
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 3
/1

7/
20

26
 1

1:
42

:0
5 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Enhanced degrad
Department of Civil and Environmental

04763, South Korea. E-mail: jaewoopark@h

† Electronic supplementary informa
https://doi.org/10.1039/d4ta08365b

Cite this: J. Mater. Chem. A, 2025, 13,
5374

Received 26th November 2024
Accepted 15th January 2025

DOI: 10.1039/d4ta08365b

rsc.li/materials-a

5374 | J. Mater. Chem. A, 2025, 13, 5
ation of organic contaminants
using a PVDF/AC-NaCl piezocatalyst: effect of
geometric design in fluid flow environments†

Gunn Park, Se-Chang Oh, Seung-Hyun Kang and Jae-Woo Park *

Technologies to treat water using the piezoelectric effect of polyvinylidene difluoride (PVDF) have attracted

significant research attention, with many studies focusing on exploiting the pressure from fluid flow on

piezoelectric catalysts. This pressure varies according to catalyst geometry, potentially enhancing the

effectiveness of water treatment. Here, we describe the synthesis of a triangular prism of PVDF/activated

carbon-NaCl with a piezoelectric strain coefficient of 35 pC N−1, generating a maximum voltage of 5.25

× 10−1 V. This led to the formation of H+ and $OH radicals, achieving degradation efficiencies of 99.91%,

97.12%, 95.03%, and 99.53% for rhodamine B, 4-nitrophenol, phenol, and tetracycline, respectively.

Energy consumption was 38.67 kW h per m3 per order, a more efficient value than that produced by

a piezocatalyst with a greater piezoelectric strain coefficient and conventional advanced oxidation

processes. These findings deepen our understanding of how the efficiency of water treatment in

piezocatalysts using fluid flow can vary depending on catalyst geometry and may be used to design

other piezocatalysts in fluid flow.
1. Introduction

Piezocatalytic water treatment offers the advantages of low
energy consumption and small carbon footprint.1–4 It can be
carried out in the presence of external physical forces without
the need for additional oxidants or power sources.5–8 The
physical forces required to drive piezocatalysis can take the
form of mechanical vibration, ultrasonication, and uid ow,
among others.8–14 These driving forces induce polarization,
depositing charges on the surface of piezoelectric materials15

and creating an internal electric eld.16 Electrons and holes
move toward the surface of the catalytic structure along this
internal electric eld.17 Electrons and holes at the surface then
react with water and oxygen molecules, respectively, to generate
reactive oxygen species such as hydroxyl radicals (OH$) and
superoxide radicals ($O2

−) that contribute directly to the
degradation of organic molecules.18–20

Base materials of piezocatalysts can be classied into
ceramics and polymers.5,21,22 Polymers are exible, inexpensive,
and nontoxic. They have low operating temperatures with
higher piezoelectric voltage coefficients compared with
ceramics.23–25 These characteristics contribute to efficient,
versatile, and environmentally friendly piezocatalytic process
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design. Polyvinylidene uoride (PVDF) is one of the most
commonly used piezoelectric polymers.26,27

Fluid ow, a driving force activating the piezoelectric effect in
piezocatalysis, can lead to the degradation of organic
contaminants.6,7,14,28–32 A thin coating of Cu2O@MoS2/PVDF inside
a pipe was found to degrade 99.3% of the noroxacin in water
owing at 1.289 L min−1.13 A thin coating of ZnO/carbon quantum
dot (CQD)/PVDF inside a pipe was used to degrade 95.36% of the
tetracycline (TC) at a water ow of 0.147 m s−1. The energy
consumption was only 17.57% of that of ultrasonic systems.14

Degradation of methyl orange (MO) dye using ZnO-nanorod/PVDF-
hexauoropropylene in a sponge has been reported.33 A piezoelec-
tric eld driven by water stirred at 1000 rpm facilitated the sepa-
ration and migration of carriers, enhancing the degradation of MO
due to ultraviolet (UV) light irradiation for 75min. A ZnO-nanowire/
carbon-ber catalyst showed evidence of the piezoelectric effect due
to the movement of carbon bers in water, causing the attached
ZnO nanowires to collide or bend due to uid ow. This led to the
degradation of 64% of methylene blue dye over 120 min.34

Meanwhile, harvesting energy using piezoelectric materials and
uid ow as a driving force has been applied to various designs.
Moving, rather than stationary, piezoelectric materials are
frequently used. A hydraulic-pressure-driven piezoelectric stack
generated up to 1.2 mW from a dynamic ripple pressure of 400
kPa.35 A wind turbine with a diameter of 42 mm was used to
produce 2.4 mW at an air velocity of 5.5 m s−1. This produced 2.6 V
at an air velocity of 11.83m s−1, which is sufficient to split water.36,37

