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Abstract

Most of the available commercial surfactants precipitate due to the hardness of formation water. The study of surfactant
generated foam and its stability is very complex due to its multifaceted pattern and common physicochemical properties. This
research involved the study of foam generation by using the blended surfactants and their evaluation in terms of enhanced
oil recovery (EOR). The objective of this study is to systematic screening of surfactants based on their capability to produce
stable foam in the presence of two different categories of crude oil. Surfactant types such as non-ionic, anionic and amphoteric
were selected for the experimental study. The foam was generated with crude oil, and the synthetic brine water of 34,107 ppm
used as formation water. Surfactant concentration with the both types of crude oil, foam decay, liquid drainage and foam
longevity was investigated by measuring the generated foam volume above the liquid level. The surfactant with concentration
of 0.6Wt%AOS 416 1.2WtHAOS 4.1, 0.6WtHAOS 4.1+ 0.6Wt%TX100 and 0.6Wt%AOS 416+ 0.6Wt%LMDO resulted
in the maximum foam longevity with formation water and two categories of crude oil. The 50% liquid drainage and foam
decay of surfactant solutions with concentration of 0.6wt%AOS 4.6+ 0.6Wt%LMDO and 0.6Wt%AOS 416+ 0.6Wt%TX100
were noted with the maximum time. The findings of this research demonstrated that the generated foam and its longevity is
dependent on the type of surfactant either individual or blended with their concentration. The blend of surfactant solution
combines excellent foam properties.
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Introduction performed by using the bulk column tests. In the performed

