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Abstract

The reduction of interfacial tension between acidic oils and floodwater is one of the
most important mechanisms of improved oil recovery. It is well known that a low
transient interfacial tension is necessary for oil mobilization and that a low equilibrium
interfacial tension is needed for its displacement. The predominant improved oil
recovery techniques for achieving low interfacial tension are micellar and alkaline
flooding. In such processes, surfactant is adsorbed at the oil-water interface and
thus reduces the interfacial tension. In the micellar process, commercial surfactants
are injected along with the aqueous phase, while in the alkaline process surfactants
are produced in situ by a reaction between acids in the oil and the injected alkaline
reagents. In the alkaline process, interfacial tension is transient in nature reflecting
the formation of surfactants in situ, their accumulation at the oil/water interface and
their subsequent desorption to the bulk oil and aqueous phases. All of these processes
are influenced by the age of the interface. The use of an externally added surfactant
to augment the activity of an in-situ produced surfactant can lead to an improvement
in interfacial activity of the alkaline reagent. That is, addition of a small quantity of
surfactant to the alkaline solution may cause interfacial tension to become lower than
with either surfactant or alkali alone.

A precise and accurate method for monitoring and measuring both equilibrium
and transient interfacial tension is required to help to develop an understanding of
the mechanisms that govern the interactions of acidic oils with alkaline reagents.
For this purpose, an apparatus has been set up based upon the drop shape method
for the determination of surface and interfacial tension. The system, built around
a commercial pendant drop instrument, incorporates computer based video image

analysis. A user interface is designed and built around the core subprograms. A
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filter routine using a global threshold is used along with an edge-tracing algorithm
for the extraction of the drop profile. The tension is calculated using the Jennings
and Pallas algorithm. The time needed to digitize a single frame and to extract the
drop profile coordinates is about 0.5 s. This instrument is capable of determining the
surface tension of water of 72.00 £ 0.07 mN/m. The method is suitable for measuring
transient as well as dynamic interfacial tensions. Furthermore, the relaxation of
surfactant adsorption layers at the oil/water interfaces can also be inferred from the
data obtained.

An interfacial activity model has been proposed to predict the equilibrium inter-
facial tension behavior of acidic oil/surfactant enhanced alkaline systems. The model
accounts for a mixed interfacial layer and mixed micelle formation by the un-ionized
acid, ionized acid and added surfactant. A mass action model is adopted for the
formation of micelles in conjunction with an empirical relationship for the change
in the critical micelle concentration. The agreement between model predictions and
experiments is satisfactory and confirms the mechanisms proposed. For the acidic
oil/alkali system, it has been found that un-ionized acid adsorbs onto the interface
along with ionized acid resulting in lower interfacial tension, but fails to produce ul-
tralow values because the ionic strength is not constant as the pH varies. Also it has
been found that the acid lowers the interfacial tension of the oil/added surfactant sys-
tems by simultaneously adsorbing onto the interface, and reducing the critical micelle
concentration of the added surfactant.

A mechanistic interpretation of the transient interfacial tension behavior arising
from the interactions between acidic oil and surfactant-alkaline systems is developed.
A physico-chemical model based on Nernstian theory of convective diffusion, Lang-
muirian theory of interfacial sorption kinetics, and electrical interfacial phenomena
has been invoked to account for the transient nature of the interfacial tension. The
results show that the interfacial tension arising from the interaction of these chem-
ical combinations with model acidic oil exhibits a marked transient behavior. The
magnitude of interfacial tension variations changes not only with alkali concentration
but also with surfactant concentration. The pe'rtiﬁent sorptive rate constants that

characterize transient behavior are precisely estimated by correlating experimental
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interfacial tension data with the proposed model. A very good overall agreement is
obtained between the experimental values and those predicted by the model-

A better model of the interactions between acidic oil and alkaline solutions has
been developed. The improvement is mainly related to an enhanced measurement
technique, modification of the adsorption isotherms as well as the kinetic cquations,
These changes allow for the co-adsorption of the un-ionized acid along with the ionized
acid at the interface. The extension of the acidic oil/alkaline model to incorporate
an additional pre-formed surfactant is also accomplished by a modification of the

adsorption isotherms, of the micellar relationship and of the resulting equilibria.
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Claims to Original Research

Clainis to Original Research

This thesis contains both experimental and theoretical studies on the interfacial be-
havior of acidic oil/surfactant-enhanced alkaline systems. During these studies model

oil has been used. Following is a brief summary of the claims to original research.

1- Development of a new instrument:
The classic pendant drop tensiometer has been automated for precise and accu-
rate measurement of surface and interfacial tensions. The modified instrument
is capable of accurately measuring tensions in the range from 0.2 mN/m to
72 mN/m. The instrument is suitable for monitoring transient interfacial ten-
sion, dynamic interfacial tension as well as relaxation phenomena at oil/water

interface.

2- Acquisition of new experimental data:
Experimental equilibrium and transient interfacial tension data have been mea-
sured for acidified oil/surfactant-enhanced alkaline systems. It has been found
that an optimum concentration exists, with respect to both alkali and added
surfactant, at which the interfacial tension is the lowest. The optimum con-
centration has been found to be dependent on acid concentration. The effects
of micellization on transient interfacial tension behavior have been investigated

and discussed. |
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3- Development of new interfacial activity models:
Equilibrium and transient interfacial activity models for the interactions be-
tween acidified oil and surfactant-enhanced alkaline systems have been formu-
lated theoretically. An approach based on the concept of a mixed interfacial
layer Las been used in conjunction with the extended Langmuir adsorption
isotherm to account for simulta.rieous adsorption of un-ionized acid, ionized acid
and added surfactant. Furthermore, mixed micelle formation involving these

three components has been taken into account using regular solution theory.

4- Validation of the interfacial activity models:

It has been found that the lowering of the interfacial temsion of the acidic
oil/caustic systems is a result of the simultaneous adsorption of un-ionized and
ionized acid at the interface. It has also been found that the lowering of interfa-
cial tension of the acidified oil/surfactant-enhanced alkaline systems is a result
of the simultaneous adsorption of un-ionized acid, ionized acid, and added sur-
factant at the interface. The un-ionized and ionized acids have been found to
reduce the critical micelle concentration of the added surfactant and the inter-
relationship of their effects has been expressed quantitatively.



CLAIMS TO ORIGINAL RESEARCH vii

Publications and Presentations

The work presented in this thesis has been published. or is in the process of being

published as described below:
Full Refereed Journal Papers:

1-

5-

7

Touhami, Y., Hornof, V., and Neale, G.H.: Interfacial Tension Behavior of
an Acidified Oil/Surfectant System, Journal of Colloid and Interface Science,
166, 506 (1994).

Touhami, Y., Hornof, V., and Neale, G.H.: Mechanisms for the interactions
between acidic oils and surfactant enhanced alkaline solutions, Journal of Colloid
and Interface Science, 177, 446 (1995).

Mollet, C., Touhami, Y., and Hornof, V.: A comparative study of the effect
of ready-made and in-situ formed surfactant on interfacial tension measured by

drop volume tensiometry, Journal of Colloid and Interface Science, 178, 523
(1996).

Mollet, C., Touhami, Y., and Hornof, V.: Influence du dodecyl sulfate de
sodium sur la tension interfactale du systéme biphasé butanol-eau, Canadian
Journal of Chemical Engineering, 74, (April 1996).

Touhami, Y., Hornof, V., and Neale, G.H.: A modified pendant drop method
for interfacial tension measurement, Colloids and Surfaces A-Physicochemical
and Engineering Aspects, 112(1), 31 (1996).

Touhami, Y., Hornof, V., and Neale, G.H.: Transient Interfacial Tension in
Acidic Oil/Surfacteni Enhanced Alkaline Systems, Part I: Ezperimental Stud-

ies, in preparation.

Touhami, Y., Hornof, V., and Neale, G.H.: Transient Interfacial Tension in
Acidic Oil/Surfactant Enhanced Alkaline Systems, Part 2: Theoretical Studies,

in preparation.

Conference Presentations:




CLAIMS TO ORIGINAL RESEARCH viti

1- Touhami, Y.: Tension interfaciale dynamique entre les huiles lourdes et les
solutions alcalines, ACFAS Conference, Sherbrooke, Quebec, May 21-24, 1991.

2- Touhami, Y., Hornof, V. and Neale, G.H.: Surfactant enhanced alkaline pro~
cess: Mechanisms of the acidic oil-elkaline interactions, 42nd Canadian Chem-

ical Engineering Conference, Toronto, Ontario, October 18-21, 1992.

3- Hornof, V., Mollet, C., and Touhami, Y.: Effect of ready-made and in situ-
Jormed surfactant on oil/water interfacial tension measured by drop volume ten-
stometry, 79th Canadian Society for Chemistry Conference and Exhibition, St.
John'’s, Newfoundland, June 23-26, 1996.

4- Touhami, Y., Hornof, V. and Neale, G.H.: Adsorption of binary surfactant
at the oil/water interface, 46th Canadian Chemical Engineering Conference,
Kingston, Ontario, September 29-October 2, 1996.



Contents

1

Abstract

Acknowledgments

Claims to Original Research
Table of Contents

List of Tables

List of Figures

Nomenclature

Introduction

11 Motivation . . . . . .« v o v i it e e
1.2 Objectivesof thisStudy . .. ..........

Literature Survey

Enhanced Oil Recovery Practice
2.1 Oil Recovery Processes . . . ... ........
22 AlkalineQil Recovery. . . .. ..........

------------

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

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

XV

xvi



CONTENTS

2.2.1  Mechanisms of Alkaline Qil Recovery . . .. ... ... ....
2.2.2 Interfacial Tension Reduction . . ... ... ..........
223 Wettability Reversal . . . ... ... ... ... ......
224 Emulsion Formation .. ................. ...
23 Oil Chemistry . . . ¢ ¢ . i i it i it e e e e

3 Mechanisms for Acidic Oil/Alkaline Interactions
3.1 Interfacial Tension Phenomena. . . . . .. .. ... .. ... . ....
3.2 Models of Acidic Oils/Alkaline Interactions . . . . ... ........
3.21 Equilibrium Considerations ... ................

3.2.2 Non-equilibrium Considerations . . .. ... ... .......
3.3 Surfactant-Enhanced Alkaline Systems .. ...............

II Experinﬁental Aspects

4 Design of the Automated Pendant Drop
41 Imtroduction . . . . . .. . . ... e e
4.2 Automated Pendant Drop Tensiometry . . .. ... ..........
421 ExperimentalSet-up ................. . .....
422 TemperatureControl . . . ... .. .. ... v i vn..
4.2.3 Density, Viscosity and pH Measurements . . . . .. ......
43 DropShapeAnalysis . . . ... .. ... i it itnmnnn..
4.3.1 Image Segmentation by Thresholding . . .. ..........
4.3.2 Edge Detection by Contour Tracing . . . . ... ........
4.4 Determination of Interfacial Tension from Drop Profiles . . . . .. ..
4.4.1 Descriptionof the Drop Profile .. .. .............
442 Determination of the Interfacial Tension . . ..........
4.5 Other Methods for Interfacial Tension Measurement . . . . .. .. ..
4.5.1 Spirning Drop Tensiometer . ... ...............

4.5.2 Drop Volume Tensiometer . . . .. ... ....ouuueenon..

5 Experimental Procedures

o W -]

10
11

13
13
15
15
18
20

22

23
23
27
27
31
31
33
33

38
38
41
49
49
51

52



CONTENTS

5.1 Experimental Design

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

511 Materials . . . ... L e e
5.1.2 Experimental Strategies . . ... ...... ... .......
5.2 Computer Program for Instrument Control . . . .. ... ... .. ..

Calibration of the Pendant Drop Apparatus

5.3.1 Instrument Parameters . . . . . . v v v i bt i e e e e

-------------

......

II1 Models for Acidic Oil/Alkaline Interactions

6 Development of the Equilibriurn Model

6.1 Model Formulation . . .. ... .. ... ..t unn.un
6.2 Interfacial Reactions and Equilibria

-------------------

6.3 Model Equations . .. .. ... ... .. .0,
6.3.1 Relating Anion Concentrations to the Equilibrium Parameters
6.3.2 Micellar Relationships . ...... ... ... ... ......
6.3.3 Relating Anion Concentration to Interfacial Tension . . . . . .

6.4 Solution of the Equilibrium Model Equations . . . . ... ... .. ..
6.4.1 Specification of the Model Parameters ... ..........
6.4.2 Model Constant Evaluation . ..................

6.4.3 Solution Methodology . ... ... ...............

7 Development of the Transient Model

7.1 Model Formulation . ... ... ... ... ...... ... .....
7.2 Interfacial Reactions and Related Equilibria . ... .. .... .. ..
7.3 Sorption Kinetic Rate Equations . ... ................
74 SpeciesBulk Tranmsport . . . ... .......... .. .........
7.5 Differential Equations of the Transient Model . ... ... .... ..

Solution of the Transient Mode! Equations
8.1 Specification of the Model Parameters . ... ... ..........

xi

84
84
88
88
90
91

94



CONTENTS

8.1.1 Calculation of the Equilibrium Sorptive Constants . . . . . . .
8.1.2 Calculation of the Boundary Layer Thicknesses ... .....
8.1.3 Calculation of the Diffusion Coefficients . ...........
8.2 Solution Methodology .. ... ... ... ... ... ... . ... ..
8.2.1 Diffusion Kinetics of the Acidified Oil/Water System . . . . .
8.2.2 Diftusion Kinetics of the Acidified Qil/Caustic System
8.2.3 Diffusion Kinetics of the Oil/Surfactant System ...... ..
8.24 Diffusion Kinetics of the Acidified Oil/Surfactant System . . .

v Results and Discussion

9 Equilibrium Model Analysis
9.1 Acidified Oil/Alkaline Systems . ... ... e e e e e
9.2 Acidified Oil/Surfactant Systems . .. .................
9.3 Acidified Oil / Surfactant and Alkaline Systems . . ..........

10 Transient Model Analysis: Data

101 Gemerality . . . v v v e e
10.2 Interfacial Tension Data for Acidified Qil / Alkaline Systems . . . . .
10.2.1 Acidified Qil/Water Systems . . . . .. .............

10.2.2 Acidified Oil/Alkaline Systems . . . . ... ...........

10.2.3 Interfacial Tension Data Measured by the Drop Volume and
Spinning Drop Tensiometers . . . ... .............

10.3 Interfacial Tension Data for Acidified Qil / Surfactant Systems . . . .
10.4 Interfacial Tension Data for Acidified Oil / Caustic and Surfactant
Systems . . .. ... e

11 Transient Model Analysis: Predictions

11.1 Evaluation of the Model Constants . ... ...............

xii

95
96
97
98
99
100
101
102

103



CONTENTS xiii

11.1.2 Diffusion Coefficients . . . . .. .. .. ... ... .. .... 184
11.1.3 Boundary Layer Thicknesses . . . . .. .. ... ........ 186
11.2 Estimates of the Kinetic Rate Parameters . . .. ... ... ..... 187
11.2.1 Kinetic Rate Constants of Linoleic Acid . ... ........ 187
11.2.2 Kinetic Rate Constant of Sodium Dodecyl Sulfate . . . . . .. 196

11.3 Model Predictions

11.3.2 Model Predictions for the Acidified Qil/Sodium Dodecy! Sulfate

and Caustic Mixture Systems . . . . ... ... ........ 205

12 Conclusions and Recommendations 212
121 Conclusions . . . . . . . i i i et e e e e e 212
122 Recommendations . . . . & ¢ttt i i i it e e e e e e e 215
Bibliography 216

V Appendices 227
A Micellar Relationships 228
A.l Expression for the Micellization Constant . . . . .. ... ... .... 228
A.2 Critical Micellar Concentration Relationships . .. ... ... .. .. 230

B Fractional Surface Coverage 232
C Physical Properties of Solutions 235
C.1 Properties of Aqueous Solutions . . . . . . ... ............ 235
C.2 Propertiesof Oil Solutions . . . .. .. ... .. .. ... ... ... 237

D Transient Interfacial Tension Data 238
D.1 0.1 mol/m3 Acidified Oil / Surfactant- Alkaline Systems . ...... 238

D.1.1 .Eﬁ'ects of Added Surfactant Concentration . . ... ... ... 238



CONTENTS

D.1.2 Effects of Caustic Concentration

-----------------



List of Tables

5.1 Results for the surface tension of pure water at 25°C . ... ... .. 60
5.2 Averaged results for the surface tension of pure waterat 25°C .. .. 6l

5.3 Interfacial tension of hydrocarbons against pure water at 25 °C and

per cent deviation from reported literature values [71,72,110}.. . . . . 61
9.1 Adsorption parameters for un-ionizedacid. . . . .. ... ... ... 110
9.2 Adsorption parameters for jonized acid. . . . . . ..o .. a ... 110

9.3 Adsorption and micellization parameters for sodium dodecyl sulfate. 120

9.4 Effects of acid concentration on adsorption and micellization parame-

ters for sodium dodecylsulfate. . . . ... .. ... ... ..., .. 120

9.5 Effects of NaOH concentration on adsorption and micellization param-
eters for sodium dodecyl sulfate. . . ... ... .. .. .. ...... 120

11.1 Sorptive equilibrium constants of un-ionized and ionized acid at differ-
ent initial acid concentrations. . . . . . .. .. ... ... 183

11.2 Sorptive equilibrium constant of sodium dodecyl sulfate at the oil/water
mterface. . . . . . . i i e e e e e e e e e e e 184
11.3 Diffusion coefficients of thesolutes. . . .. .. ... .. ... ..... 185
11.4 Kinetic rate constants of un-ionized acid. . . . . .. ... ... .... 191
11.5 Kinetic rate constants of jonized acid. . . . .. ... .. ........ 191
' 11.6 Kinetic rate constants of sodium dodecyl sulfate . . ... ...... 197

C.1 Densities of the caustic/sodium dodecyl sulfate solutions at 25°C (g/cm®)236
C.2 pH of the caustic/sodium dodecyl sulfate solutions at 25°C . . . .. 236
C.3 Physical Properties of Oleic Solutions at 25°C . ... ... ... .. 237



~ List of Figures

4.1

4.2
4.3
4.4
4.5
4.6
4.7

5.1
5.2

5.3
3.4

3.5

5.6

5.7

Schematic diagram of the pendant drop tensiometer and the video

image digitization system. . ... .... ... ... ... e e 29
Detailsofthecell . . . .. .. v i i ittt 30
Gray levelhistogram. . . . . . . . . .. . i o 34
Chaincodes.. . . .« . it it i it ettt i e e 36
Flowchart for the TRACER edge detection. . ... .......... 37
Representation of the drop profile coordinate system . ...... .. 40
Illustration of the computation of residuals. . . .. ... ... .. .. 44
Calibrationplot. . . ... ... ... ... ..., e 57
(2) Typical experimental versus calculated drop profile and (b) the

corresponding residualplot. . . .. ... ... ... .00 58
Surface tension of pure water versus timeat 25°C. . . . . .. ... .. 60
Transient interfacial tension for acidified paraffin oil ( 1 mol/m?®) against

sodium dodecyl sulfate solution ( 7Tmol/m®). ... .......... 64

Transient interfacial tension for acidified paraffin oil (1 mol/m>) against
sodium dodecy! sulfate (2 mol/m?} and NaOH (2.5 mol/m?®) solution. 64
Transient interfacial tension for acidified paraffin oil (10 mol/m?) against
NaOH (25 mol/m®*) solution. . . . . . . . .o v it i e u . 65
Dynamic experiment: volume, surface area and interfacial tension change

as functions of time for a drop of paraffin oil expanding in sodium deo-
decyl sulfate solution (Tmel/m3). . . . ... .............. 67



LIST OF FIGURES

5.8

6.1

9.1

9.2
9.3

9.4
9.5

9.6
9.7

9.8
9.9
9.10
9.11
9.12

9.13
9.14

Transient relaxation experiment: Volume, surface area and interfacial
tension change as functions of time for a drop of paraffin oil expanding

in sodium dodecy! sulfate solution (7 mol/m?)

--------------

Schematic of the acidic oil/alkali interactions

--------------

Experimental and predicted interfacial tension of acidified paraffin oil
against distilled water.
Residualplot. . .. ... .. ... ... ... .. ... . .
Experimental and predicted interfacial tension of acidified oil [caustic
solutions at different acid concentrations
Residual plot
Experimental and predicted interfacial tension as a function of sodium
dodecyl sulfate concentration for paraffin oil/water system
Residualplot. . .. ... ... ... ... .. ....... ... . .
Experimental and predicted interfacial tension as a function of sodium
dodecyl sulfate concentration for decane/water system. .. ... ...
Residualplot. . ... .. ... . .. .. ... ... . .. . ..

Experimental and predicted interfacial tension as a function of sodium

--------------------------

-----------------

--------------------------------

-------

dodecyl sulfate concentration for paraffin oil /water system at different
acid concentrations. . . . . ... ... ... L.
Residualplot. . ... ... ... ... ... ...... ... .
Effect of acid concentration in the aqueous phase on the normalized
critical micelle concentration of sodium dodecyl sulfate. . . .. . ..
Experimental and predicted interfacial tension as a function of sodium
dodecy! sulfate concentration for paraffin oil/water system at different
NaOH concentrations. . .........................
Residualplot. . .. ....... ... .. ........... . ... .
Effect of NaOH concentration on the critical micelle concentration of

sodium dodecyl sulfate. . . . ... ....................

Xvii

(=]
o

=l
| I

108
108

109
109

114
114

115

115

116

116

117

118
118



LIST OF FIGURES

9.15

9.16

10.1
10.2

103

10.4

10.5

10.6

10.7

10.8

10.8

10.10

10.11

10.12

10.13

Effect of NaOH concentration on interfacial tension for 0.1 mol/m®
acid concentration at different sodium dodecyl sulfate concentrations.
Effect of NaOH concentration on interfacial tension for 1.0 mol/m?

acid concentration at different sodium dodecyl sulfate concentrations.

Transient interfacial tension behavior of paraffin oil against water. . .
Equilibrium interfacial tension of paraffin oil against aqueous NaQH
SOJULIONS. . . . i i i i e e e e e e e e e
Transient interfacial tension behavior of paraffin oil acidified with 0.1
mol/m? linoleic acid against water. . ... ...............
Transient interfacial tension behavior of paraffin oil acidified with 1
mol/m?® linoleic acid against water. . ... ... .. ... ... ...
Transient interfacial tension behavior of paraffin oil acidified with 10
mol/m3 linoleic acid against water. . . .. ... ... ... ......
Transient interfacial tension behavior of paraffin oil acidified with 100
mol/m?® linoleic acid against water. . ... ... ............
Transient interfacial tension behavior of acidified paraffin oil against
water at different acid concentrations. . . . ... ... ... ... ...
Comparison between transient interfacial tension of acidified paraffin
oil against water obtained by the pendant drop (em) and the drop
volume (0,0) tensiometer. . ............ e e e
Transient interfacial tension behavior of 0.1 mol/m®acid .. ... ..
Transient interfacial tension behavior of 0.1 mol/m? acid in paraffin oil
against 2.5 mol/m® NaOH solution. . . .. ...............
Transient interfacial tension behavior of 0.1 mol/m? acid in paraffin oil
against 12.5 mol/m® NaQH solution. . .................
Transient interfacial tension behavior of 0.1 mol/m? acid in paraffin oil
against 25 mol/m® NaOH solution. . ..................
Transient interfacial tension behavior of 0.1 mol/m?® acid in paraffin oil
against 125 mol/m® NaOH solution. . . . . . ... ... ... .....

xviii

123

129
130
130
i3i
131
136
136
137

137



LIST OF FIGURES

10.14

10.15

10.16

10.17

10.18

10.19

10.20

10.21

10.22

10.23

10.24

10.25

10.26

10.27

Transient interfacial tension behavior of 0.1 mol/m3 acid in paraffin oil
against 250 mol/m® NaOH solution. . . . . .. ... ..........
Transient interfacial tension behavior of 1 mol/m3 acid in paraffin ol
against 0.25 mol/m® NaOH solution. . ... ........ ... ...
Transient interfacial tension behavior of 1 mol/m? acid in paraffin oil
against 1.25 mol/m® NaOH solution. . .. ...............
Transient interfacial tension behavior of 1 mol/m3 acid in paraffin oil
against 2.5 mol/m® NaOH solution. . . . ... .............
Transient interfacial tension behavior of 1 mol/m3 acid in paraffin oil
against 5 mol/m® NaOH solution. . . . .. .. ... ..........
Transient interfacial tension behavior of 1 mol/m3 acid in paraffin oil
against 12.5 mol/m® NaOH solution. . .................
Transient interfacial tension behavior of 1 mol/m? acid in paraffin oil
against 25 mol/m>® NaOH solution. . ..................
Transient interfacial tension behavior of 1 mol/m® acid in paraffin oil
against 125 mol/m® NaOH solution. . . . . ... ... .........
Transient interfacial tension behavior of 10 mol/m? acid in paraffin oil
against 0.25 mol/m® NaOH solution. . .................
Transient interfacial tension behavior of 10 mol/m?® acid in paraffin oil
against 1.25 mol/m® NaOH solution. ... ...............
Transient interfacial tension behavior of 10 mol/m? acid in paraffin oil
against 2.5 mol/m® N2aOH solution. . . .. ...............
Transient interfacial tension behavior of 10 mol/m? acid in paraffin oil
against 12.5 mol/m® NaOH solution. . .................
Transient interfacial tension behavior of 10 mol/m? acid in paraffin oil
against 25 mol/m® NaOH solution. . ..................
Dynamic interfacial tension behavior of acidified paraffin oil against
aqueous NaOH solutions as measured by the drop volume tensiometer.

Acid concentration: (2): 0.1, (b): 1.0 and (c): 10 mol/m3. ... ...

Xix

139

139



LIST OF FIGURES XX

10.28

10.29

10.30

10.31

10.32

10.33

10.34

10.35

10.36

10.37
10.38

10.39

10.40

Comparison between transient interfacial temsion of acidified paraf-
fin oil against caustic solutions obtained by the pendant drop (eme)
and the drop volume (0,0,0) tensiometer. (2) 0.1 mol/m?® acid / 12.5
mol/m*® NaOH, (b) 1 mol/m?® acid / 2.5 mol/m® NaOH, and (c) 10
mol/m3acid / 1.25 mol/m®* NaOH. . ... .. ... ......... 150
Comparison between transient interfacial tension of acidified paraffin
oil against caustic solutions obtained by the spinning drop (e), the
pendant drop (m), and the drop volume (#) tensiometer. (a) ! mol/m®
acid / 25 mol/m® NaOH and (b) 10 mol/m? acid / 25 mol/m3 NaOH. 151
Transient interfacial tension behavior of paraffin oil against sodium
dodecyl sulfate solutions. . . . . . ... ... ... L. ... .. 155
Transient interfacial tension behavior of 0.1 mol/m?® linoleic acid in
paraffin oil against sodium dodecy! sulfate solutions.. . . ... .. .. 156
Transtent interfacial tension behavior of 1 mol/m?® linoleic acid in paraf-
fin oil against sodium dodecy! sulfate solutions. . ........... 157
Transient interfacial tension behavior of 10 mol/m® linoleic acid in
paraffin oil against sodium dodecyl sulfate solutions.. . . ... .. .. 158
Transient interfacial temsion behavior of 100 mol/m?® linoleic acid in
paraflin oil against sodium dodecyl sulfate solutions. . . . . ... ... 159
Effect of linoleic acid concentrations on transient interfacial tension
behavior of paraffin oil against 6 mol/m?® sodium dodecyl sulfate solution.160
Effect of linoleic acid concentrations on transient interfacial tension

behavior of paraffin oil against 7 mol/m® sodium dodecyl sulfate solution.160

Phase diagram for micellization. . . ... ... ............. 162
Transient interfacial tension behavior for 1 mol/m? acid in paraffin oil
against 1 mol/m® sodium dodecy! sulfate and NaOH solutions. . . . . 167
Transient interfacial tension behavior for 1 mol/m? acid in paraffin oil

against 2 mol/m?® sodium dodecyl sulfate and N2OH solutions. . . . . 168
Transient interfacial tension behavior for 1 mol/m?® acid in paraffin oil

against 3 mol/m® sodium dodecyl sulfate and NaOH solutions. . . . . 169



LIST OF FIGURES

10.41
10.42
10.43
10.44
10.4.5
10.46
10.47
10.48
10.49

10.50

111
11.2
11.3
114

11.5

Transient interfacial tension behavior for 1 mol/m® acid ia paraftin oil
against 4 mol/m?® sodium dodecyl sulfate and NaOH solutions. . . . .
Transient interfacial tension behavior for 1 mol/m? acid in paraffin oil
against 5 mol/m® sodium dodecyl sulfate and NaOH solutions. . . . .

Transient interfacial tension behavior for 1 mol/m® acid in paraffin oil

Transient interfacial tension behavior for 1 mol/m?® acid in paraffin oil
against 7 mol/m® sodium dodecyl sulfate and NaOH solutions. . . . .
Transient interfacial tension behavior for 1 mol/m® acid in paraffin oil
against sodium dodecyl sulfate and 0.25 mol/m® NaOH solution. . . .
Transient interfacial tension behavior for 1 mol/m? acid in paraffin oil
against sodium dodecyl sulfate and 1.25 mol/m® NaOH solution. . . .
Transient interfacial tension tehavior for 1 mol/m? acid in paraffin oil
against sodium dodecyl sulfate and 2.5 mol/m® NaOH solution.

Trapsient interfacial tension behavior for 1 mol/m?® acid in paraffin oil
against sodium dodecyl sulfate and 12.5 mol/m® NaOH solution. . . .
Transient interfacial tension behavior for 1 mol/m® acid in paraffin oil
against sodium dodecyl sulfate and 25 mol/m® NaOH solution. . . . .
Transient interfacial tension behavior for 1 mol/m? acid in paraffin oil

against sodium dodecyl sulfate and 125 mol/m® NaOH solution. . .

