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Abstract: Printed circuit boards (PCBs) contain valuable metals, epoxy resin, and glass fiber, resulting
in them being considered as attractive secondary sources of metals. Due to the complex metal
compositions in PCBs, it is difficult to clarify the mechanism of metal separation behavior in the
pyrometallurgical recovery process. In this paper, pure Pb, Sn and Cu were used to simulate the
effects of temperature, time, particle size and shape on the reaction and separation process. With
the increase of temperature and time, the thickness of the interface reaction layer was improved.
Under the same temperature and time, the reaction degree of Cu with Sn was greater than that of Cu
with Pb. In the separation process, reducing temperature, time and increasing Cu particle size were
conducive to the separation and recovery of Pb-Sn alloy by supergravity. Under the same or similar
particle size, the recovery of Pb-Sn alloy in irregular Cu particles was lower than that in regular Cu
spheres. Improving the gravity coefficient benefited the recoveries of Pb and Sn. The results will
provide technical guidance for the separation and recovery of Pb, Sn and Cu from real PCBs.
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1. Introduction

In the 21st century, electronic industry has developed rapidly, more and more electrical
and electronic equipment (EEEs) are applied to real life, and the replacements of EEEs
are increasing rapidly. Due to the shortening of production times and increasing use of
electronic products, large quantities of electronic wastes (e-wastes) are being produced [1].
In 2021, global production of e-waste was about 57 million tons, with annual growth of
2 million tons per year [2]. Since every item of e-waste has printed circuit boards (PCBs)
built in, the replacements of e-wastes result in a large quantity of waste PCBs (WPCBs)
which have many valuable metals such as Pb, Sn, Cu, Au, Ag, Pt, kinds of resins and glass
fibers [3,4]. Generally, approximately 70% nonmetals and 30% metals are contained in
WPCBs [5]. Cu, Pb and Sn are the three most abundant metals in PCBs (Cu: ~16%, PbSn
solder: ~4%), and their recoveries are of economic and ecological importance for use as a
secondary raw material because of the relatively high content in comparison to the earth’s
crust composition [6-8].

Recently, many technologies have been developed to recover Pb, Sn, and Cu, includ-
ing hydrometallurgy [9-11], bioleaching [12,13], physical method [14,15], and pyrometal-
lurgy [6]. These methods can successfully recover and recycle different metals with some
notable shortcomings in some cases. Hydrometallurgy has the advantages of selectivity
in obtaining metals from solution, minimal gas emissions and high recovery. However, it
was a long and complicated process, leading to large amounts of waste acid liquid and
sludge [16]. The bioleaching bacteria are easy to cultivate, and the process saves production
cost and improves metal recovery. However, the process is hindered by the difficulty of
selecting suitable bacteria, and by the long period [17]. The physical method has attracted
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more and more attention because of its low operating cost, high sorting efficiency and
easy operation. However, it was limited to factors such as low efficiency and high work
intensity [10]. Generally, pyrometallurgy is the most commonly used method to recover
valuable metals from PCBs with high energy consumption, investment and pollution [18].
However, traditional pyrometallurgy usually used smelting to melt metals into multi-metal
alloys, and the subsequent refining, impurity removal and separation of metal were also
needed [19,20]. It was not conducive to the separation of metals with similar properties
and melting points. Due to the complex compositions of raw materials, traditional method
cannot completely separate the constituent metals. However, separating metals with sim-
ilar properties and melting points in PCBs step by step is the goal of efficient recovery
and utilization. Our group has developed a novel method of efficiently and economically
separating metals from granulated PCBs via supergravity separation [21].

Supergravity is an efficient multi-phase reaction and separation technique that uses
centrifugal force to enhance phase transfer and micromixing [22]. Different melting points
or densities of solid particles and liquid melts results in particles being distributed and
separated gradually along the centrifugal direction under a centrifugal field [23]. The
technology has been successfully applied to the enrichment of valuable elements from
different slags and wastes [24-26], the fabrication of functionally graded materials [27-29],
and the removal of impurities from alloys or metals [30-32]. The application of supergravity
technology to the separation and recovery of metals from PCBs is also a new approach.

