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Abstract: To reduce environmental threats, such as land filling, incineration and soil pollution,
which are associated with the improper waste management of waste printed circuit boards, the
utilization of NMPCBs from waste PCBs as a filler in composites was pursued. Untreated and
treated NMPCBs in varying ratios, 10-30 wt.%, were blended with PVC to produce NMPCB/PVC
composites, using the melt-mixing method via an internal mixer, in order to solve the remaining
NMPCB waste problem after the valuable metals in PCBs were recovered. The incorporation of the
NMPCB with PVC resulted in an increase in the tensile modulus and the thermal stability of the
resulting composites. Scanning electron microscopy (SEM) results indicated improved interfacial
adhesion between the treated NMPCB and the PVC matrix. The FTIR results of the NMPCB treated
with 3-glycidyloxypropyltrimethoxysilane (GPTMS) revealed the formation of Si-O-Si bonds. The
densities of the composites were found to increase with an increase in the content of the treated
NMPCB, and compatibility improved. The tensile properties of the treated NMPCB/PVC composites
were higher than those of the untreated NMPCB/PVC composites, suggesting improved compatibility
between the treated NMPCB and PVC. The PVC composite with 10 wt.% of the treated NMPCB
showed the optimum tensile properties. It was observed that the tensile modulus of the treated
NMPCB/PVC composite increased by 47.65% when compared to that of the neat PVC. The maximum
thermal degradation temperature was 27 °C higher than that of the neat PVC. Dynamic mechanical
analysis results also support the improved interfacial adhesion as a result of the improvement in the
storage modulus at the glassy region, and the loss factor (tan 8) peak shifted to a higher temperature
range than that of the PVC and the untreated NMPCB/PVC composite. These studies reveal that
the NMPCB was successfully modified with 1 wt.% of GPTMS, which promoted the dispersion
and interfacial adhesion in the PVC matrix, resulting in better tensile properties and better thermal
stability of the PVC composite.

Keywords: nonmetallic printed circuit board; silane coupling agent; polyvinyl chloride composite

1. Introduction

In recent years, waste electrical and electronic equipment (WEEE) has significantly
increased because of its short life span and the innovation of technology [1]. All electrical
and electronic equipment includes printed circuit boards (PCBs), which are classified into
metallic fractions (MFs) containing valuable metals and nonmetallic fractions (NMFs)
containing thermoset resins, additives of flame retardants and other additives. PCBs
are also classified as being single/double sided (commercially defined as FR-2 type) or
multi-layered (commercially defined as FR-4 type), which are NMFs, with the former
containing cellulose laminated phenolic resin and the latter containing multifunctional
epoxy resins or cyanide resin [2]. Recently, the waste recycling of WEEE has become an
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important issue because of the lack of appropriate technologies and the risk of releasing
hazardous and toxic substances if WEEE is deposited in landfills and incinerated. The
recovery of valuable metals, such as Au, Ag, Cu, Pd and Pt, from WEEE is one of the
driving forces of recycling. However, the thermoset resin of nonmetallic printed circuit
boards (NMPCBs), with the rigid particle characteristic, cannot be recycled using traditional
melting technology. Hence, several studies have focused on the application of NMPCBs in
chemical recycling and mechanical recycling for the mitigation of environmental problems
and fulfillment of new regulations [3,4]. Currently, waste recycling focuses on and takes
into account the economic and environmental consequences, such as the reduced energy
consumption (low-carbon footprint) and the cost of production [5], sustainable processes
with eco-friendly products [6,7] and upcycling products with the use of renewable green
solvent in the recycling process [8].

Nearly 70 wt.% of NMPCBs from waste PCBs contain thermoset resins and glass
fibers. NMPCBs need to be reused to reduce resource waste and secondary pollution from
disposal in landfills and combustion. Hence, the need for the study of a novel reuse method
for the incorporation of NMPCBs in recycled polymers to improve the Young’s modulus
and flexural modulus of polymer composites because of the rigid nature and glass fibers of
NMPCBs. Furthermore, it has been shown that NMPCBs can improve the thermal stability
and flame-retardant properties of polymer composites [9-11]. However, the incorporation
of nonmetallic printed circuit board (NMPCB, FR-4 type) powder into polymers (recycled
high-density polyethylene, polypropylene and recycled acrylonitrile butadiene styrene)
has been shown to cause poor interfacial adhesion between the polymer matrix and the
filler, resulting in the composites having poor mechanical properties. In a previous study, in
order to improve the compatibility (interfacial adhesion) of NMPCB/polymer composites,
a silane coupling agent (ATPS) and a compatibilizer (maleic anhydride grafted polyolefin or
ABS) were employed. Two different grades and types of recycled PVC (RPVC), waste wires
and cables, and waste pipes were used as the matrix to make RNMPCB/PVC composites
with different methods of press molding, solvent casting and melt compound. It was
concluded that the mechanical properties of the resulting RNMPCB/PVC composites were
governed by the grade and type of the RPVC compound, the size and contents of the
NMPCBs, and the processing methods [12-14]. Furthermore, the product quality of the
RPVC product deteriorated during the recycling process, and the service life is a drawback
of using recycled PVC for industrial applications [15,16].

The objective of this study is the direct reutilization of NMPCBs from waste PCBs
in PVC composites through the use of mechanical recycling methods for the potential
application of profiles to help reduce production cost, solve environmental threats (land
filling, soil pollution and open burning) and prevent resource depletion as a means to
support the circular economy with an improvement in polymer composite properties.
Furthermore, the renewable source of epoxidized soybean oil (ESBO), as a bio-based
plasticizer, was employed in this study to produce a PVC composite that is more economical
and environmentally friendly, with the aim to persuade the public to use PVC composites
made from recycled NMPCBs instead of petroleum-based phthalate plasticizers.

