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ABSTRACT:  Understanding how the surfactant  molecular  structure affects  foam stability  is

important in various applications, such as enhanced oil recovery, hydraulic fracturing, and soil

remediation. In this study, we conduct a systematic series of experiments in a Hele-Shaw cell to

assess and explain the effect of surfactants on the foaminess and foam stability in the absence

and presence of oil and asphaltene aggregates. Four surfactants with different molecular weights

were studied, incl. three anionic surfactants: sodium 1,5-bis[(1H,1H,2H,2H-perfluorohexyl)oxy]-

1,5-dioxopentane-2-sulfonate (FG4), C18H37SO4Na (LSES), and  sodium dodecyl sulfate (SDS);

and one cationic [CTAB, (C16H33NMe3)Br]. The higher electrostatic repulsion between the foam

film surfaces for the anionic surfactants (FG4 > LSES > SDS) strongly influences the process of

foam generation and stability when compared with cationic (CTAB).  Furthermore,  the foam

experiments performed in the presence of oil revealed maximum long-term

stability  and minimum bubble coarsening for the partially fluorinated FG4

surfactant. The experiments in the presence of asphaltene-oil mixtures revealed that the latter

have detrimental effect on foam stability, except for FG4. The foam experiments clearly show

the significance of the subtle interactions between surfactant head-group charge, chain length

and branching. The obtained results could be useful in designing appropriate surfactants for foam

stabilization in various applications.
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1. INTRODUCTION 

Foam is a dispersed gaseous phase within a continuous of thin liquid films, known as lamellae,1,2

with applications in soil remediation, the food industry, and enhanced oil recovery projects. The

stability of a foam is of great importance for its successful application.3 Experimental studies

demonstrate that foam stability strongly depends on the surfactant structure.4,5 Surfactants are

characterized by a hydrophilic head with the affinity to polar material and a hydrophobic tail

with the affinity for non-polar material,6,7 hence, they can adsorb and reside simultaneously in

both hydrophobic and hydrophilic media. At low surfactant concentrations surfactant molecules

gradually adsorb on the air-liquid interface and form a monolayer as concentration is increased.8

Beyond a critical micelle concentration (CMC) an increase in surfactant concentration generates

more  and  more  micelles,  but  does  not  result  in  any  significant  change  in  surface  tension.9

Micelles  are  known to play a  role  in  the supply of free surfactant  molecules  for generating

emulsions and bubbles (foam) when oil or air is injected into an aqueous surfactant solution.

Some applications using surfactant, such as EOR,10 are usually carried out under a high salinity

condition, which drastically destabilizes and precipitates surfactant micelles by salting-out effect

(namely  a  drastic  increase  in  Krafft  temperature  or  decrease  in  cloud  temperature).  Thus,

micelles might not even be present in saline systems. On the other hand, a larger number of

micelles  often  cause  unwanted  side-effects  like  making  demulsification/surfactant-removal

processes more energy-consuming and complicated after use. For example, water-oil separation

after oil recovery is more difficult at a higher surfactant concentration. Due to the high cost and

various risks on the environment and living beings, the dissipation by salting out of surfactant,

and the large energy consumption processes after use, an effective and efficient surfactant to

generate  foams  even  at  CMC  (very  small  amounts  of  micelles)  is  worth  exploring  for
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applications.  Using  low  surfactant  concentration  to  generate  foam  is  a  potential  economic

advantage also which has prompted many researchers to limit their foam study to the CMC or

even below CMC values with particles in lieu of surfactant used to stabilize foams.11-13 

Foams that are thermodynamically unstable can be destabilized by four primary mechanisms:

(i) film drainage, (ii) coalescence, (iii) gas diffusion and (iv) the effect of hydrocarbons.14,15 Film

drainage,  also  known  as  film  thinning,  happens  when  the  lamellae  separating  two  bubbles

undergoes  a  thinning  process,16 where  films  coalescence  upon  become  thin  enough.  Gas

diffusion from smaller bubbles with higher pressure to larger bubbles with lower pressure causes

the smaller bubbles to eventually disappear.17 Micelles are known to play role of a gas carrier and

to accelerate gas diffusion under high pressure condition such as occurs in an oil or gas reservoir.

