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Abstract: With the rapid development of industrialization, more and more organic pollutants are
entering the water environment, rendering the treatment of organic pollutants a key issue in protecting
it. Therefore, finding a convenient and effective method for degrading organic pollutants in water
is of great importance. Triboelectrification is known as the process of charge transfer during the
friction process. It is always accompanied by the energy level transition of electrons or holes,
making it a potential method for catalytic degradation, which we refer to as triboelectrification
catalysis. In this study, a set of experimental equipment was developed. The device is composed of a
mechanical system, a control system, and a measurement system that can realize the quantitative
measurement of the triboelectrification catalysis under different friction pairs, different loads, and
different contact frequencies. Using the developed device, we observed stable triboelectrification
catalytic degradation. This study performed triboelectrification catalytic experiments on various
organic compounds including methyl orange, rhodamine, and tetracycline. The results revealed that
these three organic compounds were degraded by 39%, 15%, and 20%, respectively, within three
hours of being under the influence of triboelectrification catalysis. Subsequently, this study conducted
triboelectrification catalytic experiments using materials with different triboelectric capacities. This
study found that the triboelectric capacity significantly impacted the triboelectrification catalytic
degradation rate, providing further evidence for the mechanism of triboelectrification catalysis.
Additionally, this study found that SiO, and Al,O3, which also utilize electrons as the primary
carrier for triboelectrification, are capable of catalyzing the degradation of a methyl orange solution.
Therefore, this study suggests that the triboelectrification catalysis is a versatile and widely applicable
method for treating organic pollutants in water. With a broad range of catalyst sources and the ability
to effectively degrade various organic pollutants, it shows promise as a solution for the problem of
water pollution.

Keywords: triboelectrification; triboelectrification catalysis; degradation of organic pollutant; electron
transition; methyl orange

1. Introduction

Industrialization has led to an alarming increase in organic pollutants in the world’s
bodies of water. For instance, the Songhua River in northeast China has been reported to
include over 200 types of organic pollutants, including nitrobenzene, phenol, polycyclic aro-
matic hydrocarbons, polychlorinated biphenyls, nitrogen-containing organic compounds,
benzene compounds, and hydrocarbons [1]. These organic pollutants have serious hazards,
many of which have been proven to have strong carcinogenic effects [2]. In addition, they
have a strong tendency to accumulate and persist in the environment, often travelling
downstream over long distances due to water dynamics after entering the water environ-
ment [3]. Due to the widespread distribution and high toxicity of these pollutants, they

Catalysts 2023, 13, 936. https:/ /doi.org/10.3390/ catal13060936

https:/ /www.mdpi.com/journal/catalysts


https://doi.org/10.3390/catal13060936
https://doi.org/10.3390/catal13060936
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://doi.org/10.3390/catal13060936
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal13060936?type=check_update&version=1

Catalysts 2023, 13, 936

20f15

cause serious environmental problems, including the clogging of sewage treatment equip-
ment, their adverse effects on aquatic biota, their increased biochemical oxygen demand,
the destruction of aquatic ecosystems, and the harm they inflict on aquatic organisms [4].

