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Abstract The important role of nanoparticles (NPs) on foam stabilization under harsh geological

conditions has been well recognized. In this paper, the Orthogonal Experimental Design (OED)

method is adopted to investigate the synergy effects of six parameters, including NP concentration,

surfactant concentration, oil concentration, salinity, temperature, and pressure, under five levels in

the range of 0–0.2 wt%, 0.1–0.5 wt%, 0–4 wt%, 0–8 wt%, 20–60 �C, and 5.5–9.5 MPa respectively.

K values and B values obtained in the OED experiments are employed to show the single parameter

effect and the importance of each influential factor on foam static properties. It is concluded that

system temperature and pressure, which has the highest B values of 22 mm and 18 mm on foam

height results, are the dominant parameters on foamability, whereas temperature with B values

of 80% on foam decay rate is the dominant factor on foam stability. It is observed when the system

condition is close to the CO2 critical point, the foamability and stability of the NP-stabilized foam

are much worse than under conditions far from the critical point. At last, optimal formulation of

surfactant and NP concentration is proposed and validated for two geological cases of 45 �C and

55 �C with salinity and oil presence. It is expected the experimental technique, as well as the research

results, reported in this paper could help the laboratory screening and formulation optimization of

the complex NP-stabilized ScCO2 foam system.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Nowadays, the emission of CO2 into the atmosphere has increased dra-

matically (Gil-Alana and Monge, 2020), and the resulting greenhouse

effect has shown serious negative impacts on human lifes (Li et al.,

2019; Tom-Dery et al., 2018; Beach et al., 2019). CO2 Enhanced Oil

Recovery (CO2-EOR), which contributes as one of the most efficient
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techniques in the Carbon Capture, Utilization, and Storage (CCUS)

chain, has attracted worldwide research interests (Jun et al., 2013;

Akinnikawe et al., 2010; Song et al., 2020). Due to the low viscosity

of gas- phase CO2, gas channeling often occurs when CO2 gas displace-

ment is performed in the field of heterogeneous reservoir oilfields

(Majeed et al., 2021). Therefore, the application of CO2 foam is a com-

mon method to improve maneuverability control in carbon dioxide

floods. At present, the use of foam flooding has become a popular

enhanced oil recovery (EOR) method used in non-uniform reservoirs

and fluidity control in uniform reservoirs (Li et al., 2012; Al Sumaiti

et al., 2017; Guo and Aryana, 2016).

The higher viscosity but lower density of foam allow this displace-

ment technology to give better recovery factors by improving the areal

and vertical sweep, reducing viscous fingering, and providing better

recovery factors by diverting gas from high permeable zones (Pang

et al., 2018; Yu et al., 2012). In addition, foam can block high-

permeability reservoirs and increase the volume of the flood during

oil displacement. The presence of crude oil can destroy the foam struc-

ture and rupture it, making the foam have the ability to ‘‘plug water

and not oil” advantage. Therefore, by injecting CO2 foam into the

reservoir for oil extraction, the gas flow can be effectively controlled,

and the volume sweep efficiency in the process of displacing oil can

be expanded to increase the oil extraction rate. This technology has

been widely used in oil field operations in many countries for many

years (Majeed et al., 2021; Pang et al., 2018; Chen et al., 2014;

Skauge et al., 2002; Du et al., 2021; Fernø Martin et al., 2016).

However, limited by the chemical properties of the foaming agent

and external conditions, the stability of ScCO2 foam in practical appli-

cations is usually not robust and is easy to defoam after being exposed

to crude oil and to decompose under high salinity, high-pressure, and

high-temperature reservoir conditions (Osei-Bonsu et al., 2015; Wang

et al., 2017; Aarra et al., 2014).

With the development of nanotechnology in recent years, a variety

of preparation processes have been developed to produce NPs that can

meet the manufacturing needs of various industries (Jun et al., 2013;

Shokouhimehr et al., 2018; Hosseini-Nasab et al., 2016; Ahadi et al.,

2019; Kim et al., 2015). It was found that adding NPs to the surfactant

solution can effectively increase the stability of ScCO2 foam (Ko and

Huh, 2019; Dehdari et al., 2020; Singh and Mohanty, 2020;

AlYousef et al., 2017). In an NP-stabilized foam, the NPs absorbed

on the gas–liquid interface will form a liquid film with higher mechan-

ical strength, which can effectively reduce the discharge rate, prevent

the liquid film from being disturbed and broken, and thereby enhance

the foam stability. In addition, the NPs and surfactant molecular

adsorbed in the gas–liquid interface can form a spatial network struc-

ture, which can increase the thickness of the liquid film and act as a

barrier to liquid discharge and gas diffusion, thus preventing liquid

film rupture and bubble coarsening (Fan et al., 2020; Farhadi et al.,

2016; Prigiobbe et al., 2016).