To the best of our knowledge, no study has been carried out on the effect of untreated
and silane-coupling-agent-treated nonmetallic printed circuit board powder (NMPCB)
(FR-4 type) as a filler in bio-based plasticized PVC composite for a novel reuse method
for NMPCBs. The aim of this work was to investigate the effects of NMPCBs from waste
PCBs and 1 wt.% 3-glycidyloxypropyltrimethoxysilane (GPTMS)-treated NMPCBs on
the mechanical properties of PVC composites. The effect of the addition of untreated
and treated NMPCBs into PVC on the thermal degradation of PVC composites was also
examined. The interfacial adhesion or interaction of the NMPCB in the PVC matrix was
studied using a dynamic mechanical analyzer and density measurement. An SEM-EDX
analyzer was used in the studies of the dispersion and adhesion of the NMPCB in the
PVC matrix.
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2. Materials and Methods
2.1. Materials

Polyvinyl chloride (PVC) of suspension grade No. SG660, with a K value of 66, an
apparent bulk density of 0.55 g mL~! and an impurity of less than 5%, was used as
the polymer matrix, and it was purchased from Thailand Plastic and Chemical com-
pany (TPC, Bangkok, Thailand). Several additives were added to the PVC powder
in order to improve the melt processing before compounding. The additives in the
formulation of the PVC compound were calcium stearate (632.33 g mol~! molecular
weight, Sigma-Aldrich, Taufkirchen, Germany) and zinc stearate (607.02 g mol~! molecu-
lar weight, Sigma-Aldrich, Taufkirchen, Germany) as thermal stabilizers and epoxidized
soybean oil (ESBO, Chemmin Company, Bangkok, Thailand) as a bio-based plasticizer.
The physical characteristics of ESBO were 6.5 g mL~! and oxirane functionality 6%.
The coupling agent 3-glycidyloxypropyltrimethoxysilane (GPTMS, molecular weight of
236.34 g mol !, density of 1.07 g mL~! at 25 °C, purity > 98%) was obtained from Sigma-
Aldrich (Taufkirchen, Germany).

The recycled nonmetallic printed circuit board (NMPCB, FR-4 type) powder used in
the study was waste from the trimming of the edge of a printed circuit board, which was
from post-industrial waste. This NMPCB powder of the waste PCB consisted of a woven
fiberglass mat impregnated with thermoset resins (epoxy resin or phenolic resin etc.). The
NMPCB powder, used as a filler in the PVC composite, was attained from passing the
NMPCB powder through a sieve with an aperture of 180 um (ASTM mesh No. 80 sieve).

2.2. Surface Modification of Recycled NMPCB Powder

The surface of the recycled NMPCB powder was modified with 1 wt.% content of the
silane coupling agent (3-glycidyloxypropyltrimethoxysilane, GPTMS) for better interfacial
adhesion between the PVC matrix and the surface of the NMPCB by means of silanization
for 1 h at 80 °C under agitation and reflux conditions. Prior to the silanization process,
the silane coupling agent solution was developed using 1 wt.% of GPTMS (based on the
weight of NMPCB) mixed with ethanol solution (ethanol-deionized water, volume ratio
70:30) for 30 min at 500 rpm with a magnetic stirrer. The NMPCB suspension was then
filtered. The surface-treated NMPCB powder was further dried in an oven at 70 °C for 24 h
before subsequently being used in the NMPCB/PVC composites.

2.3. Composite Compounding

The PVC composites were compounded with 30 phr of ESBO as a plasticizer and 1 phr
of Ca/Zn stearate based on 100 phr of PVC resin, with the composition of the NMPCB
varying from 10 to 30 wt.%, in a Hake Rheomix at 150 °C with a rotor speed of 60 rpm
for 6 min. After thoroughly mixing, the compound was removed from the Hake Rheomix.
The compound was transferred to a mold with dimensions of 160 mm x 160 mm x 3 mm
(length, width and thickness) under an electrically heated hydraulic press machine (Lab
Tech, Samutprakarn, Thailand). The compound was then preheated for 10 min at 165 °C,
followed by hot pressing at the same temperature for another 10 min. Finally, cooling was
carried out for 10 min under pressure.

2.4. Characterization of NMPCB/PVC Composites

The recycled NMPCB powders were characterized by Fourier transform infrared
(FTIR) spectroscopy (Perkin Elmer Spectrum One) to identify the functional groups and
to confirm the surface modification of the recycled NMPCB powder. The mechanical
properties of the NMPCB/PVC composites with varying amounts of untreated and treated
NMPCBs were measured using a Lloyd universal testing machine (type LDX, West Sussex,
UK), according to ASTM D882. Rectangular samples with dimensions of 120 mm x 10 mm
x 0.8 mm were cut from a compression sheet. The gauge length was set to 50 mm at a
crosshead speed of 50 mm min~!. The results of the tensile test were obtained by averaging
the results of five specimens. A dynamic mechanical analysis of the plasticized PVC, and
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the untreated and treated NMPCB/PVC composites with dimensions of 50 mm x 3 mm
x 3 mm (length, width and thickness) was performed using a DMA (GABO, EplexorR,
type 100 N, Ahlden, Germany) with the tensile mode of the equipment. The viscoelastic
properties of the samples were determined under the conditions of the temperature ranging
between 10 °C and 140 °C, with a heating rate of 1 °C min~!, under nitrogen flow and
at a fixed frequency of 1 Hz of static strain of 0.2 %. The thermal degradation of the
NMPCB/PVC composites was evaluated using a thermogravimetric analyzer Perkin-Elmer
Pyris Diamond TG-DTG instrument (model RIS diamond TG-DTG, high temp 11) on
6 mg samples over a temperature range between 30 °C and 800 °C, at a heating rate of
10 °C min~! and under a nitrogen flow of 20 mL. min~!. A scanning electron microscope
(SEM) (JEOL, Hitachi, Model 54800, Tokyo, Japan) was employed to study the interfacial
morphology of the untreated and treated NMPCB/ESBO plasticized PVC composites; the
test specimens were sputter-coated with a thin layer of gold to prevent electrical charging
during the observation. SEM/EDX was also used to confirm the chemical compositions of
the waste NMPCBs in the PVC composites. Density measurements were performed at room
temperature according to ASTM D792 on a Sartorius balance by means of the Archimedean
principle (water displacement method). Distilled water was used as the liquid. For each
sample, the average value of three measurements was reported.