Experimental and predicted transient interfacial tension of acidified
paraffin oil against distilled water. (a) 1 mol/m® and (b) 10 mol/m?® .
Experimental and predicted transient interfacial tension of 1 mol/m®
acidified paraffin oil against 0.25 mol/m?® NaOH solution. . . . . . . .
Experimental and predicted transient interfacial tension of 1 mol/m3
acidified paraffin oil against 1.25 mol/m® NaOH solution. . . . .. ..
Experimental and predicted transient interfacial tension of 1 mol/m?
acidified paraffin oil against 2.5 mol/m® NaOH solution.. . . . . . ..
Experimental and predicted transient interfacial tension of 1 mol/m?
acidified paraffin oil against 5.0 mol/m® N2OH solution.. . . ... ..

xXN1

170

171

173

175

176



LIST OF FIGURES

11.6

1.7

11.8

11.9

11.10

I1.11

11.12

11.13

11.14

11.15

11.16

11.17

11.18

Experimental and predicted transient interfacial tension of 1 mol/m3
acidified paraffin oil against 12.5 mol/m® NaOH solution. . . . .. ..
Experimental and predicted transient interfacial tension of 1 mol/m?
acidified paraffin oil against 25 mol/m® NaOH solution. . . . . .. ..
Experimental and predicted transient interfacial tension of paraffin oil
against 1 mol/m3 sodium dodecyl sulfate solution. . . . ........
Experimental and predicted transient interfacial tension of paraffin oil
against 4 mol/m® sodium dodecyl sulfate solution. . . . . ... .. ..
Experimental and predicted transient interfacial tension of paraffin oil
against 5 mol/m® sodium dodecyl sulfate solution. . . . .. ... ...
Experimental and predicted transient interfacial tension of paraffin oil
against 6 mol/m® sodium dodecyl sulfate solution. . . . .. ... ...
Experimental and predicted transient interfacial tension of paraffin oil
against 7 mol/m® sodium dodecyl sulfate solution. . . . ........
Experimental and predicted transient interfacial tension of paraffin oil
against 8 mol/m® sodium dodecyl sulfate solution. . . . .. ... ...
Experimental and predicted transient interfacial tension behavior of 1
mol/m® acidified paraffin oil against 1 mol/m? sodium dodecyl sulfate
solution. . . ... e e
Experimental and predicted transient interfacial tension behavior of 1
mol/m?® acidified paraffin oil against 3 mol/m? sodium dodecyl sulfate
solution. . . .. .. L
Experimental and predicted transient interfacial tension behavior of 1
mol/m?® acidified paraffin oil against 4 mol/m? sodium dodecyl sulfate
solution. . . . . ... e e e e
Experimental and predicted transient interfacial tension behavior of 1
mol/m?® acidified paraffin oil against 5 mol/m® sodium dodecy! sulfate
solution. . . .. ...,
Experimental and predicted transient interfacial tension behavior of 1
mol/m® acidified paraffin oil against 6 mol/m? sodium dodecyl sulfate

solutlon. . . . . . . e e e e e e e

xxil

198

198

199

199

200

200

202

202

203

203

204



LIST OF FIGURES

11.19

11.20

11.21

11.22

11.23

11.24

D.1

D.2

D.3

D.4

D.5

D.6

Experimental and predicted transient interfacial tension behavior of 1
mol/m® acidified paraffin oil against 7 mol/m® sodium dodecyl sulfate
solubtion. . & . . e e e e e e
Experimental and predicted transient interfacial tension behavior of 1
mol/m? acidified paraffin oil against 1 mol/m® sodium dodecy! sulfate
and {a) 1.25 mol/m® (b) 2.5 mol/m® NaOH solutions. . . . . ... ..
Experimental and predicted transient interfacial tension behavior of 1
mol/m? acidified paraffin oil against 2 mol/m® sodium dodecyl sulfate
and (a) 0.25 mol/m® , (b) 1.25 mol/m® and (c) 2.5 NaOH solutions. .
Experimental and predicted transient interfacial tension behavior of 1
mol/m? acidified paraffin oil against 3 mol/m® sodium dodecyl sulfate
and (2) 0.25 mol/m® , (b) 1.25 mol/m® and (c) 2.5 NaOH solutions. .
Experimental and predicted transient interfacial tension behavior of 1
mol/m?® acidified paraffin oil against 4 mol/m® sodium dodecyl sulfate
and (a) 0.25 mol/m® and (b) 2.5 mol/m® NaOH solutions. . ... ..
Experimental and predicted transient interfacial tension behavior of 1
mol/m* acidified paraffin oil against 5 mol/m® sodium dodecyl sulfate
and (a) 0.25 mol/m® and (b) 1.25 mol/m® NaOH solutions. . . . . . .

Transient interfacial tension behavior for 0.1 mol/m?® acid in paraffin
oil against 1 mol/m> sodium dodecyl sulfate and NaOH solutions. . .
Transient interfacial tension behavior for 0.1 mol/m® acid in paraffin
oil against 4 mol/m? sodium dodecyl sulfate and NaOH solutions. .

Transient interfacial tension behavior for 0.1 mol/m® acid in paraffin
oil against 5 mol/m® sodium dodecyl sulfate and NaOH solutions. . .
Transient interfacial tension behavior for 0.1 mol/m® acid in paraffin
oil against 7 mol/m? sodium dodecyl sulfate and NaOH solutions. . .
Transient interfacial tension behavior for 0.1 mol/m?® acid in paraffin
oil against sodium dodecyl sulfate and 0.25 mol/m* NaOH solution. .
Transient interfacial tension behavior for 0.1 mol/m® acid in paraffin

oil against sodium dodecyl sulfate and 1.25 mol/m® NaOH solution. .

XXl

20

207

208

210

211

239

240

241

242

244

245



LIST GF FIGURES xXxiv

D.7  Transient interfacial tension behavior for 0.1 mol/m® acid in paraffin
oil against sodium dodecyl! sulfate and 2.5 mol/m® NaOH solution. . . 246

D.8  Transient interfacial tension behavior for 0.1 mol/m? acid in paraffin

oil against sodium dodecyl sulfate and 12.5 mol/m® NaOH solution. . 247
D.9  Transient interfacial tension behavior for 0.1 mol/m® acid in paraffin
oil against sodium dodecy! sulfate and 25 mol/m® NaOH solution. . . 248

D.10 Transient interfacial tension behavior for 0.1 mol/m® acid in paraffin

oil against sodium dodecyl sulfate and 125 mol/m® NaOH solution. . 249



Nomenclature

Symbols

aspect ratio, (M:/M.)

surface area per molecule, A2
minimum surface area per molecule, A2
numerical aperture

surface area, m?

rate constant for adsorption, m/s
rate constant for desorption, 1/s
molar concentration, mol/m?

critical micelle concentration, mol/m?
resolution of digitization, m

capillary diameter, m

dielectric constant of water

diffusion coefficients, m?/s

F' test statistic for a confidence interval of 1 — ¢

premicellization constant (Eq. 6.28)
gravitational acceleration (9.80662 m/s?)
Boltzman constant (1.38x 1076 erg/°C)
rate constant for adsorption, m/s

rate constant for desorption, 1/s
sorptive rate constants, m3/mol.s

salt distribution coefficient

dimerization constant, m*/mol



NOMENCLATURE

f\'.' ) KL_,'
Kiax

Koanrx

K o, X

Kpx

K ﬂ? aX "K.Je oS
K

|

2:555???&55

N, Ca
AP

T

Rl ? RZ
R(“tﬂ

SSR

xxvi

sorptive equilibrium constants, m®/mol

salt equilibrium constants, mol/m?

acid partition coefficient defined by Eq. A.21

lonized acid partition coefficient defined by Eq. A.22
acid ionization constant, mol/m3

salt equilibrium dissociation constants, mol/m®
micellization equilibrium constant

acid distribution ratio oil/water

ionic product of water, mol?/m®

number of carbon atoms in the acid

molecular weight

concentration of charges in the micelle

concentration of Na bound to the micelle
concentration of micelle

X magnification, pixel/m

Z magnification, pixel/m

aggregation number

Avogadro number (6.02x10%3)

capillary number

pressure difference across the interface, N/m?
objective function

residual, m

ges constant (1.986 cal/mol.°C or 8.314x107 erg/mol.°C)
radius of the spinning drop, m

radius of curvature at the origin, m

radii of curvature, m

net rate of adsorption/desorption of species i, mol/m?.s
dimensionless arc length

arc length, pointer in the tracer algorithm

sum of squares of the residuals

time, s



NOMENCLATURE

(z,2)
X.2)
(Xo, Zo)
z;

Subscripts

ads

cal

e

exp

HA, HX
m

maz
NaX,NaS
g-

x-

i

temperature, °K

n X n orthogonal matrix

vector defined by Eq. 4.14

Darcy velocity, m/s

molar volume of solute m®/mol

critical volume, m?

phase volume, m®

transformed U matrix

volume of the droplet, m3

free energy per methylene group, cal/mol

total energy of desorption per mole, cal/mol
mole fraction of un-ionized acid in the mixed micelle
mole fraction of ionized acid in the mixed micelle
dimensionless drop profile coordinates

drop profile coordinates, m

apex coordinates, m

ionic valency

adsorbed

calculated

electrolyte

experimental

acid species

micellar, mixture
maximum

inactive soap species or salts
added surfactant

in-situ generated surfactant
phase identity



NOMENCLATURE

Greek letters

W™ R R R

€D, €Q, €R, €V
7

We

g a4 6 o o D

XXV

number of phases

oil phase

observed coordinates
sublayer

aqueous phase, water

association parameter defined by Eq. 7.17
fraction of unbound sites on the micelles
U parameter (=1/7)

drop shape

Nernstian film thickness, m

electronic charge (4.774x 10-1° es.u.)
convergence criteria for JP optimization algorithm
interfacial tension, mN/m

initial interfacial tension, mN/m

overall surface concentration, ‘moll m?

surface concentration of adsorbed species, mol/m?
saturation adsorption, mol/m?

wavelength of the illumination light, m

kinematic viscosity, ¢S

viscosity, mPa.s

assoclation parameter in the Wilke-Chang correlation
constant scale factors

speed of rotation, rpm

partial derivative

turning angle, degrees

confidence limit

mathematic constant, 3.1415927...

surface pressure, mN/m



NOMENCLATURE

Gouy-Chapman interfacial potential, mV
interfacial potential, mV

density, g/cm®

surface charge density, standard deviation
variance of the residuals at the minimum

total fractional surface coverage

fractional surface coverage for adsorbed specie ?
contact angle, degrees

fraction of the surfactant in the micelle form

xNix



Chapter 1

Introduction

1.1 Motivation

The study of the properties of liquid-fluid interfaces has far reaching practical impli-
cations in many areas of modern science and technology. Engineering applications of
surface science range from the study of interfacial interaction in biological cell mem-
branes to crude oil recovery and include areas such as catalysis, coating, dispersion,
flotation of minerals, lubrication, as well as biomedical and pharmaceutical applica-
tions. Interfacial tension is the single most accessible experimental parameter that
describes the thermodynamic state and structure of an interface.

The principal field of interest in this laboratory is improved oil recovery. The
mechanism of improved oil recovery depends to a great extent on the properties of
the crude oil/water/rock interfaces. Understanding the physics of these interfaces
including capillary forces, contact angle, wettability, viscous forces and interfacial
tension is a necessary prerequisite towards understanding the mobilization of the oil
trapped in a porous rock and improving the oil recovery. The above variables can be

combined in a dimensionless parameter called the capillary number, N¢., defined by:

__m
NCc - 7cose (1'1)

1
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where p is the aqueous phase viscosity, v is the Darcy velocity, © is the contact angle
and 7 is the oil-water interfacial tension. In oil recovery processes, capillary forces
cause large quantities of oil to be left behind in well-swept zones of water flooded
oil reservoirs. Capillary forces are the consequence of interfacial tension between the
oil and aqueous phase and they resist externally applied viscous forces. Lowering of
the interfacial tension helps recover additional oil by reducing these capillary forces.
Several processes based on this principle have been designed, the most important
ones being micellar [1] and alkaline [2] flooding. In both processes, surfactants are
adsorbed at the oil/water interface and thus reduce the interfacial tension. In the
micellar process, ready-made surfactants are injected with the aqueous phase, while
in the alkaline process, surfactants are produced in-situ by the reaction between the
naturally occurring acidic components in the oil and the alkaline reagents. In order to
achieve a significant oil recovery, ultra-low to low interfacial tension ( 10~2-1 mN/m)
is required [3-5].

Transient (i.e. time dependent) interfacial tension has been observed repeat-
edly in crude oil/alkaline systems [3,5-9]. In some cases interfacial tension increased
dramatically as the oil/water interface aged. This was attributed to the migration
of soap products away from the interface after their initial formation. The effect of
transient interfacial tension behavior on oil recovery is of great significance. The in-
terest in transient interfacial tension in such systems has resulted in several attempts
to model this behavior, either physically or chemically [10-21]. Despite successful
laboratory tests, field performance of alkaline flooding technology has often failed
badly owing to unfavorable mobility ratio, excessive alkali consumption and a failure

to reduce interfacial tension in the actual reservoir. The use of a synthetic surfactant
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to augment the effect of the in-situ produced surfactant gave an improvement in the
interfacial activity of the alkaline reagents in the reservoir. Surfactant-enhanced alka-
line augmented polymer flooding has now become the state-of-the-art methodology in
chemical flooding [22-26]. Recent laboratory studies have shown that the interfacial
tension arising from the interaction of these chemical combinations with acidic oil
displayed a marked transient behavior [19,27-32]). The magnitude of this transient
interfacial tension was found to vary with the nature and origin of the oil, alkali
concentration and salinity, and also with the surfactant concentration. Therefore, in
order to facilitate the design of effective surfactant-alkaline-polymer systems, more
fundamental and applied research must be carried out in order to elucidate further
the phenomena of transient interfacial tension.

A major drawback in the study of thermodynamic interfacial properties has been
the experimental difficulties associated with measurement of the dependence of in-
terfacial tension on time. Recent advances in video image acquisition and processing
and the availability of microcomputers have created the possibility of fast and accu-
rate measurements. The major advantage of the image processing technique is the
feasibility of routine automation of absolute interfacial tension measurements and the

study of transient interfacial effects.

1.2 Ob jectiires of this Study

The principal objective of this investigation is to seek a fundamental understanding of
the mechanisms that govern the interaction of acidified oil with surfactant-enhanced
alkaline reagents at the oil-water interface, and the attendant transient interfacial

tension phenomena. The work consists of the following main components:
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(1) Improvement of the micropendographic measurement system using a

computer based video image analysis,

(i) Development of a chemical equilibrium model for acidified oil in contact

with surfactant-enhanced alkaline solutions,

(iii) Development of a mechanistic niodel which accounts quantitatively for
the transient interfacial tension behavior in systems comprising acidified

oil in contact with surfactant-enhanced alkaline solutions.

In part I of the thesis, current theories and models of acidic oil/alkaline in-
teractions are summarized. In Part II, the design of the automated pendant drop
tensiometer and its further applications are discussed in detail. Part III deals with
the proposed equilibrium and transient models for the mechanisms for the interactions
between acidic oils and surfactant-enhanced alkaline solutions. Part IV discusses the

experimental interfacial tension data and model predictions.



Part 1

Literature Survey



Chapter 2

Enhanced Oil Recovery Practice

2.1 Oil Recovery Processes

Over a period of many millions of years, water, oil, and gas have accumulated in
certain underground porous rock formations and have separated into fairly distinct
layers according to their densities. Crude oil is trapped in the pores of the rock by
natural forces resulting from viscosity, interfacial tension, and capillarity. Oil recovery
from underground reservoirs involves the displacement of the oil from the interstices
of the porous rock and its subsequent transport into the well-bore of production wells.
This process requires energy which may be available in the reservoir in the form of
dissolved gas coming out of solution, or water encroaching from an adjoining aquifer.
Upon drilling a well, the natural driving forces ensure a contiruous oil production for
a certain period of time ranging from months to years. This process is referred to
as "primary recovery”. The oil recovery achieved is quite low, usually 20 to 40% of
the original oil in place [33,34]. As the oil is being produced, the natural reservoir
energy is gradually depleted to the point where there is insufficient force to drive
the oil to the surface. At that point, a fluid such as gas or water is injected into

the reservoir to displace the oil; this process is referred to as "secondary recovery”.
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The oil recovery achieved by this secondary flooding is low, only an additional 5 to
10% recovery of the original oil in place [35], owing to the chemical and physical
properties of water, and particularly to the large capillary forces trapping the oil in
the reservoir matrix. A part of the remaining 60 to 70% oil can often be produced by
various other methods, collectively known as "tertiary” or "improved oil recovery”
~ techniques [35,36]. Improved oil recovery processes include chemical processes, solvent
processes and thermal recovery. Chemical flooding processes include three different

types of flooding: polymer flooding, micellar-polymer injection and alkaline flooding.

2.2 Alkaline Oil Recovery
2.2.1 Mechanisms of Alkaline Oil Recovery

Much work has been done to elucidate the mechanisms postulated for improved oil
recovery by alkaline waterflooding. Nutting [37,38) believed that alkaline solutions re-
leased residual oil from adherence to the reservoir rock matrix. He also stated that the
caustic inhibited the formation of semi-solid, oil/water interfacial films. Atkinson [39)]
reported that caustic solutions had the ability to overcome the capillary forces, vis-
cous resistances to flow, and adhesion of the oil to the sand, therby releasing the oil.
Subkow [40] reported that the formation of an oil-water emulsion in the pore spaces
was an important step for improving oil recovery. The disparate behavior of alkaline
flooding processes is related to the wide variation of alkali-oil and alkali-rock inter-
actions. In a review by Johnson [41], a summary of various proposed mechanisms
for alkaline waterflooding has been given. They include interfacial tension reduction,
emulsification and entrainment [40], emulsification and entrapment [4], wettability re-

versal (oil-wet to water-wet) [42], wettability reversal (water-wet to oil-wet) [3], and
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emulsification and coalescence [5].

In addition to interfacial tension reduction, wettability reversal and emulsion

formation appear to be the dominant concepts for all these proposed mechanisms.
2.2.2 Interfacial Tension Reduction

The use of alkalis in waterflooding has been extensively investigated. Nutting [38]
described the use of alkali salts such as sodium carbonate and sodium silicate, Strong
bases, such as sodium hydroxide, were dismissed because of their excessive reactiv-
ity with crude oil. Campbell {43,44] stated that sodium silicate, sodium hydroxide,
sodium carbonate, and sodium phosphate are the most widely used reagents for alka-
line water flooding. These reagents, in the majority of cases, are added to the flood
water to increase oil recovery. This improvement is achieved by in-situ generation of
surfactant soaps by an interaction of the alkali with carboxylic acids present in crude
oil. It was observed that the formation of soap molecules is mainly responsible for
the lowering of interfacial tension that is necessary for improved oil recovery. Cooke
et al. [3] suggested that interfacial tension values below 2.0 mN/m are required for
additional oil to be recovered by caustic flooding. Several researchers [3,5-9] found
that the accumulation of surface-active soap at the oil-water interface is time depen-
dent, and thus the interfacial tension is also transient. This transient behavior fuelled
a controversy among researchers concerning which interfacial tension value would be
operative in an actual field situation. Some researchers [5,6] argued that equilibrium
interfacial tension values are representative in the actual field, while others [10,13,45]
stated that the minimum interfacial tension obtained in transient measurements is the

most a.pplicé.ble value. McCaffery [6] believed that the minimum interfacial tension
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would not be characteristic for the reservoir situation because it is attained a short
time after the initial oil-caustic contact. Rubin and Radke [10} stated that the min-
imum interfacial tension observed using the spinning drop tensiometer is indicative
of the lowest achievable reservoir equilibrium value. Later, deZabala and Radke [45]
confirmed Rubin and Radke’s point of view. They obtained interfacial tension data
from multiple contacting of a fixed alkaline solution with fresh acidic oil and observed

that the minima were close to those for single contacts.
2.2.3 Wettability Reversal

It was shown by Owen and Archer [46] that increasing the degree of water wetness of
the reservoir rock increases the ultimate oil recovery. The wettability was reported to
decrease the water/oil contact angle. Wagner and Leach [42] confirmed this hypothesis
by using high-pH chemicals. Johnson [41] believed that increased oil recovery is the
result of two mechanisms: (i) a relative permeability effect, that causes the mobility
ratio of a displacement front to decrease, and (ii) shifting of the capillary desaturation
curve. On the other hand, Cooke et al. {3] have reported improved oil recovery with
increased oil wetness. However, Ehrlich et al. [47] showed that oil recovery is at a
maximum when the wettability of a permeable medium is neither strongly water-
wet nor strongly oil-wet. Therefore, a change in wettability, rather than the final
wettability of the medium, appears to be the important factor. This change causes the
trapped residual oil, originally discontinuous in the porous medium, to be converted
into a continuous wetting phase. In addition to the low interfacial tension present,
an emulsion of water droplets is formed and they become trapped in the porous

medium. The resulting phase redistribution then makes both phases vulnerable to
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recovery through viscous forces.
2.2.4 Emulsion Formation

Alkaline chemicals can cause improved oil recovery through the formation of emul-
sions [4]. The in-situ emulsification of residual oil is a consequence of the reduction
in interfacial tension. The emulsification increases oil recovery in at least three ways:
entrainment, entrapment and coalescence. The in-situ emulsification of the crude
oll, and entrainment into a continuous flowing caustic water, have been suggested by
Subkow [40]. The caustic has the ability to prevent adherence of the oil to the sand
surface. The condition necessary for continuous entrainment appears to be main-
taining the interfacial tension at a low level while moving the mixture through the
Teservoir.

For the emulsification and entrapment mechanism, many studies have shown that
the residual oil in a water-wet porous media could be emulsified and moved down-
stream, to be entrapped again by pore throats too small for the oil emulsion droplets
to penetrate. This mechanism results in a reduced water mobility that improves
both vertical and areal sweep efficiency. This mobility ratio improvement is partic-
ularly important in water flooding viscous oils where sweep efficiency is poor. The
improvement in sweep efficiency in this type of reservoir caused by a more favorable
mobility ratio would be more important economically than the recovery of residual
oil left behind after 2 water flood. As proposed by Castor et al. [5] the entrained oil
droplets must coalesce to form a stable oil bank, depending on the stability of the

In-situ emulsification.
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2.3 0Oil Chemistry

Crude oil is known to contain naturally occurring acidic components. These acids have
to be identified with certainty and especially those responsible for the formation of
surface active soap molecules by the interaction with alkali in flood water. Lochte (48]
stated that both phenols, and fatty acids of small and long chain aliphatic compo-
nents, were present. Early work by Seifert and Howells [49] working with Midway
Sunset oil from California, suggested that the polar constituents of the oil were respon-
sible for its high interfacial activity. Further, they isolated these polar components
into carboxylic and phenolic fractions. The carboxylic acids were the most dominant
interfacially active component and consisted of saturated aliphatics with molecular
weight in the 300400 range. Seifert and Teeter [50,51] and Seifert et al. [52] identified
also mono-cyclic and poly-cyclic naphthenic acids as well as aromatic components.
Jang et al. [53] separated a Long Beach crude oil into various fractions and
showed that the interfacial activity against alkali was due to an asphalt-like solid.
A further anpalysis by gas chromatography and mass spectroscopy identified various
long chain carboxylic acids, confirming the views of Seifert and Howells [49], and
demonstrating that more than one species is involved in the diffusion and reaction
process that occurs at the crude oil-caustic interface. Sharma et al. [15] proposed that
the lowering in interfacial tension is probably caused by two different components:
one being an acid with a low molecular weight and the other having a significantly
higher molecular weight. Dunning et al. [54] positively correlated crude oil interfacial
activity with the Ni-porphyrin complex associated with asphaltenes. Khulbe et al. [53]
separated, in a conventional manner, Lloydminster crude oil into two main fractions,

namely asphaltene and maltene components. The maltene constituents were then
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separated by column chromatography into five fractions, each of which was tested
for its effect on interfacial tension against alkaline solutions. They found significant
interfacial activity even with the maltene fractions and concluded that asphaltenes by
themselves were not responsible for the interfacial activity associated with untreated

heavy oil against caustic solutions.
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Mechanisms for Acidic
Oil/Alkaline Interactions

3.1 Interfacial Tension Phenomena

Transient interfacial tension is a phenomenon which is normally associated with the
transfer of surface active materials between two immiscible liquid phases which are in
contact. The surface active material is originally present in one of the liquid phases,
but when the two phases are brought into contact, there is a tendency for some of
the surfactant molecules to diffuse to the other liquid phase in which it was orig-
inally absent. Ordinarily, this diffusion of surfactant molecules would be expected
to be governed by the law of unsteady-state mass transfer until an equilibrium is
established in the respective bulk fluids. However, surfactants by their very nature
tend to adsorb and accumulate at the interface separating the two bulk phases. The
rate of adsorption is governed by the amount of surfactant already adsorbed and by
the presence of any barriers to the removal of adsorbed species from the interface.
Thus, the entire adsorption process is time-dependent. Consequently, the prevailing
(apparent) interfacial tension remains strongly time-dependent until an equilibrium

condition is attained. This so-called transient interfacial tension plays a considerable

13
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role in 2 number of processes including liquid-liquid extraction and chemical improved
oil recovery. In the latter case, reacting species in the form of carboxylic acids are
originally present in the crude oil. The injection of an alkaline floodwater into the
reservoir enables water-borne bases to contact and to react with the acids present
in the oil phase. The result is the in-situ formation of surface-active soaps which
are responsible for the dramatic reduction in oil-water interfacial tension as well as
for its transient nature. Sherwood and Wei [56] have shown that the transfer of so-
lutes between immiscible solvents is strongly influenced by the presence of adsorption
barriers, particularly when surface reactions are involved.

Ward and Tordai [57] were the first to describe quantitatively the role of diffusion
in the time-dependent interfacial tension hehavior of solutions. However, it was left to
Ergland and Berg [58] and later Rubin and Radke [10] to relate the effect of these in-
terfacial barriers on the rate of accumulation and hence on the magnitude of transient
interfacial tension. The analytical solution of England and Berg [58] for the transfer
of surfactant takes into account the effects of molecular diffusion in both bulk phases,
the adsorptive accumulation at the interface, and energies of adsorption and/or des-
orption. Their analysis, for non-reacting systems, showed that interfacial resistances
signified by sorptive barriers were largely responsible for the phenomena of transient
interfacial tension. As demonstrated by Sherwood and Wei [56], the Fickian diffusion
model adopted by England and Berg is inadequate because the problem is essentially a
convective diffusion case. The convective diffusion has been used whenever convection
currents were involved. In a reacting system, interfacial turbulence is generated by
the gradient in chemical potential. This phenomenon is known as Marangoni distur-

bances or interfacial tension-driven interfacial disturbances [58-61]. In consequence,
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convective diffusion in the immediate vicinity of the interface is spontaneously set up.
The conditions under which interfacial turbulence is particularly intense have been

outlined clearly by Hornof and Baig [62] and Sternling and Scriven [63].

3.2 Models of Acidic Oils/Alkaline Interactions

3.2.1 Equilibrium Considerations

The mechanisms for lowering of interfacial tension in acidic oil/alkali systems related
to improved oil recovery have been studied for many years. The proposed mechanisms
are based on the interfacial reactions between acidic components in the il and alkali in
the injected aqueous phase. Such reactions produce an ionized form of the acid. The
adsorption of these soaps at the interface lowers the interfacial tension significantly.
The interfacial tension reduction is transient in nature as observed by a number
of investigators. Among others factors, the interfacial tension behavior of acidic
oil/alkaline solutions is also a function of alkali concentration, often with a minimum
occurring at an optimum alkali concentration. This minimum depends principally on
the acid number of the oil, alkali type and ionic strength.

Several mechanisms have been proposed to explain the lowering of interfacial ten-
ston [11,12,13,16,64] and to explain the existence of the interfacial tension minimum.
Early theories considered that the existence of 2 minimum is accounted for by the for-
mation, at high NaOH concentrations, of undissociated salts which in turn may [12]
or may not [11] partition into the oleic phase. Therefore, the formation of the salt
will cause a decrease in the concentration of the ionized acid and consequently the
interfacial tension increases. lonic strength change is believed to be the main factor

in explaining the minimum in interfacial tension observed when alkali concentration
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is increased.

Cratin [64] studied the effect of pH on the interfacial tension of crude oil as-
phaltcnes and resins against acidic and alkaline aqueous media. He noted a signifi-
cant interfacial tension reduction which occurred both at low and high pH. He then
postulated the existence of a zwitterion species which could be hydrolyzed to vield
surface active species.

Several research works failed to explain the exact interfacial behavior of acidic
oil/alkaline systems. This was mainly owing to the complex chemistry of the acidic oil.
Crude oils contain a vast range of naturally occurring acidic compounds with widely
different interfacial properties. This makes the modelling of interactions between
acid and alkali very difficult. Chan and Yen [11] were the first to use a hypothetical
representative acid species, namely HA. Their model considered only the adsorption
of ionized acid at the interface while the minimum in interfacial tension resulted from
the precipitation of the ionized acid in the aqueous phase.

The model proposed by Ramakrishnan and Wasan [12] follows the same reasoning
as that of Chan and Yen [11]. However, instead of precipitation of the ionized acid
into the aqueous phase, it is believed to partition preferentially into the oil phase.
Ramakrishnan and Wasan [12] were the first to consider the electrical properties of
the interface in the formulation of their model. Once again, the interfacial tension
minimum is found to be controlled by ionic strength when alkali concentration in the
aqueous phase is varied.

In the work published by Chiwetelu el al. [16], a model acidic oil phase was used.
Their system, composed of hexadecane as a solvent, in which 2 single well defined

long chain fatty acid (oleic acid) was dissolved in a concentration range of 0.1 to 1
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mol/m®, mimics a real crude oil system well. In related work [65,66], paraffin oil
containing linoleic acid gave similar results. The use of a simple model system helped
to control the design of experiments and thus enhanced the understanding of the
known and unknown mechanisms that govern the interactions in acidic oil/alkaline
systems. The model proposed by Chiwetelu et al. [16] incorporated the electrical
properties of the interface. They found that the ionization constant of the acid and the
equilibrium constant governing the formation of the inactive and non-dissociated soap,
and its subsequent partitioning into the oil phase, determined the magnitude of the
interfacial tension. The pK, values obtained for oleic acid were of the order of 6.2 and
6.9 and varied with the initial acid concentrations, but were independent of caustic
concentration. Conversely, pK, values for lauric acid were found to be dependent on
aqueous caustic concentrations. The results noted above were in agreement with the |
work done by Patil et al. [67].

