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Abstract: As recycling plays a crucial role in environmental sustainability, we investigated the properties of polyamide
(PA) 6 composites derived from end-of-life vehicles (ELV) and evaluated the effects of various cleaning agents and con-
ditions. The primary objective of this work is to evaluate washing conditions that can effectively remove organic con-
taminants that adhere to ELV-derived PA6 composites during vehicle use. Prior to washing, the chemical composition and
surface contaminants of the recycled ELV PA 6 composites were characterized using a range of analytical techniques. Fol-
lowing the cleaning process, total organic carbon (TOC) content was measured, and gas chromatography—mass spec-
trometry (GC-MS) was also employed to assess the removal efficiency of volatile organic compounds under different
cleaning conditions. The results indicate that cleaning with dishwasher detergent at 70°C under sonication is the most
effective method. Furthermore, GC—MS analysis revealed a significant reduction in the concentrations of volatile organic
compounds (VOCs) after washing. These findings suggest that appropriate cleaning treatments enhance material purity
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and contribute to improved recycling efficiency.
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Introduction

Plastics offer several advantages that make them essential
components in modern automobile manufacturing, meeting the
evolving demands of the automotive industry."? First, plastics
possess an excellent strength-to-weight ratio, enabling signif-
icant vehicle weight reduction, which in turn enhances fuel
efficiency and reduces greenhouse gas emissions.** Second,
plastics provide high design flexibility, facilitating the produc-
tion of complex and customized shapes while lowering man-
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ufacturing complexity and associated costs. Third, the use of
recycled plastics contributes to environmental sustainability
due to their applicability in various automotive components,
including both interior and engine compartment parts.’
Automotive plastics are widely used in components such as
bumpers, dashboards, door panels, seats, battery housings, and
engine compartments. They include polypropylene, polycar-
bonate, acrylonitrile butadiene styrene, polyamide (PA), poly-
ethylene and polyvinyl chloride, etc. In particular, PA is a
semi-crystalline engineering thermoplastic widely used in the
automotive, where it is subjected to mechanical stress and high
temperatures.® PA is widely used in airbags, engine protectors,
bodywork and internal components, fasteners (bolts, bushes,
threads) and in the manufacture of high performance compo-
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nents, helping to reduce vehicle weight and consequently
decrease fuel consumption.” The automotive sector accounts
for 35% of PA consumption. Approximately 1.6 million cars are
scrapped each year, and each of these end-of-life vehicles (ELV)
contains approximately 175 kg of various plastic resins. Recy-
cling rates for the plastics used in ELVs are low because there
are few end markets for these materials.®

Recent studies have identified mechanical recycling as the
most economically, environmentally, and technologically viable
method for automotive plastic recovery.”'> Effective decon-
tamination is an important step in the plastic recycling process,
ensuring both material quality and process efficiency. In this
study, we investigated the washing processes for recycled PA6
composites from ELV. As a first step, the degree of contami-
nation of as-received ELV-derived PA6 composites were studied.
Subsequently, the ELV-derived PA6 composites were washed
with different washing agents under diverse environments. To
evaluate the cleaning efficiency, total organic carbon (TOC)
measurements were conducted, and the results indicated that
cleaning with dishwasher detergents (DD) made the most effec-
tive and reasonable result. Also, gas chromatography/mass
spectrometry (GC-MS) is used to detect the presence of vol-
atile organic compounds (VOCs). It was found that cleaning
with the dishwasher through bath sonication at 70 C was most
effective. The GC-MS also revealed that the such cleaning also
significantly reduced the emissions of VOCs.

Experimental

Materials. The shredded ELV-derived PA6 composites were
supplied from Dowon Chemical. The shredded PA6 composites
originated from the cylinder blocks of engines and contami-
nated with various lubricants and oil residues. Sodium hydrox-
ide (NaOH; >99.0% purity) was purchased from Duksan Pure
Chemical Co., Ltd. Cetyltrimethylammonium bromide (CTAB;
>98.0% purity) were supplied by Han Lab Co., Ltd. DD were
purchased from Frosch Co., Ltd. Multi-purpose detergent (MD)

Table 1. Types of Cleaning Agents and Their Cleaning Effects

was purchased from Pigeon Co., Ltd.

