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Although liquid-solid contact electrification (CE) is a long-established natural phenomenon, few systematic
studies have explored the triboelectric charge-induced chemical reactions it initiates, particularly the reactions
caused by flow electrification (FE) within dielectric tubes over long distances. Here, a tunable and easily recy-
clable contact-electro-chemistry (CE-Chemistry) method is presented, employing triboelectric charge from FE to
directly monitor general chemical reactions, such as [Fe(CN)6]4' oxidation, [AuCly]™ reduction, and luminol
luminescence etc. The chemical reaction rate could be regulated by physical parameters of dielectric tubes,
including input flow velocity, tube inner diameter, length, and series-parallel configurations etc. Additionally,
cascade reaction could be designed by simulating the Flow Injection Analysis (FIA) facilities, originally used in
analytical chemistry. The CE-Chemistry induced by FE in dielectric tubes holds potential for real-time catalysis of
organic waste and reduction of precious metals in wastewater tubes, prompting a reconsideration of the effec-
tiveness of some traditional analytical chemistry methodologies utilizing flow-based systems such as high-
performance liquid chromatography (HPLC).

1. Introduction liquid-solid interfaces that inherently involve contact electrification

(CE) phenomenon [7,8]. Thus, understanding chemical reactions at

In nature, the continuous interaction between liquid and solid often
reveals significant physicochemical phenomena. For instance, flowing
water resists stagnation, while hydraulic forces exert mechanical pres-
sure on rock surfaces, leading to erosion and the displacement of par-
ticles, which profoundly alters the chemical composition and structure
of the rocks [1,2]. The study of liquid-solid interfaces is pivotal for
advancing fundamental understanding in materials science, catalysis,
and energy storage etc. [3-6], as these interfaces play a crucial role in
governing interfacial reactions and charge transfer processes. Insights
from this research can guide the development of more efficient systems,
thereby improving performance across various applications. Most
chemical reactions are driven by charge transfer processes occurring at

liquid-solid interfaces from the perspective of liquid-solid CE is funda-
mentally significant, as it elucidates the mechanisms governing inter-
facial processes that impact various reactions. Additionally, the CE effect
inherently arises at liquid-solid interfaces during relative motion. For
instance, as a liquid droplet flows across a solid surface, it imparts
charge to the surface of liquid and solid respectively. This phenomenon
enables not only the regulation of surface charge through droplet
manipulation, but also influencing chemical reactions as well. Zhang
et al. proposed that the positively charged luminol droplet generated by
sliding on the Polytetrafluoroethylene (PTFE) dielectric polymer surface
will increase the reaction reactivity and enhance the chemical lumi-
nescence intensity, although the reaction’s visibility is somewhat

* Prof Zhong Lin Wang, an author on this paper, is the Editor-in-Chief of Nano Energy, but he had no involvement in the peer review process used to assess this
work submitted to Nano Energy. This paper was assessed, and the corresponding peer review managed by Professor Chenguo Hu, also an Associate Editor in Nano

Energy.

* Corresponding authors at: Beijing Institute of Nanoenergy and Nanosystems, Chinese Academy of Sciences, Beijing 101400, PR China.
E-mail addresses: zhong.wang@mse.gatech.edu (Z.L. Wang), dw344@cam.ac.uk (D. Wei).

https://doi.org/10.1016/j.nanoen.2024.110526

Received 22 October 2024; Received in revised form 13 November 2024; Accepted 27 November 2024

Available online 29 November 2024

2211-2855/© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:zhong.wang@mse.gatech.edu
mailto:dw344@cam.ac.uk
www.sciencedirect.com/science/journal/22112855
https://www.elsevier.com/locate/nanoen
https://doi.org/10.1016/j.nanoen.2024.110526
https://doi.org/10.1016/j.nanoen.2024.110526
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2024.110526&domain=pdf

C. Xu et al.

limited by the small droplet volume [9].

Furthermore, chemical reactions induced by CE at liquid-solid in-
terfaces have garnered significant interest in green chemistry, where
electron transfer, a fundamental mechanism of CE, catalyzes radical
formation and initiates a series of reactions under strong mechanical
stimuli, such as ultrasonication and ball milling [10,11]. This
paradigm-shift technology, termed contact-electro-catalysis (CEC),
opens up exciting possibilities for the development of innovative cata-
lysts and chemical processes. For instance, the degradation of organic
pollutant, the generation of hydrogen peroxide (H202) [12,13], the
recycling of cathode materials in spent lithium-ion batteries [14], the
reduction of precious metals from aqueous solutions [15], and other
applications envisioned to be applied in cancer therapy etc. [16] CEC
enables traditionally inert polymers to act as catalysts. Additionally, our
prior research has extended this methodology to various applications,
including polyaniline synthesis, luminol luminescent reactions, and
redox processes. A unified framework integrating work functions, elec-
tronegativity within the triboelectric series, and standard electrode po-
tentials has also been developed, leading to the introduction of the
concept of contact-electro-chemistry (CE-Chemistry) based on electron
transfer capabilities [17,18]. In CE-Chemistry, traditionally inert

a
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polymers such as Fluorinated Ethylene Propylene (FEP) and PTFE are
commonly employed as ideal dielectrics to CE for generating radicals
and facilitating reactions. Strong mechanical conditions, including
ultrasonication or ball milling [10,11], are generally employed to
enhance liquid-solid CE performance, thereby intensifying observable
CE-chemical reaction. However, CE-chemical reactions under mild me-
chanical stimulation remain underexplored, despite the ubiquity of CE
at liquid-solid interface and its growing impact on the field of organic
synthesis and analytical chemistry.

