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ABSTRACT

The growing accumulation of non-metallic printed circuit board (NMPCB) waste poses significant environmental
challenges, motivating its reuse as a functional filler in polymer composites. This study investigates the effect of palmitic
acid (PA) surface modification on the thermal, mechanical, morphological, and water absorption properties of epoxy/
NMPCB composites. NMPCB powders were treated with varying concentrations of PA (0.1-1.0 M) and incorporated at
10 wt% into an epoxy matrix. Fourier-transform infrared spectroscopy confirmed that PA modification reduced the
hydroxyl group content on NMPCB surfaces, enhancing hydrophobicity and filler—matrix compatibility.
Thermogravimetric analysis revealed improved thermal stability and increased char residue with higher PA
concentrations. Mechanical testing demonstrated that PA modification significantly enhanced tensile strength up to
49.1% and impact strength up to 43.9% compared to unmodified composites, while flexural strength was improved by
addition of 10 wt% untreated NMPCB but decreased significantly upon higher PA concentration modification due to
altered stress transfer. Scanning electron microscopy confirmed improved interfacial adhesion and reduced void
formation with PA treatment. Furthermore, water absorption was markedly reduced in epoxy/NMPCB-PA composites,
with up to 99.5% decrease at 1.0 M PA, indicating superior moisture resistance. These results demonstrate that modifying
NMPCB with palmitic acid effectively improves the strength, durability, and water resistance of epoxy composites,
offering a practical and sustainable way to reuse electronic waste
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INTRODUCTION a core component of most electronic products, consist of
metallic and non-metallic fractions. The non-metallic
printed circuit board waste (NMPCB), composed mainly
of glass fibre and thermoset epoxy resin, is particularly
challenging to recycle due to its complex composition and
highly crosslinked structure (Janz & Bilitewski 2008).
Reusing NMPCB as a filler in polymer composites
offers a dual benefit by reducing raw material costs and
diverting waste from landfills (Sohaili et al. 2012; Nekouei
etal. 2020). However, the direct incorporation of untreated
NMPCB into polymer matrices often leads to poor

Solid waste management has become a significant
challenge in Malaysia, with landfilling remaining the
primary disposal method due to its low cost and operational
simplicity (Kamaruddin et al. 2017). Rapid population
growth, industrialisation, and increasing consumption of
electrical and electronic devices have accelerated the
generation of electronic waste (e-waste), placing mounting
pressure on existing waste management systems (Izzati et
al. 2020; Yong et al. 2019). Printed circuit boards (PCBs),
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interfacial adhesion due to the incompatibility between its
hydrophilic surface and the hydrophobic polymer matrix
(Hu et al. 2018). Surface modification techniques have
therefore been developed to improve filler—matrix
compatibility, resulting in enhanced mechanical, thermal,
and water resistance properties (Shin et al. 2019).

Fatty acids are widely utilised across various
industries, ranging from cosmetics (Kelm & Wicket, 2017)
to pharmaceuticals and biomedicine, where they serve as
key additives in medical treatments and drug delivery
systems (Katdare et al. 2019). Their applications also
extend to the lubricant and rubber industries (Hepburn
1997). In the field of plastics manufacturing, fatty acids
are employed not only in conventional polyolefins but also
in the development of advanced materials such as phase
change materials (Yuan et al. 2014), shape memory
polymers (Pantoja et al. 2018), powder injection moulding
products (Nyborg et al. 1998), and highly porous ceramics
with three-dimensional network architectures (Liu et al.
2020).

Palmitic acid (hexadecanoic acid, C, H,,0,) was
selected as the surface modification agent due to its
balanced properties and practical advantages. Its chain
length (C16) provides sufficient hydrophobicity to protect
the polar NMPCB surface from moisture, while maintaining
molecular mobility during composite processing (Gunwant,
2024). Compared to shorter-chain fatty acids such as lauric
(C12) and myristic (C14) acids, PA offers stronger van der
Waals interactions with the epoxy matrix, improving
filler—matrix adhesion. It is also more thermally stable than
unsaturated fatty acids like oleic (C18:1) or linoleic (C18:2)
acids, reducing the risk of oxidative degradation during
curing and high-temperature use (Musakhanian et al. 2022).
In addition, PA is widely available from renewable sources

such as palm oil, which contains about 41-44% PA, making
it both cost-effective and aligned with Malaysia’s bio-based
feedstock context (May & Nesaretnam, 2014). While
stearic acid (C18) shares similar hydrophobicity, its longer
chain may cause steric hindrance and limit dispersion.
Overall, PA may offer a favourable combination of
compatibility, dispersion, thermal stability, and affordability.

