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A B S T R A C T

Bromophenol blue (BPB) is a widely used sulfonephthalein dye whose halogenated aromatic framework and high 
chemical stability confer strong environmental persistence and resistance to conventional degradation pathways. 
Herein, we report a contact-electro-catalysis (CEC) approach for the efficient degradation of BPB in aqueous 
media without the use of conventional catalysts like precious metals. Continuous solid-liquid contact electrifi
cation between polytetrafluoroethylene (PTFE) powder and water, driven by ultrasonication, induces interfacial 
electron transfer and radical generation, enabling oxidative dye degradation without the application of an 
external voltage. Time-resolved UV–vis spectroscopy reveals rapid discoloration and degradation of BPB across a 
broad pH range. Mass spectrometric analysis confirms a stepwise degradation process involving oxidized in
termediates and low-molecular-weight fragments. Comprehensive structural and spectroscopic characterization 
demonstrates that PTFE remains chemically and structurally stable throughout the reaction, establishing CEC as 
a sustainable and effective way for the degradation of persistent halogenated dyes and underscores its broader 
potential for green pollutant remediation and molecular transformation.

1. Introduction

Synthetic dyes constitute a major class of persistent organic pollut
ants in aquatic environments, arising from their extensive use in 
chemical, biomedical and industrial processes [1]. Their complex aro
matic frameworks, often reinforced by halogenation and heteroatom 
linkages, confer high chemical stability and vivid optical properties, but 
simultaneously hinder natural attenuation through hydrolysis, photo
degradation, and biodegradation. As a result, dye-contaminated waste
water poses sustained ecological and toxicological risks, including light 
penetration inhibition, bioaccumulation, and adverse effects on aquatic 
organisms, while remaining difficult to treat using conventional waste
water remediation technologies [2,3]. Bromophenol blue (BPB), whose 
structure is shown in Fig. 1a, is a representative sulfonephthalein dye 
that has been widely employed as a pH indicator, tracking dye, and 
analytical probe owing to its sharp color transition, high molar 

absorptivity, and exceptional chemical stability [4,5]. Its brominated 
aromatic framework and sulfone linkage, while essential for functional 
reliability in laboratory and industrial applications, also render BPB 
highly resistant to hydrolysis, photolysis, and microbial degradation 
[6,7]. Consequently, once released into aqueous systems, BPB exhibits 
pronounced environmental persistence and potential ecological toxicity 
[8]. Developing efficient and sustainable strategies for the degradation 
of BPB therefore not only addresses the remediation of a widely used 
halogenated dye, but also provides a model platform for tackling 
structurally robust dye pollutants more broadly.

Current approaches for BPB degradation mainly rely on advanced 
oxidation processes (AOPs), photocatalysis, electrochemical oxidation, 
and Fenton-type reactions [9–11]. Although these methods can partially 
decompose BPB, they often require external electrical bias, noble or 
transition-metal catalysts, or strong chemical oxidants. In addition, such 
processes may suffer from high operational costs, secondary pollution, 
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catalyst deactivation, and complex reaction conditions. These limita
tions motivate the exploration of alternative degradation pathways that 
operate under mild conditions while avoiding added conventional cat
alysts like precious metals and avoiding external energy inputs. Contact 
electrification (CE) is a ubiquitous interfacial phenomenon arising from 
charge transfer during contact and separation of dissimilar materials 
[12–14]. Beyond its classical role in generating triboelectric charge for 
energy harvesting [15], CE has recently emerged as a previously un
derappreciated driving force for chemical reactivity at interfaces [16]. It 
was reported that sprayed microdroplets undergo H₂O₂ formation 
through hydroxyl ⋅OH radicals recombination initiated by water-solid 
CE [17]. Furthermore, interactions between silicate surfaces and water 
vapor produce reactive oxygen species (ROS) over extended timescales, 
contributing to the chemistry to CE-induced charge transfer at gas/solid- 
water boundaries [18]. Moreover, triboelectrically charged polytetra
fluoroethylene (PTFE) surfaces can generate highly energetic electrons 
capable of driving metal-ion reduction and electrochemiluminescent 
reactions, thereby establishing a direct link between CE and chemical 
transformation [19,20]. Building on this foundation, contact-electro- 
catalysis (CEC) emerges as a transformative strategy that harnesses 
charge transfer at solid-liquid interfaces CE to initiate and accelerate 
chemical reactions in aqueous [21,22] and nonaqueous [23,24]systems, 
including the redox reactions of [Fe(CN)₆]3− /[Fe(CN)₆]4− couple, 
polymerization of aniline, fluorescence and luminescence reactions of 
terephthalic acid and luminol, and hydrogen peroxide production 
[21,25,26].

