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ABSTRACT

A knowledge of diffusion coefficients in liquids is important from engineering s
well as theoretical aspects. Molecular diffusivities ean be used in predicting the mass
transfer coefficients for the design of equipment for separation processes. e
diffusion process may determine the rate at which these processes take plice. The
understanding of the diffusion process is important from a theoretical standpoint
helping us to understand the structure of liquids, the mechanism of Jiffasive e

sport and to test the validity of existing theories of dilfusion.

This work examined the effeet of temperature and particularly of pressure on
the diffusion coefficients at infinite dilution of the solute gases, ammonia, propane,
propene and carbon dioxide in the alcohol solvents, methanal, ethanol, propanol and
butanol, using the dynamic Taylor dispersion method at temperatures of NS5,
323.15 and 348.13 K and pressures up to 17 MPa (2300 psig). Solvent densities and
some solvent viscosities were also measured over a similar range. The use of o duta
acquisition system for the collection and subsequent analysis of it wsing an [N
computer ensured that the data for molecular dilfusivity, densivy, wnd viscosity wepe
accurate and reliable. Also, because Taylor’s method is a dynamic one, it is a rela-

tively rapid method of measurement.

Although the measured diffusivities showed some dilferences from the
diffusivities obtained from the literature, the dillusivities from this work wre con-
sidered to be more reliable and accurate because of the experimental technigque and
type of analysis used. The measured densities and viscosities of the solvents showed

excellent agreement with those reported in the literature.

It was found that the molecular diffusivities as well as the densities tended to
increase linearly with increasing pressure, and the preliminary results for the viscosi-
ties showed that the viscosities tended to increase linearly with increxsing pressure.
Although the temperature effect on diffusivity, density and viscosity wus larger than

the pressure effect, there was a statistically significant effect of pressure,

It was found that the effects of hydrogen bonding, dipole moment, polarity,
association, molecular mass, molecular size, shape and the resulting molecular

interactions between the solute and the solvent molecules all appeared to inlluence



the diffusion of the guses threugh the solvents. The diffusion coefficients of tlhe
sobutes inereased in the arder ammonia, propane, propene, and carbon dioxide, The
diffusion coeflicients in the solvegits increased in the order butanol, propanol, ethanol,

and methanol.

A generalized equation based on the RHS theory was developed for the systems
studied in this work which requires only certain physical properties of the solute and
the solvent and the temperature in order to predict the diffusion coefficient. This
study provides the first systematic effort to generalize the RHS theory to predict
infinite dilution coeflicients of solutes and solvents of various polarities, dipole

moments and degrees of association at high pressures.
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With love to my husband Dave,

for his patience and support.

-1V -



Acknowledgements

I am grateful to my husband Dave for his unwavering support and guidance

throughout this degree.

i would like to thank Dr. Walter Hayduk for giving me the freedom to learn to
think independently while always providing supervision and assistance when it was

needed.  His wise advice and encouragement always made those numerous large

problems seem so much smaller.

] would alsc like to thank my parents, sisters and brothers and other members
of my family. Words cannot express the depth of my gratitude for their constant

encourngement and support both morally and financially.

My thanks also go to the technical support personnel of the Chemical Engineer-

ing Department who contributed much appreciated information and technical skills

towards the successful completion of this project.

Financial assistance from the National Sciences and Engineering Research

Council of Canada, the Ontario Graduate Scholarship program and the University of

Ottawa is gratefully acknowledged.

Last but far from least 1 would like to express my thanks to my unforgettable

friends and colleagues who were there when | necded them.



TABLE OF CONTENTS

LIST OF TABLES
LIST OF FIGURES

3.1 Techniques for Measuring Dilfusion Coefficients of Liquids
3.2 Techniques for Measuring Diffusion Coelficients of

Dissolved Gases

3.2.1 Taylor’s Dispersion Technique

3.3 Theories of Diffusion

3.3.1 lHydrodynamic Theory

3.3.2 Activated State Theory

3.3.3 Rougl Hard Sphere (RHS) Theory

3.3.4 Free Volume Theory

3.4 Literature Review for Molecular Diffusivities in Liquids ...

3.5 Correlations for Diflusivities in Liquids at Infinite Dilution

3.5.1 General Correlations for Diffusivities in Liguids ...

3.5.2 Correlations for Diffusivities of Dissolved Guses

in Liquids

CHAPTER 4: DENSITY AND VISCOSITY MEASUREMENT AND
TAYLOR DISPERSION THEORY

4.1 Density Measurement

- vi-

.............................................................

31



4.2 Viseosity Measurement
1.3 Tuylor Dispersion Model
4.3.1 Mathematical Description ol the Model
4.3.2 Literature Review of Taylor Method
4.3.3 Design Criteria for the Application of Taylor Mzthod
4.3.3.1 Laminar Flow Criterion, Impulse (delta) Injection
Negligible Axial Diffusion and Coiling Effect
CHAPTER 5 EXPERIMENTAL METHOD
5.1 Properties of Materials
5.2 Apparatus and Procedure
5.2.1 Modifications to the Original Apparatus
CHAPTER 6: DATA HANDLING AND COMPUTATIONAL ANALYSIS
CHAPTER 7: RESULTS AND DISCUSSION

-1

.1 Measured Densities and Diffusivities and the Calculated Results

~3

A Trends in the Differential Refractometer Response Peaks

4 Comparison with the Reported Values

-3

<1 Rough Hard Sphere Correlation

CHAPTER 8: CONCLUSIONS

-1

........................................................................

CHAPTER 9: RECOMMENDATIONS
CHAPTER 10: REFERENCES

.........................................................................

........................

APPENDIN B: DESCRIPTION OF THE ANALYSIS OF MUTUAL
DIFFUSIVITY DATA AT INFINITE DILUTION FROM
TAYLOR DISPERSION MEASUREMENTS

B.1: Introduction

........................

......................................................................................

I3.2: Program 1

.........................................................................................

B.2.1 An Overview

.........................................................................

B.2.2 Storage of Time-Voltage Pairs by Labmaster

...................

B.2.3 Description of Injections

......................................................

- vii -

.................................................

...........................................................

..........................................................................

....................................

.........

.........

.........

.........



B.2.
B.3: Program 2 e e
B.3.

APPENDIX C:

APPENDIX D:

APPENDIX E:

APPENDIX F:

APPENDIX G:

4 Detection of Penks

1 An Overview

TABULATED VALUES OF THE DENSITIES OF 113
SOLVENTS AS A FUNCTION OF TEMPERATURY AND
PRESSURE (TABLES C.1A-C.1D)
PLOTS OF THE DENSITIES OF THE SOLVENTS AS A
FUNCTION OF TEMPERATURE AND PRESSURLE
(FIGURES D.1A-D.1D) AND TABULATED VALUES OF
THE PERCENT INCREASE IN DENSITY AND I
CHANGE IN DENSITY WITH PRESSURI OF EACIH
SOLVENT AND AT EACH TEMPERATURL

(TABLE D.1)
TABLES E.1A TO E4C LISTS THE TABULATED VALULS
OF THE INFINITE DILUTION DIFFUSION
COEFFICIENTS OF EACH SOLUTE-SOLVENT

PAIR AT EACH TEMPERATURE AS A

FUNCTION OF PRESSURE
TABULATED VALUES OF THE PERCENT INCREASI IN
MOLECULAR DIFFUSIVITY AND THE CHANGE IN DI
FUSIVITY WITIH PRESSURE AT EACH TEMPERATURE
AND FOR EACH SOLUTE-SOLVENT PAlR

(TABLES F.1A-F.1D)
FIGURES G.1A TO G.10 SHOW THE RESULTS FOR
THE MOLECULAR DIFFUSIVITIES AS A FUNCTION OF
PRESSURE FOR ONE SOLUTE-SOLVENT PAIR WI'TII
TEMPERATURE AS A PARAMETER

IN EACH GRAPH ..ot

- viii -

..........................................................

.....................................................................

L1



APPENDIX H: FIGURES HL1A TO HAH SHOWS TIHE RESULTS FOR
THIS MOLECULAR DIFFUSIVITIES AS A FUNCTION OF
PRESSURE FOR THE FOUR SOLUTIE GASES PROPANE,
PROPENE, CARBON DIOXIDE AND AMMONIA IN
EACH ALCOHOL SOLVENT AND AT ONE
TEMPERATURE IN EACH CASIZ ... oo,
APPENDIX I FIGURES 1.1A TO L1H COMPARES THE EFFECT OF
PRESSURE ON THE MOLECULAR DIFFUSIVITY OF
EACH OF THE SOLUTES IN ALL OF THE SOLVENTS
METIIANOL, ETHANOL, PROPANOL AND BUTANOL
AND AT ONE TEMPERATURE IN EACH CASE ...,
APPENDIX I TABULATED VALUES OF THE VISCOSITY OF
METIHANOL AND ETHANOL AS A FUNCTION OF
TEMPERATURE AND PRESSURE (TABLE J.1, FIGURE
J.1) AND THE APPLICATION OF THE RHS MODEL
TO THIS DATA (FIGURES J2A TO I3B) o

- 1% -



LIST OF TABLLS
Table

Page

3.1 Techniques for Measuring Diffusion Coeflicients of Guses in Liquids ... 10
5.1A Physical Properties ol Methano! and EChanol oo 1
5.13 Physical Properties of Propanol and Buf.nnol ................................................. A
5.1C Physical Properties of Carbon Dioxide and Propane oo, 61
5.1D Physical Properties of Propene and Ammonia oo, 2
7.1 Comparison of Measured Values with Literature Values, (Wong, 1059)

for Propene in n-Butanol at Atmospheric Pressure ..o 07
7.2 Linear Regression of D_:BT"U"‘ versus the Molar Volume lor the Solvents

Methanol, Ethanol, Propanol and Butanol ...ooooeovoiieee oo Los
7.3 van der Waals Volumes, Molecular Diameters and Molecular Weights

for all Solutes and SolVents ... e 110
7.4 Comparison of System and Solvent Molar Volume ...oovvovevveeiiooooeee 122
A.1 Data for the Lincarity Test for the Detector oo 135
C.1A Effect of Pressure on the Density of Methanol oo e, 144
C.1B Effect of Pressure on the Density of Ethanol ....c..ococoovovveeeveeie ) 115
C.1C Effect of Pressurc on the Density of Propanol .....ccooooivvoiiioiieeen v P16
C.1D Effect of Pressure on the Density of Butanol ...oocoo. oooveeeeeeveeoeoeoe 117
D.1 Effect of Temperature and Pressure on the Density and Molar Volume

of the Solvents Mcthanol, Ethanol, Propanol, and Butunol ..., 154
E.1A Effect of Pressure on the Diffusivity in Methanol at 29815 K ... 105
E.1B Effect of Pressure on the Diffusivity in Methanol at 32315 K ... 150
E.1C Effect of Pressure on the Diffusivity in Methanol at 34815 X oo, 154
E.2A Effect of Pressure on the Diffusivity in Ethanol at 208,15 K ... 157
E.2B Effect of Pressure on the DifTusivity in Ethanol at 323.15 K ..o 158
E.2C Effect of Pressure on the Diffusivity in Ethanol at 348,15 K ..., 150
E.3A Effect of Pressure on the Diffusivity in Propanol at 208,15 K ... 143)
E.3B Effect of Pressure on the Diffusivity in Propanol at 323,15 K ... 1462



I5.40 Effect of Pressure on the Diffusivity in Propanel at 348.15 K ... s 163

FodA Llfeet of Pressure on the Diffusivity in Butanol at 298.15 X ... 164
[0 FiTeet of Pressure on the Diffusivity in Butanol at 32315 ¥ ... 167
o4 [fect of Pressure on the Diffusivity in Butanol at S48.15 K ooovvveeeieene 171

1A Effect of Temperature, Pressure, and Solute on Dilfusivity in
Methunol o, O PROUPUPN 175

.13 Effect of Temperature, Pressure, and Solute on Diffusivity in Ethanol

....................................................................................................................................... 176
[ 10 Effect of Temperature, Pressure, and Solute on DifTusivity in

PROPIIOL (oot st 177
I. 11> Effect of Temperature, Pressure, and Solute on Dillusivity in Butanol
....................................................................................................................................... 178

J.1 Effect of Pressure on the Viscosity of Methanol and Ethanol ..o 213

. Xl -



T T

LIST OF FIGURES
Figure

Page
1.1 Qualitative Behaviour of Diffusion Coefficients for a Highly Tdeal
Binary Liquid SYstem et 3
4.1 Taylor Diffusion - Laminar Flow in o Round Tube oooovooeeereivi o) 10
4.2 Eflect of Tube Curvature on the Caleulation of the Diflusion
CofRICIBOL 1ottt e )
5.1 Schematic Diagram ol Taylor Dispersion Apparatus .o G4
6.1 Voltage vs. Time for an InJecbion oo oo T0
6.2 Voltage vs. Time lor a Baseline Shilt .....cocoooiiiiiiiioie e Tl
6.3 Identification of a Peak Beginnming ..ovvvoivooeeeoeoeeeeeee oo T2
6.4 Schemaic Diagram of Program 1 OO PPPION 7
6.5 Schematic Diagram of Program 2 ....c.o.ooivieeiiiino oo T
6.6 Experimental Data and Fitted Curve oo Th
7.1A Effect of Pressure on the Diffusivity of All Solutes in Methunol
ab 29818 I e, 82
7.1B Effect of Pressure on the Diffusivity of All Solutes in Ethunol
At 20815 IV i, s
7.1C Effect of Pressure on the Diffusivity of All Solutes in Propanol
Bt 208,15 X Lottt ol
7.1D Effect of Pressure on the Diffusivity of All Solutes in Butinol
28 208,15 I e e L]
7.2A Effect of Pressure on the Diffusivity of Propanc in All Sclvents
At 32315 I e NG
7.2B Effect of Pressure on the Diffusivity of Propene in All Solvents
2l 323,15 K et N7
7.2C Effect of Pressure on the Diffusivity of Ammonia in All Solvents
8t 3215 K o ettt b
7.2D Effect of Pressure on the Diffusivity of Carbon Dioxide in All Solvents
A1 32315 KK ettt B9

- Xii -



7.3 Comparison Between This Work and That of Wong (1989) of the Effect
of Pressure on the Density of Butanol e 28
7.4 Comparison Between This Work and That of Wong (1989) of the Effect
of Pressore on the Diffusivity of Propene in Butanol ..o, 100
7.5A Lincar Behaviour of D:B'T_llg versus V in the Solvent Methonol
al Several Temperatures and Pressures ....oooovvcvvveiei i 103
7.58 Linear Behaviour of D::B-T“'/:2 versus V in the Solvent Ethanol
at Several Temperatures and Pressures .o, 104
7.5C Linear Behaviour of I)KB-T“”Q versus V in the Solvent Propanol
at Several Temperatures and Pressures ...ooovvccvevcenieereiiiconneee e e 105
7.5D Linear Behaviour of I)XB-T_I/2 versus V in the Solvent Butanol
al Several Temperatures and Pressures ....oovviivmmieeonnicinnenenne, 106
7.6A Linear Behaviour of Df\’B-’I‘_l/2 versus V as a Function of Temperature
in the Solvent Ethanol Over the Entire Pressure Range Using Vip weomsssannss 113
7.613 Linear Behaviour of D:B-T"l/g versus V as a Function of Temperature
in the Solvent Butanol Over the Entire Pressure Range Using th .............. 114
7.7A Lincar Behaviour of D:B-T-I/2 versus V as o Function of Temperature
in the Solvent Methanol Over the Entire Pressure Range ...occoveeveecrivinnnn, 117
7.78 Lincar Behaviour of D:,:B-T"l,2 versus V as a Function of Temperature
in the Solvent Ethanol Over the Entire Pressure Range ..oocccvvvevvvniiinnnnnnn, 118
7.7C Linear Behaviour of D::B-T_l/?' versus V as a Function of Temperature
in the Solvent Propanol Over the Entire Pressure Range ..ooooovvevvivivineennn, 119
7.7D Linear Behaviour of D:B’l‘—l/e versus V as a Function of Temperature
in the Solvent Butanol Over the Entire Pressure Range .ooocevvevvvevnivncrcnnnne. 120
7.8 Comparison of the Measured Diffusivities to the Calculated Diffusivities
for the Gascous Solutes in the Alcohol Solvents .....ccvieeviicinineccnecenenn, 121
Al Plot of Peak Area vs. Mole Percent n-Hexane for the Detector
LANearity Test oo bbb e aree 1ereens 136
D.1A Effect of Pressure on the Density of Methanol at 298.15, 323.15,
ANd BB LS IN ettt beas bt area 149

- xili -



I g W B R eI R R e M A gohn ey et s e moos

D.1B Effect of Pressure on the Density of Ethanol at 298,15, 321.15,

AN 34815 I o e 150
D.1C Effect of Pressure on the Density of Propanol at 298,15, 323.15,

and 348,10 K e etertree et b ee et e aae e b e e e b 151
DD Effect of Pressure on the Density of Butancl at 29813, 323.15,

AN A5 I 1ottt r ettt ettt en e ene s 152
G.1A Effect of Pressure on the Diffusivity of Propane in Methanol

At Al] TeMPEIRLURES (et 180
G.1B Effect of Pressure on the Diffusivity of Propane in Ethanol

At Al] ToImMIPEIALUIES 1 ootiirieiiiiiieeeitr et e e s s ere b e e e e ebae e e e sbaessnsesaaae e eenereeerens 181
G.1C Effect of Pressure on the Diffusivity of Propane in Propanol

at All TEMPLIALUTCS (oot eeeeese e esre e st cne e e sneenie {82
G.1D Effect of Pressure on the Diffusivity of Propane in Butanol

2t all TeMPETRLUIES ottt ettt e te e e e 183
G.1E EEflect of Pressure on the Diffusivity of Propene in Ethanol

ab all TemMPeratUres vt e (S
G.1TF Effect of Pressure on the Diffusivity of Propene in Propinol

At All TemPeILbULES (i iiiecir et cetee s s e een e e eete e br e b e b e e eraae e e e [N5
G.1G Effect of Pressure on the Diffusivity of Propene in Butanol

at all TempPeratires e 186
G.1H Effect of Pressure on the Diffusivity of Ammonia in Methanol

2t all TeMPEIALUIES toicviiiiiiieeie e ctete et ettt e eseaeae e n et aans (&7
G.11 Effect of Pressure on the Diffusivity of Ammonix in Ethanol

At 21l TeMPEIALULES coooiiiieceii e er et e et e st e ss e esin e ee e e 188
G.1J Effect of Pressure on the Diffusivity of Ammonia in Propuwnol

at all TempPeratures .ooiiriricireseceeereeecieereiesers e ereesresneesreesesneeenenncne . 18
G.1K Effect of Pressure on the Diffusivity of Ammeonia in Butanol

at all TEMPETrRLULES oottt e e 190
G.1L Effect of Pressure on the Diffusivity of Carbon Dioxide in Methanol

at all Temperatures i rcreiesesesrsresveeresie s 18

- XIv -



(i 1N Eflect of Pressure on the Diffusivity of Carhon Dioxide in Ethanol
TN | I T 1Y ST N A TE SO SO UTOUP S 192

(. IN Effect of Pressure on vhe Diffusivity of Carbon Dioxide in Propanol

Al TOINPEFALUTES oot Ee e ettt rene 193
(.10 Lffeet of Pressure on the Diffusivity of Carbon Dioxide in Butanol

il ]l TEIMPETALUIES oo a e 194
11.0A Elfect of Pressure on the Diffusivity of All Solutes in Methanol

AL 32300 I et 196
H.1B Effect of Pressure on the Diffusivity of All Solutes in Methanol

WL 3810 K o ettt e en e eas 197
H.C Loffect of Pressure on the Diffusivity of All Solutes in Ethanol

AL 32318 K i et et et e 198
LD Effect of Pressure on the Diffusivity of All Solutes in Ethanol

U 398,10 I ettt et e et et aeeretaens 199
H.1E Effect of Pressure on the Diffusivity of All Solutes in Propanol

AL 32310 IN ettt et 200
H.11* Ellect of Pressure on the Diffusivity of All Solutes in Propanol

At U815 I et ettt 201
I1.1G Effect of Pressure on the Diffusivity of All Solutes in Butanol

B 3210 I o ettt ettt et et 202
I1.1H Effect of Pressure on the Diffusivity of All Solutes in Butanol

AL BUBIS I ottt 203
L.1A Elfect of Pressure on the Diffusivity of Propane in All Solvents

AL 0BT I ettt bt ee e 203
113 Effect of Pressure on the Diffusivity of Propene in All Solvents

AL 20810 I oot et st e e e r et rnaee s 206
1.1C Effect of Pressure on the Diffusivity of Ammonia in All Solvents

Bt 20805 I e bttt e ettt e tenns 207
1.1D Effect of Pressure on the Diffusivity of Carbon Dioxide in All Solvents

Ab 20815 K e ettt e s e 208

- XY -



[.1£ Lilect of Pressure on the Diffusivity of Propane in All Solvents

at 34813 K

......................................................................................................... 2040
IL1F Effect of Pressure on the Diffusivity of Propene in All Solvents

at JIBIS K e 210
[.1G Effect of Pressure on the Diffusivity of Ammonia in All Solvents

B U813 I oo e e e 201
I.1I1 Effect of Pressure on the Diffusivity of Carbon Dioxide in All Solvents

AL BU8.15 I oo 212
J.1 Effect of Pressure on the Viscosity of Methanol and Ethanol

at 298.15, 323,15 and 34515 K i 216

J.2A Linear Behaviour of \/'_l:/n Versus Molar Volume in the Solvent

Methanol at Several Temperatures and Pressures oo 210
J.2B Linear Behaviour of '\/T/n Versus Molar Volume in the Solvent

Ethanol at Several Temperatures and Pressures .o viveooeoeoeeooo, )
J.3A Linear Behaviour of \/T/r,r Versus Molar Volume in the Solvent,

Methanol over the Entire Pressure Range Using Vip oy ay
J.3B Linear Behaviour of \/?/n Versus Molar Volume in the Solvent

Ethanol over the Entire Pressure Range Using Vw ........................................ ot}

- xvi -



NOMENCLATURE

0 constant in equation (3.23)
it constant in equation (3.28), {3.29) and {3.30)
A constant in equation (3.26)
Al constant in equation (3.31)
Avpw van der Waals area, i kmol ™}
b constant in equation (3.23)
B constant in equation (3.37)

B, adjustable parameter in equation (4.41) approximately equal to Ve R
B, adjustable parameter in equation (4.41) approximately equal to 4 K
B,, B, adjustable parameter in equation (4.41) accounting for baseline offset

and drift
B, adjustable parameter in equation (4.41) equal to the average velocity
of the solvent
B constant in equation (3.38)
C concentration of solute at a radial distance, mol-L™!
o) constant in equation (3.25)
C, radially averaged concentration of solute, mol-L ™"
C:| radially averaged concentration at t=0, 2=0, mol-L ™
C(--) correction term in equation (3.9)
AC difference in concentration between the sample cell and the reference cell
d constant in equation (7.5)
D,y P sell diffusion coefficient of A in A, and B in B, mos !
Dan mutual diffusion coefficient of A in B, ms”!
ng Chapman-Enskog mutual diffusivity of a low density gas, mos
l)_::n Enskog mutua! diffusivity of a moderately dense gas, m*s!
I):\lgc; mutual diffusion coefficient for a low density Hard Sphere Gas, m>s~
I):\'{:L mutual diffusivity of of a Hard Sphere Liquid, m’s
D_illl;s mutual diffusion coefficient based on rough hard sphere model, ms”!
Din mutual diffusion coefficient at infinite dilution, m*s ™"
Dgll,': Chapman-Enskog self diffusivity of a low density gas, m-s !
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s . L

Enskog self diffusivity of a moderately dense gas, m™s

sell diffusion coefficient for a low density Hard Sphere Cas, m™s
e e - _ 2 -

self diffusivity of of a Hard Sphere Liquid, m™s

o . 2 -1
self diffusion coefficient based on rough hard sphere model, m™ s

constant in equation (7.5}

activation energies of jumping for the solute and solvent, Tmol™

free activation energy for the dilfusion process, Jmol ™!

free activation energy lor the viscous process, ol ™

constant in equation (3.-48)

frictional coefficient in equation (3.1)

roughness factor, correction term in equations (3.9) and (3.10)

radial distribution function in equation (3.10)

radial distribution function in equation (3.9)

free energy of activation for diffusion compared to the equilibrinm
state, J-mol ™’

free energy of activation for viscosity compared to the equilibrivm
state, J-mol™!

Planck’s constant

plate height

latent heat of vaporization of solute and solvent ab their nornal
boiling points

heat of fusion at melting point, J-kmol™

flux density in the radial direction

Aux density in the axial direction

Boltzmann's constant

Taylor diffusion coeflicient

constant in equations (3.34) and (3.36)

constant in equation (4.6) which is independent of temnperature
and pressure

constant in equation (4.10) which is independent of temperature
and pressure

length of the dispersion column, m

mass of solute in sample injected, kg
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m mass How rate

my, m, known, I, and unknown, 2, mass flow rates of solvent, l\'g;-:s_K
iy, My mass of one molecule of solute, A, and solvent, B, respectively
M, M, molecular weights of solute, A, and solvent, B, kg-kmol_1
n nuinbe: density of a dilute gas {molecules/volume)
n! number density of a moderately dense gas (molecules/volume)
N Avogadro’s number
Np. Dean number
Nie Reynolds number
Ny, Schmidt number
P pressure
AP pressure difference, psi
AP, pressure difference between P, and atmospheric pressure, psi
AP, pressure difference between P, and atmospheric pressure, psi
Py parachors of the solute and solvent
P, critical pressure, Pa
F'Lp triple point pressure, Pa
Q volumetric flow rate of solvent, mls/min
Qurans transition volumetric flow rate for secondary effects, mls/min
r any radial distance
R inside radius of the dispersion column, m
Ta radius of solute molecule, cm
R, Ry radii of gyration of the solute and solvent, nm
R, radius of the coil or helix
R, gas constant, kJ-kmol K™
RHS denotes the Rough Hard Sphere model
AR refractive index difference between the sample cell and the reference cell
S zeroth moment, equation (4.37)
S; surface tension of substance i, dynes/cm
t time, s
v first moment, equation (4.38)
tR retention or residence time, s
(t)ir (tR)s known, 1, and unknown, 2, retention times, s
T temperature, K
AT temperature difference, K
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T, T, temperatures at conditions 1 and 2, Iy

T, normal boiling point, K
T, critical temperature, K
T, relerence temperature for measurement of dispersion tubing, K
T, triple point temperature, Ix
u average velocity, ms
T maximum centreline velocity, ms '
u(r) velocity at a radial position r, mes !
A molar volume of the liquid mixture, m* mol™"
Voar Vin molar volumes of solute, A, and solvent, I3, at their normal botling
points, m®> mot ™
V, close-packed hard sphere volume, m*-mol ™"
Vi Vg molar volumes of solute, A, and solvent, B, nmol ™"
V. Vep critical volumes of solute and solvent, cma-mol_1
Vp molar volume at which diffusion is frozen, m®-mol ™"
Vipw van der Waals volume, m*kmol™
\/ molar volime of substance i, L-mol ™
v, molar volume at infinite viscosity, L-mol ™"
\V1/2 peak width at half height
z fixed axial coordinate
Z axial coordinate moving with the mean velocity of flow, equation (1.23)
Z, critical compressibility factor
Superscripts
CE Chapman-Enskog
E Enskog
HSG hard sphere gas
HSL Hard Sphere Liquid
RHS Rough Hard Sphere
o initial condition for a dilute gas
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Subscripts

A
B
Al
AA
Bn
bA
hB

De
m

obs

ref

solute

solvent

solute and solvent or solute and surroundings
solute and solute molecules
solvent and solvent molecules
at boiling point of A

at boiling point of B

critical

Dean

substance i

average

observed

reference condition

Reynolds

Schmnidt

condition 1

condition 2

Greek symbols

X

Ban

Hyy Ha

yi

T

thermal expansion coefficient

coeflicient of sliding friction

coeflicient of sliding friction between A and B

width of injected pulse, m

constant in equation {3.37)

constant in equation (3.36)

number of solvent molecules around the central solute molecule
constant in equation (3.36)

viscosity of solution

known, 1, and unknown, 2, viscosities of the solvent
viscosity of solvent

jump distance of the molecules in the activated state model

absolute viscosities of the solution at temperatures T, and T,
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packing factor for hard sphere assemblies
constant = 3.14159

density of solution, kgm™

known, 1, and unknown, 2, densities of tluid, kg,'m—'J
average molecular diameter of mclecules A and B
molecular diameters of solute, A, and solvent, I3, nm
variance of the response curve

ratio of the helix or coil radius to the tube radius

association parameter in the Wilke-Chang correlation
Pitzer's acentric factor
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CHAPTER 1

INTRODUCTION

Dilfusion s the random thermal net movement {flux) of muatter on a molecular
scale within one or more phases under the influence of a physical stimulus, the most
commen of which is & concentration gradient of the diffusing component. When 2
coneentration gradient, or more strictly, a eradient in chemical potential exists in a
solution, the diffusing species will move from a region of higher chemical potential o
one of lower chemical potential until the mixture is one of uniform concentration or
chemical potentinl. Thus a gradient in chemical potential will eause molecular
diffusion to ocenr until equilibrium is reached.

There wre two general clusses of binary diflusion coeflicients with limiting cuses
within each cluss, The definitions associnted with these two elasses will he summar-

ized below,

A.TYPES OF DIFFUSION COEFFICIENTS

The first general class of diffusion coefficients are referred to as mutual diflusion
cocllicients or interditfusion coefficients. It is the most commonly measured type of
dillusion coefficient and is used in many mass transfer calculations to determine the
rates at which the unit operations take place. For a binary system of solute A and
solvent B, the mutual Jdiffusion coefRicient, D,p, describes the net rate of transfer of
solute molecules (A) through solvent molecules (B) corresponding to the prevailing

concentration gradient. The mutual diffusion is best defined by Fick’s first law:

ac,

(1.1)

ny=-Dyp
dz
In equation (1.1} D, is the proportionality constant between the fuy, ny, and the
concentration gradient, 3C, /0%, in a system in which diffusion is taking place.