Surface modification techniques, including the use of
coupling agents, have been proposed to enhance filler—
matrix compatibility (Shin et al. 2019). Fatty acids such
as palmitic acid (PA), derived from renewable and non-
toxic sources, offer a sustainable alternative for surface
modification. PA can bond with the NMPCB surface,
improving dispersion and interfacial adhesion in epoxy
composites. Epoxy resin is widely used in engineering
applications due to its excellent mechanical strength,
chemical resistance, and dimensional stability (Saba et al.
2016; Jin et al. 2015).

Despite the established roles of fatty acids in various
composite, their potential in modifying recycled NMPCB
fillers for epoxy composites remains underexplored.
Limited studies have investigated how chain length, degree
of saturation, and surface chemistry influence the interfacial
bonding and overall properties of NMPCB reinforced
thermosets. This research addresses this gap by evaluating
the effects of PA surface modification on the thermal,
mechanical, and morphological behaviour of epoxy/
NMPCB composites.

This study investigates the effect of fatty acid surface
modification of recycled NMPCB on the performance of
epoxy composites. The approach not only diverts NMPCB
from landfills but also supports sustainable material
development through the utilisation of natural-based
modifiers.

TABLE 1. Summary of studies on fatty acid surface modification in polymer composites

. Fatty Acid . Reference
Composite Modifier Results Explanation
Increased unsaturation of filler C.IS dou!ole bonds 1ntr0duc'e
.. kinks, hinder polymer chain
Lo Decrease glass transition . . .
Polyester Stearic acid . . . packing, act as internal Liu et al.
temperature, viscosity, tensile .. .
elastomers (SA) . o plasticiser. Longer chains of (2020)
strength, elongation, resilience. . .
. . SA form physical crosslinks,
SA gave highest stiffness. . : .
increasing stiffness.
Myrlstlc Increase tensile strength Carboxylic acids react with TPS
Polypropylene/ acid (MA), .
. e around 17-25% hydroxyl groups, hydrocarbon Martins &
Thermoplastic Palmitic acid . TS .
. Increase elongation around chains interact with PP, Santana (2016)
starch (TPS) (PA), Stearic 180-259% improving interfacial adhesion
acid (SA) o proving :
COX carboxyl groups catalyse
ggﬁé?ﬁﬁi t/e Oleic acid Increase Young’s modulus esterification with OA, Huang et al.
(COX) (OA) Increase tensile strength. increasing hydrophobicity and (2021)

stress transfer efficiency.

continue ...
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... cont.
. Fatty Acid . Reference
Composite Modifier Results Explanation
Increase cloneation at break SA acts as interfacial modifier
Polypropylene / Stearic acid gat . and lubricant; interaction Del Angel et al.
. Better filler dispersion, . .
Bentonite (SA) . . mainly physical. Reduces filler (2015)
Decrease complex viscosity. .
agglomeration.
METHODOLOGY THERMAL STABILITY
Thermogravimetric analysis (TGA) was performed using
MATERIALS

Recycled NMPCB powder, free from any electrical
components, was sourced as a byproduct of PCB recovery
from METAHUB Industries Sdn. Bhd. (Johor, Malaysia).
Palmitic acid were obtained from R&M Chemicals, while
epoxy resin [bisphenol-A (epichlorohydrin), ASACAST
433A] and its curing agent, triecthylenetetramine
(ASACAST 433B), were supplied by Asachem Sdn. Bhd.,
Malaysia.

