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ABSTRACT

The decomposition of cellulose plays a critical role in composting agricultural wastes. In this study,
the electric field-assisted biodegradation (EAB) process was employed to degrade cellulose. To
assess the effect of the electric field, we examined the physicochemical properties of cellulose and
the physiological state of microorganisms. The results showed that the degradation rate of cellu-
lose in EAB was significantly higher than that in the biodegradation process alone. Specifically,
the degradation rate of cellulose increased with increasing electric field intensity, with a 2.57-fold
increase observed after 24 h when the electric field intensity was 2 V/cm. Compared to the biodeg-
radation process, EAB resulted in a greater reduction in cellulose crystallinity. The cellulose surface
became rougher and more wrinkled in EAB, which facilitated bacterial adherence. Furthermore,
when an external electric field with an intensity of 2 V/cm was applied, the microbial ATP activ-
ity showed a 6-fold increase compared to that without any external electric field. This implies
that the microbial metabolic activity could be enhanced by utilizing a low voltage external electric
field. Additionally, the electric field was observed to increase the permeability of the bacterial cell

membrane by 5%—-27%, which can facilitate the transportation of substances into the cells.
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1. Introduction

As one of the largest agricultural countries, China has
witnessed a steady increase in the generation of agricultural
waste, which includes crop straws, sugarcane bagasse waste,
and vegetable waste [1]. The current predominant methods
of disposing of agricultural waste in China involve inciner-
ation, landfilling, and composting. Composting, viewed as
a sustainable approach, leverages indigenous microbes and
enzymes to recycle agricultural waste [2,3]. During compost-
ing, agricultural waste converts into stable humus substances,

* Corresponding authors.

which are transformed into soil that serves as a natural fer-
tilizer [4]. The readily available fractions of agricultural
wastes can be immediately utilized by composting microbes;
however, it is difficult to degrade cellulose in agricultural
wastes, which would decrease the efficiencies of compost-
ing and reduce the final compost quality [5]. Given this, it
is of significant importance to study an effective method for
enhancing the degradation efficiencies of cellulose.
Composting is a complex biological redox process in
which electrons are generated and transferred to intracel-
lular electron acceptors and then to the respiratory chain
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[6]. Strengthening electron transfer in the biological oxi-
dation-reduction process can accelerate the degradation
of organic matters [7]. Conductive mediators, such as bio-
char [8], activated carbon, and carbon nanotubes have been
proven to significantly enhance the direct interspecies elec-
tron transfer in composting or anaerobic digestion process
[8-10]. Besides conductive mediators, applied electric field
can promote electron transfer more directly. Under the influ-
ence of an electric field, the electrons are forced to flow,
improving the efficiency of the composting process [11]. It
was demonstrated that the electric field-assisted biodeg-
radation (EAB) process exhibits a higher degradation rate
compared the conventional biodegradation process [7].
Additionally, EAB has been found to generate a diverse
range of simple organic components such as polyphenols,
carboxyl, polysaccharide and reducing sugars, which can
serve as precursors to form humic substances [12].

Cellulose is a linear homopolysaccharide composed of
glucose linked by (-1,4 glycosidic bonds. The atoms within
cellulose crystals are arranged relatively tightly, which ren-
ders them impermeable to enzymes and water molecules
[13]. It is reported that the oxidation products of cellu-
lose may constitute the core of humic substances under an
electric field [14]. For the purpose for recycle agricultural
wastes efferently, it should more fundamentally understand
the degradation of cellulose in EAB process.

In this study, a series of experiments on cellulose degra-
dation were conducted in electric field. The principal goals
of this study were to examine the changes in the physico-
chemical properties of degraded cellulose in the presence
and absence of an electric field and to illustrate the impact
of the electric field on the microbial physiological state.
This study provides valuable insights and a deeper under-
standing of cellulose degradation in EAB process.

2. Materials and methods
2.1. Reagents

The chemical reagents used in this study were analyti-
cally pure. Bacillus subtilis fermentation powder (bio-67659)

was obtained from Beijing Baiou Bowei Bio-Tech Co., Ltd.,
China. The valid viable count of B. subtilis in this bacteria
agent was 2200 billion/g, and the miscellaneous bacteria rate
<0.001%. The kits used for bacterial physiological and bio-
chemical activity assays, including ATP, SOD, and PI, were
purchased from Solarbio Life Sciences (Shanghai, China).

