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Abstract

The application of plastic film mulching technology provides good soil growth ecology for the growth of cotton and other
crops. However, the plastic film residues also cause residual film pollution in cotton farming areas, destroying the
physical quality of the soil and affecting the growth of crops. At present, China mainly adopts the method of mechanical
recycling to recover the residual film, but the resulting film has a high impurity rate and is mixed with a large amount of
crop residues, making secondary recycling difficult. To solve this problem, a membrane stubble separation device under
the action of high-voltage electrostatic adsorption was designed in this study. Maxwell software was used to conduct
simulation analysis and experimental research on the separation device, and the Design-Expert® software was used to
optimize analysis and explore the influencing factors and specific processes of the membrane-stubble mixture during the
separation process. Results show that the static voltage level, the fragmentation degree of the residual film, the charged
area of the electrode plate, and the distance between the electrode plate and the separation roller all have significant
effects on the separation rate. In terms of optimizing the results, when the static voltage level is +54.60 kV, the residual
film size is 21.75 cm?, the height between the electrode plate and the separation roller is 78.8 mm, and the rotation speed
of the separation roller is 31.30 r/min, the best separation efficiency can be obtained, with a separation rate reaching
79.15%. The obtained conclusions provide a significant technical reference for solving the problems of difficult
separation of membrane impurity and high impurity content in mechanically recovered residual membrane mixtures.
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1. Introduction

Plastic film mulching technology plays a variety of
important roles in the process of crop planting and growth,
such as increasing temperature and moisture, moisturizing
and retaining water, preventing pests, and inhibiting the
growth of weeds [1-3]. However, due to the lack of effective
plastic film recycling methods, large amounts of waste
plastic film remain in the soil environment, thus affecting
the quality of farmland soil [4]. Furthermore, waste and
residual film may decompose microplastics in the soil and be
absorbed by crops, thereby affecting crop growth [5-7]. The
"Agricultural Film Recycling Action Plan" issued by the
Chinese Ministry of Agriculture in 2017 [8] also emphasized
the prevention and control of farmland residual film
pollution as well as the importance and the necessity of
improving the utilization level of waste agricultural film. In
the arid planting areas of Northwest China, mechanized
residual film recycling operation is mainly carried out by
using a residual film recycling machine—an important
means of controlling the residual film pollution problem [9].
Wen Haojun [10] of Shihezi University designed a second-
order chain plate-type straw-crushing plastic film recycling
machine. Jin Wei [11] of Xinjiang Agricultural University
developed a spring tooth-type residual film recovery
machine, while other scholars have also conducted
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numerous studies on the mechanized recovery of residual
film. However, at present, many impurities can still be found
in residual films recovered by mechanical recycling. In
particular, recovered residual films in plough layers still
contain mixed impurities, such as crop residues and gravel
soil. Among several advantages, the physical properties of
such film stubble mixtures ware difficult to accurately
measure, the cost of reprocessing into plastic particles was
high, and the recovery technology and secondary utilization
ware highly difficult [12-14]. Therefore, finding an effective
method to separate the membrane-stubble mixture can help
lower the impurity content of the residual membrane, reduce
the technical difficulty and cost of processing and reuse, and
improve the economic benefits of recycling residual
membranes, which in turn, can effectively solve the problem
of the secondary pollution of residual membrane [15,16].

At present, the electrostatic removal of impurities and
separation technology has been applied in many industries
[17-19]. In addition, Dizdar [20] used friction charging to
achieve mineral separation and investigated whether mineral
separation can be carried out under the influence of different
influencing factors and materials of the conveyor belt. The
friction charging method can reach up to +35 kV. The
separation test showed that the friction charging method can
realize the separation of minerals. Richard [21] studied the
application of roller electrostatic separators for the
separation of conductive and non-conductive components in
particle mixtures. Experimental studies showed that 75.00%
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of aluminum particles and 99.97% of PVC can be removed,
resulting in copper with a purity of 98%. Kawamoto [22]
designed a flat-plate conveyor -consisting of parallel
electrodes to separate particles by size under the action of a
voltage of an appropriate frequency. Medles [23] found that
the size of plastic particles had a significant impact on the
separation efficiency in the process of electrostatically
separating plastic particles. Jedryczka [24] developed an
automatic test bench for electrostatic separation of plastic
waste, equipped with a computer vision system for real-time
monitoring of separation efficiency. Louati [25] determined
the effect of electrostatic voltage level and air gap thickness
on the electric adhesion of metal and plastic through
numerical simulation and verified the feasibility of metal-
plastic mixture separation.