As a complex system, the NP-stabilized foam system involves many

influential factors, such as NP hydrophilicity and hydrophobicity, NP

size, NP type, surfactant type, NP concentration, surfactant concentra-

tion, system pressure, temperature, oil presence, salinity, and so on,

which make it a fascinating research topic to the worldwide scholars.

For instance, Yu et al. (2014) investigated the effect of particle

hydrophobicity on CO2 foam generation and observed more CO2 foam

generated as the particle surface changed from hydrophilic to

hydrophobic. Li et al. (2017) investigated the effects of hydrophilic

SiO2 NPs and cetyltrimethylammonium bromide (CTAB) on the sta-

bility of CO2 foam and found the half-life of CTAB/SiO2-stabilized

CO2 foam increased at the higher NP concentration. AlYousef et al.

(2017) found the half-life of N2 foam stabilized by SiO2 NPs is 5 to

8 times higher than that of using surfactant alone. Emrani and Nasr-

El-Din (2015) found that the optimal concentration of SiO2 NPs is

0.1 wt%, and the half-life of the SiO2/AOS (a-olefin sulfonate)
foaming solution is about one hour longer than that of the AOS solu-

tion. Bashir et al. (2019) found that adding 0.2 wt% SiO2 NPs at 85 �C
had the best effect on increasing the stability of CO2 foam under oil

presence and salinity conditions. Emrani et al. (2017) found the addi-

tion of NPs will promote the formation of fine foam, thereby increas-

ing the apparent viscosity of the foam and improving the stability of

CO2 foam at high-temperature and high salinity conditions. (Wang

et al., 2017) studied the influences of temperature, pressure, salinity

on CO2 foaming capability and they found the performance of CO2

foams at high-temperature and pressure is greatly dependent on the

hydrophilic-lipophilic balance (HLB) value of surfactants. They rec-

ommended combined or mixed surfactants for the generation of the

CO2 foams with good performance at high-temperature conditions.

(Harati et al., 2020) assessed various hydrophilic NP types and concen-

trations on the stability of CO2 foams and discovered the optimum NP

concentration of 0.008 wt% for producing CO2 foams. (San et al.,

2017) reported increased foamability and stability and decreased

mobility of NP-stabilized CO2 foam with the increasing NaCl concen-

tration from 1.0 wt% to 10 wt%.

Based on the above literature analysis, it is found most researchers

focus on limited parameters in their studies with the controlled variable

method, that is, study the influence of a factor through changing the

level of this factor while keeping other factors constant. Although

the controlled variable method can obtain accurate and clear results,

it may take too many experimental rounds for multiple parameter

studies and therefore is only effective for small-scale, few-factor exper-

imental designs. As a complex system with synergistic multiple param-

eters, the challenging multi-factor multi-level screening studies, as well

as the optimal formulation determination of the NP-stabilized CO2

foam under geological conditions, are scarcely reported so far.

As an effective experimental design technique, the orthogonal

experimental design (OED) has been applied in many industrial fields

on studying the effects of multiple factors effects as well as screening

the optimal factor combinations (Deng et al., 2018; Li, 2020; Wang

et al., 2020; Zhu et al., 2013). Employing the Taguchi parameter design

methodology (Antony, 2006), the OED arranges the multiple parame-

ter experimental studies in a much smaller number of runs as com-

pared to the controlled variable method. In a very recent study, (Du

et al., 2020a) employed the OED method on parameter screening study

for optimizing the static properties of NP-stabilized CO2 foam. They

considered five influential factors of NP size, surfactant concentration,

NP concentration, temperature, and salinity at four different levels of

7–40 nm, 0–0.15 wt%, 0–0.2 wt%, 25–55 �C, and 0 � 3 wt%, respec-

tively. Based on the obtained optimal formulations on foam static

properties, (Du et al., 2020b) generated the NP-stabilized foam with

satisfactory rheological properties. It has to be mentioned, however,

the multiple parameter research performed by (Du et al., 2020a) was

under the atmospheric environment which left the important parame-

ter of pressure (Vishal, 2017; Zhang et al., 2008) out of consideration.

In this paper, therefore, the OED method is used to study the com-

prehensive influence of the six key factors, including surfactant concen-

tration, NP concentration, oil concentration, salinity, system pressure,

and temperature, on the static properties of NP-stabilized CO2 foam.

Based on the well-recognized facts that the smaller size NPs could gen-

erate more stable foams (Deng et al., 2018) and the combination of

hydrophilic NPs with surfactant is more widely employed than the

pure hydrophobic NPs (Dehdari et al., 2020; Harati et al., 2020;

Rezvani, 2020; Yekeen, 2018), we didn’t take NP size and NP

hydrophobicity into consideration in this paper. The screening investi-

gations, therefore, are carried out based on six-factor five-level OED

schemes. We studied the effect of each factor as well as determined

the dominant factors on foam static performances, and validated our

research by proposing an optimal formulation to produce NP-

stabilized ScCO2 foam with satisfactory foamability and foam stability

results under given geological conditions.
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2. Experimental

2.1. Materials and devices

In the experiment, CO2 with a purity of 99.9% is used as the
foam internal phase and AOS is employed as the surfactant.

