ADSORPTION OF SURFACTANTS FROM SOLUTION

ONTO KAOLIN

BY

IAN PATRICK McKEOWN BSc

A thesis submitted in partial fulfilment
of the requirements for the degree of
Doctor of Philosophy
of the

Council for National Academic Awards

School of Natural Sciences Collaborating Establishment:
Liverpool Polytechnic - Reservoir Technology Division
Byrom Street Department of Energy
Laverpool L3 3AF Winfrith Technology

Dorchester, Dorset DT2 8DH

August 1990



TABLE OF CONTENTS

PAGEL
ACKNOWLEDGEMENTS
ABSTRACT
GLOSSARY
CHAPTER 1 -  INTRODUCTION 1
1.1 The 011 Market and Enhanced 0il Recovery 1
1.2 Reservolr Production Methods 5
1.3 Surfactants for Enhanced 0Oil Recovery 18
1.4 Adsorption of Surfactants at Solid-Liquid
Interfaces 20
1.5 The Electrical Double Lavyer 27
1.6 Clay Mineral Structure and Charge Distribution 39
1.7 Surfactant Adsorption at Fluid-Fluid
Interfaces 43
1.8 Present Work 48
CHAPTER 2 - EXPERIMENTAL S50
2.1 Minerals 50
2.2 Chemicals 51
2.3 Synthesis of Surfactants 54
2.4 Experimental Procedures 61
2.4.1 Surface Area Determinations 61
2.4.2 Scanning Electron Microscopy 66
2.4.3 Analysis of Alkylbenzenesulphonates 72
2.4.4 Determination of Anionic Surfactants 82
2.4.5 Surface and Interfacial Tension Measurements 102
2.4.6 Adsorption Studies 104



CHAPTER

CHAPTER

2.4.7

2.4.8

2.4

2.4.10

3.1

3.2

3.3

3.4

3.3

3.6

3.7

3.8

4.1

4.2

4.3

.S

Electrophoretic Mobility Measurements
Potentiometric Titrations
Atomic Absorption Spectrophotometry

Gas Chromatography

RESULTS
Surfactant Adsorption at the Air-Solution
Interface
Adsorption of 4-¢~-Cy, ABS at the n-decane-
Agqueous Solution Interface
Adsorption of 4-¢-C;, ABS at the Kaolin-
Solution Interface
Adsorption of CTAB at the Kaolin-Solution
Intertftace

4
Adsorption of Radiolabelled (3°S) Sodium
Dodecylbenzenesulphonate at the Clashach
Sandstone, and Silica, Interface
Microelectrophoretic Studies
Potentiometric Titration of the Kaolin Surface

Interactions between Aluminium Ions and

4-$~Cy, ABS

DISCUSSION

Adsorption of Sodium Dodecylbenzenesulphonate
Isomers, and CTAB, at the Air-Aqueous Interface
Adsorption of 4-¢-C;, ABS at the n-decane-
Aqueous Interface

Surfactant Adsorption at the Kaolin Surface

11

110

116

120

124

127

147

153

179

183

186

189

192

209

220

224



4.4 Adsorption of 4-¢-C;2 ABS [3°S] at the

Clashach Sandstone, and Silica, Agueous

Interface 246

4.5 Microelectrophoretic Studies, and Potentiometric
Titration of the Kaolin Surface 248
FINAL DISCUSSION 205
CONCLUSIONS 26069
REFERENCES 271
APPENDICES 281

111



DEDICATION

To my wife, Patricia, and my parents, for all their patience.



ACKNOWLEDGEMENTS

Sincere thanks are extended to Professor G.G. Jayson and Dr. H. Morris
for their support throughout this work and their guidance during the

writing of this thesis.

Acknowledgement 1s also made to the Department of Energy, and the
Winfrith Atomic Energy Establishment, for the financial assistance
given to the project, and additional thanks are extended to the staff
at Winfrith for the many useful discussions made during the

development of the research.



Abstract

Adsorption of Surfactants from Solution onto Kaolin

Ian Patrick McKeown

A study has been made of the adsorption of a surfactant, sodium
dodecylbenzenesulphonate (¢-Cj12 ABS), such as might be employed in
enhanced o1l recovery operations, from agueous solutions onto kaolin.
To grade the 1somers of the surfactant for their usefulness in lowering
interfacial surface tensions the 1-, 4-, and 6-¢-C192 ABS forms were
synthesised. The 4- i1somer was chosen for detailed investigation as
regards the effects of pH, solution ionic strength, temperature, the
addition of n-butanol, and the presence of n-decane (= 01il) on the
adsorption (= to loss from aqueous solution). Comparisons were made
with the behaviour of a cationic surfactant (cetyltrimethyl ammonium
bromide). Electrophoretic mobility measurements of the kaolin
particles 1n some of the solutions were carried out which, together
with potentiometric titrations allowed the electrostatic state of the
kaolin surface 1n the various solutions to be established.

Surfactant labelled with 358, and n-butanol labelled with l“‘C were used
in certain of the experiments. In addition some adsorption studies
were undertaken with sandstone and silica as the solid phase.

The results from these experiments showed that under identical
conditions the adsorption of the anionic surfactant was always approx-
imately 1000X greater on kaolin than on sandstone or silica. The
total available kaolin surface was never covered under any of the
conditions i1nvestigated, and the smallest adsorption losses were
sustained at high pH, low 1ionic strength, and 60°C. 1In addition to
the loss by adsorption on kaolin, the anionic surfactant could be lost
from the agqueous solution (and its property to lower oil/aqueous
interfacial tensions) by preferential solubilisation into a separate
phase of n-butanol (>8%), or n-decane (o0il) when the concentration of
the alcohol was high enough (i1i.e. >8%). In the presence of o1l the
formation of emulsions creates another phase of complication.

In the absence of butanol the adsorption isotherms of the anionic
surfactant onto the kaolin can be analysed, to be due, at low concen-
trations (lO'5 to 10"+ mol dm"3) to electrostatic attraction, which 1s
greatly increased at slightly higher concentrations with the build up
of hemi- and ad-micelles on the solid. In the concentration region of
10™% to 1073 mol dm™3 adsorption is limited by micelle formation 1in
the solution, while at higher concentrations (> 10~3 mol dm'a) the
surfactant appears to desorb into solution again. Careful examination
revealed that aluminium ions from kaolin pass into aqueous solution
and form salts or soluble complexes with the anionic surfactant. In
either case the re-dissolved surfactant may not be available for the
further lowering of interfacial surface tensions.

