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In recent years, nanoparticle-stabilized foam has become an important research domain to solve the foam stabil-
ity issues under severe conditions because of its unique advantages. The aim of this study is to seek a better un-
derstanding for the application of foams stabilized by the mixtures of nanoparticles and anionic surfactant in
chemical enhanced oil recovery (EOR). Properties of the aqueous foams prepared by alpha olefin sulfonate
(AOS) and clay particle dispersions are examined using foam stability and rheological behavior analysis. The
AOS/clay dispersions have a synergistic effect on the stability of foam and the foam stability increases with the

gﬁﬂﬁiﬁ; oil recovery clay particle concentration. Compared with surface charge, the hydrophobicity of particles directly influences
Surfactant foam stability and the most hydrophobic clay particles in AOS/clay dispersions own the most stable foams.
Foam stability With the addition of clay particles, the viscoelasticity modulus of both liquid film and bulk solution for AOS/
Clay particle clay dispersions are enhanced. The film damping coefficient results reveal that more energy from outside will

Viscoelasticity be effectively used for AOS liquid film after the addition of clay particles. The clay particles are believed to stabilize
foams by increasing extensional viscoelasticity modulus of AOS/clay dispersions and also by adsorbing on bubble
surface, thus a three-dimensional network structure is formed between armored bubbles to slow bubble coales-

cence and disproportionation.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

As most of the oil field has entered the high water cut stage, chemical
enhanced oil recovery (EOR) technologies are used to improve and sta-
bilize the production of oilfields, which have become an important re-
search topic in the modern petroleum industry [1-4]. More and more
attention has been paid to variety of foam flooding recently in chemical
EOR due to the unique seepage characteristics and oil displacement ef-
ficiency of foam flooding [5-7]. Foam can reduce the relative permeabil-
ity of the gas-phase because of its high apparent viscosity, thus
effectively controlling the mobility ratio in heterogeneous reservoirs.
Meanwhile, foaming agents as the surfactants can lower the interfacial
tension between oil and water [8-11], thus it can not only significantly
improve the sweep efficiency, but also the microscopic oil displacement
efficiency can be increased simultaneously. Therefore, foam flooding
has a broad prospect of application in the chemical EOR.

Foam is essentially a thermodynamically unstable colloid system,
and surfactants are the most commonly foaming agents for the prepara-
tion of foams currently. At present, one of the key issues for the
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successful application of foam flooding is foam stability [12-14]. The
foam stability can be affected by a number of factors after being gener-
ated, such as the drainage of liquid, the gas diffusion between bubbles,
the evaporation of water in the lamellae and the viscous forces, etc.
[15]. Most of the research on foaming agents is focused on the synthesis
of foaming agents or formula selection, the resulted foaming agents can
produce enough foam volume, but the half-time of foam is short and the
stability is poor [16,17]. Researchers have done numerous studies to im-
prove the foam stability; the current common method is to use the poly-
mers such as xanthan gum and partially hydrolyzed polyacrylamide to
increase the viscosity of foaming agents, thus the stability of foam will
be improved [18-21]. However, the polymers will be degraded along
with the temperature, then the viscosity of polymers is decreased,
resulting in a decrease in foam stability at high temperature. In addition,
other chemicals can also be used along with surfactants to improve the
foam stability [22-25]. When the water-soluble inorganic salts with
suitable salinity are added into foaming agents, the electrical double
layer will be compressed, resulting in a stable foam liquid membrane.
However, the presence of inorganic salts can lead to the electrochemical
corrosion of pipes and equipment.

