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A new kind of wood plastic composite (WPC) was produced by compounding nonmetals from waste
printed circuit boards (PCBs), recycled high-density polyethylene (HDPE), wood flour and other addi-
tives. The blended granules were then extruded to profile WPC products by a conical counter-rotating
twin-screw extruder. The results showed that the addition of nonmetals in WPC improved the flexu-
ral strength and tensile strength and reduced screw withdrawal strength. When the added content of
nonmetals was 40%, the flexural strength of WPC was 23.4 MPa, tensile strength was 9.6 MPa, impact
strength was 3.03]/m? and screw withdrawal strength was 1755 N. Dimensional stability and fourier
transform infrared spectroscopy (FTIR) of WPC panels were also investigated. Furthermore, thermo-
gravimetric analysis showed that thermal degradation of WPC mainly included two steps. The first step
was the decomposition of wood flour and nonmetals from 260 to 380°C, and the second step was the
decomposition of HDPE from 440 to 500 °C. The performance and thermal behavior of WPC produced by
nonmetals from PCBs achieves the standard of WPC. It offers a novel method to treat nonmetals from
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PCBs.
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1. Introduction

Recycling of waste printed circuit boards (PCBs) is an impor-
tant subject not only from a standpoint of the protection of the
environment but also from the recovery of reusable materials.
The UN Environmental Programme estimates that the world gen-
erated 20-50 million tonnes of electronic waste each year, while
PCBs formed about 3% by weight of the total amount of electronic
waste [1,2]. Mechanical-physical process is drawing more atten-
tion compared with hydrometallurgy and pyrometallurgy [3,4].
The mechanical-physical approach involves first a crushing pro-
cess, aiming to strip metal from the base plates of waste PCBs. The
extreme differences in properties such as the density and electrical
conductivity between metals and nonmetals provide an excellent
condition for the separation of them. Various techniques including
density-based separation, jigging and corona electrostatic separa-
tion are used to separate metals from nonmetals [5,6]. Metals such
as Cu, Al and Sn, are sent to recovery operations. However, sig-
nificant quantities of nonmetals in PCBs (up to 70%) present an
especially difficult challenge for recycling. The nonmetals of PCBs
consist of thermoset resins powder and glass fibers [7]. The kind of
thermoset resins varies with different PCBs. Common resins include
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difunctional epoxy resins such as bisphenol A, multifunctional
epoxy resins such as phenol and creosol based epoxy novolacs
and BT epoxy blends [8]. Thermoset resins cannot be remelted or
reformed due to their network structure. Incineration is not the
best method for treating nonmetals because of inorganic fillers
such as glass fiber, which significantly reduce the fuel efficiency.
In addition, the combustion of electronic waste in the presence of
copper from PCBs may lead to higher emissions of polychlorinated
dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) into the environ-
ment, causing even worse environmental pollution [9]. Disposal
in landfill is the main method for treating nonmetals of PCBs, but
it may cause secondary pollution and resource-wasting. To obtain
the resource utilization of nonmetals, many researchers have car-
ried out many studies on the recycling of nonmetals for molding
electronic components [10], phenolic compound [7] and modifying
asphalt [11].

Wood plastic composite (WPC) is a kind of composite materials,
consisting of thermoplastic resins, wood flour and small amounts
of additives. Among the thermoplastic resins used, virgin and recy-
cled polyethylene are the most common with an estimated 83%
market share followed by polyvinyl chloride (9%) and polypropy-
lene (7%) [12]. WPC is durable and low maintenance compared to
wooden products, and hence ideal for nonstructural applications.
Currently, most WPC is made with polyethylene for use in exterior
building component, including decking, fencing, industrial floor-
ing, landscape timbers and railing [13]. Wood flour is the most
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common organic filler used in WPC, with the aim to decrease cost
and enhance performance of WPC. Demand for WPC has been
steadily increasing in the past decade, with a market demand of
1.95billion kg in 2006 [14]. Thus, WPC producers are forced to
seek other nonwood sources to supply the increasing raw material
requirement and protect timber resources. Bourne et al. studied
the effects of cotton gin waste as a lignocellulosic substitute on the
mechanical properties of WPC. It was found that mechanical prop-
erties of extruded cotton gin waste WPC were within the range of
reported values for commercial WPC products [15].

To our knowledge, there is little published information about
reusing nonmetals reclaimed from PCBs as a filler of WPC. The
objective of this study is to investigate the possibility of using non-
metals in WPC production. Mechanical properties and dimensional
stability of WPC with nonmetals were investigated. Furthermore,
FTIR spectroscopy and thermal degradation of WPC were also stud-
ied.

