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Emulsion separation, a focal and challenging aspect of oil-water
separation processes, has long been a source of frustration for
researchers due to the phenomenon of flux decline caused by
concentration polarization and adhesion of oil droplets during the
separation process. Attempts have been made to address membrane
fouling issues through catalytic degradation and bubble flotation
methods; however, the flux decline phenomenon persisted. In this
work, during the fabrication process, intermolecular forces were
utilized to polarize polyvinylidene difluoride molecular chains to
increase the f-phase and endow them with piezoelectric properties.
The prepared piezoelectric membrane, under the variable pressure
environment created using a peristaltic pump, could maintain stable
flux throughout the separation process without decline while main-
taining high separation efficiency, as opposed to constant pressure
filtration. It was found that the main mechanism of action was
dielectrophoretic forces, and the feasibility was theoretically analyzed,
showing promise for the extension to the separation of a greater
variety of oil-in-water emulsions. Additionally, the piezoelectric cata-
lytic effect could generate reactive oxygen species, which could
further degrade organic pollutants to alleviate membrane surface
contamination and blockage, further maintaining flux. This work
provides new insights into the development of emulsion separation
applications.

1. Introduction

The global annual output of oily wastewater is about 1.0 x 10~
1.5 x 10" m’. A large amount of oily wastewater discharged
into nature or a single entity of population results not only in a
loss of energy, but also in destruction and damage to the
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Piezoelectric PVDF membranes were prepared by the synergistic pulling
of DA/SA through the NIPS method, with a simple preparation process
and no additional post-processing steps, which is conducive to industrial
preparation. It was found that the piezoelectric effect can achieve nearly
constant flux while maintaining high separation efficiency during the
emulsion separation process, and the feasibility of dielectrophoretic
forces for the separation of other oily substances was theoretically
analyzed. Organic pollutants can be degraded through piezoelectric
catalysis, further reducing the accumulation of membrane surface pollu-
tion and aiding the separation process.

ecological environment and human life and health. Separation
and recycling are the main solutions.™” For the most challenging
part of oil-water separation—emulsion separation, membrane
separation is the method most frequently employed by research-
ers at present.’® During the separation process, oil droplets
exhibit behaviors such as adhesion, pinning, wetting, diffusion,
plugging, intrusion, coalescence, and separation on the
membrane surface.’”

Moreover, due to the filtration of target substances and the
interception of unwanted materials, it is inevitable that unfil-
tered substances accumulate on the membrane surface, leading
to an increase in their concentration at the membrane surface
and a consequent decrease in flux. During the separation of
water-in-oil emulsions, this concentration polarization and accu-
mulation of substances increase the probability of oil adhering
to the membrane surface, promoting the adhesion of oily con-
taminants on the membrane surface or within the membrane
pores.® This leads to a continuous decrease in flux during the
separation process as the separation time increases. Typically,
cleaning operations are performed after each separation to
restore flux, but this can only remove reversible fouling. It is
ineffective in dealing with irreversible fouling that adheres
within the membrane pores.

Researchers used cross-flow filtration,’ rotating separation
membranes,'® catalytic degradation,">'* bubble-mediated,"*™*
electrophoretic forces,'® and other methods to reduce oil
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pollution and reduce the flow reduction caused by oil plugging.
But these are only slowdowns, and flux decay is inevitable during
the separation process. Dai et al.'” reported that the emulsion
separation was carried out using a non-contact ion air device,
but the separation efficiency was low and the energy consump-
tion was high. Liu et al.*® used a non-filter separation, by rotating
the separation device contact with the selection of oil and water
for synchronous separation. But this gear opening and closing in
the use of the process also causes mechanical wear.