Despite the development mentioned above, the fundamental problem of the mech-
anisms of the interactions between acidic oil and alkaline solution was not solved. For
instance, theories that have been developed to date do not consider dimerization of
the acid in the oil, micelle formation, and particularly adsorption of the un-ionized
acid onto the interface. Consequently, the effect of pH and jonic strength on equilib-
rium interfacial tensior was not adequately described. It was not until recently, that
Mingzhe et al. [68] extended the model proposed by Borwankar and Wasan [14] to
include the effects of micelle formation on the interfacial tension behavior. However,
they ignored the adsorption of the un-ionized acid. They suggested that the decrease
in the concentration of ionized acid at the interface at high NaOH concent:>tion is

due tc micelle formation and also to the suppression of the electric double layer at
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high ionic strength. This in turn decreases the amount of surfactant adsorbed and the
interfacial tension increases. More recently, Rudin and Wasan [20,21] improved the
above model to account for a mixed interfacial layer and a mixed micelle formation
by the ionized acid and the un-ionized acid. The simultaneous adsorption of these
two species results in an ultralow interfacial tension and the incorporation of the acid
into the micelle results in the reduction of the critical micelle concentration of the

ionized acid.
3.2.2 Non-equilibrium Considerations

Rubin and Radke [10] extended the analysis of England and Berg [58] to the case of
phases of finite extent using the Nernst film theory to account for the rate of convective
diffusion of the solute. This treatment considers that interphase transport is governed
by concentration gradients in a diffusion boundary layer of thickness §. Their exper-
imental data obtained by spinning drop tensiometry did not allow any quantification
of sorption kinetic parameters because the interfacial area was not conserved and
because of hydrodynamic end effects in the spinning capillaries. Later Brown and
Radke [69] allowed for area veriations of the oil droplet spinning in the capillary tube
of the tensiometer. Their theoretical and experimental analysis showed that transient
tension minima for acidic oils in contact with alkali are caused by significant sorption
barriers at the oil/water interface. The concepts of Rubin and Radke [10] are not
directly applicable to an alkaline displacement. Later deZabala {13,45] and Chiwetelu
et al. [17,18] applied the modelling of Rubin and Radke to reactive systems encoun-
tered in the flooding of acidic oil with alkali. Rubin and Radke [10] and Sharma et

al. [15] stated that the interfacial tension minimum must occur concurrently with a
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maximum in surface-active species adsorption in order to properly satisfy the Gibbs
adsorption equation. Therefore, the origin of transient tension minima is a result of
the net accumulation of surface-active species at the interface. This tension minimum
should be observed when either the net rate of adsorption is significantly higher than
the net rate of desorption, or when the convective diffusion resistance of the aqueous
phase exceeds that of the oil phase.

Other transient models have since been proposed by Trujillo [7], Sharma et
al. (15], Borwankar and Wasan [14] and Chiwetelu et al. [17,18]. Trujillo [7] ap-
plied the analysis of England and Berg [58] to study the transient interfacial tension
of crude oil/caustic systems. The interfacial tension results reported are for con-
tact times in excess of 1000 seconds. The author argued that data for times shorter
than one hour could not be used for the most transient part since the system had
not reached thermal or hydrostatic equilibrium. Others researchers [10,17] believe,
however,'that this view is incorrect and that t;hermal and mechanical equilibrium is
generally reached much sooner, at about 15 minutes of spinning in the tensiometer.
The desorption rate constants predicted by Trujillo [7] were dependent on the pH of
the aqueous phase.

Sharma et al. [15] presented a transient model for the acidic oil/caustic systems
which took into account all of the chemical effects. Their considerations appear to
be incorrect in that several ionic reactions, which should by nature be instantaneous,
are considered as rate processes. Despite this, they incorporated electrical interfacial
effects into the model. Their use of electrophoretic mobility instead of double layer
potential is also incorrect according tc; Davies and Rideal [71).

Borwankar and Wasan [14] improved the model of Trujillo [7] and found that
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the interfacial reaction rate constants, representing adsorption/desorption barriers,
are independent of the composition of the aqueous phase. This was a significant
improvement over Trujillo’s model. The authors cited above employved a system
chemistry in which crude oil acids were represented by one hypothetical single species,
HA. Borwankar and Wasan [14] took into consideration the electrical nature of
the adsorbed surfactant layer and used the penetration theory to model convective
diffusion at short times.

Chiwetelu et al. [17,18] recently reported a physico-chemical model based on |
convective diffusion, sorption kinetics and interfacial phenomena to account for the
transiert interaction between single as well as binary carboxylic acids dissolved in a
defined oil phase, and caustic reagents. The model took into account the equilibrium
relationships among the various interacting species. Model predictions compared

favorably with experimental data over a wide range of acid and caustic concentrations.

3.3 Surfactant-Enhanced Alkaline Systems

Experimental studies [19,27-32] have shown that the interfacial tension behavior aris-
ing from an interaction between surfactant-enhanced alkaline mixtures and acidic oil
exhibited a marked synergistic effect. This effect is found to be a function of the con-
centration and type of the added surfactant. Rudin and Wasan [19-21] have shown
that the free acid, when present in the aqueous phase, contributes to the synergistic
interactions taking place between the added surfactant and the ionized acid species.
Touhami et al. [70] confirmed the conclusion made by Rudin and Wasan that the free
acid contributes to the lowering of interfa.cia.l tension in acidic oil/surfactant systems.

An explanation for this is still lacking, indicating an incomplete understanding of the
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mechanisms that govern the interactions between the active species in the oil and the
surfactant enhanced alkaline reagents.

Based on the theories that have been developed to date, the mechanisms for the
interfacial behavior of the surfactant-enhanced alkaline systems can be supported by
theoretical modeling. To accomplish this, a theoretical model for surfactant-enhanced
alkali/acidic oil system must be developed. The inclusion of a surfactant species into
the model can be accomplished by the modification of the adsorption isotherms, of

the micellar relationship and of the resulting equilibria.
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Chapter 4

Design of the Automated Pendant
Drop Tensiometer

4.1 Introduction

The concept of interfacial tension presupposes the existence of a thermodynamic equi-
librium between the two fluid phases. Several standard texts and reviews in surface
science [71-74] discuss the various methods which are in use for surface and inter-
facial tension measurements. Techniques such as tke du Nouy ring apd Wilhelmy
plate methods are commonly used to measure static tensions. Owing to new tech-
nology, the main virtue of these two methods is the ability to follow ageing effects
with solutions of surface active agents. As the platinum ring or the plate is never
detached from the liquid surface, the surface tension may be followed fcr periods of
bours without disturbing any part of the surface. For interfacial tension measure-
. ents, it is evident that these techniques are only possible if the affinity of one phase
to platinum is greater than that of the second phase. Such properti;:are almost
impossible to control in practice as observed by Chiwetelu et 'al. [75,76]. With regard
to transient interfacial tension meésurements, the most widely used technique is the

spinning drop tensiometer [77-79]. Other well recognized methods are those which



CHAPTER 4. DESIGN OF THE AUTOMATED PENDANT DROP 21

make use of static pendant and sessile drops [$0-83]. The pendant and sessile drop
methods offer several advantages in the determination of surface or interfacial tension.
These two methods are independent of any contact angle between the liquid and a
solid support unlike the du Nouy ring and Wilhelmy plate methods. In particular the
pendant drop method is a true equilibrium method and is best suited for transient
surface and interfacial tension measurements [§2).

Recent interest in surface science and particularly in adsorpﬂion kinetics has led to
the improvement of the existing tensiometers and to the development of new tensiome-
ters capable of measuring surface and interfacial tension changes with time [75,76,84-
86], as well as relaxation phenomena in the adsorbed layer [87,88]. Most techniques
which have been developed involve the determination and analysis of axisymmetric
pendant or sessile fluid drop profiles. The drop shape methods have gained renewed
attention recently owing to new technological developments in digital image acquisi-
tion and processing. Image processing has found a significant use in a broad range of
scientific disciplines and technologies. A digital image processor consists generally of
a video source, such as a camera, which produces an analog video signal containing
image data. The signal is thereafter transmitted to the image processor and con-
verted to a digital signal contzaining the image data in the form of digital picture
elements, called pizels. The image is stored in the frame memory and can be accessed
for display or subsequent é:omputer processing.

Several works describing a computerized instrument for drop .shape measure-
ment have been published [83-95]. McCracken et al. [89] were the first to describe an
automated drop shape apparatus. They empldyed an image digitizer capable of pro-

cessing an image of 256 x256 picture elements (pixels), with 64 gray levels to estimate
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the light intensity. Much credit for image digitization and processing with an online
connection of a video camera to a computer is due to Girault et al. [90,91]. They
developed a technique to measure interfacial teasion from pendant drop data using a
video image profile digitizer. The image of a liquid drop was digitized into 128x128
pixels with 256 gray levels. The digitized image was then transferred to a microcom-
puter and a global thresholding technique was used to obtain the drop shape. Global
thresholding assumes an object background image and picks a threshold that divides
the image pixels into either object or background. The pixel with gray level value
equal to or higher than the threshold value is given the value of 1; below the thresh-
old, it is given the value of 0. Girault et al. [90,91] used a histogram of frequency of
occurrence of individual gray levels against gray level to determine the appropriate
threshold value. The edge of the image is then extracted by nearest neighbor analysis
of each pixel. Global thresholding is useful in simple sitvations, but is found to be
inadequate in many applications. Experimentally, this means that global threshold-
ing is too sensitive to the lighting conditions. Following the work of Girault et al.,
several improved methods have been developed and tested adequately [85,86,92-95).

Anastasiadis et al. [92] presented a design which used a more sophisticated digiti-
zation hardware and a solid state CCD video camera. Determination of the interfacial
tension used a novel technique for robust shape comparison. This technique included
rotational resistance smoothing of the drop profile. They reported a precision of 0.5
% in the determination of the surface tension of glycerin.

A fully computerized pendant drop system was also designed by Carla et al. [94].
They claimed a very good overall data reproducibility of 0.06% with an acquisition

time of about 45 seconds for each experimental data point. Drop profile coordinates
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were extracted on line and the information in each [rame was compressed into a
1500 byte buffer without loss. The digitization algorithm used only an 11 pixel wide
band centered on the profile. In this way, the time needed to digitize and process a
single frame was only about 0.7 seconds. Cheng et al. [93] extracted the drop profile
coordinates with a sub-pixel resolution, thus improving the accuracy in determining
the drop profile coordinates compared to the more common closest pixel method.
Also, Cheng et al. [93] employed a mathematical routine to correct for the optical
distortion of the image. In addition, Cheng et al. [93] and Anastasiadis ct al. [92]
smoothed the profile coordinate data before analysis to obtain the tension. This
method produced an apparent reduction in the confidence limits of the calculated
tension. However, it is the opinion of Pallas and Harrison [85] that the confidence
Limits resulting from such treatment may not correctly represent the variance in the
unsmoothed data set. _

Hansen and Redsrud [95] used the local threshold and interpolation technique,
combined with an edge-tracing algorithm for the determiration of the drop profile co-
ordinates. These workers calculated the interfacial tension by two different methods,
viz. the inflection of the drop profile method and the fitting of the theoretical Young-
Laplace profile. Values determined by the first method were used as first estimates
for the second optimization problem. With the use of their simple filter routine, the
reproducibility was good and was typically in the range of 0.01-0.03 mN /m for a wide
range of known liquids. The routine required 2 to 3 seconds to extract a typical drop

_profile of 400 to 700 data points.
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4.2 Automated Pendant Drop Tensiometry

The micropendographic system designed in this laboratory by Chiwetelu et al. [75

used a manual digitization technique. This technique was found to be time con-
suming and tedious when a large data is being collected, including processing the
photographic film, manual digitization of the drop profile, and analyzing the data
set obtained. Interfacial tension in reactive systems, such as those involving acidic
oils and alkaline solutions, exhibits a very dramatic decrease in the first few seconds
which the spinning drop and the micropendographic methods are unable to monitor.
This feature can be achieved when a pendant drop tensiometer is coupled with video
image processing and 2 simple edge-detection algorithm. In the next section, detail
of the design of an automated pendant drop tensiometer and the implementation of

the edge-detection routine for the determination of the drop profile is discussed.
4.2.1 Experimental Set-up

A block diagram of the experimental set-up using digital image processing is shown
in Fig. 4.1. The main components of the pendant drop tensiometer are 2 Ramé-Hart
contact angle goniometer equipped with an environmental chamber for temperature
control, an Olympus Lighting system, and an Olympus optical system. The optical
systex.n consists of a Sony Model XC-77 monochrome video camera equipped with 2
570 x 485 pixels charge coupled device (CCD). This type of camera has the advantage
over tube cameras in that it provides the geometric linearity required and thereby
eliminates optical distortion which is typically present. The CCD cameras were tested
and found to be sufficiently sensitive and accurate for use in liquid-fluid systems. The

camera, fitted with a C-mount, is mounted onto a microscope. The microscope is
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equipped with a variety of objective lenses to allow a wide variation of magnification
and focal length. The microscope is also provided with a focusing telescope and a
light measuring port.

The cell and its associated housing unit are designed to be accommodated within
the environmental chamber. The cell is made of quartz and has a path length of 10
mm. As shown in Fig. 4.2, the cell has open ends and when assembled has a maximum
volume of 1.0 ml. The bottom and top covers are made of Tefion and are sealed to
the cell. The bottom cover holds the capillary tube for dispensing the oil droplet.
This design allows the use of different capillary types with different diameters. The
top cover is also sealed to the cell and supports the necessary Teflon tubing for filling
and flushing the cell. The cell is fixed to a support specially designed to fit into the
environmental chamber. This simple design makes removal of the cell, changing of
the capillary, and especially the cleaning procedure much easier. The optical rail is
seated upon a vibration-isolation table (Vibradamp Support from Fisher) to damp
out vibrations.

For liquid-liquid interfacial tension measurements, a pendant drop of the lighter
liquid is formed at the tip of the capillary tube immersed in the other liquid; For this
purpose a Harvard Apparatus Model 44 syringe pump capable of very precise flow
rate control is used to deliver the oil droplet of any required size in exactly 1 second.
Simultaneously, the timer is started and the profiles of the drop are recorded according
to a preset timing mode. It is possible to invert the cell so that the surface tension
could also be measured. The video signal of the pendant drop is transmitted to a
Matrox PIP-512B digital video processor (Matrox Electronic Systems Ltd.) "which

performed the frame grabbing and image digitization. In the high resolution mode,
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the image is comprised of a 512 by 512 pixels array with 256 gray levels each, where
zero represents black and 235 represents white. The image analysis software routines
are coded in C language and are executed using a microcomputer.

The video camera can easily be replaced by a 35 mm automatic camera for
manual digitization. For this purpose a special Kodak Technical Pan film (TK 135-
36) is used. Drop profile coordinates are acquired by projecting the 35 mm negative
onto the optical comparator (Scherr-Tumico Model 20-4200) comprising 2 transtucent
manual digitization screen capable of measuring (X,Z) coordinates to an accuracy of

0.01 mm.
4.2.2 Temperature Control

The environmental chamber within which the experiments are conducted is kept at
a temperature of 25 * 0.1°C, by the continuous circulation of Cooling water from a
Haake F3 precision temperature bath. The actual temperature of the measurement
cell is monitored with a type K thermocouple and displayed on a Thermé—electric
digital read-out.

4.2.3 Density, Viscosity and pH Measurements

Density Measurement

The densities of all working solutions were measured using an Anton Parr Precision
densitometer model DMA 48 at 2 temperature of 25 0.01°C.

Viscosity Measurement

A pre-calibrated Cannon-Fenske viscometer was used, for both the oil phase and

alkaline solutions, with an oil bath for temperature control. Viscosity measurements



CHAPTER 4. DESIGN OF THE AUTOMATED PENDANT DROP 32

were made after 15 minutes equilibration at 25°C.

pH Measurement

The pH of the aqueous solutions was measured with an Orion Research digital iona-
lyzer model 501 using a Fisher Scientific high pH glass electrode. Calibration of the
pH meter was carried out using pH 7 and pH 12 buffers prior to each measurement.

Room temperature of 23 to 25° C prevailed during most, of the measurements.
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4.3 Drop Shape Analysis

Several edge detection methods were summarized and discussed by Pallas and Harri-
son [85]. There are three principal factors concerning the choice of an edge detection
method, namely: (i) the appearance of the edge as compared to the full image, (ii) the
error range in tension resulting frdm fitting of the edge data, and (iii) the speed with
which the data analysis could be implemented. The feature based shape processing
of the pendant drop consists of the following steps:
(a) image segmentation by thresholding the original image using the gray level
histogram [96)],

(b) boundary detection by contour tracing [97,98].
4.3.1 Image Segmentation by Thresholding

Thresholding is the main industrial image processing technique used to separate the
objects from their background. One of the practical problems encountered is related
to the changes in thting conditions. It is gemerally possible to compensate for ef-
fects such as shadows and reflectance using one of the following methods: image
enhancement followed by a global thresholding [96]; or local thresholding (adaptive
thresholding) [99]. The major disadvantage of both methods is that long processing
time prohibits their use when only a PC type computer with a simple image acquisi-
tion board is used. For these reasons global thresholding [96] is employed for image
segmentation with a robust processing algorithm to compensate for any inaccuracies.
The images dealt with here are composed of light objects on a dark background. One
way to extract/objects from their background is to select a threshold which sepa-

rates the two intensity modes. Therefore, the threshold will be the gray level value
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Figure 4.3: Gray level histogram.

corresponding to the local minimum that separates the two intensity modes on the
gray-level image histogram as shown in Fig. 4.3. After thresholding a binary image
is obtained consisting of a set of black and white pixels. Each concentration of white
pixels, assuming that the background of the image is darker than the objects, corre-
sponds to 2 region in the scene. At this stage the problem is to separate and locate

each region. In our case, this is accomplished using contour tracing.
4.3.2 Edge Detection by Contour Tracing

The contour tracing routine [97,100] traces boundaries by ordering successive edge

points. For each traversed pixel the coordinates are memorized and the pixel’s gray



CHAPTER 4. DESIGN OF THE AUTOMATED PENDANT DROP 35

level on the threshold image is set to 2. This operation, called contour marking,
avoids tracing the same contour twice. The procedure terminates when the current
pixel reaches the initial one. The boundary tracing involves two steps: (1) locating
each region in the image and (2) boundary tracing each region that has been found.

Locating regions (step 1) is accomplished by scanning the thresholded image
from loft to right and top to bottom. Every time 2 new region is encountered, the
~ tracer routine is called (step 2). Such situations, where 2 new region is encountered,
are characterized by the pattern "black pixel followed by white pixel”. The white
pix=! in this case constitutes the initial boundary pixel. From the initial boundary
point, the contour is followed in such a manner that the region within the boundary
is always kept to the left of the path being followed [97]. The search scheme consists
of finding, for the current boundary pixel, the rightmost white pixel with respect to
the current boundary orientatiez. _This is accomplished through the concept of chain
coding (Fig. 4.4).

Let S be the search direction in terms of the code of Fig 4.4. §, then, indicates
which of the neighbors of the prececL..fg boundary cell correspond to the cell currentlir—ruﬁ B
considered. For the starting boundary point, S is equal to 6. The neighbors of the
current cell (I,J) are now checked, as indicated by the flowchart shown in Fig. 4.5.
In this situation, the neighbors are tested in an order of decreasing likelihood. The
most likely next boundary neighbor is the one that has the same chain-code value
as the current one. This is related to the fact that most of the contours in this case
are piecewise linear, and consequently, most of the chain-code values are constant. In
this way, the algorithm is performed quickly. The loop is executed three times at the

most in order to avoid.circling around a set that only has one pixel.
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This procedure produces a closed path and follows external contours in a counter-
clockwise manner. Memorization of the boundary points is done as follows: first the
coordinates of the initial boundary point are memorized; then, for each boundary
pixel traced, the chain-code value indicating the direction to the next neighbor on
the contour is memorized in a stack. It should be noted that storing the chain-code
value instead of the pixel coordinates saves a great deal of memory space. Also, by
knowing the coordinates of the initial edge point and the chain-code values between
the different pixels on the boundary, we can recover the coordinates of any boundary

pixel whenever necessary.

4.4 Determination of Interfacial Tension from Drop
Profiles -

4.4.1 Description of the Drop Profile

The classical form of the Young and Laplace equation [72] relates the pressure drop,
AP, across an interface at 2 given point to the two principal radii of curvature, R,

and R, at that point, and to the interfacial tension, «, i.e.,

1 1

For a pendant or sessile drop of 2 known fluid in mechanical equilibrium with a

surrounding fiuid, the balance between capillary and buoyancy forces is given by:

11\ 2y
AP=v| =+ === +A40pgZ ' 4.2
v ( =t 'Rz) 7. Torg (4.2)
where R, is the radius of curvature at the origin in the X-Z coordinate system, &p

is the difference in the density of the two bulk phases, and g is the gravitational

acceleration.
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Following the development of Rotenberg et al. [101] the equation of Young and
Laplace may be expressed as a set of three first-order differential equations, namely

dr

- €os ¢

d= .

% = sin ¢ (4.3)
d¢ __sing

= = 2+A-—

where z and = are the X and Z coordinates of a point on a drop profile reduced to
dimensionless variables by dividing them by R,. Similarly, s is the dimensionless arc
length from the apex to tke point (z,2), ¢ is the turning angle at that point (Fig. 4.6)

and £, the drop shape, is defined by:

_ ApgR?
7

B (4.4)

The complete shape of the curve defined by the functions z(s) and z(s) may be

obtained by simultaneous integration of Eqgs. 4.3 subject to the initial conditions:

z(0) = z(0) = ¢(0} = 0 (4.5)

The functions z,z, and ¢ depend upon the parameter 8. The first derivatives of
the functions z,z, and ¢ with respect to § are generally required for the optimization

problem to obtain the interfacial tension. Differentiating Eqs. 4.3 with respect to S

gives;
dz’ , .
= = —@'sing
%z— = ¢'cos¢ (4.6)
d¢' , ¢'cosgd z'sing
ds ~ 24Pz - z
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Figure 4.6: Representation of the drop profile coordinate system
with the initial conditions (' denotes prime)
2'(0) = /(o) = (o) =0 (4.7)

Similarly, the expression for the second derivatives are obtained by differentiating

Eq. 4.6 with respect to 8

dz"

= —(#)cosé—¢'sing
d=" X ”
- = —(¢")sin 6 + ¢"cos ¢ (48)
d¢” sin ¢ cos¢ ,,,  sing ,
T T T eV e

+22: + ﬂZ" + Sm¢(¢,)2 - COS¢¢”

z z
with the initial conditions
z"(0) = 2"(0) = ¢"(0) =0 (4.9)

For a given B, Eqgs. 4.3, 4.6 and 4.8 form a system of nine, first-order, ordinary
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differential equations that, together with the initial conditions, can be solved numeri-

?

cally to yield a set of values, z;, z;, z

s 35,25, and =7 which approximate the functions

z(s), 2(s), 2'(s), 2'(s),2"(s), and z"(s) at the point s;.
4.4.2 Determination of the Interfacial Tension

In the original work of Bashforth and Adams [80], and then Andreas et al. [82] only
two physical dimensions taken from photographs of hanging drops, d, and d., were
required for intérfacia.l tension determination. The solution scheme consisted of in-
tegrating the differential equation up to a specified point and correlating the coordi-
nates measured with the interfacial tension through the shape parameter 8. Andreas
et al. [82] reported an accuracy of 0.5% for interfacial tensions calculated using this
method. A better approach is to measure more than one set of coordinates and fit
these to the solution of the differential equation describing the profile using a compu-
tational technique. Vos and Los {102] used as many as 100 coordinate measurements
obtained by a laser striascopic imaging technique. These authors were able to achieve
an accuracy of 0.05%. Girault et al. [91] used the Laplace equation at the inflexion
plane of the drop located by a polynomial fitting technique. Anastasiadis et al. [92]
proposed a novel technique for the determination of interfacial tension by analysis of
the axisymmetric fluid drop profile. The technique coupled recent developments in
digital image processing with modern methods for robust shape comparison.

Several related numerical techniques have been reported [90-93,101,103). The
most commonly used method for interfacial tension determination relies on an op-

timization procedure. This procedure is based on a non-linear fitting of one set of
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experimental drop profiles to a numerically generated drop profile, based on the solu-
tion of the Laplace equation of capillarity. The procedure employed was to construct
an objective function which is the measure of the discrepancy between the calculated
Laplacian curve and the measured curve. This function is the sum of the squares
of the normal distances between the measured and calculated points. The objective
function is then minimized numerically. The two powerful numerical methods for

determination of interfacial tension have been reported and are described below.

RBN Algorithm

The algorithm of Rotenberg et al. [101] was developed to determine the liquid-fluid
interfacial tension and contact angle as well as the volume and the surface area from
sessile and pendant drops. It used the incrementally loaded Newton-Raphson method.
The required data were limited to (X, Z) coordinates of the drop profile, densities of
the liquid and fluid phases and the local gravity. This algorithm terminated due to the
computational cha.ngeAfrom the configuration of a pendant drop to the configuration of
a sessile drop. The failure of the program is found to be due to the computation of an
inadequate initial value of the drop parameters. Recently, Cheng et al. [93] developed
two related techniques, namely the axisymmetric drop shape analysis-profile (ADSA-
P) for interfacial tension pendant drops and the axisymmetric drop shape analysis-
contact diameter (ADSA-CD) for interfacial tension and contact angle from sessile
drops, to overcome the problem associated with the original program. Rather than
relying on all the measured coordinates, the ADSA-P used a few arbitrary points

selected from the drop profiles.
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Jennings and Pallas Algorithm (JP)

Jennings and Pallas [103] used a more sophisticated method, rotational discrimi-
nation, which is essentially a modified form of the Gauss-Newton technique in the
optimisition procedure. The algorithm of Jennings and Pallas [103] was adopted in
this work because it was found to be supetior to that of Rotenberg et al. [10.1] in terms
of computer processing time and of the integrated error analysis. Following the pro-
cedure of Jennings and Pallas [103] the computer processing time for one drop profile
of water was evaluated. It was found that the routine of Jennings and Pallas requires
much less CPU time than the routine of Rotenberg and co-workers. Also, with the
method of Jennings and Pallas, two additional experimental parameters, namely the
aspect ratio and the rotational angle of the system, were determined. Ir addition, this
algorithm was designed to handle a large data set of profile coordinates, which is the
case of data generated using computer-based drop image processor. It is believed that
use of this algorithm enhances the precision of the pendant drop technique. From a
practical point of view, it is obvious that improvement in the numerical technique is
of great importance for studying the transient interfacial tension. A brief description

of the JP Algorithm is presented in the next section.

Objective Function

Consider a set of m data points of the experimental drop profile, (X, 2% ; i =
1,2...m. The observed coordinates are magnified and must be scaled to real physical
dimensions by use of an experimentally determined magnification factor. In the case
when the observed coordinates are obtained by the use of an image processing and

2 television camera, the vertical and horizontal magnifications may not be the same.
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Experimental

Calculated
..~ points

(Xj+1.Zj+1)

Figure 4.7: [lustration of the computation of residuals.

The ratio of the two magnifications defines the aspect ratio, ¢ = M:/M;, which is 2
fixed constant of the apparatus. Since the exact location of the apex (Xo, Zo) is not
known, the cocrdinates must be translated and even rotated by an angle of rotation &
to correct for any misalignment of the optical system. More explicitly, the coordinates

are given by:
Xi = (X?b’/Mz - Xo) cos @ + (GZ?b’/M: - Zo) sin @
Z; = (aZP M. — Zo)cos8 — (XM, — Xo) sind (4.10)

Suppose that the calculated Laplace curve, (X(s:), Z(s:)), differs from the trans-
formed experimental points (X;, Z;) by the distance, r;, then the 6bjective function

is defined as the sum of the squared residuals r; and is given by:

Q=> (4.11)
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where

ro= [(X(s0) = X + (2(s1) - 207 (4.12)

The values of (X(s;), Z(s:)) are related to the dimensionless coordinates (2(s:), =(s:))
by the factor Ro. As the coordinates of the calculated drop profile, (25, z;) are ob-
tained at discrete dimensionless arc length intervals, As, it is unlikely that there
will be a point (z;,3;) = (z(s:),2(s:)). Therefore, the point (z(si),=(s:)) must be
computed by interpolation between the existing points (z;, =;). This is done for each
transformed data pair (X;, Z;) by first locating the two nearest computed points
(X, Z;) and (X;41, Z541). The three pairs (X;, 2;), (X;, Z;) and (Xj41, Zj41 ) form a

triangle as shown in Fig. 4.7. The distance, r;, may then be computed:

. (Z5 = Z3) (X5 = Xju1) = (X5 = X) (25 — Z3a)

! 2 nk (4.13)
(X; = X) +(Z; - Zin )’
Minimization of the Objective Function

The problem now is to find the set of parameters that gives the best fit between
the calculated and observed drop shape using nonlinear least-squares minimization.

Consider the vector, U, defined by:

U= [ 8lws , afw. , Xofwx, , Zofwz, , Rofwr, , afw, ] (4.14)

where the w are constant scale factors which will be chosen in order to optimize the

performance of the minimization algorithm and a=1 /. In terms of U, Q becomes:

QU) =) (U (4.15)

=1
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The objective function is then minimized using rotational discrimination. which is
essentially a modified form of Gauss-Newton technique. These two techniques as-
sume that the residuals can be approximated at each iteration by planes in the n-
dimensional parameter space, and recognize that the minimum of @ occurs at a point
U* such that Q'(U") = 0, where U" is the solution to the minimization problem. Q'

may be approximated as a truncated Taylor series about a base point U®:
Q(U) = Q(U°) + Q"(U%) (U - U°) (4.16)

An estimate of the solution for U* may be given by:

U~ J° - [Q"(U%)] ™ Q(u°) (4.17)

This suggests the iterative procedure
U =U*+ AU* ;2 =0,1,2.. (4.18)
where AU¥ is the solution of
Q"(U"HAU* = —Q'(U*) (4.19)

The elements of Q' may found by differentiation of the objective function with respect

to each of the n elements of U.