2. Materials and methods

2.1. Materials and formulations

Thermoplastics used in the study were a kind of recycled high-
density polyethylene (HDPE). Wood flour used in the study was
derived from various scrap wood from wood processors. The mois-
ture content of wood flour was about 8%, and the particle size was
less than 0.15 mm. The nonmetals were obtained from two step
crushing and corona electrostatic separating [6]. The particle size
of the nonmetals was less than 0.07 mm. WPC were prepared by
mixing recycled HDPE (35%), wood flour, nonmetals and additives
(5%). Based on our previous experiments, three batches of WPC
were produced, and the nonmetals were added to the raw materi-
als mixture at a weight fraction of 0%, 15% and 40%. Define WPC
with different nonmetals content as follows: “N-0-WPC” means
WPC without nonmetals, “N-15-WPC” means WPC with 15wt.%
nonmetals, and “N-40-WPC” with 40 wt.% nonmetals. The addi-
tives included silane coupling agents KH-550 (2%), wax (1%), zinc
stearate (0.5%) and iron oxide red (1.5%). The function of coupling
agent is to promote adhesion and dispersion of fillers, and improve
mechanical properties of WPC panels. Both wax and zinc stearate
are lubricants, aiming to increase melt flow and reduce viscosity
and friction between resin and process equipment. Iron oxide red
is the pigment.

2.2. Preparation of the WPC

The recycled HDPE, nonmetals, wood flour and other addi-
tives were compounded and pelletized to composite granules.
Then, the granules were used for profile extrusion by a conical
counter-rotating twin-screw extruder (TSE). Along with the coni-
cal counter-rotating TSE, the die was an important part of the WPC
product extrusion system. The die was heated using cartridge heat-
ing elements. After the die came the cooling tank, which was used
to “freeze” the extruded profile in its linear shape. After the cooling
tank, the WPC profile went through a cutoff saw that can cut the
WPC panels to the desired lengths.

Average temperatures in the extruder barrel and die were main-
tained at 175 °C and 180 °C. The extruder pressure was maintained

at approximately 9.5-11.5 MPa. The speed of the extruder was set
at approximately 600 mm/min.

2.3. Measurement of properties

The mechanical properties like flexural strength, tensile
strength and charpy unnotched impact strength were tested. Flex-
ural strength is maximum bending stress developed in a specimen
just before it cracks or breaks in a flexure test. Tensile strength
measures the force required to pull a specimen to the point where
it breaks, and is measured in units of per unit area or pascals
(Pa). Charpy unnotched impact strength is defined as the amount
of energy absorbed in fracturing an unnotched specimen at high
velocity and is expressed as kilojoule per square meter. Flexural,
tensile and Charpy impact tests were performed on the WPC com-
posites according to ASTM D 790, ASTM D 638 and ISO 179-1982,
respcetively.

Screw withdrawal strength is defined as the peak load
required to pull a standard screw from the panel specimen.
Face screw withdrawal strength was tested according to EN 320-
1993. Specimens’ shapes for screw withdrawal strength were
150 mm x 50 mm x 30 mm. The screws used in the study are a
kind of cross recessed pan head tapping screw with diameter
of 42mm and length of 38 mm. A 2.7 mm diameter pilot hole
was predrilled 19 mm into each specimen. Then a screw was
hand-driven 15 + 0.5 mm into the specimen. The screws were per-
pendicular to the face plane.

Field emission scanning electron microscopy, FEI SIRION 200,
was used to analyze the dispersion of fillers into the resin matrix
using fractured surfaces. Prior to the analysis, the fractured surfaces
of the specimens were sputter coated with a thin layer of gold.

Water absorption and thickness swelling tests were conducted
in accordance with ASTM D 570-98, in which the specimens were
immersed in water for 2 h and 24 h at a temperature 23 +1°C. The
weight gain and thickness increase were then measured 20 min
after being removed from the water.

Fourier transform infrared spectroscopy (FTIR) spectroscopy
was conducted on a Shimadzu IRP restige-21 spectrometer to pro-
vide knowledge of functional groups.

Thermogravimetric analysis (TGA) measurements were con-
ducted using a TGA2050 TA instruments. The thermograms were
obtained under nitrogen atmosphere, at a constant heating rate of
10°C/min, from 80 to 600 °C for the samples.

