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Abstract Foam fluids are widely used in petroleum engineering, but long-standing foam stability
problems have limited the effectiveness of their use. The study explores the synergistic effects and
influencing factors of SiO, nanoparticles (SiO,-NPs) with different wettability properties and three
different surfactants. The paper investigates the foaming performance of different types of surfac-
tants and analyzes and compares the stability of foam after adding hydrophilic and hydrophobic
SiO,-NPs from macroscopic as well as microscopic perspectives, and the effects of temperature
and inorganic salts on the stability of mixed solutions. The experimental results show that: 1) hydro-
philic nanoparticles can significantly enhance the foam stability of amphoteric surfactants, with a
small increase in the foam stability of anionic and cationic surfactants; 2) The concentration of
nanoparticles did not have a significant effect on the stability of the cationic surfactants and this
conclusion was verified in the experimental results of the surface tension measured below;3) The
cationic surfactants showed better temperature resistance at temperatures of 50-90 °C. Both
amphoteric surfactant solutions with the addition of hydrophilic SiO,-NPs or hydrophobic SiO,-
NPs significantly improved the temperature resistance of the foam at high temperatures. The anio-
nic surfactant solution with hydrophobic SiO,-NPs did not enhance the solution temperature resis-
tance; 4) The surface tension of the surfactant solution gradually increases with increasing
concentration of hydrophilic or hydrophobic SiO,-NPs and then levels off; 5) the hydrophilic
SiO,-NPs had a significant effect on the salt tolerance of the anionic and amphoteric surfactant

* Corresponding authors. at: Yangtze University WuHan Jingzhou, Hubei, CN 434023, China(P. Xu, M. Xu); Hubei Cooperative Innovation

Center of Unconventional Oil and Gas,

Wuhan 430100, China(P. Xu, M. Xu).

E-mail addresses: 202071249 @yangtzeu.edu.cn (W. Xinying), cdxupeng@yangtzeu.edu.cn (X. Peng), cjdxxmb@ 126.com (X. Mingbiao),
202073004 @yangtzeu.edu.cn (P. Lei), 1401373733@qq.com (Z. Yu).
Peer review under responsibility of King Saud University.

& 18

FLSEVIER Production and hosting by Elsevier

https://doi.org/10.1016/j.arabjc.2022.104394
1878-5352 © 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/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2022.104394&domain=pdf
mailto:202071249@yangtzeu.edu.cn
mailto:cdxupeng@yangtzeu.edu.cn
mailto:cjdxxmb@126.com
mailto:202073004@yangtzeu.edu.cn
mailto:1401373733@qq.com
https://doi.org/10.1016/j.arabjc.2022.104394
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2022.104394
http://creativecommons.org/licenses/by/4.0/

W. Xinying et al.

solutions. The salt tolerance of cationic surfactant solutions with hydrophobic SiO,-NPs was better
than that of surfactants with hydrophilic SiO,-NPs.

© 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

Foam has been used as an important material in many fields (Karthick
et al.,2019; Karthick et al.,2016;), and due to its simple preparation and
low cost with little damage to the formation, air foam flooding technol-
ogy has a greater potential for application as technology in oil recovery
for increasing oil and gas production and other work (Guo et al.,2016;
Liu et al.,2019). It also shows good prospects in the application of low
permeability oil field conditioning because of the advantages of foam
systems such as strong injectability and multiple injection methods
(Peng et al.,2017). However, the application is limited by the disadvan-
tages such as poor foam stability and easy rupture. Researchers have
studied various aspects of improving foam stability (Karthick
et al.,2019)and proposed that adding solid nanoparticles can solve this
problem (Qiang et al.,2007; Hunter et al.,2009; Horozov et al.,2008;
Kumar et al.,2017; Vatanparast et al.,2018; Singh et al.,2015; Karthick
et al.,2017). Nowadays, nanoparticle-stabilized foams are used in vari-
ous industries, such as in various technical fields like food and cosmetics
and in oil recovery applications where nanoparticles are used as stabiliz-
ers (Bouwmeester et al.,2009; Li et al.,2019; MD et al.,2015; Karthick
et al., 2019; Abhishek S et al., 2022; Behbahani et al., 2015). Therefore,
itisimportant to research the synergistic interaction between surfactants
and nanoparticles.

The addition of nanoparticles to surfactants is a novel system used
to stabilize foam stability (Karthick et al.,2019; Chattopadhyay
et al.,2017; Karthick et al.,2021). Most of the current studies have been
conducted for silica on its own or stability analysis of surfactants on its
own. Milad et al. studied the interfacial properties of the anionic sur-
factant SDBS in the presence of SiO,-NPs of different scales and con-
centrations (Eftekhari et al.,2020). Hamid et al. investigated the
interfacial behavior of anionic surfactants in the presence of hydrophi-
lic SiO,-NPs and proposed that in the presence of surfactants,
nanoparticles retain their non-surface activity, and the surface activity
of surfactants increases directly with increasing SiO,-NPs concentra-
tion, and this fact is attributed to the electrostatic repulsion between
negatively charged nanoparticles and anionic surfactant molecules
effect (Vatanparast et al.,2018).