Studies on the application of high-voltage electrostatic in
the agricultural field have continued to increase every year
[26-28]. For example, Julidn Séanchez [29] used an
electrostatic hand-held sprayer and a traditional hand-held
sprayer to spray medicines on greenhouse vegetables. The
results showed that the spraying effect of the electrostatic
spray was improved compared with the hand-held spray gun.
Dascalescu [30] used a belt-type corona separator to charge
the wheat bran and found that the freeze-dried samples
retained the charge better than the samples without the
freeze-drying process, thus sorting out the wheat bran with
high nutritional value. Wang [31] used a grinding device and
an electrostatic sorting device to extract protein from seeds,
achieving a high ground powder protein content of 65.37%,
which broadened the idea for the development of grinding
technology. The problem of membrane impurity separation
is the main reason for the difficulty behind the secondary
recycling of residual membranes. The above studies have
shown the feasibility of using electrostatic adsorption
technology in separating residual membranes and impurities,
thus providing theoretical and technical support for
membrane-stubble separation under the action of high-
voltage static electricity.

To address the lack of effective and scientific separation
technology of membrane-stubble mixture after mechanical
recovery and the difficulty of the secondary recovery of
residual membrane, this study proposes and develops a
membrane-stubble separation device under the action of high
voltage electrostatic from the perspective of practical
agricultural engineering application. In this work, we used
Maxwell to simulate and analyze the charge of the residual
membrane in the adsorption electric field of the device. Then,
we designed experiments to study the separation effect of the
membrane-stubble mixture under different conditions and
determined the device parameters when the optimal
separation effect is achieved. Using the device to separate
and recover the residual film and impurities can help
enterprises reprocess and utilize residual films, reduce the
problem of secondary pollution of residual films, and
provide a reference for the mechanized control of the
residual film pollution, thus promoting the sustainable
development of agriculture.

2. Materials and methods

2.1 Analysis of the film-stubble mixture

A film-stubble mixture is the mulch film recovered by the
residual film recovery machine. According to the literature,
the current impurity content after the operation of the
residual film recovery machine is about 10%-25% [32-34],
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the film-stubble mixture mainly includes residual film, clods,
sand and gravel, and crop residues. In this experiment,
cotton plots in Southern Xinjiang were selected, and the
sampling locations were as follows: Xingfu Farm, Alar City,
First Division of Xinjiang Production and Construction
Corps, Shule County, Kashgar Region, Xinjiang Uygur
Autonomous Region, Kuqa County, Aksu Region,
Bayingoleng Mongolian Autonomous Prefecture, and Korla
Region. Bohu County had a total of five sampling sites. The
sampled plot was a cotton field, and the film covering period
was more than 10 years. The plot area was more than 1 hm?,
and the residual film was recovered by mechanical film
collection. The sampled products are representative. The
sampling period was after the autumn harvest in November
2021.

The field film-stubble mixture sampling method was as
follows: first, the residual films were recovered by the
residual film recovery machine after selecting one cotton
field for each sampling area and taking two samples from
each cotton field. The film-stubble mixture was collected
into the sample bag, which was marked with a signature pen
to facilitate subsequent processing. A total of 10 samples
were collected at the end of sampling in five areas. The
collected samples were preliminarily cleaned and pulverized.
After cleaning, they were dried and weighed, and their area
distribution was counted. After Origin treatment, the area
distribution of the fragmented residual film was obtained, as
shown in Fig. 1.
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Fig. 1. Framer membrane distributed diagram

2.2 Design and construction of the test device

The membrane-stubble separation device is composed of a
high-voltage electrostatic ~generator, separation roller,
electrode plate, motor, conveyor belt, film brush, collection
box, and other components. During the operation of the
device, the high-voltage electrostatic generator is connected
to the electrode plate through a wire and discharges the
small contact surface; the output voltage is a positive voltage.
The electrode plate with static voltage will charge the
residual film, and the residual film with a positive charge
will be adsorbed on the separation roller under the action of
the electrostatic field. The separation roller is powered by a
servo motor with a speed adjustment range of 1-3000 r/min.
The residual film mixture passes through the conveyor belt
to the top of the separation roller. When the separation roller
rotates, the residual film mixture is affected by electric field
force, gravity, and centrifugal force. Due to the varying
adsorption effects of different materials, impurities will fall
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into the collection box at the side of the high-voltage
electrostatic generator under the influence of the above
forces. As the residual film is light and charged, the residual
film will continue to be adsorbed on the separation roller and
then brushed off into another film collecting box through the
film brushing part. The structural diagram of the membrane
residue separation device is shown in Fig. 2.

