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of Chemistry CO,-responsive emulsions have attracted considerable attention in recent years because of their
biocompatibility and easy removal of CO,. However, most CO,-responsive emulsions are only used in
stabilization and demulsification processes. In this paper, we report CO,-switchable oil-in-dispersion
(OID) emulsions co-stabilized with silica nanoparticles and anionic NCOONa, in which the required
concentrations of NCOONa and silica particles were as low as 0.01 mM and 0.0001 wt%, respectively.
Besides reversible emulsification/demulsification, the agueous phase containing the emulsifiers was

recycled and reused with the CO,/N, trigger. More importantly, the properties of the emulsions, such as
Received 13th January 2029 droplet sizes (40-1020 um) and viscosities (6-2190 Pa s) intelligently controlled by the CO,/
Accepted 26th February 2023 roplet sizes um) and viscosities a s), were intelligently controlled by the 2
N, trigger, and meanwhile reversible conversion between OID emulsions and Pickering emulsions was

DOI: 10.1039/d35c00228d achieved. The present method offers a green and sustainable way to regulate the emulsion states, which
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1 Introduction

Stimuli-responsive ~ surfactants are special amphiphilic
compounds containing stimuli-responsive groups in their molec-
ular structures," and their surface activities and aggregation
behaviours can be changed with environmental stimuli.” To date,
various triggers for stimuli-responsive surfactants have been re-
ported, including pH,** CO,/N,>° temperature,’" redox
reagents,”” ™ light,”” magnetism,'** and so on. Jessop et al. have
pioneered a series of CO,-responsive surfactants and materials,>®
in which CO, was recognized as one of the inexpensive, green, and
biocompatible triggers. Moreover, it is easy to remove CO, from
product streams without contamination.”** Therefore, consider-
able effort has been devoted to exploring CO,-responsive emul-
sions in recent years.”>* However, most of the CO,-responsive
emulsions were based on demulsification/stabilization processes,
while the properties of the emulsions (e.g. droplet size and
viscosity) were rarely regulated with a CO, trigger.

Pickering emulsions stabilized with colloid particles have
received increasing attention in recent years due to their many
applications in foods, cosmetics, and functional materials.***
Compared with conventional emulsions, Pickering emulsions
have much higher stabilities due to nearly irreversible adsorption
of surface-active particles at the oil-water interface.** However, the
high stabilities of Pickering emulsions always cause difficulties
during demulsification, which might hinder their applications in

The Key Laboratory of Synthetic and Biological Colloids, Ministry of Education, School
of Chemical and Material Engineering, Jiangnan University, 1800 Lihu Road, Wuxi,
Jiangsu, P.R. China. E-mail: jzjiang@jiangnan.edu.cn

(ESD) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d35c00228d

3370 | Chem. Sci,, 2023, 14, 3370-3376

enables smart control of emulsions and widens their potential applications.

which temporary stability is needed, such as in emulsion catal-
ysis,*** enzymatic catalysis® and emulsion polymerization.>*

Recently, oil-in-dispersion (OID) emulsions stabilized with
similarly charged surfactants and nanoparticles have been re-
ported,* in which the surfactants were adsorbed at the oil-
water interface and the nanoparticles remained in the
aqueous phase. Similar to conventional emulsions, the OID
emulsions showed fluidity as good as water, which benefitted
applications in oil pipeline transportation and in cutting fluids
for which low viscosity was needed.*® However, OID emulsions
are always only temporarily stable (for less than one month),
which limits their applicability when long-term stability is
required, such as in foods and cosmetics.*”** Recently, trans-
formations between OID emulsions and Pickering emulsions
have been achieved with pH and redox triggers;*>** however, the
accumulation of salts during pH changes or redox reactions
always affected the stability of the emulsion.