A limiting case of the mutual diffusion coefficient is normally referred to as the
mutual diffusion coefficient at infinite dilution, DXB. The two limiting cases of the
mutual diffusion cocflicient thus refer to the diffusivities of each of the infinitely
dilute components in the solvent, Thus, D3 refers to the case wher= the solute {A)

is infinitely dilute in the solvent (B). This study focuses on this limiting case and



shall be referred to as the mutual difusion coeflicient at infinite dilution or the
diffusivity at infinite dilution. Because the majority of gases are sparingly soluble in
liquids, the diffusion coeflicient normally measured for these systems is essentially the

mutuza! diffusion coeflicient at infinite dilution.

The second general class of diffusion coefficients are referred to as intradilusion
coeflicients or tracer diffusion coefficients (Mills, 1965; Albright and Mills, 1965).
Intradiffusion refers to the diffusion of single molecules within a wniform environment
of the same type and concentration of molecules and is sometimes referred as tracer
diffusion. I a solution of uniform composition was examined, the net mass
observed would be zero although the molecules would still be in dynamic motion. By
labelling a group of similar molecules by isotopic substitution, the diffusion of these
labelled molecules can be observed and the intradiffusion or tracer ¢ 'usion
coefficient, based on measured transfer rates, can be calculated. lence, l); refers to
the tracer diffusion coeflicient of isotopically labelled molecules, A, diffusing in o
nearly identical solution of solute and solvent molecules. A limiting case of
intradiffusion is self-diffusion which describes the diffusion within a pure liquid. Here
(D;)s relers to the sell-diffusion coeflicient of pure liquid A and represents the move-
ment of isotopically labelled molecules of A in an otherwise pure liquid A, The

diffusion process is considered to be the same whether the molecule is isotopically

labelled or not.

Figure 1.1 represents one of the possible treads of both mutual wnd trucer
diffusion coeflicients with concentration for a binary system. Both tracer and mutusl

diffusion coefficients are generally strong functions of concentration.

A knowledge of diflusion coefficients in liquids is important from engineering ns
well as theoretical aspects. Limited difusion duta exist especially at temperatures
and pressures above ambient because of the difficulties and expense associited with

experimentally determining them. Thus high pressure diffusivity duta were collected
in this study.

The Chemical Engineer develops, designs and constructs equipment fur indus
trial processes. In many unit operations involving mass transfer in the guseous
and/or liquid states, such as in gas absorption, distillation, leaching, wnd ligguiel
extraction, the diffusion process within and/or between phases or states may deter-
mine the overall processing rate. Thus the diffusion coefficient may be useful in
evaluating or predicting the mass transfer coeflicient for the design of these sepura-

tion processes. If no relevant diffusivity data exist, the molecular dilfusivity may be
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Figure 1.1: Qualitative Behavior of Diffusion Coefficients for a
Highly Ideal Binary Liquid System, (Rodden, 1988)
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obtained from corrclarions. High pressure diffusivity data would therefore be uselul
in the design of separation processes and in the development of high pressure correla-
tions.

Diffusion is important from the theoretical standpoint in helping us to under-
stand the structure of liquids, the mechuanism of diffusive transport and to test the
validity of existing theories of diffusion. Thus inereasing the available diflusivity
data to include high pressure data could lead to a better understauding of the

diffusion process in liguids.

For my research a Taylor dispersion apparatus was constructed for the nens
urement of molecular diffusivities at infinite diiution of dissolved gases in liguids
which was utilized for temperatures between 273.15 and 348.15 K and [or pressures
of up to 17 MPa (2,500 psi). As indicated in more detail in Chapter 2, this work
entailed determining diffusivities for all combinations of four gases in four solvents at
three temperatures and a range of pressures to 17 MDPa. This Lrge number of nyeas.-
urements could only have been possible in a rasonable tine period using « relatively
rapid experimental method such as the dynamic method of Tuylor. Also, & computer
connected directly to the analyzer of the diffusion apparntus ensured quick, wml
accurate collection and analysis of the data. The work involved overcoming the
problems associated with connecting a computer to an experimental apparibus, as
well as with writing the necessary programs to process the data. Furthermore, with
some additional work, the diffusivity apparatus was modified to permit the deterni-
nation of viscosity and density of the solvent at high pressures in eonjunction with
the determination of diffusivities. The density can be used to calculate the molar
volume and together with the absolute viscosity can be used to caleulate the
kinematic viscosity. These two physical properties density and viscosity are required
to solve problems in heat transfer and fluid flow, as well as testing the predictive
capability and validity of correlations. Thus, the Taylor dispersion apparatus has
become a versatile tool for obtaining transport data at high pressures. In this work,
data for diffusivities were obtained for a number of polar and non-polir gases in a
number of polar solvents. Subsequently, the data were analyzed to determine, if pos-
sible, the general behaviour of diffusivities in these complex solutions with respect to
the effect of the molecular interactions in the solutions. The validity and predictive
capability of the Rough Hard Sphere model as applied to these systems was exam-
ined.



CHAPTER 2

SCOPE OF RESEARCH

In this chapter the scope of my research will be described in five parts. First of
all, modifications to the basic Taylor dispersion apparatus made over the last two
years, before experimental measurements could begin, are described. Improvements
in inethods for dencration of the solvent, control of solvent flow rate, and control of
the system pressure allowed reliable diffusivity results to be obtained over a wide
pressure range and at several temperatures. The experimental apparatus was also
modified to measure viscosities and densities of the solvent over a wide pressure

ringe.

Secondly, the application of a computerized data-logging and data-handling sys-
tern, using an on-line IBM computer, an analog-to-digital converter, and a LabMas-
ter signal processing unit, ensured improved accuracy, reliability and speed of collee-
tion of data. It was necessary to learn C-language in order to write programs to
analyze the collected data. The data were analyzed using the analytical solution to
the Taylor dispersion problem, instead of the alternate but less accurate graphical or

motnent methods sometimes used,

Thirdly, the solutes and solvents which were used were carefully chosen to con-
tribute to the understanding of liquids by examining the eflects of association and
solute dipole moment on the diffusion process. The solutes which were used included
propene, propane, carbon dioxide and ammonia. The alcohol solvents were chosen to
examine the effect of the degree of association on the diffusion process, The solvents

which were used included methanol, ethanol, 1-propanol, and 1-butanol.

The operating conditions were temperatures of 208,15, 323.15 and 348.15 K and
pressures ranging from 0.1 to 17 MPa. Pressures of approximately 0.1, 3.5, 7.0, 10,
14, and 17 MPa were used since it was found that for pressures up to 3.5 MPa, the
diffusivities were a linear function of pressure and it was of interest to see if this

relationship continued to higher pressures.

IPinally, the predictive capability along with any existing supporting theory of

several semi-empirical and empirical equations, including the Rough Hard Sphere



(RHS) model were tested. Emphasis was placed on the RHS model because of its
sound theoretical basis and because it has been used successfully by Chen et al,
(1982), Wong (1989), Matthews (1986) and Rodden (1988). An attempt was made to

develop an equation, most likely based on the RHS theory, to prediet the diffusivities
at infinite dilution for these and similar systems.



CHAPTER 3

LITERATURE REVIEW

3.1 Techniques for Measuring Diffusion Coefficients of
Liquids

Several experimental techniques exist for the measurement of the diffusion
coefficients in liquids. Diffusion coefficients in liquids include gaseous, solid as well as
liquid solutes. The diffusion of dissolved gases in liquids is a special category with
major experimental difficulties and thus will be discussed separately. In this section
the diffusion of liquids in liquids will be discussed.

In the past, the diaphragm cell method was the most common one for measur-
ing mutual diffusivities in liquids. It can also be used for tracer diffusion measure-
ments of liquid and gaseous solutes and has been successfully used for high pressure
conditions. In the diaphragm cell method, diffusion takes place across a porous disk
which is usually made of glass or metal. Liquid mixtures of different compositions are
placed on either side of the diaphragm. When steady-state conditions are attained,
the concentration changes in the liquid solutions on either side of the diaphragm are
measured and, based on the calibration constant for the diaphragm cell, the diffusion
coefficient is calculated. The disadvantages of this method are:

(1) It is considered to be slow because several days may be required for steady-
state conditions to be attained.

2) Calibration of the cell is necessary to obtain the effective diffusion path length.

(3) Very precise concentrations and concentration difflerences are needed for accu-
rate determinations.

(4) 1t is difficult to adapt this method to extreme conditions of high temperature
because it is difficult to fill and obtain 2 sample from the cell without disturb-
ing the liquid.

Optical interference techniques have also been used for liquid systems. This
technique examines the refractive index gradient at the boundary between two misci-
ble liquids using light beams, and measures the interferometric fringe patterns. Opt-

ical interference methods are especially suitable for measuring mutual diffusion



coefficients over the entire concentration range in a single experiment, but are not
suitable for high temperatures and pressures. The difficulties in obtaining the initial
sharp concentration gradient, in developing an optically clear window, and in the
prevention of convection currents make it difficult to perform experiments at high
pressures and temperatures. Another disadvantage of this method is that it is
expensive. This technique of measuring diffusion coefficients is very accurate because

the interference patterns produced can be measured very accurately.

Because of the theoretical significance of self-diffusion coefficients, the Nuelear
Magnetic Resonance (NMR) technique of measurement will be briefly mentioned.
The NMR method is fast, very accurate, and adaptable to high temperatures and
pressures. These self-diffusion coefficients are measured using radioactive tracers
and small samples. In the past this technique was used only for self-diffusion mens-

urements in pure liquids, but attempts are now being made to measure tracer
diffusion coefficients in solutions,

3.2 Techniques for Measuring Diffusion Coeflicients of
Dissolved Gases

Several techniques are described in the literature for the measurement of the
diffusion coefficients of dissolved gases in liquids. The measurement of these types of
diffusion coefficients involve a number of major experimental difficulties. On examin-
ing the diffusivity data in the literature, large differences are found in some cases
depending on which measuring technigue is used. This is due to the difficulties asso-

ciated with the experiment techniques which then aflect the reliability of the
diffusivity resulits.

Techniques for the measurement of diffusion coeflicients of gases in liquids gen-
erally involve the transfer of gas at a measurable rate over a known cross-sectional
area and thickness of the solvent layer, as well as the imposed concentration gra-
dient. Fick's first or second law is used to obtain the diffusion coefficients depending
on the nature of the experiment. In all of these techniques, the concentration gra-
dients and mass transfer rates are those either for the system at steady-state or for
transient conditions leading to differences in the analytical procedures used to calcu-
late the diffusivities. These techniques can be classified as those involving cither sta-

tionary or moving solvents. Very few of the techniques are suitable for high



temperutures and pressures, A comprehensive review of these methods, summaized
in Table 3.1, is given by Tyrrell and Harris (1984).

Because of the major experimental difficulties associnted with the measurement
of the dilfusion coeflicients of dissolved gases in liquids, only three of the most popu-
lar and most reliable techniques will be discussed in the following paragraphs. They
include the capillary tube technique of Malik and Hayduk (1968), the technique for
laminar flow systems, and the diaphragm cell method. The major limitation com-
mon to all three of these methods is that they require accurate gas-liquid solubility
data, which can rarely be obtained, except at ambient conditions and for the sim-
plest of systems.

The steady-state capillary cell technique devised by Malik and Hayduk (1968),
has been used by several researchers. In this case the gas diffuses through a column
ol solvent confined at the bottom of a glass capillary while the gas is confined in the
top section of the capillary by a bead of solvent. As the gas diffuses, its volume
diminishes. The rate of steady-state absorption of the gas along with the system
parameters are used to caleulate the diffusion coefficient for this gas-liquid system
where the liquid solvent is stationary.

Another popular technique for measuring gas-liquid diffusivities is the absorp-
tion of the gas in a wetted wall column (Kramers et al,, 1959; Mazarei and Sandall,
1980), a laminar jet (Onda et al, 1960; Dim et al., 1971; Halmour and Sandall, 1984),
or, in general one involving a laminar flow systems {Davidson and Cullien, 1957). In
this case a controlled flow of solvent is permitted to flow along the inside surface of a
tube, or discharged from a nozzle through the centre of an adsorption vessel as a
smooth jet. In both of these devices the flow is laminar and a known area of solvent
is exposed to the gas for absorption. Because the flow parameters can be accurately

defined, the diffusivities can be calculated from the absorption rates.

The diaphragm cell method, though not the most popular method, has been
used with some success for measurement of the diffusivity of a gas in a liquid where
the liquid is stationary (Vivian and King, 1964; Tham et al., 1967; Clegg and
Tehrani, 1973; Tham et al, 1973; Onda et al, 1975; Takahashi et al, 1982}, It
should be recalled, as previously mentioned, that this technique is more commonly
used in liquid diffusivity measurements for mutual diffusivities, and has also been
used by Collings et al. (1971), McCool et al. (1972), and McCool and Woolf (1972) to

measure sell- diffusivities at elevated pressures. The disadvantages of this method
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TABLE 3.1

Techniques for Measuring Diffusion Cocflicients
of Gases in Liquids

Liquid in motion

Quiescent liquid

1. Gas absorption in laminar flow
systems
a. Laminar jet
b. Wetted wall column
¢, Flow over a wetted sphere

2. Taylor dispersion in a capillary
tube

(-]

. Diaphragm cell technique with diffusion

through the pores of the diaphragm

. Open tube technique - transient rate

of volumetric uptake of gas hy the
liquid at the gas-liquid interface

. Techniques utilizing capillaries:

2. Steady-state multiple capillary method,
a modified version of the diaphragm cell

b. Steady state capillary cell method

¢. Unsteady-state open-ended capillary cell
method

. Bubble dissolution technique with gas

absorption from the gas bubble
a. Flat surface with bubble adhering to it
b. Constant bubble size
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are the same as given belore for lignid systems. However, it should be noted that
with a gas as the solute, the possible loss of gas on sampling and the difficulty in
accurately measuring small differences in concentration can introduce errors and

affzct the reliability of the measurement especially for sparingly soluble gases,
3.2.1 TAYLOR 'S DISPERSION TECHNIQUE

Taylor’s dispersion technique which can be described as a chromatographic
broadening technique, although in existence since 1953, has evolved in recent years,
beginning in 1984, to be the fastest and most reliable and versatile method for
tneasuring the diffusion coefficients of both gascous and liquid solutes in liquid sol-
vents. Taylor’s technique was first used for the measurement of diffusivities in the
gas phase (Giddings and Seager, 1962). Taylor's technique was soon modified by Fer-
rell and Himmelblau (1967) to measure the diffusivity of gases in liquids. Other
researchers who also used Taylor’s technique to measure the diffusivity of gases in
liquids include Pratt et ul. (1973), Evans et al. (1979), Chen et al. (1981, 1982),
Matthews (1986) Rodden (1988) and Wong (1989). Taylor’s technique was then
further modified to measure the diffusivities of both gaseous and liquid solutes in
liquid solvents at high temperatures and pressures (Jacob Sun and Chen, 1985, 1987;
Matthews, 1986; Matthews and Akgerman, 1987; Rodden, 1988; and Wong, 1980).

Diffusion takes place in a liquid moving in laminar flow in a capillary tube.
Taylor (1953, 1954) and Aris (1956) showed that if a pulse of solute is injected into a
moving solvent, diffusion occurred in the radial direction and the combination of the
bulk fluid Row in the axial direction and diffusion in the radial direction causes the
solute to disperse axially, The resulting Gaussian type concentration distribution
peak is measured at the end of the dispersion column and the diffusivity is inversely
related to the variance of the Gaussian type peak. Thus this method examines the
effect of diffusion superimposed on the bulk motion of the fluid. The difference
between the eflects of the controlled flow rate (motion effect) and the combined effect
of motion and diffusion then gives the effect due to diffusion. In the diaphragm cell
and optical interference methods, the bulk flow effect is eliminated since the solvent

is stationary. The advantages of this method include:

(1) Taylor’s method is relatively fast requiring 1 to 3 hours for each measurement.



(2) Taylor’s method can be used for diffusivity measurem ‘nts at high temperatures

and pressures.
(3) Gas solubility data is not required.
(4) No calibration is necessary.

(3) No gas-liquid interface is present.

A detailed description of Taylor’s method including the associated mathemati-
cal development will be discussed in Chapter 4, since it is the experimental method
used in this study.

3.3 Theories of Diffusion

The theories and mathematics of diffusion in liquids is complicated because
liquids exhibit properties intermediate between those of a gases and a solids and in
which the molecules exhibit a mixture of randomness and structure. The close pack-
ing (as in solids) of the molecules in liquids creates large intermolecular forces and
these forces are difficult to model mathematically because the molecules are not
confined to fixed lattices {as in solids). Thus although several theories of diffusion
have been proposed, none has proved entirely successful. However, these theoretical
models do provide a basis for the development and testing of correlations for interpo-
lation and extrapolation of data and thus for the prediction of diffusivities. The four
most significant theories of diffusion, the hydrodynamic theery, the activated state
theory, the free volume theory, and the kinetic theory of hard spheres will be

presented along with some of the associated semi-empirical equations.

3.3.1 HYDRODYNAMIC THEORY

The hydrodynamic theory is based on the Nernst-Einstein equation and shows
the relationship between frictional force, velocity and diffusivity of a sphere moving
in a continuum by Brownian motion. Nernst and Einstein (1905; cf Rossi and Bian-

chi, 1961) showed that for a single spherical particle moving in 2 solution by
Brownian motion, the diffusion coefficient is given by:

kT
/

D=

(3.1)

.12-



in the wbove expression f is the [rictional coefficient of the diffusing particle and its

virlue derived Trom the theory of hydrodynamics is given hy:

QTIB+PAJBAB] (30)

37 + 1) Bup

In equation (3.2), B,y is the coefficient of sliding friction between the diffusing
molecule and its surroundings, and r, is the radius of the sphere which is moving

through a medium of viscosity np,

The twao limiting cases of 3,5, as shown by Furth (1931), include the possibili-
ties of no slip or slip at the fluid surface:

(1) For 8,5=00 which represents the limiting case of no slip of the fluid at the sur-
face of the sphere, equation (3.2) becomes Stokes’s law:
[ =6mngr, (3.3)
Substitution into equation (3.1) gives the Stokes-Einstein equation:
kT

DAB = —— (3.4)
6 TNgT,

This equation has been shown by Sutherland {1905) to describe, with a reason-

able degree of accuracy, the diffusion of spherical and rigid particles much
larger than the solvent molecules.

(2) For f§,3=0 which represents the limiting case of slip of the fluid at the surface
of the sphere, equation (3.2) becomes:

f=dmngr, (3.5)
Substitution into equation (3.1) gives:
kT
D, = —L (3.6)
dmngr,

Squation (3.6) has been found to correlate diffusion data fairly well if the

diffusing particle is of the same order of size as the solvent molecules.

-13-



Tuese resulting semi-empirical models represent only a limited number of sys.
tems, and do not describe the behaviour for systems in which the solute molecules
have a relatively small diameter as, for example, for gases although the theory
predicts that D,g does vary with r,. Nor does this equation desciibe the behaviour
for solutes which are not spherically symmetrical since three frictional coefficients,
not one, are involved (Tyrrell and Harris, 1984), or for elevated temperatures. Hilde-
brand (1971) stated that because viscous forces are based on a macroscopic nature,

the frictional coeflicient is meaningless because it is based on a microscopic level.

However, the hydrodynamic approach predicts that the factor, Dy /T, is a
constant and it has been used as a starting point for several well known correlations
such as those of Wilke and Chang (1955), and Lusis and Ratcliff (1968). It should be
noted, though, that the hydrodynamic-based correlations are not successful in
predicting diffusivities at eclevated temperatures or over a wide temperature range.
Other correlations such as the Sovova equation (3.48) and the Hayduk-Cheng rela-
tion (3.47) empirically relate Dy to viscosity raised to some power. These hydro-

dynamically based correlations are mostly empirical in form.

3.3.2 ACTIVATED STATE TEEORY

The process of diffusion was first explained utilizing activated state theory by
Eyring and co-workers (Eyring, 1936; Hirschfelder, 1937) similar to the activated
state approach for describing kinetic reaction rates. It is also known as the Eyring
rate theory. In the Eyring theory, diffusion is described as the movement of
molecules, one molecule at a time, from a given position to a new and more stahle
equilibrium position, in an adjacent "hole”, which only occcurs when the molecules
attain a sufficiently high energy to overcome a potential barrier. I a cubic lattice
configuration of the liquid is assumed, the diffusion cocfficient is cxpressed in an

exponential relationship (Glasstone et al., 1941), and the following equation results:

kT M\ [ AGy, ]
exp|—
h RST

AB =

(3.7)

In the above equation AG is the Gibbs energy of activation and is the energy

required to form a hole, and X is the distance the molecules jump.
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Many researchers using theoretical arguments have questioned the validity of
this theary, namely Tyrrell and Harris (1984), Hildebrand (1971), and Alder and Hil-
debrand (1973). They point out that their understanding of the facts put forward
suggests that activated and un-activated molecules do not exist since the potential
ficld of wll the molecules is almost uniform. Also, the activation energies actually
observed are low, of the order of 10 kJ/mol, which suggests that a large percentage
of molecules will be in the activated state and Eyring's theory suggests that the
number of molecules in the activated state should be small. Another arguinent put
forwird is that all molecules diffuse at all times and is not a unimolecular process as
presented by Eyring.

Becuuse there are no reliable methods of estimating the activation energy,
AG),, and the jump distance, A, equation (3.7) can only be used for extrapolation and
interpolation of data. The activation theory has not often been used but has suc-
cessfully been used by Akgerman and Gainer (1972a,b) as the basis for correlating
the exponential dependence of binary diffusivity data on temperature over a wide
temperature range for dissolved gases in liquids. This theory was also used by
Olander (1963), and Gainer and Metzner (1965).

Subsequently the Eyring rate theory for difflusion was modified as follows:

1/3

k' N]
D,,=—|— 3.8
AB ) [V (3.8)

This equation was obtained from Eyring's expression for viscosity and does not
require a knowledge of AGp, and N. However, the values predicted from this equa-
tion differ greatly from experimental values and thus equation (3.8) can only be used

to give values of diffusivity of the correct order of magnitude.

3.3.3 ROUGH HARD SPHERE (RHS) THEORY

The Rough Hard Sphere (RHS) theory which is based on the kinetic theory of
gases is referred to as the Chapman-Enskog theory and is discussed in mathematical
detail by Chapman and Cowling (1970). In this section the RHS theory as applied to
diffusion will be discussed; the mathematical details will not be included here. The

RHS approach is possibly more realistic than the activated state theory and the

-15-



e

hydrodynamic theory and, although not perfect, it has been found to be useful in the

interpretation of data for different systems.

o . RHS . . -
The RHS mutual diffusion coefficient, D.g + s written as a product ol four

terms:

RHS HSG
Dy =Dyp =Dy )

Clo,, o5, my, my, V) F (3.9)
8(0,\[3)

Similarly, the RHS self diffusion coefficient, D:}éis, which can be deduced from equa-

tion (3.9) is written as:

RHS HSG 1 .
DBB = DBB = (DBB )' 'C(UB, rnn, Vn)‘r“ (1‘10)
glog)
The terms are listed in order of their development, beginning with the diffusivity in a

low density gas and concluding with the diffusivity in a liguid and will be discussed

separately.

The expressions for the mutual diffusion coefficient of a low density (dilute)
hard sphere gas (HSG), (D?gc), and the self dilfusion coeflicient of a low density

HSG, (Dggc) were derived by Chapman and Enskog with the following assumptions:

(1) The gas is "dilute” or of low density and thus the mean free path between
molecules is large compared to their diameters.

(2) The gas is in a state of molecular chaos, in that there is no correlution hetween

the position and velocity of the molecules.
(3) The molecules are spherically symmetrical and smooth.

(4) All molecules collide with only one other molecule at any time; multiple interac-
tions are negligible.

(5) The collisions are perfectly elastic and instantancous.

(6) There are no attractive or repulsive force fields aflecting the molecules on their
flight between collisions.

The HSG diffusivity is sometimes referred to as the Chapmun-Enskog (CE)
diffusivity and written as (Dg) and (D;{EG) for mutual diflusivity and (DI(;,E') and
(DEBSG) for sell diffusivities, respectively. For the above assumptions, the expression

of (ngc) was written by Chapman and Cowling (1970) as:
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1/2

HSG 3
{n Dig )=

(3.11)

2
SO'AB

¢ T (my -+ mp) ]

27 mAmB

In uhe nbove expression, @, is the average molecular diameter of molecules A and B
on collision (= (7, 4+ o5)/2), m, and mp are the molecular masses of the solute and

solvent molecules and n is the number density (molecules/volume).

From equation (3.11), the expression for self diffusion can be obtained (Chap-
man and Cowling, 1970):
1/2

3 kT
(n DSBSG) =— [ ] (3.12)
Sgé Tmgp

As the density of the gas increases, the above six assumptiuns for the kinetic
theory of gases become more and more invalid or unrealistic. It was considered by
Enskog (cf. Chapman and Cowling, 1970) that as the density of the gas increased,
the assumption of molecular chaos became more unrealistic and to compensate the
radial distribution function, g{e,p) for mutual diffusion and g{og) for self diffusion,
was introduced as correction terms relating diffusivity in a dilute gas to that in a
moderately dense gas. Enskog relaxed the assumption of uncorrelated positions and
showed anulytically that the self diffusion coefficient for a dense gas could be

predicted by correcting for the increased frequency of collisions in a dense gas with
the resulting equation:

n'Dyg i 1
HSG, (3.13)
(nDpg )  &lop)

In equation {3.13), n"DBBE is the number density times the Enskog self diffusivity at

moderate density, and g(og) is the radial distribution function of pure B. Thorne (cf.

Chapman and Cowling, 1970) derived the analogous expression for mutual diffusion:
D’DABE 1

= (3.14)
{n Drgc) S(UAB)

. E . .
In equation (3.14), n'D,g "~ is the product of the number density and the Enskog
mutual diffusivity of a moderately dense gas, (n D.},:gc) is the product of the number

density and the CE mutual diffusivity of a dilute gas, and g{o,5) is evaluated at the
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average collision diameter.

The radial distribution lunction depends on the composition and malar volume
of the mixture and on the diameters of the all of the molecules in the mixture. The

form for g(o,pn) when component A is present in trace amounts was given by Evans
et al. (1981) and Alder et al, (1974):

1 3§, §oy
g(0sp) = + " + - (3.15)
1-¢ (1_5)-(‘7,\"'013) 2(1 = &) ay

In the above equation § is the packing factor for hard sphere assemblies and Tor the

infinitely dilute case, that is, for n, =0, £ is given by the following expression:

3
Ty
€= (3.16)
6

The expression is based on the Percus-Yevick equation of state for hard spheres
(Lebowitz, 1964).

At liquid densities, the assumption of uncorrelated velocities of the molecules is
completely unrealistic and the third term, C(o,, 05, m,, mp, Vy ), was introduced to
correct for the deviation from the Chapman-Enskog theory. This term considers
such effects as backscattering and vortex formation and thus accounts for correlited
molecular motions. Alder et al. (1874) and Esteal et al. (1983) found that the
mutual diffusion coefficients obtained from the first two termns of equation (3.9) hy
computer simulation, and those obtained experimentally, differed greatly. Alder et
al. (1970) and Dymond (1972} found a similar trend for self-diffusion from equation
(3.10). At high densities (greater than 1.5 to 2 times the critical density, p,) and for
low solute to solvent mass ratios (for dilute solutions), the diffusion coefficient is
decreased by backscattering; that is, the diffusion coeflicient is lower than that
predicted from the Chapman-Enskog theory. Backscattering is the multiple succes-
sive collisions of the solute with its neighbouring molecules where the solute is siid Lo
be temporarily trapped in a cage for the time of several collisions alter which the
molecule can move on. At lower liquid densities (less than 1.5 times the critical den-
sity) and for higher solute to solvent mass ratios, Alder and Wainwright (1970)
showed that the neighbouring molecules form a vortex around the diffusing molecule

acting to increase its velocity and thus effectively increasing its diffusion coefficient
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ahove that predicted by the Chapman-Enskog theory.

Instead of trying to obtain the complicated expressions for the analytical solu-
tions of the rorrection term C(o, , o, m,, mp, Vg ), this term is obtained from the
ratio of the actual diffusivity which is referred to as the Hard Sphere Liquid (HSL)
diffusivity and is obtained from computer calculations, to the Enskog diffusivity.

The expression for C for mutual diffusion is:

Dro Dok
Clo,, 08, my, mg, V) = = (3.17)

(DX /go,5)  (DE)

In equation (3.17), Dys represents the mutual diffusion coefficient for a hard sphere

liquid. Similarly C for self-diffusion is expressed as:

HSL
DBB

(Dga)

In equation (3.18), Dsgb represents the self diffusion for a HSL. Molecular dynamics
computer simulations were carried out by Alder et al. (1970} to determine C for self
diffusion coefficients. Alder et al. (1974) and Esteal et al. (1983) similarly determined
C for infinite dilution mutual diffusion coefficients. Chen {1981) compiled and
graphed the values of C for the few available solute-solvent systems by interpolating
and extrapolating from the existing computer simulation results of Alder et al.
(1974), Herman and Alder (1972), Shelton (1981) Alder et al. (1970). Cuzworniak et
al. (1975) expressed C as a polynomial function of m, /my, 0, /o5, and €. The com-
plex nature of the caleulations limits the use of the computer in calculating the
diffusivity of every possible system. The few available results are given as a function

of o, fop, m, /my, and V/V . V_is the closed packed hard sphere volume and is
given by:

Clog, mg, Vg) = (3.18)

3
No
V=t
Vo

(3.19)

The smoothness assumption of Enskog is no longer valid for polyatomic
molecules because of the possibility of exchange of kinetic and rotational energy on
collision of irregular shaped molecules (Chandler, 1975). Chandler (1975) has shown
that the fourth term in equations (3.9) and (3.10), the roughness factor, F, should be
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used to account for kinetic and rotational energy transfer between molecules if the
molecules were not smooth. The factor F, which according to Chandler (1975), is

independent of density and temperature reduces the diffusion coeflicient, so that:
0<F<t (3.20)

Thus the diffusivity obtained on utilizing all four terms results in the diffusivity in a
liquid where the constituent molecules are irregular in shape or "rough®, that is

D?gs. Several researchers have obtained values of F. Chandler found that a value
of F=0.54 satisfies the intradifflusion coefficient in carbon tetrachloride and Par-
khurst and Jonas (1975) used a value of F=0.59 for tetramethylsilane. From
geometric considerations, Baleiko and Davis (1974) calculated F for rough spheres
and found that theoretically 0.71 <F < 1. Evans et al. (1981) found that the values
of F of either 1, 0.78, or 0.70 fitted several sets of diffusivity data. Bertucei and

Flygare (1975) similarly fitted diffusivity data and found values of F ranging from
0.44 to 0.552.