EXPERIMENTAL METHODS

Palmitic acid was employed as surface modification agents
for the NMPCB. Concentrations ranging from 0.1 M to 1.0
M were prepared. The NMPCB powder was immersed in
the PA solution under reflux at 60 °C for 24 hours to ensure
sufficient molecular interaction. Post-treatment, the
samples were rinsed with diethyl ether to remove residual
PA, air-dried at room temperature and finely ground.

For composite fabrication, epoxy resin was mixed with
unmodified and modified NMPCB at 10 wt% filler loading.
The 10 wt% filler loading was choosen based on our prior
study to examine the mechanical and thermal behaviour
of epoxy/NMPCB composites. Mixing was performed at
150 rpm using a mechanical stirrer. The curing agent was
added in a 1:2 ratio (curing agent: epoxy resin) with
continuous stirring. The resulting pre-polymer mixture was
cast into stainless steel moulds (185 mm x 185 mm x 5
mm) and cured at ambient conditions (approximately 25
+ 2 °C) for 24 hours.

FT-IR ANALYSIS

Fourier-transform infrared (FTIR) spectroscopy was
carried out using a Nicolet 6700 spectrometer (Thermo
Scientific, USA) over a range of 4000400 cm* to identify
functional groups in the epoxy, epoxy/NMPCB and epoxy/
NMPCB-PA composites.

a TGA/SDTA 851E analyser (Mettler Toledo) to evaluate
the thermal degradation profiles of unmodified and
modified NMPCB composites. Approximately 10 mg of
sample was heated from ambient temperature to 600 °C at
arate of 10 °C min™! under nitrogen flow.

MECHANICAL TESTING

Tensile testing was conducted in accordance with ASTM
D790 using a TESTOMETRIC M500 machine at a
crosshead speed of 1 mm min under ambient conditions.
Impact strength was evaluated via the Izod method (ASTM
D256) using a SHIMADZU AGS-J500N tester on notched
specimens. Notching was performed using an automatic
notching machine. All measurements were conducted in
triplicate, and mean values were reported.

MORPHOLOGICAL ANALYSIS

Surface morphologies of fractured composite specimens
were observed using a ZEISS SIGMA VP scanning electron
microscope (SEM).

WATER ABSORPTION TEST

Rectangular specimens (20 mm % 50 mm X 10 mm) were
dried, weighed (), and immersed in 100 mL of distilled
water at room temperature for 72 hours. Post-immersion,
the specimens were surface-dried and reweighed (/). The
water absorption percentage was calculated using equation

(1):

W, (%) = % X 100 % (1)

n

where W, is the water absorbed, W is the initial dry
weight, and ¥, is the weight after immersion. All tests were
performed in triplicate, and mean values were reported.
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RESULTS AND DISCUSSION

FT-IR ANALYSIS

FIGURE 1 presents the FTIR spectra of neat epoxy and
epoxy/NMPCB composites. The neat epoxy spectrum
exhibits characteristic absorption bands at 3378 cm™ (O-H
stretching), 2940-2850 cm™* (C—H stretching in aromatic
and aliphatic structures), 1607 cm™ (C=C stretching in
benzene rings), and 1508 cm™ (C—C stretching in benzene
rings). Additional peaks are observed at 1036 cm™ (C-O—-C
ether stretching), 928 cm™ (C—O stretching in oxirane rings
with C—C bond contraction), 826 cm™ (C—O—C stretching
in oxirane groups), and 552 cm™ (CH, vibrations).

A comparison of neat epoxy with epoxy/NMPCB
composites reveals highly similar spectral features,

4000 3500 3000 2500 2000

indicating that NMPCB incorporation does not induce
significant changes to the structure of epoxy. This agrees
with Gao et al. (2018), who reported comparable peak
positions and intensities for similar epoxy composites.