Employing the surfactant concentration at, or below CMC, foam destabilization processes by gas

diffusion will be minimized. Although presence of hydrocarbons does not invariably destabilize

a foam,18 there is a body of literature to suggest that oil often leads to destabilization.18,19 In the

literature, it is not still evident by which mechanism oil destabilized foam; however, it is widely

believed oil entering into lamellae and spreading over it and bridging between different lamellae

destabilized foam.19,20 

Recent studies showed the movement of surfactants from the bulk to the water-air interface

during  foam  generation  leads  to  surfactant  depletion  in  the  aqueous  bulk  that  significantly

influences  foam  properties.4,21,22 It  is  essential  to  stabilize  foam  with  the  lowest  surfactant

consumption  due  to  the  high  cost  of  surfactant.  Hence  in  this  work,  we  only  considered

surfactants at CMC and not any higher. This research studied foam generation and stability of a

novel double short FC chain surfactant (FG4) with a low CMC value alongside

a low surface energy anionic hydrocarbon surfactant LSES having a hyper-
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methyl-branched chain with low CMC value23 and a commercial straight-chain

cationic  hydrocarbon  surfactant  CTAB  with  a  known  high  degree  of

surfactant depletion linked to its low CMC and a commercial straight-chain

anionic hydrocarbon surfactant SDS with a high CMC value (less affected by

the surfactant depletion). Finding out how different properties of surfactant

influence foam stability is  relevant for synthesizing new surfactant with a

high ability to stabilize foam. To find this out, we performed rheology, and

surface tension measurements for the surfactant mentioned above. Although most oils

are asphaltenic, there is no study in the literature to investigate the role of

asphaltene on foam stability which is the other aim of this study. 

2. EXPERIMENTAL 

2.1. Materials. Isostearyl alcohol (≥ 98%) was supplied by Nissan Chemical

Industries (Japan). Sodium dodecyl sulfate (SDS), cetyl trimethyl ammonium

bromide (CTAB),  potassium chloride, sodium chloride,  magnesium chloride

hexahydrate,  calcium  chloride,  dichloromethane,  p-toluene  sulfonic  acid

monohydrate,  chlorosulfonic  acid,  sodium  hydrogen  sulfite,  1,4-dioxane,

1H,1H,2H,2H-perfluorohexyl, ethanol,  and  acetone  were  purchased  from

Sigma-Aldrich (all  99%) and used as received. Ultrapure water (resistivity =

18.2  MΩ cm,  Millipore)  was  used  for  the  synthesis  of  surfactant  and  for

preparation  of  the  aqueous  solutions.  The  double-chain  fluorocarbon  (FC)

surfactant  (FG4,  denoted  as  sodium  1,5-bis[(1H,1H,2H,2H-

perfluorohexyl)oxy]-1,5-dioxopentane-2-sulfonate),  and  the  low  surface
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energy anionic hydrocarbon (HC) surfactant (LSES, denoted as C18H37SO4Na)

were synthesized according to previously published methods.23-25 Isopar V (a

relatively  light  oil)  was  supplied  from  ExxonMobil  chemicals.  Asphaltene

aggregates were extracted and purified (IP143, ASTM D6560) from bitumen (Calgary, Canada). 

2.2.  Solution  Preparation.  An  amount  equivalent  to  the  CMC values  was

added to pure water for each aqueous surfactant solution and stirred on a

magnetic stirrer at 30 °C for 30 min. Two 'model' oil phases were prepared

and used for the experiments: (a) oil, and (b) asphaltene-oil dispersion. The

oil  dispersion  was  prepared  by  the  following  procedure:  10  mL  of

heptane:toluene (70:30 v/v) denoted as heptol was added to 90 mL of oil

(Isopar V), and stirred at 30 °C for 2 h on a magnetic stirrer. The asphaltene-

oil  dispersion  was  initially  prepared  by  adding  200  mg  solid  asphaltene

aggregates in the heptol (70:30 v/v) and vigorously mixing at 30 °C for 2 h

on  a  magnetic  stirrer.  The  solution  was  then  added  to  the  main  oil

(asphaltene-heptol:main oil, 1:9 v/v) and mixed for 10 min.

