylene dichloride
ethylene glycol
hexane
nitrobenzene
acetone

benzene

n-butanol

carbon tetrachleride
cyclohexane
decane

n-hexane
methanol
n-octane
n-octanol
i-propanol
tetradecane
acetone

benzene

n-butanol

carbon tetrachloride
cyclohexane
decane

dodecane

n- heptane
n-hexadecane
n-hexane
methanol
n-octane

208.15 - 303.15
208.15
298.15 - 313.15
298.15
298.15 - 303.15
298.15
298.15
298.15
288.15 - 303.15
298.15
298.15
303.15 - 333.15
298.15
298.15
298.15 - 433.15
298.15
208.15 - 415.85
208.15 - 433.15
298.15
298.15 - 383.15
298.15 - 403.15
208.15 - 430.15
208.15

208.15 - 374.15
298.15
298.15
298.15 - ‘33.15

273.15 - 298.15
208.15 - 415.15
208.15 - 433.15
273.15 - 323.15
277.15 - 311.15
298.15

298.15 - 303.15
208.15 - 383.15
208.15 - 403.15

98]

(56]

[54], [56]
[56]

(54], [56]
(56)

(60]

[60]
[153])
[60]

(60]
[155]
(83]

(83]
{27], {83}
[83]

[25], [83]
(26], [11]
(83]

[27}, {83]
(26]

[27], [83]
(83

(26], (83]
[83]

(83

{271, (83
43], [50], [54], [98], [83)
(25], [83]
(27}, [83]
[57]

[57], [98]
(57]

[24], {57], [98], [83]
(27], {83)
[26], [57]
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SOLUTE SOLVENT TEMPERATURE(K) REFERENCE
methane n-octanol 298.15 - 430.15 [27], [83]
i-propanci 298.15 [83)
tetradecane 298.15 - 430.15 (26], [33]
neon carbon tetrachloride 298.15 [51)
neopentane decane 298.15 [83]
neopentane 298.15 [156]
tetradecane 298.15 (83)
nitrogen benzene 298.15 (43], [52]
carbon tetrachloride 273.15 - 298.15 (43), {50], [52]
cyclohexanol 303.15 71
cyclohexane 303.15 [71]
ethanol 293.15 72|
ethylene glycol 303.15 [71]
methanol 293.15 (72)
oxygen benzene 298.15 (52|
carbon tetrachloride 298.15 (51], [52]
cyclohexane 302.75 [67]
ethanol 293.15 - 302.75 67], [72)
ethylene glycol 293.15 [157]
methanol 293.15 72]
i-propanol 293.15 (72]
n-propanol 203.15 72]
propane n-butanol 273.15 - 323.15 (58], [10]
chlorobenzene 273.15 - 323.15 {58}
n-hentane 298.15 (58]
hexadecane 298.15 (58]
n-hexane 208.15 (58]
heptanol 298.15 (10]
n-octane 298.15 (58]
octanol 298.15 (10]
propene acetic acid 293.15 - 323.15 this work
acetone 278.15 - 323.15 this work
n-butanol 278.15 - 323.15 this work
chlorobenzene 278.15 - 323.15 this work
N,N dimethylformamide 278.15 - 323.15 this work
ethyl acetate 278.15 - 323.15 this work
n-octane 278.15 - 323.15 this work
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SOLUTE

SOLVENT

TEMPERATURE(K) REFERENCE

sulfur dioxide

vinyl chloride
Xenon

chlorine

n-decane
n-dodecane
n-heptane
n-hexadecane
n-nonanc
benzene
acetone
benzene
n-bhutanol
carbon tetrachloride
cyclohexane
decane
dodecane
n-heptane
hexadecane
hexane
methanol
nonane
n-octane
n-octanol
pentadecane
n-pentane
i-propanol
tetradecane
tridecane
carbon tetrachloride

293.15

293.15

293.15

293.15

293.15

281.15

298.15

298.15
298.15 - 433.15
298.15
298.15 - 415.85
293.15 - 433.15
293.15
293.15
293.15
293.15 -
208.135 -
293.15
293.15 -
208.15 -
293.15
203.15
208.15
293.15 - 430.15
203.15
298.15 - 318.15

298.15
383.15

403.15
430.15

[158]

(1]

[158]

(1]

[158)
[159]
(83]

(83)

(27, (83]
(83]
25], (83}
(26), [83]
[160]
[160]
(160)
(83}, [160]
[27], [83]
[160]
[26], [260]
[27], (83]
[160]
[160)
[83]
[26], (83]
[160]
[35]