1. Conveyor belt 2. Separating roller 3. Electrode plate 4. High voltage
electrostatic generator 5. Collecting box 6. Motor 7. Residual film brush
Fig. 2. Structural diagram of membrane stubble separation device under
high voltage static electricity

The high-voltage electrostatic generator is the core
component of the separation device. It consists of two parts:
an electrostatic emission rod and a DC high-voltage power
supply. The DC high-voltage power supply can add a high
voltage to the electrostatic emission rod, and then the
electrostatic emission rod charges the experimental object by
emitting charged ions.

By analyzing the field strength between the electrode
plate and the separation roller, we have:

u
E=— 1
7 (D
The capacitance of the electrode plate is expressed as:
c-4.5_25 )
u od d

where C represents the capacitance, d represents the distance
between the electrode plate and the separation roller, S
represents the cross-sectional area, q represents the coulomb,
and U represents the voltage.

The voltage electrostatic adsorption power supply model
is PW-P104-8ACF1 (Wendong High-voltage Electrostatic
Generator). The power is 200 W, and the power supply has
over-voltage, over-current, and short-circuit protection to
ensure the safe and smooth progress of the test. During the
test, the high-voltage electrostatic measuring instrument was
selected as follows: SIMCO-FMX-003, measurement range
=-200 to +200 kV, measurement accuracy = 0.1 kV.

The main technical parameters of the high voltage
electrostatic separation device are shown in Table 1 below.

Table 1. Main technical parameters of the unit

Design index Measure | Value
Device size m 2.2x0.5x1.25
Working speed of separating roller RPM 1~50

Motor speed RPM 20~1000
Static voltage range kV 30~65
Conveyor speed m/s 0.3

The film collecting box was designed as a drawer in
which the residual films and impurities were cleaned and
classified. A layer of insulating rubber pad was laid under
the device to prevent accidental injury to the test personnel
due to leakage during the experiment. The completed
membrane-stubble separation device under the action of high
voltage electrostatic is shown in Fig. 3.

Fig. 3. Separation device physical diagra}n

2.3 Simulation test of high-voltage electrostatic residual
film adsorption electric field

To study the separation method of membrane stubble under
high-voltage static electricity, the distribution of electric
field and the force of residual membrane in the electric field
should be analyzed first. The static voltage level of the
device, the height of the electrode plate, the size of the
residual film, and the speed of the motor ware selected as
influencing factors through the separation principle of high-
voltage static electricity and the reference to the literature.
Then, the Maxwell electric field simulation software was
used to simulate the electric field distribution between the
separation devices. The drawn 2D and 3D models of
electrode plates and separation sticks were imported from
Solidworks into Maxwell to ensure the authenticity of the
field strength distribution and vector distribution of the
simulated electric field. The parameters of Maxwell software
are shown in Table 2.

Table 2. Maxwell parameter setting table

24

Option Parameter
Maxwell solver Electrostatic field
Electrode plate material Graphite
Separation roller material Steel
Boundary conditions Air
Voltage Excitation 55KV
Maximum Number of Passe 10
Percent Error 1%
Refinement Per Pass 30 %
Once the setting is completed, the model was

automatically meshed according to the set times and
accuracy, and the operation detection and solution were
carried out to obtain the inter-plate electrode field strength
distribution diagram and the inter-plate electrode electric
field vector distribution diagram. The analysis showed that
the electric field force when the residual film was charged
changed with the change of the electric field strength, thus
directly affecting the separation efficiency of the mixture.
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Therefore, the field intensity distribution between the
electrode plates of the separation device was studied, and the
changes of the electric field intensity under different
conditions were analyzed. Maxwell was used to set the
following four conditions for simulation:

(1) Change the applied electrostatic voltage level and
study the electric field distribution and vector direction
between the two electrode plates under different electrostatic
voltage levels.

(2) Change the distance between the electrode plates and
study the magnitude of the static voltage level and the
electric field vector distribution of the two electrode plates at
different distances.

