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SUMMARY

CO,-responsive foaming has been drawing huge attention due to its unique
switching characteristics in academic research and industrial practices, whereas
its stability remains questionable for further applications. In this paper, a new
CO,-switchable foam was synthesized by adding the preferably selected hydro-
philic nanoparticle N20 into the foaming agent C4,A, through a series of analytical
experiments. Overall, the synergy between cationic surfactants and nanopar-
ticles with a contact angle of 37.83° is the best. More specifically, after adding
1.5 wt% N20, the half-life of foam is 14 times longer than that of pure C; ;A
foam. What's more, the C15,A-N20 solution is validated to own distinctive CO-
N, switching features because very slight foaming degradations are observed
in terms of the foaming volume and half-life time even after three cycles of
CO,-N; injections. This study is of paramount importance pertaining to future
CO, foam research and applications in energy and environmental practices.

INTRODUCTION

Foam, a thermodynamically unstable system, consists of a gas dispersed in the liquid phase in the form of
small bubbles, where the gas is the dispersed phase and the liquid is the continuous phase (Kruglyakov
etal, 2011; Lietal, 2021, 2022a). However, surfactant-stabilized foam is rapidly drained by gravity, result-
ing in a thinning of the foam lamellar structure and fast foam rupture (Babamahmoudi and Riahi, 2018),
which significantly constrains the foam applications in various fields such as detergent (Wolfe et al.,
2017), flotation (Bu et al., 2020), energy, and environment (Bai et al., 2018; Sun et al., 2014; Z. Xu et al.,
2020a, 2020b).

A more stable foam is usually obtained by increasing the viscosity of the foaming agent solution or adding
solid particles. In recent years, nanotechnology has been rapidly developed, and SiO, nanoparticles have
been synthesized with specific surfaces, which can be well dispersed, adsorbed, etc. Nanoparticles are
widely used in materials (Lanasa et al., 2021), medicine (Yadid et al., 2019), oil development fields (Xu
et al., 2020a, 2020b), and other fields and have become an important material in some applications with
good development prospects. Experimental studies have illustrated that nanoparticles can be adsorbed
on the gas-liquid interface to improve the strength of the liquid film, reduce the drainage rate, and inhibit
the aggregation of multiphase bubbles (Lv et al., 2020). Moreover, the nanoparticles gathered on the
plateau border to form a mesh structure can also increase the stability of the foam. Therefore, it is of great
significance to study foams with long-term stability.

However, in addition to the need for a stable foam, it is also necessary to crush the foam rapidly after appli-
cation. For example, in some oil recovery applications, the foam returns to the surface during CO, foam
fracturing, and foam sand flushing is difficult to eliminate, which is usually treated by adding defoamers.
This method not only increases the cost but also pollutes the environment and makes the foaming fluid un-
usable (Miller, 2008).

Therefore, itis important to both form a stable foam and deform the foam on demand without changing the
composition of the liquid solution. The switchability of foams generated by responsive foaming agents can
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be controlled by external triggers, including temperature (Chu and Feng, 2011; Davies et al., 2006; Zhang https://doi.org/10.1016/].isci.
et al.,, 2013), light (Anwar et al., 2013; Z. Chen et al., 2014b), pH value (Fujii et al., 2005; Huang and Yang, 2022.105091
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2015; Sarker et al., 2017; Tu and Lee, 2014; Yang et al., 2013), magneticfield (Y. Chen et al., 2014a; Lam et al.,
2011), redox chemistry (Quesada et al., 2013), or CO, (Chai et al., 2014; Chen et al., 2020; Guo and Zhang,
2019; Sun et al., 2019; Yuan et al., 2021).

CO, is a nontoxic, inexpensive, and widely available trigger mechanism. Among the many available trigger
mechanisms, the CO,/N, trigger is the most environmentally friendly (Chai et al., 2014). The feasible use of
COg is an important measure to reduce the impact of greenhouse gases on the environment and can also
offset the cost of CO, capture. Therefore, CO,-responsive surfactants have great application potential (Li
etal.,, 2022b). CO,-responsive surfactants refer to surfactants solute properties that can undergo reversible
changes due to introduction and emission of CO,. Most CO,-responsive surfactants mainly include ami-
dine, guanidine, imidazole, and tertiary amines (Cunningham and Jessop, 2019). For example, tertiary
amine functional groups can undergo protonation reaction with CO; to produce cationic bicarbonate,
which is unstable. It can be removed from the solution by heating or contacting with inert gases such as
N, and Ar, so that the cationic bicarbonate can undergo its deprotonation reaction and be reduced to
neutral amino group. Jessop et al. (Liu et al., 2006) reported that when CO; is injected into aqueous solu-
tion, long-chain alkyl amines can undergo protonation reaction to become charged surfactants. When CO,
was removed with the inert gas Ar at 65°C, charged surfactants were deprotonated and reverted to neutral
surfactants. Hao et al. (Xu et al., 2015) used a mixture of organic amine and stearic acid, which controlled
foam generation and eliminated foam by alternating CO,/N, injection. Wang et al., 2018 synthesized
UC2,AMPM, which can be protonated in a weakly acidic environment, so CO, can be used as a trigger
agent. When CO; is injected, it can protonate to a cationic surfactant (UC,,AMPM/H™); when NH3/H,O
is injected, it deprotonates back to a neutral tertiary amine. Zhang et al. (Sun et al., 2019) prepared a
new CO,-N; switchable surfactant by combining CO,-responsive surfactant C1,A with conventional surfac-
tant SDS. The foam produced by the SDS/C;,A surfactant with CO, or N, as the trigger can be quickly
switched between foaming and defoaming. The performance of the SDS/Cq,A foam was more stable
than that of a pure C;,A foam.