In addition to studying the addition of hydrophilic SiO,-NPs to
anionic surfactants, Santini et al. also studied the formation of differ-
ent structures of hydrophilic SiO,-NPs with cationic surfactants at the
water/air interface and it was shown that the adsorption of CTAB on
the surface of solid particles changed their hydrophilic/oleophilic state
becoming more hydrophobic (Santini et al.,2011). According to the
experimental results, CTAB molecules from unsaturated monolayers
envelop SiO2-NPs at relatively high concentrations, making hydrophi-
lic SiO2-NPs hydrophobic. Due to the hydrophobic nature of particles,
systems consisting of SiO2-NPs and CTAB can form irregular solid
structures at the water/air interface.

At the same time, researchers have started to investigate the addi-
tion of hydrophobic SiO,-NPs to surfactants to probe the stability.
Hunter et al. investigated the effect of the nonionic surfactant
TX100 on the foaming properties between hydrophobic SiO,-NPs
can improve foam stability in a specific low to medium concentration
range, suggesting that the main process of foam stability generated by
the surfactant-silica mixture solution is through the interfacial “floccu-
lation” of the particles, forming large molecular structures and main-
taining the spatial integrity of the interface (Hunter et al.,2009). Sun
et al. evaluated the effect of adding partially hydrophobically modified
SiO,-NPs to sodium dodecyl sulfate SDS solution to improve foam
stability and enhance recovery using the micro-model drive and

sand-filled drive, and the experiments showed that the foam stability
gradually increased and the foam volume decreased after the addition
of SiO,-NPs, in the effect of hydrophilic and hydrophobic SiO,-NPs
on surfactant properties (Sun et al..2014), Mohammad et al. used both
types of SiO, in combination with anionic surfactants and showed that
the addition of both types of nanoparticles to low and high concentra-
tions of surfactants resulted in contrasting interfacial behavior. The
addition of a small amount of anionic surfactant (SDS) results in a
fairly stable suspension of nanoparticles (Nasim, 2014). Shoja ei
et al. investigated the effect of different charge (anionic, cationic,
and nonionic) surfactants on foam stability in the presence of
charge-stabilized SiO,-NPs and explored foam coarsening by gas diffu-
sion or bubble coalescence. The experimental results showed that the
foam prepared by adding anionic surfactants with nanoparticles
increased the original apparent viscosity of the foam and the stability
of gravity drainage; For the foam prepared by adding cationic surfac-
tants with nanoparticles, the apparent viscosity measured within the
Hele Shaw cell indicated that the foam stability was poor. This conclu-
sion is consistent with our experimental conclusions on the stability of
foam obtained from solutions prepared with cationic surfactants and
hydrophobic SiO,-NPs surfactants by foam foaming volume and
half-life experiments (Shojaei et al.,2021).

This study takes the foam drilling fluid required for low-pressure
leak-prone formations as the research background and the stability
problem of surfactants added to the foam drilling fluid as the starting
point to stabilize the foam using SiO,-NPs. The foaming performance
and mechanism of action of anionic surfactant (SDS), cationic surfac-
tant (CTAB), and amphoteric surfactant (CAB-35) were investigated,
and then the foaming performance of added hydrophilic and
hydrophobic nanoparticle-surfactant solutions was studied, as well as
the interaction principle of three different surfactants with pro/hy-
drophobic SiO,-NPs, and the surface tension and temperature and salt
resistance of mixed solutions of different surfactants and hydrophobic
Si0,-NPs were further analyzed.

2. Material and methods

2.1. Experimental materials

Three different ionic types of surfactants (anionic surfactants,
cationic surfactants, and amphoteric surfactants) were used in
this study. Sodium dodecyl sulfate (SDS) (Sinopharm
Reagent), cetyltrimethyl ammonium bromide (CTAB) (China
National Drug Reagent), and Cocamidopropyl betaine35
(CAB-35) (China National Drug Reagent). The properties of
these surfactants are summarized in Table 1.

Hydrophobic gas-phase SiO,-NPs (Shanghai Macklin Bio-
chemical Technology) with a specific surface area of 230 m?/g
and a particle size of 7-40 nm or hydrophilic gas-phase SiO,-
NPs (Shanghai Macklin Biochemical Technology) with a speci-
fic surface area of 200 m?/g and a particle size of 7-40 nm were
added to the three different surfactant solutions, respectively.

2.2. Experimental apparatus

An electronic balance (METTLER-TOLEDO MEI104E) was
used to determine the weight of the material. Firstly, the foam
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Table 1 List of surfactants and their properties.
Surfactant Name Purity Molecular
type weight
Anionic Sodium dodecyl >99.0 % 288.38 g/mol
surfactants sulfonate(SDS)
Amphoteric Cocoamidopropyl 99.0 %  348.48 g/mol
ionic Betaine (CAB-35)
surfactants
Cationic cetyltrimethyl >99.0 % 364.45 g/mol
surfactants ammonium bromide

(CTAB)

was prepared by a high-speed stirrer (Qingdao Tongchun Pet-
roleum Instrument Co., Itd., China), and the prepared foam
was poured into a measuring cylinder (Changzheng Chemical
Glass Instrument) to measure the foaming volume, and a stop-
watch was used to record the foam half-life, and this experi-
ment was used to compare the foaming performance and
foam stability of three surfactants. Then the hydrophilic
SiO,-NPs and hydrophobic SiO,-NPs were dispersed in an
ultrasonic pulverizer (LAWSON SCIENTIFIC), and then a
water bath heater (Changzhou Guoyu Youqi Manufacturing
Co., Itd.) was used to evaporate the alcohol-water mixture to
disperse the hydrophobic SiO,-NPs. The surface tension of
the solution was measured by using QBZY series automatic
surface tension meter (Shanghai Fangrui Instrument Co.,
1td.); the contact angle of hydrophilic SiO,-NPs and hydropho-
bic SiO,-NPs was measured by using YIKE-360B contact
angle measuring instrument (Chengde Yi Ke Test Equipment
Factory).