H(U) = U, = 22”5&:; p=1l.n (4.20)

and similarly

vy Q) _ B Fri
QL (U) = 30,00, 223U3U 221- : (4.21)
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A good approximation of @ may be obtained by omitting the term containing the
second deri*~*" =s in Eq. 4.21 and therefore only first-order derivatives of r; need to

be computed. Eq. 4.21 can now be written as:

” m or; ai
QLU =2} a_U,,a_tZ; pyg=1l.n (4.22)

=1

Jennings and Pallas [103] preferred the rotational discrimination over the Gauss-
Newton method for solving Eq. 4.19 in order to avoid certain computational problems
associated with Gauss-Newton such as large oscillations and large moves in null-effect

directions toward the minimum.

Rotational discrimination performs the decomposition of Q”(U*) as follows:
T7(UY)Q"(UHT(U*) = E(U4) (4.23)

where E(U*) is an n xn diagonal matrix whose elements are the eigenvalues of Q"(U*)
and T(U*) is an orthogonal » x n matrix whose columns are the corresponding
eigenvectors of Q"(U¥).

Also, rotational discrimination uses a change of coordinate system from (U, Uz, ..., U,)

to (W1, V&, ..., V) where the T7(U¥) is the transformation matrix.
V(U) = TT(UH(U - U¥) (4-24)

The solution of the Eq. 4.19 through the use of the rotational discrimination can now
be computed by:
AU* = TT(UXV(UX) , (4.25)
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Computation of the Confidence Intervals

The confidence Intervals on the parameters are computed by using the formula for

the approximate joint confidence region:
(U° = U7 Q"(U™) (U° — U*) = 26°nFi_y(n.m — n) (4.26)

where U* is the solution to the minimization problem, Fi_ (n,m — n) is the F test
statictic for a confidence level of 1 — ¢ and (n,m — n) degree of freedom, and 0% is

the sample variance of the residuals at the minimum:

Q(uUr)

m—-—n

[

a

(4.27)

The approximate joint confidence region is valid only when the following assumptions
are valid: (1) The residuals are a random function of their position on the drop. (2)
The residuals are normally distributed with a mean of zero. (3) U* is a minimum
of the objective function. (4) AU is sufficiently small that the approximation of Q

given by Eq. 4.22 is valid.

Data input and Convergence Criteria

Initial guesses for the parameters, 6, a and «, are supplied to the program. The other
guesses will be made by the program if none are supplied. The initial guess for X,
is obtained by taking the average of the largest and smallest X value found in the
data. The initial guess for Zy is obtained by scanning the data for the point with
the largest or smallest Z, depending upon the orientation of the drop. The initial
guess for Ry is taken to be half the drop width or the vertical distance between the
apex and the widest place on the drop, whichever is larger. Four convergence criteria

were chosen for the minimization problem. Convergence is assumed when any of the
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following criteria are satisfied: (i) The largest element in V is smaller than ey (1077).
(1) The largest relative change in the physical parameters (6, a, Xo, Zo, Ro, 7) is
smaller than eg (10~7). (iii) The relative change in the objective function is smaller
than ¢q (10°7). (iv) The directional derivative with respect to V of the objective
function in the direction of steepest descent is smaller than ep (10~7). The ¢ data are

supplied along with the input data.

4.5 Other Methods for Interfacial Tension Mea-
surement

4.5.1 Spinning Drop Tensiometer

Low interfacial tension measurements were performed using the University of Texas
Model 500 Spinning Drop Tensiometer (SDT). This apparatus is the most popular and
convenient means of measuring low to very low transient interfacial tension . Apart
from the buoyancy effects noted earlier [104], interfacial tension measurements using
this techrique are affected aluo by circulatory flows [105,106] as well as by imprecise
temperature control [75]. However, recent studies [75,76] have confirmed that the
method is fairly accurate and reliable for low interfacial tension measurements.
Details of the general measurement procedure have been outlined by Gard-
ner [107]. For transient tension measurements, Reive [108] has described in detail
the procedure for loading the capillary asserﬁbly. Briefly, the procedure which was
used in this study consisted of introducing a small droplet of oil into a glass capil-
lary tube, approximately 2 mm in diameter and 100 mm in length, which kad been
previously filled with the aqueous solution. A Hamilton micro-syringe was used for

the injection of the oil droplet. The tube was then quickly inserted into the cap
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assembly and screwed into the rotating sleeve of the SDT. When spun, the droplet
elongates due to rotational forces until a balance is struck between these forces and
the interfacial forces.

From a purely experimental point of view, the classical spinning drop tensiometer
has a number of drawbacks which inake the instrument inconvenient for dynamic
tension measurement. The University of Texas tensiometer is designed for air cooling
of the rotor housing which makes temperature control difficult to realize, especially
when operating at high speeds and extended times. In fact, heat is usually generated
in the motor and bearings, and this in turn heats up the capillary tube housing.
This temperature gradient within the spinning capillary tube can produce undesirable
circulatory flows [104]. Also, the determination of interfacial age is imprecise, because
measurement of the linear dimensions of the oil droplet are made during the course
of the experiments. It is quite difficult and unreliable to make any measurement for
contact time less than one minute. Often drifting of the spinning droplet towards
one end occurs, which makes méasurement of the dimensions difficult to achieve,
especially when the droplet length has to be measured simultaneously.

For more accurate and precise dynamic interfacial tension measurements in the
low and moderate tension regimes, Chiwetelu et al. [65] have successfully modified the
basic configuration of the University of Texas tensiometer. At gyrostatic equilibrium,
the interfacial tension is related to the drop radius Ry, the speed of rotation 2, and
the density difference between the two phases Ap by the equation [77)

R3Q2Ap
q ==t

y ‘(4.23)

If the length of the drop is greater than four times its diameter, a cylinder with hemi-

spherical ends approximation is adequate. When this criterion is not satisfied, the



CHAPTER 4. DESIGN OF THE AUTOMATED PENDANT DROP 51

drop has an ellipsoidal shape and several authors [77-79] have developed a procedures

for determining interfacial tension.
4.5.2 Drop Volume Tensiometer

The drop volume tensiometer recently developed by Hool and Schuchard [109] was also
used to measure the interfacial tension. The drop volume tensiometer model DVT-10
from Kriiss (Germany) is equipped with a processing unit, a photocell assembly for
detecting the droplgts, and a Harvard Apparatus Model 44 syringe pump capable of
very precise flow rate control. The instrument accurately measures the time elapsed
to form a known number of liquid droplets under a constant flow rate. The size
of the droplet at detachment is directly proportional to the liquid-liquid interfacial
tension. With the newly designed capillary tube [109], interfacial tension can be
calculated without the use of the traditional correction factor and within the range of
0.2-100 mN/m with 1-2% relative standard deviation. The drop volume tensiometer
is intended to measure interfacial tension at one discrete drop formation time, but
measurements at different flow rates may be conducted corresponding to different
drop formation times to obtain dynamic profiles. |

The interfacial tension is calculated based on the balance between the adhesion
force holding the drop down at the orifice and to the gravity force pulling it away.

Explicitly, interfacial tension is given by the following equation [72}:

_ Vil pg

b (4.29)

where V; is the volume of the drop, Ap is the density difference between the two

phases, g the gravity factor, and d_ is the capillary diameter.
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Experimental Procedures

5.1 Experimental Design
5.1.1 Materials

The oil phase employed in this work was light paraffin oil obtained from BDH Chem-
icals Ltd. Fisher purified gradeI linoleic acid was dissolved in the light paraffin oil
solveat to simulate an acidic crude oil and to achieve the desired working acid con-
centrations c;f 0.1, 1.0, 10.0 and 100 mol/m®. The density of the paraffin oil was 0.8423
g/cm® and its viscosity was 19.25 mPa.s at 25°C. The caustic reagent employed in the
study was sodium hydroxide ACS grade supplied by BDH Chemicals Ltd. Sodium
dodecyl sulfate (SDS) of a high purity grade (Analar biochemical) was also obtained
from BDH Chemicals Ltd. Sodium dodecyl sulfate was selected over other possible
candidates that could generaie even lower interfacial tensions (e.g. sodium oleate)
because of the inherent limitation of the pendant drop technique, which is not suit-
able for me:;asuring interfacial tensions lower than about 0.1 mN/m. Double distilled,
deionized and deaerated wa.ter wz;s used in the preparation of the aqueous solutions.

A rigorous cleaning procedure for all vessels, glassware and syringes was used. The

52
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procedure consisted of initial washing with water, then followed by ethanol and fi-

nally acetone.

All glassware was further cleaned with hot chromic acid solution and

thoroughly rinsed with water. Drying of the cell, syringes and glassware was effected

with air followed by nitrogen.

5.1.2 Experimental Strategies

The investigative strategy was to cbtain accurate and reliable transient interfacial

tension data.

Such data would be used for the determination of the model parameters

which would be developed at later stages of the work.

Strategy It

System calibration: -

- to study the effect of the experimental parameters on the precision
and the accuracy of the apparatus,

- to perform preliminary runs in order to determine suitable experimen-

tal conditions, mainly the working concentrations, oil droplet volume,

. size of the needle, exposure time, timing mode for lapse time between

Strategy H:

drop profiles and number of drop profiles per run.
These results were used as a basis for Strategy IL.

Equilibrium and transient interfacial tension measurements:

- to perform l?la.nk runs with single components, namely caustic and
surfactant solutions contacting the oil system,

- to carry out interfacial tension measurement for the surfactant-caustic
mixtures,

- to analyze the data and develop the equilibrium and transient models.
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5.2 Computer Program for Instrument Control

A computer program for control of the experiment was designed and built around
the core subprograms, to allow the operator maximum control over the system. The
progrém, a user.interface, was used interactively in a menu format to: (i) perform
the calibration, (ii) create and edit the parameter file for subsequent analysis of the
profile coordinate data, and (iii) choose the tin;ing mode for the time between profiles.
The instrument control program designed here enabled us in an interactive mode to
choose an edge detection threshold technique other than the tracer method described
earlier. It also allowed us to choose whether to record just the profile coordinates or
to save the entire image of 512x512x8 bit (256 level) gray scale for later examination,

and to examine the live image or a previously stored image.

5.3 Calibration of the Pendant Drop Apparatus

5.3.1 Instrument Parameters

A thorough analysis of the effect of error in the determination of the various instru-
mental parameters on the interfacial tension is necessary. There are four insttumental
parameters which determine the precision and accuracy of the apparatus: resolution,

aspect ratio, calibration, and edge detection method.

Resolution

The resolution of the instrument is its ability to resolve small distances. It is a
direct function of the resolution of the camera used, the numerical aperture of the

microscope and the wavelength of the light source. For any microscope, the resolution



CHAPTER 5. EXPERIMENTAL PROCEDURES

55
power is given by:
\ .
d =0.61— 3.
0 A, (é 1)

where d is the smallest resolvable distance, ) is the wavelenyth of the illuminating
light, and A, is ti:e numerical aperture. A typical average resolvable distance value is
about 8.010~*cm. This value is very sensitive to the wavelength of the light source,
therefore a judicious choice of light source is absolutely necessary. Using a CCD
" sensor, it was possible to rea.ti an edge directly to about one pixel or better. Such

results can not be obtained by means of a photographic film.

Aspect Ratio

The aspect ratio (AR) is defined as the ratio of the X to Z magnification. Its value
is generallyla.ﬁected by a number of factors, including horizontal blanking signals and
timing signals. The overall AR for the PIP-512B system, including the camera, is
found to be 0.8508 = 0.0002 or about 0.024 9% error. This value is comparable to
that reported for the RS170 compatible equipment of 0.83. Pallas and Harrison [85]
reported from simulations that fhe percent error in interfacial tension due to error in
AR is equal to about half the percent error in the AR. Therefore, only about 0.012

% error in interfacial tension due to the aspect ratio error is expected.

Calibration

Calibration is considered to be the greatest potential source of error [85]. This is
due in part to the fact that the interfacial tension measured by drop shape analysis is
proportional to the square of the magnification. Thus, the percent error in the tension

is twice that in the calibration. The error in the calibration is not only a function
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of the error in the calibration object, but also a function of the percent of the video
lines used for the calibration. For the calibration procedure, one needs to observe
an object whose dirmensions are well known, and to compare the known dimensions
to those observed. This results in two magnifications M; and Af. in pixels per cm.
Generally, stainless-steel spheres or rods are used for this purpose. A more accurate
way of selecting the calibration object is the use of a cross-scale reticle (Gaertner
Scientific Corp.). This method was originally adopted by Pallas and Harrison [85].
An intensity curve is generated as a function of the (X,Z) coordinates, from which
the magnification is extracted. Fig. 5.1 shows the plot of the extracted minima for
the M226 (80 mm) lens. An average value was found of 1874.675 pizel/em as M,
with an associated error of 0.0265 %. Oz that basis, a 0.053 % error in interfacial
tension due to calibration is expected. A similar analysis for other lenses was ca.rriedl
out. Fig. 5.2 shows a comparison between the experimental and the calculated drop
profiles using Eq. 4.3. The calculated residuals, r;, are also presented for each value
of Z. |
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Figure 5.2: (2) Typical experimental versus calculated drop profile and (b) the cor-
responding residual plot.
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5.3.2 Surface and Interfacial Tension Results

The instrument was then tested in order to assess its accuracy and reproducibility by
measuring the surface and the interfacial tensions of several pure substances. Pure
water and commercially available high-purity hydrocarbons were used to demonstrate
the use of high speed recording to produce a significant improvement in the precision
of surface and interfacial tension measurements. Surface tension data of water at 25°C
are presented in Table 5.1. Each experiment was performed on one drop, recording
the profiles as functions of time. Each experiment thus resulted in hundreds of profile
data sets of approximately one thousand (X,Z) coordinates. The resulting surface
tension versus time curve is shown in Fig. 5.3. It can be seen that over the time period
of this run no trends with respect to time are detectable. The data were analyzed
using the statistical procedure outlined by Pallas and Harrison [85]. The data for
each run were combined as the sum of the weighted variance of the means and 2 99.9
% confiderce interval was calculated. The total estimated error in the surface tension
was estimated by taking the square root of the sum of each contribution, namely, the
error in the calculated tension and the error due to the calibration. These results are
presented in Table 5.2. The surface tension of water at 25°C was found to be 72.00
0.07 mN/m. This value is considered to be in excellent agreement with the literature
value of 71.99 = 0.05 mN/m [85]. Table 5.3 gives the interfacial tension of several
hydrocarbons against water at 25 °C. The standard deviation is calculated from 20
consecutive measurements on the same drop. The measurements were performed on-
pre-equilibrated sélutions containing equla.l volumes of both phases. Also given are
literature data for these systems [71,72,110]. The measured values compared well

with the literature data in the range of the deviations shown in the table.
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Figure 5.3: Surface tension of pure water versus time at 25°C.

Table 5.1: Results for the surface tension of pure water at 25 °C

Number of profiles Mean surface tension Standard deviation

(mN/m) of the raean
110 72.023 0.0302
110 71.982 0.0271

110 71.992 | 0.0660
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Table 5.2: Averaged results for the surface tension of pure water at 25 °C

Mean surface  Standard Confidence Estimated
tension, v  deviation, ¢ interval 99.9%  total error
fmN/m) (mN/m) (mN/m)

72.000 0.019 0.062 72.000 +0.073

Table 5.3: Interfacial tension of hydrocarbons against pure water at 25 °C and per
cent deviation from reported literature values [71,72,110].

System Measured Standard Deviation | Literature | Deviation
(mN/m) (mN/m) (mN/m) (%)
n-Hexane 50.62 0.05 50.41 0.415
u-Heptane 50.73 0.04 50.77 0.079
n-Octane 51.32 0.05 51.22 0.195
n-Decape 51.75 0.07 51.70 0.096
n-Dodecane 52.37 0.04 52.46 0.172
Benzene 34.54 0.07 34.71 1.274
Toluene 35.61 0.05 35.70 0.252
n-Butanol 1.84 0.09 1.8 2.220
n-Pentanol 4.38 0.07 4.4 0.456
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5.3.3 Features of the Modified Pendant Drop Tensiometer

Once the modified pendant drop apparatus had been tested for accuracy and speed,
its utility was investigated in some practical situations related to surface scicnce.
Three different tests were performed, namely transient, dynamic and relaxation mea-
surements. The system studied consisted of an acidified oil (i.e paraffin oil containing
linoleic acid) as the oil phase and an aqueous solution of sodium dodecyl sulfate and
caustic as the water phase. This system was chosen to reflect an enhanced oil recov-
ery process involving caustic and surfactant reagents. Other systems, including acidic
crude oils, are under investigation. In our opinion, there has been some ambiguity
in the literature concerning the definition of "transient” and "dynamic” interfacial
tension, as previously observed in the publications of Chiwetelu et al. [18], Sharma et
al. [15], Rubin and Radke [10] and Nagarajan and Wasan [87). An attempt at a clear
unambiguous definition followed by an experimental example is given in the following
section.

The first test, referred to as transient measurement, consisted of measuring the
interfacial tension of a static drop of constant mass and changing interfacial area until -
equilibrium was attained. In this case an oil droplet of constant volume was formed
in exactly one second using 2 programmable syringe pump, and immediately the drop
profiles were taken according to a chosen timing mode. Generally, frames were taken
every second at the beginning and, thereafter, the time interval was increased. Fig. 5.4
shows the transient interfacial tension for two separate runs on the same system for
a period of one hour contact time. Each run contained 120 data points. Another
example is the transient interfacial tension data of a reactive system of interest to

surfactant enhanced alkaline oil recovery. Fig. 5.5 shows the transient interfacial
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tension behavior of acidified oil (1 mol/m?®) against 2 mol/m® sodium dodecy! sulfate
and 2.5 mol/m?® caustic solution. A very marked drop in interfacial tension is obtained
for this system in a short period of time. As can be seen also, approximately 1 hour
is required to reach equilibrium from the time of first contact. Interfacial tension
as low as 0.2 mN/m can be measured by the modified pendant drop tenstometer.
Data on acidic oil (10 mol/m3) against 25 mol/m® caustic are shown in Fig. 5.6.
It is noted in this case that as the interfacial reaction continues, the drop becomes
elongated and unstable and subsequently detaches from the capillary tip. This can
be improvea by judicious choice of a capillary tip diameter to obtain stable drops but
having the geometry required for interfacial tension calculation. Satherley ct al. [111]
successfully measured ultralow interfacial tensions for drops with a shape factor, 8,
more negative than -1.3.

The second test dealt with dynamic interfacial tension measurements. Dynamic
interfacial tension measures changes in a liquid/liquid interface while new interfacial
area is being created for the case of a droplet of increasing mass. The rate at which
new interface is formed can be controlled and changed to study its effect on interfa-
cial tension. The dynamic interfacial tension in this case is comprised of two parts,
i.e. a2 compositional contribution which is a function of the instantaneous interfacial
excess of surfactant species, and a rheological stress contribution which arises from
the resistance to the deformation process by the interface [87]. The measurement can
be performed on a growing drop or on a drop that has reached the equilibrium state.
For the former case, a drop of oil is formed at a constant expansion rate while the
interfacial tension is monitored automatically by the pendant drop tensiometer. This

proceeds until the drop is detached from the capillary tip.
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Figure 5.4: Transient interfacial tension for acidified paraffin oil ( 1 mol/m®) against
sodium dodecyl sulfate solution ( 7 mol/m? ).
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Figure 5.5: Transient interfacial tension for acidified paraffin oil (1 mol/m3) against
sodium dodecyl sulfate (2 mol/m3) and NaOH (2.5 mol/m®) solution.
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Figure 5.6: Transient interfacial tension for acidified paraffin oil (10 mol/m®) against
NaOH (25 mol/m?®) solution.



CHAPTER 5. EXPERIMENTAL PROCEDURES 66

For the latter case, a drop of oil is injected into the aqueous phase and th-e inter-
facial tension is allowed to attain its equilibrium value. The drop is then expanded to
a given final size depending on the expansion rate applied. Fig. 5.7 shows the change
of volume, surface area and interfacial tension as a function of time at an expansion
rate of 5.20 x 10~° ecm?®/s. This mode of operation is similar to the technique de-
scribed recently by Nagarajan and Wasan [87] who developed a novel method called
expanding drop tensiometry.

The phenomenon of relaxation of the surfactant adsorption layer at the oil/water
interface is receiving increasing interest [87,88,112]. Most of the experimental set-
ups have been developed to study the relaxation behavior at liquid-gas interfaces
and therefore a new method should be developed to study this effect at Liquid-liquid
interfaces. The modified pendant drop apparatus described in this work is suitable for
this purpose. In this case, an oil drop is injected into the aqueous surfactant solution
and the interfacial tension is monitored with time until a constant value is obtained.
Then, the drop is subjected to some perturbation by increasing or decreasing its
volume and consequently its interfacial area. Different modes of perturbation of the
interfacial area can be applied to the drop by means of a programmable syringe
pump, for example step, first-order and second-order. For a step perturbation, the
volume is changed suddenly by AV and consequently the interfacial area by AA,.
This operation can be repeated as many times as required. A typical relaxation

experiment is shown in Fig. 5.8 for the same system used in the previous section.
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Figure 5.7: Dynamic experiment: volume, surface area and interfacial tension change
as functions of time for a drop of paraffin oil expanding in sodium dodecyl sulfate
solution (7 mol/m?).
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Figure 5.8: Transient relaxation experiment: Volume, surface area and interfacial
tension change as functions of time for a drop of paraffin oil expanding in sodium
dodecy! sulfate solution (7 mol/m?3).
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Chapter 6

Development of the Equilibrium
Model

In this chapter, an equilibrium model for the surfactant-enhanced alkali/acidic oil
systems is presented. The proposed model represents an extension of the model
describing the acidic oil/alkali systems [12]. The validity of the proposed model
was examined experimentally using a system consisting of a simulated acidic oil, a

surfactant and an alkali reagent.

6.1 Model Formulation

Figure 6.1 shows the proposed system chemistry for the contacting of an acidic oil with
a solution containing an alkaline reagent and a surfactant. The proposed equilibrium
model takes into account the dimerization of the acid in the cil and its partitioning
between the oil and aqueous phases. The acid ionizes at the aqueous side of the
interface forming 2 surface active anion (i.e. ionized acid). At a high sodium ion
concentration, the ionized acid forms an undissociated sodium salt, which, according
to Ramakrishnan and Wasan [12], partitions preferentially to the oil phase. It also

takes into account the adsorption of the un-ionized acid along with the ionized acid

70
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in a mixed interfacial layer [20,21].

The added surfactant is considered firstly to simultancously adsorb at the inter-
face with the ionized and un-ionized acid, and secondly to partition to the oil phase
depending on its relative solubility in the oil. Thirdly, there is a possibility for it
to form micelles in the aqueous phase depending on the ionic strength. When the
un-ionized acid and the ionized acid are present, mixed micelles are formed. The
micellization is modelled using either the phase separation model or the mass action
model. In the phase separation model the micelle (which includes the counterions)
is treated as a separate phase.l The micelle and the unassociated surfactant ions are

assumed to be in an association-dissociation equilibrium and the mass action model

is applied.
6.2 Interfacial Reactions and Equilibria

Aspects of the system chemistry outlined by Chan and Yen [11] as well as by Ramakr-
ishnan and Wasan [12] are incorporated in the present analysis. The un-ionized acid
is represented as HX and the subscripts o and w refer to the oil phase and aqueous

phase respectively. The reaction mechanism involves the following steps:

1. Dimerization of the acid in the oil phase;
2HX, = (HX,): (6.1)
with a dimerization constant, K, defined as:
k = c"jA - (6.2)
Hx,

where C; is the concentration of species 7 at equilibrium.
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2. Partitioning of the acid, HX, to the aqueous sublayer;
HX, = HX, | (6.3)

with a2 partition coefficient, &, defined as;

Cux

K, = = 6.4
P Cwa ( )
3. Dissociation of the acid at the aqueous side of the interface according to the

reaction;

HX,=H*+ X~ (6.5)

Reaction (6.5) is governed by an ionization constant, K7y, given by the follow-

ing;
Cu+Cx-

K}?X = CHX

(6.6)

The equilibrium ionic concentrations are influenced by the ionic product of water

according to the following equation;
Ky = Cy+Con- (6.7)

4. Formation of the surface inactive soap complex at the aqueous side of the in-

terface in accordance with the reaction;
Nat + X~ = NeX, (6.8)

with an associated equilibrium constant, K}, y, defined as;

iy = %NL.EK (6.9)
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-1
.

Preferential partition of the inactive soap complex to the oil phase with a dis-

tribution ratio, Kp x, defined as;

Kpx = 2NaXe (6.10)

By combining Eqgs. (6.9) and (6.10), we can define a global equilibrium parame-
ter governing the formation of NaX and its subsequent removal to the oil phase

as follows;

KR.x = KpuxKpx
- CNG+CX-

6.11
CNax, (6.12)

Partition of the added surfactant to the oil phase in accordance with the fol-
lowing equilibrium;

Na* + 8~ = Na§, ' (6.12)
with an associated constant, K7, s, defined as;

CN et CS‘

Kes = s, (6.13)
Micelle formation by considering the following equilibria;
nS~ + n(l — a)Na* = (micelle) (6.14)
with a micellization constant, K., defined as;
Cr, (6.15)

Km =
(C5-)" (Cheas)™ ™
where C! is the concentration of micelles, n is the aggregation number for the

added surfactant, and « is the fraction of unbound sites on the micelles.
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6.3 Model Equations

6.3.1 Relating Anion Concentrations to the Equilibrium
Parameters

If V,, and V, are the volumes of the aqueous and oil phases respectively, and Cuyx,).»

Cinaom); and C(Nas,), are the initial concentrations of the acid in the cil, of the caustic

in the aqueous phase, and of the added surfactant in the aqueous phase respectively,

the conservation equations for the surface active species are written as follows:

1. Molal balance for X~;
VuCrx. + VuCx- + VoCrx, + VoCnNax, + 2VoClax,: = Vo (Cux,); (6.16)

Rearrangement of Eq. (6.16) with use of the equilibrium relationships yields the
following equation:
Vo Vo Ko | KuK, | Cno+ ) ( KK, )’ .
— + — + Cx-+2Ky| —— ] C%-
(Vo Vo KBxCon- ' KBxCon-  KRux) “\EBxCon-) ¥

= (Cux.): (6.17)

2. Molal balance for 5;
VwCS' -+ I,oCNaso + VWMS = Vw (CNaS..),' (6'18)

where Mg is the concentration of the micelles. Rearrangement of Eq. (6.18)

yields:

_ Vo CNa."’
Mg = (CNas,); — (1 + 7 -K)eas) Cs- (6.19)

3. Molal balance for Net;

VwCNu"' + VocNaxa + KCNGSO + V-wMNa = Vw [(CNnOH),’ + (CNGS..),'] (6-20)
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My, = (1 — a)Ms (6.21)

where My, is the concentration of Ne bound to the micelle. Rearrangement of

Eq. (6.20) with the use of Eq. (6.21), yields:

_ (Cnaow); + @(CNas,); + (1 — a)Cs-

Cra+ (6.22)
v, c§_ Vo Com
(l + V:K.Nox + QV: KNcS)
4. Charge balance in the aqueous phase;
CNo+ +Ch+ = Cx- + Cs=- + Cop- + Mc (6.23)
where
Me = aMs (6.24)

where Mc is the concentration of charges in the micelles. Rearrangement of

Eq. (6.23) gives:

Con- + Cx- + (1 = a)Cs- + a(Cnas.);
(1 +a g —cﬁl)

w I\'Nus

CNa+ = (6.25}

5.  Combining Eq. (6.22) and Eq. (6.25) yields the OH~ balance:

Vo
Cor- = (Cneor); — 7 (Cux.);

v.[rv, K, K. K, ) ( KK, )2 ’
+ 2 || o + —pP— | Cx- + 2K | 2 ) C2_
Vo [(Vo KByCon- ' KBxCon-) % ? KBxCoxn- X

(6.26)

The system of equations obtained so far provides three equations and four unknowns.
To completely describe the system chemistry, one needs another equation to be spec-

ified, which comes from the formation of micelles.
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6.3.2 Micellar Relationships

Considering the equilibrium equation (6.14) and assuming monodispersed micelles,

the mass action model gives the following expression for C}, :
Con = K (C5-)" (Chrae "7 (6.27)

The exact expression for the micellization constant, K,,, at the critical micelle

concentration is given by (see Appendix A):

c 1 n(2=a)=1
Bn = [n(l —e){l—-€e+ ae)“(l“')] (CMC)

= Fnle) (ﬁ) e (6.28)

where ¢ is the fraction of the surfactant in the micellar form.

A simplified form, where the factor Fi,(¢) is approaching unity, has been used by
Fainerman [113] with a relatively low error. This error becomes essentially insignifi-
cant when evaluating the logarithm of K,,. Therefore, by expressing the micellization

constant through the CMC, the expression for the monomer concentration can be ob-

tained:
Cs- = (C“"‘S"‘);; nCr (6.29)
e

Kias

 Cnes)o—nFnle) () (Sa)" " eme

S——
(i 2e)

(6.30)

w A NeS

The critical micelle concentration of the mixture system also needs to be known
to complete the system of equations. It is a function of the ionic strength as well as of

the acid concentration. This relationship is obtained experimentally from interfacial
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tension data. The effect of the un-ionized and ionized acid concentrations on the CMC

of the mixture is expressed by the following relationship as developed in Appendix A.

cMC
cMC ™

1-KouxCux, — Ko xCx- (6.31)
The expression for CMC is substituted into Eq. (6.30) to give the final expression
for Cs--.