Here, we confirmed the existence of CE-Chemistry under mild me-
chanical stimulation via flow electrification (FE) and further introduced
a tunable and easily recyclable CE-Chemistry method. This approach
leverages triboelectric charge generated from FE between flowing lig-
uids and solid dielectric tubes. FEP tubes served as both CE dielectrics
and direct reaction vessel, enabling flexible regulation of CE-Chemistry
by physical parameters, including input flow velocity, tube inner
diameter, length, and series-parallel configurations etc. The optimized
reaction parameters are an input flow velocity of 0.05 mL/s and a 5 m-
parallel configuration. The oxidation of potassium ferrocyanide (Ks[Fe
(CN)e]) and luminescence of luminol were directly observed. Further-
more, a reusable method facilitated the degradation of the organic dye
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Fig. 1. CE-Chemistry for K4[Fe(CN)g] solution and FEP tubes. (a) USP of CE-Chemistry induced by flow electrification (FE) in dielectric tubes. (b) The overall
skeleton diagram of the CE-Chemistry between fluid and dielectric tubes. (i) The source of mechanical energy. (ii) Fluid in FEP tube. (iii) The local magnification of
the fluid in FEP tube. (iv) Charge transfer induced by CE between the solid-liquid interface. (v) The theory of hydromechanics between fluid and tube. (c) Oxidation
of [Fe(CN)g]* from 0 hour to 10 hour and optical photographs of solution color change. (d) Oxidation of [Fe(CN)s]* from 10 hour to 16 hour by cleaning the initial

surface charge with alcohol and optical photographs of solution color change.
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methyl orange (MO) and the reduction of precious metal (Au®) from
([AuCl4]) under mild and tunable conditions. This demonstrates its
potential for real-time catalysis of organic waste and the recycling of
heavy metals in wastewater systems. It should be also noted that the
oxidation of Ks[Fe(CN)s] and the luminescence of luminol exemplify a
cascade reaction that can be effectively realized through simulation of
Flow Injection Analysis (FIA) systems. This finding suggests a need for
critical reevaluation of all analytical methodologies utilizing flow-based
systems, including high-performance liquid chromatography (HPLC), in
light of the chemical reactions potentially induced by the triboelectric
charges generated from FE.

2. Results and discussion
2.1. CE-Chemistry for K4[Fe(CN)¢] solution and FEP tubes

Compared to the pronounced physical forces generated by methods
such as ultrasonication or ball milling commonly used in CE-Chemistry,
the reactions induced by FE in flowing liquids within dielectric tubes are
often overlooked. However, once established, the tunability of this
approach could prove substantial, offering significant advantages in
terms of stability, mildness, ease of regulation and recyclability
(Fig. 1a). Crucially, the dielectric tubes serve not only as liquid carriers
but also as catalysts, initiating reactions via FE. Unlike prior CE-
Chemistry approaches that necessitate the incorporation of solid
dielectric powders or films into contained solutions, this method obvi-
ates the need for such additives. Furthermore, it could offer a direct
mechanism for regulating CE efficiency based on hydromechanics. Thus,
the FE method in CE-Chemistry potentially offers a means to affect
chemical reactions through the regulation of physical parameters such
as input flow velocity, tube inner diameter, length, and series-parallel
configurations. Fig. 1b illustrated the overall schematic of the CE-
Chemistry via the FE method, comprising a peristaltic pump (Fig. 1b
(1)) and dielectric tubes (Fig. 1b (ii)). The peristaltic pump ensured
stable fluid flow through FEP tubes, commonly used in chemical analysis
and flow injection systems. A detailed view of the fluid in the FEP tubes
was presented in Fig. 1b (iii), highlighting that electron transfer pri-
marily occurred at the liquid-solid interface (Fig. 1b (iv)). Moreover, the
CE performance is influenced by mechanical stimulation, emphasizing
the consideration of hydrodynamic effects on CE in this study (Fig. 1b
(v)). The explain of potential flow, boundary layer flow, fully developed
laminar flow and the equation are shown in Note 1 [19]. Generally, the
flow velocity at the center of the tube differs from that at the wall due to
frictional forces. Additionally, flow velocity is influenced by various
physical parameters, such as the length and inner diameter of the tube,
which can regulate the interfacial charge exchange performance be-
tween solid and liquid phases, subsequently impacting the charge ex-
change chemical reaction. The photograph of Fig. 1¢ showed the color of
0.1 mM K4[Fe(CN)g] solution changed from transparent to light yellow
when it flowed in the FEP tubes after different time interval. As illus-
trated in Fig. S1, no UV-Vis absorption peak at 420 nm was detected in
the 0.1 mM standard Ks[Fe(CN)s] solution, whereas a pronounced peak
was observed in the 0.1 mM standard Ks[Fe(CN)s] solution. According to
experimental observations, the UV-Vis absorption peak at 420 nm
intensified with the increasing flow time of the Ka[Fe(CN)s] solution in
the tubes, indicating the generation of Ks[Fe(CN)s] due to the oxidation
of Ks[Fe(CN)e]. Moreover, the elevated UV-Vis peak at 420 nm for the
flowing Ka[Fe(CN)e] solution in FEP tubes, compared to the stationary
solution after 3 hours, underscores the critical role of FE in the oxidation
reaction (Fig. S2). In general, FEP extracts electrons from water mole-
cules, leading to the generation of oxidized free radicals that enhance
the oxidation reaction. Notably, the electron transfer efficiency in CE is
influenced by the ionic concentration of the solution, which in turn af-
fects the formation of the electrical double layer (EDL). This theory
supported the results in Fig. S3, where the UV-Vis peak at 420 nm
decreased as the increasing electrolyte concentration of potassium
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chloride (KCl). Specifically, the oxidation reaction induced by FE is
inhibited in high ionic concentration environments due to excess ions
adsorption onto the negatively charged FEP tubes, forming an EDL that
reduces electron transfer and diminishes reaction efficiency. Conse-
quently, the oxidation efficiency of the Ks«[Fe(CN)e] solution diminishes
over time, as indicated by the UV-Vis spectra at 8 and 10 hours in Fig. 1c.
This decline is likely due to the formation of an electrical double layer
(EDL) resulting from the accumulation of positive ions on the negatively
charged FEP tubes after they capture electrons from water molecules.
Notably, as illustrated in Fig. 1d, reaction efficiency was restored after
16 hours by cleaning the inner surface of the FEP tubes with alcohol and
subsequent drying, as alcohol effectively removes the initial surface
charge of the FEP [20]. This demonstrates the recyclability and reus-
ability of the FE method in CE-Chemistry.