Herein, we report a CO,/N,-responsive OID emulsion stabilized
with a CO,-responsive surfactant (11-(N,N-dimethylamino) sodium
undecanoate, NCOONa) aided by a trace amount of silica
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Scheme 1 Schematic diagram of reversible conversion between OID
emulsions and Pickering emulsions with the CO,/N; trigger (0.3 mM
NCOONa plus 0.1 wt% silica nanoparticles).
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Scheme 2 Chemical structure of anionic NCOONa and its CO,/N,
responsiveness.

nanoparticles. Reversible transformation between an OID emul-
sion and a Pickering emulsion was obtained with a CO, trigger.
Additionally, the viscosities and droplet sizes of the emulsions
were changed with the CO, trigger (Scheme 1).

2 Results and discussion

As reported in the literature,”® the tertiary amine group in the
NCOONa molecular structure (Scheme 2) responded to the CO,/N,
trigger at ambient temperature. Therefore, NCOONa reversibly
interconverted between its anionic and zwitterionic (N"COONa)
states at room temperature with the CO,/N, trigger (Scheme 2 and
Fig. S11). However, NCOONa cannot be protonated to the cationic
form* since the pH of the solution cannot be decreased below 4.4
by bubbling CO, (Fig. S21). The structural transformation of
NCOONa was confirmed by the significant chemical shifts of the
methylene and methyl groups in the "H-NMR spectrum after the
protonation of the tertiary amines by bubbling CO, (Fig. S31).
The surface activity parameters of the surfactants were listed in
Table S1.1 NCOONa (pH = 8.35 + 0.01) showed a much higher
cmc (16.47 mM) than other anionic surfactants (e.g., SDS or Cy;-
H,3COONa) because of the weakly polar tertiary amine groups
present at the ends of the alkyl chains, which reduced the hydro-
phobicity of the surfactant. After bubbling CO, (pH = 4.54 + 0.02),
the I'” of zwitterionic N'COONa (1.83 x 107'° mol cm™?)
decreased to approximately half of that of NCOONa (3.08 x 10~ *°
mol cm ) due to the formation of a second hydrophilic group
(aminium bicarbonate) in the molecular structure of N'COONa,
which doubled the cross-sectional area (0.91 nm” per molec) of the
initial surfactant (NCOONa, 0.54 nm” per molec) and increased the
cmc (21.78 mM). In contrast to other CO,-responsive surfactants
(e.g., alkyl amidines or alkyl tertiary amines), which were trans-
formed into oil-soluble inactive states by CO,/N, triggers,®
NCOONa can be converted into a more hydrophilic zwitterionic
surfactant (N*COONa) with less surface activity after bubbling CO,.

2.1 OID emulsions co-stabilized with NCOONa and silica
particles

In contrast to SDS, no stable emulsion can be formed with
NCOONa alone below 3 mM due to its strong hydrophilicity
(Fig. S471). After adding 0.1 wt% hydrophilic silica nanoparticles
(Fig. S5t), stable emulsions were obtained at low NCOONa
concentrations (0.01 mM, 0.00061 cmc) (Fig. 1). The dilution
and stained oil phase methods confirmed the O/W morphology
(Fig. S6at). The SEM image of the dried emulsion droplets and
the fluorescent micrograph of the emulsion made with labeled
silica particles indicated that the silica particles were dispersed
in the aqueous phase of the OID emulsions (Fig. 2 and S7at).***>
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Fig. 1 (a and b) Photographs and (c) micrographs of the OID emul-
sions prepared with 0.1 wt% silica particles and different concentra-
tions of NCOONa (pH = 8.35). (a) Taken immediately after preparation
and (b) and (c) taken 24 h after preparation.

