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Abstract: Polymer recycling from end-of-life vehicles (ELVs) represents a cost-effective and environ-
mentally sound approach for managing polymer waste. Tribo-charging separation has been identified
as an effective approach for achieving polymer recovery, whose performance largely depends on the
charge acquired during tribo-charging. In this study, the tribo-charging and electrostatic separation
of Polyamide (PA)/Polypropylene (PP)/Acrylonitrile-Butadiene-Styrene (ABS) mixed particles of three
components of vehicle polymer were investigated using spiral tube tribo-charging and free-falling
electrostatic separation test platforms developed. In this paper, a systematic investigation was conducted
on the factors influencing electrostatic separation, including the rotation speed, inclination angle and
tube length of the spiral tube in the charging mechanism, as well as electrostatic field voltage, electrode
spacing and electrode inclination angle. Results indicated that purities exceeding 94% for PA and ABS,
and over 84% for PP, were achieved. This study provides a reference for the single-stage electrostatic
separation of three-component vehicle polymer mixed particles.

Keywords: Vehicle polymer particles, tribo-charging, electrostatic separation, waste recovery

1. Introduction
With the sustained growth of the global economy, automobile production and sales continue to rise

steadily. According to the International Organization of Automobile Manufacturers (OICA), global auto-
mobile production will reach 68.75 million Until the fourth quarter of 2025 [1]. This growth inevitably
leads to a surge in end-of-life vehicles (ELVs), especially with the accelerated upgrading of vehicles
toward electrification, intelligence, and connectivity [2–4]. ELVs are complex products composed of
multiple materials, with typical composition (by mass) as follows: ferrous metals (70–80%), polymers
(10–20%), nonferrous metals (5–10%), and other nonmetallic materials (3–5%) [5,6]. Polymers are
increasingly used in automotive applications due to their favorable moldability, durability, low cost, and
light weight [7,8]. However, compared with readily recyclable metals, polymer recovery rates from ELVs
remain low (globally below 50%) [7]. Current disposal practices, such as incineration and landfilling,
contribute to environmental pollution and consume valuable land resources [9,10].

The premise of efficient polymer recovery is the separation of mixed polymers into single-
component materials. Existing separation technologies include density separation, foam flotation,
spectral separation, and tribo-electrostatic separation [11–13]. Density separation is limited by the
narrow density difference between some polymers [14]; foam flotation requires subsequent dehydration
and drying processes [15–17]; Conventional near-infrared spectral separation encounters difficulties in
identifying black and dark-colored polymers [18,19]. In contrast, tribo-electrostatic separation, which
exploits differences in the effective surface work functions of polymers, is widely recognized as a
promising dry separation technology. It features low operational cost, high processing efficiency, no
secondary pollution, and strong adaptability for diverse particle sizes [20].
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Tribo-electrostatic separation consists of two consecutive stages: tribo-charging (solid single-phase
or gas–solid two-phase) and high-voltage electrostatic separation (free fall, roll, or fluidized bed
type) [21,22]. Zhang et al. [23] developed a two-stage tribo-charging device for separating PA/PP/ABS
and PE/PP/PVC ternary mixtures, achieving purities over 91% for PA/ABS and 85% for PE/PP/PVC.
Achouri et al. [24] evaluated fluidized beds and rotating multicylinders for electrostatic separation of
ABS/PS and PP/PE mixtures, with fluidized beds yielding the best performance via charge, purity,
and recovery rate measurements. Calin et al. [25] successfully separated HIPS/ABS and HIPS/ABS-PC
particle mixtures from WEEE using fluidized bed friction charging, demonstrating separation recovery
and purity higher than 90%. Kimi et al. [26] artificially overcame the particle impact effect, enhanced
the structure of the free-fall separation device, replaced the planar vertical electrode with a rotating
cylindrical electrode, and substantially improved the purity and recovery rate. Maammar et al. [27]
investigated factors influencing charged particle trajectories in a roll-type separator, establishing and
validating a dynamic numerical model via high-speed camera-captured trajectories.