A broadband rotary piezo-electromagnetic generator can harvest
287 mW m−3 of energy while being rotated with uid ow.38
This journal is © The Royal Society of Chemistry 2025
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However, few studies have reported applications that use
moving piezocatalysts for environmental decontamination. We
tested the aqueous degradation of rhodamine B (RhB), 4-
nitrophenol (4-NIP), phenol, and TC with a PVDF/activated
carbon (AC)-NaCl piezocatalyst attached to moving blades.
The moving piezocatalyst actively generated uid ow, unlike
the xed piezocatalysts commonly used in environmental
decontamination. The objectives of this research are (1) opti-
mizing the design of the moving piezocatalyst for maximal
piezoelectric response using computational uid dynamics
(CFD) analysis, (2) validating the optimized design by investi-
gating the efficiency of the PVDF/AC-NaCl piezocatalyst in
degrading various organic contaminants, and (3) assessing the
energy efficiency and operational feasibility of the moving
piezocatalyst.
2. Experimental methods
2.1 Materials

For this research, PVDF ((C2H2F2)n, Mw z 55 000, Sigma-Aldrich,
USA), coal-based granular AC (Calgon, F < 75 mm, USA), N,N-
dimethylformamide (C3H7NO, DMF, Dae-Jung, Korea), acetone
(C3H6O, J.T. Baker, USA), MO (C14H14N3NaO3S, Sigma-Aldrich),
TC (C22H24N2O8, Sigma-Aldrich), RhB (C28H31ClN2O3, Sigma-
Aldrich), 4-NIP (C6H5NO3, Sigma-Aldrich), phenol (C6H6O,
Sigma-Aldrich), NaCl (Samchun, Korea), thiourea (CH4N2S,
Sigma-Aldrich), ethylenediaminetetraacetic acid disodium salt
dihydrate (C10H14O8N2Na2$2H2O, Daejung, Korea), benzoquinone
(C6H4O2, BQ, Sigma-Aldrich), 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO, Sigma-Aldrich), and 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO, Sigma-Aldrich) were purchased. All reagents were used
without further purication. Deionized water (DI, AquaMAXTM-
Ultra370, Young In Chromass, Korea) was also used.
2.2 PVDF/AC-NaCl foam synthesis

The PVDF/AC-NaCl was synthesized using phase inversion,
which does not require high-voltage equipment, such as elec-
trical poling, and facilitates the fabrication of complex shapes,
exibility, and porous structures.39,40 Initially, 12 g of PVDF was
Fig. 1 (a) Schematic of deionized water being injected into a solution o
solidified in a beaker.

This journal is © The Royal Society of Chemistry 2025
dissolved in 60 mL of DMF and 36 mL of acetone in a 300 mL
beaker 80 mm in diameter. The mixture was stirred at 200 rpm
for 1 h at 25 °C until it changed from opaque to transparent
(solution A). Eight replicates of solution A were prepared. The
AC (6 g) was mixed with 30 mL of DMF in a 300 mL beaker and
stirred at 200 rpm for 30 min to ensure even dispersion (solu-
tion B). Eight replicates of solution B were prepared. NaCl was
added to each sample of solution B in increments of 0, 0.5, 1, 2,
3, 4, 5, and 6 g. Each was stirred for an additional 10 min.
Solutions A and B were then combined and stirred at 200 rpm
for 10 min to produce solution C, which was dried in an oven at
80 °C for 40 min, and a mixer blade measuring 75 × 17 × 1 mm
was placed in the solution. With the blade immersed, 100 mL of
DI water was injected evenly at six points into solution C using
a syringe to solidify the polymer, as shown in Fig. 1(a). Aer
solidication, the catalyst foam that had adhered to the blade
was immersed in DI water to remove any residual DMF. The
PVDF/AC-NaCl catalyst foam was initially molded into a cylin-
drical shape conforming to the inner shape of the beaker, as
shown in Fig. 1(b). It was then cut into different shapes using
a stainless-steel scalpel. For the triangular prisms, each side of
the equilateral triangle was 75 mm, and the thickness was 20
mm, as shown in Fig. 2(a). The black color of the catalyst foam
was due to the AC powder.
2.3 Analytical methods

Field-emission scanning electron microscopy (FE-SEM, SU5000,
HITACHI, Japan) was used to analyze the surface and chemical
composition of the piezocatalysts. The PVDF-based piezocata-
lysts were cut into pieces measuring 5 mm × 5 mm × 2 mm
and placed on an FE-SEM grid with a carbon frame. Brunauer–
Emmett–Teller analysis (Tristar ll 3020, Micromeritics, USA)
was performed on the catalysts. The crystallinity and phase of
the PVDF/AC and PVDF/AC-NaCl (NaCl: 1 g and 6 g) were
dened with an X-ray diffractometer (XRD, Bruker-D8
ADVANCE) using Cu Ka radiation at 40 W and 40 kV, collect-
ing data from 10° to 60° at a 2q step of 0.02° and 1 s per point. X-
ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe,
Ulvac-PHI) was used to identify the elemental concentrations
f PVDF/AC-NaCl dissolved in DMF and (b) the PVDF/AC-NaCl catalyst