The study has therefore defined, in operating the surfactant flooding
process, the efficient concentration limits of both 4-¢-Cj2 ABS and n-
butanol. The usefulness of the surfactant in foam formation for
reduction of gas mobility and improvement of sweep efficiency has yet
to be i1nvestigated.
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Chapter One

Introduction



1.1 The 01l Market and Enhanced 01l Recovery

During the latter part of the 1980's the o0il industry was

subjected to a number of changes in the world market ranging
from the fall in 01l prices during 1986, to the growth, by
27%, of proven reserves in 1987. This, together with the
announcement of a ceasefire in the Iran-Irag war during 1988/9,
suggested that OPEC might finally agree on a strict quota
system and end 1ts endemic overproduction. This latter put
$1.50 onto the price of a barrel of Brent crude, an action
which proved to be unjustified since the anticipated OPEC
accord did not arise [(Ol]. The price of 01l is now expected
to remain fairly stable 1n the i1mmediate decade as a conse-
quence of the expanding global consumption of gas; proven
global reserves of which have quadrupled in the past 18 years

to over 110 trillion cubic metres.

As a result of the price stabilisation of o01l, producers have
been forced to i1mprove their recovery factors and a great
deal of investment has been made to fund research 1into
methods aimed toward improving oill recovery, a move exempli-
fied by the American Department of Energy meeting 1n

Washington on 31st January 1990 [02].

In the UK, the Department of Energy has a statutory duty to‘
requlate the development of the 01l and gas fields of the
Continental Shelf in the best interests of the nation. 1In
order to exercise this duty effectively, it must be techni-
cally informed, both to engage in dialogue with o0il companies

and to direct research funds effectively, and to this end the



DOE has undertaken to support an Enhanced 0il Recovery (EOR)

programme for North Sea oilfields.

Most of the o1l in Britain's North Sea reservoirs is light
and of premium quality. The low viscosity of the o0il and the
good reservoir characteristics of the oil-bearing rock ensure
a high degree of productivity and, by world standards, a
reasonably good recovery factor (~ 40% of oil-in-place) when
using water drive production methods (section 1.2.1). Never-
theless, using these conventional technigques, an average
North Sea field is expected to end its life with about 60% of
the original oil-in-place unrecovered [Dl], amounting to some
2500 million tonnes, which at present prices* (v $20 per
barrel) represents a potential asset of over £300 billion.
Even a small i1ncrease 1n the percentage recovered could earn
a substantial additional revenue, so there is clearly an
incentive to encourage developments which may achieve this
[L1]. The work presented in this report is designed toward
application to 0il recovery from North Sea reservoirs, and a
brief account of the nature of these reservoirs is given

below.

North Sea Reservoirs

Petroleum reservoirs consist of porous and permeable rock,
made of silicates and clays, through which fluids (o1il,
water and gas) may flow toward recovery openings (wells),
elther under pressures that exist in the system (primary

recovery, section 1.2.1) or under pressure applied to the

*Recent events have pushed the price to around $25 a barrel.



system (secondary recovery, section 1.2.2). All communicating
pore space within the productive formation is properly a rart
of the rock, and may include several individual rock strata.
The lateral expanse of a reservoir is therefore contingent
only upon the continuity of the pore space, and the ability

of fluids to move through the rock under the pressures

avalilable. An oil-field is thus regarded as an aggregate of

well-bores penetrating one, or more, of these petroleum

Yeservolrs.

In addition to being below several hundred feet of water, the
o1l reservoirs of the North Sea present complex geological
structures at depths down to 20,000 feet and consist mainly
of porous Jurassic sandstones originally deposited in river
deltas, although other depositional formations, such as the
giant Forties field, do occur as offshore submarine fans.
Most of the reservoir sands are highly permeable, with
thicknesses of up to 300 feet in the principal sand layver,
although many of the geological structures are highly faulted,
so making development more difficult. Very permeable layers
in the formation can also act as thief zones for o1il-
production by water-drive, causing reduction 1n vertical
sweep efficiency and a consequent early breakthrough of water
into production wells. Reservoir pressures range between 300
(2-43x10°NMm-1)
and 7000 psi/\with temperatures in the regionof 80-100°C, and
salinities of up to 120,000 ppm total dissolved salts. They
vary considerably in size, from the Forties field, covering

60 square kilometres, and originally containing about 500

million tonnes of o0il, to the smallest economically viable



fields of about 15 million tonnes of o0il. The oils are
usually under-saturated, although in the case of the Brent
field there is a free gas cap in contact with saturated oil,

which can provide energy for driving oil to the surface (see

section 1.2.1).

Because of the complexity of oil-production, and the possible
benefits that may be gained from efficient recovery, much
research has been undertaken into methods by which its
recovery can be improved. The following section gives an
outline of enhanced o1l recovery today, and provides a means
of i1ntroduction to the processes involved in enhanced oil

recovery.

Enhanced O1il Recovérz Today

Much of the early research i1nto enhanced o1l recovery
processes has centred upon the research laboratories of the
major American oil companies. Processes studied have 1included
miscible gas displacement, surfactant, polymer, and alkaline
flooding, 1n addition to thermal methods such as steam

injection and in situ combustion [B1,J1,Pl]. The US

Government has encouraged such research by giving tax i1incen-
tives for all enhanced 01l recovery processes. The USA has

some 32,000 million tonnes of unrecovered oil as a potential
target which is almost double the nation's 01l production

over 50 vears.

In Europe, research into EOR technology has been carried out

at the Institut Francais du Petrole, BP, and by Shell KPL



1.2

1.2.1

Laboratories in the Netherlands and studies using surfactants

have become prominent at the University of Clausthal in

Germany [O1].

Previous American research is not completely relevant to the
North Sea because of the rather special reservoir conditions

here. The supply of materials to remote platforms presents
substantial problems, particularly because loading and
storage space 1s limited. In addition to the logistic
problems, due to large well spacings in North Sea fields,
considerable well-depths (leading to long lead-times on
injection schedules), high temperatures and high salinities
make the economics of EOR less attractive than for the land-
based reservoirs of the US. As a consequence, much of the
surfactant and polymer experience acquired in American

projects has little relevance to North Sea 01l recovery.

