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Interactions between kaolinite (KGa-2) and a typical anionic surfactant bis(2-ethylhexyl) sulfosuccinate
sodium (AOT) have been study to obtain a better knowledge of this system.

Firstly, adsorption isotherms of AOT on kaolinite are realized as a function of pH. Stability experiments
have been performed between the surfactant and the clay mineral and the bed sediments structure have
been studied with Small Angle X-ray Scattering (SAXS).

In acidic media, the shape of the adsorption isotherm leads to the following suggestions: firstly, for
surfactant concentration below the CMC a surfactant monolayer is adsorbed on the positively charged
edge surfaces, and then, for surfactant concentrations above the CMC, a bilayer is adsorbed on the edge
surfaces. Consequently, in the first case, the surface becomes hydrophobic and in the second case, the
surface becomes hydrophilic and this assumption is verified with hydrophobicity tests. Under alkaline
conditions no surfactant is adsorbed on surfaces confirming the adsorption on the edge surfaces in acidic
conditions. In agreement, with previous studies [1,2] significant stabilization of kaolinite suspensions can

be observed in the presence of high surfactant concentration, in both pH conditions. Finally, structural

studies by SAXS provide data about the organization of particles in the bed sedimentation.

© 2014 xxxxxxxx. Hosting by Elsevier B.V. All rights reserved.

1. Introduction

Interactions between clay minerals and surfactants are of
prime importance in numerous industrial applications such
as for instance water treatment [3,4], ceramics, drilling
muds, paints or mineral flotation [5]. In most of these
applications, the aim is to maximize the interactions
between the mineral and the surfactant and therefore, as
clay minerals are mostly negatively charged, numerous
studies deal with cationic surfactants/clay interactions [6—
9]. In some specific applications however, strong
interactions between clay minerals and surfactants would
be detrimental. This is the case of Enhanced Oil Recovery,
where surfactants solutions are injected into oil reservoirs
for increasing oil yield [10-12]. In that context, strong
interactions between rock minerals and surfactants would
lead to significant losses, and consequently anionic
molecules are the most used.

In terms of clay minerals, various species are present in
reservoir rocks, such as kaolinite, chlorite, illite,
smectites... Kaolinite is a dioctahedral clay mineral,
belonging to the TO family. Its crystal structure is then
formed by the association of one octahedral layer (O) and
one tetrahedral layer (T). Interactions between anionic
surfactant and kaolinite have been studied in the past [13—
15]. In particular, detailed analysis of the features of

surfactant adsorption isotherms (shape and position) was
performed to derive information about interaction
mechanisms [16].

Still, to our knowledge, the effect of anionic surfactant
adsorption on the structuration of kaolinites suspensions
has rarely been studied in detail. In the present study, we
will then analyze anionic surfactant adsorption on kaolinite
and examine suspension structure along the adsorption
isotherm. This will be achieved by combining adsorption
isotherms measurements with (i) visual observations of the
time evolution of the suspensions and (ii) small angle X-
ray scattering measurements of selected samples. Such
analyses will be carried out in both acidic and alkaline
conditions, as pH should play a major role. Indeed, in
kaolinite, the basal faces are non-charged whereas edge
surfaces bear broken bonds that generate pH dependent
charges [17]. In acidic media, kaolinite edges will then be
positively charged in contrast with alkaline conditions
where edge surfaces will mainly be negative.



2. Material and Methods
2.1. Material

2.1.1. Clay mineral

The kaolinite used in the present study is a natural clay
mineral KGa-2, from Georgia, purchased from the Source
Clays Minerals repository at the University of Missouri.
The structural formula can be written as (Al3‘66Fe3+o,07Ti0‘16)
(Si400)010(OH)s and the cation exchange capacity is 3.3
meq/100 g (data from Clay Minerals Society website). Clay
suspensions were purified and homoionized with sodium
following a procedure used for swelling clays [18-20]. A
45 g/L clay suspension was first exchanged three times in
IM NaCl for 24 hours and centrifuged between each
exchange. The suspension was then washed by dialysis
with deionized water until the conductivity was below 5
pS/cm. After recovery from the dialysis tubes, the
suspension was then transferred into Imhoff cones and
sedimented for 24 h. After this time, only the supernatant
containing fine particles was recovered. Purity was
checked by X ray diffraction and infrared spectroscopy.
These analyses revealed only the presence of traces of
anatase (1.2 %w) already mentioned in a previous study
[21].