J. Mater. Chem. A, 2025, 13, 5374–5385 | 5375
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Fig. 2 (a) A schematic of the PVDF/AC-NaCl used in the experiment attached to the mixer blade, (b) an SEM image of the PVDF/AC-NaCl
catalyst, and (c) an SEM-EDS image with EDS overlay, where C is depicted in red, F in green, Cl in lime green, and Pt in pink.
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and functional groups of the PVDF/AC-NaCl (NaCl: 1 g) using Al
Ka at 25 W and 15 kV. The photoelectron take-off angle was set
at 45°. The beam sizes were 117.4 eV and 58.7 eV in survey and
narrow modes, respectively. Fourier-transform infrared (FT-IR)
analysis was conducted in attenuated total internal reection
mode using a diamond crystal with a resolution of 4 cm−1, and
32 scans were performed to measure the phase change in pure
PVDF, PVDF/AC, PVDF/NaCl (NaCl: 1 g), PVDF/AC-NaCl (NaCl: 1
g), PVDF/AC-NaCl aer the cycle test, and resynthesized PVDF/
AC-NaCl (LUMOS, Bruker). The piezoelectric strain coefficient
(d33) of the materials was analyzed using a quasi-static d33
instrument (YE2730A, Sinocera, China).
2.4 Piezocatalytic degradation

Piezocatalytic degradation experiments were initiated by
immersing the catalyst foam-coated blade of the mixer in
a 400mL glass beaker containing 300mL of the aqueous solution
for 1 h without rotation or stirring to achieve adsorption equi-
librium. The concentration of the solution with dissolved
contaminants was 100 mg L−1. The solution was stirred at
200 rpm with either a magnetic stirrer (iStir MS10a, 15 W,
Accumax Lab Devices, India) using a 25mmmagnetic bar or with
a piezoelectric catalyst attached to themixer blade. The blade was
powered by a mixer (SF 4, 60W, M TOPS, Korea). A 3 mL aqueous
sample was collected every 10 min and placed into a quartz
cuvette. The samples were analyzed using a UV-visible light
spectrophotometer (Evolution 350, Thermo Scientic, USA). The
5376 | J. Mater. Chem. A, 2025, 13, 5374–5385
wavelengths were 464 nm for MO, 567 nm for RhB, 276 and
357 nm for TC, and 320 nm for 4-NIP. Phenol concentrations
were detected using a gas chromatograph with a ame ionization
detector (GC-FID, ChroZen GC System, Young In Chromass). The
column was an HP-5 measuring 30 m × 0.32 mm × 0.25 mm
(Agilent, USA). The oven temperature was maintained at 80 °C in
isothermalmode, andN2 was used as a carrier gas at a ow rate of
1.5 mL min−1 at 100 °C. Air and hydrogen were injected into the
GC-FID at 250 °C at 300 and 30 mL min−1, respectively. Liquid
chromatography-mass spectrometry (6545XT advancedbio, Agi-
lent, USA) analysis of organic contaminant degradation used
a C18 column (150 mm × 4.6 mm, 5 mm, Agilent, USA). TC was
analyzed using a reverse-phase setup with 0.1% ammonium
formate in water (A) and acetonitrile (B), a gradient elution from
5% to 50% (B) over 20 min, a ow rate of 0.3 mL min−1, and
a column temperature of 40 °C. The retention time was stan-
dardized to 6min, with detection performed in positive-ionmode
using electrospray ionization. RhB, 4-NIP, and phenol were
analyzed using a standard C18 conguration with 0.1% formic
acid in water (A) and acetonitrile (B). Gradient elution was from
10% to 90% (B) over 15 min, with a ow rate of 0.3 mLmin−1 and
a column temperature of 35 °C. Electrospray ionization was used
in positive-ion mode for RhB and negative-ion mode for 4-NIP
and phenol. The electrical energy per order (EEO) for contaminant
degradation was calculated to determine the energy required to
reduce the contaminant concentration by one order of
magnitude:41
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) FT-IR spectra of PVDF/AC-NaCl, PVDF/AC, PVDF-NaCl, and pure PVDF, (b) XRD graph of PVDF/AC-NaCl. XPS spectra of PVDF/AC-
NaCl, (c) Cl 2p, (d) F 1s, (e) C 1s, (f) Na 1s, and (g) Na 2s.