2.2. Impact of flow tube physical parameters on chemical reactions

According to the “electron-cloud-potential-well” model in CE
mechanism, electron transfer occurs at the interface when the electron
clouds of two atoms overlap with the reduced potential barrier [21]. As
illustrated in Fig. 2a (i) and 2a (ii), electrons transfer from the high
energy level of water to FEP during the initial charge exchange due to
the overlap of electron clouds when water molecules collide with FEP.
As the fluid flows through the tube, similar electron exchanges occur
during FE. The boundary layer between the solid and fluid phases sug-
gests this overlap of electron clouds, as evidenced by the COMSOL
simulation of flow within the FEP tubes. Fig. 2b illustrated the COMSOL
simulation of 3D flow rate of the fluid in FEP tubes under a steady state,
with the input flow velocity 0.15 m/s. The simulation used a low Rey-
nold number k-¢ model, which considered the need for high velocity
resolution around the tube wall. Compare to other models such as Large
Eddy Simulation (LES) and Direct Numerical Simulation (DNS) model,
the low Reynold number k-e model can describe the boundary layer
more accurately, which is more suitable for our research and has lower
computational cost. It can be seen that the flow rate of liquid at the
boundary layer is lower than that at the inner position, indicating the
presence of a resistance force at the boundary layer between liquid and
FEP tubes. Therefore, by integrating the electron transfer mechanism of
CE with a hydromechanical model, electron transfer might occur at the
boundary layer due to flow resistance interactions between the liquid
and the FEP tubes, thereby initiating various chemical reactions.

Consequently, the influence of physical parameters of the tubes on
CE-Chemistry via FE was systematically investigated, including input
flow velocity, inner diameter, and length of the FEP tubes, all under a
liquid volume of 2 mL. In this work, the optimized oxidation of Ks[Fe
(CN)e] was achieved at an input flow velocity of 0.05 mL/s, as shown in
Fig. 2c and Fig. S4. Various input flow velocities were generated by
adjusting the preset rotational speeds of the peristaltic pumps
(Table S1). Additionally, the inner flow velocities within the tube at
different preset input velocities were simulated using COMSOL (Fig. S5).
This simulation assessed the flow rate from the center of the tube (0 mm)
to the inner wall (0.25 mm, corresponding to the tube’s radius). The
results indicate that the boundary layer between the tube wall and the
liquid varies with input flow velocities (0.01 mL/s, 0.03 mL/s, 0.05 mL/
s, 0.07 mL/s), potentially influencing the frictional resistance between
the fluid and the solid surface. Additionally, the larger size (inner
diameter) of the tube, the lower the flow rate will be, resulting in the
better reaction in the 1.6 mm-diameter tube compared to 0.5 mm and
1.0 mm diameter. (Fig. 2d and Fig. S6). As illustrated in Fig. 2e, longer
lengths of the FEP tube exhibited improved reaction efficiency, likely
attributable to increased opportunities for CE. Thus, CE-Chemistry via
FE can be potentially regulated by various physical parameters,
including input flow velocity, tube inner diameter, and length, high-
lighting its controllability.