2.3. Experimental methods

2.3.1. Dispersion preparation of SiO - NPs

Because the hydrophobic SiO2-NPs used in the experiment are
extremely hydrophobic, they cannot be dissolved in the surfac-
tant solution in the experiments, but float on the water surface.
Therefore, it is necessary to pretreat the SiO,-NPs when con-
figuring the hydrophobic SiO,-NPs solution, to disperse the
hydrophobic SiO,-NPs. Firstly, the hydrophobic SiO,-NPs
were wetted using anhydrous ethanol (Sun et al.,2015), anhy-
drous ethanol was mixed with hydrophobic SiO,-NPs in a
4:1 ratio, stirred to a certain paste, and deionized water was
added to a certain amount and then sonicated for 30 min for
uniform dispersion. After fixing the volume to 200 ml and
transferring to a water bath heated pot for evaporation to a
liquid volume of 50 ml, continue to add deionized water and
evaporate again, repeating the above steps several times to
ensure that only trace amounts of ethanol remain. After the
dispersed solution of hydrophobic SiO,-NPs, the solution
was stirred for 30 min using a high-speed stirrer to ensure uni-
form dispersion (Sun et al.,2014). The treated SiO,-NPs can be
uniformly dispersed in water.

2.3.2. Foam evaluation experiments

The surfactant aqueous solution was configured and the sur-
factant was added to the well-dispersed SiO,-NPs solution to

form the SiO,-NPs and surfactant dispersion. The effect of
SiO,-NPs on the foaming and stabilization performance of
SDS, CTAB, and CAB-35 foam systems was studied.

(1) Foam foaming performance.

There are many experiments to evaluate foam performance,
and in this paper, the Waring-Blender method (Kitty
et al.,1946) is used to determine the foaming capacity and foam
stability. Take 100 ml of dispersion in a high stirring cup, stir
at high speed (8000r/min) for 2 min, then quickly pour the
foam into the measuring cylinder, record the initial volume
of foam (i.e. foaming volume) and start timing, the time
required when the foam discharge volume reaches half of the
original dispersion volume (i.e., the discharge volume reaches
50 ml) the time required is the foam half-life, each concentra-
tion ratio is measured at least three times, take The average
value is taken as the final result.

(2) Microstructure of foam.

The microstructure of foams needs to be carried out under
wet-phase conditions(Manas et al.,2012), and cryoelectron
microscopy and optical microscopy observation are the main
ways to observe them. In this study, the microstructure of
the foam was observed by optical microscopy, and a piece of
foam solution was taken after mixing the surfactant-water
mixture with a high-speed stirrer at 8000 r/min and immedi-
ately placed on a clean slide. In this study, the foam morphol-
ogy was photographed at 1 min, 10 min, and 20 min to observe
the microstructural changes of surfactant SDS under the con-
ditions with and without the addition of SiO,-NPs.

(3) Surface tension experiment.

The QBZY series automatic tensiometer is used to measure
the surface tension of surfactants and different concentrations
of hydrophobic SiO2-NPs mixtures at room temperature. The
specific experimental method is: firstly, connect the power sup-
ply and turn on the machine to warm up for 30 min, clean the
platinum sheet with anhydrous ethanol, leave it to burn red in
the external flame of the alcohol lamp, and then gently hang it
on the measuring hook of the instrument after cooling; place
the petri dish for weighing and placing the sample in the mea-
suring module on the sample table, wait for the liquid level and
the platinum sheet to stabilize, tare to zero and then measure
the surface tension according to the measuring steps. Each
sample should be measured three times to take the average
value to ensure the accuracy of the experimental data. At the
end of the experiment, the platinum sheet is cleaned and
stored.(See Fig. 1).

(4) Surfactant temperature resistance experiment.

The surfactant was added to the dispersed hydrophilic or
hydrophobic SiO,-NPs solution, and then the solution was
placed in a water bath heating pot with heating temperatures
of 50, 60, 70, 80, and 90 °C, respectively. After heating to a cer-
tain temperature, the foam was stirred for 2 min with a high-
speedstirrer, and the foam was quickly poured into a 500 ml
measuring cylinder and timed with a stopwatch to record the
volume and half-life of the foam.

(5) Surfactant salt tolerance experiment.

Prepare 5 cups of 100 ml of hydrophilic or hydrophobic
Si0,-NPs dispersion solution adding surfactant and sodium
chloride at 0.2 %, 0.4 %, 0.6 %, 0.8 %, 1 % of the solution
mass. The prepared mixed solution was stirred for 2 min under
a high-speed stirrer, and then the foam was quickly poured
into a 500 ml measuring cylinder and timed by a stopwatch
to record the foam volume and half-life.
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Fig. 1 Surface tension isotherms of hydrophilic and hydro-

phobic SiO,-NPs.