experiments, the height of the foam was calculated as a rep-

The stability of generated foam with crude oil is a major
challenge and is considered a significant factor to foam
enhanced oil recovery (EOR). The term stability means rela-
tively stable in a kinetic sense. No generated foams are stable
thermodynamically. The stability of a generated foam is
measured by its half-life or average life time (Sheng et al.
1997). The oil adversely affects the stability of the generated
foam. The foam can be weakened or destroyed in the pres-
ence of crude oil (Schramm and Novosad 1992; Andrianov
et al. 2011). Foam stability in the porous media is a compos-
ite function of foam film and rock petro-physical properties.
Most of the foam oil interaction characteristics have been
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resentative of the surfactant ability to create a stable foam
with crude oil (Manlowe and Radke 1990). Foaming proper-
ties are generally divided into foamability and foam stability.
Foamability refers to how rapidly the foam is generated. In
other words, it is the ability to generate bubbles easily.
Greater the foamability more stable are the foam films. The
foamability of surfactant aqueous solutions can be evaluated
by the generated amount of foam. Foam stability is defined
as the time that foam will maintain its initial properties as
generated. With the generation of foam, surface area of liq-
uid and surface energy are increased. According to the Gibbs
principle of minimum free energy, the system always tends
to reduce the surface energy level. Low surface tension
reduces the energy of the foam system, thus favouring the
stability of the foam. Changes in surface tension affect the
elasticity of the foam film, which in turn affects the type and
the concentration of surfactants (Wei et al. 2018). One of the
most important factors in the liquid drainage rate from
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lamella is the difference in the pressure generated inside the
lamella and the plateau borders. Liquid drainage, bubble
coalescence and disproportionation are three different pro-
cesses that cause the instability of the foam produced. Drain-
age is the flow of liquid from a generated foam as a result of
gravity and capillary forces. As a consequence of drainage,
a foam becomes dryer and bubbles may become distorted
that resulted foams conversion from spherical to polyhedral
foams. Bubble coalescence is the merging of two bubbles as
a result of the rupture of thin films between the bubbles.
Larger bubbles appear in the foam, and the number of bub-
bles decreases. The use of surfactant blend solutions
improves the foam stability by adsorbing onto the interfaces,
and preventing bubble coalescence through steric effects.
Disproportionation is also known as inter bubble gas diffu-
sion and Ostwald ripening. In this process, larger bubbles
grow at the expense of smaller bubbles. The smaller bubbles
will shrink and eventually disappear. These processes affect
the distribution of the liquid and gas phase and therefore
change the properties of the foam (Bisperink et al. 1992).
The stability of generated foam with crude oil is improved
by increasing the hydrophilic chain length of the surfactant
that increases its solubilization power of hydrocarbons
(Nikolov et al. 1986). Hydrophilic group is polar in nature
and soluble in water. Hydrophilic head (the length of the
carbon chain) of surfactant is important and represents the
lipophilic chain length. Hydrophobic group is non-polar and
insoluble in water. Generally, surfactants have lipophilic
chain between 8 and 20 carbon atoms. The short chain sur-
factants are easily soluble in water, and the long chain sur-
factants are less soluble (Hargreaves and Hargreaves 2003).
Increasing the length of hydrophobic group may increase the
efficiency of the surfactants (Rosen 2004). Anionic, non-
ionic and cationic surfactants are commonly used to generate
foams. The surfactant concentration affects the stability of
the foam. From a molecular point of view, the reduction of
foam stability and interfacial tension are controlled by the
orientation of the surfactant molecules at the interface. Sur-
face molecules are absorbed at the interface by electrostatic
reactions. Its absorption is fast and reversible. As the number
of bubbles in the foam increases, the effective viscosity of
the gas increases, and the surface fluid is absorbed at a larger
contact surface between the two fluids that increasing the
thickness of the lamella. Therefore, liquid can drain at a
slower rate from the lamella. In addition, it increases the
stability of the foam by reducing the capillary forces due to
reducing the interfacial tension (Solbakken 2015). Alpha
olefin sulfonates (AOS) are a group of anionic surfactants
that exhibit high biodegradability and low toxicity. These
surfactants are also distinguished by exceptional wetting,
dispersing, emulsifying, foaming and stabilizing abilities
(Harutyunyan and Harutyunyan 2019). Sodium dodecyl sul-
phate (SDS) belongs to a group of surfactants called alkyl
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sulphates. It is an anionic surfactant and used in many clean-
ing products. The performance of this detergent can be
affected significantly by its purity. SDS is easily precipitable
in the presence of potassium salts. Internal olefin sulfonates
(I0S) are a group of anionic surfactants that are widely used
in EOR due to their remarkable ability to withstand harsh
reservoir conditions of temperature and salinity. IOS sur-
factants have several valuable properties when used in EOR.
Alkyl aryl sulfonates (AAS) are the most common type of
the sulfonate surfactants. In sulfonate surfactants, the sul-
phur atom is directly attached to the carbon atom of the alkyl
group. Therefore, the sulfonate surfactant molecules have a
high stability against the hydrolysis reaction. Recently, AAS
surfactants have been used commonly in EOR processes
(Tackie-Otoo et al. 2020; Machale et al. 2020). Generally, it
is preferred to use these anionic surfactants on sandstones
and clays due to their low adsorption on their surfaces. They
are also stable at high temperatures and can be modified
according to the reservoir conditions (Machale et al. 2019).
Sodium alpha olefin sulfonate (STEPANTAN AS12 46) is
an anionic surfactant and high temperature foamer with high
flash foam. Flash foam refers to the foaming behaviour of a
liquid during foaming. Good flash foam means that a lot of
foam is generated quickly. It is an excellent foamer in fresh,
medium, soft and hard waters. Ammonium lauryl sulphate
or alkyl ethoxy sulphate (STEOL CS-460) is anionic sur-
factant with an excellent foam properties and foam stability.
It can be used as a secondary surfactant, compatible with
anionic and non-ionic surfactants. Ammonium alcohol ether
sulphate (STEPSOL CA-406H) or alcohol ethoxy sulphate
(AES) is anionic surfactant that provides excellent foam
properties and foam stability (Company and Surfactants
[online], 2021). Non-ionic surfactants are good for salinity
tolerance but have low performance and foam stability.
These types of surfactant contain an ethylene oxide (EO)
group in the form of ethoxylates. They are soluble in both
organic solvents and water. Octylphenol ethylene oxide (Tri-
ton TX-100) is a non-ionic surfactant. It has a hydrophilic
polyethylene oxide chain and an aromatic hydrocarbon lipo-
philic or hydrophobic group. Amphoteric surfactants contain
positive and negative charge groups on their hydrophilic
heads. The central property of amphoteric surfactants is that
their ionic form can be determined by the pH of the solution
in which they are dissolved. In other words, they turn into
positively charged molecules in the acidic state and are simi-
lar to cationic surfactants, while under alkaline conditions
they obtain a negative charge and are similar to anionic sur-
factants. Therefore, the unique behaviour of changing the
charge with pH affects the properties of the solution includ-
ing surface tension, wettability, foaming and detergency. The
anionic surfactants contain only the negatively charged
groups in the hydrophilic heads. These types of surfactants
are one of the most widely used in various applications and
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research fields (Kumar and Mandal 2017; Guanhua et al.
2019). Amphoteric surfactants contain two groups; non-
ionic-anionic and nonionic-cationic or anionic-cationic
(Lake 1989). These surfactants are expensive and tempera-
ture/brine salinity tolerant. Lauramidopropyl amine oxide
(LMDO) is an example. Amine oxide can be used as co
solvent with primary surfactants as mixed micelle for EOR.
Amine oxides are salt tolerant that reduces the IFT and can
build viscosity. It can be used with anionic, non-ionic and
cationic surfactants. The foam by the surfactant solutions
either individual or mixed can be produced by shaking vig-
orously in the screw capped glass. As soon as the height of
the foam produced in the glass, time is noted to evaluate the
foamability and foam stability (Sie and Nguyen 2020).
Agneta et al. (2019) focussed on foam efficiency by mixed
surfactant solutions in the presence of high salinity of
461.280 g in 1538.73 mL of water at 25 °C. In their research
study, anionic surfactant sodium dodecyl sulphate, cationic
surfactant hexadecyltrimethyl ammonium bromide and non-
ionic surfactant TX-100 were used. They concluded that the
synergistic mixed surfactant system in the right proportions
exhibited better foamability and stability than the individual
surfactants (Agneta et al. 2019). Razavi et al. (2020) per-
formed the experiments on foam stability in the presence and
absence of crude oil at 25 °C and atmospheric pressure.
They used four different categories of crude oil to generate
the foam with the solution of blended and individual sur-
factants. The findings of their research showed that sur-
factant type significantly affects the foam stability. Further,
blended solution of surfactant generated more stable foam
as compared to the individual surfactant (Razavi et al. 2020).
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Fig.1 The flow of different types of foam in porous media