The viability of EOR applications 1s limited to o1l price and
such consideration obviously generates priorities for the
various processes. Surfactant flooding is at present the
area of most interest to the DOE in the UK, since this method
of recovery offers the possibility of application to a wider

range of oil-fields than other techniques [L1l].

Reservoir Production Methods

Primary 01l Recovery

In the primary recovery process, wells bored into the

reservoir rock formations serve as pressure sinks that allow



1.2.2

o1l to be recovered, the recovery pressure being sustained
by fluid expansion forces of the o0il, and release of natural
gas from the liquid as pressures fall to below the bubble-
point of the under-saturated fluid. This natural pressure
maintenance by gas release 1s referred to as "solution gas
drive". In addition to the expansive energy of the
petroleum hydrocarbons, reservolr pressures of most North
Sea fields are augmented by large water aquifers below, or
at the flank of the hydrocarbon phase, the contiguous

water expanding i1nto the pore space, as reservolr pressures
fall, and displacing hydrocarbon by a natural water-drive
mechanism. Thus, reservoir pressure 1n the early stages of
production 1s supported by natural mechanisms. However,
this form of production will generally only give a recovery
of between 5 and 15% of the reservoir ¢il-in-place. In
practice therefore, measures are undertaken to maintain the
pressure drive by a secondary operation early in the field's
life involving a liquid, or gas, 1injection of carefully
selected wells in the field. The following section provides

some detail of these procedures.

Secondary Oil Recovery [B2,H1]

Following primary recovery, and in many cases supplementing
the process, fluids such as sea-water, miscible gas (e.q.
CO»), or re-cycled natural gas, provide a secondary
pressure drive. The success of this additional recovery
procedure depends upon the efficiency with which the

injected fluid displaces the oil (the displacement



efficiency), the volume of the reservoir the fluid enters
(the conformance, or sweep efficiency), and the careful

selection of 1njection wells, around the production well,
such that a pattern designed to sweep the field with the

1njected fluids and maintain the reservoir pressure,

avoiding the formation of a free gas phase, is achieved.

The selected pattern of injection and production wells 1is
most often drilled from platforms using deviated drilling
techniques. Platforms have been designed to accommodate

up to 40 wells and typically such a platform serves an area
within a drilling radius about equal to the depth of the
drilled well, implying a drainage area of 200 acres, or

more, for each well.

The 1njected fluid displaces much of the resident brine and
part of the o0il in the contacted regions, driving them to
the production wells. Continued 1injection, however, 1in time
results in ever—-increasing production of the injected

fluid and eventually production only of this fluid, leaving

unrecovered oi1il as "residual oil'".

Field-life in the North Sea (i.e. the time over which
economic production takes place) is typically 15-25 years,
after which the production of o0il from wells will be
terminated owing to excessive gas or water production, or
because o0il production has fallen to below economic rates.
The production profile of a typical operating field will
give an increasing oil production rate during the first few

vears, with perhaps 5 years of production at the maximum



rate (usually set to about 10-15% of recoverable reserves
per annum), followed by an extended period of declining

production. Factors which determine the end-point of

production are:

l. the total water-handling capability of the platform,
2. the possible need to install down-hole pumps to raise

the 01l and water, and

3. the cost of platform maintenance in relation to oil

production.

Secondary recovery, using these drive methods, produces
between 30 and 50% of oil-in-place, depending on the
reservolry geology. The remaining residual oil (50-70%),
elther trapped by capillary forces, or by-passed by the
sweep-pattern of the water-drive, 1s therefore a potential
target for further enhanced recovery. In the North Sea,
this target 1is some 2500 million tonnes, egquivalent to over
20 years of UK consumption. In many of the operating
fields the question of the feasibility of enhanced o0il

recovery will arise 1n less than ten years.

1.2.3 Residual 01l and Enhanced 0Oil Recovery

At least 30% of the o0il originally contained in the pore

space of rock, swept by a water flood, remains trapped by
capillary forces at interfaces between o01l, water and the
pore surface. These forces retain the droplets in narrow
pores of the structure and must be reduced to recover the

oi1l. The simplest model of a trapped oil-ganglion 1s



1llustrated in Fiqgure 1. Water flowing through adjacent
and communicating capillaries establishes a pressure-
gradient across the droplet, moving it in the direction
closest to the gradient, subject to the pore-wall
constraints, until a constriction is met which is too small
to permit further advance. Assuming the advancing and
receding contact angles (6; and 6, respectively) are zero,

the pressure gradient required to displace the droplet is

given by Laplace's equation (T1):

AP = Py - P, = 27.[45-— ¥L] (1.1)
1|lry Yo
in which AP = the pressure gradient in mN m'2,
r = the pore radius in m,
Yi = the oil-water interfacial tension in mN m~!.

Typically, AP is of the order 500 psi (= 3.4 X 1075 N m'z)
[T1l] to displace this o0il, whereas a practical limit of
pressure achilevable 1n real-field situations is between 1
and 2 psi/ft (2 (2.3-4.6) % 10~/ N m~%/m) [H2,Pl].
Consequently, an interfacial tension reduction to the order
of 1072 mN m~lis requlred for an efficient displacement of

the trapped oil [M1,Wl].

The i1nterrelationship between the capillary and viscous
forces acting on the droplet is expressed by the dimension-

less capillary number, Nc [M1,T1]:

: o« < .
N = (velocity viscosity) (1.2)

C Yi
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1.2.3.1

in which the velocity, in ft/day (= 3.6 x 10~ ® m s~1) and the

viscosity, in centipoise (= 10~3 Ns m-<), refer to the

injected fluid, and Yi (MmN m~!) to the interfacial tension

between the 0il and injected fluid.

The capillary number has been defined by a number of workers
[T1,L1,T2] who conclude that high capillary numbers are
required to achieve low residual oil saturations. For normal
flooding conditions, NC is of the order 10~° [F1]. 1In order
to recover significant quantities of oil from the pore space,
NC must be increased to about 10~2 [S1,Gl]. This increase

1s most practically achieved by the reduction of Yi to an
ultralow value (ca. 1073mN m~1). 1In general, methods

designed for application to tertiary o0il recovery are aimed

toward this goal, thus, displacing o0il by a miscible process.