After increasing the NCOONa concentration from 0.01 mM
to 0.3 mM, the average droplet diameter of the OID emulsions
decreased from 350 um to 50 um. However, the droplet diam-
eter did not change with the particle concentration, which is
similar as other OID emulsions in the literature.**** The OID
emulsions were stable for more than seven days when using
0.0001 wt% silica particles and 0.3 mM NCOONa (Fig. S81). In
addition, the oil-water ratio of the OID emulsions could be
freely adjusted from 4:6 to 8.5:1.5 (stable over 7 days) (Fig.
S9t), which exceeded the definition of high internal phase
emulsions (HIPEs, 7.4:2.6). However, the emulsion was
unstable at an oil-water ratio of 9 : 1 because the concentrations
of the emulsifiers (NCOONa plus silica particles) were too low to
form a thick lamella and prevent coalescence at a high internal
oil phase (>90%).*

2.2 CO, responsiveness of the OID emulsion

The OID emulsions co-stabilized with NCOONa and silica
particles showed excellent CO,/N, responsiveness due to the
CO,responsive tertiary amine group in NCOONa. After
bubbling CO, for 15 min at room temperature (Fig. 3a), the
emulsion was demulsified quickly, and the oil and water phases
were separated entirely (Fig. 3b). NCOONa was converted into
its zwitterionic form (N'COONa), which desorbed from the oil-
water interface and entered the water phase, resulting in
demulsification. Furthermore, the aqueous phase containing
the emulsifiers (N'COONa and silica nanoparticles) could be
reused and recycled. As shown in Fig. 3d, a mixture of the
separated aqueous phase and a new oil phase yielded a stable
OID emulsion after the removal of CO, by bubbling with N, at
room temperature. This reversible cycling of the aqueous phase
was carried out at least 10 times with the CO,/N, trigger (Fig.
S107), and the droplet size did not change significantly.

The separated n-octane phase showed an interfacial tension
similar to that of fresh n-octane (50.36 + 1 mN m™*, Table 1),
which confirmed that there was little residual emulsifier left in
the oil phase. Similar results were obtained from the "H NMR

Chem. Sci., 2023, 14, 3370-3376 | 3371
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Fig. 2 (a) SEM image of the dried OID emulsion of 0.3 mM NCOONa
and 0.1 wt% silica particles (pH = 8.35). (b) Fluorescence micrograph of
the OID emulsions using fluorescent-labeled silica particles.

Homoge
-nization

Fig. 3 CO,/N, responsiveness of the OID emulsions co-stabilized
with 0.1 wt% silica nanoparticles and 0.3 mM NCOONa with a recy-
clable aqueous phase. (a) Photograph and (A) micrograph of the initial
emulsion (pH = 8.35). (b) Demulsification after bubbling CO, (pH =
4.54). (c) The agueous phase after the removal of the upper oil phase.
(d) The mixture of the aqueous phase and new oil after bubbling N, (pH
= 8.34). (e) Photograph and (E) micrograph of (d) the system after
homogenization.

spectrum of the recovered n-octane (Fig. S117). In our previous
studies,’ alkylammonium bicarbonate was deprotonated into
an oil-soluble alkyl amine after bubbling N,, which entered into
the oil phase and contaminated the products in the oil phase.
Herein, the reuse and recycling of NCOONa from the aqueous
phase was obtained with a CO, trigger (Fig. 4) without
contamination in the oil phase, which has great potential for
achieving green and sustainable operations of oil-soluble
products in practical applications.

Table 1 The interfacial tension between water and fresh n-octane or
separated n-octane after demulsification

Oil-water
Oil type interfacial tension (mN m™") 41.00
Fresh 50.36
First separated 50.39
Second separated 50.31
Third separated 50.41
Fourth separated 50.56
Fifth separated 50.18
Sixth separated 50.63
Seventh separated 50.22
Eighth separated 50.59
Ninth separated 50.00
Tenth separated 50.13
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Fig. 4 Mechanism diagram of yielding a recyclable agueous phase
during CO,/N; circulation of OID emulsion.

Fig. 5 (a) Photograph and (A) micrograph of the OID emulsions
stabilized with 0.1 wt% silica particles and 0.3 mM NCOONa (pH =
8.35). (b) Demulsification after bubbling CO, for 15 min at 25 °C (pH =
4.54). (c) Photograph and (C) micrograph of a Pickering emulsion
obtained by re-homogenization of the system in (b). (d) Demulsifica-
tion by bubbling N for 30 min at 25 °C (50 mL min~* and pH = 8.34).
(e) Photograph and (E) micrograph of the OID emulsion after re-
homogenization of the system in (d).

