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Abstract: Printed circuit boards (PCBs) from antiquated electronic goods were processed by a
pyrometallurgical route to produce and separate alloy and slag phases. The process involved initial
size reduction of PCBs, followed by pyrolysis at 500 °C for 6 h and finally smelting of the solid
materials in an electric furnace. A preliminary smelting test was performed at 1600 °C to estimate
the composition of the slag generated. In later kilogram-scale smelting experiments, B,O3 flux was
added along with CaO and SiO, to decrease the liquidus temperature required to smelt the PCBs. The
level of fluxing was adapted from earlier phase equilibria studies of the CaO-Al,03-5i0,-B, 03 slag
system. Results showed that the flux decreased the melting temperature and assisted the recovery
of most valuable metals within the alloy phase at 1350 °C smelting temperature. The alloy phase
recovered 99.8% of Cu, 99% of Sn, and 100% of precious metals (Au, Ag, Pt). A fluxing strategy for
smelting high Al,O3 containing e-waste PCBs was proposed based on the experimental findings of
this research.

Keywords: e-waste; smelting; borate flux; precious metals; slag; phase equilibria

1. Introduction

Printed circuit boards (PCBs), originating from waste electronics and electrical equip-
ment, are complex heterogenous materials that can be processed to recover several com-
ponents for re-use in further manufacturing. PCBs are essentially composite materials
containing metals, ceramics, plastics, and fibres [1,2]. The glass fibres and resins can ad-
versely impact on the recovery and decrease the process kinetics of hydrometallurgical
operations as they can restrict contact between the metals and the chemicals/solvents [3-5].
To overcome this problem, extensive mechanical processing is required to reduce the size
of feed PCB components to allow efficient leaching [6,7]. Other processing options, such as
bio-hydrometallurgical processes, also suffer from issues, such as reduced microorganism
life span due to the toxicity of metals and overall sluggish processing kinetics [8]. Pyromet-
allurgical processing has been shown to have certain advantages over hydrometallurgical
based processing [9]. In pyrometallurgical processing, PCBs can be melted completely and
eventually collection of most of the metals is possible within a copper-rich alloy phase. This
process is faster, scalable to industrial operations, and can handle a large volume of feed
materials compared to the other process options. Preliminary pyrolysis before smelting
can reduce the burden of flue gas emission during the smelting [10,11]. In addition, the
risk of dioxin release from the processing of e-waste can be eliminated with a preliminary
pyrolysis process step. The composition of flue gas produced during the pyrolysis of PCBs
at 400-600 °C was reported to contain very low dioxin levels within the limit set by the
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regulatory body (0.1 ng-TEQ/Sm?) [11]. Moreover, the carbonaceous char generated during
the pyrolysis of organic components can act as a reducing agent, as well as providing heat
due to exothermic combustion reactions [12].

Some PCBs contain boron-based flame retardants materials. Being a low-melting oxide
(450 °C) and acidic in nature, B,O3 could be a good fluxing agent to reduce the melting
temperature and viscosity of the aluminosilicate slags generated during smelting PCBs.
Control of the slag liquidus and viscosity is important to maximise metal recovery by
minimizing loss of metals with the slag phase. Entrapment of metals within the slag can be
reduced by decreasing the liquidus temperature, as well as increasing the fluidity of slags to
assist material transport through slags [11]. While phase equilibria of FeO-Al,03-5i0,-MO
(i.e., MgO, CaO, Cuy0O) systems have been extensively explored by researchers in relation
to e-waste processing, iron making, and other metallurgical processes, very few studies
have been performed on the effect of B,O3 flux on the slags generated during e-waste PCB
recycling [13-15]. This article describes designing a suitable slag based on the liquidus
temperature of the CaO-Al;03-5i0,-B,05 slag [16]. The composition of PCB slag was
estimated by a preliminary smelting test of pyrolyzed e-waste PCBs. The designed slag
was used to smelt PCBs using an induction furnace. The mass balance of materials and
recovery of metals in the alloy phase were calculated and discussed.

2. Materials and Methods
2.1. Materials and Equipment

The PCB materials used in this research were sourced from a diversified municipal
collection, including computers, laptops, mobile phones, and tablets. The PCB feed material
also contained all other electronic components, such as integrated circuits (ICs), transistors,
resistors, and capacitors, which were mounted on the PCBs.