Most organic pollutants in water are stable and are difficult to degrade under normal
conditions, making their degradation in the water environment a challenging task. The
two primary methods for degradation are oxidative decomposition and catalytic degra-
dation. The oxidative decomposition method involves adding strong oxidants directly to
water to react with organic matter, thereby achieving the purpose of decomposing it [5].
Catalytic degradation mainly includes photocatalysis [6-10] and electrocatalysis [11-13].
During the photocatalytic degradation process, when a catalyst is irradiated with light, the
electrons inside the material transition from low to high energy levels, generating electron-
hole pairs. These pairs react with hydroxide ions and oxygen molecules in the water,
producing hydroxyl radicals -OH and superoxide anions O, ~. -OH and O, . are strong
oxidizing and reducing agents that decompose the organic matter in water into water and
carbon dioxide [14]. The efficiency of photocatalytic degradation is influenced by the choice
of material, with degradation rates ranging from 30% to 90%. For instance, the commonly
used catalyst ZnS mixed with chitosan-g-poly(acrylamide) material showed a degradation
rate of 69% under 4 h of solar light irradiation [15]. However, high-performance catalysts
treated with special processes have shown photocatalytic degradation efficiencies towards
organic dyes, such as Rhodamine B, that can exceed 90%, and even reach a degradation rate
of 99% after a certain period of time in some cases [16-18]. In electrocatalysis, maintaining
a certain potential difference between the two electrodes can produce positive and negative
charges at the two electrodes. These positive and negative charges also react with water to
generate -OH and O, ™, playing a similar role to electron-hole pairs [19]. In electrocatalysis,
the electrode material plays a significant role in the catalytic degradation efficiency of the
solution. Under the coupling effect of photocatalysis, the modified anode of BiFeO3 can
achieve a degradation rate of about 51.6% for methyl orange [20]. However, when using a
composite electrode of ScpO3-magnetite phase titanium (5c,O3-MPT), the degradation rate
can reach 90.16% [21].

There are limitations and drawbacks to the current methods of organic degradation.
The use of strong oxidants in oxidative decomposition often incurs significant costs and can
be harmful to humans. Additionally, the release of these oxidants into water environments
can result in secondary pollution [5]. Photocatalysis, on the other hand, requires continuous
illumination, and once the illumination stops, the catalytic process ceases immediately.
Moreover, its efficiency is limited due to the absorption wavelengths of semiconductor
materials being mostly outside of the visible light range. Moreover, once the illumination
ceases, the catalytic process also stops. Since catalysis typically employs sunlight as a light
source, the efficiency of photocatalysis is limited to some extent [22]. In addition, when
light is irradiated into water, refraction and scattering phenomena occur, which reduces
the actual energy utilization efficiency of light. Electrocatalysis requires a continuous
electric current and has short electrode material lifetimes, resulting in higher costs and
reduced degradation efficiency due to unstable current output [5]. Furthermore, when
electricity is passed through water, other substances such as water can also be electrolyzed,
which further reduces the energy utilization efficiency of electrocatalysis. These constraints
limit the widespread application of electrocatalytic oxidation technology in industrial
wastewater treatment. Therefore, it is necessary to search for a new, safe, convenient, and
efficient catalytic degradation method.

Triboelectrification (TE) refers to the phenomenon of contact surface charging caused
by the contact between two objects, and is also known as contact electrification (CE) [23-25].
The charge density generated by triboelectrification is very high, and can even be used to
power other components, such as a generator [26,27]. In most cases, triboelectrification is
caused by the transfer of electrons between the contact surfaces, which generates electron-
hole pairs [28-30]. By utilizing these electron-hole pairs, it is possible to achieve the catalysis
of chemical reactions similar to photocatalysis. Previous studies have shown that using
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pressure, ultrasound, vibration, and other methods to generate triboelectrification can
catalyze certain chemical reactions [31-34]. This process of catalyzing chemical reactions
using triboelectrification is called triboelectrification catalysis.

The electron-hole pairs generated by triboelectricity can also be utilized for the catalytic
degradation of organic pollutants in water. Experiments have shown that during the
magnetic stirring process, friction occurs between polytetrafluoroethylene (PTFE) and
Bag 75510 25TiO3 (BST) nanoparticles, as well as glass, which mechanically excites electron-
hole pairs in the BST nanoparticles, leading to catalytic degradation [35]. An experiment
demonstrated that the triboelectrification catalysis of PTFE and BST can achieve a catalytic
degradation efficiency of approximately 99% for Rhodamine B after 3 h. In addition, friction
between PTFE and BiOIO3, as well as glass vessels, has been found to have a catalytic
effect on organic pollutant degradation [36]. According to the experimental results, the
triboelectrification catalysis of PTFE and BiOIO3 can produce a degradation rate of over
90% for methyl orange solution after 6 h.