The solution salinity is controlled by dissolving different
masses of NaCl (analytical purity, provided by Tianjin Bodi
Chemical Co., Ltd.) and the oil presence is simulated by add-

ing kerosene to the solution. The SiO2 NP (NP300 provided by
the German Evonik company) with average particle size of
7 nm, specific surface area of 300 ± 30 m2/g and purity higher
than 99.8%, is employed in this study. XRD test (Beijing Jiade

Lida Technology Co., Ltd., Minifiex 600) has been performed
to validate the SiO2 concentration in the NP. As shown in
Fig. 1, only one peak is observed at diffraction degree of 22

corresponding to SiO2, which validates the high material
purity.

2.2. Experimental setup

Fig. 2 shows the schematic diagram of the experimental setup
(model TCXPH-25, Jiangsu Tuochuang Technology Instru-

ment Co., Ltd.), which mainly consists of the CO2 pressuriza-
tion system and the H-T and H-P CO2 foam generation
system. In the CO2 pressurization system, the CO2 gas from
the cylinder was pressurized through the piston pump until it

approaches the designated pressure. Then the pressurized
CO2 was injected into the H-T and H-P system whose control
pressure range up to 15 MPa and the control temperature

range up to 80 �C, in which the CO2 is heated to the designated
temperature and is kept for a period to achieve the stable con-
dition with the pre-injected NP-surfactant solution. Foam is

then generated through the magnetic stirring system with
rotating speed up to 1350r/min and the foam height as well
as the defoaming time is monitored to characterize the static
properties of the NP-stabilized CO2 foam at H-T and H-P

conditions.
Fig. 3 shows H-T and H-P observation vessel, which is the

key part of the experimental setup, together with the picture of

the generated NP-stabilized foam column inside the vessel. The
foam height, as well as the foam height variation situation,
Fig. 1 XRD test result on NP with comparison of PDF#76-0934

card of standard SiO2.
could be clearly observed and recorded for foam static behav-
ior analysis.

2.3. Preparation of NP-surfactant mixture solution

Fig. 4 shows the preparation process of the NP-surfactant
solution. Firstly, a certain mass of NPs, surfactants, kerosene,

and salt are mixed into 100 ml deionized water in an Erlen-
meyer flask. Secondly, the mixture solution is agitated with a
magnetic stirrer (model 79-1, Changzhou Huapuda Teaching

Instrument Co., Ltd.) at a speed of 1200 rpm for continuous
2 h. Thirdly, the mixture solution is transferred to the ultra-
sonic disperser (model YL-060ST, Shenzhen Yulu Cleaning

Equipment Co., Ltd.) at a frequency of 40khz for 2 h under
a controlled temperature to avoid surfactant degradation. At
last, the dispersion solution is kept rest under room condition
for 24 h to check the solute stability in the mixture. As shown

in Fig. 4(d), the NP dispersion does not show macroscopic
aggregation during the holding period, which indicates the pre-
pared NP-surfactant solution is suitable for foam generation

practices. It is demonstrated that satisfactory NP solution
could be prepared with this process (Du et al., 2020a).

2.4. Generation of the NP-stabilized CO2 foam

As shown in Fig. 5, the detailed steps for generation of the NP-
stabilized CO2 in the H-T and H-P vessel are described in the
sequence of Fig. 5 (a)-(d) as follows,

a) Inject CO2 gas to the vessel under the experimental tem-
perature and keep it flowing for 1 min to exhaust the air

inside the vessel;
b) Inject 20 ml of NP-surfactant solution, then inject high-

pressure CO2 into the vessel until the pressure inside the

vessel reaches the designated level. Remain in the system
for a certain period until the system pressure and tem-
perature becomes stable.

c) Agitate the solution inside the vessel with the magnetic
stirring system at 1350 rpm for a certain period
(10 min in this study), and record the foam height at
the end of the stirring to characterize the foaming ability

of the NP-surfactant solution.
d) After the stirring stops, let the generated foam rest in the

vessel for a certain period (30 min in this study), and

record the foam height decrease with time to character-
ize the decay behavior of the NP-stabilized CO2 foam.

2.5. Evaluation criteria on foam static properties

The evaluation indicators of the static properties of the bulk

foam are usually foam height (or foam volume) and foam
half-life (AlYousef et al., 2017; Fan et al., 2020; Farhadi
et al., 2016), which are employed to the characterization of
the two aspects of foaming ability (fomability) and foam sta-

bility respectively. The foam height is obtained after the sur-
factant solution undergoes a sufficient foaming process, and
the higher foam height indicates the better foaming ability of

the surfactant solution. The foam half-life is the time taken
for the generated foam column to decay to half of the original



1. Pressure gauge; 2. Water supply; 3. Piston pump; 4. H-T and H-P visualization vessel; 5. 
NP-surfactant solution inlet; 6. Electrical heating coil; 7. Adjust piston; 8. Lighting system; 9. 

