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Abstract
Carbon dioxide  (CO2) flooding is one of the most globally used EOR processes to enhance oil recovery. However, the low 
gas viscosity and density result in gas channeling and gravity override which lead to poor sweep efficiency. Foam application 
for mobility control is a promising technology to increase the gas viscosity, lower the mobility and improve the sweep effi-
ciency in the reservoir. Foam is generated in the reservoir by co-injection of surfactant solutions and gas. Although there are 
many surfactants that can be used for such purpose, their performance with supercritical  CO2  (ScCO2) is weak causing poor 
or loss of mobility control. This experimental study evaluates a newly developed surfactant (CNF) that was introduced for 
 ScCO2 mobility control in comparison with a common foaming agent, anionic alpha olefin sulfonate (AOS) surfactant. 
Experimental work was divided into three stages: foam static tests, interfacial tension measurements, and foam dynamic tests. 
Both surfactants were investigated at different conditions. In general, results show that both surfactants are good foaming 
agents to reduce the mobility of  ScCO2 with better performance of CNF surfactant. Shaking tests in the presence of crude 
oil show that the foam life for CNF extends to more than 24 h but less than that for AOS. Moreover, CNF features lower 
critical micelle concentration (CMC), higher adsorption, and smaller area/molecule at the liquid–air interface. Furthermore, 
entering, spreading, and bridging coefficients indicate that CNF surfactant produces very stable foam with light crude oil in 
both deionized and saline water, whereas AOS was stable only in deionized water. At all conditions for mobility reduction 
evaluation, CNF exhibits stronger flow resistance, higher foam viscosity, and higher mobility reduction factor than that of 
AOS surfactant. In addition, CNF and  ScCO2 simultaneous injection produced 8.83% higher oil recovery than that of the 
baseline experiment and 7.87% higher than that of AOS. Pressure drop profiles for foam flooding using CNF was slightly 
higher than that of AOS indicating that CNF is better in terms of foam–oil tolerance which resulted in higher oil recovery.

Keywords Supercritical  CO2 foam · Foam mobility control · Foam flooding · Enhanced oil recovery (EOR) · Foam 
assisting  CO2 EOR

1 Introduction

It is estimated that two-thirds of the original oil in place 
(OOIP) are left underground after the primary and second-
ary oil recovery processes (Green and Willhite 1998). For 
tertiary recovery, many enhanced oil recovery (EOR) meth-
ods can be used to extract more oil from reservoirs. Among 
these EOR methods,  CO2 injection is one the most used pro-
cesses globally (Taber et al. 1997). However, gas injection 
processes face many challenges such as gas channeling and 
gravity override that lead to poor sweep efficiency (Healy 
et al. 1994). Many techniques have been applied to enhance 
the sweep efficiency such as water alternating gas (WAG), 
polymer, and foam. Foam is a promising technology that 
can be used to reduce the mobility of the injected gas by 
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increasing its viscosity (Enick et al. 2012) and diverting the 
flow toward lower permeability zones where the remaining 
oil exists (Fried 1961).

Surfactants are the main component in a foam sys-
tem. They facilitate the foam generation by reducing the 
gas–water interfacial tension and adsorb at the interfaces 
to make the foam with the required stability by stabilizing 
the thin films between bubbles (Schramm 2000). Thus, the 
surfactant screening is the first step toward a successful foam 
project (Boeije et al. 2017). In foam applications, in general, 
and particularly in  CO2 EOR, the surfactant structure is a 
significant factor that affects the efficiency in every aspect 
of the process: gas viscosity, mobility control, and EOR 
(Adkins et al. 2010). These effects are related to different 
interactions of surfactants and  CO2 (Adkins et al. 2010). 
Moreover, the presence of supercritical  CO2  (ScCO2) results 
in low pH acidic environment where some types of sur-
factants hydrolyze and lose their interfacial activity such as 
sulfates (Talley 1988).

Alpha olefin sulfonate (AOS) is hydrolytically and ther-
mally stable, and soluble at low to medium hard water (Por-
ter 1994). Farajzadeh et al. (2010) experimentally inves-
tigated the use of AOS for mobility control and EOR in 
miscible and immiscible flooding with the aid of CT scanner 
for simultaneous monitoring of the flooding process. They 
reported 19% more oil recovery with  ScCO2 than that of 
the immiscible  CO2 flooding. However, no sharp front was 
observed with the use of  ScCO2. They attributed this to the 
poor foam stability with oil. Haugen et al. (2012) experimen-
tally used AOS for mobility control and EOR in fractured oil 
wet and water wet cores and reported that the pre-generated 
foam is better than in situ foam generation in terms of mobil-
ity reduction and oil recovery. They attributed the results to 
the poor foam–oil tolerance. Li et al. (2012) used AOS in 
surfactant-alternating-gas (SAG) injection mode for foam 
generation using  N2. Their experiments were conducted on 
a two-dimensional sand pack with 19–1 permeability con-
trast. They attributed the poor sweep efficiency to the weak 
foam stability in the presence of crude oil. They suggested 
that enhancing the foam–oil tolerance could provide higher 
oil recovery because this may enhance the sweep efficiency. 
Indeed, mixing the surfactant with a foam booster CTAB 
zwitterionic surfactant improved the foam–oil tolerance, 