Recently, the improvement of nanotechnology has made nanoparti-
cles become a possibility to stabilize foam. Until now several studies on
the use of particles and nanoparticles as stabilizers to produce
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ultrastable foams have been published, they are widely applied in food,
cosmetics, minerals flotation, fire extinguishing and water-borne coat-
ings [26-29]. Since Pickering and Ramsden discovered that proper wet-
ting colloidal particles could stabilize emulsions by adsorbing on the
gas-liquid interfaces to delay the drainage speed of liquid [30-32], the
micro rod particles had been widely used as foam stabilizers in the con-
ventional surfactants and surface-active polymers [33,34]. When suitable
nanoparticles are added into the foam systems, they will be strongly
adsorbed on the bubble surface, then a three-dimensional network is
formed between the droplet surface and continuous phase to slow bub-
ble coalescence and disproportionate, which is a key factor in the prepa-
ration of stable foams [35-37]. In most instances, only partially
hydrophilic or hydrophobic particles can be adsorbed on the gas-liquid
interfaces to stabilize foams, the contact angle between particles and
gas-liquid interface determines the hydrophobicity of particles and it is
very important for particles adsorbed on the gas-liquid interfaces
[38-40]. Moreover, the particles can influence the rheological behavior
of dispersive systems [41,42], thus affecting the viscoelastic properties
of injected fluids, which also plays a crucial effect on improving the oil re-
covery efficiency in chemical EOR [43-45]. Zhang et al. [46] investigated
foams stabilized by Laponite particles and cetyltrimethylammonium
bromide (CTAB), and the results indicated that the particle/CTAB mix-
tures could greatly improve the foam stability at intermediate CTAB con-
centrations. Sharma et al. [47] found that the rheological properties of
Pickering emulsion stabilized by the mixtures of clay-surfactant-
polyacrylamide improved in contrast to conventional surfactant-
polyether stable emulsions. Wang et al. [48] used experimental cores
to investigate the blocking capacity and flow characteristics of nitrogen
foam stabilized by the addition of clay particles. They found that the
foam systems had the best blocking capacity in the cores at the foam
quality of 0.74, and the foams could more effectively block channels in
highly permeable cores compared to low permeability cores.

In this work, the stability and rheological behavior of foams gener-
ated by AOS surfactants and clay particles are examined in a series of ex-
periments. First, the properties of AOS/clay dispersions were
investigated. Second, the effects of zeta potential and hydrophobicity
of clay particles on the stability (drainage half-life) of foams prepared
by AOS/clay solutions were studied in detail. Finally, the rheological be-
havior of liquid film and bulk solution for AOS/clay dispersions were in-
vestigated systematically. And the stability mechanisms of foam
prepared by AOS/clay dispersions were also discussed. The aim of this
paper is seeking a better understanding for the application of particle-
surfactant mixtures in chemical EOR.

2. Materials and methods
2.1. Materials

Alpha olefin sulfonate (AOS, Cy4-16) With a molecular weight of 315
was received from Research Institute of Petroleum Exploration and De-
velopment (RIPED). The clay particles were also received from RIPED
and they were made of rigid discoid montmorillonite crystals with the
average diameter of 30 nm (Fig. 1). Distilled water was used in the fol-
lowing surfactant and/or clay solution systems. Both the surfactant and
clay particles were used as received without further purification.

2.2. Methods

2.2.1. Preparation and characterization of AOS/clay aqueous dispersions

A certain amount of clay particles was dispersed into the distilled
water for 2 h using a Multimixer (IKA, Germany), thus the clay disper-
sions were prepared. After that, the clay dispersions were sealed and
laid aside at 25 °C for 3 days before used. Then, the AOS solution was
added into the clay dispersion and the mixture continued with further
stirring for 2 h to prepare the AOS/clay dispersions.

S0 nm

Fig. 1. Transmission Electron Microscopy (TEM) image of disk-shaped clay particles at the
concentration of 0.1 wt% in distilled water.

The zeta potential of AOS/clay dispersions was measured using a
Malvern Zetasizer Nano ZS90 instrument (USA). In the AOS/clay disper-
sions, the clay particle was fixed at 1.2 wt% while the AOS concentration
was in the range of 0 wt% to 2.0 wt%. Each surfactant concentration was
measured separately three times at least.

2.2.2. Air-water-clay contact angles

The three-phase contact angle of clay particles was determined
though a Contact Angle measurement instrument (XG-CAMD, China)
by the classic captive method. To reduce the errors caused by adsorption
kinetics, the AOS/clay dispersions were first prepared and left for 24 h.
Then, the AOS/clay dispersions were centrifuged and washed away
the unattached AOS molecules with distilled water. After that, the clay
particles in the sediment phase were dried at 80 °C and crushed into
powers, and the powers were compressed into a circular disk with the
thickness of about 1.0 mm. Then, a drop of water was dropped on the
compressed disk surface, and the drip was photographed immediately.
Thus, the three-phase contact angle of clay particles could be measured
by a protractor.

