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Marine biomass represents an abundant, low-cost and carbon-neutral resource for sustainable chemical pro-
duction, yet the extraction and activation of kelp-derived iodine typically rely on added oxidants and harsh
processing conditions, leading to high energy input, poor selectivity and problematic by-products. Developing
green and efficient routes for iodine recovery from marine resources therefore remains a challenge. Here we
propose an oxidant-free contact-electro-chemistry (CE-Chemistry) strategy with the potential to enable extrac-
tion and conversion from kelp under ambient conditions, with strong tolerance to pH variation and ionic
interference. Iodide released from kelp through pyrolysis and boiling may be directionally oxidized via an
ultrasound-assisted process, in which interfacial electron transfer and in situ ¢OH generation cooperatively drive
iodine activation. This approach achieves a triiodide formation yield of 107.45 pmol g~! h™'. The resulting
iodine complex, formulated with poly(vinylpyrrolidone), functions as an iodophor disinfectant and delivers a 6-
log (99.9999%) reduction of Staphylococcus aureus and Escherichia coli. Through systematic interrogation of the
liquid-solid (L-S) interfacial microenvironment, the dynamic regulation of the electrical double layers (EDLs) is
revealed as a governing factor in CE-Chemistry reaction efficiency. Beyond establishing a green and low-cost
route to high-performance iodophor disinfectants, CE-Chemistry is, for the first time, extended to marine
biomass valorization, providing a general framework for EDL-mediated interfacial reaction and advancing the
sustainable, high-value utilization of marine resources.

1. Introduction

Marine biomass, as an abundant, low-cost, and carbon-neutral
renewable resource, has emerged as a pivotal candidate for sustain-
able biorefinery [1,2]. Among them, kelp-represented marine biomass
has garnered increasing attention due to its rich content of high-value
elements such as iodine [2,3]. The extraction and utilization of iodine
from kelp hold significant practical value for the development of
iodine-based products and the high-value valorization of marine
biomass resources [4]. However, conventional kelp iodine extraction
and conversion routes face substantial challenges. These processes
typically depend on chemical oxidants such as hydrogen peroxide or
chlorine and require harsh conditions, including elevated temperature
and pressure, to oxidize iodide (I") into active iodine species (I, I3)
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[5-7]. Such approaches entail high energy consumption, poor selec-
tivity, environmental pollution, and the generation of toxic by-products,
which complicate downstream purification [8-11]. Moreover, their
strong sensitivity to solution pH and ionic composition results in un-
stable yields, limiting scalability [1,12-14]. The intrinsic recalcitrance
of biomass structures, together with reliance on external oxidants,
further intensifies the trade-offs between efficiency, sustainability and
cost in conventional technologies.

Contact-electro-chemistry (CE-Chemistry) is an emerging strategy
for regulating interfacial charge transfer, rooted in contact electrifica-
tion (CE) that has garnered growing attention for enabling green and
energy-efficient chemical transformations [15-18]. Driven by mechan-
ically induced contact and separation, this approach promotes interfa-
cial charge transfer, leading to radical generation and the establishment
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Fig. 1. Schematic diagram of the experimental procedure.