3. Results and discussion
3.1. Mechanical properties of WPC

The mechanical properties of WPC panels were shownin Table 1.
Values of flexural strength and tensile strength of WPC with non-
metals (N-15-WPC and N-40-WPC) were slightly greater than those
of control specimens (N-0-WPC). This is because the glass fibers
in nonmetals reinforced the properties of composites. In addition,
N-15-WPC possessed the highest flexural property, with a flexural
strength of 25.8 MPa. This result is expected because the nonmetals
and wood flour in N-15-WPC are better encapsulated by HDPE resin
which is evident from the SEM study in the forthcoming section.
Unlike the flexural or tensile strength of composites, a balance in

Table 1
Mechanical properties of WPC panels.
Sample Flexural strength (MPa) Tensile strength (MPa) Impact strength (kJ/m?) Screw withdrawal strength (N)
N-0-WPC 21.6 9.1 33 2072
N-15-WPC 25.8 9.8 34 1568
N-40-WPC 234 9.6 3.0 1755
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properties between the matrix and fiber is required to obtain good
impact strength [16]. N-40-WPC showed the worst impact strength
as shown in Table 1. The 40 wt.% nonmetals content contributed to
high content of glass fibers. The addition of many glass fibers in the
N-40-WPC increased the probability of filler agglomeration that
create regions of stress concentrations. Cracks travelled around the
stress concentrations and required less energy to elongate the crack
propagation.

The WPC products need to be fastened by screws when they
are used for deck boards, landscape timbers and park benches in
the exterior environment. The addition of nonmetals in the WPC
decreased the screw withdrawal strength as shown in Table 1. This
is likely because the nonmetals consist of many glass fibers and
possess worse compatibility with HDPE resin compared with wood
flour. Poor compatibility lowers the friction between the screw and
the panels thus causing a lower withdrawal load. However, the
values of screw withdrawal strength for all the WPC panels were
higher than 1000 N which was the lowest value according to the
industrial standard.

WPCis a kind of composites with fillers as reinforcing materials.
Generally, the strength of fiber-reinforced composites depends on
the interface interaction. The SEM photographs of different WPC
panels after flexural fracture are shown in Fig. 1(a) showed the
SEM photograph of N-15-WPC. Fillers including wood flour and
nonmetals were well encapsulated by resin matrix, and dispersed
homogeneously in the composite. However, wood flour and glass
fibers in N-0-WPC and N-40-WPC were not well encapsulated by
the matrix as shown in Fig. 1(b) and (c), respectively. Fig. 1(c)
showed poor interfacial adhesion between glass fibers and resin
matrix in N-40-WPC. The amount of short glass fibers in WPC
increased as the increasing content of nonmetals. The increasing
amount of glass fibers decreased the flow ability of composite and
reduced dispersion of ingredients, leading to poor interfacial adhe-
sion.

3.2. Moisture absorption and thickness swelling

Results of density, moisture absorption and thickness swelling
are given in Table 2. It is found that the density of the WPC pan-
els ranges from 1280 for N-0-WPC to 1340 kg/m3 for N-40-WPC.
The water absorption decreased with increasing nonmetals con-
tent in the composites for the 2h water immersion tests. The
different performance is caused by the large difference between
the wood flour and nonmetals. The moisture absorption in wood
flour is mainly due to water absorption by cellulose and hemi-
celluloses depends on the number of free hydroxyl groups thus
the amorphous regions are accessible by water [17]. In addition,
nonmetals consisting of resin powder and glass fibers are water
repellent and have much lower water sorption capability than
wood flour. However, after 24 h immersion, N-15-WPC showed
the largest water absorption. The reasons may be complex and
explained by the presence of lumens, fine pores and hydrogen
bonding sites in the wood flour, the gaps and flaws at the interfaces,
and the microcracks in the matrix formed during the compound-
ing process [18]. N-40-WPC possessed best thickness swelling. The
thickness swelling values of N-40-WPC are only 0.05% after 2 h and
0.12% after 24 h immersion in water. It indicates that WPC sam-

Table 2
Water absorption and thickness swelling of WPC.
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Fig. 1. SEM photographs of different WPC: (a) N-15-WPC, (b) N-0-WPC and (c) N-
40-WPC.

Sample Density (kg/m?) Moisture absorption (%) Thickness swelling (%)

2h 24h 2h 24h
N-0-WPC 1280 0.52 2.40 0.17 1.11
N-15-WPC 1320 0.40 2.71 0.16 1.38
N-40-WPC 1340 0.12 0.34 0.05 0.12
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Fig. 2. FTIR spectra of wood flour and nonmetals.

ples made with higher content of nonmetals have lowest thickness
swelling.