2.2.3. Static bulk foam evaluation

The bulk foam stability experiments were measured by a stirring
method using a Warring Blender (CPA6202S, USA), which were pre-
pared by AOS solutions or AOS/clay dispersions, respectively. To create
foam, 200 mL foaming agent solution was dumped into the container
of Warring Blender, and the foam was generated for 60 s at 3000 rpm
in this study. The foam volume decline was monitored over time after
the foam generation. The initial foam volume (V) and the time for
half volume dewatering (half-life, t;,») were used to investigate the
foam stability. In this experiment, the concentration of clay particles
varied from O to 0.5 wt% and the concentration of the surfactant AOS
varied from 0 to 5 wt%. At the same time, a polarizing microscope
(ZMP-203, Shanghai, China) was used to capture the photos of foam
samples decaying after the foam generated.

2.2.4. Adsorption of particles on bubble surface

In this experiment, the laser-induced confocal microscope (TriM
Scope, Germany) was used to investigate the adsorption of clay particle
on bubble surfaces. The negatively charged Rhodamine B was used as
the fluorescent probe and the maximum excitation wavelength was
fixed at 543 nm. After the clay particles in the dispersion stained with
Rhodamine B, the dispersions were centrifuged and washed by distilled
water until the upper liquid was clarified. Foams stabilized with the
dyed clay particles were prepared as described above and the fluores-
cent images of the foams could be obtained under the microscope.
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2.2.5. Rheological characterization of bulk solution

The rheological behavior of clay or AOS/clay dispersions was carried
out under room temperature being 20 + 2 °C using the Haake rheome-
ter (MARS, Thermo, Germany) equipped with a double concentric-
cylinder (DG41). Both controlled rate (CR) and controlled stress (CS)
test modes were used to record the flow curves. The steady shear vis-
cosity experiments were implemented by the CR mode with the shear
rate ranging from 0.01 s~! to 200 s~ . The small amplitude oscillatory
shear experiment was performed by the Haake rheometer in order to
decide the linear dynamic viscoelastic behavior. Also the linear visco-
elastic region was decided by performing a strain sweep at 1.0 Hz for
all samples. The storage moduli (G’) and the loss moduli (G”) were eval-
uated in a frequency range of 0.02 Hz to 10 Hz at the stress of 0.05 Pa. G’
and G” represent the elastic and the viscous component of analyte, re-
spectively. To make sure the same shear history, all test samples were
laid aside 10 h after preparation and the samples were degassed by
the vacuum for 0.5 h before rheological measurements.

2.2.6. The viscoelasticity modulus of liquid film tests

The homemade extensional viscoelasticity meter (FL10A, China)
was used to investigate the dynamic tensile viscoelastic behavior of liq-
uid films. And the tensile strain frequencies were set in the range of
0.2 Hz to 2.0 Hz. The results were analyzed according to the viscoelastic-
ity modulus which contains the overall moduli (E), the storage moduli
(E"), and the loss moduli (E”). Wherein, E’ and E” represent the elastic
and the viscous component of analyte, respectively. All the measure-
ments were evaluated under room temperature of 20 °C for 150 s. The
E, E’ and E” are defined as follows:

E' = (0¢/gp) cosd (1)
E' = (0¢/g0) sind 2)

E=0/e=(0p/€) x exp(id) = (0g/€p) x ( €OS6 + 1 SINd)
—E +iE’ (3)

Wherein, 0y is the maximum of stress; &g is the maximum of strain; 6
is phase-shift angle of the responses of stress and strain.