Thus the rough hard sphere theory begins with an analytical expression for
diffusion in a dilute gas, (D;lgc), is then modified for a moderately dense gas using
the radial distribution function g(o,5), then corrects for backscattering and vortex
formation which arises form correlated motions in liquids, which is represented by
term C, and then finally corrects for rotational and kinetic energy transfer which

arises from molecules that are not smooth and is represented by F.

As shown by Dymond and Woolf (1982), the RHS diffusion coefficient can be re-
written for mutual and self diffusion. The expression for the RHS mutual diffusion
coefficient can be obtained by substituting equations (3.11) and (3.17) into cquation
(3.9):

1/2 HSL
oREs _ 3 [k'l‘ (m g +ma)] _F [Dw
8(

iy = (3.21)

2 9
SnG'AB =T mAmB

E
UAB) Dap mp

Similarly the expression for the RHS self diffusion coefficient can be obtained by
substituting equations (3.12) and (3.18) into equation (3.10):

HSL
F [ Dpg

8(09) D;:B

1/2

DBB -

—
:'n:
o
L £~]

—

RHs _ _ 3 [kT]

0
8n0’é Ty

MD

The subscript MD represents the molecular dynamics computer calculations for the
determination of C.
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Instead of expressing ngs and Dgéls in terms of g, oy, n, and C, it has been
found to be more convenient to calculate the diffusivity in terms of the molar volume
of the liquid. The molecular dynamics calculations of Alder (1970) for the term C for
scll diffusion data was used by Dymond (1974). The group C/g(op) was fisted to a

straight line as given below:

v 1 DHSL v
. B — - bl (3.23)

In the above equation V is the molar volume of the pure liquid for the case of self
diffusion, and a is a constant for every solute-solvent pair. From the linear relation-
ship, b was empirically determined by Dymond (1974) to be equal to 1.384 and by
Tyrrell and Harris (1984) to be equal to 1.358. Substituting for the group C/g(7g)
from equation (3.23) into equation (3.10) results in Dymond's expression for

diffusivity, Dgg‘“, based on the RHS model:
[— - ” (3.24)

The product nV is a constant and represents the number of molecules in a volume V.

Also mg, k, and 7 are all constants. Equation (3.24) can thus be expressed as:

pp =TI

DDYM 3 [ kT

Snag m

DYM
o ¢ ‘a(V—=>bV,)] (3.25)
=F. a{V V 25
a 1/a [+
v'T op mB/

In equation (3.25), C' is a constant.

Dymond (1974) found that for an a = 1.271, equation (3.25), after some rear-
ranging, becomes:

RHS
10°Dgs”  A.a 507k
S A2E v asav) (3.26)
VT v/
[+]

In equation (3.26), k is the Boltzmann’s constant, and M is the molecular weight of
the liquid. Dymond found that th2 data for self diffusion coefficients could be fitted
accurately to equation (3.26) but did not develop the expression for mutual
diffusivities. Although Esteal et al. (1983) determined the term C from molecular
dynamics calculations, for infinite dilution mutual diffusion coefficients, nothing has



dynamics caleulations, for infinite dilution mutual diffusion coefficients, nothing has
been done to correlate these values of C to the molar volume. The incomplete study
of the MD simulations does not allow for the development of a general RHS correla-
tion. If the narrow range of o, /op, m,/mg, and V/V_ is increased in the MD caleu-
lations, a comprehensive study can be initiated on the study of the translational
-rotational coupling parameter, F, as well as possibly obtaining a general RHS corre-

lation. Also the few experimental diffusivity data above ambient conditions does not

allow for the testing of these possible studies.

Chen et al. (1982} claimed that Dymond’s equation for self diffusivity, equation

(3.26), could be applied to mutual diffusion coefficients at infinite dilution with the
resulting equation:

Dyp
— =/{V =YV 3.7
In the above equation B is the slope of D:B/\/'? versus V, and Vp is the intercept
where the diffusivity is effectively zero. Chen found a linear relationship for all of

the solute-n-alkane systems examined Expressions for # and Vyy will be given later.

Matthews (1986) and Rodden (1988) also found that this linear relationship of
equation (3.27) was valid for their n-alkane systems and predicted the mutual

diffusivities at infinite dilution to a higher degree of accuracy than the other correla-
tions, The equation of Matthews is:

10"D;g

LN
VT o
The equation of Rodden is:
90
10D, 5 _ a, V-V, (120

VT M.fi M};( Op%g )d

Wong (1989) found a similar linear relationship for infinitely dilute propene in vari-
ous solvents. The equation of Wong is:

10°D3,
VT

VbA

(V = Vp) (3:30)
vbB

= alMng [
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Equations (3.28), (3.29) and (3.30) all accurately predicted the experimental
diffusivities and are based on the RHS theory.

To test the validity of equation (3.27) to the RHS theory, equation {(3.27) has to
be expressed in terms of the RHS parameters. As shown by Rodden (1988), the first
step requires the use of Dymond’s equation and after the collection of constant

terms, equation (3.25) can be written as:

DYM
Dpn Al
=P = (V-bV) (3.31)

A generalized expression for D, can be obtained using equation {3.31):

RHS

AB DYM :
D

BB

Equation (3.32) represents the ratio of the RHS mutual diffusion coefficient at any
concentration and the RHS self diffusion coeflicient for a pure solvent multiplied by
the sell diffusion coefficient of Dymond.
Substituting equations (3.21), (3.22), and (3.31) into equation (3.32) results in :
D

AB
— =3 (V—=-bV i
= B (V—->bV,) (3.33)

In equation (3.33), 8 is represented by:

0

1/2
. K/ [mA+mB] P 8(0p) [DEgL/DfBIMD

My M 603) (D5 /Dgp

) (3.34)
In equation (3.34), K' is a collection of constants. The subseript MD represents the
molecular dynamic calculations for mutual and self diffusion data and this equation
could be used to predict concentration dependent mutual diffusion coefficients if the
MD calculations exist. However, no such data exist, but some MD data exist for

infinitely dilute systems. Equations (3.33) and (3.34) can be written for the infinitely
dilute case as follows:

Dy

Ve PV =) =4 (Vs - V) (835)



In equation (3.35), 8 is represented by:

0

1/2 HSL 0
K/ [mA+mB] " &) (Dyp /Dislvo

8= (3.36)

bl
My my

HSL , \E
Tap &(94p) [Dpp /Dpglup

[n equation (3.33), for the infinitely dilute solvent, Vg represents the molar volume of
the pure solvent B, and Vp is equivalent to the product bV, and g(o,p) is the radial
distribution function for the case of infinitely dilute A in B. Equations (3.35) and
(3.36) could be used to predict infinitely dilute mutual diffusion coefficients il the MD
data is available from the literature. Equation {3.35) thus proves the validity of
equation (3.27).

Examining the above equations based on the RHS theory, leads to the following
observations. Dymond’s analysis using self diffusivity data showed that Vp is a con-
stant and depends only on the properties of the solvent. Hildebrand (1977), Chen
(1982), Matthews (1986), Rodden (1988) and Wong (1989) have ail found Vp to
depend on the solute as well as the solvent properties for infinitely dilute diffusivity
data. The molar volume, Vp, was considered by Hildebrand (1971) to be a hypothet-
ical molar volume of the solvent in which there is no free space left for molecular
diffusion and, at the same time, that the solute diffusivity is zero. This is analogous
to the close packed, hard core volume V_ where the effective solute diffusivity is zero,
The constant g should depend on both the solute and solvent properties; further it is
observed that B is inversely proportional to a'iB and directly proportional to
V/(m, + my)/m, mg, and contains the constant, 2, from equation (3.25). Chen and

Chen (1985), Matthews (1986) and Rodden (1988) have all found that a is constant
for a given solute-solvent pair,

Equation (3.35) will be utilized in the analysis of the experimental results
obtained in this study. The linear relationship between DAB/\/'-I: and molar volume
will be examined using the experimental results obtained in this study. Both Butchin-
ski (1913) and Hildebrand (1971) observed this linear behaviour. This is further dis-
cussed in the next section on the Free Volume Theory. In order to predict the
molecular diffusivities at infinite dilution without prior knowledge of MDD data, the

expression for # has to be simplified using parameters which can be easily obtained
from the literature.
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3.3.4 FREE VOLUME THEORY

The free volume is the difference between the molar volume at the operating
conditions Vg, and the limiting closed packed hard sphere volume, V.. The free

volume theory was originally proposed by Batchinski (1913) for describing viscosity
relationships and later by Hildebrand (1971) for diffusivity.

Batchinski (1913) plotted the viscosity versus the molar volume for 87 non-
associated liquids and observed straight lines. Thus Batchinski found that this rela-

tionship could be expressed as:

Vg -V,

1
— =B (3.37)
n

V"I

In the above expression B is a constant and its values are dependent on the solvent.
Vg is the liquid molar volume and V, is the hypothetical liquid molar volume at
infinite viscosity. Batchinski found from his experiments that V, is the molar volume
of either the liquid or the solid at its melting point and that the difference Vg — Vn

can be thought of as the free volume that exists between the fluids actual volume

and the closed packed volume at its melting point.

Hildebrand applied this reasoning to diffusivity and observed that both the self
difflusion coefficient and the infinite dilution coefficient may be expressed by a similar

relationship:

D =B" (3.38)

VD
In this case Vp is equivalent to V, and is the molar volume at its melting point at
which diffusion is considered to cease. The difference Vg —V,, is also analogous to
the free volume of the system. The simple form of the free volume equation is sel-
dom used. However, several empirical equations use the free volume theory as the
basis of development. It is noted that although Hildebrand’s explanation of the
linear relationship between D and Vg has no theoretical basis, the RHS theory which

shows the same linear relationship suggests the existence of some theoretical basis
for this relationship.
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3.4 Literature Review for Molecular Diffusivities in Liquids

In this section, the diffusivity data reported by a number of researchers will be
mentioned. Of all the types of diffusivity data available in the literature,
diffusivities for alkane systems at ambient conditions are perhaps the most plentiful.
Of these, only a few measurements have been reported for gaseous solutes in alkane
or alkanol solvents. The systems consisting of gaseous solutes and alkane or alkanol

solvents are of special interest because they constitute the main interest of my
research.

A large portion of the available data for molecular diffusivities was reported
over thirty years ago especially for n-alkanes. Using a capillary-type apparatus
Fishman (1955) measured the self-diffusivities for n-pentane and n-heptane at tem-
peratures between 193.15 and 373.15 K. Peter and Weinert (1956) measured the
diffusivity of hydrogen in molten paraffin wax at 373 and 1473.15 K and at several
pressures up to 96.5 MPa. These were the first diffusion measurements done at high
pressures. From 1960 to 1980, very few mecasurements of mutual diffusivity were
reported for any system for temperatures above 298.15 K.

The data for gases dissolved in alkane and alkanol solvents most relevant to
my research will now be summarized. The diffusivity of propene in n-butanol was
measured by Wong and Hayduk (1990b). The diffusivity of propane in n-butanol was
measured by Hayduk et al. (1973). The diffusivity of carbon dioxide in severa) sol-
vents were measured in ethanol by Onda et al. (1960), Tang and Himmelblau (1965),
Dim et al. (1971), Pfeiffer and Krieger (1974), and Malik and Hayduk (1968), in
ethylene glycol by Hayduk and Malik (1971), in propanol by Takahashi et al. (1982),
and Takenihi et al. (1975), and in n-butancl by Dim et al. (1971), and Takenihi et al.
(1975). All of the above-mentioned measurements were done at atmospheric pressure

and in the temperature range 273.15 to 323.15 K, and the gascous solules were

infinitely dilute in the solvents.

Moore and Wellek (1974) measured the diffusivities for the solutes n-heptane

and n-decane in the solvents n-hexane to n-decane, n-hexanol and n-heptanol at
293.15 to 313.15 K.

The diffusivity data collected using the Taylor dispersion apparatus will now he

described. Evans et al (1979) were among the first in the use of the Taylor
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dispersion apparatus. They measured the diffusion coefficients at infinite dilution for
the gases argon, krypton, xenon, and methane in n-hexane, n-decane and n-
tetradecane at 298.15 K, as well as the diffusivities for several liquid solutes, The
Taylor dispersion apparatus was also used by Alizadeh and Wakeham (1982), to
measure the mutual diffusion coefficients above ambient conditions at 293.15 and
343.15 K, and at 0.1 MPa over the entire concentration range of all binary combina-
tions of n-hexane, n-heptane, and n-octane. Chen et al. (1982) collected diffusivity
data for the solutes argon, krypton, xenon, methane, carbon tetrachloride and
severnl n-alkanes in n-alkane solvents at 298.15 to 333.15 K. Matthews (1986) meas-
ured diffusivities for n-octane, n-decane, n-dodecane, n-tetradecane and n-hexadecane
in the solvents n-heptane, n-dodecane and n-hexadecane as well as for the gases
hydrogen, carbon monoxide and carbon dioxide in n-heptane, n-dodecane and n-
hexadecane over the temperature range 323.15 to 564.15 K and at pressures of 1.38
and 3.45 MPa. Following this, diffusivities were measured by Rodden (1988) for
hydrogen, carbon monoxide, carbon dioxide and several n-alkane solutes in the sol-
vents n-eicosane, n-octacosane and a Fischer-Tropsch wax, which was a mixture of
paraffins with an average carbon number of 28, at 1.38 MPa and up to $33.15 K.
Wong and Hayduk (1990b) measured the diffusivities of propene in acetic acid,
acetone, n-butanol, chlorobenzene, ethylene glycol and n-octane for a range of tem-
peratures and for pressures ranging to 6.8 MPa. Bartle et al. (1989) measured the
diffusivities for the n-alkanes solutes ranging from ethane to octacosane in the sol-

vents propan-2-ol and tetrahydrofuran at 300.15 K and atmospheric pressure.

3.5 Correlations for Diffusivities in Liquids at Infinite
Dilution

"This section will now deal with the correlations available for the calclation of
the diffusivities of dissolved solutes in liquid solvents where the solute is considered to
be infinitely dilute. The solute is said to be infinitely dilute in the solvent when each
solute molecule is surrounded by many solvent molecules. In engineering applica-
tions, infinite dilution is said to occur when the concentration of the solute is less
than 5 mole percent in a binary mixture. Most of the correlations reported are
either semi-empirical or empirical. The semi-empirical equations are based orn a

modified version of one of the theories of diffusion explained previously and were
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tested using experimental data. Many of these correlations are applicable only to
certain types or families of liquids, and relatively low temperatures and pressures.
Thus large percent errors are usually incurred when these correlations are used out-
side their proven range of applicability. Properties which can be measured or
estimated, such as viscosity, molar and critical volumes are necessary to obtain the
diffusivity in most of these correlations, Ghai et al. (1973), Ertl et al. {1974), Reid ot
al. (1877, 1987) and Hayduk (1986), reviewed correlations for the prediction of
diffusivities at infinite dilution. Generalized corrciations for all types of solutes in all
types of solvents, as well as correlations for dissolved gases in liquids will now be dijs-
cussed. Two other important classes of correlations which will not be discussed
include correlations for liquid n-alkane systems and correlations for water as the sol-
vent. Correlations classified according to specific solute and/for solvent usually yield
lower precent errors than those for general correlations applicable for all types of
solutes and solvents which have widely varying properties. It should be noted that

for the correlations which will now be presented, the units for diffusivity are em”/s,
L 3
viscosity are ¢p, and molar volume are cm”/mole.

3.5.1 GENERAL CORRELATIONS FOR DIFFUSIVITIES IN LIQUIDS

The generalized correlations for diffusivities in liquids were formulated by Wilke
and Chang (1955), Lusis and Rateliff (1968), King et al. (1965), Tyn and Calus (1975),
Hayduk and Minhas (1982), and Siddiqi and Lucas (1986). The two equations of
Witke-Chang and Lusis-Ratcliff which are based on hydrodynamic theory, but are
nevertheless classified as empirical equations, are well known for their use in estimai.-

ing the diffusivities for a wide variety of systems. The Wilke-Chang correlation
which is best suited for dilute solutions of nonelectrolytes is:

, (oMy)' o

Dip = 7.4x10" (3.39)

0.8

7Vipa

In this expression ¢ is the "association constant” and accounts for solvation efects in
systems with strong chemical attractions like hydrogen bonding. 7 is the viscosity of
the solution and $Mp is the "effective molecular weight". The value of ® varies:
® = 1.0 for non-associated solvents as in alkanes, ¢ = 2.6 for water, ® = 1.9 for

methanol, and ® = 1.5 for ethanol. The association parameter for water was later
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revised by Hayduk and Laudie (1974) to be 2.26. Hayduk and Laudie =xamined 285
diffusivity data in aqueous solution at 298.15 K and found that the 109% error
obtrined using & = 2.26 was lower than that with ¢ =2.6. The Wilke-Chang corre-
lation yields poor predictions of diffusivity for water as the solute and for highly

viscous solvents,

The Lusis-Ratcliff (1968) cquation is similar to the Wilke-Chang equation but is

not used as frequently:

1/3

. - -1 T Vg Vg
Doy =8.52x107 Y(v,) A= [Ldo[-—~] +— (3.40)
n vV, Vi

iKing et al. (1965) obtained an empirical correlation for self diffusivity based on
their observation that Dn/T was, for the most part, constant and used the latent
heat of vaporization as a measure of the intermolecular attractions present. The
King ¢t al. (1965) correlution is:

1/6 1/2

- T Vip AaH
D:U = 4.1x10 8 [_] [ ] [ 2 ] ('341)
g} \ Viy aH,

This correlation has been found to predict diffusivities relativelv we.l for polar
solutes or for solutes of small molecular size. However, this ccirelation doe., net
predict diffusivities accurately for aqueous systems and for pola* solvents of high
viscosity.

The Tyn and Calus (1975) correlation which is based on the Stokes-Einstein

equation utilizes the ratios of molecular sizes and the ratio of the parachors as a

measure of the intermolecular forces:
1/6 0.8
o -8 VbA PB T
Dy =893x10 " |— — — (3.42)
bB Pa g

In this expression V,, and V, represent the molar volumes of the solute and solvent
at the normal boiling points, respectively, and are a measure of the molecular sizes.

The parachors of the solute und solvent, P, and Py, are related to the surface ten-

sion as {ollows:

174
P,=V,8' (3.43)



In the above expression V, is the molar volume of substance i in cma/mol. and S is
the surface tension in dynes/em. Both V, and S; are measured at the same tempera-
ture. The parachor values have been found to be essentially constant over g
moderate temperature range. The Tyn and Calus correlation is bounded by several
conditions. The correlation gives poor results for solvents of viscosity greater than
20 cp, and the values of V, and P, have to be adjusted for specific solutes andfor
solvents. It should be noted that for nonpolar solutes and alcohols with one hydroxyl

group, the values of Viy and Py should be multiplied by a factor of 81,

After testing this correlation for a variety of sys:ems Reid et al, (1987) found
errors of less than 10% in predictability.

With some modification to the Tyn and Calus correlation, Hayduk and Minhus
(1982) observed better results. Their correlation which is based on the purachor

values and in which the same boundary conditions were used as in the Tyn-Calus
equation is:

Dyp =1.55x10" "T'* 55 Py 023D, — 0.4210° (34)

Hayduk and Minhas also obtained another correlation using the radius of gyration,
R, to describe the effects of molecular size and shape on the diffusivity. This latter

proposed equation is:

10,

17 —08
) R/

Djyp = 6.916x10™ e Ry IR (3.45)

Hayduk and Minhas tested the correlation given by equation (3.44) for 756 datn
points and found an average error of 13.9%%.

Siddigi and Lucas (1986) developed a correlation using the viscosity of the sol-
vent, g, and the molar volumes of the solute and solvent, Via and Vi, as two
important parameters which are measures of the intermolecular forees affecting the

diffusion process. The equation which was developed for organic liquid mixtures is:

D.:B =9.80x10" 8T 7][; 0.907 \,I;—AO.*I.S ng% (3'._"5)

Siddiqi and Lucas tested their correlation using 1275 data points and observed an
average percent erroi of 13.1%.

The generalized correlations are applicable for all types of solutes, solvents, a

lirnited temperature and pressure range, and usually yield relatively large errors of
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prediction because of all of the the chemically different systems which are considered
together, Thus more accurate estimates of diffusivity may usually be obtained by
using correlations that are restricted in some way say, for example, the correlation is
applicable only to systems where water is the solvent. Another possible restriction is
that the correlation is limited to the prediction of diffusivities of a solute which is a

gas at normal temperatures and pressures. These correlations will be discussed in

the next section,

3.5.2 CORRELATIONS FOR DIFFUSIVITIES OF DISSOLVED
GASES IN LIQUIDS

A review of the correlations for diffusivities of dissolved gases in liquids is given
by Himmelblau (1964), and more recently by Sovova {1876). The correlations which

have been the most used by researchers will now be mentioned.

Sovova modified the Hayduk and Cheng correlation (1971). Hayduk and Cheng
proposed that the viscosity of the solvent in 2 dilute solution is a measure of the
molecular interactions and thus influences the diffusivity. They expressed diffusivity
as proportional to viscosity to some power ¢. The resulting correlation which is an

empirical one based on the hydrodynamic theory is:
Dyp = €7 (3.47)

Hayduk and Cheng {1971) suggest that ¢ and ¢ are constants for 2 given solute in
any solvent. These constants can only be determined by experimental means. If the
diffusivity and viscosity values are known for at least two solvents, the constants ¢
and ¢ can be determined for a particular solute and thus equation (3.47) can be used
to predict diffusivities in other solvents. This relationship has been found to predict
the diffusivity of a dissolved gas in a liquid at infinite dilution reasonably well when
no complexing or no association exists. Hayduk and Cheng provided the constants
for their systems but since no theoretical or empirical basis was provided for general-
izing the constants for other solute and solvent mixtures, this equation cannot be

used to predict diffusivities unless at least two experiments are done to obtain the

new constants.

It should be noted that the Hayduk and Cheng (1971) correlation has also been

used for other systems other than dissolved gases in liquids. Moore and Wellek



(1974) experimented with two infinite dilute solutes n-heptane and n-decane in the
series of alkane solvents n-hexane through n-decane and in the alcohol solvents n-

hexanol and n-hep anol and then used the Hayduk and Cheng correlation on these

alkane and alcohol systems.

Sovova’s correlation which is 2 modified version of equation {3.47) and which

was originally proposed for the infinite dilution diffusion coeflicients of gases in
alkane solvents is:

fng
Dip = 1485107 ° —— (3.18)

0.6
Vbr\

In the above equation V, is the molar volume of the gas at its normal boiling point,
and the values of f and + were specific for different types of solvents. For example
f=10 and v=—1.15 for water, f = 1.8 and 7 = —1.15 for aromatic hydrocarbon

solvents and their derivatives, and [ = 2.28 and v = —0.5 for alcohols and alkanes,

The equation proposed by Akgerman and Gainer (19722, 1972b) for the diffusion
of gases in liquids is based on the activated state spproach (Glassione et al., 1941)
and has no adjustable parameters.

1/3 12
o kT N Mg E, ~Ey
Dyp = —| |—| exp|—— (3.49)
€xtg | Vg M, R, T

In equation (3.49), k is Boltzmann’s constant, T is the absolute temperature, N is the
Avogadro's number and ¢, is the number of solvent molecules surrounding the cen-
tral solute molecule where ¢, is defined as:

1/6
Via )
Vig
The term E, — Ep represents the free energy of activation between the viscous (E,)
and the diffusion process (Ep) and is calculated from the activation energies of

"jumping” of the solute and solvent molecules, represented by E"M and Efm, respece
tively.

1
[Eh]tl\-rl

_(Fha
(E},

E, —Ep =Elg (3.51)
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Fa R T,
~ R, In + —In {—]
. My 2 T,
Eip = (3.52)
AL
T, T,
El, =58753M  *1 (3.53)

In equation (3.52), g, and p, represent the absolute viscosities of the solution at

ibsolute temperatures T,andT,, respectively.

The Akgerman and Gainer(1972a, 1972b) correlation has been found more suc-
ces«ful in preuicting diflusivities for solutes such as hydrogen and helium in which the

solute molecules are small, and also for solvents of high viscosity (ng>5¢cp).

The correlation of Sridhar and Potter (1977a,b) is:

Dyp = 0.088 (3.54)

N2/ ngV* v 3;{3

where:

V* =031V, (3.55)

In the above expressions, V , and V g represent the critical molar volumes of the
solute and solvent. The empirical correlation of Sridhar and Potter resulted {rom
the combination of the empirical expressions for gas-liquid diffusivity of Hildebrand

and self-diffusivity of Dullien. This is a poor correlation for solute gases of small
molecular size such as hydrogen aud heljum.

The correlation of Umesi and Danner (1581) which was developed for hydrocar-

bon gases in nonpolar solvents is:

-s T [ Rs ]
Dy =275x107 " — [—=| (3.56)
Ny R'/3]

Here the authors proposed that the size-shape relationship is the dominant factor
affecting the intermolecular forces and thus the diffusivity. Umesi and Danner used
the viscosity of the solvent b, ng, ard the radivs of gyration, R, and Ry to define the
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size-shape relationship. This equation can also be used for dilute nonpolar or polar
solutes in polar solvents.

Finally, the correlation of Wong and Hayduk (1990a) which was proposed lor

dissolved gases (polar, non-polar, and hydrocarbon solutes) in hydrocarbon solvents
is:

o -3 —0.350 Ve o 13y o8 635.5
Dp=277x10 “ng —m . [M_\MB' ] TeXp |~ = (3.57)
Vea L

Wong and Hayduk (1990a) examined 421 data points, in the temperature range of
273.15 to 567.15 K and obtained an average percent error of fit of 14.64%5. The data
did not include values for the solutes hydrogen and helium.

These correlations all have some limitation with respect to the temperature
and pressure ranges in which they can be utilized. On the other hand, the equations

have usually been found to yield reasonably accurate predictions of diffusivity for
specific classes of solutes and solvents.
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CHAPTER 4

DENSITY AND VISCOSITY MEASUREMENT
AND TAYLOR DISPERSION THEORY

The theories and equations for density, and viscosity in conjunction with the
Taylor theory of dispersion in capillary flow will be discussed in this chapter, as well
as the theory and mathematics of the Taylor method for measuring and calculating

molecular diffusivities.
4.1 Density Measurement

It is of interest to measure the actual solvent densities and viscosities in addi-
tion to the dissolved gas diffusivities at high pressure. The measurement of density
involves a technique based on the retention time of the dispersion peak, tg, and the
solvent mass flow rate, m. It was Griffiths, (1911), who first observed that the centre
of gravity of the peak moves with the average speed of flow of the solvent, u, for the

entire length, L, of the diffusion tube and the retention time can therefore be
obtained as follows:

L
u
At steady state the mass flow rate, m, is constant:
o
. - TR°L
m=7rR*Tp = —=f (4.2)
'R

The density of the solvent can be calculated from equation (4.2) if 2n accurate value
for L and r are known. However because L is typically tens of meters and r is typi-
cally a fraction of a centimeter, these quantities are usually difficult to measure
accurately. To eliminate the need of knowing L and r, an expression was obtained for
the ratio of the density at condition 1 using a fluid of known density, p,, to that at
condition 2 where p, is unknown. Equation (4.2) may then be rewritten in terms of

the thermal coeflicient of expansion for stainless steel, o, (Matthews, 1986):
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Py (t)amy(R'L),

= - (4.3)
P\ (tg)ym, (R7L),

(tpamy{l + Q(Tn—Trer”S

= (4.4)
(tg), iy (1 + a(T,—T, )

In these expressions R=R (1 + &(T =T, )} and L=L_,{1 + (T =T ). The refer-
ence temperature, T, at which the length and diameter of the diffusion tube were

measured was assumed to be 295 K or essentially room temperature. Rearrange-

ment gives:
3 .
(1 + (T,—T,,) (tg)s M,
fa= 1M . 3 ('l-":')
(tg)ym (1 + a(T,—T,,
(tp)amy

=K

1 " (4.6}
[l +«(T,—T,,)]
In the above expression K, is a constant that may be determined from a calibration

performed with a substance of known density at temperature T,

Because with this equipment it was not possible to measure density at atmos-
pheric pressure at which pressure an actual reference density could be used, | devised
an alternate method. In this method an assumed value was used for K, and the
value of p, was then obtained as a function of pressure at the temperature T,. A
linear regression of p, as a function of pressure was then performed. The intercept
of this line then represented the density at O gauge pressure. The value of K, was

then adjusted so that the value of the intercept corresponded to the solvent density
of the reference substance at T =T, =T,

A similar method was used by Matthews {1986) to obtain the density of the sol-
vent using the same design of experimental apparatus as was used in this study.
Matthews used an equation similar to equation (4.3) but did not calculate a calibra-
tion constant K,. Instead, he performed the Taylor’s dispersion experiment twice;
first at condition 1 using a fluid of known density py, then again at condition 2 where
P, is unknown. The volume correction term (RQI_.)I/(RzI..)2 which eliminates the
need to know L and R can be accurately accounted for using the thermal expansion

coefficient for the stainless steel tube. This correction term
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(R"'L)l/(Rg L), =(1 + aAT)™ where AT =T —T,. Thus T, was used in place of
T, Matthews used distilled, deionized water as the calibration fluid since accurate
data for densities over a wide range of temperatures and pressures are available. It
was necessary to use a small quantity of tracerin the water to be able to detect 2
peak. He performed two calibration experiments at 303.2 and 303.0 K for reproduci-
hility using a 29 by weight solution of methanol in water. He then verified the pro-
cedure by performing the Taylor dispersion experiment again at different tempera-
tures and pressures and then calculating the densities of the water. Matthews found
that on comparing the calculated and literature values of water densities, the agree-
ment was excellent with an average absolute error of 0.025%. Thus Matthews
found that this methed of calculating the densities of solvents using Taylor disper-
sion experiment gave accurate results. Therciore it has already been shown that the
Taylor dispersion experiment has been adequately designed for accurate density

measurements. The results from this work will also prove this to be true.

