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Abstract

Through stability experiments, this study investigates the stability of foams prepared using Cetyltrimethylammonium
Bromide (CTAB). The aim is to examine the influence of salt type, salinity, and brine composition on foam stability.
The findings reveal that salts diminish stability at intermediate and high salinities, while the brine composition also
significantly affects stability. By manipulating the composition, it is possible to achieve optimal foam stability.
Specifically, seawater compositions with doubled concentrations of CaCl,, Na,SO,, KCI, NaCl, and identical
concentrations of MgCl, are identified as the optimum concentrations of smart water for attaining the best foam
stability, with respective half-lives of 270, 298, 262, 280, and 248 seconds. Additionally, the longevity of CTAB
foams is adversely affected by oils, although the impact varies depending on the type of hydrocarbon. Generally, more

polar hydrocarbons exhibit a reduced negative effect on foam stability.
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Introduction

With the natural depletion of oil reservoirs, a substantial
portion of the initial oil reserve, approximately 65%,
remains unproduced [ 1]. Various methods, including gas
injection, have been employed to extract the remaining
oil. Nonetheless, due to low viscosity and, consequently,
high gas phase mobility, the gas injection processes often
suffer from issues such as fast breakthrough, fingering
effects, and reduced macroscopic sweep efficiency [2-5].
The high mobility of the gas phase leads to preferential
flow through high permeability streaks, leaving
significant amounts of oil bypassed [6]. As a result, the
same fluid injected through the injection wells is rapidly
produced from the production wells, rendering the
injection process ineffective [7-9].

In addressing these challenges, the use of foams emerges
as a promising approach. Employing foams instead
of only gas causes the mobility of the displacing fluid
phase to decrease [10], resulting in a more uniform
displacement is experienced. By definition, foams are
considered dispersions of a gas phase in a continuous
liquid phase, stabilized using agents such as surfactants
and nanoparticles [ 11-14]. The gas phase is encapsulated
by thin liquid films called lamellae, which greatly
enhance the viscosity of the gas phase, thereby decreasing
the mobility ratio between the displacing fluid and the
displaced fluid [15-16]. Foams can effectively divert the

injected fluid towards low-permeability layers, thereby
improving the flooding process [10].

Despite the advantages of foams, the stability of
formed foams remains a crucial factor. Foam stability is
influenced by the thin liquid films (lamellae) that separate
gas into bubbles [17]. The films of the aqueous solution
mentioned above are the barrier separating the gas into
separate bubbles, which are in contact with the gas on
both sides. It is worth mentioning that the thickness of
these layers is limited to up to a few micro-meters, while
their area can even extend up to a few square feet [ 18-19].
Foams are considered metastable entities that undergo
irreversible evolution, and their stability is affected by
various factors such as salt and surfactant concentration,
presence of hydrocarbons, gas diffusion through films,
gravitational drainage, adsorption kinetics, mechanical
fluctuations, capillary pressure, and surface forces [17,
20-21].

Several researchers have explored the impact of various
salts in different surfactant solutions on the stability
of foams, considering that salts and hydrocarbons can
significantly affect foam stability. By investigating the
effects of different salt concentrations and compositions
on surfactant solutions, these studies aim to understand
how salt-surfactant interactions influence foam stability.
Li et al. investigated the effect of two divalent cations
(Ca* and Mg?") on the stability of foams formed using
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air and an anionic surfactant through molecular dynamics
modelling. They realized that the aggregation of the surfactant
molecules could adversely affect the stability of the produced
foam. According to their results, Mg?" increased the stability,
whereas Ca?" caused the $tability of the foam to decrease,
as Ca?" induces a higher degree of surfactant aggregation
compared with Mg?" [22]. In another study, Varade and
Ghosh characterized the foam prepared using DDAPS
(C,,H,,NO,S) in the presence of NaCl, CaCl,, and AICI, and
a model oil (normal hexane). Based on their observations,
introducing salts to the aqueous phase causes the surface
tension to decrease, implying enhanced surfactant adsorption
to the air-water interface. Moreover, the surfactant’s critical
micelle concentration (CMC) in the aqueous phase decreased
in the presence of salts. In addition, better stability values
were acquired by adding salts to the solution. The collapse
rate of the foam in the presence of the model oil was also
decreased with an increase in salinity [23].