Compared with conventional AOPs or electrochemical approaches, 
CEC is initiated by CE at solid-liquid interfaces, associating with electron 
transfer and radical generation without external bias or metal elec
trodes, leading to spatially confined and interface-dominated reaction 
pathways. CE offers distinctive advantages, including broad material 
compatibility and intrinsic sustainability, highlighting its promise as a 
versatile platform for green and interfacial chemistry. In this work, we 
demonstrate that solid-liquid CE can directly induce the molecular-level 
degradation of BPB in aqueous solution. Through CE-driven interfacial 
electron transfer and radical generation, the robust aromatic and sulfone 
framework of BPB undergoes successive oxidative bond cleavage, 
leading to the formation of distinct low-molecular-weight fragments. 

Through the integration of time-resolved UV–vis spectroscopy, high- 
resolution mass spectrometry and mechanistic analysis, the role of 
CEC in promoting efficient molecular breakdown of BPB is elucidated, 
without the need for external electrical input or oxidative catalysts. This 
work establishes a sustainable strategy for the degradation of persistent 
halogenated dyes and underscores the broader potential of CEC as a 
green platform for pollutant remediation and controlled molecular 
transformation.

2. Results and discussion

According to the electron cloud overlap mechanism, interfacial 
charge transfer in solid-liquid CE occurs when two surfaces approach 
sufficiently closely for the electron clouds of their surface atoms to 
overlap. Therefore, an effective CE-driven chemical system requires 
both (i) the construction of an intimate solid-liquid interface and (ii) 
sufficient mechanical input to enable frequent contact-separation 
events. In this work, the reaction system consists of an aqueous BPB 
solution and polytetrafluoroethylene (PTFE) powder, as schematically 
illustrated in Fig. 1a. The reaction is carried out in an ultrasonication 
bath equipped with a circulating cooling-water system. Continuous ul
trasonic cavitation promotes repeated collision, contact, and separation 
between PTFE particles and the surrounding aqueous phase, thereby 
enhancing solid-liquid CE. Previous studies have shown that increasing 
ultrasonic power generally enhances cavitation intensity and collision 
frequency, leading to more efficient charge generation and accelerated 
degradation, whereas ultrasonic frequency influences bubble dynamics 
and contact times, thereby modulating the relative contributions of 
interfacial charge transfer and radical formation [27]. These consider
ations suggest that ultrasonic parameters provide an additional handle 
for tuning CEC efficiency and warrant systematic investigation in future 
studies. Importantly, the bath temperature is maintained at 25 ◦C 
throughout the experiment to exclude any contribution from thermal 
effects and to ensure that the observed reactions originate predomi
nantly from CE-induced processes rather than heating.

To clarify the essential role of PTFE, a control experiment was con
ducted using a BPB solution subjected to ultrasonication in the absence 
of PTFE. As shown in Fig. S1, after 6 h of ultrasonication, the BPB 