3. Results and Discussion
3.1. Characterization of Untreated and Treated NMPCBs

The SEM micrographs of the untreated NMPCB and treated NMPCB are presented in
Figure 1a,b respectively. As shown in Figure 1, both the untreated and treated NMPCBs
contained irregular thermoset resin powders, and glass fibers of various lengths and sizes
were also observed; the results are consistent with those of Zheng Y. et al. [17]. The smooth
surface of the treated NMPCB can be observed in Figure 1b. For the surface characterization,
FTIR spectroscopy was successively applied to determine the functional changes between
the surfaces of the untreated NMPCB and treated NMPCB.

$4800 5.0kV 7.7mm x1.00k SE(U) 50.0unlw

(b)

Figure 1. SEM image of nonmetallic printed circuit board (NMPCB) powder: (a) untreated and
(b) treated.

Figure 2 exhibits the FTIR spectra of GPTMS, the untreated NMPCB and the treated
NMPCB from 600 to 4000 cm~!. The FTIR spectrum of GPTMS revealed peaks at 1190,
1074, 909 and 815 cm ™!, which were related to the stretching of CHj3, Si-O-CHj (stretching
vibration of ethoxy groups directly bonded to the silicon atom), C-O (stretching of the
oxirane group) and Si-O-C bonds, respectively [18,19], as shown in Figure 2. After the
surface modification of the NMPCB, as shown in Figure 2, the treated NMPCB shows a
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sharp peak at 2935 and 2869 cm !, which was attributed to the stretching peak of alkyl-CH,
-CH, and ~CHj from GPTMS. In addition, the presence of a broad peak between 3700 cm ™!
and 3000 cm~! suggests that there were hydrogen bonds on the surface of the treated
NMPCB due to the hydroxyl groups of silanol (hydrolysis reaction of GPTMS during the
silanization process) and the polar functional groups of the NMPCB. This fact supports the
notion that there were interactions between the modified waste NMPCB and GPTMS. The
characteristic peaks between 1800 cm~! and 650 cm~! could not be analyzed, probably
because of the overlapping peaks of the spectra of the untreated NMPCB as a result of the
complex components in the NMPCB. The FTIR spectrum of the NMPCB revealed sharp
peaks at 1011, 929 and 822 cm ™!, which correspond to Si-O-Si and Si-O functional groups.
These peaks confirm the evidence of the existence of glass fibers in the NMPCB of the
waste PCB. The peaks at 1236 and 1179 cm ™! correspond to C-O-C bonds, confirming the
presence of an epoxy matrix in the NMPCB of the waste PCB.

(a)
1011
Si-0-Si
()
OCHjy
HsCO-Si
° 60?3\/\ 0/\g 2939 2846 909
GPTMS -CH; 1190 c-0
- CH,- CHs
_CH-
stretching from GPTMS 815
5i0-C
(©) 1074
$i-0-CHj
\II\\\III\\IIII\IIII:\IIIIIIII|I\IIII\\I:II\\III\\\II\\\\\\\\\\I\\\\II
4000 3500 3000 2500 2000 1500 1000 500

Figure 2. FTIR of (a) untreated NMPCB; (b) 3-glycidyloxypropyltrimethoxysilane (GPTMS);
(c) treated NMPCB.

3.2. Characterization of NMPCB/PVC Composites
3.2.1. Morphology of NMPCB/PVC Composites

The scanning electron micrographs of the cross-section surface of the PVC and the
NMPCB/PVC composites with varying amounts of untreated NMPCB content from 10 wt.%
to 30 wt.% are shown in Figure 3a-d. For neat PVC, the SEM micrograph shows a relatively
smooth surface in Figure 3a. With a higher content of the untreated NMPCB, much
thermoset resin and glass fiber pullout from the PVC matrix could easily be visible during
the fracture, as shown in Figure 3b—d. It was also observed that the cross-section surface of
the 20 wt.% untreated NMPCB/PVC composite and the 30 wt.% untreated NMPCB/PVC
composite revealed a distinct gap between the irregular-shaped thermoset resin and the
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PVC matrix and glass fiber pullout. This indicates poor interfacial adhesion between the
NMPCB and the PVC matrix, as shown in Figure 3c,d.

' 1‘00‘um‘

(a) (b)

()

100um

(8)

Figure 3. SEM morphology of (a) neat PVC, (b) 10 wt.% untreated NMPCB/PVC composite,
(c) 20 wt.% untreated NMPCB/PVC composite, (d) 30 wt.% untreated NMPCB/PVC composite,
(e) 10 wt.% treated NMPCB/PVC composite, (f) 20 wt.% treated NMPCB/PVC composite and
(g) 30 wt.% treated NMPCB/PVC composite.
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On the contrary, the SEM observation of the NMPCB/PVC composite with the treated
NMPCB indicated that the glass fibers and thermoset resin were well dispersed in the
PVC matrix, as shown in Figure 3e—g. The glass fibers were covered with a layer of matrix
linking to the PVC matrix. Therefore, the interaction between the treated NMPCB and the
PVC matrix improved, as observed in Figure 3e—g. This was associated with the interac-
tion between the epoxy functional group of the treated NMPCB and the PVC molecular
chains via the ring-opening reaction during melt compounding because the GPTMS-treated
NMPCB contained epoxy functional groups. Badra Bouchareb et al. revealed the possible
ring-opening reaction of the epoxy functional groups in ESBO and PVC molecular chains,
resulting in ether bond formation [20]. Furthermore, Jie Chen demonstrated that the epoxy
functional groups of the epoxidized glycidyl ester of the ricinoleic acetic ester reacted with
PVC molecular chains via the ring-opening reaction [21]. Lanjun Li studied the crosslinking
of rigid PVC with GTPS. They found the formation of ether linkage, which resulted from
the epoxy groups of GTPS-substituted allylic chlorines on PVC molecular chains [22,23].
Therefore, the SEM analysis showed improved interfacial adhesion between the treated
NMPCB and the PVC matrix.

