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Abstract
Contact-electro-catalysis (CEC) utilizing liquid-solid contact electrification (LS-CE) has demonstrated significant potential 
for degrading organic pollutants without external electrical bias. While particle-based dielectric materials have shown high 
catalytic activity, their practical application often necessitates additional post-treatment filtration to recover the catalysts 
and ensure treated water quality. To streamline this process and enhance operational usability, we developed a filtration-
free electrospun SiO₂-PVDF nanofibrous mat (NF-mat). By immobilizing the active SiO₂ and PVDF components within 
a robust fibrous matrix, this approach effectively circumvents the need for complex recovery steps. Under ultrasonic 
excitation, the NF-mat provides a hierarchically porous architecture with a high specific surface area (41.6m²/g), creating 
an optimal environment for liquid-solid electron transfer and Reactive Oxygen Species (ROS) generation. Consequently, 
the NF-mat achieved efficient decolorization of both cationic methylene blue (MB, 99.5% within 4h) and anionic methyl 
orange (MO, 98.1% within 8h). Although MB removal involved a concurrent adsorption contribution, adsorption alone 
could not account for the near-complete decolorization, and the removal of both MB and MO was predominantly governed 
by CEC. Furthermore, the mat exhibited excellent mechanical stability and recyclability over multiple cycles without 
structural disintegration. This study proposes a user-friendly and sustainable platform for CEC-based water treatment, 
offering a viable solution for continuous environmental remediation.
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1  Introduction

With the Industrial Revolution, a severe increase in envi-
ronmental pollution posed a global threat to the ecosystem. 
An estimated 15% of synthetic dyes are disposed of into the 
global environment each year, which is responsible for dis-
turbing the ecosystem and contaminating the aquatic life [1]. 
The polluted water can cause detrimental health effects such 
as respiratory ailments, gastrointestinal illnesses, and cancer 
[2]. Particularly, the organic pollutants require more efforts 
to remove from the contaminated sites due to their com-
plex molecular structure that contains aromatic rings and 
azo bonds, which make them persistent and low biodegrad-
able species, and also show resistance against conventional 
treatments [3]. For this purpose, some techniques have been 
reported to decolorize the organic dyes, such as photocata-
lytic reduction [4], biodegradation [5], and mechanochem-
istry catalytic degradation [6, 7]. Consequently, to mitigate 
the environmental impact of such pollutants, an efficient and 
reliable remediation strategy becomes imperative.

In this context, Wang et al. [8] first proposed a substantial 
and new advancement in the field of catalysis known as con-
tact-electro-catalysis (CEC), wherein the generation of free 
radicals is capable of catalyzing the disintegration of organic 
contaminants, such as synthetic dyes, without the applica-
tion of external voltage or current. In this phenomenon, the 
catalytic reactions commence at the liquid-solid interface, 
where a frequent contact-separation phenomenon induces 
interfacial electron transfer between these two species. Con-
sequently, this electron transfer across the liquid-solid (L-S) 
interface generates the reactive oxygen species (ROS) after 
subsequent reactions, which facilitates the disintegration of 
the organic species [9]. In this technique, dielectric poly-
mers such as fluorinated ethylene propylene (FEP), polyvi-
nylidene fluoride (PVDF), Teflon, nylon, and rubber, etc., 
are deployed as triboelectric materials that undergo liquid-
solid contact electrification (LS-CE), enabling interfacial 
electron withdrawal from water molecules, which promotes 
the generation of ROS [9, 10]. Moreover, the CEC tech-
nique exhibited its effectiveness with a wide spectrum of 
triboelectric materials, including successful applications 
with inorganic compounds such as silica (SiO₂) and man-
ganese dioxide (MnO₂), etc., which have also been reported 
to facilitate the ROS generation [9]. To trigger the frequent 
but effective LS-CE, the ultrasound of specified power and 
frequency is vital, which plays a crucial role in producing a 
desired amount of ROS generation [11, 12].

Enhancing contact electrification (CE) is crucial for 
maximizing the efficiency of CEC. Consequently, fluo-
ropolymers such as PVDF, FEP, and polytetrafluoroethyl-
ene (PTFE) have garnered significant attention for CEC 
applications due to their superior hydrophobicity and high 

electron affinity—key properties for effective liquid-solid 
CE (LS-CE). While various fluoropolymer films and parti-
cles have been employed to decolorize organic compounds, 
the catalytic reaction rate is intrinsically limited by the 
liquid-solid contact area. To address this and maximize the 
density of the effective LS-CE interface, recent research has 
increasingly focused on utilizing fluoropolymer particles. 
Nonetheless, the particle-based CEC requires pre-treat-
ment and constant spinning for 24–48 h, and particularly, 
the post-treatment filtering process is also essential [9–11]. 
Post-reaction filtration is essentially a labor-intensive and 
time-consuming bottleneck. More importantly, given that 
fluoropolymers—specifically polyfluoroalkyl substances 
(PFAS)—are increasingly regulated due to their environ-
mental persistence and bioaccumulation, any inadequacy in 
filtration poses a severe risk. Incomplete removal may lead 
to the release of residual nanoparticles into the ecosystem, 
causing secondary pollution that undermines the remedia-
tion efforts [13]. To overcome the aforementioned issue, it 
is essential to develop effective CEC material with remark-
able CEC efficiency that can mitigate secondary pollution 
without the need for additional post-processing steps such 
as filtration.

In parallel, electrospinning offers a straightforward route 
to fabricate nanofibrous mats (NF-mats) with high specific 
surface area, interconnected porosity, and tunable surface 
chemistry, and can be implemented with relatively low 
start-up costs at the laboratory scale [14–16]. While scalable 
electrospinning configurations, such as multi-jet and needle-
less setups and continuous collection, have been explored 
to increase productivity [17, 18], practical implementation 
may still be constrained by throughput, sensitivity to solu-
tion and ambient conditions, and solvent/energy demands 
[19, 20]. Importantly, electrospun mats enable immobiliza-
tion of active components into a robust, retrievable archi-
tecture, maximizing the liquid-solid interfacial area while 
eliminating particle dispersion and post-processing filtra-
tion. Accordingly, an electrospun, reusable catalytic mat 
may offer a practical route toward filtration-free CEC, 
addressing implementation challenges commonly associ-
ated with particulate CEC systems.

In this study, to address these challenges, a novel electro-
spun nanocomposite nanofibrous mat (NF-mat) composed 
of SiO₂ and PVDF is developed, where the SiO2 is incor-
porated into an electrospun PVDF backbone to modulate 
interfacial properties and enable enhanced CEC under ultra-
sonication. The electrospun nanofibrous architecture affords 
a high specific surface area and roughness, significantly 
increasing the availability of an effective LS-CE interface 
for ultrasonication-assisted CEC. This, in turn, promotes 
interfacial charge transfer and ROS generation. Crucially, 
by immobilizing the PVDF and SiO₂ components within 
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the fibrous matrix, the proposed NF-mat obviates the need 
for catalyst pre-dispersion or post-reaction filtration. This 
design simplifies operation while effectively mitigating con-
cerns regarding catalyst loss and secondary contamination. 
By virtue of its mechanical robustness, the NF-mat main-
tains structural integrity under continuous ultrasonic agi-
tation and can be readily recovered and reused via simple 
rinsing. Consequently, the NF-mat enables the effective 
decolorization of both cationic (methylene blue, MB) and 
anionic (methyl orange, MO) dyes while retaining high effi-
ciency over multiple cycles, demonstrating a practical CEC 
platform with broader potential applicability for environ-
mental remediation.