Wang et al. focused on studying the foamability and foam
stability of different concentrations of CTAB solutions. Foam
properties were investigated, including foaming time, foam
volume, liquid content, and bubble size distribution. The
results showed that foam stability initially increased with
increased CTAB concentration until reaching the CMC.
Beyond the CMC, a slight decrease in foam stability was
observed. The study proposed an argument based on foam
drainage, bubble coalescence, and coarsening processes to
explain the effect of CTAB concentration on foam properties
[24]. Kumar and Mandal showed that salts’ effect on the
stability of CO, foams in the presence of different surfactants
depends on the salinity. While at lower NaCl concentrations,
salts cause positive effects on stability, they pose some
drawbacks in high concentrations [25]. Liu et al. studied
the effect of Ca?" and Na* ions on the foam prepared using
CO, and aqueous AOS solutions in the presence of crude
oil. The presence of sodium ions and crude oil leads to
forming a relatively bad foam, while calcium ions positively
affect the foam. In the study conducted by Yekeen et al., it
was observed that below the critical micelle concentration
of SDS, the stability of CO, foam increases with salinity.
They tested three different salts: NaCl, CaCl, and AICI,.
According to the results of their study, NaCl has an optimum
concentration at which the foam demonstrates the highest
stability [26]. Jiang et al. studied the foam formed using
SDS solutions and air by measuring the solution’s surface
tension, stability, and foamability. They realized that Ca?"
and K* are more effective in lowering the surface tension of
the surfactant solution than Na*. The capacity of the salts to
stabilize the foam is in the following order: KCI>CaCl,>NaCl
[27]. Presig et al. conducted research to assess the effect of
inter-surfactant hydrogen bonding on the resultant foam to
understand the physics of the phenomena. They used two
different surfactants, one of which could form inter-surfactant
H-bonds. At the same time, the other lacked this ability, and
three different cations, including NaF (cosmotropic), NaSCN
(chaotropic), and NaCl (between).

Addingsaltsdid notsignificantly affectthe foaminthe presence
of the surfactant that lacked H-bonding ability. However,
when the surfactant with the inter-surfactant H-bonding
ability was present, the salts showed an effect in the following
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order from the most to least: NaF>NaCIl>NaSCN. Therefore,
they proposed that inter-surfactant hydrogen bonding is of
great assistance to the stability of foams [28]. Hadian et al.
mixed river sands with surfactant solutions to create a more
realistic foaming environment. In the case of their study in
which a mixture of anionic and amphoteric surfactants was
used, it was observed that the samples with 0.5wt% NaCl
concentration showed better stability compared with samples
with 2 and 3.5% salinity [29]. Sun et al. investigated the
effects of 8 different types of surfactants, among which
2 cationic, 4 anionics, and 2 amphoteric surfactants were
present. They tested the stability of the foams prepared using
the surfactants mentioned above in the presence of NaCl and
CaCl, and heavy oil. Their results confirmed that oil lowers
the stability of foams. According to the reported data, foam
half-life decreases with an increase in salinity for both salt
types. However, the effect is more magnified for CaCl, [30].
Dehdari et al. studied the stability of foams prepared using
SDS (anionic) and AOS (anionic) in the presence of NaCl
and two different crude oils (a heavy and light oil) and nano
stabilizers. It was concluded that the stability was decreased
by the oils. However, there has been a difference between
the effects of the two types of crude oil, as the heavier one
lowered the stability less than the lighter oil did [31]. After
that some researchers examined nanoparticles effects on
foam stability. Panahpoori et al. investigated the effect of
TiO, nanoparticles (NPs) on foam stability in porous media.
The addition of TiO, nanoparticles enhanced foamability
and improved the interfacial properties between oil and
water. Injection of TiO,-stabilized foam resulted in increased
ultimate oil recovery, with considerable oil displacement from
dead-end pores [32]. In the Bello et al. investigations, the
focus was on developing long-lasting nanoparticle-stabilized
foams for EOR. Screening experiments were conducted to
study the influence of ionic surfactants on foam stability,
both at room temperature and elevated temperatures. The
addition of 0.05% silica nanoparticles improved the half-life
of nitrogen and CO, foam, with the extent of improvement
depending on temperature, salinity, and optimal nanoparticle
concentration. The results highlighted the potential of
selected nanoparticles-surfactant formulations for EOR,
showing high stability at elevated temperatures and tolerance
to different mineralization levels [33].