provided better displacement efficiency, and resulted in 
higher oil recovery.

The aim of this study is to evaluate the ability of a newly 
developed anionic surfactant (CNF) to control the mobil-
ity of  ScCO2. Moreover, the performance of CNF is com-
pared with  C14–16 AOS (anionic surfactant) which is one of 
the most widely used in literature with  CO2 in gaseous and 
supercritical states. This newly developed surfactant and the 
major challenges for its utilization with  ScCO2 may provide 
more opportunities for foam applications in foam-assisting 
miscible  CO2 EOR projects.

2  Experimental materials

Table 1 shows the general properties of both surfactants 
used in experimental work. Surfactants were diluted with 
deionized (DI) water (ASTM, type II) provided by LabChem 
Inc. Moreover, tests were conducted at 0.5 wt% surfactant 
concentration. Besides deionized water, the salinity effect 
was investigated using brine solutions (NaCl solutions) at 
10,000, 20,000, and 30,000 ppm (NaCl was purchased from 
Cole-Parmer). The crude oil used in this study was from 
North Burbank Unit, OK, USA (NBU). It is light crude oil 
with API gravity of 33.7° and viscosity of 8 cP at room 
temperature of 23 °C, and 39.5° API and 3.27 cP at 50 °C 
which is the reservoir temperature. The glass-bead pack was 
made using glass beads with a specific gravity of 2.5 and 
a diameter of 100 µm, which were purchased from Potters 
Industries LLC.

3  Methodology

The experimental work was divided into three stages: static 
foam tests, interfacial tension measurements, and dynamic 
foam tests. The dynamic foam tests were divided into three 
sections: mobility reduction evaluation in the high-permea-
bility glass-bead pack, mobility reduction evaluation in low-
permeability Bentheimer sandstone cores, and core flooding 
experiments. The surfactant concentrations were constant 
at 0.5 wt%, diluted with deionized water, and prepared 

Table 1  Properties of the surfactants

Surfactant Form Chemical family pH Density, g/mL Charge Flash point, °C Carbon 
chain 
length

CNF Liquid Alpha olefin sulfonate, isopropyl 
alcohol, and citrus terpenes

7.73 1.07 Anionic > 93.3 –

AOS Liquid Alpha olefin sulfonate 8.20 1.06 Anionic > 94.0 14–16
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with NaCl solutions of three salinities: 10,000, 20,000, and 
30,000 ppm.

3.1  Static foam tests

Foam was generated by shaking 3 mL of surfactant solu-
tions in 13 × 100-mm (9-mL) Pyrex glass test tubes. Care has 
been taken to perform 10–15 gentle and uniform shakings 
for all samples. Samples were prepared at 0.5 wt% concen-
tration in deionized water, 10,000, 20,000, and 30,000 NaCl 
solutions. After the foam has been generated with shaking 
inside the test tube, the foam columns were monitored by 
taking images at different times. Then, the foam column 
lengths were measured from images using ImageJ software. 
The foaming ability was investigated using the initial foam 
column length (hfi), and the foam stability was measured by 
the foam half-life (FHL), t1/2, which is the time at which the 
foam column loses half of the initial foam column length 
hfi. The samples were prepared for static tests without oil 
and stirred for about 12 h before testing. For static tests with 
crude oil, the samples were prepared at 0.5 wt% surfactant 
concentration and stirred for 12 h, and the surfactant solution 
was placed in 9-mL test tubes above which the crude oil was 
simply poured. Then, the sample was shaken immediately.

3.2  Interfacial tension measurements

Air–water surface tension measurements were conducted at 
different surfactant concentrations in DI water using a Data-
physics OCA 15 Pro IFT instrument, pendant drop method. 
The surface measurements were used for critical micelle 
concentration (CMC) determination and interfacial activity 
predictions for both surfactants.