(6) Contact angle measurement.

The contact angles of aqueous droplets of hydrophilic and
hydrophobic SiO,-NPs on slides were measured using the
YIKE-360B contact angle measuring instrument from the
domestic Chengde Yike Test Equipment Factory. The contact
angle was measured by the static drop method. The configured
silica particle solution was loaded into a syringe equipped with
a needle and measured using contact angle measurement soft-
ware. Firstly, the syringe was mounted and fixed, the assay soft-
ware was opened to turn on the video, the syringe was advanced
slowly until the droplet fell on the slide, the video was stopped
immediately, and the contact angle of the droplet at this moment
was drawn on the picture, which is given in Figure 2 for
hydrophobic SiO,-NPs and hydrophilic SiO,-NPs.

3. Results and discussion

3.1. Foaming and foam stabilization of different surfactants

Firstly, to study the foam performance of the three surfactants
at different concentrations and to select the best surfactant
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Fig. 4 Experimental results of the half-life of different
surfactants.

Fig. 2 Nano-silica contact angle (hydrophobic nano-silica on the left, contact angle of 120.6° hydrophilic nano-silica on the right,

contact angle of 38.4°).
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Table 2 Foam parameters of hydrophilic SiO,-NPs and three surfactant systems.
Hydrophilic SiO,-NPs mass ~ SDS CAB -35 CTAB
fraction/% Foaming volume Half-life Foaming volume Half-life Foaming volume Half-life
(mL) period(s) (mL) period(s) (mL) period(s)
0 550 318 470 320 480 340
0.1 545 400 475 465 478 332
0.3 540 406 460 602 475 337
0.5 532 410 410 907 468 340
0.7 534 418 400 1057 442 467
0.9 530 450 385 1573 440 805
560
540 —a— CTAB foaming amount
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Fig. 5 Experimental results of the amount of surfactant foaming Fig. 7 Foaming performance of cationic surfactants with

by adding different concentrations of hydrophilic SiO,-NPs.
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Fig. 6 Experimental results of half-life of surfactants with
different concentrations of hydrophilic SiO,-NPs.

dosage. Preparation of three surfactant solutions of anionic
surfactant (SDS), cationic surfactant (CTAB), and amphoteric
surfactant (CAB-35), the added masses are 0.1 %, 0.3 %,

hydrophilic SiO,-NPs.

0.5 %, 0.7 %, and 0.9 %, and the foam foaming volume and
half-life evaluation experiments were carried out, and the
experimental results are shown in Fig. 3 and Fig. 4.

From Figs. 3, 4 three foaming agents on their own foaming
volume and half-life: with the increase of foaming agent con-
centration three foaming agent foaming volumes are gradually
rising, but the half-life of anionic surfactants and cationic sur-
factants show a trend of first rising and then falling. The half-
life of the amphoteric surfactants showed a slow increase after
the addition of more than 0.3 %. However, the half-life of the
amphoteric surfactant increased only by 5 s when the addition
amount was increased from 0.3 % to 1 % content. The anionic
surfactant foaming amount was the best, and its half-life
showed a decreasing trend at the addition of 0.5 %, indicating
that the foam stability decreased after 0.5 % addition; the
addition of cationic surfactant from 0.1 % to 1 % foam foam-
ing amount only increased by about 35 ml, which indicates
that the cationic concentration has less influence on the foam-
ing amount. However, the half-life was influenced by the addi-
tion amount, and the stability of the foam showed a decreasing
trend at the addition amount greater than 0.7 %. According to
the form of foaming performance presented by the three foam-
ing agents, the optimal amount of foaming agent addition was
preferred.
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3.2. Effect of hydrophilic SiO,-NPs and surfactant on foam
stability

With the above hydrophilic SiO,-NPs contact angle measure-
ments, it is clear that the contact angle ranges from 37 to
39°, and the SiO,-NPs carry a strong hydrophilic effect with
ionic surfactants. To study the effect of hydrophilic SiO,-
NPs on three surfactants, the interaction between hydrophilic
nanoparticles and surfactants at different concentrations was
investigated using foam foaming volume and stability
experiments.

Hydrophilic SiO,-NPs (0.1 %,0.3 %,0.5 %,0.7 %,0.9 %) is
uniformly dispersed in anionic surfactant (SDS), amphoteric

@ E
X

surfactant (CAB-35), cationic surfactant (CTAB) solution.
According to the above analysis, this paper selected SDS solu-
tion mass fraction of 0.5 %, CAB-35 mass concentration of
0.3 %, CTAB mass concentration of 0.7 % for foam experi-
ments, the results are shown in Table 2, Fig. 5, and Fig. 6.
For the cationic surfactant CTAB mixed with hydrophilic
SiO,-NPs solution (Fig. 7), the foaming amount after adding
hydrophilic SiO,-NPs is lower than that of the solution with-
out adding hydrophilic SiO,-NPs. The reason is that CTAB
is positively charged and hydrophilic SiO,-NPs are negatively
charged after dissolving in water, resulting in charge adsorp-
tion between hydrophilic SiO,-NPs and CTAB, which trans-
forms hydrophilic nanoparticles into partially hydrophobic

water

air

Cationic surfactant

N
Hydrophilic SiO, NPs
() Hydrop 2

Fig. 8 Low concentration of hydrophilic SiO,-NPs (a) in the presence of CTAB solution, when there are still a large number of
surfactant molecules on the surface of the gas-liquid interface. When the medium concentration of hydrophilic SiO,-NPs (b) is present
with CTAB solution, the surfactant in the solution is partly adsorbed on the surface of nanoparticles and partly at the gas-liquid interface.
‘When a high concentration of hydrophilic SiO,-NPs(c) is present in the CTAB solution, most of the surfactant is adsorbed on the surface

of the nanoparticles (JIANG et al.,2016).