Generally, metals in the polymetallic rich particles of PCBs mainly present in the
form of single substance and a small amount of alloy, and their components are relatively
independent. Based on the phase diagram of Pb-Sn [33], the alloys of the Pb-Sn system form
a single-eutectic diagram without chemical compounds, the eutectic temperature is 183 °C,
and they are melted easily at the temperature above 327 °C. According to the Cu-Sn phase
diagram [34], the liquidus increases with the decrease of Sn content. When Sn > 92.4 wt.%,
the interface reaction of Cu-Sn system is liquid-solid reaction at the temperature above
415 °C; when Sn = 13.5-92.4 wt.%, the equilibrium state is liquid phase and solid solution
with different Sn and Cu contents at 415-793 °C, which is also the main reaction zone of Cu
and Sn; when Sn < 13.5 wt.%, the equilibrium state is single solid solution at 400-800 °C.
Similarly, from the Cu-Pb phase diagram [35], Cu is in solid state, while Pb is in liquid
state, the solubility is very low, Pb is difficult to integrate into Cu, and almost no reaction
occurs at 400-800 °C. According to the metal compositions in the PCBs, the selective
melting separation of Pb, Sn, and Cu can be realized via using supergravity technology by
controlling the appropriate temperature. However, due to the wide variety and complex
metal compositions of PCBs (other metals with less content), pure metals are used to
simulate their compositions and conduct the separation process to clarify the interface
reaction and separation behavior in this work. The plate, sphere and irregular shape
particle of pure metals along with the effects of reaction temperature, separation time and
particle size on the separation efficiency by supergravity were investigated. The results will
provide technical guidance for the supergravity separation and recovery of valuable metals
in real polymetallic PCBs.

2. Experiments
2.1. Materials and Methods

In this study, pure Cu, Pb, Sn, and Pbj3;Sng; alloy (wt.%) were purchased with a
purity of 99.9 wt.%. Two kinds of metal plates with smooth surface were put into the
porcelain boat and placed in the horizontal tubular furnace for heating. The mixed gas of
hydrogen and argon with the flow rate of 150 mL/min and gas volume ratio of 1:1 was
introduced. The metal plates were cooled to room temperature under the condition of
passing protective atmosphere. The effects of temperature (400-700 °C) and reaction time
(0.5-6 h) on the interfacial reaction behaviors between metal plates were investigated with
a tubular furnace, as shown in Figure 1.
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Figure 1. Experimental device flow of tubular furnace. (1. flow meter; 2. air valve; 3. flange; 4.
tubular heating furnace.).

Due to the large contact area between metal plates, the metal-to-metal reaction is
relatively sufficient, while in actual electronic waste, metals are mostly spherical or spheroid,
it is necessary to study the interface reaction and separation behavior between metal
spheres or spheroids. These experiments were carried out under the supergravity field
that generated by a centrifugal apparatus with a heating furnace and a counterweight
fixed symmetrically onto the horizontal rotor (Figure 2a). The centrifugal apparatus had
two centrifugal tanks (Figure 2b). One was used for heating and centrifuging sample
(the separation tank on the right of Figure 2b), and the other was used for balancing
the equipment to keep the centrifugal process stable (the counterweight tank on the left
of Figure 2b). The interfacial reaction and supergravity separation behaviors between
different metal particles were studied in Figure 2. The gravity coefficient (G) was calculated
as the ratio of super gravitational acceleration to normal gravitational acceleration via

Equation (1):
N2R 2
c_V §2+ (w?R)’ &+ (n2900> "

g B g

where w is the angular velocity (rad/s); N is the rotating speed of the centrifuge (r/min); R
is the distance from the centrifugal axis to the center of the sample (m), in the experiment,
R =0.25m; and g is normal gravitational acceleration.