In the study of polymer viscoelasticity, tanf is usually referred to as
internal friction. For liquid film in this article, the ratio of loss modulus
to storage modulus tan® is similarly defined as film damping coefficient.
It reflects the relationship between energy lost and stored in the liquid
film. The energy distribution of the liquid film in a sinusoidal exciting
cycle can be characterized by the value of tanf. The value of tanf equals
to 1.0 (E” = E’) can be considered as a watershed of energy distribution
for liquid film. When the tanf is <1.0 (E” < E’), it indicates that the en-
ergy lost portion is less than energy stored in one sinusoidal cycle. On
the contrary, when the tan6 is higher than 1.0 (E” > E’), it indicates
that the energy lost is larger than energy stored in one sinusoidal
cycle. The tan® is defined as follows:

tanf = E'/E/ (4)

3. Results and discussion
3.1. Zeta potentials of AOS/clay aqueous dispersions

The zeta potentials can reflect the adsorption of particles on the
stern plane and can be used as an indicator for the stability of colloid
systems. The electrophoretic measurements were tested with clay par-
ticle dispersions as a function of AOS concentration, and the results
were shown in Fig. 2. It could be seen that the zeta potential of clay par-
ticles was —43 mV in the absence of AOS. At lower AOS concentrations,
the zeta potential value of particles increased obviously with AOS con-
centration. Although the zeta potential indicates that the net charge of
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Fig. 2. Zeta potential of AOS/clay aqueous dispersions.

clay particle is negative charge, it has been reported that the clay has
heterogeneous distribution of surface charges, there still exists signifi-
cant amount of cationic binding sites in the clay surfaces, which can in-
teract with anionic surfactants [49-51]. In this case, the anionic
surfactant AOS molecules can be adsorbed onto the clay particles be-
cause of the clay containing positively charged sites, and the adsorption
amount of the AOS molecules on clay particles gradually increased with
the AOS concentration. Therefore, the zeta potential of the particles in-
creased gradually after the adsorption of AOS molecules. When the
AOS concentration was 1.0 wt%, the zeta potential of clay particles
reached the maximum value. After that, the zeta potential of clay parti-
cles tended to be constant and finally decreased slightly. It is because
that the AOS molecules form a dense adsorption layer on the clay parti-
cles surface after the AOS concentration exceeded 1.0 wt%, and the zeta
potential value of clay particles will no longer change greatly when the
adsorption amount of AOS molecules on the clay particles reaches
saturation.

3.2. Hydrophobicity of modified particles

Since the contact angle can directly describe the hydrophily or hy-
drophobicity of particles, so it is a crucial indicator in judging particles
adsorbed on the gas-liquid interface and the foam stability [52,53].
Fig. 3 showed the effects of AOS concentration on the wettability of
clay particles. It could be found that the initial contact angle of clay par-
ticles was <20° in the free of AOS, which indicates that the clay particles
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Fig. 3. Three-phase contact angle of particles as a function of AOS concentration.
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Fig. 4. The initial foam volume (a) and half-life (b) of AOS foam.

are hydrophilic. After the addition of AOS, the adsorption amount of AOS
molecules on the gas-liquid interface of clay particles increases with the
AOS concentration, resulting in an increase in the contact angle and
there was a maximum value of 65° at 1.0 wt% of AOS. Then, the contact
angle decreased with the increase of AOS concentration. Thus, the clay
particles undergo a transition from hydrophilic to more hydrophobic
to hydrophilic again. Solid particles can effectively wrap the droplets
of dispersed phase in the liquid/liquid interface through space/electro-
static interaction, so as to stabilize the dispersed phase. The stability of
droplets in dispersed phase is depended on the wetting balance of
solid particles in two phases. When the contact angle of solid particles
approaches 90°, the forming emulsion system has the best adhesive
property and the formed emulsion is most stable. If the solid particles
are completely wetted by aqueous phase or oil phase, the solid particles
will be completely dispersed in aqueous phase or oil phase and will not
form stable emulsion systems [54]. It can be seen that the contact angle
of clay particles modified by AOS surfactant gradually increases so that
the contact surface of clay particles will undergo wettability alteration.

3.3. Properties of foams stabilized by AOS and clay particles

3.3.1. Static stability of bulk foams

In order to get direct information about the effects of AOS surfactants
and clay particles on foam stability, the foams stabilized by AOS solution
or clay particles alone were investigated firstly. Clay particles are very
hydrophilic and they are poor foaming agent. The aqueous dispersions
prepared by clay particles with a concentration of 0.5 wt¥% solely did
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not result in any foam formation. The foamability and stability of
foams prepared by AOS solution were shown in Fig. 4. It could be seen
that the AOS solution rapidly formed foam and the foam volume first in-
creased with the AOS concentration, then remained almost the same
when the AOS concentration exceeded 0.4 wt% (Fig. 4(a)). Similar re-
sults were also found with the stability of AOS foams (Fig. 4(b)). Itis ob-
served that the foam volume reduces with elapse of time continuously,
and the lower AOS concentration has no effect on extending the half-life
of foam. The AOS-stabilized foam was unstable, the bubble coalescence
and breakage resulted in quick loss of the foam volume even if the AOS
concentration exceeded 0.4 wt%, the foam was fully collapsed after 4 h.