Fig. 9  Contact angle between CAB-35 and hydrophilic nano-silica (CAB-35 dosing is 0.3%, from left to right added hydrophilic nano-

silica dosing is 0.1%, 0.3%, 0.5%, 0.7%, 0.9% respectively).
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SiO,-NPs (Ravera et al.,2006). However, at this time, the SiO,-
NPs still have a high hydrophilicity. When the CTAB concen-
tration was below 0.5 % (Fig. 7a), the half-life of CTAB mixed
with hydrophilic SiO,-NPs solution did not have a large
change. When the hydrophilic SiO,-NPs content is less than
0.5 % (As shown in Fig. 7a), the half-life of the solutions pre-
pared by CTAB and hydrophilic SiO,-NPs did not change sig-
nificantly. And when the concentration of hydrophilic SiO»-
NPs is added above 0.5 %, the electrostatic adsorption of
cationic surfactant and hydrophilic SiO,-NPs will gradually
increase the foam stabilization ability. With the addition of a
lower concentration of hydrophilic SiO,-NPs at a certain con-
centration of CTAB (Fig. 8a), the cationic surfactant is
adsorbed on the surface of SiO, particles due to the electro-
static interaction between positive and negative charges, and
the number of surfactants is reduced and the foaming amount
is decreased.

As the concentration of hydrophilic SiO,-NPs increases,
more surfactants move from the gas—liquid interface to the sur-
face of nanoparticles to form surfactant-coated nanoparticles,
which tend to be hydrophobic and enhance the surface activity
of the particles, making it easier for the particles to adsorb at
the gas-liquid interface to improve foam stability. Jia et al.
also demonstrated this by using Zeta potential experiments
to illustrate the electrostatic adsorption between the two. (Jia
et al.,2020). When the hydrophilic SiO,-NPs concentration is
high (Fig. 8c) there are fewer surfactant molecules at the
gas—liquid interface at this time, resulting in a lower foaming
volume. This indicates that hydrophilic SiO,-NPs can form
synergistic foam stabilization with surfactants at a more suit-
able CTAB concentration (Binks et al.,2008).

Amphoteric surfactants are characterized by high water sol-
ubility and good foam stability. As shown in Fig. 5, Fig. 6 as
the concentration of hydrophilic SiO,-NPs gradually increases,
the solution foaming volume gradually decreases, When the
hydrophilic SiO,-NPs content is lower than 0.3 %, the CAB-
35 foaming volume is more balanced without much change,
which is mainly because the content of hydrophilic SiO,-NPs
added at this time is less, and the surfactant present in the solu-
tion is the main factor that mainly causes the foaming perfor-
mance. Continuing to increase the concentration of SiO,-NPs,
the foaming volume decreases substantially, at which time the
content of hydrophilic SiO,-NPs added is higher and adsorbs
the surfactant within the solution, making the surfactant con-
tent within the solution decrease. In terms of half-life, the foam
stability gradually increased with the increase of hydrophilic
Si0,-NPs concentration. The reason for this is the adsorption
of the positively charged part of the amphoteric surfactant
(Mclachlan et al.,2006) with the hydrophilic surfactant, and
from the contact angle in Fig. 9 increasing the amount of silica
addition its contact angle gradually increases. Combined with
the foam half-life, it can be seen that the foam stability gradu-
ally increases in the appropriate contact angle range.

3.3. Effect of hydrophobic SiO>NPs and surfactant on foam
stability

The dispersion-treated hydrophobic SiO,-NPs solutions
(0.1 %, 0.3 %, 0.5 %, 0.7 %, 0.9 %) were mixed with three dif-
ferent surfactants and the foaming properties were recorded as
shown in Figs. 10, 11.

7
580
560 |-
2 540 —s—SDS+hydrophobic Si0, NPs
\g 520 CAB-35+hydrophobic SiO, NPs
2 —a&— CTAB+hydrophobic SiO, NPs
E 500 ‘
=1 4] _
S 480 )
E 8
=) -
S 460
440 |
420
1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Dosage of hydrophobic SiO, NPs(%)

Fig. 10  Experiment with the amount of surfactant foaming by
adding different concentrations of hydrophobic SiO,-NPs.
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T CAB-35+hydrophobic SiO, NPs
400 | —A— CTAB+hydrophobic $iO, NPs
300+ 5
1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Dosage of hydrophobic SiO, NPs(%)
Fig. 11 Half-life experiments of surfactants with different

concentrations of hydrophobic SiO,-NPs.