Fig. 1. (a) Schematic illustration of the experimental setup for BPB degradation using a PTFE-water interface under ultrasonication. (b) Photographs of BPB solutions 
with (upper row) and without (lower row) PTFE after different ultrasonication time intervals, showing the time-dependent color evolution. UV–vis absorption spectra 
of BPB solutions (0.2 mM) (c) with and (d) without PTFE collected at various ultrasonication time intervals. (e) Comparison of BPB degradation kinetics, expressed as 
the normalized absorbance at 590 nm, for solutions with PTFE (red line) and without PTFE (black line). (f) Time-dependent pH evolution of BPB solutions with and 
without PTFE during CEC. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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solution containing PTFE exhibited a clear color change from blue to 
yellow, whereas the BPB solution without PTFE showed almost no 
visible change. The time-dependent color evolution of the BPB solution 
with PTFE and without PTFE are further illustrated in Fig. 1b(i) and b 
(ii), respectively. In Fig. 1b(i), the solution initially appeared blue, 
gradually turned yellow after 2 h of ultrasonication, and became pro
gressively lighter with increasing treatment time. After 16 h, the solu
tion was nearly transparent, indicating substantial degradation of BPB. 
These visual observations are fully consistent with the UV–vis absorp
tion spectra (Fig. 1c). The characteristic absorption peak of BPB at 590 
nm decreased markedly with increasing ultrasonication time and nearly 
disappeared after 16 h in the presence of PTFE. In contrast, the photo
graph in Fig. 1b(ii) shows that the color of the BPB solution becomes 
only slightly lighter during the first 2 h of ultrasonication and then re
mains essentially unchanged even after 27 h in the absence of PTFE. 
Consistently, the characteristic absorption band of BPB under ultra
sonication without PTFE exhibits only a minor decrease, which may be 
attributed to a weak sonochemical effect (Fig. 1d). [28] However, the 
persistent absorption intensity observed upon prolonged ultrasonication 
indicates that ultrasonication alone is insufficient to induce efficient BPB 
degradation [29,30]. Quantitative analysis of the absorbance at 590 nm 
(Fig. 1e) and the corresponding degradation efficiency (Fig. S2) further 
highlights the critical role of PTFE. In the presence of PTFE (red trace), 
the absorbance decreases from 0.85 to 0.22 within the first 2 h, corre
sponding to a degradation efficiency of approximately 74%, and reaches 
~99% after 16 h of prolonged ultrasonication. By contrast, the BPB 
solution without PTFE shows only a ~ 28% decrease in absorbance 
during the first 2 h, followed by negligible further change upon extended 
ultrasonication. A similar trend is observed in the solution pH (Fig. 1f). 
In the presence of PTFE, the pH decreased significantly during ultra
sonication, whereas only minor changes are observed without PTFE. 
This behavior is consistent with previous reported indicating that, 
caused by the large electronegativity difference between PTFE and 
water, electrons are transferred from water to the PTFE surface during 
CE, accompanied by the generation of protons, which leads to a decrease 
in solution pH [31,32]. Together, these results provide strong evidence 
that PTFE plays a decisive role in constructing an efficient solid-liquid 
CE platform that enables effective charge transfer and promotes BPB 
degradation.

In addition, the initial concentration of BPB significantly influences 
the CEC reaction rate. As shown in Fig. S3, a lower initial BPB concen
tration (0.1 mM) exhibited a more rapid decrease in the characteristic 
absorption peak than a higher concentration (0.2 mM), with the 
absorbance approaching zero within 6 h. This behavior can be attributed 
to the lower number of BPB molecules at reduced concentration, which 
facilitates more effective interaction between BPB molecules and the 
PTFE-water interface, thereby enhancing degradation efficiency. 
Moreover, the CEC-driven process achieves approximately 90.5% BPB 
(0.1 mM) degradation within 2 h, which is comparable the efficiencies 
reported for some established AOP or electrochemical systems 
(Table S1) [10,11,33,34]. More importantly, compared to these repre
sentative approaches, the CEC method reported here operates without 
external bias, electrodes, or added oxidants, highlighting its simpler 
operational requirements and potential for practical scalability.

BPB is a widely used acid-base indicator with an effective pH tran
sition range of approximately 3.0–4.6, exhibiting a distinct color change 
from yellow under acidic conditions (pH ≈ 3.0) to blue at higher pH 
values (pH ≈ 4.6). Therefore, BPB was deliberately selected as a com
mon organic dye pollutant with pH sensitive, allowing us to systemati
cally explore the influence of solution pH on CEC-driven degradation 
under conditions relevant to real aqueous environments. By adjusting 
the initial pH of BPB solutions using sodium hydroxide, we were able to 
examine how different acid-base conditions affect degradation behavior 
in the CEC system. Notably, BPB is a weak acid, and its aqueous solution 
is inherently acidic upon dissolution (pH = 4.41), whereas neutral (pH 
= 7.14) and alkaline (pH = 12.91) conditions were achieved by adding 