Subsequently, an EDX analysis was performed to verify the main component of the
glass fibers (Si) and the dispersion of the glass fibers in the NMPCB/PVC composites.
When increasing the amount of NMPCB from 10 wt.%, 20 wt.% and 30 wt.%, the EDX
results showed that the silicon element content increased, as presented in Figure 4, and the
EDX image also indicated a good dispersion of Si in the treated NMPCB/PVC composites.

Si Ka1

3 Ka1

Si Ka1

Si a1
(0 (d)

Figure 4. Cont.



Polymers 2022, 14, 3531 8of 17
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(f)
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Figure 4. Silicon element on EDX mapping image of (a) neat PVC, (b) 10 wt.% untreated NM-
PCB/PVC composite, (c) 20 wt.% untreated NMPCB/PVC composite, (d) 30 wt.% untreated NM-
PCB/PVC composite, (e) 10 wt.% treated NMPCB/PVC composite, (f) 20 wt.% treated NMPCB/PVC
composite and (g) 30 wt.% treated NMPCB/PVC composite.

3.2.2. Density

The PVC and NMPCB/PVC composites were subjected to a density measurement,
and the densities of the samples are given in Table 1, which shows that the densities of the
composites depended on the amount of NMPCB filler loading in PVC since the density of
an NMPCB is higher than that of PVC. Moreover, the higher density of the NMPCB/PVC
composites containing treated NMPCB reflected the low interfacial gap (void) formation
between the treated NMPCB and the PVC matrix as a result of improved interaction
compared to the untreated NMPCB/PVC composites.

Table 1. Density of untreated and treated NMPCB/PVC composites.

Density (g cm—3)

Samples
Untreated Treated

Neat PVC 1.23 +0.013

10 wt. /o.NMPCB/PVC 1.31 + 0.002 1.32 + 0.001
composite

20 wt. /o.NMPCB/PVC 1.34 + 0.001 1.35 + 0.005
composite

30 wt.% NMPCB/PVC 1.35 + 0.001 1.36 + 0.005

composite
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3.2.3. Mechanical Properties of NMPCB/PVC Composites

The untreated and treated NMPCBs were used to prepare NMPCB/PVC composites
with the melt compounding method. Figure 5 shows the Young’s modulus of the PVC, and
the untreated and treated NMPCB/PVC composites as a function of NMPCB content. It
was observed that the Young’s modulus of both the untreated NMPCB/PVC composites
and the treated NMPCB/PVC composites increased with an increase in the amount of
NMPCB content when compared with that of the PVC. This was due to the fact that
the NMPCB is more rigid than the PVC matrix. The Young’s modulus of a composite
depends on the following factors: (i) the modulus of the filler, (ii) a high aspect ratio and
(iii) the filler contents [24]. This result is typically observed in thermoplastic composites
due to the incorporation of rigid filler to viscoelastic matrices that hinder polymer chain
mobility [25-27]. The incorporation of the NMPCB filler (both untreated and treated)
in the NMPCB/PVC composites, which had a high modulus, gave rise to a more rigid
material. Compared with the untreated NMPCB/PVC composites, the Young’s modulus
of the NMPCB/PVC composites filled with 10 wt.%, 20 wt.% and 30 wt.% of the treated
NMPCB increased from 332 MPa, 394 MPa and 400 MPa to 378 MPa, 475 MPa and 497 MPa,
respectively. The incompatibility of the untreated NMPCB was expected to cause the
NMPCB/PVC composite to have poorer mechanical properties. The improved treated
NMPCB/PVC composite was attributed to the fact that GPTMS- or silane-modified surface
of the NMPCB enhanced the interfacial adhesion and, thus, improved the interfacial
bonding between the NMPCB and the PVC matrix.

o?////////////////////////////////é
07/////////////////////////////%4

Vs

Neat PVC 1 2
Content of NMPCB (wt.%)

3

Untreated Composite & Treated Composite

Figure 5. Young’s Modulus of untreated and treated NMPCB/PVC composites.

Figure 6 presents the tensile strength of the neat PVC, and the untreated and treated
NMPCB/PVC composites as a function of NMPCB content. It was clearly observed that
increasing the content of the untreated NMPCB in the PVC composites was the cause
of the decrease in the tensile strength due to the fact that the increase in the amount of
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glass fibers in the NMPCB filler hindered the flowability of polymer chains and caused a
poor dispersion of filler in the matrix [28]. This result was also observed by Muniyandi
et al. [29,30]. Rajesha K. Das et al. found that, in PVC composites with varying amounts
of NMPCB content from 0 to 10 wt.%, the weak interaction between the NMPCB and
recycled PVC (r-Wire cable) resulted in a decline in the tensile strength as the NMPCB
content was increased [14]. The tensile strength of the PVC composite filled with various
contents of untreated NMPCB from 10 wt.% to 30 wt.% was due to the inability of the
NMPCSB filler to support the stress transferred from the PVC matrix. When compared
with the untreated NMPCB/PVC composites, the tensile strength of the GPTMS-treated
NMPCB/PVC composites increased by 24.4%, 28.6% and 23.3%. This was due to the
increase in the interfacial adhesion caused by the surface treatment of GPTMS on the
NMPCB. It was clearly observed that 1 wt.% GPTMS treatment caused the tensile strength
of the treated NMPCB/PVC composite with 10 wt.% of the treated NMPCB content to be
rather similar to that of the PVC. However, with 20 wt.% of treated NMPCB content, the
tensile strength of the PVC composites decreased by 17.7%, and with 30 wt.%, it decreased
by 15.2% when compared to the tensile strength of the PVC. This is likely to be associated
with the self-interaction or agglomeration of the treated NMPCB particles between itself
when the NMPCB content was increased.

Neat PVC 1

N

Wi
Wi

2
Content of NMPCB (wt.%)

3

Untreated Composite & Treated Composite

Figure 6. Tensile strength of untreated and treated NMPCB/PVC composites.