Bulk compositional analysis of the PCB feed material indicated that the Al,O3 content
was high (>60 wt.%), so, to generate the required slag composition, additional CaO, SiO,
and B were added. The amount of CaO required for slag generation was obtained from
the decomposition of CaCO3 (99.5 wt.%; Sigma-Aldrich) powder. The source of B flux
was B,O3 powder (99.95 wt.%) from VWR Chemicals, as well as SiO; (99.9 wt.%) from
Sigma-Aldrich. Before weighing, the B,O3; and CaCOs3; and SiO, powders were dried
overnight at 105 °C to remove any moisture. Magnesia crucibles were used to contain
the material at high temperatures. A muffle furnace (Tetlow, Australia) was used for the
preliminary smelting test, and an induction furnace (Furnace Engineering, Melbourne) was
used for the kilogram-scale smelting experiments.

2.2. Methods
2.2.1. Size Reduction, Pyrolysis and Smelting

The discarded PCBs were manually cut to 3—4 c¢m in size before being further processed
in a rotary cutter mill (FRITSCH, Germany) to reduce the size using a 4 mm mesh screen.
The —4 mm PCB materials were pyrolyzed using a top-loaded kiln type furnace. The
PCBs were placed in 6 steel retorts inside the kiln. A thermocouple was placed inside the
chamber to monitor the temperature of the kiln. Another thermocouple was placed inside
one of the retorts to measure the temperature of the PCBs under pyrolysis. The pyrolysis
fumes were passed through an air filtration system supplied by Airpure Australia before
being allowed to pass to the atmosphere. The kiln was programmed to heat at a rate of
250 °C/h to reach 500 °C and then kept as this temperature for 6 h to allow the pyrolysis
reactions to occur. The furnace was then turned off, and the retorts slowly cooled in situ.
The weight of the pyrolyzed PCBs, along with the remaining char, was recorded, and the
total weight loss during the process was determined. An integrated data logger recorded
the temperature for both the furnace and retort. The temperature profile during pyrolysis
is plotted in Figure 1.
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Figure 1. Time vs temperature plot during the pyrolysis of PCBs.

Smelting of the PCBs was performed in two stages. First, a preliminary test was run to
determine the composition of the slag that is generated from the pyrolyzed PCBs without
using any flux. The melting was performed at 1600 °C using a MgO crucible inside a
mulffle furnace. In the second stage of test work, fluxes were introduced to the smelting
mix based on the measured composition of the slag. This smelting was performed in an
induction furnace.

In the preliminary smelting test, about 150 g of pyrolyzed PCBs was charged to a
MgO crucible (internal diameter = 75 mm, height = 60 mm), which was placed inside the
mulffle furnace. The furnace was programmed to reach 1600 °C at a rate of 250 °C/h and
then held at 1600 °C for 2 h to melt and separate the metal and slag phases. After 2 h the
furnace was turned off and the crucible containing the samples was allowed to slowly
cool inside the furnace. Once at room temperature, the crucible was removed, and the
metal and slag components recovered. The metal phase was expected to deposit in the
bottom of the crucible, under the slag layer. However, observation showed that complete
melting had not occurred. The metal portion was, therefore, separated manually. Some
metals droplets were retained within the slag, and these were separated by subsequent
pulverizing and screening. Material passing a 250 pm screen was taken as the slag phase.
Coarser material (+250 um) was assumed to be metallic. The metallic phase was analysed
with XRE ICP-OES, and ICP-MS to determine composition. Slag samples were taken from
different locations within the crucible, and these were pulverised and analysed using XRF
and ICP to determine the slag composition.

In the kilogram-scale smelting experiments, the pyrolyzed PCBs were fluxed with
B,03, CaO, and SiO; to lower the liquidus temperature. The basis for the fluxing was
(a) the lack of melting in the preliminary experiment suggesting the composition of the
PCBs was more refractory than expected and (b) that lower liquidus temperatures in the
Ca0-Al,03-510; system can be achieved by adding B,O3 based on the phase equilibria
study described in reference [16].