Some researchers have found that the piezoelectric effect in
the emulsion separation for oil pollution discharge plays an
effective role. The piezoelectric effect refers to the ability of
materials to convert mechanical energy into electrical energy
during vibration, which is divided into the direct piezoelectric
effect and the converse piezoelectric effect. Both of these can be
effectively used for emulsion separation. Regarding the converse
piezoelectric effect, when an alternating voltage is applied to the
material, it undergoes internal contractions that generate inher-
ent ultrasound and vibrations. Piezoelectric vibration can reduce
the filtration resistance caused by concentration polarization
and membrane fouling, thereby producing a self-cleaning
effect.”” Cao et al®® prepared a piezoelectric polyvinylidene
difluoride (PVDF) membrane through the thermally induced
phase separation method combined with high-pressure polar-
ization treatment. It was found that applying alternating current
of a given frequency to the membrane could generate in situ
vibrations to reduce membrane fouling. The water flux through
the piezoelectric membrane increased with the increase in
alternating current, increasing by 72.6% (20 V) compared to
the membrane without the application of alternating current.
The highest water flux was achieved at a frequency of 10 kHz. Pu
et al'® also designed a piezoelectric PVDF membrane, and
reported that the reduction in the concentration polarization
layer and membrane fouling due to piezoelectric vibration were
the reasons for the increase in membrane flux. In addition, it
was demonstrated that the piezoelectric vibration was effective
against different charged foulants. However, when using the
converse piezoelectric effect for emulsion separation, there is
still an initial stage where flux decline occurs.”’ The direct
piezoelectric effect demonstrates greater advantages in emulsion

Miss Xin Zhong joined Prof.
Guo’s biomimetic materials of
tribology (BMT) group at Hubei
University in 2022 to pursue her
PhD degree. Her current scientific
interests are focused on PVDF
membranes for separation.

Xin Zhong

2124 | Nanoscale Horiz., 2025, 10, 2123-2133

View Article Online

Nanoscale Horizons

separation.”” The piezoelectric membrane generates current
pulses and rapid voltage oscillations through transient water
pressure fluctuations across the membrane, while also produc-
ing reactive oxygen species (ROS) through piezoelectric catalysis,
exhibiting anti-fouling effects against a range of membrane
contaminants including organic molecules, oil droplets, pro-
teins, bacteria, and inorganic colloids.”*>> Additionally, the
peristaltic pump device that provides a variable pressure
environment is more in line with industrial application settings,
facilitating the promotion and application of piezoelectric
membrane separation.

PVDF is frequently used for emulsion separation due to its
production cost and excellent chemical and thermal stabilities.
Additionally, its asymmetric molecular structure allows for the
fabrication of flexible films with piezoelectric effects. Generally,
electrospinning is employed for the polarization preparation of
piezoelectric PVDF.>*° Alternatively, the content of polar
phases in PVDF can be increased through thermocompression
and electrostatic interactions between positively and negatively
charged films on different surfaces.’’ However, from an indus-
trial manufacturing perspective, solution casting has more
advantages. However, the rapid phase separation of water
and irregular flow limit self-polarization. After the application
of a polarizing force, the polymer chains in the thin film can
slowly align, aiding the internal arrangement of the amorphous
B-phase, thereby generating a piezoelectric response.’” In this
work, dopamine hydrochloride (DA) and sodium alginate (SA)
were used to apply polarizing forces to promote the polarization
of molecular chains.**”** Using 1-methyl-2-pyrrolidinone (NMP)
as a polar solvent, compared to other solvents, it has superiority
in preparing a high B-phase through the non-solvent induced
phase separation (NIPS) method. Moreover, a low-temperature
bath and a long soaking time are conducive to the formation
of the B-phase.’® The prepared membrane (PDS-1) and the
control samples (PVDF-DA, PVDF-SA, and PDS-2) were sub-
jected to a series of characterization studies to verify the
feasibility of stretch polarization, followed by emulsion separa-
tion tests and piezoelectric catalysis experiments to explore the
application of the direct piezoelectric effect in emulsion
separation.
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2. Results and discussion
2.1. Fabrication of PDS-1

