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ABSTRACT: Gravity override and viscous fingering are inevitable in
gas flooding for improving hydrocarbon production from petroleum
reservoirs. Foam is used to regulate gas mobility and consequently
improve sweep efficiency. In the enhanced oil recovery process, when
the foam is introduced into the reservoir and exposed to the initial
saline water saturation and pH condition, selection of the stable foam
is crucial. Salinity and pH tolerance of generated foams are a unique
concern in high salinity and pH variable reservoirs. NaOH and HCl
are used for adjusting the pH, and NaCl and CaCl2 are utilized to
change salinity. Through analyzing these two factors along with
surfactant concentration, we have instituted a screening scenario to
optimize the effects of salinity, pH, surfactant type, and concentration
to generate the most stable state of the generated foams. An anionic
(sodium dodecyl sulfate) and a nonionic (lauric alcohol ethoxylate-7)
surfactants were utilized to investigate the effects of the surfactant type. The results were applied in a 40 cm synthetic porous media
fully saturated with distilled water to illustrate their effects on water recovery at ambient conditions. This most stable foam along
with eight different stabilities and foamabilities and air alone was injected into the sand pack. The results show that in optimum
surfactant concentration, the stability of LA-7 was not highly changed with salinity alteration. Also, we probed that serious effects on
foam stability are due to divalent salt and CaCl2. Finally, we found the most water recovery that was obtained by the three most
stable foams by the formula of 1 cmc SDS + 0.5 M NaCl, 1 cmc SDS + 0.01 M CaCl2, and LA-7@ pH ∼ 6 from porous media
flooding. Total water recovery for the most stable foam increased by an amount of 65% compared to the state of air alone. A good
correlation between foam stability and foamability at higher foam stabilities was observed.

1. INTRODUCTION

Foam is a nonequilibrium dispersion of the gaseous phase
within a continuous aqueous phase (generally containing
surface-active agents) composed mainly of thin liquid films
known as lamellaes. The long-term stability of foam is a result
of the stability of these lamellae. This stability is implemented
by adsorption of surfactants or nanoparticles at the gas/liquid
interfaces.1−3 Foam stability turns out to be important in the
petroleum industry such as enhanced oil recovery (EOR) and
drilling engineering, and its importance in food, pharmaceut-
ical, and detergent industries is also well known.4

An issue related to many secondary and tertiary gas injection
projects is the unfavorable mobility condition, which results in
poor sweep efficiency and reduction of oil recovery due to
viscous fingering or unfavorable mobility condition.5,6 Foam
flooding can significantly improve both macrosweeping volume
and microdisplacement efficiency. This improvement is
implemented by increasing the effective viscosity and blocking
the high permeable swept zones, redirecting the fluid front into

various pore sizes and also reducing the capillary forces owing
to the presence of surfactants.3,6−8 In higher-permeability
layers, the foam has lower mobility and will thus effectively
block/hinder flow in these layers in favor of low-permeability
layers.9

The greater recovery of oil by foam displacement is primarily
due to foam stability.10 Knowing that the stability of foams for
various applications is significant. To be an efficient recovery
or blocking agent, the foam must remain stable in the porous
formation, or to have an appropriate sweep of oil in the
reservoir, it is required to stabilize the foam at the reservoir
condition.1,11
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Surfactant flooding is a chemical EOR technique for
lowering the oil−water interfacial tension (IFT) and directing
residual oil into producing wells.12 Surfactant molecules that
adsorb at the liquid/gas contact stabilize the lamellae of
foam.13 The IFT is greatly lowered during emulsification and
entrainment. The water-to-oil mobility ratio is reduced as a
result of the crude oil droplets being emulsified into the water
phase, and surfactant solution is diverted to upswept areas,
improving the areal and vertical sweep efficiencies.14

Foam stability is characterized as the height of foam after a
certain period.5,15 Due to the complexity of the foam system,
its behavior in porous media depends on various factors, in
particular, on the composition of the continuous liquid phase
(surfactant type, surfactant concentration, extra additive,
salinity, pH, oil presence, etc.), micellar stability, foam quality,
and internal gas-phase properties.16−19

The presence of oil is a remarkable concern regarding the
stability of the foam. In order to be successful in achieving
good mobility control, the foam must remain stable when it
comes into contact with oil. Some studies have reported that
the addition of small traces of oil or hydrophobic particles
destabilizes the generated foam. It has been proposed that the
stability of foam depends on the composition of the oil
process, so that the presence of light components is
detrimental to the stability of the foam.8,20

The stability of foam may decrease as the temperature
increases. Under different pressures, foam has varying
stabilities. The more pressure applied, the more stable the
foam becomes.21