However, despite the existing literature on foam stability,
comprehensive studies specifically exploring the individual
effects of salts present in the formation and seawater and
the overall composition of water are lacking. Moreover,
contradictory results have been reported, with some studies
indicating the positive effects of salts on stability while others
report the opposite. Additionally, it is believed that total
salinity alone does not adequately represent the true effect
of salinity on foam stability; instead, the fraction of each
salt plays a crucial role. Therefore, the primary objective
of this research is to conduct experiments comprehensively
investigating the individual effects of salts and total salinity
on CTAB foams.

Another novel aspect of this research is the examination of
hydrocarbons (oil) in foams. Previous studies mainly focused
on pure alkanes or crude oils, making it challenging to assess
the specific effects of nonpolar and polar components of
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the oil on foam stability. In the second part of this research,
three different model oils with varying salinities are utilized
to study the combined and individual effects of salts and
hydrocarbons on foam stability. Subsequently, the results are
modeled and optimized using design expert software [34].

Overall, this study contributes to filling the research gaps
regarding the individual effects of salts and total salinity
on CTAB foams. It also provides insights into the influence
of hydrocarbons on foam stability, considering the specific
components of the oil. The findings from this research will
enhance the understanding of foam behavior in oil recovery
processes, ultimately contributing to developing more
efficient and effective strategies in the petroleum industry.

Materials and Methods

Materilas

CTAB (Cetyltrimethylammonium Bromide) and deionized
water were mixed using a magnetic stirrer until a
homogeneous solution was obtained to prepare the surfactant
solutions. CTAB is a cationic surfactant, as depicted in
Figure 1, and its structure is illustrated therein. When CTAB
molecules dissolve in water, they form Br- and C ;H,, N ions
in the solution. As a result, one end of the molecule becomes
water-soluble (hydrophilic), while the hydrophobic tail can
dissolve in nonpolar solvents.

One of the objectives of this study was to examine the impact
of various salts and their concentrations on the stability of
CTAB foam. Therefore, five different salts were employed
to prepare brines and seawater. The salts used in the study
and their corresponding concentrations in the model seawater
are presented in Table 1. The salts and the surfactant were
provided by MERCK Germany.

CHs
‘ Br
H3C(H20)15 N*—— CHs
CHs

Fig. 1 A schematic of CTAB.

Table 1 Salt types and the seawater composition

Salt type Concentration (ppm)
Sodium chloride 14250

Magnesium chloride 5255

Sodium sulfate 2468

Calcium chloride 815

Potassium Chloride 511

All experiments in this study were conducted at a room tem-
perature of 25 °C and atmospheric pressure. Before perform-
ing any experiment, all equipment was calibrated to ensure
accurate results. Each experiment was repeated a minimum
of three times for improved accuracy, and the average values
were reported as the results.

Three different model oils: normal heptane (nC7), toluene,
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and heptol (a 50:50 mixture of toluene and heptane) were
employed to investigate the influence of hydrocarbons on the
stability of CTAB foams.

Methods

A cylindrical 1000-cc graduated container with a diameter
of 6 centimeters was utilized, and 20 ml of the surfactant
solution was added to it. A tube connected to a gas source
(a high-pressure air capsule) was attached to the bottom of
the cylindrical container. Subsequently, the air was injected
into the system through the container’s bottom at a rate of
30 cc/min, initiating foam formation. The foam continued to
rise until it reached the top of the column, at which point,
the injection was halted. Following this, the foam began to
destabilize, leading to a decrease in foam height. The time
when the foam height reached the midpoint of its original
height was defined as the foam’s half-life [29]. The mixture
was stirred at 400 RPM using a magnet stirrer to facilitate a
more uniform foam formation while the air was being inject-
ed into the capsule.