The directional alignment of CH,-CF, units to form the all-trans
chain conformation (TTTT, {3 phase) is beneficial for enhancing the
piezoelectric performance of PVDF. Therein, augmenting intermo-
lecular interactions during the molding process can effectively
polarize PVDF.*® Upon contact with water in the solvent bath,
the carboxyl and hydroxyl groups of sodium alginate form hydro-
gen bonds with water molecules, leading to the dissociation of
sodium alginate molecules and imparting a negative charge char-
acteristic to its aqueous solution.>” The anionic groups of SA
interact with the —CH, of PVDF. In the casting solution, the ~H’"
from the amino and hydroxyl groups in DA can form strong
interactions, specifically hydrogen bonds, with the -F°~ in
~CF,.*® The anionic groups of alginate and DA exhibit ion-dipole
and hydrogen bond-dipole interactions with different sides of
PVDF, respectively, which facilitate the directional alignment and
polarization of PVDF molecular chains during the molding pro-
cess, thereby increasing the content of the B-phase (Fig. 1a).>® The
morphology of PVDF powder before molding and the surface of the
PVDF membrane after molding were characterized using a field
emission scanning electron microscope (Fig. S1, ESIT). For the raw
material PVDF powder, it exhibits a spherical shape, indicating a
thermodynamically stable state formed by the free aggregation of
PVDF molecular chains. After dissolution in a polar solvent, PVDF
chains will extend and entangle with other molecular chains to
form a shape. Due to the solvent exchange rate and the mode of
action of additives, PVDF films exhibit different characteristics.
Regarding the morphology after film formation, it was found that
the bottom of the film (close to the glass plate side) exhibits a
porous morphology with a porosity of about 13%, and the pore size
ranges from 0.1 to 1.7 um. The top of the film shows a dense
morphology with small pores (Fig. 1b and c). The top is in direct
contact with the non-solvent; at this time, the solvent rapidly
diffuses into the non-solvent, resulting in a rapid increase in the
polymer concentration, resulting in rapid phase separation, allow-
ing the polymer rich phase to rapidly cure with the poor phase, and
the polymer poor phase to be separated from the polymer rich
phase, and the growth of pores is limited, resulting in the
formation of pores. For the removal of nanoscale oil droplets in
emulsion separation, the existence of smaller pores is beneficial to
increase the selectivity in the separation process. Moreover, the
cross-sectional view reveals that PVDF has large and straight finger-
like pore areas, further enhancing the permeation of the solution
(Fig. 1d). The prepared PDS-1 exhibits hydrophilicity and achieves a
water flux of up to 117 L h™" m~2 under 0.1 bar (Fig. $2 and S3,
ESIt). Energy dispersive spectroscopy was used to investigate the
elemental distribution on the membrane surface, showing a uni-
form distribution of C, F, O, and N elements, indicating that DA
and SA are uniformly distributed in PVDF during the molding
process (Fig. 1e). X-ray photoelectron spectroscopy (XPS) also
characterized this point; in the XPS spectrum of PDS-1, there are
peaks of a small amount of O and N elements, again proving the
presence of these two elements in the material, indicating the
successful modification of the modifying substances (Fig. 1f).

This journal is © The Royal Society of Chemistry 2025
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2.2. Piezoelectric property testing