Currently, the foam produced by commercially available CO,-responsive surfactants is poorly stabilized,
and the stabilizing effect of nanoparticles on foam has been extensively studied. However, there are few
studies on whether nanoparticles can cooperate with CO,-responsive surfactants to stabilize foam. The
mechanism of synergistic foam stabilization is not clear. In this study, the optimum ratio of hydrophilic
nanoparticles N20 and CO,-responsive surfactant N, N-dimethyldodecylamine (C4,A) was experimentally
determined. The contact angle of the nanoparticles was optimized. The stability and switchability of Cy,A-
N20 foam were investigated, and the synergistic stabilization mechanism of C1,A-N20 on CO; foam was
analyzed. The results of this study have broad application prospects for hydrophilic nanoparticles and
CO,-responsive surfactant-stabilized foam.

RESULTS AND DISCUSSION

Preferential selection of SiO, nanoparticles

(Figure 1A) depicts the results of foam generation with pure C;,A. The graph shows that the volume and
half-life of the foam first increase and then stabilize with increasing C4,A concentration. One of the key fac-
tors in the formation of large amounts of foam is surface mobility (Petkova et al., 2020). The low surface
mobility ensures that the surfactant can adsorb at the gas-liquid interface for a long enough time and sta-
bilize the liquid film by repulsion when its thickness approaches the critical film thickness hcg. When the
concentration of Cq,A is less than CMC (CMC is defined as the lowest concentration of micelles formed
by molecular solution association. The CMC of C;,A is 5.01516 X 1072 mol/L), stable foam cannot be pro-
duced under low surfactant coverage (under high surface mobility). In this paper, we measured the CMC of
C12A under a CO; environment, so it is different from the CMC of C;,A in other literature reports (Guo and
Zhang, 2019). When the concentration of C;,A is greater than CMC, more surfactant molecules are ad-
sorbed on the gas-liquid interface (Lv et al., 2018). The mobility of surfactant molecules at the gas—
liquid interface is reduced, and the gas-liquid interfacial tension is also reduced. The adsorption of
C12A at the gas—liquid interface also improves the strength and viscoelasticity of the foam film and en-
hances the stability of the foam. When the C;,A concentration reached 0.6 wt %, the volume and half-
life of the foam remained essentially unchanged when the C;,A concentration was further increased.

To improve the stability of pure C,A foam, eight kinds of hydrophilic SiO, nanoparticles were selected as
foam stabilizers. The concentrations of SiO, nanoparticles were limited to 1.0 wt %. The experimental
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Figure 1. Performance of C;,A foam and C4,A-N20 foam
(A) C12A; (B) C12A+0.5 wt%N20; (C) C12A+1.0 wt%N20; (D) C1,A+1.5 wt%N20

results are shown in (Figure S1). It can be seen that for the CO, foam formed by C;,A and eight kinds of SiO,
nanoparticles, the foam volume and half-life follow the same trends. With increasing C1,A concentration,
the foam volume first increases and then stabilizes. The half-life of the foam increases first and then de-
creases, and there is a peak. It can be seen from the (Figure S1) that the nanoparticle aqueous solutions
(SGO7, WT, PT, and VK-SO1A) and Cy,A have a weak synergistic effect, which may be attributed to the
fact that the suspension agent in the nanoparticle aqueous solutions has an adverse effect on foam stabil-
ity. From our previous study, we know that the contact angle of V15 particles is 51.13°, N20 particles 37.83°,
T30 particles 25.12°, and T40 particles 20.12° (Li et al., 2019). Nanoparticles with extreme hydrophilicity
would be retained in the liquid phase, and thus were unable to adsorb onto the film and effectively stabilize
foam. Similarly, nanoparticles with extreme hydrophobicity would lead to the destruction of the film of
foam and were unable to stabilize the foam. This experiment showed that nanoparticles with contact angle
of 37.83° have the best synergistic effect with cationic surfactant. At the same time, surfactant adsorption
on the surface of nanoparticles can change the contact angle and hydrophobicity of the particles. The
optimal surfactant concentration can make the particles have the optimal hydrophobicity and produce
the most stable foam.

(Figures 1B-1D) present the foaming volume and half-life of C1,A-N20 foam when the concentrations of
nanoparticles are 0.5, 1.0, and 1.5 wt %. It can be seen from the figure that when the N20 concentration
is 0.5 wt %, the synergistic effect is poor, and when the N20 concentration is 1.5 wt %, the synergistic effect
is obvious. When 1.5 wt % N20 is added, its half-life is approximately 14 times that of pure C1,A foam under
the same conditions.

