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a b s t r a c t

As one of the strongest and oldest natural fibers, ramie fiber has been widely used for fabric production
for at least six thousand years. And degumming is a critical procedure that has been developed to hold
the ramie fiber’s shape, reduce wrinkling, and introduce a silky luster to the fabric appearance. Herein,
we introduce a fundamentally new working principle into the field of ramie fiber degumming by using
the triboelectric effect. Resort to a water-driven triboelectric nanogenerator (WD-TENG), the ramie fibers
degumming efficiency was greatly enhanced with improved fiber quality, including both surface mor-
phology and mechanical properties. Furthermore, it saves the chemicals usage in the traditional method,
which makes it a green and practical approach to fully remove the noncellulosic compositions from
ramie fibers. In addition, as a systematical study, the WD-TENG was further employed as a sustainable
power source to electrochemically degrade the degumming wastewater by recycling the kinetic energy
from flowing wastewater in a self-powered manner. Under a fixed current output of 3.5 mA and voltage
output of 10 V, the self-powered cleaning system was capable of cleaning up to 90% of the pollutants in
the wastewater in 120 min. Given the compelling features of being self-powered, environmentally
friendly, extremely cost-effective, good stability, high degumming and degradation efficiency, the pre-
sented work renders an innovative approach for natural fiber extraction, and could be widely adopted as
a green and innovative technology in textile industry.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Textile is critical to the development of human civilization and
is everywhere in people’s daily life. Ramie, one of the most popular
textile raw materials with distinctive characteristics, produces the
strongest and longest natural plant fibers with lustrous silky ap-
pearance. This type of fiber possesses many excellent properties
such as high tensile strength, high moisture absorption, good
thermal conductivity, outstanding antibacterial function and fa-
vorable air permeability [1–3]. The ramie fibers have been widely
used as an excellent textile material for clothing fabrics, industrial
packaging, car accessories, fiber reinforced composites, and so on.
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However, raw ramie is in the form of fiber bundles consisted of
many individual fibers adhesive to each other. The gummy or
noncellulosic contents, such as pectin, lignin and hemicelluloses,
are required to be degummed by placing in hot water or chemical
solutions to free and extract the individual cellulose fibers, so as to
further improve their downstream processing ability [4–6].

Considerable efforts have been committed to develop various
techniques for natural fiber degumming and extraction, including
chemical, biological (enzymatic and microbic), ultrasonic or me-
chanical methods [7]. However, widely adoption of these techni-
ques may be shadowed by the limitations such as expensive
equipments, time-consuming procedures, high environmental
pollution, high energy consumption, high operating cost as well as
large quantity of generated wastewater [8,9]. As a result, it is
highly meaningful and desirable to develop new approaches for
ramie degumming with improved fiber quality and less environ-
mental contaminations.

Herein, in this work, we introduced a fundamentally new
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working principle in the field of ramie fiber degumming by re-
porting a unique route that worked in a self-powered manner by
harnessing the ambient energy using the triboelectric effect. Un-
der the electric field provided by a water-driven triboelectric na-
nogenerator (WD-TENG), the integrated electrochemical system
can induce a large amount of OH- at the cathode, which will
greatly accelerate the degumming speed with less chemicals
consumption. The surface morphologies and mechanical proper-
ties of the degummed fibers exhibited greatly improved quality
compared to the traditional approach. In addition, the WD-TENG
was also acting as a sustainable power source to electrochemically
degrade the degumming wastewater by recycling the kinetic en-
ergy from flowing wastewater. Under a fixed current output of
3.5 mA and voltage output of 10 V, the self-powered cleaning
system was capable of cleaning up to 90% of the pollutants in the
wastewater in 120 min, in which the chromaticity, chemical oxy-
gen demand (COD) and electrical conductivity were decreased
distinctly.