2.3.  Interfacial  properties  of  solutions.  The CMC, surface tensions (σ),  and

interfacial  tension (IFT) of  the surfactant solutions were measured by the

pendant-drop method using DSA25 (Krüss GmbH, Germany) at 25 °C. The

surface tension of water (72 mN. m-1) was measured at room temperature. In

this  study,  σ  values on both  fluid-gas interfaces and fluid-fluid  interfaces

were  analyzed  using  the  Young-Laplace  equation  via  the  Krüss-ADVANCE

software.  The measurements were repeated five times at 25 °C. Figure S1

(Supporting  Information)  depicted surface tension (σ)  and  droplet  volume  of
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deionized water solutions of each of the surfactants studied.  The solutions'

rheological properties were measured in response to the applied forces, over

350 sec on a rheometer (Brookfield DV3T) at 25 °C. 

2.4. Characterization of Foams

2.4.1. Foam Generation in Hele-Shaw Cell  Experiments. The  Hele-Shaw cell

contains two glass plates with dimensions of 32×20 cm and a thickness of 0.6 cm (Figure S2,

Supporting Information). The two glass plates were separated using a gasket with 1 mm size

which allowed the foam to be injected inside the Hele-Shaw cell. The glass plates were sealed

using 10 clamps, on each opposite side of the cell. A port was manufactured at the inlet of the

Hele-Shaw cell for placing pressure probes to measure pressure, whilst the outlet was maintained

at  atmospheric  pressure.  A lightbox  was  placed  below the  cell,  illuminating  the  process  to

improve image acquisition and analysis. An aqueous foam was generated while simultaneously

injecting  gas  and  surfactant  through  a  customized  foam generator,  which  was  fitted  with  a

sintered glass disc (P100, Scientific Glass, UK) with a pore size distribution between 40-100 µm.

The protocol  followed in this  research,  is reproducible  based on previous experiments.23,24 A

mass flow controller (Bronkhurst, UK) was employed to regulate the air injected into the foam

generator. The foam quality was regulated by changing the flow rate of gas (qg)

and surfactant solution (ql) as it can be calculated from  qg/(qg+ql).  All foam

displacement measurements were carried out at foam quality and gas flow rate of 90% with gas

flow rate of 10 mL/min, respectively. The foam was injected inside the Hele-Shaw cell until the

pressure  profile  reached  the  steady  state  condition.  Then,  after  the  flow  rate  stopped,  the

evolution of foam bubbles was monitored over time. Each experiment was repeated five times

and, the results presented are the average of these experiments. Error bars represent standard
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deviations.  Both  foamability  and  foam  stability  were  investigated  using  a  high-resolution

camera.  The  automated  monochromic  camera  (Dalsa  Genie  TS-2500),  with  a  resolution  of

2560×2048 pixels, was mounted above, to record the flow displacement inside the Hele-Shaw

cell. 

2.4.2 Glass Bead Experiments. A cell with a similar design to the Hele-Shaw

cell described above was used for glass-bead experiments (Figure S1  in the

Supporting information). The two plates were fixed permanently with a gap of 2

mm using several screws fitted around the cell. The fine silica glass-beads

with a diameter size of 0.3-0.5 mm were packed inside the cell. To calculate

the  porosity,  the  total  volume  of  the  empty  Hele-Shaw  cell  (Vtotal)  was

measured by the required volume of water to fill up the empty Hele-Shaw

cell. Then, the needed volume of water to fill the Hele-Shaw with the glass

bead inside (Vpore) was measured. Accordingly, the porosity can be calculated

from  Vpore/Vtotal.  The porosity of  the system was approximately 35%. Foam

flow experiments were performed in the presence and absence of oil using

pre-generated foam at 10 mL.min-1 of gas flow rate. The pressure drop profile

was recorded versus time in each experiment. 

2.4.3.  Image  Processing. Image  processing  was  performed  in  a  similar

fashion  to  that  described  previously.17 The  images  captured  using  the

monochromic camera for each experiment were segmented and analyzed by

the  utilization  of  ImageJ  software.  Hence,  the  image  modification

implemented  in  the  sequence  as  follows:  a)  image  segmentation  was
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performed  by  enabling  the  'Bandpass  Filter'  tool  on  each  image,  b)  the

'brightness/contrast'  was  adjusted  to  illuminate  the  bubbles  whilst

eliminating any evidence of background noise, c) the 'Threshold' tool was

used to transform the image into a black and white format for better visual

observation, and d) an analysis tool in ImageJ called 'Analyze Particles' was

applied to determine the number of bubbles present. 