To confirm that the interactive forces between additives in the
casting solution and the solvent in the solvent bath with PVDF
molecular chains can polarize PVDF and increase the content of
the B-phase during the molding process, the B-phase content of
PVDF was characterized using Fourier transform infrared
spectroscopy (FT-IR), X-ray diffraction (XRD), and Raman
spectroscopy. Additionally, control samples of PVDF (without
DA and the non-solvent is the deionized water, Fig. S4, ESIf),
PVDF-DA (the non-solvent is the deionized water, Fig. S5, ESIT),
PVDF-SA (without DA, Fig. S6, ESIt), and PDS-2 (DA content
increased, Fig. S7, ESIf) were prepared to substantiate the
effectiveness. From the FT-IR, the original PVDF powder’s
infrared peaks include those of the a-phase at 764, 880, 976,
and 1186 cm™ ', as well as those of the B-phase at 840 and
1280 cm ™ '. The spectrum predominantly shows the thermo-
dynamically stable a-phase (Fig. S8a, ESIt). After interaction
and pulling by NIPS combined with DA/SA, the intensity of the
composite peak at 840 cm ™ for B/y and the characteristic peak
at 1275 cm™ ' for the B-phase increased, while the intensity of
the peak at 766 cm ', indicative of the a-phase, decreased,
indicating an increase in the B-phase content of the molded
film (Fig. 2a). Comparing with the FT-IR of the PVDF, it was
found that the presence of DA or SA alone can slightly increase
the content of the B-phase (Fig. S8b, ESIt). However, their
ability to pull the PVDF molecular chains into the high-
energy B-phase is still insufficient, and the synergistic effect
of both is better. When the content of DA is increased, the
characteristic peak of the B-phase at 1275 cm™*
indicating that the content of the fB-phase decreases with
further increase in DA, suggesting that there is an optimal
addition value for fillers to increase the B-phase content in
PVDF. The content of the B-phase was quantitatively substan-
tiated by calculating it using the Lambert-Beer law formula,
which numerically corroborated the changes in the B-phase
(Fig. 2b).** The PDS-1 membrane, with PVDF molecular chains
synergistically pulled by DA/SA, has a f-phase content as high
as 82.3%, which is higher than that of the control samples with
single pulling and increased DA content (for PVDF membranes,
F(B) was 57.5%), matching the changes in the infrared peak
intensities. XRD was used to further determine the changes in
the B-phase content by examining the different diffraction peak
positions and corresponding peak intensities for different
crystalline phases. For the original PVDF powder, the main
diffraction peaks are at 17.7°, 18.4° 20.0°, and 26.7°, corres-
ponding to the a-phase (100), (020), (110), and (120) crystal
planes, indicating that the freely aggregated PVDF molecular
chains primarily exhibit the thermodynamically stable o-phase
(Fig. S9a, ESIt). After the film formation, the PVDF membrane
exhibited a weaker B-phase crystalline peak, while PDS-1
showed essentially only one strong diffraction peak, namely
20.6° attributed to the (110)/(200) B-phase diffraction peak (Fig.
S9b, ESIT and Fig. 2c). The intensity of the diffraction peaks
indicates the changes in the B-phase content. PDS-1 has the
strongest peak intensity, while other control samples exhibit a

weakens,
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(a) Schematic diagram of the chain segment movement during PVDF molding. The field emission scanning electron microscopy images of the

Fig. 1
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bottom (b), top (c), and cross-section (d) of PDS-1, as well as the pore distribution map and optical photograph. (e) Energy dispersive spectroscopy
mapping images of PDS-1. (f) XPS spectrum of PDS-1 and the corresponding high-resolution spectra.

slight weakening. The strong B phase diffraction peak indicates
that PDS-1 has the highest B-phase content, and the trend is
consistent with the infrared spectrum, further proving the
feasibility of the preparation method for increasing. The peaks
at 800 and 835 cm ™ in the Raman spectrum correspond to the
o-phase/y-phase and B-phase, respectively.*' The Raman peak

2126 | Nanoscale Horiz., 2025, 10, 2123-2133

of PDS-1 at 835 cm™ ' shows a significant increase compared to
the control samples, indicating an increase in the content of
the B-phase and further proving the success of the experiment
(Fig. 2d and Fig. S10, ESIt). The uniformity of the PDS-1 film
was tested using Raman mapping. Fig. 2e shows the distribu-
tion of the peak at 835 cm™ " across the test area, and it can be

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 FT-IR spectra

(a), B-phase content (b), XRD patterns (c), and Raman spectra (d) of PVDF-DA, PVDF-SA, PDS-1, and PDS-2. Raman mapping images

of PDS-1 regarding the distribution of the B-phase (e) and the ratio distribution of o/p phases (f). (g) Schematic diagram of the piezoelectric response.

(h) The phase diagram of PDS-1.

observed that the color throughout the area is uniform, indicat-
ing a uniform distribution of the B-phase. Fig. 2f shows the
distribution of the ratio of o/f phases; a tendency towards red
indicates an increase in the content of the a-phase, while a
tendency towards blue indicates that the f-phase is the main
component. It can be seen that the entire area is predominantly
the B-phase, further indicating that the preparation method
helps to arrange the molecular chains in a B-phase manner,
enhancing the asymmetry of the material.