2  Materials and methods

2.1  Fabrication of SiO₂-PVDF NF-mat

Silicon dioxide (SiO2, Extra Pure grade, 99.0% purity, 
quartz) was purchased from Kanto Chemical Co., Inc. 
Poly (vinylidene fluoride) (PVDF; Sigma Aldrich, 182702; 
Molecular weight ( Mw) ≈ 534,000 g/mol), acetone, and 
N-dimethylformamide (DMF) were purchased from Sigma 
Aldrich. For the preparation of the PVDF nanofibrous mat, 
20 wt% of PVDF and 9.6 wt% of SiO2 are mixed with the 
solvent, which is composed of DMF/acetone mixed to a 
ratio of 7:3. Initially, the measured mass of PVDF powder 
was added gradually to the solvent and stirred continuously. 
Subsequently, the SiO2 particles were added to the PVDF 
solution and stirred for 6–8 h at 55–60 °C to thoroughly mix 
them to make a homogenized solution. During stirring, the 
solution was monitored by visual inspection for any phase 
separation or particle settling, and no visible separation or 
sedimentation was observed. To fabricate a nanofibrous mat, 
the electrospinning machine (ES 100, NanoNC, Republic 
of Korea) was employed, and the prepared solution was 
poured into a syringe having a needle gauge of 19 and then 
fitted into the electrospinning machine. The flow rate was 
adjusted from 1.5 to 2.0 mL/h, and a high-voltage supply 
(HV30N, NanoNC, Republic of Korea) was used to pro-
vide a negative driving voltage around − 17 kV. During the 
electrospinning process, the tip-to-collector distance was set 
to approximately 15 cm. The central electrospun region is 
collected for the NF-mat for the fiber structure uniformity. 
Following electrospinning, the manufactured NF-mat was 
put into the oven at approximately 60–70 °C overnight to 
eliminate the residual solvents and to maintain the structural 
integrity. Moreover, the thin-film (TF) was also fabricated 
with the same composition of 20 wt% of PVDF and 9.6 
wt% of SiO₂; then it was dried in an oven under identical 

conditions as applied to the NF-mat. Furthermore, to study 
the influence of SiO₂ on the performance of NF-mat, three 
different concentrations of SiO₂ were added to fabricate the 
nanofibrous mats while keeping the amount of PVDF fixed 
(i.e., 20%). Three different concentrations of SiO2 are as fol-
lows: 3.2 wt%, 6.4 wt%, 9.6 wt%. These three variations 
provided a systematic insight into how SiO2 concentration 
behaved over the decolorization or removal of both dyes.

2.2  Decolorization of the dye

The ultrasonic bath cleaner (480 W, 40 kHz, DH.WUC.
D06H, Daihan Scientific Co. Ltd, Republic of Korea) was 
prepared for CEC. Methyl orange and methylene blue dyes 
were bought from Sigma Aldrich. The 130 mg of prepared 
NF-mat was immersed in the 5 ppm aliquots (10 mL) of MB 
and MO dye solutions and then put under constant ultra-
sonication. The ultrasonic treatment time for MB and MO 
for complete removal was recorded as up to 4 h and 8 h, 
respectively. The recyclability of the NF-mat was evaluated 
by subjecting it to the newly prepared dye solutions multiple 
times. The operational structural stability of the NF-mat was 
systematically assessed by recycling it 9 times for MB and 7 
times for MO. After each cycle, the NF-matrices were thor-
oughly rinsed with DI water, oven dried, and reintroduced 
to the fresh dye solutions.

2.3  Characterization of the dye decolorization

UV-visible spectroscopy was employed to evaluate the 
removal efficiency of MB and MO under ultrasonic treat-
ment. Before the decolorization experiments, the absor-
bance spectra of 5 ppm stock solutions were recorded using 
a UV-visible spectrometer (V-650, Jasco, USA) across the 
respective wavelength ranges. After immersing the NF-mat, 
the decrement was observed at the characteristic absorp-
tion peak ( λ max) of the treated dyes after each hour of 
ultrasonication. The controlled experiments were also con-
ducted under identical experimental conditions to isolate 
the contribution of NF-mat in dye removal. The removal 
or decolorization efficiency was calculated by monitoring 
the decrease in their absorbance spectra at the respective 
λ max (664 nm for MB and 464 nm for MO) by using the 
following Eq. 1).

RE = (A0 − At)
A0

∗ 100� (1)

 
Where A0 and At are initial and time-dependent absor-

bance values.
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presents the optical image of the NF-mat, which is fabri-
cated with the electrospinning process, and Fig. 1c) illus-
trates the scanning electron microscopy (SEM) image of 
the NF-mat; the morphology reveals the robust and uniform 
bonding between SiO₂ and PVDF particles as a nanofibrous 
matrix. In Fig. S1a), the SEM image and average diameter 
analysis of the six random points from the fabricated NF-
mat are demonstrated to verify the uniform and reproducible 
structure. As shown in Fig. S1b), the mean fiber diameter is 
approximately 1.38 μm across six points, and no statistically 
significant differences can be observed among them. In this 
context, the uniformity of the NF-mat morphology can be 
demonstrated, reducing concerns about the reproducibility 
of CEC performance. Also, to further support the mechanical 
robustness, a stress-strain (S-S) curve is presented, showing 
the onset of failure at a strain of 0.031 mm/mm (at tensile 
stress of 0.68 MPa), as shown in Fig. S2. According to this 
graph, the Young’s modulus of the NF-mat can be estimated 
to be 82.62 MPa by its calculation between the tensile strain 
range from 0.005 to 0.009 mm/mm. Considering these 
results, the NF-mat exhibits sufficient mechanical robust-
ness for handling and recycling experiments. Figure 1d) 
demonstrates the elemental mapping of the NF-mat attained 
from the energy dispersive X-ray spectroscopy (EDS) 
analysis, which shows the homogeneous distribution of the 
Si, O, F, and C with the atomic weight% of 2.56%, 3.15%, 
50.10%, and 44.19%, respectively. EDS analysis suggests 
that the SiO₂ particles are preferentially located at the fiber 
surface, since their average diameter (5.54 ± 1.44 μm; Fig. 
S3) exceeds the average fiber diameter [23]. Therefore, the 
particles are more likely to be surface-attached or partially 
embedded rather than fully encapsulated within the fiber 
core. To further supplement this interpretation, transmission 
electron microscopy (TEM) images are acquired to exam-
ine the SiO₂ dispersion state within the fiber, as shown in 
Fig. S4. The overall fiber morphology is shown in Fig. S4a). 
However, distinct lattice fringes are not clearly observed in 
the selected regions, as shown in Fig. S4b), and the corre-
sponding Selected Area Electron Diffraction (SAED) pattern 
exhibited a diffuse halo rather than sharp diffraction rings, 
which is in accordance with the previous reported work for 
SiO₂ [24] as shown in Fig. S4c). These observations indi-
cate predominantly amorphous or low crystallinity features 
in the probed areas. With this analysis, the morphology of 
the NF-mat and its chemical composition are well demon-
strated. To show the effectiveness of the NF-mat, the contact 
angle (CA) of the SiO₂-PVDF thin film (TF) and NF-mat 
is demonstrated in Fig. 1e). The TF exhibits a hydrophilic 
nature with a contact angle (CA) of 48.5°, whereas NF-
mat exhibits hydrophobicity with a high contact angle of 
142.2°. This hydrophobicity can suppress liquid spreading 
and promote discrete droplet contact, thereby increasing the 

2.4  Chemicals used for capturing the ROS

Different chemicals were used to quench or scavenge the 
ROS, specifically OH and O2̇

−. The following chemicals 
were used to confirm ROS. Isopropyl alcohol (IPA) and 
water-soluble tetrazolium salt-1 (WST-1) were bought from 
Sigma Aldrich, and superoxide dismutase (SOD) was pur-
chased from ThermoFisher Scientific. Six solutions of equal 
volume of both dyes, containing NF-mat, were prepared to 
quench the ROS, i.e., two solutions for OH for MB and MO, 
and in the same way, two solutions for O2̇

− and two for the 
comparative study. These chemicals were added to the four 
dye solutions, in which two of them were of MB, i.e., one 
MB solution contained ROS quencher, and the other MB 
solution was without ROS quencher. Similarly, it was per-
formed for MO solutions. IPA is utilized to quench the OH 
species from both MB and MO, and WST-1 and SOD were 
used to quench the O2̇

− for MB and MO, respectively.