Current research on the tribo-electrostatic separation of three-component mixed particles mainly
focuses on the single-stage secondary separation or second-order primary separation. However, research
on single-stage primary separation is limited, which restricts the efficiency of large-scale industrial
application. Additionally, existing tribo-charging devices (e.g., fluidized beds) often suffer from uneven
particle collision and inconsistent charging, affecting separation accuracy.

In addition to the aforementioned separation techniques, recent advances in tribo-electrostatic separa-
tion have expanded its application to various waste streams. Moulai et al. [28] demonstrated the effective
recovery of valuable metals from finely ground waste electrical and electronic equipment (WEEE) using
electrostatic separation, highlighting the versatility of this technology beyond polymer sorting. Achouri
et al. [29] developed a novel vibrating-table-type tribo-electrostatic separator specifically for granular
plastic wastes, achieving selective sorting through enhanced particle agitation and contact charging. For
process optimization, Li et al. [30] proposed an automated analysis framework for tribo-electrostatic
separation of polymers by integrating neuro-symbolic artificial intelligence, offering a data-driven
approach to parameter prediction. Furthermore, Li et al. [31] investigated the triboelectrostatic separa-
tion of polypropylene, polyurethane, and polyvinylchloride from passenger vehicles, providing valuable
insights into the charging behavior of automotive polymers. These studies collectively underscore
the growing interest in electrostatic separation for waste recycling; however, the single-stage primary
separation of ternary polymer mixtures (PA/PP/ABS) from end-of-life vehicles using a spiral tube
tribo-charger has not been systematically addressed, which motivates the present work.

To address these research gaps, this study is focused on the following aspects: (1) Developing
a spiral tube tribo-charging device to enhance particle-wall and particle-particle collision via spiral
motion, improving charging uniformity; (2) Integrating it with a free-falling electrostatic separation
platform to achieve single-stage primary separation of PA/PP/ABS mixed particles; (3) Systematically
optimizing key parameters (spiral tube and electrostatic field parameters) through simulation, single-
factor tests, orthogonal tests, and response surface methodology; (4) Verifying the feasibility of
high-purity separation for three-component vehicle polymers.

2. Simulation of influencing factors of polymer particle movement
In the spiral tube tribo-charging device, polymer particles are charged mainly through inter-particle

collisions and particle–wall collisions. Since particle motion is complex and periodically varying, EDEM
software was adopted to simulate particle dynamic behaviors in the spiral tube, with key parameters
including rotation speed, tilt angle, and tube length to characterize particle collision frequency, residence
time, and friction intensity. Meanwhile, prior to electrostatic separation experiments, COMSOL software
was used to simulate particle trajectories in the electrostatic field, so as to preliminarily determine
suitable electrostatic parameters including electrode voltage, electrode spacing, and electrode tilt angle.
These parameters govern the electric force exerted on particles and further determine the horizontal
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displacement and final separation efficiency. After tribo-charging in the spiral tube, PP particles exhibit
bipolar charging (both positively and negatively charged). Accordingly, positively charged PP must be
separated from weakly positive PA, while negatively charged PP needs to be distinguished from weakly
negative ABS. Meanwhile, particles discharged during the t3 period carry higher charge levels, especially
PA and ABS, which may collide with electrode plates. Therefore, both charging process and electrostatic
separation process were systematically simulated to ensure reliable parameter design. Owing to the
different times of particles leaving the spiral tube, the charged polymer particles were divided into early
(t1), middle (t2), and late (t3) according to the period of particles leaving the spiral tube tribo-charging
device to accurately calculate the average charge–mass ratio of particles. All simulation conditions were
kept consistent with the experimental conditions described in Section 3.1.