Parameter control and display panel; 10. Effluents tube; 11. Fixing base; 12. Magnetic 
agitation system; 13. Pressurized gas container; 14. Gas cylinder
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Fig. 2 Schematic diagram of the H-T and H-P foam characterization system. 1. Pressure gauge; 2. Water supply; 3. Piston pump; 4. H-T

and H-P visualization vessel; 5. NP-surfactant solution inlet; 6. Electrical heating coil; 7. Adjust piston; 8. Lighting system; 9. Parameter

control and display panel; 10. Effluents tube; 11. Fixing base; 12. Magnetic agitation system; 13. Pressurized gas container; 14. Gas

cylinder.

Fig. 3 H-T and H-P vessel with the generated NP-stabilized CO2

foam. (a) Weighing of solute materials; (b) 2-hours magnetic

stirring; (c) 2-hours ultrasonic dispersing; (d) 24-hours resting test.

4 X. Song et al.
height, and the longer foam half-life indicates better foam
stability.

In this study, we employ the foam height value after 10 min’
agitation process Efg,10min as the indicator for foamability, and
evaluate the foam stability with the foam decay rate after

30 min’ resting period Efd;30min, as defined in Eq. (1),

Efd;30min ¼ h1 � h2
h1

ð1Þ

where h1 is the foam height after agitation, and h2 is the foam
height after 30 min resting time in the H-T and H-P vessel.

Higher Efd,30min value reflects larger foam height reduction
and thereby indicates lower foam stability.

The two indicators are employed based on the observations
on the typical foam generation and foam decay behavior in the

experiments. Fig. 6 (a) shows the typical foam height variation
history in the foam generation process, indicating the foam
height remains nearly constant after 10 min agitation process.

Therefore Efg,10min is taken as the proper measure of foamabil-
ity. The foam decay behavior is shown in Fig. 6 (b), on the
other hand, indicates the foam decay process may finish within

30 min after the agitation process without reducing to the half
value of the original height at all even after 5 h resting period.
It is believed the foam height decrease within 30 min could

reflect reasonably the foam stability behavior, therefore the
parameter of Efd,30min instead of half-life is employed in this
study to evaluate the property of foam stability.

2.6. Experimental scheme based on OED method

OED method is employed to design the experimental
scheme for studying the static properties of the complex
NP-stabilized ScCO2 foam system. As shown in Table 1, six
influential factors, including surfactant concentration, NP con-

centration, oil concentration, salinity, pressure, and tempera-
ture, are taken into consideration and each factor is studied
in five levels in the range of 0.1–0.5 wt%, 0–0.2 wt%, 0-4 wt

%, 0-8 wt%, 5.5–9.5Mpa, and 20–60 �C respectively.
The level values for various influential factors are set based

on literature reported works. Five levels of 0, 0.05, 0.1, 0.15

and 0.2 wt% have been adopted for the factor of surfactants
concentration (Singh and Mohanty, 2015, 2020); and five levels
of 0, 0.05, 0.1, 0.15 and 0.2 wt% are set for the second factor of
NP concentration (Rognmo et al., 2017; Emrani and Nasr-El-



(a) (b)                  (c)                  (d) 
(a) Weighing of solute materials; (b) 2-hours magnetic stirring; (c) 2-hours ultrasonic 

dispersing; (d) 24-hours resting test

Fig. 4 The preparation process of the NP-surfactant mixture solution.

(a)               (b)                 (c)                 (d)
(a) Vessel clean with CO2 gas; (b) NP-surfactant solution and CO2 fluid injection; (c) 

Agitation for foaming (fomability) ; (d) foam resting observation (foam decay)

Fig. 5 Detailed steps on NP-stabilized CO2 foam generation and rest process.
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Din, 2017; Fu and Liu, 2020). The factor of temperature,
which has a profound impact on the stability of the foam

(Fan, 2020; Fu and Liu, 2020), are selected at five levels of
20, 30, 40, 50 and 60 �C based on the typical geological condi-
tions as well as the critical point of CO2. Pressure is one of the
most influential factor for NP-stabilized foam static character-

istics (Wang, 2017; Zhang, 2019); and was set in this study at
five typical geological levels of 5.5, 6.5, 7.5, 8.5 and 9.5 MPa,
which covers the critical pressure point of CO2 of 7.29 MPa
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Fig. 6 Typical results on foam height variation with time
as well. Oil is generally considered to be harmful to foam,
and the five oil concentration levels are set at 0, 1, 2, 3 and

4 wt% (Pang et al., 2018; Telmadarreie and Trivedi, 2020;
Yang et al., 2017b; Zhao and Torabi, 2020). As NaCl compo-
nent usually dominating the saline composition, (Eftekhari
et al., 2015; San et al., 2017; Yang, 2017a) we employ the NaCl

solution as the representative saline and take five salinity val-
ues of 0, 2, 4, 6 and 8 wt% in the OED table to focus on the
influential factor of salinity.
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in: (a) foam generation process; and (b) foam rest stage.