of triboelectric fields, thereby eliminating the need for precious-metal
catalysts, including added chemical oxidants or reductants, as well as
extreme reaction conditions [19-21]. As early as the 1980s, El-Kazzaz
and Rose-Innes [22] investigated liquid-solid (L-S) CE involving liquid
metals and solid insulators, although the underlying mechanisms were
not fully clarified at that time. In the 1990s, Matsui, Yatsuka, and
co-workers [23] systematically examined CE between water droplets
and insulating surfaces (e.g., Teflon and polymer resins), revealing that
water droplets consistently acquire positive charges during sliding
contact with these materials. Wang and co-workers [24] investigated L-S
CE and the thermal decay of surface charges, demonstrating their
coexistence and proposing a two-step charge-transfer model that
confirmed electrical double layer (EDL) formation. They further iden-
tified electron transfer as the dominant mechanism in the initial
charging process, laying the foundation for L-S triboelectric nano-
generators (TENGs) [25]. Wei and co-workers [26] first demonstrated
that organic solvents, particularly dimethyl sulfoxide (DMSO), can
effectively support electrochemical polymerization. Building on this
insight, subsequent studies revealed that, in contrast to aqueous systems
where EDL screening severely hinders charge transfer, the use of organic
solvents such as DMSO can significantly alleviate electrostatic screening,
thereby enhancing charge-transfer efficiency and reaction selectivity in
CE-Chemistry [27,28]. To date, CE-Chemistry has shown considerable
promise across a range of applications, including environmental reme-
diation, energy conversion, fine chemical synthesis, and resource recy-
cling, underscoring its broad capability to activate small molecules and
drive complex chemical transformations under ambient conditions [5,
29-31]. For example, Zhao et al. [10] demonstrated that ultrasonic
mechanical excitation can promote interfacial electron transfer at L-S
interfaces, enabling hydrogen peroxide synthesis with yield reaching
313 pmol g Th 1, Wang et al. [32] harnessed contact-induced reactive
oxygen species for the efficient degradation of methyl orange, illus-
trating the applicability of CE-Chemistry to pollutant remediation. Wei
et al. [33] further established that redox selectivity in CE-Chemistry is
governed by the standard electrode potential (SEP) of the participating
species, identifying a critical threshold that determines the dominance
of oxidative or reductive pathways. Wei et al. [34] developed a low-cost,
tunable fluorinated silicon powder (F-Si) with controllable surface
functionalization via fluorinated alkyl chains, which markedly enhances
pollutant degradation efficiency and, for the first time, enables
noble-metal-free reaction of I to I3 oxidation. These results establish a
sustainable materials design framework for CE-Chemistry and, impor-
tantly, provide direct evidence that CE-Chemistry is intrinsically an
interfacial phenomenon, in which chemical reactions are triggered by
intense electric fields localized at the outermost L-S interface rather than
by bulk processes. Complementing this materials-based insight, Wang
and co-workers [35] employed a customized liquid microjunction sur-
face sampling probe (LMJ-SSP) to directly observe reproducible peptide
oxidation. By systematically correlating oxidation extent with droplet
evaporation time, drying frequency, and solid surface properties, they
demonstrated that interfacial conditions critically govern
CE-Chemistry-mediated reactions. In addition, Wei and Wang et al.
[36-38] extended the CE-Chemistry mechanism to the field of chem-
iluminescence through in-depth insights. Together, these studies
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highlight the central role of interfacial electric fields and underscore the
necessity of precise interface control for steering chemical outcomes in
CE-Chemistry. They found that the increase in luminescence intensity
was directly related to the improved chemiluminescent reactivity,
providing new insights into the interplay of charge polarity, electron
transfer, and reaction efficiency in CE-Chemistry. They also studied
metal-free, low-cost contact-electro-luminescence (CEL), where active
oxygen oxidizes luminol through contact electrification between
dielectric materials and deionized water. This allows for controllable
luminescence, facilitates mechanism research, and provides possibilities
for specific detection in various fields. Despite these advances, existing
studies have predominantly emphasized electron transfer and radical
generation, while the decisive role of the local L-S interfacial microen-
vironment, encompassing pH, triboelectric field strength, and the spatial
distribution of cations and anions, has received comparatively little
attention [19,29,39]. In particular, how dynamic regulation of EDL
modulates reaction kinetics and efficiency in CE-Chemistry remains
poorly understood.