The air–water surface tension versus the logarithmic val-
ues of the surfactant concentrations below the CMC is a 
linear relationship. The slope of this straight line can be used 
to interpret the interfacial activities: adsorption and area/
molecule at the interface. According to the Gibbs adsorption 
equation, the higher the slope is, the higher the adsorption at 
the air–water interface. Furthermore, the higher the adsorp-
tion of surfactant molecules at the interface results in smaller 
area/molecule and stronger packing that induces higher foam 
stability (Rosen and Kunjappu 2004).

The interfacial tension measurements, also, can be also 
used to investigate the foam–oil tolerance by calculating the 
entering coefficient (E) (Robinson and Woods 1948), spread-
ing coefficient (S) (Harkins 1941), bridging coefficient (B) 
(Denkov 2004), and the lamellae number (L) (Schramm and 
Novosad 1990) using Eqs. (1), (2), (3), and (4).

(1)E = �a/w + �o/w − �o/g

where �a/w , �o/w , �o/g are the air–water, oil–water, and oil–gas 
interfacial tensions, respectively.

3.3  Dynamic foam tests

These experiments were designed for mobility reduction 
evaluation and oil recovery investigation by conducting core 
flood experiments.

3.3.1  Mobility reduction evaluation 
in the high‑permeability glass‑bead pack

These experiments were conducted at a high shear rate of 
317 s−1 and a low shear rate of 9.51 s−1. Furthermore, three 
injection qualities 50%, 70%, and 90% were used. All experi-
ments were conducted at 1800 psi and 50 °C to ensure the 
supercritical conditions of  CO2. The foam was generated 
by simultaneously injecting the surfactant solution and 
supercritical  CO2  (ScCO2) through the glass-bead pack. 
The pressure drop was measured using two sets of pressure 
transducers: 500-psi for high range and 50-psi for low range. 
The pressure drop data were collected using a data acqui-
sition system. The onset of a strong foam generation was 
recognized as a rapid increase in pressure drop according 
to Dicksen et al. (2002). The flow continued with monitor-
ing the pressure drop until the steady-state pressure drop 
across the glass-bead pack was reached. Then, the steady-
state pressure data were averaged and used to calculate the 
mobility, foam effective viscosity, and mobility reduction 
factor (MRF) using the following equations.

where � is the mobility, k is the permeability, � is the vis-
cosity, q is the flow rate, l is the length of the porous media, 
A is the cross-sectional area of the glass-bead pack, ∆P is 
the pressure drop across the porous media, μeff is the foam 
effective viscosity, and fmr is the mobility reduction factor.

(2)S = �a/w − (�o/w + �o/g)

(3)B = �2
a/w

+ �2
o/w

− �2
o/g

(4)L =
�a/w

�o/w

(5)� =
k

�
=

ql

AΔP

(6)�eff =
k

�

(7)fmr =
ΔPfoam

ΔPbaseline
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Table 2 shows the dimensions and petrophysical proper-
ties of the glass-bead pack which was filled with 100 µm 
glass beads. Figure 1 shows the experimental setup for the 
mobility reduction evaluation. 

The baseline experiment, in which  ScCO2 was injected 
without surfactant, was also conducted for comparison pur-
poses. Detailed experimental conditions are described in 
Sect. 4.4.

3.3.2  Mobility reduction evaluation in low‑permeability 
Bentheimer sandstone cores

All tests in this section were conducted on homogeneous 
Bentheimer sandstone cores (diameter, 1 in.; length, 12 in.). 
The core was left in an oven overnight for drying. Then, 
it was mounted in the core holder and 500 psi overburden 
pressure was applied. After that, the air was removed from 
the core using a vacuum pump followed by saturating the 
core with 10,000 ppm NaCl brine at which its pore volume 
(PV) and porosity can be measured. The system was then 
pressurized using the back-pressure regulator, as shown in 
Fig. 1. After the system was pressurized and the tempera-
ture was maintained at 50 °C, the absolute permeability was 
measured by obtaining the pressure drop at different flow 
rates using Darcy’s law. Then, 5–6 PV of brine were injected 

to ensure 100% core saturation. Although the XRD tests 
for these rocks show that their composition is 100% quartz, 
1 PV of the surfactant solution was injected into the core at 
5 ft/day (~ 9 s−1 shear rate) to mitigate the effect of surfactant 
adsorption on the rock surfaces. After that, the foam was 
applied by simultaneously injecting the surfactant solution 
and  ScCO2 or  N2 gas at 5 ft/day. The foam injection was 
continued until the steady pressure drop across the core was 
reached. The recorded steady-state pressure drop data were 
averaged and used to calculate the mobility, effective viscos-
ity of foam, and MRF using Eqs. 5, 6, and 7.