=

-

Figure 2. Photograph (a) and schematic (b) of the centrifugal separation apparatus. (1: counter-
weight tank; 2: centrifugal axis; 3: slip ring; 4: wire; 5: temperature controller; 6: thermocouple; 7:
resistance wire; 8: Pb or Sn; 9: graphite crucible; 10: copper particle; 11: molten metal; 12: hole; 13:
separation tank; 14: base).

The real WPCBs were purchased from an enterprise in China. Prior to the receipt, the
PCBs were crushed, sorted, and sieved to obtain a particle size of less than 1.0 mm, a small
number of nonmetallic components was retained in the enriched PCB particles, and the
majority of nonmetallic materials were removed. Therefore, the total contents of metals
were more than 80 wt.%, while the total contents of nonmetals were less than 20 wt.%.
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The obtained PCBs contained a range of metals and alloys with different melting points,
and the molten metals and alloys could be separated rapidly by supergravity. Based on
the above enriched metal contents, 2.0 g Pb3;Sng; alloy particles and 8.0 g Cu particles
(0.1-1.25 mm) of were mixed uniformly and placed into a set of graphite crucibles for the
reaction and separation by supergravity melting separation. The bottom of the upper
graphite crucible included the 1 mm small holes, through which metals in the liquid state
could pass at the temperature of 400-600 °C. The graphite felt with the 3 mm thickness was
laid at the bottom of the upper crucible to retain small solid particles. The graphite crucible
was heated to the target temperature (400-600 °C) for some certain time (0.5-2 h). Then,
the centrifugal apparatus was adjusted to the rotational speed (0-1338 r/min) to conduct
separation isothermally for 10 min. Finally, the graphite crucible was taken out from the
furnace and rapidly quenched in water.

2.2. Analysis and Treatment of Data

In the reaction process, all the samples were characterized by scanning electron micro-
scope and energy disperse spectrum (SEM/EDS, MLA 250, FEI Quanta, Fremont, CA, USA).
In the separation process, all the samples were characterized by metallographic micro-
scope (Leica Microsystems, Model DM4M, Wetzlar, Germany), X-ray fluorescence analysis
(XRE, XRF-1800, Shimadzu Corporation, Tokyo, Japan), inductively coupled plasma-optical
emission spectroscopy (ICP-OES, Optima 7000DV, Perkin Elmer, Shelton, CT, USA), and
SEM/EDS, respectively.

The recovery value (R;) of Pb-Sn alloy was calculated by Equation (2):

Ri=—"1 % 100% @)
mp X Wi

where m; is the mass of Pb-Sn that separated from polymetallic particles (g); 11, is the mass
of polymetallic particles; w; is the mass fraction of Pb-Sn in the polymetallic particles.

3. Results and Discussion
3.1. Interfacial Reaction between Metal Plates
3.1.1. Effect of Temperature on Interfacial Reaction between Metals

The microstructures of the interfaces between Pb, Sn or Cu at different temperatures
(400-700 °C) with a holding time of 1 h were displayed in Figure 3. Based on the Pb-
Sn phase diagram [33], Pb and Sn formed a single-eutectic diagram, and the reaction
was sufficient and rapid at 400-700 °C. Therefore, Pb and Sn were evenly distributed
and there was no obvious difference in the microstructure of Pb-Sn alloy. However, at
the temperatures of 400-700 °C, the thickness of the interface layer between Pb and Cu
increased slowly with the addition of temperature, while the thickness of the interface
layer between Sn and Cu grew obviously. This is because it is difficult for liquid Pb and
Cu to form a solid solution, the solubility is very small and there are liquid phase and
Cu phase in this temperature range [35], while liquid Sn and Cu are easy to form a solid
solution, indicating that the reaction between Sn and Cu was quick, and they had a certain
solubility [34]. Temperature affected the formation of solid solution and high temperature
promoted the diffusion process. Therefore, low temperature can delay the occurrence of
interfacial reaction and help to separate Pb and Sn from polymetallic Cu-rich particles of
WPCBs.
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Figure 3. Microstructures of the interfaces between Pb, Sn or Cu at different temperatures.
(al-a3): 400 °C; (b1-b3): 500 °C; (c1-c3): 600 °C; (d1-d3): 700 °C.