This study lays a foundation for developing a CE-Chemistry-based
strategy for the efficient extraction and conversion of iodine from
kelp, establishing a green, mild activation pathway free of external
chemical oxidants (Fig. 1). The approach achieves an iodine formation
yield of 107.45 pmol g ' h ! via ultrasound-assisted CE-Chemistry, and
the resulting iodophor disinfectant exhibits excellent antibacterial ac-
tivity, with a 99.9999% reduction rate against both Staphylococcus
aureus and Escherichia coli. Mechanistically, this work reveals that re-
action efficiency is controlled by the dynamic regulation of the electrical
double layer (EDL), directly correlating EDL structure with interfacial
radical chemistry. Compared with traditional iodine oxidation methods,
this strategy avoids toxic oxidants and secondary pollution, operates
under ambient conditions with only mechanical stimulation, and shows
strong resistance to pH changes and ionic interference. These results not
only provide a sustainable, cost-effective route for high-performance
iodine disinfectants and expand the application of CE-Chemistry to
marine biomass valorization, but also establish a general mechanism
framework for EDL-mediated interfacial reactions, offering a new
paradigm for the high-value, sustainable utilization of marine resources.

2. Experimental
2.1. Materials

Fluorinated ethylene propylene (FEP), polytetrafluoroethylene
(PTFE), polyvinylidene fluoride (PVDF) and polyethylene (PE) powder
were supplied by Dupont.

2.2. Chemical reagents

potassium iodide (SSKI oral solution), Iodine (Ip), Tert-butanol
(98.0%), silver nitrate (AgNOs), EDTA-2Na, p-benzoquinone (99.5%)
were purchased from Sinopharm Chemical Reagent Co. Ltd. 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) was purchased from Dojindo
Co. Ltd. Poly(vinylpyrrolidone) (PVP) was used for the preparation of
iodophor disinfectant.
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Fig. 2. Mechanistic study and parameter optimization for iodide extraction from kelp: a) Schematic diagram of the process for extracting I~ from kelp. b) Comparison
of production yields for different materials (FEP, PTFE, PVDF, PE). c) Investigation of the relationship between concentration changes and production yield. d)
Demonstration of the effect of pH on production yield. e) Study of differences in production yield under varying temperatures. f) Observation of the relationship
between reaction time and production yield. g) Analysis of the effect of FEP amount on production yield.

2.3. Sample preparation

2.3.1. Preparation of KI solution and reaction system

Taking the optimal experimental conditions as an example, 0.166 g
of solid KI was placed in a beaker, and about 50-70 mL of deionized
water was added and stirred until completely dissolved. The solution
was then transferred to a 100 mL volumetric flask and diluted to volume
to obtain 100 mL of a 10 mM KI solution. Then, 20 mg of FEP powder
was weighed and added to a bottle containing 10 mL of the prepared KI
solution, followed by a 1-h ultrasonic bath at a constant temperature
(KQ500GDV, 40 kHz, 500 W) to facilitate CE-Chemistry with the tem-
perature maintained at 15 °C. Anaerobic or aerobic conditions were
achieved by introducing argon (Ar) or oxygen (O5), respectively. Before
ultrasonic treatment, Ar or O was introduced for 15 min to purge the air
from the reaction system, and continuous introduction of the gas was
maintained during ultrasonic treatment until the end of the reaction.

2.3.2. Plotting the I3 standard curve

I3 standard solutions were synthesized by adding a large excess of I~
to aqueous solutions of I with known concentrations to form I3. The
concentration of I3 was quantitatively measured by the absorbance at
352 nm, and a corresponding standard curve was plotted. To ensure that
aqueous I was completely converted to I3, solutions were prepared with
different I":I; molar ratios ranging from 20:1 to 2000:1, with the con-
centration of aqueous I, fixed at 0.05 mM. As the I":I, ratio gradually
increased, the absorbance initially increased rapidly, then reached a
saturation value and remained at a relatively high level (eventually close
to 1.6). The absorbance at 352 nm (the characteristic peak of I3) became
stable when the I:I ratio was higher than 500:1, indicating that
aqueous I was almost completely converted to I3. Therefore, a 1000:1
molar ratio was chosen as the optimal ratio for preparing the I3 standard
solution dilution series.

2.3.3. Calculation of I3~ production yield
The formula for calculating the production yield S (umol g~* h™!) of
I3~ after the reaction is:

= XV 100%

Where C is the measured concentration of I3 generated from I~
oxidation, V is the volume of KI solution added, m is the mass of
dielectric powder added, and t is the reaction time.