However, in most cases only surfactant is difficult to obtain the sat-
isfactory stable foam, such as the heavy oil reservoirs with high temper-
ature and high pressure. In such condition, the addition of nanoparticles
from outside into foam formula can enhance the stability of foams. The
foamability and stability of foams prepared from the mixtures of AOS
solution (0.4 wt%) and increasing concentrations of clay particles were
shown in Fig. 5. The concentration of clay particles in the dispersions
varied from 0 to 1.6 wt%. As demonstrated in Fig. 5(b), the half-life of
foams increased significantly after the introduction of clay particles in
contrast to the AOS-stabilized foam. Particularly, the half-life of foam in-
creased from 525 s to 3405 s after the addition of 1.6 wt% clay particles,
which indicates that the AOS/clay dispersions have a synergistic effect
on the foam stability. And the foams stabilized by AOS/clay mixtures
can maintain the initial foam height for months if the glass is sealed to
avoid evaporation. However, the presence of clay particles also influ-
enced foamability of AOS (Fig. 5(a)). The foam volume decreased

4000

35004

30004

2500

2000 -

Half life (s)

15004

1000

I

5004 =—=

0

T T T T T T T T T
00 02 04 06 08 1.0 12 14 16 18

Concentration of clay particles (Wt%)

(b)

Fig. 5. The initial foam volume (a) and half-life (b) of foams stabilized by the mixtures of AOS solution (0.4 wt%) and clay particles as a function of clay particle concentration.
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Fig. 6. The initial foam volume (a) and half-life (b) of foams stabilized with AOS/clay dispersion as a function of AOS concentration.

obviously from 925 mL to 865 mL after the addition of 1.6 wt% clay par-
ticles, which indicates that the adverse effects of clay particles should be
considered carefully.

To deeply understand how the AOS/clay mixtures influence the
foam stability, detailed information about the foams from the mixtures
of clay particles (1.2 wt%) and an increased concentration of AOS pre-
pared and the obtained results were shown in Fig. 6. The concentration
of AOS in the dispersions varied from 0.1 wt% to 5.0 wt%. From Fig. 6
(a) it could be seen that the initial foam volume decreased firstly and
then increased with the AOS concentration, and the foam volume was
the smallest when the AOS concentration was 0.6 wt%. As an overall
trend, although the addition of clay particles results in a lower foam vol-
ume, the effect of AOS concentration on foam volume is very small in

the experimental AOS concentration range. In AOS/clay dispersions,
the stability of foams increased continuously with the AOS concentra-
tion and reached a maximum value of 5370 s at 1.0 wt% of AOS, then de-
creased gradually when the AOS concentration exceeded this (Fig. 6
(b)). It is very different from the foam stability discussed previously
for AOS-only foams and the AOS/clay dispersions (AOS concentration
was fixed). When the AOS concentration was higher than 1.0 wt, it
was distinct that the introduction of clay particles obviously decreased
the stability of AOS foam.

The adsorption of AOS molecules on clay particles may be responsi-
ble for the foam stability. At low AOS concentrations (0.1 wt% to 0.4 wt
%), A0S molecules are adsorbed on the clay particles because of the elec-
trical property and Van der Walls force between the surfactant

Fig. 7. Optical microscopy images of bubbles stabilized by 0.4 wt% of AOS alone (a) (10 min after formation) and by AOS/clay mixtures at clay concentrations of (b) 0.4 wt%, (c) 0.8 wt% and

