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Introduction 
 

The amount of e-waste generated annually is rapidly 
increasing due to short life cycles of many electronic 
gadgets (e.g., mobile phones) and is expected to reach 
more than 65.4 million tons per year in 2017 [1]. E-
waste contains valuable metals such as gold (Au), 
various metals like iron (Fe) copper (Cu) and aluminum 
(Al), as well as several types of plastics. From an 
economic point of view, recovery of valuable metals 
especially Au is the most attractive reason for e-waste 
recycling [2]. 

Pyrometallurgical treatment (e.g., copper smelter) 
has been successfully used to commercially recover Au 
from e-waste [3]. This method, however, cannot be used 
in many developing countries that do not have 
pyrometallurgical facilities due to its high initial capital 
cost. Hydrometallurgical treatment is a promising 
alternative with lower initial capital and operational cost 
compared to smelters. In hydrometallurgical treatment, 
cyanide or aqua regia is commonly used to leach Au 
from PCBs [3, 4]. However, cyanide is toxic and aqua 
regia is very corrosive, so alternative leaching reagents 
for Au has been investigated. A suitable alternative for 
cyanide and aqua regia is ammonium thiosulfate, which 
has lower toxicity and is less corrosive [4]. 

Several studies have shown that high extraction of 
Au is possible under the right conditions [4]. For 
example, Nagata et al. (2015) reported that at low pulp 
density, leaching was very effective but at higher pulp 
densities, the leaching efficiency dramatically decreased. 
They attributed this to Au cementation to base metals 
like Cu and/or Al. In this study, physical separation was 
conducted to separate Au from Cu and/or Al to enhance 
its extraction by ammonium thiosulfate. Two samples 
were used in this study: (1) light product from dust 
collection system of an e-waste recycling plant in Japan 
and (2) real mobile phones. 
Air-separation was selected for the light products (+2 
mm) because it requires nothing but air and could easily 
separate heavy (metals) and light (paper and plastics) 
materials [5]. For the real mobile phones, two sized 
fractions were obtained after crushing: coarse fraction 
(+2.0mm), and fine fraction (-2.0mm). For the coarse 
fraction, jig separation was used while froth flotation  

 
was selected for the fine fraction to minimize the loss of 
fine particle during separation. This technique also had 
the added advantage because of differences in surface 
properties of plastics (hydrophobic) and metals 
(hydrophilic) [6]. 
 
 
Materials and Methods 
 
Samples 
 

The light product from dust collection system was 
obtained from a recycling plant processing copy 
machines and ATMs. These machines are first manually 
dismantled to remove the plastic coverings, which are 
sent back to manufacturers, and then crushed by a 
hammer crusher to - 220 mm. The ground materials 
move to a nozzle vacuum type conveyor for the 
separation of light and heavy products. The heavy 
products are further treated using magnetic separation, 
eddy current separation to recover iron, copper and 
other metals. Meanwhile, the light products are directly 
used as fuel in boilers for power generation. These light 
products, however, still contain valuable metals like Au, 
Ag and Cu. The light products were divided into two 
fractions by dry screening: coarse fraction (+2.0mm) 
and fine fraction (-2.0mm). Fig. 1 shows the 
composition of light products. 

Fig. 1 Light product components of coarse and fine 
fractions. 

 
Real mobile phones were bought from secondhand 

shops in Japan. Batteries were dismantled by hand prior 
to crushing using a cutting mill with a 10-mm aperture 
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screen. The product was dry sieved through a 2-mm 
aperture screen in order to divide it into coarse fraction 
and fine fraction. In this study, the fine fraction with 
less than 2 mm particles was treated. The composition 
of fine fraction of crushed mobile phones is shown in 
Fig. 2.  
 
 
 

 
 
 
 
 
 
 

Fig. 2 Composition of the fine sized crushed mobile 
phone. 