2.3.4. Preparation and treatment of kelp extract

Dried kelp was crushed and combusted to convert iodides into water-
soluble inorganic iodine salts. Deionized water was added, and the
mixture was extracted at 100 °C for 1 h under magnetic stirring to
enhance mass transfer and ensure the complete dissolution of I in the
aqueous solution. The successful release of iodine-containing substances
was verified by adding HoO> to oxidize I” to Iy, followed by starch re-
agent, which induced an immediate blue-purple color change. The ob-
tained I -rich aqueous solution was then subjected to ultrasonic
treatment, where ultrasound-assisted CE-Chemistry drove the direc-
tional oxidation of I to I3 via hydroxyl radicals generated in situ at the
dielectric L-S interface. Finally, the resulting iodine-containing product
was complexed with PVP to form an iodophor disinfectant. The flow-
chart for iodide ion extraction is illustrated in Fig. 2a.

Quantitative analysis of iodide ions was performed using a Shimadzu
HIC-20A SUPER ion chromatograph equipped with an anion suppressor,
a conductivity detector, and a UV detector, with a mobile phase of 3.5
mM sodium carbonate-10 mM sodium bicarbonate, eluted isocratically
at a flow rate of 1.2 mL/min, and an injection volume of 400 pL. The
iodide ion concentrations in extracts obtained with 50, 80, and 100 mL
solvent were 445.66, 253.45, and 200.82 mg/L, respectively, showing a
decreasing trend with increasing solvent volume. The average iodide
concentration was calculated as 299.98 mg/L, with a concentration
range of 200.82-445.66 mg/L. All measured iodide concentrations
exceeded 200 mg/L and were within the concentration range of reagent-
grade KI used, confirming that the detection sensitivity meets the re-
quirements of subsequent experiments. Additionally, fluoride ions were
quantitatively analyzed to check for potential fluoride leakage, and no
fluoride ions were detected in the reaction system.
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2.3.5. Construction of synthetic iodide system

This study selected KI, Nal, and Lil as experimental salt solutions to
simulate the ionic environment of actual kelp extract and to investigate
the regulatory effects of ionic composition and concentration on the CE-
Chemistry. Ion chromatography (IC) and inductively coupled plasma
(ICP) analysis showed that the average concentration of iodide ions in
kelp extract was 299.98 mg/L. The extract also contained cations such as
Na™, K*, Ca®*, and Mg2+, as well as anions such as carbonate and bi-
carbonate. Based on these compositional characteristics, the above salt
solutions were used to construct a synthetic iodide system, providing a
controllable experimental model for subsequent reaction parameter
optimization and laying a research foundation for applying this method
to actual kelp extract. This study used kelp, a marine biomass that is
abundant, low-cost, and carbon-neutral, as a natural iodine source. After
efficiently extracting iodide ions through green methods such as pyrol-
ysis and boiling, the CE-Chemistry method assisted by ultrasound and
without adding oxidizing agents achieved efficient oxidation of I from
kelp extract to I3.

2.4. Sample characterizationand quantitativeanalysis

2.4.1. Material characterization methods

UV-Vis spectra: Recorded in the range of 200-700 nm using a
Hitachi UV-4150 UV-Vis spectrometer. SEM images: Obtained using FEI
Nova 450. Energy dispersive X-ray (EDX): Performed on an FEI Nova
450 equipped with an AMETEK Octane Super appendix; EDX spectra
were also obtained on the FEI Tecnai F20. FTIR spectra: Recorded in the
range of 400 to 2000 em ! on a Bruker Vertex 80 V. Raman spectra:
Recorded on LabRam HR evolution (HORIBA, SAS France) using a range
of 200 to 2000 cm™~!. NAP-XPS: The chemical state of FEP before and
after the reaction was characterized by near-atmospheric X-ray photo-
electron spectrometry (NAP-XPS, SPECS, Germany). XRD: X-ray
diffraction (XRD) of FEP was measured using an Advance diffractometer
(Bruker-D8, Germany) at an operating voltage of 40 kV. HPLC-MS
analysis: Performed using the Thermo Scientific Q Exactive Orbitrap
Quadrupole-Electrostatic Field Orbitrap High-Resolution Tandem Mass
Spectrometer; the HESI ion source of the mass spectrometer was set to
3.5 kV and operated in positive/negative ion mode, the mass spec-
trometry scanner was set to a full scan range of 100-1000 m/z, and the
instrument had a resolution of 70,000 FWHM. HRTEM images: Obtained
on the FEI Tecnai F20. EPR: Electron paramagnetic resonance (EPR) was
recorded on the Bruker EMX Plus 9.5/12/P/L; the measurement was
performed in the X-band (9.830243 GHz) with an amplitude modulation
of 1 G, a microwave power of 2 mW, an amplitude modulation frequency
of 100 kHz, a conversion time of 60.00 ms, and a time constant of 40.96
ms.

