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ABSTRACT

Polyester enamelled copper wire plays an important role in the manufacturing of electric motors. In line with
the electrification of transport, the demand for electric motors and the future waste generated from their
end-of-life cannot be ignored. The waste from the polyester enamelled copper wire is expected to increase
steadily. Methods proposed by researchers are mainly focused on thermal treatment to either pyrolyse or burn
off the polyester enamel. However, thermal treatments fail to consider the potential risk of air pollution and
to recover the polyester enamel.

In this manuscript, we propose two-stage processes comprised of methanol washing and room temperature
methanolysis with dichloromethane as co-solvent and K,CO5 as catalyst to delaminate multilayered type
enamelled copper wire. The methanol washing recovers polyvinyl butyral as it is, via dissolution. Whereas the
methanolysis products are dimethyl terephthalate (DMT) and dimethyl isophthalate (DMI) which are precursors
to the polyester and could be used to make new polyester. At room temperature, the parameters of solid to
liquid, DCM to methanol, and K,CO; to Cu,,, ratio, of 500 g/L, 1.00 mol/mol, and 0.10 wt%, respectively,
allow complete removal of polyester enamel in 24 h. The methanolysis parameters described manage to give a
modest DMT and DMI yield of 86.0% and 92.2%, respectively. The reaction time can be sped up by increasing
the temperature by 10 °C, leading to complete depolymerisation in 4 h. Compared to thermal treatment, the

proposed method requires 80.7% lower energy with the products contained within the solution.

1. Introduction

The research of end-of-life EVs can be classified into three main
broad topics of battery, traction motor, and power electronics (Elwert
et al., 2015). Researchers are mainly targeting batteries as this is where
the main recycling incentives lie (Nurdiawati and Agrawal, 2022).
In contrast, only a few studies are focussing on electric motors and
power electronics (Elwert et al., 2015). Hence, there is the need for
more research aimed at electric motors and power electronics to enable
close-loop EV recycling.

Tight windings in electric vehicles’ motors, transformers, and any
other types of electromagnetic equipment require enamelled copper
wires as their main component. The enamel is a multi-layer of ei-
ther a single type or a combination of polymeric insulators such as
polyester (Liu et al., 2020), polyester imide (Petitgas et al., 2011),
polyurethane (Ueda, 1989), polyimide (Petitgas et al., 2011) and
poly(amide-imides) (Murray, 2008), with a typical thickness of 2 pm for
each layer (Petitgas et al., 2011) up to a total thickness of 20 pm (Haque
et al., 2014).

* Corresponding author.

Having excellent processability, adhesive properties, good flexibil-
ity, and a simple process of synthesis, polyester enamels have been the
most widely used for over 50 years. In 2008, the production of polyester
enamelled copper wire was reported to be at least 50,000 tonnes a year
or equivalent to 15% of the total enamelled wire in the world (Bhanu,
2008). Currently, it is estimated that the end-of-life polyester enamelled
copper wire has reached millions of tonnes (Ma et al., 2023). Findings
by Ma et al. (2023) showed that waste enamelled copper wire may
contain 3.0 wt% polyester which translates to at least 30,000 tonnes
of polyester needing to be recycled for every million tonne of waste
enamelled copper wire. Recycling 30,000 tonnes of polyester from
waste enamelled copper wire, taking into account the embodied carbon
of manufacturing polyester which is 32 kg CO, eq/kg (Kilgore, 2023),
saves at least 960,000 tonnes of CO, eq. Due to the enamel being
closely attached to the copper wire and difficult to remove, recent
studies to recycle waste enamelled copper wire only focus on thermal
treatment. The thermal treatment proposed involves high temperature
or pyrolysis under an inert atmosphere with temperatures ranging from
500 °C to 900 °C (Li et al., 2023; Liu et al., 2020) or directly applying
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a voltage to heat the copper wire above the decomposition temperature
of the enamel (Mominul Haque et al., 2012). However, both methods
did not consider the recycling of the polyester enamel as well as the
potential release of harmful gases into the environment such as CO,
CO,, and various hydrocarbons by-products.