3.1.2. Effect of Reaction Time on Interfacial Reaction between Metals

Reaction time is also an important parameter on interfacial reaction. The effects of
different reaction time (0.5-6 h) on the reaction degree of Cu with Pb or Sn at 400 °C were
investigated. The microstructures of the interfaces between Cu and Pb or Sn at different
reaction times were displayed in Figure 4. The results indicated that the thickness of Cu-Pb
interface layer did not change obviously with the addition of reaction time, while liquid
metal Sn infiltrated into Cu and the Cu-5n thickness increased significantly. These results
agree well with those of Cu-Pb and Cu-Sn phase diagrams. At 400 °C, the equilibrium state
of Cu-Pb system is liquid phase and Cu, while that of Cu-Sn system is liquid phase and
solid solution with different Sn and Cu contents. Prolonging the reaction time is beneficial
to the diffusion process of liquid Sn in Cu. In the process of separating and recovering Pb
and Sn from polymetallic Cu-rich particles of WPCBs, Pb and Sn will react with Cu and
reduce the recovery values of Pb and Sn. Controlling a short smelting time (holding time)
is conducive to the recovery of Pb and Sn.

Figure 4. Microstructures of the interfaces between Cu and Pb or Sn at different times. (al,a2): 1 h;
(b1,b2): 2 h; (c1,c2): 4 h; (d1,d2): 6 h.

3.2. Interfacial Reaction and Separation Behavior between Metal Particles
3.2.1. Effects of Reaction Time and Temperature on Interfacial Reaction and Separation
Behavior between Metals

In the experiments, the size of Pb-5n alloy was 0.6 mm, and Cu particle size was
1.0 mm, the reaction times were 0.5-2 h, the rotational speed of the centrifugal apparatus
was 1196 r/min (G = 400), and the temperature ranges were 400-600 °C. Figure 5 showed
the microstructures of the interfaces between Pb-5Sn alloy and Cu under different reaction
times at 400 °C and 600 °C. The interfacial thickness increased with the addition of reaction
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time and temperature, and the recovery rates of Pb-Sn alloy also reflected the results (as
shown in Figure 6). At the same temperature, the recovery rates of Pb-5Sn alloy decreased
with the addition of reaction time; at the same time, the recovery rates of Pb-5n alloy
decreased as the temperature rising from 400 °C to 600 °C. PbSn and Cu reacted sulfficiently
and PbSn were uniformly distributed in the Cu at 600 °C. Pb-5Sn alloy was consumed with
Cu at high temperature in the reaction process, which was not conducive to the separation
and recovery of Pb and Sn. Reducing the interface reaction and degree can improve the
metal recovery rates in WPCBs. Therefore, the reasonable reaction time was 0.5 h, the
temperature was 400 °C, and the recovery rate of Pb-5n ally was 96.19%.

Figure 5. Microstructures of the interfaces between Pb-5n alloy and Cu at different time and tempera-
ture. (al,a2): 0.5 h; (b1,b2): 1 h; (c1,c2): 1.5 h; (d1,d2): 2 h.
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Figure 6. Effects of reaction time and temperature on recovery rate of Pb-Sn alloy.

3.2.2. Effect of Regular Cu Particle Size on Interfacial Reaction and Separation Behavior
between Metals

Particle size is an important parameter affecting interfacial reaction and separation
behavior. In the experiments, the size of Pb-Sn alloy was 0.6 mm, the rotational speed
of the centrifugal apparatus was 1196 r/min (G = 400), the reaction time was 0.5 h, the
temperature was 400 °C, the separation time was 10 min, and the effects of particle size of
regular Cu with Pb-5n alloy on the reaction and separation were investigated. Figure 7 was
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the metallographic diagrams of Cu and Pb-Sn alloy with different Cu particle sizes after
centrifugation. As indicated, the residual amount of Pb-5Sn alloy in the Cu sphere decreased
with the gradual increase of Cu particle size. Figure 8 displayed the effect of regular Cu
sphere size on the recovery rate of Pb-Sn alloy. The results exhibited that Cu sphere size
varied from 0.12 to 1.25 mm, and the recovery rates of Pb-5n alloy increased from 28.41% to

97.73%. Large Cu particle was propitious to the separation and recovery of molten Pb-Sn
alloy.

