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Abstract: Oxygen-enriched top-blown smelting is a promising technology for processing waste printed circuit boards
(WPCBs). The distribution behavior of valuable elements in WPCBs during smelting was investigated by varying
the oxygen-enriched concentration, oxygen volume, CaO/SiO; (mass ratio), and Fe/SiO, (mass ratio). The optimal
operating conditions were obtained by implementing a one-factor-at-a-time method. X-ray diffractometer, scanning
electron microscopy—energy dispersive spectrometer, and inductive coupled plasma-atomic emission spectroscopy
methods were utilized to detect the chemical composition, occurrence state as well as elemental contents of alloy and
slag. It is found that the elements of Cu, Sn and Ni are mainly accumulated in the alloy while Fe is mainly oxidized into
the slag. The direct yields of Cu, Sn and Ni are 90.18%, 85.32% and 81.10% under the optimal conditions of
temperature 1250 °C, oxygen-enriched concentration 30%, oxygen volume 24 L, CaO/SiO, mass ratio 0.55, and
Fe/SiO, mass ratio 1.05. The results show that the valuable metals are mainly lost in the slag through mechanical
entrainment.
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1 Introduction

With the rapid development of the electronics
industry, the production of electronic waste has
increased dramatically. The total amount of
electronic waste generated globally is expected to
reach 74 million tons by 2030. The continuous
growth of waste printed circuit boards (WPCBs) not
only leads to considerable wastage of metal
resources, but also causes various environmental
problems. Therefore, the comprehensive utilization

of WPCBs is
hotspots [1-4].

At present, main treatment methods of WPCBs
include mechanical, pyrolysis, hydrometallurgical,
and pyrometallurgical technologies [5-9]. LIU
et al [10] reported that the selective recovery of
metal Cu in WPCBs can be realized by
mechanochemical methods with high valence Fe
salt during ball milling. HUANG et al [11] carried
out acid leaching of WPCBs after microwave
pyrolysis, and achieved 80% gold recovery rate.
The mechanical treatment and pyrolysis processes
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have the advantages of low energy consumption
and pollution, but the products obtained are mostly
a mixture of non-metal particles, making the
subsequent separation difficult. Hence, these
methods are often only used as pretreatment
processes [12].

Hydrometallurgical technology is widely used
in the recovery of WPCBs [13]. GAMEZ et al [14]
studied the leaching of precious metals in the
WPCBs using “(NH4),S,05+Cu?"”  system, and
found that the leaching rate of gold reached 87%. LI
et al [15] proposed a novel process for extracting
precious metals from WPCBs under alkaline
glycine-permanganate  leaching system. The
leaching rates of gold and copper reached more than
85% wunder the optimal conditions. Although
hydrometallurgical technology has the advantages
of low energy consumption and high recovery rate,
it produces a large amount of wastewater during
leaching [5,16].

Pyrometallurgical technology has attracted
more and more attention from researchers due to its
strong feedstock adaptability and large disposal
capacity. Oxygen-enriched smelting technology is a
typical modern intensive smelting process, with the
features of low comprehensive energy consumption
and high recovery rate of valuable metals. It plays
an important role in the ore smelting and pyro-
metallurgical recovery of secondary resources
[17-19]. In recent years, the treatment of WPCBs
by oxygen-enriched smelting technology has been
reported [20—23]. GUO et al [24] explored the
effect of slag type on the smelting of WPCBs, and
found that the ideal slag type was SiO,—CaO-
AlLO3—FeO quaternary slag system. CHEN et al
[25,26] recycled the precious metals and trace
elements in waste electrical and electronic
equipment at high Pso, and analyzed the
distribution behaviors of main metal elements.
ZHANG et al [23] investigated the fundamental
theory of pyrometallurgical direct smelting of
WPCBs and demonstrated that an alloy with high
copper content can be obtained during smelting. In
summary, oxygen-enriched top-blown smelting
technology has significant advantages in the
treatment of WPCBs. The direct yield and alloy
grade of alloy are very important technical
indicators during smelting, which can be
determined by the distribution behavior of valuable
elements. However, the current research is only

focused on the thermodynamics and process
conditions of the smelting process, and there are
few studies on the distribution behavior of valuable
elements during smelting [17,27,28].