3. RESULTS AND DISCUSSION 

3.1.  Interfacial  Properties  of  Surfactants  in  Water  and  at  W/O  Interface.  To

investigate the effect of surfactant properties on foam stability, interfacial

tensions of aqueous surfactant solutions in air or in oil were measured by

pendant  drop  method.  Interfacial  properties  obtained  from  the

measurements for two anionic surfactants (FG4 and LSES, with the structure

shown  in  Figure  1a  and  b,  respectively)  were  compared  with  two

commercially available anionic (SDS, Figure 1c) and cationic (CTAB, Figure

1d)  surfactants.  The  CMC,  surface  tension  and  IFT  of  the  respective

surfactant solutions are presented in Table 1.26,27 
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Figure 1. Structure of the surfactants used herein: (a) FG4, (b) iC18S(FO-180) (LSES), (c) SDS,

and (d) CTAB. 

Table 1. Krafft point, CMC, and surface tension (σ) of surfactants used in the present study in

pure water at 25 °C. Surface tension and IFT values were measured at CMC.

Surfactant Charge Krafft
point (°C)a

CMC (10-3

mol L-1)

Surface
tension
(mN m-1)

Static IFT values (mN m-1)

Oil Asphaltenic oil

FG4 Anionic < 0 2.6 (±0.1) 18.0 (±0.5) 9.5 (±1.5) 19 (±1.5)

LSES Anionic < 25 2.7 (±0.1) 26.5 (±1.5) 0.5 (±0.2) 0.4 (±0.2)

SDS Anionic 15 8.2 (±0.1) 32.3 (±1.4) 6.2 (±2.0) 4.5 (±2.0)

CTAB Cationic 24.5 0.9 (±0.2) 35.2 (±1.5) 11.1 (±1.0) 10.2 (±1.0)

a  Krafft  point  is  defined  as  the  minimum temperature  required  for  micelle  formation  in  a
solution,  and  these  were  obtained  from the  literature.26,27 The  experimental  errors  (standard
deviations) on the measurements have an average of five values.
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FG4 exhibits a very low surface tension at its critical micelle concentration

(CMC) compared to the other surfactants, which is most likely due to the

combination of  (a) lower cohesive energy density caused by weak van der

Waals  interactions  between fluorocarbon  chains  (cf., Fig.  1a),  (b)  smaller

polarizability of perfluoroalkyl  as compared to hydrocarbon substituents, (c)

higher hydrophobicity,  due to a larger molecular  volume of  perfluoroalkyl

than hydrocarbon  moieties,  and  (d)  higher  packing  density  due  to  the

greater  cross-section  of  fluorocarbon  chains.28,29 We  note  that  long-chain

fluorocarbon surfactants are well known to provide lower surface tensions

than those of hydrocarbon surfactants,28,30 but short FC-chain surfactant FG4

is also found to generate the low surface tension comparable to those whilst

also  reducing  disadvantages  originating  from FCs  being  bio-accumulative

and environment-burdensome.

A relatively low surface tension of 26.5 mN/m (for a single chain surfactant) is observed for

LSES at its CMC = 2.7 mM. The lower surface tension of LSES solutions is in agreement with

the results obtained in previous studies,31,24 and can be explained by (a) the higher CH3/CH2 ratio

and  (b)  the  increased  packing  efficiency  of  the  branched  hydrophobic  tails  against  the

electrostatic repulsion between the anionic sulfate head-groups in the adsorption layer.13,24,32 All

these results support the concept that the surface tension depends on  the surfactant molecular

structure and that the surface energy increases with the tail-composition in the sequence CF3 <

CF2 < CH3 < CH2.30,33 
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3.2. Rheological properties of various aqueous surfactant systems.  One of the

main factors for stabilized foam is its rheological properties in the aqueous surfactant solution.

exhibits variation of the surfactant solution viscosity (η, mPa.s) and the shear stress (τ, Pa) as a

function of the shear rate (γ, s-1) at 25 ºC. The viscosity (η) of each surfactant solution (at CMC)

decreases by increasing the shear rate (Figure 2a). At lower shear rates (0-35 s-1), Phase I, the

magnitude of viscosity follows: FG4 > LSES > SDS > CTAB. This trend can be attributed to

varying headgroup, and surfactant monomers aligning with the flow. 