4.2 Viscosity Measurement

The solvent viscosities at high pressures were determined on the basis that the
flow through the capillary tubing was laminar. This technique can thus be suitably
used in conjunction with the Taylor technique of diffusivity measurements since both

require that the solvent be moving in laminar flow. On that basis the Hagen-
Poiseuille equation applies:

‘:TpAPR"
p=—— (4.7)
SmL
The Hagen-Poiseuille equation is obtained from a momentum balance on the flow
through a circular tube. The assumptions for this equation include: (1) laminar flow,
(2) constant density, (3) flow is not a function of time, (steady state), (4} Newtonian
fluid, and (5) end effects can be neglected. The ratio of 7, to 1, gives the following
expression:
N 4 .
p'.'.'Ap‘erel‘[l +a(T2 _Tref)] mlLref[]' +£¥(T1 "Trer)] (4 8)
e =My .
< . 4 4
MaLyg(l +a(Ty = To)]l £ AP Ry [1 + (T, ~T,,;)]
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Rearrangement yields:

h, AP L+ a(Ty =T, )

M= 1M 3 {-I.‘J)
PLAP 1 4 a(T, = T,) tn

Because the first term on the right hand side is constant, we can weite:
AP, 'L+ a(T, =T )
o Pty Lratly, =T
ny =K, (110
m,

The reference temperature was again assumed to be 295 K. The method of obtain.
ing the constant K, was the same as that used for determining the density, The

value of the viscosity of the fluid for calibration was taken from the literature (Dau-
bert and Danner, 1985),

Marvin (1971}, reviewed the eapillary viscometer technique and discussed 1]e
experimental error in great detail. He found an accuracy of + 2% or hetter. ‘I'he
accurate determination of AP is quite critical since the end effects ean greatly
influence the differential pressure. The experimental setup used in this work was
designed to minimize end effects. Another eritical factor is the determination of the
value of R which can be used in equation (4.7). Because the radius cannot be necy-
rately determined directly, it is indirectly determined by calibrating the eapillury
tube with 2 fluid of known density. Matthews (1986) followed this procedure nsing
the universal calibration fluid, water, at a refercnce temperature. He was then able
to correct for the length and radius at other tempetatures using the thermal

coefficient of expansion and found that the calculated viscosities differed from the
literature values by less than 195,

4.3 Taylor Disp :rsion Model

4.3.1 MATHEMATICAL DESCRIPTION OF THE MODEL

Taylor’s dispersion technique can be likened to a dynamic chromatographic
technique. It was Griffiths (1911) who first observed that on injecting a pulse of a
dye solution into a slow stream of water confined in a glass capillary tube, the

coloured solution dispersed symmetrical about a plane moving with the mean speed
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of the flow, with time, slowly increasing in length. It was not until 1952 when Sir
Geolfrey Taylor was asked by a veterinarian for a method of obtaining the mean
velocity of blood in the arteries of animals using a tracer (Taylor, 1954a). Taylor in
his solution to this problem (Taylor, 1953) explained the method for obtaining the
mean velocity as well as the tracer diffusion coefficient which resulted in what is
known as Taylor's dispersion method. Taylor (1953) noted that there appeared to be
a discrepancy between Griffiths observation and the proven existence of a parabolic
distribution of velocities for a fluid in laminar flow in a tube, with the fluid at the
centre moving with twice the average velocity of flow. If this was all that was hap-
pening, the bulk movement of the fluid alone should have reshaped the pulse of
coloured solution into the shape of a parabola (Figure 4.1). Figure 4.1 illustrates the
case for a pulse of a sample of thickness § injected at the tube inlet into a fluid in
laminar flow. The pulse of width & which initially can be considered to be a line
across the diameter, tends to be distorted by the flowing fluid into a parabola of
width & with the centerline velocity of this parabolic velocity profile U, being equal
to twice the average velocity u. As shown in Figure 4.1, if no other transport process
were occurring, the parabola would simply lengthen with time. Taylor explained this
observed discrepancy by recognizing that the mass transport processes included the
bulk movement of the fluid as well as diffusion, both along and perpendicular to the
tube axis. It is the concentration gradients which lead to diffusion and this is a very
rapid mass transport process if the ratio of the tube diameter to the length of travel
of the injected solute is small. Diffusion in the axial direction is then negligible com-
pared to the radial diffusion. The longitudinal diffusion is also negligible in com-
parison to the significant movement of mass from one point to another in the direc-
tion of flow for the bulk transport process. At, and in the vicinity of the apex of the
parabola, the diffusion is primarily towards the wall and near the wall it is towards
the center (Figure 4.1). Taylor (1953, 1954), explains this as follows: "this means
that the central part of the pipe fluid which is free of the dissolved substance passes
into the zone where the concentration is rising. The dissolved substance is then
absorbed till the concentration C, reaches its maximum value at z = ut. The fluid
then passes through the region where C decreases with z and finally leaves this zone,
having yielded up the whole of the dissolved substance it had acquired.” It can be
thought that the movement of mass in the radial direction by diffusion, in effect

decreases the movement of mass in the axial direction which would by itself be large
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Figure 4.1: Taylor Diffusion Laminar Flow in a Round Tube
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due to the velocity profile. The resulting radially averaged concentration distribu-
tion is said to be a normal or Gaussian distribution. Because of the radial diffusion,
the average concentration at any distance z along the Gaussian peak is very sharp
and distinct from another point on the peak. Further, although the maximum point
on the peak which represents the maximum in the average concentrations moves at
the average velocity of flow of the fluid, u, portions of the fluid are moving more
slowly and others more rapidly than u. In the absence of molecular diffusion the

mead concentration is uniform and varies inversely over the length Ub

Consider theoretically a § pulse of solution of any concentration injected sud-
denly into a fluid in laminar flow of either a pure solvent or of a solution of different
composition in a straight tube. The velocity of the injected pulse at 2 radial dis-

tance r in a tube of radius R is given by u(r). The resultant parabolic profile is:

n

u(r)=2ﬁ[1— [-Ir;] ] (4.11)

The flux density J, along the tube axis is comprised of the diffusive and the convec-
tive term:

b

N

in the above equation the diffusivity is D,p which is assumed to be independent of

(4.12)

concentration, and C is the concentration ir mass per unit volume and is a function

of the radial positinn r. The flux in the radial direction J,, which is due only to

diffusion, is given by:

j '__DA.B[ ] (413}

In these equations the units of J, and J are mass per unit area per unit time. To
evaluate the effect of diffusion on the flow, the law of conservation of mass is applied
to the diffusing species in a ring-shaped element with the inner radius r, outer radius
r-+dr, and thickness dz for a binary mixture of A and B. The mass balance consid-
ers the rate of accumulation of the mass of solute in the ring-shaped element being

the result of the rate of change of mass at which the solute enters and leaves the
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ring by mass transport along the z and r axes. The change of mass of A with respect
to time is obtained by applying cquations (1.12) and (4.13). The resulting continuity
equation for component A in a binary mixture with constant dilfusivity and densivy
with no chemical reaction is given by:

"

8°C

1 & ac - r aC oC
DAB —_——— +-——“» =2n |l —-|— I (-1.[4)
r dr \ dr dz" R J7 M

The centinuity equation describes the rate of change of concentration of A at n yed

point resulting from changes due to bulk movement and diffusion.

The measured concentration, C, is an average concentrition scross the eross

section of the tube and is given by:

113

)
C, =;ofC(r)rdr (-1.15)
R™ o

Multiplying equation (4.14) by ‘.21'/R2 and integrating with respect to r from O to
R gives the averaged continuity equation:

] R
9C, 47 o e ac,
Dun _‘m + = '_f(C - Cm)radr = - 4 G (-4.103)
dz° R Oz 0 A du

Taylor (1953, 1954a) showed that the axial diffusion term (')20[“/0?.'" ean be neglected
if the following conditions are satisfied:
4L Ru

—_— >
R

>> 6.9 (1.17)
DAB

Equation (4.16) is then reduced to:

R
4_ a aclﬂ ._..aC 1
== (¢ - )dr = + i— (4.18)
R 0z 0 au du

Taylor (1954) showed that for this case the concentration proftle is expressed by:

L

2 1
R’y 9C 1 I
C-C,= : i [--—+ - —“[-r—” (1.19)
4D,y 9z 3 R 2R



Substituting equation (1L it equation (1L18) and integrating gives:

. r'?'Cm - acm (’)Cm

au° du an

The effective dispersion coeflicient, I, 15 given by:

. UR s
A _'—\ tl'l)
’1814‘\8

Aris (1956) provided a more generalized mathematical approach and his expression
for I8 which included the elfect due to axial diffusioa:
—2 2
. u R ‘
K=D,+—— (1.22)
15 DAB
Although Aris’ delinition of K is more rigorously correet, Taylor's assumption of
ignoring the axial diffusion eflfect is reasonable beeause on performing calculations
using equation (4.22) the first term is usually orders of magnitude smaller than the

second terni.

Because it was observed experimentally that the peak disperses about a point
which moves at the mean speed of the flowing fluid, a new coordinate Z is defined to

move with the mean speed of flow:
- \
Z=1—ut (4.23)

The expressions for the partial derivatives for t held constant is:

8 9 8 &
— =" and =T =" (4.24)
07 &8z 3z 87"
Also the total time derivative of C,, whicn is dependent on position and time is given
by:
d Cm 3Cm acm au d‘-‘Cm agcm ‘?Qcm at.g aﬁcm
= + = = — = — + P (4.23)
dt Jt dr & dz” oz ot”  8z" 8z"

In this expression d2/3t is the average velocity U. Applying equations (4.24) and
(4.25) to (-.20) gives:



e, do, -
= -—— l U

d7° dt

Equation {1.25) cun be solved analyticully for at least three different nitial
conditions where the dilfusivity is assumed to be independent ol concentration.
There are considered to be three possible types of injections: (1) a delia or inpalse
injection of concentrated solute at time t =0, (2) & synare pulse mjection at e
t =0 and (3) a step-change injection at time t =0. The amadysis and solitons o
equation (1.2G) for these three different cases have been determined by Baldaul wul
Knapp {1983}, The solutions 1o this equution for both the delia and e Atepeclinge
injection were originally performed by Taylor (1953).

The solutions for the delta and the square injections have heen used mucl nrore
than the step-change because the step-change injection has very little praciien|
significance compared to the other types of injections. Because the salution for the
delta type injection is much simpler than that for the square pulse inject. o, whiel
contains a linear combination of terms involving the error function, it has been used
by many rescarchers. Evans and Kenney (1903) found that when the ratio of the
volume of the 1:j2cted sample 2 the volume of the dispersion column is less than
192, the solutions for the delta ana vhe square-pulse injections are identical, and the
extreme accuracy in agreement justifics using the delta solution althougl a pure
impulse cannot be achieved in practice. 1 us by sutisfying the condition of Fvans
and Kenney (1905) the Taylor dispersion apparatvs can be said to operate with wn

impulse or delta injection.

For a pulse of solute of concentration C° injected into a cylindrical tube of
P m 10J

infinite length at time ¢ =0 and position z = 0, the initial and boundary conditions
are respectively:
m

C,(0,00=C? C, (00,1} =0 (4.27)

Solving equation (4.26) using these conditions and where the ratio of the puls width,

h, to the length of the tube is verv small, then a delts pulse yields the solution:

o h A
C,=C: - exp[——'— ” (4.28)
(47K)"/? 1K1
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Since the mean concentration is measured at a distance L along the dispersion

column, the equation can be rewritten as:

b [ Sl —u ] ] (4.20)
(4nK1)'/® 1Kt

Equiion (4.29) can also be rewritten in terms of the mass M of the solute in the

-y ‘o
C,=C2

m

injected pulse:

M L —ay)
C,= n—l—n' exp [—j+) ] (4.30)
TR® (4nKt)' 1Kt

In summary, equation {4.30) represents the radially averaged concentration at a
distance L. from the injection point which can be applied at the end of the dispersion
tube for a delta injection containing 2 mass M of solute. Immediately after injec-
tion, the pulse of sample disperses into a Gaussian shape whose center of gravity
moves with the mean velocity of the fluid and whose variance is o and is equal to
2Kt as was experimentally observed by Griffiths. It has been found experimentally
that the observed variance is inversely proportional to the diffusion coefficient in
liquid systems.

lZquation (.30} can be directly used to determine K and thence D, g by the
method of non-linear regression analysis for the estimation of all the parameters.
Prio: to the age of computers these non-linear techniques were not practical. Two
gererai techniques, the moment method and the graphical method, which are both

appiovimate solutions of equation (4.26), are the most popular methods for the Tay-

lor analysis of dispersion data.,

The graphical method, originally developed by chromatographers to obtain the
dilfusivities directly from the dispersion peak recorded by a chart recorder, is clearly
ant extensively described by Giddings and Seager (1962) and later by Grushka and
Kikta (1974). This method is popular with many researchers because of its simpli-
city. In the graphical method the approximation is made that the variance is a con-
stait independent of time. From the exact analytical expression of Taylor, the vari-
ance o = 2Kt is approximated by the graphical method to o = 2Ktg. Thus using
the expression for K, the eflective dispersion coefficient from equation (4.21) and
replacing t with tg, the variance is:
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R*U tg
0= (-+.31)
24Dyp

The first term of equation (4.22) is usually ignored for diffusion in liguids., The

theoretical plate height, H, is defined from the chromatographic analysis as (Grushka
and Kikta, 1974):

"

H =~ (4.32)
| = — 432
L

L1

Utilizing the retention time tp =L/, and the theoretical plate height i1, equation
(4.31) can be rearranged to give:

R*G
D,y=— (1.33)
AD
24H
The plate height is obtained from an expression involving the retention time and the
the width of 2 Gaussian-shaped peak at half height, Wm, and is given by the follow-

ing relationship (Cloeta et al.,, 1976):

H = - (1.34)

Substituting Equation (4.34) and the expression for tp into equation (4.33) gives:

2
Rt

D,p = 0.231 (4.35)

Wi,

The graphical method is so called because the peak height and the subsequent peak
width at half height are measured from the chart recorder using a ruler. The diswd-
vantages of this method are: (1) the mathematics of the method are approximate, (2)

the variance can only be independent of time for very narrow peaks and (3} the

human measurement errors are undesirable but present.

The moment method solution, an approximate solution to equation (4.26) as
given by Aris (1956) and later by Alizadeh et al. (1980) shows that:

R%T

2
240,
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The zeroth, first and second temporal moments which are the cum function S, the

- . 2 .
center of gravity t.oand ‘he variance g, respectively, are defined as:

S=JcC_(t)dt (4.37)
T=—1'ft.Cm(t.)dt (4.38)
S 0
af -l [ --F)'“'Cm(t)dt (4.39)
S ¢

The moments are calculated from the raw peak data by finite summation using the
trapezoidai rule. Examination of equation (4.39) shows that the variance is heavily
weighted at the extremities of the peak by the difference term. Because it is at the
peak ends that the uncertainty in measurement is greatest, this method can result in

large errors in the diffusivities. The disadvantages of the moment method are dis-
cussed by Radeke (1981).

In practice, for a more complete analysis a few additional factors may be con-
sidered: (1) for large diffusivities, axial diffusion should be accounted for, (2) the
observed variance is a function of time and transient effects such as, that the
diffusion continues during the passage of the peak through the detector should be
accounted for, (3) the contributions to the variance due to the finite width of the
injection pulse, mixing in the detector cell, and the length of the tubing connecting
the dispersion tube to the detector should all be accounted for. These corrections
are discussed in detail by Alizadeh et al. (1980). Alizadeh and Wakeham (1982), and
Rodden (1988), all found that their calculated diffusion coefficients to be strongly
dependent on the selection of end points and thus they both discontinued using the
moment method in favour of fitting the raw data to the fundamental analytical
equation of Taylor, equation (4.30).

The analysis used in this work is based on the analytical solution of Taylor and
was used in order to avoid the errors associated with the graphical and moment

method. Since this method uses the fundamental solution of Taylor, unlike the

moment and graphical methods, the diffusivities so calculated are considered to be
better estimates of the true values.
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Recalling Taylors analytical solution to the dispersion prollen:

M L ~ut)
C, = - exp —( ut) (1.30)

7R (4 7ke)! 1t

In this expression u is the average velocity at which the centre of the peak moves
and K is the Taylor dispersion cocfficient. In my experimental setup, a relraetive
index detector is used to measure the solute concentration at a distanee 1. from tie
point of injection at the end of the dispersion tube. The detector generates a voltage
which is proportional to the solute concentration. A test was devised to show that x
linear response of the detector was obtained. The area under the peak wus enlen-
lated and plotted versus the solute concentration in mole fraction, in this case using
the test solute n-hexane and a straight line with zero intercept was abtained, indi.
cating the linear response of the detector. With the voltage, V, direetly proportionl
to the solute concentration, equation (1.30) can be modified to express e clanging

concentration in terms of a measured voltage as follows:

B, (L =B,
V=—exp}— + B, -+ B, {110}
t,l/' B._,t.

In the above expression, B, to B; are adjustable parameters witl 1B, and B, wecount.
ing for baseline offset and drift, B, (=u) is the average velocity of the solvent and B,
is equal to 4 K. Recalling Aris’ (1956) definition of K:
i°R’
u
K=Dp+— (1,22
48D, 5

Finally, the solution of the above quadratic equation in D, gives:
2 a 41/?
B, B, (RB,))

D..= — — (-1.41)
ABT g 64 48

It is apparent that if the voltage-time data is recorded, preferably by a computer at
regular time intervals, and the optimum values of the parameters have heen found
for equation (4.40), the value of D,p may be determined using cquation (1.41).

Please refer to Chapter 6 in the section on Data Handling and Computational
Analysis for more details,
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4.3.2 LITERATUZI REVIEW OF TAYLOR METHOD

Taylor {1953, 1954) not only performed experiments confirming his theory but
successfully developed the first mathematical analysis for this phenomenon described
by Griffiths. A more general approach was provided later by Aris (1956) and this
subsequently led to applying Taylor's method to measure and calculate diffusion
coeflicients. The mathematical treatment was confirmed with many experiments,
The first set of experiments performed using Taylor’s technique was in the determi-
nation of gaseous diffusivities (D = 1 cmz-s'—l), by vapour phase chromatography
using packed or unpacked columns (Giddings and Seager, 1960; Wakeham and Slater,
1973; Maynard and Grushka, 1965). Ouano (1972), was the first to use Taylor's
technique for the determination of liquid diffusivities (D < 107° cmg-s-l). Many
other experiments have been performed for liquid systems. This includes the
interdiffusion coefficient of an infinitely dilute solute in a solvent (Ouano, 1972;
Komiyama and Smith, 1974; Grushka and Kikta, 1974; Grushka and Kikta, 1975
Ouano and Carothers, 1975; Grushka and Kikta, 1976) and the diflerential
interdiffusion coefficients as a function of solution composition (Pratt and Wakeham,
1974; Pratt and Wakeham, 1975a; Pratt and Wakeham, 1975b). The injection of one
solution into another solution where the two solutions vary slightly in composition
allows for the determination of the differential interdiffusion coefficient. The major
problem associated with the measurement of the intradiffusion coefficient is the prac-
tical problem of detecting the concentration distribution of an isotopically labelled
species. Taylor's technique was also confirmed by numerical simulation as is shown
in the papers by Ax . thakrishnan et al. (1965) and Bailey and Grogarty (1962).

4.3.3 DESIGN CRITERIA FOR THE APPLICATION OF TAYLOR
METHOD

4.3.3.1 Laminar Flow Criterion, Impulse (delta) injection, Negligible Axial
Diffusion and Coiling Effect

To ensure that the Taylor dispersion model is applicable to the coiled capillary
tube, several criteria must be satisfied. The first is that the flow must be laminar,

the second is that the injected sample should be a delta type injection, the third is
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that the rate of axial dilfusion must be negligible and lastly that the effect of curva-

ture of the capillary tube on the diffusivity must also be negligible.

1. Laminar Flow Criterion

It is normally easy to satisly the criterion that the flow in the capillary tubing
is laminar, because flow rates which are very low are normally utilized. In my exper-
iments the Reynolds number was caleulated for each experitnent to ensure that {he
flow was laminar and it was found that the Reynolds number ranged from 2w, 65,
Since the intermediate flow region occurs for Npe 2 2000 this criteria is not 2 limit-

ing one.
2. Impulse (delta) Injection

Although in my experiments the injection more closely approximuted o square
pulse injection of finite length, Taylor assumed an impulse injection beciuse the solu-
tion for an impulse injection was much simpler than the solution for a squuare Prtilse
which contained a linear combination of terms containing the error function. Both
Levenspiel and Smith (1957) and Evans and Kenney (1965) have shown that il the
volume of the injected sample to the volume of the dispersion column is less than
1%, then there is no difference between the impulse and the square pulse solutions.
Thus, although in practice it is impossible to obtain a pure impulse type injection,
the error from this assumption for my experiments is negligible. For my experimen-
tal setup, the volume of the injected sample was 2.0x10™® m®, the volume of the
dispersion column was 1.54x10”° m® and the ratio of the two volumes was 0137

thus satis{ying the above-mentioned criterion.
3. Flow Criteria Based On Negligible Axial Diffusion

In his original work, Taylor specified two conditions for which axial diffusion is
negligible (1933, 1954a). These are:

L __ @R
4= > —— > 69 (4.42)
R~ D
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Equation {4.42) was obtained by examining equation (4.22):

2.2
K =D, + ——mr (4.22)

48D,p
Since the first term of equation (4.22) represents the effect of diffusion in the axial
direction, and the second term represents the contribution due to radial diffusion and
the dispersive effect due to the velocity profile, then in order that the longitudinal

molecular diffusion be negligible compared to the dispersive effects expressed by K,
the following condition must be met:

R
D, <K — (4.43)
48D,p
Taking the square root gives:
uR
— >> Vig = 6.9 (4.44)
DAB
L - R
4— > y—>> 6.9 (4.45)

In the above expressions 4L/R is a constant and equal to 357,900. The final form of
the equation as specified by Taylor is:

DL

> (4.46)

uR2

This equation is obtained by taking the ratio of the the two groups of terms from
equation (4.45). Alizadeh and Wakeham (1982) applied . different mathematical
method for the moment method solution and obtained the same expression except
that their criteria was a factor of 10 more limiting. The Taylor's solution is thus
less limiting in velocity of flow than the moment solution of Alizadeh et al. (1980).
In all of the experiments performed in this research, care was taken to ensure that
the above-mentioned conditions of both Taylor and Alizadeh and Wakeham (19s2)
were satisfied thus ensuring negligible axial diffusion. For the experiments with pro-
panol at 348.15 K, the ratio DABL/ERQ was 240 for propene, 200 for propane, 150
for ammonia, and 370 for carbon dioxide. At 298 K, for the same solvent, the ratio

was 178 for propene, 134 for propane, 84 for ammonia and 235 for carbon dioxide.
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4. Coiling Effects

Taylor’s solution which resulted in equations (-.21) and (4.22) was for  straight
tube. Because this is not practical for long lengths of tubing it is necessary to either
shape the tubing into a helical form (Nunge et al., 1972; Pratt and Wakeham, 1974,
1975; Alizadeh et al., 1980) or into a U-shape (Ouano, 1972; Quano and Carothers,
1975). Nunge et al. studied the two additional but opposing modes of mass transport
that need to be considered for helical (curved) systems. Nunge et al. (1972) analyti-
cal treatment of dispersion in curved tubes using the velocity distribution of Topako-
glu (1967) resulted in the observation of the two competing mechanisms. For curved
tubes, the fluid travels different path lengths at different radial positions (fluid
flowing near the outside wall travels a farther distance than that near the inside
wall), with an associated disturbance of the true laminar flow profile and the
increase in the variation in residence time across the flow when compated with
straight tubes. The net effect results in an increase in the dispersion cocfficient,.
Curved tubes also create sccondary flow due to transverse mixing of the fuid wnd
this has the effect of decreasing the dispersion coefficient. Nunge et al. (197
demonstrated that the relative importance of these two effects are dependent on the
Reynolds number: as the Reynolds number increases, the dispersion coeflicient first
increases and then decreases. The mechanisms contributing to the variation of the
dispersion coefficient with Reynolds number are the asymmetric axial velocity distri-
bution which tends to increase the dispersion coeflicicnt and the secondary flow
which decreases it. The secondary flow effect in the diffusion tube as n result of the
circular path of the fluid is one of the greatest potential sources of error. This
implies that it would be prudent to ensure the solvent flow rate is low xnd that the
ratio of the coil radius, R, to the inside radius of the tube, R, be large. If the ratio
of R./R is large this suggests that the curvature of the tube is more closely approxi-
mating a straight tube with a laminar parabolic velocity profile as in Tuylor’s model,
Also since secondary flows are more likely to occur at higher Reynolds numbers it is

good experimental practice to keep the velocity of flow as low as possible.

The resulting effect of these two mass transport mechanisms is that equation
(4.22) must be corrected for coiling eflects:

~2_2
R[1 4 192£( ¢4, Re, $
K =D, + S L+ 192(#, Re, Sc)| (447)
18D,
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[ eruation (147) the correction term f is an expression involving the radius ratjo:
¢$=R,/R (4.48)

The other terms used in equation (4.47) are as follows: Reynolds number:

Np. =2URp/n (4.49)
Schmidt number:

Ng, = 1/pD g (4.50)
Dean number:

Np, = Ng,8™"/* (4.51)

It has been found experimentally that the observed variance for liquid systems,
a {=2Kt,), is inversely proportional to the diffusion coeflicient and thus the first
term of equation (4.47) can be ignored and expressed in terms of the true variance
for a curved tube:

e GR[1 +192((4, Re, Sc)]

o = (4.52)

Thus, the apparent or experimentally observed diffusion coeflicient, DAB'obs, can be

calculated from the following expression for the diffusion in a straight tube:

=22
a u R

0 = —— (4.53)
48 DAB.oba

The ratio of the deviation between the apparent and true diffusion coefficients to the
apparent diffusion coefficient is given by:

(Dagobs — D,z DBots = — 192f(¢, Re, Sc) (4.54)

The expression for the function f which was obtained by Nunge et al. (1972) tends to
zero at low Reynolds numbers and showed excellent fit with experimental data.
Nunge et al. (1972) found that for their experimental setup under specific operating
conditions for dispersion times > 3000 seconds, the function f was approximately
zero and thus could be neglected. Both Nunge et al. (1972) and Golay (1979)
obtained approximate analytical solutions for a curvzed tube as applied to Taylor's
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method. Although the Nunge et al. (1972) solution is more accurate than that of
Golay (1979) neither solution is accurate enough to be used to determine the
diffusion coeflicients. Both approximate solutions suggest that it would be better to
use the results to establish operating conditions to ensure that the eflect of tube cup-
vature is negligible or has little effect on the true value of the experimental results,
rather than to redefine Taylor's solution for curved tubes. The operating conditions
for ensuring that the solvent flow rate is low and that the ratio of the coil diameter,
R, to the inside diameter of the tube, R, should be relatively large are therefore

essential.

For the purpose of using the analytical solutions to define operating conditions,
Atwood and Goldstein (1984) using the solutions of Nunge et al. (1972) and Golay
(1979) showed that both solutions could be approximated by the following form:

DAB.obs 1

- (4.55)
DAB 1 — C"’(Q /Qt,rans).l

In the equation & =0.184 for Golay’s solution and a = 0.1034 for Nunge's solution.
The apparent or experimentally determined diffusion coefficient, Dinobe is that
observed using Taylor's solution for a straight tube. The variable Quraps Wits defined
by Golay (1879) as the transition flowrate in a curved tube above which the disper-

sion effects due to secondary flows become significani. The transition flowrate was
defined by the following expression:

Quans = (518RR, D51/ p)'/* (4.56)

Figure 4.2 shows a plot of equation (4.56) where the ratio of the diffusivities and
the flowrates are plotted for the Nunge and the Golay solutions. As indicated in the

plot, it is important to choose the correct flowrate to avoid erroncous diffusion
coefficients.

Atwood and Goldstein (1984) suggest that the Nunge criterion should be used
as the upper bound for the effects of secondary flow. They found using experimental
data for several solute-solvent systems, that all of the data fell to the right of hoth
curves in Figure 4.2 indicacng that both criteria were too stringent and thus limited
the velocity of flow to a much lower flow than the experimentally determined values.
Also at any one particular flowrate, the ratio of the calculated to the true diffusivity

was larger than the experimentally determined values. They found however that the
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Nunge criterion fit the data well for Q/Q, ... < L.