Furthermore, the design of FEP tubes using FE is illustrated through
various series-parallel configurations in Fig. 2f, including 5 m-series, (2
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Fig. 2. The effect of modulating the physical parameters of the flow tubes on the chemical reaction. (a) Schematic of the electron cloud and potential energy profile
(2D) of two atoms belonging to two materials A and B, respectively, when they are: (i) before contact, (ii) in contact. (b) 3D flow rate simulation of the fluid in the
FEP tube. The influence of (c) input flow velocity, (d) inner diameter and (e) length of the FEP tubes on CE-Chemistry. (f) The five different configurations of
connecting FEP tubes in series and parallel. (g) The influence of five series-parallel configurations on the results of oxidation of [Fe(CN)¢]*". (h) The flow rate of
different series-parallel configurations in the tubes simulated by COMSOL. i-v are 5m-series, (2m-parallel)-(3m- series), (3m-parallel)-(2m- series), (4m-parallel)-1m,

and 5m-parallel respectively.
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m-parallel) + (3 m-series), (3 m-parallel) + (2 m-series), (4 m-parallel)
+ 1 m, 5 m-parallel. With the same total length of FEP tubes and rota-
tional speed of the peristaltic pumps, the reaction performance of par-
allel configurations surpasses that of series configurations. Moreover,
increasing the number of branches in parallel configurations (5 m-par-
allel) further enhances reaction performance (Fig. 2g and Fig. S7). The
design of parallel tubes minimizes flow rate in each tube under the same
peristaltic pump power, as the fluid can traverse multiple pathways.
Moreover, the flow rates of each tube for different configurations were
simulated by COMSOL in Fig. 2h. The tubes are modeled as cylindrical
structures, and roughness is calculated using the Churchill model, which
effectively simulates a wide range of scenarios, including varying
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Reynolds numbers. The configurations i-v represent 5 m-series, (2 m-
parallel) + (3 m-series), (3 m-parallel) + (2 m-series), (4 m-parallel)
-+ 1 m, and 5 m-parallel, respectively. The flow rate in each parallel tube
is slower than that in the series tubes, resulting in more effective contact
with the tube walls, which enhances the CE effect. Consequently, the 5
m-parallel configuration demonstrates superior CE-chemical reaction
performance compared to the other configurations.

2.3. Mechanism of CE-chemistry induced by FE

In order to further understand the underlying mechanism of CE-
Chemistry induced by triboelectric charge of FE, the production of

a b c
Installation . —
l g. 2)(10— ,.2 s 1: No additive
. - - ] g S5 6.0x107% 2: Tertiary butanol
° f [ '.\ g 0 g 3: AgNO,
) 2 p
Outlett| |/, Inlet 9 % 3.0x10721
Flow \,,,‘, % Q
direction l‘;{ P2 8
X : i
g @ < 0.0 : ’-.
L] 1 2 3
Quenching agents
d__ e f
2 2x107% 4 1: No additive _ -
c i . ) v v ®
> 2: Tertiary butanol = =
o . =) ‘ v =]
5 5 3: AgNO, 5 ‘ b
g 8x107% 7 S| (. S { & g
= 2 2
g : :
[] Q [0}
3 2 £
< 0 - DMPO--OH i TEMPO-e-
0 15 30 45 60 3450 3480 3510 3540 3450 3480 3510 3540
Time (min) Magnetic field (G) Magnetic field (G)
g
REE_fube elolelolelololol0l0l0l6 0] b
H,0 . N
Sm”‘bye“ﬂ-<§%%§»—<5¥%5——<§¥%5—-<§¥%5-: ST T
QO [©0) (&) Q) ! : i
1 K e e e | i
06 Q0 o0 : 000 ! '
QO QIO O 5 () N | Mechanical
1 1 d .
: b) -OH : ? 2 ? (Z : riven
= 1 1 - & 1
Diffuse Iayer< OO+OO OOOO : H,O e e :
&6 & | |
&0 : / | |
1 1 1
©©) ! - ' HumMO
ot . e
OOGOO i (i) Electron transfer
| -OH
O HO : /
© Cation P H0 —— e +H0 (1)

[Fe (CN)gl* -7~
+ Anion

o e (i) CE oxidation

[Fe (CN)el*
H,0-*+H,0 —— -OH+H,0-* (2)

Fig. 3. Mechanism of CE-Chemistry initiated by triboelectric charge of flow electrification. (a) The installation of ventilation. (b) The effect of constantly bubbling
air, N,, or O, on the reaction rate. (¢) The evolution of [Fe(CN)g]® concentration in presence of quenchers. Ter-butanol and AgNO3 are regarded as hydroxide radical
and electron quenchers, respectively. (d) The evolution of [Fe(CN)s]> concentration in presence of these quenchers within 60 minutes. (e) EPR spectroscopy of
DMPO solution to capture eOH radicals. (f) Detection of TEMPO by EPR spectroscopy. (g) The mechanism of CE-Chemistry in the flow tubes. (i) The process of

electron transfer. (ii) CE oxidation by eOH radicals.