An induction furnace with 15-45 kHz frequency and 50 kw power capacity (Furnace
Engineering, Melbourne) was used to melt the fluxed PCBs. A magnesia crucible (internal
diameter = 60 mm, height = 240 mm) was filled with the mixture of pyrolyzed PCBs (405 g)
and the flux material (575 g) before charging inside the induction furnace. Smelting was
performed under a nitrogen blanket. The exhaust gases were passed through a caustic soda
scrubber where any acidic gases were neutralized. A schematic diagram of the induction
furnace, crucible arrangement and the flue gas treatment system are shown in Figure 2.
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Figure 2. Schematic of induction furnace, crucible arrangement and fume treatment process.

For the smelting tests the furnace was programmed to reach 1200 °C. A check was
then made to determine if a liquid slag phase had formed. The temperature was increased
by 50 °C step increments up to 1350 °C where a complete liquid slag formed. After a
liquid slag was observed, an additional 2 h was allowed for the reaction to be completed.
Slag samples were collected after every 30-min to check the change in slag composition
with time. Alloy sampling was performed with a silica siphon at similar interval. Molten
metal was collected from the metal/matte layer (shown in Figure 2) using a quartz tube
inserted through the chimney. A suction was created by using a pipette controller (pipette
rubber bulb) fitted on the other end of the quartz tube. A solidified metal sample was
separated by breaking the quartz tube with a gentle hammering. This arrangement could
be imagined as a large pipette. For slag sample collection, a steel rod was inserted within
the slag layer, and the adhered slag was quenched in water bath and then separated from
the rod by hammering. Quartz tube was not used for slag sampling as it could change the
slag composition. Once the reaction time was reached the furnace was turned off and the
crucible allowed to cool to room temperature in situ. The slag and metal samples were
then recovered, separated, and samples collected and analysed. A flowsheet showing the
steps of processing PCBs, the input (PCBs, flux) and the output streams (alloy, slag, and
flue dust) can be seen in Figure 3.
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Figure 3. Flowsheet of the pyrometallurgical processing of PCBs smelting to recover materials.

The fume extraction system of the induction furnace was connected to a small bag
house, which collected fume and other air-borne particulate materials. A sample of the
flue dust, captured by the bag house, was analysed and a mass balance of the process
gave the total proportion of volatiles, metals, and inorganic materials within the PCB mass.
Photographs of the size reduced raw PCBs, pyrolyzed PCBs, and alloy samples obtained
after smelting and flue dust capture are shown in Figure 4a—d, respectively.
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Figure 4. (a) Size reduced PCBs, (b) Pyrolyzed PCBs, (c¢) Cu-rich alloy phase after smelting, (d) Flue
dust from smelting.

2.2.2. Chemical Analysis with XRF, ICP-OES, and ICP-MS

X-ray Fluorescence Spectroscopy (XRF), Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES), and Inductively Coupled Plasma Mass Spectroscopy (ICP-MS)
were used to determine the composition of the slags and the alloy phases. XRF was used
for the major elements in the slag and alloy /metal components, while the ICP techniques
were used to determine the minor and trace elements. For the XRF analyses, the slag
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samples were fused with lithium tetra-borate into glass discs using a suitable flux. For
the alloy phase, samples of turnings or off-cuts were dissolved in acids, and they were
evaporated to dryness. The solid residue was fluxed with tetra-borates and made into
glass discs and analysed using XRF instrument (Bruker 4 kw S8 Tiger WDXRF). For ICP
analysis, both powdered slags and alloy phases were dissolved in strong acids (HF and
HNO3) and then diluted as required. The diluted samples were then analysed using Agilent
5900 ICP-OES and Agilent 8900 ICP-MS instruments. The instruments were standardized
using calibration standards.

2.2.3. Morphological Study Using SEM-EDS

The obtained alloy, slag and flue dust from smelting experiment were mounted in
polymer resin and progressively ground using coarser to finer SiC abrasive papers. Fi-
nally, the samples were fine polished using 6, 3, and 1 pm diamond pastes and oil-based
lubricants from Struers. The fine polished sample blocks were coated with C to enhance
the conductivity and avoid charge build up while using SEM. A FEI Quanta 400 F SEM
equipped with a Bruker EDS was used to examine the morphology and chemistry of the
phases present in the alloy, slag, and flue dust. Secondary and backscattered images were
taken using an accelerating potential of 15 KV and 10.0 mm working distance.