FTIR spectra of epoxy/NMPCB composites modified
with varying concentrations of PA. Across all concentrations,
the major functional group peaks remain at similar
positions, confirming that PA modification does not disrupt
the fundamental epoxy network. However, a clear trend
emerges in the hydroxyl (O-H) stretching band at 3378
cm !, which decreases in intensity as concentration of PA
increase. This reduction indicates that PA surface
modification reduces the number of free hydroxyl groups
on NMPCB surfaces, most likely through physical
coverage by long hydrophobic alkyl chains.
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FIGURE 1. FTIR spectra of neat epoxy, composite of epoxy/NMPCB and epoxy/NMPCB
with different concentrations of PA

A similar phenomenon was reported by Santiagoo et
al. (2021), where stearic acid modification eliminated O-H
peaks in recycled polypropylene/acrylonitrilebutadiene
rubber/empty fruit bunch composites due to the removal
of cellulose hydroxyl groups. In the present study, the

attenuation of the O—H band suggests increased surface
hydrophobicity and reduced polar interactions, which
enhance compatibility between NMPCB particles and the
epoxy matrix. This improved interfacial interaction aligns
with the enhanced mechanical performance observed for
PA-modified epoxy/NMPCB composites.



THERMAL STABILITY

DSC was used to measure the glass transition temperature
(Tg) of the composites. Epoxy is a thermosetting polymer
that does not melt when heated but softens as it transitions
from a rigid to a more flexible state due to molecular motion
(Al-Bayaty et al. 2020; Kalogeras, 2016).

Figure 2 shows the effect of NMPCB powder on epoxy
T,. The NMPCB powder itself showed no T, between
30-80 °C. Neat epoxy had a T, 0f 56.5 °C, which increased
to 60 °C with 10 wt% NMPCB, indicating improved
thermal rigidity. However, when NMPCB was modified
with PA the T, decreased. Higher PA concentrations
progressively lowered T, from 43°C for epoxy/NMPCB—
0.1M PA to 39°C for epoxy/NMPCB—-0.5 M PA, suggesting
greater chain mobility in the matrix.

Thermogravimetric analysis in Figure 3 showed that
neat epoxy began degrading at 300 °C, losing about 15%
of its weight by 600 °C, consistent with previous studies
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(Khan et al. 2021). Degradation is mainly due to the
breakdown of C-N, C-O, and phenyl-C bonds, leaving
carbon residue above 600 °C (Srivastava & Srivastava,
2015). The addition of NMPCB delayed degradation onset,
reflecting its higher thermal stability

Maximum degradation occurred between 380450 °C,
corresponding to epoxy breakdown. Epoxy with 10 wt%
NMPCB had a maximum degradation temperature of
381°C, showing improved heat resistance from the glass
fibers in NMPCB (Chen et al. 2021). Final weight loss
patterns up to 600 °C confirmed this stability improvement
(Zhou et al. 2014).

Epoxy/NMPCB-0.5M PA and epoxy/NMPCB-1.0M
PA degraded at higher temperatures than epoxy/NMPCB—
0.1M PA, indicating better thermal resistance from
improved filler and matrix bonding. Higher PA concentration
also increased final char residue and supporting its
reinforcing effect.
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£ —— Epoxy/NMPCB-0.1IM
R3] —— Epoxy/NMPCB-0.5M
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FIGURE 2. TGA curves of neat epoxy, composite of epoxy/NMPCB and epoxy/NMPCB with different concentrations of PA

0 e Neat epoxy
02 Epoxy/NMPCB
e Epoxy/NMPCB-0.1M
04 e Ep0xy/NMPCB-0.5M
s Epoxy/NMPCB-1.0M
0.6
8
Z 08
=
% -1
-12
= ———
-14
-16
10 20 30 40 50 60 70 80 90

Temperature (°C)

FIGURE 3. DSC curves of neat epoxy, composite of epoxy/NMPCB and epoxy/NMPCB with different concentrations of PA
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MECHANICAL TESTING

Figure 4 shows the tensile strength of neat epoxy and
epoxy/NMPCB composites. The addition of NMPCB filler
caused a steady reduction in tensile strength, where 10 wt%
NMPCB lowered the value by 9.78% compared to neat
epoxy. This decrease is mainly due to weak bonding
between the epoxy and NMPCB, which prevents efficient
stress transfer. The presence of voids also concentrates
stress, making the material more likely to fail. Similar
reductions in tensile strength due to poor filler—matrix
adhesion have been reported in earlier studies (Moe et al.
2022; Muniyandi et al. 2016; Guo et al. 2010).
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FIGURE 4. Graph of tensile strength of neat epoxy, composite
of epoxy/NMPCB and epoxy/NMPCB with different
concentrations of PA

When NMPCB was modified with palmitic acid (PA),
the tensile strength improved. At 0.1 M PA, the strength
rose by 2.51% compared to unmodified NMPCB
composites, with further increases at higher concentrations.
The best result was observed with 1.0 M PA, which
improved tensile strength by 49.12%. This shows that PA
enhances the bonding between NMPCB and epoxy,
allowing stress to be transferred more effectively.