2.1. Effect of spiral tube rotation speed
As shown in Figures S1 and S2, when the rotational speed of the spiral tube ranges from 30 rpm

to 60 rpm, a large rotational speed shortens the time of particle flow out of the spiral tube. When the
rotational speed is 70 rpm, particles continuously collide and create friction at the spiral tube outlet, and
the time of outflow from the spiral tube is substantially increased. The particles cannot flow out of the
discharge port when the rotational speed is greater than 75 rpm. It is speculated that the centrifugal force
exerted on particles in the high-speed rotating tube is much larger than gravity and other forces, resulting
in particles clinging tightly to the tube wall during rotation and thus failing to move or flow out of the
tube. The low rotational speed leads to a long charging time for particles when the rotational speed of
the spiral tube is 30 rpm. Despite ABS particles in the t1 stage possessing a relatively high charge–mass
ratio (CMR), the differences between t2 and t3 are small, as shown in Figure S3. The rotational speed of
the spiral tube is preliminarily determined to be 40–60 rpm after comprehensive consideration.

2.2. Effect of spiral tube tilt angle
As shown in Figures S4 and S5, the flow of particles out of the spiral tube takes the longest time

when the spiral tube tilt angle is 6◦. An increase in the tilt angle gradually shortens the time it takes
for particles to flow out of the spiral tube. The particles flow out of the spiral tube for the longest time
when the spiral tube tilt angle is 6◦, and additional residual mixed particles are found in the tube. Thus,
particles cannot completely flow out of the spiral tube. As shown in Figure S6, the charge–mass ratio
difference between positively charged PP and PA particles (Difference 1) is small in the t1 and t2 time
periods when the spiral tube tilt angle is 9◦. The tilt angle of the spiral tube is determined to be 12◦–18◦
after comprehensive consideration.

2.3. Effect of spiral tube length
Due to the large computational cost of numerical simulation, the influence of different pipe

lengths was not investigated via numerical simulation but analyzed directly through experiments in the
subsequent Section 4.1.

2.4. Effect of electrode plate voltage
Higher voltage provides stronger electric field force, leading to larger horizontal displacement.

However, excessive voltage causes particles to impact the electrode plate, resulting in trajectory
deviation and reduced separation efficiency. As shown in Figure S7 and Table S1, when U1 is −28 KV,
the particles will collide with the electrode plate; when U1 is −18–−26 KV, the particle trajectory is
different, and the initial determination of U1 is −18–−26 KV.

2.5. Effect of electrode spacing
Smaller electrode spacing enhances the electric field strength but increases the risk of collision.

Larger spacing weakens the deflection effect, leading to insufficient separation. As shown in Figure S8
and Table S2, when electrode spacing d ≤ 100 mm, the particles will collide with the electrode plate;
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when d is 120–160 mm, the particle movement trajectory in the electrostatic field is different, and d is
preliminarily determined to be 120–160 mm.

2.6. Effect of electrode tilt angle
A larger tilt angle changes the direction of electric field force and shortens the effective action

distance. When the tilt angle is too small, particles are more likely to collide with the electrode. As shown
in Figure S9 and Table S3, when θ ≤ 6◦, the particle will collide with the electrode plate; when θ is
9◦–15◦, the particle movement trajectory in the electrostatic field demonstrates a considerable difference,
and the initial determination θ is 9◦–15◦.

EDEM and COMSOL numerical simulations were carried out to reveal particle motion behaviors and
trajectory characteristics. Simulation quickly determined the feasible ranges of spiral tube parameters
and electrostatic field parameters, which effectively avoided the risks of particle blockage, electrode
collision, and discharge in experiments. Meanwhile, simulation reduced the number of invalid test
groups, shortened the test period, and significantly lowered the experimental cost, providing a reliable
and safe boundary for subsequent experiments.

