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Abstract: In the mechanized harvesting of cotton in Northwest China, problems result from the
presence of a residual film, and it is difficult to remove the residual film in the cotton processing stage.
In this study, a needle roller electrostatic separation device was designed for use with unginned
cotton residual films, and a series of experiments was carried out. Through force analyses and charge
testing of the seed cotton and the residual film, a theoretical basis was provided for separating them.
Taking the residual film separation rate as the response index, the optimal parameter combination
was determined with a response surface analysis of three factors and three levels, and a mathematical
model was established. The test results showed that the optimal parameter set included a 25.3◦

corona electrode angle, a 172.3 mm corona electrode distance, and a 5.25 W discharge power. After
optimization of the parameters for separation, the average residual film separation rate was 91.7%.
This research provides data and technical support for the design of the machinery and the selection
of the parameters used in treating machine-picked cotton and separating the residual film.

Keywords: machine picking; unginned cotton; residual film; electrostatic separation; response
surface analysis

1. Introduction

China’s main cotton-growing regions are characterized by dry climates. Cotton plant-
ing involves film mulching and mechanized collection. Mechanized harvesting lacks
selectivity, and this leaves mulch films mixed in the harvested cotton. During the pro-
cessing of cotton and after the cleaning, ginning, and other processes, the mulch films are
broken down into filaments and fragments. The amount of residue is increased exponen-
tially, making it more difficult to remove. Spinning and weaving with lint containing film
filaments and fragments reduce the spinning quality and cause serious financial losses to
the processing enterprises [1–3].

Manual picking and mechanical and wind impurity removal are the main methods
used for removing the residual films mixed with cotton [4–7]. In addition, machine vision-
based recognition technologies [8–11], electrostatic adsorption separation, and so on have
been developed in recent years. Among these methods, manual picking is labor-intensive
and inefficient. Mechanical impurity removal involves multiple cleaning processes that
may easily damage the cotton fibers, and the separation rate is low. Although machine
vision recognition is effective, it is expensive and has stringent requirements that restrict
large-scale applications. Electrostatic separation technology has been widely used in other
industries due to its low energy consumption and high efficiency. [12,13] Zhang et al. [14]
used Si and PET mixed particles as raw materials and used the difference in the electrical
characteristics of the two materials for separation. Salama et al. [15] used a roller-type
electrostatic separator to recover copper and aluminum from discarded wires, analyzed
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a numerical model for the particle trajectories, and achieved good sorting results. In
agriculture, electrostatic adsorption technology was used to recover residual film in the
field. Xu et al. [16,17] discussed the effects of water content and voltage on the separa-
tion rate. This study provides theoretical support for recovering mulch films from the
field. Qi et al. [18] developed an electrostatic recovery device for residual film and proved
through testing that the device could separate the residual film from the soil. For the
removal of residual film in machine-picked cotton processing, Guo et al. [19] proposed
using the electrostatic adsorption method to remove impurities, but the conveyor belt
structure of the device limited the efficiency for cotton processing and the winding of seed
cotton and residual film was ignored, so there was still room to improve the method of
impurity removal. Wang et al. [20] used the electrostatic adsorption method to remove
residual film in stages but did not carry out in-depth research on the electrode arrangement
and the operating parameters.

Most of the devices that use electrostatic adsorption in cotton picking machines to
remove residual film have problems, such as a low degree of automation, dependence
on manual operation, and a complex structure. In practice, it is difficult to adapt this
method to factory conditions, and the cotton processing capacity per unit time is low.
To overcome these limitations, a needle roller-type electrostatic separation device for
unginned cotton and the residual film was designed in this study. The electrode position
and operating parameters were flexible and adjustable to enable adaptation to different
processing requirements. The combination of a corona electrode and a static electrode
ensured that the electrostatic separation was enhanced when the electrostatic field strength
was maximized. The earthing roller was continuously driven by the motor and continuously
absorbed the residual film when working. The residual film adsorbed on the earthing roller
was removed with negative pressure air to effect nonstop cleaning and keep the adsorption
side of the earthing roller clean. All of the components work together to achieve stable and
efficient separation and removal of the residual film. Additionally, the difference in the
charge characteristics of the seed cotton and the residual film was studied. Single-factor and
response surface optimizations were carried out for a needle-roller electrostatic separation
device used to remove seed cotton residual film while focusing on the discharge power,
corona pole distance, corona pole angle and other factors that may affect the efficiency
of separating the seed cotton residual film, and the optimal parameter combination was
obtained when the separation rate for the seed cotton residual film and the seed cotton
residual film was highest. This work has enriched the application of electrostatic separation
technology. The method can also be applied to the separations of residual films and plastic
wraps in other agricultural products [21,22].