In view of this, the distribution behavior of
valuable elements in the oxygen-enriched top-
smelting process of WPCBs was
systematically investigated herein for the first time.
This work can clarify the behavior and trends of
valuable elements during smelting, which can
improve the direct yield of metals in the smelting
process. Moreover, it can provide theoretical
guidance and technical support for the improvement
of the pyrometallurgical treatment process of
WPCBs.

blown

2 Experimental

2.1 Materials

The WPCBs used in the experiment were
obtained from a circuit board recycling plant in
Shanghai, and the main components are listed in
Table 1. The contents of Cu, Fe, Sn and Ni are
37.75 wt.%, 17.88 wt.%, 3.28 wt.% and 3.23 wt.%,
respectively. The XRD pattern of WPCBs is shown
in Fig. 1(a), and the main phases consist of Cu, Fe,
Sn, SiO; and Al>Os. The water-quenched slag from
Henan Yuguang Gold & Lead Co., Ltd., China, after
fuming was utilized as a slagging agent, and its
main components are listed in Table 2. Based on its
XRD pattern (see Fig. 1(b)), the main phases in the
water-quenched slag include FeO, SiO,, Al,Os and
CaSiO;. The analytical pure reagents of CaO
(98.0 wt.%, Sinopharm) and SiO> (99.0 wt.%,
Sinopharm) were utilized to adjust the slag phase
composition. Industrial pure oxygen and nitrogen
(99.0 wt.%, Ganzhou Jianli Gas Company) were
used to control the oxygen concentration and
oxygen volume during smelting.

2.2 Experimental procedures and methods
Before the experiment, phase diagram, equilib

and viscosity modules and FToxid databases in the

Table 1 Elemental analysis of WPCBs (wt.%)

Cu Fe Sn Ni Pb Bi
37.75  17.88 3.28 3.23 0.18 0.01
SiO, AlLO; CaO Au Ag
9.45 2.90 1.98 0.02 0.19
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Table 2 Elemental analysis of water-quenched slag
(Wt.%)

Fe Cu Sn Ni Pb
33.08 0.19 0.11 0.02 0.13
SiO; AlLOs3 CaO MgO Zn
27.88 8.35 8.98 2.03 2.03

thermodynamic software FactSage 7.3 were used to
calculate the slag type range and smelting
temperature [29,30]. First, 200 g WPCBs powder
and 1500 g slag (CaO, SiO; and water-quenched
slag) were weighed and mixed in an alundum
crucible (3000 mL, 14 cm inner diameter, 20 cm
height). Next, the crucible was placed into an
electric furnace. The schematic diagram of the
experimental device is shown in Fig. 2. Oxygen-
enriched gas was injected into the slag via an
alundum tube (6 mm inner diameter, 10 mm
external diameter, 100 cm length) from the furnace
top. The alundum tube was about 2 cm away from
the bottom of the slag. The heating rate was set to
be 5°C/min, and the furnace temperature was
raised to 1250 °C for 1 h to ensure the melting of
the raw material. After reaction for 1 h, the crucible
was allowed to stand for 40 min and cooled to room
temperature in air. Finally, the alloy and smelting
slag were weighed and analyzed.

The element distribution rates of Cu, Sn and
Ni in the alloy and slag were calculated by
Formulas (1) and (2), and the proportion of each
metal in the alloy was calculated by Formula (3).

D, =M 1009 (1)
mMe,tot
D=1-D;, 2
Myte
Wiye = x100% 3)
my
where D, and D, represent the distribution

proportions of metal elements in the alloy and slag,
respectively; wwme is the mass fraction of metal
elements in the alloy; ma is the mass of the alloy;
mme, and mmeror are the total mass of the metal Me
in the alloy and raw material, respectively.
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Fig. 2 Schematic diagram of experimental device
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2.3 Analysis and testing

The chemical analysis of the main metal
elements in the alloy and slag was performed by
inductively coupled plasma-atomic emission
spectroscopy (ICP-AES, Agilent 725, ICAP700,
China). The phases of raw materials and smelting
products were detected by X-ray diffractometer
(XRD, CuK, /4=0.154056 nm; Rigaku-TTR III,
Japan). Scanning electron microscopy (SEM, JSM—
6360LV, USA) and energy dispersive spectrometry
(EDS, EDX-GENESIS 60 S, USA) were utilized to
characterize the microstructure morphology and
elemental composition of the smelting products.
The analytical settings had an accelerating voltage
of 20 kV and a working distance of 11 mm.