Washing Procedures. A shredded PA6 composite of 3.00
+ 0.10 g was placed in a 250 mL beaker, and 100 mL of a cleaning
agents (Table 1) preheated to 25 or 70 ‘C was added and washed
through either overhead stirring or bath sonication. The speed
of the overhead stirrer was around 200 rpm while the bath son-
ication was conducted under 40 kHz. The washing was con-
ducted at two different temperatures: 25 and 70 C. 25 Cwas
selected as the low-energy baseline cleaning condition at room
temperature, while 70 C was chosen as the high-temperature
condition commonly used in aqueous cleaning processes to
enhance cleaning power. In aqueous and commercial detergent
systems, 70 C is near the upper limit of the practical tempera-
ture range and is commonly used for high temperature washing.
Increasing the temperature decreases the viscosity and surface
tension of the washing solution and oil/lubricant residues,
which reduces the adhesion of hydrophobic contaminants to
surfaces. This facilitates emulsification and dispersion by sur-
factants, as well as accelerating diffusion and mass transfer at
the solid-liquid interface. For these reasons, 70 C is a prac-
tical high-temperature washing condition that maximizes the
benefit of temperature-enhanced detergency without causing
thermal damage to the PA6 matrix.

The cleaning agents used in this work include distilled water,
CTAB in a water solution, NaOH in water solution, DD in water
solution (2 wt%), and MD in NaOH. The specific concentra-
tions and information of each agent are summarized at Table 1.
After the 30 min of washing step, the cleaning agents were col-
lected and used for TOC analysis. The residual plastics were
rinsed twice with 100 mL distilled water at 25 C to eliminate
the remaining chemicals. The rinsed plastics were then dried at
room temperature for 48 hours and used for GC-MS."

Characterizations. Scanning electron microscope (SEM)
(TESCAN/MIRA3 LMH) was utilized to investigate the sur-
faces of the ELV-derived PA6 composites. Fourier transform
infrared spectroscopy (FTIR) (JASCO/FT-4100) was used to
evaluate the ELV-derived PA6 composites over a range of wave

Cleaning agents

Cleaning effects

H,O A commonly used basic detergent

CTAB in H,O (0.92 mM)
NaOH in H,O (2 wt%)
Dishwasher detergent (DD, 2 wt%)

Multi-purpose detergent (MD) in NaOH
(0.5 v/v% in 2 wt% NaOH solution)

A cationic surfactant that enhances the cleaning efficiency of water
A strong alkaline cleaner that dissolves contaminants due to its high pH

A complex detergent that contains enzymes, bleaching agents, and surfactants

A detergent containing nonionic surfactants and oxidizing agents
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number from 500 to 4000 cm™. The thermal stability of the samples
was investigated by thermogravimetric analysis (TGA) (TA
Instruments / Discovery TGA 55. X-ray fluorescence (XRF)
(Rigaku/ZSX-PrimusIV) and was used to characterize the PA6
composites.

The variation of the amount of TOC in the cleaning agents
was analyzed (Shimadzu/TOC-L). The TOC content of the clean-
ing agents was measured before and after the washing process.
An increase in TOC after washing indicates the transfer of organic
oil residues from the composite surface into the cleaning agent.
Therefore, a significant increase in TOC reflects a higher cleaning
efficiency of the corresponding agent.

GC-MS equipped with an automatic thermal desorber (Perkin-
Elmer, ATD650) was used to evaluate the presence and removal
efficiency of surface VOCs. The headspace solid phase micro-
extraction experiments were conducted using a vial with a vol-
ume of 240 mL, and each sample weighed approximately 5 g.
The equilibration process was carried out at 120 C for 60 min-
utes. After equilibration, the extraction was performed at room
temperature for 5 minutes. GC-MS analysis was conducted under
a nitrogen carrier gas flow rate of 1 mL/min, and the injection
volume was set to 1 pL.. The mass spectrometer was operated
in full scan mode, covering a mass-to-charge range from 50
to 650.""