Currently, research on triboelectrification catalysis has been limited to the use of nano-
sized and submicron-sized particles as catalysts. However, these particle-shaped catalysts
are difficult to recover from water, which not only makes it difficult to reuse the catalyst, but
also causes water pollution. Block-shaped catalysts are easy to manufacture and convenient
to separate from water. Therefore, it is preferable to use block-shaped catalysts for the
catalytic degradation of organic pollutants in water. In order to overcome this problem, this
paper proposes using block-shaped catalysts to achieve the higher catalytic degradation
of organic substances through triboelectrification. However, the triboelectricity efficiency
of block-shaped catalysts will inevitably be lower than that of particle-shaped frictional
triboelectricity. To increase the efficiency of triboelectrification catalysis, contact electrifica-
tion is used to increase the amount of triboelectricity. To investigate the triboelectrification
catalytic effect of block-shaped catalysts and further study the rules and mechanism of
triboelectrification catalysis, a triboelectrification catalysis experimental apparatus was
designed. This apparatus achieved quantitative observation of the degradation of organic
substances in solution during the frictional contact-separation process by setting parame-
ters such as load size, separation time, and contact times. With this apparatus, preliminary
triboelectrification catalysis experiments were conducted, the degradation effect of organic
substances by triboelectricity was observed, and a preliminary analysis of the catalytic
mechanism was carried out.

In this study, methyl orange (MO), tetracycline (TC), and rhodamine 6G (R6G) were
selected as representative organic pollutants for degradation experiments. The molecular
weights of these three organic compounds are 296.34, 444.44, and 479.01, respectively.
Typically, compounds with molecular weights in the range of 700-800 can be effectively
separated from water using specially designed membranes. Therefore, the focus of this
research was the catalytic degradation of organic compounds with molecular weights
below 700. These three pollutants were chosen due to their molecular weights being close
to 300, 400, and 500, respectively. They were also selected for their stability and low toxicity,
ensuring their suitability and safety for experimental purposes.

2. Results and Discussion
2.1. Relationship between Solution Absorbance and Concentration

To verify the accuracy of the solution concentration measurement, we investigated the
relationship between the absorbance and concentration of the solution. In the experiment,
we first prepared methyl orange solutions of different concentrations (10 mg/L, 20 mg/L,
30mg/L, and 40 mg/L), and then measured their absorbance at the 435 nm wavelength. The
experimental results are shown in Figure 1. The results showed a good linear relationship
between the concentration of the methyl orange solution and its absorbance at the 435 nm
wavelength (the dashed line in Figure 1 represents the linear fitting of the experimental data
points, with a residual square of 0.4256 and a goodness of fit R* above 0.99), indicating that
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we can use absorbance to calculate the concentration of the solution. The fitting formula is

as follows:
A =0.00313 c + 0.01262, 1)

According to the calibration results, there is an intercept on the y-axis of the equation.
Therefore, when calculating the degradation rate, the intercept needs to be taken into
account to make the calculation more accurate.
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Figure 1. Relationship between the absorbance and concentration of methyl orange solution.

2.2. Degradation Rate Variation during the Contact Separation Process

To investigate the degradation effect during the contact-separation process of the
friction pair, we conducted a triboelectrification catalysis experiment using Al,O3 as the
upper specimen, with ZnS as the lower specimen. The experiment was carried out for 1 h,
after which the solution was left to stand for 10 min to allow for the uniform diffusion of
the solution. Samples were then taken and their absorbance was measured. The change
in absorbance of the methyl orange solution over time during the experiment indicated a
significant decrease (as shown in Figure 2).
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—— Triboelectrification catalysis experiment