Figure 1 above shows a schematic diagram of the exper-
imental setup for mobility evaluation in sandstone cores. 
Properties of Bentheimer sandstone cores and experimental 
conditions for all runs are described in Sect. 4.5. Moreo-
ver, the last two runs listed (runs 9 and 10) are baseline 
experiments conducted using  N2 and  ScCO2 injection for 
comparison purposes, respectively. In all runs, the salinity 
of the surfactant solution or water injected is 10,000 ppm.

3.3.3  Core flooding experiments

The core flooding experiments were also conducted on 
homogeneous Bentheimer sandstone cores with a diameter 
of 1″ and a length of 12″. The core was left in an oven over-
night for drying. Then, it was vacuumed and saturated with 
10,000 ppm brine at which the pore volume and porosity 
were measured. After that, 5–6 PV of 10,000 ppm brine 
were injected into the core at 5 ft/day to ensure that the core 
sample was 100% water-saturated. Then, the absolute per-
meability was calculated using Darcy’s law. The setup was 
pressurized to 1450 psi, keeping the overburden pressure 
500 psi higher than the test pressure, and at test temperature 

Table 2  Dimensions and petrophysical properties of the glass-bead 
pack

Length, in. Diameter, 
in.

Pore vol-
ume, mL

Porosity, % Permeabil-
ity, D

13 0.18 1.625 30 17.1

Overburden
pressure 

BPR

Data acquisition system

Glass bead pack Core holder
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Fig. 1  Schematic of an experimental setup for mobility reduction evaluation and core flooding
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of 50 °C. Once the pressure and temperature were stable, 
crude oil was injected at a flow rate of 5 ft/day until no more 
water was observed in the effluent. The water produced from 
the core sample was collected in a graduated cylinder for the 
original oil in place (OOIP) estimation. Then, water flooding 
was applied by injecting 5 PV of 10,000 ppm brine at a flow 
rate of 5 ft/day until no more oil was observed in the efflu-
ent. The high amount of water injection was to ensure that 
the optimum oil recovery by waterflooding was achieved, 
no more oil was produced by water injection, and the end 
effects would be diminished. Then, the second stage was to 
inject 1–1.5 PV of the surfactant solution (surfactant pre-
flush) to mitigate the surfactant adsorption on the rock. After 
that, 5 PV of simultaneous injection of the surfactant solu-
tion and  ScCO2 was applied for 24 h at a flow rate of 5 ft/day. 
The pressure drop was recorded for the three oil recovery 
stages. Figure 1 shows the schematic diagram of the setup 
for the core flooding experiments. One baseline experiment 
was conducted by injecting  ScCO2 only for comparison 
purposes with oil recovery of CNF and AOS foam floods. 
Table 3 shows the properties for the Bentheimer sandstone 
samples used to conduct the core flooding experiments and 
the experimental conditions.

4  Results and discussion

4.1  Static foam test results

Foaming ability (or foamability) was investigated by meas-
uring the initial foam heights hfi for both surfactants from 
the shaking tests. Both surfactants gave almost the same ini-
tial foam column length hfi. Therefore, both CNF and AOS 
are good foaming agents in terms of foaming ability. This 
also indicates the efficiency of both surfactants to reduce the 
air–liquid surface tension. The surface tension at the air–liq-
uid interface will be discussed shortly.

Figure 2 shows the foam half-life for both surfactants at 
different salinities of 0 (deionized water), 10,000, 20,000, 
and 30,000 ppm. Both surfactants provided good foam 
stability. As observed, the foam stability decreases as the 
salinity increases at the salinity of 0–20,000 ppm, which 
is attributed to a reduction in repulsive forces between 
the surfactant molecules due to the addition of salts. 

Moreover, CNF surfactant is slightly better than AOS at 
any salinity (0–30,000 ppm). For both surfactants, the sta-
bility of foam prepared with deionized water is the best. In 
addition, both surfactants exhibit an enhancement of foam 
stability at the salinity of 30,000 ppm. Liu et al. (2005) 
reported that the foam stability with  CO2 decreased with 
increasing salinity up to 2 wt%. Then, a further increase 
in salinity enhanced the foam stability. However, the foam 
stability plateaued shortly with further increase in salinity.

The foam stability with crude oil was impressive for 
both surfactants. The foam half-life for CNF lasted for 
more than 24 h and 12–18 h for AOS. Figure 3a shows 
images for CNF and Fig. 3b for AOS. The images were 
taken after 24 h for CNF foams and after 18 h for AOS 
foams. Each image shows samples in DI water, 10,000 and 
20,000 ppm salinity left to right. Clearly, both surfactants 
produced stable foam with crude oil, but CNF foam was 
significantly stronger than that of AOS in the presence of 
crude oil.