Figure 7. Metallographic diagrams of Cu and Pb-Sn alloy with different Cu particle sizes after
centrifugation. (a): 0.12 mm; (b): 0.3 mm; (c): 0.5 mm; (d) 1.25 mm.
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Figure 8. Effect of regular Cu particle size on the recovery rate of Pb-Sn alloy.

At 400 °C, Pb-5n alloy is in melting state, while Cu is still in solid particle. Under nor-
mal gravity condition, due to the good wettability between metals, the liquid metals were
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distributed in discontinuous droplets in the Cu particle layer, and the gravity of droplets
was not enough to overcome the surface tension which was the maximum resistance of
liquid metals through Cu particles. The molten droplets (Pb-Sn alloy) were not successfully
separated from solid Cu particle layers, but suspended in a channel of solid metal layers,
and the “retention phenomenon” was formed. This present system was approximated as
an ideal model, and the tiny gap between solid particles was approximated as a capillary.
The pressure (P;) of surface tension was expressed in Equation (3):

20
Pszil
r

®)
where ¢ is the Pb-Sn alloy surface tension (N/m); 7’ is the curvature radius (m). The gap
between large particles was wide, and the molten Pb-Sn that did not participate in the
reaction was easy to separate from Cu spheres.

Centrifugal force can generate centrifugal pressure on the particles to overcome surface
tension and separate liquid metals from solid particles. In order to study the effect of
centrifugal pressure on the behavior of mixed particles, the radial pressure (P;) distribution
at r position is expressed in Equation (4):

b= / oredr = 2 p(r? — 1) @
) 2
where 1 is the minimum distance from the centrifugal axis to the centre of sample (m);  is
the distance from the centrifugal axis to the centre of sample (m); p is the metallic density
(kg/m?); w is the angular velocity (rad/s). The centrifugal pressure is proportional to the
metallic density, rotational angular velocity, and square of rotating radius, respectively.
Under this condition, the efficient and rapid separation of molten Pb-5n alloy was realized
by increasing the rotating speed.

3.2.3. Effect of Irregular Cu Particle Size on the Interfacial Reaction and Separation
Behavior between Metals

The reaction and separation between regular spheres is an ideal process. However,
most of actual e-waste particles present irregular shapes. Therefore, simulating the interface
process between irregular metals truly reflected the reaction and separation behavior
between e-waste particles. The particle size of Pb-Sn alloy was 0.6 mm, the rotational
speed of centrifugal apparatus was 1196 r/min (G = 400), the reaction time was 0.5 h, the
temperature was 400 °C, the separation time was 10 min, and the effects of irregular Cu
sizes (0.1-1.25 mm) on the recovery of Pb-5n alloy were systematically investigated. The
metallographic diagrams of Cu and Pb-5n alloy with different irregular Cu particle sizes
after centrifugation were given in Figure 9. It can be seen that with the gradual increase of
irregular Cu particle size, the residual amount of Pb-Sn alloy in Cu particle decreased, and
the maximum recovery rate of Pb-Sn increased to 78.07% under the size of 1.0-1.25 mm
(as shown in Figure 10). Under the same or similar Cu particle size, the recovery values of
Pb-Sn alloy in irregular Cu particles were lower than those in regular Cu spheres (as shown
in Figures 7 and 8). The irregular Cu was in concave convex shape, which can block the
filtration and separation of molten Pb-Sn alloy. Therefore, metal particles with small and
irregular particle size were not conducive to the separation and recovery of molten metals.
In the actual e-waste, the vast majority of metal particles are in irregular shape, and the
shape and size will have a great impact on the separation and recovery of metals.
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Figure 9. Metallographic diagrams of Cu and Pb-Sn alloy with different irregular Cu particle sizes
after reaction and separation. (a): 0.1-0.12 mm; (b): 0.3-0.4 mm; (c): 0.4-0.5 mm; (d): 1.0-1.25 mm.
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Figure 10. Effect of particle size of irregular Cu on the recovery rate of Pb-Sn alloy.