Weak Foam

Yao et al. (2020) studied interfacial properties and the mech-
anism of strong foam generation by adding dispersed particle
gel (DPG). The foaming agent tetradecyl hydroxyl sulfobe-
taine was used in their study. They investigated the interfa-
cial tension, the foam half-life time, liquid drainage through
laboratory experiments performed at room temperature and
atmospheric pressure (Yao et al. 2020).

Foam flow types in porous media

Foam is the diffusion of gas in a continuous liquid phase,
which can be a small fraction of the foam by volume. The
gas phase is irregularly ordered in the gas bubbles (Exerowa
and Kruglyakov 1998; Weaire and Hutzler 1999). The bub-
bles are connected by thin liquid films called foam films
(lamellae). Figure 1 shows different foam flow types in
porous media. Three types of foams are generated in the
porous media. Each type of foam is defined as follows.

Pre-existing foams

Pre-existing foams are destabilized and destroyed. Foam is
destabilized in a high capillary pressure environment, in a
strongly oil-wet formation, and in a medium with high oil
saturation are the examples of pre-existing foam.

Strong foam

A foam contains several lamellae with the size of small bub-

bles. This significantly reduces gas mobility because of the
finely textured foam. This foam is formed because of high
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injection velocity. The presence of numerous foam films
form very fine textured foam is referred to as strong foam.
Strong foam may increase the effective foam viscosity or
decrease the relative gas permeability up to several orders of
magnitude, exhibiting a dramatic increase in pressure gradi-
ent or reduction in water saturation.

Weak foam

If the surfactant generates a small number of lamellae with
large size of bubbles is known as weak foam. The generated
foam is coarsely textured and resulted in a moderate reduc-
tion in the gas mobility. Weak foam is formed because of
low injection velocity. This type of foam can be formed by
exhibiting a moderate increase in effective foam viscosity,
typically by less than a few orders of magnitude leading
to a moderate increase in pressure gradient or reduction in
water saturation. The transition foam is formed by a gradual
increase in the injection velocity from the weak foam to the
strong foam. The alteration from weak foam to the strong
foam is called foam generation. Once the generation of foam
began, the mobility of the gas phase decreased and the pres-
sure gradient increased (Lopera Castro et al. 2009).
According to the published literature, surfactants with low
carbon content (less than 10) are not suitable for use as a
foaming agent. Surfactants with long carbon chains are more
prone to intermolecular interaction, which results in lower
solubility in water solution and poor film elasticity (Far-
zaneh and Sohrabi 2015). This study provides more visions
into the potential performance of optimum surfactants with

Table 1 Selected surfactants for the laboratory evaluation

formation water and two categories of crude oil. The con-
centration of individual and blended surfactant solutions
was tested to evaluate their performance in generating sta-
ble foam for EOR applications. Further, an investigation has
been made a foam longevity, foam half-life time and liquid
drainage of single and blended surfactant solutions. The syn-
ergistic effect of the blended surfactant solutions in order to
increase the foam stability is also studied in this work.

Materials

Surfactants

The list of the commercial surfactants used in the experi-
ments for screening the surfactant is shown in the Table 1.
Crude oil

Two categories of crude oil were collected from off-
shore oil fields of Malaysia. Table 2 shows the crude oil
properties.

Brine water

The synthetic brine water was prepared in the laboratory.

Table 3 shows the composition of brine water used as for-
mation water.