C. Xu et al.

reactive radicals was estimated by terephthalic acid (THA) experiment.
As illustrated in Fig. S8, the fluorescence emission intensity of the THA-
eOH adduct (425 nm) increased after the THA solution flowed through
the FEP tubes for 30 minutes, indicating the presence of ¢OH radicals
during the FE process. The relationship between dissolved O concen-
tration and oxidation rate was further investigated by continuously
bubbling air, N2, or O, as illustrated in Fig. 3a. Prior to the reaction, the
system was purged through the inlet for 15 minutes and then continu-
ously bubbled throughout the reaction to ensure that the entire tubing
was maintained under the target atmosphere. Fig. 3b demonstrates that
the highest oxidation rate occurred during air bubbling, while the lowest
rate was observed with Oz. This disparity arises primarily from the fact
that oxidative environments impair the CE properties of the materials,
leading to reduced electron induction and transfer during CE-Chemistry
[22]. Furthermore, a series of radical and electron quenchers were
added separately into the original solution, reaching 5 mM concentra-
tion of each quencher in solution, to investigate the CE-chemical per-
formance. The evolution of [Fe(CN)6]3' concentration in presence of
these quenchers is displayed in Fig. 3c. 1-3 represents no additive,
tertiary butanol (quencher for ¢OH radicals), and AgNO3 (quencher for
electrons), respectively. The results indicated that two kinds of in-
termediates, hydroxyl radicals (¢OH) and electrons, might contribute to
the oxidation of [Fe(CN)g] +, Moreover, the electrons might be appeared
as the limiting factor of FE process as less [Fe(CN)6]4' was oxidized after
60 minutes when it was quenched (Fig. 3d). The UV absorption spectra
of the two quenchers are illustrated in the Fig. S9. It is noticed that the
absorption peak of tertiary butanol and AgNO3 at 420 nm will not affect
the absorption peak of [Fe(CN)6]3' product. Electron paramagnetic
resonance spectroscopy (EPR) was also carried out to directly confirm
the production of radical intermediates. Specifically, 100 mM DMPO
solution was utilized to capture eOH radicals, as illustrated by Fig. 3e.
The curve inferred that quadruplet DMPO-eOH characteristic peaks
were yielded when the fluid flows through FEP tubes, labeled by orange
triangles, which can be ascribed to the fact that ¢OH radicals are more
prone to react with DMPO and that the hydroxyl adduct is more stable
than that of superoxide radicals. Fig. S10a exhibits the mechanism and
characteristic peaks of DMPO capturing eOH radicals. Additionally, 2,2,
6,6-Tetramethylpiperidine 1-oxyl (TEMPO), a paramagnetic electron
quencher, were substantiated to capture electrons by EPR spectroscopy.
Compared with the original peaks (labeled by blue stars), the peaks of
TEMPO after CE-Chemistry, were decreased seen from EPR spectroscopy
(Fig. 3f, from i to ii). It was because when TEMPO was reduced to
TEMPOH due to capture of electrons, it lost its paramagnetic properties,
resulting in a decreasing EPR signal (Fig. S10b). Electron transfer is
paramount in solid-liquid CE and exerts a decisive influence on redox
reactions, and the essence of CE-Chemistry possibly lies in the coupling
of electron transfer with reactant interaction.

Therefore, the underlying mechanism of CE-Chemistry initiated by
triboelectric charge of FE was depicted by Fig. 3g. During CE at the
liquid-solid dielectric interface, electrons were firstly transferred from
water to the FEP surface (step i) resulting in the negatively charged FEP
surface and the generation of hydronium cations and eOH radicals. This
process can be represented by the reaction (1) and (2). Moreover, ¢OH
radicals in the diffusion layer (step ii) induced the CE-Oxidation reac-
tion. On the other hand, the electron accumulated on the FEP tubes
might adsorb hydronium cations in the vicinity of the solid surface
forming the Stern layer. The EDL formation could inhibit the further
interfacial electron transfer between DI water and FEP. However, as
mentioned above, the reaction efficiency can be restored after cleaning
the inner surface of FEP tubes with alcohol (Fig. 1d), demonstrating the
recyclability and reusability of the FE method in CE-Chemistry.

2.4. Cascade reaction design and FIA simulation

Current methodologies for cascade reactions often rely on conven-
tional setups such as continuous flow reactor, microreactor,