This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. A, 2025, 13, 5374–5385 | 5377
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Table 1 Comparison of the d33 of the different PVDF-based piezo-
catalysts synthesized using the phase inversion method

Material d33 (pC N−1) Reference

Fe3O4@MoS2/PVDF 1.54 5
Cu2O@MoS2/PVDF 1.73 13
MoSe2/PVDF 2.1 27
C3N5/PVDF 7.3 50
ZnO/CQDs/PVDF 63.2 14
PVDF/AC-NaCl 35 This study
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EEO

�
kW h per m3 per order

� ¼ 1000W

60V log

�
C0

Ct

�

¼ 1000pt

ð60VÞð0:43k1tÞ ¼
1000p

25:80 Vk1

¼ 38:76p

k1V

(1)

where W is the energy consumption (J); C0 and Ct are the
concentrations at the initial and the reaction times, t (min),
respectively; V is the volume of reaction solution (L); p is the
input power (kW); k1 is the pseudo-rst-order rate constant
(min−1); and per order is the reduction in contaminant
concentration on a logarithmic scale.42

2.5 Active species trapping

Radical quenching studies were performed to determine the key
active agents in the piezocatalytic reaction. Scavengers of
10 mM thiourea, EDTA-2Na, and BQ were used to degrade MO
(30 mg L−1). The experiments were carried out for 30 min at
200 rpm, 15 °C, and a pH of 6.2, using either a mixer or
a magnetic stirrer. Electron spin resonance (ESR, EMXplus-9.5/
12/P/L System, Bruker) was conducted to monitor free radicals
using DMPO and TEMPO as scavengers.

3. Results and discussion
3.1 Characterization

Fig. 2(b) is an SEM image of the PVDF/AC-NaCl used in this
research. The AC particles were less than 75 mm in diameter. The
presence of AC is apparent in the SEM image, along with many
pores. These pores formed as the polymer was semi-crystallized
due to injected DI water. The introduction of water led to
a phase inversion. Fig. 2(c) is an SEM-EDS image of the catalyst.
AC particles (indicated in red) are embedded on the surface.
Fluorine from the PVDF on the surface is visible in green.

Fig. 3(a) depicts the FT-IR spectra of pure PVDF, PVDF-NaCl,
PVDF/AC, and PVDF/AC-NaCl (1 g NaCl). The peak at 840 cm−1

corresponds to the b phase, while the peak at 763 cm−1 is indica-
tive of the a phase. The NaCl presence in PVDF/AC-NaCl enhanced
the b-phase peak intensity compared with that of PVDF/AC. The b-
phase proportion needs to be high to achieve efficient PVDF pie-
zocatalysis. The b-phase proportion (F(b)) was calculated as43

FðbÞ ¼ Ab��
Kb

Ka

�
Aa þ Ab

� (2)

where Aa and Ab are the absorption values of the a phase and
b phase at 763 cm−1 and 840 cm−1, respectively. Ka and Kb are
the specic absorption rates for these phases. Ka is 6.1 × 104

and Kb is 7.7 × 104 cm2 mol−1. In this research, the F(b) was
0.544 in pure PVDF, 0.555 in PVDF-NaCl, 0.630 in PVDF/AC, and
0.755 in PVDF/AC-NaCl. This increase in F(b) can be attributed
to the polarity of DMF. Interactions between Na+ and the
carbonyl oxygen in DMF induced end charges. Similarly, the –

CF2– in PVDF also carried a negative charge and was attracted to
5378 | J. Mater. Chem. A, 2025, 13, 5374–5385
the positive charge on the uorine atoms induced by NaCl. This
attraction toward Na+ ions encouraged the transition of PVDF to
the b phase.44 The higher F(b) in PVDF/AC compared with pure
PVDF was due to the –CH2– dipoles that were attracted to and
aligned by the delocalized p electrons of AC, facilitating the
transition to the b phase of PVDF. The molecular structure
alignment induced by Na+ and AC in PVDF/AC-NaCl resulted in
the highest b-phase proportion.45

Fig. 3(b) shows the XRD pattern of PVDF/AC-NaCl (NaCl: 1 g).
A combined peak was observed for the b phase (110) and (200)
plane peaks at 2q = 20.6°. Peaks of the a phase (020) and (110)
were observed at 18.4° and 19.9°, respectively. The crystallinity
of the PVDF/AC-NaCl was 73.32%.46 The crystallinity values of
pure PVDF and PVDF-NaCl were 40.74% and 52.38%, respec-
tively (Fig. S1†). The presence of Na+ ions and the p electrons of
AC promoted alignment into the b phase and acted as nucle-
ating agents for improved crystallinity.44,45