S.no Chemical name Chemical description Type Purity (%) Boiling point (°C)
1 BIO-TERGE AS-40 AOS(;4.1¢ Alpha Olefin Sulfonate (AOS) Anionic 39 >100
2 STEPSOL CA-406H Ammonium Alcohol Ether Sulphate Anionic 60 >94
3 STEPANTAN AS-12 46 Sodium Alpha Olefin Sulfonate Anionic 46 100
4 ENORDET 0332 (I0S¢5.;3)  Internal Olephin Sulfonate (IOS) Anionic 334 >200
5 SDS Sodium Dodecyl Sulphate (Solid) Anionic 100 >100
6 Triton TX-100 Octylphenol Ethylene Oxide Non-ionic 100 270
7 ENORDET J771 (AAS) Alcohol Aloxy Sulphate/Alkyl Ether Sulphate  Additive 26.2 60
8 STEOL CS-460 Sodium Lauryl Sulphate, 3MolesEO Secondary Surfactant 59 87.8
9 AMMONYX LMDO Lauryl Amido Propyl Amine oxide Amphoteric 33 >100
Table 2 Waxy and normal crude oil properties
Oil type Density (g/ Viscosity °API Wax content (%) SARA analysis
cm?®) 20 °C (cp) 20 °C - -
Saturates (wt%) Aromatics  Resins (Wt%) Asphaltenes
(Wt%) (Wt%)
Normal oil 0.802 6.89 41.25 11 83.01 15 1.73 0.12
Waxy oil 0.852 8.4 37.7 26.7 82.15 15.4 2.26 0.18
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Table 3 Brin§ Water/formation Salt (mg/L)

water composition
Sodium 10,603
Chloride 18,807
Calcium 354
Magnesium 1219
Potassium 325
Bicarbonate 163
Sulphate 2636
Total salinity (ppm) 34,107

Methodology
IFT measurement

A data physics S20 spinning drop tensiometer was used
for IFT measurements. The interfacial tension (IFT) test
between surfactant, brine water and crude oil was performed.
The same procedure for IFT measurement was used in this
work as measured IFT values in the previous published work
(Memon et al. 2020).

Foam stability test

Foam stability test provides ideas of possible interaction
between crude oil and surfactant solutions. Further, experi-
mental data provide valuable basic information on gener-
ated foam and its stability by different surfactant concentra-
tion, oil and surfactant type. The aim of this test is to check
whether or not the surfactants can produce a stable foam.
This test provides a preliminary and rapid assessment of the
generated foam ability of surfactants. Experiments were car-
ried out at room temperature and atmospheric pressure. First
of all, the stability of the generated foam was carried out
using the different concentrations of individual and blend of
surfactant solutions with formation water. Figure 2 shows a
schematic diagram for the process of foam generation with
formation water and with crude oil. Surfactant solution of
20 mL was placed in a graduated cylinder. Stirrer was set
at a fixed speed of 3420 rpm for 5 min to generate a large
volume of the foam layer. The cylinder was covered with
the aluminium foil at the top to prevent the impact of envi-
ronmental disturbances. After discontinuing the process of
foam generation, the generated foam volume at top of the
liquid level with respect to time was noted. When generated
foam at the initial stage reached half of its initial volume,
time was noted. The time noted at the initial foam volume
and the time noted when reached its half foam volume are
used to investigate the stability of the foam. The large value
of the half-life time of the generated foam is consistent with
more stable foam (Duan et al. 2014). The same process was
repeated with the addition of 2 mL of crude oil along with

Stirrer
Control
System

Sturer « il

| s Foam Generation

L.

Graduated Cvlinder

K
Hot Air by
Using Drver

Surfactant Solution
& Crude Oil

Fig.2 Schematic diagram of foam generation

the 20 mL of surfactant solutions. Dryer was used at 50 °C
when generating foam with waxy oil. The foam stability
was assessed from the plots of the foam height versus time.
The crude oil containing surfactant was measured with the
following equation (Llave and Olsen 1994).

Total height of liquid = Emulsion phase + Liquid phase

Results and discussion
Interfacial tension (IFT)

The IFT between formation water and waxy oil was resulted
as 12 mN/m, while the IFT between formation water and
normal oil was resulted as 9.6 mN/m. Table 4 shows the
IFT result of the tested surfactant solutions with different
concentrations.

