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Abstract Recycling scrap printed circuit boards for recov-
ery of valuable metal resources is a major environmental
issue. Most available disposal technologies are not envi-
ronmentally safe. Here, printed circuit board particles were
subjected to solvothermal treatment using poly(ethylene gly-
col)/sodium hydroxide. Results show that residual ratio of
bromine varied with temperature, treating time and sodium
hydroxide addition. The optimal temperature, treating time
and sodium hydroxide addition were 180 °C, 10 hand 0.4 g,
with the lowest residual bromine ratio of 1.7%. After treat-
ment, the separation of residue was done by gravity separa-
tion and the purity of copper in the recovered metallic com-
ponents was 97.8%. The recyclability of scrap printed circuit
boards before crushing was also compared, the residue of
which yielded a complete separation of copper foils and
glass fibers. The purity of copper in the foil was achieved
at 96.6%. We conclude that this novel process represents an
applicable way to recycle high value resources from scrap
printed circuit boards.
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Introduction

With the rapid upgrade and replacement of electrical and
electronic equipment in the past few years, the quantities of
scrap printed circuit boards are continuing to grow substan-
tially (Wath et al. 2015). The printed circuit boards are com-
monly a mixture of 30% metals mainly including copper,
tin, lead and 70% of nonmetal materials. These nonmetal
materials were usually consisted of thermoset resins as a
binder and glass fibers as the reinforcing materials (Xiang
et al. 2010; Zhan and Xu 2011). It also should be noted that
brominated flame retardants such as tetrabromobisphenol A
cured by a number of hardeners are frequently incorporated
in thermoset resins (Wang et al. 2016). This constitutes bro-
minated epoxy resins and can be used to increase the fire
resistance of printed circuit boards (Wath et al. 2015).

The disposal of scrap printed circuit boards is rather
difficult since brominated epoxy resins cannot be melted
or reformed in point of their highly cross-linked network
structure in the polymer skeleton (Wath et al. 2015; Yang
et al. 2012). Moreover, brominated epoxy resins in scrap
printed circuit boards are usually reinforced by glass fib-
ers (Xing and Zhang 2013). Land burial, pyrolysis and
incineration are not environmental benign (Guo et al.
2009; Zhang and Xu 2016; Wang and Xu 2014; Yang
et al. 2013; Estrada-Ruiz et al. 2016), and glass fibers
significantly reduce the combustion efficiency. Super-
critical fluids were highly effective for disposal of scrap
printed circuit boards, but their high pressure meant high
energy consumption and equipment investment. In respect
of valuable resources it contains, the recycling of scrap
printed circuit boards has become the focus of research
in recent years. However, serious pollution will be gener-
ated due to negative environmental effects of brominated
epoxy resins (Diaz et al. 2016). Therefore, the elimination
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of brominated epoxy resins followed by the separation of
scrap printed circuit boards provides a novel and practi-
cable approach.

In terms of brominated epoxy resins elimination,
chemical recycling has been extensively studied as one
of the most promising treatment technologies. It can dis-
solve or disrupt epoxy resins by using reactive inorganic
and organic solvents (Dang et al. 2005; Zhu et al. 2012).
Zhu et al. (2012) utilized ionic liquid of 1-ethyl-3-meth-
ylimidazolium tetrafluoroborate to dissolve brominated
epoxy resins. Dang et al. (2005) implied that nitric acid
was feasible for efficient solvolysis of epoxy resin cured
by amine, but the low leaching rate limited the applica-
tion. Poly(ethylene glycol)/sodium hydroxide has been
employed in chemical recycling of epoxy resin cured by
methyl tetrahydrophthalic anhydride (Yang et al. 2012).
Moreover, poly(ethylene glycol)/sodium hydroxide is
also an catalytic system in dehydrohalogenation (Kimura
and Regen 1982). Therefore, the removal of brominated
epoxy resins and simultaneous metals recovery from
scrap printed circuit boards were conducted by using this
system. Thus far, there is no report regarding application
of poly(ethylene glycol)/sodium hydroxide for the recy-
clability of scrap printed circuit boards.

In this study, the application of poly(ethylene glycol)/
sodium hydroxide in solvothermal procedure for the
recyclability of scrap printed circuit boards was investi-
gated. The aim of this study was to develop an applicable
approach for separation of scrap printed circuit boards.