2.1.2.  Organic molecule

The anionic surfactant wused is bis(2-ethylhexyl)
sulfosuccinate sodium (Aerosol-OT or AOT) purchased
from Sigma Aldrich (BioXtra with a purity > 99 %). Its
chemical formula is C,yH3;NaO,S and the molecular
weight is 44456 g/mol. The Critical Micellar
Concentration (CMC) was determined with Wilhelmy plate
method using K100(C) tensiometer from Kriiss with a
platinum plate. The CMC is around 2.5 mM for this
surfactant in agreement with previous studies [22-26].

2.2. Characterization techniques

X-ray diffraction was carried out using a X’Pert PRO
(PANalytical) diffractometer. The wavelength of the
incident beam is: A=1.5418 A. Preparations were either
oriented preparations on a glass slide or disoriented
preparation placed in glass capillaries.

Infrared spectra were obtained with IR-ATR (Infrared —
Attenuated Total Reflectance) diamond Vertex 70, from
Bruker. The spectra were recorded between 4000 cm™ and
400 cm™. The powder was directly deposited on diamond
crystal.

2.3. Adsorption isotherm

The depletion method was used to obtain adsorption
isotherms that were all measured at room temperature.
Surfactant  solutions were prepared at different
concentrations by successive dilutions.. pH was controlled
by adding NaOH or HCl. The part of the AOT phase
diagram [27] considered is the micellar phase (L)).
Consequently, initial concentrations (C;,;) of surfactant
varied between 0.1 CMC and 2 CMC. These solutions
were then mixed directly in centrifugation tubes with
kaolinite suspensions at a fixed solid content and stirred
Adsorption kinetics in such a system are rather fast, as

adsorption equilibrium is reached within a few hours
[14,28]. In the present case, adsorption times of 16 hours
were chosen. The liquid phase was then separated from the
solid one by centrifuging for 20 minutes at 10000 g. The
supernatant was then recovered, further filtered with a 0.2
um syringe filter, to ensure that the liquid phase does not
contain any fine particles. Finally, the surfactant
concentration in the supernatant is measured with Hyamine
1622 titration, HPLC with ELSD detector (Evaporative
Light Scattering Detector) in acidic media and with Total
Organic Carbon under alkaline conditions. Preliminary
blank experiments carried out in the absence of clay
minerals showed that no surfactant was adsorbed during
the experimental protocol, neither on filters nor on
centrifugation tubes. The adsorbed quantity is calculated as
the difference between initial and equilibrium
concentrations, taking into account clay mass, solution
volume, and clay specific surface area.

(Cini - Ceq)- Vsol
mclay.Sp

Qaas = ()

With Cj,; the initial surfactant concentration [mol/L], Ceq
the equilibrium concentration [mol/L], Vg, the solution
volume [L], Mg, the clay mineral mass [g], S, the
specific surface area of the mineral [m?*g] and Quus
expressed in [mol/m?].

Details about errors calculation for the adsorbed quantity
are provided in Poirier’s thesis [13] and are described in
the appendix. In short, the error made on the adsorbed
amount with the depletion method is minimized by the
expression:

AQads < X. Ceq

< 2
Qads Cini - Ceq ( )

where x is the error relative to the experimental method
used to determine equilibrium concentrations.

The error on the adsorbed amounts is higher when
equilibrium concentration and initial concentration are
close.

2.4, Stability experiments

The surfactant solutions used for determining adsorption
isotherms were mixed with clay suspensions in vials to
follow how the presence of anionic surfactant affects the
stability of kaolinite particles. A clay suspension is first
placed in each vial and surfactant solutions are then added.
Each vial was mixed by hand-shaking to homogenize the
sample. Then, one picture is taken every 30 seconds to
observe the time evolution of sedimentation.

2.5. Surface hydrophobicity experiments
Cyclohexane was added to the samples containing kaolinite
particles and surfactant solutions with  various
concentrations and after shaking the location of the solid

particles was examined by visual inspection.

2.6. SAXS experiments



Small Angle X-ray Scattering experiments were used using
a homemade device: the X-ray radiation coming from a
rotating anode X-ray generator (Rigaku MMO07) s
reflected by a Xenocs© multilayer parabolic mirror to
provide a monochromatic (A=1.54 A) parallel beam. Two
pairs of low scattering crossed slits are used to define the
beam size (= 0.8 x 0.8 mm? on the sample). The scattered
intensity is measured using a 2D proportional detector
(Rigaku). The wave vector q, defined by q = 4n/A sin(0) ,
where 20 is the angle between the incident and scattered
beams, has the dimension of a reciprocal length and can
therefore be regarded as an inverse meter stick.
Measurements have been conducted in a wave vector range
of 3.102 A up to 1 A™". Three samples were prepared, in
acidic media, kaolinite suspension was mixed with three
solutions: one with no surfactant, one with a concentration
below the CMC and one with a concentration above the
CMC. Quartz capillaries have been filled with these
preparations and flame sealed. SAXS acquisitions were
made under vacuum and at different time of the particles
sedimentation.