Chemical recycling of polymer involves the depolymerisation of
polymer chains. The original monomers or oligomers can be re-claimed,
creating a secondary virgin quality raw material (Barnard et al., 2021).
Solvolysis is a chemical recycling pathway that depolymerises polymers
using solvents such as water (hydrolysis), alcohols (alcoholysis), amines
(aminolysis), ammonia (ammonolysis), and glycol (glycolysis) (Shi-
razimoghaddam et al., 2023). Except for glycolysis, the solvolysis of
polyester (i.e., polyethylene terephthalate/PET) produces ethylene gly-
col (EG) as a by-product (Jiang et al., 2022). The EG can be separated
from the monomers by distillation (Ishihara et al., 2004).

Alcoholysis using methanol (methanolysis) is a process that is typ-
ically carried out at high pressure and temperature to decompose PET
into dimethyl terephthalate (DMT) and EG, which are the raw materials
necessary for the production of this polymer (Paszun and Spychaj,
1997). The commercial process is performed at temperatures between
180 °C to 280 °C and pressures between 2 MPa to 4 MPa (Scheirs,
1998). Due to the low solubility of DMT in water, it can be easily
purified to an acceptable grade that is applicable as an alternative
feedstock to produce PET (Pudack et al., 2020).

Methanolysis for PET recycling has been extensively studied. Some
notable processes include; depolymerisation under supercritical
methanol (<1 h, 260 °C - 270 °C, 9 MPa - 11 MPa) (Genta et al., 2005;
Yang et al., 2002), microwave assisted methanolysis (0.5 h, 160 °C)
with zinc acetate as the catalyst (Siddiqui et al., 2012), and the use
of co-solvents such as halogenated solvents to swell PET with alkali
decomposition, which enables methanolysis to be carried out at room
temperature (Essaddam, 2020). Recently, Pham and Cho (2021) have
studied the role of different co-solvent and alkali catalysts for room
temperature methanolysis of PET. They report that the best co-solvent
and catalyst for room temperature methanolysis are dichloromethane
(DCM) and K,COg, respectively.

In this manuscript, we applied a room temperature methanolysis
with DCM as co-solvent and K,CO4 catalyst for the facile delamination
of polyester enamelled spent copper wire. Compared to thermal treat-
ment, the proposed process requires lower energy expenditure and does
not produce harmful gas products.

2. Materials and methods
2.1. Copper wire sample and characterisation

Waste 0.27 mm enamelled copper wires were obtained from EMR
Metal Recycling Birmingham. The collected enamelled copper wires
were uncoiled manually and chopped into 1 cm pieces.

The chopped enamelled copper wires were first analysed for purity.
Sample copper wire is weighed to 4 decimal places and digested using a
mixture of 3 parts 32% HCl and 1 part of 68% HNO;. The solution was
diluted and analysed using Inductively Coupled Plasma-Mass Spectrom-
etry (ICP-MS, PerkinElmer-NexION 300x) with helium kinetic energy
discrimination (KED) mode. Multi-elements calibration solutions were
made from a certified reference material from Merck by serial dilution
1 ppb - 5000 ppb; ICP multi-element standard solution IV (Lot No.
HC15457555). Internal standardisation was carried out using Rhodium-
103 and added automatically by the system to correct the instrument
for drift and physical interference. Calibration was carried out for the
following elements: Li-7, B-11, Ag-107, In-115, Ba-138, T1-205, Pb-208,
Bi-209, Na-23, Mg-24, Al-27, K-39, Ca-43, Cr-52, Mn-55, Fe-56, Co-59,
Ni-60, Cu-63, Zn-66, Ga-69, Sr-88, Cd-111.

Surface characterisation was done using Fourier Transform Infrared
Spectroscopy-Attenuated Total Internal Reflection (FTIR-ATR, Thermo
Scientific Nicolet Summit X). All measurements were carried out with
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Fig. 1. SEM image of as received waste enamelled copper wire.