--=- Comparative experiment 1
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Figure 2. Normalization results of the tribological electrocatalysis experiment and the contrast

experiment.
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To demonstrate that the decrease in solution absorbance is indeed caused by the
contact-separation of the friction pair, we conducted two sets of comparative experiments.
In the comparative experiment, we still used Al;O3; and ZnS (used as the upper and
lower samples, respectively) in the solution for three hours. In comparative experiment
1, the upper and lower samples were left to stand in the solution for three hours, while
in comparative experiment 2, the upper sample was moved up and down but did not
come into contact with the lower sample. We measured the absorbance of the solution
before and after each comparative experiment and did not observe a significant decrease in
solution absorbance (as shown in Figure 2). This indicates that immersing or moving the
samples in the solution does not cause a decrease in solution absorbance. Therefore, the
observed decrease in solution absorbance during the experiment should be attributed to
the contact-separation process between the upper and lower samples.

The experiments demonstrated a direct proportionality between the absorbance of
the methyl orange solution and its concentration. Therefore, the change in absorbance
during the experiment indicated a change in the solution concentration. As the experiment
progressed, the absorbance of the solution continued to decrease, indicating a sustained
decrease in concentration and thus the successful degradation of the methyl orange solu-
tion. The degradation rate can be calculated using equation (1) based on the changes in
absorbance of the solution before and after the experiment. The frictional contact-separation
process between the Al,O3 and ZnS samples achieved a degradation efficiency of over 39%
and close to 40%. This degradation efficiency was comparable to or even exceeded the cat-
alytic degradation effect of existing particulate catalysts using triboelectrification catalysis
and some other methods such as vibration and temperature. In contrast, the degradation
rates of the control experiments were only 2-3%. The small absorbance changes observed
in the control experiments were likely due to measurement errors. Based on the above
data, we can conclude that the use of block-shaped catalysts for contact electrification can
effectively degrade methyl orange in the solution, and the degradation of methyl orange is
mainly caused by contact electrification rather than friction between the sample and the
solution or the spontaneous degradation of methyl orange. Therefore, triboelectrification
catalysis is a feasible approach, and we can utilize it to catalyze the degradation of organic
pollutants directly in water.

2.3. Degradation Rate at Different Methyl Orange Concentrations

In this study, the triboelectric catalytic performance was tested at different experimen-
tal concentrations. According to the experimental results, the catalytic degradation rate was
approximately 39% for a concentration of 20 mg/L. However, at a concentration of 40 mg/L,
the catalytic degradation rate decreased to approximately 15%, as shown in Figure 3. It was
observed that at 40 mg/L concentration, the degradation rate decreased by approximately
61% at 3 h. However, since the concentration doubled, the actual degradation amount
should only be slightly lower than that at a concentration of 20 mg/L. Therefore, it can be
inferred that the degradation amount may slightly decrease as the concentration increases.
In theory, an increase in reactant concentration should accelerate the degradation rate.
However, it was observed that the amount of degradation during the same period of time
actually decreased. Based on a previous study [37], it was found that methyl orange does
not undergo direct degradation into water and carbon dioxide. Instead, it undergoes an
initial degradation into shorter chain compounds before further degradation takes place.
Furthermore, it was observed that an increase in concentration leads to a higher contact
probability between the reactants generated by the mechanically induced catalyst and the
methyl orange molecules. As a result, the production of incompletely degraded short
chain molecules is significantly enhanced. These short chain molecules exhibit a higher
absorbance than water, which leads to a lower degradation rate in the 40 mg/L solution
compared to the 20 mg/L solution.
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Figure 3. The degradation rates of solutions with different concentrations measured over time in
triboelectrification catalytic experiments under the same conditions.