Experimental section
Materials

Scrap printed circuit boards used in this work were pro-
vided by XIAMEN OASIS Sources Corporation Limited.
They were mainly composed of metals, glass fibers and
brominated epoxy resins as flame retardant. After the
electronic components such as capacitors and relays were
disassembled manually, the scrap printed circuit boards
were cut into fragments using scissors (printed circuit
boards A) and ground to powder (printed circuit boards
B). Dichloromethane was products of pesticide analysis
grade from J&K Chemical Limited, USA. Certified stand-
ard stock solution of bromine ion from National Research
Center for Certified Reference Materials, China, was used
for the analysis of bromine content. Analytical-grade rea-
gents including poly(ethylene glycol)200, ethanol, sodium
hydroxide and anhydrous sodium sulfate were supplied
by Sinopharm Chemical Reagent Company of Beijing.
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Experimental procedures

Figure 1 shows flowchart of scrap printed circuit boards
separation and recovery of valuable resources by solvother-
mal technique. Quantitatively weighed sodium hydroxide
was first dissolved in poly(ethylene glycol) (20 mL) and
mixed with scrap printed circuit boards in the reactor. After
a desired treating time, the solid and liquid mixture was
separated by centrifugation (10,000 g, 10 min). The solid
residue of printed circuit boards A was delaminated to obtain
copper foils and glass fibers. The solid residue of printed
circuit boards B was subjected to gravity separation, which
was achieved by mixing with deionized water in the tube.
After the mixture was shaken well, glass fibers were mainly
suspended in the supernatant and the metallic components
were sunk on the bottom of the tube. The solid residue of
printed circuit boards B was separated into metallic com-
ponents and glass fibers by decanting the supernatant. The
temperature at 90, 120, 150 and 180 °C, treating time at 2,
5, 10 and 35 h, and sodium hydroxide amount at 0, 0.1, 0.4
and 1.0 g with other conditions unchanged were examined to
optimize the residue yields and residual bromine ratios. All
the experiments were repeated three times, and the results
are the mean values with standard errors.

In order to determine the bromine content, raw printed
circuit boards and solid residue after treatment were sub-
jected to oxygen bomb combustion—ion chromatography
(Dionex ICS-2000, USA) analysis as described in a previous
study (Zhang and Zhang 2012). Gas chromatography—mass
spectrometric analysis was performed using a gas chromato-
graph with a mass spectrometry detector and a HP-5 capil-
lary column (Agilent 7890A/5975C, USA). High-purity He
was used as carrier gas at a constant flow rate of 1 mL/min.
The oven temperature was initially set at 50 °C and then
ramped to 150 °C at 20 °C/min, 180 °C at 10 °C/min, 280 °C
at 3 °C/min and held for 2 min at 280 °C. Scrap printed cir-
cuit boards B before and after treatment were characterized
by in situ Fourier transform infrared spectrometer (Bruker
Tensor 27), Philips PW 1700 X-ray diffractometer and scan-
ning electronic microscopy (Hitachi S-3000 N). The sepa-
rated copper foils and metallic components were digested by
nitric acid—perchloric acid—hydrofluoric acid and subjected
to analysis of inductively coupled plasma optical emission
spectrometer (OPTIMA 2000).

Results and discussion

Effects of parameters on residue yield and residual
bromine ratio

After the treatment, copper foils and glass fibers were
obtained from the solid residue of printed circuit boards A,
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Fig. 1 Proposed solvothermal
process of printed circuit boards
separation using poly(ethylene
glycol)/sodium hydroxide. Note
that copper foils and glass fibers
were obtained from the solid
residue of printed circuit boards
A, whereas the solid residue

of printed circuit boards B

was separated into particles of
metallic components and glass
fibers

Solid Residue

whereas the solid residue of printed circuit boards B was
separated into particles of metallic components and glass
fibers (Fig. 1). This was mainly attributed to decomposition
of organic polymers such as brominated epoxy resins during
the treatment process. Therefore, the yield of residue could
be used to evaluate removal of brominated epoxy resins in
scrap printed circuit boards (Li and Xu 2015). The calcu-
lated formula of residue yield is listed by Eq. 1 as follows:

R = m/M x 100% @)
where R is the yield of residue; M is the weight of scrap
printed circuit boards before treatment; m is the residue
weight after treatment.