2. Device and Methods
2.1. Design and Construction of the Needle Roller-Type Unginned Residual Film Electrostatic
Separation Device

Figure 1 illustrates the overall structure of the device. The device is composed of a
frame, a motor, a negative pressure suction pipe, a corona electrode, and an electrostatic
electrode, a grounding roller, and a dust exhaust fan. The grounding roller has an iron mesh
structure, and the electrode on the test bench is a needle electrode (length: 1 m; distance
between adjacent needle tips: 20 mm).

During operation, the grounding roller and the frame are grounded, and the corona
electrode and the electrostatic electrode are connected to a negative high-voltage power
supply. Because the curvature radii of the corona electrode tip and the grounding electrode
rotating roller are very different, when a potential difference of more than 1.2~1.5 kV is
applied between the two electrodes, the electric field intensity near the corona electrode
will greatly exceed that near the grounding electrode. When the electric field exceeds
the breakdown field strength of air, corona discharge occurs [23]. Then, air ionization
occurs, and large numbers of positive and negative ions are generated, which move to the
electrodes with opposite polarities to form a corona current. In the space outside the corona
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zone, there are many space charges, i.e., negative ions and electrons. Under the action of
the electric field, these ions move toward the ground electrode at a high speed. When they
collide with the materials, they lose their speed and are attached to the materials; that is,
the charged material enters the electric field [24,25]. The difference in electrical conductivity
between the unginned cotton and residual film lies in the amount of charge, which results
in different behaviors in the electric field. The conductive unginned cotton transfers electric
charge to the grounding electrode very quickly, and its gravity force is far greater than the
electric field force, so it falls into the unginned cotton recovery box due to the effect of gravity.
The residual films with poor conductivity do not transfer charge or transfer it very slowly, so
they are adsorbed by the ground electrode, rotate with the roller, and are then removed by the
film removal device. The structure design of this device is shown in Figure 2.
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The electrode arrangement is shown in Figure 3. The angle between the corona pole
and the center axis plane of the ground roller is θ1, the distance between the corona pole
and ground roller surface is S1, the angle between the static electrode and the center axis
plane of the ground roller is θ2, and the distance between its surface and the surface of the
ground roller is S2.
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2.2. Material Charge Tests

To explore the conductance of the seed cotton and the residual film and the material
charge moving through the ionized environment in free-falling motion, a material charge
test was carried out.

Forty kilograms of Tianyun No. 0769 unginned cotton, with a moisture range of
6.5–9.0%, was utilized in this experiment. First, five kilograms of unginned cotton was
randomly selected, and the residual films were picked out manually. Then, 6 samples
(6–12 g for each) were selected for testing. A few pieces of the residual film were picked
up from the field, and 6 pieces of the residual film with masses of 0.04–0.06 g and areas of
0.0045–0.0055 m2 were selected as the test samples. The test temperature was 26.7–28 ◦C,
and the humidity was 30–40%.

The main devices included a needle-roller-type residual film electrostatic separation
device independently constructed by the research team and a digital charge meter (HEST-
111A, Beijing Huace Testing Instrument Co., Ltd., Beijing, China). The measurement
range was 0.1 pC–200 nC, and the accuracy was ±0.5%. The operating temperatures were
−10–45 ◦C, with 80% relative humidity (RH). Additional instruments used in this study
included a digital high-voltage meter (EST105A, Beijing Huajinghui Technology Co., Ltd.,
Beijing, China), a high-voltage electrostatic generator (HC-JDGC-C, Yangzhou Huachun
Electrostatic Engineering Co., Ltd., Yangzhou, China), and an electronic scale (XK3190-A7,
Shanghai Dachuan Weighing Apparatus Co., Ltd., Shanghai, China.