2.4. Triboelectrification Catalytic Degradation Effect of Other Organic Pollutants

The Figure 4 demonstrates the use of ZnS and Al,Oj in triboelectrification catalytic
experiments on tetracycline and rhodamine. The results showed that this method effectively
reduces the solution concentration of both organic compounds in water. According to the
formula, the degradation rate of a 20 mg/L methyl orange solution over 3 h can reach
39.09%, and under the same conditions, the degradation rates of rhodamine and tetracycline
solutions are approximately 13.76% and 19.95%, respectively. Different types of organic
compounds exhibit different degradation rates, and this is likely due to variations in their
chemical stability. These findings indicate that triboelectrification catalysis can be used as a
widely applicable degradation method for various organic compounds, and is not strictly
limited to methyl orange.
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Figure 4. The degradation rates of MO, R6G, and TC solutions measured over time in triboelectrifica-
tion catalytic experiments under the same conditions.
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2.5. Triboelectrification Catalytic Mechanism

To investigate the degradation mechanism during the contact-separation process, the
relationship between the degradation rate and the surface potential generated by tribo-
electrification catalysis was studied using two types of friction pairs: Al,Os (upper)/ZnS
(lower) and Al,O3 (upper)/CuS (lower). For each friction pair, a 3 h degradation experi-
ment was conducted using a 20 mg/L methyl orange solution as the target, with a load set
at approximately 0.196 N, a contact time of 3 s, and a separation time of 5 s. During the
experiment, the absorbance of the solution was measured every hour, and the degradation
rate at different times was calculated. In addition, the triboelectrification catalysis gener-
ated by the friction pairs was measured, and the surface potential changes over time were
obtained. The load used in the experiment was approximately 0.196 N. The experimental
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Figure 5. The trend diagram of the electric charge of Al;O3 and different materials calculated
by disk-disk sliding friction equipment and the change diagram of the degradation rate of the
triboelectrification experiment (a); The effect of triboelectrification between Al,O3 and CuS (b); The
effect of triboelectrification between Al,O3 and ZnS (c); The effect of triboelectrification between
A1203 and SIOZ

Figure 5a,b show the variation of surface potential with friction time during friction
between Al,O3 and CuS and between Al,O3 and ZnS, respectively. The results indicate
that the triboelectrification generated by the Al,O3 and CuS pair is relatively small, with
a surface potential of only about —4 V, while the Al,O3 and ZnS pair generates a much
larger triboelectrification, reaching a surface potential of about —60 V. As shown in Figure 6,
the degradation rates of the two friction pairs differed significantly. After 3 h of friction,
the Al,O3/CuS friction pair only achieved a degradation rate of about 1%, while the
AlyO3/ZnS friction pair achieved a degradation rate of approximately 30%, indicating a
significant correlation between degradation and triboelectrification.

The triboelectrification of Al,O3; and SiO, also exhibit a high frictional charging
capacity (as shown in Figure 5c). Therefore, it is theoretically possible to have a degrading
effect on methyl orange. The results of the triboelectrification catalytic experiments using
SiO; are presented in Figure 6. As the experimental results demonstrate, when SiO,
material is used instead of ZnS material, it can also achieve a degradation efficiency of
about 24.56% on the methyl orange solution. Like ZnS, the combination of SiO; and Al,O3
mainly carries electrons during frictional charging. Hence, it can be inferred that the
combination of materials whose primary carriers during frictional charging are electrons
could have an excellent catalytic degradation effect on organic compounds.
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Figure 6. Triboelectrification catalytic effect of three materials on the methyl orange solution.

During catalysis, the particles that act as catalysts are typically h+ or OH, which are
generated by the reaction with h+. To confirm that the h+ are responsible for the catalytic
degradation in our experiment, we conducted an h+ trapping experiment with methanol
(MA). An amount of 5 mL of MA was added to the solution for the triboelectrification
catalytic experiment using ZnS and Al,O3 under the same conditions. The results, as
shown in the Figure 7, indicated a significant decrease in the degradation rate of the
solution after adding MA. This demonstrates a strong relationship between the degradation
of the solution and the h+ generated by triboelectrification during the catalytic process.
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Figure 7. Final degradation rate of methyl orange (MO), tetracycline (TC), and rhodamine 6G(R6G)
solution in triboelectrification catalytic experiments and methanol capture experiments.