Surfactant Flooding

In this tertiary o1l recovery process, an agueous solution

of a surfactant 1s injected i1nto the reservoir to displace
residual oil. The aim of the surfactant injection 1s to
solubilize the trapped 011l and create a mobile microemulsion
[R1] through reduction of the oil-water interfacial tension
to ultralow values (ca. 10 mN m~!, see Section 1.2.3). The
effectiveness of the surfactant in reducing the interfacial
tension depends upon its concentration, monovalent and
divalent salt concentrations and the system temperature.

Addition of alcohol, or co-surfactants, can be used to

improve the efficiency.

11



1.2.3.2

Designs of surfactant flooding systems are usually undertaken
as high concentration slugs, containing an appropriate
composition of other additives as mentioned above. At these

high concentrations surfactant micelles form in either the

agqueous, or oil, phase. The process is therefore referred to
as 'micellar displacement”" [B3]. The largest reduction in
surface tension occurs when the hydrophilic and hydrophobic
character of the surfactant is balanced. This can often
cause the formation of a third distinct emulsion phase

contailning oil, water, and surfactant and which is very

viscous.

The surfactant fluid 1s forced through the reservoir system
by a polymer—-thickened water bank, which increases fluid
viscoslty and prevents fingering (lateral diffusion into the
porous rock, causing dilution of the fluid), and bypass of
0il in the system. The desired mobility of the oil-
surfactant bank can be adjusted by changes of the polymer
concentration and type, and the proper mobility maintains

the integrity of the bank and maximises the sweep (confor-

mance) efficiency (Section 1.2.3.2).

Polymer Flooding

The water flood performance discussed previously 1indicated

that oil recovery is lost because of the limitations 1n

horizontal and vertial sweep patterns. The sweep efficiency
improves through increasing the viscosity of the driving
phase. Polymers are therefore employed to "thicken" the

water and provide a better sweep. This technique could be

12



1.2.3.3

useful to "block-off" highly permeable layers as found in
Brent-type sands. The high viscosity of a micellar slug
also makes i1t necessary for a subsequent polymer bank to
sweep the slug through the reservoir. A mixed surfactant/
polymer drive can therefore recover additional oil by both
releasing trapped oil ("local displacement efficiency") and
from i1mproved sweep performance. Figqure 2(a) shows a

schematic diagram of micellar/polymer flooding.

Polyacrylamides have been used extensively in America for
polymer applications, but these degrade rapidly at North Sea
temperatures and salinities. Polysaccharides show promise
of being more suitable in these conditions. All polymers
display shear degradation at high flow rates and the
effective viscosity 1s, therefore, a non-linear function of
flow rate in which full viscosity recovery may not occur
following very high shears at the injection wells. The long
polymer molecules can also be trapped in the smaller pores
of a sandstone, thus history dependent changes 1in rock

permeability can also occur [Jl].

Miscible Gas Techniques

The problems of interfacial tension between residual o1l and
a driving phase do not arise if the driving fluid can be
selected so it 1is miscible with 01l (i.e. a separate phase
and interfacial tensions do not exist). Liquid petroleum
gas (LPG) products such as ethane, propane and butane, which
are miscilible with o0il, were used many years ago with some

success 1n both laboratory and field trials of miscible

13
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Figure 2(a): Micellar/polymer flood process for enhanced oil recovery.
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Figure 2(b): Enhanced oil recovery using gas (CO,) drive.
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displacement. LPG is now very expensive, so that interest
has moved to less costly natural gas, which can be "tailored"
to have some of the LPG properties. This "enriched" gas
drive can become miscible with o0il, but in this case,
miscibility only follows multiple contacts between the gas
and o1l phases, with the higher components of the gas
condensing into the 0il and modifying its composition until
miscibility is achieved. This is therefore referred to as

multiple contact miscibility [S1].

Natural gas 1tself can become miscible with reservoir oil,
provided the pressure is high enough. In the high pressure
misclble gas process, the multiple contact miscibility arises
as a result of the light ends of the 01l vapourising 1into the
gas phase and modifying the gas composition until miscibility
1s achieved. Both tailored gas and high pressure gas

processes have been used in the United States with some

success [S1,P2,R1].

The properties of vapourising multiple contact mistibility tan
also arise with CO,; (Figure 2(b) at lower pressures than

with natural gas. CO; also has the attraction that under
immiscible conditions it is highly soluble in o1l and can
significantly swell trapped o0il to promote a mobile condition.
CO, also has a strong vapourising characteristic for removing
many components from an oil phase, thereby allowing hydro-
carbon production with the flowing gas phase. Consequently
CO, is a potentially cheap and more effective gas for

enhanced 0il recovery which 1is receiving considerable

attention in thHe USA [s1].

15



1.2.3.4

Nitrogen, and the more readily available flue gases, also
have potential applications, but miscibility with these
gases occurs at much higher pressures than with CO,. The
difficulty of the application of CO, in the North Sea is the
absence of a large and inexpensive source of supply.

Logistics and economics are important aspects of assessment

studies.

Thermal drive methods (Figure 2(c))

Because 01l viscosity decreases with increasing temperature,
thermal drive methods are particularly relevant to the
problems of producing heavy oil. A number of mechanisms

contribute towards the effectiveness of steam drive

processes, but principally the presence of hot steam will

j
cause the lighter end of the heavy o0il to vapourise into the

gas flow and this mixed gas can then condense to a fluid
containing hydrocarbons, which is less viscous than the
original o0i1l. Conditions for multiple contact miscibility
between the hot mixture and reservoir oil may also occur and
in addition the interfacial trapping forces between phases

are also reduced by the increased temperatures [P2].

In the in situ combustion method, the generation of CO; in

the combustion zone provides another gas component with
useful displacement properties. It 1s found that the
combustion process 1is improved by driving the heat bank, and
combustion gases, forward using a water drive alternatively
with the air supply for combustion. The additional steam

generation assists the fluid displacement ahead of the burn

zone.

16
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Figure 2(c): In-situ combustion process of enhanced oil recovery

with various zones as formed i1n an o0il reservolir.
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1.3

The use of thermal processes offshore has potential from the
raw materials standpoint, o0il and air being readily avail-

able at a platform. Thermal recovery of oil from the North
Sea has received little attention, although there is a large

volume of target o0il in place which may not be recoverable by

other methods.