Results and Discussion

Material Characterizations. The FTIR spectra of the ELV-
derived PA6 composites before and after washing are shown in
Figure 1(a). Several characteristic peaks of PA6 were observed,
including the amide I band at 1540 cm™ and the amide 1I/CH.
asymmetric stretching at 1635 cm™. A broad absorption band
around 3300-3400 cm™ corresponds to N-H stretching vibra-
tions, and peaks between 2800-3000 cm™ are assigned to C—H
stretching modes. Additional peaks at 689 cm™ and 575 cm™ are
attributed to C—C deformation and O=C-N bending, respectively,
while the region around 1000-1100 cm™ corresponds to Si—O—
Si and Si—OH stretching, indicating the presence of silicon
dioxide (SiO:) derived from glass fibers. Notably, when com-
paring the spectra before and after washing, peaks in the 2800—
3000 cm™ region (C—H stretch) and around 1100 cm™ (C-O
stretch)—highlighted in blue in the figure—showed a decrease
in intensity, which can be attributed to the removal of oil-based
contaminants and hydrocarbon residues from the surface of the
composites. In contrast, peaks in the red-highlighted regions,
such as the N-H stretching band at 3300 cm™ and the C=0 stretching
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band near 1600 cm™, increased in intensity after washing. This
indicates that the elimination of surface oil layers allowed the
intrinsic molecular vibrations of the PA6 matrix to become more
detectable. These spectral changes clearly demonstrate the effective-
ness of the washing process in removing hydrocarbon contam-
inants and revealing the underlying PA6 structure.

The XRF spectrum in Figure 1(b) revealed the presence of
several inorganic elements originating from fillers and additives.
The dominant elements were calcium (Ca) and silicon (Si), where
Ca may be derived from calcium carbonate or calcium oxide as
a filler or as part of the glass fiber formulation, while Si cor-

(a) — After sonication —— After stirring —— Before washing
C-H c=0
o — stretch tretch
3 N 8 = —é\l
o \ B
2 I W’"‘”
] \/
S| B
1] \\ il I'/ \I
= Y '..N L
E | f'rn \,
c-0
5 stretch
=
stretch
4000 3500 3000 2500 2000 1500 100 500
Wavenumber (cm™)
(b) Cca
=
&
)
2 Si
3
ol
Al Brl|
1“!’] [“ IJ "

T T T T T T

0 20 40 60 80 100
Energy (KeV)

(c) 100
80+

60

Weight (%)

40+

20

0 100 200 300 400 500 600 700
Temperature (°C)

Figure 1. (a) FTIR; (b) XRF; (c) TGA of the ELV-derived PA6 com-
posites.



Characterization and Washing of End-of-Life Vehicle-Derived Polyamide 6 Composites for Recycling Applications 147

responds primarily to silicon dioxide from the glass fiber.
Additional elements such as bromine (Br), aluminum (Al), and
sulfur were also detected. The presence of Br is likely associ-
ated with brominated flame retardants, and Al may originate
from aluminum oxide, commonly used in glass fiber. Sulfur
is likely introduced via sulfur-containing heat stabilizers or
antioxidants. Importantly, no hazardous heavy metals were
detected in the sample.

The TGA results in Figure 1(c) showed a residual weight of
approximately 32.2% at 700 C, indicating the proportion of
inorganic fillers in the composite. Relevant thermal parameters
derived from the TGA curve are summarized in Table 2. In
addition, SEM images of the ELV-derived PA6 composite in
Figure 2 confirmed that the glass fibers were uniformly dis-
persed throughout the polymer matrix. The fracture surface
and surface morphology revealed well-integrated fiber—matrix
interfacial structures and effective embedding of glass fibers
within the PA6 phase.

TOC. All washing experiments and TOC analyses were per-
formed at least five times under identical conditions. The results
of the TOC-based cleaning efficiency under different condi-
tions are presented in Figure 3. At 25 C, cleaning with bath
sonication was generally more effective than overhead stirring.