Nano Energy 134 (2025) 110526

multifunctional reactor, automated synthesis platform, batch reactor
etc., which impose limitations on design flexibility and efficiency
[23-26]. These limitations arise from the fact that approaches typically
necessitate precise control of reaction conditions and often require
complex configurations that can be challenging to optimize for specific
applications. The greatest advantage of the dielectric tube reaction
system induced by FE lies in its design flexibility and relatively mini-
mized equipment cost. Beyond the physical design of the tubes to
regulate chemical reactions, this system facilitates the implementation
of diverse cascade reactions within dielectric tubes through electron
transfer initiated by FE, thereby enhancing overall reaction efficiency.
2.0 mM luminol (dissolved in 30 mM NaOH, defined as benchmark
luminol solution) and the mixed solution containing K4[Fe(CN)g] and
luminol flowed through the FEP tubes, respectively. It can be seen from
Fig. 4a that the fluorescence intensity of luminol solution increased after
CE-Chemistry reaction via FE for 120 minutes, presenting the effec-
tiveness of the FE in the luminescence reaction. Moreover, the fluores-
cence emission intensity of the mixed solution is higher than that of the
benchmark luminol solution, indicating the oxidation of K4[Fe(CN)g]
initiated via FE can enhance the luminol luminescence reaction, real-
izing the cascade reaction. In order to explore the role of [Fe(CN)¢] 4in
the mixed solution, the UV absorption peaks of [Fe(CN)g] 3" in the mixed
solution and pure K4[Fe(CN)¢] solution were tested every 30 minutes.
The results were shown in the Fig. 4b. It can be observed that the UV-Vis
absorbance intensity of oxidized [Fe(CN)6]3' in the mixed solution is
lower than that in the pure K4[Fe(CN)g] solution. This phenomenon
suggests that oxidized [Fe(CN)e]®>~ reacts with luminol, thereby
enhancing the luminescence of the cascade reaction. Consequently, the
oxidation of [Fe(CN)e]*" and the luminescence of luminol may occur
simultaneously within the same reaction system. Fig. 4c illustrates that
the fluorescence intensity of the mixed solution containing Ka[Fe(CN)s]
and luminol increases over two hours, with a notable rise in the final
hour, indicating that luminol may be oxidized by [Fe(CN)e]® -, resulting
in fluorescence emission. The traditional mechanism of luminol chem-
iluminescence (CL) relies on highly reactive catalysts, such as hydrogen
peroxide, [Fe(CN)s]® -, and horseradish peroxidase, which facilitate
rapid oxidation to form 3-aminophthalate (3-APA*) in its excited state.
Upon returning to its ground state, 3-APA* emits blue light at a wave-
length of 425 nm [27,28]. Here, CE-Chemistry may contribute in two
ways: directly oxidizing luminol and facilitating the oxidation of [Fe
(CN)e]* to [Fe(CN)e]®~, which subsequently catalyzes the luminescence
reaction of luminol (Fig. 4d). In flow injection analysis (FIA), the in-
jection tubes enable the addition and separation of chemical reaction
intermediates, inspiring the design of various cascade reactions.
Accordingly, the FIA reaction simulation is illustrated in Fig. 4e,
where peristaltic pump I drives the FEP tubes to oxidize [Fe(CN)s]*",
while peristaltic pump II facilitates the oxidation of luminol to generate
luminescence. Ultimately, the reaction solutions from the two peristaltic
pumps are mixed. Compared with the benchmark luminol solution (1)
and oxidized [Fe(CN)g] 4 via FE then mixed with the luminol solution
(2), the fluorescence intensity of the mixed solution in Fig. 4e (3) was the
highest (Fig. 4f). Figs. 4g and 4h illustrate the overview of FIA device
and enlarged view of FIA sample detection system, respectively. A
typical FIA device comprises several components: a sample injector,
peristaltic pump, reaction coil, detector, and data processor (Fig. 4g).
The FIA sample detection system encompasses these elements such as a
sample auto-sampler, reagent reservoirs, injection port, reaction coil,
flow tank and a control system for automated operation and data anal-
ysis (Fig. 4h). In analytical chemistry, FIA utilizes multiple injection
tubes, enabling precise control over the addition or cessation of various
liquids to create a mixed solution for analysis and detection. FIA is
particularly well-suited for flow-based systems in CE-Chemistry,
providing a framework for the design of more complex cascade re-
actions. It is important to note that the generation of FE is widely
observed in flow-based systems. Previous studies on solid tubes and
single droplets have demonstrated that FE can induce chemical
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reactions; however, the reaction efficiency resulting from FE in a single
droplet is limited, hindering its ability to flexibly and effectively regu-
late chemical reactions [29]. Thus, it is anticipated that by emulating
FIA, one can flexibly control and design desired chemical reactions using
different inner walls of tubes with varied pathways as solid interfaces,
facilitating flow between these walls and the continuous fluid to initiate

reactions. In CE-Chemistry, conventional inert polymers such as FEP are
widely employed as catalysts due to their CE properties. This capability
enables the FEP tube to function as a long-distance solid flow channel
that induces FE with the fluid, thereby serving both as a catalyst and as a
reaction vessel with a flexible flow path design.
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2.5. Contact-electro-chemistry induced by FE and its applications

Various chemical reactions can be initiated via CE-Chemistry
induced by FE in dielectric tubes. To assess the feasibility of these re-
actions across different dielectric materials, PTFE tubes were employed
to confirm the versatility of CE-Chemistry. The distinct CE properties of
these dielectric tubes facilitate the investigation of the relationship be-
tween oxidation effects and their corresponding CE -capabilities
(Fig. S11). The variations in the oxidation level of [Fe(CN)6]4' corre-
spond to discrepancies in the CE performance of dielectric materials,
with FEP exhibiting superior efficacy compared to PTFE. MO is typically
found in wastewater from textile, dyeing, and paper industries, where it
is used as a pH indicator and dye [30]. Its presence in effluents poses
environmental concerns due to its toxicity and resistance to biodegra-
dation [31,32]. Leveraging the enhanced CE performance of FEP tubes
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and an optimized reaction system design, we investigated the degrada-
tion of MO. As illustrated in Fig. 5a, a 0.01 mM MO solution was
continuously flowed through the FEP tubes for 7 hours, with the initial
surface charge refreshed using alcohol at hourly intervals. The results
revealed a progressive degradation of MO over this duration, as indi-
cated by the diminishing yellow color in Fig. 5b. Additionally, experi-
ments utilizing the same FEP tubes over 4-hour intervals demonstrated
consistent degradation performance after 7 cycles, as illustrated in
Fig. 5c. Thus, this technique offers promising potential for wastewater
treatment by facilitating the straightforward passage of wastewater
through the tube. On the other hand, there are significant amounts of
precious metals in electronic waste, catalytic converter waste and min-
ing streams [33]. Recovering these metals is of great significance to
sustainable development of the environment. Hence, in addition to
degrading pollutants, the FE in the dielectric tubes was also investigated
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Fig. 5. Degradation of MO and reduction of [AuCl,]” for pursuing potential applications in wastewater treatment. (a) MO solution flowing through the FEP tubes for
7 hours by removing the initial surface charge with alcohol every hour. (b) Optical photos of MO solution within 7 hours. (c) Recycling of FEP tubes for 7 cycles of
4 hours each time. (d) (i) TEM photograph and particle size distribution of Au® nanoparticles. (ii) Enlarged image of (i). (iii) Measurement of d-spacing on gold, the
bottom left inset contains the SAED pattern of the particles. (iv) EDX mapping of gold, the bottom inset is HAADF and TEM images of the sample analyzed by EDX. (e)
ICP-OES results of Au element after CE-Chemistry for12 hours. (f) Applicative prospect of organic pollutants and heavy metal solutions degradation. (g) Summary of