The effect of surface modification of NMPCB with
PA on the impact strength of epoxy/NMPCB composites
is shown in Figure 5. The results shows that impact strength
increased with higher PA concentrations. The epoxy/
NMPCB composite recorded 15.76 MPa, while a slight
improvement to 16.29 MPa was observed with epoxy/
NMPCB-0.1M PA. This limited change suggests that a
0.1M concentration was not fully cover the NMPCB
surface.

A significant improvement was seen at epoxy/
NMPCB-0.5M PA, where impact strength increased by
24.06%, and further enhancement was achieved at epoxy/
NMPCB-1.0M with a 43.96% increase compared to the
untreated composite. This improvement can be explained

by the role of PA as a surface coating that lowers the surface
energy of NMPCB particles, allowing for better dispersion
in the epoxy matrix. Similar observations were reported
by Nguyen et al. (2020), who highlighted the benefits of
surface coatings in improving filler—matrix compatibility.

Overall, the progressive increase in impact strength
with PA concentration is attributed to improved interfacial
adhesion between NMPCB and epoxy. PA not only serves
as a coating but also promotes stronger bonding at the
interface, resulting in more efficient stress transfer and
higher resistance to impact loading.
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FIGURE 5. Graph of impact strength of neat epoxy, composite
of epoxy/NMPCB and epoxy/NMPCB with different
concentrations of PA

Figure 6 shows the flexural strength of epoxy/NMPCB
composites. Unlike tensile and impact strength, flexural
strength improved when 10 wt% untreated NMPCB was
added, increasing by 63.51% compared to neat epoxy. This
is due to the presence of glass fibres and thermoset
fragments in NMPCB, which act as reinforcements. These
fillers help transfer stress during bending and reduce crack
growth, leading to higher strength and stiffness. Similar
improvements have been reported in epoxy composites
with NMPCB, where glass fibres improved bending
resistance (Zheng et al. 2008; Gao et al. 2018).

On the other hand, when NMPCB was modified with
PA, flexural strength dropped significantly. The largest
reductions were observed for NMPCB-0.1 M PA with
decreases of 112% compared to unmodified NMPCB
composites. This decline is caused by too much fatty acid
coating, which weakens bonding with epoxy and reduces
mechanical interlocking. Instead of helping, the coating
acts like a barrier, making cracks easier to form. These
results show that while NMPCB can strengthen epoxy, too
much surface modification can reduce its reinforcing effect.



FIGURE 6. Graph of flexural strength of neat epoxy,
composite of epoxy/NMPCB and epoxy/NMPCB with
different concentrations of PA

MORPHOLOGICAL ANALYSIS

Scanning electron microscopy (SEM) was employed to
examine the fracture surface morphology of neat epoxy,
epoxy/NMPCB composites and epoxy/NMPCB composites
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modified with PA. As shown in FIGURE 7(a), the pure
epoxy matrix exhibited a smooth fracture surface,
indicative of a brittle fracture mechanism and low fracture
toughness. In contrast, the fracture surface of the epoxy/
NMPCB composite in FIGURE 7(b) appeared rougher,
with visible dispersion of NMPCB waste particles
throughout the matrix. The incorporation of NMPCB
particles enhanced the flexural strength, consistent with
previous reports (Zhou et al. 2008; Hosur et al. 2013).
However, the presence of voids at the epoxy/NMPCB
interface revealed weak interfacial adhesion, which likely
contributed to a reduction in tensile strength upon NMPCB
addition.