Table 2. Initial Decomposition Temperature (75%), the 50%
Decomposition Temperature (75%), 70% Decomposition Temperature
(T7%), and the Amount of Residues at 700 °C for the PA6
Composites

Parameters Values
T5% (°C) 359.7
T5% (°C) 450.9
T:% (°C) 694.5
Residue at 700 °C (%) 322

....-';i{ ¥ R =
Figure 2. Cross-sectional SEM image of the ELV-derived PA6 com-
posites used in this study.

Among the five tested cleaning agents, the DD dissolved in
NaOH solution exhibited the highest TOC increase, followed
by CTAB. For instance, under bath sonication, TOC increased
by 125 mg/L with DD and by 75 mg/L with CTAB, indicating
strong removal of organic contaminants. The performance of
both agents was notably enhanced under sonication conditions.

When the washing temperature was raised to 70 ‘C, the cleaning
efficiency of all agents improved, with DD and CTAB main-
taining their superior performance.'® Across both temperature
conditions (25 C and 70 C), the bath sonication consistently
outperformed overhead stirring. This can be attributed to acoustic
cavitation, which produces intense physical agitation, including
microstreaming and shock waves. These effects facilitate mechan-
ical detachment, enhanced dissolution, and surface activation,
leading to the efficient removal of fine particles, adhered res-
idues, and oil contaminants. Moreover, sonication allows access
to micropores and irregular surface features, which are less reach-
able by mechanical stirring.
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Figure 3. TOC analysis of the ELV-derived PA6 composites after
washing with different cleaning agents at two temperatures: (a)
25 C; (b) 70 C. The hatched bars represent the samples washed
using bath sonication while the solid bars indicate washing with
overhead stirring.
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This study included DD as a relevant washing agent because
ELV-derived PA6 composites are primarily contaminated by
oil- and lubricant-based residues. These residues are similar to
the greasy oils that dishwasher detergents are designed to remove.
The excellent cleaning efficiency of the DD can be attributed
to its complex multi-component formulation. DD typically con-
tains a mixture of nonionic and anionic surfactants, builders,
dispersants, and sometimes enzymes. The surfactants contrib-
ute to emulsification of hydrophobic contaminants, while
builders—such as phosphates or citrates—soften the water by
chelating calcium and magnesium ions, thereby enhancing sur-
factant performance. Dispersants prevent re-deposition by sta-
bilizing detached particles in the solution. This cleaning mechanism
is not unique to the DD used in this study and similar behavior
would be expected with other multi-component detergents with
comparable compositions. However, in this study, DD was selected
as a representative example of a multi-component alkaline
detergent, considering that the primary contaminants on ELV-
derived PA6 composites are oil-based residues such as engine
oil and lubricants.

Although enzymes primarily target food-based residues, their
presence may assist in breaking down some organic components.
The combined action of these ingredients leads to synergistic
effects, whereby surfactants reduce interfacial tension, builders
optimize the chemical environment, and dispersants ensure
long-lasting cleaning stability. As a result, DD demonstrated a
cleaning performance comparable to, or even exceeding, that
of single-component surfactants like CTAB under certain con-
ditions."’

In addition to DD, the superior cleaning performance of
CTAB can be attributed to several mechanisms working in
concert. At concentrations at or above its critical micelle con-
centration, CTAB forms micelles with hydrophobic cores
capable of encapsulating oil molecules, allowing these con-
taminants to be stably dispersed in the aqueous phase.'® Addi-
tionally, CTAB significantly reduces the interfacial tension
between oil and water, which promotes the breakup of large oil
droplets into finer emulsified particles and thus enhances the
cleaning efficiency.” Furthermore, as a cationic surfactant, CTAB
possesses a positive charge and can electrostatically interact
with negatively charged oil particles, which helps to stabilize
them in suspension and prevent re-deposition onto the sur-
face.”

In contrast, NaOH alone showed relatively low cleaning per-
formance. This is because engine oils and lubricants are highly
hydrophobic and non-polar, whereas NaOH is a polar com-
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pound with limited ability to solubilize or emulsify such sub-
stances. Moreover, NaOH lacks surfactant properties and does
not significantly reduce interfacial tension or promote oil dis-
persion. Although effective in removing polar contaminants
such as proteins or organic acids, its overall cleaning efficiency
is limited by poor solubility for hydrophobic residues and the
absence of mechanical release mechanisms.