Surfactants for Enhanced 0Oil Recovery

Because of the wide range of surfactants employed in studies
that have been aimed towards the formulation of a surfactant-
based flooding system for enhanced oil recovery; for example,
petroleum sulphonates [T1,W1,M1,H2,Cl1,Dl], Texas I [F2,F3,P3,
D2], Aerosol OT [Al], SDS [L3]; it has not been possible to
develop a model microemulsion system for use 1n validating
the chemical flood mechanism [F4]. As a consequence a search
was 1instigated to identify potential surfactants for use 1in

a model system; kaolin, n-butanol, n-decane, and NaCl (see
present work, Section 1.4). In order to minimise the number

of variables, the following constraints were employed [L1l]:

(a) Model and field components should be comparable;

(b) Components should be commercially available, reasonably

pure and not degradable over long time spans;
(c) Initial coalescence of phases should occur within

minutes allowing true thermodynamic equilibrium to be

established;

(d) Components should be relatively non-volatile and

readily analysed;
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(e) Interfacial tension (IFT) of the optimal three-phase
region should be approximately 1 x 10 mN m™ !, or lower,
(equation 1.2);

(f) Formation of viscous gels or surfactant precipitation

must be avoided.

In view of these constraints a number of surfactant types

were rejected:

1. petroleum sulphonates because of ill-defined composition;
2. ethoxylated nonionics, and their sulphonated products -
due to temperature sensitivity and viscous gel

formation;

3. carboxymethylated ethoxylated surfactants, which, while
showing high tolerance to electrolytes (especially Ca?t
divalents), and high temperatures, required too great
an ethoxylate content to operate efficiently at the low

salinity levels present under North Sea conditions [L1].

After considering the available literature it was concluded
that the most suitable choice for a model surfactant was,

for reasons outlined below, sodium dodecylbenzene sulphonate

(SDBS) .

Cayais et al [CZ,C3] first studied the problem of surfactanﬁ
selection for producing ultra-low interfacial tensions in
oll-agueous solution systems. Thelr results showed that, at
constant salinity, increase 1n the molecular weight of the
petroleum sulphonate produced minimal, optimal interfacial

tensions (IFT's) for the high molecular weight fraction of
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1.4

the oil. Confirmation of this relationship came [C3] when
different molecular weight fractions of petroleum sulphonates
were contacted with a range of hydrocarbon oils. Only the
lighter fraction of the surfactant produced an IFT minima
when in contact with the lighter oils. The most important

observation made was that measured IFT's were consistently

lower for the purer fractions of surfactant.

Doe, Wade and Schecter [D2] extended this work to pure mono-

meric alkyl benzene sulphonates (ABS) and found these were

able to produce ultra-low IFT's (ca. 10~ 3 mN'm"l) when 1n
contact with hydrocarbon oils. In addition these workers

showed that the positioning of the phenyl group on a hexa-

decyl chain had marked effects on the behaviour of the

surfactants, the optimal conditions for producing the low

tensions differing for each isomer.

The model system being considered in this present work is
based on sodium dodecylbenzene sulphonate [L1l] and in view
of the results obtained by Doe, Wade and Schecter [D2], the
initial studies were aimed towards a "screening" of the

isomers available.

Adsorption of Surfactants at Solid-Liquid Interfaces

The loss of surfactant from flooding solutions 1s of great
economic importance, such dilution of the solution markedly
affecting the viability of the operation. In view of this
it is important that the factors contributing to losses are

understood and this section serves to 1ntroduce some of the
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lmportant characteristics involved in the adsorption

process.

Adsorption at solid surfaces is the result of favourable
1nteractions between the adsorbate and sites on the solid
surface. The extent of adsorption 1i1is influenced by the
nature of the interaction forces acting between the
adsorbate and solvent and it is the presence of solvent
species which makes the phenomenon of adsorption from
solution more complicated than that of gas adsorption. The

possibility of a third phase, as 1n EOR, can further compli-

cate the adsorption process.

Two cases can be distinguished for adsorption onto solids:

1. In the majority of processes, interactions between the
hydrophobic part of a surfactant molecule and the solid
surface result in adsorption. This alters the electri-
cal, mechanical and chemical properties of the 1inter-
face and depends upon the nature of the solid and the
hydrophobic and hydrophilic parts of the surfactant

molecules [A2].

2. Adsorption can wholly, or partially, be effected through
the hydrophilic group, by means of solvation, electro-
static attraction or by ion-exchange [R2]. This 1s
reflected by pH-dependent adsorption. The hydrophilic
moiety of the surfactant molecule 1is directed toward the
substrate, rendering it hydrophobic with a close-packed

film, an effect utilized in flotation.
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Thermodynamics of the Adsorption Process and Adsorption

Isotherms

Adsorption 1isotherms describe the relationship between the
activity of adsorbate in the bulk of the solution and the
amount of adsorbate adsorbed at constant temperature. A
number of equations have been derived to characterise

adsorption equilibria and these are briefly outlined below,

while full derivation may be found in Appendix Al.

(a) The Gibbs Egquation

The Gibbs equation quantitatively relates adsorption to the
variation of interfacial tension at the air-liquid, or
liguid-liquid, interface. Qualitatively the equation
1llustrates that dassolved material, which reduces the
interfacial tension, accumulates at the i1interface because
less work 1s required to increase (isothermally and

reversibly) the area of the interface.

For a solution of ionic surfactant, in the absence of any
other electrolyte, the Gibbs equation 1s usually expressed

as [Al,H3]:

m
r(1) _ D dy
2 n RT ° de

(1.3)

(1)

in which, To~’ = the relative surface excéss concentration
of the surfactant (component 2), over that
of the solvent (component 1), in mol m~2

n = 2 for ionic surfactants in the absence of

inert electrolyte
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n = 1 for non-ionic surfactants, or ionic

surfactants in the presence of excess inert

electrolyte

ay .
r— the change in surface (or interfacial) tension
D

of the solvent upon addition of component (2)

in mN m~ l.

That the factor n should be used, and take the values assig-

ned- has been supported by evidence from direct measurements
of surfactant molecules adsorbed at the air-water interface

using radiolabelled materials [C4].