For materials with asymmetric structures, the application of
mechanical forces causes a shift in the polarity of the electric
field within their non-centrosymmetric structures, leading to
the displacement of positive and negative charges and the
electrification of the material surface (Fig. 2g).>* PVDF, due to
the asymmetric structure of CH,-CF,, has the potential for
piezoelectric performance, and typically increasing the p-phase
of PVDF can enhance the material’s piezoelectric properties. It
has been confirmed that ion-dipole interactions and hydrogen
bond-dipole interactions can effectively increase the content of
the B-phase in PVDF. The piezoelectric properties of the sam-
ples were tested using piezoresponse force microscopy (Fig. 2h
and Fig. S11, S12, ESIYt). Fig. 2h shows the phase image of PDS-1.
It can be observed that PDS-1 exhibits a phase image with
distinct light and dark contrasts, indicating the presence of

This journal is © The Royal Society of Chemistry 2025

domains with different polarization directions, which suggests
that PDS-1 has piezoelectric properties.

2.3. Emulsion separation testing

The piezoelectric effect of PVDF is stimulated when it experi-
ences varying mechanical forces, and conventional dead-end
filtration used for emulsion separation cannot generate a
piezoelectric response in PVDF due to the separation pressure
being essentially constant. Therefore, to stimulate the piezo-
electric effect for emulsion separation, a peristaltic pump
separation method is employed (Fig. 3a). By dead-end filtering
emulsions containing three different types of surfactants, it was
found that, consistent with the results of most researchers, due
to concentration polarization and material accumulation, the
separation flux gradually decreases with increasing separation
time (Fig. 3b, ¢ and Fig. S13, ESIt). In terms of efficiency, the
emulsion containing Tween 80 surfactant had the best effi-
ciency, reaching 99.5%. The separation efficiencies for sodium
dodecyl sulfate (SDS) and hexadecyl trimethyl ammonium
bromide (CTAB) were relatively lower, at 96.9% and 98.7%,
respectively. The reduction in efficiency is attributed to the
smallest particle size of the SDS emulsion, which is more likely
to pass through the pores. CTAB is a cationic surfactant, the
PVDF film surface tends to carry a negative charge due to the

Nanoscale Horiz., 2025, 10, 2123-2133 | 2127
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presence of CF,, and the sodium alginate solution, acting as a
solvent bath, coats the PVDF surface. The alginate anions also
impart a negative charge to the PDS-1 film after membrane
formation, leading to a decrease in efficiency due to the attraction
with the cationic surfactant. Compared with the PVDF separating
emulsion with Tween 80 as the surfactant under atmospheric
pressure, PDS-1 has a small increase in flux and separation
efficiency (the separation efficiency of the PVDF membrane is
99.3%), indicating that the addition of DA and SA results in a
limited improvement in the separation effect of the membrane
under atmospheric pressure (Fig. S14a, ESIT). In emulsion separa-
tion experiments powered using a peristaltic pump, it can be
observed that the flux does not decrease with the increase of time,
but rather remains essentially constant (Fig. 3d and Fig. S15,
ESIt). The separation effect of PDS-1 through pressure variation
separation is slightly lower compared to the constant pressure
separation, but it still remains a relatively high level overall. For
Tween 80, the efficiency can reach up to 98.8%, and both SDS and
CTAB are above 96%. In contrast to PVDF with a low B-phase,
which separates Tween 80-surfactant emulsions at variable pres-
sures, PVDF exhibits unstable undulating flux when separating
unstained emulsions, and the separation efficiency decreased to
96.5%. The decrease in separation efficiency is due to the low f
phase PVDF membrane for pollutant removal ability is weak, and
the accumulation of oil under the action of pressure to increase
the probability of passing through the membrane (Fig. S14b,
ESIt). However, when the dyeing emulsion is separated, the
pollutants increase to be oil and dye, and the PVDF of the low f
phase has a weak ability to remove it, which leads to the rapid
accumulation of pollutants on the membrane surface. The separa-
tion efficiency of PVDF is lower than 63.3% at 15 min due to the
separation failure caused by the sudden increase of the pressure
inside the membrane tank (Fig. S14c, ESIT). The PDS-1 membrane
with the high P phase can stably separate the dyed emulsion,
indicating that the piezoelectric effect can effectively remove
pollutants, thus ensuring the stability of flux and high separation
efficiency. Moreover, the separation of emulsions with different
charged types showed stable flux and efficient separation, which
indicated that the main reason for the alleviation of concentration
polarization and material accumulation was not the electrophore-
tic force, but another mechanism. To rule out the possibility that
the non-declining flux is due to a mismatch between the flow rate
and separation flux leading to increased pressure, it was found
that even when the flow rate is reduced, the flux remains constant
throughout the separation process, indicating that it is not due to
pressure effects (Fig. 3e and Fig. S16, ESIT).