3  Results and Discussion

3.1  Overall schematic and performance comparison 
of NF-mat

Figure 1 demonstrates a comprehensive overview of the 
novel synthesized NF-mat’s fabrication process, functional 
implementation, and recyclability. As depicted in Fig. 1a), 
the NF-mat is fabricated for the decolorization of the syn-
thetic charged dyes, where the ultrasonication is utilized 
as a mechanical stimulus for continuous CE. The electros-
pun NF-mat is employed due to its enhanced surface area, 
increased hydrophobicity, and moderate roughness, as men-
tioned in previous studies, which shows the largest surface 
area of the PVDF in the nanofibrous form compared to its 
other forms [1]. The quartz form of SiO2 is employed with 
its high stability and wear resistance, so that the particle 
integrity can be maintained under repeated ultrasonication 
[21]. Also, the PVDF with Mw of 534,000 is employed for 
the sufficient chain entanglement and viscoelasticity, which 
are important for stable electrospinning and continuous 
fiber formation [22]. Consequently, the SiO₂-PVDF based 
NF-mat provides an increased effective LS-CE interface 
through its enlarged surface area, high hydrophobicity, and 
moderate roughness, which leads to an improved LS-CE 
rate, resulting in higher ROS generation to decolorize the 
dyes. This NF-mat is immersed in the dye solution, and the 
application of ultrasonic energy induces dye decolorization. 
Significantly, the fabricated NF-mat has been recycled mul-
tiple times for both synthetic dyes, which underscores its 
reusability, structural integrity, and catalytic compatibility 
to decolorize both cationic and anionic dyes. Figure 1b) 
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Fig. 1  a) A schematic of the overall experimental process. b, c) The 
optical and SEM images of SiO₂-PVDF NF-mat before treatment, 
and d) energy dispersive spectroscopy (EDS) image of the untreated 
NF-mat. e) Contact angle comparison between NF-mat and its TF 
counterpart. f) BET adsorption–desorption analysis of NF-mat and 
TF, and calculated g) surface area of NF-mat and TF based on BET 

characterization. h) UV-visible spectroscopy comparison between MB 
stock and MB after treatment, and MO stock and MO after treatment. 
i) Comparison between with and without NF-mat after treatment with 
respect to remaining dye concentration %. j) The removal efficiency 
comparison of NF-mat and TF for MB and MO
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on the wavelength of 464 nm is used for the remaining MO 
concentration. After completing the first cycle of the ultra-
sonic process, the MB and MO solutions without NF-mat 
represented a high percentage of remaining dye concentra-
tion, with residual dye concentrations up to 95% and 99.4%, 
respectively. On the other hand, the dye solutions contain-
ing NF-mat exhibited a lower dye concentration percentage, 
0.5% for MB and 1.9% for MO, respectively, which verifies 
that the dye decolorization can result from a catalytic reac-
tion between the NF-mat and dye solution. To evaluate the 
SiO2 contribution to the dye decolorization, the removal effi-
ciency of a PVDF-only NF-mat (without SiO2) is compared 
with that of the SiO2–PVDF NF-mat in Figs. S5a) to S5d). 
For MB, the PVDF-only NF-mat achieved 52.6% removal 
after the first cycle, while the SiO₂–PVDF NF-mat reached 
99.5% under identical conditions (Fig. S5b). Similarly, for 
MO, the PVDF-only NF-mat achieved 48.1% removal after 
the first cycle, whereas the SiO₂–PVDF NF-mat reached 
98.1% (Fig. S5c). These results indicate that SiO₂ incorpo-
ration is associated with markedly improved removal effi-
ciency, consistent with SiO2-induced interfacial property 
changes that can facilitate LS-CE-related charge transfer 
and ROS-mediated oxidation. Figure 1j) demonstrates the 
performance comparison for CEC between TF and NF-mat 
under repeated cycles. The removal efficiency of TF appears 
to decrease immediately after the second recycling cycle of 
TF for both dyes, whereas the NF-mat exhibits stable perfor-
mance after the second cycle for both dyes. These findings 
underscore the better performance and potential of NF-mat 
over TF as a reusable and highly effective methodology for 
both cationic and anionic dyes. Moreover, the prepared NF-
mat is recycled for further recycling cycles, which will be 
discussed in later sections. In this context, the superiority 
of the NF-mat to the CEC-based dye decolorization can be 
demonstrated. For further comparative studies, the pristine 
FEP film is utilized under identical experimental conditions 
along with the reported NF-mat. The FEP film revealed con-
sistently lower removal efficiency than the NF-mat over two 
consecutive cycles: 90.7% and 49.2% for MB and 95.6% 
and 52.7% for MO, compared with 99.5% and 98.8% for 
MB and 98.1% and 95.5% for MO for the NF-mat (Fig. S6). 
These outcomes validate the superior performance of CEC-
driven NF-mat in terms of dye decolorization and reusabil-
ity compared to the pristine FEP film.

Furthermore, we also compared the performance of NF-
mat with that of other previously reported CEC-compatible 
materials, as outlined in Table 2. By systematically sum-
marizing the constituent materials, the working mechanism, 
the requirement (or absence) of post-treatment filtration, 
mechanical stimulation, target dye types, and correspond-
ing removal efficiencies, this table enables an objective 
assessment of the relative performance and operational 

effective LS-CE interface, particularly near the three-phase 
contact line where repeated contact-separation events can 
occur under ultrasonication. According to previous reports 
[24], LS-CE on surfaces approaching superhydrophobicity 
can favor electron-dominated charge transfer rather than ion 
transfer. Therefore, the increased hydrophobicity of the NF-
mat is expected to promote electron transfer. This enhanced 
interfacial activity may increase the generation of ROS, 
resulting in an accelerated decolorization. Figures 1f) and 
1g) describe the textural properties of the NF-mat and a TF 
by performing nitrogen (N₂) adsorption-desorption analy-
sis using the Brunauer-Emmett-Teller (BET) technique. 
The NF-mat demonstrates a characteristic mesoporous N₂ 
adsorption–desorption isotherm of type IV [25] with a hys-
teresis loop depicting a high N₂ adsorption capacity. This 
outcome reveals a higher surface area and enhanced poros-
ity of NF-mat. The TF, on the other hand, exhibited a very 
low N₂ uptake, which can be attributed to its lower surface 
area, higher density, and poorer porosity than NF-mat. The 
NF-mat has a significantly greater BET specific surface area 
and t-plot micropore volume (41.6 m²/g and 0.02 cm³/g) 
compared to the thin film (4.1 m²/g and 1.3 × 10⁻⁴ cm³/g). 
Both materials fall into the small-mesopore boundary with 
average pore sizes of around 3.2 nm for the nanofibrous 
mat and about 2.0 nm for the thin film, as determined by 
BET (4 V/A) [26], summarized in Table 1. These findings 
verify that compared to the dense thin film, the electrospun 
nanofibrous architecture offers a much more open and hier-
archically porous network, providing a significantly larger 
accessible surface and pore space that is beneficial for the 
targeted LS-CE process.

Figure 1h) demonstrates the UV-visible spectra of stock 
and ultrasonically treated solutions of MO and MB dyes. 
After the ultrasonic treatment on both dye solutions, the 
flattening of the absorption peaks is observed, which is evi-
dence of a significant decolorization of the dye contents in 
the contaminated solutions by CEC. Figure 1i) highlights 
the remaining dye concentration % after the first cycle of 
ultrasonication for both controlled (without NF-mat) and 
experimental (with NF-mat) dye solutions. The remaining 
dye concentration is calculated by the absorption value of 
the fingerprint wavelength of each dye, which can be defined 
as the wavelength where the largest absorption peak occurs. 
The absorption data on the wavelength of 664 nm is used for 
the remaining MB concentration, while the absorption data 

Table 1  BET and t-plot analysis of SiO₂-PVDF NF-mat and TF
CEC Material BET surface 

area (m2/g)
t-plot micropore 
Volume (cm³/g)

Average 
pore 
diameter 
(nm)