2.2. Setup of the EAB reactor and the procedure of cellulose
degradation

The EAB reactor consists of a reaction box made of
polymethyl methacrylate (6 cm x 6 cm x 5 cm), electrodes,
and direct-current (DC) power (Fig. 1). During the experi-
ment, the electrodes were first positioned on the inner wall
of the reaction chamber. The reaction chamber was then
filled with ionic resin to maintain appropriate humidity.
Next, the mixture of cellulose and Bacillus in a non-woven
bag with a pore size of 500 mesh was placed in the ionic
resin. Finally, the direct-current electric field was applied
by connecting the DH1766A-1 DC power (DAHUA Battery
Co., Ltd., Beijing, China). This is an open system in which
aerobic degradation occurred and oxygen was provided by
air. During the experiment, DI water was regularly sprayed
onto the resin to maintain the humidity at 55%—65%. The
reaction chamber was kept at a constant temperature
at 37°C. After a certain period of degradation, cellulose
samples were collected and their degradation efficiency
was determined using an F800 Cellulose Tester (Hanon
Instruments Co., Ltd., Jinan, China) based on the gravimetric
method [15].

In order to confirm the superiority of EAB, control
experiments were conducted in the EAB reactor without
DC power (denoted CB). Except for electric field, all other
operation details of CB was kept the same as those in EAB.

2.3. Methods to quantify and characterize cellulose

The original and degraded cellulose samples were
washed with DI water to remove impurities and dried at
room temperature. The structure and composition of the
cellulose samples were analyzed using Nicolet 380 Fourier

Fig. 1. Schematic diagram of the electric field-assisted biodegradation reactor (1: DC electrical supply; 2: electric wire; 3: electrode;

4: the non-woven bag).



B. Zhang et al. / Desalination and Water Treatment 297 (2023) 181-188 183

transform infrared spectroscopy (FTIR), with a scanning
wavelength range of 400-4,000 cm™, a resolution of 2 cm™,
and a scanned time of 32. The crystal structure of cellulose
was analyzed using Bruker D8 Advance X-ray diffraction
(XRD), with a scanning angular (20) range of 5°-90° and
a scanning speed of 10°/min. The morphology of the cel-
lulose samples was analyzed using ZEISS Sigma 300 scan-
ning electron microscope (SEM), operated at an accelerating
voltage of 20 kV. Prior to SEM analysis, the samples were
uniformly coated with gold.

2.4. Bacterial physiological and biochemical properties assay
methods

To investigate the effects of external electric field on
the bacterial physiological and biochemical properties, B.
subtilis (initial concentration of ~10° CFU/mL) were incu-
bated in Erlenmeyer flasks containing 200 mL TSB at 37°C
with various voltage intensities. To monitor the growth
of B. subtilis, quantification of bacterial cells was per-
formed using the standard plate counting method (CFU/
mL) [16]. To analyze cell membrane permeability, flow
cytometry (Amnis, Image StreamX Mark II, USA) was
used with propidium iodide (PI, Sigma-Aldrich, USA)
as a fluorescence indicator [16]. The SOD activity and
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The degradation rate, %

cellular ATP levels were determined by using the SOD
Assay Kit (Solarbio Life Sciences, Shanghai, China) and
Bioluminescence Assay Kit (Solarbio) according to the
manufacturer’s instructions, respectively [17].

3. Results and discussion
3.1. Degradation of cellulose in EAB

The mass of cellulose in all batches were monitored at
specific time intervals, and the degradation rate are shown
in Fig. 2. As depicted in Fig. 2a, an initial sharp increase
in cellulose degradation rate was observed within the first
24 h. Subsequently, the degradation rate increased slowly
after 24 h. At the end of experiments, the degradation rates
of cellulose was 9.9% and 17.5% for CB and EAB, respec-
tively. These results suggested that the application of an
electric field accelerated the biodegradation of cellulose,
which is agreed with the findings of previous reports. Tang
et al. reported that, upon applying a direct-current voltage
of 2V, the residual organic matters would decrease from
856 + 42 mg-L™ to 710 + 38 mg-L™" [11].