Egs. (6.17), (6.26) and (6.30) are solved together with either Eq. (6.22) or
Eq. (6.25) to obtain the concentrations Cx-, Cs-, Cpq+, and Cogy-. The surface

concentrations are subsequently related to the interfacial tension through the adsorp-

tion i1sotherms as indicated below.

6.3.3 Relating Anion Concentration to Interfacial Tension

1. The adsorption isotherm derived by Davies [114] is used to relate the bulk

concentrations of the anions, X~ and S, to the surface concentrations, I':

_ % Px— _WX+N6¢0 ¢
Cx- = (Bl)xl—ﬂe""( ) (5:32)
_ (B Is- _Ws + Nep,
Cs- = (31)51-96""( RT ) (6.33)

where W; is the energy barrier for desorption of anion ;j per mole, B, is the
adsorption rate constant, and B; is the desorption rate constant. According to
Davies and Rideal [71], the ratio B,/B; is independent of the hydrodynamics of
the adsorption process and hence remains constant. We consider the adsorption
of the un-ionized acid onto the interface to occur mainly from the oil-side of the
interface. Adsorption from the water-side will be negligible compared to the

oil-side adsorption, because Cyyx, is too low to affect the interfacial tension.
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The adsorption isotherm for HX, is given by:

_ (B Puxe  ( Wax .
Cux, = (Bt)mz, T_p %P (- BT ) (6.34)

where # is the fractional surface covered by adsorption and is related to the

surface species by [21]:

= +
rX‘.mu Fon.mu PS" ,mar

Ty- Tix I
9 X HXo , S (6.35)

- where I'jme- is the maximum number of molecules per unit surface area for
species j. It is assumed that the interface behaves ideally. This assumption

is reasonable for a single jonic surfactant [115], but may not hold for 2 mixed

interfacial layer.

2. The Gouy-Chapman model is used for the determination of the interfacial double

layer potential:

_2%T . ., o 5007
P = - sinh (\/CN_;" (D,:RT) (6.36)

where ¢ is the surface charge density and D, is the dielectric constant of water.

Substitution of the values of the known quantities at 25°C yields:

¢,=—51.4sinh"( 136.9 ) (6.37)

A-\ / C N:
3. The Frumkin-Volmer-Davies-Hachisu (FVDH) equation of state, previously adopted

by Chiwetelu et al. [16], is used to relate the surface pressure II, and thereby

the interfacial tension v, to the surface concentration of adsorbed species, I':

kT A 8D NCs (TP ( e, )
M=9-y=7-i (A - A,,) + \/ 10%e2r cosh (21:7’) -1

(6.38)
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The areas A and A, are evaluated in A% per ion as follows:

1

I'N10~20
1

A =

Ao =

where

F'=Tx-+Tux, +Ts-
and

1 Tx- 1
rmu'.m Ix-+Ty Xo T+ Is- Tx =,maz
Cax 1
P.X- + PHX., -+ rS- rHX.,.mcx
Ts- 1
Ix-+Thax, +Ts- Ts-max

80

(6.39)

(6.40)

(6.41)

(6.42)
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6.4 Solution of the Equilibrium Model Equations

6.4.1 Specification of the Model Parameters

The equilibrium model equations represent a system of coupled, non-linear algebraic
relationships which must be solved simultaneously. The model parameters to be
estimated are the equilibrium dissociation comstants K2y, K%,y and K2 ¢ with
the dependent variable being the surface pressure, II. The independent variables
which are determined experimentally are (Cux, )i, (Cnaonr- )iy (Cias,); and the phase
volume ratio V,,/V,. The remaining variables, namely K,, Kq, W;, B2/B,; and [ mez
are considered as model constants and are evaluated on the basis of information

available from the literature.

6.4.2 Model Constant Evaluation
B:/B; Ratio

Based on the consideration of the thickness of the adsorbed film, Davies and Rideal [71]
assigned a value of 204 for the ratio By/B,. This ratio was found to be independent

of the hydrodynamics of the adsorption process, and consequently has a constant
value.

Partition Coefficient, K,

Tanford [116] proposed a relationship for the estimation of the partition coefficient
of saturated fatty acid to be a linear function of the chain length‘. However, data
reported for oleic as well as linoleic acid indicated that such an equation would not
be quite appropriate for unsaturated acids. The use of Traube’s Rule [72] does not

improve the poor agreement with the reported data.
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Adsorption Saturation, ['n.z

The adsorption saturation or maximum surface concentration, 'mez, or alternatively
A,, values are generally obtained from the [I-A experimental data. The wide dif-
ference in the value of I'mqr reported in the literature resulted from the different
techniques used for measuring the surface pressure, [I. Generally, I'moz values ob-
tained from surface or interfacial tension measurement were found to be lower then
those obtained by direct measurement.

In this study, it was decided to determine these parameters by fitting experi-
mental interfacial tension data for each interfacial active species independently, and

comparing them with‘ available literature values.
6.4.3 Solution Methodology

There are wide differences in the literature for the values of I'ymez, the distribution
coefficient, K, the dimerization constant, K, and the adsorption energy, W;. Since
information available from the literature is often rather general in nature, the ac-
curacy of the reported values is questionable. Therefore, the constants should be
estimated together with the designed model parameters. However, this would lead to
multiparametization, which reduces the accuracy of parameter estimates [117]. This
proBlem can be avoided when parameters from individual interfacial tension data are
determined separately.

The objective function for the minimization problem is defined as the sum of
* squares of the residuals between the experimental and calculated interfacial tension.

Explicitly, it can be written as:

SSR = i (Yezp = Yeat)’ (6.43)

i=1
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In this regression problem, the dependent variable, 4, is not explicitly related to one
or more functions of the independent variables together with the model parameters.

The nonlinear parameter estimation routine of Levenberg-Marquardt [118,119)]
was employed. This routine, DUNLSF, is available from the IMSL packages [120] at
the University of Ottawa. This routine is particularly suitable because it does not
require analytical derivatives which are very difficult to evaluate due to the complex-
ity of the problem. As in all parameter estimation problems, good initial guesses
are important. In the present work, the initial guesses are obtained from literature
values and then checked using the grid search method [121]. Input data include the
pertinent initial acid concentration in the oil phase, caustic concentration and added
surfactant concentration in the aqueocus phase, and the experimental equilibrium in-
terfacial tension data. For each data point, the routine DUNLSF is called by the maia
program. Then, the residuals are evaluated as well as the sum of squares of the resid-
uals (SSR). The routine, DUNLSF, continuously seeks to minimize the SSR. by an
automatic adjustment of the values of the parameters until convergence is achieved.
The convergence criteria are 10~° between successive sums of squares of residuals,
and an agreement in successive parameters estimates up to the fifth significant digit.
The main program includes an integrated statistical analysis for the estimates and

provides the 95% confidence intervals for the parameter estimates.



Chapter 7

Development of the Transient
Model

7.1 Mococdel Formulation

In this chapter, a diffusive-kinetic analysis of the interactions between acidic oil and
aqueous surfactant-enhanced alkaline solutions is presented. The model is an exten-
sion of the acidic oil/alkaline interactions modelling [14,17], but includes the effects
of the adsorption of an added surfactant on the interfacial tension behavior of the
system under consideration. This analysis is not limited to applications in enhanced
oil recovery, but also applies to processes such as liquid-liquid extraction, foaming
and interfacial reactions in biological membranes.

For the system under investigation, the acid adsorbs at the interface and parti-
. tions itself from the oil phase to the aqueous sublayers from where it then undergoes
ionization depending on its ionization constant as well as on the pH prevailing at the
interface. The ionized acid (i.e. the soap anion) produced and the added surfactant
adsorb at the interface in a mixed interfacial layer. As the active anions adsorb at

the interface, an electrical double layer is set up with an interfacial potential which
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depends on the total surface excess concentration. The model also features the for-
mation of the inactive soap complex and its subsequent desorption to the bulk oil
phase as well as the partition of the added surfactant to the bulk cil phase depending
on its relative solubility in the oil.

In order to distinguish the diffusive steps from the sorptive-kinetic ones, the
model allows for the existence of sublayers adjacent to the interface and having
boundary layer thicknesses §. The species transport from the bulk to the inter-
face is modelled by the Nernst film theory which provides a simplified description of
convective diffusion and has two advantages. Firstly, the effect of convection can be
examined by altering the film thickness. Secondly, phases of arbitrary geometry can
be considered as long as the film thickness is small in comparison to the local mean
radius of curvature.

The transfer of the surface active species across the oil/water interface consists

of the following steps:

(1) Transfer of the reacting species from the bulk phases to the interface by con-

vective diffusion;

(i) Interfacial reactions and associated equilibria leading to the formation of the

surface active soap species;

(iif) Transfer of reaction products from the interface to the bulk phases by convective

diffusion;

(iv) Surfactant adsorption and desorption resulting in variable surface excess con-

centration and consequently in variable transient interfacial tension phenomena.
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A geometrical model of the interface has been constructed in accordance with
the different steps outlined above (Figure 7.1). The principal assumptions used in

the development of the transieat model are listed below:

(2) Single molecular transport is considered as surface active species are below their

critical micellization concentrations,
(b) Surface coverage is limited to a monolayer,

(c) Ideal solution behavior of all interacting species in the bulk phases and at the

interface,

(d) Formation of a mixed interfacial layer with 2 diffusion boundary layer thickness,

4, on each side of the interface.
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7.2 Interfacial Reactions and Related Equilibria

The process involves the follewing steps:

1. Adsorptive dissociation of acid,

o~ Lid
HXq K-on

K
HX,, = HXuy, = H'+XD,
2. Desorption of X~ to the aqueous sublayer,
- Ex _
ads = Xw.a
3. Removal of X~ to the oil sublayer as the inactive complex NaX,
- + Kpax
Xuds + Na e NQXQ._’
4. Desorption of X~ to the aqueous sublayer as HX,,,
- Kax,
X, +HY =" HX,,

5. Adsorption of S~
K
5;,= 52,
6. Desorption of S~ to the oil sublayer as the complex NaS,

KNﬂS

s+ Na* "= NaS§,,

7.3 Sorption Kinetic Rate Equations

(7.2)

(7.3)

(7.5)

(7.6)

Langmuirian sorption kinetics are employed to describe the adsorption and desorption

of the surface active species, HX,, X~ and 5, to and from the interface according

to the reactions outlined above,
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(i) Net rate of adsorption of X~ from the aqueous sublayer in accordance with
Eq. 7.2,

Ria.x) = kaCx-exp ( ) (1 —8)—kTx (7.7)

Using the notation introduced by Borwankar and Wasan [14], a new sorptive

rate constant are defined as follows:

kx = r::,.,, (7.8)
and equilibrium sorptive rate constant as follows:
Ky = kdI‘l_:m, 7.9)
Eq. 7.7 is then expressed in terms of these new constants as follows;
Rz x) = kxTx mes [Cx exp (c¢°) 1-06)- x] 7.10)

(ii) Net rate of adsorption of HX, from the oil sublayer in accordance with Eq. 7.1,

6 9 )
Riamix,) = kax.L uxmex [C;,—x,., (1-0)— X _ X Cpiexp (_ ‘:’b )]

(7.11)

(iif) Adsorption of HX,, from the aqueous sublayer in accordance with Eq. 7.4,

ox Cd’o
. Cy+ exp (— kT)] (7.12)
(iv) Adsorption of NaX, from the oil sublayer according to Eq. 7.3,

0 A
RieNaxo) = kNax L X mez [me,,. (1-6)— KNJ:X Che+ €Xp (— ;:;)] (7.13)

R rix,) = kax Lo X mes [C'Hx.,, (1—-0)-

(v) Adsorption of S~ from the aqueous sublayer in accordance with Eq. 7.5,

0 )
R(c.s.,)—ks..l‘s.m [Cs- exp (:’,})(1 0)-—5-] (7.14)
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(vi) Adsorption of NaS, from the oil sublayer according to Eq. 7.6,

0 €Y, S
RiaNas.) = knas.Tsmaz [Cn.'us,,. (1-6)- F’S——C,v,-p exp (— Ep)] (7.15)

aS,

Following the scheme proposed by Borwankar and Wasan [14], the rate expres-

sions for X~ and H X,, are combined through an association parameter, a, as follows:

—'al’o
Rax+nx,) = Rpxyexp (F) @

6 - Io -
= kyalxmer [CX;,, (1-46)- Kif exp( ;; )] (7.16)

where the association parameter is given by the following expression;

Ch+
a=]1+4+—— 7.17
KBy (10
and with the assumption that:
DX... = DHX... (7'18)

7.4 Species Bulk Transport

The Nernstian convective diffusion theory as outlined by Levich [122] and first adopted
for this type of problem by Rubin and Radke [10], is employed to describe the trans-
port of any given species from the bulk phase to the sublayer. The general expression

may be written as follows;

A,D;
5; (Ci —Ci) (7.19)

dC;
Kr i
and then can be expanded for all the relevant interfacial species of the transient

system.

1. Transport of HX,,

dc A,Dux,
Ve ;ix" =— EHX (Crx.,~ Crx..s) (7.20)
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o

Transport of X7 + HX,,

dCyx- AaDy- -
Vua—gi— = === (Cx- = Cx-.) (7.21)

3. Transport of NaX,,

dCNax, _ _ AsDNax,

A = A (CNax, = CNaX,.s) (.22
4. Transport of S,
dCs- A,Ds- -
Vogi— = == (Cs- = Cs-.) (7.23)

5. Transport of NaS,,

dC, AsDpaxs, -
Vo g = =22 (Cas, = CNas.s) (7.24)

7.5 Differential Equations of the Transient Model

Since the resistances due to the sorption kinetics and convective diffusion are in series

and there is no net species accumulation in the sublayers, it is necessary that:
o Di
R(a,z) = 3—' (C, — C;,,) (7.25)
2

Equation 7.25 is used together with each of the sorptive kinetic rate expressions to
solve for the sublayer concentrations, namely Crx,.s» CNaXos Cx,;, CNas,s 2and Cs,.
Thereafter, the expressions for the sublayer concentrations are substituted into the
bulk transport equations. The resulting set of ordinary differential equations is as

follows;

(i) Diffusive kinetic equation for HX,;

\ 7/ dCHXo - _ DHXoAskHXngX.mu
°odt (krrx. 80T Hx maz (1 — 8) + Dax,]
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(31)

(iii)

(iv)

(v)

(vi)

(vii)

Onx o\ ,-
s (1 =f) = HX X _¥e 9
[Cm., (1-9) Koy~ T Ci+ exp ( kT)] (7.26)

Diffusive kinetic equation for NaX,;

" dCnex, - Dyox,Asknex.] x maz
° dt [evax 8ol Nax maz (1 — 6) + Dpyax,]

8
[cm.,(l—e)- = c~a+exp(—jf;:)] (7.27)

Diffusive kinetic equation for (X~ + HX,);

dCx- Dx-A kx-rA maz
Vp—==
di [kx-b'.,,exp( ) rX.'mcz (1 _9)+DX;]
Cw:; ax
[c_,,; exp ( kT) (1-6)- Kx;] (7.28)
Diffusive kinetic equation for $-;
Vw_ = - o
dt [ksz6wexp (2) Tsimaz (1 — 6) + D]
[Cs; exp (“[’) (1-6)- —of—] (7.29)
Kss
Diffusive kinetic equation for Na$,;
v dCNa.So - DN@S,A:kN cSorS.mc:
° dt [chsoaorNaS.ma.: (1 - 0) + DNcS,]
s €,
[CNH.SQ (1 9) = K oS, CNG"’ €xp (— kT)] (7'30)

Diffusive kinetic equation governing acid accumulation at the interface, Oy x:

dfyx, _ Dgx knx,
dt (kerx. 60T X maz (1 — 6) + DHx.,]
[CHX, (1-6)-— &IL - —C'H+ exp ( ed"’)] (7.31)
HX

Diffusive kinetic equation governing in-situ surfactant accumulation at the in-

terface, Ox:
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ﬁ - Dz\'ﬂxokf\'a-\.o
dt [anXo&oFX.ma: (1 - 0) + Dnax ]
fx Yo
[CNQA., (1—9) K o ,CNn+ e.\p( LT)]
Dx—akz—
+ 17
[kxz6uexp (%) Dxomas (1 = ) + Dy ]
o 6
v () 0-0- 2] i
Ky-
(viii) Diffusive kinetic equation governing added surfactant accumulation at the in-
terface, 8s:
dbs _ Dkss
dt [ks6wexp (£52) Tsmez (1 — 8) + D]
s
— ) =
oo (i) 0-0- 1
Dyeos,kNas,

[kNa.S’oé rSmu (1 - a) + DNaso]
[Cmso (1= ) = s b - j:;)] (7.33)

N 659

The above ordinary differential equations together with the global algebraic rela-
tionships presented in Chapter 6 characterize the overall interfacial behavior of the

system.



Chapter 8

Solution of the Transient Model
Equations

8.1 Specification of the Model Parameters

The system consists of seven coupled non-linear ordinary differential equations, which
must be solved simultaneously along with the algebraic equations. The parameters
of the regression problem are the kinetic rate constants kix., ENeX,s kxo s kNnes, and
ks, - With the understanding that adsorption barriers and desorption barriers refer to
the net effect produced by the reversible kinetic steps, kxx, and ks, characterize the
adsorption barriers, and kx, , knox,and ky.s, are measures of the desorption barriers.

The specification of the model constant is as follows:;

(2) Independent variables :

Vun 1/03 AS! COH‘ and CNa"'-

(b) Model constants T;rpe 1: equilibrium parameters;

K;{X,: ngx,, KNax.n K.Xwa KNa.Spa KS.., and r'l'.ma::-

(c) Model constants Type 2: boundary layer thickness;
6, and §,.

94
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(d) Model constants Tvpe 3: Fickian diffusion coefficients;

Duxo Dyaxos Dxy: Dnas, and Ds,.
8.1.1 Calculation of the Equilibrium Sorptive Constants

The Langmuir model equation can be written in the well known form as follows:

. b; €Po .
K :Ci = 1_2 7; ( ) (8.1)
where the equilibrium constants, Kz ;, in m3/mole are defined as:
. _ (B exp (gF) o
AL“ B (32) ri.mn: (S--)

The desorption energy, W;, and the saturation adsorption, I'; mar, are obtained from
the equilibrium study developed in Chapter 6. Eq. 8.2 is used for the determination

of the equilibrium sorptive constants Ky , Kx,,, and Ks,.

Other equilibrium constants

KHX,

In accordance with Eq. 7.1, Ky is given by the following relationship

o - XoJE

HX, [Hx ] (8‘3)
By definition, K2y is given by
(XZIHY]
=M 4
KH X [ H Xw] (8 )
and the partition coefficient, K, is as follows
K, = X, (8.5)

[HX.]
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The combination of Eqgs. 8.3, 8.4 and 8.5, gives

» *D
I{" L = I\wa'LHx
HAo Kp

Knox,:
Using Eq. 7.3, the expression for Ky,x, may be written as follows

_ [X&Vet]
KNax, = [ R“,a X

By definition, Ky, x is written as follows

KB = I

then the combination of Eqgs. 8.7 and 8.8 leads to the following relationship
Knox, = Kx KP.x

KNGSQ :

Similarly, the expression for Kn,g, is given by

Knas, = Ks.KRs

8.1.2 Calculation of the Boundary Layer Thicknesses

86

(8.8)

(8.9)

(8.10)

The boundary layer thickness, &, characterizes the magnitude of the convection cur-

rents in the vicinity of the interface. For a typical situation, & can vary from 1000

pm or more when there is just natural convection and no stirring, to about 10 um

when there is significant forced convection [122]. Based on the approximate solution

to the convective diffusion equation derived by Levich [122], Chiwetelu [17] derived

an expression to estimate the boundary layer thickness:

§ < Diyt

(8.11)
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!

This relationship can be used to calculate é for any given system, provided that
the value for a reference system is available. The analysis leading to the evaluation
of the pertinent variable is developed on the basis of the work done by deZabala [13]
as well as by Rubin and Radke [10]. For the sake of simplicity, the same procedure is

used in this work.

8.1.3 Calculation of the Diffusion Coefficients

The generalized Wilke-Chang correlation [123] is used for estimation of the diffusion
coefficients in paraffinic solvent as well as in water with different association param-
eters, wy. The association parameter assumes a value of 1 for the oil solvent and a

value of 2.6 for water. The generalized correlation is given by:

T4 x IO‘SVWMBT

Dip = 8.12)
A% Ve (
where

T absolute temperature

7 viscosity of solution

Va molar volume of solute

Y association parameter for solvent

Mp molecular weight of solvent
The molar volume of solute is estimated by the correlation of Tyn and Calus [124]
which is given by: H
Vi = 0.285V%48 (8.13)

where V, is the critical volume. The critical volumes are obtained by Vetere’s method [125].

The applicable relationship is as follows:

v.=3.04+ (3 avim) (8.14)
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8.2 Solution Methodology

The solution methodology adopted to solve this regression problem consists of esti-
mating the kinetic parameters and solving the differential equations simultanecusly.
This analysis is referred to as parameters estimation in differential equations. The
best estimates of these parameters are taken as those that minimize the sum of squares
of deviations between the observed and predicted response variable, i.e. the inter-
facial tension. After conversion of the estimation algorithm, the model adequacy is
confirmed by checking for discrepancies between observed and predicted values of
the response, and analyzing the residual plots. Non-random plots of residuals versus
predicted values of the response indicates lack of fit. Plots of the observed values of
the response versus the predicted values offer an easy way to detect inadequacies.
The non-linear iterative method of Levenberg-Marquardt [119] that produces
least squares estimates of the parameters is applied to solve this problem. The
IMSL [120] routine DUNLSF is found appropriate for this task and the IMSL [120]
routine DIVPAG is used for the solution of the differential equations. However, in
view of the stiffness of the equations, the analytical Jacobian matrix of partial deriva-
tions is required as input to the algorithm. Transient interfacial tension data including
the interfacial area and the volume of the drop are supplied to the main program.
Also supplied. are the various model parameters calculated in the previous section.
The grid search method is used to obtain good initial guesses for the regression prob-
lem. The procedure first evaluates the residual sum of squares at each combination
of starting values. The starting values with the lowest sum of squares then serve as

the initial estimates of the parameters.
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In order to obtain a better understanding of the mechanisms for the interactions
between acidic oil and the aqueous surfactant-alkaline mixture, the procedure used
in the analysis of the equilibrium model is adopted here. The procedure consists of
modelling the interfacial activity of each surface active species. Interfacial tension
data for these systems, namely, carboxylic acid, surfactant, carboxylic acid-alkaline,
and carboxylic acid-surfactant are available. Interfacial activity of the binary and
tertiary systems is then checked using results from the individual analysis. The

diffusion kinetic equations for each of the models are presented in the next section.

8.2.1 Diffusion Kinetics of the Acidified Oil/Water System

Kux, Kxxe
HX,y =" HXets =" HXus (8.15)
dCux, Dyx,Askrx L HX mez [ Onx ]
‘/o 2 _ o o » C : 1 _ a - ==
dt kx0T HX maz (1 — 0mx) + Dux.} 1, { Hx) Kyx
(5.16)
dCrx Dyx,Askex Lux maz [ Orx ]
Ve == - C (1—8 -—
dt lerx 0wl X mez (1 — 8ux) + Dux.] . x) Kpx
(8.17)
dbpx _ Dgx kux, [Ca'x (L = Bx) — Orrx ]
dt (krrx 8oL HXmaz (1 — 81 x) + Dax,] ° Knx
Dux. knx [ 0Hx]
- -w . C 1 -— 0 — —
+ (krrx 6T i xmez (1 — 6yx) + Dux.] axu ( x) Kux

(8.18)
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8.2.2 Diffusion Kinetics of the Acidified Oil/Caustic Sys-

tem
. o
HX,s =°HX., ="H*+XD, (8.19)
K
xo, & - (8.20)
X5, + Nat "2% NaX,, (8.21)
xo,+ B T X, . (8.22)
v Cux, _ DuxoAskzx, T HX maz
° dt [ka.5 Chxme= (1-0)+ Dﬁx.,]
8 )
C'Hx.,(l 6) — == —~ —2—~Cp+ exp (_cvo)] (8.23)
i Hx HX kT
chaX, - _ Dyex,AskNox, U X maz
o [kNaxo8eL X maz (1 = 6) + Dnax,)
i Ox e,
_me. (1-6) KNJ,CN“+ exp (— kT)] (8.24)
dCy- Dy= Asky=Tx maz
Vo= = — — =
dt [kxz8wexp (32) Txumez (1 — 6) + Dy-]
b, ax :
oo @)on] s
dogxo - DHx,kHX.
dat [krrx 8oL 1 X ma= (1 — 8) + Dy,
bpx  Ox b,
Crx.(1-6)— —_— C, (-——-—- 8.26
[ Kux  Kix " “P\7ar)] ¢
dox _ Dnax, knax,
&t = Trwex.b.Txmaes (1 —6) + Droxl]
Ox €Yo
[Orer 40~ e e - )

[kxz 65 (22) Txomee (1 — 6) + Dyz]
[Cx;exp (ab") (1-6)- .rg_,f_ (8.27)
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8.2.3 Diffusion Kinetics of the Oil/Surfactant System

So. = 82, (3:28)
- + K ‘\q\
Soy+ Na NaS,, (8.29)
dCs; _ DS.,A kgwrSmn:
bt dt - [LS-S exp (“bn) rSmu (1 - ob) + D ]
€¢ 0" N
[Cg; exp (LT) (1-26s)- I‘s;] (8.30)
dCN.,s° _ Dpas,AskNes, [ smaz
Ve dt [knas,6ol simaz (1 — 85) + Dnas,]
9 Ctpo o«
[Can.,(l - s}~ o an+ exp ( LT)] (8.31)
ds _ Dk
dt [ks_awexp( ) Psmez (1 —05) + DS-]
€, s
[Cs‘:exp (kT) (1-8s)— Ks:]
+ DNes, knes,
{kNas, 8ol Smaz (1 = 05) + Dnas,)

[cm,u-s) Ko CN.,+exp( 1’;)] (8.32)
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8.2.4 Diffusion Kinetics of the Acidified Oil/Surfactant Sys-

tem

dCon
Vo di
v dCrux.

dCs-
Yodt

dCN GSQ

dbxx

dt

H’Xo

HXO: = HXcda

Kg

Seu =

Hx‘,.

ads

HXu,s

5o, + Na* "5 NS, ,

-DHX.AskHX.,rHX.mu

" REx.S T Hx mez (1 = ) + Dirx.]
Dyx Askux, Tyxmes

" [*Hx ST HXmaz (1 — 6) + Drx.]

[ks-éwe-"fp(
[cs; exp (:’;) (1-0)-

Dnas,Asknes, T smez

)Psmu(l - )+D5;]

bs
Ks:..‘

s

Dpx kux,

B [chSo‘sor.S'.mcz (1 - 0) + DNcS,]

[CNaso (1 - 8) - KNcS CNc+ eXp ( j:;:):l

Dyx kux,

kax.0ol X max (1 = 6) + Drrx,

kax.bul Hxmaz (1 —8) +

Dgkg-

Dux,)

e

Dpes,knas,

[ksz6uexp (522) Tsmez (1 - 8) + D]

ceen(@)a-o-

85]
5;

b¢

[chs.,fsoPs.m (1 - 9) + DN;S.]
Ches, (1 —6) — 'I'(‘—CN::*' exp ( :;:)]

[Cﬁx, (1-8)—

Crx, (1= 6) — 3,5-’5-]8.37)

(8.33)
(8.34)

(8.35)

Oux
= ] (8.36)

HX

(8.38)

(8.39)

|oax -0 fj’T’;]

8”" ] (8.40)

(8.41)
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Chapter 9

Equilibrium Model Analysis

Equilibrium interfacial tension data for acidic oil/surfactant and caustic mixtures are
presented in this chapter. Equilibrium interfacial tension measurements are carried
out with preequilibrated samples. These samples are made by periodically shaking
equal volumes of aqueous and oil phases for one month at a constant temperature of
95 °C. The physical properties of the oil and aqueous solutions are listed in Appendix
C tables C1-C3.

Pertinent parameter estimates are obtained for single and binary mixtures. Us-
ing these parameters, the model for the interaction between acidic cil/ surfactant-
enhanced caustic systems is validated. The effects of initial acid concentration in the
oil phase as well as the effects of the caustic concentration in the aqueous phase on
the micellization and the adsorption parameters of the added surfactant, sodium do-
decyl sulfate, are investigated and semi-empirical relationships are developed between

them.

104
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9.1 Acidified Oil/Alkaline Systems

In the absence of added alkali, the interfacial tension of the acidic oil/water system can
be calculated using Eq. (6.16), Eq. (6.33) and Eq. (6.37) while omitting the ciectrical
term in the proposed model. In Eg. (6.16), the terms for ionized acid and undisso-
ciated salt will be negligible when no alkali is added. The acid parameters, namely
Aonrxy Wix, K, and K, can therefore be determined from the fitting of experimen-
tal interfacial tension data. The parameter estimates for linoleic acid dissolved in
paraffin oil are listed in Table 8.1. The reference interfacial tension, v,, corresponds
to the interfacial tension of pure paraffin il against water and is measured to be 51.7
mN/m. This value is within the expected range of hydrocarbon interfacial tensions
against water. For comparison, the interfacial tension for decane/water is measured
to be 50 mN/m, which is in good agreement with literature values [72]. Fig. 9.1
shows 2 comparison between the experimental and predicted interfacial tension as a
function of initial acid concentration. The agreement is very good in the limit of no
added alkali. Fig. 9.1 also shows that the interfacial tension decreases steadily with
increasing acid concentration up to 100 mol/m® indicating not only that the acid is
surface active, but also that the interfacial tension is dependent upon the concentra-
tion of acid in the oil phase, not in the water phase. Shown in Fig 9.2 is a plot of
the residuals versus the measured and predicted response. This plot indicates the
adequacy of the proposed model for the interfacial activity of the acid.