Fig. 3(c)–(g) shows the XPS spectra of the PVDF/AC-NaCl.
Fig. 3(c) is the Cl 2p spectrum, in which Cl (2p3/2) and Cl (2p1/2)
peaks are visible at 200.6 eV and 202.2 eV, respectively.47 The
chlorine from NaCl was bonded to the AC, indicating not only that
the C–H bonds of PVDF were aligned by the p electrons of the AC,
but also that the negative dipole moment of the C–Cl bond
contributed to the alignment of the C–Hbonds. Peaks indicative of
–F–C–H–, –F–C–F–, and –CF3– are evident at 687.6 eV, 688.5 eV,
and 691.7 eV, respectively, in Fig. 3(d). These correlate closely with
the C 1s spectrum in Fig. 3(e), in which the corresponding peaks
are at 288.7 eV, 292.9 eV, and 290.9 eV, respectively.48 The –H–C–F–
peak at 288.7 eV in the C 1s spectrum was the peak for unaligned
monomers, and the –H–C–H– peak was at 286.4 eV.49 The C–C
peak at 283.8 eV corresponds to the bonds between carbon atoms
in PVDF. The F–Na peak was observed at 685.2 eV, which corre-
sponded to peaks at 1074.5 eV and 65.8 eV in the Na 1s and Na 2s
spectra, respectively, in Fig. 3(f) and (g).50 Additional peaks were
detected at 1077.8 eV and 68.8 eV in the Na 1s and Na 2s spectra,
respectively, indicating bulk plasmon.51
3.2 Piezoelectric properties

The measured d33 values of pure PVDF, PVDF-NaCl, PVDF/AC,
and PVDF/AC-NaCl were 13, 16, 26, and 35 pC N−1, respec-
tively. The d33 was higher at a higher F(b), conrming that
a higher b-phase content led to stronger piezoelectric proper-
ties. The d33 of PVDF/AC-NaCl was the highest and was also
higher than those of the other PVDF-based piezocatalysts
synthesized by phase inversion, as shown in Table 1.5,13,14,27,52
This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) Calculated total force on the lateral surface of a prism vs. the
number of sides (n) of the identical top and bottom polygonal faces.
The case with 0 sides represents a cylinder. (b) Total force on the
lateral surfaces of a triangular prism with identical triangular top and
bottom faces. (c)–(f) The top view of the velocity distribution within
a beaker in four cases. (g)–(j) Pressure distribution on one lateral
surface of the PVDF/AC-NaCl triangular prism foam in the four cases.

This journal is © The Royal Society of Chemistry 2025
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The reported d33 of ZnO/CQD/PVDF was higher than that of the
PVDF/AC-NaCl used in this research. This may be because both
ZnO and PVDF are excellent piezoelectric materials, and CQDs
possess excellent conductivity, although CQDs are not
inexpensive.

The measured d33 was used to simulate the generated
voltage. The total force on the lateral surfaces of n-sided equi-
lateral prisms with identical equilateral polygonal top and
bottom faces was calculated, as shown in Fig. 4(a), to identify
the optimal polygonal shape for the catalyst. The circumscribed
circle diameter of the n-sided polygonal was 75 mm, with a xed
height of 20 mm to t the beaker depicted in Fig. 1(a). The total
force was calculated by integrating the pressure distributed over
the lateral surface areas. The total calculated force on the lateral
surfaces decreased as the number of sides increased. The total
force on the lateral surfaces of the triangular prism (n = 3) was
the highest, at 112.8 N. Sharper edges and vertices of a trian-
gular prism created signicant uid disruption, resulting in
highly localized and concentrated pressure.53 Varying lengths of
the three sides of the triangle were simulated to conrm that an
equilateral triangular shape was optimal, as can be seen in
Fig. 4(b). The minimal length of each side was 40 mm and the
maximal length was 64.95 mm, which was the length of the
sides of an equilateral triangle with a circumscribed circle
diameter of 75 mm. The highest total force was observed in an
equilateral triangle with side lengths of 64.95 mm, which
conrmed that the equilateral triangular shape was optimal.

Four congurations of equilateral triangular prism catalysts
and water ow were tested in this research: (i) stationary catalyst
in water rotated at 200 rpm by a magnetic stirrer, (ii) only
catalyst rotated at 200 rpm in stationary water, (iii) both catalyst
and water rotated at 200 rpm in the same direction, and (iv)
catalyst and water rotated at 200 rpm in opposite directions.
Themaximal velocities in these congurations were 0.8, 1.2, 1.6,
and 0.4 m s−1, respectively. The velocity was lower toward the
center of the beaker in cases (i–iii). In case (iv), the highest
velocity was observed at the center of the side face of the cata-
lyst, where the ow induced by the catalyst was weaker.