The degradation rate of cellulose increased with the
increasing of the electric field intensity (Fig. 1b). In the
absence of the low-voltage electric field, the degradation
rate of cellulose was only 8.7% after 24 h. Upon application

Fig. 2. Degradation rate of cellulose in CB and electric field-assisted biodegradation. (a) the influence of degraded time,
(b) the influence of electric field intensity, and (c) the influence of the microbial inoculum dose.
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of an electric field intensity less than 0.5 V/cm, the deg-
radation rate of cellulose was mildly increased to 10.4%
after 24 h. As the electric field intensity rose to 2 V/cm, the
degradation rate of cellulose at 24 h increased to 22.4%,
which was 2.57 times of CB.

However, the degradation rate of cellulose was only
slightly influenced by the dose of microbial inoculum
(Fig. 1c). Specifically, when the initial inoculum dose was
5% and the applied electric field intensity was 2 V/cm, the
degradation rate of cellulose at 24 h reached 25.14%. As the
initial dose of microbial inoculum was increased to 10% and
15%, the degradation rate of cellulose at 24 h were 25.92%
and 25.87%, respectively. In addition, the abundance of
microbial species did not affect the overall degradation
trend of cellulose. The cellulose degradation rates at dif-
ferent time intervals were similar across all experiments.
These findings suggest that once the initial microbial con-
centration is sufficient for cellulose degradation in EAB,
further increasing the microbial concentration has minimal
impact on the degradation rate of cellulose.

3.2. Variation of cellulose properties in EAB

Due to their chemical composition and spatial confor-
mation, the cellulose chains tend to form highly organized
structural units. The cellulose structure includes crystal
regions containing the hydrogen bonding networks and
amorphous regions [15]. XRD was used to understand the
variation of the crystal and amorphous regions of cellu-
lose as it was degraded in EAB process, and the results are
shown in Fig. 3a. The cellulose sample was found to exhibit
three significant peaks at 18°, 22.5° and 34.5°. The crystal-
line structure of cellulose is characterized by the highest
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diffraction peak at 20 = 22.5°, while the amorphous struc-
ture is indicated by the diffraction peak at 26 = 18° [18].
Compared to the non-degraded cellulose, the degraded
cellulose in CB showed a significant decrease in the inten-
sity of diffraction peaks at 22.5°. This suggests that the
crystallinity of cellulose was reduced after the bio-deg-
radation process due to the breaking of hydrogen bonds
between cellulose [19]. Moreover, the peak intensity at
22.5° of the degraded cellulose decreased even further as
a direct-current voltage of 2 V/cm was applied. This indi-
cated that the electric field would enhance the broken of
hydrogen bonds between cellulose. The EAB processes
not only reduced the crystallinity but also degraded amor-
phous cellulose. This was evidenced by the lower intensity
of the diffraction peaks at 18° for the degraded cellulose
in EAB as compared to the original cellulose. The degrada-
tion of both the crystal and amorphous regions of cellulose
led to the emergence of new diffraction peaks at 20 = 30°,
40°, 43°, 47°, and 49°, which are attributed to the degrada-
tion products of cellulose, including fibrinose and glucose
[19]. It should be pointed out that these diffraction peaks
of the degraded cellulose products in EAB did not show
higher intensities than that in CB. This may be because
microbial enzyme could mineralize cellulose directly.

The FTIR analysis is an important support for character-
izing the functional groups of cellulose [20]. Fig. 3b illustrates
that amorphous cellulose displayed a C-O-C stretching
vibration peak of p-glycosidic bond at approximately
890 cm™ on the FTIR spectrum, while a C-O stretching vibra-
tion peak appeared at around 1,050 cm™. The absorption
peaks at 1,160 cm™ is associated with (3-1,4-glycosidic bonds,
and the peaks at 1,310-1,370 cm™ represent C=O stretching
and C-H bending vibrations. After being degraded in EAB,
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Fig. 3. X-ray diffraction patterns (a), FIRT patterns (b) and SEM images (c—e) of the original and degraded cellulose.
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no discernible changes were noted in the FTIR patterns, as
depicted in Fig. 3b. The peak location and relative strength
of the functional groups of the degraded cellulose were
similar with that of the original cellulose. And the C-O-C,
C-O, C=0, and C-H groups in cellulose were also present
in its degraded products. Therefore, the discernible vari-
ation of the functional groups of the cellulose did not be
observed after the degradation.