Table B.1: Experimental data used for development of correlation (3.12)
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Appendix C

Listing of the Solute-Water Systems
Used for Development of Correlation (3.13)
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SOLUTE TEMPERATURE(K) REFERENCE

acetylene 273.15 - 303.15 [161]

argon 288.15 - 298.15 (3], [151)

n-butane 277.15 - 333.15 [4], [66], [151], [162], [163]
n-butene 280.15 - 333.15 [4]

carbon dioxide
carbon monoxide
ethane

ethylene
hydrogen sulfide
krypton
mathene

methyl chloride
neon

nitric oxide
nitrogen
nitrogéen dioxide
nitrous oxide
oxXygen

propane
propene

sulfur dioxide
vinyl chloride
xenon

amimonia
chlorine

273.15 - 348.15
233.15 - 333.15
288.15 - 315.75
279.85 - 338.15
288.15 - 308.15
283.15 - 333.15
277.15 - 338.15
235.25 - 298.15
283.15 - 333.15
283.15 - 333.15
274.15 - 328.15
293.15 - 303.15
288.15 - 313.15
274.15 - 328.15
277.15 - 333.15
280.15 - 338.15
293.55 - 313.15
208.15 - 348.15
273.15 - 323.15
281.15 - 293.15
283.15 - 308.15

[1], [4], [27], [164]
[68], [151]

3], f66], [162}, {163]
[4]

1], [11)

[68]

[66), [162], [163], [164)
{1), [164]

(68]

[68]

(1], [3], [22), [66], [72], {59], {151]
(165]

(1), [16]

(1], (3], [9], [22], [66]
(66], [151], [162]

[4]

(1]

[59]

[68), [166]

(1]

(1], [12], {16]

Table C.1: Experimental data used for development of correlation (3.13)
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Appendix D

Calibration Constants for Density
Measurements at Elevated Pressures
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TEMPERATURE Ap ky k2 B
(XK) (cm3/mole)
298.15 1.89 x 10*® 377100.1 2.069 -4.353
323.15 1.92 x 101  378691.4 1.890 0.187
348.15 1.93 x 10!1% 3.80648.1 1.706 3.682

Table D.1: Calibration constants for density measurements at elevated pressures and the
second virial coefficients of nitrogen at the calibration temperatures
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Appendix E

Sample Calculation for the Determination of
Gas Solubility Measured at Atmospheric Pressure
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A sample calculation to determine the solubility of propene in n-butanol at 278.15 K

and 100.3 kPa (751.9 mm Hg) is illustrated as following:

e solute: propene (A)

solvent: n-butanol (B)
o experimental temperature: 278.15 K

e experimental pressure: 100.3 kPa

volumetric flow rate of the solvent: 0.00882 cm®/min

molar volume of the solute: 22392.70 cm®/gmol

molar volume of the solvent: 92.05 em3/gmol
e vapor pressure of the solvent: 0.15 K Pa (1.16 mm Hg)

The volume of propene dissolved and the volume of n-butanol supplied at 5 minutes intervals
measured in this experiment is shown in Table E.1 and is plotted in Figure E.1. The slope

of the volume of propene dissolved to that of n-butanol supplied (SLP) is calculated by

means of a linear regression analysis and the result is:
(SLP) = 16.74

The gas solubility of propene in n-butanol at 278.15 K and at 100.3 ~Pa is calculated from

equations (5.4) and (5.5) as:
z.4(100.3,278.15) = 0.0644

The gas solubility of propene in n-butanol for propene partial pressure of 101.3 kPa is

calculated by equation (5.6) as:

z4(101.3,278.15) = 0.0652
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TIME VOLUME OF N-BUTANOL VOLUME OF PROPENE
(min) (em®) (em®)
0 0.0000 0.00
5 0.0441 0.74
10 0.0882 1.47
15 0.1323 2.21
20 G.1764 2.95
25 G.2205 3.69
30 0.2646 4.43
35 0.3087 5.16
40 0.3528 5.91
45 0.3969 6.65
50 0.4410 7.38
a5 0.4851 8.12
60 0.5292 8.85

Table E.1: Data of volume of propene dissolved and volume of n-butanol supplied at 5
minutes intervals for measurement of gas solubility at 278.15 K and at 100.3 kPa
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Solute Gas Dissolved (cm®)