3.2.4. Thermal Property

The thermal stability of NMPCB/PVC composites is important not only for processing
purposes but also for the application of the final products. The thermogravimetric analysis
(TGA) and derivative thermogravimetric analysis (DTGA) curves of the PVC, waste NM-
PCB powder and NMPCB/PVC composites with varying contents of NMPCB are shown
in Figures 7 and 8. The PVC and NMPCB/PVC composites showed a two-step thermal
degradation. The first-stage degradation temperature ranging between 230 and 396 °C
was due to the degradation of the plasticizer and the dehydrochlorination of the PVC
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forming an olefinic double bond, and the second-stage degradation temperature ranging
between 396 and 538 °C was attributed to the degradation of the PVC chains of the PVC
after dichlorination (the cracking of the conjugated polyene) [31-34]. In this study, the
thermogram of the NMPCB revealed only one-step degradation at a temperature range
between 200 °C and 470 °C, with a peak at 356.20 °C and a weight loss of 31.69%, which are
consistent with the degradation of epoxy resin found in waste NMPCBs. Subsequently, the
PVC compound and the NMPCB/PVC composites also revealed a two-step degradation, as
shown in Figure 8. This indicates that the NMPCB/PVC composites, which predominantly
consisted of PVC, showed similar characteristics to the PVC. Based on the DTGA curves,
the degradation temperatures at the maximum peaks were higher in the NMPCB/PVC
composites with different contents of incorporated NMPCB than in the PVC. This was
due to the thermal stability of NMPCB being higher than that of the PVC compound.
Therefore, the NMPCB possessed a higher thermal stability and presumably acted as the
protective layer to reduce the permeability of the volatile HCI gas (dehydrochlorination
reaction), which was produced from the thermal decomposition of the PVC composites.
The improved thermal stability might also be caused by the interaction between the po-
lar functional groups of the NMPCB and HCl evolved from the PVC matrix during the
decomposition of the NMPCB/PVC composite. It is interesting to note that the incorpo-
ration of the NMPCB in the PVC composite was significantly effective in the first-stage
degradation because interactions between the NMPCB and the volatile gases from the PVC
mainly occurred. Figure 8 shows that the incorporation of 10 wt.% NMPCB significantly
improved the thermal stability of the NMPCB/PVC composite. From this study, it was
found that the peak in the first-stage degradation temperature of the treated NMPCB/PVC
composites with higher contents of treated NMPCB (20 wt.% and 30 wt.%) shifted to a
higher temperature when compared with that of the untreated NMPCB/PVC composites.
This could be explained by the effect of the GPTMS silane coupling agent, which helped to
improve the NMPCB-PVC matrix interaction in the treated NMPCB/PVC composites. The
char yields of the PVC composites were dependent on the contents of the NMPCB, which
consisted of glass fibers.

DTG (%/min)

Neat PVC
-10 1 ——— NMPCB
=10 wt.% untreated
12+ M sesess 20 wt.% untreated

= === 30 wt.% untreated
10 wt.% treated
14 20 wt.% treated
30 wt.% treated
-16 S o N B B B e

150 200 250 300 350 400 450 500 550 600
Temperature (°C)

Figure 7. DTG of the untreated and treated NMPCB/PVC composites.
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3.2.5. Dynamic Mechanical Analysis

The intrinsic damping properties (dynamic mechanical properties) of the composite
is a crucial and key interest for the applications of the material in industry. Dynamic
mechanical analysis is a particularly convenient method to access the damping properties
(the loss factor (tan 6) or damping factor, the storage modulus and the loss modulus)
of composites. The dynamic mechanical properties of composites depend on various
factors: fiber loading, the orientation of the fiber and the nature of the fiber—matrix interface
region [25-27]. The present research concentrated on the effect of NMPCB loading and the
interfacial region. The variations in the storage modulus (E’) and the damping factor as a
function of temperature are reported in Figure 9a,b respectively.

In Figure 9a, the increase in the storage modulus (E’) at the glassy region (room
temperature) occurred with an increase in the amount of untreated NMPCB loading of 10,
20 and 30 wt.% in the NMPCB/PVC composites compared to the PVC. This was due to the
modulus of elasticity (Young’s modulus) of the NMPCB of the filler being greater than that
of the PVC. Above the rubbery region (Tg), the storage modulus (E") of the NMPCB/PVC
composites did not show any obvious differences because of the softening of the polymer
matrix at a high temperature or the plasticizing effect of the bio-based plasticizer ESBO in
the polymer matrix. It is interesting to note that the NMPCB powder in the PVC composite
provided a higher storage modulus or stiffness at room temperature.
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Figure 9. DMA of untreated and treated NMPCB/PVC composites: (a) storage modulus and (b) tan o.

For the treated NMPCB/PVC composites, the obtained storage modulus (E’) was
higher than that of the untreated PVC composites. This result is due to the stronger in-
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terfacial adhesion between the treated NMPCB and the polymer matrix, resulting in an
improved stress transfer between the NMPCB and the polymer matrix. The maximum E’
value, which was 1372.38 MPa, was exhibited by the treated NMPCB/PVC composite with
30 wt.% of NMPCB loading, whereas the E’ value of the neat PVC was 932.57 MPa at room
temperature. It was observed that the E’ value of the treated NMPCB/PVC composite
loading at room temperature was improved by 47.16% upon the incorporation of 30 wt.% of
the treated NMPCB. Above the rubbery region (temperature range after Tg), all untreated
and treated NMPCB/PVC composites did not show any significant changes in E’ values,
and the influence of the NMPCB compositions on the stiffening of the PVC matrix was
marginal. This demonstrates that the interfacial interaction was significantly imparted
on the storage module at a temperature lower than the glass transition temperature be-
cause of freezing and warping between the polymer matrix chain and filler. However,
the occurrence of the mobility and deformation of the polymer chain increased with an
increase in the temperature under the action of external forces. As a consequence, the
weakening of the interfacial adhesion caused the diminishing of the storage modulus [35].
Therefore, the E’ values of the NMPCB/PVC composites with different compositions of
the untreated and treated NMPCB filler at the rubbery region (temperature range after Tg)
were similar to that of the ESBO plasticized PVC due to the mobility of the molecular chains
in the NMPCB/PVC composites becoming more intense under external forces, which
consequently decreased the interfacial adhesion. Identical storage modulus behavior of
treated SiO, /PVC composites was also reported by Chandra R. et al. [36].