Table 4 Interfacial tension by spinning drop tensiometer

Surfactant solution IFT with normal IFT with waxy

crude oil (mN/m) crude oil (mN/m)

0.6%A0S¢ 1416 1.10 0.94
1.2%A0S¢14.16 0.97 0.89
0.4%I0S¢5.15 0.14 0.134
0.2%A0S¢4.16+0.2%TX-100 0.89 0.92
0.6%A0S4.16+0.6%TX-100 0.82 0.88
0.6%A0S 416 +0.6%CS460  1.45 1.32
0.6%A0S¢4.16+0.6%CA- 1.96 1.85
406H
0.6%A0S¢y4 16 +0.6%LMDO  1.00 1.24
0.2%SDS +0.2%TX-100 1.42 1.50
0.4%SDS +0.4%AAS 1.435 1.15
ﬁf&ﬁmﬁﬁw @ Springer
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Foam stability and longevity

Preliminary foam stability test was performed with syn-
thetic brine (formation water) and two types of crude oil.
The stability of the generated foam was investigated by
observing the changes in the height of the foam produced in
the graduated cylinder over time. As discussed in the meth-
odology section of this paper, the height of the foam was
calculated from the top of the generated foam to the amount
of liquid level in the graduated cylinder. Figure 3 shows
foam stability and longevity with formation water no crude
oil and with both types of crude oil (waxy and normal oil)
by surfactant AOS and AOS blended surfactant solutions.
Individual surfactant 0.6%AO0S¢ ;4 ;¢ and 1.2%A0S¢ 4.6
have generated additional stable foam with crude oil and
aqueous phase as compared to its blend with non-ionic
surfactant 0.2%A0S .16+ 0.2%TX-100. Surfactant blend
0.6%A0S ¢ 4.16+0.6%CS460 generated foam 60 mL without
crude oil and 45 mL with both types of crude oil at the initial
time. A small interaction with the crude oil was observed in
this surfactant mixture solution.

Figure 4 shows surfactant blend with concen-
tration of 0.6%A0S¢;4.,6+ 0.6%CA406H and
0.6%A0S¢ 416+ 0.6%2LMDO generated the foam vol-
ume larger than individual surfactant with concen-
tration of 0.6%AOSc 416 1.2%A0Sc4.1¢ and other
tested surfactants. Another surfactant blend with con-
centration of 0.6%A0S¢ 4.6+ 0.6%TX-100 gener-
ated foam volume lower than the surfactant blend with
concentration of 0.6%A0S 46+ 0.6%CA406H and

Fig.3 Stability and longevity
of foams created with surfactant
solutions using formation water
and two categories of crude oil

SD-‘

60

Foam height (ml)

0.6%A0S( 416+ 0.6%LMDO but more than individual sur-
factant with concentration of 0.6%A0S¢ 4.6 and 1.2%A0S.
These blended surfactant solutions produced stable foam
with both types of crude oil and without crude oil. As
Rosen (2004) has proved in their work, the stability of foam
increased with concentration of surfactant blend solutions.

The generated foam with crude oil by the surfactant blend
solution of 0.6% A0S 416+ 0.6%CA406H collapsed due to
its high value of IFT as compared to the other tested sur-
factants. This type of surfactant blend generated large oil
droplets and collapsed due to the steric effects (this interac-
tion appears when chain molecules attached at some point
to a surface, dangle out into the solution where they are
mobile due to Brownian motion), in which lamellae become
thinner and foam becomes more fragile. The average oil
droplet becomes larger and breaks the foam due to the lim-
ited elasticity of the plateau border. When the surface is
subjected to liquid film expansion, the local surface con-
centration decreases with increasing surface area and the
film becomes thinner. The low concentration of surfactant
leads to high surface tension. High concentration of sur-
factant causes reduction of the surface in order to maintain
the low energy. This surface reduction induces liquid flow
in the film from the low tension region to the higher ten-
sion region. Finally, this liquid flow provides the resistance
against the thinning of liquid film. Surfactant blend with the
concentration of 0.6% A0S 4.6+ 0.6%TX-100 generated
foam with small oil droplets due to its low IFT. Oil droplets
have little impact on the foam stability. Figure 5 shows foam
lamellae and stable bubbles in small and large size produced

=0 6%A0S5
== 0.6%A0S (with waxy oil)
0.62A05(with normal oil)
——1 2%A0S
== 1.29%A0S (with waxy oil)
1.2%A05 (with normal oil)
e 0. 2%A05+0. 2% TX100
i (). 2%6A 054 0. 23T X100 (with wany oil)
e . 2264054 0. 22T X 100(with normal oil)
e . 6%A 05+0.6%C5460
== 0.6%A05+0.6%CS460 (with waxy oil)
0.6%:A05+0.6%C5460(with normal oil)
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Fig.4 Stability and longevity 20
of foams created with mixed

surfactant solutions using for-

mation water and two categories

of crude oil

e () 6% A 05+0. 6% CAL06H

) 534 05+0.6%CA406H (with waxy oil)
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Fig.5 Foam lamellae generated with formation water

with formation water by the surfactant with concentration of
0.6%A0S¢4.1¢- Bubbles form because of the considerable
reduction in the surface tension. The bubbles imposed very
high repulsive forces on each other, causing the bubble to
deform over a longer period of time due to the high thick-
ness of the liquid film. Initially, the bubbles did not coalesce,
maintaining their original size. However, over time, as the
bubbles were closer, the bubble coalescence mechanism was
dominant, and the bubbles became larger. Figure 6 shows
the development of different foams over time. The shape,