Adding surfactants as stabilizers can increase foam stability;
however, surfactant-generated foams have a shorter life span
due to an unstable interface. Surfactants are also more likely to
be retained and chemically degraded in porous media,
especially at harsh reservoir conditions. Nanoparticles (NPs)
can be an excellent foam stabilizing agent due to their surface
chemistry and high adsorption energy. When compared to
surfactant-stabilized foams, NP-generated foams are more
stable and provide superior mobility control. The colloidal
stability of NPs as foam stabilizers is one restriction, limiting
the usage of low-cost NPs. Surfactants have the advantage of
improving foam stability, increasing sweep efficiency, recover-
ing more residual oil due to saponification, and decreasing IFT.
Surfactant addition not only improves foam stability, but it also
alters wettability, which speeds up oil flow by reducing
capillary forces.22 During foam flooding in porous media, the
production of thin liquid coatings known as lamellas blocks the
gas phase flow in some areas. Foam stability is provided by the
ability of hydrophilic surfactant molecules to adsorb on the
gas−water interface, while foam movement is regulated by
surfactant-generated lamellae in reservoir micropores. Surfac-
tants can effectively enhance foam viscosity, resulting in more
consistent and piston-like oil front displacement.23

Anionic and nonionic surfactants are the commonly used
foaming agents in foam generation. Some common anionic
surfactants are sodium dodecyl benzene sulfonate (ABS),
sodium lauryl sulfate (SDS), sodium dodecyl sulfate (AS), and
so forth. Abundance, good foaming performances, and low cost
are some of their advantages, but they exhibit poor tolerance
against salinity. On the other hand, nonionic surfactants such
as lauryl alcohol-7 (LA-7) have poor foaming performances,
but they properly tolerate saline conditions.24

Due to the adverse effect of oil existence on foam stability of
water-based foams, it is proposed to inject a slug of water

before injection of foam and use foam to displace oil indirectly.
Thus, we manipulated the foam injection process in a way that
direct contact of foam−oil is avoided, that is, foam pushes
water in a piston-liked manner and consequently water
displaces oil by the same favorable displacement condition.25

The influences of salinity, pH, surfactant type, and
concentration on generating the most stable condition of
created foams that maximizes total water recovery were
studied. The primary purpose of this analysis was to determine
the efficacy of the stability of foam on the foam flooding
process in displacing fresh water from a fully saturated sand
pack column and evaluating the recovery performance of the
foam. An attempt was made to find the most stable foam and
the foam with the highest foamability by adjusting surfactant
concentration, salinity, and pH for two different types of
surfactants. Both anionic (SDS) and nonionic (LA-7)
surfactants were utilized. The foaming properties and
foamability of aqueous foam solutions owing to the addition
of NaCl and CaCl2 were persuaded. Optimum foam conditions
were selected by screening criteria; first, the optimum
surfactant concentration to generate both the most stable
foam and the foam with the highest foamability was obtained,
and at this surfactant concentration, NaCl and CaCl2 were
added to screen the effect of salinity, and then, the most stable
foam and foam with the highest stability were selected by
adjusting salinity, and this foam was the candidate for pH
adjustments. At the end, the effect of pH adjustments on the
foam generation was investigated to find the optimum
conditions of foam stability. The major goals of this study
were to see how salinity, pH, surfactant type, and
concentration can affect foam properties. The impacts of
foam stability and foamability on the foam flooding process in
displacing freshwater from a fully saturated sand pack column
were investigated in this study. Then, 10 different scenarios
consisting of the most stable foam along with the lower stable
foams, the air alone, and also the foams with higher formability
were injected into the sand pack to investigate the effects of
foam stability and foamability on the recovery factor of fresh
water in the foam injection process. The unique characteristics
of this work were the simultaneous investigation of foam
stability and formability, both of which are intrinsic features of
any foam in foam flooding, which makes foam selection
competitive, and their importance in the recovery factor is well
known.

2. THEORETICAL BACKGROUND

Disjoining pressure, Marangoni effect, and bulk and surface
viscosities therewith cmc and surface tension influence the
stability of aqueous foams.26

Based on the classical form of DLVO theory, the long-term
stability of the colloidal system is due to the interplay between
the repulsive electrostatic Πel and the attractive van der Waals
ΠVW components of the disjoining pressure27

Π = Π + Πel vw (1)

The electrostatic disjoining pressure, Πel, arises to be28
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The inverse Debye length κ′−1 is given by28
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where R is the universal gas constant, Cel represents the molar
concentration of electrolytes in the solution, Ψs stands for
interfacial potential, ε0 and εr are the permittivities of vacuum
and the dielectric constant of water, respectively, NA represents
Avogadro’s number, e is the electrical charge, k represents the
Boltzmann constant, I is the ionic strength, and T stands for
the absolute temperature. D represents surface separation. The
Debye length is the characteristic length of the diffuse electric
double layer. For 1:1 electrolytes (e.g. , NaCl),
κ =− C0.304/1

el
1/2 nm, and for 2:1 and 1:2 electrolytes

(CaCl2 and Na2SO4), κ =− C0.176/1
el
1/2 nm, where the unit

of Cel is mol/L.
According to the DLVO theory, in the foams with the ionic

surfactant, adding the electrolyte suppresses the electrostatic
repulsion between the surfaces in the lamella.29,30 By screening
the electrostatic forces, only attraction van der Waals remains
left. This attraction causes to rupture the film but the addition
of monovalent ions such as NaCl improves surface tension of
air solution of SDS, which improves the stability of foam films.
Equation 2 indicates that increasing Cel, that is, bivalent ions,

increases Debye length, which means that the range of
electrostatic force becomes shorter by adding the electrolyte.
Thus, the bivalent electrolytes further suppress the electrostatic
compared to monovalent electrolytes.
Due to the existence of negative surface charge as a result of

adsorption of negative OH− ions onto the surface, electrostatic
force presents in some cases in aqueous films, which are
stabilized by nonionic surfactants. Also, in nonionic surfactants,
the increasing pH increases the surface charge density (q0).