Table 1 The complex system with six influential factors under five levels.

Surfactant concentration NP concentration Oil concentration Salinity Pressure Temperature

wt% wt% wt% wt% MPa �C
1 0.1 0 0 0 5.5 20

2 0.2 0.05 1 2 6.5 30

3 0.3 0.1 2 4 7.5 40

4 0.4 0.15 3 6 8.5 50

5 0.5 0.2 4 8 9.5 60
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Under the OED scheme, the number of experimental
groups involving six factors at five levels can be confined to

25 groups based on the standard orthogonal table, which is
much less than the experimental scheme supplied with the con-
trolled variable method, thereby significantly reducing the

workload. The detailed parameter combinations for the 25
experiments based on the OED method are listed in Table 2.

In the OED method, the effect of each influential factor can

be evaluated through parameter K based on the mean level
value analysis, and the significance of each factor on the foam
static properties can be analyzed with parameter B based on
the range analysis of the obtained K values. In the experimen-

tal scheme with five levels for each factor, the mathematical
formula for calculating K and B values are given in Eq. (2)
and Eq. (3) as follows,

Ki ¼ Si

s
i ¼ 1; 2; 3; 4; 5ð Þ ð2Þ

B ¼ max K1;K2;K3;K4;K5f g �min K1;K2;K3;K4;K5f g ð3Þ
Table 2 Experimental scheme for the six-factor five-level system w

Test no. Surfactant concentration NP concentration Temperatur

wt% wt% �C
1 0.1 0 30

2 0.1 0.05 40

3 0.1 0.1 50

4 0.1 0.15 60

5 0.1 0.2 20

6 0.2 0 40

7 0.2 0.05 50

8 0.2 0.1 60

9 0.2 0.15 20

10 0.2 0.2 30

11 0.3 0 50

12 0.3 0.05 60

13 0.3 0.1 20

14 0.3 0.15 30

15 0.3 0.2 40

16 0.4 0 60

17 0.4 0.05 20

18 0.4 0.1 30

19 0.4 0.15 40

20 0.4 0.2 50

21 0.5 0 20

22 0.5 0.05 30

23 0.5 0.1 40

24 0.5 0.15 50

25 0.5 0.2 60
where Si represents the sum of the experimental results corre-
sponding to the i-th level, and s represents the number of levels
corresponding to the factor in the orthogonal table. While B
value is the difference between the maximum K value and

the minimum K value for a certain factor.

3. Results and discussion

3.1. Summary of experimental results on foam static properties

Table 2 summarize the detailed experimental conditions as well
as the obtained foam height and foam decay rate results of all
the 25 OED experiments.

Fig. 6 and Fig. 7 shows, in summary, the measured foam
heights and the foam decay rates for all the 25 experiments
as listed in Table 2.

As shown in Fig. 7 (a), the foam height obtained under dif-
ferent compositions varies remarkably from negligible small
(group 1, 14) to 40 mm (group 5, 8). Whereas the results in
ith OED.

e Pressure Oil concentration Salinity Height Decay rate

MPa wt% wt% mm *100%

5.5 0 0 0 1

6.5 1 2 4 1

7.5 2 4 8 0.25

8.5 3 6 14 0.2

9.5 4 8 40 0.08

7.5 3 8 21 0.76

8.5 4 0 32 0.37

9.5 0 2 40 0.03

5.5 1 4 12 0.2

6.5 2 6 2 1

9.5 1 6 30 0.66

5.5 2 8 34 0.24

6.5 3 0 39 0.09

7.5 4 2 0 1

8.5 0 4 28 0.03

6.5 4 4 25 0.64

7.5 0 6 35 0.17

8.5 1 8 3 1

9.5 2 0 31 0.04

5.5 3 4 23 0.13

8.5 2 2 25 0.2

9.5 3 4 28 0.75

5.5 4 6 5 0.32

6.5 0 8 24 0.17

7.5 1 0 32 0.17
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Fig. 7(b) indicate the foam could show either the best stability
behavior with the negligible small decay rate of 0.032 at group
15, or the worst behavior with a decay rate of 1 for groups 1, 2,

10, 14, and 18. The results in both figures show the synergistic
effect of the studied factors on the foam static properties, and
therefore necessitate the in-depth screening studies of the mul-

tiple parameter complex system.