To investigate the impact of model oils, a mixture of hydro-
carbons and the surfactant solutions was prepared and placed
in the cylindrical container. Hydrocarbons with volumetric
percentages of 1%, 3%, and 5% were employed in this study.

Model

Design-Expert 12.0.3.0 software was utilized for modeling
and optimizing the foam stability discussed in the article. The
response surface methodology was employed to examine the
impact of various factors on foam stability. The design type
was set as D-optimal, while the design model was chosen as
Quadratic. Three models were developed for Toluene, n-C7,
and heptol, each consisting of three factors: salt type, the
folded concentration of salts, and model oil fractions.

Results and Discussion

The CMC of CTAB was determined to be approximately 500
ppm through interfacial measurements. The objectives of this
study were obtained by investigating the effects of salinity,
oil, and salt type on foam stability, and the optimal concen-
tration of CTAB was determined. Various CTAB solutions
with surfactant concentrations of 100, 500, 1000, and 1500
ppm were prepared, and the stability of their respective foams
was assessed. The results of these experiments are presented
in Figure 2.

2500
2000

1500 é

1000

Half Life (S)
KO

0 200 400 600 800 1000 1200 1400 1600
CTAB Concentration (ppm)

Fig. 2 Stability in terms of the CTAB concentration (solutions
prepared using deionized water).
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As depicted in Figure 2, an increase in CTAB concentration
corresponds to higher foam stability, and the highest stability
within the concentration range of this study was achieved at
1500 ppm. Therefore, 1500 ppm was chosen as the optimum
CTAB concentration for subsequent experiments examining
the effects of salts and oil types. It is attributed to the
stronger Marangoni effect associated with higher surfactant
concentrations [23]. Increasing the surfactant concentration
created a more pronounced surface tension gradient, leading
to a more robust Marangoni effect and enhanced foam
stability. It is important to note that all foams referenced in
this study, from this point onwards, were prepared using a
surfactant solution containing 1500 ppm CTAB.

As observed in the figures, a distinct change in the slope of
the graph is evident at the CMC, representing the minimum
concentration at which surfactant molecules aggregate
[35]. While foam stability improved with increased CTAB
concentration beyond the CMC, the half-life sharply increased
when the concentration was below the CMC. This change in
slope is also observed in other physical properties, including
surface tension [36] and electrical conductivity [37] at the
CMC of surfactants. However, in the case of surface tension, it
remains relatively constant after reaching the critical micellar
concentration [36]. This trend is also observed in foam stability,
where the increase in stability is not significant beyond the
CMC, likely due to the optimal surface properties and surface
tension of the solutions at the CMC.

Effect of Salt Type and Salinity

Two different approaches were employed to investigate the
influence of salinity and salt type on the stability of CTAB
foams. First, a mixture of these salts, resembling seawater
composition, was utilized to examine the combined effect.
Figure 3 illustrates the stability of CTAB foams prepared
using seawater diluted to various degrees. The dilution factor
indicates the number of times the brine has been diluted. For
example, a dilution factor of 2 means that the brine has been
mixed with an equal volume of deionized water, halving its
original salinity.

As depicted in the figure, reducing the salinity of the brine
enhanced foam stability. While the foam prepared using
deionized water exhibited an initial half-life of 30.5 minutes,
all the foams prepared using seawater and diluted seawater
displayed significantly lower stabilities.
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Fig. 3 The effect of salinity on the stability of the foams (a dilution
factor of 2 implies that the seawater salinity has been reduced to
half, 4 means that it has been reduced to 0.25 of its original value,
and so on).
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However, it is not evident which of the salt types had the most
significant impact on foam stability. Therefore, surfactant
solutions with varying salt concentrations were prepared
and tested to elucidate the individual effects of the salts on
foam stability. Each sample solution had a single salt type
concentration altered by factors of 1, 2, 4, and 8 relative to
their initial concentration in seawater. This approach aimed
to determine the optimal concentrations of each salt for
achieving the best stability and to understand the isolated
effect of each salt's concentration in the presence of other
salts. Figure 4 provides a concise overview of the impact of
concentration ratios for each salt on stability when other salts
are present.