The damping factor can be expressed by the ratio of the loss modulus (E"') to the
storage modulus (E’) and is defined as tan §. This ratio (tan 5) depends on the filler and the
polymer matrix interaction level. The tan dmax peak is associated with the information of
the glass translation temperature (Tg) and the energy dissipation of composite materials. In
Figure 9b, it can be observed that the value of the tan § peak decreased with an increase in
the loading of the untreated NMPCB in the PVC from 0.42 to 0.39 in comparison to the peak
value of tan 4 (0.42) in the plasticized PVC compound. This indicates that the addition of the
NMPCB hindered the mobility of the PVC molecular chains, resulting in a lower flexibility
and lower molecular mobility. This result is in agreement with surface-treated waste
cellulose composites [37-39]. Another factor for the lower value of the tan  peak related
to the larger amount of NMPCB filler occurred when fillerfiller contact (agglomeration)
and phase separation increased; hence, the filler-matrix interaction decreased in the small
volume of the polymer matrix, leading to less energy dissipation. Therefore, the untreated
NMPCB showed the characteristic of a low value of tan o.

When the treated NMPCB was incorporated into the PVC matrix, the tan dmax peak
values increased sharply. Chen G. et al. suggested that an increased loss factor (tan dmax)
occurred by means of an increase in the damping force of the molecular chain motion
because of the increase in the contact of the PVC molecular chains and the effective volume
fraction of the filler (silane-treated SiO,) [40]. Chen G. et al. concluded that there was a
stronger interfacial interaction between the filler and the polymer matrix, a larger volume
fraction of the filler and a higher loss factor (tan dmax peak intensity) of the composite.
Sreenivasan V.S. et al., studying the dynamic mechanical properties of sansevieria cylin-
drica/polyester composites, reported that the effectiveness of the interfacial adhesion at
the treated fiber/matrix interface was due to an enhancement in the magnitude of the tan
dmax peak, which was linked to interfacial thickness, the bending of fibers, the breaking of
fibers, matrix cracking and the formation of fiber pullout [39].

4. Conclusions

Untreated and treated NMPCB/PVC composites were prepared with different contents
of NMPCB powder from a waste PCB by using melting mixing. The SEM morphology of
the treated NMPCB/PVC composites showed a good dispersion of the NMPCB powders in
the PVC matrix. When the amount of the NMPCB increased from 10 to 30 wt.%, the surface
became rough as can be seen in the SEM images. The properties of the NMPCB/PVC
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composites revealed that the tensile modulus increased continuously as the content of the
NMPCB increased in both the untreated and treated NMPCB/PVC composites due to the
addition of reinforcing fillers. The maximum tensile modulus of 497 MPa was achieved
with 30 wt.% of the treated NMPCB/PVC composite. Furthermore, the incorporation of
the NMPCB enhanced the thermal stability of the NMPCB/PVC composites, and the Tq
values of the NMPCB/PVC composites shifted from ~290 °C for the PCV to ~300 °C for
the NMPCB/PVC composites. The addition of the NMPCB increased the density from
~1.23 g cm 3 of the PVC up to 1.35 and 1.36 g cm > of 30 wt.% of the untreated and
treated NMPCB/PVC composites, respectively. The dynamic mechanical analysis also
confirmed these observations, showing an increase of 47.16% in the storage modulus and
an increase of 29.83% in the peak intensity of tan dmax (loss factor) in the PVC composite
with the incorporation of 30 wt.% of the treated NMPCB. It could be concluded that the
GPTMS coupling agent effectively improved the dispersion of the NMPCB in the PVC
matrix and the interaction between the treated NMPCB and the PVC matrix with less
void formation, providing a unique opportunity for the production of NMPCB/PVC
composites to obtain both thermal stability and satisfactory mechanical properties as a
second-generation composite with value-added high-performance applications.

Author Contributions: Conceptualization, A.K.M.,, ].C., ].P, PS. and M.N.; methodology, A.K.M., ].C.,
J.P, PS. and M.N,; formal analysis, A K.M.,, J.C,, ].P, P.S. and M.N.; investigation, AK.M., J.C., ].P,, PS.
and M.N,; data curation, A.K.M,, J.C, ].P, P.S. and M.N.; writing—original draft preparation, A.K.M.,
J.C., ]J.P, PS. and M.N.; writing—review and editing, A K.M., ].C., ].P., P.S. and M.N.; visualization,
AKM,].C,].P,PS. and M.N.; supervision, M.N.; project administration, M.N.; funding acquisition,
A.KM. and M.N. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by ASEAN scholarships, Chulalongkorn University, and Center
of Excellence on Petrochemical and Materials Technology, Chulalongkorn University.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The authors confirm that the data supporting in this study are avail-
able within the article. Raw data that support the findings of this study are available from the
corresponding author, upon reasonable request.

Acknowledgments: The authors are grateful to the ASEAN scholarships, Chulalongkorn University
and Center of Excellence on Petrochemical and Material Technology, Chulalongkorn University for
the research assistance grant.

Conflicts of Interest: The authors declare that this work is original, has not been published elsewhere
and is not currently under consideration for publication elsewhere. All authors have approved the
manuscript and agree with its submission to this journal.

References

1. Rajarao, R,; Sahajwalla, V.; Cayumil, R.; Park, M.; Khanna, R. Novel approach for processing hazardous electronic waste. Procedia
Environ. Sci. 2014, 21, 33—-41. [CrossRef]

2. Rajagopal, RR.; Aravinda, L.S.; Rajarao, R.; Bhat, B.R.; Sahajwalla, V. Activated carbon derived from non-metallic printed circuit
board waste for supercapacitor application. Electrochim. Acta 2016, 211, 488—498. [CrossRef]

3. Schwarzer, S.; De Bono, A.; Giuliani, G.; Kluser, S.; Peduzzi, P. E-waste, the hidden side of IT equipment’s manufacturing and use.
Environ. Alert Bull. 2005, 5.