NF-mat (SiO₂–PVDF) 41.6 0.02 ~ 3.0–3.4
TF (SiO₂–PVDF) 4.1 1.3 × 10⁻⁴ ~ 2.0–2.2
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detailed demonstration, Fourier transform infrared (FT-IR) 
spectra of NF-mat before and after the CEC treatment for 
both dyes are shown in Fig. 2c). The blue line graph defines 
the FT-IR of the MB-treated NF-mat, which revealed that 
the stretching vibration bands corresponding to the Chet=N+ 
(CH3)2 bonds for MB can be found at 1648 cm− 1 [32]. The 
localization of the intensive stretching vibrations of C = C 
and C-N can be found at 1600 cm⁻¹ [32, 33]. Moreover, the 
stretching vibration of the C-C and C-N bonds of the het-
erocycle is localized at 1540 m⁻¹ [34]. These results may 
correspond to the adsorption of the MB dye onto the mat 
surface according to the previously reported studies [32, 35, 
36], which is also consistent with the previous SEM image 
Fig. 2a)-ii. On the other hand, the orange line represents the 
FT-IR spectrum of MO-treated NF-mat, which lacks char-
acteristic bands of MO. Although a weak C-N stretching 
feature is observed at 1250 cm⁻¹, this signal alone does not 
provide clear evidence for appreciable MO adsorption on 
the NF-mat surface. To supplement this, the X-ray photo-
electron spectroscopy (XPS) analysis is employed to vali-
date the surface chemical transformations on the NF-mat 
before treatment (dull-black line) and after treatment with 
MB (blue line) and MO (orange line), as illustrated in Fig. 
2d). These XPS spectra are deconvoluted and represented 
in Figs. 2e) to 2 g), which are signified mainly for MB and 
MO-related elements such as N1s, S2p, Cl2p, and Na1s. 
The topmost row of Figs. 2e) to 2g) illustrate the spectra of 
untreated NF-mat, which revealed mainly noise-level sig-
nals in the N1s, S2p, Cl2p, and Na1s regions. Moreover, 
the survey-based peak area of these elements is observed 
as 439, 200, 176, and 844 CPS · eV , respectively, indi-
cating the noise level signals that do not contribute to the 
meaningful contributions of elements [37]. However, fol-
lowing exposure to MB, as shown in the middle row of 
deconvoluted peaks, an N1s peak emerged around 399–400 
eV [38] with a high peak area of 14404 CPS · eV , thereby 
confirming the existence of nitrogen-containing MB resi-
dues or chemical intermediates on the NF-mat [39, 40]. 

characteristics of each system. The comparative analysis 
indicates that the prepared NF-mat achieved efficient decol-
orization of both cationic and anionic dyes via ultrasonica-
tion-induced LS-CE. Collectively, these results proposed 
that NF-mat exhibits a favorable combination of operational 
simplicity, broader dye compatibility, and competitive 
decolorization performance, thereby underscoring its tech-
nological distinctiveness within the current state of the art.

3.2  Characterizations of NF-mat before and after 
contact-electro-catalysis

Optical and morphological characterizations of NF-mat 
after the CEC are illustrated in Figs. 2a) and 2b). After the 
CEC treatment of the MB dye solution with NF-mat, the 
coloration of the NF-mat in blue is shown in the photograph 
(Fig. 2a)-i) and MB dye particle lump between the fibers 
shown in the SEM image (Fig. 2a)-ii) are shown, which 
demonstrates the adsorption of the MB dye on the NF-mat 
from the CEC process. It can result from the electrostatic 
attraction that exists between the MB dye and the NF-mat 
for certain reasons. Firstly, as the negative electric field is 
applied during the electrospinning process and the electron 
is transferred from the water molecule to the NF-mat, and 
secondly, the LS-CE during the CEC process, subsequently, 
the NF-mat surface could attain a negative charge due to 
these phenomena. Therefore, the attractive Coulombic 
force would be responsible for attracting the cationic MB 
dye towards the negatively charged surface of the NF-mat 
[31]; thus, the removal of MB occurs through both physical 
adsorption and CEC. Figure 2b) demonstrates the photo-
graph and SEM image of NF-mat, after the CEC treatment 
of the MO dye solution. Aside from NF-mat CEC treated 
under MO dye solution, neither obvious coloration nor 
morphology modifications in the NF-mat can be observed, 
as shown in Figs. 2b)-i and 2b)-ii, which verifies that the 
removal of MO is dominated by the decolorization process 
via CEC rather than the adsorption mechanism. For the 

Table 2  The comparison of electrocatalysts, mechanism, dye’s nature, and electrocatalytic activity
CEC Material Filtration Mechanical Stimuli Catalytic Mechanism Dye’s Nature Catalytic Activity  Ref.
FEP/ICP Film Not Req. Ultrasonication Electron transfer 5 ppm:

anionic
∼90%, 300 min [27]

TiO 2 NPs Required Stirring Electronic transition and 
electron transfer

20 mgL− 1

: cationic
∼93.1%, 250 min [28]

FEP powders Required Ultrasonication Electron transfer 5 ppm:
anionic

∼98.1%, 180 min [10]

BaSrTiO 3 NPs Required Stirring Electronic transition and 
electron transfer

5 ppm:
cationic

∼99.0%, 180 min [29]

PTFE Required Grinding Electron transfer 5 ppm:
anionic

∼99.2%, 120 min [30]

SiO 2 -PVDF
NF-mat

Not Req. Ultrasonication Electron transfer
(MB, MO); concurrent 
MB adsorption

5 ppm: cationic and 
anionic

MB:∼99.5%, 240 min. 
MO:∼98.1%, 480 min

This 
Work
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(preferentially localized at/near the fiber surface) modulates 
the interfacial properties of the mat, including wettabil-
ity and roughness, thereby increasing the effective LS-CE 
interface and facilitating interfacial charge transfer and 
ROS formation. This composite-specific interfacial modu-
lation is consistent with the markedly improved removal 
performance of the SiO2-PVDF NF-mat compared with 
PVDF-only NF-mat under identical conditions (Fig. S5). 
Especially, the overall phenomenon of interaction between 
a water (H2O) molecule and NF-mat is demonstrated in 
Fig. 3a). The big red spheres represent the oxygen atoms, 
the white spheres represent hydrogen atoms, and the small 
black spheres denote electrons. As the ultrasound initiates, it 
stimulates the generation of cavitation bubbles (CBs) in the 
solution, as depicted in the red box. These tiny CBs encap-
sulate the dissolved gas (oxygen) and become large enough 
with time, and then implode after reaching their threshold 
size, as illustrated in the blue box. The implosion of CB cre-
ates high-pressure microjets that follow and interact with 
the water molecules adhered to the surface of NF-mat [42, 
43], thus stimulating the contact-separation between water 
and NF-mat, which facilitates the electron ( e−) transfer 
between these two entities. In addition, hydrophobic sur-
faces can host interfacial nanobubbles. These nanobubbles 
may serve as cavitation nuclei under ultrasonication, locally 
enhancing microjet activity and interfacial renewal near the 
surface [44]. Although nanobubbles are not directly char-
acterized in this study, their potential contribution is noted 
as a plausible factor that can enhance cavitation-assisted 
LS-CE at hydrophobic surfaces. Such localized cavitation 
can promote rapid attachment/detachment of the interfacial 
water layer from the NF-mat surface. Here, the term “con-
tact–separation” is used to describe this repeated interfacial 
renewal of the liquid–solid interface between the interfacial 
water layer and the NF-mat surface under ultrasonication. 
This renewal promotes LS-CE-driven electron transfer and 
surface charging, while periodic separation helps mitigate 
rapid charge screening/relaxation in the liquid phase [45]. 
As a result, the NF-mat surface becomes negatively charged 
across a wide pH range as shown in Fig. S9, consistent with 
the general trend in LS-CE [46–48]. In addition, because 
PVDF is a piezoelectric material, ultrasonication-induced 
mechanical stress may generate polarization charges on the 
NF-mat, which potentially in principle, assist interfacial 
charge transfer and ROS formation. To evaluate this pos-
sible contribution, the piezoelectric coefficient ( d33) of the 
NF-mat is estimated as 0.80 ± 0.02 pC/N based on Fig. S10 
in Supporting Information. Prior studies suggest that mate-
rials with such low d33 values are generally ineffective for 
piezocatalysis, indicating that the piezoelectric contribution 
is likely limited under this platform and that the observed 
activity is primarily governed by the CEC mechanism [49]. 