   
Figure 2.  Time-dependence (a) viscosity (η) versus shear rate (sec-1) and (b) shear stress (τ)

versus shear rate (sec-1) curves for surfactant solutions over sec-1. The errors in the viscosity and

shear stress are ±0.5 mPa.s and ±0.02 Pa, respectively. 

To determine whether the surfactant solution has a Newtonian and non-Newtonian behavior,

we have carefully  investigated Region II and III  (35-350 s-1),  shows that while the apparent

viscosity decreases during Region II and III, the shear stress is increasing the shear rate (Figure

2b). Typically, surfactant solutions behave as non-Newtonian fluid, although pseudo-plastic and

dilatant behavior responses must be taken into account when considering CTAB and SDS after

12



Submitted to Industrial & Engineering Chemistry Research

230  and  290  sec-1,  respectively.  In  the  final  region  (Region  III),  extreme  shear  rate  shows

viscosity of FG4 and SDS tends to be constant (100-350 s-1), while a pseudo-plastic and dilatant

(shear-thickening) behavior was observed for CTAB and SDS, respectively. 

3.3.  Foam flow and coarsening in Hele-Shaw cell.  The foam stability  was initially

evaluated by flooding an empty Hele-Shaw cell  with pre-generated foam. After reaching the

steady-state condition, the injection was stopped, and the evolution of stagnant foam bubbles was

observed over time as depicted in Figure 3. 

Figure 3. Illustrative pictures of foam stability for the FG4, SDS, CTAB, and LSES in the empty

Hele-Shaw cell at 0 min, 60 min and 600 min at 25 °C.

Quantitatively, the time-dependent plots of the number of foam bubbles and the pressure drop

across the device are shown in Figure 4. For LSES more than thirty thousand of very small

bubbles formed with LSES at t = 0. The bubble number was almost double that for CTAB, triple

that for FG4, and quadruple that for SDS, suggesting the high foamability of LSES. It is very
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interesting  to  note  that  LSES  can  show  higher  foamability  than  FG4  at  almost  same

concentrations (CMC = 2.6 and 2.7 mM) although CMC of LSES was higher by 8.5 mN/m than

that of FG4. At time < 100 min, the number and size of bubbles formed by LSES remained as the

largest and smallest respectively out of the surfactants tested. After 100 min, bubbles prepared by

FG4 became the smallest in average size and the largest in number. To assess the foam stability

at  bubble-scale,  the  ratio  of  Ni/Nt versus  time  were  shown  in  Figure  S3  in  Supporting

Information, where Ni is the initial number of foam bubbles at time zero and Nt is the number of

bubbles over time. The slope of this plot represents the bubble-coarsening rate of the studied

foams. 

   

Figure 4. Plots of (a) the total number of bubbles at time t (Nt) versus time and (b) the pressure

drop versus time during foam flow in an initially empty Hele-Shaw cell.

Figure 4b displayed higher foam coarsening rates for LSES and CTAB than for SDS at t = 0-

100 min. This can be attributed to the larger numbers of smaller bubbles for LSES and CTAB,

which cause larger  water/air  interface  (lamellae)  areas  generating  a higher  total  surface  free

energy.  According  to  Table  1,  the  CMC  values  of  LSES  and  CTAB  in  terms  of  molar
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concentration  are  just  1/3 and  1/9 of  the  values  for  SDS,  respectively.  This  then  implies  the

movement of the surfactant molecules to the interfaces and the need to spread them over the very

large  interfacial  areas.  As  a  consequence,  there  is  a  reduction  of  the  surfactant  molecule

concentration  on  the  interfaces,  which  leads  to  a  rise  in  surface  tension  and  a  decrease  in

electrostatic repulsion between bubbles, causing high foam coarsening rate. When the slopes in

Figure 4a are compared at low bubble numbers Nt <5000, those for the hydrocarbon surfactants

(LSES, SDS and CTAB) are similar, suggesting the stability LSES was not so bad when bubble

numbers were fewer and hence interfacial area was less (i.e., less depletion).21 

Interestingly,  FG4 despite  its  comparatively  low CMC value  shows a low coarsening rate

compared to the other surfactants. This can be due to its high surface elasticity and low surface

energy  generated  by  a  monolayer  of  FG4 having  rigid  fluorocarbon  tails  leading  to  strong

hydrophobicity and gas-philicity and a film-oriented architecture (double tail + single headgroup)

producing a larger packing parameter than a single tail surfactant. Indeed, as Figure 1 shows this

surfactant has two branches of similar size. Hence, we can expect it can cover more surface area

of  the  foam bubbles  and  then  stabilize  lamellae.  Low fluctuations  in  pressure drop

profile for FG4 surfactant is another indication of its high stabilizing ability. 