(Figure 1D) can be divided into four regions. In range |, when the concentration of C;,A is 0.0025 wt %, the
volume of foam is 160 mL, and the C1,A-N20 solution is not completely foamed. In range I, the half-life of
the foam reaches its peak, and the volume of the foam reaches 270 mL. The lower concentration of C;,A
forms a single adsorption layer on the surface of the SiO, nanoparticles. The foam has the largest liquid
film mechanical strength and the best foam stability. Because C,A reacts with CO5, to become a cationic

iScience 25, 105091, October 21, 2022 3



¢? CellPress

OPEN ACCESS

w
&
o

A 600 - - 12 B - 60

—=— Foam volume ¥ 1 —a— Foam volume,
—e— Half life

w

R

o
T

—e— Half life

NN
S £ @
S © o
T T T
L
I
S

>
Half life (min)
3

g
Half life (min)

Foam volume (mL)
B

3
o
T

100 -

IS
o
T

o
o
o

Cycle Cycle

Figure 2. Changes in foam volume and half-life of C;,A-N20 solution when CO; and N, are injected alternately
(A) 0.6 wt% Cq2A; (B) 0.02 wt% C1A+1.5 wt% N20

surfactant, it adsorbs on the surface of negatively charged SiO, nanoparticles through electrostatic inter-
actions. The C1,A head group faces the particle surface, and the particle surface changes from strongly hy-
drophilic to partially hydrophobic. The hydrophobic tail extends in the opposite direction, which also in-
creases hydrophobicity and makes the particles better adsorbed on the gas-liquid interface, hindering
the outward diffusion of gas from the foam and increasing the stability of the foam. In range lll, the half-
life of the foam decreases with increasing C1,A concentration due to the hydrophobic association on
the carbon chain. The surfactant molecules can be adsorbed on the surface of SiO, nanoparticles as a dou-
ble layer, which changes the wettability of the particles. As the SiO, nanoparticles on the gas-liquid inter-
face changes from partly hydrophobic to strongly hydrophilic, the stability of the foams is reduced. In range
IV, the volume of the foam is higher, and the half-life is shorter. This is because when the surfactant concen-
tration is high, most of the SiO, nanoparticles have a dense double adsorption layer on their surface, which
restores strong hydrophilicity so that the particles cannot be stably adsorbed on the gas-liquid interface.
At this time, the stability of the C;,A-N20 foam is almost the same as that of the C1,A foam (Bricefio-Ahu-
mada et al., 2021).

Unlike other literature reports where surfactant concentrations much larger than the CMC are required to
stabilize the foam, the optimal surfactant concentration of the liquid solution in this paper is only 1/5 of the
CMC, which is far lower than the optimal surfactant concentration of the liquid solution in other publica-
tions (Kostakis et al., 2006). Trace surfactants may make the surface of nanoparticles active through
in situ hydrophobicity. When the surfactant concentration approaches or exceeds the CMC, it may create
an electric double layer on the surface of the particles, causing the particles to become strongly hydrophilic
again and return to the aqueous phase. Considering the foaming volume and the half-life of the CO, foam,
when the concentration of C,A is in range Il and Ill, the comprehensive performance of the foam at this
time is most suitable for the practical application of oilfields.

Stable foams were prepared in which CO, was both the initiator phase and the dispersion phase. To pro-
vide the generated foam with a switchable function, N is used to close the foam. After injecting CO,-N,
into the C1,A solution and C1,A-N20 solution, the foam volume and half-life changes are shown in (Figure 2).
After three cycles, the foaming volume and half-life of the foam only decreased slightly, mainly due to the
decrease in surfactant concentration. When CO; is injected into the solution, the weakly basic tertiary
amino functional group of the amphoteric surfactant molecule C1,A in the solution is protonated with
the H" ionized by carbonic acid so that C1,A becomes a cationic surfactant. It adsorbs on the surface of
negatively charged SiO, nanoparticles by electrostatic interactions, making them hydrophobic in situ
(Zhang et al., 2016), surface active, and able to generate foam. When N, is continuously injected into
the solution, CO; is expelled from the solution, and the protonated tertiary amine loses its H". C1,A be-
comes a nonionic surfactant and separates from the surface of SiO, nanoparticles, which eliminates foam-
ing. Therefore, CO; plays the dual role of the dispersed phase and the protonated Cy,A trigger.

After repeated cycles, the foaming ability can still be maintained at a good level, which indicates that the

compounded liquid solution has a better effect than the surfactant alone and can be reused. It also indi-
cates that it is “sensitive” to CO,-N,. CO; is essentially a pH controller, but it has particular advantages
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Figure 3. Schematic diagram of the three-dimensional (3D) micrograph structure of the foam under an ultradeep
three-dimensional microscope
(A-C) Cy2A; (D-F) C1oA+1.5 wt%N20.

as a trigger. It successfully avoids contamination and accumulation of solvents and does not produce any
byproducts in the liquid solution. The foam developed in this paper can be defoamed by adding N, without
adding defoamer, which protects the environment and reduces costs. Therefore, it has great application
potential in many fields, such as green textiles, soil restoration (Li et al., 2020), enhanced oil recovery
(Yekeen et al., 2018), wastewater treatment (Houtz et al., 2018), and mineral flotation (Huang et al., 2018).

Macroscopic characteristics of foams

When SiO; nanoparticles are not added, the pure surfactant is adsorbed on the gas-liquid interface. When
SiO, nanoparticles are added, the surfactant is adsorbed on the surface of the SiO, nanoparticles. The
adsorption of SiO; nanoparticles on the gas-liquid interface improves the viscoelasticity of the foam-liquid
film interface, and the mechanical strength of the foam-liquid film framework is increased.