Porous piezoelectric surfaces convert an absorbed mechan-
ical force into an electric field, which is a non-uniform electric
field. This non-uniform electric field can generate dielectro-
phoretic forces (DEP) on particles within the field. These forces
are independent of the type of charge on the particles and are
related to the particles’ dielectric constants and sizes. The
magnitude of DEP on particles in the electric field is calculated
using eqn (1):

Fpgp = 27'“’63€mRe [Q]V|Erms|2 (1)
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where r. represents the radius of a spherical particle, and ¢y,
denotes the dielectric constant of the medium. R[Ke] is the real
part of the Clausius-Mossotti factor, V is the del vector, and
|Ecms|® is the squared electric field intensity, which is equal to
E,*/2. Re[Ke] can be expressed as eqn (2):

€p — €m 3(em0p — €pOm)

RelKe] =
¢ &+ 2m  1(o, + 20m)2(1 + w?7?)

where ¢,, o, and o, represent the dielectric constant, con-
ductivity of the particles, and the conductivity of the medium,
respectively. o is the angular frequency (= 2nf). © denotes
(€p + 26m)/(0p + 20, ). Therefore, R[Ke] can be rewritten as
eqn (3):

(ep — €m) 0?7

(ep + 26m) (1 + @?12) +

(JP — Um) (3)

R.[Ke] = (0p + 20m) (1 + w?12)

when o < 1/1, R;[Ke] is mainly controlled by o, and ¢,; when
o > 1/1, RJ[Ke] is mainly controlled by ¢, and ¢y,.*> When R([Ke] is
positive, droplets are attracted to regions of high electric field
strength (positive dielectrophoresis), and when R [Ke] is negative,
droplets move away from regions of high electric field strength
(negative dielectrophoresis).*® For the separated toluene emulsion
system, the main parameters are as follows (Table 1):

At this point, the value of t is approximately 1.4 x 107, and
the 1/t value is approximately 6.9 x 10 °. Therefore, essentially,
within a broad frequency range for the toluene emulsion
system, the value of R.[Ke] is related to the dielectric constants
of the droplets and the medium within the system. And since
€ < tm and o, < oy, R[Ke] will be negative across the entire
frequency range. For the entire separation system, the PDS-1
membrane acts as a region of high electric field strength, so the
oil droplets in the emulsion will move away from the
membrane. This DEP effectively reduces the concentration
polarization and material accumulation on the membrane
surface, allowing the separation flux to be maintained at a
certain value (Fig. 3f). Moreover, since the dielectric constants
and conductivities of most oil droplets are lower than that of
water, this mechanism can be applied to the separation of most
oil-water emulsions (Fig. 3g).

2.4. ROS testing

Piezoelectric materials can collect mechanical energy and then
convert it into electrical energy. During the piezoelectric con-
version process, electrons and holes generated on the
membrane surface can react with substances such as water
and oxygen in the environment to produce ROS. ROS can be
used to degrade organic pollutants (Fig. 4a). Through dye
degradation experiments, the ability of ROS to degrade organic
substances was investigated. The PDS-1 membrane, cut into
pieces of 1.5 x 1.5 cm, was immersed in a methylene blue
solution. Before the experiment began, the methylene blue
solution was sonicated for 0.5 h without the PDS-1 membrane,
and it was found that the concentration did not decrease
significantly, indicating that sonication alone does not lead to
the degradation of methylene blue. The piezoelectric PVDF