(b) The Langmuir Equation

The Langmuir eqgquation, originally derived from the kinetic
theory of gases, relates the amount of adsorbate adsorbed
at a plane surface to the equilibrium bulk concentration, and

1s based on certain simplifying assumptions:

1. adsorption is localised and each site 1s equivalent,
2. there are no interactions between adsorbed molecules,

3. the heat of adsorption 1is 1ndependent of surface coverage,

4. adsorption 1s restricted to a monolayer.

Despite these restrictions a great many experimental adsorp-
tion isotherms have been shown to fit the Langmuir adsorption
model reasonably well, although a satisfactory fit of
experimental data does not necessarily 1imply that the
theoretical model is completely fulfilled [S2,S3]. For
adsorption from solution, the Langmulr equation may be

expressed as (S2]:
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Pi=K+ a- F (1-4)
1
X
1.1, x .1
T T T T 2 (1.5)
1 1 1 1

in which, T.

i adsorption density of component i (mol m=4)

at a bulk solution activity; a. (mol dm~3)

1
Fiw = the maximum adsorption density of 1 (mol m=4)
and, K 1s a constant which is related to the standard
free energy change of .adsorption, AG®
L
AG]
K = exp} - — .
F R’I‘)

Although still used, the Langmuir egquation 1is only of limited
value since 1n practice surfaces are energetically inhomo-
geneous, and 1nteractions between specilies often occur. The
Tempkin equation, however, 1s based on a model of surface
heterogeneity and expresses the fraction of surface coverage,

0, as a function of log a, at i1ntermediate coverages of 0.2

< 6 € 0.8 (see below).

(c) The Tempkin equation

The Tempkin equation 1s derived by inserting into the
Langmuir equation (above) the condition that the heat of
adsorption decreases 1n a linear manner as the surface
coverage increases [B4]. This procedure 1s shown 1n

Appendix Al.

When applied to adsorption data from solution, the Tempkin

equation has the form:
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l"i=blnc+bln ai (1.0)

in which, T. amount of solute adsorbed (mol m‘2) at a bulk

1
solution activity of a, (mol dm'3),
RT :
b = a constant (a~Z§— , wWhere AHO 1s the heat of
O
adsorption at Ti = 0),
AH4
C = a constant | o exp T which 1s dimension-

less.

From equation (1.6) therefore, a plot of Fi against 1n a,
would give a straight line with a slope proportional to the
absolute temperature. Deviations from linearity occur,
however, at low and high values of surface coverage [T3], Adue
to 1nitial adsorption onto the most active sites, and lateral

interactions between adsorbed molecules, respectively [Z1].

Hence, the application of the Tempkin equation to coverages

of 0.2 < 6 < 0.8.
(d) The Freundlich Equation

The Freundlich eguation, like the Langmuir equation, was
originally developed for gas adsorption systems. The
equation, however, is empirical depending on no theoretical
assumptions, although it may be derived for an adsorption
model in which the magnitude of the heat of adsorption varies

exponentially with surface coverage (see Appendix Al).

The equation has the general form:
1
n
1

') = c a (1.7)
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in which, T. the number of moles of solute adsorbed per

1

unit area (mols m“z)

a, = the activity of solute at egquilibrium
(mol dm'3)

cC = a constant (o AHm, the minimum heat of
desorption), quoted dimensionless

AHm
n = a constant which i1s less than 1 and a-ﬁ—‘- ,

quoted dimensionless.

The values of ¢ and n vary with the system, although n is

usually between 0.2 and 0.7 [A2].

The Freundlich equation is successful with adsorption
systems of very variable characteristics, such as adsorption
from solution, expressing the rapid increase with concentra-
tion 1n the early part of the isotherm [H4,W3]. Taking logs
of equation (1.7) gives:

1
= + = s 1.
log Fi log c = log a. (1.8)

thus, a plot of log Fi versus log a, vields a straight line

of slope %-and intercept log cC.

Because the Freundlich 1sotherm was empirically derived, the
constants, ¢ and n, have no simple physical significance.
However, they have been used for representing the capacity of
an adsorbent (log c¢) and in providing a description of the
functional dependence of the capacity on the equilibrium

: 1 .
concentration (E) for comparative purposes [D4,H4,W3].
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The Electrical Double Layer

Most substances acquire a surface electric charge when
brought 1nto contact with a polar (e.g. agueous) medium, the
possible charging mechanisms being ionisation, 1ion adsorption
and i1on dissolution. This surface charge generates an 1onic
atmosphere, part of which 1s diffuse, in which 1ons of
opposite charge to that of the particle (the "counter-ions")
are concentrated close to the surface while those of similar

charge (co-ions) are repelled. Such a distribution of charge

comprises the electric double layer of the particle, a
concept first introduced by Helmholtz in 1879 and later
modified by Gouy, Chapman (1919-17), and Stern (1924), and
which has been described extensively i1n the literature of

colloid chemistry [03,V1,H5] and electrochemistry [G2,C5,S3].

The net result of this jion distribution i1s that close to the
charged surface there is an excess of counter-ions over co-
ions, the difference decreasing with distance until in bulk
solution they are equivalent in order to maintain electro-
neutrality. The potential ¢ within the diffuse layer
decreases exponentially with distance x from 1its value wo at

the surface, until it reaches zero in bulk solution. The

mathematical treatment of the double layer is complex and

has only been solved satisfactorily for the special cases

where the surface is represented as a sphere or a flat plate.

For the latter case the fundamental equation for the double

layer may be expressed as [03]:
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272 e n

dzw o L e |
'5;5 ='———E——— 51nh[ T ] (1.9)

with the boundary condition that for x = 0, vy = ¢ , and

O
d
when X = m,-a% = 0, the solution of which is given by:
_ 2KkT 1 + Yy expl-kx]
V= Ze ™ T - yexplorx] (1.10)

explZ ewO/ZkT] - 1

wh B e———————————— e e
SEC Y expl(Zey_/2KT] + 1 (1.11)
2e2 nO 7,2 2
and K = o (1.12)

.
-
2
-
-
Q
-
{0

Il

the electronic charge/C

n_ = the bulk concentration of ions/mols m™3
Z = the,valency of the ions
€ = the static permittivity of the medium/F m~ 1.