(Figure S2) shows that the excess SiO, nanoparticles in the solution flocculate on the plateau boundary of
the bubble and form a three-dimensional network (Kostakis et al., 2006), which increases the apparent vis-
cosity of the bubble. At the same time, the particle network can maintain good separation of bubbles, pre-
vent the coalescence of bubbles, hinder the drainage of the liquid film, and make the bubbles more stable.
SiO, nanoparticles adsorbed on the gas-liquid interface make the liquid film of the foam rough, which in-
creases the flow resistance of the foam and the viscosity of the foam to a certain extent. (Figure S2) shows
that the foam viscosity without SiO; nanoparticles does not change significantly with increasing surfactant
concentration. However, the viscosity of the foam with SiO, nanoparticles decreases with increasing surfac-
tant concentration. Excessive surfactant forms a double adsorption layer on the surface of SiO; nanopar-
ticles, making the particles strongly hydrophilic again. Only a small number of particles can be adsorbed on
the gas-liquid interface, and most of the particles remain in the solution. Therefore, they cannot stabilize
the foam, and the viscosity of the foam is reduced.

The structure of the foam and the microscopic changes of the foam over time were recorded using Keene's
microscope, as shown in (Figures 3 and 4). From (Figures 3A, 3B, and 3C), it can be seen that the foam
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Figure 4. Evolution of the foam structures of C4,A and C41,A-N20 over time under an ultradeep three-dimensional
(3D) microscope

formed by Ci,A has a regular shape, the edges of the foam are smoother, the liquid film of the foam is
thinner, and the stability of the foam is relatively poor. When 1.5 wt % N20 was added, the shape of the
foam became irregular, and the liquid film of the foam was thicker, as seen in (Figures 3D, 3E, and 3F).
SiO, nanoparticles are adsorbed on the gas-liquid interface where they produce an uneven enrichment ef-
fect, leading to a coarser liquid film in the foam. The adsorption of SiO, nanoparticles can increase the me-
chanical strength of the interface. When enough SiO, nanoparticles are adsorbed on the interface, the
interface strength is enough to overcome the uniform stretching effect produced by the interfacial tension,
so the liquid film cannot be stretched to a smooth state by the interfacial tension. This dense adsorption
layer of SiO nanoparticles slows down the agglomeration and disproportionation reactions between bub-
bles. This reduces the liquid flow between the bubbles and the influence of the outside world on the

bubbles.

(Figure 4) depicts the microscopic evolution of CO; foam over time. It can be seen from the figure that the
shape of the foam formed by C1,A is close to a circle, and the stability of the foam is poor. The C1,A-N20
foam is more irregular and has better foam stability. After adding different concentrations of SiO, nanopar-
ticles, the foam morphology can be seen to be very different in approximately 30 min. The size, quantity,
and stability of the 1.5 wt % SiO; nanoparticles in the field of view is less than that of other foams with stable
particle concentrations, which is similar to (Figure 1).

According to the Young-Laplace equation, foams with smaller diameters have a higher pressure, which

causes a larger amount of CO; to dissolve in the small bubbles. According to Fick's law of diffusion,
CO; gradually diffuses from bubbles with a smaller diameter through the film to bubbles with a larger

6 iScience 25, 105091, October 21, 2022
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Figure 5. Changes of microstructure of foam with time under different nanoparticle concentrations
(A) average radius of CO2 foam; (B) liquid holdup rate of CO2 foam.

diameter. Small bubbles gradually disappear, and large bubbles become increasingly larger. This process
is called Ostwald ripening, which is one of the factors affecting foam stability (Wu et al., 2018). The solubility
of CO, in water is much greater than that in air or N, which increases the Ostwald ripening rate and makes
Ostwald ripening very important for CO, foams. The images of foam changes with time were recorded us-
ing FoamScan, and the images of foams at different times were analyzed by using FoamScan's CSA soft-
ware. (Figure 5A) depicts optical micrographs of foam evolution. The initial radius of the foam is the
same, which is generally approximately 23 pm, and the radius increases significantly with time. After
20 min, the radius of the four foams starts to change, and it can be seen that the radius of the foam de-
creases with increasing particle concentration at the same time. The foam radius of Cq,A reached
48.4 pm in 30 min, and the three C1,A-N20 foams remained very stable, with an average radius of 28.3—
37.1 um. The foam of C;,A disappeared at 70 min, but the C1,A-N20 foam was still very stable, with an
average radius of 38.6-49.2 um. A solid interface is formed on the gas-liquid interface due to the adsorp-
tion of SiO, nanoparticles. The adsorption of SiO, nanoparticles on the gas-liquid interface can greatly
reduce the contact area of CO; and the liquid film, effectively reducing the diffusion of CO,, and the Ost-
wald ripening process is also inhibited. It can be seen that with the increase in nanoparticle concentration,
the inhibitory effect becomes more obvious, so SiO; nanoparticles can improve foam stability.

(Figure 5B) depicts the variation of the liquid holdup rate of CO; foams with time for C1,A and C4,A-N20.
The liquid holdup rate was calculated by measuring the total liquid volume, the volume of liquid separated
from the foam at different times, and the residual liquid volume by FoamScan. The calculation formula for
the liquid holdup rate is presented in Equation 1:

Vi—Va

f= v (Equation 1)

where fis the liquid holdup rate, %; V is the total volume of the dispersion liquid that generates the foam,
mL; V, is the remaining liquid volume separated from the foam, mL; and Vi is the foam volume, mL.