The residual ratio of bromine was calculated accord-
ing to the bromine content of scrap printed circuit boards
before and after treatment. As shown in Fig. 2, the resi-
due yield and residual ratio of bromine decreased with
the increase in temperature. Meanwhile, they decreased
rapidly initially and then varied in a certain range as the
increase in treating time and sodium hydroxide addition
(Figs. 2, 3a). Under this condition, treatment temperature

of 180 °C, a period of 10 h and sodium hydroxide addition
of 0.4 g were optimum to obtain lowest residual bromine
ratio of 1.7%. This indicated that the removal efficiency
of brominated epoxy resins was up to 98.3%.

Compared with printed circuit boards A and B, it dem-
onstrates that the fragments and particles of printed circuit
boards show similar trends in the residue yields and resid-
ual bromine ratios under the same condition. Moreover,
the residue yields and residual bromine ratios of printed
circuit boards B were always lower than that of printed
circuit boards A due to relatively complete removal of bro-
minated epoxy resins. This is mainly because the swelling
ratio between printed circuit boards and poly(ethylene gly-
col)/sodium hydroxide system was significantly influenced
by surface area. The increase in surface area accelerated
the diffusion of poly(ethylene glycol)/sodium hydroxide
into printed circuit boards, enhanced the mass transfer
of poly(ethylene glycol)/sodium hydroxide penetrating
printed circuit boards and thus improved the removal effi-
ciency of brominated epoxy resins.
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Fig. 2 Effects of treating temperature and time on residue yield and
residual bromine ratio: a temperature (time 10 h; sodium hydrox-
ide addition 0.4 g), b time (temperature 180 °C; sodium hydroxide
addition 0.4 g). Note that the treatment temperature of 180 °C and a
period of 10 h were optimum to obtain lowest residual bromine ratio

Recovery of metals and glass fibers

Figure 4a shows Fourier transform infrared spectrometer
spectra of printed circuit boards B before and after solvo-
thermal treatment. It can be seen that the strong peak at
1730 cm™! assigned to ester almost vanishes and the inten-
sity of the —OH band increases after solvothermal treatment.
The Fourier transform infrared spectrometer spectra of
printed circuit boards B before and after solvothermal treat-
ment confirmed that brominated epoxy resins were removed
after treatment.

The X-ray diffractometer patterns of printed circuit boards
B before and after solvothermal treatment are described in
Fig. 4b. The main characteristic peaks of printed circuit
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boards before the treatment correspond to copper, tin and
lead. Similar X-ray diffractometer patterns of printed cir-
cuit boards were obtained except that the peaks of tin were
absent and the intensity of copper and lead diffraction peaks
slightly reduced after the treatment. This result indicated
that inorganic metallic components were greatly maintained.

The morphologies of printed circuit boards B before and
after solvothermal treatment showed that the surface mor-
phology of printed circuit boards changed from dark gray to
light gray after solvothermal treatment. This was attributed
to the absence of brominated epoxy resins in printed circuit
boards. The glass fibers were easily aggregated together after
the treatment; thus, the particles were larger than that of
before treatment. Since solid residue was mainly composed
of metallic components and glass fibers, the solid residue
could be separated by gravity separation using water as
separation medium. The metal balance and copper recovery
efficiency were calculated as follows:

Metal balance (%) = m,/(M X w) )

Copper recovery efficiency (%) = (m; X @,)/(M X @)

3)
where m, is the weight of metals after gravity separation;
M is the weight of printed circuit boards before treatment;
@ is the metal contents in original printed circuit boards;
@, is the copper purity in the separated metals after gravity
separation; ¢ is the copper content in original printed circuit
boards.

The analysis of inductively coupled plasma optical emis-
sion spectrometer indicated that copper content accounted
for 21.1% of the total printed circuit boards before the
treatment (wt%) and the purity of copper in the separated
metallic components was 97.8%. The metal balance was
97.1% after solvothermal treatment and the copper recovery
efficiency achieved at 96.5% following the gravity separa-
tion. After the solid residue of printed circuit boards A was
delaminated, the purity and the recovery efficiency of copper
foil were achieved at 96.6 and 98.1%, respectively.