3. Results and Discussion
3.1. Mass Loss during Pyrolysis and Smelting

Most of the volatile components of the PCBs and all the moisture content was lost
during the pyrolysis process. The mass balance before and after pyrolysis indicated around
25.7% of the total PCB mass was lost through the pyrolysis step, as shown in Table 1. In the
later smelting stage, the remaining char was combusted and accounted for around 6.7% of
the mass loss. The mass balance conducted showed the PCBs used in this study contained
around 30.3 wt.% metals, 32.4 wt.% volatile organic materials, and 37.3 wt.% inorganic
substances including ceramic materials (Table 1). Similar results were reported in earlier
research where the average proportion of PCB metals ranges from 30-35 wt.%, inorganic
(ceramic) 3542 wt.%, and organic matters 24-30 wt.% [9,17].

Table 1. Mass balance of the PCBs’ contained materials.

Material Stream % Weight Attributed to
Pyrolysis loss (volatiles) 25.7
Organics (32.4%)
Smelting loss (residual carbon) 6.7
Alloy 30.3 Metals (30.3%)
Slag 31.3

Inorganics (37.3%)
Flue dust 6.0

3.2. Slag Obtained from the Preliminary Smelting Test

The objective of the preliminary smelting test was to estimate the composition of slag
generated after smelting e-waste PCBs so that appropriate flux requirements could be
determined. Table 2 shows the approximate composition of slags generated during the
preliminary smelting of PCBs conducted at 1600 °C. Since it was a partial melt generating
a slag that was not homogenous, slag samples were collected from three different zones
of the crucible (Slag-T from top, Slag-B from bottom, and Slag-W from near crucible wall).
The higher amount of Fe;Oj3 in slag phase indicates much of the Fe oxidized since the
smelting was performed under atmospheric conditions. Additionally, the presence of CuO
and SnO; in the bottom part of the slag reveals poor separation of slags and alloy due to
the partial melting.
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Table 2. Composition of slags generated during preliminary smelting of PCBs in wt.%.

Slag ID MgO Al,O3 SiO; CaO Mn;3;0y4 Fe, O3 CuO ZnO PbO SnO, Others
Slag-B 1.3 48.9 9.0 6.5 1.6 9.8 17.3 0.1 0.1 3.9 1.5
Slag-T 14 63.7 9.6 42 1.9 10.0 6.0 0.6 0.1 1.5 1.0
Slag-W 0.9 64.9 7.1 2.1 1.5 9.3 4.8 7.3 0.3 0.8 1.0

The preliminary smelting test showed the raw slag contained very high Al,O3 contents
(above 60 wt.%) with relatively low levels of SiO; and CaO (Table 2). One possible reason
for the higher-than-expected Al,O3 in the slags of smelting PCBs could be the presence of
electronic components (chips, ICs, transistors, and capacitors) along with the PCBs [9,18].
These components may contain higher Al;O3 used for electrical insulation. Additionally,
the aluminium supports embedded with the PCBs could contribute to higher Al;O3 in slag
by oxidizing during the pyrometallurgical process. The high Al,O3 content meant the slag
was extremely refractory and difficult to melt, as was evident from the partial melting /fused
nature of the slag at 1600 °C. From the CaO-Al,O3-5iO, phase diagram (Figure 5, marked in
red), it can be seen that slag with this composition (65% Al,O3, 7-10% SiO;, and 2-4% CaO)
could be challenging to melt as the primary phase field is corundum/mullite with a very
high melting temperature. In practice, it is difficult to attain and maintain temperatures
higher than 1600 °C. Hence, fluxes are required to reduce the liquidus temperature of the
generated slags. In this work the targeted slag chemistry (of the three-component system)
was 40% SiO», 20% Al O3, and the rest by CaO keeping a C/S ratio of 0.6 as shown by the
green lines in Figure 5, with additional B,O3. The proposed fluxing would shift the slag
chemistry from the intersection of the red lines (liquidus of about 1700 °C) to intersection
of the green lines with a liquidus of about 1250 °C. The addition of B,Oj3 is known to
decrease the liquidus of the CaO-Al,O3-5i0; system significantly [16]. The circle around
each intersection point indicates slight variation in the slag composition because of the
presence of other minor oxides.