2.4.2. Quantitative analysis of ions in kelp extract

Fluoride ion detection: Quantitative analysis of fluoride ions was
conducted to evaluate potential fluoride ion leaching from FEP during
the reaction, and no detectable fluoride ions were found in the reaction
system, confirming the chemical stability of FEP.

2.5. DFT methods

First-principles calculations were carried out within DFT using the
projector-augmented wave (PAW) method, as implemented in the
Vienna Ab-initio Simulation Package (VASP) [40-43]. The
exchange-correlation energy  was described using the
Perdew-Burke-Ernzerhof (PBE) functional within the generalized
gradient approximation (GGA) [44]. A plane-wave cutoff energy of 550
eV was employed. Structural optimizations were performed until the
Hellmann-Feynman forces on each atom were <0.01 eV/A, and the total
energy change between successive self-consistent steps was below 1 x
107 ev.
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3. Result and discussion
3.1. Iodide activation through CE-Chemistry

The effects of salt solution type and dielectric material on the
ultrasound-assisted CE-Chemistry synthesis of I35 were first evaluated to
establish optimal reaction conditions. Among the tested electrolytes, the
ionic composition strongly influenced the production yield of I” oxida-
tion, highlighting the critical role of the interfacial ionic environment in
modulating charge transfer [45,46]. Similarly, dielectric materials with
distinct surface properties yielded markedly different I3 production,
indicating that both surface chemistry and triboelectric characteristics
govern radical generation and directional electron transfer efficiency.
To further elucidate factors controlling reaction efficiency, key param-
eters, including pH, temperature, reaction time, I~ concentration,
ambient atmosphere, and dielectric dosage, were systematically inves-
tigated. Concentrations of I3~ were determined from absorbance at 352
nm using a standard curve (Fig. S1-S3), prepared by adding excess KI to
aqueous I solutions until saturation. The results indicate that alkaline
conditions and elevated temperatures accelerate I~ oxidation, whereas
extended reaction times gradually increase production yield but even-
tually plateau, suggesting a balance between radical availability and
EDL-mediated screening effects. Increasing I~ concentration and
dielectric dosage proportionally enhanced I3~ formation, consistent with
the role of interfacial charge density in driving CE-Chemistry, while
variations in ambient atmosphere confirmed that oxygen plays only a
secondary role, with in situ generated eOH radicals serving as the pri-
mary oxidants. As shown in Fig. 2b, the choice of dielectric material
strongly influences I3~ production yield: FEP, PTFE, PVDF and PE. The
properties of FEP are shown as Table S1. In addition, the I3~ yields and
the order in the triboelectric series under the same experimental con-
ditions are shown in Table S2. The influence of catalyst particle size on
I3~ production yield was systematically investigated. As illustrated in
Fig. S4, a pronounced difference in catalytic performance was observed
between nanoscale and microscale FEP powder. Specifically, the nano-
scale catalyst provides a significantly higher yield, while its microscale
counterpart accounts for only one-third under the same experimental
conditions. This size-dependent activity can be attributed to the larger
specific surface area and more abundant reactive sites provided by the
nanoscale particles, which facilitate enhanced interfacial charge transfer
and subsequent radical generation during the ultrasound-assisted
CE-Chemistry. Fig. S5 shows that the I3~ yield increased significantly
with increasing iodide concentration in the low-concentration range
(1-10 mM). As shown in Fig. 2¢, when the concentration exceeded 10
mM, the yield gradually plateaued and no longer increased obviously.
These results confirm the existence of an interfacial iodide supply
insufficiency effect, and concentration ceases to be the dominant factor
above 10 mM. Fig. 2d shows that the I3~ yield gradually increased as the
solution pH decreased from 13 to 3, and the highest yield was achieved
under acidic conditions. On one hand, acidic conditions can extend the
lifetime of electrons, reduce the recombination of electrons with iodine
atoms, and drive the oxidation equilibrium of I~ forward; on the other
hand, supplying sufficient protons for the reaction can significantly
enhance the production yield of I3~ and Iy, providing the necessary
conditions for the reaction [38-40]. Temperature dependence (Fig. 2e)
exhibits an initial increase followed by a decline, peaking at ~15 °C,
which correlates with the glass transition temperature of FEP (~35 °C)
and its declining electron extraction efficiency at higher temperatures.
The glass transition temperature of FEP and the temperature-dependent
behavior of interfacial charge transfer and electron extraction efficiency
in CE-Chemistry have been well documented in previous studies
[47-49]. Reaction time studies (Fig. 2f) show gradual production yield
increases, stabilizing after 1 h, with solution pH remaining constant. As
shown in Fig. 2g, the reaction production yield exhibits a clear depen-
dence on the dosage of the FEP [29,50]. With increasing FEP amount,
the production yield of I3~ initially rises and reaches a maximum at 20
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the reaction.