(3) Change the thickness of the electrode plate and study
the magnitude of the charged voltage and the vector
distribution of the other electrode plate under the condition
of different thicknesses of the electrode plate.

(4) Change the width of the electrode plate and study the
magnitude of the charged voltage and the vector distribution
of the other electrode plate under the condition of different
widths of the electrode plate.

2.4 Regression experimental design

The high-voltage electrostatic membrane impurity separation
test was conducted to verify whether the high-voltage
electrostatic membrane impurity separation device can
achieve the expected effect. The main indicator of the high-
voltage electrostatic separation test is the separation rate of
residual membrane and impurities. The required samples
were prepared with the size distribution of the residual film,
and the membrane impurities separation device was used as
the test equipment. In addition, the static voltage level of the
device, the height of the electrode plate, the size of the
residual film, and the speed of the motor were selected
through the separation principle of high-voltage electrostatic
and the literature review factor.

The following four influencing factors were respectively
analyzed and verified by the single-factor level test to
determine the better indicators, thus providing data support
for subsequent regression experiments and analysis.
According to the characteristics of the device and the
distribution of the residual film in the Xinjiang soil, the
factor level table shown in Table 3 is determined. The static
voltage level is 55 kV, the height of electrode plate is 80 mm,
the size of the residual film is 17-25 c¢cm?, and the rotation
speed of separation roller is 30 r/min. When the other three
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factors are at 0 level, the influence of each single-factor
change on the separation rate of the device is tested.

Table 3. Single factor test factors horizontal table
Factor

Level Static Electrode Residual Motor
voltage plate film speed(r/min)
level(kV) height(mm) | size(cm?)

1 30 60 1~4 20

2 35 70 5~9 25

3 40 80 10~16 30

4 45 90 17~25 35

5 50 100 26~36 40

6 55 37~49

7 60

Through the single-factor test, the optimal level interval
of four test factors was obtained. The static voltage level was
50-60 kV; the height of the electrode plate was 70-90 mm;
the sizes of the residual films were 16, 20, and 25 cm?; and
the electrode rotation speed levels were 25, 30, and 35 r/min.
The response surface experimental design was carried out
with the separation rate of the residual film and impurities as
the index. The table of test factor levels is shown in Table 4.

Table 4. Regression test factor level

Level Factor
Static Electrode Residual Motor
voltage plate film speed(r/min)
level(kV) height(mm) | size(cm?)

1 50 70 16 25

0 55 80 20 30

-1 60 90 25 35

3. Results analysis

3.1 Analysis of simulation test results
3.1.1 Influence of different electrostatic levels between
electrode plates on electric field distribution

The simulation selected three different static voltage levels
between the two electrode plates. The static voltage levels of
the left electrode plate were 50, 55, and 60 kV, respectively,
and the right side was 0 kV. The distance between the
electrode plates was 80 mm, the thickness of the electrode
plates was 200 mm, and the width of the electrode plates
was 200 mm. The simulation results are shown in Fig. 4.
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Fig. 4. The optimal distribution map of different static voltage levels. (a) 50 KV (b) 55KV (¢) 60 KV

The figure shows the electric field strength and vector
distribution between the two electrode plates at different
electrostatic voltage levels. According to the simulation
results, the electric field distribution of 50-60 kV is
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relatively uniform, the electric field vector trend is relatively
regular, and the vectors all point to the right electrode plate.
From m1-m6 in the figure, the electrostatic voltage levels of
the electrode plate at different points can be obtained. When
the static voltage level is 50-60 kV, the voltage distribution
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on the electrode plate is the most uniform and stable.

3.1.2 Influence of different distances between electrode
plates on electric field distribution

The simulation selected three different distances between the
two electrode plates, which were 70, 80, and 90 mm. The
Yoltage[V]
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static voltage level of the left electrode plate was 55 kV, and
the right side was 0 kV. The thickness of the electrode plate
was 20 mm, and the width of the electrode plate was 200
mm. The simulation results are shown in Fig. 5.
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Fig. 5. The optimal distribution map of different distances. (a) 70 mm (b) 80 mm (c) 90 mm

The figure shows the electric field strength and vector
distribution under different charging distances between the
two electrode plates. According to the simulation results,
when the distance is 60 mm, the distribution of electric field
vector is chaotic, and the arc can easily occur during the test,
which is dangerous. When the distance is 70-90 mm, the
voltage distribution on the electrode plate is more uniform,
and the electric field vector trend is more regular. When the
distance is 100 mm, the voltage near the right electrode plate
is smaller. When the distance between the electrode plates is
70-90 mm, the voltage distribution on the electrode plates is
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most uniform and stable.