The proposed mechanism for triboelectrification catalytic degradation based on the
experimental results can be further explained and improved in the following way (as shown
in Figure 8). When the upper and lower samples contact, there an electron transfer occurs
(as shown in Figure 8a). When the two samples separate, their surfaces carry charges
of opposite polarity (as shown in Figure 8b). During the separation process, the sample
surface comes into contact with the solution, and electrons on the sample surface react



Catalysts 2023, 13, 936

9of 15

with the O, dissolved in the water, generating O, .0, and holes on the sample surface
(maybe -OH on some other materials), and then react with methyl orange molecules and
decompose them into H,O and CO; (as shown in Figure 8c). As a result, the surface charge
of the sample decreases (as shown in Figure 8d) due to the capture of electrons and holes
on the sample surface from the organic compound. The upper and lower samples then
repeatedly contact and separate, continuously degrading the organic compound molecules.
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Figure 8. (a—d) Degradation mechanism of triboelectrification catalysis.

3. Development of the Experimental Device
3.1. Overall Design of the Friction-Starting Electrocatalytic Device

The experimental device is a contact-separation type triboelectrification catalytic in-
strument. The triboelectricity is generated through the contact-separation process between
the upper and lower friction pairs. The triboelectrification catalysis experimental device
mainly consists of three parts: a mechanical system, a control system, and a measurement
system (shown in Figure 9). To avoid the influence of environmental light, the entire
experimental device is placed in a dark box.

(1) Mechanical system: A stepper motor and screw are used to control the contact and
separation between the upper and lower samples.

(2) Control system: According to the experimental settings, the load size, contact time,
separation time, contact frequency, and other parameters are adjusted in real-time
during the experiment.

(3) Measurement system: A tri-axial force sensor is used to convert the force signal into
an electrical signal, which is then transmitted to a computer through an amplifier and
an acquisition card. The measurement system collects and records the load size and
other parameters between the samples in real time.

Blackout box

Stepper motor

PID controller Timer

=l

Recorder

Force sensor

Program
Manual
Upper sample translation
platform

| ] Lower sample

Lifting
Beaker E platform

Figure 9. Schematic physical diagrams of the triboelectrification catalysis experimental device.
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3.2. Mechanical System

The mechanical system consists of an electrically-driven two-dimensional translation
stage, a manually-driven two-dimensional translation stage, a lifting platform, and upper
and lower sample holders (as shown in Figure 7). In the experiment, a disk-shaped sample
was used as the friction pair, and the upper and lower sample disks were placed parallel
to each other. The organic solution to be degraded was placed in a beaker, and the lower
sample disk was fixed in the organic solution with a fixture. The upper sample disk was
driven by a stepper motor and a screw rod to achieve contact and separation between
the upper and lower sample disks. The electrically-driven and manually-driven two-
dimensional translation stages were used to control the horizontal position of the two
sample disks and achieve an alignment between them.

3.3. Control System

To control the load size and the contact and separation time between the two samples,
a control program was developed. The program obtains the normal pressure between
the samples and the position of the upper sample in real time, compares them using the
experimental settings, and precisely controls the load by controlling the vertical movement
of the upper sample.

During the experiment, the control program sends commands to the motion control
box to control the stepper motor and drive the upper sample to move through the two-
dimensional electric translation platform, thus controlling the load size and the contact and
separation time between the upper and lower samples. In addition, the control program
has a built-in PID controller to achieve a stable load control between the samples.

3.4. Measurement System

In the measurement system, the load between the samples was measured by a three-
dimensional force sensor. During the experiment, the program read the electrical signal
from the sensor through the acquisition card, converted it into a pressure value, and
recorded the load between the two samples in real time. The sensor signal was calibrated,
as shown in Figure 10. It can be seen that the load size has a linear relationship with the
sensor reading and has good stability.