It can be seen from the figure that the degree of inclination of the straight line indicates the foam drainage
speed. For pure Ci,A foam, the straight-line slope is 59.74°, and the foam drainage speed is fast. The
straight-line slope of the C;,A-N20 foam is 5.688°-30.26°, and the drainage speed slows down consider-
ably. The solid properties of SiO, nanoparticles can increase the strength of the liquid film, especially after
the liquid film becomes thinner, and its solid skeleton can effectively reduce the possibility of foam rupture
and increase the mechanical strength of the foam. At the same time, the presence of SiO, nanoparticles in
the liquid film in the middle of the gas-liquid interface can also increase the viscosity of the liquid to a
certain extent. Thus, this increases the resistance of the liquid from the liquid film to the platform boundary
and reduces the thinning rate of the liquid film. This result is consistent with those shown in (Figures 4
and 5).

(Figure 6) is a photograph of the CO, foam drainage at different C;,A concentrations. It can be seen that (1)
is pure Cq2A, and the drainage liquid is clarified. (2)-(8) is a CO, foam drainage fluid of C1,A-N20. As the
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Figure 6. Drainage of foam at different C;,A concentrations

concentration of Cy,A increases, it becomes turbid and then clarified. When the concentration of Cj,A
further increases, the solution becomes turbid again. While SiO, nanoparticles have strong hydrophilicity,
when the concentration of C,A is relatively low, Cy2A adsorbs on the SiO; nanoparticles, which can make
them slightly hydrophobic. Only a small amount of SiO, nanoparticles can be adsorbed on the gas-liquid
interface, and a large number of particles are retained in the solution, so the drainage liquid is turbid. As the
concentration of C,A increases, the surfactant forms a single adsorption layer on the surface of the parti-
cle, which can make it more hydrophobic, maximize the contact angle, and stably adsorb on the gas-liquid
interface. Therefore, the liquid drainage is clarified, as shown in range Il in (Figure 1D). When the concen-
tration of Cq,A is further increased, additional surfactant adsorption occurs. Through hydrophobic chain-
chain interactions, a double adsorption layer is formed, exposing the polar head to the aqueous medium,
and the nanoparticles become strongly hydrophilic again. The air or water interface of the foam film is
mainly covered by C1,A, and the nanoparticles are desorbed from the film and returned to the liquid phase,
so the drainage liquid is turbid, which is shown in range IV in (Figure 1D). Experiments demonstrate that
when the concentration of C1,A is low, C12A can form a single adsorption layer on the surface of SiO, nano-
particles, which has a strong synergistic effect (Li et al., 2017).

(Figure 7) demonstrates the adsorption state of SiO, nanoparticles at the gas-liquid interface with
increasing concentrations of C;,A, which is completely consistent with (Figure 6). When CO,-Ns is alter-
nately injected into the solution, Cy2A can switch between cationic and nonionic states. When COy is in-
jected, C1,A becomes a cationic surfactant that can be stably adsorbed on the gas-liquid interface, gener-
ating foam related to (1) in (Figure 6). When the solution contains SiO, nanoparticles, C1,A, which becomes
a cationic surfactant, is adsorbed on the SiO, nanoparticles through electrostatic action, which changes the
hydrophilicity and hydrophobicity of the particles. Most of the nanoparticles can be stably adsorbed on the
gas-liquid interface. Therefore, the drainage liquid is clarified at this time, which is related to (4-5) in (Fig-
ure 6). When the concentration of C1,A is further increased, a double adsorption layer forms on the surface
of the nanoparticles, which causes the particles to become strongly hydrophilic and return to the solution
from the gas-liquid interface. Thus, the drainage solution starts to become turbid in relation to (6-8) in (Fig-
ure 6). When CO,-N; is alternately injected into the solution, Cq,A can adsorb and dissociate from SiO,
nanoparticles, changing the hydrophobicity of the particles, thus achieving an externally controlled foam-
ing and defoaming process.

Stabilization mechanism of foams

FT-IR spectroscopy is based on the study of radiation absorption and vibration mutation of molecules and
polyatomic ions. In addition, the method can examine the molecules attached to the particle surface. To
confirm that C4,A was adsorbed on SiO; nanoparticles, C12A-N20 particles were compared with pure
N20 particles by FT-IR characterization. It can be seen from (Figure S3) that the absorption band at
2926 cm~" corresponds to the telescopic vibration of -CHs, and the absorption band at 2855 cm™" corre-
sponds to the telescopic vibration of -CH,. The detection of N20 particles and C1,A-N20 particles showed
that C,A was successfully adsorbed on the N20 surface.

(Figure S4) demonstrates the interfacial tension between C1,A-N20 and C1,A. The interfacial tension of the

solution without CO; is unchanged with increasing C1,A concentration, which proves that pure Cq,A is not
phenotypically active and cannot reduce interfacial tension. In the presence of CO,, the interfacial tension
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Figure 7. Adsorption state of SiO, nanoparticles at the CO,-water interface as the concentration of C1,A
increases
(A) low concentration (without CO2); (B) low concentration (with CO2); (C) medium concentration; (D) high concentration.

decreases rapidly with the increase of C1,A concentration. When the concentration of Cq,A is relatively low,
the interfacial tension of C1,A-N20 dispersion is higher than that of C;,A solution. C1,A-N20 dispersion is
similar to lotion, in which most nanoparticles remain in the bulk phase rather than at the interface. The sur-
face tension between the dispersion and CO, is mainly determined by the surfactant concentration. When
the concentration of C1,A is greater than that of CMC, the interfacial tension gradually stabilizes. The stable
interfacial tensions of C12A and C12A-N20 were 24.4 and 23.1 mN/m, respectively. The stable interfacial
tension of C12A-N20 is lower than that of pure Cq,A. Because more surfactant molecules are adsorbed
on the surface of SiO; nanoparticles, which can be better adsorbed at the gas-liquid interface than pure
surfactant molecules, it allows a denser accumulation of more surfactant molecules at the interface, result-
ing in a lower interfacial tension (Degen et al., 2011). This effect reduces the gravitation difference between
the gas phase and the liquid phase at the interface, thereby reducing the surface tension between the
liquid and CO; and enhancing the foaming ability and foam stability.