However, shaking involves eventually very high shear 
rates which provide high energy for any surfactant to give 
its optimum performance as foaming agent regardless of 
how the shaking was performed. Therefore, it is difficult 
to recognize the differences in foaming ability and foam 
stability as well. Therefore, combining the shaking test 
observations with the interfacial tension measurements is 
next.

Table 3  Petrophysical properties of the sandstone cores and the experimental conditions in core flooding experiments

Run No. Surfactant Core length, 
in.

Core diameter, 
in.

Core pore vol-
ume, mL

Core porosity, % Core permeabil-
ity, D

Experiment type

1 – 12 1 33.52 21.71 1.87 Baseline
2 AOS 12 1 34.74 22.50 1.71 Foam flood
3 CNF 12 1 33.74 21.85 1.91 Foam flood
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Fig. 2  Foam half-lives for both surfactants (0.5  wt%) in deionized 
water, 10,000, 20,000, and 30,000 ppm NaCl solutions
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4.2  Interfacial tensions

As mentioned earlier, surface tensions were measured for 
different concentration samples prepared with deionized 
water and the measured results are shown in Fig. 4. The 
critical micelle concentrations (CMCs) for CNF and AOS 
are 0.011 wt% and 0.028 wt%, respectively. The surfactant 
concentration for foam applications is recommended above 
the CMC (Nikolov et al. 1986). Using the surfactant con-
centration above the CMC provides the best foam stability, 
whereas foam has less opportunity to be of good stability 
when the surfactant concentration is below the CMC (Rafati 
et al. 2012). The CMC defines the foaming efficiency of the 
surfactants. The lower the CMC is, the higher the foaming 
efficiency (Rosen and Kunjappu 2004). Moreover, Man-
nhardt et al. (2000) found that the foaming ability decreased 

with a decrease in the surfactant concentration and no foam 
was generated at surfactant concentration below its CMC. 
Therefore, the lower the CMC of the surfactant is the bet-
ter from different perspectives such as lowering the cost of 
the project due to the use of low surfactant concentrations 
without compromising the foaming efficiency.

According to Gibbs surface adsorption equation (Eq. 8), 
the higher the slope is, the higher the adsorption of the sur-
factant at the liquid–air interface, and consequently, the 
better the foamability and foam stability (Rosen and Kun-
jappu 2004). This is because the higher the adsorption at the 
air–liquid interface is, the smaller the area/molecule and the 
stronger the packing of the molecules at the interface (Rosen 
and Kunjappu 2004).

where �  is the surfactant adsorption at the air–liquid inter-
face, R is the gas constant, T is temperature, γ is the surface 
tension, and C is the surfactant concentration.

Furthermore, for concentrations above 0.007 wt% in 
Fig. 4, CNF is able to reduce the interfacial tension lower 
than that of AOS which also indicates that CNF is predicted 
to perform better than AOS in foam generation. Table 4 
shows the air–water and oil–water interfacial tensions for 
both 0.5 wt% surfactant solutions at different salinities.

4.3  Foam stability in the presence of crude oil

As shown in Table 4, the σo/w for both surfactants dropped 
with the addition of salts (from deionized water to 
10,000 ppm salinity), but no influence was observed on σo/w 
with increasing the salinity. This shows that both surfactants 
would probably perform efficiently in the presence of oil, but 
CNF had higher σo/w which suggests that it is better in terms 
of foam–oil tolerance.

Table 5 shows the entering, spreading, bridging coef-
ficients, and lamellae number, respectively. The entering 
coefficient gives positive values for all surfactant solutions, 

(8)� = −
1

RT

(

d�

d lnC

)

Fig. 3  a Images of CNF foam after 24 h and b images of AOS foam 
after 18 h, both foam samples at 0.5 wt% surfactant concentration and 
at a salinity of 0 (deionized water), 10,000 and 20,000 ppm from left 
to right
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Fig. 4  Interfacial measurements for AOS and CNF (C is the sur-
factant concentration, wt%)

Table 4  Interfacial tensions σa/w and σo/w for AOS and CNF (0.5 wt%) 
at 23 °C

Salinity of surfactant solu-
tion (water phase), ppm

IFT between gas 
(or oil) and AOS 
solution, mN/m

IFT between gas 
(or oil) and CNF 
solution, mN/m

σa/w σo/w σa/w σo/w

0 (deionized water) 32.50 1.40 30.70 5.88
10,000 32.30 0.52 31.00 3.94
20,000 32.10 0.44 31.25 3.51
30,000 32.15 0.38 31.11 3.11
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which clarifies that oil will enter the lamellae. However, 
the spreading coefficient implies that oil will spread at the 
air–water interface to destabilize AOS foams in saline solu-
tions only. The spreading coefficient for CNF is negative for 
all samples. Moreover, the bridging coefficient gives nega-
tive values for CNF at all conditions. These observations 
imply that CNF is going produce very stable foam with oil. 
However, AOS produces stable foam with oil when the sur-
factant prepared with deionized water. Furthermore, lamel-
lae number values confirm the same conclusions. The CNF 
foam is stable in deionized water and semi-stable in saline 
solutions, whereas AOS is semi-stable in deionized water 
and unstable in saline solutions.