Time (minutes)

B C

Fig.6 Foam contact with crude oil, generated smaller size of
bubbles in the presence of formation water and crude oil. A
Blended surfactant 0.6%AO0Sc4.16+0.6%LMDO. B Blended sur-
factant 0.2%AO0S( 4.16+0.2%TX100. C Blended surfactant O.
6%A0S ¢ 4.16+0.6%TX100

size of bubbles and generated foam volume with crude oil
were obtained by the different concentrations of surfactant
solutions. The stirrer speed accelerates the expansion and
disappearance of the foam, and the result is a reduction in
the time required for deformation. During the process, the
survival time of large size bubbles is short, but the selected
fixed stirring speed has less effect on small size bubbles
as noted in the generated foam. In the blended surfactant
solution, the bubble size becomes smaller and more regular.

Pigllase ¢l ay .
e @) Springer



3528 Journal of Petroleum Exploration and Production Technology (2021) 11:3521-3532

The smaller the size of foam bubbles, the larger is the foam
stability. During the individual/single surfactant, the size
of the bubbles is larger. Therefore, the disjoining pressure
increases and the Ostwald ripening mechanism becomes less
effective. The thickness of the liquid film and the generated
foam depend mainly on the foam stabilizer and stabilization
method. When the concentration of surfactant is high, the
system produces more relatively small bubbles. Compared
to larger bubbles, which are more likely to collapse, the
smaller bubbles are more stable. Under normal conditions,
the stability of the bubbles is poor and the collapse speed is
fast. Therefore, it is difficult to obtain a specific bubble size
by experiments on the thickness of the liquid film and the
height of the generated foam. The density and viscosity of
the liquid phase have relatively little effect on foam stabil-
ity. Due to the adsorption of surfactants in the bubbles and
the electrostatic repulsion between the bubbles, small size
bubbles are more easily absorbed by the large size bubbles,
and the liquid phase in the small size bubbles will be dis-
persed into other bubble systems, increasing the thickness
of the liquid film. However, compared with large size bub-
bles, for which the liquid film cannot be completely filled,
so for small-sized bubbles, the liquid phase will fill more
evenly. Therefore, the smaller sized bubbles are more stable
(Osei-Bonsu et al. 2015; Huang et al. 2021). The blended
surfactant solutions of 0.6%A0S¢ 4.6+ 0.6%TX-100 and
0.6%A0S¢ 416+ 0.6%LMDO produced more compact bub-
bles of smaller size. The initial foam height was noted as
70 mL, and slowly foam height was decreased due to the
bubbles collapsed and was noted 15 mL after 40 min in the
both types of crude oil.

Fig. 7 Generated foam stability 80
and longevity with brine water, ]
waxy and normal crude oil
by surfactant SDS blend and
surfactant I0S¢ 5.5

60 .

Foam height (ml)

Figure 7 shows foam stability and longevity with brine
water, waxy and normal crude oil by surfactant SDS blend
and surfactant IOS( 5 ;5. Foam was generated by the sur-
factant blend with concentration of 0.2%SDS + 0.2%TX-100
at the initial time with waxy oil as 40 mL, normal oil 42 mL
and with formation water 70 mL, respectively. Stability was
increased due to the addition of additives (AAS) with ani-
onic surfactant (SDS). The foam volume by surfactant blend
0.4%SDS +0.4%AAS was noted at the initial time as 75 mL
without crude oil, 70 mL with waxy crude oil and 65 mL
with normal crude oil. Weak foam was generated by sur-
factant 0.4%10S 5.5 With waxy and normal crude oil. This
type of surfactant showed lowest IFT values as compared to
all tested surfactants but generated foam showed weak inter-
action with both types of waxy and normal oil. As discussed
in the introduction section of this paper, weak foam produces
a small number of lamellae with larger size of bubbles. The
low IFT values of this surfactant concentration do not sta-
bilize the foam because this surfactant concentration does
not have the required surface power or the required approach
rate to equilibrium after surface expansion or contraction.
Surfactant that produced foam with a high initial volume
is considered to have a good foamability and those which
produces foam with a low initial volume are considered to
have a weak foamability.