2.3 Reversible transformation between OID emulsions and
Pickering emulsions

In addition to stabilization/demulsification processes and
recycling of the emulsifier from the aqueous phase, reversible
conversions between OID emulsions and Pickering emulsions
could also be realized with the CO,/N, trigger. As shown in
Fig. 5c, re-homogenization of the demulsified OID emulsion
yielded an O/W Pickering emulsion with higher stability (> one
year, Fig. S127) and a larger droplet size (250 pm).

The staining method confirmed the O/W morphology of the
Pickering emulsion (Fig. S6bt). The wrinkled films of the dried
droplets were observed in the SEM image (Fig. 6a), which
indicated aggregation of the particles at the interface.”” The
fluorescent oil-water interface of the Pickering emulsion with
the labeled particles also revealed the location of the silica

Fig. 6 The Pickering emulsion prepared with 0.3 mM N*COONa and
0.1 wt% silica particles. (a) SEM photo of dried Pickering emulsion
droplets. (b) Fluorescence micrograph of the Pickering emulsions with
fluorescent-labeled silica particles.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Mechanism diagram of reversible transition between an OID
emulsion and Pickering emulsion through the CO,/N; trigger.
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Fig. 8 The droplet size and viscosity of the emulsions stabilized with
0.3 mM NCOONa and 0.1 wt% silica nanoparticles at different pH
(4.54-8.35) by bubbling CO, (25 mL min~Y).

particles at the interface (Fig. 6b). Due to the adsorption of the
silica particles at the interface, the Pickering emulsion of
N'COONa and silica particles showed much higher stability and
viscosity than the OID emulsions (Fig. 7).

The Pickering emulsions also exhibited excellent CO,
responsiveness, and they were completely demulsified after the
removal of CO, (Fig. 5d). After bubbling N,, N'COONa was
deprotonated to give its anionic form (NCOONa), and it des-
orbed from the surfaces of silica particles, resulting in demul-
sification. Furthermore, the OID emulsion was recovered after
re-homogenization of the demulsified system, as shown in
Fig. 5d.

Although interconversions between the OID emulsions and
Pickering emulsions were obtained with the pH and redox
reaction triggers,*>*° the accumulated salts during the switching
cycles affected the stabilities and droplet sizes of the emulsions,
which limited the number of cycles. For example, the OID
emulsions became unstable after 5 cycles with the redox reac-
tion triggers. Interestingly, this conversion between the OID
emulsions and the Pickering emulsions was switched at least 20

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The pH value, droplet size, and viscosity of the emulsions
(0.3 mM NCOONa plus 0.1 wt?% silica particles) after bubbling CO, for
different times (25 mL min™3)

Bubbling Viscosity” Average droplet
time/min pH (£0.01) (£0.02)/Pas diameter/pm
0 8.35 6.38 40

0.10 7.91 10.20 65

0.15 7.50 329.71 85

0.25 7.00 493.48 1020

0.35 6.47 553.03 848

0.45 5.97 727.20 515

0.75 5.53 1286.97 349

3.20 5.01 2062.30 273

15.00 4.54 2190.86 212

@ Shear rate = 0.01 s~ .

times with the CO, trigger (Fig. S13 and S14t). Since no salt
accumulation occurred during the CO, switching cycles,?
reversible transformations between the two emulsion types
could be achievable.