Recovery mechanism of printed circuit boards

The gas chromatography—mass chromatograms of organic
component in liquid phase illustrated that the major com-
pounds were bisphenol A besides poly(ethylene glycol).
Tetrabromobisphenol A was formed with inadequate sodium
hydroxide addition amount of 0.1 g at 10 h, while it was not
observed under conditions such as more sodium hydroxide
addition amount or longer treating time. This reveals that
tetrabromobisphenol A was formed from brominated epoxy
resins decomposition and could be debrominated to produce
bisphenol A after solvothermal treatment. The ion chroma-
tography analysis of inorganic component in liquid phase
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Fig. 3 Effects of sodium hydroxide addition on residue yield and
residual bromine ratio (a) and complexation of sodium poly(ethylene
glycol) alkoxide (b). Conditions: temperature 180 °C; time 10 h. Note

reveals that bromide was generated after treatment. This was
mainly because brominated epoxy resins were dissolved and
decomposed to produce bisphenol A and hydrogen bromine.
Hydrogen bromine could react with OH™ dissociated from
sodium hydroxide leading to the formation of sodium bro-
mide. According to a previous study (Xiu and Zhang 2010),
the final concentration of bromide ion could be adjusted
in order to be suitable for the recovery of bromine. After
a simple distillation process in laboratory scale, bromine
was recovered as hydrogen bromine solution, which can be
widely used in industry.

On the basis of the obtained products, recovery
mechanism of printed circuit boards was investigated.
In poly(ethylene glycol)/sodium hydroxide system,
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that sodium hydroxide addition of 0.4 g was optimum to obtain low-
est residual bromine ratio

brominated epoxy resins in printed circuit boards could
be rapidly dissolved and decomposed. As the ether bond
of the brominated benzene ring was relatively weak and
easily broken down, tetrabromobisphenol A was initially
formed (Kimura and Regen 1982). Corresponding to the
increase in inorganic bromine in the liquid phase, tetrabro-
mobisphenol A could be finally transformed into bisphenol
A. This is consistent with previous reports (Liu et al. 2009;
Luo et al. 2010; Yin et al. 2011), which suggested that the
brominated epoxy resins were mainly decomposed into
bisphenol A monomer at low-temperature treatment and
decomposed into phenol and other low molecule bromine-
free compounds at high temperature.
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Fig. 4 Fourier transform infrared spectrometer (a) and X-ray dif-
fractometer (b) analyses of printed circuit boards before and after
solvothermal treatment. Conditions: temperature 180 °C; time 10 h;
sodium hydroxide addition 0.4 g. Note that brominated epoxy resins
were removed and inorganic metallic components as well as glass fib-
ers were greatly maintained after treatment

The result demonstrates that poly(ethylene glycol)/
sodium hydroxide system shows high degradation ability
for brominated epoxy resins. According to Fig. 3b, it has
been reported that poly(ethylene glycol) tends to coordinate
with sodium ions and forms sodium poly(ethylene glycol)
alkoxide with a crown-like structure at the terminal of poly-
mer chain via self-complexation. Thus, it can phase-transfer
itself into the organic phase and result in high efficiency
of catalyzing dehydrohalogenation as a potent nucleophile
(Yang et al. 2012).

The same gas chromatography—mass chromatogram
of poly(ethylene glycol) before and after treatment dem-
onstrated thermal stability of poly(ethylene glycol) in
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solvothermal process. Moreover, poly(ethylene glycol) is a
nontoxic catalyst with relatively low cost, excellent safety
and good dispersibility. These characteristics have led to its
use in a wide range of applications and further demonstrate
the superiority of this process.

Conclusions

Solvothermal procedure using sodium hydroxide in
poly(ethylene glycol) was an efficient and practical approach
for brominated epoxy resins removal and recovery of printed
circuit boards. Temperature, treating time and sodium
hydroxide addition were the main factors controlling resi-
due yield and residual bromine ratio. The optimum tem-
perature, time and sodium hydroxide addition were 180 °C,
10 h and 0.4 g, respectively, while the lowest residual bro-
mine ratio achieved at 1.7%. Bisphenol A and bromide ion
were formed via the tetrabromobisphenol A passway due to
the catalytic dehydrohalogenation of poly(ethylene glycol)/
sodium hydroxide system. The obtained metallic compo-
nents contained 97.8% of copper, and the purity of copper
in the foil was achieved at 96.6% after the separation, which
could be directly reused in industry.
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