To better understand the electrostatic separation mechanism, the charging performance
of the residual film was tested. The residual film corona electrification measurement device
consisted of a DC high-voltage electrostatic generator, electrodes, and a digital charge meter
(including a Faraday cylinder). The test steps were as follows: the test sample was completely
discharged first. Then, the sample was put into the operating high-voltage electrostatic
separator, and the charged material in the lower Faraday cylinder was received. After that,
unginned cotton was placed on an insulating board to suspend it in a high-voltage electrostatic
environment for 120 s to ensure that the material would fall naturally during the instantaneous
charge test [26,27]. The material charge test device is shown in Figure 4.

The saturation charge of the material was defined as follows: in the negative corona
discharge under a steady state, the charge accumulated on the surface of the material no
longer changes with time. The instantaneous charge was defined as follows: in the negative
corona discharge at a steady state, the material falls naturally.
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2.3. Test Method for Separation of the Residual Film from Unginned Cotton

According to the research described in Section 3.3.1, the main factors affecting the
separation of the residual film were the corona electrode angle θ1, corona electrode distance
S1, electrostatic electrode angle θ2, and distance S2, discharge power, and so on. Based on
these factors, single-factor tests were carried out under the same conditions to investigate
the influence of each factor on the separation of the residual film.

Based on the three significant factors that affected the separation rates determined in
the single-factor experiments, the Box-Behnken design principle of the response surface
analysis method was used [28–30], and the corona electrode angle A and the corona
electrode distance B were determined. The values of the factors and levels for the discharge
power C and the residual membrane separation rate Y were used as the response values for
evaluation, and a three-factor and three-level test scheme was designed. The factor and
level coding are shown in Table 1.

Table 1. Factor and level coding of the response surface analysis.

Factor
Level

−1 0 1

Corona electrode angle A/◦ 15 25 35
Corona electrode distance B/mm 142.5 177.5 212.5

Discharge power C/w 3.75 4.5 5.25

A total of 1000 g of unginned cotton and 10 pieces of residual films (the masses were
0.04~0.06 g, and the areas were 0.0045~0.0055 m2) were evenly mixed, and a separation test was
conducted using the needle roller-type electrostatic separation device to measure the separation
rate. The test was repeated 6 times, and the average value was taken as the test result.

The separation rate (Y) was defined as the ratio of the number of pieces of residual
film separated to the number of pieces of the residual film mixed into the unginned cotton
before the test.

Y =
n
N

× 100%

where Y is the separation rate, %; n is the number of residual film pieces separated; and N
is the number of residual film pieces mixed into the unginned cotton before the test.

3. Results and Discussion
3.1. Force Analyses of Charged Materials

The materials are equivalent to spherical particles, and both gravitational force Fg and
centrifugal force Fc act on all particles. [14,22,25] The stress analysis and motion trajectory
of unginned cotton and residual film after charging were shown in Figure 5.

Fg = mg (1)
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where m is the mass of the material [g], and g is the acceleration of gravity (g = 9.8 m s−2).

Fc =
mv2

R
(2)

where v is the particle speed [ms−1], and R is the roll electrode radius [m].
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The electric image force Fi acting on the material was calculated as follows:

Fi =
Q2

4πε0r2 (3)

where Q is the charge gained by the particle, ε0 is the vacuum permittivity and r is the radius
of a particle. This force tends to pin the residual film to the ground roller. Residual films
are not affected by electrostatic induction created by the electrostatic electrode. Therefore,
the coulomb force on the residual film can be ignored. The gravitational component of the
residual film perpendicular to the surface of the grounded roller electrode and its combined
force of centrifugal force is not enough to break the bond of the electrical image force Fi,
the force of the material satisfies Formula (4). So it adheres to the ground roller electrode
under the leading role of Fi, and for finally stripped by the film removal device.

Fi > Fc + Fgn (4)

where Fgn is the component of the gravitational force normal to the surface of the grounded
roller electrode.

The Coulomb force Fe on the material was calculated as follows:

Fe = QE (5)

where E is the electric field generated by the static electrode [V m−1].
Conductive unginned cotton rapidly loses charge by conducting the charge acquired

in the corona discharge region to the ground roller electrode, at which point the electric
image force on the seed cotton is negligible. Then, by electrostatic induction, it acquires a
charge for which the sign is opposite to the polarity of the high voltage potential (Study
Results 3.2). It is affected by three forces, i.e., the Coulomb force Fe, the gravity force Fg and
the centrifugal force Fc, the force of the material satisfies Formula (6). It disconnects from
the roller under the leading action of the coulomb force and the centrifugal force, and then
moves in a parabolic path.