Thus using Atwood and Goldstein’s (1981) method, flowrates af 008 1o 0186
mlL/min in a tube having a diameter of 0.00076 m were used to caleulate the percen-
tage deviation in diffusivity due to secondary flows for all combinations of solvents
and flow rates. The flow rates actually used were chosen to ensure that the etfeets of
sccondary flow were kept to a minimuni. The largest devintion was 0.6 for the sol-
vent methanol at 3.48.15 IN. For the solvent methano! at 348,15 N, the estimated
errors ranged [rom 0.37% for ammonia, 0.06%5 for propane, and 0650 Tor enrbon
dioxide at the flowrate of 0.16 mL/min. At 208.15 K, the estimated errors ranged
from 0.02% flor ammonia, 0.04% for propane and 0.074% for carbon dioxide at
flowrate of 0.08 mL/min. Whereas the solvent methanol at 348,15 K showed the
largest deviation, propannl showed the smallest deviation. For propanol at 3.48.15 I,
the estimated errors ranged from 0.03% for propene, 0.045% for propane, 0.08Y] for
ammonia, and 0.01% for carbon dioxide at 0.13 mL/min. At 208,15 K, the estimated
errors ranged from 0.003% for propene, 0.005% [lor propane, 0.0155 for ammoniz,
and 0.002% [lor carbon dioxide at 0.08 raL/min. Thus it can be concluded that the
error due to coiling elfec’s is dependent on the temperature and the solute used hut

that it is negligible for the selected, low flowrates.

Alizadeh et al. (1980} also defined conditions for which the eifect of secondary

wows would be negligibie and which lead to results essentially identicnl to those of
Atwood and Goldstein (1981). These are:

N N, <20 (1.57)

for the range of ¢, 100 < & < 500 with ¢ = R, /R =276 and the percentage devia-

tion from the true diffusion coefficient of approximately 1095, Several ealeulutions
L)
[
percentage deviation from the true diffusion cocfficient was approxtmately equal o

the one obtained by Atwood and Goldstcin (1984),

were made and it was found that for a value of the parumeter Nj Ng <7 20, the

The eflect of increasing the flowrate (or decreasing the retention time) on the
observed diffusion coeflicient was examined hy many rescarchers (Wong, 1984,
Matthews, 1986 and Rodden, 1988). They ohserved that us the retention Lime
decreased the experimentally obtained diffusivity increased well above the true
value. Thus for flowrates helow a certain value there is no change in the olserved

diffusivity and it is at these Jowrates that the expzriments shonld be performed te



minynize ereors. This was also used in this study as a means of determining the
choiee of flowrates. Experiments were performed for the solvents and solutes in this
study and the same trend was ohserved. It can be concluded that the laminar flow
eriterton and the coiling effects define the upper-limit of the velocity of flow of the

solvent, and that the axial diffusion criterion defines the lower limit of the velocity.

Alizadeb ev al. (1980) Tennd that for the proper design and operation of the
Tuylor dispersion apparatus, the necessary corrections result in a total combined

error of only 0.59 in the diffusivity measurements.

As part of the calculations for determining the operating conditions, the design
criteria was evaluated for each experiment and it was verified that the operating
conditions were within the necessary limits. Another reason for checking the design
criterta is that the diffusivity does vary with temperature and possibly because of
the solute-solvent interactions. Pratt and Wakeham (1974, 1975b) found that the
prreent error in repetitive measurements of diffusion coefficients was about 2.5%.
Grushka and Kikta (1976) observed a precision between I and 3% depending on the
system studied. A iarge portion of the experimental error lies in the determination
ol the variance (Pratt and Wakeham, 1974, Ouano and Carothers, 1975, and Pratt
and Wakeham, 1873).



CHAPTER 5

EXPERIMENTAL METHOD

5.1 Properties of Materials

The physical properties of the solutes and solvents used in this study are tabu-
lated. Tables 5.1A and 3.1B are a summary of the properties of the solvents
methanol. ethanol, propanol and butanol. Tables 5.1C and 5.1 are a summary of
the properties of the solutes carbon dioxide, propane, propene and ammonia. The
specified purities of these substances were at least 9. The solvents were obtained
from the Aldrich Chemical Company and the solutes were obtained from Air Pro-
ducts.

5.2 Apparatus and Procedure

The diffusivities of the each of the solutes gases propene, propane, carbon diox-
ide and ammonia were measured in each of the solvents methanol, ethanol, 1-
propanol, and 1-butanol at temperatures of 298.15I, 323.15K, and 348.15K and pres-
sures of approximately 0.1, 3.5, 7.0, 10, and 14 MPa. The densities of the solvents
were also measured at the operating conditions given above. Preliminary viscosity
measurements were done on the solvents methanol and ethanol at 29815, 323.15 and
348.i5 K and pressures up te 14 MPa. The apparatus used in this study was bused

on Tavlor’s dispersion phernomenon.

The Taylor dispersion apparatus is discussed by Matthews (1986), and Akger-
man and Gainer (1972b). In this chapter, the design and operation of the origiual
apparatus are reviewed along with the modifications made to the apparatus o

improve its performance.

The essential features of the Taylor dirpersion technique consist of injecting a
pulse of dilute soluticn into a stream of solven. in laminar flow in a long capillary
column. The extent of the dispersion of the pulse in the column is related to the
diffusion coefficient. The important assumptions of Tavlor which finally led to the
application of the dispersion equations include: (1) the mjected pulse is of negligible
width, (2) the centre of gravity of the peak moves with the mean velocity of flow, (3)

a laminar velocity profile is obtained, and (4) axial diffusion is negligible. Accord-
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Table 5.1A

"hysieal Properties of Methanol and Ethanol
{Duubert and Danner, 1985)

PROPERTY UNITS METHANOL | ETHANOL
Molecular Weight, M.V, kg kmol™! 32.042 46.069
Critical Temperature, T K 512.58 516.25
Critieal Pressure, I, Pa 8.0059x10° | 6.3835x10°
Critical Volume, V', m°kmol ™! 0.11730 0.16692
Critical Compress. Factor, 7, 0.224 0.248
Melting Point, M., Ix 175.47 159.03
Triple Point Temperature, 'l‘Lp Kk 175.59 139.05
Triple Point Pressure, P, Pa 1.0768x10”0 | 7.1775x107}
Normal Boiling Point, T, K 337.85 351.44
Liquid Molar Volume, V at T, m>kmol ™} N.040691 0.058515
Heat Fusion at Melt. Point, AH J-kmol™ 3.2049 x10° 5.0124 x10°
Acentric Factor, w 0.5656 0.6371
Radius of Gyration, Ry m 1.5520x10"° | 2.2500x107%°
Solubility Parameter @Fm™)? | 29619x10° | 2.6421x10*
Dipole Moment C'm 5.6706x10™° | 5.6372x107%
van der Waals Volume, Vi, m’kmol ™" 0.02171 0.03194
van der Waals Area, Aypy m kmol ' | 3.5800x10° | 4.9300x10°
Refractive Index at T=:098.15K 1.3265 1.3594
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Table 5.1B

Physical Properties of Propanol and Butane!
(Daubert and Danner, 1983)

PROPERTY UNITS PROPANOL | BUTANOI,
Molzcular Weight, M.V, ke -kmol ™! 60.096 74122
Critical Temperature, T, K 536.71 56:2.93
Critical Pressure, P, Pa 5.1696 x10" 44127 s 10"
Critical Volume, V, ma-l\'mol"I 0.21853 0.27433
Critical Compress. Factor, Z, 0.253 (.25
Melting Point, M.P. K 146.95 I183.85
Triple Point Temperature, T K 146.95 181,51
Triple Point Pressure, P, Pa 6.5112x107" | 6.3772x107"
Normal Boiling Point, T, K 370.35 390.8]
Liquid Molar Volume, V at T, m*kmol™' | 0.074939 (1.001943
Heat Fusion at Melt. Point, AH Jkmol™ 5.1965x10° g9.3722x10°
Acentric Factor, w 0.6279 0.5945
Radius of Gyration, Ry m 28250x10™° | 3.9510x107"
Solubility Parameter Fm™ ) | aass7x10' | 2398910
Dipole Moment C'm 5.6039x10°"° | 5.5372x10™"
van der Waals Volume, Vypw m®kmol ™ 0.04217 0.05240
van der Waals Area, Aypy m™kmol ™" 6.2800 x10" 7.6200 510"
Refractive Index at T=208.15K 1.3837 1.3971
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Table 5.1C

Physieal Properties of Carbon Dioxide and Propane
{(Daubert and Danner, 1985)

N oy CARBON -

PROPERTY UNITS DIOXIDE PROPANE
Moleeulur Weight, MW, kg -kmol™ 41.010 1-£.096
Critical Temperature, T, K 304.19 369.82
Critical Pressure, I, Pa 7.3815x10° 1.2492 x10°
Critical Volume, V, m’kmol ™' 0.09-400 0.20288
Critical Compress. Factor, Z, 0.274 0.280
Melting Point, M.P, K 216.58 85.46
Triple Point Temperature, T, K 216.58 85.-44
Triple Point Pressure, F’tp Pa 5.1351 x10° 2.0744x10*
Normal Boiling Point, T, K - 231.11
Liquid Molar Volume, V at T, m>kmol™ |  0.037417 0.075642
Heat Fusion at Melt. Point, AH J-kmol ™ 9.0190 x10° 3.5238x10°
Acentric Factor, w 0.2276 0.1517
Radius of Gyration, Ry m 1.0400x107° | 2.4310x107"°
Solubility Parameter (Fm™* | 14564x10' | 1.3001x10"
Dipeie Moment Cm 0.0 0.0
van der Waals Volume, Vyp,, m>kmol ™! 0.01970 0.03757
van der Waals Area, Ay, m”kmol ™! 3.2300 x10° 5.5900x10°
Refractive Index at T=298.15K 1.0004 1.2898




Table 5.1D

Physical Properties of Propene and Ammonin
(Daubert and Danner, 1985)

PROPERTY

UNITS

PROPENE

AMMONIA

Molecular Weight, M.V,
Critical Temperature, T
Critical Pressure, P,

Critical Volume, V,

Critical Compress. Factor, Z
Melting Point, M.P.

Triple Point Temperature, Ttp
Triple Point Pressure, Py
Normal Boiling Point, T,
Liquid Molar Volume, V at T,
Heat Fusion at Melt. Point, AH_
Acentric Factor, w

Radius of Gyration, Rg
Solubility Parameter

Dipole Moment

van der Waals Volume, Viow
van der Waals Area, Avpw
Refractive Index at T=298.15KX

-1
kg ‘kmol

I
Pa

mkmol ™!

K
K
Pa

K
m®kmol™*
Jkmol™

(J_m—!!)l/'.!

m>kmo!l ™
m>kmol ™

42,080
36476
4.6126 510"
0.18100
0.275
87.90
87.90
9.1812x10™
295 43
0.068802
3.0029 x10"
0.1424
2.9540x10™"
1.3152x10*
1.2208x10™°
0.03408
5.0600x10"
1.3625

0

0

17030
405.45
L1278 s 10
0.07247
0.242
195,41
195.41
6.1177 x10"
230,72
0.024993
5.6568 x10"
0.2520
8.5330 10"
29217 x10"
4.9034 x10™%
0.01380
2 4500 x 10"
1,3250

11
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ingly, the mathematical model of Taylor shows that the concentration profiie which
is detected at the end of the column by a Differential Refractometer, in the case of
my equipment, is a Gaussian-shaped curve with the variance related to the diffusion
of the solute in the solvent. Thus, consideration of the theory of Taylor dispersion
shows that the most important experimental features are maintaining a steady, lam-
inar fow, injection of a sample pulse, maintaining a constant temperature and pres-
sure in the dispersion tube and the detection of the response peak. High pressures
were obtained by throttling the flow at the discharge end of the capillary tubing
with a needle valve. Pressure was measured using a transducer. Constant tempera-
ture of the capillary column was obtained by immersing the coiled column in a water
bath. The coiled column which is known as the dispersion column, consisted of 34.0
m of capillary tubing of outside diameter 159x10"" m and inside diameter
7.60x10"" m. The dispersion column was wound into a coil of radius 0.105 m. The

capillary tubing used for the entire experimental setup was made of stainless steel.

A schematic diagram of the apparatus is given in Figure 5.1. The details of the
operation will now be presented. After the feed tank was filled with the desired sol-
vent, the solvent was degassed with helium to remove any volatile impurities includ-
ing absorbed moisture. A stirrer was also used in the feed tank to assist in the dis-
tribution of helium throughout the solvent, which was maintained at room tempera-
ture. The solvent was slowly and continuously degassed during the entire experi-
ment. The degassed solvent was pumped from the reservoir by a dual-piston, meter-
ing pump via the capillary tubing which had an internal diameter of 7.6x 107" m, to
the pulse damper. The LDC CM3200 pump was designed for precise solvent delivery
from 10 pl. to 10 mL/min with a flow rate precision of 0.3% to guarantee reproduci-
ble peak retention times. Flow rates which were used ranged from 0.07 to 0.12
ml,/min. The pulse damper (SSI model LP-21 LO-Pulse) was installed to reduce
pressure pulsations from the pump. Three on-line filters, of pore sizes 2 and 0.5
micron were used to remove any particles that were present. The 2 micron filter was
placed upstream of the pump and the other two filters were situated immediately
after the pump. The solvent, after flowing through the filters, was divided into two
streams by means of a three-way valve. One portion of the solvent stream was sent
to the reference side of the Differential Refractometer. The other portion of the sol-
vent stream was pumped to the temperature controlled water bath, which controlled
the temperature to £0.01 K and contained the conditioning columns for the capil-

lary viscometer, the capillary viscometer column, and the dispersion column. The
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conditioning columns, one of length L =0.50 m, and interna! diameter 12.7x10™° m
and the other of L =12 m and interna! diameter 7.6x10" m served the purpose of
preheating the solvent before it flowed into the capillary viscometer. A calibrated
Viatran differential pressure transducer was installed across the 0.50 m long viscosity
column of internal diameter 12.7x10™° m, to measure the pressure drop across this
length of column. The values of AP could then be used to obtain the viscosity of the
solvent using the Hagen-Poiseuille equation. The solvent was allowed to flow to the
Reodyne Model 7125 syringe loading sample injection valve. The sample loop of the
injection valve had a volume of 20x10"% m’. A solution of approximately 53 mole
percent solute was prepared separately by weighing the solvent initially and then
hubbling the appropriate quantity of solute gas through and partially saturating the
solvent, This prepared sample of a dissolved gas in the solvent was then injected
into the sample loop ensuring that the loop was filled completely. The solute pulse
then flowed to the dispersion column. The dispersion column was supported in the
water bath so as to provide a minimum hindrance to the circulation of water. An
average retention time for these experiments was approximately 3 hours. Thus after
approximately 3 hours from the time of injection, the solution containing the
injected pulse passed through a fine metering valve. The metering valve provided a
constriction for control of the pressure of the system of up to 20 MPa. A high pres-
sure transducer was installed upstream of the injection valve to measure the
upstream pressure which was also considered to be the pressure at which the experi-
ment took place since the pressure loss in the capillary column at the low flow rates
used was negligible. The dispersed solute in the solvent was then allowed to flow to
the sample side of the refractive index detector where a signal was produced. The
voltage signal produced by the detector was proportional to the difference in the
refractive indices of the pure solvent in the reference cell and the solution in the
sample cell which in turn was proportional to the concentration of the sample. The
temperature in the detector cell was maintained at 303 K with a circulating water
bath for all the experiments. The concentration profile was initially monitored by a
chart recorder but was later monitored by a computer. The linearity test for the
differential detector was performed according to the instructions in the operating
manual before the actual diffusivity experiments were initiated (Appendix A). After
leaving the detector, the solvent was either recirculated to the feed tank through one

valve or diverted through another valve for mass flow rate measurements. A tee
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placed just upstream of the leed tank allowed for possible diversion of sotvent to an
external container. By weighing the container before and alter the collection of the
solvent, and recording these values along with the time for collection of the solvent,
the mass flow rates for density and viscosity measurements were obtained. The mass
of solvent collected was timed for approximately one retention time of one of the
peaks. The exact retention time for this peak was also necessary in the enleulation
of the density and viscosity. The differential pressure required for the viscosity
measurement was also recorded by the computer. The continuous re-cireulation
ensured that the solvent wus continuously being degassed which thus Gueilitared the

continuous collection of data.

The Taylor dispersion experiment was automated lor data acquisition by menps
of a computer. The computer was interfaced both to the deteetor and the
differential pressure transducer. The voltage signals from these instruments were
monitored and data were stored for selected periods of operation. Aflter a series of
experiments, all calculations were performed by means of the computer. Chapter G
examines the data handling and computational analysis in more detail. For their
caleulation, the diffusivities, viscosities and densities all required the retention time,
tp, which was also obtained [rom the collected data. [t should be noted that for
each solvent, the retention time used in the calculition of tipe dilfusivity was Lhe
retention time of each individual peak for ench solute while the retention time vsed
in the calculation of the density and viscosity was the retention time of one of the
peaks. For a particular solvent, temperature and pressure, the lata was eonting-
ously collected for all the solutes examined in this study. Two or three sample pulses
were injected in series at approximately one hour time intervius for cach solute. All
of the response curves for all of the solutes at one operating condition were colleeted
together. After all the data for one solvent and for all the different solutes were col-
lected, the effect of pressure on the diffusivity along with the effect of pressure on U
densities and viscosities of the solvents at the three temperatures were culenlited,

This was repeatedly done for all of the scivents examined. This resulted in o ripid

accumulation of data.
5.2.1 MODIFICATIONS TO THE ORIGINAL APPARATUS

The Taylor apparatus, originally constructed by Wong (1989), was maodified

belore the data were collected. The modifications will now be deseribee.,
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The pre-heat tubing upstream of the capillary viscometer, the capillary viscom-
eter and the valves to allow for the measurement of mass flow rate for the determi-
nation of density were added. The pre-heat tubing serves two purposes. Its major
lunction is to preheat the solvent to the operating temperature before measurements
were begun. [t also dampened out pressure fluctuations upstream of the diffusion
column resulting in the operating pressure being almost constant. Previously, pres-
sure variations as large as 1.2 MPa (200 psi) were observed. The equipment was also
modilied to obtain the density and viscosity of the solvents at all operating condi-
tions. This was done by diverting the recycled solvent stream to an external vessel
so that the mass flow rate, and subsequently the density and viscosity could be
obtained. Another modification was the installation of a data acquisition system,
LabMaster, and the interfacing of the differential refractometer and the differential
pressure cell for the measurement of viscosity with LabMaster through the use of an
analog-to-digital converter. This allowed collection of voltage-time data which was
stored by means of an IBM computer. A new procedure was also initiated. During
the experiment, a series of sample pulses for all the solutes in one solvent, at one
temperature and one pressure were injected so that several response curves could be
obtained approximately one hour apart. This allowed for rapid accumulation of
diffusivity data. This method of collection of data ensured greater accuracy and reli-

ability than other methods used to obtain diffusivity as well as a high efficiency in
obtaining data.
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CHAPTER 6

DATA HANDLING AND COMPUTATIONAL ANALYSIS

The basic data for determining the molecular diffusivities consisted of a con-
tinuous analysis of the effluent from the dispersion tube, and the controlled values of
the pressure, temperature and flow rate of solvent through the tube. It is the data
from the continucus analyzer, generated as a variable voltage, that is best handled
using a computer. The reason is that many (about one hundred and filty) values of
the analyzer voltage readings are required to obtain a well-defined normal distribu-
tion curve which can be suitably described by the parameters discussed earlier in
Chapter 5. It is also necessary to obtain an accurate value for the average residence
time of a solute pulse. It is apparent therefore, that a computer is most useful for
recording the injeztion times, collecting all the nearly constant analyzer ontput data
during a period of up to six hours and inciuding, finally, the Gaussian dispersion
curve which is obtained in a time period of about twenty minutes. The Tunction of
the computer programs is then to detect any drift of the analyzer data, to detect
any injections, to detect any upward or downward shifts in the baseline, to detect
the onset of the dispersion curve, to fit statistically the best paramecters to the par-
ticular Gaussian curve, as well as finally to calculate the diffusion coeflicient in each
case. The major emphasis of these experiments was to obtain the diffusivities. Den-
sity and viscosity values were also calculated from the logged data. The methodol-
ogy for storing and handling the data by means of the computer will be briefiy dis-
cussed in this chapter. Injection times and bascline shifts are also manually recorded

On paper as a precautionary measure.

The data from each run are saved in three files by the data acquisition system.
The SETUP file contains data that are not required for processing the datw such as
the frequency that the readings are recorded. In this case, the signal from the
differential refractometer is saved in a file called CHANNEL.0. Also the signal from
the diflerential pressure transducer is saved in a file called CHANNEL.1. A series of

two programs is then used to analyze the logged data.

The firs* prograin, PROGRAM 1, begins the analysis of each individual run

as'1g the logged data. This program which generates three text files checks for
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mjections, bascline shifts and searches for and selects the peak data. It first reads
the SETUP and CHANNEL.O files and creates a ¢ porary data file, the TMP file,
in which matching times and voltages are stored for all the data from the run. The
data from this temporary data file is useful for referring to after the run but is
replaced each time the program is initiated. Each individual run contains the logged

datu for all of the solutes in one solvent at one temperature and pressure.

The voltage change produced during an injection is shown in Figure 6.1. An
upwird change in the bascline voltage is shown in Figure 6.2, To identify whether
an injection or a baseline shift occurs, a linear regression is performed with ten data
piirs (50 s to 140 s in Figure 6.1) and the voltage of the next data point (150 s) is
estimated by extrapolation, If the recorded voltage exceeds or falls short of this
estimated value by more than a given amount, usually 0.35 V and termed "delta" in
the program, then an injection or a change of baseline is assumed to have occurred.
‘To identify an injection, the voltage at the seventh data point after the last one in
the regression analysis (210 s) is compared to the predicted value using the linear
regression. If the voltage difference is less than 'delta’ then an injection is considered
to huve occurred, otherwise a change in the baseline voltage is said to have occurred.
[n the case that an injection is identified, an injection time is recorded. The data
surrounding the injections and baseline shifts are stored in the ABV file. This fle is
nseful as o means of checking for extraneous injections which occur frequently and is

thus used to ensure that the correct values are being used.

The first program which also sclects the data to be used for the curve-fitting
regression analysis of the peak, identifies the beginning of a peak by comparing the
slopes of successive groups of data taking ten points at a time as shown in Figure
G.3. The beginning of a peak is identified by finding four consecutive groups of data
for which the slope is increasing. The data is saved in the RLT fle for analysis by
the second program, PROGRAM 2. Thus the RLT file is a brief summary of the
data from the files produced previously, and is necessary for completing the analysis
of the run. A schematic diagram of the analysis of the data so far is shown in Figure
B+,

After checking the RLT file for errors, and adding the run temperature, down-
stream pressure, ard mass flow rate data for the calculation of density and viscosity,
the second program is run. The RLT file and the CHANNELL.1 files are used as the

inputs for the second program as shown in Figure 6.5. The program utilizes a
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Differential
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2. Selects peak data
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1. Data near
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2. Data near
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RUNLRLT file

1. Injection times
2. Data for peaks

Figure 6.4: Schematic Diagram of PROGRAM 1
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Figure 6.5: Schematic Diagram of PROGRAM

-74-

9

et



Marquardt regression algerithm to fit the peal data to equation (4.10) and then cal-
culates the diffusivity utilizing Equation (4.41). Figure 6.6 shows the results of a typ-
ical curve-fitting calculation with the line representing the fitted curve, and the +'s
representing the experimental points. The details of the regression analysis are
saved in the REG file. This includes all the values of the constants B, to B, (inter-
mediate and final}, and the Mean Sums of Squares Error of the it for each iteration
of the regression. The REG file also contains the data showing the comparison
between the actual voltage and the voltage predicted using the constants from the
regression analysis for each data point in the peak. After the constants are
obtained, the Jiffusivity for each peak can finally be calculated.

The method of obtaining the initial estimates for the regression is as follows.
All of the initial estimates for all of the constants, B,, vo B;, were generated within
the prcgram. The baseline slope, B;, was initially estimated to be zero. The base-
line drift or intercept, By, was estimated to be the voltage of the first point at the
beginning of the peak. PROGRAM 2 searches for the maximum peak voltage, V

M
and the retention time corresponding to this, t,. The values, V

max A0ty were then
used in simple algebraic expressions to obtain the initial estimates of of B, B, and
B,. The last constant, B, which is the average velocity, u, was estimated from the
ratio of L to ty (equation {.1)). The estimation of B, was more involved than the
other parameters because B, is equal to 4 times the Taytor’s dispersion constant, K.
From equation {4.22), in order to determine K, the values of D, and u (=B,) are
needed. An estimate already exists for B,. Since very little diffusivity data exist for
the systems being studied, an estimate of D,y was obtained by uatilizing the more
approximate graphical method and equation (4.35). Equation (4.35) relates Dy to
retention time at the peak maximum, ty, and the peak width at hall height, W,.
Thus a computerized algorithm of the graphical method was used in PROGRAM 2
to estimate K and hence B,. The algebraic expression for the determination of I3,
can be obtained from equation (4.40) at t=ty, that is, at the maximum in the peak.
Thus B, is the product of the square root of the retention time and the dilference
between the maximum peak voltage and the voltage due to baseline offset and drif
(=tg[Viax — (Bs + Bstg)]). In this case the voltage due to the baseline shift was

estimated by using the average of the voltages at the beginning and the end of the
peak.
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The diffusivity results for each peak which includes the diffusivities, and reten-

tion times were saved in a DAB file. The density and viscosity were also ealeulated
from the retention times and mass flow rate data using equations (-£.6) and (4.10)
respectively, and saved in the DAB file. The mass flow rate used in both of these

calculations involved the collection of a mass of solvent over a timed interval from

the peint of injection to the point of elution for one of the peaks. Consequently, the
retention time used in both of these calculation was for a speeific peak, PROGRAM

2 is also used to check whether the criteria required for the application of the Taylor

dispersion model as well as the laminar flow criteria for the VISCosity measurement
were satisfied. The values obtained from the equations used to check the criterin
were saved in the DAB file. Thus the DAB file contained the final useful data from

vhe regression analysis for all solutes in one solvent, at one temperature and one
pressure. The diffusivities for each peak as well as the retention times amd the
values from the criteria for the validity of Taylor's model were listed and sybse-
quently printed. Also the density and viscosity of the solvent were wlso listed

well as the Reynolds number for the viscosity measurement.

, s

it should be noted that for the density and diffusivity measurements, the down-
stream pressure at the beginning of the column is the pressure at which the experi-
ment is said to take place, since there is very little pressure drop across the 34 m
length of capillary dispersion column at a very low velocity of flow, {internul diame-
ter =7.6x10-4 m). However, for the viscosity measurement, the experiment is said
to take place at the average of the upstream and the downstream pressure. This
pressure is obtained from the sum of the downstream pressure and one-half the pres-
sure difference between the upstream and the downstremm pressure, (the AP
recorded by the computer). This pressure is used because it is u hetter estimate
than the downstream pressure of the average pressure in the viscosity capillary siner
the pressure drop across this capillary is significant. A more detiiled description of

the calculations performed by these programs will be found in Appendix B,
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CHAPTER 7

RESULTS AND DISCUSSION
7.1 Measurad Densities and Diffusivities

The results for the measured densities of the solvents and the molecular
dilfusiviies of the dilute solutes in the solvents, are examined and discussed in this

Seehioh.

The mewsured values of density will be discussed first. The densities of
methanol, ethanol, propanol and butanol as measured in this research can be found
m Appendix €, Tubles C.1A to C.ID, respectively, for the temperatures 298.15.
#2315 and 348.15 K and over the entire pressure range. Each value of density is the
result of one measurement. Plots of density versus pressure can ulso be found in
Appendix D, Figures DA to D.1D. The measured densities of the solvents are found
to be in excellent agreement with these from the literature (Wilhoit and Zwolinski.
1973). Figures DA and D.IB show that over the entire pressure range the density
of methanol is greater than the density of ethanol at 208 K. Although the difference
in densities between methanol and cthanol is small, a definite trend exists. A possi-
ble explanation is that the degree of association is greater for methanol than ethanol
it 208 Kand this difference decreases as the temperature increases. Excluding the
whnormal behaviour of methanol and ethanol at 298 K, Figures D.1A to D.1D show
that the densities of the solvents increase as the pressure and the length of the car-
i chain nercases, and decrease as the temperature increases. This will be dis-
cussed tomore detail later,

The effect of changing density on molecular diffusivity will ndw be discussed.
For any one solvent at one temperature the increase in density with increasing pres-
sure means that the molar volume of the solvent decreases with a consequent
decrease in the free space between the molecules available for diffusion. This is con-
sidered to be true for each solvent and at each temperature. For any one solvent at
a lixed pressure, the decrease in density as the temperature increases means that the
molar volume increases with a consequent increase in the free space available for
diffusion; if the solvent has an associating tendency as for example in short chain

alcohols, it is also considered that the effect of increasing the temperature results in



a decrease in the degree of association within the solvent with a consequent ineregse
in the molar volume. Comparing the solvents, at the same Lemperature and pres
sure, it is observed that as the chain tength of the solvent malecube wereases, the
density increases. This is associated with an inerewse i the molar volume and o
decrease in the free space availuble for diffusion.

A linear regression analysis was performed on the measured donsities as given
in Tables C.IA to CAD and it was observed that, s expected, the density ineresgses
linearly with increasing pressure and deereases with iereasing temperature, 'hepe
is an increase in density of approximately 0.05 10 0 17¢ per MPa inerease in pressire,

and a decrease in density of 2.7 1o 3.5 resulting from an werease i temperature
from 298.15 to 323.15 K at 2\[Pa depending on the solvent used. An Forest shows
that the effect of pressure on density is significant at the 9570 confidenee lovel A
similar linear trend was observed for the preliminary viscosity data. The ellect of
pressure on the viscosity duta is summarized in Appendix J.