3 Results and discussion

3.1 Slag type selection

The slag properties are determined by slag
type, which is an important factor affecting the
smooth progress of the smelting process [24].
According to the composition characteristics of raw
materials, Al,O3—Si0,—FeO—Ca0—1.5%MgO slag
system was proposed. The phase diagram of the
slag system is shown in Fig. 3.

As shown in Fig. 3(a), the liquid phase zone of
ALO;—Si0,-FeO—-Ca0—-1.5%MgO slag system
expands with the increase of temperature. When the
smelting temperature is 1150 °C, the slag liquid
phase zone is small, which is mainly formed by the
melting of ferric silicate. The slag liquid phase zone
expands to the Al,Os—SiO; side and the Al,Os—FeO
side as the temperature increases. Since the increase
of AlO; content enhances the viscosity of slag and
Si0,  Twiy=991.40 °C
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affects the fluidity of slag, the Al,O; content should
be controlled within the appropriate range during
smelting [20]. Moreover, too high or too low
Fe/SiO, mass ratio in slag would have a great
impact on the liquid phase region area, which is not
conducive to the smelting process. The liquidus of
slag is more densely distributed at lower or higher
Fe/Si0; ratios. That is, when the Fe/SiO; ratio is
varied within a small range, the melting temperature
of slag changes greatly, which is not conducive to
the control of smelting conditions. As shown in the
red zone of Fig. 3(b), the slag composition is in the
liquid phase zone of the phase diagram under the
conditions of Fe/SiO; ratio (0.75-1.25):1, ALO;
content 5—10 wt.%, and smelting temperature
1150—1350 °C. In addition, the black-framed zone
ABCD represents the actual slag composition. It can
be observed that the actual slag composition is
located within the red zone and within the 1200 °C
isotherm line, indicating that the melting temperature
of the actual slag composition is below 1200 °C.
The slag fluidity is determined by slag
viscosity in the smelting process, which can affect
the separation of metal and slag. When the slag
viscosity is too large, the separation of metal and
slag is poor, which reduces the metal recovery rate.
Figure 4 shows the effects of Fe/SiO, and Ca0O/SiO,
ratios on slag viscosity. It can be seen that the slag
viscosity is less than 0.5 Pa's when the smelting
temperature is higher than 1200 °C with CaO/SiO,
ratio of 0.35—0.65 and Fe/SiO; ratio of 0.85—1.15.
At this time, the slag has good fluidity, which can
ensure the smooth progress of the smelting process.
Based on the above analysis, the subsequent
experiments were carried out under the conditions
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Fig. 3 Phase diagram of Al,03—SiO,~FeO—Ca0O-1.5%MgO slag system (po,=1x107 Pa): (a) Phase diagram of slag

system; (b) Slag type selection
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of Ca0/Si0; ratio 0.35-0.65, Fe/SiO, ratio 0.85—
1.15, and smelting temperature 1250 °C.

3.2 Distribution behavior of valuable elements in
oxygen-enriched top-blown smelting process
of WPCBs

3.2.1 Effect of oxygen-enriched concentration

Figure 5 shows the effect of oxygen-enriched
concentration on the distribution rates and direct

0.4

Viscosity/(Pa-s)

3725

yields of Cu, Sn and Ni. As shown in Figs. 5(a) and
(b), the distribution rates and direct yields of Cu, Sn
and Ni in the alloy increased with the increase of
oxygen-enriched concentration. When the oxygen-
enriched concentration increased from 30% to 60%,
the distribution rates of Cu, Sn and Ni in the
alloy increased from 67.57%, 58.93% and 64.80%
to 95.78%, 96.50% and 90.49%, respectively.
In addition, the content of impurity Fe in the alloy

(b)
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Fig. 4 Effect of Fe/SiO; ratio (a) and CaO/SiO; ratio (b) on slag viscosity at 1150—1300 °C (A1,03=5.5 wt.%, Fe/SiO»=