For the acidic oil/alkali system, three initial acid concentrations are used, namely
0.1, 1 and 10 mol/m®. The NaOH concentration is varied from 0.25 to 250 mol/m®
The mode! equations for acidic oil/alkali system are applicable at low acid concentra-

tions. When the acid concentration is high, the concentration of the ionized acid in the
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aqueous phase will be sufficient to form micelles and the model developed by Rudin
and Wasan [21] is more apprapriate. Under such conditions, the model Egs. 6.17 and
6.26 are solved together with either Eq. 6.22 or 6.25, excluding the terms for added
surfactant, to yield Cx-, Coy- and Cnq+. Using the adsorption isotherms, Egs. 6.31
and 6.33, the interfacial tension can be then obtained using Eq. 6.37.

Equilibrium interfacial tension data for the acidic oil/alkali solutions as a function
of acid concentration are shown in Fig 9.3. This figure indicates that the interfacial
tension depends on the alkali concentration as well as on the acid concentrations. The
very marked drop of the interfacial tension is an indication of the high effectiveness
of the ionized acid as a surfactant even at such a low concentration.

Fig. 9.3 shows a comparison between the experimental and predicted interfacial
tensions. As mentioned before, a good agreement is obtained for tke low acid concen-
trations of 0.1 and 1 mol/m? respectiv;aly. As seen in Fig. 9.3, the agreement for 10
mol/m® acid concentration is satisfactory in the limiting case when the micellization
is not accounted for. In this case it is belie\.red that the micellization, in addition to
the partition of the undissociated salt into the oil phase, reduces the concentration of
the lonized acid and hence the interfacial tension increases, resultiz,; in 2 minimum
near the critical micelle concentration. The residual plot is shown in Fig 9.4 and
indicates po particular trends for the predicted interfacial tension.

The parameters for the jonized acid obtained by non-linear regression are shown
in Table 9.2. The desorption energy, Wy, is lower than what would be expected
from the Davies and Rideal [72] equation, which uses 3385 J per CH, group and the
number of carbons evaluated by Traube’s Rule. The ionization constant as shown

in Table 9.2, decreases as the initial acid concentration is increased from 0.1 to 10
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mol/m?3. This marked dependence of the ionization constant on acid concentration
was also observed by Chiwetelu et al. {16] for solutions of oil acid in hexadecane.
Patil et al. [67] observed the same trend for Cy4-Cys fatty acids. They reported that
the apparent ionization constants varied not only with acid concentration, but also
with the electrical field strength of the aqueous phase as well as the applicable surface
pressure. The equilibrium constant, KZ,x, showed only a marginal change with the
acid concentration increase. The high values of K7 » indicate that the ionized acid

is preferentially partitioning into the oil phase.
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Figure 9.1: Experimental and predicted interfacial tension of acidified paraffin oil
against distilled water.
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Figure 9.2: Residual plot.
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Figure 9.3: Experimental and predicted interfacial tension of acidified oil/caustic
solutions at different acid concentrations.
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Figure 9.4: Residual plot.
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Table 9.1: Adsorption parameters for un-ionized acid.

Parameters Measured Literature

Aonrx (A?) 28.07£1.45 20-35 [126]

Wax (J/mol) 22945 670 20000-23000 [71]

K, (4.50040.254) x 10°

K4 (I/mol) | (3.0262:0.107) x 10°

Table 9.2: Adsorption parameters for jonized acid.

Parameters Acid concentration (mol/m*)
01 ] 1.0 10.0
Aox (A% 41.50 +1.67
Wx (J/mol) . 51481+1233

KBy (molfl) | 6.982 x 10~ | (4.438:£0.234) x 10~ | 1.124 x 10~¢

KB, x(mol/l) | 2.624 x 10~ | (1.133::0.108) x 10~ | 1.643 x 10~4
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9.2 Acidified Oil/Surfactant Systems

It is well known that the interfacial or surface tension of a surfactant solution remains
constant when the surfactant concentration exceeds the critical micelle concentration.
To be able to predict the interfacial tension, one needs to calculate the monomer and
counter-ion concentrations as a function of the total surfactant concentration. In
this case the mass action model is adopted. Moroi [127] reported that the mass ac-
tion model is applicable for the micelle formation of sodium dodecyl sulfate. The

model equations 6.22, 6.25 and 6.30 are solved for the monomer and counter-ion con-

centrations in the absence of any added acid and alkali. The interfacial tension is- ~-~ -

then obtained using the adsorption isotherm and the equation of state. The micel-
lization parameters, namely @ and n, are taken from the literature [127] and sub-
sequently checked against the calculated values. The critical micelle concentration
of sodium dodecy! sulfate is obtained from the interfacial tension data and is found
to be 8 mol/m3 for the paraffin oil/water interface compared to 8.5 mol/m® for the
decane/water interface. The estimated value for log K, using Eq. 6.28 is 232, a value '
which is close to the value of 230 obtained by Moroi [127].

Figs. 9.5 and 9.7 show the comparison between the experimental and predicted
interfacial tensions as a function of the surfactant concentration for paraffin oil/water
and decane/water systems respectively. The good agreement reflects the applicability
of the mass action model to micelle formation. The parameter estimates for sodium
dodecyl sulfate at the paraffin oil/water interface as well at the decane/water interface
are shown in Table 9.3. The calculated parameters for sodium dodecyl sulfate at the

decane/water interface compared very well with the literature values as shown in

Table 9.3.
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Fig. 9.9 shows the effect of acid concentration on interfacial tension behavior of
sodium dodecyl! sulfate solutions. It is evident that the acid has the effect of reducing
the interfacial tension obtainable with sodium dodecyl sulfate alone. An increase in
initial acid concentration causes the interfacial tension to be lower at all surfactant
concentrations. The acid is seen to reduce the critical micelle concentration of the
added surfactant in a systematic way and especially at high acid concentrations.
Similar behavior has been reported by Shinoda [128,129] and Nishikido [130), for the
case of alcohol/surfactant mixtures, and they explained this behavior by the formation
of mixed micelles. Recently, Rudin and Wasan [19-20] showed that oleic acid in the
aqueous phase behaved in 2 way similar to that of an alcohol in forming a mixed
micelle with its soap. Therefore, acid appears to be adsorbing onto the interface,
resulting in an interfacial tension lower than that of the added surfactant alone, and
1n the formation of mixed micelles. The present finding is similar to that reported by
Rudin and Wasan [19] except that the added surfactant used in the present study is
highly water soluble, and the acid is unable to partition it out of the aqueous phase.
This explains the absence of any minimum in interfacial tension as acid concentration
is increased.

The adsorption parameters and the critical micelle concentrations as a function of
acid concentration are shown in Table 9.4. Although there is no significant variatior in
the adsorption parameters, the critical micelle concentration is found to be dependent
on the concentration of the acid. The following relationship expresses the variation
of the normalized critical micelle concentration as a function of acid concentration in

the aqueous phase, Cxx, , as obtained from the measured interfacial tension.

cMC’
—_CMC =1- -Ko.HXCHX- (9'1)
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where CMC’ is the critical micelle concentration of the mixture. This equation is
equivalent to Eq. 21 developed by Rudin and Wasan [21]. Their equation is ;a.pplied
at and above the critical micelle concentration using the phase separation meodel.
Fig. 9.11 shows a plot of the normalized critical micelle concentration as a function
of the acid concentration in the aqueous phase. The plot is linear with a slope of
7.024 x 10* m3/mol and an intercept of 0.995.

As mentioned before, it is necessary to investigate the effect of the concentration -
of NaOH on the critical micelle concentration as well as on the adsorption parameters.
Fig. 9.12 shows the effect of NaOH concentration on the interfacial tension of sodium
dodecy! sulfate, from which the critical micelle concentration values were obtained.
The corresponding residual plot is shown in Fig. 9.13. Table 9.5 lists the adsorption
parameters and the critical micelle concentration at different NaOH concentrations.
When the NaOH concentration increases, the maximum adsorption of the surfactant
increases owing to the change in the electrical potential at the oil/water interface.
The desorption energy in turn changes from 45000 J/mol for neutral water to 40000
J/mol when NaOH is added. A very significant decrease of the critical micelle concen-
tration accompanying the increase of the NaOH concentration is obtained. A log-log
plot of the critical micelle concentration as a function of NaOH concentration is as
expected, a straight line (Fig. 9.14). The regression analysis gives the following empir-
ical relationship between the critical micelle concentration and NaOH concentrations
in mol/l:

logCMC = -3.232 — 0.537 log (Cweon) (9.2)
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Figure 9.5: Experimental and predicted interfacial tension as a function of sodium
dodecyl sulfate concentration for paraffin oil/water system.
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Figure 9.6: Residual plot.
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Figure 9.7: Experimental and predicted interfacial tension as a function of sodium
dodecyl sulfate concentration for decane/water system.
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Figure 9.9: Experimental and predicted interfacial tension as a function of sodium
dodecyl sulfate concentration for paraffin oil/water system at different acid concen-
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Figure 9.11: Effect of acid concentration in the aqueous phase on the normalized
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dodecyl sulfate concentration for paraffin oil/water system at different NaOH concen-
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Table 9.3: Adsorption and micellization parameters for sodium dodecyl sulfate.

i Parameters | Paraffin oil Decane
Measured | Literature
Ags (A?) 80.00£3.00 | 44.93-2.20 { 45.00 [131]
Ws (J/mol) | 45000£630 | 40205420 | 41600 [131]
CMC (mol/m3) 80 | 85 8.5 [131]
n 64 64 64 [129]
o 0.33 0.30 0.27 [129]

Table 9.4: Effects of acid concentration on adsorption and micellization parameters

for sodium dodecy! sulfate.

Table 9.5: Effects of NaOH concentration on adsorption and micellization parameters

Parameters | Acid concentration (mol/m?)
0.1 | 1.0 ] 100 [ 1000
Aos (A2) | 80.0 | 80.0 | 79.0 | 86.0
Ws (J/mol) | 50000 | 52000 | 45000 | 51600
CMC (mol/m®) | 8.0 7.6 T4 6.0

for sodium dodecy! sulfate.

Parameters | NaOH concentration (mol/m®)
| 0] 30 [ 1%
Aos (AD) | 80.0 | 500 26.0
W (J/mol) | 45000 | 40000 | 40000
CMC (mol/m®) | 8.0 3.8 1.8
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9.3 Acidified Oil / Surfactant and Alkaline Sys-
tems

In the previous two sections, all of the relevant parameters aflecting the interfacial
activity in acidic oil/alkali and acidic oil/surfactant systems have been determined.
These parameters are used for the validation of the proposed model (Egs. 6.17, 6.22,
6.25, 6.26 and 6.30-6.41) in conjunction with the empirical Eqgs. 6.42 and 6.43. It
was _assuméd that the interface behaves ideally and therefore any deviation of the
predicted interfacial tension from the experimental data will be an indication of a
synergistic effect. To demonstrate the validity of the model, measurements of equilib-
rium interfacial tension for binary mixtures of added surfactant and alkali contacting
acidic oil were carried out. Figs. 9.15 and 9.16 show the effect of added surfactant
on interfacial tension as a function of NaOH concentrations for 0.1 and 1 mol/m®
acid respectively. For 0.1 mol/m3 acid, the interfacial tension values are lower than
when no surfactant was added {Fig. 9.3). The lowering of interfacial tension is found
to be strongly dependent on the concentration of added surfactant. At 1 mol/m® of
added surfactant, the critical micelle concentration will never be reached in the range
of the NaQH concentration used (0.25-125 mol/m®) and therefore the interfacial ten-
sion decreases continuously as the concentration of NaOH is increased. When the
concentration of the added surfactant is increased to 3 mol/in‘", the critical micelle
concentration is reached just before 50 mol/m® NaOH and the interfacial tension re-
mains constant beyond that concentration. The same trend is observed for the other
added surfactant concentrations.

When the acid concentration is increased to 1 mol/m3, two different behaviors

are observed. When the critical micelle concentration is not reached, the interfacial
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tension behavior is similar to that in which no surfactant is added. Increasing the
surfactant concentration from 2 to 7 mol/m® shifts the interfacial tension curve to
lower values. The interfacial tension goes through a minimum as the NaOH con-
centration is increased. The minimum shifts to lower NaOH concentrations as the
concentration of the added surfactant is increased, and it occurs at the critical micelle
concentration. The critical micelle concentration values are slightly lower than those
ca.lt_:ula.ted from Eq. (6.43). This decrease in the critical micelle concentration may be
explained by the formation of mixed micelles. The lowering in interfacial tension for
these systems is a result of the simultaneous adsorption of un-ionized acid, ionized
acid and added surfactant at the interface.

The above model was found to predict the equilibrium interfacial tension fairly
well at low NaOHE concentrations and up to 25 mol/m>. Beyond that concentration,
the model predicts interfacial tension values lower than those found experimentally.
In view of the limitations imposed by the assumptions made in formulating the model
equations (i.e. ide.;l behavior at the interface), this discfepa.ncy between theory and
experiment can be best explained by the existence of 2 synergistic effect when sur-
factant and alkali are combined. The existence of a such a synergistic effect has been

previously reported to be beneficial [25,29-31] to enhanced oil recovery.
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Chapter 10

Transient Model Analysis:
Interfacial Tension Data

10.1 Generality

The data points presented in all of the following figures are the average from at least
two replicate experiments. For all the graphs, symbols are used for experimental
data points, whereas lines are used for calculated tensions. The interfacial variables
of interest are the interfacial tension, the interfacial area and the droplet volume.
These three sets of data were obtained simultaneously by the modified pendant drop
measurement system. The interfacial tensions have been plotted as a function of
interfacial age. The zero time for all experiments refers to the time when the drop
has completely formed at the capillary tip. This corresponds to about 1 second after
the droplet has begun to be injected. The interfacial tension data were collected
according to a pre-set timing mode within the data acquisition system. Generally,
the time interval is set at 1 second for the first 20 seconds, and then increases to 5,
30 and 60 seconds, giving a data set of 120 to 150 data points per run of 1 hour. The
final time can be extended whenever a long term effect is observed. The extended

(i.e. steady state) interfacial tension data were compared with the interfacial tension

125
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data obtained from equilibrium measurements.

10.2 Interfacial Tension Data for Acidified Oil /
Alkaline Systems

10.2.1 Acidified Oil/Water Systems

The interfacial tension of the reference system paraffin oil/water was measured as a
function of time. Fig. 10.1 shows that the interfacial tension decreases slowly over
a period of several minutes and attains a steady state value of 50 mN/m. This
value is somewhat lower than the corresponding value of 51.7 mN/m measured for
preequilibrated solutions using the pendant drop method and the 51.4 mN/m using
the drop volume method. In order to check the purity of the paraffin oil, a series
of control experiments was carried out in which the interfacial tension of paraffin oil
was measured against aqueous solutions of NaOH in the concentration range of 0-250
mol/m3. As shown in Fig. 10.2, a small decrease in interfacial tension was observed
in comparison to that found against pure water. This decrease, which is probably
owing to the presence of 2 small amount of impurities in the oil, amounted to about
5 mN/m at the highest NaOH concentration used; it is not considered to have any
significant effect on the data presented subsequently in this work.

The transient interfacial tension behavior of the acidified paraffin oil against wa-
ter at different acid concentrations ranging from 0.1 mol/m® to 100 mol/m? is shown
in Fig. 10.3 through Fig. 10.6. Carboxylic acids are known to act as weak surfac-
tants [19,70,132,133] and as such are capable of reducing the interfacial tension at
the oil/water interface. Generally, for the acidified paraffin oil/water system, the in-

terfacial tension exhibits a2 similar trend as the acid concentration is increased from
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Figure 10.1: Transient interfacial tension behavior of paraffin oil against water.
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0.1 mol/m?® to 100 mol/m>. During the first few minutes, the interfacial tension first
drops rapidly, and then more gradually, until equilibrium is attained. As can be seen
from F 1g 10.3, for an acid concentration as low as 0.1 mol/m3, there is an apparent
decrease in interfacial tension with respect to time in comparison to the reference sys-
tem. As shown in Fig. 10.4, the transient interfacial tension is also transient when 1
mol/m?® acid solution is contacted with water. The interfacial tension at an interfacial
age of 5 seconds is about 42 mN/m, but with extended contact time the interfacial
tension dropped monotonically to a steady state value of 35 mN/m after about 15
minutes. When the acid concentration is increased to 10 and 100 mol/m?®, the same
behavior is obtained and steady state interfacial tension values of 20 mN/m and 12
mN/m are obtained, respectively. The tra.nsient interfacial tension behavior of acidi-
fied paraffin oil against distilled water at different acid concentrations is compared in
Fig. 10.7. Similar behavior was observed by Hunsel et al. [132] for chol&e;terol as well
as by Bleys and Joos [133] for lauric acid and palmitic acid dissolved in hexane and.
contacted with water. Bleys and Joos [133] concluded that the observed long-term
effects are due to some relaxation mechanisms, including reorientation or solvation, in
the interface itself, rather than to diffusional or adsorption barrier effects. The steady
state values obtained from the transient measurements are quite comparable to those
obtained from equilibrium measurements. The small difference between the two is
probably due to the diﬂ'erent‘ oil-to-water volume ratios used in the two experiments.
Fig. 10.8 shows the comparison between interfacial tension obtained by the pendant

drop and that obtained by the novel drop volume tensiometer.
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Figure 10.3: Transient interfacial tension bebavior of paraffin oil acidified with 0.1
mol/m? linoleic acid against water.
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Figure 10.5: Transient interfacial tension behavior of paraffin oil acidified with 10
mol/m® linoleic acid against water.
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Figure 10.7: Transient interfacial tension bebavior of acidified paraffin oil against
water at different acid concentrations.
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10.2.2 Acidified Oil/Alkaline Systems

Interfacial tension behavior against caustic solutions was investigated at three acid
concentrations, namely 0.1, 1 and 10 mol/m®. The caustic concentration ranged
from as low as 0.25 mol/m® to 2 maximum of 250 mol/m?®. For neutral water, the
interfacial tension behavior for the acidified oil at different acid concentrations is
shown in Fig. 10.7. This figure serves as a reference when analyzing the effect of
caustic additive on the interfacial tension behavior of the acidified oil /caustic systems.
In the presence of caustic, the interfacial tension behavior of the system changes
dramatically. Figures 10.9-10.Z0 depict the behaviors observed using the pendant drop
tensiometer for 0.1, 1 and 10 mol/m® of linoleic acid in paraffin oil against caustic
solutiens. Data for the same fluid systems, obtained using the drop volume and
the spinning drop tersiometers, were compared with the pendant drop tensiomezer
results.

It is seen that even when the acid concentration is as low as 0.1 mol/m? (Figs. 10.9
-10.14), the interfacial tension drops to as low as 8 mi\T/ m provided the concentration
of NaOH is sufficiently high. In Fig. 10.9, the intef[icia.l tension at an interfacial age
of 1 second is about 44 mN/m, but with extended contact time the interfacial tension
drops monotorically to an equilibrium value of 24 mN/m. At a caustic concentration
of 2.5 1—1:'_1-01/1113, a similar decreasing trend in interfacial tension is observed until an ”
equilibrium value of 20 mN/m is attained as shown in Fig. 10.10. In the case when
12.5 and 25 mol/m® NaOH are employed (Figs. 10.11 and 10.12), there is an apparent
minimum in interfacial tension at contact times of approximately 900 and 600 seconds,
respectively.: In Fig. 10.13, the working NaOH concentration is 125 mol/m3. The

interfacial tension goes through a characteristic minimum after 200 seconds of phase
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contact. Thereafter. the tension slowly increases to about 12 mN/m at an extended
time. When caustic concentration is increased further to 250 mol/m®, as shown in
Fig. 10.14, the interfacial tension minimum drops to 6 mN/m and is reached at an
interfacial age of 120 seconds. Beyond the minimum, the interfacial tension increases
to a value of § mN/m after one hour.

For the 1.0 mol/m® acid concentration, the transient interfacial tension versus
time curves are depicted in Figs. 10.13-10.21. A general feature one can observe from
these figures is a rapid decrease in inierfacial tension as a function of time until a
minimum is attained, followed by an increase at a rate characteristic of the NaOH
concentration. As the concentration of caustic is increased from 0.25 mol/m® up to
125 mol/m?, the interfacial tension minimum decreases systematically and the time
at which the minimum occurs shifts to a lower value. Compared with the equilibrium
interfacial tension data independently obtained and presented in the previous chapter,
the steady-state tension is generally lower in magnitude. This is an indication that
equilibrium is not reached within the run time of one hour. Therefore, based on the
equilibrium data, it is expected that the transient interfacial tension will continue to
rise until the attainment of its equilibrium value.

When the concentration of acid is 10 mol/m?, interfacial tensions less than 1
mN/m are obtained ever when the concentration of thé caustic is as low as 2.3
mol/m?3. In view of the inherent limitations of the pendant drop tensiometer when
measuring ultralow tensions, interfacial tension data for this system were generated
using the spinning drop tensiometer and /or the drop volume tensiometer instead. In
particular, when the interfacial tension is low, the drop elongates excessively and its

shape is no longer suitable for boundary tension calculations. Moreover, the drop
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detaches very rapidly and the total contact time does not cover the whole process
taking place at the oil/water interface. The interfacial tension data obtained using
the pendant drop tensiometer for the 10 mol/m3 acidified oil and caustic at a concen-
tration ranging from 0.25 mol/m® to 25 mol/m® are presented in Figs. 10.22-10.26.
The data presented here are the best data that can be obtained using the pendant
drop tensiometer, even though their reproducibility is rather poor.

Transient interfacial tension behavior at a caustic concentration of 0.25 mol/m3
is shown in Fig. 10.22. The tension drops continuously with time and there is no
apparent minimum in interfacial tension . In Fig. 10.23, the working NaOH concen-
tration is 1.25 mol/m®. A shallow drop in tension to a minimum value of 2 mN/m at
an interfacial age of 2 minutes is observed. Beyond this contact time, the interfacial
tension rises gradually. A similar behavior is exhibited when the caustic concentration
is- increased to 2.5 mol/m?3, as shown in Fig. 10.24. When the caustic concentration
is increased further to 12.5 and 25 mol/m® (F:’és 10.25 and 10.26), the tension at 1
second is only about 1 mN/m and drops almost by one order of magnitude in 100
seconds contact time. At this level of interfacial tension, the droplet detaches and no
additional data can be recorded. For higher caustic conceutration, it was impossible
to measure the interfacial tension of this system because of the problem associated
with the pendant drop method, as mentioned earlier.

The effects of caustic concentration on transient interfacial tension of acidified
oil/caustic systems have been studied by various researchers [11,12,16,17]. It has
been shown that very low interfacial tensions are obtained only uver a narrow range
of caustic concentration (typically 2.5 tc 25 mol/m® ). Chan and Yen [11] suggested

that this behavior is influenced by the effective caustic concentration at which the
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interfacial pH approached the pK, of the acid present in the oil.

At caustic concentrations below the optimum concentration. the acid species
present at the interface are almost completely ionized. resulting in a high initial
accumulation of the surface-active soap anions. As these surface-active anions are
charged, an electrical double layer is formed at the interface aﬁd this tends to stabilize
the adsorbed ions. The result is a relatively large bartier to desorption of the anions
into the aqueous phase, which explains the decrease in interfacial tension at extended
contact times.

At NaOH concentrations above the optimum, surface inactive soap complexes
are formed as a result of a chemical reaction between the active anions and excess
sodium ions [12,16]. This results in a gradual loss of the adsorbed anions and a
subsequent decrease in the resistance to desorption. Consequently, the IFT increases
at extended times. In the case of linoleic acid systems, 25 mol/m® is the critical

caustic concentration at which significant desorption of the soap anions begins to

occur.
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Figure 10.9: Transient interfacial tension behavior of 0.1 mol/m® acid in paraffin oil
against 0.25 mol/m® NaOH solution.
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Figure 10.10: Transient interfacial tension behavior of 0.1 mol/m? acid in paraffin oil
against 2.5 mol/m> NaOH solution.
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Figure 10.11: Transient interfacial tension behavior of 0.1 mol/m® acid in paraffin oil
against 12.5 mol/m® NaOH solution.
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Figure 10.12: Transient interfacial tension behavior of 0.1 mol/m? acid in paraffin oil
against 25 mol/m® NaOH solution.
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Figure 10.13: Transient interfacial tension behavior of 0.1 mol/m?® acid in paraffin oil
against 125 mol/m® NaOH solution.
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Fxgure 10.14: Transient interfacial tension behavior of 0.1 mol/m acid in paraffin oil
against 250 mol/m® NaQOH solution.
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Figure 10.15: Tra.ns:ent interfacial tension behavior of 1 mol/m? acid in pa.ra.f'ﬁn oil
against 0.25 mol/m* NaOH solution.
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Figure 10.16: Transient interfacial tension behavior of 1 mol/m?® acid in paraffin oil
against 1.25 mol/m® NaOH solution. '
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Figure 10.17: Transient interfacial tension behavior of 1 mol/m® acid in paraffin oil
against 2.5 mol/m® NaOH solution.
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Figure 10.18: Transient interfacial tension behavior of 1 mol/m® acid in paraffin oil
against 5 mol/m® NaOH solution.
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Figure 10.19: Transient interfacial tension behavior of 1 mol/m® acid in paraffin oil
against 12.5 mol/m® NaOH solution.
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Figure 10.20: Transient interfacial tension behavior of 1 mol/m® acid in paraffin oil .
against 25 mol/m® NaOH solution.
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Figure 10.21: Transient interfacial tension behavior of 1 mol/m® acid in paraffin oil
against 125 mol/m*® NaOH solution.
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Figure 10.22: Transient interfacial tension behavior of 10 mol/m® acid in paraffin oil
against 0.25 mol/m® NaOH solution.
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Figure 10.23: Transient interfacial tension behavior of 10 mol/m? acid in paraffin oil
against 1.25 mol/m® NaOH solution.
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Figure 10.24: Transient interfacial tension behavior of 10 mol/m?® acid in paraffin oil
against 2.5 mol/m® NaOH solution.
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Figure 10.25: Transient interfacial tension behavior of 10 mol/m? acid in paraffin oil
against 12.5 mol/m® NaOH solution.
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10.2.3 Interfacial Tensiou Data Measured by the Drop Vol-
ume and Spinning Drop Tensiometers

Transient interfacial tension measurements were carried out for the acidified paraffin
oil/caustic systems using two different yet somewha.t related methods, namely the
drop volume and the spinning drop tensiometry. The first aim of these measurements
was to check the accuracy of the transient data obtained by the pendant drop ten-
siometer and of the trends exhibited by the interfacial tenstion versus time curves. In
cquilibrium measurements, it has been shown that the interfacial tension of pure hy-
drocarbons against water, as measured by the pendant drop tensiometer, agreed very
well with the literature values. The second aim of this supplementary study was to
obtain additional data out of the measurement range of the pendant drop technique,
i.e. at very low values of interfacial tension. The dynamic interfacial tension curves
for the acidified paraffin oil/caustic systems obtained by the drop volume tensiometer
is shown in Fig. 10.27 at three different acid concentrations. In this case the time on
the x-axis represents the time at which the droplet detachas from the capillary tip, or
specifically the drop-formation time. Joos and Rillaerts [134] found that the surface
age (1) of the droplet equals three-sevenths of the dropping time (t¢), and, as a con-
sequence, care must be taken when analyzing interfacial tension data from the drop
volume tensiometer. The surface age, t., is equivalent to the time of measurement
for both the pendant drop tensiometer and the spinning drop tensiomefef.

It will be noted that the duration of the experiment as shown in Fig. 10.27
does not exceed 500 seconds. This is due to the difficulties Aa.ssocia.ted with the drop
volume method in recording tensions at longer times of drop formation, which ne-

cessitate very slow flowrate. Within this time period, the curves shown in Fig. 10.28
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for reactive acidified oil/caustic systems, are similar both in their shape and in the
absolute magnitude of the interfacial tension to those measured with the pendant
drop technique. Although both methods give approximately the same values of the
interfacial tension minimum, the data corresponding to the drop volume tensiometer
show only a decreasing trend with time. For the same system, data obtained using
the pendant drop method often show an increase in interfadd tension after the min-
‘imum has been attained. This is probably owing to the continuous addition of the
surface active reagent to the droplet in the drop volume technique. The data shown
in Fig. 10.27(c) for 10 mol/m® acid concentration indicate that the drop volume ten-
siometer is also incapable of accurately determining tensions of less than 0.8 mN/m.
At caustic concentrations higher than 2.5 mol/m? the interfacial tension curves are
very difficult to reproduce and the error in the calculated tension may exceed 20 %.

At lower interfacial tension values, the deviation between tensions obtained by
the pendant drop and the drop volume methods becomes more apparent. As shown
in Figs. 10.27(b) and (c), the interfacial tension no longer exhibits the same trend.
The interfacial tension drops more sharply for the drop volume than for the pendant
drop tensiometer. For lower interfacial tensions, such as those generated at higher
acid concentrations against caustic solutions, a comparison was made between the
three methods as shown in Fig. 10.29. Fig. 10.29(a) shows the interfacial tension
behavior for 1 mol/m® acid concentration against 25 mol/m® NaOH. As can be seen
from this figure, tension measurements by the spinning drop tensiometer cannot be
monitored and recorded at least during the first 40 seconds due to the time required
for loading the instrument. The interfacial tensions obtained by the spinning drop

technique differ markedly from those obtained by the two other techniques. The
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interfacial tension values observed are lower in magnitude, and the minimum occurs
at a longer time. After an extended contact time, however, the tension values are
comparable for the threc methods. When the acid concentration is 10 mol/m?® ,
interfacial tensions below 1 mN/m are obtained by all three instruments. However,
the drop volume technique is not capable of following the change in interfacial tension
with time and the tension is almost constant at 0.4 mN/m. Cn the other hand, the
intecfacial tensions obtained by the pendant drop and the spinning drop methods are
in fair agreement with respect to the magnitude of the minimum value and the time
at which the minimum occurs.