4. Guo,]; Xu, Z. Recycling of non-metallic fractions from waste printed circuit boards: A review. J. Hazard. Mater. 2009, 168, 567-590.
[CrossRef]

5. Yuanyuan, S.; Chiara, M.; Alessandro, G.; Alexander, S.; Thi Thu, L.; Annbritt, H.; Oliver, M.; Thomas, K.; Martin, D. Sustainable
NaAlH4 production from recycled automotive Al alloy. Green Chem. 2022, 24, 4153-4163.

6.  Abdulaziz, A,; Rifan, H.; Gyorgy, S. Upcycling agricultural waste into membranes from date seed biomass to oil and solvent
resistant nanofiltration. Green Chem. 2022, 24, 365-374.

7. Puguan, J]M.C.; Pornea, A.G.M.; Ruello, J].L.A.; Kim, H. Double-Porous PET Waste-Derived Nanofibrous Aerogel for Effective

Broadband Acoustic Absorption and Transmission. ACS Appl. Polym. Mater. 2022, 4, 2626-2635. [CrossRef]


http://doi.org/10.1016/j.proenv.2014.09.005
http://doi.org/10.1016/j.electacta.2016.06.077
http://doi.org/10.1016/j.jhazmat.2009.02.104
http://doi.org/10.1021/acsapm.1c01918

Polymers 2022, 14, 3531 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Joyce, C.; Rifan, H.; Gyorgy, S. Antipathogenic upcycling of face mask waste into separation materials using green solvents.
Sustain. Mater. Technol. 2022, 32, 448-456.

Moustafa, M.Y.; Zaghlou, M.Y.; Mai, M.Y.Z. Experimental and modeling analysis of mechanical-electrical behaviors of polypropy-
lene composites filled with graphite and MWCNT fillers. Polym. Test. 2017, 6, 464-474.

Fuseini, M.; Zaghloul, M.M.Y. Statistical and qualitative analyses of the kinetic models using electrophoretic deposition of
polyaniline. J. Ind. Eng. Chem. 2022, 113, 475-487. [CrossRef]

Zaghloul, M.M.Y.M. Mechanical properties of linear low-density polyethylene fire-retarded with melamine polyphosphate. J.
Appl. Polym. Sci. 2018, 113, 46770. [CrossRef]

Habib, M.; Sohaib, Q.; Ullah, A.; Habib, U.; Khan, A. Mechanical strength evaluation of composites made from waste printed
circuit boards (PCBs). Part. Sci. Technol. 2015, 34, 301-307. [CrossRef]

Grigorescu, R.M.; Ghioca, P; Iancu, L.; David, M.E.; Ion, R.; Nicolae, C.; Gabor, R.A.; Radu, E.R.; Ganciarov, M.; Spurcaciu, B.;
et al. Influence of non-metallic fraction of printed circuit boards waste on recycled polyvinyl chloride from waste wires. J. Appl.
Polym. Sci. 2022, 139, 51469. [CrossRef]

Das, R.K.; Gohatre, O.K.; Biswal, M.; Mohanty, S.; Nayak, S.K. Influence of non-metallic parts of waste printed circuit boards on
the properties of plasticised polyvinyl chloride recycled from the waste wire. Waste Manag. Res. 2019, 37, 569-577. [CrossRef]
[PubMed]

Al-Harahsheh, M.; Al-Nu’Airat, J.; AlI-Otoom, A.; Al-Hammouri, I.; Al-Jabali, H.; Al-Zoubi, M.; Abu Al’Asal, S. Treatments of
electric arc furnace dust and halogenated plastic wastes: A review. J. Environ. Chem. Eng. 2019, 7, 102856. [CrossRef]

Ma, W.G.; Mantia, F.L. Processing and mechanical properties of recycled PVC and of homopolymer blends with virgin PVC. J.
Appl. Polym. Sci. 1996, 59, 759-767.

Zheng, Y,; Shen, Z.; Cai, C.; Ma, S.; Xing, Y. The reuse of nonmetals recycled from waste printed circuit boards as reinforcing
fillers in the polypropylene composites. . Hazard. Mater. 2009, 163, 600—-606. [CrossRef]

Balgude, D.; Konge, K.; Sabnis, A. Synthesis and characterization of sol-gel derived CNSL based hybrid anti-corrosive coatings. J.
Sol-Gel Sci. Technol. 2014, 69, 155-165. [CrossRef]

Jain, R.; Steel, T. Waterborne Inorganic-Organic Hybrid Coatings on Magnesium by Sol-Gel Route. Master’s Thesis, Indian
Institute of Technology Bombay, Mumbeai, India, 2010.

Badra, B.; Mohamed, T.B. Effects of Epoxidized Sunflower Oil on the Mechanical and Dynamical Analysis of the Plasticized
Poly(vinyl chloride). J. Appl. Polym. Sci. 2008, 107, 3442-3450.

Chen, J.; Li, K.; Wang, Y.; Huang, J.; Nie, X,; Jiang, J. Synthesis and Properties of a Novel Environmental Epoxidized Glycidyl
Ester of Ricinoleic Acetic Ester Plasticizer for Poly(vinyl chloride). Polymers 2017, 9, 640. [CrossRef]

Li, L.J.; He, B.; Chen, X. Epoxylsilane Crosslinking of Rigid Poly(vinyl chloride). J. Appl. Polym. Sci. 2007, 106, 3610-3616.
[CrossRef]

Li, L.J.; Xian, C.; Bobing, H. CrossLinking of Rigid Poly(vinyl chloride)With Epoxysilane. J. Vinyl Add. Technol. 2007, 13, 103-110.
[CrossRef]

McGenity, P.; Hooper, J.; Paynter, C.; Riley, A.; Nutbeem, C.; Elton, N.; Adams, J. Nucleation and crystallization of polypropylene
by mineral fillers: Relationship to impact strength. Polymer 1992, 33, 5215-5224. [CrossRef]

Franco-Marques, E.; Méndez, J.; Pelach, M.; Vilaseca, F; Bayer, J.; Mutjé, P. Influence of coupling agents in the preparation of
polypropylene composites reinforced with recycled fibers. Chem. Eng. J. 2011, 166, 1170-1178. [CrossRef]