1 1

0.0 0.1 0.2 0.3 0.4 0.5 0.0
Solvent Supplied (cm*

Figure E.1: Plot of the volume of propene dissolved versus the volume of n-butanol supplied
for measurement of gas solubility at 278.15 K and at 100.3 kPa
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Appendix F

Sample Calculation for the Determination of
Diffusivity Measured at Atmospheric Pressure
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A sample calculation to determine the diffusivity of propene in n-butanol at 208,15 K

and 102.9 kPa (771.6 mm Hg) is illustrated as following:
s solute: propene (A)
¢ solvent: n-butanol (B)
e experimental temperature: 288.15 K
e experimental pressure: 102.9 kPa
e upper capillary tube diameter: 0.0613 cin
¢ lower capillary tube diameter: 0.1016 cm
¢ volume of capillary cell: 17.60 ¢m?
e diffusion path length: 2.325 cm
o time for development of steady-state concentration profile: 11.1.0 hours

e gas solubility of propene in n-butanol at 298.15 K and 101.3 kP partial pressure of

prepene (mole fraction): 0.0373
e molecular weight of the solute: 42.081 gm/mol
e molar volume of the solute: 24109.12 cm®/mol
¢ molecular weight of the solvent: 74.123 gm/mol
o density of the solvent at 298.15 K: 0.8060 gm/cm?
o molar volume of the solvent: 91.96 em3/mol
¢ vapor pressure of the solvent at 298.15 K: 0.84 ke (6.31 mm lig)

o density of propene in liquid phase at 298.15 K: 0.5064 gm/cm?
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‘I'he position of the gas-saturated solvent bead and the corresponding time measured in this
experiment is shown in Table F.1 and is plotted in Figure F.1. The rate of the gas-saturated
bead travelling down the capillary tube, (RO B), is determined by the slope of the straight
line obtained from Figure F.1. The (ROB) is determined by means of a linear regression
analysis and the result is:
(ROB) =0.0094 em/min
The volumetric rate (V,) of skrinkage of gas and associated vapor is calculated by equation
(5.15) as:
Vo = 5.7 x107% em®/(em?s)

The Ostwald coefficient of propene in n-butanol at 278.15 K and at 102.9 £ Pa is calculated

from equations (5.18) and (5.19) as:
OST = 10.32¢m®[cm?®

The diffusivity of propene in n-butanol before correction is calculated by means of equation
{5.21) as:

D%g = 1.34 x 10~%cm?/s

‘I'he diffusivity of propene in n-butanol after corrected by equation (5.22) is:

D%p = 134 x 107 3em?/s
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Figure F.1: Plot of the gas-saturated solvent bead position versus the corresponding time
for diffusivity measurement of propene in n-butanol at 298.15 K and at 102.9 kPa
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TIME(min) BEAD POSITION (cm)
0 0.00
10 0.09
20 0.19
30 0.28
40 0.38 .
50 0.47
60 0.56
70 0.66
80 0.75
90 0.85
100 0.94
110 1.04
120 1.13

Table F.1: Data of the bead position and the corresponding time for diffusivity measurement
of propene in n-butanol at 298.15 K and at 102.9 kPa
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Appendix G

Comparisons of Experimental Diffusivities in this Study
with Predicted Values from Available Correlations
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Figure G.1: Comparison of experimental diffusivity data with predicted results from the

available correlations for propene in acetic acid
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Figure G.2: Comparison of experimental diffusivity data with predicted results from the
available correlations for propene in acetone
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Figure G.3: Comparison of experimental diffusivity data with predicted results from the
available correlations for propene in chlorobenzene
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Figure G.4: Comparison of experimental diffusivity data with predicted results from the
available correlations for propene in N,N dimethyl formamide
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Figure G.5: Comparison of experimental diffusivity data with predicted results from the
available correlations for propene in ethyl ace:ate
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Figure G.6: Comparison of experimental diffusivity data with predicted results from the
available correlations for propene in n-octane
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Appendix H

Comparisons of Experimental Diffusivities in this Study
with Predicted Values from the Diffusion Theories
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Figure H.1: Comparison of experimental diffusivity data with predicted results from the
diffusion theories for propene in acetic acid
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Figure H.2: Comparison of experimental diffusivity data with predicted results from the
diffusion theories for propene in acetone
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Figure H.3: Comparison of experimental diffusivity data with predicted results from the
diffusion theories for psopene in chlorobenzene
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Figure H.4: Comparison of experimental diffusivity data with predicted results from the
diffusion theories for propene in N,N dimethyl formamide
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Figure H.5: Comparison of experimental diffusivity data with predicted results from the
diffusion theories for propene in ethyl acetate
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Figure H.6: Comparison of experimental diffusivity data with predicted results from the
diffusion theories for propene in n-octane
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Appendix 1