sodium hydroxide. As shown in Fig. S4, the UV–vis absorption spectra of 
BPB varied significantly with initial pH. Under acidic conditions, two 
main absorption bands were observed at approximately 440 nm and 
590 nm. It has been well established that the absorption band near 440 
nm corresponds to the acidic (yellow) form of BPB, whereas the band 
near 590 nm is characteristic of the basic (blue) form [11]. Notably, 
regardless of the initial pH, the absorption peak at ~590 nm is present in 
all cases. Therefore, in this study, the evolution of the ~590 nm peak is 
used as the primary metric to evaluate BPB degradation. For each pH 
condition, 15 mg of PTFE powder was added to the BPB solution, and all 
samples were subjected to identical ultrasonication conditions. Fig. 2a–c 
showed photographs of BPB solutions with different initial pH values, 
acidic (pH = 4.41), neutral (pH = 7.14), and alkaline (pH = 12.91), after 
various ultrasonication time intervals in the presence of PTFE. In all 
three cases, the solution color gradually faded with increasing ultra
sonication time, indicating progressive BPB degradation. The corre
sponding UV–vis absorption spectra were shown in Fig. 2d–f. Under 
acidic conditions (Fig. 2d), as ultrasonication proceeds, the intensity of 
both absorption bands centered at approximately 440 nm and 590 nm 
decreased continuously, indicating effective degradation of BPB. For the 
neutral BPB solution (Fig. 2e), the absorption spectrum was dominated 
by a strong band at ~590 nm, consistent with the predominance of the 
blue form of BPB at near-neutral pH values. With increasing ultra
sonication time, the intensity of this peak decreased monotonically, 
while the overall spectral profile remained similar, suggesting gradual 
degradation rather than a simple acid-base transformation. In the 
alkaline BPB solution (Fig. 2f), the initial absorbance at ~590 nm was 
significantly weaker than that under neutral conditions, reflecting dif
ferences in BPB speciation and molar absorptivity at high pH. Never
theless, a clear time-dependent decrease in the 590 nm absorption band 
was still observed during ultrasonication, confirming that CEC remains 
effective even under strongly alkaline conditions. Overall, the consistent 
decrease in the characteristic absorption peak at ~590 nm across acidic, 
neutral, and alkaline environments demonstrated that the CEC approach 
enables BPB degradation over a broad pH range, despite substantial 
differences in initial BPB speciation and optical properties. According to 
the proposed CEC working mechanism, electron transfer from water to 
the negatively charged PTFE surface is accompanied by proton gener
ation in the solution, leading to a decrease in the system pH [22]. 
Conversely, it has been reported that increased ionic concentration in 
the solution can inhibit solid-liquid contact electrification due to the 
formation of an interfacial electrical double layer (EDL), which screens 
interfacial charges and suppresses subsequent electron transfer [14,35]. 
As shown in Fig. S5, the BPB degradation efficiency is strongly pH- 
dependent, with the highest efficiency observed under acidic condi
tions without the addition of sodium hydroxide. The introduction of 
additional ions is therefore likely to influence the CEC process of BPB 
degradation. We suggest that increased ionic strength partially screens 
triboelectric charges on the dielectric surface via EDL formation, thereby 
inhibiting interfacial electron transfer and reducing degradation 
efficiency.