70

60

w ' w
(=] (=] [=]
T T T

Load value/N

hN

0 1 1 1 1 1 1 1

4.0 =345 -3.0 =255 -2.0 1 1 -1.0
Sensor value/V

Figure 10. The relationship between pressure and sensor reading.



Catalysts 2023, 13, 936

110f15

4. Materials and Methods
4.1. Experimental Materials and Parameters

Friction pair material: In the frictional system, the sample materials consist of alu-
minum oxide (Al,O3), zinc sulfide (ZnS), silica(SiO,), and copper sulfide (CuS), with a
diameter of 30 mm and a thickness of 2 mm for both the upper and lower samples. All
samples used in the experiments were crystal materials obtained from CasCrysTech, CCT
(Hangzhou) Technology Co., Ltd. These samples were single crystal targets with a purity
of 4 N. Prior to the experiments, the samples were polished to ensure their surfaces were
flat, thus ensuring full contact between the friction surfaces.

Organic compound used for degradation: the organic compounds used for degrada-
tion were methyl orange (MO), tetracycline (TC), and rhodamine 6G (R6G). The methyl
orange solution and the experimental water used for instrument cleaning are both deion-
ized water.

Capturing agent: In this study, methanol (MA) was used as a capturing agent to react
with h* in water.

Experimental instruments: The experimental instruments include an Andor spectrom-
eter and a CCD camera.

All experiments and measurements were conducted at room temperature. In the
triboelectrification catalytic experiments, the load between the upper and lower samples
during contact is approximately 0.196 N.

4.2. The Calculation of the Degradation Rate of Organic Pollutants

To analyze the degradation of methyl orange in the experimental solution, this pa-
per first measured the concentration of the methyl orange solution using absorbance
experiments. The degradation rate was then calculated by analyzing the changes in the
concentration of the methyl orange solution.

The process of measuring the solution’s absorbance is shown in Figure 11. Firstly,
about 1 mL of the solution is taken and placed into a cuvette. Next, the cuvette is illuminated
by a mercury lamp, and the intensity of the light passing through the cuvette containing
the solution is measured using a spectrophotometer. The absorbance of the solution can
then be calculated from the degree of reduction in the intensity of the mercury lamp light
passing through the cuvette. The calculation method is shown below:

I
A =log TO )
In this equation, A represents the absorbance of the solution to light, I represents the

light intensity after passing through the cuvette containing the solution, and Iy represents
the incident light intensity before entering the cuvette.

Blackout box

Iy I
&
mercury lamp CCD

Cuvette

Absorbance test device

Figure 11. Schematic diagram of the absorbance experimental device.
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According to the Beer-Lambert law, the relationship between the absorbance of a
solution and its concentration is as follows:

A = kb, 3)

In this equation, c represents the concentration of the solution, b is the thickness
of the solution layer, and k is a constant value which remains unchanged for the same
solute-solvent combination. If Ay and A; are the absorbance values of the methyl orange
solution before and after the triboelectrification catalysis experiment, respectively, then
the degradation rate of the solution during the experiment can be calculated using the
following formula:

X:Co—Clz%_%:AO_Al 4)

— 7
<o Aib 4 Ao—q

In the equation, ¢y represents the initial concentration of the solution, q represents the
intercept in the fitting equation, and c¢; represents the concentration of the solution after
degradation.

4.3. Triboelectrification Catalysis Experiment

In the experiment, a 20 mg/L methylene orange solution was used. In each trial, the
contact time between the upper and lower sample plates was 3 s, followed by a separation
time of 5 s. Each experimental stage lasted for one hour, with the temperature generally
maintained at room temperature and a load control of about 0.196 N. We conducted
multiple triboelectrification catalytic experiments on the solution under these experimental
conditions and recorded the experimental data.