From the linear regression analysis, the pereent inerease in density as pressure
increases from 2 MPa to 12 MPa was caleulated as well as e slopes of the curves of
density versus pressure [or each temperature and solvent. “These values are summr-
ized in Table D.1. The trends observed in the measured densities as mentioned pre-
viously are also shown in Table D.1. The lollowing observations were noted fron
Table D.1. For any one solvent as the temperature increases, there is an incregse in
the percentage change in density, and thus an increase in the change in density with
pressure (slope). Because of the proportional relationship between density and podir
volume, this translates to an increase in the percentage change in the molar volume
as well as an increase in the change in molar volume with pressure of the solvent as
the temperature increases for any one solvent. First, this shows that the increase iy
pressure at one temperature causes a decrease in the molar volume wmd hence o
decrease in the free space available for diffusion. Secondly, it shows that as the tem-
perature increases, the change and the percent change in the molur volume increases
which increases the change in the free space. Thus at the higher temperatures, there
is a greater influence on the reduction of the free space as the pressure increases.
However it should be noted that the decrease in density with increasing temperature
and the consequent increase in molar volume means that there is more free space
available for diffusion at the higher temperatures. Thus for the solvent methanol for
example, although the percentage change in molar volume was grenter at 348 K
than at 298 K the larger molar volumes at 348 K for all pressures means that there

is more free space available for diffusion. This is true for all solvents.
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Comparison between solvents at the same temperature and for @ pressure
ierease from 2 1o 12 MPu the following were noted as summarized in Tabwe D1, As
the ehain length of the solvent malecule increuses, the percentage change in density
and the change in density decreases. This is equivalent to a decrease in the percen-
tige change in the molar volume. However, because of the increasing molecular
wiight o the solvenls as their chain length increases, the change in molar volume
also inereases. Thus butanol shows the largest change in mola: volume at each tem-
periture over the pressure range and methanol the smallest. Compared 1o the other
solvents of stmaller chatn lengths, butanol has the largest density and the largest
melar volume at wny pressure. Butanol also has the largest change in molar volume
as pressure inereases. This means that butanol has the largest reduction in [ree
space as Lhe pressure increases. Thus the effect of pressure on the free space avail-
able Tor diffusion increases as the chain length increases from methano! to butanol.
Thus as the chain length of the solvents increases, the density and molar volume also
merease, However this does not imply that as the chain length increases, the free
spuce decreases.

The dilfusion data will now be discussed. The infinite dilution diffusion
cocllivients of carbon dioxide, propene, propane, and ammonia in methanol. ethanol,
propanol and butanol as measured in this research can be found in Appendix E.
Tables 1A 1o EAC. Tables EAA to E.IC for example contains the diffusivity-
pressure data for all solutes examined in methanol at 208, 323, and 348.15 K respeec-
tively. Each value of dilfusivity is the result of one measurement. A linear regres-
sion analysis was performed on the measured diffusivity values for each solute-
solvent pair at each temperature and from this analysis the percent decrease in
diffusivity as pressure increases [rom 2 MPa to 12 MPa was caleulated as well as the
slopes of the curves of diffusivity versus pressure. These values are summarized in
Appendix F, Tables F.IA to F.ID for methanol, ethanol, propanol and butanol,
respectively. It may be observed that the diffusivities decrease linearly with an
tnereasing pressure and increase with increasing temperature. There is a decrease of
approximately .3 to 1.27 in dilfusivity corresponding to an increase in pressure of 1
MPa, and an increase in diffusivity of approximately 30-90%% resulting from an
merease in temperature from 298 to 323 K at atmospheric pressure, depending on
the solute-solvent pair. An F-test of the slope of the straight line for each tempera-

ture indicates that the slope is significantly different from zero at the 959 confidence
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level, leading to the conclusion that there is a signilicant etfect of pressure op

diffusivity,

Several types of graphs of diffusivity versus pressure were made The Brat weg
of graphs which can be found in Appendix G, Frgures GUIA 1o GO, shows the
results for the molecular diffusivities as a function of pressure for one solute-salvent

pair with temperature as a parameter in each graph. The nest set of graphs, Fig-

ures H.IA to T in Appendix H and Figures T.0A to 7B, show the results Tor the

molecular diffusivities as a function of pressure for the four gases 1o epe solvent gl

at one temperature, in cach case, with Figures T.1A to 71D showing this effect oy

208.15 K. These plots compare the behavionr of the different sobutes I one solvept

and for one temperature, in each case. The final set of ditfusivity versus pressure

graphs, Figures L1A to LHI in Appendix 1, and Figure 720 10 72D conpare e

behaviour of one solute in all of the solvents examined with Figures 728 1o 72D
showing this eflect at 323.15 I\,
The free volume theory will now be examined beenuse o iis relationship oo

diffusion process. Batchinski (1913) reasoned that the inverse of the vaneosity op

fluidity should be directly proportional to the free intermolecular valume, {\'-\'"),

available for viscous low (equation (3.37)). The reference volume V. represents the

limiting volume at a temperature such that the molecules beeome so erowded thin
the viscosity is infinitely large. Batchinski observed this relationship for 87 non-

associated liquids. [lildebrand observed a similur relationship for diffusivity {equa-

tion (3.38)). Hildebrand examined the self-diffusion of benzene and et

chloromethane and the mutual diffusion at infinite dilution of iodine in Lol
cliloromethane. The diffusivity was observed to be a lineur funetion ol the free
volume available for diffusion (V-V}, where the reference volume Vi) represents that
limiting volure at which the diffusion is zero. Both Butelinski and Ihldebrand
claimed that the temperature at which the fluidity wnd the diffusivity were zero was

at the melting point of the solvent. In this cuse V), is equivalent to v,

Thus, as the free volume for the viscous flow inereases, the viseosity decrenses
or the fluidity increases. Similarly as the free volume for diffusion inerenses, Lhe
diffusivity increases. It should be noted that V), appears to depend only on the sol-
vent properties. However, the effect of different solutes on the value of V), wis not
examined by either Batchinski or Hildebrand. Some rescarchers (Matthews 1%

L}

Akgerman, 1972a, 1972h; Wong, 1989) claim from their experitnental ohservations
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that Vi, s o function of the solvent only. Looking specifically at the diffusion pro-
cess, as Lhe free volume or intermolecular space increases, the diffusivity should
inerease if there is little or no intermolecular attractions. Also because of the
equivident, nature of Vi and V,, from equations (3.37) and (3.38), it is observed that
as the viscosity increases, the ree volume for viscous flow decreases. Thus the free
volume for difflusive flow decreases. Thus as the viscosity of the solvent molecules

increases, the diffusivity should deerease if there is little or no molecular attractions.

Some general comments can be made concerning the behaviour of the molecular
diffusivities of dissolved gases in the alkanol solvents. These observations are made
upon examining the reselis of the effect of pressure and temperature on the density,
molar volume and diffusivity of the systems studied in this work as well as similar
tremds from the literature. Examining the diffusivity data from the tables and the
ligures, the following were noted.

For any one temper: .are and solvent, as the pressure increases the diffusivity
decreases. This is true for all temperatures in each of the alcohol solvents. This is
expected beeause as the pressure increases, the density increases, with the result that
the free spuce available for diffusion also decreases. Also for any one solute-solvent
pair at 2 given pressure, the diffusivity increases as the temperature increases. This
is true for ail solute-solvent pairs and over the entire pressure range. This effect is
also considered to be associated with the free volume between the solvent molecules
and is consistent with the fact that as the temperature increases, the degree of asso-

ciation between the solvent-solvent molecules as well as the solute-solvent molecules

deerenses.

At any one temperature and over the entire pressure range, the diffusion
coellicients of the solutes in a given solvent is greatest for the solute carbon dioxide,
followed by propene, propane, and ammonia, in that order (Figures 7.1A to 7.1D}.
The diffusivity of carbon dioxide appears to be the most affected by pressure and
ammonia the least as shown in Tables F.1A to F.1D, Appendix F.

Ross and Hildebrand (1964), Nakanishi et al. (1965) found that the diffusivity of
dissolved gases in solvents depends on the molecular size and specifically is inversely
proportional to the molar volume of the diffusing gas molecules (DABocl/VEIS).
Wilke and Chang (1955) also found a similar inversely proportional relationship
based on experimental data but to 0.6 power. As mentioned previously in the hydro-

dynamic theory, the Stokes-Einstein equation also utilizes an inversely proportional
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relationship for large diffusing molecules but to the 1/3 power of the molar volume.
From Tables 5.1C and 5.1D. the molar volumes of the solutes at their normal boiling
points increase in the following order: ammonia, carbon dioxide, prapene, propane.
Thus the expected trend in decreasing diffusivity .would be in the same order. low-
ever these experimental results show that ammonia has the lowest diffusivity, and
carbon dioxide the highest followed by propene and propane. A possible explanation
why ammenia does not follow the general trend is because ammonin ix a strongly
polar molecule and thus will have an increased tendency to form hydrogen bonds
with the polar alcohol molecules. The formation of hydrogen bonds would tend to
decrease the diffusivity. The solute ammonia is not likely toa have solute-solute
hydrogen bond interactions because the concentration of the solute is so small, Thus
the diffusion of the solute molecules does depend on the molecular size in general, hut
is not valid for highly polar molecules in a medium ' other polar, associnting
molecules. Another indication of the molecular size is the radius or the van der
Waals volume of the molecule. Tables 5.1C and 5.11) list the values of the van der
Waals volumes and these volumes increase in the same order as the molar volumes

at the normal boiling peints as expected.

In general, for any one solvent the diffusivity of u dissolved gas I8 expected to
be proportional to the molecular weight of the diffusing solute il no solitte-solvent,
interactions are present (Arnold, 1930). The highly polur nature o! ammenin sl
could explain why, although it has the lowest meleculur weight of all the solute
molecules, its diffusivity is the smallest. It may be postulated that mest of the
ammonia molecules are associated with the alcohol solvent maolecules, in elfect, form-
ing larger alcohol-amine complexes. The effective size and molecnlar welght of this
complex is much larger than that of ammonia; as @ result, the diffusivity of tese
larger species is much lower than for simpler molecular ammonin. As shown in
Tables 5.1C and 5.1D, the molecular weights of curbon dioxide, propene and propane
are approximately the same.

Hayduk and Buckley (1972) found that linear molecules gencrilly tend o diffuse
about 30% faster than spherical molecules of the same molur volume at the normal
boiling point. In other words, if two different molecules have the same dilfusivities,
the linear molecule would have the larger molar volume. In this work, it is noy pssil-
ble to make an equivalent direct comparison of solute molecules since they all have

different molar velumes at the normal boiling point, and they all have different
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dilfusivities. However it cun Le said that from the arrangement of electron pairs,
carbon dioxide is an essentially linear molecule with 2 bond angle of 180 degrees.
propene and propane are bent molecules with an angle between any pair of bonds of
100.5 degrees, and ammonia is a triangular pyramidal molecule with a bond angle of
109.5 degrees. Thus, ammonia is the most spherical molecule and carbon dioxide the
least., Hayduk and Buckley (1972) found that carbon dioxide does indeed behave as a
sphericadly diffusing molecule, Thus it can be stated that the most spherical
molecule, anmonia, does show the lowest diffusivity, and the .]east spherieal
molecule, earbon dioxide, shows the highest diffusivity. The molecular diffusivities of

the solutes propene wnd propane lie in between those of the other two gases.

Upon examining the polarity, dipole moments and the association between
solute-solute, solvent-solvent, and solute-solvent molecules, the expected behaviour
coincides  with the previous!y mentioned results for the measured molceular
dilfusivities as a function of pressure for the solute gases in the solvent. The polarity
and dipole moments of the solute molecules indicate that ammonia contains polar
bonds, is & highly polar molecule with the largest dipole moment, can also form
hydrogen bonds und is a highly associating molecule. Carbon dioxide contains polar
bonds, is a non-polar molecule with zero dipole moment and is therefore not an asso-
ciating molecule. Propene contains polar bonds because of its double bond, is a polar
molecule and has a small dipole moment. Propane the least polar of all of the solute
molecules, is a non-polar molecule a2nd has a dipole moment of zero. Thus ammonia
could be expected to form relatively strong hydrogen bonds with the solvents, and
the other solutes could have weak London forces of attraction to the solvent
moleeules. This explains the trend observed in the measured diffusivity that the
diffusion coefficient of ammonia in all of the solvents has the smallest value. It is
postulated that these effects of polarity, dipole moment, association and interactions,
as previously described, predominate and are more important than the effects of
molecular weight and size for the ammonia molecule, but that these effects along
with the effects of molecular weight and size influence the diffusion coefficient for the
solutes carbon dioxide, propene and propane. Carbon dioxide, is a non-polar
molecule with zero dipole moment, has the smallest molecular size and therefore has
the largest diffusivity. Although propene is a polar molecule and has a larger dipole
moment that the non-polar molecule propane, the diffusivity of propene is greater

than that of propane because its molecular weight and size is smaller.
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[t has been found by many researchers that the rate of difflusion of a single

solute in several solvents within the same family decreases as the size of the solvent

molecule increases. This is generally true especially ir von-polar alkane solvents
where the dipole moment is zero. As shown in. Tables 5.0A and A the dipole
moments of the alcohol solvents used in this work decrease with mersasing chain
length. Al of the alcohols examined in this work contain polar bonds, are polar
molecules with a dipole moment, and are highly associating molecules. This is dune to
the -OH group present. Methanol is the most polar of all the solvent molecules with
the largest dipole moment and is the most associating ol all the aleohol solvents
examined. Although the polarity, dipole moment and association of the aleohol sal-
vent molecules decrease as ivs size increases, the molecular ditfustvity of o single
solute at any one fixed temperature and over the entire pressure range, is greatest in
mecthanol and decreases as the chain length increases. Thus for 1 fixed temperature,
the diffusion cnefficient of ench solute in methanol is greater than in ethanol whick is
greater than in propanol and which in turn is greater than in butanol (Figure LIA 1o
LIH). This suggests that there is more free space available for diffusion for all of the
solutes in methanol than in the other solvents. The density data showed that at
fixed temperature and pressure, as the chain length increases, the density inereases,
and the molar volume increases (Table D.1). The diffusivity duta shows that the
diffusivity decreases with increasing chain length of the solvent moleculs. Thus the
available free space for diffusion decreases with increasing chain length. T'his implies
that the 'hard-core’ volume of the solvent molecule increases with increasing chain
length. The density data also showed that at one temperature as the chain length of
the molecule increases from methanol to butanol, the effect of pressure on the maolay
volume increases with a consequent increase in the effect of pressure on the free
space available to diffusion. At 2l pressures and for wll soliutes, the dilfusivity
decreases with increasing chain length of the solvents. This again supports the rea-
soning that as the chain length increases, the 'hard-core' volume of the solvent,

molecules increases, at any and all pressures.

From Tables 5.1A and 5.1B, it is observed that the molar volumes of the sol-
vents at their normal boiling points increase with tnereasing chain length of the
alcohol molecule, from methanol to butanol. This thus supports the expected trend
that as the molar volume increases, the diffusivity decreases. Thus the diffusion of

the solvent molecules, like the solute molecules is inversely related wo the moleculur
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sze Another andication of the molecular size, the van der Waals volume similarly
imerences as the chwn Jeaeeh inereases (Tables 3.0\ and 518

FExwmining the many relationships between diffusivity and solvent viscosity, it is
observed that the diffusivity is an inverse function of the solvent viscosity. The
Stokes-Einstein cquations (3.4) and (3.6) express diffusivity as being inversely related
o viscosity. The Arnold equation expresses diffusivity as being inversely propor-
tional 1o viscosity to the +0.5 power. The empirical correlation of Hayduk and
Cheng, equation (3.47), which is based on the hydrodynamic theory expresses the
diffusiivity as u function dependent only on the solvent viscosity and to some power
which depends on the dilfusing solute molecule. These correlations, to name a few,
ll indicate that as the viscosity of the solvent increases, the diffusivity decreases.
This is also observed in these experiments. Thus as the chain length of the solvent
molecule inereases, the viscosity of the solvent increases and the diffusivity decreases

for wll solutes and at 2ll temperatures and pressures.

7.2 Trends in the Differential Refractometer Response
Peaks

The anomalics and some of the trends shown in the peaks which were used to
obtain the mutual diffusivities for the systems investigated in this work will now be
discussed.

The solute aminonia is of interest because both positive and negative peaks
were obtained for the solvents examined. A very dilute solution of ammonia in
butinol or propanol resulted in positive peaks. In ethanol however, a high concen-
tration of solute had to be used to obtain a detectable peak. The first experiments
with ammonia in ethanol were performed at 348.15 K, and no peak was observed.
However, on increasing the concentration of ammonia in ethanol at 298.15 I and
323.15 K, a small peak was observed in each case. This explains the fact that there
is no data for this system at 348.15 K. Small negative peaks at all temperatures
were obtained for ammonia in methanol. This suggests that the addition of
ammonia to methanol increases the refractive index of the solution while the addi-
tio of ammonia to ethanol, propanol and butanol decreases the refractive index of
the solution, with the largest decrease for butano! and the smallest decrease for

ethanol. For ethanol, the change is so small that a peak can only be detected for a
high concentration of ammenia.
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The relationship between refractive index and concentration for Jilnte sohitions

(AR) = K (AC) ()

In the above equation AR refers to the difference in refractive indes between the

sample ceir containing the dissolved solute and the reference coll containing the pure

soivent, the variable AT refers to the difference in concentration hetween the swmple
cell and the reference cell and K is a constant which ean be positive or negative and
s specilic for a solute-solvent pair. Tt is of interest to relate the value of K to the
molecular size of the solvent. The value of K is observed 1o merease rom o farge
negative number to a small negative number and then to beeome positive lop
decreasing molecular sizes of the alkanols from butanol to methanol.

No peaks were observed for the solute prapene in the solvent methanol at gl
temperatures and pressures. It was apparent thut dissolved propene atd methanol

have small refractive index differences,

For the solute carbon dioxide, small negative peaks were observed before
after the positive peaks in the solvents methanol, ethanol, and propanol. Hen-
celorth, these negative peaks will be referred to as dips. No dips were ahserved for
carbon dioxide in butanol. The magnitude or size of these dips were fonnd to
increase with increasing temperature and to inerease with decreasing size of the sol-
vent molecule. Thus, the largest dip occurred at 348.15 I in methanol, the smallest
dip occurred in propanol ut 298.15 K and no dips occurred in butunol. Tlhese dips
suggest that two species may exist in the solvent and are the result of the summna-
tior of a negative peak and a positive peak by the differential refractometer with the
species producing the negative peak being in low concentration and the Speeles pro-
ducing the positive peak being the dominant one. On injecting w 2 mole pereent
water solution into the Taylor dispersion apparatus, a small negative prak resulted
The negative peaks in this experiment could therelore have heen due to U presenes
of water. It could also have been due to the carbon dioxide rewcting with Wy Mioa-
ture present to form carbonic acid - whether the wauter cume from e air, the
alcohol or was already present in the gas. The small negative peak conld wlso have
been due to the carbon dioxide attaching itself to the alcohol malesul: possibly by
weak hydrogen bonding. Hayduk and Cheng (1971) state that the quantity aned Ly

of molecular association or aggregation for a dilute solute speci: or o solvent
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tnedecitle could Lie expeeted o affect the diffusivity.

The analysis of the dips will now be discussed. Two methods were attempted
and one was found Lo be suceessful, The successful method of analysis used the five

prraaneter model of equation (1.40),

The first analysis was done using a modification of the five parameter model of
equation (440) in which each pesk was considered to be the sum of two separate
pesitive and negutive peaks with the same retention time but with different peak
herghts und dispersion parameters. The result of this ASSUMPpPLION was a seven
pirameter model [t wis found that the regression analysis using this mode! showed
erroneons resiths. For example, the diffusivity of carbon dioxide in methanol was

found to be Jower than that in ethanol, which is unlikely.

The other method of analysis used the five parameter model of equation {-1.40).
However, the duta was modified to include only data from the minimum in the dip
befure the peak to the minimum in the dip following the peak. This in effect treats
the data as one peak with a negative shift in the baseline. Thus the assumption was
that the entir peak with the new shifted baseline was due anly to carbon dioxide.
Results obtained using this five parameter medel scemed more reasonable, As
expected, the diffusivity of carbon dioxide in methano! was larger than that in
ethanol using the five purameter model. The diffusivity values obtained using the
live and seven parameter models differed most for methanol (<509%) and the least
for propanol (£5%). Larger and more accurate diffusivity values were obtained

using the five parameter model compared to the seven parameter model,
7.3 Comparison with Reported Values

The density results will first be discussed. When the experimental densities of
butanol at atmospheric pressure are compared with those of Wong (1989) good
agreement s indicated as shown in Table 7.1. The percent differences range from
0.11 to 0.28%. A comparison between the densities from this work and those of
Wong {1989} as well us of the effect of pressure on the densities measured are shown
in Figure 7.3. It may be concluded that the measured densities show excellent agree-

ment with the reported values. This result confirms that the method used in this

work can be used to obtain accurate densities.
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Table 7.1

Comparison of Measured Values
with Literature Values, (Wong, 1989),
for Propene in n-Butano! at Atmospherie I’ressure

Density
. Measure -
Cemperature Ie'1=;u. ed Rnpor.tul Difference
Density Density
IN kg-m™ kgm™ e
208.15 806.9 $06.0 0.11
323.15 7816 786.8 0.28
318.15 761.1 760.0 0.14
Diffusivity
- Measured Reported :
Temperature - Difference
P Diffusivity Diffusivity lerencs
K 2107 m%s™' | x1070 P! e
208.15 1.54 1.35 123
323.15 2.5 2.0 2.0
38,15 3.57 3.91 9.5
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A comparison of the viscosity data for ethanol and methano! from this work
see Appendix J, to that reported by Daubert and Danner {1985 showed that the
measured viscosities showed excellent agreement with the reported values. This
result confirms that this method can be used for.accurate determination of the sol-
vent viscosity,

A comparison of the diffusivity results with literature values will now he made
The data from the literature were obtained from Wong (1989) for the solute propete
and the solvent butanol. A comparison of the experimental dati and that available
from Wong (1989) shows substantial dillerences in diffusivities for some of the daty
as indicated in Table 7.1 and Figure 7.4, The percent differences range from 2.0 (o
1295, Figure 7.4 also shows the effect of pressurc on the dilfusivities from this work
and those ol Wong (1989). It is noted that there are no other diffusivity duta avail-
able for this system in the literature, Wong's data were obtained using wosimilar
type of apparatus and the graphical method for interpretation of the results. 1t was
found that upon changing the pressure, the experimental appiratius had Lo be lelt for
at least seven hours before steady state was attained. At 208 IN, [or exatnple, it was
found that there was a difference of approximately 1277 hetween my experimental
results and those of Wong. It was observed that as the time to attain stendy state
was decreased significantly below seven hours, the value of difusivity consistently
decreased and approached the values reported by Wong. It is postuluted that for
some of his results, Wong's data may not have been obtained at steady state. [L wis
also found that for these experimental data, there was a difference of approximately
496 in the diffusivities using the graphical method and those obtuined by mewns of o
curve-fitting technique based on the analytical solution of Tuylor. Thus il seems
essential that a sufficiently long period of time be allowed ufter chinging the pres-
sure to ensure that the system attains equilibriurn and to use a enrve-litting teeh-
nique to obtain accurate results. During the experiment, pressure fluctuations are
minimized by the installation of a new pulse-free pump, as well as the installation of
new capillary tubing to condition the flow before it enters the dispersion tube, The
pulse-free pump ensures a constant flow rate of the solvent and thus maintiing con-
trol of the system pressure. The flow is said to be conditioned with the minimizing
of the fluctuations in the flow rate. The flow is conditioned by inserting wn additionzl
length (12 m) of capillary tubing. Thus by ensuring that the system attains equili-

brium alter changing the system pressure, by the use of 4 computer and u curve
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fitting technique in the analysis of the data and by mstalling a new pulse-free pump
and capillary tubing to ensure a constans flow rate and a constant system pressure,
the diffusivities obtained from the revised method of treatment are considered to be
more reliable.

Potential sources of error in the measured diffusivities will now be brietly dis-
cussed. The eflects of finite volume of the injected pulse and of the volume of the
sample cell of the detector, the finite length of the tube counecting the diffusion tube
to the differential refractometer, the nonuniformity of the radius of the dillusion tuhe
and the effect of the coiling of the diffusion tube all constitute potential sowrces of
error. Matthews (1986), showed that a total error of less thun 0545 conld be atiri-
buted to these sources and of all the potentinl errors, the coiling ol dillusion Lube is
the greatest potential source of error. Since Taylor's model does not account for
secondary flows due to coiling, the experiment has to be designed in suel a way o

ensure that secondary flows are not created.

Thus, it has been found that the lincar relationship belween diffusivity and
pressure is an excellent representation of the data, although o comparison of the
measured diffusivities with literature shows substantial differences. Also, the linear

relationship between the density and pressure is an excellent representation of the
data over the range studied.

7.4 Rough Hard Sphere Correlation

Dymond (1974} first demonstrated the linear relationship between the ratio of
sell diffusivity to the square root of the absolute temperature and the mobar volonge
for self diffusivity data. Recalling Dymond's equation:

DYM

Dpp C!
=J-

\ [ ’1‘ 2 ]/2

UU l’[lB

AV —bV,) (13.29)

In equation (3.25), C' is a constant. Dymond (1974) found for the fitted constants

2=1.271, and h:=1.384 equation (3.25), after some rearran ing, becomes:
1 :

9. RHS N
10" Dyp A-2.597 kl/'

VT Vi

AV —1384V,) (3.26)
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I owas Chen {1982) who dirst applied Dymond’s equation for mutual diffusion
coeflicients at infinite dilution and found a linear relationship for all of the n-alkane
systems examined,  Chen (1982) did not show why Dymond’s equation for sell

diffusion data should be applicable to mutual diffusivity data.
Rodden (1988) showed that with the use of Dymond’s equation, a generalized

cquation for diffusivity can be obtained based on the RHS theory and the parameters

associnted with it. Recalling the limiting case of this:

Dy
=[3(V=bV })=p8(Vy = V) (3.35)
\/T ] ( B D
In equation (3.35), #is represented by:
1/2 HSL , - E
K/ {my +mg g(os) [Dap /Daslyp
A== -F S (3.36)
Oap ~ MaMp &(94n) [Dgn /Dpglap

In equation (3.35), for the case of an infinitely dilute solute in a solvent, Vy
represents the molar volume of the pure solvent B and Vp is equivalent to the pro-
duct LV, and is the volume for which the diffusivity is zero. In equation (3.36), MD
represents the molecular dynamics compuier caleulations for the determination of C.
The term 3 represents the slope of D;B/V-'I_‘ versus V. Equations (3.35) and (3.36)
could thus be used to predict infinitely dilute mutual difusion coefficients for the Sys-
tems where infinite dilution MD data are available. The complex nature of the
parnmeter §is reflected in the variables required in its determination. The variables
my, My, @4, 0 can usually be obtained from the literature. However because of the
incomplete study done on the molecular dynamic ealeulations of C and on the deter-
mination of I, 4 cannot be estimated for most systems. A possible solution to this
problem is to develop an expression for 3 based on parameters which can be easily
estimated. This was suceessfully done by Matthews (1986), Rodden (1988) and Wong
(1989). Before the development of such an equation, the data needs to be tested to

determine whether the required linear relationship exists between D.:B/ VT and V,

Figures 7.5\ to 7.5D demonstrate an apparent linear relationship between
I):n/\/'_l‘ and V for the solutes propane, propene, ammonia and carbon dioxide in
methanol, ethanol, propanol and butanol, respectively. This linear relationship using

experimental data confirms the predictions of the RHS theory of equations (3.35) and
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(3.36). It was also found that for methanal and ethanol 2 similar Timear relationship
was found between \/'l_'/u and V, see Appendix J. Although the difusivity behaviogr
follows the general trend, the graphs appear to show that 3 is temperature depen-
dent. This temperature dependency of 8 will be discussed later. The linear relation-
ship for each solute-solvent pair means thas Jis independent of the molar volume, V'
However, equation {3.36) shows that dis a lunction of C which is a function of V' apd
thus this tack of dependency of 3 on V could not have been deduced Trom equations
(3.33) and (3.36). The slopes, 8, and intercepts, Vi, (rom the linear regression
analysis is recorded in Table 7.2, A value of J and Vi, is recorded Tor each solute-
solvent pair. The range of valuyes of Vi Tor each solvent instead of one value
definitely exists and will be explained later, The critical volume, V., and the malar

volume at the triple point, th of the solvents are also given in Table 7.2,

Looking specifically at the intercepts Vi i is observed to be strongly depen-
dent on the solvent properties and weakly dependent on the solute propertivs. I'he
trend in Vy is difficult to describe Tor each solvent. The expected trend is that g
the size of the solute molecule increases, its abtlity to move in the feee space avajl-
able for diffusion decreases. This trend is also expected around the freezing point
where it is expected that there is a limited free volume aviilable for diffusion,

Using equations (3.19) and (3.33), Vp is given by:
Vp=bV, =bNg)/V2 (7.2)

In equation (7.2) V_ represents the theoretical closed packed volume of the solvent
molecules and is a constant dependent only on the diameter of the solvent moleeule,
Thus for any one solvent, a range of values of Vj, translates to a range of values of |,
which in turn implies that b is not a constant for each solvent but is & constant for
each solute-solvent pair. Dymond (1974) empirically determined b from the limited
molecular dynamics data for self diffusion (equation 3.23) and found it to he & con-
stant. The systems used by Dymond were pure, one component, non-polar, non-
associating systems. The value of b has been found for an infinitely dilute solute in a
solvent by many researchers to be a function of both the solute and the solvent pro-
perties (Hildebrand, 1977; Chen et al., 1982; Matthews, 1986; Rodden, 1988; Wong,
1989). However, some researchers claim that for each solvent, the value of b was a

constant since it was only a weak function of the solute size (Matthews, 1986; Wong,
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Table 7.2
._1/-

) .