With a collection of compelling features, such as high ramie
degumming efficiency and pollutants removal efficiency, cost-ef-
fectiveness, simplicity as well as stability, the reported self-pow-
ered approach based on triboelectric effect not only provides an
efficient and green pathway for natural fiber extraction, but also
promotes substantial advancement towards the practical applica-
tions of TENG and self-powered electrochemical systems.
2. Experimental section

2.1. Growth of FEP nanowires on FEP film

Inductively coupled plasma (ICP) reactive-ion etching was
carried out to create the nanowires structure onto the fluorinated
ethylene propylene (FEP) film. Typically, a 50 μm thick FEP thin
film was cleaned with isopropyl alcohol and deionized water, and
then blown dry with nitrogen gas. Before etching process, Au
particles were deposited by sputtering as the mask to induce the
nanowires structure later. Subsequently, Ar, O2, and CF4 gases were
introduced into the ICP chamber, with flow rates of 10.0, 15.0, and
30.0 sccm, respectively. The FEP film was etched for 10 s to obtain
the nanowires structure on the surface with a high density plasma
generator (400 W) and plasma-ion acceleration (100 W).

2.2. Fabrication a WD-TENG

The WD-TENG mainly consists of two parts: a stator and a ro-
tator. Stator: A square-shaped acrylic sheet was cut as a substrate
with a dimension of 13 cm � 13 cm � 3 mm by using a laser
cutter. Through-holes on edges of the substrate were drilled for
mounting it on a flat stage by screws. Fine trenches with com-
plementary patterns were created on top of the substrate by laser
cutting. A layer of Cu (200 nm) was deposited onto the substrate
using an electron-beam evaporator. After that, two lead wires
were connected respectively to the electrodes. A thin layer of FEP
(50 μm) was finally laminated onto the electrode layer. Rotator: A
disc-shaped acrylic substrate was patterned and consisted of ra-
dial-arrayed sectors by using a laser cutter. The rotator has a dia-
meter of 10 cm and a thickness of 1.5 mm. A through-hole was
drilled that has a D-profile at the centre of the rotator for a con-
venient connection to the water turbine. Finally, a layer of Cu
(200 nm) on the rotator was deposited using a DC sputter.

2.3. Characterization and measurement

A Hitachi SU-8010 field emission scanning electron microscope,
operated at 5 kV and 10 mA, was used to characterize the FEP
surface. The electrical signals were acquired using a programmable
electrometer (Keithley Model 6514) and a low-noise current pre-
amplifier (Stanford Research System Model SR570). The software
platform is constructed based on LabView, which is capable of
realizing real-time data acquisition control and analysis. Tensile
properties of the fibers such as tenacity, breaking elongation were
carried out using instrument XQ-1A testing machine. The degree
of polymerization of all samples was determined by viscosity
method using an Ubbelohde capillary viscometer as the instru-
ment and copper ethylene-diamine solution as the solvent. FT-IR
spectroscopic analysis was performed on Nicolet 6700 Spectro-
meter (Thermo Fisher, America). XPS measurement was conducted
on a Kratos Axis Ultra spectrometer (ESCA LAB 250, Thermo Fisher
Scientific) with monochromatic Al Kα X-ray source.

2.4. Self-powered integration electrochemical system for ramie
degumming

The WD-TENG was connected to the central shaft of a minia-
ture water turbine. Normal tap water was directed into the turbine
inlet through a plastic pipe. A Ti/PbO2 anode and a Ti cathode were
immersed in the reaction pond. A power management circuit was
connected to output end of the WD-TENG to convert the alter-
nating current to direct current signals. And a pH controller was
employed to monitor the pH values in the reaction solution. The
degumming experiments were conducted in a 500 mL beaker fil-
led with 10.0 g raw ramie fiber and 100 mL freshly prepared de-
gumming solution, continuously mixed at 200 rpm with magnetic
stirred bar. The reaction temperature was raised to be 100 °C. Then
the degumming reaction process was conducted and the reaction
time was recorded. The treated fibers were thoroughly washed
with deionized water. Finally they were squeezed and properly
dried at oven (100 °C, 3 h) before a further surface characterization
and mechanical properties measurement.