Additionally, high-resolution peaks for S2p, concentrated 
around 163.9 eV (S2p3/2) corresponding to the C-S-C group, 
and at 167.9 eV (S2p3/2) and 168.8 eV (S2p1/2), are assigned 
to the sulfonate groups [40]. Moreover, the chlorine Cl2p 
doublet (Cl2p1/2 and Cl2p3/2) is detected around 199.4 eV 
and 197.7 eV, which likely originated from leftover chlo-
ride ions connected to MB. These findings suggest that a 
higher atomic concentration of MB-related elements on the 
NF-mat surface after ultrasonication. On the other hand, 
the deconvolution of high-resolution spectra of N1s, S2p, 
and Na1s for MO-treated NF-mat is illustrated in the last 
row of Figs. 2e) to 2g) [37]. The high-resolution spectrum 
of the N1s peak was found at 398.9 eV, and its peak area 
was found to be 5474 CPS · eV . Moreover, S2p peaks 
focused around 167.1 eV and 169.3 eV (S2p3/2 and S2p1/2) 
as sulfonate groups. The Na1s peak appeared at 1069.7 eV, 
which may reflect the presence of limited MO-related sur-
face residues on the NF-mat [27, 41]. The EDS elemental 
mapping also confirms the presence of these elements, as 
illustrated in Fig. S7. Taken together, these findings suggest 
that a limited amount of MO-related surface residues may 
remain on the NF-mat after treatment, rather than indicating 
appreciable MO adsorption. Accordingly, the removal of 
MO is considered to be predominantly governed by decol-
orization via the CEC process, which is consistent with the 
SEM observations showing negligible dye accumulation 
on the NF-mat. In contrast, the EDS elemental mapping 
showed the presence of MB-related elements (N, Cl, and S) 
distributed across the NF-mat surface [38, 39], as shown in 
Fig. S8. Consistent with the optical, FT-IR, and XPS results, 
these findings suggest more evident surface-associated MB 
residues on the MB-treated NF-mat. Overall, these results 
suggest that the adsorption contribution is more evident 
in the MB system, whereas MO removal is predominantly 
governed by decolorization via the CEC process, with only 
limited surface residues remaining after treatment.

3.3  Methodology and mechanism of decolorization 
process through Contact-electro-catalysis

The mechanism of the decolorization or removal of cationic 
and anionic dyes in the presence of the prepared NF-mat is 
proposed in Fig. 3. In the NF-mat, PVDF primarily serves 
as an electrospun fibrous backbone that provides a large 
accessible surface area and enables repeated LS-CE under 
ultrasonication. The incorporation of micron-scale SiO2 

Fig. 2  Characterization of NF-mat before and after the treatment. a-i) 
The optical and b-ii) SEM images of MB treated NF-mat, and b-i) opti-
cal and b-ii) SEM images of MO-treated NF-mat. c) The FT-IR spectra 
and d) high-resolution XPS survey spectra of untreated, MB-treated, 
and MO-treated NF-mats. e-g) The N1s, S2p, Cl2p, and Na1s regions 
for pristine NF-mat (first-row) and MB treated NF-mat (second-row), 
and the N1s, S2p, and Na1s regions for MO-treated NF-mat (last-row)
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hydroperoxyl radical ( HO2· ) as described in Eq. 5). The 
rest of the other superoxide radicals take part in the decol-
orization of dyes and convert them into unharmful products, 
as defined in Eq. 6) [53, 54].

O2̇
− + H3O+ → HO2 · + H2O� (5)

 

O2̇
− + Dye → Oxidized intermediates → Mineralization products� (6)

 
As a result of successive chain reactions, the hydroxyl 

radical ( · OH) is generated, and it directly engages in the 
decolorization process of the MB dye [27]. Thus, the MB 
dye converts to harmless inorganic compounds, such as 
water ( H2O) and carbon dioxide ( CO2), as described in 
Eq. 7) [55].

.OH + MB → Oxidized intermediates
→ Mineralization products (CO2 + H2O + inorganic ions) � (7)

 
Along this process, the deposition of MB and the col-

oration of the NF-mat are also depicted in the bottom left 
corner of Fig. 3b), in which MB (positive dye) gets attracted 
towards the negatively charged surface of NF-mat. Figure 
3c) shows the decolorization mechanism of MO dye in the 
ultrasonic environment employing the identical NF-mat. 
Likewise, the removal of MO can also be attributed primar-
ily to ROS generation through a mechanism similar to that 
discussed for MB. These ROS are considered to be mainly 
responsible for the breakdown of MO. This interpretation 
is consistent with the SEM and optical images (Fig. 2b), 
which show no pronounced dye accumulation on the NF-
mat. According to these outcomes, it is plausible to claim 
that NF-mat decolorizes the MO dye via ROS generation, 
which is described in Eq. 8) [56].

.OH + MO → Oxidized intermediates
→ Mineralized products (CO2 + H2O + inorganic ions) � (8)

 
As multiple reaction pathways and products are possible, 

the oxidation steps in Eq. 6) to 8) are presented schemati-
cally, where “oxidized intermediates” represents a mixture 
of transformation products rather than a single identified 
species.

Figures 3d) and 3e) represent the verification of ROS 
generation and their contribution to dye decolorization from 
the solution containing NF-mat. Figure 3d) shows the veri-
fication of specific ROS involved in the MB decolorization 
by applying ROS quencher, whereas the isopropyl alcohol 
(IPA) is utilized as an OH radical quencher, and WST-1 is 

Furthermore, the decolorization efficiency decreased mono-
tonically with increasing ionic strength as shown in Fig. 
S11. This trend is consistent with LS-CE [50, 51], because 
dissolved ions can screen interfacial charges and enhance 
charge dissipation in solution, thereby suppressing LS-CE 
and the subsequent ROS generation. In contrast, a purely 
piezoelectric driven pathway is not expected to show such 
a strong dependence on ionic strength alone. Together with 
the low piezoelectric response of the NF-mat, the ionic 
strength dependence supports that CEC is predominant con-
tribution in the dye decolorization. During this process, a 
water radical cation ( H2O· +) is generated, as depicted in 
the orange box [27]. Meanwhile, the O2 released by the CB 
captures the electron upon encountering the pre-negatively 
charged surface of the NF-mat, and this interaction reduces 
the oxygen to superoxide radical ( O2̇

−) as portrayed in the 
green box [9, 10]. Building on these considerations about 
the ROS generation mechanism, the detailed dye decolor-
ization process is shown in Fig. 3b).

As discussed previously, the electron transfer phenom-
enon assisted by LS-CE would be responsible for electron 
transfer from H2O to NF-mat and responsible for the for-
mation of water radical cation ( H2O· +), as follows:

H2O + (SiO2 − PVDF) ultrasound−−−−−−−→ H2O+ + (SiO2 − PVDF)−� (2)

 
Consequently, this water radical interacts with other water 

molecules and undergoes a proton transfer, which results in 
a hydroxyl radical ( · OH ) and hydronium ion ( H3O+) as 
stated in the following chemical reaction Eq. 3) [52].

H2O+ + H2O → · OH + H3O+� (3)

 
At the same time, the oxygen reacts with the NF-mat and 

receives the already existing electron from the surface of the 
NF-mat and is reduced to the superoxide radical ( O2̇

−) as 
illustrated in the following chemical reaction Eq. 4):

(SiO2 − PVDF)− + O2 O2̇
− + (SiO2 − PVDF)� (4)

 
Following this, the superoxide radical ( O2̇

−) inter-
acts with the hydronium ion ( H3O+) and produces the 

Fig. 3  Operational mechanism of contact-electrocatalysis under ultra-
sonication. (a) Schematic representing the charge transfer phenome-
non during ultrasonication. (b) The ROS generation and decolorization 
along with the adsorption of MB on NF-mat, and (c) the decolorization 
of MO via ROS in the presence of NF-mat. (d) CEC of MB dye with 
ROS quenchers, IPA for OH radicals, and WST-1 for O2

- radicals, and 
(e) CEC of MO dye with ROS quenchers, IPA for OH radicals, and 
SOD for O2

- radicals
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MB solution without NF-mat (black dotted line), and the 
MB solution with NF-mat (blue dotted line). The MB solu-
tion, which contains NF-mat, shows an impressive 4.6% 
remaining concentration of MB in the first hour. Finally, 
after 4 h of ultrasonication, the remaining concentration 
recedes up to 0.5%. On the contrary, the MB solution, which 
does not contain NF-mat, revealed 95.1% of the remaining 
concentration after four hours of constant ultrasonication, 
which clearly indicating that NF-mat removed the MB in 
the ultrasonically assisted environment. This experimen-
tal data is further verified with the time-lapse photos and 
Supplementary Video V1 of the MB stock solution and the 
treated MB solutions after each hour, as shown in Fig. 4c), 
which shows the dye decolorization visually. To quantify 
the relative contributions of dye adsorption and ultrasoni-
cation-driven CEC, dark adsorption controls are performed 
under identical conditions (4 h stirring, same NF-mat mass, 
and solution volume) but without ultrasonication, with light 
excluded. As shown in Fig. S14a), adsorption alone resulted 
in an MB removal efficiency of 46.6%. Under ultrasonica-
tion-assisted operation, the MB removal increased to 99.5% 
(Fig. 4b), indicating an additional 52.9% removal beyond 
adsorption. This additional removal is attributed to ROS-
mediated CEC decolorization rather than adsorption alone, 
supporting that CEC provides a major contribution under 
ultrasonication. To further characterize adsorption, a Lang-
muir adsorption isotherm analysis is conducted, as shown 
in Fig. S14b) and explained in Supporting Information. The 
adsorption parameters provide a semi-quantitative upper 
bound for adsorption-only uptake, and therefore adsorption 
alone cannot account for the near-complete MB removal 
observed under ultrasonication. These results collectively 
support that ROS-mediated CEC is the primary pathway for 
MB decolorization during ultrasonic operation.