To investigate the catalytic effect of triboelectrification, we conducted experiments to
degrade methyl orange through a surface charge generated during the contact-separation
process of a friction pair. An amount of 20 mg/L of methyl orange solution was placed
in a beaker, and the lower piece of the friction pair was placed stationary in the solution.
The upper piece of the friction pair, controlled by a motor, first moved downwards to
contact the lower piece. After maintaining a certain contact pressure for a certain time, the
upper piece moved upwards again and separated from the lower piece. After the upper
piece moved to a certain height and stopped moving, it remained in a stationary state for a
certain period of time before moving downwards again. The reciprocating motion of the
upper piece moving up and down achieved continuous contact and separation between
the two pieces, with one contact-separation cycle between two adjacent contacts.

Figure 12 shows the variation of the contact pressure between the upper and lower
specimens with time during a single experiment. In this experiment, the load was set
to 0.196 N. Initially, the upper specimen was separated from the lower specimen, and
the contact pressure was zero. The upper specimen then moved downward and made
contact with the lower specimen, and the contact pressure increased sharply (point a in
the figure). After maintaining a contact pressure of approximately 0.196 N for 3 s, the
upper specimen began to move upward. As the upper and lower specimens separated, the
contact pressure decreased sharply (point b in the figure), and when the specimens were
completely separated, the contact pressure was zero. After a 5 s separation, the specimens
made contact again (point c in the figure), entering the next contact-separation cycle. In
general, this contact separation cycle was repeated 450 times per hour. As the experiment
lasted for one hour, the 450 back-and-forth movements caused a vertical displacement of
the upper sample. Therefore, when the program detects that the load size is not at the set
value, it will adjust the upper sample slightly to restore the load size to the set value.
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Figure 12. Load variation diagram in the experiment.

Before the experiment, a certain volume of the solution was collected and measured
to obtain the initial absorbance of the solution. During the experiment, the absorbance
of a certain volume of the solution was measured at regular intervals to calculate the
degradation rate of the solution using Equation (1) and the initial absorbance. The volume
of the collected solution was approximately 1-2 mL, which was negligible compared to the
initial volume of the solution (250 mL). Therefore, the collection of the solution would not
significantly affect the experimental results.

5. Conclusions

The present study designed a triboelectrification catalysis experimental setup that
enabled triboelectrification catalysis experiments under different friction pairs, pressures,
and contact-separation times. This experimental setup provides an effective means for sub-
sequent triboelectrification catalysis experiments. Through experimentation, the significant
degradation of a methyl orange solution was observed, and in comparing experiments, it
was demonstrated that the reason for the decrease in the methyl orange solution concentra-
tion was the contact-separation process between the samples. These results suggest that
block-shaped catalysts can indeed replace particulate catalysts as a method for the catalytic
degradation of organic pollutants.

Subsequently, to analyze its degradation mechanism, we investigated the influence of
triboelectrification catalysis on the degradation rate, and found a significant correlation
between the two. Based on the experimental results, we proposed a reliable triboelectrifica-
tion catalysis degradation mechanism, which suggested that electron transfer occurs when
the upper and lower surfaces are in contact, resulting in the surfaces of the sample being
positively or negatively charged. These charges react with water and oxygen to produce
strongly redox-active products that can degrade the methyl orange in the solution into
water and carbon dioxide, thereby achieving the degradation of methyl orange solution.

We thus conclude that, while block catalysts are not as effective as powdered catalysts
in terms of triboelectrification catalysis, they are still capable of catalyzing the degradation
of organic pollutants through contact separation alone, achieving a degradation rate of
about 39% for methyl orange in just 3 h. Moreover, block catalysts are easily separable
from water, which implies that they can be used exclusively for catalytic degradation
and practical applications in wastewater treatment. Hence, this study has confirmed the
feasibility of using triboelectrification catalysis for organic pollutant degradation. Given
the high energy utilization efficiency of triboelectrification catalysis, it has potential as a
promising new method that can directly harness the mechanical energy in flowing water for
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catalytic degradation. Thus, this study emphasizes the need to focus on triboelectrification
catalysis, to promote its recognition, and to further its development.
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