2.5. Electrochemical degradation of wastewater solution

The electrochemical degradation of degumming wastewater
was performed in a plastic box filled with 200 mL of wastewater at
room temperature. Due to the good chemical stability and high
electrocatalytic activity, Ti and Ti/PbO2 electrodes were placed into
the solution, acting as the cathode and anode, respectively. A
power management circuit was connected to the wave energy
harvester to convert the alternating current to direct current sig-
nals. The degradation processing of the wastewater was monitored
at fixed time intervals by measuring the chromaticity, COD values
and electrical conductivity.
3. Results and discussion

The self-powered triboelectric effect enabled ramie treatment
mainly consists of two procedures, firstly, the WD-TENG assisted high-
efficiency ramie degumming and secondly, degradation of the de-
gumming wastewater. As demonstrated in Fig. 1a, the as-developed
WD-TENG consists of mainly two parts: a rotator and a stator. The as-
fabricated device’s dimension is 10 cm�10 cm�1.5 mm. The rotator
is a collection of radially arrayed sectors with a unit central angle of 6°.
The stator comprises of three components laminated along the vertical
direction: a layer of fluorinated ethylene propylene (FEP) as an elec-
trificationmaterial, a layer of electrodes with complementary patterns,
and an underlying substrate. FEP nanowires arrays were created on
the exposed FEP surface by a top-down method through reactive ion
etching. A scanning electron microscopy (SEM) image of the FEP na-
nowires is displayed in Fig. 1b, which indicates an average diameter of
100 nm and an average length of 500 nm. Detailed fabrication process



Fig. 1. The employed water-driven triboelectric nanogenerator (WD-TENG) for self-powered ramie fiber treatment. (a) Structural design of the water-driven disk TENG. (b) A
SEM image of the FEP polymer nanowires. The sale bar is 500 nm. (c) Schematic illustration of the operating principle of the WD-TENG. (d) The current and (e) voltage output
of the WD-TENG via a power management circuit.
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of the WD-TENG was presented in the Experimental Section.
Relying on a coupling of triboelectrification and electrostatic

induction [10–16], the working principle of the WD-TENG was
demonstrated in Fig. 1c. To operate, a relative rotation between the
rotator and the stator gives rise to alternating flow of electrons
between electrodes. The electricity generation process of the WD-
TENG is elaborated through a basic unit. We define the initial state
and the final state as the states when the rotator is aligned with
electrode A and electrode B, respectively. The intermediate state
represents a transitional process in which the rotator spins from
the initial position to the final position. Since the rotator and the
stator are in direct contact, triboelectrification creates charge
transfer on contacting surfaces, with negative charges generated
on the FEP and positive ones on the metal. Due to the law of
charge conservation, the density of positive charges on the rotator
is twice as much as that of negative ones on the stator because of
unequal contact surface area of the two objects. Free charges can
redistribute between electrodes due to the electrostatic induction.
At the initial state, induced charges accumulate on electrode A and
electrode B. As the rotation starts, free electrons keep flowing from
electrode A to electrode B until the rotator reaches the final state
where the charge density on both electrodes is reversed in polarity
compared to the initial state. Therefore, alternating current is
generated as a result of the periodically changing electric field
across the electrodes [17–32].

Experimentally, to demonstrate, the WD-TENG was driven by a
water turbine. Normal tap water was directed into the turbine
inlet through a plastic pipe. A photograph of the experimental
setup was shown in Supporting Information Figure S1. It is noticed
that the WD-TENG output holds a high voltage but relatively low
current, resulting in large output impedance and thus affecting its
applicability as a power source. Besides, fluctuation in output
power and the AC output current are also concerns for practical
applications. These issues can be fully addressed by integrating the
WD-TENG with a power management circuit to form a complete
power-supplying system. Consisting of a transformer, a rectifier, a
voltage regulator and capacitors, the power management circuit,
as diagrammed in Supporting Information Figure S2, can deliver a
DC output at a constant current of 3.5 mA (Fig. 1d) and voltage
(Fig. 1e) of 10 V when the WD-TENG was driven at a fixed water
flow rate of 3 L min�1.

And a schematic diagram of the self-powered system for ramie



Fig. 2. Working principle of the triboelectrification enabled high-efficiency ramie fiber degumming and self-powered degumming wastewater treatment. (a)A schematic
diagram of the integrated self-powered ramie fiber treatment system. (b) Mechanism of the ramie fiber degumming and wastewater treatment without the assistance of an
electric field. (c) Proposed mechanism of the ramie fiber degumming and wastewater treatment with the assistance of electric field provided by the WD-TENG system.
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degumming is presented in Fig. 2a. It consisted of a WD-TENG for
power supply, a power management circuit and a chemical reac-
tion pond with freshly prepared degumming solution. A Ti/PbO2

anode and a Ti cathode were vertically fixed in the reaction pond.
And a pH controller was employed to monitor the pH values in the
reaction solution. The detailed fabrication and experimental setup
of the self-powered integration system is presented in the Ex-
perimental Section.