the above reactions involved in CE-Chemistry.
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to be used to drive the reduction of metal ions, such as the extraction of
gold from 1 mM KAuCly aqueous solution. Gold nanoparticles were
extracted from the KAuCly solution while flowing through the FEP tubes
over a period of 12 hours, primarily via an electron transfer mechanism
during the water-solid FE process. The solid precipitates obtained at the
end of the gold reduction experiment were examined by high-resolution
transmission electron microscope (HRTEM), as shown in Fig. 5d. The
diameter of the obtained particles ranges from 40 nm to 60 nm (Fig. 5d
(1)), with an enlarged view (Fig. 5d (ii)). It can be seen the particle
adopts a spherical shape with aggregates. The Miller indices (h k 1) and
d-spacing (Fig. 5d (iii)) of one of the particles was obtained from
Selected Area Electron Diffraction (SAED) and image analysis. A
d-spacing of 2.03 A on (2 0 0) plane was measured, which matched well
with the data reported in the literature (PDF#99-0056). The particles
contained gold element was confirmed through Energy Dispersive X-Ray
(EDX) analysis, the corresponding high-angle annular dark-field
(HAADF) and the transmission electron microscope (TEM) images in
Fig. 5d (iv). Table S3 presented the results obtained for d-spacing of gold
particle by analysis of the HRTEM and SAED. These results indicated
that gold ions in solution have been effectively reduced to solid particles
of Au®, primarily due to electron transfer resulting from CE between the
liquid and solid interfaces. Inductively Coupled Plasma Optical Emission
Spectrometer (ICP-OES) results showed in Fig. 5e, indicating that the
content of Au element decreased after 12 hours. The decrease may be
caused primarily by the fact that the [AuCl4] ions in the original solu-
tion were extracted to form Au’ nanoparticles after FE, and these par-
ticles had been centrifuged and filtered before ICP-OES test. These
results supported the reduction of [AuCls]". Fig. 5f highlights the po-
tential applications for the degradation of organic pollutants and heavy
metal solutions. As wastewater traverses the long-distance dielectric
tubes, it is anticipated to undergo gradual degradation, leading to
enhanced energy efficiency and reduced emissions. Fig. 5g provides a
comprehensive summary of the reactions involved in CE-Chemistry,
encompassing oxidation/reduction, luminescence, cascade reactions,
and the degradation of pollutants.

Moreover, FEP is a traditional inert polymer with stable physico-
chemical properties, offering the potential for large-scale use as both a
reaction vessel and a CE catalyst. Importantly, as a CE catalyst, FEP does
not participate in the chemical reaction itself. We conducted the
following experiments to demonstrate this. The surface morphology,
elemental composition, and group structures of FEP exhibited no sig-
nificant changes before and after the CE-Chemistry, as evidenced by
scanning electron microscope (SEM) images, EDX analysis (Fig. 512), X-
ray photoelectron spectroscopy (XPS) (Fig. S13), Raman spectra, Fourier
transform infrared (FTIR) spectra, and X-ray diffraction (XRD) patterns
(Fig. S14). Specifically, morphological characterization and element
mapping of FEP tubes before and after CE-Chemistry were reported in
Figs. S12a and 12b. No morphological changes were observed, either by
the naked eye or via SEM. Besides, the inserted EDS pictures indicated
that the composition of FEP remained unchanged. Spectroscopic anal-
ysis techniques were also performed to deliver more in-depth informa-
tion on the chemical properties of FEP tubes. XPS had been conducted to
analyze the variation of the chemical state of FEP tubes before/after the
CE-Chemistry. The Cls, F1s, and O1ls spectra of the FEP tubes are listed
in Figs. S13a-13c, respectively. Neither shift in binding energies of
original peaks nor generation of new peaks was observed, which further
confirmed the chemical stability of FEP. Fig. S14a presents the Raman
spectroscopy, which the skeleton vibration pattern of FEP before and
after the experiment is identical. FTIR spectroscopy results are shown in
Fig. S14b. The fingerprint region in FTIR characterization, below
1500 cm ™!, was stable after the CE-Chemistry. XRD pattern of the di-
electrics before and after CE-Chemistry showed no changes of chemical
composition (Fig. S14c). These data indicated that the chemically inert
FEP tubes act as catalysts for CE-Chemistry, suggesting that dielectrics
can be reused with remarkable stability. This advantage facilitates
environmentally friendly, non-metallic catalysis and enables complete
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recovery of the materials.