31,32

At constant ionic strength, any decline in the pH of the
solution causes surface charge density to be disappeared (q0 =
0) at a certain pH value, which is called the isoelectric point.33

This point is the no foam point.29,32

The effect of micelle stability on foam stability and foam
height (foamability) is well known. The concentrations of
surfactants, type of counterions, and electrolyte influence the
micelle stability.34 The presence of either CaCl2 or NaCl
eventuates the more stability of micelles, but in the case of
CaCl2, the micelles aggregate more compactly and form more
stable micelle structures. It has been indicated that very stable
micelles cannot create more monomer flux, which results in
less foamability. By investigating the SDS surfactant, it has
been shown that the most stable micelles (for SDS) occur
when the concentration of the solution is 200 mM. At this
concentration, foam height becomes the lowest amount.35

The Gibbs−Marangoni theory explains the foam stability
and rupture due to the thin film elasticity. Due to the film’s
restricted extension compared to its size, Gibbs elasticity refers
to the increase in film surface tension caused by a reduction in
surfactant concentration inside the interlamellar fluid. The
deterioration of the interstitial surfactant solution causes the
film elasticity in the Gibbs process, with the assumption that
the lamellae thickness is relatively small. The Marangoni

elasticity, also known as the Marangoni effect, comes from the
movement of surfactant molecules from the surrounding bulk
phase to the interface under the nonequilibrium state of thick
foam sheets.36 It means that owing to film elasticity, it could
deform without rupturing, and this phenomenon stabilizes the
foam film. Based on this theory, any enhancement of surfactant
concentration enhances the foam stability but this enhance-
ment is accomplished up to an extent that is often close to
critical micelle concentration (cmc). In other words, only at an
intermediate surfactant concentration, maximum foam is
generated, and at any surfactant concentration below and
above this intermediate, concentration foam stability is
deteriorated.37

3. EXPERIMENTAL SECTION

3.1. Materials. The two investigated surfactants in this
work were acquired commercially from Merck-Germany and
used without previous purification. Table 1 illustrates the
specifications of these surfactants.
At 25 °C, the cmc of SDS, which has been reported in

different studies,15,17,38−40 is in the range of 7.6−8.3 mM in the
absence of the added electrolyte.
The utilized electrolytes were NaCl and CaCl2, which were

bought from Merck-Germany (99% purity). The addition of
CaCl2 leads to precipitation of the SDS solutions and nonionic
surfactants. The desired pH value was adjusted by the addition
of small aliquots of %37 M NaOH (sodium hydroxide, Merck)
or %10 M HCl (hydrochloric acid, Merck) into the surfactant
solution. To distinguish surfactant solution from water,
methylene blue was used in order to set the color of the
surfactant solution to blue. All solutions were prepared with
deionized water having a specific resistivity of 18.2 MΩ·cm
(Milli-Q purification system). The working temperature was
25 °C, and all experiments were performed at atmospheric
pressure.39,40

3.2. Surface Tension Measurement. The surface tension
isotherms of the SDS and LA-7 solutions were determined
using the drop weight method both in the presence and
absence of NaCl and CaCl2. Each surfactant solution was
prepared at least 1 day before the experiment and used within
1 week to reduce hydrolysis. In order to eliminate the effect of
measurement error, both tests were carried out at least three
times, and the mean values were recorded.25

The cmc was determined from the surface tension versus log
concentration curves, corresponding to the inflection point on
the curves. Note that the SDS was used without any
purification. The observed variance could therefore be due to
the existence of impurities and/or the disparity in measure-
ment methods.41

3.3. Foam Stability and Foamability Test. Foam
stability is measured as the required time that given foam is
demolished by half. In this work, the modified Ross−Miles
method was used to generate foam. In the modified Ross−
Miles method, a 30 mL aqueous surfactant solution is placed in
a titration pipette (Figure 1) and it is allowed to fall from a
distance of about 1 cm above the cylindrical vessel onto 25 mL
of the same solution, which is included in a cylindrical vessel at