A further step was taken to investigate the working mechanism
of the ramie degumming and the following wastewater treatment
under assistance of the self-provided electric field. In the de-
gumming process, the coated gummy materials which have lower
degree of polymerization (DP) will break away from the cellulosic
part of bast fibers and easily be dissolved in hot alkaline solution
under the effect of hydroxyl ions, while the cellulose is compara-
tively resistant to such attacks.

Gummy materials mainly include hemicelluloses, lignin, pectin
and so on. Hemicelluloses are a mixture of various kinds of poly-
saccharide. Each polysaccharide is made up of one or several forms
of monosaccharide [33]. These polysaccharide primarily include
the components of galactoglucomannan, glucomannan, and xylan,
which are hard to be dissolved in the solution. However, under the
effect of hydroxyl ions, these polysaccharides can be degraded into
monosaccharide components, such as glucose, mannose, galactose
and xylose, which can be finally dissolved in the degumming so-
lution and easily removed from the raw ramie.
Pectins, also known as pectic polysaccharides, are rich in ga-
lacturonic acid and is insoluble in water [34]. When immersed in
hot alkaline solution, the protopectin loses some of its branching
and chain length and goes into solution. As a consequence, the
pectin components in ramie fiber dissociate and separate from the
fibers as well after chemical processing.

After extraction treatment, the following degumming solution
contains a category of sugar polymers including the six-carbon
sugars, such as mannose, galactose, and glucose, and the five-
carbon sugars, such as xylose, arabinose, and rhamnose. There
sugar residues are formed in the degumming liquid. The sugar
components in the degumming solution can be measured by a gas
chromatography (GC) analysis method. With the increase of the
treatment time, the content of sugar components increase, and
thus the effluent of the degumming system contains more and
more organic pollutant. It is worth noting that the amount of
hydroxyl ions keep reducing all the time during the degumming
process. And correspondingly the pH values of the aqueous solu-
tion is decreasing continually. Eventually, most alkali has been
consumed and the effluent of the reaction system contains less
amount of hydroxyl ions. It is worth noting that alkali is a must for
the degumming process of ramie fiber. Without it, the natural fiber
can not be extracted.

The self-provided electric filed can promote the directed mi-
gration of the ions, which is called electrophoresis, in the in-
tegrated electrochemical system. The cations move toward the



Fig. 3. Performance characterization of the self-powered ramie fiber degumming system. (a) Comparison of the degumming efficiency of the ramie fiber with and without
the applied electric field provided by the WD-TENG. (b) A study of the output current of the WD-TENG on the degumming efficiencies of the ramie fiber. (c) Comparison of
the tenacity and breaking elongation of the ramie fibers before and after degumming. (d) Comparison of the degree of polymerization and fineness of the ramie fibers before
and after degumming.
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cathode, while the anions move toward the anode under the in-
fluence of the applied electric field. The self-provided electric filed
can boost the migration of hydroxyl ions as well as the electrolysis
effect (Fig. 2c). The later induced a generation of large amount of
OH- at the cathode in the degumming solution. In the meanwhile,
a great deal of hydroxyl free radicals would generate at the cath-
ode as well, and the gummy materials such as hemicelluloses,
lignin and pectin would be electrocatalytically oxidized by such
hydroxyl radicals, which led to a greatly enhanced degumming
efficiency of the treated fibers.

To evaluate the performance of the self-powered integration sys-
tem for gummy components removal from raw ramie, the WD-TENG
was driven at a fixed water flow rate of 3 L min�1. Control experi-
ments were carried out to compare the degumming efficiency of ra-
mie fibers with or without an assistance of the WD-TENG. As de-
monstrated in Fig. 3a and Figure S3, under both the 10% and 15% NaOH
without the assistance of WD-TENG, the residual gum percentage
demonstrated a decrease trend throughout the time window of ob-
servation. However, the removal percentage and removal efficiency
were much lower even though in the presence of high concentration
of hydroxide ions. Comparatively, under the provided electric field of
the WD-TENG, the degumming speed of ramie fiber was greatly
boosted over time. The generated electric field had largely improved
the gummy components removal performance in terms of both re-
quired time and removal percentage. Besides, the proposed approach
could also save the chemicals consumptions.