mg of FEP, indicating that this loading provides the most favorable
conditions for intrinsic reaction kinetics under the present experimental
configuration. At higher dosages, however, the production yield de-
clines, likely due to the scattering of ultrasonic waves by excess
dielectric powder and reduced effective interfacial area per unit mass.
Notably, when reaction performance is evaluated on a mass-normalized
basis, a different trend emerges. A lower FEP loading of 2.5 mg generates
a markedly higher I3~ production yield per gram of FEP than the 20 mg
case, indicating more efficient utilization of active material at low
loadings. This result reveals an inherent trade-off between maximizing
the absolute production yield and optimizing mass-specific reaction ef-
ficiency [50]. While reduced FEP dosages favor cost-effective operation
and economy, intermediate loadings provide higher overall production
yields and are therefore more suitable for mechanistic and kinetic
studies. Integrating these considerations with the systematic parameter
optimization shown in Fig. 2, the optimal conditions for I3~ synthesis are
identified as 15 °C, 10 mL of 10 mM KI solution, and 20 mg FEP, under
which the reaction reaches a maximum I3~ concentration of 214.89 yM
and a production yield of 107.45 pmol g~ ! h™L.

4. Recyclability and stability of the dielectrics

The stability and recyclability of FEP as a dielectric material were
systematically evaluated to assess its suitability for sustainable CE-
Chemistry. After the reaction, the recovered powder was washed with
deionized water and characterized using multiple spectroscopic and
microscopic techniques. Raman spectra confirmed that the backbone
vibration modes remained unchanged (Fig. 3a), and Fourier transform
infrared (FTIR) spectra showed a stable fingerprint region below 1500
em™! (Fig. 3b). X-ray diffraction (XRD) analysis indicated no shift in
diffraction peaks, confirming preservation of the crystal structure