Equation (1.10) describes the reduction in potential as a
function of distance from the surface, and at small surface
O

potential, viz: ¥ <K 25 mV such that (Z ellJO/ZkT) < 1, the

equation reduces to [S2]:

Y = wo exp (- KXx) (1.13),

showing the potential decreases exponentially with distance

from the surface.

The surface charge 00 is related to the surface potential by

[HE6]

(1.14)

O O 2KT

Z ey
O = (8n ekT)é sinh[ O]
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which for small surface potentials (wo K 25 mV) reduces to:

_ 3 _
0, = (8nO€kT) . (Z e 11)0) = € K wo (1.15)

and hence the double layer 1is theoretically equivalent to a

parallel plate condenser with a distance-% between the plates.

This 1s equivalent to assuming that all the ions in the
diffuse part of the double layer are located in a single

1 1

plane at a distance-E from the surface. The distance'z 1S

called the "double layer thickness" and 1ts magnitude varies
with electrolyte concentration, viz. 10 & in 0.1 mol dm~3 to

1000 & in 10" mol dm~ 3 monovalent electrolyte solution.

Electrical Double Layer Capacitance

The Gouy-Chapman theory of the electric double layer, based on

the assumptions that:

(i) electrolyte ions are point charges, and
(11) the solvent is structureless and of constant

permittivity,

was modified by Stern to allow for the finite size of
hydrated ions. The capacitance C of such a model may be

defined by the equation [S2]:

do

O
c - _0O (1.16)
av_

which, upon differentiation of equation (1.14) 1s given by:

(1.17)

2 e wb
2KT

£ K cosh[

228.5 2 c% cosh(19.4672 wo) LF cm™ 4
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where the electrolyte concentration, ¢, is expressed in mol

dm‘3, at 25°C, and wo 1n volts.

Addition of electrolyte to the system, while reducing the
double layer thickness, increases the capacitance, thus
increasing the Oo/wo ra*t1o0. The response of the two types of

double layer (constant charge and constant potential) to the

increase in electrolyte concentration will therefore differ

[S2]

wo decreases if OO is constant, and

GO increases if wo 1s constant.

Zzeta Potential

According to the Stern model of the electric double layer,
ions may adsorb strongly at solid surfaces, either
specifically or non-specifically (see earlier), such that
they overcome thermal agitation. The double layer is then
considered as being made up of two parts, the first a
compact layer of thickness ¢ adjacent to the surface and the
second consisting of the diffuse Gouy layer (Figure 3). The
potential at the boundary between the Stern and Gouy layers
Y., which determines the potential decay within the solution,

0

may have the same or opposite sign to that of the surface,

Or may be zero.

There is no satisfactory method for evaluating wo and w5 for
hydrophobic systems, however, from the measurement of the

velocity of a charged particle in an electric field a
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potential, called the "zeta potential" (Z), can be obtained.
The zeta potential is defined as the potential at the surface
of shear separating the particle, with any attached solvent
and ions which move with the particle, from the electrolyte
solution. The technique of microelectrophoresis is the most
accurate method for measurement of the electrophoretic
velocity of lyophobic systems and provides a number of

advantages over other methods of measurement, such as moving

boundaries [S4]:

l. the particles are observed in the normal solution
environment,

2. very dilute solutions can be studied so that flocculation
rates, even at high electrolyte concentration or near the
point of zero charge, are negligible,

3. the high magnification of the ultramicroscope system
leads to short observation times and high sensitivity,
and

4. 1n a polydisperse solution the particles in a chosen

(though wide) size range can be observed while others

are 1lgnored.

The relationship between the electrophoretic velocity, V,
and zeta potential, T, of a particle depends upon the
magnitude of the product Kka, that is on the relative
magnitudes of the particle radius, a, and the double layer

thickness:

When ka 3 1, the Smoluchowski approximation [S5],
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V =
n (1.18)
and when ka <€ 1 the Hickel approximation [S5]:
2 C € E
V==, ‘
3 - (1.19

where, E the applied potential in volts,

n = the viscosity of the medium in Poise.

For many practical systems ka takes intermediate values and
1n these cases account must be taken of the fact that the
mobile part of the double layer becomes distorted when the
particle moves, since a finite time (the relaxation time)

1s required for the original symmetry to be restored. This
"relaxation effect", which retards the motion of the particle,
may be neglected for small and large ka wvalues but 1s

significant for intermediate values (see Table 1 below).

The discrepancy between the equations of Smoluchowski and
Huckel arises from the different ways in which account was
taken of the electric field in the vicinity of the particle,
and of the effect of retardation. At small ka, the electro-
phoretic retardation of the particle 1s relatively
unimportant and the main retarding force is the frictional
resistance of the medium; Dukhin and Deryaguin [D3] have
shown that the ratio of the retardation force to the viscous
force is of the order of ka. Thus, for small particles,
although the retardation force acts across the whole double
layer, very little of it is transmitted to the particle. For

large particles, with thin double layers, essentially all of
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the electrophoretic retardation 1s communicated to the

particle [D3].

Henry (1931) resolved the situation by consideration of the
applied field. Smoluchoswki had assumed the field to be
uniform everywhere parallel to the particle surface, while
Huckel had disregarded the deformation of the applied field
by the presence of the particle. As Figure 4 shows, these

assumptions are justifiable in the extreme situations of

Ka > 1 and Ka << 1 respectively.

Henry showed that when the external field was superimposed on
the local field around the particle the velocity could be

written:

2t € T E

fi1(ka) (1.20)

in which the function f;(ka) depends on the particle shape.

Values of fj(ka) for a spherical particle are shown 1in

3
Table 1. Note that fj(ka) approaches 1 for small Ka and-E
for large ka. The smooth transition from the Huckel to the

Smoluchowski equation, as ka increases, is shown in Figure 5

for a non-conducting particle.
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(b)

Figure 4: Effect of a non-conducting particle on the applied field

(a) ka < 1; (b) ka » 1. The broken line is at a distance

2 from the particle surface.