Furthermore, the influence of the current output on the de-
gumming performance of ramie fiber was also studied at a fixed
10% NaOH. As demonstrated in Fig. 3b, to reach a same residual
gum percentage, a shorter degumming time is needed with a
larger current output. Likewise, given a fixed degumming time
interval, a larger current output will contribute to a larger gum
removal percentage from the raw ramie. However, the residual
content of the gummy components is independent of the applied
current. And it remains almost the same in the ramie fibers after a
continuous removal process of 300 min. Actually, the gummy
components are very difficult to be completely removed from the
raw ramie. The residual gum percentage will keep relatively stable
after a certain period of degumming time, even though in the
presence of high concentration of hydroxide ions and high
strength of applied current.

It is worth noting that the mechanical properties of degummed
fibers with WD-TENG have been improved a lot compared with the
degummed fibers without aWD-TENG. As shown in Figs. 3c and d, the
tenacity increased from 4.34 cN/dtex to 6.53 cN/dtex, while the
breaking elongation increased from 1.89% to 3.25%. Likewise, the de-
gree of polymerization increased from 1780 to 2251, while the fine-
ness increased from 1352 Nm to 1851 Nm. It indicated that the self-
powered integrated system not only enhanced the degumming effi-
ciency, but also served the role of improving the mechanical perfor-
mance of the degummed fibers. The reason could be that with the
assistance of WD-TENG, most of gummy components could be re-
moved successfully from ramie fibers and a higher purity of cellulose
contents contributed to a larger mechanical properties.

Surface morphologies of the treated fibers with and without WD-
TENG were also studied and compared via scanning electron micro-
scopy (SEM). As shown in Fig. 4a, the untreated raw fibers exhibit a
rough and coarse surface due to the coating heavily with noncellulosic



Fig. 4. Surface morphology of the ramie fiber. SEM images of (a) raw ramie fibers and (b) degummed ramie fibers without TENG and (c) degummed ramie fibers with TENG.
The scale bars are 20 μm. Photographs of (d) raw ramie fiber and (e) degummed ramie fiber without TENG and (f) degummed ramie fiber with TENG. The scale bars are
1.5 cm.

Fig. 5. Physical characterization of the ramie fiber. (a) Comparisons of X-ray diffraction pattern of the raw fibers and degummed fibers. (b) The percent crystallinity index of
ramie fibers. (c) Comparisons of FT-IR spectra of the raw fibers and degummed fibers. (d) Comparisons of XPS spectra of the raw fibers and degummed fibers.
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components. Fig. 4b is the SEM image showing the degummed ramie
fibers without the assistance of WD-TENG, onwhich a certain amount
of gummy substances still covered on the surface to prevent the fibers
from fully separating each other. The poor degumming efficiency as
well as the bad surface morphologies is mainly attributed to the in-
adequate removal reaction. To contrast, Fig. 4c shows the surface of the
treated fibers under the assistance of WD-TENG, which appeared most
clean and smooth surface. This revealed that vast majority of gummy
components were effectively removed and the bundle fibers were
separated thoroughly with each other owning to the applied electric
filed by the WD-TENG. In addition, the photographs of the raw ramie
and treated fibers were also compared and presented in Figs. 4d–f,
which also shows a greatly improved fiber surface after degumming.

X-ray diffraction patterns [35,36] obtained for raw and degummed
fibers were depicted and compared visually in Fig. 5a. All the three
curves presented major crystalline peaks for 2θ ranging between 22°
and 23°, which corresponded to the (002) crystallographic plane fa-
mily of cellulose I. The other peaks for 2θ presented between 14.8° and
16.7° corresponding to the (101) crystallographic plane family of cel-
lulose II. Fig. 5b demonstrated the crystallinity index (CrI) of ramie
fibers. The CrI of raw ramie was the lowest value of 68.20%, which is
attributed to a high content of amorphous region resulting from the
residual gums. The value of CrI increases with the increase of crys-
talline cellulose content in the treated fibers. Specifically, degummed
fibers withWD-TENG possessed the highest CrI value of 86.96%, owing
to a more adequately removal of amorphous noncellulosic com-
pounds. Meanwhile, the absorption peaks reflected stronger intensity
compared to the untreated fibers. For degummed fibers without WD-
TENG, a value of 77.61% CrI was observed, which indicated an in-
sufficient degumming reaction leading to an existence of gummy
components within the treated fibers.