(d) 1.2 wt% (30 min after formation).
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molecular and particle surface. The dispersions are stable and the stabil-
ity of foams is similar to that of AOS-stabilized foam. At intermediate
AOS concentrations (0.5 wt% to 1.5 wt%), the clay particles coating
with a surfactant monolayer are aggregated along with the increase of
hydrophobicity. So, the adsorption of AOS molecules on clay particles
is driven by the repulsive interactions between particles and the head
groups of AOS molecules, rather than electrostatic interaction. And the
patches of two-dimensional aggregates on the clay surfaces are formed.
As the AOS molecules continue to adsorb on the surface of clay particles,
the micelles appear and lead to an increase in the negative charge den-
sity of the clay surface, further increasing the repulsive interaction be-
tween clay particles, therefore the stability of foam system was
enhanced. Foams were most stable at 1.0 wt% of AOS, which
corresponded to the concentration at which the hydrophobicity of
clay particles reached the maximum value (Fig. 3). When AOS concen-
tration exceeded 1.0 wt%, the zeta potential of clay particles changes lit-
tle (Fig. 2), while the hydrophobicity of clay particle reduces with AOS
concentration. It indicates that the electrostatic repulsion between the
particles is almost constant and the hydrophobic attraction interaction
between the particles is reduced. At this time, the change of the zeta po-
tential is small, and the hydrophobic attraction interaction between the
particles is dominant here, which can impair the foam stability. This can
also be seen from the variation of foam stability of AOS/clay dispersions
as a function of AOS concentration shown in Fig. 6. From the above anal-
ysis, it can be concluded that in terms of the stability of the particle-
stabilized foam systems, the hydrophobicity of particles is more impor-
tant than the surface charge of particles. The increase in hydrophobicity
of the particles and the hydrophobic attraction interaction between the
particles increase the density of the particles adsorbed on the surface of

the bubbles, thereby increasing the stability of the foams. The stability of
foams prepared by the mixtures of AOS and clay particles increases with
increasing the hydrophobicity of particles. At high AOS concentrations
(>1.5 wt%), a second layer of surfactant molecules with head groups ori-
ented toward the aqueous solution forms on the clay particle surfaces,
which decreases the hydrophobicity of particles and reduces the ten-
dency of particles adsorbed on the bubble surfaces. Therefore, the
foam stability declines especially as the clay particles are replaced by
monomeric surfactant and cannot be adsorbed on the air-water inter-
faces, resulting of the foams are stabilized by AOS molecules only. It
can be concluded that foam stability is related to the adsorption of
AOS molecules on clay particles.

3.3.2. Adsorption of particles on the bubble surface

The hydrophobicity of clay particles is changed by the adsorption of
AOS molecules on clay surfaces, as a result, partial hydrophobic clay par-
ticles is able to adsorb on the air bubbles. To investigate the adsorption
of particles on gas-liquid surface, the optical microscope experiments
were performed firstly and the microscopic images from generated
foams by AOS/clay dispersions were demonstrated in Fig. 7. As ob-
served, the shapes and sizes of bubbles in foams stabilized by AOS/
clay dispersions both were different from that of foams stabilized by
AOS alone. And the morphology of bubbles became smaller after the ad-
dition of clay particles. The bubble size of foam decreased gradually with
increasing the clay concentration. The smallest of bubble size, the most
stable of foam. This result is accordant to the stability of bulk foam.

In order to probe the adsorption of particles on bubble surface, the
laser-induced confocal scanning microscopy experiments were per-
formed and the results were shown in Fig. 8. It could be seen that the

(a)

(b)

Fig. 8. Confocal fluorescence image for the foams stabilized by AOS only (a) and fluorescently labeled AOS-modified clay particles (b and c). (b): wet foams; (c): dry foams.
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structure of the foam stabilized by the fluorescently labeled AOS-
modified clay particles (Fig. 8(b)) is clearly visible using the fluores-
cence confocal microscope in contrast to that of foam stabilized by
AOS only (Fig. 8(a)). The clay particles are adsorbed on the bubble sur-
faces, and partial particles exist in the lamellas which are separated by
the Plateau borders. Therefore, the clay particles of bulk solution can
urge the bubbles connect up to form a three-dimensional network
structure, thus the foam stability is greatly improved. As shown in
Fig. 8(c), there were some particles remained within the frame of dry
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foam, which further indicates that the particles are adhered to the bub-
ble surface. If the particles are in the surrounding continuous phase
rather than adsorbed on the bubble surface, they will be expelled with
the liquid drainage rather than stayed inside the skeleton of dry foam.