Figures 4d) to 4f) show the decolorization behavior of 
MO. Figure 4d) presents the UV-visible spectra of the MO 
solution; the red line in the graph represents the MO stock 
solution, and the MO solution is treated for 8 h of ultra-
sonication, and UV-visible spectra of the MO solution are 
demonstrated every two hours. This experimental result 
emphasizes the reduction in the characteristic absorption 
intensity at a specific wavelength of 464 nm. As a result, a 
great decline in the characteristic absorption peak is observed 
in the first 4 h of treatment, and the peak is almost flattened 
after 8 h. Figure 4e) shows the remaining concentration % 
of MO in the solution and compares the results between 
two identical MO solutions, one containing NF-mat and the 
other without NF-mat. The MO solution, which contains 
NF-mat, shows an impressive 5% remaining concentration 
of MO in the first 4 h. After four more hours of ultrasonica-
tion, the remaining concentration decreases to 1.9%, while 
the MO solution without NF-mat shows negligible dye 

utilized as an O2̇
−  radical quencher. During the ultrason-

ication for 1 h, both the IPA-added MB solution and the 
WST-1-added MB solution show suppressed dye decol-
orization behavior compared to the MB solution without 
quencher, which indicates that the CEC reaction is inhib-
ited with the ROS quencher. This experimental result infers 
the ROS contribution to the MB decolorization, not only 
the MB adsorption towards the NF-mat. Similarly, Fig. 3e) 
demonstrates the verification of specific ROS involved in 
the MO decolorization by applying ROS quencher, whereas 
the IPA is utilized as an hydroxyl radical quencher, and 
superoxide dismutase (SOD) is utilized as an superoxide 
radical quencher. During the ultrasonication for 8 h, both 
the IPA-added MO solution and SOD added MO solution 
show suppressed dye decolorization behavior compared 
to the MO solution without a quencher, which also veri-
fies that the dye decolorization primarily resulted from the 
ROS generation and its reaction with the dye. To probe the 
· OH generation, terephthalic acid (TPA) is used as a fluo-
rescent probe. Upon reaction with · OH, TPA is converted 
to 2-hydroxyterephthalic acid, which exhibits a character-
istic fluorescence peak at 425 nm. Figs. S12a) and S12b) 
shows the blank subtracted fluorescence spectra for the MB 
and MO dye, where a clear emission band in the 410–430 
nm range is observed. Accordingly, the fluorescence inten-
sity at ~ 420 nm is used as a semi-quantitative indicator of 
· OH generation under the present conditions. For definitive 
identification and absolute quantification of radical species, 
future work will require electron paramagnetic resonance 
(EPR) measurements.

3.4  UV-Vis Spectroscopy of contaminated solutions 
before and after the treatment

The aliquots (3 ml) of cationic and anionic dyes (MB and 
MO) are characterized by UV-visible spectroscopy at spe-
cific intervals of time to inspect the decolorization efficiency 
after treating with and without the NF-mat under constant 
ultrasonication. Unless otherwise noted, an ultrasonication 
power of 480 W is applied, as higher power enhances the 
removal efficiencies of both dyes, which is demonstrated in 
Fig. S13. Figures 4a) to 4c) illustrates the UV-visible spec-
tra for the MB solution; the red line in the graph represents 
the MB stock solution; the MB solution is treated for 4 h of 
ultrasonication, and the UV-visible spectra of the MB solu-
tion at each hour are demonstrated. This experimental result 
emphasizes the reduction in the characteristic absorption 
intensity at a specific wavelength of 664 nm. Subsequently, 
adding the NF-mat into the MB dye solution as the ultra-
sonic time increases, the absorption curve also becomes less 
steep and eventually flattens in 4 h. Figure 4b) shows the 
comparison between the controlled MB solution, i.e., the 
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(MD) solution containing rhodamine B (RhB), MO, MB, 
and crystal violet (CV) is applied to show the feasibility 
of the NF-mat application to the practical condition. Their 
visual photo and UV-visible spectra are shown in Fig. S15a). 
The UV-visible spectra during the MD solution decoloriza-
tion are shown in Fig. S15b). To mimic the ion component 
in the real wastewater, NaCl is added at 0.1 M, and the UV-
visible spectra during its decolorization are shown in Fig. 
S15c). Upon dye mixing, the characteristic absorption peak 
of the MD solution shifted to 554 nm; thus, the concentration 
change is monitored based on the absorbance peak at 554 
nm, as shown in Fig. S15d). After 4 h of treatment, 0.5% of 
MB and 5.0% of MO remained, whereas the MD solution 
showed 8.8% remaining, indicating a reduced removal effi-
ciency under MD conditions. After 8 h, the remaining con-
centration of the MD solution decreased to 4.8%, suggesting 
that further decolorization is achievable with extended treat-
ment. Also, the MD solution containing 0.1 M NaCl exhib-
ited stronger inhibition of dye decolorization: 20.0% of 

decolorization even after 8 h of constant ultrasonication, 
which proves that the NF-mat effectively removed the MO 
in the ultrasonically assisted environment. As shown in Fig. 
4f), this decolorization of MO can be visibly confirmed with 
time-lapse photos of the MO stock solution and Supplemen-
tary Video V2 and the treated MO solutions after every 2 h. 
To further examine the role of adsorption in the MO sys-
tem, dark adsorption controls are also performed following 
the same procedure, except with 8 h stirring, as shown in 
Fig. S14c). In contrast to MB, MO shows no meaningful 
decrease in absorbance, indicating that the present data do 
not support an appreciable adsorption contribution in the 
MO system. Taken together, these results indicate that the 
prepared NF-mat can effectively treat both cationic and 
anionic dyes, while the adsorption contribution is more evi-
dent in the MB system and MO removal is predominantly 
governed by CEC-driven decolorization.

Considering the real wastewater contains mixed contami-
nants, inorganic salts, and suspended solids, the mixed dye 

Fig. 4  Time-dependent dye 
decolorization behavior. (a) UV-
visible spectra of MB during 4 h 
and (b) its remaining concentra-
tion % in the solution with and 
without the presence of NF-mat. 
(c) The timeline photos of the 
MB solution after each hour of 
ultrasonication. (d) UV-visible 
spectra of MO during 8 h, and 
(e) its remaining concentration % 
in the solution with and without 
NF-mat. (f) The timeline photos 
of the MO solution after 2 h of 
ultrasonication
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kinetics of MB dye. The best kinetic model is determined by 
comparing the linear correlation coefficients ( R2) obtained 
from each fit, with the model exhibiting the highest R2 value 
being selected as the best-fitting model. As depicted in Figs. 
5a) and 5c) the pseudo-zero-order (PZO) and pseudo-sec-
ond-order (PSO) kinetics revealed relatively low correla-
tion coefficient ( R2 = 0.77 and R2 = 0.67, respectively). 
In contrast, as represented in Fig. 5b), the linear fit of ln 
( Co

Ct
) vs. time as pseudo-first-order (PFO) kinetics yielded 

a good correlation coefficient (R2 = 0.98), which is selected 
depending upon the best-fitting kinetic model among the 
other two models. Moreover, the apparent rate constant K1 
= 1.06 h−1 for first-order is observed. This model predicts 
that the reaction rate of MB decolorization is proportional 
to its instantaneous concentration ( Ct) and can be written as 
following Eq. 9) [57, 58].

Reaction Rate = −dC/dt = K1C� (9)

 
where Ct is the MB concentration at time t, and K1 is 

the pseudo-first-order rate constant. The linearized form 
is obtained by integrating this reaction rate in Eq. 10) as 
follows.