In the mixed system after adding hydrophobic SiO,-NPs
(Figs. 10, 11), the foaming amount of SiO,/CTAB and SiO,/
SDS is higher. The adsorption of SiO,-NPs at the air—water
interface is mainly controlled by the interaction between the
particle interface and the particles, and some of the hydropho-
bic SiO,-NPs are positively charged. At constant SDS concen-
tration (Fig. 12a) due to adsorption at the air-water interface
resulting in SDS adsorption on lower concentrations of SiO,-
NPs. At moderate SDS concentrations (Fig. 12b) particles
become more hydrophobic, particle-to-particle and particle-
to-interface electrostatic repulsions are smaller, and particle
adsorption at the interface is enhanced. SDS molecules are
adsorbed on the SiO, surface by hydrophobic interaction, leav-
ing the negative hydrophilic groups exposed (Vatanparst
et al.,2017). The concentration of SiO,-NPs is higher
(Fig. 12¢) when the positive charge on the particle surface is
reduced and more uncharged particles are adsorbed on the
bubble surface. This conclusion can also be illustrated accord-
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ing to Jia et al. regarding the absolute value of zeta potential
between anionic surfactants and hydrophobic nanoparticles
(Jia et al.,2020), by zeta potential it was found that the addi-
tion of anionic surfactants to hydrophobic SiO,-NPs greatly
increased the absolute value of zeta potential, while the addi-
tion of hydrophilic SiO,-NPs slightly increased the absolute
value of zeta potential, while the increase in zeta potential indi-
cated that more SDS was adsorbed on the surface of
hydrophobic SiO,-NPs. It was demonstrated that the SDS in
Fig. 10 showed a trend of increasing and then decreasing foam-
ing after the addition of hydrophobic SiO,-NPs.

As the concentration of hydrophobic SiO,-NPs increased,
there was no relatively obvious trend of increasing or decreas-
ing the foaming volume and half-life of the mixed solution of
CTAB and hydrophobic SiO,-NPs, indicating the stability of
the foam was only stabilized by the surfactant at this time.

After adding amphoteric surfactant CAB-35 to the dispersion
solution of hydrophobic SiO2-NPs, the foam half-life gradu-
ally increased with the increase of hydrophobic SiO2-NPs,
and the foam half-life reached 15 min. The half-life of hydro-
philic SiO2-NPs was 25 min.

3.4. Microstructure of SiO,-NPs stabilized foam

To observe the microscopic morphology of the foam with
SiO,-NPs, we put the prepared foam under an optical micro-
scope to observe its morphology.

The foamed film of anionic surfactant and hydrophobic
nano silica particle solution is thicker than that of the anionic
surfactant itself (Fig. 13), meanwhile, as the bubble continues
to gather and burst (Sun et al., 2016), the water phase flowed
between the liquid film, and after 10 min the foam liquid film

(b) ¢ - ‘; . g <
L
v 2.
2 ® o (ve R
'\)r\ :ﬂ\ﬂf' .\) \7 \‘I" ‘ ‘\,\%\r

e &

Anionic surfactant

Hydrophobic SiO, NPs

Fig. 12 The adsorption process of SDS and hydrophobic SiO,-NPs (Jiang et al., 2016).

Contrast Imin

SDS

SDS
+810;

10min

20min

Fig. 13 Microstructure of foam with added SiO,-NPs (200x magnification before 10 min, 100x magnification after 10 min).
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Fig. 15 Comparison of temperature resistance of surfactants

with the addition of hydrophilic SiO,-NPs (foaming volume).

gradually thinned and the foam became coarse. After 20 min,
the foam gradually ruptured and thicker, and finally disap-
peared. After adding SiO,-NPs to the solution, the nanoparti-
cles are well dispersed between the liquid film and have certain
adsorption properties, which makes the foam have better
toughness (Xue et al.,2021).

650
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600 CAB-35
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= S00F CAB-35+hydrophilic SiO, NPs
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@ 350
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Fig. 16 Comparison of temperature resistance of surfactants
with hydrophilic SiO,-NPs (Half-life).

3.5. Effect of hydrophilic or hydrophobic SiO,-NPs

concentration on surface tension

Surface tension is also one of the factors affecting foam stabil-
ity. In this paper, the surface tension of different surfactants
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with hydrophilic or hydrophobic SiO,-NPs at different con-
centrations was determined. The trend of the addition of dif-
ferent concentrations of hydrophilic and hydrophobic SiO,-
NPs on the surface tension of the three surfactants was inves-
tigated (Fig. 14). The addition amounts of anionic, cationic
and amphoteric surfactants are 0.5 %, 0.7 % and 0.3 %
respectively.

With the increase of hydrophilic SiO,-NPs concentration,
the surface tension curve of SDS mixed solution showed a
smooth trend (Fig. 14), which shows that the number of sur-
factants at the interface does not decrease after the addition
of hydrophilic SiO,-NPs. As the concentration of SiO,-NPs
increases raises the viscosity within the solution (Yan
et al.,2000), reducing the rate of liquid film drainage thereby
increasing the stability of the foam. After the addition of
hydrophobic SiO,-NPs, the surface tension increased with
the increase of hydrophobic SiO,-NPs particle content, which
indicates that the amount of surfactant within the solution
decreased at this time, and we believe that this may be due
to the adsorption of nanoparticles. The increasing surface ten-
sion of CAB-35 and CTAB both in hydrophobic and hydro-
philic SiO,-NPs solutions indicates that both surfactants are
adsorbed to the SiO,-NPs at this time leading to the adsorp-
tion of the surfactant on the liquid surface to the SiO,-NPs
and the formation of surfactant-encapsulated nanoparticles.
The difference is that the surface tension of CTAB increases
first with hydrophobic SiO,-NPs at lower SiO,-NPs solubility
and then increases slowly. The surface tension of the solution
increases continuously after the addition of hydrophilic SiO»-
NPs to the cationic surfactant solution. Because the amphiphi-
lic surfactant is hydrophilic and adsorbs with hydrophobic
Si0,-NPs resulting in high surface tension. Surfactant adsorp-
tion on the nanoparticles in small amounts of hydrophilic
nanoparticle solutions raises the surface tension of the liquid
surface. However, the surface tension changes less with the
increasing concentration of hydrophilic SiO,-NPs.
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—v— SDS+hydrophobic SiO, NPs
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Fig. 17 Comparison of temperature resistance of surfactants