Fig. 4(g)–(j) depicts the pressure distribution on one side
surface of the prism in four cases. The lowest pressure exerted
on the side face of the triangular prism was observed in case (i).
The pressure reached its highest value of 1084 Pa in case (iv).
Rotating the triangular prism in the direction opposite that of
the ow induced by the magnetic stirrer resulted in higher
relative velocity compared to the other cases. The calculated
pressure distribution was used to determine the voltage
generated on the lateral surfaces of the triangular prism-shaped
PVDF/AC-NaCl piezocatalyst. The voltage generated by the
pressure on one lateral surface of the triangular prism is shown
in Fig. 4(k)–(n). The voltage generated on each lateral face of the
triangular prism was proportional to the pressure and was
determined by multiplying by the g33 constant of 2.65 × 10−5 V
m N−1 calculated from the d33. Among the four cases, the
(k)–(n) Voltage generated from the PVDF/AC-NaCl triangular prism
piezocatalyst lateral surface in the four cases.
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Fig. 5 Maximum pressure and maximum voltage generated in four
configurations of equilateral triangular prism catalysts and water
movement.
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highest voltage of 0.525 V was generated in case (iv). This was
approximately 2.7 times that generated by the pure PVDF cata-
lyst, approximately 2.13 times higher than that of the PVDF-
NaCl catalyst, and 1.28 times higher than that of the PVDF/AC
catalyst (Fig. S2†). The distribution of voltage generation
shown in Fig. 4(n) was different from the distribution of
Fig. 6 (a) MO (100 mg L−1) degradation kinetics at different NaCl addi
piezocatalytic degradation and adsorption of RhB, 4-NIP, TC, and phenol
4-NIP, TC, and phenol.

5380 | J. Mater. Chem. A, 2025, 13, 5374–5385
pressure in Fig. 4(j). Opposite rotations of catalyst and water
movement generated turbulence, and the minor pressure
caused by this turbulence led to the generation of additional
voltage on the surface (Fig. S3†).30 Fig. 5 shows the maximal
pressure and voltage generated in four congurations of equi-
lateral triangular prism catalysts and water movement.
3.3 Piezocatalytic activity of PVDF/AC-NaCl foam catalyst

Addition of NaCl to the PVDF/AC catalyst affected the catalytic
efficiency, as shown in Fig. 6(a). MO degradation of approxi-
mately 81% was achieved in 30 min without the use of NaCl.
The MO degradation rate was highest with the addition of 1 g of
NaCl. At 0 g of added NaCl, the catalyst exhibited a crystallinity
of 40.74%with lower peaks corresponding to the b phase, as can
be seen in Fig. S1(a).† At 6 g of added NaCl, the catalyst
produced higher peaks for the b phase compared with the
catalyst with no added NaCl, as shown in Fig. S1(b).† Greater
NaCl concentrations increased the nucleation points in the
PVDF phase. Na⁺ ions in DMF acted as nuclei, promoting
polymerization and crystalline growth. However, an excess of
nucleation points caused competition among nuclei, inhibiting
their growth into larger crystals and reducing overall crystal-
linity.44,54 This decline in crystallinity, particularly in the b phase
responsible for piezoelectricity, as depicted in Fig. S1(c) and
tions, (b) RhB (100 mg L−1) degradation kinetics in the four cases, (c)
(100 mg L−1), (d) pseudo-first-order kinetics in the degradation of RhB,

This journal is © The Royal Society of Chemistry 2025
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(d),† led to decreased degradation efficiency. However, the
crystallinity of 52.38% at 6 g of added NaCl was lower than that
at 1 g of added NaCl, as shown in Fig. 3(b).

Degradation of RhB (100 mg L−1) was compared among the
four congurations, as shown in Fig. 6(b). When the rst-order
reaction kinetic model was tted to the experimental results,
the trend was consistent with the results shown in Fig. 4 and 5.
The degradation and adsorption kinetics of RhB, 4-NIP, phenol,
and TC over 60 min were monitored using the PVDF/AC-NaCl
foam piezocatalyst with 1 g of added NaCl in case iv, as can
be seen in Fig. 6(c). This conrmed catalytic degradation to be
dominant to adsorption. The pseudo-rst-order reaction-rate
constants of the four contaminants were 0.2506, 0.3055,
0.1733, and 0.1899 min−1, with r2 values of 0.989, 0.981, 0.969,
and 0.974, respectively, as shown in Fig. 6(d). Degradation
occurred rapidly over the rst 30 min.