24 scans and a resolution of 4 cm~1. The spectra collected are compared
to the Sigma-Aldrich Library of ATR-IR Spectra (Wiley).

Morphological analysis was carried out using a Scanning Electron
Microscopy (SEM, Zeiss EVO 10). All samples were mounted onto
aluminium studs using carbon tape and the surface was made conduc-
tive using a gold sputtering machine (Quorum Q 150R ES) with the
thickness programmed at 10 nm. The morphology of intact enamelled
copper wire is presented in Fig. 1.

2.2. Methanol wash procedure and analysis

A certain amount of enamelled copper wires was mixed with a
certain amount of methanol and left standing for a certain amount
of time. The washed copper wires were separated from the solution
via filtration and dried in a fume hood. Moreover, during washing,
the liquid is occasionally sampled and analysed using an Ultraviolet—
Visible spectrophotometer (UV-Vis, Agilent Cary 60) with a 1 cm
quartz cuvette (Hellma) and scanned from 200 nm to 400 nm.

2.3. Methanolysis procedure and analysis

In a round bottom flask with a PTFE magnetic stirring bar, a certain
amount of enamelled copper wire was mixed with a certain amount
of anhydrous K,CO5 (ThermoFisher Scientific), methanol (HPLC grade-
Fisher Chemicals), and DCM (Reagent Grade-Fisher Chemicals). The
round bottom flask was sealed with Suba-Seal® and put onto a hotplate
stirrer set at 25 °C and 300 RPM (Asynt — ADS-HP-NT with DrySyn®
MULTI) for a certain amount of time. Moreover, the hot plate stirred
was connected to a power meter (RS PRO — No. 1785370) to measure
the total electricity consumed. The mixture then was filtered to recover
the copper wires and the liquid product.

The liquid product then was analysed using a Gas Chromatography—
Mass Spectrometer (GC-MS, ThermoFisher Trace 1600 - ISQ7610) with
an Rtx-35sil (Restek) column. The mass spectrometer helps confirm the
presence of DMT and DMI after methanolysis by comparing the mass
spectrum fragmentation to that of the National Institute of Standards
and Technology (NIST) mass spectral libraries.

The copper wires were washed with deionised water, to remove
the K,CO;, followed by methanol, and air-dried in a fume hood. For
screening purposes, the bulk density was assessed by using a helium gas
pycnometer (Micromeritics AccuPyc II 1340). Due to the lower density
of the enamel compared to the copper core, the bulk density of the
copper wire sample would increase as the enamel is removed.

Dimethyl terephthalate (>99%, VWR), dimethyl isophthalate
(>98%, Alfa Aesar), and dodecane (>99%, Sigma Aldrich) were pur-
chased to calibrate the GC-MS for quantitative analysis. The quantifi-
cation is based on the relative response factor of dodecane internal
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Fig. 2. Reaction step for polyester depolymerisation via methanolysis of (A) terephthalate repeating unit and (B) isophthalate repeating unit.

standard, to that of DMT and DMT. The ethylene glycol and oligomers
by-product were not measured by this technique.

Response Factor (RF)=A/C (€]

where C is the concentration of a specific compound and A is the
resulting peak area obtained from the GC-MS chromatogram.

A mixture of known amounts of dodecane, dimethyl terephthalate,
and dimethyl isophthalate was measured using GC-MS. The response
factor of each different compound is calculated using Eq. (1). The
relative response factor between different components can then be
calculated using Eq. (2).

Relative Response Factor (RRF) = RF,/RFg (@3]

The concentration calculation for unknown analyte (C,), given a
known reference concentration (Cg) is described in Eq. (3).

C,=Ayu/Agx1/RRF X Cp 3)

Thus, the concentration of DMT and DMI from an unknown sample can
be calculated by mixing a known amount of unknown sample with a
known amount of dodecane internal standard stock solution, which in
this study is 1 mL unknown sample with 1 mL 2.5 g/L dodecane stock
solution. The concentration of DMT and DMI from an unknown sample
is the measured concentration times dilution factor that is equal to 2.