MD remained after 4 h, and 7.9% remained after 8 h. These 
results indicate that both MD conditions and increased ionic 
strength can slow the decolorization kinetics. Accordingly, 
achieving a residual concentration below 1% for real waste-
water is expected to require a longer treatment time than 
that of single-dye systems. Nevertheless, as decolorization 
continued with time, complete treatment of real wastewater 
appeared feasible with extended operation, which will be 
investigated in future work, including matrices containing 
suspended solids and representative inorganic ions. To fur-
ther examine applicability beyond dyes, phenol (500 ppm) is 
tested as a representative phenolic/aromatic pollutant under 
the same conditions used for MB/MO. As shown in Fig. S16, 
phenol shows 11.5% removal after 7 h, based on the decrease 
of the characteristic UV–vis absorption band at ~ 260–270 
nm. Although preliminary, this result suggests that the NF-
mat-based platform can also treat non-dye aromatic organ-
ics with further optimization of the reactor configuration and 
ultrasonication parameters.

3.5   Decolorization kinetics

In Figs. 5a) to 5c), the pseudo-zero-, first-, and second-
order kinetic models are applied to assess the decolorization 

Fig. 5  Decolorization kinetics of MB and MO. (a) pseudo-zero, (b) pseudo-first, and (c) pseudo-second order kinetics for MB dye, and (d) pseudo-
zero, (e) pseudo-first, and (f) pseudo-second order kinetics for MO dye

 

1 3

  277   Page 14 of 21



Advanced Composites and Hybrid Materials           (2026) 9:277 

experimental conditions. Consequently, MO elimination 
adheres to pseudo-second-order kinetics, indicating a decol-
orization mechanism predominantly governed by bimolecu-
lar interactions between MO molecules and ROS in the bulk 
solution.

Based on the kinetic models, the electrical energy per 
order ( EEO, kWh/(m3·order)), a widely used energy-based 
figure-of-merit for advanced oxidation processes (AOPs), is 
calculated [60]. Using the operating power, treatment time, 
and treated volume of the ultrasonication-driven CEC con-
ditions employed in this study, the EEO values are 83,000 
kWh/(m3·order) and 223,000 kWh/(m3·order) for MB 
and MO, respectively, based on the measured decoloriza-
tion endpoints. These absolute EEO values are strongly 
affected by the small treated volume (10 mL in this study) 
and batch configuration, which inflate the kWh/m3 normal-
ization; thus, EEO is primarily intended for within-study 
benchmarking and qualitative comparison. Compared with 
representative EEO ranges reported for established AOPs, 
such as photo-Fenton ( EEO order of ~ 100 − 101 kWh/
(m3·order)), UV/catalyst ( EEO order of ~ 102 − 103 kWh/
(m3·order)), and ultrasound ( EEO order of ~ 103 − 104 kWh/
(m3·order)) [61], the EEO values obtained in this study are 
higher. Because the EEO depends on reactor configuration, 
treated volume, water matrix, and target compound, the 
cross-study comparisons should be interpreted cautiously. 
Importantly, comparison with previously reported CEC 
systems operated under similar laboratory-scale condi-
tions indicates EEO values of a similar order of magnitude 
[11, 62–64], as shown in Table 3, suggesting that reducing 
energy demand remains a key challenge for this emerging 
technology. Accordingly, future CEC research should focus 
on lowering EEO by optimizing ultrasonication parameters 
and scaling up to increase treated volume per unit energy. 
Since CO2e emissions scale with electricity consumption, 
such reductions in EEO would proportionally reduce the 
carbon footprint, subject to region-specific grid emission 
factors. In parallel, the material versatility of CEC and the 

ln
(

C0

Ct

)
= K1t� (10)

 
where Co is the initial MB concentration.
As a result, the pseudo-first-order kinetic behavior of 

MB suggests that the overall reaction rate is predominantly 
influenced by the MB concentration under the specified 
CEC–ultrasonication circumstances.

Similarly, as depicted in Figs. 5d) and 5e) the decolor-
ization kinetics for MO are examined using pseudo-zero-, 
first-, and second-order kinetic models, and their R2 values 
are 0.65, 0.90, and 0.95, respectively. Among these kinetic 
models, the pseudo-second-order (PSO) kinetic model is 
selected as a best fit by plotting 1

Ct
 against time, producing 

a straight line with a higher correlation coefficient value (R2 
= 0.95), suggesting that this model well describes MO dete-
rioration. Under this assumption, the reaction rate is char-
acterized by the effective bimolecular interactions between 
MO and ROS and can be written in terms of the MO con-
centrations Ct at time t as illustrated in the following Eq. 
11) [59].

Reaction Rate = −dC

dt
= K2C2

t � (11)

 
where K2 is the pseudo-second-order rate constant, and 

Ct is the MO concentration at time t. Integration of the reac-
tion rate equation provides the linearized form as following.

1
Ct

= 1
C0

+ K2t� (12)

 
where the initial MO concentration is denoted by C0. 

The slope of this plot revealed the apparent second-order 
rate constant, K2 = 19.77 ppm−1h− 1, using the same 

Table 3  Comparison of EEO  values reported in previous CEC studies
CEC Material Target Operating Hour (Hr) Ultrasonic Power (kW) Volume

(mL)
 E EO (kWh/(m³·order)) Ref.

PTFE Antibiotics
1 mg/L

3 0.5 50 22,000  [64]

Etched FEP MO dye
5 ppm

5 0.9 50 90,000  [27]

PTFE Algae
1.76 × 106

cells/mL

5 0.24 120 25,000  [63]

Charged FEP MO dye
5 ppm

4 0.6 50 24,000  [11]

 NF-mat MB dye
MO dye
5 ppm

4 (MB)
8 (MO)

0.48 10 83,000 (MB)
223,000 (MO)

This Work
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ultrasonication. As the SiO₂ concentration becomes higher 
from 3.2 wt% to 9.6 wt%, the UV-visible spectra in Fig. 
6a) become flattened, which shows MB removal efficiency 
increment from 66.8% to 99.4%, as shown in Fig. 6b).

Figure 6c) illustrates the UV-visible spectra of three iden-
tical solutions of MO dyes, which are treated with three dif-
ferent SiO₂ concentrations of NF-mats. As expected, here 
as well, the NF-mat with 9.6 wt% SiO₂ showed the lowest 
characteristic absorbance curve for MO, indicating the high-
est removal efficiency compared to the other two concen-
trations (3.2 wt% and 6.4 wt%). As shown in Fig. 6d), the 
NF-mat with a SiO₂ concentration of 9.6 wt% exhibits the 
highest decolorization efficacy of 98.1%, which is higher 
than the other two lower SiO₂ concentrations in the NF-mat. 

operational simplicity enabled by the immobilized NF-mat 
configuration motivate continued development toward prac-
tical applications.

3.6  Effect of increasing the SiO2 content on 
hydrophobicity and surface area of NF-mat

For the deeper inspection of the NF-mat, three different 
NF-mats with distinct concentrations of SiO₂ while keeping 
the constant quantity of PVDF are fabricated to investigate 
the effect of SiO₂ on the removal of cationic and anionic 
dyes. Figure 6a) represents the UV-visible spectra of MB 
solutions that are treated under the NF-mats with three dif-
ferent SiO₂ compositions for four hours under continuous 

Fig. 6  Effect of different con-
centrations of SiO2 under a fixed 
amount of PVDF in NF-mat. 
(a) UV-visible spectroscopy of 
three different concentrations 
of NF-mat treated for MB dye, 
(b) removal efficiencies for 
these three concentrations. c-d) 
UV-visible spectroscopy for MO 
dye NF-mats and their respec-
tive removal efficiencies. e) BET 
surface area comparison f) and 
contact angle comparison of 
various concentrations of SiO2 in 
NF-mat
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decolorization under its second recycling cycle shows a sig-
nificant decrease when compared to its first cycle, whereas 
the second cycle of NF-mat does not show a large decre-
ment in the dye removal behavior. For the deeper inspection 
about the recyclability of the NF-mat for the MB decolor-
ization, the MB removal efficiency under the several recy-
cling rounds is shown in Fig. 7b). Although the fabricated 
NF-mat is recycled nine times, the removal efficiency of the 
MB is maintained over 95%, which demonstrates its supe-
rior recyclability even if the adsorption of the MB occurs 
simultaneously with the catalytic reaction. To further verify 
it, the UV-visible spectra of MB dye solutions treated in the 
second recycling cycle of TF and the ninth cycle of NF-
mat are shown in Fig. 7c), which shows that the NF-mat 
that underwent ninth recycling retains higher removal effi-
ciency compared with TF that underwent second recycling. 
Furthermore, the UV-visible spectra of MO dye solutions 
treated in the first and second rounds of TF and NF-mat are 
shown in Fig. 7d), which shows similar removal efficiency 
decolorization behavior with that of MB. To further verify 
the recyclability of the NF-mat, the MO removal efficiency 
under the seven recycling rounds is shown in Fig. 7e), which 
shows that removal efficiency over 96% can be retained 
during each cycle. To emphasize its superior recyclability, 
the UV-visible spectra of MO dye solutions treated in the 
second recycling round of TF and seventh recycling round 
of NF-mat are shown in Fig. 7f), which indicates that the 
NF-mat that underwent seventh recycling retains a higher 
removal efficiency compared with TF that underwent sec-
ond recycling.