The viscoelastic modulus of the interface is a characterization of the ability of the interface to resist and
recover from deformation. A good interfacial viscoelastic modulus helps to improve the resistance of
the liquid film to disturbance and to improve the stability of the foam. As shown in (Figure S5), the visco-
elastic modulus first increases and then decreases with increasing C,A concentration, reaching a peak
at 0.02 wt %. The change in surfactant concentration affects the viscoelastic modulus of the interface
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Figure 8. Change of zeta potential of C;,A-N20 solution
(A) Changes in the zeta potentials of C1,A-N20 solution when alternately injected with CO, and Np;
(B) Effects of C1,A concentration on the zeta potential.

from two aspects. On the one hand, it increases the interfacial concentration of surfactant; on the other
hand, it increases the ability of surfactant molecules to diffuse from the bulk phase through to the interface.
When the surfactant concentration is less than the CMC, the density of the surfactant on the interface
changes with the deformation of the interface, which leads to an increase in the interfacial tension gradient.
The change in interfacial tension may play a leading role in the increase in the viscoelastic modulus. When
the surfactant concentration is higher than the CMC, the surfactant molecules in the bulk phase are replen-
ished to the interface when the interface deforms, reducing the interfacial tension gradient and the expan-
sion pressure gradient of the interface. Interface deformation may play a leading role in the reduction of the
viscoelastic modulus. When SiO; nanoparticles are added, the viscoelastic modulus of the solution is signif-
icantly higher than that of the C;,A solution with the same concentration. The adsorption of SiO, nanopar-
ticles at the interface causes a curing tendency at the interface, forming a composite film that enhances the
mechanical strength of the interfacial layer, which in turn increases the interfacial viscoelastic modulus. At
higher surfactant concentrations, the effect of SiO, nanoparticles on the viscoelastic modulus disappears.
At this point, the particles are covered by a double layer of surfactant molecules and become hydrophilic
again. Therefore, when the concentration of Cq,A is higher, the interface again displays the characteristic
properties of a pure surfactant, which corresponds to the previous results in (Figure 1D).

After injecting CO,-N; into the C1,A-N20 solution, the zeta potential of the solution changes is shown in
(Figure 8A). It was found that the changes of zeta potential of the solution after the passage of CO,-N,
were basically consistent with (Figure 2), indicating that the C;,A-N20 solution has good reproducibility.

As the concentration of C;,A increases, { also displays an increasing trend, as shown in (Figure 8B). When C15A is
not added, the zeta potential of the SiO, nanoparticles in the initial solution is —20.77 mV. As the concentration
of C1,A increases, the zeta potential of the solution also increases, and when the C,A content is 0.02 wt %, the
solution reaches the zero potential point. At this time, the charge on the surface of SiO, nanoparticles is
completely neutralized by the adsorbed C;,A, which forms a single adsorption layer on the surface of the par-
ticles, and the hydrophobic interactions between the alkyl chains become obvious. The hydrophobicity of the
particles is the strongest, and more particles can be stably adsorbed on the gas-liquid interface, making the
foam more stable, which corresponds to range Il in (Figure 1D). When the C;,A content exceeds 0.1 wt %,
the solution begins to stratify, and more flocculation and precipitation appear. The volume or mass of the flocs
seems to be proportional to the C;,A concentration (Guo and Zhang, 2019). The volume of the flocs plays a vital
role in the stability of the foam. The volume of the flocs affects the foaming properties of the solution. Because
larger particles are more difficult to adsorb at the gas-liquid interface, the stability of the bubbles is reduced,
corresponding to range Il in (Figure 1D). When the C;,A concentration is greater than 2 wt %, the potential
change on the particle surface is small. At this time, the surfactant forms a double adsorption layer on the surface
of SiO; nanoparticles through the hydrophobic force of carbon chains. This increases the electrostatic repulsion
between the particles and makes the aggregated particles redispersed, and the solution becomes stable, cor-
responding to range IV in (Figure 1D).
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Conclusion

It was demonstrated that the CO,-responsive surfactant C;,A and eight types of SiO, nanoparticles have a
synergistic effect of stabilizing foam, and C1,A has the best synergistic effect with SiO, nanoparticles N20.
Overall, cationic surfactants have the best synergy with nanoparticles with a contact angle of 37.83°. In the
solution of 0.02 wt % C1,A and 1.5 wt % N20, C;,A adsorbs on the nanoparticles by electrostatic interac-
tions, which increases the hydrophobicity of the nanoparticles and enables the particles to adsorb better
at the gas-liquid interface. C1,A formed a dense single adsorption layer on the nanoparticle surface when
the zeta potential was zero. The stability of the foam was best under this condition. The foaming volume of
the foam was 270 mL, and the half-life was 90 min, which was 14 times longer than that of the foam pro-
duced with C4,A alone.