The methanolysis reaction step and mol balance for polyester con-
taining terephthalate and isophthalate repeating unit are presented in
Fig. 2. The measured concentration of DMT and DMI in the liquid is
then used to calculate yield as shown in Eq. (4).

Y, =N4/N,x 100 @

where N, is the number of moles of DMT or DMI and N, is the number
of moles of repeating units; with the molar ratio of terephthalate
and isophthalate repeating unit was calculated based on the molar
concentration ratio of the DMT and DMI in the product.

2.4. Nuclear magnetic resonance spectroscopy

The solutions obtained after methanolysis procedure were trans-
ferred to a 250 mL round bottom flask and subjected to a rotary
evaporator (Stuart-RE400/MS) maintained at 40 °C to remove the
DCM and methanol. After most of the solvents had been removed,
the sample was left to cool down to room temperature and 1 mL of
deuterated chloroform (99.8%, Cambridge Isotope Laboratories. Inc.)
was added and gently rinse to dissolve the product. The solutions
were then collected and transferred to a Nuclear Magnetic Resonance
(NMR) tube (Norell®-NOR508UP7-5EA) and analysed using a Bruker-
400 MHz NMR spectrometer. The NMR was used to confirm that the
reaction is complete (see supplementary information) and confirm that
the products formed are indeed DMT, DMI and EG.

2.5. Thermogravimetric analysis

Calcinations were carried out using a simultaneous TG-DTA/DSC
apparatus (STA, NETZSCH - STA 449 F3 Jupiter) to determine the
weight amount of enamel laminating the copper wire from different
treatment stages. The calcination process was carried out from 25 °C
to 900 °C with a heating rate, nitrogen gas flow rate, and final holding
time of 10 °C/min, 50 mL/min, and 1 h, respectively.

The nitrogen atmosphere was selected to avoid copper oxidation
with the implication of incomplete combustion of the polymer. The pre-
viously reported study of pyrolysis of polyester and polyvinyl butyral
(PVB) polymer under a nitrogen atmosphere achieved completion at a
temperature above 600 °C that resulted in 97.6 wt% (Liu et al., 2020)
and 95.0 wt% (Tang et al., 2014) mass loss, respectively. Hence, the
error due to the incomplete combustion was assumed to be negligible.
The results from the thermogravimetric analysis from this study are
presented in Fig. 3.

2.6. Energy consumption calculation

By using a simple energy consumption model, the overall energy
consumed per kilogram of waste enamelled copper wire treated be-
tween the proposed and the previously reported thermal treatment
were compared. The recent UK average commercial electricity tariff of
25p/kWh (AquaSwitch, 2023) and national grid average carbon emis-
sion factor of 0.21 kg CO,eq/kWh (ITPENERGISED, 2023) were used
in the model to calculate the electricity cost and resulting embodied
carbon for both methods.

Fig. 4 present flow diagrams of the proposed process (this research)
and the pyrolysis process proposed by Liu et al. (2020). The main unit
operations considered for energy consumption of the proposed process
are a mixer for washing and two rotary evaporators (rotavap) for
solvent recycling by distillation. The proposed process comprises two
stages of methanol washing followed by methanolysis and summarised
in Fig. 4(A). In the first stage, the waste enamelled copper wire was
subjected to methanol washing, stream S 1, to remove the outermost
coating. The resulting output is partially cleaned copper (S 2) and
methanol containing dissolved polymer (S 4). The methanol is recycled
by distillation using a rotavap and re-used (S8-R) for more washing
while the dissolved polymer can be further treated (S 7). In the second
stage, the partially cleaned copper (S 2) is subjected to methanolysis to
break down the polyester enamel to its monomer. After filtration, the
resulting output is clean copper with a small amount of K,CO5 (S 3)
and a mixture containing monomers dissolved in DCM and methanol
(S 6). The methanol is then recycled by distillation using a rotavap and
re-used (S10-R) for more reaction. It is important to point out that some
methanol is being consumed for methanolysis and the K,COj5 catalyst
is not recovered. Hence, methanol and K,CO5 top-up is required (S 11)
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Fig. 4. Flow diagram of (A) the proposed process (this research) and (B) pyrolysis (Liu et al., 2020).