Fgn < Fe + Fc (6)
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3.2. Results and Analyses of the Charge Tests performed on the Seed Cotton and Residual Film

After measuring the amount of charge on the residual film, it was found that the charge
accumulated by the residual film in the negative corona environment was negative (Table 2).
Due to the insulating properties of the residual film itself, the accumulated charge was not
easily lost. The average charge was approximately −37.81 nC, the instantaneous charge
was maintained at −32.91 nC, and the instantaneous charge rate reached 87%. Therefore,
the residual film was rapidly charged in an ionized environment, and it can be proven that
the residual film quickly obtains the charge of the ionized environment during free fall.

Table 2. Unginned cotton and residual film charge test results.

Unginned Cotton Residual Film

Sample
NO.

Instantaneous
Charge (nC)

Loss of Charge
State (nC)

Saturated
Charge (nC)

Sample Area
(mm2)

Instantaneous
Charge (nC)

Saturated
Charge (nC)

1 −3.97 1.17 −8.33 0.0045 −28.73 −31.73
2 −3.77 1.10 −6.63 0.0050 −34.80 −36.93
3 −3.27 1.03 −4.60 0.0045 −27.73 −42.47
4 −3.07 1.10 −7.13 0.0050 −34.27 −36.67
5 −4.00 1.33 −6.63 0.0055 −37.47 −40.57
6 −3.17 1.33 −9.43 0.0050 −34.50 −38.53

Mean value −3.54 1.18 −7.13 −32.91 −37.81

The electric charge of the unginned cotton was measured. The results (Table 2) showed
that the electric charge obtained by the unginned cotton in the negative corona environment
was still negative. The electricity (instantaneous charge) was −3.54 nC. When some of
the unginned cotton was in contact with the ground electrode, the charge carried by the
unginned cotton was positive because the moist cotton fiber acted as a conductor, and its
own negative charge dissipated faster. When the charge flowed into the ground, and due
to the influence of the inductive charge of the electrostatic electrode, the positive charge
played a leading role. At this time, the surface of the unginned cotton was positively
charged, and the average amount of charge carried was 1.18 nC.

Analyses of the charging characteristics of the unginned cotton and the residual film
showed that the uncharged materials were charged instantly when they passed through the
ionization environment. Due to the characteristics of the unginned cotton and residual film,
the charging processes were very different (Figure 6). The air around the corona electrode
was ionized, the ions flowed to the grounding roller, and all of the particles were negatively
charged by ion bombardment when passing through the ionization space. The residual
film went through two states, namely, charge and adsorption (stable). The state of the
unginned cotton included two cases: charged-no contact with the ground roller-free falling
and charge-contacting with the ground roller (lose charge)-continual falling. In this process,
the electrostatic electrode repelled the negatively charged particles and further increased
the electric field force of the material. This improved the separation, which was consistent
with the results of a previous study [22].

3.3. Test Results and Analyses for Separation of the Residual Film from the Unginned Cotton
3.3.1. Effect of Electrode Position and Operating Parameters on the Separation Rate

With a discharge power of 1.5 W, a corona electrode distance of 177.5 mm, a θ2 of
10◦, and an S2 of 180 mm, separation experiments were carried out with different corona
electrode angles. The curve in Figure 7a depicts the relationship between the corona
electrode angle and the residual film separation rate. The results indicated that an increase
in the corona electrode angle improved the separation rate, but when it exceeded 25◦, the
separation rate decreased, so the optimum angle for the corona electrode was between 15◦

and 35◦. A correlation analysis was carried out with corona electrode angles of 0–35◦.
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With a discharge power of 1.5 W, a corona electrode angle of 20◦, a θ2 of 10◦, and an
S2 of 180 mm, separation experiments were carried out with different corona electrode
distances, and the separation rates were measured. The test results (Figure 7b) showed that
when the distance between the electrical separation channels was less than 107.5 mm, the
high-voltage electric field broke down the air to form an arc, resulting in a consumption
of energy and a decrease in the separation rate. When the distance between the electrical
separation channels was greater than 212.5 mm, the electric field intensity dropped sharply,
and the residual film was not fully charged, leading to a greatly reduced separation rate.
In fact, many materials passed through the space between the channels, and overly small
separation distances led to an increased risk of material blockage. The test results showed
that when the corona electrode distance was 142.5–212.5 mm, the residual film separation
efficiency was the highest. A correlation analysis was carried out for corona electrode
distances ranging from 107.5–212.5 mm.