3.2. Effects of single parameter on foam static properties

3.2.1. Surfactant concentration

Fig. 8 shows simultaneously the effect of surfactant concentra-

tion on the static properties in terms of foam height and foam
decay rate. It is observed that with the increasing surfactant
concentration from 0.1 wt%�0.3 wt%, the foam height rises
from 12 mm to 26.2 mm. Thereafter the foam height remains

nearly constant, which indicates a surfactant concentration
over 0.3 wt% could be proper for NP-stabilized foam genera-
tion. The foam decay rate results, as displayed as red triangle

line and marked in the right Y-axis, show the unanimous
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Fig. 7 Summary of the (a) Foam height and (b) foam decay rate

results for all the 25 OED designed experiments.
decreasing trend from 0.5 to 0.32 with the increasing surfactant
concentration from 0.1 wt%�0.5 wt%, indicating the higher
surfactant concentration would benefit the foam stability

behavior as well.
According to Prigiobbe et al., 2016 the higher concentra-

tion of surfactant could enhance the mechanical strength of

the foam film, which makes the liquid film and the plateau
boundary layer immobile and thereby prevents the occurrence
of convective NP transport. Another reason for the long life of

the liquid film with higher surfactant concentration could attri-
bute to the in-situ surface activation of NPs to moderate
hydrophobicity, which results in a high tendency of the NPs
to adsorb strongly at the gas–liquid interface to make the bub-

ble less prone to rupture and maintain stability within a spec-
ified time

3.2.2. NP concentration

Fig. 9 shows the influence of the concentration of SiO2 NPs on
the foam static properties based on the K values of the foam
height and the foam decay rate results.

It is found the NP concentration didn’t show a significant
effect on the foam generation, with the foam height fluctuating
within 16.2–26.6 mm in the NP concentration range of 0 � 0.

2 wt%. On the other hand, the effect of NP concentration on
the foam stability improvement is quite obvious. With the
increasing NP concentration from 0 � 0.1 wt%, a sharp

decrease of foam decay rate from 0.65 to 0.32 is observed, indi-
cating the significant effect of NP presence on foam stability
enhancement. With the further increase of NP concentration

above 0.1 wt%, its influence on foam stability improvement
is still obvious however with a gentler slope to reach the min-
imum value of 0.282 at the concentration of 0.2 wt%.

The reason behind the observation that higher NP concen-

tration leads to higher foam stability could attribute to the syn-
ergistic effect of NPs and surfactant. As referred to Prigiobbe
et al. (2016); an extra amount of NPs could adhere to the sur-

face of surfactant particles (since the molecules of NPs are
much smaller than surfactants), or fill between larger surfac-
tant particles, to further enhance the mechanical strength of

the foam liquid film and reduce the foam annihilation caused
by gravity drainage (Alwated and El-Amin, 2021; Bashir
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properties.

8 X. Song et al.
et al., 2019). While after reaching a certain concentration (crit-
ical) value, more NPs remaining in the surfactant solution
could not contribute further to stability enhancement, and

thereby become ‘‘ineffective NPs”. The critical NP concentra-
tion, as revealed in Fig. 9, is 0.1 wt%.

3.2.3. Oil concentration

Fig. 10 shows the effect of oil presence on the foam static prop-
erties based on the foam height and foam decay rate results in
the oil concentration range 0 � 4%.

It is observed from the figure that the oil existence doesn’t
show the significant influence of foamability in the studied
concentration range, with the generated foam height varying

between 16.2 and 25.4 mm. While the slightly negative effect
of oil existence on foam stability could be deduced from the
figure based on the general upward-directed red line reflecting

the relationship between the foam decry rate and the increas-
ing oil concentration. The most stable foam is obtained at
the situation without oil existence with a foam decay rate of
0.28, whereas the foam stability slightly decreased with the

foam decay rates of 0.35–0.6 at a higher oil concentration
range of 0.1 wt-0.5 wt%. Although the oil presence could
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Fig. 10 Effect of oil concentration on the foam static properties.
reduce the foam stability, the foam decay rate for NP-
stabilized foam could still maintain in an acceptable range
after 10 min’s resting time.

It is generally believed that the presence of oil is very
destructive on foam and the destabilizing effect of light oils
(such as kerosene employed in this study) on foams is more

serious than heavy oils (Deng et al., 2018). It is found from
Fig. 10, however, the oil concentration effect is alleviated
due to the adding of NPs, which could be attributed reason-

ably to the ability to prevent oil spread at the liquid film due
to the adsorption and aggregation of NPs at the foam lamellae
(Deng et al., 2018).

3.2.4. Salinity

Fig. 11 shows the effect of solution salinity on the foam height
and foam decay rate results in the range of 0 � 8 wt%. It could

be deduced that in the NP-stabilized foam, the effect of surfac-
tant solution salinity on both foam static properties is not sig-
nificant. In the given salinity range, the K values of the foam
height fluctuate between 17.2 mm and 26.8 mm, and the foam

decay rate varies in the range of 0.33 to 0.56 without showing
clear dependency on the salinity.