Table 1. Characteristics of Selected Surfactants

surfactant type abbreviation molecular weight (g/mol) cmc (M)

lauryl alcohol ethoxylate-7 (CH3(CH2)10CH2OH)O(CH2CH2O)7H nonionic LA-7 494 0.001417
SDS C12H25So4Na anionic SDS 288.38 0.00832
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ambient temperature, 25 °C. As the titration pipette valve is
opened, the foam would generate due to a clash of two fluids.
The height of the foam formed in the cylindrical vessel is
calculated immediately after all the solution has run out of the
titration pipette. The stability of the foam is therefore
estimated by calculating the foam’s half-life; the time is taken
for the foam height to become half of its original height. All
tests were conducted at least four times, and in this analysis,
the quoted results are the average of four measurements.
3.4. Foam Flooding Setup. In Figure 2, the experimental

setup used to conduct the experiments is shown schematically.
It consists of four sections: foam generation section, foam
flooding section, pressure controlling section, and data
acquisition section.
In the foam generation section, located before the inlet of

the core holder, gas is mixed with the surfactant solution to

generate foam. In order to ensure that gas is supplied at a
stable rate, the gas flow rate is controlled by using a high-
precision needle valve, and by using a gas flow meter, it is
tracked. Two high-precision double-effect piston displacement
pumps are used to inject the surfactant solution and air at a
constant rate. The foam generation section includes numbers
1, 2, and 3 in Figure 2.
In the flooding section, the sand pack is placed inside a

cylindrical core holder. The foam is introduced from the
injection tube, and the liquid output is stored in a graduated
cylinder. One high-precision pressure gauge is located at the
inlet to evaluate the drop in pressure along the pipe and the
outlet section is introduced to the atmosphere. In Figure 2,
numbers 4, 5, and 6 represent this section.
The data acquisition unit was used to record the flow rate of

injection, pressure, and total volume of fluid. Liquid
production data were collected manually using a graduated
cylinder. All experiments were conducted under isothermal
conditions and atmospheric pressure. The experiment temper-
ature was 25 °C and remained constant. In comparison to the
gas injection, two pumps are used for the injection of
surfactant solution; one for the injection of surfactant solution
(which is shut off by gas injection) and the other for the
injection of air. The surfactant solution was colored blue with
methylene blue, so that it could be identified by the outlet
water as the foam falls out of the core outlet.
An experimental sand pack model was prepared using

screened glass beads and the desired range of sizes. In order to
make the model heterogeneous, the entire range of glass beads
was used in the sand pack. Figure 3 shows the weight percent
of glass bead meshes used in the sand pack. A majority of bead
diameters were in the range of 149−210 μm.
After filling the sleeve with the specified bead meshes, it was

vibrated for 30 min using the pneumatic vibrator to get good
packing. Better compaction was achieved using hammer
shocks; stainless screens were used to avoid bead migration.

Figure 1. Schematic of the foam generation setup (modified Ross−
Miles method).

Figure 2. Schematic representation of the experimental setup used for foam generation, flooding, and recording. (1) high-precision double-effect
piston displacement pump, (2) high-pressure sample cylinder-floating piston cylinder, (3) foam generation section, (4) core holder, (5) graduated
cylinder, (6) high-precision pressure gauge, and (7) data acquisition section.
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The sand pack was first evacuated and then saturated with
water using a core holder and a vacuum pump (a confining
pressure of 700 psi was applied to approach the reservoir
condition). Porosity was calculated using the pumped water,
and absolute permeability was measured using some rates of
water. Then, this system was connected to an air tank and the
air was injected by a very small pressure and water produced
from another side of the sand pack. This process was followed
till no water was produced and there was only air to be
produced. Then, injection was ended up and the initial water
saturation of the system was calculated using produced water.
As shown in Table 2, the porosity (ϕ) and absolute
permeability of the system were measured as 31% and 0.99
darcy, respectively. Also, pore volume (PV) was estimated to
be 145 cm3.

The experiments were carried out to compare the generated
foams from preceding experiments on ultimate recovery; to do
so, the amount of injected foam or changing injection
parameters such as pressure, rate, and type of porous media
has no significant effect on results, and thus it is accomplished
using one constant injection state. The air injection rate was
150 cm3/h and the surfactant rate was 15 cm3/h. Two pumps
were used in surfactant injection; one to inject the surfactant
(which was off in air injection) and the other one to inject air.
The color of the surfactant solution was set as blue, to be
recognized when it leaves the core holder. Human error,
instability of laboratory ambient temperature, impurity of
surfactant, salts and additives, not totally vacuum in porosity
measurements, mechanical error in flooding, and foam creation
are the primary sources of errors in this study, which have been
tried to minimize.

4. RESULTS AND DISCUSSION
4.1. Surface Tension. 4.1.1. Effect of Surfactant

Concentration on Surface Tension. Figure 4 represents the

experimental results for the effect of surfactant concentration
on surface tension for both nonionic LA-7 surfactant and ionic
SDS surfactant solutions. Increasing the surfactant concen-
tration reduces surface tension to an extent and then it
moderately stabilizes. The surface tension has no minimum in
the vicinity of the cmc. Here, the amounts of cmc for LA-7 and
SDS are 0.07 g/100 cm3 and 0.024 g/100 cm3, respectively,
which are equal to those reported by the vendor. In Figure 4, it
is observed that the nonionic surfactant (LA-7) encounters a
more dramatic decline in surface tension than the ionic
surfactant (SDS) (Table 3).