and mixed with the recycled solvent before further methanolysis (S 5).
Whereas the main unit operation for pyrolysis considered for energy
consumption is the electric furnace. From Fig. 4(B), the pyrolysis
process involves the heating of enamelled copper wire at 600 °C under
a nitrogen atmosphere. The resulting gas is passed through a passive
condenser to collect the pyrolysis oil.

3. Results and discussion
3.1. Enamel characterisation and removal

The copper wire was analysed for coating type using ATR-FTIR and
the spectrum for the as-received sample is presented in Fig. 5(A). The
spectrum search via the Sigma-Aldrich Library of ATR-IR Spectra sug-
gests that the polymer is poly (vinyl butyral-co-vinyl alcohol-co-vinyl
acetate). From Fig. 5(A), the wide peak at wavenumbers 3405 cm™! is
the O-H stretching (Yang et al., 2013). The two peaks at 2922 cm™!
and 2871 cm™! can be assigned to the stretching vibration of G-
H (Luan et al., 2023). The peak at 1732 cm™! is the G=O stretching.
The peaks at 1433 cm™!, 1378 cm™!, and 1342 cm™! are the C-H
bending vibration (Qin and Cheng, 2016). The peaks at 1130 cm~! and

1054 cm™! are the G-O-C-O-C stretching vibrations of the cyclic acetal
group (Qin and Cheng, 2016). The peaks at 990 cm~! and 1240 cm™!
are the C-O-C stretching vibration of the acetate group (Qin and Cheng,
2016). From the band assignment, the spectrum obtained by ATR-FTIR
is the PVB polymer.

It has been reported that PVB polymer is soluble in methanol
(Samide et al., 2020). In principle, a simple methanol washing can
remove the enamel. To confirm this, 2 g of the enamelled copper wires
were immersed in 4 mL of methanol and left standing for 2 h. The
copper wire was then collected via filtration, air dried, and analysed
using ATR-FTIR.

The ATR-FTIR spectrum for the methanol washed copper wire sam-
ple is presented in Fig. 5(B). The ATR-FTIR spectrum after washing
is different than that of the spectrum before washing. This indicates
the presence of another polymer, and the enamel is of a multi-later
type with PVB polymer as its outermost layer. The spectrum search
reveals that the polymer is a polyester type and is a combination of
PET Fig. 5(B) and poly (diallyl isophthalate) Fig. 5(C).

From Fig. 5(B), the peak at wavenumbers 1705 cm™! is the GO
stretching (Miyamae et al., 2001). The peak at wavenumbers 1215
cm™! is the aromatic ether C-O stretching (Donelli et al., 2010). The
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Fig. 5. ATR-FTIR spectrum of the waste enamelled copper wire compared to the Sigma-Aldrich Library of ATR-IR Spectra (Wiley) for (A) as received, (B) and (C) after methanol

washing, and (D) after methanolysis.

peaks at wavenumbers 872 cm~! and 726 cm™! are the aromatic out of
plane bending vibration (Donelli et al., 2010). The peaks at 1705 cm™!
and 1215 cm™! indicate the ester functional group. While the peaks at
872 cm~! and 726 cm~! confirm the presence of an aromatic ring. The
type of polymer is confirmed to be polyester type.