0.75-1.25, Ca0/Si10,=0.3-0.7)
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Fig. 5 Effect of oxygen-enriched concentration: (a) Distribution rates of Cu, Sn and Ni; (b) Direct yields of Cu, Sn and
Ni; (c) Element distribution rate; (d) Impurity iron content (Smelting temperature 1250 °C, smelting time 1 h, oxygen

volume 48 L, CaO/SiO; ratio 0.55, Fe/SiO; ratio 1.05)
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increased rapidly (Figs. 5(c, d)), resulting in a
significant decrease in the purity of the alloy. The
main reason was the constant total oxygen volume
during smelting. When the oxygen-enriched
concentration is low, the total gas volume is large
and the molten pool is fully stirred, which makes Fe
easier to oxidize into the slag. On the contrary,
when the oxygen-enriched concentration is high,

e
4

el %, sFe rich pha;e,‘
DA e
F %
. Cu-Sn-Ni phaseﬁé

AP .

30%, slag

% &
40%, alloy |1

-

=& . 44— Sn—Nimetallic phase
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the total gas volume is small and Fe cannot fully
oxidize and partially enters the alloy phase,
resulting in reducing the alloy grade.

Figure 6 presents the backscattered electron
(BSE) and EDS analysis results of the alloy and
slag at different oxygen-enriched concentrations. As
seen from Figs. 6(a—d), when the oxygen-enriched
concentration was 30%, the metal Sn was embedded

1

Cu—Sn metallic phase
<«+—— Fe, O phase
: o

.

20 pm

Ca,Si Al Fe, O phase &%

Cu rich phase
st

R Fe O phase

& 1) - Cul
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60%, alloy
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-

Ca,Si ALFe,O phase
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“m.
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Fig. 6 BSE and EDS images of alloy (a—d) and slag (e—h) at various oxygen-enriched concentrations
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in the Cu matrix while the metal Ni and a small
amount of impurity Fe were uniformly dispersed in
the alloy. Fe in the alloy cannot be fully oxidized
into the slag with the increase of oxygen-enriched
concentration, leading to the embedding of Fe and
Ni in the alloy. Moreover, the area of the dark gray
Fe—Ni phase dendrite region increased significantly
while the area of the gray-white Cu—Sn—Ni phase
band region decreased with the increase of oxygen-
enriched concentration. This further confirmed that
excessive oxygen concentration can increase the
impurity content in the alloy due to insufficient
stirring during smelting. As shown in Figs. 6(e—h),
the slag was mainly composed of Ca,Si,AlL.Fe,O
silicate phase (large dark black area), Fe,O phase
(light gray blocky area), and Cu—Sn—Ni metal
phase (light bright area).

From the above analysis, the content of
impurity Fe in the alloy was only 1.3% when the
oxygen-enriched concentration was 30%, which
indicates the effective separation of Fe and valuable
metals. On the contrary, although the direct yields
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of Cu, Sn and Ni increased, the impurity Fe content
in the alloy was high at oxygen-enriched
concentration beyond 30%. Therefore, the
appropriate oxygen-enriched concentration was
30% to ensure the purity of the alloy obtained
during smelting.
3.2.2 Effect of oxygen volume

Figure 7 shows the effect of oxygen volume on
the distribution rates and direct yields of Cu, Sn and
Ni. As seen in Figs. 7(a) and (b), the distribution
rates and direct yields of Cu, Sn and Ni in the alloy
decreased with the increase in oxygen volume,
which suggested that the valuable metals were
gradually oxidized into the slag. Figures 7(c) and (d)
show that the Cu content in the alloy increased first
and then decreased while Sn showed the opposite
trend as oxygen volume increased. Moreover, the
Ni content fluctuated in the range of 5%—7%, and
the Fe content decreased from 7.15% to less than
1%. When the oxygen volume was low, the impurity
element Fe in the alloy was insufficiently oxidized,
resulting in a high Fe content in the alloy. With the
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Fig. 7 Effect of oxygen volume: (a) Distribution rates of Cu, Sn and Ni; (b) Direct yields of Cu, Sn and Ni; (c) Element
distribution rate; (d) Impurity iron content (Smelting temperature 1250 °C, smelting time 1h, oxygen-enriched

concentration 30%, CaO/SiO; ratio 0.55, Fe/SiO; ratio 1.05)
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increase in oxygen volume, a large amount of Cu in
the alloy was lost in the slag while the loss of Sn
and Ni was low, resulting in a decrease in Cu
content and a small increase of Sn and Ni in the
alloy.