250 % T 5
..
= 200 * -
3 x >
g 150 7
- X
100 =
50
0
0 1 2 3 4 5 6 T 8 9
Concentration Ratio
©— Sodium sulfate O Calcium chloride Magnesium chloride
Potassium chloride % Sodium chloride

Fig. 4 Effect of salt type on foam stability in the presence of other
salts.

As depicted in Figure 4, foams' stability depended on the
concentration of each salt in the brine. All salts utilized
in this study, except MgCl,, exhibited increased stability
at a concentration ratio of 2. However, it is noteworthy
that, generally, foams containing salts in their structure
demonstrate significantly weaker stability than foams
prepared using deionized water.

In 2017, the impact of NaCl on foam stability was
investigated by Kumar et al. Their study revealed that NaCl,
at low concentrations, marginally enhanced the stability
of foams, which was attributed to its positive influence on
interfacial tension (IFT). However, their findings indicated
that at high and intermediate concentrations, salts had a
detrimental effect on foam stability [25]. This phenomenon
aligns with our observations, whereby we found that the
stability of foams increases with the concentration of NaCl
at lower concentrations but decreases after reaching a ratio
of 2. The underlying mechanism involves the interplay of
two opposing forces. On the one hand, attractive van der
Waals forces act to drive the molecules out of the foam films,
leading to film rupture and subsequent foam instability.
On the other hand, repulsive forces arising from the electric
double layer (EDL) act to repel the two surfaces, contributing
to stability [38]. The overall balance between these attractive
and repulsive forces determines the stability of foams.
Consequently, the EDL force weakens at high concentrations
of salts, leading to a decrease in foam stability [38]. Thus, it
can be concluded that salts adversely affected foam stability
at high concentrations.
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However, our study reveals that the total salinity of the
aqueous solution is not the sole determining factor. Despite
having higher salinities than seawater, all solutions, except
the 1MgCl, sample (equivalent to seawater), exhibit higher
stabilities. It suggests that the concentration of individual
salts also plays a significant role in foam stability alongside
salinity itself.

Effect of Oil

To investigate the impact of hydrocarbons on foam stability,
we employed nC7, toluene, and heptol (a mixture of 50%
nC7 and 50% toluene) at concentrations of 1, 3, and 5 vol%.
The concentration of CTAB in all samples was maintained at
1500 ppm, while the salt content of the systems was varied to
explore the influence of salts in the presence of oil.

Figure 5 illustrates the effect of the three different model oils
on the stability of CTAB foams prepared using seawater. It
is evident that introducing hydrocarbons, irrespective of their
type, into the foam system adversely affects the longevity of
the generated foams. It is evidenced by a significant reduction
in the half-life of the foams following the addition of oils.
Various studies have consistently demonstrated the detrimental
impact of oils on foams [7, 23, 26, 30-31]. It has been observed
that as the fraction of oils increases in the system, the stability
of foams decreases. It can be attributed to the interaction
between oils and aqueous solutions, wherein some of the
surfactants are consumed at the oil-aqueous interface, thereby
diminishing the quality of the resulting foam.

Based on the data depicted in Figure 5, it can be observed
that the oils exerted varying degrees of adverse effects on
the stability of the foams, following the order of nC7 >
Heptol > Toluene. These findings align relatively well with
the outcomes reported by Dehdari et al. (2020), wherein the
heavier oil, characterized by a higher proportion of polar
components, exhibited lesser detrimental effects on foam
stability [31]. In our study, it is observed by us that as the
polarity of the model oils increased, their negative impact on
foam stability decreased.
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Fig. 5 Stability of foams in the presence of three different model oil.

In the second phase of the experiments, the optimal
concentrations of individual salts determined in the previous
section (in the absence of oil) were selected to prepare foams
in the presence of model oils. Since the optimal ratio for all
salts, except MgCl,, was found to be 2, these ratios were
chosen as the optimal ratios for this phase as well. Given that
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the optimal concentration of MgCl, was determined to be 1
(equivalent to seawater), no additional tests were conducted
for MgCl, in this section.