From these comparisons, it can be concluded that within the moderate to high
tension range (i.e. 5-72 mN/m), the drop volume tensiometer and the pendant drop
tensiometer yield comparable tension data for both non-reactive and reactive systems.
The spinning drop tensiometer and the pendant drop tensiometer yield similar data in
the low tension range (i.e. 0.01-5 mN/m), although tensions measured by the pendant
drop tensiometer could be inaccurate since reproducibility is poor. The spinning drop
technique is the only one among these three techniques employed that can be used for

measuring low to ultralow interfacial tensions (i.e. for tensions less than 1 mN/m).
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Figure 10.27: Dynamic interfacial tension behavior of acidified paraffin oil against
aqueous NaOH solutions as measured by the drop volume tensiometer. Acid concen-

tration: (a): 0.1, (b): 1.0 and (c): 10 mol/m?>.
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Figure 10.28: Comparison between transient interfacial tension of acidified paraffin
oil against caustic solutions obtained by the pendant drop (e,a¢) and the drop volume
{0,0,0) tensiometer. (2) 0.1 mol/m?® acid / 12.5 mol/m® NaOH, (b) 1 mol/m? acid /
2.5 mol/m® NaOH, and (c) 10 mol/m® acid / 1.25 mol/m* NaOH.
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10.3 Interfacial Tension Data for Acidified Oil /
Surfactant Systems

Transient interfacial tension data for fluid pairs composed of acidified paraffin oil and
sodium dodecyl sulfate solutions were measured and are presented in Figs. 10.30-
10.34. Fig. 10.30 shows the transient interfacial tension behavior of pure paraffin
oi]l against sodium dodecy! sulfate solutions at concentrations ranging from 1 to 10
mol/m®. As expected, the sodium dodecyl sulfate solution is found to exhibit an
interfacial activity significantly higher than that of distilled water. For 2 1 mol/m?
solution, the interfécia.l tension decreases gradually from its initial value of 40 mN/m
to about 26 mN/m after one hour contact time. When the concentration of sodium
dodecy! sulfate is increased to 2 mol/m?>, the initial rate of decrease of interfacial
tension versus time is greater than that exhibited by the 1 mol/m® solution. The
interfacial tension decreases rapidly from 1 to 200 seconds and then slowly beyond
200 seconds. At longer contact times, the interfacial tenmsion stabilizes near a con-
stant and steady-state value. Thus, the interfacial tension measured is a transient
one reflecting an unsteady-state interface. Curves corresponding to surfactant con-
centrations ranging from 3 to 10 mol/m® generally show behavior similar to that for
the 2 mol/m® concentration.

There is no particular change in interfacial tension values when sodium dodecyl
sulfate concentrations of 8, 9 and 10 mol/m? are used. This indicates that a limiting
sodium dodecyl sulfate concentration is reached, corresponding to the critical micel-
lar concentration, which is about 8 mol/m3>. This confirms the results obtained from

the equilibrium measurements. In Fig. 10.30 the lowest achievable interfacial tension
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occurs at about 10 mN/m, i.e. at the critical micellar concentration. Another impor-
tant observation from Fig. 10.30 is that the interfacial tension does not go through a
minimum. This is an indication that sodium dodecyl sulfate remains at the interface
and does not partition into the oil phase.

The effect of acid concentration in the oil phase on the interfacial activity of
sodium dodecyl sulfate at the oil/water interface is shown in Figs. 10.31-10.34 for acid
concentrations of 0.1, 1, 10 and 100 mol/m?® respectively. The results obtained from
the equilibrium model analysis for this particular system indicate that the acid in the
oil phase and the sodium dodecyl sulfate in the aqueous phase adsorb simultaneously
at the interface. As a consequence, the interfacial tension of the combined system is
lower than that for the surfactant or the acid alone. Generally, the data presented in
Figs. 10.30-10.34 are in agreement with the equilibrium results presented in Chapter 9.

The presence of acid in the oil phase at a concentration as low as 0.1 mol/m®
brings about a small apparent decrease in interfacial tension as a function of time for
all surfactant concentrations employed. For a surfactant concentration of 1 mol/m?>,
the decrease in interfacial tension with time is more pronounced and a steady-state
value of 20 m/Nm is obtained, which is lower than that obtained in the absence of
the acid in the oil. For the same acid concentration, the curves obtained with higher
surfactant concentrations show a similar behavior, as shown in Fig. 10.31. When a
higher acid concentration of 1 mol/m? is used, similar decreasing trend in interfacial
tension is observed as shown in Fig. 10.32. A further decrease in interfacial tension
compared to the 0.1 mol/m? acid concentration is obtained with a correspondingly
lower steady-state value. The limiling surfactant concentration in the case of these

two acid concentrations changes only marginally and is situated between about 7 and
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8 mol/m3, which is somewhat lower than for the surfactant system alone. It is only
when the acid concentration is increased to 10 and 100 mol/m3 that a significant
change in interfacial tension is observed. The corresponding interfacial tension versus
time plots are shown in Figs. 10.33 and 10.34 respectively.

The effect of linoleic acid concentration on transient interfacial tension behavior
of paraffin oil against 6 mol/m® and 7 mol/m? sodium dodecyl sulfate solutions is
clearly shown in Figs. 10.35 and 10.36. Similar effects are observed for other sodium
dodecyl sulfate concentrations. The analysis of the equilibrium interfacial tension
data for these system, as described in the previous chapter, revealed the existence
of a relationship between the initial acid concentration and the critical micelle con-
centration of the surfactant. This relationship is represented by Eq. 9.1, and states
that the acid reduces the critical micelle concentration of the surfactant. No ultralow
minimum is observed in the interfacial tension behavior either as a function of time
or as a function of acid concentration. This is primarily due to the fact that sodium
dodecyl sulfate is very soluble in water and the acid is unable to partition it out of the
aqueous ph;se. More quantitatively, the desorption barriers are negligible compared
to the adsorption barriers and hence the interfacial tension shows only a continuous

decrease with time.
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Figure 10.30: Transient interfacial tension behavior of paraffin oil against sodium
dodecyl sulfate solutions.
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Figure 10.31: Transient interfacial tension behavior of 0.1 mol/m?® linoleic acid in
paraffin oil against sodium dodecyl sulfate solutions.
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Figure 10.32: Transient interfacial tension behavior of 1 mol/m?® linoleic acid in paraf-
fin oil against sodium dodecyl sulfate solutions.
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Figure 10.33: Transient interfacial tension behavior of 10 mol/m® lincleic acid in
paraffin oil against sodium dodecy! sulfate solutions.
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Figure 10.34: Transient interfacial tension behavior of 100 mol/m?> linoleic acid in
paraffin oil against sodium dodecy! sulfate solutions.



CHAPTER 10. TRANSIENT MODEL ANALYSIS: DATA 160

Acid concentration (mol/m?)

{
0.0
0.1
1.0
10.6
100.0

20

4+ 08

Interfacial Tension, mN/m
»
»
?

15 ¢ - 00%-

¥ Y yvyvyvye
Ty v Ve ¥ ¥V VYT TTIIRTTITI WY YY YT ﬂ ;

Qmo 2 34 10t 2 34 .'ioz 2 34 103 2 3

Time, s

Figure 10.35: Effect of linoleic acid concentrations on transient interfacial tension
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10.4 Interfacial Tension Data for Acidified Oil /
Caustic and Surfactant Systems

Experimental studies were conducted in order to determine the mechanisms respon-
sible for the lowering of transient interfacial tension in acidic oil/surfactant-enhanced
alkali systems. It was proved from the equilibrium data analysis that the un-ionized
acid as well as the jonized acid, and the added surfactant, all contribute to the lower-
ing of the interfacial tension of such a mixed system. The un-ionized acid was found
to simultaneously adsorb onto the interface with either the ionized acid and/er the
added surfactant and this resulted in a lowering of the interfacial tension. Synergism
was also observed and quantified between the various surface active species present.
For acidified oil/surfactant systems, the un-ionized acid reduces the critical micelle
concentration of the system in a systematic way. The critical micelle concentration of
the system was also reduced by the un-ionized acid and the ionized acid when alkali
was added.

The critical micelle concentration of the system is mainly a function of the NaOH
concentration and the un-ionized and the ionized acid concentrations are of relatively
minor importance. The un-ionized and the ionized concentrations are in turn depen-
dent on the prevailing pH of the aqueous solution. At a pH less than the effective pK.
of the system, un-ionized and ionized acid are both present and a mixed micelle of
the three species is formed. When the pH is greater than the effective pK,, the acid is
completely ionized and a mixed micelle of the ionized acid and the added surfactant is
formed. The effective pK, of the system results from the ability of the acid to become
distributed between the oil and the aqueous phases. For 2 common acid, a pK, from

ionization of 6, plus a pK,, from the partition coefficient between oil and water of 5.6,
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Figure 10.37: Phase diagram for micellization.

gives a value of 11:6 for the pK, of the system. In either case, one can observe two
regions in the interfacial tension behavior. In the first region, the total surface active
species concentration is less than the effective critical micelle concentration of the
system, and the diffusion process is governed by monomeric transport. In the second
region, the total concentration of surface active species exceeds the effective critical
micelle concentration of the system, and combined monomeric and micellar transport
phenomena govern the diffusion process.

It was found useful to construct a phase diagram for micellization as an aid in
the analysis of the interfacial tension behavior of the mixed systems. This diagram
is shown in Fig. 10.37 and shows the monomeric and the micellar boundary as 2

function of the NaOH and the sodium dodecyl sulfate concentrations. This diagram
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is based on the effect of NaOH concentration on the critical micelle concentration of
the added surfactant. It is expected that the micellization boundary (solid line) will
be affected by the coexistence of un-ionized and ionized acid species and shift to lower

added surfactant concentraticn (dotted line), as shown in Fig. 10.37.
10.4.1 Effects of Added Surfactant Concentration

The experimental interfacial tension data are plotted as a function of time in Figs.
10.38-10.44, wbich feature the effects of both the caustic concentration and the added
surfactant concentration. Two levels of acid concentration were employed. The in-
terfacial tension versus time behavior for the surfa.cta.nf and caustic mixtures against
acidified paraffin oil exhibits similar trends when either the caustic or surfactant con-
centrations are varied. Only data for the acid concentration of 1 mol/m® will be
discussed here, while data for the 0.1 mol/m® acid may be found in Figs. D.1-D.4
(Appendix D). At low surfactant concentration (1 mol/m3), the critical micelle con-
centration of the system is not reached even when a2 high NaOH concentration is
used. The interfacial tension versus time curves are similar to those obtained when
no surfactant is added except that the absolute values of the tensions are lower. At
low NaOH concentrations, the lowering of the interfacial tension is caused by com-
petitive adsorption of the un-ionized acid (because the effective pK, is not reached),
the ionized acid, and the added surfactant.

When the sodium dodecyl sulfate concentration is increased to 2 mol/m?, inter-
facial tensions at low NaQH concentratiors are lower than those for the NaOH system
alone, and interfacial tension mirima occur at earlier contact times. At NaOH con-

centrations of 12.5 mol/m? and higher, the interfacial tensions drop very quickly to
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values less than 1 mN/m. As can be seen from Fig. 10.39, tensions for 12.5 and 25
mol/m® NaOH are lower than those for 125 mol/m® This indicates that the op-
timum NaOH concentration is located between 12.5 and 25 mol/m>. At optimum
NaOH concentration, the effective pK, of the aéid is reached and the ionized acid
concentration is maximum. Also, since the eﬁ'ective. critical micelle concentration of
the system is not reached at 25 mol/m> NaOH, it is expected that the interfacial
activity of the system will be at its maximum. This explains the marked drop in
interfacial tension. At NaOH concentrations higher than 25 mol/m®, the interfacial
tension will be affected, for two reasons. First, a surface inactive soap complex is
formed because of excess sodium ions in the aqueous phase and is removéd to the oil
phase; this results in decreasing the ionized a;:id concentration. Second, formation of
mixed micelles, which occurs at about 70 to 80 mol/m> NaOH concentration, reduces
the amount of free sodium dodecyl sulfate and ionized acid available for adsorption.
This explains the increase in interfacial tension at NaOH concentrations higher than
25 mol/m?>.

The same pattern is repeated when a sodium dodecyl sulfate concentration of 3
mol/m? is used (Fig. 10.40). In this case, the effective critical micelle concentration
of the system is also reached at NaOH concentrations higher than 25 mol/m®. As
can be noted from Fig. 10.40, the optimum NaOH concentration is at 12.5 mol/ m>
NaOH, and tension values for 125 mol/m® NaOH are higher than those obtained for
the 2 mol/m3 sodium dodecyl sulfate solutions. At 125 mol/m® NaOH, however, the
interfacial tension stabilizes very quickly and a constant value is reached after only
30 seconds.

As shown in Figs. 10.41-10.44, there is a clear transition in the interfacial tension
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behavior when the sodium dodecy! sulfate concentration is increased to 4 mol/m® and
higher (i.e. 5, 6 and 7 mol/m?). When the NaOH concentration is lower than 12.5
mol/m?, the observed behavior is similar to that seen in the two earlier systems. The
interfacial tensions are once again lower than those for caustic solutions alone contact-
ing 1 mol/m?® acidified oil, with 2 correspondingly lower interfacial tension minimum.
For example, at NaOH concentrations as low as 0.25 mol/m3, the initial interfacial
tension is about 27 mN/m, and it drops to 15 mN/m after one hour of contact time.
With th~ presence of 4 mol/m® added surfactant, the initial interfacial tension of
about 12 mN/m and 4.5 mN/m at extended time is recorded. At NaOH concentra-
tion of 2.5 mol/m?, an interfacial tension minimum of 4 mN/m is attained after 2000
seconds, whereas for the mixture, the minimum in interfacial tension decreases to 1
mN/m and lasts only 300 seconds. When the NaOH concentration is increased to
12.5, 25 and 125 mol/m>, the interfacial tension is not only lower, but the minima
are attained much earlier, namely at about; 50, 40 and 20 seconds respectively. Af-
ter the minimum the interfacial tension does not increase as for the case of NaOH
solutions alone, but it stabilizes at a nearly constant value, equal to the interfacial
tension minimum. It is also noted that the steady-state interfacial tension increases
with increasing NaOH concentration from 12.5 mol/m® to 125 mol/m?. This is in
good agreement with the equilibrium interfacial tension data given in Chapter 9.
From the data presented in Figs. 10.38-10.44, there exists an optimum concentra-
tion with respect to both NaOH and sodium dodecyl sulfate , at which the interfacial
tension of the mixture systems is the lowest. These concentrations are, respectively,
between 2 and 3 mol/m® sodium dodecyl sulfate and 12.5 and 25 mol/m® NaOH.

According to the interfacial tension data for the 0.1 mol/m?® acid system shown in
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Figs. D.1-D.4, the optimum region is shifting to higher sodium dodecyl sulfate concen-
trations, namely 3 and 4 mol/m3. Because the effective concentration of the ionized
acid in the aqueous phase is less than that corresponding to the 1 mol/m® acid sys-
tem, 2 higher sodium dodecyl sulfate concentration is required to attain the optimum
interfacial tension. It is expected that the optimum region for the 10 mol/m® acid
system will shift to a lower surfactant concentration. In conclusion, the interfacial
activity of the acidified oil/caustic solutions has been found to be markedly improved
by the addition of a ready-made surfactant, such as sodium dodecyl sulfate. The
fact that the transient interfacial tension is stabilized at a nearly constant and low
value is of great importance to the chemical improved oil recovery process, where low

interfacial tension conditions should be sustained for prolonged periods of time.
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Figure 10.38: Transient interfacial tension behavior for 1 mol/m? acid in paraffin oil
against 1 mol/m® sodium dodecyl sulfate and NaOH solutions.
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Figure 10.39: Transient interfacial tension behavior for 1 mol/ m? acid in paraffin oil
against 2 mol/m? sodium dodecyl sulfate and NaOH solutions.
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Figure 10.40: Transient interfacial tension behavior for 1 mol/m?® acid in paraffin oil
against 3 mol/m® sodium dodecyl sulfate and NaOH solutions.
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Figure 10.41: Transient interfacial tension behavior for 1 mol/m® acid in paraffin oil
against 4 mol/m? sodium dodecyl sulfate and NaOH solutions.
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Figure 10.42: Transient interfacial tension behavior for 1 mol/m?® acid in paraffin oil
against 5 mol/m? sodium dodecyl sulfate and NaOH solutions.
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Figure 10.43: Transient interfacial tension behavior for 1 mol/m? acid in paraffin oil
against 6 mol/m® sodium dodecyl sulfate and NaOH solutions.



CHAPTER 10. TRANSIENT MODEL ANALYSIS: DATA 173

9 - [ RN . Coor e Ty - EERERERE]
o NaOH concentration (mol/m3).
3
8 o*® o 025 i
] 1.25
* A 2.50 )
71 . * 125 N
(N v 25.0
L3 ) 125
E N
Z. 6 r ° -
= ®
< i '
o
oa; 5 == -
o= \
[ F] N -
=
T 4 y
S 3
o~ ~ 4
=
8 3r .
= b
2k -
1 | -
0 Lt t iyl Lt L gt . [N EENE L) N EEE)
100 2 101 2 102 2 103 2 104

Time, s

Figure 10.44: Transient interfacial tension behavior for 1 mol/m?® acid in paraffin oil
against 7 mol/m? sodium dodecyl sulfaie and NaOH solutions.
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10.4.2 Effects of Caustic Concentration

Figs. 10.45-10.50 shown in this section represent the inversion of Figs. 10.3§-10.44, in
that the effects of NaOH concentration on the transient interfacial tension of acidified
oil/surfactant systems may be investigated at different acid concentrations. In gen-
eral, the transient interfacial tensions presented in Figs. 10.45-10.50 are lower than
those obtained for the single systems. The decrease in interfacial tension versus time
is much faster than that of the acidified oil/caustic systems shown in Figs. 10.15-10.21.

A clear trapsition in the interfacial tension behavior is observed when NaOH
concentration is increased from 2.5 mol/m? to 12.5 mol/m?® and higher, at all sodium
dodecyl sulfate concentrations employed. At low NaOH concentration, the concen-
tration of the ionized acid is not high enough for the mixed micelles to be formed,
and the interfacial tension behavior shown in Figs. 10.45-10.47 results from the si-
multaneous adsorption of the various surface active species at the oil/water interface.
At an NaOH concentration of 12.5 mol/m?® and higher, the jonized acid concentration
is sufficient for the mixed micelles to be formed, and the interfacial tension behavior

shown in Figs. 10.48-10.50 reflects this phenomenon.
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Figure 10.45: Transient interfacial tension behavior for 1 mol/m? acid in paraffin oil
against sodium dodecyl sulfate and 0.25 mol/m*® NaOH solution.
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Figure 10.46: Transient interfacial tension behavior for 1 mol/m® acid in paraffin oil
against sodium dodecyl sulfate and 1.25 mol/m* NaOH solution.
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Figure 10.47: Transient interfacial tension behavior for 1 mol/m?® acid in paraffin oil
against sodium dodecyl sulfate and 2.5 mol/m® NaOH solution.
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Figure 10.48: Transient interfacial tension behavior for 1 mol/ m?® acid in paraffin oil
against sodium dodecyl sulfate and 12.5 mol/m® NaOH solution.



CHAPTER 10. TRANSIENT MODEL ANALYSIS: DATA 179

v SDS concentration (mol/m3)
vy V"
I ]
M Y v
v ® 2
5 ',' = 3 -
A 4
v 'S 5
4 v 6 i
! ©
] L ) e
4 - “go a -
+ ‘Oooo
- ]
'Y v

Interfacial Tension, mN/m
()
1

2+ i
p ® ]
1 B .“- 7]
‘ -
r
0 . et L N NENL . RN EEEL . Vot
100 2 101 2 102 2 103 2 104
Time, s

Figure 10.49: Transient interfacial tension behavior for 1 mol/m? acid in paraffin oil
against sodium dodecyl sulfate and 25 mol/m?® NaOH solution.
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Figure 10.50: Transient interfacial tension behavior for 1 mol/m® acid in paraffin oil
against sodium dodecyl sulfate and 125 mol/m® NaOH solution.



Chapter 11
Transient Model Analysis: Model

Predictions

11.1 Ewvaluation of the Model Constants

The model constants are evaluated according to the procedure outlined in Chapter 8
and they are listed in Tables 11.1-11.3. The model constants include three types of
constants: the model constants type 1 (i.e. the sorptive equilibrium constants), the
model constants type 2 (i.e. the Nernstian film thicknesses), and the model constants

type 3 (i.e. the diffusion coefficients).
11.1.1 Sorptive Equilibrium Constants

The sorptive equilibrium constants for the un-ionized acid and the ionized acid are
listed in Table 11.1 for different acid concentrations. The sorptive equilibrium con-
stants, Ky and Kx,, are independent of the initial acid concentration. The order
of magnitude of these constants indicates that the un-ionized acid has a weak in-
terfacial activity and the ionized acid has a very high interfacial activity. On the
other hand, as values of the acid ionization constant, K7, as well as the equilibrium

constant KR, x, vary with the initial acid concentration, it follows that the sorptive

181
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equilibrium constants, Ky and Kxax,. evaluated therefrom, will also differ.

The calculated and literature values for the sorptive equilibrium constant of
sodium dodecyl sulfate are listed in Table 11.2. At the paraffin oil/water interface
2 value of 7.447 x 10° m*/mol is found. At the decane/water interface, sodium
dodecyl sulfate has a higher adsorption capacity of 3.695 x 10 mol/m*® and a lower
desorption energy, W, of 40 205 J/mol compared to those at the paraffin oil/water
interface. The resulting sz value of 6.038 x 10° m3/mol is consequently smaller.
The calculated K, value of sodium dodecyl sulfate at the decane/water interface is
in good agreement with the values reported by Borwankar [135] for the decane/water
and heptane/water systems, as shown in Table 11.2. The small difference is due to a
different method of calculation. When the paraffin oil is acidified, the Kg_, constant
is found to be higher than that for the pure paraffin oil. Although the adsorption
saturation is the same for both systems, the energy of desorption, W, increases from
45 000 J/mol to 50 000 J/mol and this results in a higher K, value. The increase in
the energy of desorption of sodium dodecyl sulfate at the paraffin oil [water interface
results from the adsorbed acid at the interface which inhibits the desorption of sodium
dodecyl sulfate . This requires more energy for sodium dodecyl sulfate to desorb from
the interface. The reported value of Ks_ at the air/water interface is much smaller
than that at the oil/water interface, which explains the different adsorption behavior
of the surfactant at the air/water and the oil/water interfaces. From the sorptive
equilibrium constants quoted in Tables 11.1 and 11.2, the ionized acid is found to be

more interfacially active than the sodium dodecyl sulfate.
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Parameters Acid concentration (mol/m3)
0.1 1.0 ‘ 10.0
e —_—

Lmazsrx (mol/m?) 5.915 x 105
K, 4.500 x 10°
K4 (m®/mol) 3.026
Tmez.x (mol/m?) 4.000 x 10~¢
KBy (mol/m3) 6.982 x 1073 | 4.438 x 10~ | 1.124 x 10~3
K&, x(mol/m®) 2.624 1.133 1.643 x 10!

Hx, (m®/mol) 3.557 3.557 3.557_—

(. 8.200 x 10~3 | 5.212 x 10~ | 1.320 x 10~2
Kx, (m®/mol) 5.285 x 10° | 5.285 x 10° | 5.285 x 10°
Kyex, 1.387 x 10° | 5.988 x 105 | 8.683 x 10¢

183

Table 11.1: Sorptive equilibrium constants of un-ionized and ionized acid at different
initial acid concentrations.
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Table 11.2: Sorptive equilibrium constant of sodium dodecyl sulfate at the oil/water
interface.

System Adsorption saturation, | Sorptive equilibrium
Tmezs (mol/m?) constant, Ks, (m3/mol)
paraffin oil/water 2.075 x 10~° T.447 x 10°
_decane/water 3.695 x 10-¢ 6.03S x 10°
acidified paraffin oil/water 2.075 x 10-¢ 5.603 x 10°
paraffin oil/water (NaOH) 3.321 x 10°° 6.186 x 103
decane/water (NaCl) [135) 3.670 x 10~© 1.078 x 10¢
heptane/water (NaCl) [135] 4.450 x 107 3.200 x 10°
air/water {135] 10.000 x 10~¢ 6.040 x 10°

11.1.2 Diffusion Coefficients

The correlation used for the calculation of the diffusion coefficients in the oil and in
the water phase has already been presented as Eq. 8.12. The calculated diffusivities
of linoleic acid are 4.150 x 10~7 cm?/s in paraffin oil and 4.495 x 10~° cm?/s in water.
An estimated molar volume of linoleic acid of 421.5 em®/mol is used. The diffusion
coefficient in water is higher than that in the oil because the latter has a viscosity
20 times that of the aqueous solution. The calculated diffusivity for sodium dodecyl

sulfate in water is 5.345 x 10~° cm?/s which is in agreement with the published value
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of 5.70 x 10~ cm?/s, reported by Kamenka et al. [136]. The diffusivity of sodium
dodecy! sulfate is concentration dependent as found by Weinheimer et al. [137], who
reported that the diffusion coefficient increases with increase in sodium dodecyl sul-
fate concentration above the critical micelle concentration. It is also found that the
diffusion coefficient of sodium dodecyl sulfate varies with salt concentration. Fainer-
man [138] reported a vaiue of 3.80 x 10~® cm?/s in 100 mol/m?® NaCl solution and
4.60 x 10~¢ cm®/s in 500 mol/m® NaCl solution. It should be noted that the value
reported by Kamenka et al. {136] corresponds to the diffusivity of the monomer. In
the same manner, the micelle diffusion coefficient has been estimated to be 8.00 x

1078 em?/s by Stigter et al. [139].

Table 11.3: Diffusion coefficients of the solutes

Solute Diffusion Coefficient (cm?/s)

HX, 4.150 x 10~7
NeX, 4.150 x 10~7
HX, 4.495 x 10™¢

Xu 4.495 x 10~¢

Su 5.345 x 10~¢

~ 5.700 x 10~¢ [136]
3.800 x 10~ [138)
4.600 x 10~ [138]
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11.1.3 Boundary Layer Thicknesses

The Nernstian film thicknesses, §, and é,,, were estimated for linoleic acid and are
0.186 and 2.850 pm respectively. The Nernstian film thickness for the oil side is
much smaller than the corresponding value for the water side. According to Rubin
and Radke [10], this results from to higher convection currents in the oil phase. The
characteristic length of adsorption is defined as I'moz K. For the oil side, its value is
2.1 x10~5 m (21 pgm), while for the water side it is 2.14 x 107> m (2140 pgm). It is clear
that the estimated Nernstian film thicknesses are far smaller than the characteristic
lengths of adsorption for both sides of the interface. This is a requirement for the
applicability of Nernstian film theory to model the convective diffusion transport of

the surface active solutes.
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11.2 Estimates of the Kinetic Rate Parameters

In certain industrial processes, transient interfacial tensions are as important as the
equilibrium interfacial tensions. While the equilibrium adsorption is characterized by
a sorptive equilibriumn constant, the transient adsorption is characterized by kinetic
rate constants reflecting the case of a kinetic adsorption. The proposed transient
model relies heavily on the equilibrium model and the associated mechanisms for
the interactions of the carboxylic acid with the aqueous solutions. Once the model
constants are evaluated, the solution methodology, as outlined in Section 8.2, is then

applied for the estimation of the kinetic rate constants.

11.2.1 Xinetic Rate Constants of Linoleic Acid

The best correlation of the experimental data for the acidified oil/water system is
obtained with the corresponding kinetic rate constants kgyx,= 0.254 m*®/mol.s and
kmx,= 0.075 m*/mol.s for an acid concentration of 1 mol/m®, as shown in Table 11.4.
For the acid concentration of 10 mol/m® a small increase in the rate constants is
obtained. The kinetic rate constants of the acid can be considered independent of the
acid concentration with an associated error of less than 11 %, which is considered to
be acceptable. The kinetic rate constant, kgx,, is in the range of the rate constant
values reported in the literature. For example, Chiwetelu et al. {17] found an estimated
value of 0.226 m®/mol.s for oleic acid at a concentration of 0.3125 mol/m® . The kyx,
value reported by Borwankar and Wasan [14] for crude oil with acid concentration
of 14.3 mol/m? was estimated at 0.46 m®/mol.s. The comparison between the model
predictions using these values and the experimental data is shown in Fig. 11.1. As

can be seen from Fig. 11.1, the agreement is very good.
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For the reactive acidified oil/caustic system, two additional rate constants have
to be estimated, namely knox, and kx,. The rate constant kyx_. estimated above, is
then used during the computation. It is noted that the global kinetic rate constant,
kx., comprises the kinetic rate constant kyyx, as mentioned in the formulation of
the transient model, reflecting the existence of an equilibrium between X, and HX,,
in the aqueous phase. In the case where 1 mol/m® acid concentration is used, the
final parameter estimates of the kinetic rate constants are listed in Table 11.5. It
is particularly important to note that these rate constants, estimated from the large
set of experimental data, are independent of the aqueous phase composition within
an estimated error of less than 10 %. The parameter estimates listed in Table 11.5
are in agreement with the rate constant values reported by Chiwetelu et al. [17] for
hexadecane acidified with oleic acid, and by Borwankar and Wasan [14] for a crude
oil.

The procedure used in this study for the estimation of the rate constant differs
from the procedure used by Chiwetelu el al. [17] and Borwankar and Wasan [14]. In
their analyses, the desorption rate constant, kx,, was fixed at a given and arbitrary
value which allowed them to estimate simultaneously the rate constants kyx, and
IcNGx,.l In the present analysis, kx, is estimated separately from the acidified oil /water
set of data, taking into account the adsorption of the acid at the oil/water interface.
This in turn makes the estimation of ky.x, and kx, from the acidified oil/caustic set
of data much easier and more precise. Figs. 11.2-11.7 show the comparison between
the predicted and the experimental transient interfacial tension for the 1 mol/m® acid
concentration in contact with different caustic concentrations. As can be seen from

Figs. 11.2-11.7, 2 good agreement is obtained between the model predictions using the
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parameter estimates of Table 11.5 and the experimental transient interfacial tension
data. In comparison with the model fitting of Chiwetelu €l al. [17] and Borwankar and
Wasan [14)], there is a remarkable improvement in the modelling of the interactions
between the acidic oil and the caustic reagent. This is mainly due to the incorporation
of un-ionized acid as being adsorbed at the interface along with the ionized acid in
the model formulation, as opposed to considering only ionized acid being adsorbed
at the oil/water interface.