Initial foam volume generated in waxy and normal
oil

Figure 8 shows the height of the foam, which is generated
by different surfactant concentration with formation water,

i ). 2 %65 D540, 2% TX100

== 0.2%5 D5+0. 2% TX 100 (with waxy oil)
0.2%:5D5+0.2%6TX100(with normal oil)

== 0.4%:505+0.4%AA5

i () A%5 DS+ 0. 4% AAS (with waxy oil)
0.4%65D5+0. 42 AAS(with normal oil)

i . 4%6105c15-18

0.4%105c15-18{ with waxy oil)
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M3 0.2%A0S+0.2%TX100 M7  0.6%A0S+0.6%TX100
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waxy and normal crude oil at the initial time. The blended
surfactant with concentrations of 0.2%SDS + 0.2%TX100
and 0.2%AO0S¢ 416+ 0.2%TX100 generated low foam
height due to its low concentration in the both types of oil.
Single surfactant with concentration of 0.6%A0S, 4., and
1.2%AO0S 4.1 has generated foam height greater than sur-
factant with concentration of 0.4%I0S5.,g. Surfactant con-
centration of 0.4%I0S 5., showed small interaction with
both types of crude oil. The foam produced by this type of
surfactant was initially weak. Surfactant blend with concen-
tration of 0.4%SDS +0.4%AAS has generated the same foam
height as surfactant with a concentration of 0.6%AO0S¢ 4.6
A low interaction with crude oil was observed by
0.6% A0S 4.6+ 0.6%CS460. The blended surfactant
with concentrations of 0.6%A0S¢, 16+ 0.6%CA406H
and 0.6%A0S 4.4+ 0.6%LMDO generated foam height
higher than the surfactant concentration of 0.6%AO0S 4 16
and other surfactants. Surfactants with concentration of
0.6%A0S4.16+0.6%TX100 generated foam height lower
than 0.6%A0S¢ .16+ 0.6%CA406H and surfactant con-
centration of 0.6% A0S 4.6+ 0.6%LMDO but equal to the
surfactant concentration of 0.6%A0S;,.;c and mixed sur-
factant 0.4%SDS + 0.4%AAS. Foam height increases due to
the increase in kinetic energy makes it easier for molecules
to get free of water bound. It leads that the absorption of
surfactant molecules on the interface increases; therefore,
the foam height increases.

The impact of oil on the stability of generated foam
depends strongly on surfactant type. All surfactants
with same concentration were used with normal oil.
More foam volume was generated with normal oil by
0.6%A0S( 4.16+0.6%TX100 surfactant as compared to
single surfactant 0.6% A0S ,._;¢- The foam generated by the

surfactant concentration of 0.6%A0S 4.1+ 0.6%2LMDO
entered the decay regime soon after discontinuing the pro-
cess of foam generation in the graduated cylinder. The gen-
erated volume of foam declines sharply to a plateau. After
a definite time, foam entered a second decay regime, which
leads to a limited amount or complete collapse of the foam.
The first foam decay was caused mainly due to the gravity
drainage. At the end of early decay regime, only a small
amount of liquid remained in the foam for both oil types.
The role of bubble coalescence was dominant during the sec-
ond foam decay. The concept of foam decay has been con-
sidered as the transfer of surfactant molecules from the gas
water interface to the oil water interface, which weakens the
film strength of the foam and reduces the Marangoni effect
that reduces the performance of the foam (Pu et al. 2017).
The bubble collapsing process of foam is mainly affected
by the release of energy inside the foam, and high pressure
inside the foam. Before the foam breaks, the velocity of the
liquid film position fluctuates, and with the increase in time,
the amplitude of the velocity fluctuation increases. When
the surface energy between the gaseous and liquid phases is
less than the kinetic energy inside the gas, the bubble col-
lapses and the energy inside the bubble is released (Huang
et al. 2021). The height of generated foam by using differ-
ent concentrations of surfactant solutions at the initial time
are further evaluated in terms of foam half-life time and the
liquid drainage time.

Foam half-life time
The foam half-life time provides the concept of stable

foam. When the generated foam volume in the cylin-
der reaches half of the initial volume, the time was noted
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and refers foam half-life time. It correlates with the sta-
bility of foam such that an increase in the foam half-life
time resulted more stable foam. Figure 9 shows the half-
life time of foam by the different concentrations of sur-
factant solutions with formation water, and both types of
crude oil. Without crude oil surfactant concentrations of
0.6%A0S: 416 1.2%A0S( 4.1 and surfactant blend with
concentration of 0.6%A0S¢;4 16+ 0.6%CA406H showed
their stability with the maximum half-life time. Three sur-
factant blends without crude oil with the concentration of
0.2%A0S¢4.16+0.2%TX100, 0.6%A0S ¢ 4.16+0.6%CS460
and 0.6%AO0S¢ 4.6+ 0.6%TX100 showed their gen-
erated foam half-life with the same result of 50 min.
With the waxy oil, foam half-life time of two sur-
factant blends 0.6%AOSq 416+ 0.6%TX100 and
0.6%A0S¢ 416+ 0.6%LMDO noted as 15 min and 20 min,
respectively. The foam generated by surfactant IOS 5.4
resulted with the least stable foam without crude oil. Its half-
life time was noted without crude oil as 25 min but with the
both types of oil was noted same as 5 min. The foam half-life
time with crude oil was found less as compared to the foam
half-life without crude oil. As discussed in the introduction
of this paper, generated foam with the crude oil is destabi-
lized. The tested surfactants confirmed that the generated
foam weakens due to the mixing of oil phase.