4.4  Mobility reduction evaluation 
in the high‑permeability glass‑bead pack

Table 6 shows the results for 16 runs on the high-permea-
bility glass-bead pack at high and low shear rates for both 
surfactants with  ScCO2 foam. Moreover, one baseline exper-
iment was conducted with  ScCO2 injection only and resulted 
in a very low steady-state pressure drop (0.04 psi) which 
corresponds with 0.03 cP effective viscosity. The average 
of the recorded steady-state pressure drop data were used to 
calculate the mobility, foam effective viscosity, and mobil-
ity reduction factor. Experimental conditions and results for 
these tests are listed in Table 6.

Figure 5 shows the effect of three injection qualities on 
the viscosities of both surfactants at the high shear rate in 
deionized water. The AOS foam viscosity decreased but 
the CNF foam viscosity increased as the injection quality 
decreased. The opposite behavior of these foaming agents 

Table 5  Entering, spreading, bridging coefficients, and lamellae number at 0.5 wt% surfactant concentration at 23 °C

Salinity of surfactant solution (water 
phase), ppm

Entering coefficient Spreading coefficient Bridging coefficient Lamellae number

AOS CNF AOS CNF AOS CNF AOS CNF

0 (Prepared with deionized water) 2.40 5.08 − 0.40 − 6.68 65.96 − 15.19 3.48 0.78
10,000 1.32 3.44 0.28 − 4.44 51.31 − 15.73 9.32 1.18
20,000 1.04 3.26 0.16 − 3.76 38.35 − 3.37 10.94 1.34
30,000 1.03 2.72 0.27 − 3.50 41.52 − 14.75 12.69 1.50

Table 6  Experimental conditions and results for AOS and CNF with  CO2 in glass-bead packs

a The surfactant concentrations were 0.5 wt% in runs 1–15. No surfactant was used in the baseline experiment (run 16)

Run 
No.

Surfactanta Salinity, ppm Injection 
quality, %

Flow rate 
q, mL/min

Shear rate,  s−1 Steady-state pres-
sure drop ΔPss, 
psi

Mobility 
λ, mD/cP

Effective 
viscosity μeff, 
cP

Mobility 
reduction fac-
tor fmr

1 AOS 0 90 0.5 317 208 118 145 –
2 AOS 10,000 90 0.5 317 164 150 114 4100
3 AOS 20,000 90 0.5 317 161 156 109 –
4 AOS 30,000 90 0.5 317 216 459 37 –
5 AOS 0 70 0.5 317 175 142 121 –
6 AOS 10,000 70 0.5 317 99 249 69 2475
7 AOS 20,000 70 0.5 317 93 265 64 –
8 AOS 30,000 70 0.5 317 91 273 63 –
9 AOS 0 50 0.5 317 122 202 85 –
10 AOS 10,000 90 0.015 9.51 9.97 74 230 250
11 CNF 0 90 0.5 317 162 153 112 –
12 CNF 0 70 0.5 317 207 119 143 –
13 CNF 0 50 0.5 317 225 109 154 –
14 CNF 10,000 90 0.5 317 178 138 123 4450
15 CNF 10,000 90 0.015 9.51 16 46 371 400
16 – 10,000 – 0.5 317 0.04 – 0.03 –



1032 Petroleum Science (2020) 17:1025–1036

1 3

can be attributed to many reasons that were not covered in 
this study. In fact, the relationship of the foam viscosity with 
injection quality is still controversial. In an experimental 
study conducted by Marsden and Khan (1966), they found 
that the higher the injection quality is, the higher the foam 
viscosity. Lee and Heller (1990) experimentally concluded 
that the increase in injection quality decreased the viscosity. 
The foam viscosity depends on flow rate, permeability of 
the porous media, and foam texture (Hirasaki and Lawson 
1985).