S|O Ngtation ) ) ) Qxide Formula
2 Cristobalite/Tridymite Sio,
0 Pseudowollastonite Ca0.Sio,
100 Rankinite 3Ca0.2Si0,
Lime CaO
Corundum AlL,O4
Mullite 3Al,0,.2Si0,
Anorthite Ca0.Al,0;.28i0,

Gehlenite 2Ca0.Al,0,.Si0,

75
/
100 Lime
/ 7 : >0
Cao o 25 50 75 100 Al,O,

Figure 5. Ternary CaO-Al;O3-5i0, phase diagram showing the approximate composition of raw
PCBs slag (red) and target slag composition of the induction smelting test (green) with flux additives.
The ternary phase diagram was redrawn using data from reference [19].
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3.3. Slag Design for Induction Smelting

The target slag of the induction smelting test was based on the analysis of slags
generated after preliminary smelting test of the pyrolyzed PCBs. From the previous article
the lowest liquidus temperature of CaO-Al,O3-510,-B, O3 slag was found to be 900 £ 20 °C
for a slag with 15.8 wt.% Aly,O3, 18.8 wt.% B,O3, and a C/S ratio of 0.6 [16]. To calculate
the fluxing requirements, the slag content contributed by the PCBs was considered, and
the amount of flux (CaO, SiO,, and B,O3) required to reach the target slag composition
was determined. The composition was then normalised based on the presence of three
major oxides (5iO;, Al,O3 and CaO) of the slag generated from PCBs. Table 3 shows the
calculation of the slag design required to reach the target slag composition for the induction
smelting of PCBs.

Table 3. Calculation of flux additives based on PCBs slag composition required to reach the target
slag composition investigated in this study.

PCBs Slag

Slag Contribution from  Amount of Flux Target Slag

Oxides Composition (%) PCBs (404.5 g) Added (g) Composition (wt.%) C/S Ratio
AlL,O3 65.2 118.7 0.0 15.8
Si0, 20.3 36.9 269.8 40.9
CaO 14.5 26.4 160.6 24.5 0.6
B,03 0.0 0.0 143.9 18.8
Total 182.0 5743
Sum of slag 756.3 g

3.4. Material and Elemental Mass Balance after Induction Smelting

The overall material balance was performed based on the mass difference of the total
input and output materials. The mass balance with the output material breakdown is
shown in Table 4. The material recovery was 93.3 wt.%, while the apparent mass loss may
be attributed to the combustion of carbonaceous material (char), which remained with the
shredded PCBs after pyrolysis.

Table 4. Overall material balance in terms of input and output mass of the smelting test.

Input Material Mass (g) Output Material Mass (g)
Pyrolyzed PCBs 404.5 total alloy 155.7
Si0; 269.8 total slag 726.6
B,O3 143.9 total flue dust 30.8
CaO 160.6 total output 913.1
total input 978.8 % material recovery 93.3

The mass balance of the three different output material streams (alloy, slag, and flue
dust) collected is shown in Tables 5-7, respectively. The total deportment of the metals in
these streams was calculated in elemental form so the recovery of metals within the alloy

phase could be determined.
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Table 5. Total amount of alloy and the distribution of metallic elements in the alloy phase.

Elements Alloy Composition Total Amount of Total Metal in the
(Wt.o/o) Alloy (g) AHOy (g)
Cu 69.2 107.73
Sn 14.3 22.26
Ni 0.5 0.78
Fe 6.4 9.96
Mn 1.3 2.02
b 2.6 405
155.7
Zn 0.05 0.08
Si 42 6.54
Au (ppm) 101 0.02
Ag (ppm) 1459 0.23
Pt (ppm) 56 0.01
others 13 202

Table 6 shows the composition of the final slag, and the elemental metallic components
were calculated from the amount of their respective oxides present in the final slag. A
total of 125.7 g Al,O3 was present in the final slag (17.3 wt.%) and contributed by only the
PCBs, while MgO in the final slag originated from the crucible material. Note that precious
metals in slag and flue dust were below the detection limit (Ag < 40 ppm, Au < 30 ppm,
and Pt < 30 ppm).