 
Methodology 
 

The combustible component of samples and 
products from the separation techniques were 
determined using an ashing furnace (No.35604, 
SHISUKA DENKI SEISAKUSHO, Japan). The ashing 
method involves slow heating of the sample to 500°C 
for three hours, which was followed by burning of the 
samples at this temperature for 5 hours. The resulting 
ash was dissolved using aqua regia (3 parts HCl and 1 
part HNO3) and metal concentrations were analyzed by 
inductively coupled plasma atomic emission 
spectrometry (ICP-AES, ICPE-9820, Shimadzu 
Corporation, Japan). 
 
Air separation 
 

Recovery of metal-containing particles like wires 
and PCBs from the coarse fraction (+2.0mm) of the 
light product was done by air separation. Fig. 3 shows 
the schematic diagram of separation process using air 
separation.  

 
 
 
 
 
 
 
 

 
Fig. 3 A schematic diagram of air separation system. 
 
The distance necessary to separate the light from 

heavy materials can be estimated using the following 
equations: 

 

 
Where h (m) and x (m) are height and distance, 
respectively, g (m/s2) is acceleration due to gravity, v 
(m/s) is velocity of air flow, S (m2) is cross section area 
of sample and m is the sample weight. For the 
experiments, air flow rate was fixed at 13 m/s and the 
grade of PCBs was measured by handpicking after 
separation. 
 
Froth flotation 

 
Recovery of metal-containing particles in the fine 

fraction (-2.0mm) of light products and crushed mobile 
phones (-1.0mm) were done using a mechanical 
flotation machine (FT-1000, Cosmic Mechanical 
Technology Co., Ltd.) under the following conditions: 
impeller speed of 1000 rpm, pulp density of 5% in a 
0.4-liter capacity tank, kerosene as collector and MIBC 
as frother. Details of flotation are shown in Fig. 4. 

 
 
 
 
 
 
 
 
 
 
 
 

 Fig. 4 Flowchart of the flotation of fine fractions. 
 
Gold leaching treatment 
 

Leaching experiments were conducted in 50 ml 
Erlenmeyer flasks by mixing 0.5 gram of sample (- 2.0 
mm) and 10 ml solution containing 1 M of Na2(S2O3), 
0.5 M of NH3, 0.25 M of (NH4)2SO4 and 10 mM of 
CuSO4. The flask was shaken in a thermostat controlled 
water bath shaker with shaking amplitude and frequency 
of 40 mm and 120 min-1 at 298 K. After 24 h, the solid 
and liquid phases were recovered separately by filtration 
using a 0.2 μm membrane filter. Concentrations of gold 
and other metals in the filtrate were measured by ICP-
AES. 
 
 
Results and Discussion 

Air Separation 
 

(1) 

(2) 



Coarse fraction (+2.0mm) was separated into heavy 
and light fractions by air separation. These heavy and 
light fractions were sieved into six sizes that were 
shown in Fig. 5.  

The results showed that distribution of heavy 
products increased with increasing size of particles. 
Recovery of PCBs in heavy fraction was obtained 84%. 
Combustible components of 23% were separated into 
light fraction. Cu and Au recovery in the heavy fraction 
were 87% and 100%, respectively, as showed in Fig. 6.  

Grades of Cu in the heavy fraction and light fraction 
were approximately 12% and 8%, respectively. In the 
coarse fraction, Cu wires and PCBs were the major 
sources of Cu. PCBs (plate-like) were separated 
effectively by air separation. However, Cu wires could 
not be separated by air separation effectively because 
they are easily entangled into bundles containing plastic 
particles. 
 

 
 
 
 
 
 
 
 
 
 

Fig. 5 Proportion of heavy and light fractions after air 
separation using various particle sizes. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 Recovery of Au and Cu in heavy and light 
fractions after air separation. 

 
Grade of combustible components was 79.6% in the 

light fraction. The grade of PCBs was 12.3% in the 
heavy fraction. 86.5% of Cu was recovered in the heavy 
fraction. This result suggests that Cu containing fraction 
was separated from combustible components by air 
separation. Au recovery in heavy fraction was 100%.  
 
Froth Flotation 
 
▪ The light product from dust collection system  

Froth flotation was carried out for the fine fraction. 
The amount of kerosene was varied to achieve the 
optimal condition. Fig. 7 shows the recoveries of metals 
(Cu, Au, Al and Fe) and combustible materials as a 
function of kerosene dosage.  
  