The relative importance of convective diffusion on transient interfacial tension
was checked by altering the boundary layer thicknesses, §. As a result, it was found
that the convective diffusion, as modelled by the Nernstian film theory, does not
affect the transient tensions to any appreciable extent. On the other hand, it was
found that the predicted transient interfacial tension is significantly influenced by the
equilibrium parameters and, more particularly, by the kinetic rate constants. How-
ever, the parameters that are associated with sorption kinetics influence the predicted
interfacial tension more than the diffusive ones. The interfacial potential associated
with the adsorption of active anions at the interface also plays an important role in
controlling the transient interfacial tension. Its role is as important as the sorption
kinetics. Thus, high interfacial potential, as encountered in the acidified oil/caustic
systems, can prevent further adsorption of the surface active anion at the interface.
In terms of sorption kinetics, a large acid adsorption rate constant is necessary in
order to accumulate a sufficient amount of active species at the interface subject to
the prevailing interfacial potential. The interfacial potential, in turn, is determined
by the effective caustic concentration in the bulk as well as by the total surface ex-

cess concentration. If the desorption rate constants, knox, and kx,, are also high,



CHAPTER 11. TRANSIENT MODEL ANALYSIS: PREDICTIONS 150

then the surface concentration of the ionized acid is quickly reduced, resulting in an
increase in the interfacial tension at extended times. The interplay of adsorption and
desorption barriers is in fact.a function of the caustic concentration. Therefore, at
low NaOH concentrations, the rate of ionization and subsequent adsorption of the
un-ionized acid and the ionized acid exceeds that of their desorption into the respec-
tive phases. Thus, tensions show only a decreasing trend as the surface active species
continue to accurnulate at the oil/water interface, as seen in Figs 11.2-11.4. At high
caustic levels, the desorption rate to the bulk phases exceeds that of adsorption. Con-
sequently tensions show an increasing trend after reaching a minimum. However, at
intermediate NaOH concentrations, the adsorption barriers are just as important as
the desorption barriers, and the interfacial tension passes through a minimum and

then increases with time, as shown in Figs. 11.5-11.7.
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Table 11.4: Kinetic rate constants of un-ionized acid.

System

specifications

————n
———

1
10

Adid concentration (mol/m?® )

Kinetic rate constants (m®/mol.s)

krx, kux.,
0.254+0.010 0.075+0.005
0.286+0.012 0.08440.005

Table 11.5: Kinetic rate constants of ionized acid.

Kinetic rate constants (m®/mol.s)

for all NaOH concentrations

System
specifications kg X knax, kx.
1 mol/m? linoleic acid at
paraffin oil/water interface | 0.25440.010 | 0.351+0.022 | 0.562--0.035

191
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Figure 11.1: Experimental and predicted transient interfacial tension of acidified
paraffin oil against distilled water. (a) 1 mol/m® and (b) 10 mol/m’ .
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Figure 11.2: Experimental and predicted transient interfacial tension of 1 mol/m?
acidified paraffin oil against 0.25 mol/m® NaOH solution.
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Figure 11.3: Experimental and predicted transient interfacial tension of 1 mol/m3
acidified paraffin oil against 1.25 mol/m® NaOH solution.
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Figure 11.4: Experimental and predicted transient interfacial tension of 1 mol/m?®
acidified paraffin oil against 2.5 mol/m® NaOH solution.
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Figure 11.5: Experimental and predicted transient interfacial tension of 1 mol/m
acidified paraffin oil against 5.0 mol/m* NaOH solution.
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Figure 11.6: Experimental and predicted transient interfacial tension of 1 mol/m®
acidified paraffin oil against 12.5 mol/m® NaOH solution.
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Figure 11.7: Experimental and predicted transient interfacial tension of 1 mol/m?®

acidified paraffin oil against 25 mol/m® NaOH solution.
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11.2.2 Kinetic Rate Constant of Sodium Dodecyl Sulfate

For sodium dodecyl sulfate adsorbing at the oil/water interface, the comparisons of
the model calculations with the experimental data are shown in Figs. 11.8-11.13.
The values of ks, which best fit the data are listed in Table 11.6. As shown in this
table, the adsorption rate constants are not independent of concentration, with ks,
increasing with increasing sodium dodecyl sulfate concentration. This result suggests
that electrostatic effects slow down the adsorption.

The adsorption rate constant values of sodium dodecy! sulfate at the oil/water
interface were compared with available literature values at the air/water interface
[135,140,141]. Borwankar [135] applied his model to the data of Fainerman [13§] for
sodium dodecyl sulfate at a concentration of 0.2 mol/m® and in the presence of 100
mol/m> and 500 mol/m® NaCl salt. He found that a value of 67 m®/mol.s for ks,
gave an adequate fit for both sets of data. The same data have been used by Chang
and Franses [141] with their modified model based on Langmuir kinetics. The values
reported by them, however, were far greater tha.ﬁ those reported by Rorwankar {135]
and they varied with the NaCl concentration. Chang and Franses [141] also used the
surface tension data of Koulbek [142] for different concentrations of sodium dodecyl
sulfate and in the absence of NaCl. The adsorption rate constant that fitted those
data varied with the sodium dodecyl sulfate concentration. For sodium dodecyl sulfate
concentration of 1.7 mol/m® , ks, was estimated to be 55 m®/mol.s, increasing to 90
m?/mol.s for concentration of 3.3 mol/m3.

While the adsorption rate constant of sodium dodecyl sulfate at the oil/water
interface is less than that at the air/water interface, the estimated values in this

study are in agreement with the values of Chang and Franses [141], at least for
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sodium dodecy! sulfate concentrations less than 3.9 mol/m?® . It is thus demonstrated
that the use of the simplified version of the Nernstian film theory as emploved by
Rubin and Radke for the diffusion process [10], is valid for the case of sodium dodecyl

sulfate.

Table 11.6: Kinetic rate constants of sodium dodecyl sulfate.

System Kinetic rate constant (m®/mol.s)

Specifications ks,
sodium dodecyl sulfate
concentration (mol/m® )

1 19.5

3 23

9 28.0

8 420
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Figure 11.8: Experimental and predicted transient interfacial tension of paraffin oil
against 1 mol/m® sodium dodecyl sulfate solution.
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Figure 11.9: Experimental and predicted transient interfacial tension of pa.ra.fﬁn oil
against 4 mol/m? sodium dodecy! sulfate solution.
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Figure 11.10: Experimental and predicted transient interfacial tension of paraffin oil
against 5 mol/m® sodium dodecyl sulfate solution.
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Figure 11.11: Experimenta.l and predicted transient interfacial tension of paraffin oil
against 6 mol/m?® sodium dodecyl sulfate solution.
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Figure 11.12: Experimental and predicted transient interfacial tension of paraffin oil
against 7 mol/m® sodium dodecyl sulfate solution.
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Figure 11.13: Experimental and predicted transient interfacial tension of paraffin oil
against 8 mol/m?® sodium dodecyl sulfate solution.
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11.3 Model Predictions

The fundamental objective of this section is to solve the model equations using pa-
rameter values which would have been determined from single component analysis
of the constituent un-ionized acid, ionized acid and sodium dodecyl sulfate. The re-
sulting transient interfacial tensions determined from the model were then compared
with the respective experimental values. In the formulation of the transient model,
micellar adsorption was not considered and, thereforé, only tension data for which
the total concentration of surface active species was less than the effective critical
micelle concentration were considered in the following analysis. Micellar effects on
adsorption may complicate the interpretation of transient tension data, requiring a
more elaborate model as well as data concerning micellization kinetics.

11.3.1 Model Predictions for the Acidified Oil/Sodium Do-
decyl Sulfate System

Comparative plots for the acidified oil at an acid concentration of 1 mol/m? against
aqueous sodium dodecyl sulfate solutions are given as Fig. 11.14-11.19. The agree-
ment between experimental tension values and those predicted by the model is good.
The good agreement shown in Figs. 11.14-11.19 for this simple system indicates that
the proposed model for the binary adsorption of the un-ionized acid and the added
surfactant is valid. This also indicates that there are no interactions between the ad-
sorbed acid and the surfactant at the oil/water interface and therefore the assumption

of ideal behavior is valid.
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Figure 11.14: Experimental and predicted transient interfacial tension behavior of 1
mol/m? acidified paraffin oil against 1 mol/m® sodium dodecy! sulfate solution.
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Figure 11.15: Experimental and predicted transient interfacial tension behavior of 1
mol/m?® acidified paraffin cil against 3 mol/m> sodium dodecyl sulfate solution.
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Figure 11.16: Experimental and predicted transient interfacial tension behavior of 1
mol/m® acidified paraffin oil against 4 mol/m® sodium dodecyl sulfate solution.
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Figure 11.17: Experimental and predicted transient interfacial tension behavior of 1
mol/m? acidified paraffin oil against 5 mol/m® sodium dodecyl sulfate solution.
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Figure 11.18: Experimental and predicted transient interfacial tension behavior of 1
mol/m?® acidified paraffin oil against 6 mol/m?® sodium dodecy! sulfate solution.
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Figure 11.19: Experimental and predicted transient interfacial tension behavior of 1
mol/m? acidified paraffin oil against 7 mol/m?® sodium dodecyl sulfate solution.
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11.3.2 Model Predictions for the Acidified Oil/Sodium Do-

decyl Sulfate and Caustic Mixture Systems
The model represents the global mechanisms for the interactions that can exist be-
tween the un-ionized acid, the ionized acid and the added surfactant. It was found
that some difficulties arose during the solution of the governing differential equations.
The nonlinearity of the differential equations and their large number made the analy-
sis difficult, especially as regards the numerical integration where the integration time
steps were small, in order to predict the desired changes in the surface concentrations
and, subsequently, the transient interfacial tension . The resulting transient interfa-
cial tensions predicted by the model are compared with the experimental values. Such
comparative plots for the systems, constituted by an acid concentration of 1 mol/m?,
and NaOH and sodium dodecyl sulfate at a concentration ranging from 1 mol/m?® to
7 mol/m® , are shown in Figs. 11.20-11.24. The NaOH concentrations were chosen in
order to avoid the formation of micelles.

At caustic concentrations below 12.5 mol/m?3, the agreement between the ex-
perimental tension values and those predicted is good for all sodium dodecyl sulfate
concentrations used. Although a good agreement is obtained, a close inspection of
the transient interfacial tension curves indicates that the model does not yield ex-
act predictions of tension values at very short times. Experimental data exhibit a
plateau lasting about 10 seconds. This plateau is mainly due to the interfacial po-
tential prevailing at the interface. A high interfacial potential, which is the case here,
will prevent further adsorption of surface active anions until theu' concentration in the
vicinity of the interface is large enough to overcome the potential barriers. When that

happens, the adsorption starts to take place again and subsequently the interfacial
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tension continues to decrease subject to the adsorption/desorption barriers. At ex-
tended times, the small apparent deviations between the experimental and predicted
interfacial tension values are generally within the limits of experimental error of the
measurement system. It is expected that discrepancies between the experimental and
predicted tension values will be evident at high NaOH concentrations. First, micelle
formation affects the measured interfacial tension in a fashion that the model does
not account for. Second, hydrodynamic instabilities related to small pendant droplet
size during the measurement contribute in part to uncertainty in the experimental

data.

Concluding Remarks

Within the range of caustic concentrations used, it is reasonable to claim that the
proposed mechanisms and models for the interactions of carboxylic acid with the
aqueous solutions of caustic and the added surfactant, i.e. sodium dodecyl sulfate,
are valid. Diffusion kinetics considerations, as demonstrated in this study, are found
to be appropriate for modelling the transient interfacial tension of such systems. The
transient interfacial tension behavior observed is a consequence of the co-existence of
adsorption/desorption barriers as well as of interfacial potential barriers, rather than
being of purely diffusive origin. The key assumption made in this analysis for the
single and for the extended mixture models is that ideal behavior prevails both at
~ the interface and within the bulk phases. An extension of the present models to real
systems such as crude oils, which are not ideal solutions, would have to account for

the non-ideality by modifying the fractional surface coverage relationship.
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Figure 11.20: Experimental and predicted transient interfacial tension behavior of 1
mol/m?® acidified paraffin oil against 1 mol/m® sodium dodecyl sulfate and (a) 1.25
mol/m? (b} 2.5 mol/m>® NaOH solutions.



CHAPTER 11. TRANSIENT MODEL ANALYSIS: PREDICTIONS 208

(a)
5
E
&
]
S
=
w
-
s
=
0 X , " .
100 23 CEEE 10t 2 TYEEE 104
Time, s
(b) 20
S
E
c
2
£
-
=
L
-
s
E
10 23 10 T3 10 33 10 =3 1o¢
Time, ¢
(€}
£
=
E
[—4
[}
-1
H
[
=
S
=
O
E
0 . . )
100 2 34 Q0 2 34 102 %34 103 2 34 104

Time (s)

Figure 11.21: Experimental and predicted transient interfacial tension behavior of 1
mol/m? acidified paraffin oil against 2 mol/m® sodium dodecy! sulfate and (2) 0.25
mol/m?® , (b) 1.25 mol/m? and (c) 2.5 NaOH solutions.
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Figure 11.22: Experimental and predicted transient interfacial tension behavior of 1
mol/m? acidified paraffin oil against 3 mol/m® sodium dodecy] sulfate and (a) 0.25
. mol/m?, (b) 1.25 mol/m> and (c) 2.5 NaOH solutions.
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Figure 11.23: Experimental and predicted transient interfacial tension behavior of 1
mol/m3 acidified paraffin oil against 4 mol/m> sodium dodecy! sulfate and (a) 0.25

mol/m? and (b) 2.5 mol/m? NaOH solutions.
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Figure 11.24: Experimental and predicted transient interfacial tension behavior of 1
mol/m? acidified paraffin oil against 5 mol/m?® sodium dodecyl sulfate and (a) 0.25
mol/m?® and (b) 1.25 mol/m*® NaOH solutions.



Chapter 12

Conclusions and
Recommendations

12.1 Conclusions

1- A modified pendant drop tensiometer suitable for the measurement of equilib-

rium, transient and dynamic interfacial tensions has been successfully designed

and tested.

2- The accuracy of this instrument is better than 0.1% in the determination of the
surface tension of water as well as in the determination of interfacial tensions

in a2 wide range of hydrocarbon/wa.ter systems.

3- Data on transient interfacial tension behavior for interfacially-reactive systems,

such as encountered in alkaline oil recovery processes, have been obtained.

4- Interfacial tension values that could be measured and monitored ranged from
as low as 0.2 mN/m to as high as 72 mN/m and interfacial ages extended from

1 s to several hours depending on the specific aqueous phase composition.

212
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5- Interfacial tension data determined by the modified pendant drop tensiometer

10-

are comparable with those measured with other commercially available instru-
ments such as the spinning drop and the drop volume tensiometers for the same

systems.

An interfacial activity model has been proposed to account for the interactions
between acidic oil and alkali in the presence of added surfactant. The model

predicts the equilibrium interfacial tension well.

In acidic oil/alkali systems, the interfacial tension is determined by two param-
eters, namely, the ionization constant and the equilibrium constant governing
the formation of inactive and undissociated soap species. The two parameters

have been found to be dependent on acid concentration.

When the added surfactant is water soluble, the lowering in interfacial tension
for the acidic oil/surfactant systems is a result of the simultaneous adsorption

of the acid onto the interface.

The lowering in interfacial tension for acidic oil/alkali systems in the presence
of added surfactant results from the simultaneous adsorption of the un-ionized
acid, the ionized acid and the added surfactant onto the interface. A synergistic

effect appears to exist between the added surfactant and alkali.

Transient tension experimental studies reveal the existence of a characteristic
behavior exhibited by the acidified oil against aqueous solutions. The transient
interfacial behavior is a function of acid concentration in the oil phase, caustic

concentration, and added surfactant concentration in the aqueous phase.
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11-

12-

13-,

14-

15-

There exists an optimum concentration with respect to both caustic and sodium
dodecyl sulfate , at which the interfacial tension is the lowest. The optimum

concentration has been found to be dependent on acid concentration.

A physico-chemical model based on convective diffusion, Langmuir sorption ki-
netics and electrical phenomena has been proposed to account for transient

interactions between acidified oil and surfactant-enhanced alkaline systems.

The transient interfacial tension predicted by the model compares well with

experimental data for acidified oil/caustic systems as well as for the oil/added

surfactant solutions.

The pertinent sorptive rate constants have been estimated for the un-ionized
acid, the ionized acid and the added surfactant by means of a nonlinear least
squares method. The adsorption rate constant of the un-ionized acid is inde-
pendent of its concentration. The sorptive rate constants associated with the
ionized acid and its salt have been found to be independent of the aqueous caus-
tic concentrations. The adsorption rate constant of sodium dodecyl sulfate has

also been found to be a function of its concentration.

The validity of the extended transient model for the interactions between acid-
ified oil and caustic solutions in the presence of added surfactant is confirmed
by the close agreement between the predicted interfacial tensions and the ex-

perimental data.
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—
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12.2 Recommendations

1-

The measurement of interfacial tension, using the modified pendant drop tem-
siometer, should be extended to the very low tension range. This would depend
on the choice of drop geometry. The drop shape could be better controlled by

the choice of capillary tip.

The interactions between un-ionized acid, ionized acid and added surfactant
have been assumed to be ideal in the model. However, mixed interfacial species,
both nonionic and ionic, may interact non-ideally at the oil/water interface.
Such interactions should be accounted for by incorporating non-ideality into

the adsorption isotherms.

The transient interfacial activity model developed for the acidified oil/alkaline
plus added surfactant systems has been formulated for total surface active
species concentration below the effective critical micelle concentration of the
system. The transient model should be extended to account for the micellar

eftects by obtaining data or micellization kinetics.
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Appendix A

Micellar Relationships

A.1 Expression for the Micellization Constant

Considering the equilibrium equation {6.14) and assuming monodispersed micelles,

the mass action model gives the following expression for the micelle concentration,
Chm:

Crm = K (Cs=)" (Cha+)™ ™" (A.1)

The material balance equations of surfactant ions, S-, and counterions, Na*¥, in

a micellar solution have the following form:

C = Cs-+nCn (A.2)

C = Cpno+ +7n(l —a)Cyn (A.3)
From Eqs. A.2 and A.3, and excluding C.,, we derive:
Chet = (1 — a)Cs- + aC (A.4)

Intlf'oducing a value for the degree of micelliza.tidn, &i, which represents the frac-

tion of the ions of the ith sort which are associated.

Cc-GC
c

&= (A5)
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Expanding Eq. A.5 for each component, we get:

CS- = C(l —51)

Cna+ = C(l1—¢a)

Combining Eqgs. A.2 and A.6 and Egs. A.3 and A.7 we get:

Cm = El'g-
n

C

)

Taking the logarithm of K,,,
InKn=InC, =nlnCs- —n(l — &) In Cne+

Taking into account Eqs. A.8 and A.9, Eq. A.10 becomes:

oK = 1n(fnl) +[1-n2-a)lnC —nln(l - &) — n(l — &) In(l — &)

K, = [ a2 (..1_) ramek
n(l - 61)“‘(1 - 62)"(1_°) C

From Eqs. A.9 and A.10 it is clear that:
€2=(1—a)€1 or 1—62=1—€1+a51

The final expression for the micellization constant is given by;

Kn =

229

(A.6)

(A.T)

(A.8)

(A.9)

(A.10)

(A.11)

(A.12)

(A.13)

n{2—a)=1 n(2=a)=1
£1 1 1
[ _) = Fm(E) (_r
n.(l — 51)“(1 - &+ a&y )"(1—"') \C cMC

(A.14)
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At a surfactant concentration equal to the CMC, £, << 1, and, therefore, the
last two terms in Eq. A.12 may be negligible. Because of the small value of ¢; and
the large value of n, the first term of Eq. A.12 becomes small compared with the

second term. Thus, provided that ¢, is small, i.e. C = CMC, Eq. A.12 becomes:

InKn=0Q1-n2-a))lnCMC (A.15)

n{2—-a)-1
K','_‘ = (CITC) (A.16)
A.2 Critical Micellar Concentration Relationships

In the case when a mixed micelle is formed, it is assumed that the surfactant ion, the
acid and the ionized acid dissolve each other in a state of regular solution and the

following relation is obtained:

—=(1~z-y) (AIT)

where C’_ is the concentration of surfactant ion in solution equilibrium with the sur-
factant ion micelle, Cg- is the concentration of surfactant ion in solution equilibrium
with the mixed micelle, and x and y are the mole fractions of the acid and ionized

acid in the mixed micelle, respectively.
The acid and the ionized acid are considered to undergo partitioning between

the micellar state and the solution as follows:

Cux.
z

= K prx €xp (—m;";”‘) - (A.18)
and |

Cx- _ 1o m'wy- +€,
—y— = Ko.X exp (— ET ) (A.lg)
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Combining Eq. A.17, Eq. A.i8 and Eq. A.19,

C—,s_- =1—-K.uxCux, — K, xCx-
T
Where )
K da)
o HX = ———
Ko nx

and

mwe .+l
(Tsrtt)

K, x

Kox =

Making appropriate substitutions into Eq. A.20 results in:

Cs- ( Ko.HXKw)
25" o) Koy 4 X B N o
5= x KB Cou-] %

231

(A21)

(A.22)

(A.23)

In the case when a single micelle is formed (i.e. no interaction between the surfactant

and the remaining active species) Eq. A.23 becomes:

C;_ —_ Cs—

(A.24)
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Fractional Surface Coverage in a
Multicomponent System

For an n-component mixture adsorbing at an interface, the fractional surface coverage

corresponding to a component i is given by the extended Langmuir Model:

Kp:C;

0= —="— B.1
143 K1 ;C; (B:1)
The total fractional surface coverage, 6, is:
_ 2 KiiC:
6, = E 6;: = ] +2KL.; (B.2)

If, however, each species maintains its own molecular area ( i.e. the area covered
by one molecule that is not influenced by the presence of other species on the surface)

then the amount of ¢ adsorbed in the mixture is:

Time=KL:C;
1+ 3 KLiC;

where T; oz is the monolayer amount for { when the pure component adsorption is

I; = (B.3)
considered.
The thermodynamic consistency of Eq. B.3 has been discussed by Yang [143].

Following a reversible isothermal cycle in a system undergoing adsorption-desorption,

232
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it is shown that the monoclayer adsorption must be equal for all species, or I'imez =
Ijmaz- For binary mixtures, the following averaged I'mazm value has been used for
both species for a gas binary mixture [143] and for liquid binary mixtures [72,21).

The averaged [mazm is then given by:

1 X1 X2
rmu.m - rl.mu.' + r2.ma: (B4)
where
2 2
X =T/ T and > Xi=1 (B.5)

i=1 i=1
This postulation is based on the additivity of surface areas per molecule of each
species rather than on the additivity of the number of moles per unit area at the
interface. Assuming that this relation holds for an n-component mixture one can
write:
1 _ i X; (B.6)

i=1 Pi.mc.:

r mazm

For a single adsorbing species, the fractional surface coverage, 8, is given by:
r
0= - (B.7)

The following proof shows that the total fractional surface coverage, 8, is the

summation of the individual fractional surface coverages, ;. By definition, we have;

r — ?:‘l r‘
b = rmc:.m - rmc:m (B.S)
n n X‘
=1 = "
n n T 1
= T; — B.10
(0) (G etms) w0
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_ D

=1 ri maz

In the case of a three component system, we obtain;

Tx- Tux Is-
6= LY 2. S
rx -.Jmaz rH Xo.maz rS‘.mu:

The adsorption maximum for the mixture is then given by:

1 _ T'x- 1
rmu:.m - Fx-+ rHXo + Is- PX‘.mn.t
+ Tux 1
rx— + FHXo + rs— FHXo.mur
L Ts- 1

rX‘ + rHXo + PS‘ rS‘.mu.'

234

(B.11)

(B.12)

© (B.13)

(B.14)
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Physical Properties of Solutions

C.1 Properties of Aqueous Solutions

The physical properties required in this study (such as densitjr and pH) have been
measured for all of the aqueous solutions. Table C.1 lists the density values for the
solutions at different sodium dodecy! sulfate and NaOH concentrations. The den#ity
of distilled water is 0.99704 g/cm® at 25°C. As shown in Table C.1, the density of the
aqueous solutions increases with both increasing NaOH and sodium dodecyl sulfate
concentrations. Table C.2 lists the pH of the aqueous mixture solutions of NaOH
and sodium dodecyl sulfate at various working concentrations. The pH of the godium
dodecyl sulfate solutions in the absence of NaOH is about 10.0 at 25°C. Thé pH of the
aqueous NaOH solutions decreases marginally with addition of increésing amounts of

sodium dodecyl sulfate .
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Table C.1: Densities of the caustic/sodium dodecy! sulfate solutions at 25°C (g/cm®) .

NaOH
(mol/m®)

0.00
0.25
125
2.50
12.50
25.00
125.00
250.00

sodium dodecyl sulfate (mol/m*)

0.9970
0.9971
0.9971
0.9972
t 0.9976

0.9981
1 1.0022
| 1.0074

0.9971
0.9971
0.9972
0.9972
0.9976
0.9981

1.0023

1.0075

9

0.9972
0.9972
0.9973
0.9973
0.9977
0.9982
1.0023
1.0077

3

0.9973
0.9973
0.9974
0.9974
0.9978
0.9983
1.0024
1.0077

3

4

| 6 [ 7 |

0.9973
0.9973
0.9974
0.9975
0.9978
0.9985
1.0025
1.0078

0.9974
0.9974
0.9975
0.9975
0.9979
0.9987
1.0026
1.0079

0.9975
0.9975
0.9976
0.9977
0.9980
0.9989
1.0027
1.0081

Table C.2: pH of the caustic/sodium dodecyl sulfate solutions at 25°C

NaOH | sodium dodecyl sulfate (mol/m®)
- (mol/m®) 0O [ 1 ] 4] 7

0.00 | 7.01 10.0 10.0 .| 10.0
0.25 | 10.35 | 10.08 | 10.08 | 10.04

1.25 | 11.09 | 10.81 | 10.80 | 10.74 "

250 | 11.40 | 11.06 | 11.11 | 11.05:
12.50 | 12.06 | 11.89 | 11.83 | 11.75
25.00 | 12.39 | 12.24 | 12.13 | 12.05
125.00 | 13.03 | 12.82 | 12.85 | 12.76
250.00 | 13.29 | 13.20 | 13.16 | 13.06
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C.2 Properties of Oil Solutions

The physical properties of the oil solutions are listed in Table C.3. The light paraffin
oll doped with linoleic acid at different concentrations constitutes the oil solutions.
The paraffin oil has a density of 0.8423 g/cm® and a viscosity of 19.260 mPa.s. The
addition of increasing guantities of linoleic acid to the paraffin oil does not change
the density appreciably, but the viscosity increases marginally at higher acid concen-

trations.

Table C.3: Physical Properties of Oleic Solutions at 25° C

Identification Density Viscosity

| (gom’) | (mPas)
Light paraffin oil 0.8423 19.25
Light paraffin oil

doped with linoleic
acid (mol/m? )

0.1 0.8423 19.29
1 0.8423 19.45
10 0.8425 19.77
20 0.8431 19.79

100 0.8444 19.82




Appendix D

Transient Interfacial Tension Data

D.1 0.1 mol/m?® Acidified Oil / Surfactant- Alka-
line Systems

D.1.1 Effects of Added Surfactant Concentration
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Figure D.1: Transient interfacial tension behavior for 0.1 mol/m?® acid in paraffin oil
against 1 mol/m® sodium dodecyl sulfate and NaOH solutions.
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Figure D.2: Transient interfacial tension behavior for 0.1 mol/m?® acid in paraffin oil
against 4 mol/m® sodium dodecyl sulfate and NaOH solutions.
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Figure D.3: Transient interfacial tension behavior for 0.1 mol/m?® acid in paraffin oil
against 5 mol/m? sodium dodecyl sulfate and NaOH solutions.
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Figure D.4: Transient interfacial tension behavior for 0.1 mol/m? acid in paraffin oil
against 7 mol/m® sodium dodecy! sulfate and NaOH solutions.
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D.1.2 Effects of Caustic Concentration



APPENDIX D. TRANSIENT INTERFACIAL TENSION DATA 244
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Figure D.5: Transient interfacial tension behavior for 0.1 mol/m? acid in paraffin oil
against sodium dodecyl sulfate and 0.25 mol/m?® NaOH solution.
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Figure D.6: Transient interfacial tension behavior for 0.1 mol/m?* acid in paraffizn oil
against sodium dodecy! sulfate and 1.25 mol/m® NaOH solution.
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Figure D.7: Transient interfacial tension behavior fcr-0.1 mol/m?® acid in paraffin oil
against sodium dodecyl sulfate and 2.5 mol/m® NaOH solution.
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SDS concentration (mol/m3)
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Figure D.8: Transient interfacial tension behavior for 0.1 mol/m?® acid in pa‘céﬁn oil
against sodium dodecyl sulfate and 12.5 mol/m® NaOH solution. -
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Figure D;Q: Transient interfacial tension behavior for 0.1 mol/m? acid in paraffin oil
against sodium dodecyl sulfate and 25 mol/m® NaOH solution.



APPENDIX D. TRANSIENT INTERFACIAL TENSION DATA 249

SDS concentration (mol/m3) -
9 _ -
- 4
8 | .3 y
g .
 6f y
o b ¢ ® 4 Las
g y V;'v'{‘w‘ﬁwﬂ:“‘
o S5F " aulps “'v“‘r -
TR
= ]
R X :
2| _
1 -
0 N [ 1 [N N ] [ MR EEEN . ] 1 Yoot el A ] ] (IR
100 2 101 2 102 2 103 2 104
Time, s

Figure D.10: Transient interfacial tension behavior for 0.1 mol/m?® acid in paraffin oil
against sodium dodecyl sulfate and 125 mol/m® NaQH solution.