These rate constants were used in eqn (1) to determine the
EEO values of RhB, 4-NIP, phenol, and TC using the catalyst
developed in this research. EEO is important to consider when
assessing the energy consumption involved in degrading
organic contaminants with a 40 W mixer and a 15 W magnetic
stirrer. The calculated EEO values were 38.67, 31.72, 55.91, and
51.03 (kW h perm3 per order), respectively. The EEO of TC in this
research was compared with values in other studies that re-
ported the EEO of TC with different advanced oxidation
processes, as in Table 2. The d33 of ZnO/CQD/PVDF catalyst was
higher than that of the piezocatalyst listed in Table 1, but the
piezocatalyst in this research was more energy-efficient than
that of the ZnO/CQD/PVDF catalyst in Table 2.5,14,55–63 The EEO
value of RhB, 38.67 kW h m−3 order−1, was lower than that
produced when using Fenton or persulfate processes (54 kW h
perm3 per order).64 This indicates that it is possible to overcome
the limitations of the material's piezoelectric properties by
optimizing the geometry of the piezocatalyst and uid move-
ment, and that efficient organic contaminant degradation
achieves the lowest energy consumption among existing
advanced oxidation processes.

3.4 Reusability

A 10-cycle piezocatalytic experiment was performed for the
degradation of 100 mg L−1 TC to evaluate the stability and
Table 2 Comparison of energy consumption of tetracycline degradatio

Material Driving force k (min−1) P

CdS/ZnO UV 0.024 0
C-ZnO/CN UV 0.054 0
ZnO@CN UV 0.050 0
MoS2 NTs/CuInS2 QDs Visible light 0.012 0
Bi4Ti3O12 Ultrasonic 0.010 0
K2Ti6O13/TiO2 Ultrasonic 0.024 0
Cu2O/MoS2/rGO Ultrasonic 0.018 0
MoS2 Ultrasonic 0.025 0
MoS2/GDY Ball milling 0.052 0
Fe3O4@MoS2/PVDF pipe Water ow 0.020 0
ZnO/CQDs/PVDF Ultrasonic 0.058 0
ZnO/CQDs/PVDF pipe Water ow 0.044 0
PVDF/AC-NaCl foam Water ow 0.190 0

This journal is © The Royal Society of Chemistry 2025
reusability of the PVDF/AC-NaCl foam piezocatalyst. The TC
solution was replaced with fresh solution prior to the start of
each cycle. TC degradation experienced a slight decrease,
achieving 85.15% degradation efficiency aer the 10th cycle, as
shown in Fig. 7(a). Aer the 10-cycle test, the PVDF/AC-NaCl
foam piezocatalyst was dissolved again in a solution of 90 mL
DMF and 36 mL acetone to resynthesize the new catalyst. The
resynthesized piezocatalyst was associated with a recovery in
degradation rate of TC to 95.78%. The pore structures and the
AC attached to the surface remained intact even aer the cycle
tests, as revealed by SEM images before and aer the cycle test,
depicted in Fig. 7(b) and (c). This indicates that the AC was not
leached by physical forces and the pore structure did not
collapse, which explains why the piezocatalyst maintained
a high degradation rate. Fig. 7(d), an SEM image of the resyn-
thesized piezocatalyst, conrms that the pore structure
observed before reuse was retained and the AC particles were
reattached to the surface. The FT-IR spectra recorded before
and aer the cycle test are compared in Fig. 7(e) and (f),
revealing that the F(b) value decreased from 75.53% to 61.12%.
Fig. 7(g), the FT-IR spectra of the resynthesized piezocatalyst,
indicates that F(b) recovered to 70.12%. The PVDF/AC-NaCl
piezocatalyst maintained a high degradation rate over ve
cycle tests, even aer resynthesis.

3.5 Piezocatalytic degradation mechanism

Radical quenching studies were conducted to identify free
radicals generated by piezocatalysis. Thiourea, BQ, and EDTA-
2Na were used as scavengers for $OH, $O2

−, and h+, respec-
tively, to determine the types of active radicals involved. The
addition of 10 mM quenching agents to the MO solution during
the degradation experiment resulted in a decrease in degrada-
tion efficiency, as shown in Fig. 8(a). The degradation efficiency
was 97.45% without added agents, declining to 82.35%,
94.24%, and 68.64% with the addition of thiourea, BQ, and
EDTA-2Na, respectively. Thiourea and EDTA-2Na exhibited
inhibitory effects on MO degradation, demonstrating that h+

and $OH were the radicals involved. The types of radicals
produced using PVDF/AC-NaCl foam were analyzed through
ESR. The presence of TEMPO-h+ and DMPO-$OH was
conrmed. In Fig. 8(b), the three peaks with a 1 : 1 : 1 intensity
n by different processes