3.1.3 Effects of different thicknesses of electrode plate on
electric field distribution

The simulation selected three different electrode plate
thicknesses: 10, 20, and 30 mm. The static voltage level of
the left electrode plate was 55 kV, and the right side was 0
kV. The width of the electrode plate was 200 mm, and the
charge distance between the electrode plates was 80 mm.
The simulation results are shown in Fig. 6.
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Fig. 6. The optimal distribution map of different thickness. (a) 10 mm (b) 20 mm (¢)30 mm

The figure shows the electric field intensity and vector
distribution under the condition of different thickness of the
electrode plate. According to the simulation results, when
the thickness of the electrode plate is 10 mm, the vector
arrow on the right side is red, and the voltage level is 55 kV.
This indicates that the electrode plate responsible for
charging is too thin and the voltage attenuation is small,
which directly punctures the right electrode plate. When the
thickness of the electrode plate is 30 mm, the voltage
distribution on the right electrode plate is too small. When
the thickness of the electrode plate is 20 mm, the voltage on
the right electrode plate is relatively uniform.

3.1.4 Influence of different widths of electrode plates on
electric field distribution

We used 3D modeling for the simulation of the electrode
plate width, and three values were selected for the width of
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the electrode plate: 100, 200, and 300 mm. The static voltage
level of the upper electrode plate was 55 kV, and the lower
side is 0 kV. The thickness of the electrode plate was 20 mm,
and the charge distance between the electrode plates was 80
mm. The simulation results are shown in Fig. 7.

The figure shows the voltage cloud diagram and electric
field vector simulation when the width of the electrode plate
is 200 mm. As can be seen, the electric field vectors are
mainly concentrated in the middle of the electrode plate.
Furthermore, the surrounding vectors are less distributed and
attenuated, and the surrounding vectors are generally close
to the lower electrode plate. When the width of the electrode
plate is 100 mm, the charging time of the membrane-stubble
mixture on the separation roller is shorter. When the width
of the electrode plate is 200 mm, the electrifying time is too
long, which may cause impurities in the membrane-stubble
mixture to adsorb on the separation roller and affect the
separation rate of the membrane stubble.
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Fig. 7. 200 mm the optimal distribution map of width. (a) Electric field vector distribution (b) Voltage nephogram

3.2 Test results and analysis

The response surface test was conducted, with different
static voltage levels, electrode plate heights, residual film
sizes and motor speed as test factors. The actual separation
efficiency was used as an index to obtain the test results of
the response surface.

Design expert 10 was used to fit the test data, and the
regression equation of the static voltage level, electrode plate
height, residual film size and electrode rotation speed on the
impurity removal rate of the device were obtained as shown
in the equation:

w=80.97-1.734-0.58B—-0.84C+1.39D —0.554B —
1.304C—-5.71AD -4.22BC—0.18BD + 2.28CD —
15344 -7.36B*—4.23C* =5.24D* + 12.92ABC —
13.494ABD —10.40ACD —-0.71BCD - 9.56 A'B +
5.194°C+3.784'D+6.584C* +2.55B°C—-1.40B’D +
1.20BC* -3.37C’D + 2.08CD*

G)

where A represents the static voltage level, kV; B represents
the height of the electrode plate, mm; C represents the size

of the residual film, cm?; and D represents the motor speed,
r/min.

To more intuitively reflect the effects of device removal
under different influencing factors, according to the
secondary regression model in Equation 3, the
corresponding surface optimization model is obtained, as
shown in Fig. 8.

Figs. 8a, b, c, d, e, and f are the response surface
diagrams of the interactions of the four influencing factors
(static voltage level, motor plate height, residual film size,
and motor speed) on the impurity removal rate. It can be
seen from Fig. 8a that when the size of the residual film and
the motor speed are 20.5 cm? and 30 r/min, respectively, at
the “0” level, the separation efficiency increases first and
then decreases with the increase of the static voltage level
and the height of the electrode plate. In Fig. 8b, when the
height of the electrode plate and the motor speed are 80 mm
and 30 r/min, respectively, at the “0” level, the separation
efficiency increases first and then decreases with the
increase of the static voltage level and the size of the
residual film. In Fig. 8c, when the size of the residual film
and the height of the electrode plate are 20.5 cm? and 80 mm,
respectively, at the “0” level, the separation efficiency
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increases first and then decreases rapidly with the increase of
the motor speed and the static voltage level. It shows that
when the speed of the separation roller is too fast, the

Separation rate (%)

Separation rate (%)

D: Motor speed (rad/min) 21 52 A: Static voltage level (KV)

15 50

(©

Separation rate (%)

(©)

separation efficiency decreases accordingly, which has a
great impact on the separation efficiency.

