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a b s t r a c t

To avoid the adverse effects of tin on the smelting process used to recover copper from metal powders of
waste printed circuit boards, an effective process is proposed that selectively extracts tin and its associ-
ated metals. That impacts of alkaline pressure oxidation leaching parameters on metal conversion were
systematically investigated. The results showed that Sn, Pb, Al and small amounts of Zn in the metal pow-
ders were leached out, leaving copper residue. By optimizing the conditions, leaching recovery of 98.2%,
77.6%, 78.3 and 6.8% for Sn, Pb, Al and Zn, respectively, were achieved. Subsequently, more than 99.9% of
Pb and Zn in the leaching solution were removed as a mixture of PbS-ZnS in the purification process,
which can be used as a raw material in Pb smelting. Approximately 86.2% of Sn in the purified solution
was recovered by electrowinning, and the purity of the cathode tin was over 99.8%.

� 2017 Published by Elsevier Ltd.

1. Introduction

Both technological innovation and consumption expansion con-
tinue to accelerate the replacement of waste electrical and elec-
tronic equipment (WEEE), which is becoming the fastest growing
source of urban waste (Akcil et al., 2015; Wang and Gaustad,
2012). Global WEEE generation has reached 2–8 million tons every
year, and it is growing at a rate of 3–5% annually (Havlik et al.,
2010; Kiddee et al., 2013). In particular, waste printed circuit
boards (WPCBs), which account for 3% of WEEE, may pose a serious
threat to the environment because their contain hazardous materi-
als if they are not properly pre-treated (Quan et al., 2009). WPCBs
contain approximately 28% of various metals (Cu, Pb, Sn, Au, Ag, Pd
etc), approximately 23% of organic resin materials, and about 49%
of glass materials (Liang et al., 2013; Park and Fray, 2009). The pur-
ity of the metals in WPCBs is higher than that in conventional con-
centrates, and the purity of precious metals is 10 times more than
that of rich-content minerals (Ping et al., 2009; Xiang et al., 2010).
To alleviate the economic development bottleneck caused by a lack
of resources, the recovery of metals from WPCBs has great poten-
tial for development, especially because precious metals make up
more than 70% of the value and copper makes up approximately
20% (Flandinet et al., 2012; Is�ıldar et al., 2016).

The major methods for recovering metals from WPCBs include
mechanical/physical, pyrometallurgical and hydrometallurgical
processes (Birloaga et al., 2013; Huang et al., 2009). Mechanical/-
physical process as a pre-treatment stage have been proposed for

separating metals from WPCBs, and they include multiple crush-
ing, magnetic separation, corona electrostatic separation, and eddy
current separation. The final valuable metals are enriched in metal
powders (Guo et al., 2011). The product obtained by these pro-
cesses is a metal mixture that requires further separation. Thus,
these processes are merely a pre-treatment before pyrometallurgi-
cal and hydrometallurgical processes (Cui and Zhang, 2008; Silvas
et al., 2015).

Typical pyrometallurgical processes are used worldwide by
companies, such as Umicore in Belgium, Xstrata in Canada and
Boliden in Sweden (Cui and Zhang, 2008; Hagelüken, 2006). During
the pyrometallurgical process, the Cu in WPCBs can be retrieved by
smelting and electrorefining. However, the Sn in WPCBs is dis-
tributed between blister copper, smelting slag, and dust during
the reduction smelting process for recovering copper, which not
only decreases the recovery of Sn but also deteriorates subsequents
copper electrolytic refining (Mecucci and Scott, 2002). Incineration
and pyrolysis are the other two types of pyrometallurgical pro-
cesses. Although the incineration method is a simple, low-cost pro-
cess, it has been prohibited because of its serious pollution of the
environment (Bi et al., 2010; Luo et al., 2011; Owens et al.,
2007). Pyrolysis can be considered an alternative process for WPCB
recycling because the organic material is decomposed into liquids
or gases, which can be used as fuel or a chemical resource, how-
ever, the recovery of metals is low in this process(Jie et al., 2008;
Li et al., 2010).

As compared to pyrometallurgical processes, hydrometallurgi-
cal processes require various steps, including a series of leaching
processes, followed by separation, purification, and electrowinning
(Kasper et al., 2011). Acid and ammonia-based leachings have been
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extensively studied to recover copper and precious metals from
WPCBs (Petter et al., 2014; Sun et al., 2015). In recent years,
bioleaching as a new extraction technology has been considered
one of the most promising technologies, which does not require
too much capital investment, labour, energy consumption (Xiang
et al., 2010; Zhu et al., 2011). These leaching processes have advan-
tages in terms of the efficient extraction of Cu, however, other met-
als (Sn, Pb, Zn, etc.) are dissolved as impurities, making subsequent
processing more difficult.

Pressure oxidation, which is a clean and efficient method of
leaching has been used in the pretreatment of complex materials
(Flett and Antony, 2001). However, as we all know, few studies
have been carried out on the recovery of metals from WPCBs by
an alkaline pressure oxidation leaching process. Moreover, it is dif-
ficult to achieve selective separation of metals with conventional
leaching processes, and there are few reports on the recovery of
Sn from metal powders of WPCBs. In this paper, an alkaline pres-
sure oxidation leaching-purification-electrowinning process is pro-

posed to treat metal powders obtained from WPCBs. The process
can not only recover tin effectively, but also further enrich copper
for subsequent recovery by smelting. As compared to pyrometal-
lurgical processes, this process is easily accepted because of its
light pollution, simple operation, low consumption of energy and
low capital investment.

2. Experimental

2.1. Materials

The raw materials used in this study were metal powders that
originated from waste TV printed circuit boards by crushing and
separating. These powders contained many valuable metals.
Table 1 shows the chemical composition of the metal powder. A
scanning electron microscopy (SEM) image and the energy disper-
sive spectroscopy (EDS) patterns of the metal powder are shown in
Fig. 1. It can be seen from Fig. 1 that the metal powder is irregular
and contain valuable metals such as Cu, Pb, Sn, Al, Zn, and Si. The
EDS patterns reveal that Cu [Fig. 1(a)], Sn [Fig. 1(b)] and Al [Fig. 1
(c)] mainly exist in the form of elementary substances or alloys,
which is consistent with the results of a related study (Ha et al.,
2014). The sodium hydroxide (NaOH � 96 wt.%) and sodium sul-
fide (Na2S�9H2O � 98 wt.%) used in the experiment were of analyt-
ical grade, and the purity of the oxygen gas was above 99.5%.

Table 1
Chemical composition of the metal powder.

Components Cu Al Pb Sn Zn Fe

wt.% 56.34 1.91 4.6 8.63 4.12 11.72

Fig. 1. SEM image and EDS patterns of the metal powder.
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