3. Conclusions

Flow electrification (FE), previously overlooked, is now recognized
as a significant factor at solid-liquid interfaces, influencing chemical
reactions within dielectric tubes. This study demonstrates that the
physical design of these tubes, such as input flow velocity, inner diam-
eter, length, and series-parallel configurations, can effectively modulate
reaction rates, enabling tailored approaches to cascade reactions
inspired by Flow Injection Analysis (FIA). The inert polymer FEP func-
tions as both a reaction vessel and a CE catalyst, facilitating the degra-
dation of organic pollutants and the recovery of precious metals while
maintaining stability over multiple cycles. By leveraging the triboelec-
tric charge from FE, this method allows for the monitoring of various
chemical reactions, including the degradation of MO, the reduction of
[AuCly]’, the oxidation of K4[Fe(CN)g], and the luminescence of lumi-
nol. Furthermore, the implications for analytical chemistry are pro-
found, particularly in refining methodologies for flow systems such as
HPLC, where undesired reactions may occur due to electrostatic charges
generated by FE. This research highlights the potential of FE-induced
reactions as a versatile and efficient tool in CE-Chemistry, offering sig-
nificant advantages in stability, mildness, regulatory ease, and recycla-
bility, ultimately advancing the interdisciplinary fields of broader
interest in chemistry and physics.

4. Experimental
4.1. Reagents and materials

Potassium ferrocyanide [K4[Fe(CN)¢], HengXing, Analytical Re-
agent], potassium ferricyanide [K3[Fe(CN)g], HengXing, Analytical Re-
agent], potassium chloride [KCl, HengXing, Analytical Reagent], tert-
butanol [C4H;¢0, Sino-pharm Chemical Reagent Co., Ltd, 98 %], Sil-
ver nitrate (AgNOs, Macklin, 99.8 %), 5,5-dimethyl-1-pyrroline N-oxide
[DMPO, Dojindo]l, 2,2,6,6-tetramethylpiperidinooxy = (TEMPO,
CoH1gNO, Macklin, 98 %), luminol [CgH7N30-, Macklin 98 %], NaOH
[Macklin 99.5 %], methyl orange (MO) [C;4H14N3NaO3S, Macklin,
98 %], Potassium gold chloride (KAuCly, Macklin, Au>51 %), fluori-
nated ethylene propylene (FEP) [Dupont], polytetrafluoroethylene
(PTFE) [Dupont].

4.2. Sample preparation

A 2.0 mL sample solution containing 0.1 mM K4[Fe(CN)g] was pre-
pared in advance. Peristaltic pumps (BT100-2J) were used to promote
the flow electrification (FE) of K4[Fe(CN)g] solution in dielectric tubes.
The temperature of this reaction was a constant temperature of 25 °C.
The solution of terephthalic acid was prepared by adding 332.4 mg of p-
phthalic acid and 760 mg of sodium phosphate tribasic dodecahydrate.
The mix solution of K4[Fe(CN)g], tert-butanol and AgNO3 were made by
adding 1 mL 0.1 M pure tert-butanol and AgNOj3 solution to 19 mL
0.1 mM K4[Fe(CN)g] solution, reaching 5 mM of the concentration of
each additive, respectively. Samples for EPR analysis were prepared
with 2.0 mL of DI water flowing in FEP tubes. The DMPO and TEMPO
solution prepared for EPR analysis contained 2 uyl. DMPO and TEMPO
per 2 mL of ultrapure water, respectively. A 2.0 mL luminol solution
containing 2.0 mM luminol and 30.0 mM NaOH was prepared. The
mixed solution of luminol and [Fe(CN)6]4' contains 2.0 mM luminol and
0.1 mM [Fe(CN)6]4'. The dielectric tubes after reactions were cut along
the wall of the tubes, then dried in an oven at 40 °C overnight before
analysis. A 0.01 mM aqueous MO solution was prepared by adding
3.27 mg of C14H14N3NaOsS in 1 L of ultrapure water. A 1 mM aqueous
KAuCly solution was prepared by adding 0.189 g of KAuCl, in 500 mL of
ultrapure water.
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4.3. Sample characterization

The UV-Vis absorptions of the samples were measured by UV-Vis
spectrophotometer (UH4150) in a range of 200.0-600.0 nm. Fluores-
cence spectrometer (Edinburgh Instruments, full-featured, FLS980-
S$2S2-stm) was used to test luminol and THA-eOH luminescence in-
tensity, using Aexcitation = 375.0 nm. Electron paramagnetic resonance
(EPR) was recorded on a Bruker EMX plus-9.5/12/P/L. The measure-
ments were conducted in X-Band (9.830243 GHz), with amplitude
modulation of 1 G, microwave power of 2 mW, an amplitude modula-
tion frequency of 100 kHz, conversion time of 60.00 ms, and a time
constant at 40.96 ms. Morphologies of FEP tubes were observed by the
scanning electron microscope (SEM SU8020, Hitachi). The Energy
Dispersive X-Ray (EDX) analysis was conducted on FEI Nova 450
equipped with an AMETEK Octane Super appendix. The chemical states
of dielectric materials before/after the CE-Chemistry were measured by
near atmospheric pressure X-ray photoelectron spectrometer (NAP-XPS,
SPECS, Germany). The Raman spectroscopy analysis was conducted on a
LabRam HR evolution (HORIBA, SAS France), using a range from 300 to
1450 cm L. FTIR analysis was conducted on a Bruker Vertex 80 v on a
range from 400 to 3000 cm™!. X-ray diffraction (XRD) patterns of
different solid dielectrics were acquired through an advance diffrac-
tometer (Bruker-D8, Germany) with a working voltage of 40 kV. HRTEM
photographs and EDX mapping and spectra were obtained on a Tecnai
G20 20 TWIN UEM. ICP-OES measurements were performed on an
Agilent ICP-OES 730.
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