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Abstract: Self-powered electronic equipment has rapidly developed in the fields of sensing, motion
monitoring, and energy collection, posing a greater challenge to triboelectric materials. Triboelec-
tric materials need to enhance their electrical conductivity and mechanical strength to address
the increasing demand for stability and to mitigate unpredictable physical damage. In this study,
polyaniline-modified cellulose was prepared by means of in situ polymerization and compounded
with polydimethylsiloxane, resulting in a triboelectric material with enhanced strength and conduc-
tivity. The material was fabricated into a tubular triboelectric nanogenerator (TENG) (G-TENG),
and an electrocatalytic pretreatment of mixed office waste paper (MOW) pulp was performed using
papermaking white water as the flowing liquid to improve the deinking performance. The electrical
output performance of G-TENG is highest at a flow rate of 400 mL/min, producing a voltage of
22.76 V and a current of 1.024 uA. Moreover, the deinking effect of MOW was enhanced after the
electrical pretreatment. This study explores the potential application of G-TENG as a self-powered
sensor power supply and emphasizes its prospect as an energy collection device.

Keywords: cellulose; PDMS; polyaniline; TENG; deinking

1. Introduction

With energy shortages and environmental issues becoming increasingly prominent,
research on low-carbon, clean, and sustainable energy technologies has garnered significant
attention [1-4]. In 2012, the team of Wang et al., led by academician Wang, first proposed
an efficient energy collection device, the triboelectric nanogenerator (TENG), based on the
principle of contact electrification and electrostatic induction coupling [5-7]. This device can
convert low-frequency irregular mechanical energy into electrical energy. TENG can collect
wind energy, wave energy, solar energy, heat energy, and more, offering unique advantages
such as its lightweight design, low cost, simple manufacturing process, and high power
density [7,8]. In recent years, TENG research has gradually extended to numerous fields.
Several studies have explored the use of TENG to collect energy from liquid flows and
apply the resulting electricity in research areas such as catalytic degradation [9,10].

Many triboelectric materials, known for their excellent properties, are nonrenewable
synthetic polymers. With the development of sustainable industrial practices and the
demand for new materials, advocating the use of green and environmentally friendly mate-
rials has become the mainstream of current research. Hence, there is an urgent need to find
green and low-cost materials to replace nondegradable polymer materials. Polydimethyl-
siloxane (PDMS), which is used in this study, demonstrates great potential for TENG
applications because of its nontoxicity, good flexibility, transparency, biocompatibility,
simple preparation, and low cost [11-14].
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However, owing to issues such as weak conductivity and low mechanical properties,
many green materials seriously compromise the stability and accuracy of triboelectric-
ity, thus limiting their potential for application in TENG [15]. Researchers have made
numerous attempts to enhance the electrical properties of materials by introducing func-
tional groups [16], increasing the dielectric constant [17], and designing micropatterned
surfaces [18]. The imine groups in polyaniline (PANI) serve as suitable electron-releasing
groups, thereby improving the triboelectric properties of PDMS [19]. Currently, network
structures designed through hydrogen bonding [20], supramolecular recognition [21], com-
plexation, electrostatic interaction [22], hydrophobic association [23], and other noncovalent
interactions have been developed and applied to strengthen triboelectricity. Therefore,
adding fibers can create a uniform network structure, thereby enhancing the mechanical
strength of PDMS composites.

Papermaking white water is a suspension composed of charged particles including
fibers, fine fibers, filler particles, and polyelectrolytes [24,25]. In addition to these common
charged particles, the composition of waste paper white water is more complex, including
deinking chemicals, residual ink, and secondary adhesives (DCS) [26,27]. These substances
cause problems such as mesh blockage, shortened mesh service life, reduced paper white-
ness, and inferior physical properties during the recycling process of waste paper. Under
applied potential, charged particles undergo electrolysis, increasing particle interaction
and altering concentration and existing forms. These changes may affect the physical state
and chemical properties of the solution.

In this study, PANI-modified cellulose was prepared by means of in situ polymeriza-
tion of aniline on cellulose. The modified cellulose was then compounded with PDMS to
improve the electrical output performance and mechanical strength of the PDMS material.
Subsequently, the composite PDMS material was made into a tubular solid-liquid TENG,
which was used to collect energy generated by contact between liquids and solids to gener-
ate electricity. The electrocatalytic pretreatment of mixed office waste paper (MOW) pulp
was performed using papermaking white water as the flowing liquid to improve deinking
performance. G-TENG achieved an output voltage of 22.76 V, a current of 1.024 pA, and a
charge of 8.252 nC, resulting in reduced ink residue in the waste paper pulp and improved
pulp whiteness. This study serves as a reference for the collection of the liquid flow energy
and the application of converted electric energy in the production process.