Separation rate (%)

19 "
C: Residual film size (cm?)18 52 A: Static voltage level (KV)

16 50

(b)

Separation rate (%)

(d
S
z
8
g
g
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4

®

Fig. 8. The corresponding curved surface and equivalent of each factors to the device separation rate. (a) A B corresponding surface (b) A C
corresponding surface (¢) A. D corresponding surface (d) B. C corresponding surface (e) B. D corresponding surface (f) C. D corresponding

surface

As shown in Fig. 8d, when the motor speed and static
voltage level are 30 r/min and 55 kV, respectively, at the “0”
level, the separation efficiency increases first and then
decreases rapidly with the increase of the residual film area
and electrode plate height. It shows that the size of the
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residual film area and the charging distance of the electrode
plate have a great influence on the separation efficiency. In
Fig. 8¢ when the motor speed and electrode plate height are
30 r/min and 80 mm at the "0" level, the separation
efficiency first rises and then slowly decreases with the
increase of motor speed and electrode plate height. It shows
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that the influence of motor speed and electrode plate height
is weaker than the static voltage level on separation
efficiency. Finally, it can be seen from Fig. 8f that when the
static voltage level and the height of the motor plate are 55
kV and 80 mm, respectively, at the “0” level, the separation
efficiency first increases rapidly and then decreases slowly
with the increase of the motor speed and the residual film
area.

Combined with contour lines, response surface maps,
and the interaction between the four factors, the optimization
function in Design-Expert® was used to optimize the
residual film separation rate, and the following optimal
parameters were obtained: static voltage level of +54.60 kV,
78.8 mm distance between the plate and the separation roller,
residual film area of 21.75 ¢cm?, and the rotation speed of the
separation roller set at 31.30 r/min. At this time, the
separation rate of the device is 79.15%, which is good for
the film-stubble mixture recovered by the separation
machine. Thus, the separation effect meets the requirements
of residual membrane separation and secondary utilization.

3.3 Operational performance verification test

To verify the actual separation rate of the optimized
parameter separation device, a verification test was carried
out according to the optimized parameters. The static voltage
level of the separation device was set to +54.60 kV, the
distance between the electrode plate and the separation roller
was 78.8 mm, and the speed of the separation roller was
31.30 r/min. Then, we adjusted the pulverizing device to
control the residual film area to be between 16-25 cm?, after
which we conducted five groups of repeated tests and
calculated the test results by the average value. The test
results of the prototype are shown in Table 5.

Table 5. Sample machine performance verification test results

. Separation rate of | Impurity content of residual
Serial . .
number residual membrane | membrane after separation

(%) (%)
1 77.89 1.14
2 78.95 0.98
3 79.13 0.77
4 81.08 1.25
5 77.56 0.59
Average | g9, 0.95
value
E
= -3+
i
E :{‘[) :{‘5 l'(l 1‘3 :'1‘() '7['1 6’()
Static voltage level (kV)
(a)

Repeated tests were conducted through the optimal
parameters, and the test results showed that the highest and
lowest residual membrane separation rates were 81.08% and
77.56%, respectively. The average recovery rate of residual
film was 78.92%. Compared with the predicted results, the
error is small, and the test results are basically consistent.
The average impurity content of the residual membrane after
separation is 0.95%, which has little influence on the
secondary recycling process of the residual membrane.

4. Discussion

4.1 Analysis of the charging capacities of different
residual films

When the charging test was carried out on the residual films
of different sizes, with the increase of the static voltage level,
the surface charge of the mulch films also increased
accordingly. Furthermore, the static voltage level was found
to be the main factor affecting the residual film’s charging
ability. When the residual film area is less than 9 cm?, the
residual film area is small, the dielectric polarization ability
is limited, and the measurement results are relatively
unstable; however, the charge capacity is still rising with the
increase of the static voltage level. When the area of the
residual film is between 17-25 cm? and the distance is 80
mm, the rising trend of the charge on the film is relatively
stable. At this time, the area of the residual film is moderate.
According to the area distribution of the crushed residual
film, it can be known that the residual film of 17-25 cm?
accounts for about 1/2 of the total amount of the crushed
residual film, which is conducive to obtaining a stable
charge on the residual film during separation and improving
the separation efficiency.