4.1.2. Effect of Salinity on Surface Tension. Figure 5
represents the experimental results for the effect of salinity on
surface tension for both nonionic LA-7 surfactant and ionic
SDS surfactant solutions. Increasing the NaCl concentration
decreases the SDS (ionic surfactant) surface tension, while the
addition of CaCl2 increases the SDS surface tension. Increasing
the NaCl electrolyte to SDS surfactant solution causes
reduction of co-ion repulsion of the SDS surfactant heads,
and according to the Gouy−Chapman equation, more
surfactants absorb on the surface, which leads to a fall in
cmc and surface tension but the addition of CaCl2 to the
solution of the SDS surfactant leads to SDS deposition, which,
in turn, causes a rise in surface tension.
Figure 6 represents the effect of salinity on the surface

tension of a nonionic surfactant (LA-7) solution. The addition
of two salts (NaCl and CaCl2) at high concentrations (0.3 M)
causes growth in surface tension, but at low concentrations
(0.1 M), it reduces the surface tension. Surprisingly, at lower
surfactant concentrations, addition of salinity is limited to an
extent. The increasing ionic strength is a result of the addition
of salts, which can effectively reduce hydrogen bonding
dominance between intermolecular head groups of the LA-7
monomer on the surface, and enhances the adsorption of LA-7,
which reduces the surface tension. However, the increasing
salinity reduces the solubility of the surfactant in the solution
more than enough, which results in a rise in surface tension.

4.1.3. Effect of pH on Surface Tension. Figures 7 and 8
represent the effect of pH on the surface tension of two
surfactants solutions. No tangible changes in surface tension
are observed if a very small amount of acid or base is added.

Figure 3. Mesh size characterization of sand pack and distribution.

Table 2. Values of the Initial Parameters of the Sand Pack

(%) ϕ absolute permeability (D) PV (pore volume) (cm3)

31 0.99 145
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4.2. Foam Height and Stability Measurements.
4.2.1. Effect of Surfactant Concentration on Foam Height
and Foam Stability. The cmc for a surfactant is an essential
parameter because the surfactant will begin to aggregate and
form micelles at this concentration. Thus, the cmc is defined as
the maximum solubility of monomers in a particular solution.
Because the physicochemical properties of the surfactant vary
considerably above and below the cmc, the effect of the
surfactant on the stability of the foam can differ above and
below the cmc. Figure 9 shows the initial foam height prepared
by SDS and LA-7 concentrations below and above the cmc.
In all experiments, surfactant concentration was reported as

a factor of the cmc. At points below the cmc, reduction of
surfactant concentration for both LA-7 and SDS surfactants
leads to the destruction of foam; it is due to low production of
monomers. At points above the cmc, there is an increase in the
initial foam height as SDS and LA-7 concentrations change.
This indicates a surfactant concentration dependent on foam
volume produced. However, the amount of foam volume
growth (due to growth of surfactant monomers) is only to an
extent and then its trend inverses; it is owing to micelle

stability, which was mentioned in preceding paragraphs.17

Many investigations in the course of the effect of surfactant
concentration on micelles stability have been carried out,
which reveal the fact that increasing surfactant concentration
causes the stability of micelles.19 If the micelles in the solution
are very stable, they cannot easily supply the surfactant
monomers to the newly formed surfaces; hence foaming ability
would be poor. However, if the micelles are relatively unstable,
their breakdown produces surfactant monomers that can easily
adsorb on newly formed surfaces. This could increase micellar
solutions’ foamability, but the impact of a micellar lifetime on
micellar solutions’ foamability has never been considered or
established. At concentrations higher than 5 cmc, due to the
stability of micelles, foam generation reduces. Figure 9 shows
the initial foam height as a function of surfactant concen-
tration. Experiments show that ionic SDS surfactant results in
higher foam height. It is also obvious that at 0.001 cmc for SDS
surfactant solution, no foam is generated.
Figure 10 shows the effect of the concentration of the

surfactant on the stability of the foam. According to this figure,
foam stability for nonionic LA-7 surfactant is much more than
SDS. As known from literature32 and as Figure 10 also shows,
SDS surfactant solution has the most stable foam at 1 cmc;
reducing the SDS concentration below and above the cmc
results in the rapid reduction of foam stability; for LA-7 at 0.1
cmc, maximum foam stability is established; and for
concentrations other than this point, stability reduces.
Marangoni theory explains the higher foam stability at
surfactant cmc regions.38

4.2.2. Effect of Salinity on Foam Height and Stability. To
investigate the effect of salinity on foam stability, surfactant
solutions of 1 cmc for SDS and 0.1 cmc for LA-7, were
selected, which have the most foam stability at these
concentrations. Table 4 indicates the amount of salt used.
Figure 11 illustrates the effect of salinity on foam height for

SDS at 1 cmc and LA-7 at 0.1 cmc. Increasing salinity reduces

Figure 4. Effect of surfactant concentration on surface tension for LA-7 and SDS solutions; impact of LA-7 is more than SDS to mitigate the surface
tension.