3. Experimental
3.1. Materials and apparatus

Figure 1a presents the custom-built test platform integrating a spiral tube tribo-charger and a free-fall
electrostatic separator [22]. The spiral tube is a PVC pipe with an inner diameter of 32 mm. The spiral
tube tilt angle is realized by adjusting the angle between the installation platform and the metal frame
(length 1600 mm, width 800 mm, height 1500 mm). The spiral tube steering and speed are achieved
by adjusting the positive and negative rotations of the frequency converter and the frequency control
motor, respectively. The particles enter the blanking baffle through the output port after charging in
the spiral tube tribo-charging device. The blanking baffle comprises PVC plate bonding, which can
disperse the polymer particles into the electrostatic field. The particles then enter the free-falling high-
voltage electrostatic field after passing through the blanking baffle, thereby completing the electrostatic
separation and finally falling into the collector. The free-falling electrostatic field comprises two pieces
of 1060 pure aluminum. An acrylic plate with a thickness of 3 mm is glued to the back of the electrode
plate to ensure safety. The polymer particles used in this study are PA, PP, and ABS, demonstrating an
average particle size of 3 mm, as shown in Figure 1b. The measuring devices used in the test include
a Faraday cage, an electrometer (accuracy: 0.01 nC), a hygrothermograph (temperature accuracy: 1◦C,
humidity accuracy: 2% rh), and an electronic scale (accuracy: 0.01 g). All tests are conducted at a
temperature of 15 ± 2◦C and a relative humidity of 38% ± 2%.

3.2. Method
3.2.1. Tribo-charging

The tribo-charging test was performed by mixing 20 g of PA/PP/ABS particles in equal proportion.
The charged polymer particles were collected, the average charged energy of particles was measured, and
the average charge–mass ratio (CMR) of particles was calculated. CMR indicates the charging capacity
of particles, and the difference in the charge–mass ratio of particles causes the variation in the horizontal
displacement of particles in the electrostatic field to achieve separation. A large horizontal displacement
difference leads to high separation purity. The charge–mass ratio is calculated as follows [32],

CMR = q

m
(1)

where q is the charged energy of the polymer particle, and m is the mass of the polymer particle.
The influence of spiral tube rotation speed, tilt angle, and tube length on the tribo-charging of

polymer particles was studied using a single-factor test, and the optimal charge parameters were
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determined through an orthogonal test. Under the optimal charge parameters, the influence of the
blanking baffle on the mixed polymer particles was studied.

(a)

(b)

Figure 1. Experimental equipment and materials. (a) Test platform [22]; (b) Polymer particles used in
the experiments

3.2.2. Electrostatic separation
Different kinds of particles are charged with several polarities and different amounts of charges after

charging in the spiral tube. The charged particles fall into the corresponding collector groove due to the
different horizontal offsets caused by the electric field force. The separation effect is influenced by the
electrostatic field voltage, electrode plate spacing, and tilt angle. The electric field force and horizontal
offset of the particles are minimal when the voltage is excessively small and the electrode plate spacing
is excessively large. An excessively large voltage not only introduces security risks but also results
in particles with an excessively large electric field force. The impact of the electrode plate rebounds,
affecting the separation effect. The effect of electrostatic separation is assessed by the separation purity,
which is the ratio of the particle mass in the corresponding collector groove to the mass of all the polymer
particles in this collector groove and is calculated as follows,

Purity = mic

mtc
× 100% (2)
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where mic is the mass of polymer i collected in the collector groove, and mtc is the mass of all the
polymers in the collector groove.

COMSOL software was used to explore the influence of voltage, electrode plate spacing, and tilt
angle on the motion trajectory of polymer particles in the electrostatic field, and the electrostatic field
parameters were preliminarily determined. The effects of voltage, electrode plate spacing, and tilt angle
on separation purity were studied using a single-factor test according to the parameters determined by
numerical simulation. The optimal separation parameters were predicted by response surface test design
and analysis, and electrostatic separation tests were performed under the optimal separation parameters.