with added hydrophobic SiO,-NPs (foaming volume).
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Fig. 18 Comparison of temperature resistance of surfactants
with hydrophobic SiO,-NPs (Half-life).

3.6. Effect of temperature on the foam stability of surfactants
with added hydrophilic or hydrophobic SiO5-NPs

3.6.1. Effect of temperature stability of hydrophilic nano-
surfactant foam

To compare the foam stability of hydrophilic SiO,-NPs surfac-
tants at different temperatures, 50 °C, 60 °C, 70 °C, 80 °C, and
90 °C were chosen to record the foaming volume and half-life
of different surfactants to evaluate the temperature resistance
of the foam.

Comparing the foaming performance of the two systems of
surfactants at different temperatures, in terms of foaming vol-
ume (Fig. 15), the foaming volume of the solution with the
addition of hydrophilic SiO,-NPs is lower than the foaming
volume of the foaming agent solution on its own. From the
graph, we can see that the foaming curves of SDS, SDS/
SiO,, and CAB-35 solutions show a trend of rising and then
falling with the increase in temperature. This is because the
increase in temperature decreases the viscosity of the liquid
phase and increases the dissolution rate of surfactants, which
makes foaming easier (Chen, 2019; Dandigunta et al.,2021).
However, the increase in temperature also promotes the coars-
ening of the foam, which is not conducive to its stability of the
foam. SDS exhibits high foaming performance in the temper-
ature range of 50-90 °C with a foaming agent solution on its
own as well as with the addition of hydrophilic SiO,-NPs.
The foaming amount of CTAB with the addition of hydrophi-
lic SiO,-NPs is higher than the foaming agent solution on its
foaming amount.

The results of temperature resistance experiments compar-
ing two different systems of three different surfactants at dif-
ferent temperatures in terms of half-life show (Fig. 16) that
the half-life of the foam has been decreasing with the increase
in temperature and the stability has become worse. This is
mainly caused by two aspects, on the one hand, when the tem-
perature rises, the evaporation of water from the foam film
intensifies so that the film becomes thinner, the rate of liquid
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discharge increases, and the foam is easy to burst (Li et al.,
2015); On the other hand, as the temperature increases, the
solution viscosity decreases, the rate of liquid discharge from
the liquid film increases, and the foam stability becomes less
stable (Chen, 2019). In addition, the increase in temperature
and the strengthening of gas diffusion also made the foam
more unstable comparing the foam stability of different three
surfactants, it can be seen that CTAB has better temperature
resistance, whereas a CTAB solution on its shows a longer
half-life and better foam stability at high temperatures. Com-
paring the other two surfactants, the foam stabilization effect
of SDS with CAB-35 after the addition of hydrophilic SiO,-
NPs was better than that of the foaming agent solution on
its own. It indicates that the addition of hydrophilic SiO,-
NPs can improve the temperature resistance of surfactants.

3.6.2. Effect of temperature stability of hydrophobic nano-
surfactant foam
The surfactant and hydrophobic SiO,-NPs mixed solutions at
different temperatures were configured to record the foaming
performance of different systems and to study their tempera-
ture resistance.

According to Figs. 17, 18 experimental results are shown,
anionic surfactants have a higher foaming capacity. The foam-
ing capacity at 50-90 °C for both foaming agent solution on its
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own and surfactants with added hydrophobic SiO,-NPs is
higher than that of cationic and amphoteric surfactants. The
half-life curve of the amphoteric surfactant clearly shows that
hydrophobic SiO,-NPs play a greater role in temperature resis-
tance, and CAB-35 with hydrophobic SiO,-NPs particles has
an increased ability to stabilize foam at 50-90 °C. The foaming
volume of cationic surfactants decreases rapidly after the tem-
perature is higher than 50 °C, and only about 180 ml of foam-
ing volume remains at 90 °C, but the half-life can last up to
220 s. Since the low foaming volume of cationic surfactants
causes the foam rupture to be less affected by the gravity fac-
tor, the half-life at 90 °C does not indicate the temperature
resistance of cations. The addition of cationic surfactants with
hydrophobic SiO,-NPs improves the foaming ability of the
foam. The foaming volume of the foam is much higher than
that of the foaming agent solution on its own at a temperature
above 50 °C.