More importantly, the droplet sizes and viscosities of the
emulsions were precisely controlled with the CO, trigger
(Fig. 8). The pH of NCOONa solution (0.3 mM) gradually
changed from 8.3 to 4.6 after bubbling CO, (25 mL min ", Fig.
S21 and Table 2). For example, the system's pH (0.3 mM
NCOONa) decreased to 7 and then to 4.6 after bubbling with
CO, for 0.25 min and 15 min, respectively. The viscosity of the
emulsion increased from 6.38 Pa s (pH = 8.3 and shear rate =
0.01s™ ") to 2200 Pa s (pH = 4.6 and shear rate = 0.01 s~ *) (Fig. 8
and Table 2), while the droplet sizes of the emulsion gradually
increased from 40 pm (pH = 8.3) to 1020 um (pH = 7) and then
decreased to 212 pm (pH = 4.5) (Fig. 8 and S15%). This occurred
because anionic NCOONa gradually converted into zwitterionic
N*COONa after bubbling CO,, and the fluid-like OID emulsions
were converted into viscous Pickering emulsions when the pH
was lower than 7.0 (Fig. 8). As the pH further decreased by
bubbling CO,, the efficiency for adsorption of N'COONa on the
surfaces of the silica particles increased with increasing
N"COONa concentration, which resulted in further increases in
the viscosity of the Pickering emulsions and a decrease in the
droplet size.

2.4 Mechanism analysis

The surface tension of anionic NCOONa decreased slightly after
adding similarly charged silica particles, indicating there was
no adsorption of the surfactant on the particle surfaces (Fig.
S16af). After NCOONa concentration was increased from
0.01 mM to 10 mM, the zeta potential of the silica particles
changed from —41.7 mV to —32.8 mV (Fig. 9a), indicating that
NCOONa served as an electrolyte to compress the electric
double layer of the silica particles.*® The contact angle of n-
octane on the glass plate using the inverted sessile method (Fig.
S17 and S187) also indicated that there was no adsorption of
anionic NCOONa on the silica particles, since the contact angles
were almost the same (24.5° + 2°) with different NCOONa

Chem. Sci., 2023, 14, 3370-3376 | 3373
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Fig. 9 (a) Zeta potential of silica particles dispersed in NCOONa/
N*COONa solutions with different concentrations; (b) the curve of the
adsorbed amount of N*COONa on the particles as a function of the
equilibrium surfactant concentration.
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Fig. 10 Contact angles of n-octane drops (inverted) captured by
a glass slide immersed in NCOONa (upper) and N*COONa (lower)
aqueous solutions at 25 °C. The surfactant concentration (mM~?) from
left to right: 0.01, 0.06, 0.1, 0.6, 1, 6, 10.

concentrations (Fig. 10). Therefore, the anionic NCOONa was
adsorbed at the oil-water interfaces in the OID emulsions to
reduce the interfacial tension and endow the droplets with
negative charges, while the silica particles were dispersed in the
aqueous phase. The distance between two droplets of the
emulsions in the absence of silica particles was 35 nm (0.3 mM
NCOONa), which was double the Debye length (x ' = 17.6 nm).
However, the distance could increase to 270 nm (4x " + particle
size (~200 nm, Fig. S51)) if one particle was present between the
two droplets (Fig. S19t). Therefore, the van der Waals attraction
between the droplets decreased after the increase of the
distance between the oil droplets. Furthermore, since there was
more than one particle surrounding the droplets, the van der
Waals attractions could be further reduced. The particle-
droplet and particle-particle electric double layer repulsions
together with the reduced van der Waals attractions prevented
the droplets from undergoing flocculation or coalescence.***%*

After bubbling CO,, anionic NCOONa gradually converted
into zwitterionic N*COONa, which decreased the surfactant's
charge density and weakened the electrical double layer repul-
sions of the OID emulsions, and led to demulsification.
Compared with NCOONa, zwitterionic N'COONa has a higher
polarity, stronger hydrophilicity, and lower surface activity due
to its two hydrophilic head groups. Therefore, N'COONa des-
orbed from the oil-water interface and entered the aqueous
phase. Furthermore, the hydrophilic silica particles also
remained in the aqueous phase after demulsification. The
“clean” oil phase was separated after demulsification without
further purification (Fig. 3 and Table 1). Since NCOONa could
be recovered by removal of CO,, the OID emulsion was reformed
with the fresh oil phase and the aqueous phase containing the

3374 | Chem. Sci., 2023, 14, 3370-3376
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emulsifiers (N'COONa plus silica particles) after bubbling N,
(Fig. 3c). Therefore, the emulsifiers could be reused and recy-
cled from the aqueous phase without contamination in the oil
phase.