The surface tension of the C1,A-N20 solution decreases significantly when CO, is injected. When the
concentration of C;,A was increased to 0.2 wt %, the interfacial tension of the C1,A-N20 solution was
70.55 mN/m in the N environment and decreased to 23.6 mN/m in the CO, environment. The foaming per-
formance of the Cq,A solution and C1,A-N20 solution can be controlled by using CO; and N, as switches,
and the foaming volume and half-life of the foam only decreased slightly after 3 cycles. This indicates that
the solution has good reversibility. The CO,-responsive surfactant Cy,A synergistically stabilizes the foam
with SiO, nanoparticles N20. Nanoparticles adsorbed on the gas-liquid interface can delay Ostwald
ripening. Moreover, they can also flocculate on the plateau boundary of the bubble and form a three-
dimensional network to slow down the discharge rate.

At 0.02 wt % C1,A, the nanoparticles increased the interfacial viscoelastic modulus of the foam film from
15.44 mN/m to 30.6 mN/m, which greatly improved the anti-disturbance ability of the liquid film and
enhanced the stability of the foam.

Limitations of the study

This work obtained C42A-N20 foam, which provided a new strategy for the development and application of
nanoparticles stabilized CO,-responsive foam. However, this study also has limitations. We only discuss
that the nanoparticles with a contact angle of 37.83° have the best synergistic effect with cationic surfactant
C12A, but whether the nanoparticles with a contact angle of 37.83° have such a significant synergistic effect
with other cationic surfactants remains to be confirmed. That is, the universality of this strategy is not
confirmed. Further relevant research is needed on these aspects.
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An aqueous solution of SiO, nanoparticles (PT) Shanghai Zecheng Co., Ltd., CAS: 14808-60-7
An aqueous solution of SiO, nanoparticles (VK-SO1A) Xuancheng Jingrui new material Co., Ltd., CAS: 14808-60-7
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tacts, Songyan Li (Isyupc@163.com) and Kaigiang Zhang (kaigiang.zhang@pku.edu.cn).

Materials availability
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Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.
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® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact on request.

METHOD DETAILS

Materials

For the preparation of CO, foam, the surfactant N, N-dimethyldodecylamine (C1,A) with a purity greater
than 98% was purchased from Maclean Industrial Corporation. C,A is the intermediate of the quaternary
ammonium salt cationic surfactant, which can be turned into a cationic surfactant after reacting with CO,.
Its relative molecular mass is 213.4 g/mol, and its relative density is 0.787. It appears as a colorless liquid
that is soluble in alcohol and insoluble in water. The structure of Cq,A is presented in Figure S6. CO,
and N, were purchased from Qingdao Tianyuan Gas Company with a purity greater than 99.8%. The
distilled water for experiments was produced in the laboratory.

Experimental equipment

In the experiment, a balance (Mettler-Toledo, Switzerland, full scale 120 g, and accuracy 0.001 g) was used
to weigh SiO, nanoparticles and surfactants. An ultrasonic processor (YP-517, Hangzhou Success Ultrasonic
Equipment Co., Ltd., China) was used to uniformly disperse SiO, nanoparticles in water. A high-speed stir-
rer (Model GJ-3S, Qingdao Senxin, China, stirring speed of 0-15000 r/min) was used to stir the solution to
generate foam. An interfacial tension meter (Tracker-H, Teclis, France, full scale 0-200°C and 0.1-20.0 MPa)
was used to measure the interfacial tension and viscoelastic modulus of the solutions by the suspension
drop method. The viscoelastic modulus of the solution was obtained by changing the volume or area of
droplets through sine waves or pulse changes generated by the equipment. An Anton Paar rheometer
(Model MCR 302, Anton Paar, Austria, temperature 0-300°C, pressure 0.1-15.0 MPa) was used to measure
the viscosity of the foam. A microscope (VHX-5000, Keyence, Japan, 50-5000 times magnification) was used
to observe the microstructure of the foam. Fourier transform infrared spectrometer (FT-IR) (Nicolet 6700,
Thermo Fisher, USA) was used to measure the FT-IR spectra of SiO, before and after the absorption of
C12A. A Malvern particle size potentiometer (Nano ZS90, Malvern, U.K.) was used to measure the potential

14 iScience 25, 105091, October 21, 2022


mailto:lsyupc@163.com
mailto:kaiqiang.zhang@pku.edu.cn

iScience

of the solution. FoamScan (Teclis, France, full scale, 20-120°C and 0-8 bar) was used to observe the
changes in the shape of the foam at different temperatures over time and to record the changes in the bub-
ble radius and area over time. The foam stability, foam drainage and bubble state evolution at different
times and temperatures were observed by the CCD camera of FoamScan. The camera acquired an image
every 2 s and could record the image of the foam at the height of one of the four glass prisms throughout
the experiment. Through the CSA software of FoamScan, the distribution of the bubble radius and the
change in the bubble area over time were obtained. The second CCD camera recorded images of the
entire glass column, which determined the total foam volume and foam decay. There were five pairs of elec-
trodes on the rectangular glass column. The first electrode (Helec1 = 20 mm) was used to detect the con-
ductivity of the liquid, and the other four were used to measure the conductivity of the foam. The volume
fraction of the liquid in the foam was determined from the conductivity.