This journal is © The Royal Society of Chemistry 2025
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(a) Schematic diagram of the peristaltic pump separation device. (b) Particle size distribution and zeta potential of the emulsions containing CTAB,

Tween 80, and SDS surfactants. Variation of separation flux with time for PDS-1 under atmospheric pressure (c) and variable pressure (d) for three
different emulsions. (e) Variable pressure emulsion separation by PDS-1 at different rotation speeds. (f) Schematic diagram of the mechanisms for
separation under atmospheric pressure and variable pressure. (g) Conductivity and dielectric constants of common oil substances used for emulsion
separation compared to water.
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Table1 The electrical conductivity and dielectric constants of the various
components in the toluene emulsion system

Components c(Sm™ €
Particles (toluene) 1.4 x 107" 2.3741
Medium (water) 5.5 x 10°° 78.3553

membrane was then added, and adsorption-desorption was
conducted in a dark environment for 2 h, with tests performed
every hour. After 2 h, the concentration remained essentially
unchanged, indicating that adsorption-desorption equilibrium
was reached. Subsequently, ultrasonic vibration was applied to
promote the generation of ROS for dye degradation experi-
ments, with tests conducted every 15 min. It was observed that
the concentration of methylene blue consistently decreased
with the increase in sonication time, demonstrating that ultra-
sonic vibration can induce the piezoelectric PVDF to produce
ROS, thereby promoting dye degradation (Fig. 4b and c). This
indirectly proves the generation of ROS and its ability to
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Nanoscale Horizons

degrade organic substances, which is beneficial for the anti-
fouling performance of the piezoelectric PVDF membrane dur-
ing separation. The generation of ROS was demonstrated by
capturing free radicals using fluorescent reagents and detecting
the fluorescence produced. The fluorescence spectrum was
measured with a one-minute interval for each detection. It
was found that with each minute of vertexing, the PDS-1
membrane, by obtaining mechanical forces, causes the elec-
trons and holes on its surface to react with water and oxygen to
produce free radicals, which is reflected in the increase in
fluorescence intensity, thereby confirming the generation of
ROS (Fig. 4d). Furthermore, fluorescence signals were directly
observed using a fluorescence confocal microscope, showing
that fluorescence was uniformly generated both in the solution
and on the surface of the PDS-1 membrane, indicating that the
ROS generated by PDS-1 is evenly distributed in the solution
(Fig. 4e). The generation of hydroxyl radicals and superoxide
radicals under vibration conditions was also demonstrated
(Fig. S17, ESI¥).
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Fig. 4 (a) Schematic illustration of piezoelectric catalysis. Ultrasonic degradation experiment of the methylene blue dye by PDS-1 (b) and the
degradation curve (c). (d) Fluorescence spectrum regarding the generation of ROS. (e) Fluorescence images of ROS in the solution and on the surface

of PDS-1.
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3. Conclusions

PDS-1 membranes with different pore distributions were pre-
pared by the NIPS method. During the film formation process,
additives and non-solvents promoted the B-phase arrangement
of PVDF molecular chains through ion-dipole and hydrogen
bond-dipole interactions. The increase in the B-phase was
confirmed by FT-IR, XRD, and Raman characterization methods,
and the piezoelectric effect of PDS-1 was demonstrated by the
polarization domains using piezoresponse force microscopy.
The emulsion separation of PDS-1 under atmospheric pressure
and variable pressure was compared, with the separation under
atmospheric pressure showing a gradual decline in flux over
separation time, similar to most researchers’ findings. In con-
trast, pressure swing separation experiments using a peristaltic
pump showed that PDS-1 maintains efficient and stable separa-
tion throughout the separation process. The mechanism’s feasi-
bility was confirmed by calculating the dielectrophoretic force,
and it is expected to be applicable to the separation of most oil-
water emulsions. Additionally, the piezoelectric effect can lead to
the generation of ROS, which can be used to degrade organic
pollutants, further reducing membrane surface pollution, block-
age, and accumulation to maintain flux.
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