Supri, A.G.; Ismail, H.; Shuhadah, S. Effect of polyethylene-grafted maleic anhydride (PE-g-MAH) on properties of low density
polyethylene/eggshell powder (LDPE/ESP) composites. Polym. Technol. Eng. 2010, 49, 347-353. [CrossRef]

Ge, X.C,; Li, X.H.; Meng, Y.Z. Tensile properties, morphology, and thermal behavior of PVC composites containing pine flour and
bamboo flour. J. Appl. Polym. Sci. 2004, 93, 1804-1811. [CrossRef]

Guo, J.; Tang, Y.; Xu, Z. Performance and thermal behavior of wood plastic composite produced by nonmetals of pulverized
waste printed circuit boards. . Hazard. Mater. 2010, 179, 203—-207. [CrossRef]

Muniyandi, S.K.; Sohaili, J.; Hassan, A. Mechanical, thermal, morphological and leaching properties of nonmetallic printed circuit
board waste in recycled HDPE composites. ]. Clean. Prod. 2013, 57, 327-334. [CrossRef]

Muniyandi, S.K.; Sohaili, J.; Hassan, A. Accelerated weathering properties of compatibilized composites made from recycled
HDPE and nonmetallic printed circuit board waste. J. Appl. Polym. Sci. 2016. [CrossRef]

Shi, H.; Zhao, X.; Li, Z.; Yu, L.; Li, X.; Zhang, Z. Bismuth oxychloride nanosheets for improvement of flexible poly (vinyl chloride)
flame retardancy. J. Mater. Sci. 2020, 55, 631-643. [CrossRef]

Ahmad, Z.; Al-Awadi, N.A.; Al-Sagheer, F. Thermal degradation studies in poly (vinyl chloride)/poly (methyl methacrylate)
blends. Polym. Degrad. Stabil. 2008, 93, 456—465. [CrossRef]

Li, B. Influence of polymer additives on thermal decomposition and smoke emission of poly (vinyl chloride). Polym. Degrad.
Stabil. 2003, 82, 467-476. [CrossRef]

Fang, Y.; Wang, Q.; Bai, X.; Wang, W.; Cooper, P.A. Thermal and burning properties of wood flour-poly(vinyl chloride) composite.
J. Therm. Anal. 2011, 109, 1577-1585. [CrossRef]

John, M.J; Bellmann, C.; Anandjiwala, R.D. Kenaf-polypropylene composites: Effect of amphiphilic coupling agent on surface
properties of fibres and composites. Carbohydr. Polym. 2010, 82, 549-554. [CrossRef]


http://doi.org/10.1016/j.jiec.2022.06.023
http://doi.org/10.1002/app.46770
http://doi.org/10.1080/02726351.2015.1075638
http://doi.org/10.1002/app.51469
http://doi.org/10.1177/0734242X19836725
http://www.ncbi.nlm.nih.gov/pubmed/30945618
http://doi.org/10.1016/j.jece.2018.102856
http://doi.org/10.1016/j.jhazmat.2008.07.008
http://doi.org/10.1007/s10971-013-3198-z
http://doi.org/10.3390/polym9120640
http://doi.org/10.1002/app.26890
http://doi.org/10.1002/vnl.20110
http://doi.org/10.1016/0032-3861(92)90804-6
http://doi.org/10.1016/j.cej.2010.12.031
http://doi.org/10.1080/03602550903414035
http://doi.org/10.1002/app.20644
http://doi.org/10.1016/j.jhazmat.2010.02.080
http://doi.org/10.1016/j.jclepro.2013.05.033
http://doi.org/10.1002/app.43110
http://doi.org/10.1007/s10853-019-04048-9
http://doi.org/10.1016/j.polymdegradstab.2007.11.019
http://doi.org/10.1016/S0141-3910(03)00201-5
http://doi.org/10.1007/s10973-011-2071-y
http://doi.org/10.1016/j.carbpol.2010.05.015

Polymers 2022, 14, 3531 17 of 17

36.

37.

38.

39.

40.

Chandra, R; Singh, S.; Gupta, K. Damping studies in fiber-reinforced composites—A review. Compos. Struct. 1999, 46, 41-51.
[CrossRef]

Tajvidi, M.; Falk, R.H.; Hermanson, ].C. Effect of natural fibers on thermal and mechanical properties of natural fiber polypropy-
lene composites studied by dynamic mechanical analysis. J. Appl. Polym. Sci. 2006, 101, 4341-4349. [CrossRef]

Mohanty, S.; Verma, S.K.; Nayak, S.K. Dynamic mechanical and thermal properties of MAPE treated jute/HDPE composites.
Compos. Sci. Technol. 2006, 66, 538-547. [CrossRef]

Sreenivasan, V.; Rajini, N.; Alavudeen, A.; Arumugaprabu, V. Dynamic mechanical and thermo-gravimetric analysis of Sansevieria
cylindrica/polyester composite: Effect of fiber length, fiber loading and chemical treatment. Compos. Part B Eng. 2015, 69, 76-86.
[CrossRef]

Chen, G.; Tian, M.; Guo, S. A Study on the Morphology and Mechanical Properties of PVC/nano-SiO2 Composites. J. Macromol.
Sci. Part B 2006, 45, 709-725. [CrossRef]


http://doi.org/10.1016/S0263-8223(99)00041-0
http://doi.org/10.1002/app.24289
http://doi.org/10.1016/j.compscitech.2005.06.014
http://doi.org/10.1016/j.compositesb.2014.09.025
http://doi.org/10.1080/00222340600890430

	Introduction 
	Materials and Methods 
	Materials 
	Surface Modification of Recycled NMPCB Powder 
	Composite Compounding 
	Characterization of NMPCB/PVC Composites 

	Results and Discussion 
	Characterization of Untreated and Treated NMPCBs 
	Characterization of NMPCB/PVC Composites 
	Morphology of NMPCB/PVC Composites 
	Density 
	Mechanical Properties of NMPCB/PVC Composites 
	Thermal Property 
	Dynamic Mechanical Analysis 


	Conclusions 
	References