Furthermore, from Fig. 5(B), there are other peaks with significant
absorbance that are not typical of polyester such as relatively strong
absorption at 3332 cm~! and 1447 cm~! which are the stretching
vibrations of O-H groups and alkane C-C stretch, respectively. It has
previously been reported that degraded PET tends to have relatively
higher absorbance in the region of 2700 cm™! to 3500 cm~! and

1400 cm™! to 1450 ecm™~! (loakeimidis et al., 2016). Hence, the ATR-
FTIR spectrum also reveals that the polyester enamel has undergone
severe degradation.

Knowing that the enamel is a polyester type, depolymerisation of
polyester via room temperature methanolysis was proposed. Room
temperature methanolysis requires DCM as a co-solvent and K,CO; as a
catalyst (Pham and Cho, 2021). 3.2917 g of washed enamelled copper
wire is mixed with 6 mL of methanol, 5 mL of DCM, and 0.1215 g of
K,COj4 catalyst or equivalent to S/L, DCM/Methanol, and K,CO3/Cu,;.
ratio of 300 g/L, 0.53 mol/mol and 3.8 wt%. The mixture remained
under stirring for 18 h at 25 °C. A copper wire was sampled from the
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mixture, washed with methanol, air dried, and analysed using ATR-
FTIR. The resulting spectrum is presented in Fig. 5(D) and it was found
that a substantial amount of the polyester enamel had been removed.

To determine the copper core size and coating thickness, the di-
ameter of the copper wire samples from different treatments were
measured using a micrometre screw gauge accurate to 1 pm. From
the average of five measurements, it was found that the diameter of
the as-received, methanol washed, and methanol washed followed by
methanolysis samples were 270 pm, 260 pm, and 235 pm, respectively.
The measurements obtained from the morphological analysis were also
in agreement with the results from the micrometre screw gauge. Hence,
the PVB and polyester enamels have different thicknesses of 5 pm and
12.5 pum, respectively.

To determine the ratio of the terephthalate and isophthalate repeat-
ing unit, the liquid from the methanolysis described above was sampled
and analysed using a GC-MS. The mass spectrum fragmentation of
the two most significant peaks is presented in Fig. 6(A) and (B) and
compared against that of the NIST mass spectral libraries. The two
main products from the procedure were found to be DMT and DMI and
confirmed the hypothesis that the polymer is polyester. Moreover, by
using the relative response factor of dodecane to DMT and DM, it was
found that the molar ratio between DMT and DMI is unity.

Having shown that room temperature methanol washing and
methanolysis with DCM co-solvent are useful techniques to delaminate
the PVB and polyester enamel. A two-stage process to recover PVB
by dissolution and polyester as DMT and DMI by methanolysis are
proposed and summarised in Fig. 7. The density of copper wires from
different treatments was measured and compared. The copper wires
that underwent methanol washing and methanolysis have a measured
density of 8.94 g/cm3, which is close to that of pure copper (ca.,
8.94 g/cm3). The same sample was digested and analysed for metal
concentration using an ICP-MS. The result suggests that the sample
contains 99.5 wt% copper. These findings ascertain that the enamelled
copper wire was made of high purity copper.

The copper wires from different treatments are also subject to
pyrolysis in an STA to quantify the amount of enamel present. From the
thermogravimetric analysis, it can be deduced that the methanolysis
had completely removed the polyester enamel. Moreover, the weight

percentage ratio between PVB, polyester, and copper core can be
estimated and calculated to be 1.5 wt%, 2.4 wt%, and 96.1 wt%,
respectively.

3.2. Parameters affecting enamel removal

The first stage of the proposed process involves dissolving PVB in
methanol referred to as methanol washing. Methanol is selected due
to the good solubility of PVB in alcohol (Paul and Cotts, 1987) and
has been reported to be as much as 10.0 wt% (Peer et al., 2014) to
38.0 wt% (Ali et al., 2022). Moreover, PVB in solution exhibits weak
and broad absorption bands between 250 nm to 300 nm (Posavec
et al., 2014). Thus, making UV-Vis a suitable technique to monitor the
dissolution of PVB enamel into methanol.