K
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Figure : Variation of the Henry function, f;(ka) with log(ka), showing

the influence of an insulating sphere on an imposed electric

field.
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Table 1. Values of the Henry correction factor, f;(xa) to

be used 1n equation (l1l.2), as a function of Ka

Ka fi(xka)* Ka f; (Ka)
0 1.000 5 1.160
1 1.027 10 1.239
2 1.066 25 1.370
3 1.101 100 1.370
4 1.333 oo 1.500

*for a sphere, Ka > 1,

75 330

+ e ——— il W S —————

3 9
h , I (K = = = —
where, f1{€a) =73 = 5xa T Se2,2  K3a3

Electrokinetics of the Oxide-Solution Interface

As outlined above, the electric double layer may be discussed
in terms of the electrical capacities of the regions. To
determine such capacities involves measurement of charge
densities and electric potentials. For oxide systems, where
an electrode system is not available, 1t has been common to
assume that the electric potential at the solid surface, V¥ ,

O

can be obtained from measured pH values via a relation of the

Nernst form, viz:

_ 2.303KT (1.21)

O e

Ay

NApH (1.22)

where, e = electron charge, Coulombs

N = -2.303kT/e = 59.2 mV at 298 K.
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Thus, derived capacities will reflect the deficiencies of
relations (1.21) which are expected [S4] for an interface
such as the oxide/solution where the charge results from
dissociating surface groups rather than an excess of one
constituent of a 1onic lattice [L4]. In order to illustrate

the deficiencies 1nherent in equation (1.21) for application

to the oxide/solution interfaces, Smith [S6] derived the

following expression:

d
{ Yy } 2.303KT KT 1 99
00

- --—— = - —~ e T (1-23)
d (pH) e 5 v dpH
o 2N e C

in which, N the total surface density (in sites m=2) of

S

particular sites on the solid

ec = the fraction of charged sites on the solid at
the point of zero charge, ranging from a
maximum of 0.5, down to very small values

OO = the surface charge density of the solid.

From equation (1.23), it can be seen that the practice of
using a Nernst form relation for dwo/d(pH) corresponds to
taking only the first term on the right hand side. The
second term, which numerically reduces dwo/d(pH), depends on
electrolyte concentration and becomes\significant as Bc
tends to zero. The indicated derivation of (1.23) from
(1.21) has been used [L5] to correct capacities derived from
potentiometric titrations, it is applied in this work to the

analysis of electrokinetic data near the point of zero

charge of kaolin.
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1.6

Clax Mineral Structure and Charge Distributions

The Mineral Structure of Claxs

The principal building elements of clay minerals are two-

dimensional arrays of silicon-oxygen tetrahedra, and

aluminium (or magnesium)-oxygen-hydroxyl octahedra (SixOyAlz).
Analogous symmetry and almost i1dentical dimensions between

those sheets allows sharing of oxygen atoms (Figure 6),

this occurring between either one silica and one alumina

sheet, forming "two-layer" minerals, or between two silica

and one alumina sheet, forming three-layer minerals.
Combination of these sheets constitutes a unit layer and most

clay minerals consists of such layers stacked parallel to

each other. f

Modern studies have organised clay minerals 1into two main

groups [V2]:

(1) an amorphous group which includes allophane and

evansite, and

(1i) a crystalline group, the most abundant of which are

the kaolins, the montmorillonites and the 1i1llites.

In this study we are concerned exclusively with kaolin

(china clay) and in the following sections, a description of
this clay structure and a discussion of the nature of 1its

surface charge 1s given.

The Structure of Kaolin

Almost perfect two layer lattices are realized in the clay

minerals of the kaolin group, the major members of which are

kaolinite, dickite, nacrite and halloysite. In general,
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these minerals are non-expandable (cs opposed to montmorillon-
ltes -~ one form of which is expandable, forming a gel 1in

water) , and the main differencebetween these lies in their

unit-layer stacking.

Kaolinite 1s by far the abundant mineral of the kaolin group s
and samples of kaolin consist of up to 98% of the mineral.
Electron-micrographs of kaolin show the material to consist of
pseudo-hexagonal plates of the order of 1 um in length
(Figure 15). The plate-like structure reflects the ease of
cleavage along a plane parallel to the silica/alumina unit
layer. The lattice structure consists of one sheet of
tetrahedrally coordinated silicon (with oxygen.) and one sheet
of octahedrally coordinated aluminium (with oxygen and
hydroxyl species), thus presenting a 1:1 or a "two-layer"”
structure. An additional layer of hydroxyl ions completes

the charge requirements of the octahedron (gibbsite) sheet.
The Origins of Charge and Potential on Clays

Most workers accept the "heteropolar" model for layer
silicate surface. This model, based on direct electron-
microscopic evidence [T4], was first proposed by van Olphen
[V1] and has been supported by Schofield and Samson with
results from rheological and ion adsorption measurements
[S7]. The results suggest that the distribution of charge

on a clay surface is unequal; the face carrying a negative
charge which is unaffected by solution conditions and an edge
charge which can vary from positive to negative depending on

solution conditions [W4,F5,R3,15,S8,V2].
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The face surface charge of the clay particle originates from
lsomorphous substitutions of Al1(III) for Si(IV) at tetra-
hedral sites, or Mg(II) or Fe(II) for Al(III) at octahedral
sites. The resulting negative charge is then internal to the
structure, 1t 1s not a surface charge. The structural charge
on clays 1s thus fixed by the composition of the clay, a
situation which differs markedly from that of other hydro-
phobic colloids. As the structural charge is not determined
by adsorption of ions from solution, there are no particular
potential-determining species. The electrical charge is

constant and consequently there i1s no point-of-zero charge

(pzc) associated with the structural charge. The electrical
charge 1s distributed throughout the particle volume and

hence interacts with the surroundings mainly through the flat-

layer surfaces.

Unlike the flat surfaces, the edges of the clay sheets

terminate in broken, or unsatisfied, Si1-0 and Al-O bonds.
These bonds hydroxylate in water, producing Si0OH and AlOH
sites capable of amphoteric behaviour. Like the surfaces ot
oxides and non-clay silicates, the edges of clay particles

develop a pH-dependent "surface" charge, which may be positive

or negative, and has a pzc.

The net surface charge of a clay particle 1is therefore the
algebraic sum of the structural and edge charges. When the
edge charge is negative (high pH), the overall particle
charge is negative. When the edge charge is sufficiently

positive to neutralise the face charge (on the acid side of
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1.7

the edge pzc) [V3,P4,B5] the charge on the particle is zero.
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