Figure 8 presents the BSE and EDS images of
alloy and slag obtained at different oxygen volumes.

Cu-Sn-Ni phase

Ca,Si Al Fe, O phase

Cu rich phase

Fe-Ni phase —p

Cu-Sn—Ni metallic phase

The dark gray dendritic region of Fe—Ni phase with
high Fe content and the gray white band region of
Cu—Sn—Ni phase with high Sn—Ni content in the
alloy (Figs. 8(a—d)) gradually decreased while the
bright spot region of Cu—Sn phase in the slag
(Figs. 8(e—h)) gradually increased with the increase
of oxygen volume. This implied that more valuable
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Fig. 8 BSE and EDS images of alloy (a—d) and slag (e—h) at different oxygen volumes
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metals were lost in the slag phase. When the
oxygen volume increased to 24 L, the accumulation
area of Fe in the EDS images of alloy disappeared,
indicating that most of the impurities were oxidized
into the slag. At this moment, Sn was inlaid in the
Cu matrix and Ni was dispersed in the alloy. EDS
images of slag showed that metallic Cu, Sn and Ni
in the slag mainly existed in the form of Cu—Sn—Ni
phase in the right white spot region when the
oxygen volume increased, indicating the loss of
valuable metals in the slag by mechanical
entrainment. Considering the purity of the alloy and
the recovery rate of valuable metals, the oxygen
volume of 24 L was considered to be appropriate.
3.2.3 Effect of CaO/SiO; ratio

Figure 9 shows the effect of CaO/SiO; ratio on
the distribution rates and direct yields of Cu, Sn and
Ni. As shown in Figs. 9(a) and (b), the distribution
rates and direct yields of Cu, Sn and Ni in the alloy
increased with the increase of CaO/SiO; ratio. This
implied that the alloy and slag were difficult to
separate when the CaO/SiO; ratio was lower,
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100 F Cu Sn Ni Cu Sn Ni Cu Sn Ni Cu Sn Ni
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leading to a large amount of valuable metals in the
slag. The slag viscosity decreased gradually as the
CaO/Si0; ratio increased, which was beneficial to
metal deposition and augmenting the direct yield of
valuable metal. Figures 9(c) and (d) show that the
increase in CaO/SiO, ratio was beneficial to
enhancing the distribution of Sn and Ni in the alloy,
while it had little effect on the Fe content in the
alloy.

Figure 10 shows the BSE and EDS images of
the alloy and slag obtained at different CaO/SiO,
ratios. As seen in Figs. 10(a—d), the distribution of
Sn and Ni in the alloy (gray band region of
Cu—Sn—Ni phase in BSE images) changed from
dispersion to aggregation with the increase in
CaO/Si0; ratio. This further confirmed that the
increase in CaO/SiO, ratio was conducive to
improving the direct yield of alloy. As seen from
Figs. 10(e—h), the smelting slag mainly consisted of
Ca,Si,Al.Fe, O silicate phase, Fe.O phase, and
Cu—Sn—Ni metal phase. The bright white aggregation
area of valuable metal in the slag significantly
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Fig. 9 Effect of CaO/SiO; ratio: (a) Distribution rates of Cu, Sn and Ni; (b) Direct yield of Cu, Sn and Ni; (c) Element
distribution rate; (d) Impurity iron content (Smelting temperature 1250 °C, oxygen volume 24 L, smelting time 1 h,

oxygen-enriched concentration 30%, Fe/SiO; ratio 1.05)



3730

(e)

Cu-Su-Niphase—

+Cu rich phase

Kang YAN, et al/Trans. Nonferrous Met. Soc. China 34(2024) 3721-3736

(Cu-Sn—Ni metallic phase

L

Ca,Si Al Fe, O phase

Fe O phase

m(Ca0)/m(8i0,)=0.35, alloy

-

!

qu rich phase © \ g
§ l .