Sample Calculation for the Determination of
Diffusivity Measured by the Taylor Dispersion Method
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A sample calculation to determine the diffusivity of propene in n-octane at 298.15 K

and 103.4 kPa (15.0 psi) is illustrated as following:
 solute: propene (A)
e solvent: n-octane (B)
e experimental temperature: 298,15 K
¢ experimental pressure: 103.4 kPa (15.0 psi)
o radius of the capillary tube: 0.000380 m
o retention time tg: 23448.5 sec
o width of half height W, ,5: 478.3 sec
¢ mean velocity of solvent v,: 0.20 ecm/s

The diffusivity of propene in n-octane measured by Taylor dispersion method is calculated

by equation (5.45) as:

Do%g = 3.42 x 107%m?/s
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Appendix J

Listing of the Solute-Solvent Systems Used for
Development of a Correlation Based on the RHS Theory
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SOLUTE SOLVENT TEMPERATURE(K) REFERENCE

argon n-butanol 298.15 - 433.15 f24], [27), [83]
cvclohexane 298.15 - 415.85 [25], [83]
decane 298.15 - 373.15 (26], [83]
methanol 298.15 - 383.15 (27]
n-octane 298.15 - 403.15 (26]
n-octanol 208.15 - 430.15 [27], [83]
tetradecane 298.15 - 430.15 (26], [83]

carbon dioxide dodecane 304.15 - 567.15 (28]
ethanol 279.55 - 303.15 (2], [5], [10], [71], [54]
hexadecane 323.15 - 564.15 (28]
toluene 208.15 - 323.15 (51, [148], [152], [153], [154]

carbon monoxide dodecane 304.15 - 567.15 [28]
n-heptane 298.15 - 427.15 (28]
hexadecane 323.15 - 564.15 [28]

ethane n-heptane 298.15 - 313.15 [54], [56)

ethylene ethylene dichloride 288.15 - 303.15 {153]
nitrobenzene 303.15 - 333.15 [155]

hydrogen dodecane 303.15 - 567.15 (28]
n-heptane 298.15 - 427.15 (28]
hexadecane 323.15 - 564.15 [28]

krypton n-butanol 208.15 - 433.15 (27], [83]
cyclohexane 298.15 - 415.85 (25], [83]
decane 208.15 - 433.15 [26], [11]
methanol 298.15 - 383.15 [27], (83]
n-octane 298.15 - 403.15 (26]
n-octanol 208.15 - 430.15 (27, [83]
tetradecane 208.15 - 374.15 [26], [83]

methane n-butanol 208.15 - 433.15 [27], [83]
cyclohexzne 298.15 - 415.15 [25), (&3]
decane 208.15 - 433.15 (27], [83]
dodecane 273.15 - 323.15 [57]
n- heptane 277.15 - 311.15 [57], [98]
methanol 208.15 - 383.15 [27], [83]
n-octane 298.15 - 403.15 [26], [57]
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SOLUTE SOLVENT TEMPERATURE(K) REFERENCE
methane n-octanol 298.15 - 430.15 [27], (s3]
tetradecane 298.15 - 430.15 (26], [83]
propane  n-butanol 273.15 - 323.15 (58], [140]
chlorobenzene 273.15 - 323.15 (58]
propene  acetic acid 293.15 - 323.15 this work
acetone 278.15 - 323.15 this work
n-butanol 278.15 - 348.15 this work
chlorobenzene 278.15 - 348.15 this work
N,N dimethylformamide 278.15 - 323.15 this work
ethyl acetate 278.15 - 323.15 this work
cthylene glycol 208.15 - 348.15 this work
R-octane 278.15 - 348.15 this work
xenon n-butanol 208.15 - 433.15 [27], [83]
cyclohexane 298.15 - 415.85 [25], [83]
decane 293.15 - 433,15 (26], {83]
methanol 298.15 - 383.15 [27], (83]
n-octane 293.15 - 403.15 [26], [160]
n-octanol 298.15 - 430.15 [27], [83]
tetradecane 293.15 - 430.15 [26], (83)
chlorine  carbon tetrachloride 298.15 - 318.15 [35]

Table J.1: Experimental data used for development of a correlation based on the RHS
theory
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