Table 6. Composition of the final slag and total amount of slag generated.

Composition Total Amount of Total Oxides

Oxides (Wt.%) Slag () in Slag (g) Metallic Element (g)
AlLO3 17.3 125.69 - ]
SiO, 32.1 233.22 - -
CaO 20.6 149.67 - -
B,Os3 8.4 61.03 - -
MgO 204 148.22 - -
Mnz04 0.3 2.18 1.69 Mn
Fe,03 0.15 7266 1.09 0.76 Fe
CuO 0.02 0.15 0.12 Cu
ZnO 0.02 0.15 0.12 Zn
PbO 0 0.00 0.00 Pb
SnO, 0.017 0.12 0.10 Sn
NiO 0.14 1.02 0.80 Ni
Others 0.46 3.34

The composition of captured flue dust during induction smelting is shown in Table 7.
The flue dust contained a high amount of Zn (2.7 g) due to the high vapour pressure of Zn
under the smelting conditions [20]. Almost all the Zn present reported to the flue dust with
only 3.3 wt.% (0.08 g) recovered in the alloy phase, while around 5% (0.12 g) was in the
slag phase. The other metal oxides found at a high level in the flue dust were Fe;,O3 (2.2 g),
which is likely to be carried over by the exhaust flow. Similarly, the SiO;, CaO, and Al,O3
portion are likely to be transported by the exhaust system during additional charging of
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powdered flux and PCBs mixture through the crucible chimney. The amount of B,Oj3 in the
flue dust might be due to higher evaporation of B under the smelting conditions used. In
addition, during smelting, the B content from the slag decreased with time, with the bulk
of the B reporting to the flue dust as discussed in later sections.

Table 7. Oxides present in the flue dust captured and the elemental recovery.

Orides TN Hvebust @) ThelueDut(g  Metlic Blement @
AlLO; 6.1 1.88 - -
SiO, 37.2 1147 - -
CaO 23.6 7.28 - -
B,O;3 11.7 3.61 - -
Fep O3 10.3 3.18 2.22 Fe
CuO 0.2 30.8 0.06 0.05 Cu
ZnO 8.8 2.71 2.18 Zn
PbO 0.9 0.28 0.26 Pb
SnO, 0.5 0.15 0.12 Sn
NiO 0.17 0.05 0.04 Ni
Others 0.6 0.19 - -

The major base metals in the alloy phase were Cu, Sn, Pb, Si, and Fe, with a smaller
proportion of Mn and Ni. While, among the precious metals, Au, Ag, and Pt were present
in ppm levels. It was assumed that 100% of the metals in the input stream (PCBs) were
recovered in the output streams (alloy, slag, and flue dust). The recovery of a metal (M) in
the alloy phase can be calculated using the following equation:

mass X wt%pg
Recovery (%) = [ ]alloy (1)
[mass X wt%om] gy, + [mass x wt%mly,g + [Mmass X wt%m] e qust

where; [wt% ]

[wt%m ]slug
[Wt%M] e dust s the composition of metal (M) in the flue dust,
and ‘mass’ is the total mass of alloy, slag, and flue dust, respectively.

Table 8 shows the summary of the calculation for the metal recovery in the alloy phase.
The presence of metallic Si in the alloy might be entrapped SiO; or could be reduced during
smelting under the reducing conditions. The recovery of Si in the alloy phase was omitted
and only accounted as SiO; in the slag phase.

The deportment of other valuable metals in alloy phase is also shown in Table 8.
Recovery of Cu and Sn was above 99 wt.%, while the precious metals (Ag, Au, and Pt)
recovery was found to be close to 100%. The precious metals in the final slag and flue dust
were below the detection limit. It is reasonable for the precious metals in the slag and flue
dust to be present at such low levels, considering that the overall presence of precious
metals in the system (derived from e-waste PCBs) was low, as indicated by the composition
of the copper-rich alloy. When higher amounts of these precious metals are present in the
system, both the rate of evaporation and their tendency to be carried into the slag phase are
likely to be higher. For instance, Chen et al. conducted a study on the distribution of Cu,
Ag, Co, and Sn between the slag, spinel, and matte phases. They found that the Ag content
fluctuated around 1 wt.% in the matte phase and ranged from approximately 20-50 ppm in
the slag phase, as measured using the LA-ICP-MS technique [21]. The study reported the
evaporation of some Ag, which can be attributed to the higher standard deviation of Ag in
the matte and slag compared to the other minor metals. An amount of 48.1% of the total Ni