m(Ca0)/m(Si0,)=0.45, alloy
T
4 ,f» g e ..y
. Cu=Sn-Ni phase/ " $
d Y :

m(Ca0)/m(Si0,)=0.35, slag

= Cul

O-phase

Ca,Si,ALFe

i

>,

T
)
| m(Ca0Vm(5i0,)-055,slag_3

Cu-Sn metallic phase

— Fe,O phase

Ca,Si ALFe, O phase ? ¢

<

> Cu-Sn metallic phase

m(Ca0)/m(Si0,)=0.65, slag 20 pm

Fig. 10 BSE and EDS images of alloy (a—d) and slag (e—h) at different CaO/SiO ratios

diminished when the CaO/SiO; ratio was higher
than 0.45, demonstrating that the slag property
can be improved by increasing the CaO/SiO;
ratio in slag during smelting. In summary,
considering the direct yield and purity of alloy, the
CaO/SiO; ratio of 0.55 was determined to be
appropriate.

3.2.4 Effect of Fe/Si0; ratio

Figure 11 shows the effect of Fe/SiO; ratio on
the distribution rates and direct yields of Cu, Sn and
Ni. The distribution rates and direct yields of Cu,
Sn and Ni in the alloy decreased while the
proportion of valuable metals in the alloy increased
with the increase in Fe/Si0; ratio, which was
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Fig. 11 Effect of Fe/SiO; ratio: (a) Distribution rates of Cu, Sn and Ni; (b) Direct yields of Cu, Sn and Ni; (c) Element
distribution rate; (d) Impurity iron content (Smelting temperature 1250 °C, oxygen volume 24 L, smelting time 1 h,
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conducive to improving the purity of alloy. When
the Fe/SiO, ratio increases from 0.85 to 1.05, the
distribution rates of Cu, Sn and Ni in the alloy
decreased from 95.47%, 96.86% and 90.27% to
90.18%, 85.32% and 81.10%, respectively.
Moreover, the content of impurity Fe in the alloy
decreased from 10% to less than 1%. When the
Fe/Si0; ratio continued to increase, the direct yield
of valuable metal decreased significantly and the
impurity Fe content in the alloy increased slightly.
This was because when the Fe/SiO; ratio was less
than 1.05, the slag fluidity was poor due to the high
melting temperature of slag. Moreover, although the
distribution rates and direct yields of Cu, Sn and Ni
in the alloy were high, Fe in the alloy could not be
fully oxidized into the slag, which reduced the
purity of the alloy. The increase in Fe/SiO, ratio can
decrease the slag viscosity and improve slag fluidity,
which is beneficial to metal deposition. However,
the distribution rates and direct yields of valuable
metal in the alloy decreased significantly when the

Fe/SiO; ratio further increased. The main reason
was that when the FeO content in the slag is
appropriate, low melting point compounds
(2Fe0-Si0; or CaO-FeO-2Si0,) were formed by
FeO with SiO; and CaO in the slag. However, SiO»
and CaO contents were not enough to combine with
FeO to form low melting point compounds when
FeO was excessive, and the high melting point
material FeO (1369 °C) can make the slag melting
temperature rise sharply [23].

Figure 12 presents the BSE and EDS images
of the alloy and slag at various Fe/SiO; ratios. As
shown in Figs. 12(a—d), the element Fe mainly
occurred in the dark gray dendritic region (Fe—Ni
phase) of the alloy while Sn and Ni mainly existed
in the gray-white band region (Cu—Sn—Ni phase)
when the Fe/SiO; ratio was small. The distribution
region of Fe—Ni phase in the BSE image of the
alloy was obviously reduced and the Fe content in
the alloy also decreased as Fe/SiO» ratio increased,
which confirmed that the increase in Fe/SiO; ratio
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Fig. 12 BSE and EDS images of alloy (a—d) and slag (e—h) at different Fe/SiO, ratios

was beneficial to improving the slag properties and
reaction efficiency. As seen in Figs. 12(e—h), the
slag was mainly composed of silicate phase and
Fe O phase. The valuable metals were mostly lost
in the slag in a Cu—Sn—Ni phase form (a small
amount of bright white region in the slag BSE

images).

Based on the above analysis, the Fe/SiO, ratio
of 1.05 was considered to be appropriate. The
contents of Cu, Sn and Ni in the alloy were 82.52%,
10.14% and 6.67%, respectively. The quality of the
alloy was high, and the impurity Fe content in the
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alloy was less than 1%. Most of Cu, Sn and Ni were
enriched in the alloy while Fe entered the slag
during smelting.