3. Results and discussion
3.1. Particles characterization

Particle sizes were determined by Scanning Transmission
Electron Microscopy (STEM) using Nova nano Scanning
Electron Microscope mode operating at 15 kV in bright
field STEM. One drop of a dilute suspension (~10 mg/L) in
NaOH solution at pH 10 was deposited on a gold-coated
copper grid and dried under infrared light. Around 400
particles were counted to determine the size properties of
kaolinite. According to such an analysis, the average
diameter is 230 nm and the particles are highly
polydisperse (polydispersity = 95 % ). The first quartile is
found to be 97 nm and the third quartile 268 nm. These
values correspond to other studies [29] except for the
average diameter which is smaller than in the literature.
This can be explained by the fact that counted particles
were distinguished at the aggregate periphery while larger
particles were hidden in the middle of aggregates.
Consequently, the mean diameter could be slightly
underestimated. Particles display polygonal shape and, for
some particles clear hexagons could be differentiated, as
shown on Figure 1. These anisotropic particles have an
average aspect ratio around 10 [29], much less important
than some other clay minerals, such as smectite for
instance.

Figure 1. STEM micrgraphs of kaolinite particles

The specific surface area was determined using the
adsorption of nitrogen at 77K and analysis using the BET
approach, was found to be 21 m?/g, in agreement with the
literature [30,31].

The point of zero charge (PZC) corresponds to the pH
value where the average superficial charge is zero.
Potentiometric titration yielded a PZC value of 4 for KGa-
2 kaolinite [32].

3.2. Adsorption isotherms

AOT retention isotherms on kaolinite particles in both
acidic and alkaline conditions are displayed on Figure 2.
The representation of the experimental isotherm data with
an x coordinate of Ceq/CMC helps one extracting useful
thermodynamic information [16]. The retention isotherms
appear to be independent of the solid/liquid ratio, which
shows that adsorption sensu stricto is the main retention
mechanism. The pH of the suspension has a major effect on
adsorption isotherms. Under alkaline conditions, the
adsorbed amounts are close to zero. In such conditions
kaolinite is negatively charged and therefore the
interactions with anionic surfactant molecules are mainly
repulsive. A significantly different situation is observed in
acidic conditions where measurable adsorbed amounts are
observed in the whole equilibrium concentration range.
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Figure 2. Influence of pH and clay concentration on adsorption isotherms
of AOT on kaolinite particles

The isotherm displays two plateaus. On the second one, the
adsorbed amount is around twice that obtained on the first
one, and the corresponding equilibrium concentration is
close to the CMC (Cqq/CMC~1). For a better
interpretation of these isotherms it is relevant to try to
estimate the equivalent surface area corresponding to this
second plateau. This can be calculated according to the
following equation

S=Na.['.AA0T (3)

where Na is the Avogadro number [mol™], I' the adsorbed
amount [mol/g], Aor the area occupied by one AOT
molecule [m?].

Using an area per AOT molecule of 57 A2 [33], the
adsorbed amount at the second plateau yields an equivalent
surface area of 14.4 m?g. Such a value is significantly



lower than the total surface area of KGa2 kaolinite and
significantly higher than the edge surface area whose value
was estimated at 3.9 m?/g on the basis of high-resolution
argon adsorption measurements [31]. Considering that at
acidic pH, the edge faces of kaolinite are positively
charged, a possible interpretation of the shape of the
adsorption isotherms could be to assign the first plateau to
the completion of one monolayer on the edge faces, and the
second one to the completion of a bilayer on the edge
faces. The adsorbed amounts do not match perfectly with
such an assumption, as they are slightly higher on both
plateaus. Such a small discrepancy could be tentatively
assigned to limited additional adsorption on basal faces
mediated by the counter ion, a phenomenon already
evidenced in other studies dealing with the adsorption of
anionic surfactants on kaolinite [13]. According to such an
interpretation, at the first plateau, as adsorption occurs
through an electrostatic interaction between surface sites
and the polar head of the surfactant molecule, the surface
should be hydrophobic. In contrast, adsorption of the
second layer could occur through interactions between
adsorbed chains and the hydrophobic tails of AOT
molecules, which would expose polar heads towards the
solution, resulting in a hydrophilic surface. The relevance
of such a situation can be tested by performing partition
experiments between water and cyclohexane.