“ versus the NMolar Volume
for the Solvents

Methanol, Ethanol, Propanol and Butanol

. . . [ T
[Lincar Regression ol D.p1

10 D5 T = gV - v, )
(D3 inm*s™, Tin K, Vin m*kmol ™)

\_.'
SOLUTI 3.2
m -kmol

-1 —=1,.-1/2
kimol'm™ 5 K /

SOLVENT: METHANOL, V ;=0.1178, V, =0.0363

P’ropane 46.570 0.036+4
Propenc - -

Ammonin 48.635 0.0382
Carbon Dioxide 94.704 0.0370

SOLVENT: ETHANOL, V,5=0.1669, V, =0.0511

Propane 34.731 0.0548
Propene 37.679 0.0546
Ammonia 30.113 0.0551
Curbon Dioxide 4-1.436 0.0527

SOLVENT: PROPANOL, V. p=0.2185, VLP=0.OG-52

Propane 25.876 0.0714
I>ropene 28.203 0.0712
Ammonia 24,384 0.0726
Carbon Dioxide 38,363 0.0745

SOLVENT: BUTANOL, V;=0.2745, V, =0.0831

Propane 18.271 0.0876
Propene 19.869 0.0874
Ammonia 20.261 0.0894
Carbon Dioxide 23.924 0.0861

- 108 -



1989). Rodden {1988) pioneered the development of the solute size in the determing-

tion of b to obtain an excellent fit to his equation for predicting mutual dTusivines
at infinite dilution. Rodden’s expression for b was u linear equation in T, fo
b=1.206+0.0632 (&, /o). Thus the value of b for multi-component systems, as in
binary systems with an infinitely dilute solute, is not necessanly constant aml seems
to depend on the properties of vhe solute and solvent.

Values of ¢ are obtained from the van der Waals volume. vi dder Wanls
represents the hard core volume of one mole of spherieal moleenles. Thus o
represents the hard core volume of one spherical molecule, van der Waals method of
obtaining o is used instead of the true hard sphere Lennard-Jones @ becanse very lit-
tle sell-diffusion and viscosity data are available to caleulate the true o, Also it has
been found by many researchers that the van der Waals ¢ and the Lennard-Jones o
are almost identical. Thus the consistent use of the van der Waals @ represents an
accurate means of obtaining the molecular diameters of all of Lhe solutes i sol-
vents used. Values of the van der Waals volume, &, and the molecular weights of al]
of the solutes and solvents used are recorded in Table 7.3. [t is observed from Table
7.3 that as o increases, the molecular weight increases for the aleohols solvents,
However this trend is not applicable for the solute molecules; earbon dioxide devintoes

from the trend.

In order to develop the correlation based on the RIS theory to predict Dy it is
necessary to express both Vi, and B in terms of variables which are known or ean
easily be obtained. Looking specifically at Vi it is observed that in the pust severnl
expressions were attempted. The variable Vp has been expressed ns being directly
proportional to the eritical volume of the solvent, V ,, and approximately equal b,
the triple point volume of the solvent, Vi, (Matthews, 1986 wnd Wong, 1959). The

variable Vp has also been expressed as a function of the solute and the solvent size,

namely o,, op (Rodden, 1988). Thus the expressions for Vy, include:

VD = ,\;VCB (7.3}
Vo=V, (7.4)
Vp =le(a,/0g)+i]V, {7.5)

In the above equations, x, e and [ are all constants and Vo le, Tpy and oy can all

be easily obtained from the literature. Equations (7.3) and (7.4) are dependent o
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Table 7.3

van der Waals Volumes, Molecular Diameters
and Molecular Weights for all
Solutes and Solvents

van der Waals Molecular Molecular

, Volume® Diameter, Weight
Compound
Vypw v M

(m -kmol_l) (Angstroms) (kg-kmol_l)
Propane 0.0376 4.9205 4.4.006
Propene 0.03.11 4.7632 42.080
Amimonia 0.0138 3.5239 17.030
Carbon Dioxide 0.0197 3.9678 44,010
Methanol 0.0217 4,098 32.042
Ethanol 0.0319 4.6613 46.069
Propanol 0.0422 5.1136 60.09G
Butanol 0.0524 5.4976 74.122

molecules.

using the van der Waals volume.
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solvent properties only and equation (7.3) is a function of both selute and solvent
properties.

Similarly, if J is expressed in terms of known variables, then along with the
expression for V, and equation (3.35), D::.B can be predicted. Before examining
expressions for 3, the effect of temperature on the roughness factor. I*, will be inves-
tigated. As shown in equation (3.36), Fis a function of I'. One of the assumptions of
the Enskog theory is that the molecules are spherically symmetrical and smooth and
thus only Kkinetic energy is exchanged. ilowever, the smoothness assimption of
Enskog is not valid for colliding polyatomic molecules, where it is possible that iy
addition to kinetic energy, rotational energy is exchanged and this acts 1o reduee the
diffusion coelficient. Chandler (1973) showed that the use of & roughness Fuetor, |9,
accounts [or the reduction in the diffusion coeflicient due to the exchaunge ol both
kinetic and rotational energy. Thus lor smooth molecules, I'=1 and for rough
molecules F<I. Chandler also claimed that F is a constant lor ench system and s
independent of the density and the temperature of the system. The value of I has
been found by many researchers, upon examining only a few systems to be essentially
constant and independent of temperature. The systems  investignted  inchuded
alkane-alkane systems, sell-diffusing systems and non-associating systems (Chandler,
1975; Parkhurst and Jonas, 1975; Baleiko and Davis, 1974; Evans 80wl 1981 wnd
Bertucci and Flygare, 1975). Wong (1989), Matthews (1986) and Rodden (1988)
found f to be a constant and a function of the solute and solvent properties. From
equation (3.36), A is a [unction of ¥. Thusif F is 2 function of temperature, then A s
a function of temperature and if F is not a function of temperature, then 715 a con-
stant independent of temperature and dependent only on the properties of the sobite
and the solvent. It was assumed by Rodden (1988) that £ was independent of tem-
perature and as such F was a constant independent of temperature for the n-nlkune
systems of infinitely dilute solutes in solvents. Using Rodden’s dati, Frkey et al,
(1989) concluded that the translational-rotational coupling purameter, I, for each
binary n-azlkane system is a function of temperature. This contradicts Chandler’s
treatment. Dymond (1983) reported an observation similar to that of Frkey et ul.
(1989) for tracer diffusion in octamethyleyclotetrasiloxane. Erkey et al. (1989) found
for the n-alkane systems that F increases with increasing temperature. This thus
implies that as the temperature increases, 4 increases with o consequent increase jn

the diffusivity, as is expected. The expected trend of incrensing diffusivity with
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inereasing temperature could possibly explain why the temperature effect on F has
not heen thorenghly exwumined. Erkey et al. (1989) also found that F decreases with
Q
AB
deereases at any one temperature and for all temperatures. Erkey ’'s observations

inereasing molecular nuss and size which implies that f and subsequently D

and the resulting implicutions could simply apply to infinitely dilute n-alkane sys-
tems, Thus for the alcohols systems used in this work, the effect of temperature on 3
will he examined to determine whether 8 is a Tunction of temperature as well as the
solute and solvent properties and this will then be used in the correlation for the

prediction of the infinite dilution diffusion coefficients.

Before this is done, a linear regression analysis is performed on the data to
determine whether the linear relationship tnat exists between DKB /\/T and V pre-
vides o Better fit with \'D=\"lp or with Vp=b V_ at D:B=O. Further the effect of a
temperature dependent 7 is examined. With the use of \/D=\"‘p and with 3 as a
function of temperature, the regression analysis on each solute at each temperature
in each solvent is illustrated in Figures 7.6A and 7.6B for ethanol and butanol,
respectively, Similar plots were obtained for methanol and propanol. A better fit

was obtained with 3 as a function of temperature.

Several expression for 8 were «ttempted. The variables used in these expres-
sions included the variables from equation (3.36) where B is a function of
0, 0 M, and M. The temperature ‘was also another variable which was used in
the attempt to determine whether § is a function of temperature. The final expres-
sion for # which best represented the data included the variables the molecular

weights and diameters of the solu.c and the solvent molecules and the temperature.

It was also found that the final expression for Vp which best represented the
data included the diameters of the solute and solvent molecules. The final expression

for Vi, which best represented the data is given in equation (7.5).
Vo = [d(0, /p) +2]V, (73)
The final expression for @ which best represented the data is given by the following

equation:

by,

a, M, M
;3=-———l AS e 7.6
y )

(O'Ao’g)
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Some of the steps leading up to the final expressions lor Vi and 3 include the use of
equations (7.3), (7.1}, and (7.5) for predicting Vi) and the stepwise regression analysis
of the variables given in equation (3.36) along with the temperature to obtain an
equation for 8. It was found that Vp can be more accurately predicted using Vi
than V. It was also found that the standard error of the coeflicient for the slope 3
where 3 is a lunction of temperature is smallor than that where 8 is independent of
temperature. This thus supports the claim that B is a function of temperature, The
use of Vp = Vip and 0 as a function of temperature is illustrated in Figures 7.6A,
and 7.6B for ethanol, and butanol, respectively.  Similar plots were obtuined for
methanol and propanol. However, it was found that Viy was more accurately
predicted using equation (7.5) where it is a function of o, and oy than Vi Aguin a
better correlation was obtained with 8 as a function of temperature. Thus from the
non-linear regression analiysis on the systems examined in this work which included
the solutes propane, propene, ammonia and carbon dioxide in the solvents metha nol,

ethanol, propanol and butanol at infinite dilution, the final form of the equation

which gave the best fit was;

10°Dy 0051 MMM NI

18115
= (V—~bV )T (7.7}
VT (”A O_B)s.sm ©

The expression for b which best represents the data from the regression analysis is
given by :

b = [-0.1641 (g, /o5)+1.3339) (7.8)

In equation (7.7), DKB is in mg/s, T is the temperature in Kelvin, the molecular
weights M, and My are in kg/kmol, the molecular diameters g, and o are in
Angstroms, and the molar volumes V and V, are in ms/kmol. The expression for V,
is given by equation (3.19) and the expression for b by equation (7.8). The molar
volume of the pure solvent, V (= p) is obtained from the density data at the system
conditions. The physical interpretation of equation (7.7} includes the following. The
equation predicts that as the molecular diameter of the solute and the solvent
molecules increases, the molecular diffusivity decreases. The equation also predicts
that as the molecular weight of the solute increases in any one solvent, the molecular

diffusivity increases. This is not the expected trend. However, as observed from the
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duta, low moleculir weight ammonia has the lowest diffusivity possibly due to the
atbractive forees from the hydrogen bonding. The molecular weight of propane is
only slightly larger than that of carbon dioxide but carbon dioxide has the largest
diffusivity, possibly because its dipole moment is zero. Equation (7.7) seems to be
more strongly influenced by the size, ¢ of the solute and solvent molecules than their

molecular weights,

Figures 7.7A to 7.7D illustrate that equation (7.7) represents the data very well
for methanol, ethanol, propanol and butanol, respectively. From these plots of
I):\’”/\/'_I: versus V, the slopes of the lines represent 8 and it is observed that for each
solvent the value of # is dependent on the type of solute and the temperature used.
From the nonlinear regression analysis, the average absolute percent error of fit from
the experimental data was 6.6%. Thus Figures 7.7A to 7.7D show that 3 is depen-
dent on the temperature and Vy is dependent on the type of solute used. Figure 7.8
is a plot of the difusivitics predicted from equation (7.7) versus the measured
difusivities. Figure 7.8 shows that carbon dioxide appears to deviate the most from
its measured value. This could possibly be due to the negative peaks obtained dur-
ing measurement. This could also possibly be due to the fact that carbon dioxide
does not follow the trend of the other solute gases of increasing o with increasing
molecular  weight, M,. The solute gases increase in M, in the order:

NH, <C,l;<CO, < C4Hg and o, increase in the order: NH,<CO,< CH, < C,H;,.

For the case of self diffusion, the expression for b is reduced to a constant
11698, With L=1.1698, the product bV, agrees closely with V., (Table 7.4). The
intercept Vi, for sell diflusion data was defined as the molar volume at which
diffusion ceases, that is, ot the lreezing point of the solvent. Thus this agreement
supports the theoretical Lasis of Vi for the case of sell diffusion. Table 7.4 also lists
the range of Vi ue to the different solutes used, and van der Waals volume from
the literature. It is observed from Table 7.4 that the van der Waals volume, Vypw,
which is a function of the sclvent properties only, is not equal to Vp from the experi-
mental data for mutual diffusivity. Also since th and bV _ agree closely and they
are functions of the properties of the solvent only, this suggests that the intercept

Vi a function of the properties of the solution which comprises of the solute and

solvent molecules.
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Table 7.4

Comparison of System
and Solvent Molar Volumes

VD, expt vtpl lig l'lﬁgsvo VVDW

Solvent Expt. Theo. Expt. Theo.
m*kmol ! m>kmol™! | m*kmol™ | m*kmol™

Methanol | 0.0364-0.0382 0.0363 0.0343 0.0217

Ethanol 0.0546-0.0551 0.0511 0.0503 0.0319

Propanol 0.0712-0.0745 0.0652 0.0666 0.0422

Butanol 0.0874-0.0896 0.0831 0.0828 0.0524




Equation (7.7} can thus be used, with a good degree of accuracy to predict
diffusion coefficients at infinite dilution for dissolved solute gases of various polarities
aad dipole moments in alcohol solvents over 2 large pressure range. This equation is
based on the RHS theory, and shows the linear relationship between D_zn/\/'-l‘ and
V. This linear relationship was proved to be true for self diffusion data by Dymond
(1974) using molecular dynamics data. Equation (7.7) is a simple one requiring only
the physical properties of the solute and the solvent - Ta O My, M, and V, which
can be easily obtained [rom the literature. The simplicity and the goodness of pred-
ictability of the equation shows promise for a generalized correlution for diffusion

coefficients over a wide range of temperatures and pressures.
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CHAPTER 8

CONCLUSIONS

Several modifications have been made to the basic Taylor dispersion apparatus,
T'hese include the use of a computerized data acquisition system, programs written
in the C programming lunguage for analysis of this data, improvements in solvent
dexeration, improved solvent flow control, calibration of the equipment for density
measurement, installation of capillary tubing and a DP cell for viscosity measure-
ment, and improved control of system pressure. The Taylor dispersion apparatus

has thus become a versatile tool for obtaining transport data at high pressures and
over u reasonable temperature range.

A significant quantity of data was obtained for the infinite dilution diffusion
coclficients of the solute gases propane, propene, ammonia and carbon dioxide in
methanol, ethanol, propanol, and butanol at temperatures of 298.15, 323.15 and
348.15 K for pressures ranging up to 17 MPa (2500 psig) using this equipment, The
diffusivities of all solute-solvent pairs decreased linearly with increasing pressure and
increased with increasing temperature. There was a decrease of approximately 0.3-
1290 in diffusivity per MPa increase in pressure, and an increase in diffusivity of
about 30-90%0 resulting from an increase in temperature from 298.15-323.15 K ag
atmospheric pressure. The eflect of pressure on the diffusion coefficient was greatest
for the solute gas carbon dioxide and smallest for ammonia in all the solvents. It
was also found that the effect of pressure on diffusivity increased as the solvent chaip
length increased. At any one temperature and over the entire pressure range, the
diffusivity of any one solute decreased as the chain length of the solvent molecule

increased. Thus, the diffusion coefficient of each solute was greatest in methanol and
decreased in order in ethanol, propanol, and butanol.

The dilferent properties of the solute gases were found to distinctly influence
the diffusion ol these gases through the homologous alcohol solvents used, with
respect to the effect of hydrogen bonding, dipole moment, polarity, association,

molecular mass, size and the resulting molecular interactions between the solute and
the solvent molecules,

Of the solutes used only ammonia could be expected to form relatively strong
hydrogen bonds with the solvent alcohols. These strong solute-solvent interactions
were found to strongly influence diffusivity since ammonia was the smallest of all the
solute molecules used in this study yet it had the lowest diffusivity in each solvent,
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The other solutes, carbon dioxide. propene, and propane have weak London
forces of attraction to the solvents. For these solutes the cfloct of molecular size
seems to predo.:luate in determining the diffusion coeficient Although propene is
more polar and has a larger dipole moment than propane, the dillusion coellicient of
propene is larger because its molecular weight and size are smaller. Carbon dioxide
had the smallest molecular size and the highest diffusivity,

The molecular diffusivities of the solute gases could also be attributed in par
to their shape or degree of linearity, since it has heen found hat linear moleeyles
tend to diffuse faster than spherical ones. The wriangular pyramidal molecyle
ammonia is the most spherical of all the solute molecules with the smallest

diffusivity, while carbon dioxide is the most linear ol all the solute molecules
showed the largest diffusivity.

The RHS correlation was used to deseribe the diffusivity data. The linear rels-
tionship between D:B/\/T and V for the experimental data conlirms the theoreticy]
basis of the RHS equation for the solute-solvent pairs in this study. This lineuwr rely-
tionship for each pair means that the slope, f, was independent of the molar volune.
The slopes, £, and intercepts, Vp, were generalized in such a way that only o, o,
M,, Mg, and T, were necessary to predict 8 and Vp and thus D3 From noalinen;

regression analysis, the average absolute error of fit from the experimental datn was
6.6%.

Density data was obtained as a function of temperature and pressure for the
solvents methanol, ethanol, propanol and butanol using Taylor's method. The tem-
peratures examined were 298.15, 323.15 and 348.15 K and pressures ranged up to |7
MPa (2500psig). The measured densities of the solvents showed excellent agreement,

(<0.3%) with those reported in the literature thus confirming the use of the Taylor
dispersion method for measuring densitics.

Some preliminary viscosity data was obtained as a function of temperabure wnd
pressure for methanol and ethanol using the Hagen-Poiseuille method. The tempera-
tures examined were 298.13, 323.15 and 348.15 K and pressures ranged up to 14 Mpa
(2000psig). The measured viscosities showed excellent agreement (<1.0%) with those

reported in the literature thus confirming the use of the apparatus for measuring
viscosity.

The viscosity data, like the diffusivity data, also appeared to he deseribed by
the RHS correlation. The linear relationship between VT /7 and V for the experi-
mental data confirms the theoretical basis of the RHS equation.



CHAPTER 9

RECOMMENDATIONS

Since most industrial chemical processes operate at high temperatures wnd pres-
sures, there is a need for diffusion coefficients at high temperatures and pressures
where diffusion is the rute limiting mass transfer preeess. There is a nced not only
for mutual dilfusion coelficients at infinite dilution, but concentration dependent
diffusion cocflicients. There is also a desperate need for the measurement of dilfusion
coeflicients at the melting point of the solvent, to determine if the diffusion
cocflicient is indeed vcro.

Future work on molecular dynamics calculations for both mutual and self
diffusion data over a wide runge of o, /oy, m, /g, and V/V_ is necessary in order to
develop the RIIS theory. The existing molecular Avnamies ratios from the literature
are only for a limited quantity of self diffusion and infinite dilute mutual diffusion
data and over a narrow range of 0,/0g, my/my, and V/V_. Concentration depen-
dent molecular dynamics ratios for the mutual diffusion coefficients should also be
irvestigated in order to obtain a concentration dependent RHS model. Also experi-
mentally obtained diffusion coefficients as a function of composition should be used in
order to develop a concentration dependent RHS model and these diffusion
coeflicients can then be compared to the diffusivities predicted from the RHS theory

using the molecular dynamic ratios.

Future measurements of diffusion coefficients of solutes having various polari-
ties, dipole moment, ability .o form H-bonds, and association in the homologous
alcohol solvents are necessary in order to facilitate a better understandirs of these
effects on the diffusicn coefficients in one family of solvents. As more and more data
are collected, the RHS theory could then be used to develop a more refined predic-
tive equation in diffusion coefficients at infinite dilution, for alcohol solvents, and

later for other classes of fluids.

The viscosities of the remaining alcohol solvents propanol and butano! should
be measured. Future work on the measurement of the viscosities and densities of

various alcohol solvents over a large temperature and pressure range, as well as the



development ol the RHS theory for viscosity in liquid aleohol solvents shonld be

done. The viscosities and densities for other families of liquids should also be meus.

ured.

The effect of temperature on 3 should be examined to determine whether the
inclusion of the variable temperature gives a significantly better tit for the RIS

model for both viscosity and diffusivity for all future data collected.
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APPENDIX A

LINEARITY TEST FOR THE DETECTOR
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‘The linear response of the detector is a check to ensure that the signal given by
the detector is a linear function of the concentration of the solute. The voltage sig-
nal produced by the differential refractometer is caused by the differences in refrac-
tive indices of the dissolved solute in the solvent’in the sample cell and the pure sol-
vent in the reference cell. Taylor dispersion experiments were performed several
times using several solute concentrations. In order to prevent weight loss, the liquid
with the higher boiling point was weighed first. Thus, butanel which was the solvent
used in this experiment was weighed first, followed by the more volatile hexane, the
solute. Both liquids were degassed prior to weighing in an attempt to eliminate any
possible impurities. The mixture was kept in a sealed vial to prevent weight loss due
to evaporation. The sum lunction of concentration with time as given by equation
(4.37) was calculated for each peak. These values are tabulated in Table A.l along
with the concentrations of hexane in butanol. Figure A.1 shows a plot of the area
under the peak or the sum function versus the mole fraction of n-hexane expressed in
percent. A straight line was obtained with intercept zero showing that the detector

signal was a linear function of the concentration of the solute.



TABLE A.1

Data for the Linearity Test for the Detoctor

Mole Percent | Area of PPeak
n-Hexane em”
0.95722 483
0.95722 4,88
0.95722 1.92
1.5174 fi.3%
214145 8.96
214145 4.01
214145 9.13
4.2430 16.61
5.85182 2335
T.6045 M8TT
9.63455 35.25
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Figure A.1: Plot of Peak Area vs. Mole Percent n-Hexane for the
Detector Linearity Test
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APPENDIX B

DESCRIPTION OF THE ANALYSIS OF MUTUAL DIFFUSIVITY DATA
AT INFINITE DILUTION FROM TAYLOR DISPERSION MEASUIL-
MENT
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13.1 Introduction

Anulysis of the duata accumulated in each run was carried out using two pro-
graoms written in the C programming language.” This appendix will describe these
prograums and briefly outline the calculation procedures used. The descriptions are
divided into two mujor sections. The first is an overview of the input to the pro-
grams and the output produced by them while the second part will provide more

detuils of the calealation procedures.
3.2: Program 1

B.2.1 AN OVERVIEW

The first program has two input files. These files, which are labeled by the
name of the run, are saved in a subdirectory of the AD directory on the C drive of
the diata acquisition computer by the Labmaster Data acquisition system. T . frst
ol these, the SETUP file, contains information of a general nature about the run
such as the smmpling Irequency, total run time and the gain lor cach channel of the
A/D converter. The second file, the CHANNEL.O file, contains the digitized voltage
tor the signal produced by the differential refractometer. In order to be used by e
lirst program thesc files were copied onto a floppy disk. The directory structure of
the floppy disk  was  similar to that of the original files (that s,
ANAD\Runname\setup and A:\AD\Runname\channel.0).

Program 1 uses the information in these two input data files to reproduce the
voltage time pairs observed during the run. From this data, injection times and
time voltage pairs for the peaks are selected in a manner that will be described in
more detail in sections B.2.3 and B.2.4.

This progrum produces four output files, two on the C drive that are replaced
the next time the program is run and two on the floppy disk. The most important
lile is the ANAD\Runname RLT file which contains the run data that is used as
input to the second program after checking injection times and peak data and

adding pressure, temperature and mass flow rate data.
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The other file on the floppy disk is the ANAD\Runname ABV file. This file con-
tains all the information from the setup file as well as time-voltage data in the
region ol injections and changes in baseline. This file is used to cheek to be sure (e
data acquisition system was configured properly and to check for jections that
have been misinterpreted as changes ol baseline by the program.

There are two files on the hard drive. The CAQCATESTIME is a4 text file
that contains all the time-voltage pairs for the entire run in ASCH Format. Witk the
aid of a word processor program data from this lile can be scanned for missed injee-
tions or time-voltage data can be copied to the .RIT file when for one reason of
another a peak is missed by the program.

The other file on the C drive is the C:\QC2Z\TEMITINMI file, This is o binary
lile containing all the time-voltage data for the run. This is the lile used by Program

1 to temporarily store the experimental data.

As was previously mentioned, both of these files on the O drive nre replaced

each time program 1 is run.
B.2.2. STORAGE OF TIME-VOLTAGE PAIRS BY LABMASTER

In order to understand how the time-voltage puirs are recovered from e data
files saved by Labmaster after the run it is necessary to understamd the duta files
themselves. The channel.0 file contains no time information as sueh so encl voltage
is assumed to he one time increment (=1/frequency) after the previous voltage, The
frequency of sampling is obtained from the setup file.

To provide an elementary form of datu compression Labmaster does no sitnply
save digitized voltage in the channel0 file. Luabmaster saves voltages i 16 Lin
words. The last 12 bits represent the voltage, thus there are 2' or 1096 distinet vel-
tages possible as output from the A/D converter. The first -t bits of the 16 bit word
represent the number of times (less 1, since O=1 time, 15=16 titmes) wn identical vol-

tage was obtained in successive samples up to a maximmm of 27 or 16 times.

At time 0 Labmaster places a false 0 voltage in the channel.0 file so this vilue
is ignored during the analysis of the data.
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13.2.3 DETECTION OF INJECTIONS

Injections wre detected by program 1 during the first pass through the data by
domg o linear regression on 10 points then using that regression to predict a value
lor the next, eleventh, daty point. If there is an injection then the value predicted
will be higher than the observed value. In this case the predicted value of th: 16"
point is compared to the observed value. If the predicted value is still much higher
than the observed value then a change of baseline is assumed and the data in the
region near the change of bascline is saved in the ABV file. If the predicted value of
the 16 point is ahout Lhe same as thc actual value than an injection has been
lound. To determine the time that injection occurred, successively the 15”’, 144,
l:i“l, and 12 points are checked to find the first one where the predicted voltage is
higher chan the observed voltage. The injection then is assumed to have occurred at

the average of this time and the time of the lollowing voltage.

Since this method requires 10 data points preceding the point to be checked it
cannot be used at the start of the run so a different method is used here. The first
data point at time O is arbitrarily set to voltage=0 by Labmaster thus it is ignored

and the following method is used for the third through eleventh points.

The voltage of the third through eleventh points are compared to the voltage of
the second data point. If any of them (say the i+ one) is substantially less than the
second and the voltage ol the (i—f-[i)Lh point is comparable to the second ore then
there is an injection and the actual time of injection is obtained in a manner similir
to that mentioned before, otherwise observations 2 to 11 are used for the regression
to predict the voltage of the 12" data pair as described above and the entire file is
cheeked Tor injections,

While checking the data for injections the data is also checked to be sure it
does not go offseale, and the time-voltage pairs are written to the two temporary
files on the hard drive. I the data does go offscale, an appropriate warning message
is added to the display and the RLT file and the erroncous time-voltage data is not
entered into the temporary files on the C disk. Once all the data has been checked

for injections the binary data file TEMP.TMP is rewound and analysis of the data

lor peaks begins,
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B.2.4 DETECTION OF PEAKS

In order to identify peaks the program does a linear PREression o siece

WV
groups ol Ny data peints (usually 10 points at w time) where N, represents e
number of points within a group 'fsually six of such grovps, Noare considered at gy
time., I the slopes of the last Ne groups checked, wsuanlly four, monotomeaily
increase theu the heginning of a peak has beer found: otherwise the first group of
data points is divearded, the next group added and the nrovedure repeated. The

variable N represunts the number of groups that are checked Juring the analysis,

Once the beginning of a peak is identified all the duta from the N Rrops s

written to the .RLT file. Including the first (Ng=NG) groups gunrantees some lise-
line data as well as peak data. The problem now becomes how to decide where Lhe
peak ends. Several methods were tried with the following being the most consistont
First of all the maximum voltage in the peak was determined. Ny data pairs at o
time are read and the voltage of each compared to the previous maximum voltape,
Il at least one of the Np data points exceeds the previows maximum voltage then (e
next Np data points are read and so on. If none of the Np voltiges exeeed the preyi-
ous maximum voltage then the peaks maximum voltige is assamed to be the previ-
ous maximum. The time from the start of the peak to the maximum voltage 1s then
calculated, multiplied by 2.2 and added to the time the puak started; this tine

defines the end of the peak.

Once all the peak data has been identified and saved in the RIS file, the firt

program is complete.
B.3: Program 2

B.3.1 AN OVERVIEW

The second program hus two input liles. The muain input hle is vhe RLF il pey-
erated by program 1 with temperature, pressure and miss flow rate dutn added G, it
through the use of a word processor which saves the file in ASCI format,

The second input file is the binary channel.] file contarning the differentinl pres-

sure cell data. The way in which this data is stored is the swme s tUe ehapnel 0 lile:
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There are two output liles produced by program 2. The A:NAD\Ruaname REG
lile contuins purameter values and residual sum of squares for each iteration of the
Marquardt regression as well as experimental dnd calculated values lor the final

fivted values,

The AADAB\Runname DAB file is the main output file. It contains calenlated
diffusivity, various peak information, (height, retention time, mean square error of
fit), and the criterion for determining whether the Tuaylor model is valid lor each
peak. 1t also gives the experimentally observed values for the viscosivy and density

of the solvent,

B.3.2 CALCULATION PROCEDURE

'rogram 2 first needs the conditions for the run from the RLT file. The tubing
wength and dinmeter are then corrected for pressure and thermal effects. Next Lhe
mass flow rate data s read {olleved by the injection times.

Tie yeak dntn comes next. Chapter 6 describes the Marquard! regression and
the inethod of obuaining initicl estimates of the parameters to be determined, so this
will not be repeated liere. The regression parameters on each iteration are output-

ted to the REG file as are the calculated aind observed values for the final fitted

equation.