3.2.4. Effect of Gravity Coefficient on the Interfacial Reaction and Separation Behavior
between Metals

The particle sizes of Pb-Sn alloy and irregular Cu were 0.6 mm and 1.0-1.25 mm,
respectively, the reaction time was 0.5 h, the temperature was 400 °C, the separation time
was 10 min, and the effects of gravity coefficient (1-500) on the recovery of Pb-Sn alloy
were investigated in Figure 11. As indicated, the recovery rates of Pb-Sn alloy increased
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from 0 to 82.23% with the gravity coefficient varying from 1 to 500. Compared to normal
gravity separation (G = 1), supergravity separation separated Pb-Sn alloy quickly. When
the G > 50, the centrifugal pressure (Pr) was much greater than the additional pressure (Ps)
(namely Pr > Ps), the centrifugal acceleration of Pb-Sn droplets was huge, the movement
was very fast, and the time was very short. When the gravity coefficient transcended 200,
the increasing trend of recovery rate of Pb-Sn alloy slowed down, indicating that the molten
alloy had good fluidity, and super gravity greatly improved its recovery rate. Therefore,
supergravity technology has the advantage of high efficiency.
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Figure 11. Effect of gravity coefficient on the recovery rate of Pb-Sn alloy.

The goal of efficient recycling of PCBs is to separate metals in the form of single
substance. However, chemical reaction will inevitably occur to form alloys with different
melting points in the pyrometallurgical process. It is difficult to completely separate the
metals in the form of single element. Therefore, supergravity selective melting separation
of metals with similar melting points is an effective recovery method. The obtained alloys
are used as industrial raw materials in different industrial fields, which not only recycle
waste resources, but also realize environmental protection. Future studies will examine
the selective separation from complex electronic waste, and the potential of the proposed
process to scale-up, to evaluate the possibility of its application on an industrial scale.

4. Conclusions

In this paper, by simulating the interfacial reaction and separation process between
pure Pb, Sn, or Cu, the complex reaction behavior of polymetallic in PCBs was mastered.
Based on the principle of phase diagrams and reasonable composition design, the sepa-
ration between metals is strengthened by adjusting temperature and time and applying
supergravity, which is beneficial to reduce the reaction degree between metals and increase
the recovery rate of metals. In the metal reaction process, the thickness of interfacial reac-
tion layer was improved by increasing temperature and time. When the temperature was
above 400 °C, Pb and Sn were easy to form alloy phase. Under the same temperature and
time, the reaction degree of Cu-5n was greater than that of Cu-Pb. Reducing reaction time
and temperature was conducive to reducing the reaction degree and separating metals.
Supergravity selective melting separation of metals is an effective recovery method. With
the increase of Cu particle size, the recovery of Pb-5n alloy increased gradually. Under
the same or similar Cu size, the recoveries of Pb-Sn alloy in irregular Cu particles were
lower than those in regular Cu spheres. Under Cu particle size of 1.25 um and gravity
coefficient of 400, the recovery rates of Pb-Sn alloy were 97.73% in regular shape and 78.07%
in irregular shape at 400 °C for 0.5 h, respectively. Increasing the gravity coefficient was
beneficial to the recovery of Pb-5n alloy, and the recovery value was 82.23% under the
gravity coefficient of 500 at 400 °C. This process provides technical guidance for the efficient
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separation and recovery of Pb, Sn and Cu from real PCBs and improves the economic and
environmental benefits of metal recovery process. More detailed investigations are required
to further evaluate this separation process with the real electronic wastes.
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