3.4.  Oil Displacement with and without Asphaltene Aggregates.  We studied foam

flow behavior in the presence of oil, as shown in Figure 5. These results show the detrimental

effect  of  oil  on  foam  stability  for  all  surfactant  solutions,  except  the  FG4.  The  bubble

coalescence is very intensive for CTAB, SDS, and LSES even in the first seconds after the foam

contact with oil. The oil acts as an active antifoam agent with respect to the foams stabilized by

hydrocarbon surfactants (especially SDS and CTAB), causing intensive bubble coalescence.30 In
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contrast, foams generated in FG4 solution were very stable. At t = 90 sec (right-hand column in

Figure  5)  the  FG4  foam  displaced  the  oil  from  the  Hele-Shaw  cell  without  any  bubble

coalescence  or  coarsening,  which  is  undoubtedly  due  to  the  specific  molecular  structure  of

fluorocarbon surfactant.  The observed remarkable  stability  of  the FG4-stabilized  foam,  upon

contact  with the  oil,  can  be due to  its high surface  viscosity and  immiscibility  between the

fluoroalkyl moieties within the FG4 surfactant and the hydrocarbon.34 

Figure 5. Oil displacement with different foam systems as presented in the

legend. The arrows show large amount of bubble coalescence in the presence of oil over time. 

Similar series of experiments were carried out in the presence of asphaltene, as presented in

Figure 6.  The foams generated from FG4 solution  in  asphaltene-oil  showed very high foam

stability at t = 30 sec with a bubble size similar to that of FG4 in oil, while the foams from LSES,
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SDS, and CTAB were particularly unstable. The bubble coalescence was more intensive in the

CTAB foam compared to the LSES and SDS.  At  t = 60 and 90 sec (middle and right-hand

columns in Figure 6, respectively), significant foam film rupture and bubble coalescence was

observed in the foams stabilized by CTAB, SDS or LSES. A comparison of Figure 5 with Figure

6 suggests that  asphaltene  in  oil  has  a  powerful  antifoam effect  for  the foams stabilized  by

hydrocarbon surfactants. Most probably, the adsorption of surfactant molecules to the asphaltene

aggregate  deprive  the  lamellae  from having  enough  surfactant  to  be  stabilized.  In  contrast,

asphaltene  had no significant  effect on the foam stability  for FG4 which may be due to the

immiscibility between these two due to its specific molecular structure and its higher viscosity.

17



Submitted to Industrial & Engineering Chemistry Research

Figure 6. Illustrative pictures of foam stability and foam displacement in the Hele-Shaw cell for

FG4, SDS, CTAB, and LSES in the case of asphaltene-oil at three successive times of 30, 60 and

90 sec. The arrows indicate the foam coalescence for each foam surfactant solution. 

3.5.  Foam flow in porous media.  To highlight the role of capillary suction on foam

stability,  a  series  of  foam flow experiments  inside  more  complex  confined geometries  were

performed using a glass bead pack. Foam saturation and pressure drop measurements with the

corresponding displaced fluid (water, oil,  and asphaltene-oil) were plotted in Figure 7. Foam

saturation is the proportion of the glass bead pack that is filled with foam. 

   

Figure 7. Plots of (a) foam saturation and (b) pressure drop during water displacement by foam

in the glass bead pack for different surfactants as presented in the legends. For interpretation of

different color lines, the reader is referred to the online version of this article.

For displacement of water, higher foam saturation was observed for the SDS, CTAB, and

FG4 compared to LSES surfactant. This was attributed to the comparatively rapid breakage of

bubbles made with LSES (as Figure 4 shows). The pressure-drop curves in (b) show that SDS,
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CTAB, and FG4 create a strong foam bank zone in the water quite similar to the case of empty

Hele-Shaw cell. Decreased foam saturation was observed when foam displaced oil compared to

foam displacing water, which weakened the foam films, leading to bubble coalescence (Figure

8). 