The effect of shear rate (317 and 9.51 s−1) on the effective 
viscosities of both AOS and CNF foams at 90% injection 
quality and 10,000 ppm salinity are shown in Fig. 6. The 
higher the shear rate resulted in the lower viscosity because 
of the shear thinning nature of the foam. As shown in Fig. 6, 
the viscosities of CNF foam at both shear rates are higher 
than that of the AOS foam.

Figure 7 also shows all results for CNF and AOS foams 
(0.5 wt%, 10,000 ppm salinity) at a low shear rate of 9.51 s−1 
and 90% injection quality. Again, the CNF foam proves pow-
erful performance with higher steady-state pressure drop, 

lower mobility, higher foam viscosity, and higher mobility 
reduction factor.

4.5  Mobility reduction evaluation 
in low‑permeability Bentheimer sandstone 
cores

Two baseline runs were conducted using  N2 injection at 
850 psi and  ScCO2 injection at 1800 psi for comparison. 
All experimental conditions and results are listed in Table 7.

The effect of permeability is shown in Fig. 8 which com-
pares the foam viscosities for AOS and CNF with  ScCO2 at 
90% injection quality at a shear rate of 9 s−1. The perme-
abilities of the cores and the glass-bead pack are 1.62–1.80 
Darcy (Table 7) and 17.1 Darcy (Table 2), respectively. CNF 
is repeatedly proved to be better than AOS by generating 
higher foam viscosity in both cases at high and low-perme-
ability porous media. The results in Fig. 8 are in agreement 
with the fact that foam favors the higher permeability porous 
media. The viscosities of surfactant foams in the glass-bead 
pack are extremely higher than that in sandstone cores.

The effect of injection quality at low-permeability sand-
stone cores was investigated using two injection qualities 
90% and 70% for both surfactants with  ScCO2 at a shear 
rate of 9.51 s−1. The pressure drop curves for both surfactant 
foams are shown in Fig. 9 for 90% injection quality and 
Fig. 10 for 70% injection quality. According to the pressure 
profiles, the CNF foam is stronger at 90% injection quality, 
whereas the AOS foam is stronger at 70% injection quality. 
Therefore, the results suggest that CNF is better at more 
realistic conditions (i.e., low shear rate and sandstone reser-
voirs), CNF co-injection with  ScCO2 provides higher foam 
viscosity at higher injection qualities, while AOS requires 
low injection qualities for better performance. This also indi-
cates that using CNF with  ScCO2 for foam mobility con-
trol will eventually reduce the cost as the amount of liquid 
decreases as the injection quality increases.
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The mobility control with  N2 gas was also tested for 
both surfactants. The pressure profiles for AOS and CNF 
are shown in Fig. 11. These experiments were conducted 
on sandstone core samples at two velocities of 5 and 10 ft/
day (9 and 18 s−1) with an injection quality of 90%. In these 
experiments, the surfactant solutions used had a concentra-
tion of 0.5 wt%, which were prepared with 10,000 ppm NaCl Ta
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solution. Each surfactant solution was injected simultane-
ously with  N2 gas at 5 ft/day until the steady-state pressure 
drop was reached, then the velocity was raised to 10 ft/day 
until the steady-state pressure drop was reached for the new 
velocity. From Fig. 11, the CNF foam appeared always better 
in terms of flow resistance at both velocities than the AOS 
foam. Moreover, Fig. 12 compares the foam viscosities for 
AOS and CNF at both velocities. Surprisingly, the viscosity 
increases as the velocity (i.e., shear rate) increases for both 
foams. Although this is shear thickening behavior, foam is 
known of its non-Newtonian shear thinning nature (Sch-
ramm and Wassmuth 1994). This behavior could be related 
to the procedure of the experimental work. At 5 ft/day, the 
foam was very efficient to provide high flow resistance due 
to the gas blockage effect. Therefore, the gas relative perme-
ability is already low, and increasing the velocity to 10 ft/
day at such conditions would promote the foam generation 
because of the high shear rate in a blocked porous media. As 
a result, foam contradicted its shear thinning nature by pro-
viding higher viscosity at higher shear rates, lesson learned. 

4.6  Core flooding experiments

The oil recovery from the baseline experiment is shown as 
a function of pore volume injected in Fig. 13. The ultimate 
oil recovery of water flooding is 39% of OOIP. The water 
flooding was followed by 5–6 PV of continuous  ScCO2 
injection which resulted in 27.54% OOIP more oil recov-
ery. The total oil recovery from the baseline experiment 
is 66.54% of the OOIP.