3.7. Effect of inorganic salts on the foam stability of surfactants
with hydrophilic or hydrophobic SiO,-NPs

In most of the oil fields in China, the mineralization of the for-
mation water is high. Inorganic salt ions interact with surfac-
tant ions, which in turn affects foam stability. The addition
of salt to ionic surfactants increases the hydrophobicity of
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Fig. 19  Effect of NaCl on foaming performance of three surfactants mixed with SiO,-NPs system.
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the surfactant, and the increase in electrolyte concentration
leads to an increase in the micelle number and aggregation
number of the surfactant solution (Cheng et al.,2006). Sam-
malkorpi et al. investigated the effect of NaCl on the aggrega-
tion properties of sodium dodecyl sulfate SDS solutions using
a molecular dynamics approach (Sammalkorpi et al.,2009). It
was found that Na™ as a head group linking surfactant mole-
cules, plays an important role in stabilizing the structure of
micelles as well as increasing the size of micelles, while it can
promote the coalescence of counterions around the aggregates,
leading to tighter arrangement of surfactant molecules in the
aggregates.

The effect of Na™ and Mg®" on foam stability of a solution
mixed with surfactants and nanoparticles will be investigated.
In this experiment, SDS addition of 0.5 %, CTAB addition of
0.7 %, CAB-35 addition of 0.3 %, and hydrophilic or
hydrophobic SiO,-NPs addition according to the above exper-
iments preferably selected the more effective to add to the sur-
factant solution. Hydrophilic SiO,-NPs with anionic addition
of 0.7 %, with cationic addition of 0.9 %, and with amphoteric
surfactant addition of 0.7 %; hydrophobic SiO,-NPs with
anionic surfactant addition of 0.5 %, with cationic surfactant
addition of 0.7 %, and with amphoteric surfactant addition
of 0.5 %. As shown by the experimental data (Fig. 19): the
amount of Na’ added to the solution ranged from 0 to
1 %, but the anionic surfactant foam stabilization time with

the addition of hydrophilic or hydrophobic SiO,-NPs shown
by the data did not change significantly. It indicates that for
anionic surfactants, the addition of hydrophilic or hydropho-
bic SiO,-NPs can provide better salt tolerance.

The foaming performance was observed by adding NaCl
salt solution to the mixed system of CAB-35 and hydropho-
bic SiO»-NPs (Fig. 19), and the half-life of the mixed solu-
tion of CAB-35 with hydrophobic SiO,-NPs showed a
trend in the first decreasing and then gradually increasing
with the increase of the salt solution concentration. When
the concentration of the salt solution is low, the stability
of the foam does not change much, and the stability gradu-
ally decreases after the increasing salt solution increases. The
foaming performance increases and then decreases in the
solution mixed with hydrophilic SiO,-NPs. Comparing the
two mixed systems, the salt solution added to the CAB-35
hydrophilic SiO,-NPs system solution makes the solution
have better foaming performance and better salt tolerance.
The foam stability of CTAB and hydrophobic SiO,-NPs
mixed with NaCl salt solution remains stable with the
increase of salt solution concentration. The half-life of catio-
nic surfactant solution with hydrophilic SiO,-NPs added
without NaCl is up to 450 s. Its half-life decreased rapidly
after the addition of NaCl, indicates that the cationic surfac-
tant solution with the addition of hydrophilic SiO,-NPs has
a weaker salt tolerance.
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As shown in Fig. 20, divalent magnesium ions had little
effect on the solutions of anionic surfactants mixed with
hydrophilic SiO,-NPs and amphoteric surfactants mixed with
nanoparticles at the addition amounts between 0.2 % and
1 %. However, from the foam half-life of the mixed solution
of anionic surfactant and hydrophobic SiO,-NPs, the low con-
centration of magnesium ions has the effect of enhancing foam
stability, and the foam half-life gradually decreases with the
increase of magnesium ion concentration. Magnesium chloride
was added to the mixed solution of cationic surfactant and
hydrophilic SiO,-NPs, at which time the foam stability
decreased substantially, indicating that the magnesium ion
has a greater effect on the solution. The foam half-life remains
stable within a certain range by adding magnesium chloride to
cationic surfactants with hydrophobic SiO,-NPs.

4. Conclusions

The use of hydrophobic SiO,-NPs with surfactants is now becoming
more and more widespread. In this paper, the interaction mechanism
between three different types of surfactants including anionic surfactant
sodium dodecyl sulfate (SDS), cationic surfactant cetyl dimethyl ammo-
nium bromide (CTAB), amphoteric surfactant Cocamidopropyl betaine
(CAB-35) and hydrophilic/hydrophobic SiO,-NPs was investigated. To
understand the interaction between ionic surfactants and hydrophilic
and hydrophobic SiO,-NPs, the surface tension and temperature, and
salt tolerance of surfactants mixed with hydrophilic SiO,-NPs or
hydrophobic SiO,-NPsin solution were investigated. The results showed
that among the three different ionic surfactants, the half-life of the foam
prepared by amphoteric surfactants and hydrophilic SiO,-NPs with 1 %
content reached 25 min, which was longer than that of the anionic sur-
factant and cationic surfactant with SiO,-NPs. However, the foaming
volume of the system did not show advantages. From the experimental
results of the three surfactants, the anionic surfactant has a better foam-
ing volume, and if the anionic surfactant is mixed with the amphoteric
surfactant and then prepared with the hydrophilic SiO,-NPs solution
for foam, theoretically there will be better results, and the foam with
large foaming volume and good stability can be prepared. These exper-
iments will help in the stability studies of foam fluid systems.
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