3.3 Thermodynamic equilibrium in smelting
process of WPCBs
Figure 13 shows the thermodynamic

equilibrium calculation in the smelting process of
WPCBs. As seen in Fig. 13(a), between 1100 °C
and 1250 °C, the content of Cu, Sn, and Ni did not
change significantly, ranging from 82%—85%,
8%—9%, and 7%—8% respectively. These results
were consistent with the optimal conditions
obtained from previous experimental studies (Cu,
Sn and Ni in the alloy were 82.52%, 10.14% and
6.67%, respectively). In addition, within the
temperature range studied, the content of Fe was
consistently below 1%, indicating that Fe primarily
existed in the slag during the smelting process.

As seen from Fig. 13(b), Fe was mainly
distributed in the slag within the temperature range
of 11001250 °C. As the temperature increased
from 1100 to 1150 °C, the distribution of Cu, Sn
and Ni in the alloy gradually increased. When the
temperature exceeded 1150 °C, the distribution of
Cu, Sn and Ni in the alloy exceeded 99%. Hence,
Cu, Sn and Ni can all enter the alloy phase during
smelting. However, this was not consistent with the
conclusions drawn from previous experimental
studies under optimal conditions, where Cu, Sn and
Ni were partially lost in the slag and did not reach
the distribution rate calculated by thermodynamic
equilibrium. The SEM-EDS analysis of the
smelting process slag showed that this was mainly
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due to the change in the slag properties during
smelting, which led to the mechanical entrapment
of Cu, Sn and Ni in the slag. Therefore, in order to
further improve the direct yield of the alloy, further
exploration of the slag properties is needed in the
future.

3.4 Mechanism of distribution behavior of
valuable metal elements during smelting

Figure 14 illustrates the distribution regularity
of elements under different experimental conditions
during smelting. It can be seen that the valuable
metals were embedded in the slag in the form of
metal particles, which decreased the direct yield of
valuable metals. The results showed that the direct
yield of metals was improved while the purity of
alloy decreased significantly with the increase in
oxygen-enriched concentration. The increase in
oxygen volume can improve the purity of alloy
but is not conducive to increasing the direct yield
of metals. The increase in CaO/SiO; ratio is helpful
to improve the direct yield of metals but it affects
the quality of the alloy, while the increase in
Fe/SiO; ratio has little effect on the direct yield of
metals.

To sum up, the oxygen-enriched concentration,
oxygen volume and slag phase composition
(Fe/SiO; ratio or CaO/SiO; ratio) played dominant
roles in the distribution regularity of valuable
metals during smelting. However, in order to meet
the actual production needs, it is necessary to
consider the direct yield of the alloy in order to
ensure the high quality of the alloy and realize the
sustainable production.

(b) B Alloy mmSlag
100 | CuSn Ni Fe  CuSn Ni Fe Cu Sn Ni Fe Cu Sn Ni Fe
X
S 80F
e
=1
2 60
5
2
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@2 40
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20
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Fig. 13 Thermodynamic equilibrium calculation in smelting process (po,=1x107° Pa): (a) Metal content; (b) Element

distribution
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30% oxygen concentration,
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Fig. 14 Distribution regularity of elements under different experimental conditions

4 Conclusions

(1) Under the optimum process conditions, the
contents of Cu, Sn and Ni in the alloy were 82.52%,
10.14% and 6.67%, respectively, and the content of
Fe was less than 1%. The direct yields of Cu, Sn
and Ni were 90.18%, 85.32% and 81.10%,
respectively, indicating the effective recovery of
valuable metals from WPCBs.

(2) The distribution rates and direct yields of
Cu, Sn and Ni as well as the content of impurity Fe
in the alloy increased with the increase in
oxygen-enriched concentration and CaO/SiO» ratio,
and the former had a greater influence on the purity
of the alloy. The content of impurity Fe in the alloy
increases with the decrease in Fe/SiO, ratio and the
increase in oxygen volume. However, Cu, Sn and
Ni easily entered the slag with Fe, which led to the
increase in metal loss rate.

(3) Compared to previous works, this study
clarifies the distribution behavior of valuable metals
in the oxygen-enriched top-blown smelting process
of WPCBs, providing theoretical support for further
improving the direct yield rate and alloy grade

during smelting.
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