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Introduction 

 

Recycling is an important trend of our modern society due to 

global concern about demand for natural resources and waste 

generation. Among the generated wastes, plastic is one of big 

amount of waste rather than traditional materials like glass, 

metals, and wood, especially when compared in volume-

based due to their low specific gravity (SG). 

 There are two common types of plastic recycling: (1) 

material recycling wherein plastics are recovered and reused, 

and (2) thermal recycling whereby plastics are used as fuel 

for power generation. Among the two, material recycling is a 

more sustainable and profitable approach, but different types 

of plastics must be separated to obtain very high purities.  

 Most separation techniques for recycling were modified 

from techniques developed for mineral processing. Among of 

these techniques, jig separation, one of the oldest techniques 

that separate particles based on density differences, that is 

widely used in mineral processing especially in coal cleaning 

because of its simplicity, low cost, and high efficiency was 

also applied for resources recycling. However, there is a 

critical challenge in the use of jig separation for secondary 

resources (i.e., used products) because of the wide variety of 

shapes formed after crushing, which is very different from the 

more uniform and sphere-like particles traditionally treated in 

coal cleaning and mineral processing. In jig separation, the 

separation efficiency is dependent on particle motion, which 

is also a function of geometrical properties like size and 

shape. This means that understanding the effects of particle 

shape is important in the design of suitable jig separation 

processes.  

 This study investigated the effects of particle shape (disk-

like plastics and rod-like metals wires) on the jig separation 

and identified the reasons why the particle shape affects their 

behaviors and jig separation efficiency. Moreover, novel 

methods to estimate the jig separation efficiency using shape 

factors were proposed and modified waveform and shape 

separation methods to improve jig separation efficiency were 

developed. Finally, a discharge system for continuous jig 

separation of plastics using a restraining wall was developed. 

 

 

The effects of particle geometry on jig 
separation efficiency of crushed plastics 
 

A batch-type RETAC jig (R&E, Co., Ltd., Japan, Fig. 1), a 

modified Takakuwa Air Chamber Under Bed (TACUB) jig 

that is commercially known as BATAC jig, was used in this  

 

 

section. Plastic boards having 2-mm and 3-mm thicknesses of 

acrylonitrile butadiene styrene (ABS, SG = 1.03) and 

polystyrene (PS, SG = 1.06) boards were crushed by a cutting 

mill to obtain a size fraction of +2.0−8.0 mm. The shape 

factors (e.g., flatness ratio (∅Flat)) and settling velocity of 

crushed plastics containing various size and shape were 

measured.  

 

 
Figure 1. A schematic diagram of a batch-type RETAC jig. 

 

 The shape distribution in each size fraction (+2.0−2.8, 

+2.8−4.0, +4.0−5.6, and +5.6−8.0 mm) showed the strong 

effects of crushing on particle shape; that is, particles are 

more disk-like (low ∅Flat) at coarser size fraction while the 

fine fraction is dominated by sphere-like (high ∅Flat) particles.  

 Settling velocity of sphere-like PS increased with 

increasing particle size while those of disk-like ABS had 

similar values regardless of the size, which was consistent 

with the results of jig separation of single-type plastics.  

 The results of jig separation of mixed plastics showed that 

separation efficiency was higher for the mixture of light, disk-

like particles and heavy, sphere-like particles (Fig. 2) that was 

in line with the results of settling velocity experiments. These 

results indicate that settling velocity and jig separation are 

affected by both size and shape. 
 

 
Figure 2. Distribution of crushed ABS and PS in each layer 

after jig separation of (a) disk-like ABS and sphere-like PS, 

and (b) sphere-like ABS and disk -like PS. 



Improvement of jig efficiency by modified water 
pulsation, and novel methods to estimate the 
separation efficiency using geometrical 
parameters  
 
Estimation of settling velocity and jig separation 
efficiency of non-spherical plastics 
 
An empirical equation to calculate settling velocity of non-

spherical particles using flatness ratio (∅Flat) and projection 

area (A) was developed, and a modified concentration 

criterion (CCs) is proposed to estimate jig separation 

efficiency of non-spherical particles. ABS boards having 2-, 

3-, 4-, and 5-mm thicknesses and PS boards having 2- and 3-

mm thicknesses were cut using a rotary cutter into cuboids 

with similar volume (V) and equivalent volume diameter (D*; 

diameter of a sphere that has the same volume as the cuboid) 

but with different ∅Flat. The particles motion under static and 

water pulsation conditions were recorded using a video 

camera and analyzed by image analysis, and jig separation of 

plastic mixtures was carried out using a batch-type RETAC 

jig (Fig. 1). 

 The results showed that disk-like particles (low ∅Flat) 

settled down slower than sphere-like particles (high ∅Flat). 

These results were in line with the jig separation results that 

separation efficiency was higher for the mixture of disk-like 

light plastic and sphere-like heavy plastic than that for sphere-

like light plastic and disk-like heavy plastic mixture. This 

could be attributed to the differences in settling velocities of 

disk-like and sphere-like particles.  

 In mineral processing, the concentration criterion (CC) is 

commonly used to determine the suitability of gravity 

separation. This equation, however, is not applicable to 

resources recycling because the separation efficiency of 

plastics during gravity separation is affected by not only the 

SG or density but also of the shape of particles as discussed 

previously. To determine the suitability of gravity separation 

for non-spherical particles, the modified concentration 

criterion (CCs) was proposed. 

 The experimental results showed that sharpness index (SI) 

decreased with increasing CCs calculated from the velocity of 

non-spherical particles (Fig. 3). This result indicates that CCs 

can be used to estimate the jig separation efficiency of non-

spherical particles.  