3.4. Rheological characterization of bulk solution

In order to investigate the interaction between clay particles after
the adsorption of AOS molecules, the rheological parameters of clay
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Fig. 10. G’ and G” were a function of frequency for clay and AOS/clay dispersions. (a): G’ of clay dispersion; (b): G” of clay dispersion; (c): G’ of AOS/clay dispersion; (d): G” of AOS/clay

dispersion.



8 S. Chen et al. / Journal of Molecular Liquids 291 (2019) 111250

and AOS/clay dispersions were measured. The viscoelasticity property
of the systems can visually reflect the change of interparticle interaction
force. The curves of apparent viscosity at different shear rates for clay
and AOS/clay dispersions were depicted in Fig. 9. It could be seen that
the apparent viscosity of clay dispersions decreased with the increase
of shear rate, and the obtained viscosity curves are all typical shear
thinning curves (Fig. 9(a)). All the samples exhibit a good fit to the typ-
ical behavior of pseudo-plastic fluid. This is because that the clay disper-
sions form a “card house” structure through the combination of the
edges and surfaces of the granular lamella before sheared, which has a
high strength of network structure and apparent viscosity. The
micronetwork structure in the original systems will be destroyed grad-
ually with the increase of shear rate, therefore, the viscosity of the sys-
tems decreases gradually. A similar viscosity curve was obtained for
AOS/clay dispersions (Fig. 9(b)). Such shear thinning behavior is analo-
gous to that of polymer solution in which the apparent viscosity exhibits
a shear rate dependent manner. The orientation and movement of poly-
mer molecules in bulk solution can be disturbed with increasing the
shear rate. Such similar trend is also observed by the work of many
others.

Furthermore, the apparent viscosity of bulk solution increased gen-
erally as the clay concentration increased, with the largest effects
being observed at the higher clay concentration. The exact cause is un-
clear and no satisfactory explanation for this surprising behavior has
been found up to now. This may be a combination of macromolecule
chains that are reinforced at higher clay concentrations, resulting in a
corresponding increase in apparent viscosity. The apparent viscosity
for all samples was slightly increased when the shear rate higher than
50 s~ 1. At low shear rate, high clay concentration represents the strong
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interaction between clay molecules, increasing the apparent viscosity of
the bulk solution rapidly with the clay concentration. At high shear rate,
the clay molecules are arranged along the flow direction and the resis-
tance of all clay concentrations is similar. In addition, the introduction
of AOS has little effect on the apparent viscosity of the solution.
Generally, the high plateau with complex modulus independent of
the shear stress is considered to be a linear viscoelastic region. There-
fore, before performing frequency oscillation measurements, the sam-
ples are always guaranteed to be in the linear viscoelastic region. The
parameters G’ and G” for all samples were measured in the range of
0.02-10.0 Hz using Haake MARS rheometer and the results were
shown in Fig. 10. In contrast to G”, some data of G’ missed due to the de-
tection limit of the instrument. At low clay concentrations, the values of
the elastic and viscosity parts of viscoelastic moduli for all samples were
small, and the values of G’ and G” increased with the clay concentration.
For clay dispersions, the results indicate that both G’ and G” for all sam-
ples exhibit a good fit to “valley-shaped” response manner with the fre-
quency, particularly the tendency of G” with frequency is more
obviously in high frequency. In addition, the values of G’ are always
higher than that of G” with the same clay concentration in the experi-
mental frequency range. This phenomenon indicates that the elastic
components predominate in viscoelasticity compared to viscosity com-
ponent, and it can be inferred that a gel-like structure in the liquid may
be formed. The gel-like structure can improve the foam stability by
immobilizing solution droplets in the formed structure. Previous studies
have also confirmed similar results [55,56]. Moreover, when the clay
concentration exceeded 0.6 wt% in the AOS/clay dispersions, the values
of G’ and G” were higher than that of clay dispersions. The results reveal
that there is synergistic effect between AOS and clay dispersion and the
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Fig. 11. (a) to (c) illustrates a plot of the overall modulus E, the storage modulus E’ and the loss modulus E” as a function of frequency for AOS and AOS/clay liquid films.
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Fig. 12. The film damping coefficient as a function of frequency for AOS/clay (a) and as a function of clay concentration for AOS/clay.

viscoelasticity of AOS/clay dispersions is higher than that of clay disper-
sions. It is consistent with the stability of bulk foams that the AOS/clay
foams are more stable than AOS foams. In addition, the dynamic modu-
lus of AOS/clay dispersions is higher than that of clay dispersion, indicat-
ing that AOS/clay dispersions can bear larger stress.