However, the combination of NaOH with multi-purpose
detergents containing surfactants resulted in a synergistic improve-
ment in cleaning performance. For example, at 25 C, the TOC
increase using NaOH alone was 15 mg/L, which rose to 37 with
mechanical stirring when used in combination with a multi-
purpose detergent. At 70 C, the TOC further increased from
22 to 61 mg/L under the same combinations, clearly demonstrating
the enhanced effect of temperature and surfactant-assisted for-
mulations.”*

GC-MS. GC-MS analysis was selectively conducted for two
representative washing agents: CTAB, which demonstrated
relatively high TOC removal efficiency among single-compo-
nent surfactants, and NaOH, which showed the lowest. This
selection aimed to compare the VOC removal performance of
agents with contrasting TOC cleaning efficiencies. Since ben-
zene, toluene, ethylbenzene, and xylenes (BTEX) are commonly
used as indicators of VOCs, our GC-MS analysis focused on
these compounds. The results showed that the signal intensities
of all BTEX components were substantially reduced after the
washing process, with benzene—initially exhibiting the high-
est intensity—showing a particularly notable decrease.

Consistent with the TOC results, cleaning by sonication
demonstrated greater VOC removal efficiency than stirring. As
shown in Figure 4, the intensity of the benzene signal visibly
decreased after CTAB-based washing, with further reduction
observed when sonication was applied. Similar trends were seen
for toluene, ethylbenzene, m, p-xylene, and o-xylene, all of which
showed reduced signal intensities after washing, and more pro-
nounced reductions under sonication conditions.

The superior VOC removal by CTAB can be attributed to its
surfactant properties. As a cationic surfactant, CTAB reduces
the interfacial tension between hydrophobic residues and water,
enabling micelle formation that encapsulates volatile organic
compounds and disperses them into the aqueous phase. Soni-
cation further enhances this effect by promoting micelle—con-
taminant interaction through cavitation and agitation.

Interestingly, even NaOH, despite its relatively low TOC removal
efficiency, also exhibited notable effectiveness in reducing BTEX
signals. This may be explained by the difference in removal
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Figure 4. GC-MS chromatograms of ELV-derived PA6 composites
after washing with (a) NaOH; (b) CTAB.

mechanisms between high-molecular-weight oil residues TOC
and low-molecular-weight VOCs. VOCs, being more volatile
and less strongly bound to the polymer matrix, are more easily
desorbed from the surface under alkaline conditions. The ele-
vated pH provided by NaOH may destabilize weak interactions
such as van der Waals forces or hydrogen bonding between VOC
molecules and the substrate. Additionally, NaOH may partially
hydrolyze or saponify surface-bound oily contaminants, enhancing
the release of adsorbed volatiles. When combined with sonica-

tion-induced cavitation, this desorption process becomes even
more effective, resulting in substantial VOC reduction. These
findings highlight that while CTAB and NaOH operate through
different mechanisms, both can effectively remove surface VOCs,
particularly when assisted by sonication.

Conclusions

This study investigated the cleaning performance of various
washing agents and methods for PA6 composites derived from
ELVs to enhance their recyclability. Through a combination of
surface characterization techniques including FTIR, SEM, XRF,
and TGA, the chemical composition and contaminant distri-
bution of the unwashed composites were examined. Cleaning
experiments under different conditions revealed that DD was
the most effective agent for removing total organic residues,
especially when used at 70 “C with sonication. In contrast, NaOH
showed relatively low TOC removal, but GC-MS analysis
revealed that it was still effective in reducing VOCs, particu-
larly BTEX compounds, when combined with sonication. This
difference is attributed to distinct removal mechanisms: CTAB
removes both heavy and volatile residues through micelle-
assisted solubilization, while NaOH promotes VOC desorption
via pH-driven surface destabilization. These findings highlight
that tailored washing protocols not only enhance material purity
but also reduce volatile emissions, providing a practical and scal-
able route for improving the quality and environmental per-
formance of recycled thermoplastics recovered from ELVs.
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