It was reported that the positively charged amino group was
stronger than the anionic carboxylate group in the surfactant
structure.*? Therefore, zwitterionic N*COONa exhibited the
characteristics of a weak cationic surfactant because the posi-
tive charges were partially neutralized by the carboxylate
groups. The zeta potential of the silica particles in pure water
decreased to —25 mV after bubbling CO,.**** A slight change in
the zeta potential (from —24.9 mV to —10.7 mV) of the silica
particles was observed after increasing the surfactant
(N"COONa) concentration from 0.01 mM to 10 mM (Fig. 9a).
Therefore, N'*COONa adsorbed on the surfaces of the silica
particles as a cationic surfactant and the electrostatic attrac-
tions operated during the homogenization process. Contact
angle measurements also indicated the adsorption of the zwit-
terionic surfactant (N*COONa) on the surface of silica particles
with increasing hydrophobicity (Fig. 10). Furthermore, the
contact angle increased from 25.3° to 59.9° after zwitterionic
surfactant (N'COONa) concentration was increased from
0.01 mM to 0.6 mM, indicating the formation of a surfactant
monolayer on the particle surfaces.>*** However, the contact
angle decreased after N'COONa concentration was increased
further, possibly due to hydrophobic interactions between the
carbon chains, and this resulted in the formation of bilayers or
semi-micelles on the particle surfaces.*® Moreover, the surface
tension of the zwitterionic form (N'COONa) increased after
adding a trace amount of silica particles due to the adsorption
of the surfactant on the particles (Fig. S16b}). The amount of
N*COONa adsorbed on the silica particles was 0.031 mmol g~
(Fig. 9b) at an equilibrium concentration of 0.27 mM, and the
molecular cross-sectional area of the N'COONa molecule at the
interface was 9.54 nm?”, which was much larger than that of
N*COONa molecules adsorbed at the saturation level at the air-
water interface (0.91 nm?* per molec). At this time, N*COONa
formed a loose monolayer adsorbed on the silica particles.>*>*

After bubbling N,, N'COONa was converted to its anionic
form (NCOONa), and the positive charges on the surfactant
molecules were eliminated, which resulted in the desorption of
the surfactant from the silica particles. Therefore, the Pickering
emulsions were demulsified completely by the N, trigger.
Moreover, the OID emulsions were recovered after re-
homogenization of the demulsified system containing silica
particles and NCOONa. Therefore, reversible transformations
between the Pickering emulsions and OID emulsions occurred
(Fig. 7), and the stability as well as the viscosity and droplet size
were efficiently controlled with the CO,/N, trigger (Fig. 8).

3 Conclusions

In summary, we report a switchable surfactant (NCOONa) that
can be converted reversibly between anionic and zwitterionic
states with the CO,/N, trigger. CO,-responsive OID emulsions,
including HIPEs, were co-stabilized with NCOONa and silica
particles at low concentrations (0.01 mM and 0.0001 wt%,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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respectively). Since anionic NCOONa was converted into the
more hydrophilic N'COONa, stabilization and destabilization
of the emulsion were achieved with the CO,/N, trigger, and the
emulsifiers (surfactant plus the particles) were also recycled
from the aqueous phase with no residual surfactant left in the
oil phase. Furthermore, reversible interconversions between
OID emulsions and Pickering emulsions were realized with the
CO,/N, trigger, and the droplet sizes (40-1020 pm) and viscos-
ities (6-2190 Pa s) of the emulsions could be changed precisely.
This strategy provides smart emulsions with adjustable prop-
erties to meet different application requirements, such as those
of two-phase catalysis, emulsion polymerization, cutting fluids,
and oilfield exploitation.
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