4. Results and analysis
4.1. Comparison between simulation and experiment

The simulation and experimental results exhibited consistent trends regarding particle outflow time,
charge-mass ratio variation, and horizontal displacement. Minor differences are primarily attributed to
the ideal boundary conditions in the simulation, whereas the actual experiment involves slight particle
agglomeration, environmental fluctuations, and uneven dispersion. The simulation offers a reliable basis
for parameter selection, and the experiment further optimizes the actual working conditions.

4.2. Determination of tribo-charging parameters
4.2.1 Single-factor test

The difference in the horizontal offset of the particles in the high-voltage electrostatic field is
substantial when the difference between the CMR of PP (+)/PA (hereafter defined as Difference 1) and
PP (−)/ABS particles (hereafter defined as Difference 2) is large.

When the length of the spiral tube is between 8.5 and 10 m, the difference 2 is smaller than that when
the length of the spiral tube is 7 m. As shown in Figure S10, the difference 2 is small when the length
of the spiral tube is 4 m in the t2 period. The length of the spiral tube is preliminarily determined to be
5.5–8.5 m after comprehensive consideration.

4.2.2 Analysis of orthogonal test results
According to the single-factor test results, three factors of spiral tube rotation speed A (rpm), spiral

tube tilt angle B (◦), and spiral tube length C (m) were selected for the orthogonal test design, as shown
in Table S4.

Taking the difference in particle charge–mass ratio between ABS and PP (−) as the evaluation index
of the orthogonal test, SPSS AU software was used to conduct range analysis on the tribo-charging
results. The analysis results shown in Table 1.

A larger range R indicates a greater influence of that factor on the response. Table 1 shows that the
influence sequence of the three factors is A > B > C. The optimal horizontal combination is A2B2C2,
that is, the spiral tube rotation speed is 50 rpm, the spiral tube tilt angle is 15◦, and the spiral tube length
is 7 m.

4.3. Influence of blanking baffle on the tribo-charging of polymer particles
Polymer particles entered the electrostatic field through the blanking baffle. The quantity of electric

charge of PA/PP/ABS particles is measured at the exit of the spiral tube and the blanking baffle. The
effect of the blanking baffle on the quantity of electric charge of PA/PP/ABS particles at different
time periods is presented in Figure 2. After particles pass through the blanking baffle, the quantity of
electric charge of PA and PP particles does not change significantly, while that of ABS particles slightly
decreases. After excluding measurement errors, the slightly higher charge of particles at t3 than at t1
and t2 is attributed to the longer residence time of particles in the tube, which leads to more sufficient
tribo-charging.
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Table 1. PP/ABS charge-mass ratio difference range analysis table

Number
A B C ABS/PP (−)

Rotation speed
(rpm)

Tilt angle (◦) Tube length
(m)

Blank
column

Charge–mass ratio
difference

1 1 (40) 1 (12) 1 (5.5) 1 26.87
2 1 (40) 2 (15) 2 (7) 2 27.8
3 1 (40) 3 (18) 3 (8.5) 3 27.23
4 2 (50) 1 (12) 2 (7) 3 28.44
5 2 (50) 2 (15) 3 (8.5) 1 28.89
6 2 (50) 3 (18) 1 (5.5) 2 28.1
7 3 (60) 1 (12) 3 (8.5) 2 26.54
8 3 (60) 2 (15) 1 (5.5) 3 27.25
9 3 (60) 3 (18) 2 (7) 1 26.9

K1 27.3 27.283 27.407 27.553
K2 28.477 27.98 27.713 27.48
K3 26.897 27.41 27.553 27.64

Range R 1.58 0.697 0.306 0.16
Factor order A > B > C

Optimal level 2 2 2
Optimal

combination A2B2C2
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Figure 2. Quantity of electric charge of PA/PP/ABS particles affected by the blanking baffle: (a) is time
t1; (b) is time t2;(c) is time t3
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4.4. Determination of electrostatic separation parameters
4.4.1. Numerical simulation results

Based on COMSOL simulation, the safe and effective ranges of electrostatic parameters were
determined in Table 2.