3.5. The viscoelasticity modulus of liquid films

Previous studies indicate that the viscoelasticity of liquid films plays
a significant role in foam stability. When foam passes through the po-
rous media throat, the liquid films will expand or extract. The home-
made FL10A extensional viscoelasticity meter was used to simulate
the expanding and extracting process of liquid films.

The results of the E, E’ and E” for AOS/clay liquid films were shown in
Fig. 11. For AOS/clay liquid films, along with the increase of frequency,
the values of E and E’ increased gradually and reached a maximal
value at the frequency of 1.0 Hz then decreased again. For E”, it cannot
find the direct relationship between the loss modulus and frequency.
For AOS liquid film, the values of E’ were always lower than that of E”,
which indicates that the viscous is predominant in AOS liquid film in
contrast to the elastic. While for the AOS/clay liquid films, the values
of E’ were larger than that of E” in general except some data. The results
demonstrate that the liquid films are more elastic rather than viscous
after adding the clay particles in the dispersions. Furthermore, the
value of film damping coefficient tan6 for AOS liquid film was >1.0
(Fig. 12(a)), while the AOS/clay liquid films tanf was <1.0. Thus, com-
pared with the AOS/clay liquid films, the energy loss portion is higher
for AOS liquid film when the same total energy from outward is intro-
duced into films. This phenomenon demonstrates that more energy
from the outside will be availably used for AOS liquid film after the ad-
dition of clay particles.

Moreover, both the values of E and E’ for AOS/clay liquid films im-
proved obviously after the introduction of clay particles into the disper-
sions, as compared to the pure AOS liquid film. As a result, the stability
of liquid films is improved. The values of E increased with the clay con-
centration and the same trend is found between E’ and clay concentra-
tion. While for E”, the effect of clay concentration on the viscous
component of liquid films is unclear and no correlation is found. The
value of film damping coefficient tan6 decreased with the increase of
clay concentration (Fig. 12(b)), which shows that more energy portion
from outward is accumulated for AOS/clay liquid films. As the clay con-
centration reached 0.8 wt%, equilibrium value (from 0.5 to 0.7) of film
damping coefficient tan® was found in the range of 0.2 Hz to 2.0 Hz.
Thus, when the clay particles reach the equilibrium level, more clay par-
ticles introduced into the liquid films is not favored and high concentra-
tion clay contributes a little to energy distribution. It indicates that the
additional energy from outward introduced into the liquid films will

not be effectively utilized when the equilibrium value of film damping
coefficient tan# is obtained, even if the values of viscoelasticity modulus
are higher in the high concentration clay dispersions.

4. Conclusions

In the present study, the stability and rheological behavior of foams
prepared by AOS surfactant and clay particle dispersions are investi-
gated in detail. More stable foams can be formed from the AOS/clay dis-
persions due to the synergistic effect of AOS surfactant with the clay
particles, and the most stable foam is obtained at 1.0 wt% of AOS in
AOS/clay dispersions. Compared with surface charge, the hydrophobic-
ity of particles directly influences the foam stability and the most hydro-
phobic clay particles in AOS/clay dispersions own the most stable foams.
Laser-induced confocal scanning microscopy experiments reveal that
the AOS-modified particles are adsorbed on the bubble surface and
the three-dimensional network structure is formed between the ar-
mored bubbles, thus the foam stability increases. In addition, the rheo-
logical behavior studies demonstrate that the viscoelasticity modulus
of both liquid film and bulk solution for AOS surfactants are enhanced
after the addition of clay particles, in which the viscoelasticity behavior
dominated by elastic modulus, thereby increasing the foam stability.
The film damping coefficient indicates that more energy from outside
will be availably used for AOS liquid film after the addition of clay
particles.
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