The working mechanism of CEC has been elucidated in numerous 
studies [36,37], involving interfacial charge transfer and the generation 
of ROS that subsequently attack and transform organic reactants. In this 
work, the degradation behavior of BPB under CEC conditions is sche
matically illustrated in Fig. 3a. When a solid dielectric such as PTFE 
undergoes repeated contact and separation with an aqueous phase, 
triboelectric charge transfer occurs at the interface, accompanied by the 
generation of ⋅OH radicals and the accumulation of excess electrons on 
the PTFE surface. These accumulated electrons can subsequently be 
transferred to dissolved molecular oxygen, producing superoxide radi
cals (⋅O₂− ) at the solid-liquid interface. The resulting ROS exhibit strong 
oxidative activity, driving the efficient degradation of BPB. In particular, 
Fig. S6 shows that the •OH radical signal detected by electron para
magnetic resonance (EPR) is significantly enhanced in the presence of 
PTFE compared to that observed in its absence. In addition, 
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nanoelectrospray ionization mass spectrometry (nESI-MS) was 
employed to identify degradation intermediates, providing insight into 
the CEC reaction pathway. BPB features a highly conjugated sulfo
nephthalein framework (see Fig. 1a) bearing multiple bromine sub
stituents, which endows the molecule with pronounced resistance to 

biodegradation and photolytic decomposition. Fig. 3b displayed the 
high-m/z region of mass spectrum under negative-ion ESI mode ob
tained during the different stages of BPB solution after CEC treatment. 
The dominant signal at m/z = 664.6899 is assigned to deprotonated 
BPB, [M-H]− (Fig. 3b, left blue panels), consistent with the molecular 

Fig. 2. Visual appearance (a-c) and corresponding UV–Vis absorption spectra (d-f) of BPB aqueous solutions during the CEC degradation process in the presence of 
PTFE powder at different initial pH values: acidic (pH = 4.41), neutral (pH = 7.14), and alkaline (pH = 12.91).

Fig. 3. (a) Schematic illustration of the proposed CEC mechanism for BPB degradation, highlighting interfacial charge transfer induced by contact electrification at 
the PTFE-water interface. (b, c) Representative intermediate products of BPB formed during the CEC degradation process, as detected by nESI-MS, illustrating the 
molecular transformation of BPB under CEC conditions.
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formula C₁₉H₁₀Br₄O₅S. Moreover, the appearance of peak at m/z =
682.6899, corresponding to a + 18.0107 Da shift (Fig. 3b), right blue 
panels) relative to the parent [M-H]− , might be assigned as [M + OH]− . 
Fig. 3c showed the appearance of several signals in the m/z range of 
215–235, which were assigned to doubly charged anions. This assign
ment is corroborated by the compressed m/z values and the halved 
isotopic spacing characteristic of multiply charged ions in high- 
resolution spectra. The detected ions, including [C9H6O10Br2]2− (m/z 
215.9158), [C9H6O11Br2]2− (m/z 223.9133), and [C9H8O12Br2]2− (m/z 
232.9185), indicate extensive molecular restructuring while preserving 
brominated aromatic subunits. The progressive increase in oxygen 
among these species strongly supports stepwise oxidative functionali
zation occurring prior to, or concomitant with, C–C bond cleavage of 
the parent sulfonephthalein framework. The retention of bromine iso
topic patterns in these intermediates indicates that debromination is not 
the dominant initial pathway, consistent with reports that brominated 
aromatics typically undergo hydroxylation and ring activation prior to 
halogen loss during oxidative degradation [38–40]. The formation of 
stable dianions further suggests the presence of multiple acidic or 
strongly electron-withdrawing groups, such as phenolate and sulfonate 
moieties, which are known to promote multiply charged species in 
negative-mode ESI. Fig. 3d highlighted the emergence of a low-m/z 
fragment at m/z 136.9243, assigned to [CH2BrCOO]− . This ion is absent 
at 0 h and became prominent after CE treatment, indicating its origin 
from solution-phase chemical degradation rather than in-source frag
mentation. The narrow peak width and reproducible intensity further 
support this conclusion. The formation of brominated acetic-acid-type 
fragments was consistent with advanced oxidative cleavage of aro
matic rings, a pathway commonly observed in the degradation of 
halogenated dyes and phenolic compounds under radical-driven con
ditions. It was reported that the degradation likely proceeds via radical- 
initiated oxidation pathways, as previously reported for halogenated 
dyes under advanced oxidation conditions [10]. Upon exposure to CE- 
generated ROS [41,42], the electron-rich phenolic and aromatic moi
eties of BPB were preferentially attacked, leading to hydroxylation and 
oxidative activation of the molecular backbone. Moreover, phenol 
shares structural features with BPB and has been well established as a 
substrate that undergoes oxidative degradation mediated by ⋅OH radi
cals [43]. Collectively, the MS results established a coherent degradation 