Table 2. Parameters used in numerical simulation

No. Item Value

1 Voltage U1 −18~−26 kV
2 Electrode spacing d 120~160 mm
3 Electrode tilt angle θ 9◦~15◦

These ranges avoid particle–electrode collision while ensuring sufficient horizontal displacement
difference.

4.4.2. Single-factor test
As shown in Figure 3a, when U1 = −22 kV, the purity of PA and ABS particles simultaneously

reaches the highest. U1 has a considerable influence on the purity of PP particles. When U1 is
−18–−30 KV, the separation purity of PP particles increases with U1. However, particle collision
occurs when U1 = −30 KV, reducing the separation purity of PA and ABS particles. Therefore, U1 was
preliminarily determined as −18–−26 kV.

As shown in Figure 3b, the separation purity of PA and ABS particles is higher than that of PP
particles. When d = 140 mm, the separation purity of PA and ABS particles is high. The separation
purity of PP particles decreases with an increase in d. Therefore, d is preliminarily determined to be
120–160 mm.

As shown in Figure 3c, the separation purity of PA and ABS particles is higher than that of PP
particles. When θ = 12◦, the separation purity of PA and ABS particles is high. With the increase in θ,
the separation purity of PP particles decreases. Therefore, θ is preliminarily determined to be 9◦–15◦.

4.4.3. Response surface test analysis
Three factors of electrode plate voltage (A), electrode plate spacing (B), and electrode plate tilt angle

(C) were selected for response surface design according to the single-factor test results, and the results
are presented in Table 3.

The results of ABS purity in Table 3 were analyzed using Design-Expert 13 software, and the
quadratic polynomial regression equation was obtained via fitting. The results of variance analysis of
the regression model as follows,

Y = 93.66 + 1.45A − 1.74B + 0.6375C + 0.25AB + 0.35AC + 2.83BC
−3.87A2 − 3.94B2 − 0.1925C2 (3)

As shown in Table 4, p < 0.0001 indicates that the model is extremely significant. The missing item,
p = 0.3671 > 0.05, indicates that the missing item is not significant, implying that the equation is well-
fitted and the model has high reliability. The R2 of the fitted model is 0.9871, and the difference between
the predicted R2 = 0.8845 and the adjusted R2 = 0.9704 is less than 0.2, indicating a high degree
of agreement between the predicted and actual values. Therefore, this model can effectively reflect
the relationship between various factors and the response value in the process of particle electrostatic
separation and predict the optimal electrostatic field parameters. The p values in the table reveal that
the effects of voltage A, electrode plate spacing B, interaction terms BC, and secondary terms A2 and
B2 on ABS particle purity are extremely significant (p < 0.01); the effect of electrode plate tilt angle
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C on ABS particle purity is significant (p < 0.05); and the AB, AC, and C2 items are not significant
(p > 0.05). The F value in the table indicates that the order of influence of three factors on the purity
of ABS particles is as follows: B > A > C, that is, electrode plate spacing > electrode plate voltage >

electrode plate tilt angle, respectively.

Figure 3. Separation purity of PA/PP/ABS mixed particles is affected by various factors: (a) Separation
purity of particles at different electrode plate voltages U1 (−18~−30 kV); (b) Separation purity of
particles at different plate spacings d (100~160 mm); (c) Separation purity of particles at different plate
inclination angles θ (6◦~15◦)

Figure 4 shows the response surface diagram and contour projection of the influence of interaction
between factors on ABS particle purity. The response surface and contour map can directly reflect the
impact of interaction on the response value. A steep surface and dense contour lines demonstrate a
substantial impact, and the interaction between the two factors strengthens when the contour line is
close to the ellipse. Therefore, the interaction between electrode plate spacing and tilt angle is extremely
significant, and the interaction between factors AB and AC on ABS particle purity is insignificant.