3.3. Fourier transform infrared spectroscopy

FTIR spectroscopy was used to verify the functional group in
wood flour, nonmetals and WPC panels. Fig. 2 showed the FTIR
spectra of wood flour and nonmetals. The spectral region between
3500cm~! and 3250cm~! has been assigned to hydroxyl groups
originating mainly from cellulose of wood flour [19]. The spectral
region between 1050cm~! and 1023 cm~! has been assigned to
C-0 groups in wood cellulose [20]. Within the fingerprint region
(1800-600 cm~1), the peaks of FTIR spectra for the nonmetals were
overlapped due to the complex ingredients in the nonmetals. So the
characteristic peaks cannot be analyzed.

The FTIR spectra for the surfaces of N-0-WPC, N-15-WPC and N-
40-WPC are shown in Fig. 3. Compared with the spectrum of wood
flour (Fig. 2), the band peaks at 2920 cm~!,2850cm~! and 720 cm™!
in WPC panels are assigned to the-CH, from long-chain of HDPE. In
the carbonyl region (1750-1700cm~1), a peak at 1718 cm~! with a
shoulder peak at 1735 cm~! corresponding to carboxylic acid and
ester groups [21]. A decrease in absorbance intensity is observed as
the nonmetals content increased.
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Fig. 3. FTIR spectra of different WPC panels.
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Fig. 4. TGA and DTGA thermograms of WPC.

3.4. Thermogravimetric analysis

Fig. 4 shows TGA and DTGA thermograms of WPC samples, and
different data can be obtained in Table 3. It can be noticed that all
thermograms represented in Fig. 4 are of similar shape. The thermal
degradation of mechanism of WPC included two stages. The first
step was from 260 to 380 °C, and it included the decomposition of
wood flour and resin powder in nonmetals. The results illustrated
in Table 3 show that the samples have a different decomposi-
tion onset temperature (Ty) at the first stage. It decomposed from
295°C, 289°C and 277 °C for N-0-WPC, N-15-WPC and N-40-WPC,
respectively. WPC with more nonmetals decomposed more easily
than WPC without nonmetals. This can be explained by the fact
that the mixture of wood flour and nonmetals induces “defects” in
the form of aggregates and heterogeneities in the polymer matrix.
Temperatures with maximum rate of decomposition (Tmax) were
also different for three kinds of WPC. The second decomposition
curves of three samples were of similar shape, with nearly the
same T4, Tmax and weight loss. The stage began around 446°C
with a weight loss of about 28%. The weight loss was due to the
decomposition of recycled HDPE. The thermal degradation step
was in agreement with the results reported in the literature for
degraded HDPE [22]. When the temperature reached 600°C, the
weight of WPC became relatively stable, with residue of 25.6%,
27.3% and 34.6% for N-0-WPC, N-15-WPC and N-40-WPC, respec-
tively.

3.5. Economic evaluation

In China, the profit from recycling of PCBs is attained by selling
recycled metals, and the profit can offset the cost of the recycling
system, which includes management policies, a chain from pro-
duction to consume, and behavior concepts. In addition, China’s
demand for WPC has grown at a fast pace in the past decade. In
the next five years, both production and demand will continue to
grow. Economic benefit of using nonmetals in WPC production was
caused by different prices of nonmetals and wood flour. PCBs waste
recycling enterprises have to pay treating fee when nonmetals are
sent to the landfill or incineration plant, so it will be happy to con-
vey nonmetals to WPC producer if the price of transportation is less
than treating fee. So the price of nonmetals is zero when accounting
the production costs. The price of wood flour is about 800 Yuan/t
according to the market price in China. Therefore, long-term coop-
eration between producers of WPC and recycling enterprises of
PCBs will attain economic benefits for both sides.
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Table 3
Values of temperatures and weight loss during thermal degradation of WPC.

Sample Stage | Stage II Residue (%)
Tq (°C) Tiresz (CC) Weight loss (%) Tq (°C) Timesz (CC) Weight loss (%)

N-0-WPC 295 359 41.5 445 467 27.8 25.6

N-15-WPC 289 355 42.1 447 469 28.4 273

N-40-WPC 277 346 33.7 442 464 28.7 34.6

4. Conclusions

A study was conducted to test whether the nonmetals from
PCBs could be a feasible substitute of wood flour in the production
of WPC. The addition of nonmetals in WPC improved the flexu-
ral strength and tensile strength, and reduced screw withdrawal
strength. N-40-WPC showed best dimensional stability. The thick-
ness swelling and thickness swelling of N-40-WPC were only 0.34%
and 0.12%, respectively and after 24 h immersion in water. Thermal
degradation of WPC mainly included two steps: the first stage was
the decomposition of wood flour and nonmetals and the second
stage belonged to degradation of HDPE. It is thus concluded that
the nonmetals, a by-product of recycling PCBs, can be utilized as a
filler in WPC production.
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