 

 
Figure 3. The relationship of CCs with sharpness index (SI). 

 

 
Effects of flatness ratio on the particle motion 
during water pulsation and improvement of jig 
separation efficiency by modified water pulsation 
 

In a RETAC jig, water pulsation is comprised of 4 steps: (1) 

rising, (2) initial holding, (3) downwelling, and (4) final 

holding. Particle motion during these four steps of water 

pulsation was investigated using one kind of cut plastic 

samples with similar D* but different ∅Flat. 

 The results showed that disk-like particles rose faster than 

sphere-like particles during water rising step (step 1), while 

the motion of disk-like particles and sphere-like particles was 

almost the same in other steps indicating that jig separation 

efficiency may be affected by particles motion of step 1. 

Using these results, modification of water pulsation to reduce 

the effects of particle shape on jig separation was proposed. 

 Since the effects of particle shape mostly found in step (1) 

so, time of step (1) was reduced into half (0.5 s to 0.25 s). By 

the reducing of time on step (1) into half, the water rising 

velocity is increased twice indicating that difference of 

relative velocity becomes smaller and the effects of particle 

shape can be reduced. 

 Fig. 4 shows the distribution of ABS and PS in each layer 

after jig separation (a) with original waveform and (b) with 

modified waveform. The results showed that the separation 

efficiency of the mixture of disk-like light plastic and sphere-

like heavy plastic with modified waveform (Fig. 4(b-1)) 

decreased from the results with normal waveform (Fig. 4(a-

1)). In contrast, the separation efficiency of sphere-like light 

plastic and disk-like heavy plastic mixture (Figs. 4(a-2)&(b-

2)) increased. As the results, purity of ABS in top layer 

products and purity of PS in bottom layer products of both 

mixtures showed similar values with modified waveform 

(Fig. 4(b)), indicating that effects of particle shape on jig 

separation could be reduced. 

 

 
Figure 4. Distribution of cut ABS and PS in each layer after 

jig separation with (a) original waveform of (a-1) disk-like 

ABS and sphere-like PS, and (a-2) sphere-like ABS and disk -

like PS, and with (b) modified waveform of (b-1) disk-like 

ABS and sphere-like PS, and (b-2) sphere-like ABS and disk 

-like PS. 

 



Improvement of jig efficiency by shape 
separation, and a novel method to estimate 
separation efficiency of crushed electronic 
wastes using bending behavior and 
entanglement factor  
 

In this section, a batch-type RETAC jig (Fig. 1) was applied 

to separate plastics and metals including copper (Cu) wires 

from several plastic-dominated residues obtained from 

recycling plants that process discarded small home 

appliances.  

 Preliminary experiments to treat real plastics-dominated 

residues showed that separation efficiency was low because 

of Cu wire entanglement during jig separation that likely 

limited the upward motion of plastic particles in the 

separation chamber.  

 To elucidate the factors and mechanisms involved in this 

entanglement phenomenon, jig separation of model samples 

was conducted under various conditions. The results of model 

experiments showed that the separation efficiency decreased 

with increasing the amount and length of Cu wires (high 

entanglement factor).  

 To limit the effects of wire entanglement, two methods of 

shape separation as the pre-treatment prior jig separation were 

proposed. These shape separation techniques increased the 

recovery of Cu wires in the Cu concentrate from 64% 

(without shape separation) to 97% (with shape separation 

using the probability of passage, Fig. 5(a)) and 95% (with 

shape separation using induced entanglement, Fig. 5(b)).  

 Besides, estimation of jig separation efficiency using the 

entanglement factor of rod-like metal wires is introduced to 

estimate jig separation efficiency of plastic-dominated 

residues from WEEE recycling plants. 

 

 
Figure 5. Schematic diagrams of two shape separation 

methods: (a) using the probability of passage, and (b) using 

induced entanglement. 

Development of a discharge system for 
continuous jig separation of plastics using a 
restraining wall 
 

A continuous-type jig is commonly used in commercial-scale 

application than that of batch-type jig that preferred for 

laboratory experiments. In case of the BATAC jig for coal 

cleaning, a gate system is used to recover the bottom layer 

product for high SG materials such as rocks that can be 

removed easily with gravity. This type of gravity-based 

recovery system is, however, unsuitable for the RETAC jig 

because it treats plastics having low SGs and low settling 

velocities. Because of this, mechanical extractors are 

preferred in continuous-type RETAC jig to recover the 

bottom layer products at an adjustable rate while the top layer 

products are recovered from the overflow launder (Fig. 6(a)).  

 Batch and continuous jig results were compared using 

plastic mixtures with different light and heavy particles ratio. 

The purities of bottom products of continuous jig were lower 

than that of batch jig and when the ratio of heavy particles 

was low, the purity of bottom product was lower than that of 

higher ratios, because of the entrainment of light particles 

caused by the disturbances in water and particles flow 

regimes due to a screw-type extractor movement. Moreover, 

the purity of bottom layer products during continuous jig 

separation was influenced by the difference of light and heavy 

particles ratio; that is, purity was lower when the ratio of 

heavy plastic was low.  

 To suppress the entrainment, a new discharge system 

using a vertical restraining wall was developed (Fig. 6(b)). 

The restraining wall was installed to divide the separation 

chamber into two and particles can transfer from one to 

another only through a narrow channel below the wall. The 

results showed that when the ratio of heavy particles was low, 

the purity of bottom layer products of the continuous jig was 

improved by the restraining wall. 

 

 
Figure 6. Schematic diagrams of continuous-type RETAC jig 

(a) without, and (b) with a vertical restraining wall. 

 