Once all the peak duta has been fitted, the density of the solvent is calculated
from the retention time and the mass flow rate. From the data in the channel.l file
the average differential pressure during the measurement of the mass low rate is cal-
culated and the viscosity of the solvent calculated. After caleulation of the values of

the Taylor criteria for each peak the final results of the run arc outputted to the
RLT file.
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APPENDIX C

TABULATED VALUES OF THE DENSITIES OF THE SOLVENTS AS A

FUNCTION OF TEMPERATURE AND PRESSURE (TABLES C.1A-
C.1D)
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Table C.1A

Fileet, of Pressure on the Density of Methanol

Pressure Density (kg-m_'s)
(M) 0815 K | 32315 K | 348.15 K
0.22 T8LG
0.2.4 708.6
0.3% 7851 7322
3.20 T87.0
1.59 737.7
5.34 763.2
82 767.0
N.R( 741.6
$.06 791.
12,65 7925
14.20 7708 7489
13.75 793.7
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Table C.1B

Effeet of Pressure on the Density of Ithanol

. -3
P ressure Density (kg-m )

(MPa) | 20215 K | 323,15 K | 318,05 K

0.35
0.13
0.55 THOG
117 U N
1.3
1.65 7365
3.4l 763.3
3.82

4.82 7106

-1
o
i
1
X =

=1
o
-1
[

41.96 7393
7.86 766.7
8.10 790.1
R.82 TI15.
10.37
13.31
13.48 770.9
13.62 719.9

~1

oy

1S

w
~1
=1
=
iz




Table C.1C

Pulfeet, of Pressure on the Density of Propanol

) Density (kg-m-z)
ressure
(MPa) | 20815 K | 32315 K | 34815 K
0.85 799.5
1.05 T3
1.33 777.6
§.52 754.3
3.20 755.9
3.2 756.2
3.90 8013
1.30 779.6
6.10 T58.7
7.20 $03.0
8.62 7829
8.93 762.1
1286 766.7
12.93 786.2
12.97 R05.7
13.33 7846
1-1.28 $06.4
16.6-4 R07.6
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Table C.1D

Effeet of Pressure on the Density of Butanol

. -4
Pressur Density (kgm )
Tressure

(MPa) 0805 IN | 32305 K | 34ss N

0.52 i

0.59 TH20

—
1
o
=1
/]
o
=

1.-10 7629
1.5 63
1.46 627
1.69 R07.9

4.0 808.8
4.31 787.1
5.33 7881
7.08 THR.0)
7.13 THN 2
8.20 810.1
8.30 s510.1
B.IT 790.6

12.39 7921
12.39 7925

13.01 7928
13.10 B11.7
1-1.66 813.0
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APPENDIX D

PLOTS OF THE DENSITIES OF THE SOLVENTS AS A FUNCTION OF
TEMPERATURE AND PRESSURE (FIGURES D.1A-D.1D) AND TABU-
LATED VALUES OF THE PERCENT INCREASE IN DENSITY AND
THE CHANGE IN DENSITY WITH PRESSURE OF EACH SOLVENT
AND AT EACH TEMPERATURE (TABLE D.1)
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Figure D.1A: Effect of Pressure on the Density of Methanol at
298.13, 323.13, and 348.15 K
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Figure D.1B: Effect of Pressure on the Density of Ethanol at
208.15, 323.15, and 348.15 K
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Figure D.1C: Effect of Pressure on the Density of Propanol uy,
208.15, 323.15, and 348.15 K
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Figure D.1D: Effect of Pressure on the Density of Butanol at
298.15, 323.15, and 348.15 K
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Table D.1
Effect of Temperature and Pressure on the Density and Molar Volnme
of the Solvents NMethanol, Ethanol. Propanol. and Butanol

by =g
| TN, " P l’—'—’—‘—]mu =
SOLVEN' : p. AP
() (kgm™) | (kgm™ ("0) (kgem ™ N
METHANOL | 298.15 786.2 TJ25 0.81 045338
(32.04)* (0.0408)** | (0.0404)** (0.79)** (3205107
323.15 760.3 769.8 1.25 0.953
(0.0:421) (0.0416) (1.23) (5.2x107")
348.15 734.0 T46.7 1.73 [.270
(00437) | (0.0429) (1.70) (Tix107%)
ETHANOL | 298.15 786.1 792.2 0.78 0611
(46.07) (0.0586) | (0.0582) (0.77) (45x1077%)
323.15 762.1 TT0.4 1.10 0835
(0.0605) (0.0508) (1.08) (6,52 107"
348.15 7364 T48.5 1t 1207
(0.0626) (0.0615) (1.62) (0.1 x107")
PROPANOL | 298.15 800.2 805.3 0.63 0.501
(60.1) (0.0751) (0.07-16) (0 53) (L8107
323.15 778.1 784.8 0.86 0.669
(0.0772) (0.0766) (n.85) {6.6107")
3-18.15 75-4.6 765.6 145 1.096
(0.0796) | (0.0785) (1.11) (i7"
BUTANOL 298.15 807.7 811.6 0.19 (L3096
(74.1) (0.0017) (0.0913) (0.48) (141077
323.15 785.8 7922 0.81 0631
(0.0943) (0.0935) (0.81) (7.6%10°7)
348.15 763.1 772.9 1.2% (.9%0)
(0.0971) | {0.0959) (1.27) (12.3%107%)

* molecular weight, kg-kmol™

3 -1
** value based on molar volume, m” kmol

- 153 -



APPENDIX E

TABLES E.A TO E.4C LIST THE TABULATED VALUES OF THE
INFINITE DILUTION DIFFUSION COEFFICIENTS OF EACH SOLUTE.-
SOLVENT PAIR AT EACH TEMPERATURE AND AS A FUNCTION GF
PRESSURE

- 184 _



Table E.1A

Effect of Pressure on the Diffusivity in Methanol
at 209815 X

Lt . ' ..l‘l -I -
Diffusivity (x10 «
Pressura Tusivity { mos )

(NP Lo, [N, | o,

0.22 3.3 1.98 (PR
0.22 318 LUy 6.1
0.48 2.006 ang
(.43 203 H.64
0.38 3.52
0.38 34
317 3.72 2.20
317 3.70
3.20 3.58 2
3.20 3.34 1.87
9.06 311
12.65 213
12.65 3.23
13.27 3.29
13.27 3.20

DT e Lo

13.75 .50 i
13.75 4.26




Table E.

1B

[ufleet of Pressure on the Diffusivity in Methanol
al 323,15 N
. .. =4 2 -1
Diffusivity (x10 "m"s )
["ressure
(MPy) | Gl | NH, | Co,
(1.2 4.67 3.17 3.7
0.2 1.80 3.19 | 873
5.34 1.63 332 | 84T
.34 4.35 3.28 3.62
8.72 4.50 3.08 | 815
8.2 3.04 811
13.20 +.32 3.25 8.16
13.20 1.39 321 ] 819
Table E.1C
Elfeet of Pressure on the Diffusivity in Methanol

at 348.15 Ix

Dilfusivity (xlO_gmz-s_l)

Pressure

{MPa) C,H, NH, CO,
0.38 G.50 4.89 I11.74
0.38 6.26 4.82 11.30
4.79 6.16 4.7 11.03
4.79 6.14 4.78 11.21
8.86 4.52 10.87
3.86 5.91 4.46 10.91
13.20 591 4.56 17,62
13.20 5.86 4.55 10.83
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Table E.2A

Effect of Pressure on the Dilfusivity in Ethanol
at 298,15 K

A T
P | Diffusivity {(x10" "m™s"")
ressiure

(MPw) | Cullg | CH, | N | co,

a 2
1.3-4 227 252 BN R A
1.3 227 252 LS| h3d
3.76 2.58
AR 2.60
3.89 221
3.96 222

-1.03 1.5
4.10
41.20 .41
.20 .43

—
-1
s

8.10 2.19 2.59 12

8.10 223 252 1.5 ]2
13.00 237

13.20 234

-
-

13.314 2.07 2.36 1.59 b7
13.34 2.03 239 1.73
13.52 2.12
1.£.23 2
15.41 4.02
15.41 4.0
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Table E.2B

Islfect, of Pressure on the Diffusivity in Ethanol
at 32315 KK

Diffusivity (xl()_gm"'-s_l)
P roessure
(MPu) C,Hy | CyHg | NI, CO,
0.55 3.08 | 5.66
0.55 306 | 5.7
117 3.6 3.78 273 1 6.97
1.17 3.38 3.82 280 | 7.01
3.1 3.60
315 3.55
3.51 3.27
3.62 2.74 G.18
3.62 3.28 2.69 6.27
7.09 3.62
7.96 3.66
LIRS 3.24
358 3.4
4.20 6.06
9.20 6.00
10.37 3.02 263 | 6.17
10.37 295 3.49 270 | 508
1334 3.69
13.452 3.63
13.75 5.7
13.55 2.581 5,70
13.82 2.65
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Table E.2C

Lhlect of Pressure on the Diffusivity in {5thanol
at 348,15 X

Diffusivity (x10 " m"s"")
Pressure
(MPa) CHy Gl | €O,
(.38 .19
0.38 5574 G.0y2
0.3 1,82 5.5 TN
1.65 5.0 518
1.65 3.26 5.05%
182 18] 5,25 7.6
182 4.72 5.2 7.0
5.27 5.05
5.31 5.01
5.51 w22
5.51 K129
8.82 4,306 IR Tar
£.82 4.0 527
13.62 4.65
13.72 4.17 1,673
13.72 4.23
BN 7.07
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Table E.3A

Flleet of Pressure on the Dilfusivity in Propanol
at 208.15 K

Diflusivity (xthgm"‘-s_l)
Pressure
(MPa) | O, | eyl | NH, | co,
0.8 1.58 1.82 3.08
().85 1.57 1.78 3.01
1.1% 1.57 1.75 3.09
[.18 1.59 1.8 3.10
1.19 1.64 1.86 1.02 | 3.1
1.19 1.64 1.92 1.06
3.90 1.81
3.94 1.84
4.00 1.58
4.05 1.58
4.11 2.
1.15 3.02
420 0.96
425 0.98
7.20 1.74
V.27 1.74
737 1.55
741 1.55
7.51 0.96
7.59 0.98
7.66 2,88
7.50 2.86
0.72 1.78
9.84 1.80
9.95 1.46
10.02 1.48
10.12 295
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Table E.3A (Cont.)

Elfeet of Pressure on the Dillusivity in Propanol
at 20815 K

L -0 w1
p Ditlusivity (x107 " m™s" )
ressitre

Oy,

(NP CyHg | O | N

10.20 2914
16.23 080
10.24 087
12.97 1.70
13.17 1.72
13.37 L.52
13.55 .19
13.77 0.84
13.95 088
1-4.09 1.67
1-1.32 1.66
1152 1.53
14.73 0.92
1497 0.9
1381 1.53
15.83 1.57
1618 0.9
16.61 0.9s
16.64 1.63
16.86 1.70
17.90
18.13

oot
x r
et I
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Table E.3B

[<ITeet of Pressure on the Diffusivity in Propanol
at 323,15 K

Diffusivivy (xl()_grn."-s"l)
Mressitre
(NE) Cyly | CHg | NI, | €0,
1.05 2.62 2.88 1.95 | 443
1.33 2.73 308 | 154 } .37
1.33 2.68 3.02 1.73 | 136
1.32 2.92
4.37 3.09
112 250
115 2.67
LY 1.75
1.53 1.76
1.61 1.40
+4.65 4.25
8.62 2.59 286 | 1.61 | 4.30
9.75 2.28
1041 2.54
12.17 1.25
12.51 1.18
1317 2.60
13.89 2.62
1106 2.62
1427 1.60
1 1.65
tON 4.12
L .72 4.00
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Table E.3C

Efleet of Pressure on the Dilfusivity in PPropanol
at 348015 IX

. TR
) Ditfusivity (x107 'm™s )
Pres are

IMPa) |t | ety | N, | o,

-£.01 1.33 3.15
1.09 3.2
3.20 4.33
3.26 4.31
3,42 3.32
348 3.96 AN
3.1 4.05
3.8 387
3.51 3.15
3.955 14
3.55 .51
6.10 416
6.27 351
6.33 3.69
6.-14 3.1
6.5 404

R8N0 4.07
¥.03 -4.04

9.49 3.01
9.58 2.9%
9.75 fi.
89.75 .33
11.86 3.52 4.05 287 | 6.00
12.86 3.41 3.93 2.5
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Table E.4A

FATeet of Pressure on the Diffusivity in Butanol
av 298.15 K

Diffusivity (xlO—Uul;s_l)
Pressure
(NI C,Hy § CHy | NH, | €O,
0.17 1.53
017 1.58
017 1.35
0.7 1.54
017 1.52
0.17 1.52
0.20 1.55
0.27 1.27 0.752 [ 2,19
0.27 1.29 0.751 | 2.20
0.27 1.27 0.749
0.31 1.33
0.31 1.38
0.31 1.32
0.31 1.36
031 1.33
0.31 1.32
0.31 1.32
.31 1.32
0.32 1.31 0.719 2,30
0.32 1.34 0.703 | 2.21
0.32 1.29 0.722 | 2.22
0.33 1.52 0.717
.33 1.35 | 0.718
0.33 1.54 0.723
0.31 1.32
0.34 1.34
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Table E.4A (Cont.)

Lffeet of Pressure on the Diffusivity in Butanol
at 293.15 K

Diffusivity Lxl()_"lm:‘h_ll

Pressure

(M) Cllg | Gyl | NI, | co,
3.1 1.31
3.1 1.28
3.1 1.29
.11 1.2%
3.55 1.28 153 | 0988 | 2.
3.5 1.34 148 0.7%4 20
3.55 1.29 119 0782 | 219
4.24 149
4.2 147
4.2 118
6.31 1.28 1.-h
G.31 1.17 115
6.3] 1.28
.11 L3
6.1 1.k
.11 1.
6.78 1.30 142 | 0711 | 2.09
6.78 1.30 143 0513 1 204
G.78 1.32 0.735 | 2,09
7.69 1.24 0.699 | 207
7.69 1.24 0.698 | 2.08
7.69 1.25 0.702 24
8.0 1.23
8.04 1.24
8.04 1.22




Table E.4A (Cont.)

ifleen of Pressure on the Diflusivity in Butanol
at 298.15 K

o -9 1 -l
P Diffusivity (x10 "m™s )
ressire

(MPa) | Gl | el | N, | co,

<.

RNT 1.26

8.87 1.22

B.87 1.25

8.87 1.22

8.93 1.32 1.40

8.03 1.30

49.06 143 | 0.745 | 2.24
9.06 1.44 0.733 2.30
.06 1.41 0.730 | 2.24
9.13 1.38

49.13 1.37

9.13 1.39

1110 1.35

11.10 1.37

11.13 1.23
11.13 1.20
1113 1.19
14.06 1.22 1.39 | 0.676 | 2.07
14.06 1.24 1.0 | 0.700 | 2.1

1.1.06 1.19 0.619 | 2.05
15.27 1.32

1527 1.33

1541 1.08

15.-11 1.18

1541 1.16

15.41 1.16

1741 1.28
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Table .48

Efeet of Pressure on the Diffusivity in Butanol
at 32315 K

Pressure Dillusivity (x10 " m*s™")
(MPa) | Cllg | Gl | NI | o,
0.17 1.620
0.17 1.641
0.17 1745
0.22 1.817
0.22 246 | 1812
0.33 3.068
0.33 3.7
0.3 2.15 2.46 1.677 3.73
0.34 248 1.730 3.0
0.34 216 | 244 | 1.648
3.60 1.710
3.60 1.702
3.60 1.686
3.60 1.647
3.76 3.72
3.76 3.56
3.76 3.55
3.76 3,55
3.07 3.59
3.97 3.59
.72 2,29
472 2,29
472 2.30
472 2.31
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Table E.4B (Cont.)

Effect of Pressure on the Diffusivity in Butanol
at 323.15 X

Pressure Dillusivity (x10™"m"s™")
(MPa) | CHg | Gyl | NI, | cO,
4.84 2.35
4.84 2.36
4.84 2.36
5.13
5.13 97
5.13 231
2.13 2.15 2.35
5.38 228
5.38 223
5.38 227
5.38 2,18
5.49 2.25
5.69 3.50
5.69 3.50
7.48 2.14
7.48 2.16
7.8 2.17
8.55 1.99 1.523
8.53 1.481
8.55 2.12 2.16 1.495
8.55 2.08 2.32 1.478
0.06 3.8
9.06 3.40
9.06 3.35
9.13 3.39
9.13 3.55
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Table E.4B (Cont.)

iffect of Pressure on the Diffusivity in Butanol
at 323.15 K

Pressure Diffusivity (x10°m*s™")

MPa) C,H; | CH NH CO,
3'ls atls 3

10.93 2,12
10.93 2.07
10.93 2.08
10.93 2,09
11.06 1.429
11.06 1.429
11.06 1.435
11.06 1444
11.10 3.40
11.13 3.44
11.13 3.41
11.13 3.48
11.62 1.385
11.62 1.417
11.62 1.253
11.62 1.361
12.31
12.31
12.31 2.
12.72 1.84 2.15
12,72 2.03
12.72 1.97 213
13.84 2.02
13.584 2.03
13.84 2.06
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Table E.4B (Cont.)

Effect of Pressure on the Diffusivity in Butanol
at 323.15 K

Pressure Diffusivity (x10™°m*s™")
(MPa) | Gy | C;Hg | NH, | CO,
15.27 3.32
15.27 3.33
15.27 3.39
15.51 [.352
15.51 1.324
15.89 1.90

15.89 1.87

15.89 1.83

15.89 1.87

16.58 1.89

16.58 1.86

16.58 1.79

16.58 1.86
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Table E.4C

Effect of Pressure on the Diffusivity in Butanol
at 348.15 K

Pressure Diffusivity (xlO_ng-sul)

(MPa) | C;H, | CH, | NH, | co,
0.26 4.83
0.26 4 .86
0.26 4.78
0.26 4.88
0.27 4.82
0.27 4.86
0.27 +4.86
0.76 3.17 3.53 2.637
0.76 3.23 3.58 2.846
0.76 3.18 3.56 2753
2.99 4.77
2.99 4.86
2.99 4.83
3.93 477
3.93 4.82
3.93 4,72
571 3.15
5.71 2.99
5.71 3.07
5.72 3.01 3.34
572 3.11 3.47 2.710
5.72 3.06 3.48 2.624

|
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Table E.4C (Cont.)

Effect of Pressure on the Diffusivity in Butanol
at 348.15 K

R -g_2 -]
Diffusivity (x10" m"™s ')
Pressure

(MPa) | CHg | CH, | NH, | co,

5.82 1.67
5.82 4.69
5.82 4.6
5.82 4.57
7.93 2.99

7.93 3.09

7.93 3.03

8.00 3.40

8.00 2.98 3.32
8.00 3.07 3.35

[ S -
«lo~]
—
(=]

8.00 3.26
8.00 3.00 3.40 | 2,579
8.75 3.24
8.75 3.0
8.75 3.32

9.96 2.97 3.34
9.96 2.97 3.36
9.96 3.02 3.25
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Table E.4C (Cont.)

[iffeet, of Pressure on the Diffusivity in Butanol
at 318.15 K

Pressure Diffusivity (xlo‘nmﬂ.s'l)

(MP2) | GgH, | Culi; | NH, | CO,

-

10.05 4.42
10.05 4.50
10.05 4.54
11.62 3.13 321 | 2.680

11.62 2.84 3.24 | 2257

11.62 291 3.34 | 2.655

12,72 3.30

12,72 3.17

12,72 3.24

13.11 288 3.31 408

9
13.41 2.91 3.17 | 2.5490
25

13.41 291 3.17 .506
13.82 4.36
13.82 4.34
13.82 4.30
13.82 4,22
1.1.06 2.92 2.449
14.06 2.92 2,571
14.06 2.70 3.24 | 2.431
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APPENDIX F

TABULATED VALUES OF THE PERCENT INCREASE IN MOLECU.
LAR DIFFUSIVITY AND THE CHANGE IN DIFFUSIVITY WITH PRES-

SURE AT EACH TEMPERATURE AND FOR EACH SOLUTE-
SOLVENT PAIR (TABLES F.1A-F.1D)
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Table F.1A

Effect of Temperature, Pressure, and Solute
on Diffusivity in Methanol

- 9 9 AD o
| TEmP. | D, x10° { D,x10 100 | ==x10
SOLUTE - D, AP
(K) (mﬂ-s_l) (m2 s (%) (mﬂ-s_l-MPa._l)

COo, 298.15 5.904 5.565 5.74 -0.0339
Cylt, : : : -
C,H, 3.507 3.305 5.76 -0.0202
NI, 2.049 2.149 -4.88 -+0.0100
CO, 323.15 8.550 8.165 4.50 -0.0385
e, i . i )
C,li, 1686 | 4.391 6.29 -0.0295
Nil, 3.198 3.188 0.31 -0.0010
CO, 348.15 11.363 10.745 5.4+ -0.0618
Gyl : . : :
¢, 6284 | 5890 6.27 -0.0394
Nli, 1.796 4.524 5.67 -0.0272
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Table I'.1B

Effect of Temperature, Pressure, and Solute
on Diffusivity in IEthanol

g 9 Dl - D‘.‘ AD 0
TEMP D, x10 D, x10 100 —x 10
SOLUTE - D, AP
(K) (mc's_l) (mg-s"l) (99) (m:-s—l-l\-ll’n"')
CO.;, 208.15 +4.329 4.133 1.H27 000496
C,H, 2,267 2118 6.57 -0.01-40
NH, 1.745 1.621 7.11 00124
COQ 323.13 6.296 5.845 7.16 -0.0:15}
C,H, 3373 | 2.968 12.00 -0.0405
NH, 2.850 2.691 5.58 -0.0159
Co, 34815 | 7.863 7.602 3.32 20,0261
C,H, 5.676 4899 13.69 00777
C;H, 5.135 4.290 16.406 008145
NH,4 - - .
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Table F.1C

Efleet of Temperature, Pressure, and Solute
on Diflusivity in Propanol

" g a | [Pr=De AD g
e I'EMP. D, x10 D, x10 — 160 —x10
SOLUTE : D, AP
(K) | (m"s7) | (m®s™" (%) (m"s™-MPa™")

CO._. 20815 3.0:41 2,903 4.54 -0.0138
C,H, 1.823 1.715 5.92 -0.0108
CyHy 1.585 1.528 3.60 -0.0057
NH, 0.999 0.932 6.71 -0.0067
CO._, 323.15 1.387 4.169 497 -0.0218
C,li, 3.005 2.652 11.74 -0.0353
C,4Hg 2,665 2,512 5.74 -0.0153
NH, 1.739 1.640 5.71 -0.0099
COo, 348,15 6.560 6.047 7.82 -0.0513
Cyll, 4.369 3.986 8.76 -0.0383
C,Hy 3.985 3.511 11.88 -0.0173
NH, 3.230 1.899 10.26 -0.0331
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Table F.1D

Effect of Temperature, Pressure, and Solute
on Diffusivity in Butanol

.| TEMP. | D, x10" [ D, x10° ——-—Dl D: ]1():) 20 x 10"
SOLUTE - D, Al
(K) (n’s™") | (m*s™) (€0) (s~ M
CO, 298.15 2.170 2112 2.67 -0.0058
C,Hg 1.510 1.369 .34 -0.0141
C,H, 1.307 1.209 7.50 -0.009%
NH, 0.737 0.703 1.56 -0.0031
Co, 323.15 3.632 3.391 6.63 -0.0241
C;H, 2.394 2.099 12,34 -00206
C,llg 2.148 1.952 9.11 0010
NH, 1.680 1.396 16.9 -0.0284
co, 348.15 4.810 1.396 8.61 -0.0:4 14
CjHg 3,516 3.253 748 -0.0263
C,H, 3.162 2.924 7.53 00288
NH, 2.727 2.523 7.48 -0.0204
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APPENDIX G

FIGURES G.1A TO G.10 SHOW THE RESULTS FOR THE MOLECU-
LAR DIFFUSIVITIES AS A FUNCTION OF PRESSURE FOR ONE

SOLUTE-SOLVENT PAIR WITH TEMPERATURE AS A PARAMETER
IN EACH GRAFPH
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APPENDIX H

FIGURES H.1A TO H.1H SHOW THE RESULTS FOR THE MOLECU-
LAR DIFFUSIVITIES AS A FUNCTION OF PRESSURE FOR THE FOUR
SOLUTE GASES PROPANE, PROPENE, CARBON DIOXIDE AND
AMMONIA IN £ACH ALCOHOL SOLVENT AND AT ONE TEMPERA-
TURE IN EACH CASE
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APPENDIX I

FIGURES L1A TO L1H COMPARE THE EFFECT OF PRESSURE ON
THE MOLECULAR DIFFUSIVITY OF EACH OF THE SOLUTES IN ALL
OF THE SOLVENTS METHANOL, ETHAN OL, PROPANOL AND
BUTANOL AND AT ONE TEMPERATURE IN EACH CASE
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APPENDIX J

TABULATED VALUES OF THE VISCOSITY OF METHANOL AND
ETHANOL AS A FUNCTION OF TEMPERATURE AND PRESSURE
(TABLE J.1), AND THE APPLICATION OF THE RHS MODEL TO THIS
DATA (FIGURES J.1A TO J.3B)
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T T

Preliminary viscosity data were measured for the solvents methanol and
ethanol at 298,15, 323.15, and 348.15 K and up to pressures of 14 MPa. The methed
of measuring the viscosities of the solvents involved the use of conditioning capillary
columns, the viscosity capillary column, and a differential pressure transducer. The
conditioning columns, one of length L=0.50 m, and internal diameter 1.D.=0.000127
m, and the other of L=12 m and 1.D.=0.00076 m served the purposes of preheating
the solvent before it flowed into the capillary viscometer and damping out pressure
fluctuations. The differential pressure transducer was installed across the capillary
viscosity column of L=0.50 m and 1D.=0.000127 m to measure the pressure drop
across the column. The measured pressure difference, AP, across the length of capil-
lary tubing was then used to obtain the viscosity of the solvent using the Hagen-
Poiseuille equation. These measurements were done upstream of the dispersion
column and were thus a part of the apparatus used to measure the diffusivities and
the densities. Data were collected for the solvents methanol and ethanol only

because the differential pressure cell was not installed until late into the experi-
ments.

A linear regression analysis was performed on the measured viscosities as given
in Table J.1 and it was observed that the viscosity increased linearly with increasing
pressure and decreased with increasing temperature. Although the effect of tempera-
ture on viscosity was more significant than the effect of pressure, an F-test showed

that the effect of pressure on viscosity was significant at the 95% confidence level.

Figure J.1 shows the comparison of the viscosity data for methanol and ethanol
from this work to that reported by Daubert and Danner {1985). It was observed
that there was excellent agreement between the measured and the reported viscosi-
ties (<1%). The ethanol results at 348.15 and 323.15 K have somewhat higher
errors; however, these were the first two runs after installation of the DP cell and
the baseline measurement had not stablized. The consistency of the remzining data
confirms that this method can be reliably used for the 2ccurate determination of Lhe
viscosity of a liquid.

It was Batchinski who first observed the linear relationship between viscosity

and molar volume for 87 non-associated liquids. Batchinski found that this relation-
ship could be expressed as:

(3.37)
\

]
- =B-
n 7
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Table J.1

Effect of Pressure on the Viscosity ‘of Methanol and Ethanol

Pressure

(MPa)

Viscosity (x 10™*Pa-s)

Methano!

Ethanol

298.15 K

323.15 K

348.15 K

208.15 K

323.15 K

348.15 K

0.26
0.40
0.59
1.21
1.39
1.74
3.22
3.87
4.82
5.36
8.15
8.74
8.87
8.89
10.42
12.68
13.22
13.23
13.52
13.68
13.77

6.05

wn
oo
n

3.77

4.29

3.05

3.10

10.87

11.14

11.50

5.46

5.62
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In equation (3.37), B is 2 constant dependent on the solvent, Vg is the molar volume
of the solvent, and V, is the hypothetical liquid molar volume 2t infinite viscosity,
that is, where the fluidity is zero at its melting point. Thus Vg = Vn was considered
by Batchinski to be the free volume that exists between the fiuids actual volume and

the close packed volume at its meiting point.

Hildebrand (1971) applied this reasoning to diffusivity and postulated a similar
relationship:
Vg —Vp
b=B.— (3.28)
\f
D
In equation (3.38), V,, is equivalent to V,I and is the molar volume of the solvent at
its melting point at which the diffusivity is zero, and Vp — Vp, is the free volume

available [or the diffusion process.

Both Batchinski and Hildebrand showed no theoretical basis for their equation.
However the RHS theory and the resultant equations show a similar linear behaviour

and with a theoretical basis for the equations.

Dymond (1974) first demonstrated, using the RHS theory, the linear relationship
between the ratio of seli diffusivity to the square root of temperature and the molar
volume for the sclf diffusivity data, which is represented by:

B g
=F. ‘[a(V~bV) (3.25)

VI il

Recalling that the limiting case of the infinitely dilute diffusion coefficient of A in B
is:

Pa8 : .
VT = g-(\ —bV,)=8-{Vg = Vp) (3.35)
Dymond developed an analogous expression for viscosity:

VT
T =8(Vg = V) (J.1)

A similar linear relationship between D;B/VT and Vg was obtained for the solutes

carbon dioxide, propane, propene and ammonia in the solvents methanol, ethanol,
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propanol and butanol. This confirms the predictions of the RHS theory of equation
(3.35). A similar linear relationship between VT/g and Vg was obtained for the sol-
vents methanol and ethanol, as shown in Figures J.2A and J.2B, respectively. This

linear relationship again confirms the predictions of the RHS theory for viscosity
(equation J.1). )

The development of equations (3.35) and (J.1) using the RHS theory and the
linear relationship between V_'I-‘/n and Vg and D:B and Vj suggest that & and v,
are analogous to £ and Vp. The values of Vn were observed to be close to the values
of Vp, for methanol and ethanol. Although the RHS theory predicts that these two
values should be exactly the same, the differences could be due to experimental error
or imperfections in the RHS theory near the melting point. Another possible and
more likely reason why V #V, is that Vp was found to be a function of the proper-
ties of the solute and the solvent while V, is a function of the properties of the sol-
vent only. Also since 8 for the diffusivity data was found to be temperature depen-
dent, the dependency of & on temperature was examined. It was found that ' was
significantly dependent on temperature with Vn=pr. Thus the point of intersection
on the x-axis where the fluidity is equal to zero occurs at the molar volume of the
solvent at its triple point, Therefore this explains why V”=th#VD. Figures J.3A

and J.3B show this temperature dependency of # for methano! and ethanol, respec-
tively.
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