The morphology of cellulose could be affected by the
degradation of both crystal and amorphous regions. Fig. 3c
clearly shows the width of the cellulose exceeded 15 um,
and its surface was smooth with numerous pores. However,
after degradation in CB, the cellulose width decreased sig-
nificantly, measuring less than 10 um (Fig. 3d). And some
clear wrinkles were observed on the surface of the degraded
cellulose in CB. As for the EAB process, the cellulose sur-
face became even rougher, with more wrinkles observed
(Fig. 3e). This suggests that compared to CB, EAB causes
more serious disruptions for the surface of cellulose.

3.3. Mechanisms of electric field enhanced microbial degradation
of cellulose

As aforementioned, EAB showed a higher degrada-
tion rates of cellulose than CB. This difference could be
attributed to the effect of the low-voltage electric field,
which alters the physicochemical properties of cellulose
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and enhances the physiological activity of bacteria. To gain
a better understanding of the mechanisms involved in elec-
tric field enhanced microbial degradation of cellulose, we
conducted an analysis of the physicochemical properties
of cellulose, as well as the physiological and biochem-
ical properties of B. subtilis, under the influence of the
low-voltage electric field.

3.3.1. Effects of electric field on the physicochemical properties
of cellulose

In the presence of an electric field, oxidation reactions
may occur through direct electrolysis in the anode region, as
well as indirect electrolysis in the cathode region. To deter-
mine whether electrochemical oxidation was responsible
for the degradation of the cellulose samples, the degrada-
tion rates were measured exclusively under a low-voltage
electric field. As shown in Fig. 4a, the degradation rates of
cellulose fluctuated in the range of -0.5%-1.5% at different
time interval. Taking the test error into consideration, the
quantities of remained largely unchanged with increasing
treatment time, suggesting that the level of electrochemi-
cal oxidation used in this study was insufficient to degrade
cellulose molecular structures.

The XRD patterns of the cellulose treated by the
low-voltage electric field displayed three distinct peaks at
18°, 22.5°, and 34.5°, with peak intensities similar to those
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Fig. 4. Degradation rate (a), X-ray diffraction patterns (b), FIRT patterns (c) and SEM images (d) of the cellulose after treated by

the low-voltage electric field.
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of the original cellulose (Fig. 4b). And no peaks represent-
ing degradation products were observed. These results sug-
gested that the crystal and amorphous regions of cellulose
did not be degraded by the low-voltage electric field. The
FTIR patterns shows that the location and relative strength
of C-O-C stretching vibration, C-O stretching vibra-
tion, C=0 stretching vibration and C-H bending vibration
peaks remained unchanged (Fig. 4c). This suggested that
the functional groups of the cellulose also did not change
after treated by the low-voltage electric field. However, the
low-voltage electric field treatment altered the morphol-
ogy of cellulose. Fig. 4d shows that the previously smooth
surface of cellulose became rough, exhibiting several wrin-
kles. This textured surface facilitates better adherence of
microorganisms, leading to an improved degradation rate.

3.3.2. Effects of electric field on physiological and biochemical
properties of B. subtilis

The underlying principle of electric field enhanced
microbial degradation involves inducing changes in the per-
meability of microbial cell membranes, microbial growth
and metabolic activity, microbial community structure,
and micro-ecological environment through low voltage
application. This process effectively overcomes the energy
barrier that hinders the degradation of stubborn organic
compounds by microbes [21]. It differs from the mechanism
of enhancing direct interspecies electron transfer by adding
conductive materials. To gain a deeper understanding of
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the mechanism behind the external electric field enhanced
microbial degradation of cellulose, we conducted an
investigation into its effects on the growth, ATP and SOD
activity, and cell membrane permeability of B. subtilis (Fig. 5).

Fig. 5a shows the variation of microbial concentra-
tion over time in the EAB system at different electric field
intensities. The application of an external low voltage was
found to enhance the proliferation of B. subtilis within the
experimental electric field intensity range. Moreover, the
increase of electric field intensity promoted the microbial
growth rate. The low electric field intensity (0.5 V/cm) insig-
nificantly affected the highest microbial concentration, but
instead increased the growth rate of microorganisms. The
concentration of B. subtilis reached the highest value of
10 x 108/mL after 12 h without electric field, but after 8 h
with the presence of low voltage of 0.5 V/cm. When the
electric field intensity was further increased to 1 and 2 V/
cm, the microbial concentration in the system peaked at
20 x 10%/mL after 12 h and 8 h, respectively. Along with
the effect of electric field intensity on cellulose degrada-
tion efficiency in EAB system (Fig. 1b), it indicates that
the external electric field intensity of 1 V/em or higher
enhanced the growth and proliferation rate of B. subtilis
in the system [22]. This reaction can promote the uptake,
utilization, and transformation of cellulose by microorgan-
isms [23], leading to an overall improvement of the deg-
radation efficiency of cellulose. Although the electric field
intensity varied, the microbial concentration within the
system remained stable between 7-10 x 10%/mL after 24 h.
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This can be attributed to the consumption of the degrad-
able cellulose within the system. As a result, the remaining
cellulose, which was harder to degrade, had to be utilized
by the microorganisms present, leading to a sharp decline
in bacterial population and decreased proliferation rate.