(Fig. 3c), while X-ray photoelectron spectroscopy (XPS) measurements
revealed no changes in binding energies or the appearance of new peaks,
demonstrating chemical state stability (Fig. 3d). Scanning electron mi-
croscopy (SEM) imaging and the spectrum of the F element in the
energy-dispersive X-ray spectroscopy (EDX) elemental distribution map
further confirmed the retention of morphology and composition, with
almost no change in particle size and no signs of decomposition (Fig. 3e).
Importantly, the reaction performance of FEP remained essentially un-
changed over 50 reaction cycles (Fig. S6), demonstrating excellent
recyclability. In addition, the analysis of total organic carbon (TOC) in
the reaction system showed that the changes in organic carbon con-
centration were negligible (Fig. S7), further indicating the absence of
carbon leaching or structural decomposition during the CE chemical
process [34]. And as shown in Fig. S8, the change in zeta potential of FEP
in water before and after the reaction is not significant, indicating that
the surface chemical structure and charged state of FEP remain basically
unchanged during the catalytic process, demonstrating excellent struc-
tural and interfacial stability [36]. Furthermore, previous studies have
confirmed that fluoropolymers such as FEP can maintain atomic-level
surface smoothness with no significant change in surface roughness
after long-term cycles in ultrasound-driven CE-Chemistry systems,
further verifying their excellent mechanical robustness [51,52].
Collectively, these results establish that FEP is chemically inert, me-
chanically robust, and fully reusable, enabling cost-effective, sustainable
CE-Chemistry without reliance on precious-metal catalysts.

5. Reaction mechanism
The mechanism of iodide activation via CE-Chemistry was next

examined. As illustrated in Fig. 4a, water molecules at the dielectric L-S
interface are first activated to generate ¢OH radicals, which oxidize I" to
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e) Effect of different salt solutions on the yield of I3. f) DFT simulations of electron transfer energy barriers in different ions. g) Free energy profile for the oxidation of

I” to form I3~

Te. The resulting Ie then reacts with I" in solution to form I, (m/z254),
which subsequently combines with an additional I" to yield I3~ (m/z381,
Fig. S9). Environmental atmosphere experiments further revealed that
I3~ yields are significantly higher under an Ar atmosphere compared
with air or Oy (Fig. 4b), indicating that removal of O, minimizes
competition for interfacial electrons and maximizes ¢OH generation for
efficient I" oxidation [53,10]. The role of reactive species was probed
using scavengers: addition of AgNOs, EDTA-2Na, or p-benzoquinone
had negligible effect on I3~ formation, whereas tert-butanol, a ¢OH
scavenger, markedly suppressed oxidation efficiency (Fig. 4c), con-
firming the central role of ¢OH in I" activation. Electron spin resonance
(ESR) spectroscopy using DMPO (5,5-dimethyl-1-pyrroline N-oxide) as a
spin trap directly verified the generation of eOH and Ie under
CE-Chemistry conditions, producing characteristic 1:2:2:1 signal of
DMPO-eOH, along with a clear 1:1:1 triplet signal corresponding to
DMPO-le (Fig. 4d) [1]. In contrast, samples without CE-Chemistry
treatment showed no detectable ESR signals within the same time
frame (Fig. S9), demonstrating that ¢OH and Ie formation is uniquely
facilitated by interfacial charge transfer under CE-Chemistry.
Additional experiments were performed using different salt solutions
to investigate the influence of cation species on the EDL structure and
interfacial triboelectric field. By modulating cation hydration size, the
local EDL and triboelectric field at the L-S interface could be effectively
tuned, directly impacting reaction kinetics. As shown in Fig. 4e, the I3~
yield follows the order K™ > Na* > Li*, which is inversely correlated
with the cation hydration radii (K" < Na® < Li*, summarized in Sup-
plementary Material Table S4). This trend aligns perfectly with the
calculated electron transfer energy barriers at the FEP/solution inter-
face, where a smaller hydration radius corresponds to a lower barrier,
confirming the critical role of cation hydration in regulating interfacial
charge transfer and iodide oxidation performance. To further elucidate