With a discharge power of 1.5 W, a corona electrode angle of 20◦, a distance of
177.5 mm, and a θ2 of 10◦, separation experiments were carried out with different elec-
trostatic electrode distances S2, and the separation rates were measured. The test results
(Figure 7c) showed that when the electrostatic electrode was introduced, the electric field
strength was increased [25], and the residual film separation rate increased significantly.
The separation performance was better when the distances between the electrostatic elec-
trodes were 130 mm and 160–180 mm. Correlation analyses were carried out for electrostatic
electrode distances ranging from 120 to 190 mm.

With a corona electrode angle of 20◦, a distance of 177.5 mm, a θ2 of 10◦, and an S2 of
180 mm, separation experiments were carried out with different discharge powers, and the
separation rates were measured. The test results (Figure 7d) showed that increased discharge
power significantly increased the separation rate. The higher the discharge power was, the
higher the separation rate. When the power exceeded 5.25 W, the separation rate did not increase.
This is because the high field strength caused an intense ionic wind [31], which obstructed the
entry of the residual film into the electric field and then affected the separation rate.

3.3.2. Response Surface Test for Electrostatic Separation of the Residual Film from the
Unginned Cotton

The corona electrode angle A, corona electrode distance B, and discharge power C
were selected as the independent variables, and the residual film separation rate Y was
selected as the response value. The response surface method and Design-Expert software
was used to design the response surface analysis scheme [32]. The analysis scheme and test
results are shown in Table 3.

Table 3. Results of the response surface analysis.

Test No. Corona Electrode Angle A/◦ Corona Electrode Distance B/mm Discharge Power C/w Separation Rate Y/%
1 1 0 1 86.7
2 1 −1 0 80.0
3 −1 0 −1 83.3
4 1 1 0 66.7
5 0 1 1 83.3
6 0 −1 1 86.7
7 0 0 0 90.0
8 −1 1 0 83.3
9 −1 0 1 88.3

10 1 0 −1 73.3
11 0 0 0 86.7
12 −1 −1 0 73.3
13 0 0 0 86.7
14 0 −1 −1 70.0
15 0 0 0 93.3
16 0 0 0 86.7
17 0 1 −1 75.0
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Multiple regression fitting was performed with the data in Table 3, and then a quadratic
multiple regression equation based on A, B, C, and Y was obtained.

Y = 88.68 − 2.69A − 0.21B + 5.43C − 5.83AB + 2.10AC − 2.10BC − 4.35A2 − 8.50B2 − 1.43C2

The analysis of variance (Table 4) showed that the p values were less than 0.01. This
indicated that the model was highly significant. Since a p value greater than 0.05 indicates
a lack of fit, the obtained regression equation is extremely significant. The coefficient of
determination R2 for the fitted quadratic regression equation was 0.9530, indicating a good
fit. The equation correctly reflects the relationships between Y and A, B and C, and the
model accurately predicts the test results.

Table 4. Analysis of variance for the effects of corona electrode angle, corona electrode distance, and
discharge power on the residual film separation rate.

Sources Sum of Squares df Mean Square F Value p Value

Model 885.69 9 98.41 15.78 0.0007
A 57.78 1 57.78 9.27 0.0187
B 0.36 1 0.36 0.058 0.8167
C 235.45 1 235.45 37.75 0.0005

AB 135.72 1 135.72 21.76 0.0023
AC 17.64 1 17.64 2.83 0.1365
BC 17.64 1 17.64 2.83 0.1365
Aˆ2 79.77 1 79.77 12.79 0.009
Bˆ2 304.39 1 304.39 48.81 0.0002
Cˆ2 8.58 1 8.58 1.38 0.2792