Figure 6, Figure 7, and Figure 8 illustrate the variations in
the optimal foam stability of each salt in the presence of
nC7, toluene, and heptol, respectively. These findings are
consistent with the results obtained from foams produced
using regular seawater, demonstrating that as the oil fraction
increases, the foam stability decreases. Furthermore, the
stability of the foams formed in the presence of toluene was
observed to be higher than that of heptol, followed by nC7.
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Fig. 6 Stability of the optimum foams in the presence of nC7.
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Fig. 7 Stability of the optimum foams in the presence of Toluene
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Fig. 8 Stability of the optimum foams in the presence of Heptol.
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An intriguing observation can be made from the figures. The
stability of the optimal solutions (for all salts) was enhanced
compared to the foam prepared using seawater. Despite the
overall increase in salt concentration in the aqueous phases,
the resulting foams exhibit higher stability, confirming water
composition's crucial role in foam formation.

Modeling and Optimization
Design-Expert 12 software was employed to analyze
and model the laboratory results. The experimental data,
modeling, and optimization data were compared to validate
the findings.
Equation 1 represents the relationship between stability
and various factors, such as salt concentration, the folded
concentration of salts, and nC7 fractions. Meanwhile,
equations 2 and 3 were utilized to determine the stability in
the presence of toluene and heptol, respectively.
=-9.96447*nHF +15.3138* FSC —4.32111*FSC* + 4 (1)

S=B *TF +15.74752* FSC —4.29597* FSC* + 4 )

Table 2 Values according to the salt type.
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§=-20.59426* HF +1.95099* HF* +16.46939* FSC - 4.27421*FSC* + 4
©)

The parameters A and B, which determine the types of salts,
are dimensionless and can be found in Tables 2-3. In Equation
1, the p-values of the interactions between factors were
found to be insignificant (greater than 0.05). Therefore, these
interactions were excluded from the equation. Similarly, in
Equation 2, only the interactions between the toluene fraction
and the salt type and the folded time on itself were found
to be significant. Other interactions were disregarded. In
Equation 3, all interactions except the interactions between
the toluene fraction and the folded salt concentration were
deemed insignificant. These findings are illustrated in
Equations 2 and 3.

The p-values and ANOVA for the reduced quadratic models
are provided in Tables 4-6. The R?, Adjusted R? and
Predicted R? values for these models are listed in Table 7 and
demonstrate acceptable values.

Equation number MgCl, Na,SO, KCl CaCl, NaCl

1 50.07864 67.42918 62.48813 67.5291 52.37872

2 64.11141 82.58536 139.21517 86.98313 58.9911

3 66.11997 79.84310 83.86009 78.03496 69.06651
Table 3 B values according to the salt types.

Equation number MgCl, Na,SO, KCl1 CaCl, NaCl

1 - - - - -

2 -8.87866 -10.68435 -17.82456 -8.25975 -5.97382

3 - - - - -
Table 4 ANOVA for reduced quadratic models in the presence of n-Heptane.

Source Sum of Squares | df Mean Square F-value p-value

Model 12528.72 17 736.98 23.19 <0.0001 significant

A-nC7 8985.24 1 8985.24 282.67 <0.0001 -

B-fold 1481.82 1 1481.82 46.62 <0.0001 -

C-salt type | 1800.42 4 450.11 14.16 <0.0001 -

AB 0.0499 1 0.0499 0.0016 0.9688 insignificant

AC 318.74 4 79.68 2.51 0.0784 insignificant

BC 211.58 4 52.89 1.66 0.2020 insignificant

A? 50.27 1 50.27 1.58 0.2246 insignificant

B? 738.07 1 738.07 23.22 0.0001

Residual | 572.17 18 31.79

Lack of Fit | 571.67 14 40.83 326.67 <0.0001 significant

Pure Error | 0.5000 4 0.1250

Cor Total | 13100.89 35
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Table 5 ANOVA for reduced quadratic models in the presence of Toluene.