As shown in Fig. 5b, an increment in the external elec-
tric field intensity to 1 and 2 V/cm resulted in a 6-fold
increase in microbial ATP activity within the system. This
is consistent with the effect of electric field intensity on
cellulose degradation efficiency (Fig. 2b) and on the growth
of B. subtilis (Fig. 5a). The growth of cells is accompanied
by the generation of energy substances such as ATP, and
the activity of cell ATP enzyme plays an important role
in the transport of intracellular and extracellular sub-
stances, energy conversion, and information transmission
[24,25]. The cell ATP enzyme is essential in maintaining
the stability of cell nutrient concentration and is typi-
cally utilized to characterize the metabolic activity of cells
[24,25]. The high ATP activity indicates a strong ability to
degrade organic matter. It demonstrated that the external
electric field with intensity of 1 V/cm and higher signifi-
cantly improved the degradation efficiency of cellulose
by increasing microbial metabolic activity.

The bacteria will produce intracellular ROS under adverse
external stimulation. If there is excessive accumulation of
ROS, it can lead to cell death by oxidation. In response, bacte-
ria would initiate oxidative stress mechanism to increase the
activity of reductases to scavenge ROS [26]. SOD is one of
the most important reductases, activity generally serves as an
indicator of the interference of external stimulation to bacte-
ria. As shown in Fig. 3¢, after 0.5 h incubation, B. subtilis with
low voltage displayed higher SOD activity compared to that
without an electric field, with the enzyme activity increasing
by 49%-78%. In the range of 0.5-2 V/cm, the SOD activity of
B. subtilis initially increased and then decreased with increas-
ing electric field intensity. After 24 h of incubation, the SOD
activity of B. subtilis subjected to low voltage was almost
identical to that of the control group without electric field.
This suggests that the low intensity external electric field
(0.5-2 V/cm) did not cause any significant harmful effects on
the physiological and biochemical activity of B. subtilis con-
sidering the similar bacterial concentration across all exper-
imental conditions. B. subtilis could quickly mobilize their
oxidative stress system to adapt to the low-voltage electric
field and made the intracellular physiological metabolism
returned to normal level.

The bacterial cell wall is abundant in charged groups,
such as carboxyl, amino, and hydroxyl functional groups,
rendering the cell surface negatively charged. This negative
charge generates a resting potential of approximately 80 mV
across the cell membrane, creating a barrier that restricts
the transmembrane transportation of substances [27]. The
application of a low-voltage electric field can increase the
transmembrane potential, altering the cell membrane per-
meability and facilitating the uptake of extracellular sub-
stances (Fig. 3d). The low-voltage electric field (0.5-2 V/
cm) increased the permeability of bacterial cell membrane
by 5%-27%. This increase in cell membrane permeability
improves the feasibility and efficiency of cellulose trans-
port across the cell membrane, thereby enhancing the cel-
lulose degradation deficiency.

4. Conclusion

This study aimed to investigate the impact of a low-volt-
age electric field on the degradation of cellulose in EAB
through analysis of the physicochemical properties of cel-
lulose and physiological status of microorganisms. The
low-voltage electric field caused the surface of cellulose to
become rough, resulting in increased adherence of bacte-
ria. Moreover, the microbial ATP activity and membrane
permeability increased, indicating higher metabolic activ-
ity and improved transport of substances into cells. These
effects of the low-voltage electric field contributed to the
enhanced degradation of cellulose. At an optimal condition,
the cellulose degradation rate in EAB reached 2.57 times
that of CB. And the degraded cellulose exhibited a rough
and wrinkled surface and reduced crystalline structure.
These findings suggest that a low-voltage electric field is a
promising approach to enhance cellulose degradation.
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