sequence for BPB under CEC conditions: (i) hydroxylation of the intact 
molecule, (ii) formation of oxidized, bromine-retaining dianionic in
termediates, and (iii) extensive fragmentation into low-molecular- 
weight carboxylates. Those observed mass shifts, charge states, and 
isotopic signatures are fully consistent with a radical-mediated oxidative 
degradation pathway initiated at the triboelectrically charged solid- 
liquid interface. Furthermore, structurally related aromatic dyes with 
conjugated backbones and electron-rich functional groups are therefore 
expected to undergo analogous interfacial oxidation pathways. In 
addition, the catalyst-free and interface-driven nature of CEC suggests 
potential applicability to broader classes of organic pollutants.

The electric-field catalysis framework developed by Shaik et al. and 
Ciampi et al. has demonstrated, both theoretically and experimentally, 
that oriented electric fields imposed by external bias can substantially 
lower reaction barriers, including those associated with C-halogen bond 
activation and C–Br bond activation at charged interfaces [44,45]. In 
this work, PTFE serve as a triboelectrically charged dielectric rather than 
an conventional electrode, and no sustained external circuit is involved. 
Instead, CE generates intense, localized interfacial electric fields at the 
PTFE-water interface, which may electrostatically stabilize polarized 
transition states and lower reaction barriers [46]. Moreover, the phys
ical and chemical properties of the PTFE powder were systematically 
examined to confirm its structural and chemical stability, demonstrating 
that PTFE per se does not undergo reaction in the CEC process. Scanning 
electron microscopy (SEM) images of PTFE particles before and after 
CEC treatment in aqueous solution are shown in Fig. 4a. No discernible 
changes in particle morphology or surface features were observed, 
indicating that ultrasonication and repeated contact-separation cycles 
did not cause detectable physical damage to the PTFE powder. 
Elemental mapping analysis using energy-dispersive X-ray spectroscopy 
(EDS) further confirmed the compositional stability of PTFE (Fig. 4b). 
The spatial distribution and relative intensity of fluorine (F) signals 
remained unchanged before and after the CEC process, indicating that 
no fluorine loss or surface compositional alteration occurs during BPB 
degradation. Complementing the morphological analysis, spectroscopic 
techniques were employed to assess potential changes in the chemical 
structure of PTFE. Fig. 4c and d presented the Fourier transform infrared 
(FTIR) and Raman spectra, respectively, collected before and after CEC 
treatment. In the FTIR spectra, the characteristic absorption bands in the 

Fig. 4. Structural and chemical characterization of PTFE powder before and after the CEC treatment. (a) SEM images showing surface morphology, (b) corresponding 
EDS elemental mapping, (c) FTIR spectra, (d) Raman spectra, and (e) XRD patterns, collectively demonstrating the structural and chemical stability of PTFE during 
the CEC process.
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fingerprint region below 1500 cm− 1 remained unchanged, indicating 
the preservation of the C–F bonding environment. Similarly, Raman 
spectroscopy revealed identical skeletal vibration patterns for PTFE 
before and after the reaction, further confirming that the polymer 
backbone remains intact. Consistent with these observations, X-ray 
diffraction (XRD) patterns showed no detectable shift in diffraction peak 
positions or changes in peak profiles after the CEC process (Fig. 4e), 
indicating that the crystalline structure of PTFE remains intact despite 
ultrasonication and interfacial charge transfer. X-ray photoelectron 
spectroscopy (XPS) further probed the chemical states of PTFE before 
and after BPB degradation. The high-resolution C 1s and F 1s spectra 
(Fig. S7) revealed no shift in binding energies and no emergence of new 
peaks following the reaction. These results provide additional evidence 
that PTFE remains chemically stable and does not undergo surface 
chemical modification during CEC. Taken together, these results 
confirm that PTFE functions as a chemically inert and structurally stable 
solid dielectric, effectively mediating charge transfer without partici
pating in chemical degradation or structural alteration.