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 7 Recovery of metals and combustible materials in 

froth as a function of kerosene dosage. 
  

It was observed that Cu, Al, Fe were concentrated in 
tailing. Combustible material of 51% was recovered in 
froth. This indicated that combustible components are 
composed of hydrophobic materials, which are 
recovered as froth, and hydrophilic materials, which are 
recovered in tailing. Au recovery in the froth was 100%, 
which suggests that particles containing Au are 
hydrophobic because of difficult liberation.  

▪ Real mobile phones 

Flotation is chosen for enriching the metal contents 
and removing the combustible or plastic components of 
the fine fraction of crushed mobile phones. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 Recovery of metals and combustible materials in 

froth under certain dosage of kerosene. 

The flotation results are shown in Fig. 8. Without 
kerosene, the percent recovery of plastics is 
approximately 20% which is close to the percent 
recovery of metals. After adding kerosene, it was 
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observed that the percent recovery increased from 20% 
to almost 100% .Metal recovery also gradually 
increased as more kerosene was added. Metals were 
able to attach to bubbles similar to plastics because in 
mobile phone, exposed metallic components are coated 
by hydrophobic materials like silicone oil and acrylic. 
The amount of recovered Al and Au account for 75% 
and 70% respectively which are larger than of other 
metals such as Cu and Zn, which could be attributed to 
incomplete liberation of these two metals from the  
plastic substrates of PCBs during crushing.  

To concentrate Au, froth was subjected to further 
purification since it contained a large amount of 
recovered plastics. Sink-float separation was used to 
remove plastic before the leaching process. Sodium 
polytungstate (Na6(H2W12O40)·H2O) solution with a 
specific gravity of 2.1 was used in sink-float separation 
because the majority of plastics in mobile phones have 
specific gravities of less than 2.0 (e.g., acrylonitrile 
butadiene styrene (ABS (SG: 1.03)), polypropylene (PP 
(SG: 0.92)) and PCB plastic (SG: 1.9-2.0). Fig. 9 shows 
the results of sink-float separation. 

According to the experimental results, 99% of float 
product is plastics while plastics in sink product 
accounts for 52%. Plastics in float product are found as 
free plastics which can be separated using sodium 
polytungstate as a medium. However, plastics in sink 
product are attached to metals, so they have higher 
specific gravities.  Moreover, 89% of Au was recovered 
in the sink product.  
 
 
 
 
 
 
 
 
   
 

Fig. 9 Results of sink-float separation using sodium 
polytungstate. 

  
Gold leaching treatment 
 

A comparison of the extraction efficiency before and 
after physical separation is shown in Fig. 10. It shows 
that extraction of Cu decreased after from 40% to 24% 
after flotation. 

When flotation and sink-float separation are 
combined, extraction efficiency of Au rose significantly 
from 23% to 94%. Based on these results, the 
combining flotation and sink-float separation before 
ammonium thiosulfate leaching could substantially 
improve Au extraction efficiency.  

 
 

 
 
 
 
 
 
 
 

 
Fig. 10 Au extraction by ammonium thiosulfate 
leaching before and after physical separation. 

 
 

Conclusions 
 

Air separation and flotation were applied for light 
products of the light product from dust collection 
system. The results showed that air-separation can be 
used to recover the coarse metal components that are 
regular shape. In the flotation, 100% Au was recovered 
with plastics and other metals (Cu, Al and Fe) were 
concentrated in tailing.  

Au, Al and combustibles were recovered in the froth 
product with recoveries of 70%, 75% and 99%, 
respectively. Sink-Float separation was carried out to 
concentrate metals in froth product after flotation. 97% 
of combustibles such as free plastics were removed 
using sodium polytungstate as a medium. Moreover, 
89% of Au was found in the sink product.  Au 
extraction efficiency of ammonium thiosulfate leaching 
was improved from 23% to 94% when flotation and 
sink-float separation were combined as pretreatment 
steps.  
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