Results of these experiments are presented in Figure 3A. In
the first vial (vial 1) in which no surfactant was contacted
with kaolinite, all particles are located at the bottom, i.e. in
the aqueous phase. The situation is markedly different is
the second vial (vial 2) that corresponds to a sample
located on the first plateau of the adsorption isotherm.
Indeed, in that case, kaolinite particles are concentrated in
the top phase, i.e. in cyclohexane, which reveals their
hydrophobic character. Finally, in the third vial (vial 3) that
corresponds to a sample located on the second plateau of
the isotherm, most kaolinite particles are in the aqueous
phase revealing the hydrophilic nature of the surfaces. As a
control experiment, similar samples were prepared in
alkaline conditions (Figure 3B). In that case, except for
changes in sedimentation behavior and for the presence of
air bubbles, kaolinite particles are always located in the
aqueous phase. These macroscopic tests, though remaining
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qualitative, tend to support the existence of a mono/bi layer
of adsorbed surfactant on the first/second plateau of the
isotherm, respectively.

Additional information can be derived from these simple
tests. Indeed, in both acidic and alkaline conditions,
surfactant addition induces changes in the sedimentation
behavior of the samples that appear to be stabilized. It then
seemed relevant to study such a behavior in greater details.

Figure 3. Partition experiments between water and cyclohexane in acidic
media (A) and under alkaline conditions (B) after 10 minutes of settling.
The cyclohexane phase is at the top and the aqueous phase is the inferior
part. In vials (1) Caor=0.CMC, pH 3; (2) Caor=0.5.CMC, pH 3; (3)
Caor=3.CMC, pH 3 ; (4) CA01=0.CMC, pH 11; (5) CA0r=0.5.CMC, pH
115 (6) Caor=3.CMC, pH 11

3.3. Stabilization experiments

Figure 4 presents optical pictures of kaolinite suspensions
conditioned with increasing amounts of AOT in acidic
(Figure 4A) and alkaline (Figure 4B) conditions obtained
30 minutes, 24 hours and a few months after their
preparation.

In the absence of surfactant, solution pH influences the
sedimentation behavior of kaolinite. Indeed, in acidic
media, kaolinite particles settle after 20 minutes while,
under alkaline conditions, particles are still in suspension
after this time. After 24 hours, the sediment bed is higher
in acidic media and such a difference is still observed after
a few months settling. It then appears that changes in
sedimentation speed are correlated to different particles
organization in the sediments. Particles in acidic conditions
then seem to be slightly more aggregated than in alkaline
conditions, which may also explain differences in sediment
organization, aggregation leading to less dense packings.
Such a point may be assigned to differences in absolute

(B) t = 30 min

t=24h
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Figure 4. Stabilization experiments: in each tube from the left to the right the surfactant concentration increase : (A) under acidic conditions
and (B) under alkaline conditions. At pH3, the surfactant concentration increases of 90 mg/L in each vial from the left to the right, except
on five last vials the surfactant concentration increases of 160 mg/L.



values of the surface charge between acidic and alkaline
conditions. Indeed, with a PZC around 4, the magnitude of
the positive charge at pH 3 is lower than that of the
negative charge at pH 11 as revealed by potentiometric
titration experiments [21]. Still, this point clearly deserves
further investigation and detailed studies of sediment
structure could provide fruitful information on that topic.
For both pH conditions, surfactant addition clearly
stabilizes the suspension and the effect is particularly
striking for initial surfactant concentrations above the
CMC. In such conditions, total sedimentation is achieved
only after a few weeks. After a few months, in acidic
conditions, the size of the sediment bed is significantly
lower than for surfactant-free samples.

In acidic conditions, the influence of AOT can be linked to
its adsorption on the edge faces. It can be foreseen that the
presence of surfactants bilayers surrounding the particles
contributes to electrostatic stabilization through increased
repulsions and also may prevent aggregation Such an
explanation does not apply to alkaline conditions as no
surfactant adsorption occurs in these conditions. Depletion
phenomena could be invoked to explain suspension
stabilization, but direct evidence supporting such an
interpretation is currently lacking.

3.4. Structural studies Particles orientation

In order to gather more information about the structure of
the sediments obtained in various conditions at acidic pH,
SAXS experiments were carried out for different
sedimentation times. The incoming X Ray beam
illuminates the sample placed in a capillary. The scattering
intensity is recovered on a bidimensional detector. The
principle of the experiment is represented on Figure 5.

. 4.msin(6)
=

Sample

X ray beam 2
in the capillary

X ray
beam =

Figure 5. Schematic representation of the SAXS experiments.