Under the optimal electrostatic conditions (−22.966 kV, 142.23 mm, 14.938◦), the separation purity
of PA and ABS exceeded 94% (94.3% and 94.6%, respectively), while PP purity reached 84.1%. The
test results are shown in Figure 5, The separation purity of PA and ABS particles both exceeded 94%,
and that of ABS particles reached 94.6%, which was consistent with the predicted purity. The purity of
PP particles was slightly low (84.1%).
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Table 3. Experimental design scheme and results

Number
A B C ABS

Electrode plate
voltage (KV)

Electrode plate
spacing (mm)

Electrode plate
tilt angle (◦)

Purity (%)

1 22 140 12 94.1
2 22 120 9 92.9
3 22 140 12 93.1
4 26 140 15 91.7
5 22 140 12 94.3
6 22 160 15 91.8
7 26 160 12 85.6
8 22 140 12 93.8
9 18 140 9 88.2
10 18 140 15 88
11 26 120 12 88.9
12 22 140 12 93
13 18 120 12 86.6
14 22 160 9 84.1
15 18 160 12 82.3
16 26 140 9 90.5
17 22 120 15 89.3

Table 4. Analysis of variance

Source of
variance

Sum of
squares

Degree of
freedom

Mean sum
of squares

F p Significance

Model 214.10 9 23.79 59.38 <0.0001 Significant
A 16.82 1 16.82 41.98 0.0003
B 24.15 1 24.15 60.28 0.0001
C 3.25 1 3.25 8.12 0.0247

AB 0.2500 1 0.2500 0.6240 0.4555
AC 0.4900 1 0.4900 1.22 0.3053
BC 31.92 1 31.92 79.68 <0.0001
A2 62.98 1 62.98 157.20 <0.0001
B2 65.45 1 65.45 163.35 <0.0001
C2 0.1560 1 0.1560 0.3894 0.5524

Residual error 2.80 7 0.4006
Missing fit 1.43 3 0.4775 1.39 0.3671 Nonsignificant
Net error 1.37 4 0.3430

Total
deviation

216.91 16

Note: p > 0.05 was not significant; p < 0.05 was significant; p < 0.01 was very significant.
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Figure 4. Response surface of influencing factors: (a) Response surface of the interaction between
electrode plate voltage and spacing on ABS particle separation purity; (b) Response surface of the
interaction between electrode plate voltage and tilt angle on ABS particle separation purity; (c) Response
surface of the interaction between electrode plate spacing and tilt angle on ABS particle separation purity

Figure 5. PA/PP/ABS particle separation purity
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5. Conclusions
The tribo-charging and electrostatic separation of PA/PP/ABS ternary mixtures were investigated

using a custom-built spiral tube tribo-charger coupled with a free-fall separator. The conclusions are
presented as follows:
(1) The spiral tube tribo-charging device effectively enhances charging uniformity by regulating

particle motion behavior. EDEM simulations revealed that rotation speed, tilt angle, and tube
length jointly influence collision frequency and residence time. Orthogonal test results confirm
that rotational speed (range R = 1.58) exerts the most significant influence on the charge-mass
ratio (CMR) difference of particles, followed by tilt angle (R = 0.697) and tube length (R = 0.306).
Under the optimal charging parameters (50 rpm, 15◦, 7 m), the CMR difference between ABS and
PP (−) reaches 28.89 nC/g, laying a critical foundation for high-purity separation.

(2) COMSOL simulation and response surface optimization efficiently determine the elec-
trostatic separation parameters. Variance analysis indicates that electrode plate spacing
(F = 60.28, p = 0.0001) is the dominant factor affecting ABS purity, followed by electrode
plate voltage (F = 41.98, p = 0.0003) and tilt angle (F = 8.12, p = 0.0247). The interaction
between spacing and tilt angle also significantly influences separation performance (F = 79.68,
p < 0.0001). Under the optimal electrostatic parameters (−22.966 KV, 142.23 mm, 14.938◦), the
separation purity of PA and ABS exceeds 94% (94.3% and 94.6%, respectively), while PP achieves
a purity of 84.1%.
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