Residual 43.66 7 6.24

Lack of Fit 8.81 3 2.94 0.34 0.8009

Pure Error 34.85 4 8.71

Cor Total 929.34 16

According to the regression coefficients for each factor in the model, C had the great-
est influence on Y, followed by A and B. To examine the relationships between the test
indicators and factors, the influence of each factor was analyzed, and 3D response surface
diagrams were drawn for the factor influences. The response surface diagrams for the
effects of the corona electrode angle and the corona electrode distance on the separation
rate are shown in Figure 8a. When the corona electrode angle was increased from 15◦ to
35◦, the separation rate first increased and then decreased. When the corona electrode
angle was kept at a certain level, as the corona electrode distance increased from 142.5 mm
to 212.5 mm, the separation rate first increased and then decreased. The response surface
diagram showing the effects of the corona electrode angle and the discharge power on the
separation rate is provided in Figure 8b. When the corona electrode angle was increased
from 15◦ to 35◦, the separation rate first increased and then decreased. When the corona
electrode angle was kept at a certain level, the separation rate generally increased as the
discharge power was increased from 3.75 W to 5.25 W. The response surface diagram
indicating the effects of the corona electrode distance and the discharge power on the
separation rate is shown in Figure 8c. When the corona electrode distance was increased
from 142.5 mm to 212.5 mm, the separation rate increased first and then decreased. When
the corona electrode distance was kept at a certain level, the separation rate continued to
rise with increasing discharge power.
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3.3.3. Determination and Verification of the Optimal Parameters

The maximum value of Y was used to optimize A, B, and C, and a model for the
objective function of Y was established. Design-Expert software was used to optimize
the parameters of the regression equation, and the optimal values for the three factors
were obtained: the corona electrode angle was 25.3◦, the corona electrode distance was
172.3 mm, and the discharge power was 5.25 W. For this combination, Y was 92.8%. The
environmental temperature was 26◦C, the humidity was 20–30%, and the moisture content
of the unginned cotton was 3.5–4.9%. A verification test based on this combination of the
optimized parameters was carried out and repeated six times. The separation rate was
91.7%, which was not very different from the results obtained with the optimal parameter
combination. Therefore, the optimal parameter combination was consistent with the actual
test results.

4. Conclusions

An electrostatic separation method was proposed for removing the residual film
during cotton processing. Through theoretical analyses, the separation test platform was
set up, the material charge tests were carried out, and finally, tests on the separation of seed
cotton and the residual film were carried out. The results showed the following:

1. Based on the principles of corona charge and induction charge, a pin-roller electrostatic
separation device was designed and used to separate the residual film in cotton
during processing.

2. Corona electrodes were used to charge the materials, and electrostatic electrodes were
used to form the electric fields. During operation, the electrostatic electrode repelled
the negative residual film and attracted the positive unginned cotton, so the composite
electrode structure with the corona electrode and the static electrode improved the
separation efficiency.

3. The conductive properties of the unginned cotton and the residual film were investi-
gated with material charge tests. The results showed that the unginned cotton with
a moisture content of approximately 10% served as a conductor, so it contacted the
electrode of the ground roller after charging and then carried a positive charge due
to the influence of inductive charging. The residual film was a nonconductor, and
the charge was not easily lost under the action of the electric image force, so the film
continued to adsorb onto the ground roller electrode.

4. In the high-voltage electrostatic field of the corona discharge, the unginned cotton
and residual film underwent quick and complete instantaneous charging during free
fall through the ionization environment without deliberately increasing the charging
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time of the material. For 12 random samples, the average charge on the residual films
was −32.91 nC. The average charge of the unginned cotton that did not contact the
ground electrode was −3.54 nC and that of the unginned cotton that did contact the
ground electrode was 1.18 nC (positive value).

5. The results of the single factor tests showed that the optimal parameters for the
separation of unginned cotton and residual film were in the following ranges; corona
electrode angles of 15◦–35◦, corona electrode distances of 142.5 mm–212.5 mm, and
discharge powers of 3.75 W–5.25 w.

6. The orthogonal test results show that the optimal parameter combination included
a corona electrode angle of 25.3◦, a corona electrode distance of 172.3 mm, and a
discharge power of 5.25 W. In the optimization test, the separation rate reached 91.7%.
These results showed that the needle roller-type electrostatic separation device met
the design requirements for separating unginned cotton and residual films and the
agronomic requirements for actual production.
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