Figure 6 displays SAXS pattern of three samples obtained
for initial AOT concentrations of 0, 0.5*CMC and 3*CMC
after 13 days of sedimentation. The bidimensional pattern
corresponding to the sample conditioned with the highest
surfactant concentration is markedly distinct from the two
other ones. Indeed, preferential orientation is revealed by
this pattern both at low angle where an ellipsoidal shape of
the scattering halo is observed and at higher angle where
the intensity of the Bragg peak corresponding to the (001)

plane of kaolinite at g=0.87 A™' varies with the scattering
angle.

Figure 6. The 2D SAXS pattern of sediment bed after 13 days of
sedimentation (A) Cxor=0.CMC; (B) Cxor=0.5.CMC; (C) Cror=3.CMC.
Surfactant solutions were prepared at pH 3.

Figure 7 displays the evolution of the intensity of this peak
as a function of the azimuthal angle. For the sample with
conditioned with 3*CMC, a periodic evolution of the
intensity can be observed whereas the two other samples
reveal a constant intensity. The periodic evolution can be
fitted using a Maier-Saupe [34-36] type orientation
function according to :

T[

f() = A+ B.exp(m.cos?(y — a) * 180))

4)
where A is a background term, B an intensity
multiplicative term, m an orientation parameter, Y the
azimuthal angle [degree °] and « related to the orientation
angle [degree °].
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Figure 7. The intensity evolution of the first peak of Bragg versus
azimuthal angle. The solid line is the fit used to determine an orientation
parameter.

As revealed by these preliminary SAXS experiments, the
presence of high surfactant amounts (> CMC) in acidic
conditions clearly results in a preferred orientation of the
particles in the sediment. Such enhanced orientation could
be linked to either the slower sedimentation rate allowing
better and easier particles reorganization in the sediment,
or/and to lubrication phenomena in the sediment. Such
information is important for a better understanding of
fluids flows in clay porous media. The arrangement of
particles in the porous media has indeed consequences on
the permeability and thus, controls to some extent the
migration of water and solutes [37].

A pictorial representation of the phenomena that could
occur in the system is presented in Figure 8. In acidic
conditions, AOT is adsorbed onto kaolinite surfaces and



partition experiments reveal a change in wettability below
the CMC. Then, particles are stabilized in suspension when
AOT concentration increases. Furthermore, SAXS results
reveal that, for high AOT amounts, particles are oriented in
the sediment.

Under alkaline conditions, no surfactant is adsorbed on
kaolinite surfaces but particles are still stabilized in
suspension, essentially at medium to high AOT
concentration. Additional experiments, particularly SAXS
ones should be performed to precisely determine how
particles are oriented in the sediment under both acidic and
alkaline conditions. Still, sedimentation experiments point
towards a better orientation of kaolinite particles in the
sediment in alkaline conditions.
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Figure 8. Synthesis scheme of possible interactions between kaolinite
particles and AOT as a function of pH and surfactant concentration

To analyze the lubrication phenomena of the surfactant
more experiments are needed. It would be particularly
worthwhile to analyze samples with different solid/liquid
ratios and to use microfocused X-ray beams, such as those
available in synchrotron facilities, to follow the evolution
of both concentration and orientation in the sediment as a
function of height in the capillary. This will be the object
of future publications.
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Appendix. Errors calculation

Starting from the equation applying the rest method

(Cim’ 5

Qads mclay-sp ( )
With Cyp; the initial surfactant concentration [mol/L], Ce,
the equilibrium concentration [mol/L], Vy,; the solution
volume [L], M4, mass [g], S,, the specific surface area of

the mineral [m?*g] and Q.4 expressed in [mol/m?], it
comes:

- Céq)- Vsol

AQads — ﬂ + A_m + g + ACini + ACeq (6)
Qads |4 m S Cini - Ceq Cini - Ceq

Considering that:
e The specific surface is constant from sample to
sample > AS =0

e  The error on the volume is constant and equal to
AV 007
—=—=—=710"3
v 10

Am  107% _
e  The error on mass : —=——= 5.10~%

e  The error on the initial concentration if it is
prepared by weighing and diluted in one liter:

ACini = 10_4
A 10~ AC,
Bats _ 751073 4 + =
ads Cini - Ceq Cini - Ceq

The two first terms are insignificant with regard to the last
one. Consequently, we can write :

AQads > ACeq
Qads N Cini - Ceq (7)

AC,y = x.Co ®

With x is relative error of the experimental method to
measure the equilibrium concentration.

AQads > X. Ceq

> 9
Qads Cini - Ceq ( )

The error on the adsorbed amounts is higher when
equilibrium concentration and initial concentration are
close.
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