Figure 14 shows the results for AOS as a foaming agent 
after water flooding. The same procedure was conducted. 
This run started with injecting 4.56 PV water flooding, 
which resulted in an oil recovery of 35.42% of the OOIP. 
Then, 1.62 PV of the AOS surfactant solution was injected 
to reduce the surfactant adsorption on the rock surfaces. 
The surfactant pre-flush stage resulted in an oil recovery 
of 4.75% of the OOIP. The third stage was the foam flood 
with simultaneous injection of 5 PV of AOS-ScCO2. The 
AOS foam flood resulted in an additional oil recovery of 
28.5%. Then, the total oil recovery was 68.67% of the 

0

10

20

30

40

50

0 5 10 15 20

P
re

ss
ur

e 
dr

op
, p

si

Injection volume, PV

CNF 5 ft/day CNF 10 ft/day
AOS 5 ft/day AOS 10 ft/day

Fig. 11  Pressure drop curves for AOS and CNF foams with  N2 at dif-
ferent injection velocities (90% injection quality, 850  psi injection 
pressure)

121.3

176.5

12.7 18.0

0

50

100

150

200

5 10

E
ffe

ct
iv

e 
vi

sc
os

ity
, c

P

Velocity, ft/day

CNF AOS

Fig. 12  Foam effective viscosity in sandstone cores for CNF and 
AOS foams with  N2 gas at different injection velocities (90% injec-
tion quality, 850 psi injection pressure)

0

20

40

60

80

100

0 1 2 3 4 5 6 7 8 9 10

O
il 

re
co

ve
ry

, %

Injection volume, PV

Water flooding

ScCO2 flooding

Fig. 13  Oil recovery of the baseline experiment

0

2

4

6

8

10

0

20

40

60

80

100

0 2 4 6 8 10 12

P
re

ss
ur

e 
dr

op
, p

si

O
il 

re
co

ve
ry

, %

Injection volume, PV

Water flooding AOS foam flooding

Oil recovery

Pressure drop

Surfactant
pre-flush

Fig. 14  Oil recovery and pressure drop curves across the sandstone 
core for waterflooding, AOS surfactant (0.5  wt% and 10,000  ppm 
salinity) pre-flush, and AOS surfactant with  ScCO2 foam flood at 90% 
injection quality



1035Petroleum Science (2020) 17:1025–1036 

1 3

OOIP. The additional recovery by AOS foam accounted 
for 1% higher than that of baseline experiment.

CNF foam core flood results are shown in Fig. 15. Water 
flooding stage produced an oil recovery of 39.66% of the 
OOIP. Moreover, no oil production was observed during the 
surfactant pre-flush stage in which 1.5 PV of CNF surfactant 
solution was injected to reduce the adsorption effect. The 
final stage, CNF-ScCO2 simultaneous injection or foam 
flooding resulted in a recovery of 36.3% of the OOIP after 
water flooding. The amount of oil produced by the CNF 
foam was 7.87% higher than that by the AOS foam and 
8.83% higher than the baseline experiment. The total recov-
ery for this core flood was 75.96%.

5  Conclusions

(1) Both AOS and CNF surfactants show good foaming 
ability and foam stability without oil in shaking tests. 
Such behavior is not representative to the actual foam-
ing ability of both surfactants because the shaking tests 
are naturally involved high shear rate which enforces 
the surfactants to perform at their optimum abilities as 
foaming agents. However, CNF was able to reduce the 
air–water interfacial tension lower than that of AOS.

(2) The newly developed surfactant, CNF, shows impres-
sive foam oil tolerance than AOS. It does not reduce the 
oil–water interfacial tension to low value as with AOS 
in saline solutions. This makes it a good surfactant for 
the applications of foam for mobility control.

(3) CNF provides negative values of entering, spread-
ing, and bridging coefficients, whereas AOS provides 
negative values in deionized water only. Moreover, the 
lamellae number indicates that the CNF foam is stable 
in deionized water and semi-stable with the addition 

of salts in terms of foam–oil tolerance. However, the 
lamellae number for AOS shows semi-stable in deion-
ized water and unstable at all salinities. These results 
show that CNF foam is very stable with oil more than 
AOS foam.

(4) At 90% injection quality, the mobility reduction with 
 ScCO2, and with  N2 at lower pressures, CNF shows 
higher foam viscosity and better mobility reduction 
than AOS.

(5) For oil recovery, AOS foam produced 1% more than 
the baseline experiment, whereas CNF foam produced 
almost 7.87% more than AOS foam, and 8.38% more 
than the baseline experiment.

(6) It is not recommended to investigate foam viscosity at 
more than one shear rate during one experiment. Test-
ing two shear rates in series in one experiment would 
provide erroneous results. In this study, measuring the 
foam viscosity at two shear rates in one experiment 
resulted in shear thickening foam behavior, while foam 
is non-Newtonian shear thinning in nature.
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