2. Materials and Methods
2.1. Materials

Microcrystalline cellulose and ammonium persulfate (APS) were obtained from Shang-
hai Aladdin Biochemical Technology Co., Ltd in Shanghai, China. Aniline, hydrochloric
acid (HCI), NaOH, H,0O,, NaSiO3, EDTA, and OP10 were purchased from Tianjin Damao
Chemical Reagent Factory in Tianjin, China. Polydimethylsiloxane (PDMS) was sourced
from Dow Corning Company, Midland, MI, USA. Whereas cellulase, xylanase, amylase, and
lipase were purchased from Hunan Haizheng Biotechnology Co., Ltd in Jinshi City, China.

2.2. Preparation of PANI-Modified Cellulose

PANI-modified cellulose was prepared by means of chemical oxidative polymerization
at 0 °C with aniline as the monomer, cellulose as the site stabilizer, 1 M HCl as the dopant,
and ammonium persulfate (APS) as the initiator. And the materials were dried through
freeze-drying. The dosage ratio of lignocellulose, aniline, and APS was 1:1:1.25.

2.3. Preparation of PDMS Composites

The dried PANI-modified cellulose was dispersed in a PDMS solution using ultrasonic
waves for 0.5 h. Subsequently, PDMS was cured using TEOS as the curing agent. The
ratio of PDMS to Tetraethyl Orthosilicate (TEOS) was maintained at 100:10. After vacuum
defoaming, the resulting liquid was poured into a mold to create the film material, which
was then cured at 60 °C for 1 h.
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2.4. Preparation of Tubular TENG

The PDMS composite material was poured into a special mold, and the outer layer
was covered with a copper tube to create a tubular material with an outer diameter of
10 mm, an inner diameter of 6 mm, and a length of 40 mm. The tubular material was then
connected using a silicone tube.

2.5. TENG’s Handling of MOW

MOW was crushed and filtered through a 200-mesh filter screen using a dynamic
water filter (DDJ) to obtain white water. DCS was obtained by centrifugation at 2000 rpm for
20 min. G-TENG treated 8% pulp for 30 min, followed by chemical and enzymatic treatments.

2.6. Measurement and Characterization

Various analytical techniques were used, including XRD (MINFLEX600, Rigaku Cor-
poration, Akishima, Japan), FTIR (IRTracer-100, Shimadzu Corporation, Kyoto, Japan),
SEM (Sigma 300, Carl Zeiss AG, Jena, Germany), nanoparticle size and potential anal-
ysis (NANO ZS90, Malvern, UK), XPS (ESCALAB 250XI), thermogravimetric analysis
(STA449F3), AFM (Bruker Dimension ICON), conductivity analysis (ST2643), and broad-
band dielectric impedance analysis (Agilent 4294A). The contact output of PACM-TENG
was controlled by a linear motor (LinMot E1100, Spreitenbach, Switzerland). An electrome-
ter (Keithley 6514, Portland, OR, USA) and a data acquisition card (NI-USB6259, Austin,
TX, USA) were used to test the output current, voltage, and transfer charge of TENG under
the conditions of 20 kPa and 1.5 Hz at room temperature. A pressure sensor (Hychuan,
Bengbu, China) was used to control the contact output pressure of the linear motor.

3. Results and Discussion
3.1. Design Principle of PANI-Modified Cellulose/PDMS Triboelectric Material and Tubular TENG

Figure 1a shows a schematic diagram of the preparation process and the experimental
device used to prepare the PANI-modified cellulose/PDMS composite pipeline material.
PANI-modified cellulose was prepared by means of in situ polymerization, and it was
compounded with PDMS to make tubular materials in the mold.