(kW) h (%) EE/O (kW h per m3 order) Ref

.35 94.4 11,258.09 53

.15 80.1 4313.80 54

.15 97 3846.15 55

.3 89.0 16150.00 56

.18 82 6460.00 57

.16 54 5168.00 58

.12 66 2584.00 59

.11 93 1894.93 60

.25 92.2 935.33 61

.025 91.5 241.04 5

.3 97.9 1162.8 14

.04 95.36 176.18 14

.04 99.54 51.03 This study

J. Mater. Chem. A, 2025, 13, 5374–5385 | 5381
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Fig. 7 (a) Reusability of the PVDF/AC-NaCl catalyst, with “re-cycle” indicating the catalyst was resynthesized after 10 repeated experiments, (b)
SEM image of the PVDF/AC-NaCl catalyst before the cycle test, (c) SEM image of the PVDF/AC-NaCl catalyst after the cycle test, (d) SEM image of
the re-cycled catalyst after the cycle test, (e) FT-IR spectra of the catalyst before the cycle test, (f) FT-IR spectra of the catalyst after the cycle test,
(g) FT-IR spectra of the re-synthesized catalyst.

5382 | J. Mater. Chem. A, 2025, 13, 5374–5385 This journal is © The Royal Society of Chemistry 2025
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ratio can be attributed to TEMPO peaks generated by h+.65 In
Fig. 8(c), the marked area shows a main peak with a 1 : 2 : 2 : 1
intensity ratio and three sub-peaks, indicating that $OH radicals
were generated but in smaller amounts.66 Consequently, their
Fig. 8 (a) Active species trapping experiment. ESR spectra of radicals
trapped by TEMPO and DMPO: (b) TEMPO-trapped ESR spectra of H+

and (c) DMPO-trapped ESR spectra of hydroxyl radical ($OH).

This journal is © The Royal Society of Chemistry 2025
intensity was approximately 10% of that seen in the TEMPO
spectra, indicating lower radical production.

The AC particles allowed for generation of electrons and h+,
as the b phase of PVDF was polarized under hydrodynamic
external forces, leading to the creation of an internal electric
eld. Signicant intensity difference was observed between the
h+ and $OH radicals in Fig. 8(b) and (c), with h+ more than 10
times more prominent. This suggested that the direct involve-
ment of h+ played a more direct and consequential role in
initiating the degradation of organic contaminants. This may
also cause the adsorption of OH− from the solution onto the
catalyst's surface, leading to the production of $OH radicals or
reaction with H2O to generate O2. Their absence in DMPO
suggests that electrons within the catalyst bonded with Na+

ions, while the electrons that are typically generated reacted
with oxygen to form superoxide radicals.67,68 This is proposed
because the degradation rate decreased subtly in the cycle tests
as in Fig. 7(a), and the b-phase ratio of PVDF was reduced as in
Fig. 7(e) and (f). Binding of electrons with Na+ ions led to
a decrease in Na+ ions that would otherwise induce the align-
ment of PVDF's –CF2– groups.69 The degradation of organic
contaminants in PVDF/AC-NaCl foam piezocatalysis can be
expressed as

PVDF/AC − NaCl foam + hydrodynamic force / h+ + e− (3)

2H2O + 4h+ / O2 + 4H+ (4)

OH− (fron water) + h+ / $OH (5)

Organic contaminants + h+ + $OH / intermediates / CO2 +

H2O (final product) (6)

The degradation of organic contaminants is illustrated in
Fig. S4.†
4. Conclusion

This research emphasizes the importance of geometric opti-
mization in enhancing the performance of piezocatalysts under
uid ow. Geometric optimization, particularly that of the
triangular prism, enhanced piezoelectric response by maxi-
mizing the pressure exerted on the catalyst's surface, leading to
improved catalytic activity. The catalyst's design was validated
through CFD analysis and experimentally conrmed using
various rotational congurations, with the reverse-direction
ow achieving the highest efficiency. The triangular prism-
shaped PVDF/AC-NaCl piezocatalyst, with its optimized
design, exhibited a high piezoelectric strain coefficient and
generated up to 5.25 × 10−1 V. The resulting h+ and $OH radi-
cals contributed to the degradation of various organic
contaminants, with a maximum efficiency of 99.53%. This
highlights the energy efficiency of the process, with an EEO of
51.03 kW h per m3 per order. This is lower than that of
conventional advanced oxidation processes, as well as piezo-
catalysts with higher piezoelectric strain coefficients, indicating
that the system's efficiency can be enhanced through geometric
J. Mater. Chem. A, 2025, 13, 5374–5385 | 5383
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optimization rather than relying solely on material properties,
resulting in high efficiency and lower energy use. The catalyst
showed strong stability and reusability, maintaining 88.23%
degradation aer ve cycles and 95.78% upon resynthesis,
conrming the material's long-term operational stability. These
ndings provide valuable insights for piezocatalytic processes
that enhance the efficiency of water treatment with minimal
energy through uid ow-induced piezoelectric effects.
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