For the epoxy/NMPCB composites modified with PA,
distinct morphological differences were observed
depending on the PA concentration. At a lower PA
concentration (Figure 7(c)) the fracture surface remained
relatively smooth, whereas higher PA concentrations
(Figure 7(d) and 7(e)) produced noticeably rougher fracture
surfaces. This trend suggests that increasing PA
concentration during NMPCB surface treatment improved
interfacial bonding, as also supported by Hosur et al.
(2013). The reduction in void formation at higher PA
concentrations indicates more effective filler-matrix
adhesion, resulting in enhanced tensile strength compared
with unmodified epoxy/NMPCB composites.

— 100um
100

FIGURE 7. Fractured surface of a) neat epoxy, b) epoxy/NMPCB c) epoxy/NMPCB-0.1M, d) epoxy/NMPCB-0.5M and ¢) epoxy/
NMPCB-1.0M composites.



4114

WATER ABSORPTION ANALYSIS

Figure 8 presents the water absorption rates of pure epoxy,
epoxy/NMPCB composites, and epoxy/NMPCB-PA
composites after 24 hours of immersion. Pure epoxy
exhibited a water absorption rate of 0.389%. In contrast,
the incorporation of NMPCB powder into the epoxy matrix
significantly increased water uptake compared to the neat
epoxy. This higher absorption in the composites can be
attributed to the presence of hydroxyl groups on the
NMPCB surface. Furthermore, the occurrence of specific
polar functional groups on the NMPCB particles (Han et
al. 2018) likely contributed to the increased water
absorption with rising NMPCB content. These findings are
consistent with the earlier FTIR analysis, which confirmed
the presence of polar functionalities on NMPCB surfaces.
Similar observations were reported by Melo et al. (2018),
who noted that an increased number of polar surface groups
can enhance water uptake in fibres. In the epoxy/NMPCB
composites, hydroxyl and carbonyl groups facilitate
moisture adsorption.

Notably, the epoxy/NMPCB-PA composites
demonstrated a substantial reduction in water absorption
compared to the unmodified epoxy/NMPCB composites.
This improvement can be attributed to the ability of PA to
reduce the hydrophilicity of NMPCB and promote stronger
interfacial adhesion between the filler and the epoxy matrix.
Water absorption decreased dramatically by approximately
90%, 98%, and 99.5% for composites modified with 0.1
M, 0.5 M, and 1.0 M PA, respectively. Such reductions can
be explained by enhanced interfacial bonding, which
minimises void formation at the filler—matrix interface and
prevents deep water penetration into the filler material
(Naghmouchi et al. 2015). Overall, these results highlight
that surface modification of NMPCB with PA is markedly
more effective in enhancing water resistance than the use
of unmodified NMPCB in epoxy composites.

Water absorption (%)
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FIGURE 8. Water absorption rate of neat epoxy, composite
of epoxy/NMPCB and epoxy/NMPCB with different
concentrations of PA after 24 hours immersion

CONCLUSION

This study shows that adding NMPCB into epoxy
composites produces different effects depending on the
property examined. Tensile and impact strength decreased
with higher NMPCB content because of weak bonding and
void formation, while flexural strength improved at 10wt%
NMPCB due to the reinforcing effect of glass fibres.
Surface modification with palmitic acid effectively
countered the reduction in tensile and impact strength by
improving filler—matrix compatibility, with the highest
improvement recorded at 1.0 M PA. However, excessive
modification slightly reduced flexural performance by
limiting stress transfer. In addition to mechanical properties,
PA modification enhanced thermal stability and water
resistance. FTIR confirmed a reduction in hydroxyl groups,
indicating increased hydrophobicity, while SEM images
showed better filler dispersion and fewer voids. Thermal
analysis revealed improved degradation resistance and
higher char residue, and water absorption tests showed
reduced moisture uptake, contributing to greater durability.
Overall, palmitic acid modification offers a practical and
sustainable way to reuse recycled NMPCB in high-
performance epoxy composites, improving interfacial
bonding and balancing mechanical, thermal, and
environmental performance. This approach not only
supports advanced material development but also
contributes to sustainable management of electronic waste.
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