Although the presence of salt could influence significantly

on the static properties of surfactant foam, the salinity has lit-
tle effect on the foamability and stability of the NP-stabilized
foam. According to the Derjaguar -Landau-Verwey-Overbeek

(DLVO) theory, NP-stabilized foam is simultaneously sub-
jected to electrostatic repulsion and van der Waals force
(Maestro et al., 2014). Especially in these study cases, it is

likely that the existence of NaCl could increase the hydropho-
bicity of the non-polar molecular SiO2 due to their presence as
anion-cationic pair in the aqueous dispersion (Xiao et al.,
2017).

3.2.5. Pressure

Fig. 12 shows the K values of the foam height and the foam
decay rate at the system pressure of 5.5 MPa, 6.5 MPa,

7.5 MPa, 8.5 MPa, and 9.5 MPa respectively. It is observed
the foamability gradually increases in the pressure range
5.5 MPa-8.5 MPa, while it rises sharply after 8.5 MPa and

finally reaches the highest foam height of 33.8 mm. The exper-
imental observations are consistent with those reported by Yu
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Fig. 13 Effect of temperature on the foam static properties.
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et al. (2012) and the reason behind this phenomenon may be
contributed to the decreased interfacial tension between CO2

and brine at higher pressure conditions, and the lower gas–wa-

ter interfacial tension promotes the foam formation process.
On the other hand, it is found the foam stability shows the

worst behavior at 6.5 MPa, where the K values for foam decay

rate have the highest values of 0.58. The foam decay rates
decrease gradually with the increasing pressure after 6.5 MPa
and reach the minimum value of 0.312 at 9.5 MPa. The

enhanced stability at higher system pressure may be attributed
to the increased ScCO2 density and cohesive energy density
(Dhanuka et al., 2006), which could enhance the interaction
between the CO2 phase and the surfactant molecules to firmly

attach the NPs to the liquid film and the Plateau border
(Zhang et al., 2015).

3.2.6. Temperature

Fig. 13 shows the influence of the temperature on the K values
of the foam height and the foam decay rate in the range
20 �C � 60 �C. The worst foamability with the lowest foam

height of 6.6 mm and the worst foam stability with the highest
foam decay rate of 0.95 is obtained at 30 �C, which is quite
close to the CO2 supercritical temperature of 31.1 �C. The

NP-stabilized foam static performance under other studied
temperatures, on the other hand, behaves satisfactorily with
the K values of foam height and the foam decay rate located

in the range of 17.8 � 30.2 mm and 0.15 � 0.43 respectively.
It is deduced, therefore, the phase transition of the internal
phase of CO2 may affect significantly the foam static behavior.

3.3. Range analysis of various influential factors

After obtaining the effect of every single parameter on foam
static properties, range analysis based on the B values as

described in Eq. (3) is performed to distinguish the significance
of each factor on the foam generation capacity and the stabil-
ity of the NP-stabilized CO2 foam.

Fig. 14 and Fig. 15 display the B values of the studied six
factors, including surfactant concentration, NP concentration,
temperature, pressure, oil concentration, and salinity, on the

foam height and foam decay rate results respectively. As
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Fig. 12 Effect of pressure on the foam static properties.
shown in Fig. 14, the factor which affects most remarkably
foam generation is temperature, followed by pressure, surfac-
tant concentration, NP concentration, salinity, and oil exis-

tence in significance based on the decreasing B values. It is
also observed from the figure that the influence of temperature
and pressure on foamability is more obvious than the other

four factors. As shown in Fig. 15, on the other hand, the dom-
inant factor for foam stability is temperature, followed by NP
concentration, oil concentration, pressure, salinity, and surfac-
tant concentration.

Based on the range analysis results, the synergy effect of
various factors on foamability and foam stability could be
observed. It is concluded that an NP-stabilized foam with sat-

isfactory static behaviors may not be obtained through solely
adding as high concentration as possible of NPs and surfac-
tants, the geological conditions, such as temperature, pressure,

oil existence, and salinity, should also be taken into consider-
ation for foam formulation determinations for its successful
field applications.
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Fig. 16 Synergy effect of temperature and pressure on the foam

height results.

Fig. 17 Synergy effect of temperature and pressure on the foam
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3.4. Synergy effects of pressure and temperature on foam static

properties

The temperature and pressure were the most significant factors
for the foam generation capacity, while the temperature is the
most significant factors for the foam stability behavior. To

reveal the synergy effect of the two parameters, temperature
and pressure, Figs. 16 and 17 display the foam height and
foam decay rate results for all the 25 sets of experiments in

3D diagrams with the two independent variables of tempera-
ture and pressure in the X-axis and Y-axis.