The presence of oil, significantly decreases the foam saturation and effectively increases gas

channeling in the direction of flow, compared to foam saturation in the presence of water. The

foam saturation  in the  presence of oil (Figure 8) is ranked as follows: FG4 > LSES > SDS >

CTAB. Again, very high foam stability as a function of time was obtained for FG4, which agrees

with the results shown in Figure 3; however, LSES foam appeared to be more stable compared to

the  CTAB and  SDS.  This  can  be  due  to  a  lower  miscibility  of  the  hyper-methyl-branched

hydrocarbon tail of LSES with the oil than the straight hydrocarbon tails of SDS and CTAB (Fig.

1).35,36 Figure 9 shows foam saturation and pressure drop during asphaltenic oil displacement by

foam.  Comparing Figure 9 with Figure 8 reveals the detrimental effect of asphaltene on foam

stability. 
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Figure 8.  Plots of (a) foam saturation and (b) pressure drop in the case of SDS, CTAB, and

LSES, at  CMC during oil  displacement in the glass bead pack.  (c) Foam saturation of FG4

displacing oil in the glass bead pack (plotted separately on a different scale). For interpretation of

different color lines, the reader is referred to the online version of this article.
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Figure 9. (a) Foam saturation and (b) displacement pressures in asphaltene-oil for SDS, CTAB,

and LSES at CMC in the glass bead pack. (c) Foam saturation of FG4 displacing asphaltene-oil

in the glass bead pack (plotted separately). For interpretation of different color lines, the reader is

referred to the online version of this article.

Apart from FG4, foam saturation considerably reduced across all solutions in asphaltene-oil,

as shown in Figure 8. FG4 saturates the entire system more rapidly (160 sec) than other foam

systems. Highly stable foam is expected to control gas mobility and decrease gas channeling

during foam displacement in the glass bead pack. The ranking of the order in which surfactants

successfully displaced asphaltenic oil as is as follows: FG4 > LSES > SDS >CTAB. It can be

expected the adsorption of surfactant from lamellae to asphaltene aggregate destabilize the foam;

however, the fluorocarbon tails in FG4 and hyper-methyl-branched tail in LSES is an obstacle to

this phenomenon that provides higher stability behavior for these novel surfactants. 
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In this study, we focused on surfactants at their CMC concentration; however, surfactant

concentration can have a very important role on foam stability and generation that could be the

topic of future study.21 

4. CONCLUSIONS 

Although  previous  studies  have  discussed  foam  stability  extensively,37,38 this  study

significantly advances this research area since it not only used newly developed surfactants with

specific  properties,  but  also  critically  explored  the  effect  of  asphaltene  aggregates  on  foam

stability. In addition to the real-world importance of studying asphaltene containing systems, the

effects  of  its  presence  should  not  be  discounted.  The  strong  hydrophobicity  and  good  gas-

philicity,  and  weak  interaction  with  the  oil  of  hydrophobic  tails,  and  the  film-oriented

architecture,  which is likely to increase the packing parameter  for FG4 and LSES surfactant

make  them  more  stable  in  the  presence  of  oil  and  asphaltenic  oil  compared  to  the  more

traditional SDS and CTAB surfactants. These results pave the road for designing new surfactants

with a high ability to stabilize foam in extreme systems.
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Hele-Shaw cell or in glass-bead porous media as well as dynamic IFT data (PDF).  
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CTAB = cetyl trimethyl ammonium bromide 

CMC = critical micelle concentration 

EOR = enhanced oil recovery 

FG4 = sodium 1,5-bis[(1H,1H,2H,2H-perfluorohexyl)oxy]-1,5-dioxopentane-2-sulfonate 

IFT = interfacial tension 

qg = flow rate of gas 

ql = surfactant solution 

γ = shear rate 

η = viscosity 

σ = surface tensions 

τ = shear stress 

LSES = low surface energy surfactant 

Nt = number of bubbles at time 

Ni = initial number of foam bubbles 

SDS = sodium dodecyl sulfate 

Vtotal = total volume of the empty Hele-Shaw cell 

Vpore = volume of water to fill the Hele-Shaw with the glass bead inside 
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