alloy 18 the composition of metal (M) in the alloy phase,

is the composition of metal (M) in the slag phase,
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present reported to alloy phase, while 49.4% reports to the slag, and the rest is in the flue
dust. Lower recovery of Fe (77%) and Mn (54%) was expected, as they form oxides and
report to the slag. However, only 3.3 wt.% of Zn was recovered in the alloy phase with the
major portion reporting to the flue dust due to the high vapour pressure of ZnO.

Table 8. Calculation of the overall metal recovery in the alloy phase.

Element Total in Alloy (g) Total in Slag (g) Total in Flue Dust (g) %Recovery in Alloy
Cu 107.73 0.12 0.05 99.8
Sn 22.26 0.1 0.12 99.0
Ni 0.78 0.80 0.04 48.1
Fe 9.96 0.76 222 77.0
Mn 2.02 1.69 0 54.5
Pb 4.05 0 0.26 94.0
Zn 0.08 0.12 2.18 3.3
Si 6.54 - - -
Au 0.02 0 0 100
Ag 0.23 0 0 100
Pt 0.01 0 0 100

Others 2.02 - - -

The composition of the final slag (Table 6) after induction smelting showed no CuO
and SnO,. This also means that all precious metals (Au, Ag, and Pt), Cu, and Sn present in
the PCBs were collected in the Cu-rich alloy, and no loss of these metals in the slag phase
occurred under these smelting conditions. However, due to the higher slag viscosity, metal
prills were entrapped within slag, which impacted the metal recovery in the alloy. These
required further processing (pulverizing) to separate the alloy from the slag in later stages.

In the kg-scale induction smelting tests, a homogenous liquid slag was obtained in
tests at 1350 °C. The composition of the slags sampled at 1- and 2-h intervals are shown
in Table 9. With increasing reaction time, the CuO slightly decreased, while the SnO,
and Fe,O3 contents in the slag remained constant. At the end of smelting, the final slag
composition contained no CuO, no SnO,, and only 0.1 wt.% Fe;O3. The composition of
MgO also increased with an increase in the reaction time at the smelting temperature.
Thinning of the crucible wall was observed because of MgO participating in the smelting
reaction. Gradual B loss at this smelting condition was also evident, since only 8.4 wt.%
ByO3 remained in the final slag. The relative Al;O3 content also increased in the final slag
compared to the target slag because of the decreasing B,O3. The final slag was collected
after cooling in situ to the room temperature.

Table 9. Composition of slag samples collected during the smelting test in wt.% (5-02 and S-04 are
slag collected 1 h interval after reaching smelting temperature).

Slag ID MgO B,O3 A1203 SiO, CaO Mn3;0O4 Fe;O3 CuO ZnO PbO SnO; Others
S-02 (1 h) 16 14.6 15.2 31.3 19.6 0.5 0.8 0.6 0.4 0.1 0.1 0.8
S-04 (2 h) 19.4 7.4 17.3 32.8 20.2 0.5 0.8 0.5 0.0 0.0 0.1 0.9

Final slag (2 h,
cooled to room 20.4 8.4 17.3 32.1 20.6 0.3 0.1 0.0 0.0 0.0 0.0 0.6

temperature)
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Figure 6a,c,e shows the backscattered electron (BSE) micrographs of the generated
material streams (alloy, slag, and flue dust) in the smelting test. Figure 6b,d,f show EDS
spectra taken in different locations of the alloy, slag, and flue dust, respectively. The semi-
quantitative EDS analysis of the samples are presented in Table 10. Within the Cu-rich alloy,
different phases formed, as can be seen in Figure 6a. The grey matrix (marked as position 1
in Figure 6b) is a Cu-Sn-Si alloy with minor Mg. The relatively brighter phase is the Cu-Sn
alloy, while the brightest phase is characterized as Pb. The dark black phase contains Fe,
Mn, and Si. Similar type of phases (i.e., Cu-Sn, and Pb) have previously been reported in
the Cu-rich alloy phase obtained from smelting e-waste PCBs, and the precious metals (Au,
Ag) were determined to have partitioned mostly into the Cu-Sn phases and Pb [22].