The sample was connected to a silicone tube, and a peristaltic pump was used to trans-
port liquid to collect electrical signals. PANI consists of two basic structural units, namely,
“benzene-benzene” and “benzene—quinone” (Figure 1b). Under the influence of protonic
acid, its imine group forms a bipolaron, which then transitions into a polaron [28,29]. Po-
larons and bipolarons exhibit delocalization, contributing to the conductivity of PANIL.
Figure 1c shows the working principle of the pipeline TENG: (i) As uncharged liquid enters
the pipeline, according to the electric double layer theory, the surface of PDMS will be
negatively charged, whereas the interface between the liquid and the solid becomes posi-
tively charged. (ii) The electrification process of the liquid continues as it flows through the
pipeline flow. A large number of negative charges accumulate on the surface of the PDMS
material at the contact surface with the liquid until reaching equilibrium and maintaining
this state for a duration of time. (iii) As the liquid continues to flow out of the pipeline,
there is no more charge on the surface of PDMS for induction, resulting in the formation
of a negative potential difference between the copper electrode and the ground. Electrons
are then transferred from the copper electrode to the ground, generating an instantaneous
negative current. (iv) When fresh liquid enters the pipeline, because the surface of PDMS
has a negative charge and there is no more charge for induction, a new positive potential
difference is formed between the copper electrode and the ground. Electrons flow from the
ground to the copper electrode, creating a positive current. This cycle of liquid outflow and
entry repeats thereafter [30].
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Figure 1. Design principle of PANI-modified cellulose/PDMS triboelectric material and tubular
TENG. (a) Preparation process and experimental device of PANI-modified cellulose/PDMS composite
pipeline material. (b) Schematic diagram of PANI molecular structure. (c) Solid-liquid contact friction
within pipeline initiating mechanism. (i) Liquid begins to enter the pipeline. (ii) The liquid flows in
the pipeline. (iii) The liquid leaves the pipeline. (iv) New liquid enters the pipeline.

3.2. Structural Characteristics of Composite Materials
3.2.1. PANI Surface Morphology and Structural Characterization of Cellulose before and
after PANI Modification

The surface morphology and structural characteristics of cellulose before and after
modification are shown in Figure 2. The surface of cellulose appeared relatively clean, with
a few branches, as shown in Figure 2a. Following modification, numerous substances with
rough surfaces were observed to adhere to the cellulose surface (Figure 2b), indicating that
PANI was well wrapped onto the cellulose surface during polymerization. The distribution
of elements modified by PANI (Figure 2c,d) reveals that a large number of uniformly
dispersed nitrogen elements appeared on the surface of the modified cellulose. After
modification, the binding energy peak of N1s appeared (Figure 2e), and the binding energy
peaks of C-N and C=C appeared at 285.73 and 284.22 eV in Cls, respectively (Figure 2f),
which were not observed in cellulose. The N1s spectrum (Figure 2g) reveals the presence of
binding energy peaks at 402.86 and 400.88 eV, corresponding, respectively, to -N*= and
-N*-Dbonds, which are unique bonds not present in the raw material aniline [31,32]. It is
demonstrated that aniline underwent oxidation and polymerization into PANI on cellulose,
becoming attached to the surface of cellulose, which imparts good electrical conductivity to
the composites. Figure 2i shows that the modified cellulose retained the diffraction peaks of
cellulose itself at 16.2°, 22.3°, and 34.3°, corresponding to the crystal planes of cubic silver
crystals (111), (200), and (004), respectively. However, the diffraction peaks belonging to
PANI appeared near 25°, corresponding to the (200) crystal plane. This indicates that PANI
was aligned along the (200) crystal plane. The modified cellulose retained the characteristic
absorption peak of cellulose (Figure 2i), and the C=C stretching vibration absorption
peaks of the aniline quinone ring and benzene ring appeared, confirming that PANI was
self-polymerized on cellulose [33-35].
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Figure 2. Surface morphology and structure characterization of PANI and cellulose before and after
modification. (a) SEM image of cellulose surface. (b) SEM image of surface of PANI-modified cellulose
surface. (c) Surface element distribution diagram of PANI-modified cellulose. (d) Distribution
diagram of nitrogen in PANI-modified cellulose. (e) XPS full spectrum. (f) C1s spectrogram. (g) N1s
spectrogram. (h) X-ray diffraction pattern. (i) Infrared spectrogram.