Table 3. Surfactant Concentration and Surface Tension
Values for LA-7 and SDS Solutions at 23 °C

cmc LA-7g/100
cm3

surface tension
(mN/m)

cmc SDSg/100
cm3

surface tension
(mN/m)

0.001 73.83 0.001 72.60
0.01 72.89 0.01 69.77
0.1 59.98 0.1 63.03
0.4 43.30 0.4 56.28
0.6 37.64 0.8 46.39
0.8 35.11 1 44.32
1 34.07 2 43.83
2 32.35 3 43.36
3 30.47 5 42.94
5 29.38
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foaming ability (foamability). According to Figure 11, ionic
SDS surfactant generates more foam compared to a nonionic
LA-7 surfactant; also the addition of NaCl to both surfactants
solutions has a little effect on foam generation, and in contrast,

addition of CaCl2 to SDS solution reduces the foam generation
to its least possible level. In Figure 5, it is observed that the
addition of NaCl to SDS solution results in a decline in surface
tension where more foam is generated. However, increasing

Figure 5. Effect of salinity on surface tension for the SDS surfactant and salinity. Surfactant concentration has a uniform effect on surface tension.

Figure 6. Effect of salinity on surface tension for the LA-7 surfactant; the addition of salts can only be effective up to a limit, and after that limit,
salinity has an adverse influence on surface tension.
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salinity more than enough results in stability of micelles and
less generation of foam. As CaCl2 is added to surfactant
solution, SDS is precipitated and foam generation shrinks. The
addition of both NaCl and CaCl2 salts up to 0.1 M into LA-7
solution results in a reduction of surface tension and more
foam generation, but after this value, foam generation stops to
rise. The trend of all graphs in Figure 11 is in this way: first, the
foam generation is upward to a maximum level due to lower
surface tension, and then, it shifts downward owing to the rise
in surface tension.

The optimum salt concentration for two salts is about 0.001
M. Addition of salt to SDS surfactant solution causes micelle to
be more stable compared to the primary state, which increases
the foam stability and reduces the foaming ability, because the
more stable the micelles, the less generation of the foam.17

Results of salinity in foam stability tests seem interesting. We
can say that salinity represents different characteristics in
different media, that is, different surfactants. It is observed that
the addition of NaCl to SDS solution up to 0.001 M reduces
the foam stability and increases the salinity from 0.001 to 0.5

Figure 7. Effect of pH on the surface tension of SDS solution; the impact of pH changes on the surface tension of SDS surfactant is ignorable.

Figure 8. Effect of pH on the surface tension of nonionic LA-7 solution, the impact of pH changes on the surface tension of LA-7 surfactant is
ignorable.
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M and also increases the foam stability, and after that, a sudden
stability reduction happens. The addition of CaCl2 to SDS
solution increases the foam stability, but after this limit, a rapid

decline in foam stability is observed. The addition of both
NaCl and CaCl2 to LA-7 solution has a similar influence on
foam stability, that is, foam system encounters a gradual
decline in foam stability, but for the case of CaCl2, this
reduction is a little more than NaCl. Figure 12 shows the effect
of salt concentration on foam half time (foam stability). The
addition of NaCl and CaCl2 to nonionic LA-7 solution
significantly reduces the foam stability. The reason is the
devastation of electrostatic forces between foam lamellae.15

Salt (salinity) diminishes disjoining pressure, which increases
bubble rupture and, as a result, decreases foam stability. CaCl2
has a higher disjoining pressure and less foam stability than
NaCl because it is divalent rather than monovalent. To some
extent, adding salt to the ionic SDS solution diminishes foam

Figure 9. Effect of surfactant concentration on the initial foam height for two surfactant types (LA-7 and SDS).

Figure 10. Effect of surfactant concentration on foam stability (foam half time) for both LA-7 and SDS. For LA-7, the most stable foam is attained
at 0.1 cmc, and for SDS, the most stable foam is attained at 1 cmc.

Table 4. Amount of Salt Used in Surfactant Solution
Preparation

salt

concentration NaCl (g in 100cm3) CaCl2 (g in 100cm3)

0.001 M 0.005844 0.0111
0.01 M 0.05844 0.111
0.1 M 0.5844 1.11
0.5 M 2.922 5.55
1 M 5.844 11.1
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stability, but after that, foam stability begins to improve. CaCl2
infuses the SDS deposition, resulting in increased surface
tension and a decrease in foam stability. The foam film will
stabilize as a result of the addition of salt to the SDS solution,
which reduces hydrophobic forces and increases disjoining
pressure.
0.5 M NaCl and 0.01 M CaCl2 are the optimal salt

concentrations for the SDS solution. The presence of NaCl in
SDS solution also enhances surfactant adsorption in the air−
liquid interface, resulting in increased foam stability. Thus,
adding salt to SDS solution reduces electrostatic forces
between surfactant−surfactant and enhances monomer

aggregation at the air−liquid interface, but adding salt in
excess (in this case more than 0.5 M NaCl and 0.01 M CaCl2)
screens the repulsion forces between two finite substances.39,42

For LA-7 solution, optimum salinity occurs at the state of no
salt where maximum foam stability is observed.

4.2.3. Effect of pH Changes on Foam Stability and Foam
Height. The pH of the solution changes when surfactant is
added to deionized water. At 1 cmc, the primary pH of SDS
solution is 5.8, whereas at 0.1 cmc, the primary pH of LA-7
solution is 8.8. The pH modifications are commonly 1 cmc
SDS + 0.5 M NaCl, 1 cmc SDS + 0.01 M CaCl2, and 0.1 cmc
LA-7 + no salt at salt concentrations where foam has the best

Figure 11. Effect of salinity on foam height for both SDS and LA-7 solutions, increasing salinity has a good effect on foam height improvement,
which has an optimum point at about 0.001 M for both SDS and LA-7 surfactants.