It is observed from Fig. 16 that the foam generation capac-
ity has poor behavior in the pressure range of 5.5 � 7.5 MPa at

30 �C, which is quite close to the critical points of CO2. At
30 �C and 7.5Mpa, no foam column is generated at all. Under
conditions far from the critical points, on the other hand, the

NP surfactant mixture gives satisfactory foamability results.
The foam decay rates results, as displayed in Fig. 17, also indi-
cate the worst foam stability behavior around the CO2 critical

pressure and temperature condition. The foam decay rate
shows the highest value of 1.0 in the pressure range 5.5 � 8.
5 MPa at 30 �C, and a pressure of 6.5 MPa at 40 �C. Whereas

under conditions far from the critical points, the stability of
the NP-stabilized foam behaves well.

It is concluded, therefore, the synergy effect of temperature
and pressure relates tightly with the phase behavior of the

internal CO2 phase. When operating near the phase transition
point of CO2, it could be a challenge to obtain an NP-
stabilized foam with satisfactory static properties.

3.5. Foam formulation optimization under geological conditions

Based on the above analysis of the influence of various factors

on the static characteristics of the foam, we proposed in this
section the best combination of parameters to produce a satis-
factory NP-stabilized CO2 foam under certain geological con-
ditions. Usually, in field practices, the geological temperature,

pressure, salinity, and oil presence is already set, we testify
therefore the proposed combination of surfactant concentra-

tion and NP concentration on the generation of NP-
stabilized foam with satisfactory static properties.

Two cases are chosen as an example to show the validity of
the multi-parameter screening procedure. The temperature in

one case is 45 �C and in another case is 55 �C, in both cases
the pressure is 9 MPa, the salinity is 2.5 wt%, and the oil con-
centration is 2.5 wt%. The set parameters in both cases locate

in the studying range but are not the same with any case of the
25 OED experimental sets. Based on the analysis of surfactant
decay rate results.
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Fig. 18 Foam height and decay rate results under optimal

parameter combination (0.4 wt% AOS + 0.15 wt% NP) in

comparison with the best results among the 25 studied cases.
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and NP concentration effects, as shown in Fig. 8 and Fig. 10

respectively, the best combination of surfactant and NP con-
centration is determined to be 0.4 wt% and 0.15 wt%.

Fig. 18 displays the foam height and foam decay results

obtained with the proposed foam formulation for the two
cases, together with the control group results of group 11,
which has the best performance on foam static properties
among all 25 experiments. It is observed that the proposed

parameter combination of surfactant and NP concentration
could supply NP-stabilized ScCO2 foam with satisfactory sta-
tic properties. The generated foam height could reach 38 mm

and 40 mm and the foam decay rates are as low as 0.15 and
0.05 for the cases of 45 �C and 55 �C, behaving satisfactorily
in comparison with the best results among all the studied cases.

It is concluded, therefore, the proposed optimal composition is
efficient and the OED method is feasible to the multi-factor
multi-level screening studies of the complex NP-stabilized
ScCO2 foam system for its successful field applications.

4. Conclusions

In this paper, a comprehensive multiple parameter study on the static

properties of NP-stabilized CO2 foam has been carried out. The multi-

factor multi-level studies are performed with help of the OED method,

and the effects of a single parameter, including surfactant concentra-

tion, NP concentration, oil concentration, salinity, temperature, and

pressure, as well as synergy effect of temperature and pressure, are

thoroughly investigated. Obtained conclusions are listed as follows:

1) In the surfactant concentration range of 0.1 wt%�0.5 wt%, the

fomability enhances with the increasing surfactant concentra-

tion and keeps nearly constant above the concentration of

0.3 wt%, while the foam stability shows continuous improve-

ment with the increasing surfactant concentration.

2) In the NP concentration range of 0–0.2 wt%, the increasing NP

concentration doesn’t lead to obvious foam generation

enhancement but results in significant improvement in the foam

stability behavior.

3) In the oil concentration range of 0 � 4 wt%, a higher oil

amount doesn’t show a significant influence on foamability

but results in slightly decreased foam stability.

4) In the salinity range of 0 � 8 wt%, the effect of salinity on foam

generation capacity and foam stability is not obvious.
5) Range analysis reveals that The temperature and pressure were

the most significant factors for the foam generation capacity,

while the temperature is the most significant factors for the

foam stability behavior in the temperature range of

20 � 60 �C and the pressure range of 5.5 � 9.5 MPa. In depth

studies on the synergy effect of temperature and pressure

reveals that supercritical phase conditions influence significantly

the foam static properties. When the system condition is close

to the CO2 critical point, the static properties of the NP-

stabilized foam are quite poor, while it behaves much better

under conditions that are far from the critical point.

6) Optimal formulation of surfactant concentration of 0.4 wt%

and NP concentration of 0.15 wt% is proposed for two geolog-

ical cases of 45 and 55 �C with salinity and oil presence. Good

foam static properties are obtained, which verifies the feasibility

of the OED method for multiple parameter screening and opti-

mizing studies on the complex NP-stabilized CO2 foam system.
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