Table 10. Semi-quantitative composition (wt.%) from EDS compositional analysis of the various
phases present in the quenched slag and alloy and phases in the flue dust. Positions of the analysis
points are indicated in Figure 6.

Spectrum (0] Mg Al Si Ca Mn Fe Cu Zn Sn Pb
Alloy_EDS 1 0.4 1.2 89.3 9.1
Alloy_EDS 2 15.7 10.3 74.0
Alloy_EDS 3 724 27.6
Alloy_EDS 4 100.0

Slag_EDS 5 20.1 79.9
Slag_EDS 6 19 94.4 3.7
Slag_EDS 7 45.6 12.8 10.4 15.4 15.8
Flue dust_EDS 8 49.6 50.4
Flue dust_EDS 9 51.7 483
Flue dust_EDS 10 100.0
Flue dust_EDS 11 18.2 69.0 12.8

A homogenous slag was observed with that contained small amounts of tiny metallic
prills physically entrapped within the slag, as shown in Figure 6¢,d. EDS compositional
analysis of the metal prills showed they contained Cu, Sn, Fe, Mn, and Si (Table 10). It
was also noted that the CaO-Al;03-5i0,-B,0O3 based slag did not contain any metallic
elements (i.e., Cu, Sn, Pb) in solid solution. The flue dust contained mostly SiO, and CaO.
The presence of bright ZnO and PbO in the flue dust indicated evaporation of these metal
oxides during smelting due to their high vapour pressure.

The SEM-EDS elemental analysis results are consistent with the quantitative analysis
results of the alloy, slag, and flue dust by XRF and ICP, as reported in the previous sections.
However, precious metals in the alloy and B in the slag and flue dust were not detected
using EDS, suggesting they were present in low abundances.
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Figure 6. Representative SEM images (BSE) and boxed regions showing the positions of semi-
quantitative EDS analysis of phases in the smelted PCBs. (a—d) Images showing the typical mi-
crostructure and textural features present in the quenched material. In general, the brightest phase
represents the alloy, while the darker phase(s) are the slag. (e f) Images showing typical microstruc-
tural features of the flue dust together with positions of semi-quantitative EDS analysis datapoints.
Numbers 1-11 indicate the EDS spectrum on individual phases present.
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4. Conclusions

E-waste PCBs from various discarded electronic devices were smelted using electric
furnaces to separate the generated alloy and slag streams. The main experimental findings
can be concluded as following:

e PCBs used in this study contained high levels of Al,O3, greater than 65%, and are
thus very refractory and require very high temperature to melt. It was not possible to
obtain homogenous alloy and slag phases through smelting at 1600 °C. Hence, some
fluxing would be required for a successful smelting process.

e  Fluxing with B,O3; and CaO reduces the liquidus temperature of generated slags
to reasonable temperatures. Smelting at 1350 °C produced a Cu-rich alloy and a
homogenous liquid slag.

e  PCBs used in this study contained 30.3 wt.% metals, 32.4 wt.% organic matters, and
37.3 wt.% inorganic substances.

e  After smelting, the Cu-rich alloy phase contained 70 wt.% Cu, slightly above 14 wt.%
Sn, around 100 ppm Au, and over 1400 ppm Ag.

e  Under the conditions of this work, all the contained precious metals reported to the
alloy phase. The deportment of Cu and Sn in the slag phase was very low and indicates
negligible loss of precious metals in slag phase.

Further experimental investigations are required to optimise the slag compositions,
smelting temperature, and smelting time to obtain highest deportment of metals in the
alloy stream and to lower the smelting temperature at the same time.

5. Recommendation

To keep the Al,O3 content lower and the slag composition within more reasonable tem-
peratures, the electronic components may need to be disassembled, and some preliminary
assortment could be useful [23]. Further smelting tests combined with few pre-processing
steps (i.e., sorting, physical separations, and beneficiations) can optimise the process in
terms of smelting temperature, proper slag design, and optimum smelting time to obtain
highest metal recovery while minimizing the smelting temperature.
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