Figure 12. Effect of salt concentration on foam half time (foam stability) of both SDS and LA-7 solutions.
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stability. Figure 13 illustrates the effect of pH changes on foam
stability (at optimum surfactant concentration and salinity).
Acidifying the LA-7 solution reduces the foam stability down
to isoelectric pH (about 2) where there is no foam generated.
The dashed zone in Figure 13 represents the pH* (isoelectric
pH).
Acidifying the solution (pH less than 6) increases the

amount of H+ in the solution, which causes more H+ to be
adsorbed onto an interface, lowering the monomer concen-
tration and reducing foam stability. When the pH is reduced,
the bulk concentration of H+ ions increases, which increases
H+ adsorption at the solution/air contact. More H+ ions in the
bulk and their adsorption at the interface result in
recombination with OH− ions, and the negative charge is
eventually destroyed. Electrostatic forces are created by
increasing OH− ions at the air−water interface in nonionic
surfactant solutions. For nonionic surfactants, the only source

of charge is adsorption of OH− ions, whereas for the ionic
surfactants, it is the surfactant itself that holds the
charge.11,18,33 The belief that electrostatic repulsion is related
to the particular adsorption of hydroxide ions at the water−air
interface in nonionic foam films is supported by pH-dependent
measurements.
Basifying the solution (pH’s more than 8) has no significant

effect on the foam stability of both surfactants. According to
Figure 14, pH ≈ 6 is the best pH for surfactant solutions where
foams have the highest stability. Figure 14 depicts the impact
of pH on foam height (foamability). It has been found out that
pH has no effect on foam height. However, it is thought that
decreasing the pH (acidifying the foam) of SDS + 0.01 M
CaCl2 solution lowers the foam height and increasing the pH
raises it. The initial foam height of LA-7 solution is unaffected
by pH changes.

Figure 13. Effect of pH on foam half-time; optimum pH for both surfactants solutions is near 6 where the highest stability in the foam is observed.

Figure 14. Effect of pH on foam height; no significant impact on foam height is observed owing to pH alteration.
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4.2.4. Recovery Performance of Water by Foam Injection.
In the final step, the ability of the foam to remove water from a
fully saturated sand pack was investigated. The selected foams
which are going to be injected into the sand pack are tabulated
in Table 5 to evaluate the performance of optimum foam in
water recovery; some other foams and the state of no foam (air
alone) were also selected. Selected foams are in the following
categories:

• Three different foams with high foam stability and good
foam height (foam number 1, 2, and 3)

• Three different foams with medium stability (foam
number 4, 5, and 6)

• Three different foams with low foam stability and low
foam height (foam number 7, 8, and 9)

Figure 15 illustrates the water recovery versus pore volume
injected. In these experiments, the gas flow rate is equal to 150
cm3/h and the surfactant injection flow rate is equal to 15
cm3/h. For the case of air injection, the breakthrough time is
about 35 min. Due to gravity override and fingering effect
water recovery is the lowest. In the case of foam injection
(optimum foam) due to reduction of gravity override and
fingering effects, the breakthrough time is about 235 min.
Good results are observed in optimum foam (foam with the
highest stability) compared to other foams. Foam 1 which has

the highest half time is the most stable foam. Reducing foam
stability reduces the water recovery severely. Foam 4 has the
highest foam height but lower foam stability compared to foam
numbers 1, 2, and 3; this foam has a lower water recovery
compared to these foams (1, 2, and 3), but its recovery is more
than foam numbers 5 and 6, which is a result of its higher foam
height than foam numbers 5 and 6. These results show that
foam stability has more impact on water recovery than foam
height.
Of the 10 injection scenarios studied, foam 1 was the most

successful solution and was considered for the removal of
water from the sand pack. The foam front finally arrived at the
outlet after 4−5 pore volume of foam was injected. After about
4 pore volume foam injection, there was no significant increase
in water recovery. In the case of air alone, it was observed that
after less than one pore volume, air breaks through the sand
pack outlet. The effective permeability of the porous medium
at each point is significantly reduced when the foam is present,
relative to the permeability measured in the absence of foam.
The foam may therefore be expected to decrease the
channeling flow effect in a reservoir by decreasing the
permeability of the aqueous displacement phase. This increases
the mobility ratio and hence the flood’s homogeneity.