3. Conclusion

In summary, we have demonstrated a CEC strategy free from the use 
of precious metal oxidative catalysts and without the application of any 
external electric fields for the efficient degradation of BPB in aqueous 
media. Continuous solid-liquid CE between PTFE powder and water 
under ultrasonication drives interfacial electron transfer and radical 
generation, enabling oxidative cleavage of BPB's chemically robust 
sulfonephthalein framework. Compared with conventional dye- 
degradation technologies such as electrode-based electrochemical 
oxidation or chemically intensive advanced oxidation processes, the 
CEC approach offers a conceptually simpler framework that operates 
without external power input, metal catalysts, or added oxidants, sug
gesting favorable prospects for scalable and low-maintenance imple
mentation. By systematically examining BPB degradation across a wide 
pH range, this study demonstrates the general applicability of CEC under 
diverse aqueous conditions while revealing the coupled influence of 
ionic environment and interfacial electron transfer on degradation ef
ficiency. Time-resolved UV–Vis spectroscopy, direct detection of CE- 
induced radicals, and nESI-MS collectively advance mechanistic un
derstanding of CEC-driven transformations, including hydroxylation, 
formation of oxidized brominated intermediates, and subsequent frag
mentation into low-molecular-weight species. Comprehensive morpho
logical, structural, and spectroscopic analyses confirmed that PTFE 
remains chemically and structurally inert, functioning solely as a 
dielectric mediator for charge transfer. This work establishes CEC as a 
sustainable and versatile platform for the degradation of persistent 
halogenated dyes and highlights its broader potential for green inter
facial redox reactions, pollutant remediation, and molecular trans
formation without reliance on external power sources or hazardous 
reagents.

4. Experimental section

About 15 mg of PTFE powder (Sigma-Aldrich,10 μm) were added 
into a beaker containing 40 mL of as-prepared BPB (Sigma-Aldrich, 
Reagent, ACS) solution (0.2 or 0.1 mM) and stirred at 1000 rpm for 3 h. 
The reaction system was ultrasonicated (40 kHz, 120 W) in a certain 
time. The reaction temperature (25 ◦C) was controlled by ultrasonic 
bath. The UV–Vis absorption spectra of samples were recorded with a 
Hitachi UV-4150 UV–Visible spectrometer on a range of 200–700 nm. 
The Scanning electron microscopy (SEM) images of the samples were 
obtained using an FEI Nova 450. The Energy Dispersive Spectroscopy 
(EDS) was conducted on FEI Nova 450 equipped with an AMETEK Oc
tane Super appendix. FTIR spectroscopy was recorded on a Bruker 
Vertex 80 v on a range from 400 to 2000 cm− 1. The Raman spectroscopy 
was recorded on a LabRam HR evolution (HORIBA, SAS France), using a 

range from 200 to 2000 cm-1. The chemical states of PTFE before/after 
reaction were measured by near atmospheric pressure X-ray photo
electron spectrometer (NAP-XPS, SPECS, Germany). X-ray diffraction 
(XRD) of PTFE was measured using an advance diffractometer (Bruker- 
D8, Germany) with a working voltage of 40 kV. Hydroxyl radical for EPR 
analysis were prepared with 10.0 mL of DI water ultrasonication with 
PTFE, and 0.5 mL of 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) was 
transferred to the solution during ultrasonication to capture radicals. An 
orbitrap mass spectrometer (MS) (LTQ XL Orbitrap, Thermo Fisher) was 
employed to detect species in the solution. The samples were introduced 
into MS by nano-electrospray ionization (nESI). A borosilicate glass 
capillary (B150–86-10, Sutter instrument, Novato, CA, USA) was pulled 
by a flaming/brown micropipette puller (P-87, Sutter instrument, 
Novato, CA, USA) to form two pieces of 3-cm length capillaries with 
tapered ends (ID: 3 μm). 10 μL sample solution was then loaded from the 
open end (ID: 1.1 mm) of one capillary. When the capillary was mounted 
2 mm in front of the MS inlet, a conductive needle was inserted from its 
open end and contacted with the liquid inside. A 1.5 kV high voltage was 
applied to the needle to trigger the spray ionization for the MS data 
recording.
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