Liquid drainage

Slow liquid drainage is favourable to maintain the stable
foam. In the tested surfactants, the rate of foam drain-
age was dependent on viscosity of the liquid phase and
foaming agent (surfactant) concentration. Figure 10
shows the 50% liquid drainage time after generated foam
with formation water and both types of crude oil. Liquid

Fig. 9 Half-life time of gener- 120
ated foam with formation water,

and both types of crude oil
100 A

80
60

40

Foarn half life time (minutes)

20

jllate ¢llodl ay .
des Shevis @) Springer

M3 M4 M5 MBE M7 M2 nMS

drainage was observed with maximum time in the absence
of waxy and normal oil by all tested individual and sur-
factant blends. Maximum time of 50% liquid drainage was
noted after generated foam with waxy and normal oil by
the surfactant solution of 0.6% A0S 416+ 0.6%CA406H,
0.6%A0Sc4.16+ 0.6%2TX100 and
0.6%A0S( 4.6+ 0.6%LMDO as compared to the single
surfactant 0.6%A0S,,.1¢. Liquid becomes thinner due to
liquid drainage caused by gravity and resulted gas bubble
coalescence. The foam is less stable because of low liquid
phase saturation. High viscosity liquid leads more stable
foam.

Foaming properties of commercially available individ-
ual and blended surfactant solutions were investigated.
The impact of surfactant concentration, surfactant type
and crude oil type on the longevity of the generated foam
were examined by measuring the volume of foam produced
above the liquid level. The foam produced by the mixed
surfactant solution was stable in the formation water but
influenced by both types of crude oil. Half-life time of
their generated foam with the both types of crude oil is
smaller than that of half-life time of foam generated with-
out crude oil. In the experiments, the foam behaviour of
anionic surfactant AOS.,,.;, With different concentrations
is considered with formation water and oil types. Also,
the anionic surfactant was combined with the non-ionic
(TX100) and amphoteric surfactant (LMDO) to analyse
the amount of foam produced with the both types of crude
oil. The anionic surfactant AOS,,_ ;4 showed good foama-
bility with both types of crude oil when combined with the
non-ionic (TX100) surfactant. The experimental results
from these optimum surfactant solutions provide insights
and guideline for surfactants in terms of foam stability
with both types of crude oil.
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Conclusions

e All tested blended surfactants reduced IFT values
between crude oil and formation water. Individual and
blended surfactants were evaluated based on low IFT
values for generating foam with formation water and
two types of crude oil.

e The small volume of foam was generated with crude
oil that reduces its foamability and half-life time of all
tested surfactant solutions. The stability of generated
foam with both types of crude oil was reduced due to
the oil droplets accumulated on the plateau boundaries
and lamellae.

e The stability of generated foam without crude oil
was increased when increasing the concentration of
single surfactant solution from 0.6%A0S¢,. 16 tO
1.2%A0S4.16- The same concentration of surfactant
solution was noted with the small difference in the
foam stability when tested with both types of crude
oil.

e The maximum time was noted with the 50%
liquid drainage and foam decay in the com-
bined surfactant solution with concentra-
tion of 0.6%A0S( 4.6+ 0.6%LMDO and
0.6% A0S 416+ 0.6%TX100 compared to the other
surfactant solutions tested.

e The surfactant solution with concentra-
tion of 0.6%AO0Sc 416, 1.2%A0S(ci4 16
0.6%A0S¢ci4.16+ 0.6%2LMDO and
0.6%A0S¢ 416+ 0.6%TX100 with formation water
and two types of crude oil showed the best resistance
with maximum foam longevity.

M With normal oil

M4 M5 M& M7 M8 M9 M10
Surfactant formulations

Future work

Different techniques and mathematical/simulation mod-
els are used to measure the bubble size distribution. The
transport characteristic of foam in microscopic scale mainly
includes two aspects: one is the stable foam transported in
the form of liquid lamellae, and the other is the unstable
foam transported in the form of lamellae collapse and regen-
eration. Bubble sizes, as well as size distributions, play an
important role in determining the final properties of the
liquid/bubble mixture and must therefore be known with
sufficient precision. To do this, a detail microscopic study
is recommended.
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