3.2.2. Characterization of Surface Morphology and Structure of PDMS Composites

The surface of the composite prepared by the reaction of modified PANI and PDMS
was smooth (Figure 3a), but the presence of PANI-modified cellulose can be clearly observed
in the cross section of the composite (Figure 3b), tightly wrapped within the middle layer by
PDMS. The conductivity of the composites is shown (Figure 3c); with the increase in PANI-
modified cellulose content, the conductivity of the PDMS composites was improved, and
the maximum conductivity of the samples with 4% content was 4.72 x 102 pS/cm, which
was beneficial to the improvement in the electrical output performance. Infrared spectrum
analysis reveals that all samples have similar curve peaks (Figure 3d). Because of the tight
packing of PDMS and the small amount of PANI-modified cellulose, it is not possible to
observe the obvious absorption peaks of cellulose and PANI. XRD analysis (Figure 3e)
reveals that the composite PDMS exhibits only slight fluctuations at about 21.4° and 35.4°,
which correspond to the (111) and (004) diffraction peaks of cellulose, respectively. The full
spectrum of Figure 3f reveals the appearance of the characteristic peak of N elements after
adding the modified PANI cellulose. The C1s spectrum (Figure 3g) exhibits a few binding
energy peaks belonging to PANI cellulose, whereas the N1s binding energy (Figure 3h)
displays a binding energy peak similar to that of PANI-modified cellulose [36-38], in which
-N*=and -N*- help the composite to obtain higher conductivity. In the tensile stress—strain
test of the samples (Figure 3i), the stress of the samples with PANI-modified cellulose was
improved. Because the fibers can form a uniform network structure, the samples of the 3%
PANI-modified cellulose/PDMS composite achieved a maximum strain of 273.82%.
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Figure 3. Surface morphology and structural characterization of PDMS composites. (a) SEM image
of surface. (b) SEM image of section. (c) Electrical conductivity of composite material. (d) Infrared
spectrum. (e) XRD pattern. (f) XPS full spectrum. (g) Cls spectrogram. (h) N1s spectrogram.
(i) Tensile properties.

3.3. Triboelectric Properties of PDMS Composites

Owing to the excellent mechanical properties and electrical conductivity of PDMS
composites, they were used as electrodes in the TENG devices. Figure 4a shows the
structural schematic illustration. Figure 4b shows the working principle of TENG, in which
periodic contact between triboelectric materials drives electrons to flow back and forth
in an external circuit. The composite material with PANI-modified cellulose exhibits a
higher output performance (Figure 4c—f), attributed to the imine group in PANI increasing
the conductivity. Specifically, the electrical output performance of the composite with
4% PANI-modified cellulose content is optimal, with a voltage of 107.82 V, a current of
10.54 pA, and a charge is 37.49 nC, which represent increases of 174%, 434%, and 189%,
respectively. Stability and durability (1000 s) tests were conducted to confirm the stability
of the TENG electrical output produced by the composite PDMS (Figure 4g).
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Figure 4. Cont.
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Figure 4. Electrical output performance of PDMS composite in TENG device. (a) Structural diagram.
(b) Process and schematic diagram of contact output. (i) original state, (ii) pressed state, (iii) releasing
state, (iv) released state, and (v) compressing process state. (c) Voltage. (d) Current. (e) Charge
density. (f) Changing trend of TENG's electrical output performance. (g) Output voltage of TENG
working for 1000 s.

3.4. PDMS Composite Pipeline Electrical Output

Based on the excellent mechanical properties and electrical output performance of
the PDMS composite material, it was prepared into a pipeline TENG for collecting liquid
and generating electricity through contact with the composite material during the flowing
process. A schematic illustration of the device is shown in Figure 5a. With the increase
in PANI-modified cellulose content, G-TENG with tap water exhibited a better electrical
output performance (Figure 5b). This is because the conductivity of the PDMS composites
increased with the addition of PANI-modified cellulose, and the output voltage and current
were highest when the PANI-modified cellulose content was 5%, resulting in increases of
227% and 184% in the voltage and current, respectively. With the increase in liquid flow rate,
the velocity of liquid contact with the pipeline accelerated, becoming relatively sufficient,
and the output voltage and current of G-TENG gradually increased until reaching the
peak at approximately 400 mL/min (Figure 5c). As the flow rate continued to increase,
there was not enough induced charge between the liquid and the pipeline, leading to
a drop in the voltage and current. The electrical output performance of G-TENG with
different liquids varied (Figure 5d). It can be observed that it is more beneficial to improve
the electrical output performance of G-TENG with more soluble substances in the liquid.
The dielectric properties of triboelectric materials significantly affect the electrical output
performance of TENG. PDMS with modified cellulose exhibited a higher dielectric constant
(DK > 2.5) (Figure 5e), indicating a greater ability to store charge. As shown in Figure 5f,g,
the surface potential of PDMS decreased from 678.7 mV to 1.2 V, then to —2.1 V, and finally
to —359.5 mV. After the addition of PANI-modified cellulose, the surface potential further
decreased, indicating higher electronegativity.
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Figure 5. Electrical output performance of PDMS composite in G-TENG device for liquid transporta-
tion. (a) Schematic illustration of G-TENG device. (b) Output voltage and current with varying
PANI-modified cellulose content. (c) Output voltage and current with different flow rates. (d) Output
voltage and current in different liquids. (e) Short-circuit current and dielectric properties of PANI-
modified cellulose with different contents. (f) Surface potential of pure PDMS. (g) Surface potential
of composite PDMS.