4.2.5. Foam Stability Versus Foam Height. In this part, we
decided to assess the effects of both foam height and stability

Table 5. Characteristics of Nine Different Selected Foams along with the State of No Foam (Air Alone)

injected fluid material used surfactant concentration salt concentration pH foam half-time stability (min) foam initial height (cm)

air air
foam 1 air + SDS 1 cmc 0.5 MNaCl 6 375 2.8
foam 2 air + SDS 1 cmc 0.01 M CaCl2 6 310 2.25
foam 3 air + LA-7 0.1 cmc 6 170 1.5
foam 4 air + SDS 5 cmc 0.001 M CaCl2 8.5 150 4.5
foam 5 air + LA-7 5 cmc 0.001 M NaCl 7.5 125 4
foam 6 air + SDS 5 cmc 0.001 M NaCl 6 100 3.5
foam 7 air + LA-7 0.01 cmc 1 M CaCl2 4 25 0.5
foam 8 air + SDS 0.01 cmc 0.001 M CaCl2 2 25 0.4
foam 9 air + SDS 0.01 cmc 0.001 M CaCl2 2 20 0.4

Figure 15. Recovery performance of water as a result of foam injection; the foam with the highest stability (foam 1) has the highest ability to
remove water from the sand pack.
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on the foam flooding process. As mentioned in the former
section, foam stability is more effective than foam height in
removing water from the porous sand pack. However, the
effect of foam height on foam flooding is also inevitable. Figure
16 shows the effect of both foam height and foam stability on
water recovery performance. The whole range of recovery
factor was divided into three different stages; in the “first
stage,” a good collaboration between foam stability and foam
height is observed, that is, they are both increasing (foam
height 0−0.5 cm and foam stability 0−25 min); hence the
slope of recovery performance is sharp and ongoing. In the
second stage, a similar trend is observed, that is, foam height
0.5−4.5 cm and foam stability 25−170 min and a wide range
of recovery rises. At the start of the third stage, foam height
encounters a rapid decline (4.5−1.5), but it continues to rise in
the lower level and lower foam height (1.5−2.8). Though the
foam stability increases drastically (170−375), this lower level
of foam height causes recovery performance to have a modest
increase. In Figure 17, it is concluded that in order to have
good recovery performance, the collaboration between foam
stability and foam height is required, though foam stability
plays a more significant role than foam height.

5. CONCLUSIONS AND RECOMMENDATION

During CO2 flooding and steam flooding, conformance
improvement oilfield foams are recommended as a mobility
control agent. They are also used as blocking/plugging agents
around producing wells in conjunction with gas flooding. Due
to the great mobility of gas, recovery factors attained during
gas injection are lower than expected, as gas tends to
overwhelm the water and oil in place. Additionally, viscous
fingering and gas channeling through high-permeability streaks
enhance the porous medium’s poor volumetric sweep
efficiency. Foam is utilized to control gas mobility, which
improves sweep efficiency. In this work, the effects of both
foam stability and foamability on the foam flooding process in
displacing freshwater from a fully saturated sand pack column
were investigated. Experiments comparing foam efficiency in
water recovery have shown that foam stability plays a more
important role than foam volume. Foam stability has a direct
relationship with the recovery of water; in other words,
increasing the stability of foam increases the amount of water
recovery. Most stable foam and the foam with the highest
foamability were selected by adjusting surfactant concen-

Figure 16. Graph that shows the collaboration of foam stability and foam height in recovery performance of water from porous media.

Figure 17. Impact of injection of various foams on the recovery of water.
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tration, salinity, and pH for two different types of anionic
(SDS) and nonionic (LA-7) surfactants. The type of surfactant
plays an important role in foam stability. In this study, the
foam formed by the nonionic surfactant LA-7 was expected to
have good salt stability, but it was observed that the stability of
the foam decreases by increasing a small amount of salt. From
this foam behavior obtained by the nonionic surfactant LA-7, it
is concluded that the air−water interface of the nonionic
surfactant solution is not free of charge and, due to its ion
charge, has electrostatic force on the surface and that
electrostatic force with increasing salt disappears or decreases.
The foam formed by the SDS ionic surfactant has good
stability against the NaCl and CaCl2 salts. Optimal salinity and
pH were achieved for SDS surfactant foam. The highest
stability of foam at this optimum salinity and pH was obtained
that results in the most water recovery. Despite the highest
impact of foam stability on foam flooding, it was observed that
foam flooding performance is more effective in scenarios where
good collaboration between foam stability and foamability is
observed.
Combining nanomaterials with surfactants in a laboratory

experiment for flooding could be helpful for future studies.
Another topic of investigation might be the recovery factor in
the presence of various types of oils with different APIs. The
roles of high temperatures and pressures in foam stability have
not been adequately described in the literature. Another aspect
that can be investigated is the impact of rock materials on the
foam’s stability.
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■ NOMENCLATURE
Å angstrom (metres: 10−10 m)
C interaction constant
Cel electrolyte molar concentration (mol/L)
D surface separation
E surface elasticity
I ionic strength
e electron charge

H surface-to-surface separation distance (ft)
He equilibrium thickness (ft)
k′ permeability (darcy)
k Boltzmann constant
NA Avogadro’s number, 6.02 × 1023 mol−1

ε0 dialectic permittivity in vacuum, 8.854 × 10−12 C2 J−1

m−1 (SI)
P pressure (psi)
PV volume of pore space (cm3)
R gas constant 10.73 (psi ft3/lb-mol R)
εr relative dialectic permittivity of water, 78.5 at 25 °C
T temperature absolute
σ,γ surface tension (dynes/cm)
ϕ porosity
ψ electric potential of surface
Π disjoining pressure (psi)
Πel electrostatic disjoining pressure (psi)
Πvw van der Waals disjoining pressure (psi)
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