At the same time, the charging capacity of the new and
old mulching film is compared. As shown in Fig. 9, the trend
of the surface static voltage level of the mulching film is the
same as that of the old mulching film. However, because the
shape and pores of the old film are different from those of
the new film, the surface static voltage of the former is not
as stable as that of the latter, although the difference in
charge is small. It can be found that the influence of the new
film on the surface static voltage of the film is small, and the
trend of charge is the same.

T —=— <dem?
—— 4-9cm*
49 —A— 10-16cn?
—v— 17-25cm?
3 26-36cm*
37-49cm?
9
1 < -
T fvifiﬂ/
04 N'—'

Voltage on residual film(kV)

-5 T T T T T T T
30 35 40 45 50 55 60
Static voltage level (kV)

(C)

Fig. 9. Surface charge of new and old mulching film. (a) New mulching film (b) Old mulching film
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4.2 Analysis of factors affecting the separation efficiency
of the unit

The static electric field between the separation roller and the
electrode plate in the process of electric field simulation was
analyzed and simplified to a certain extent. The separation
roller may has a certain impact on the adsorption electric
field during its movement, and the impact will increase with
the acceleration of the rotation speed of the separation roller.
However, in the separation, the rotation speed of the
separation roller is slow, and the movement process may not
cause great disturbance to the adsorption electric field.
Therefore, the static electric field was used for the
simulation analysis of the separation process.

In the separation, the increase of the static voltage level
has a significant impact on the charge of the residual film,
which directly affects the separation efficiency of the device.
With the improvement of the static voltage level, the static
voltage on the surface of the residual film is on the rise as a
whole. When the voltage is between 30 and 45 kV, the static
voltage on the surface of the residual film is in the rising
stage. It is basically stable at 50-60 kV, which may be due to
the limited area of the film. Furthermore, the charge of the
film is stable at the electrostatic voltage of 50-60 kV.
Excessively high voltage will cause more adsorbed
impurities and increase energy consumption. Thus,
controlling the static voltage level between 50 kV and 60 kV
can achieve the best separation effect.

Apart from the four factors mentioned in the test (i.e., the
static voltage level, the height of the electrode plate, the size
of the residual film, and the rotation speed of the separation
roller), other factors, such as the type of the residual film,
the shape of the broken residual film, and the curling degree
of the residual film, may also affect the device parameters at
the time of optimal separation. However, these factors do not
offer convenience when it comes to regulating the actual
separation process, and it is observed that these factors have
no significant effects on the separation rate. Thus, from the
perspective of engineering application, these factors need
not be added to the test.

5. Conclusion
To address the problem involving the difficulty of recycling

residual films after mechanical recovery, this study takes the
residual film and impurities after preliminary processing and

crushing after mechanical recovery as its research objects
(including fine sand and the root of the cotton stalk after
crushing) and investigates them according to high-voltage
electrostatic separation. Based on the theory, the electric
field distribution of the separation device was analyzed, and
a regression experiment was designed to determine the
influence of different factors on the separation rate of the
device. The following conclusions were drawn:

(1) The surface electrostatic voltage and spatial electric
field distribution of the residual film directly affect the
separation efficiency of the separation device.

(2) The simulation found that the electrostatic voltage
level, the distance between the electrode plate and the
separation roller, the charged area of the electrode plate, and
the fragmentation degree of the residual film all had
significant effects on the surface electrostatic voltage of the
film and impurities and the spatial electric field distribution.

(3) Increasing the applied static voltage level and
reducing the distance between the electrode plate and the
separation roller can significantly improve the separation
rate of the separation device.

This study combines experiment and simulation analysis
to study the relationship between different influencing
factors and the separation efficiency of the proposed device.
The experimental results show that the average residual
membrane recovery rate of the device is 78.92% under the
optimal parameters. Furthermore, the average impurity
content of the residual membrane after separation is 0.95%,
which meets the requirements of the secondary recycling of
the residual membrane. Therefore, it can help with the
recovery and treatment of the residual membrane pollution.
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