Source Sum of Squares df Mean Square F-value p-value
Model 25012.43 17 1471.32 62.25 <0.0001 significant
A-toluene 8358.40 1 8358.40 353.63 <0.0001
B-fold 2025.11 1 2025.11 85.68 <0.0001
C-salt type 8378.48 4 2094.62 88.62 <0.0001
AB 93.58 1 93.58 3.96 0.0652 insignificant
AC 892.28 4 223.07 9.44 0.0005
BC 408.38 4 102.09 432 0.0160
A 15.26 1 15.26 0.6457 0.4342 insignificant
B? 633.50 1 633.50 26.80 0.0001
Residual 354.54 15 23.64
Lack of Fit 354.54 11 32.23
Pure Error 0.0000 4 0.0000 -
Cor Total 25366.97 32
Table 6 ANOVA for reduced quadratic models in the presence of Heptol.
Source Sum of Squares df Mean Square F-value p-value
Model 10579.43 17 622.32 30.03 <0.0001 significant
A-Heptol 6371.04 1 6371.04 307.47 <0.0001
B-fold 1438.80 1 1438.80 69.44 <0.0001
C-salt type 1162.00 4 290.50 14.02 <0.0001
AB 26.40 1 26.40 1.27 0.2767 insignificant
AC 111.38 4 27.84 1.34 0.2995 insignificant
BC 167.78 4 41.95 2.02 0.1425 insignificant
A? 204.63 1 204.63 9.88 0.0067
B? 584.18 1 584.18 28.19 <0.0001
Residual 310.82 15 20.72
Lack of Fit 310.32 12 25.86 155.16 0.0008 significant
Pure Error 0.5000 3 0.1667
Cor Total 10890.24 32
Table 7 Fit Statistics of models.
Model R? Adjusted R? Predicted R?
1 0.90473 0.88091 0.84094
2 0.96568 0.94770 0.90710
3 0.9714591 0.93911 0.833974

Figure 9 shows the normal diagram of the residuals of each
model. The normal probability diagram indicates that the
residues follow a normal distribution.

Figure 10 depicts the optimal points for each case, showing
good agreement with the experimental analysis. For case 1
(n-Heptane), as shown in Figure 10A, the optimum point
is 1 wt.% n-Heptane with 2 Na,SO,. Similarly, for cases 2
(Toluene) and 3 (Heptol), as illustrated in Figures 10B and

10C, the optimal points are identified as 1 wt.% Toluene with
2 KCl and 1 wt.% Heptol with 2 Na_SO,, respectively. These
optimization results align closely with the findings from the
experimental section.

The contour graphs for the optimal points are presented in
Figure 11, providing a visual representation of the optimized
conditions.
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Fig. 9 Models normal plot of residuals in the presence of (A)

n-Heptane, (B) Toluene, and (C) Heptol.
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Fig. 10 Optimal points for models in the presence of (A) n-Heptane,

(B) Toluene, and (C) Heptol.
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Fig. 11 The contour graphs for optimum points of models in the presence of (A) n-Heptane, (B) Toluene, and (C) Heptol.

Conclusions

The stability experiments and their modeling were conducted
to investigate the impact of various factors on the stability of
CTAB foams, including salt type, salinity, brine composition,
and three different types of oil. The findings revealed that
the stability of the foam is influenced not only by the overall
salinity of the aqueous phase but also by the specific com-
position and concentration of individual salts. Notably, an
increase in the concentration of a particular salt in seawater
while keeping other salt concentrations constant, resulted in
improved foam stability.

Furthermore, the introduction of oils into the foam system
had a detrimental effect on foam stability, regardless of the
type of oil. However, it was observed that the adverse effects
were less pronounced for oils with higher polarity. Specifi-
cally, the stability of the foams prepared in the presence of
model oils followed the order of Toluene > Heptol > nC7,
with toluene exhibiting the greatest negative impact on foam
stability.

Ultimately, these findings emphasize the importance of con-
sidering the composition and concentration of individual
salts in the aqueous phase as well as the nature of the oil
when studying foam stability. Understanding these factors
can provide insights into optimizing foam stability in practi-
cal applications such as enhanced oil recovery.

Nomenclatures

S stability (s)

nHF n-heptane fraction (wt.%)

TF Toluene fraction (wt.%)

HF Heptol fraction (wt.%)

FSC folded salt concentration (-)

A constant in equations 1, 2, and 3 (-)

B constant in equation 2 (-)
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