Moreover, this recyclability is further demonstrated with 
post-cycling morphology assessment by SEM after repeated 
operation, as shown in Fig. S18a. The SEM image shows 
the fiber morphology of the NF-mat after the ninth recycling 
cycle of the MB (Fig. S18b) and after the seventh recycling 
cycle of the MO (Fig. S18c). After MB cycling, surface 
coverage consistent with dye adsorption is observed on the 
fibers, similar to the appearance on the MB-treated NF-
mat shown in Fig. 2a)-ii. Importantly, the fibrous network 
remains intact without evidence of severe fiber breakage or 
collapse. For the MO-treated NF-mat, the fiber morphology 
is largely preserved with no noticeable deformation, consis-
tent with Fig. 2b)-ii. With these SEM characterizations, it 
can demonstrate the structural integrity of the NF-mat even 
after multiple recycling rounds.

Despite the robust decolorization under the repeated 
rounds, secondary pollution arising from the release of fiber 
fragments or SiO2 particles should be evaluated from an envi-
ronmental perspective. Fig. S19 presents the NF-mat mass 
measured after each round as an indirect indicator of mate-
rial loss; no measurable mass change was observed for either 
MB or MO, suggesting minimal macroscopic shedding. To 

These quantitative analyses for MB and MO dyes revealed 
that the prepared NF-mat with a composition of 9.6 wt% 
of SiO₂ and 20 wt% of PVDF has a rich capability for the 
dye decolorization with a high-performance rate without 
discriminating the ionic nature of the dye.

To supplement these experimental results, the BET result 
of the NF-mat depending on the SiO2 particle composition 
is shown as shown in Fig. 6e), which shows a surface area 
increment from 4.28 m2/g to 41.64 m2/g with SiO2 compo-
sition enhancement from 3.2 wt% to 9.6 wt%. This experi-
mental result shows an increasing number of reaction sites 
with SiO₂ composition enhancement, which can be a domi-
nant factor in the enhanced dye decolorization at higher 
SiO₂ composition. Also, to explore the wetting property 
changing resulting from the SiO₂ composition, which is one 
of the dominant factors on the LS-CE, the CA of each case is 
shown in Fig. 6f). As the SiO₂ composition enhanced from 
3.2 wt% to 9.6 wt%, the CA also increased from 89.2 ± 0.5 
° to 142.2 ± 1.0 °.

As mentioned, in previous research [24] only the elec-
trons are transferred during the LS-CE under a superhy-
drophobic surface, whereas both ion and electron transfer 
occur with LS-CE under hydrophobic and hydrophilic sur-
faces. As the electron transfer between the liquid and solid 
is directly attributed to the CEC, as mentioned in Sect. 3.3, 
the enhanced hydrophobicity resulting from the SiO2 addi-
tion can be attributed to the enhancement of the dye decol-
orization ability, as well demonstrated in Fig. S17. Taken 
together, these results indicate that increasing the SiO₂ 
content simultaneously enlarges the accessible reaction 
sites through surface area increment and promotes electron-
dominated LS-CE through increased hydrophobicity [65], 
both of which synergistically contribute to the superior CEC 
performance. On this basis, the NF-mat with 9.6 wt% of 
SiO₂ is selected as the optimal contact-electro-catalyst for 
subsequent experiments.

3.7  Recyclability comparison of SiO₂-PVDF NF-mat 
versus thin film

The superiority of the NF-mat with SiO2 and PVDF con-
tents of 9.6 wt% and 20 wt% for the contact-electro-catalyst 
for both cationic and anionic types of dyes is well demon-
strated in previous sections. However, as well as the dye 
decolorization efficiency, the recyclability of the contact 
electrocatalyst must be considered for the application of 
the CEC technology in practice. In this context, both the 
MB and MO decolorization behaviors for multiple rounds 
after the rinsing and drying of the catalyst are demonstrated. 
For the detailed comparison, the UV-visible spectra of MB 
dye solutions treated in the first and second rounds of TF 
and NF-mat are shown in Fig. 7a). For the TF, MB dye 
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with the single-use scenario for both MB and MO, demon-
strating the economic advantage enabled by the reusability 
of the NF-mat. It should be noted that the absolute LCOW 
values are sensitive to laboratory-scale batch conditions and 
are expected to decrease upon scale-up. Accordingly, fur-
ther work should focus on process optimization and scale-
up to reduce LCOW and improve practical viability, which 
would also lower the associated carbon footprint by reduc-
ing electricity and material demand.

4  Conclusion

In this study, we achieved efficient decolorization of repre-
sentative azo and thiazine dyes by inducing contact-elec-
tro-catalytic reaction with a novel electrospun SiO₂–PVDF 
NF-mat. Under ultrasonication, continuous LS-CE on the 
NF-mat promoted ROS generation and enabled effective 
dye decolorization. Using the NF-mat, MB removal reached 
99.5% within 4 h, while MO removal reached 98.1% within 
8 h, and the NF-mat could be readily recovered and reused 
over multiple cycles without any measurable loss of per-
formance. Although MB showed a concurrent adsorption 
contribution, the removal of both dyes was predominantly 
governed by ROS-mediated CEC. Although this work 

further screen for possible release into the treated solutions, 
the dye solutions are evaporated and the resulting residues 
are analyzed by SEM/EDS, as shown in Fig. S20. Fluorine 
and silicon signals are detected in the dried residues for both 
R1 and the final rounds; however, the measured contents 
remain at a trace level (< 0.1 atomic %) and are comparable 
to the untreated-solution blank, indicating that these signals 
likely reflect background/trace contamination as well as the 
semi-quantitative limitation of EDS either background/trace 
contamination or the semi quantitative limitation than mea-
surable material release under the present conditions rather 
than measurable material release under the present condi-
tions. It is emphasized that SEM/EDS of dried residues pro-
vides qualitative/semi-quantitative screening and does not 
quantify dissolved fluoride ( F −) or total silicon in treated 
water. Accordingly, dedicated quantitative analyses, such as 
ion chromatography for dissolved fluoride and inductively 
coupled plasma-mass spectroscopy for total silicon, will be 
required in future work to rigorously assess environmental 
risks associated with PVDF and SiO₂ release.

To highlight the cost benefit associated with recyclabil-
ity, the levelized cost of water (LCOW; cost per unit vol-
ume of treated water), is estimated as shown in Supporting 
Information. The LCOW analysis indicates that NF-mat 
recycling substantially reduces the treatment cost compared 

Fig. 7  Recyclability comparison of NF-mat versus TF. (a) UV-visible 
spectra comparison of TF and NF-mat for the first two rounds treated 
for MB, and (b) cyclic stability of NF-mat for MB. (c) Direct com-
parison of the UV-visible spectra of TF for the recycling round-2 with 

round-9 of NF-mat for MB. (d) UV-visible spectra comparison of TF 
and NF-mat for the first two rounds treated for MO, and (e) cyclic sta-
bility of NF-mat for MO. (f) Direct comparison of the UV-visible spec-
tra of TF for the recycling round-2 with round-7 of NF-mat for MO
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demonstrates rapid decolorization, decolorization does not 
necessarily imply complete mineralization; therefore, future 
work will evaluate total organic carbon (and related met-
rics) and transformation products to verify mineralization 
and overall environmental safety. Nevertheless, considering 
its high catalytic reaction efficiency with excellent recy-
clability, the proposed system offers a promising route for 
dye treatment, and potentially, for broader oxidation-based 
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