To further identify the change of chemical compositions in un-
treated and treated fibers, FTIR spectroscopy analysis [37] was also
carried out, as the results shown in Fig. 5c. The value ranging from
3000 cm�1 to 3600 cm�1 corresponded to the -OH stretching vibra-
tions, which were mainly attributed to the large amount of hydroxyl
groups in the cellulose fibers. After degumming with the assistance of
WD-TENG, the relative intensities in the range of 3600–3000 cm�1

increased, which suggested the treatments have removed the most
gummy components and the purity of cellulose increased accordingly.
The treated fibers with WD-TENG exhibited strong absorption in-
tensities, such as C–H stretching around 1630–1640 cm�1, CH2 sym-
metric bending around 1320 cm�1, and C–O–C stretching around
1064 cm�1. These corresponding intensities in the spectrum were
higher as compared with the raw ramie or treated fibers without the
assistance of WD-TENG. From the spectra analysis we can safely draw
conclusion that most gummy substances were successfully removed
from ramie under the assistance of WD-TENG.

In this study, X-ray photoelectron spectroscopy (XPS) was
performed to trace and compare the structure differences between
raw ramie and treated cellulose fibers. The raw and degummed
fiber samples were firstly scanned in a low-resolution mode per-
formed on the Kratos Axis Ultra spectrometer, as the results shown
in Fig. 5d. The raw and degummed fibers exhibited very simple
spectra containing two characteristic peaks of carbon, with a
binding energy of 284.5–288.9 eV and oxygen with a binding en-
ergy of 532.3–533.3 eV, while some weaker peaks associated with
the existence of element N and S. The high-resolution C1s peak in
the XPS spectra gives detailed information of surface chemistry.
Figure S4 demonstrated the peak assignment of C moieties in the
ramie fibers. The chemical shifts for carbon (Cls) in cellulose fibers
can be deconvoluted into four categories C1. These four C moieties
exhibited corresponding peaks at 284.5, 286.5, 287.8 and 288.9 eV,
respectively. It can be seen that the peak densities of C moieties
experienced considerable change after degumming with the as-
sistance of WD-TENG. The peak densities of C1 and C2 appeared a
decrease trend while the peak densities of C3 and C4 showed an
increase trend. Table S1 summarized the peak areas and relative
atomic percentage of C moieties in raw and degummed fibers
under different conditions. In terms of O1s peaks, O1 (C-OH, C–O–
C) and O2 (C¼O, COOR) were generally involved. These two oxy-
gen moieties respectively exhibited corresponding peaks at
532.3 eV and 533.3 eV. Figure S5 illustrated the high resolution
XPS spectra of O1s peaks in raw and degummed fibers. As de-
monstrated, the peak area, peak width and peak height were ap-
parently changed with the increase of cellulose content after being
degummed with the assistance of WD-TENG. The relative atomic
percentage of oxygen was given in Table S2. The intensity of O1

peak showed a decrease trend as the cellulose content increases,
while the intensity of O2 peak shows a reversed trend. And the
O2/O1 ratio had a significant increase from 0.691 in raw fiber to
0.771 in degummed fibers with the assistance of the WD-TENG.

For a systematical investigation of degumming ramie fibers, the
ambient triboelectric effect was further utilized to develop the
WD-TENG as a sustainable power source [38–45] to electro-
chemically degrade the pollutants in the degumming wastewater
by recycling the kinetic energy from flowing wastewater. Experi-
mentally, to demonstrate, the WD-TENG was connected to the
central shaft of a miniature water turbine. Normal tap water was
directed into the turbine inlet through a plastic pipe. Under a fixed
water flow rate of 3 L min�1, the short-circuit current (Isc) has a
continuous AC output with an average amplitude of 3.5 mA
through the power management circuit. And the open-circuit
voltage (Voc) oscillates at the same frequency as that of Isc with a
peak-to-peak value of 10 V. A Ti/PbO2 anode and a Ti cathode,
vertically fixed in a degumming wastewater container, were con-
nected to the WD-TENG system.