the underlying regulatory mechanism, systematic DFT calculations were
performed, with results depicted in Fig. 4f and g As shown in Fig. 4f, the
introduction of Li*, Na* and K' significantly elevates the interfacial
electron transfer barrier, following the order Li* > Na™ > K", which is
fully consistent with the sequence of cation hydration radii. This in-
dicates that K", with its smaller hydration radius, weakly perturbs the
EDL at the FEP interface, thereby reducing the electron transfer barrier
and facilitating the participation of CE-Chemistry-generated free elec-
trons in iodide oxidation, which thermodynamically explains the
significantly higher I3~ yield observed experimentally in the Kt system.
Meanwhile, Fig. 4g illustrates the Gibbs free energy pathway for iodide
oxidation to I3™: the reaction initiates with the oxidation of I~ by eOH,
and the free energy decreases overall along the entire reaction pathway,
this is completely consistent with the reaction mechanism in Fig. 4a,
confirming the thermodynamic feasibility of efficient «OH-driven iodide
oxidation to I3~ at the FEP interface. Collectively, these theoretical re-
sults are in excellent agreement with the experimentally observed cation
effects, systematically uncovering the core role of cations in regulating
FEP L-S interfacial charge transfer and the iodide oxidation pathway,
and providing a solid theoretical foundation for understanding cation
regulation in CE-Chemistry systems [54]. Smaller hydrated cations
promote the formation of a denser Stern layer, generating a stronger
interfacial electric field. This denser, negatively charged EDL enhances
anion accumulation by strengthening local charge shielding and
reducing repulsion in the diffusion layer. Therefore, under the same
conditions, the EDL in KCl solution is more compact than in NaCl or LiCl
solutions. Consequently, smaller cation hydration radii increase the
local concentration of I” in the reaction zone, significantly improving
the efficiency of iodine conversion. These results provide direct exper-
imental evidence that the interfacial field, influenced by EDL structure,
is a key factor controlling CE-Chemistry reaction kinetics.
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6. Preparation of iodine-based disinfectants from kelp

Kelp, a marine biomass rich in iodine, predominantly contains iodine
as I". Environmentally friendly extraction of I” is a prerequisite for its
subsequent transformation into active iodine species and preparation of
iodophor disinfectants via CE-Chemistry. Following extraction,
complexation of the high-concentration I3 solution with an appropriate
amount of PVP yielded a brownish-yellow povidone-iodine (PVP-I) re-
agent (Fig. S10). UV-visible spectroscopy (Fig. 5a) shows that, upon
addition of PVP, the characteristic absorption peaks at 288 nm and 352
nm decreased substantially or disappeared, while a new peak emerged at
~470 nm, confirming formation of the PVP-I complex. The antibacterial
performance of the resulting PVP-I solution was evaluated alongside the
uncomplexed I3~ solution. Both demonstrated potent disinfection ac-
tivity, achieving up to 99.9999% reduction of E.coliand Staphylococcus
aureus (Fig. 5b), highlighting the high efficacy of the CE-Chemistry,
generated iodine species for antimicrobial applications.

7. Conclusion

In this study, kelp was employed as a natural iodine source, and an
oxidant-free, ultrasound-assisted CE-Chemistry strategy is proposed to-
ward potentially achieving efficient iodine extraction and conversion
under ambient conditions, with high tolerance to pH and ionic varia-
tions. Iodide released through pyrolysis and boiling was directionally
oxidized via in situ ¢OH generation via CE-Chemistry, producing I3~ at
107.45 pmol g~' h™l. Subsequent complexation with poly(vinyl-
pyrrolidone) affords a high-performance iodophor disinfectant,
achieving a 6-log (99.9999%) reduction of Staphylococcus aureus and E.
coli. Mechanistic studies reveal that the dynamic regulation of the EDL at
the dielectric solid-liquid interface governs CE-Chemistry kinetics. By
varying cation hydration size (K" < Na* < Li"), the local Stern layer
density and interfacial electric field are tuned, modulating I” anion
accumulation and directly enhancing reaction efficiency. This provides
direct experimental evidence linking EDL structure to reaction kinetics,
highlighting the pivotal role of interfacial electric field in CE-Chemistry.
Overall, this work extends CE-Chemistry to marine biomass valorization
for the first time, offering a sustainable, low-cost route to high-value
iodophors. It establishes a general framework for EDL-mediated inter-
facial reaction, provides mechanistic insight into reaction dynamics, and
lays the foundation for environmentally friendly, scalable iodine-based
disinfection strategies.
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