3.5. Application of G-TENG Self-Powered Pretreatment in MOW Pulp

Figure 6a shows a schematic illustration of the device for G-TENG electro-pretreatment
of MOW pulp. The flowing liquid was MOW white water, and the raw material used
for electro-pretreatment was 8% MOW pulp. In the process of white water flowing, the
triboelectricity generated by the white water and its contact with the pipe wall was collected,
and the electrical output performance of G-TENG increased with the increase in liquid
flow rate (Figure 6a). When the white water and the PDMS tube made contact, some
induced charges accumulated on the particles in the white water. The increasing charges
altered the force between suspended particles, which impacted the substances in the white
water and changed the charge characteristics of the papermaking white water. In addition,
the flow velocity of the liquid also impacted the agglomeration of charged particles to
a certain extent, making the change more complicated [39]. The results in Table 1 show
that the zeta potential, particle size, conductivity, and DS content of the white water after
flowing through the PDMS composite pipe increased to different degrees, whereas the
turbidity, CD value, pH, and CS content decreased to different degrees. These findings
indicate that the white water became more stable after electrical action. After the electrical
pretreatment of MOW pulp (Table 2), the negative zeta potential of the pulp increased with
the voltage. Electric treatment altered the charge characteristics of the pulp, enhancing
the repulsion between the fibers and ink, thereby significantly improving the deinking
effect of direct flotation of the pulp. However, chemical deinking was conducted after the
electric treatment. This may be because the increased charge inhibited the contact between
chemical reagents and the pulp, thus reducing the deinking efficiency.
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different flow rates.

Table 1. Changes in properties of MOW white water at different flow rates from G to TENG.

Index 0 mL/min 50 mL/min 200 mL/min 400 mL/min

Zeta potential (mV) —8.43 —8.69 —8.85 —8.93
Turbidity (NTU) 295 301 275 236
Size (nm) 486 576 603 563
CD (mEq/L) 1.21 1.09 1.12 1.16
Conductivity (uS/cm) 108.1 108.6 110.1 111.8
pH 8.80 8.49 8.56 8.44

DS (%) 0.0319 0.0325 0.0358 0.0338

CS (%) 0.0030 0.0019 0.0011 0.0017

Table 2. Properties of MOW pulp before and after G-TENG pretreatment.

Index 0 mL/min 50 mL/min 200 mL/min 400 mL/min
Zeta potential (mV) —13.1 —135 —13.6 —14.3
Direct flotation deinking treatment Brlihérllés(sn(mN)TU) 163(11'39% Zgg g?ig Zg;
. . Brightness (NTU 67.35 65.32 69.06 63.99
Chemical deinking treatment gERIC (n(m) : 23.87 28.54 34.71 50.21

4. Conclusions

In this study, the triboelectric and tensile properties of PDMS were improved by adding
PANI-modified cellulose. The tubular triboelectric layer prepared from PDMS exhibited
an excellent triboelectric output effect when used in TENG. The results demonstrate the
electrical output performance of G-TENG prepared with 5% PANI-modified cellulose and
tested with tap water: it achieved a voltage of 22.76 V, a current of 1.24 uA, and a charge of
8.252 nC. In addition, this study demonstrates the successful simulation of the transport
state of MOW white water in G-TENG, enabling the collection of its triboelectricity for the
pretreatment of MOW pulp. This process enhances the stability of white water and alters
the charge characteristics of pulp. The findings highlight the potential of G-TENG as a
self-powered sensor power supply and emphasize its application prospect as an energy
collection device.
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