In electrochemical oxidation process, the degummed pollutants
can not only be mineralized by the hydroxyl radicals on the anode
surface, but also can be directly oxidized and degraded on the
surface of anodes, which were eventually mineralized into CO2

and H2O. This process can largely relieve the pollution and im-
prove the water quality. In environmental chemistry, the chemical
oxygen demand (COD) test is commonly used to determine the
amount of organic compounds found in wastewater. Electrical
conductivity (EC) estimates the amount of total dissolved salts
(TDS), or the total amount of dissolved ions in the water. Chro-
maticity is an objective specification of the quality of a color re-
gardless of its luminance. In this study, the degradation efficiency
of the degumming wastewater was characterized in terms of
chromaticity, COD values and electrical conductivity.

The self-powered cleaning system for wastewater treatment
from ramie degumming was demonstrated in Fig. 6. As shown in
Fig. 6a, with the increasing of degradation time, the chromaticity
in the degumming wastewater decreased evidently, indicating the
effectiveness of the route for self-powered pollutants electro-
chemical degradation. The visual color in the solution also ex-
perienced obvious change from the initial heavy color to lastly
light color during the degradation time. Besides, after a continuous
degradation of 120 min, the COD values decreased from 4589 mg/L
to 420 mg/L while the electrical conductivity decreased from
32200 mS/cm to 3100 mS/cm, as shown in Fig. 6b. Remarkably,
under a fixed current output of 3.5 mA and voltage output of 10 V,
the self-powered cleaning system was capable of cleaning up to
90% of the pollutants in the wastewater in 120 min.

Furthermore, the influence of the current output of the WD-
TENG on the pollutant degradation performance was also studied.
As demonstrated in Fig. 6c, to reach a same COD value, a shorter
time is needed with a larger current output. Likewise, given a fixed
degradation time interval, a larger current output will contribute
to a smaller COD value of the wastewater. A further test was
performed to evaluate the electrical conductivity, and it shares a



Fig. 6. Investigation of the self-powered system for wastewater treatment from ramie degumming. (a) Dependence of the chromaticity in the degumming wastewater on the
degradation time. Inset shows the color change of the degumming wastewater with the increase of degradation time. (b) Dependence of the COD and electrical conductivity
of the degumming wastewater on the degumming time. Influence of the WD-TENG output current on (c) the COD change and (d) the electrical conductivity change in the
degumming wastewater.
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similar trend with that of the COD, as demonstrated in Fig. 6d. This
clearly indicated the effectiveness of the reported route for self-
powered electrochemically degrading degumming wastewater.
We further investigated the durability of the self-powered elec-
trochemical system. The experimental results are shown in Figure
S6. No observable degradation of the surface polymer nanowires
of the as-fabricated WD-TENG after a continuous operation of
36 h, as indicated by the SEM image in Figure S6a and S6b. And
also, both the measured output current (Figure S6c and S6d) and
voltage (Figure S6e and S6f) of the as-fabricated WD-TENG are
constant after long-term device operation. These indicate a good
durability of the integrated system for ramie fiber degumming and
the following wastewater treatment.
4. Conclusions

In this work, we paved a new avenue in the field of ramie fiber
degumming and the following wastewater treatment by reporting a
self-powered route based on triboelectric effect. By harvesting the ki-
netic energy from ambient water flow, the generated electric field from
the WD-TENG can largely boost the migration of hydroxyl ions and
enhance the electrolysis effect, which can greatly improve the de-
gumming speed and degumming efficiency. The surface morphology
and mechanical properties of degummed fibers exhibited much more
improvement compared to the treated fibers without WD-TENG.
Moreover, the power generated by the WD-TENG can also act as a
sustainable power source to electrochemically degrade the pollutants
in the degumming wastewater. Under a fixed current output of 3.5 mA
and voltage output of 10 V, the self-powered cleaning system was
capable of cleaning up to 90% of the pollutants in the wastewater in
120min. And experimental results indicate that the chromaticity, COD
and electric conductivity in treated wastewater have been decreased
distinctly with the assistance of WD-TENG. The reported WD-TENG
assisted electrochemical system not only provides an efficient pathway
and new alternative to environmentally friendly extraction of natural
fiber, but also promotes substantial advancement toward the practical
applications of TENG based self-powered electrochemical systems.
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