Experimental procedures
Preparation and characterization of foams

A certain mass of SiO, nanoparticles was added to distilled water to form dispersions with different pro-
portions. All the liquids were dispersed at 30 kHz for 8 min with an ultrasonic processor, left for 3 min,
and dispersed again for 8 min, while the temperature of the dispersions was controlled at 25°C with a water
bath. Surfactant Ci,A was added to the dispersion, and then CO, was injected into the solution using a
stainless-steel needle at a flow rate of 1 L/min at a room temperature of 25°C until the solution reached
saturation. The dispersion was left to stand for 12 h at room temperature in a CO, environment to stabilize
the adsorption of C1,A on the surface of SiO;, nanoparticles. Using the Waring Blender method (Li et al.,
2016) with a stirring time of 3 min s at a speed of 8000 r/min, CO, was injected into the stirring cup for
1 min to replace the air in it with CO,, and the mouth of the stirring cup was sealed with cling film to
make it froth in the CO, environment. The generated foam was quickly transferred to the measuring cylin-
der. The initial foam volume and the time to drain 50 mL of liquid were recorded as the half-life.

NaCl, CaCl, and MgCl, were dissolved in water at a ratio of 8:1:1 to study the effect of salinity on the
repeatability of foaming and defoaming. Stable Ci,A and C1,A-N20 series solutions with a total
salinity value of 1.0 x 10° mg/L were prepared in formation water. The N, was sprayed into the bottom
of the foam with a stainless-steel needle at a fixed flow rate of 2 L/min, and the defoaming process was
recorded. CO, was then injected into the defoamed solution at a flow rate of 1 L/min, and the solution
was allowed to react thoroughly with CO, and then foamed with a high-speed mixer. Foam volume and
half-life were recorded for three alternating cycles. All experiments were performed at room temperature
(25°C).

Interfacial tension and interfacial viscoelastic modulus

The viscoelastic modulus and interfacial tension of the Ci,A solution and C1,A-N20 solution were
measured by an interfacial rheometer (Tracker-H). The viscoelastic modulus is a measure of the foam film's
ability to resist elastic deformation. For the determination of interfacial tension, a drop of the pendant
pear-shaped aqueous solution was prepared using a high-pressure chamber and syringe in a normal tem-
perature and atmospheric pressure CO, environment. The droplet profile was recorded using a CCD cam-
era. The interfacial tension of the solution was calculated by the Gauss Laplace equation, and the droplet
profile was calculated by Windrop software. The critical micelle concentration (CMC) is an important
parameter for each surfactant and affects the surface properties of the surfactant solution, and it can be
determined from the interfacial tension. For the determination of the viscoelastic modulus, the oscillation
period was 10 s, the oscillation frequency was 0.1 Hz, and the amplitude was 10% of the droplet area. To
determine the stable value of the viscoelastic modulus of the solution, a small amplitude of sinusoidal oscil-
lation was applied after no change was observed in the interfacial tension. The average calculated value of
the four sinusoidal oscillations was used to calculate the variation in the viscoelastic modulus of the solution
at different surfactant concentrations. The calculation formula of the viscoelastic modulus is presented in
Equation 2:

__dr
“dinA

where E is the interfacial viscoelastic modulus, mN/m; v is the interfacial tension, mN/m; and A is the

E (Equation 2)

area, m?.
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Apparent viscosity of the foams

Apparent viscosity was measured using an Anton Paar rheometer (Model MCR 302). The C;,A solution or
C12A-N20 solution was foamed with a high-speed stirrer according to step 2.3.1, and a small amount of
foam was quickly transferred to a measuring cup with the shear rate set at 170 s~'. The temperature was
kept at 25°C, and the apparent viscosity and surface shear viscosity of the foam were measured.

Foam microstructure

The microstructure and aggregation of foams were observed at 25°C using an ultradeep field 3D micro-
scope (VHX-5000). Foaming of C;,A or C1,A-N20 solution was conducted with a high-speed stirrer accord-
ing to step 2.3.1. A small amount of foam was transferred to a clean slide with a glass rod, and the foam was
placed as flat as possible on the slide. The focal length and loading stage were adjusted until the image was
clear, and the foam liquid film was analyzed by the 3D scanner. Foam performance was measured using the
FoamScan. The foam generated by the high-speed stirrer was rapidly transferred into the rectangular foam
tube of the FoamScan. The evolution of bubble drainage and bubble state was observed by the CCD cam-
era at different times and temperatures. During the entire experiment, a photo was taken every 2 s to re-
cord images of the bubbles. The distribution of the bubble radius and the variation in the bubble area with
time were obtained by the CSA software of FoamScan.

Zeta potential

The ¢ potential of SiO, nanoparticles in C1,A-N20 solution was determined using a Malvern particle size
potentiometer (Zetasizer). A solution of SiO; nanoparticles with a concentration of 1.5 wt % was configured
and dispersed by an ultrasonic processor for 8 min, and different concentrations of C;,A were added. CO,
was injected to saturation, and the dispersion was left at 25°C with CO, for 12 h to reach adsorption equi-
librium. The ¢ potential was measured three times, and the average value was obtained.

Fourier transform infrared spectroscopy (FT-IR)

“Tto

The nanoparticles before and after the adsorption of C;,A were scanned and analyzed from 4000 cm
400 cm ™" using FT-IR spectroscopy. The 1.5 wt % N20 was mixed with 0.02 wt % C1,A solution by injecting a
sufficient amount of CO, and left for 12 h. The solution was then placed in a centrifuge at 6000 r/min and
centrifuged for 30 min. The pellet from the centrifugation was dried to constant weight in a CO, environ-

ment at room temperature. The other part of the experiment used pure N20 as a control.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analyses based on the interfacial tension and viscoelastic modulus of the solution were performed to
determine the relationship between interfacial tension and viscoelastic modulus and foam stability. FT-
IR and ¢ potential analyses of nanoparticles were performed to quantify the effect of C;,A on the structure
of the nanoparticles.
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