The time taken to fully remove PVB was studied by measuring the
absorbance of the liquid methanol from various washing times. 2 g of
received enamelled copper wire was weighted to four decimal places,
transferred to a scintillation vial followed by the addition of 2.5 mL
methanol, and sealed. The amount of methanol selected is equivalent
to a weight ratio of enamelled copper wire to methanol of one and
a complete PVB enamel dissolution results in a concentration of 1.5
wt% PVB in methanol. The timer was started as soon as the methanol
was added. After 1 min, using a plastic pipette transfer, the liquid
was transferred to a quartz cuvette and the absorbance was measured
using a spectrophotometer. The procedures were repeated for 5 min
and 30 min washing time, and the results are presented in Fig. 8.

From Fig. 8, there is a minimum increase in absorbance from
1 min to 30 min washing time. This indicates that the washing process
happens promptly which can be caused by the combination of a small
amount of PVB coating and its excellent solubility in methanol. The
increase in absorbance was thought to occur due to solvent loss from
the longer washing time rather than more PVB polymer being dissolved.
To confirm this, copper wire from 1 min washing time was sampled and
analysed using an ATR-FTIR. It was found that the PVB coating had
been removed revealing the spectrum of polyester enamel underneath
after 1 min washing time.

Considering the low concentration of PVB only after single pass
washing, it is important to consider re-using the methanol wash solu-
tion. Taking a PVB concentration limit of 10.0 wt%, the wash methanol
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Fig. 7. Schematic diagram of the proposed process; illustrating enamelled copper wire going through methanol washing and room temperature methanolysis.
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Fig. 8. UV-Vis spectrum of solutions from various washing times.

can be re-used for another 5 washing cycles. Taking a higher concentra-
tion limit caused the solution to become more viscous and recovering
clean copper became more challenging.

The second stage of the process involves methanolysis at room
temperature with DCM as co-solvent and K,COj as catalyst. Parameters

affecting enamel removal are studied by means of small-scale screening
that considers solvolysis time between 0.25 h and 39 h, solid to liquid
ratio (S/L) of 100 g/L to 500 g/L, catalyst to methanol washed copper
wire ratio (K,CO3/Cuy,,.) of 0.10 wt% to 7.5 wt%, and the molar ratio
of DCM to methanol (DCM/Methanol) 0.05 mol/mol to 3.00 mol/mol
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Table 1

Screening parameters and the measured density after treatment.
No. Time (h) S/L (g/L) K,CO;/Cuy;, (Wt%) DCM/MeOH (mol/mol) Prmcasurea (8/€M°) Prmeasured/ Pcu (%0)
1 39 500 0.10 1.00 8.94 100
2 39 100 0.10 1.00 8.94 100
3 39 100 7.5 1.00 8.93 100
4 39 100 7.5 1.00 8.91 100
5 39 500 7.5 0.05 8.90 100
6 39 500 7.5 0.05 8.87 99
7 1 500 7.5 1.00 8.85 99
8 39 100 0.10 0.05 7.68 86
9 1 100 7.5 0.05 7.90 88
10 1 100 0.10 0.05 7.65 86
11 1 500 0.10 0.05 7.65 86
12 1 500 0.10 1.00 7.64 86
13 0.25 500 7.5 3.00 7.68 86
14 0.50 500 7.5 3.00 7.63 85

were carried out. The screening was done using an Assynt hot plate
with inserts that can accommodate twelve 24.40 mm OD boiling tubes.
Each boiling tube had a 5 mm x 12 mm stir bar and sealed with
Suba-Seal®. The hotplate temperature and stirring were set at 25 °C
and 300 RPM, respectively. After the treatment, the copper wires were
recovered by filtration, washed with water followed by methanol, air
dried, and analysed using a helium gas pycnometer. All samples used
in the screening have been washed with methanol and free of PVB
polymer. A complete enamel removal will result in a measured density
increase from 7.62 g/cm?® to that of pure copper of 8.94 g/cm?3.

The screening results are presented in Table 1 and reveal that
only half (No. 1 to No. 7) of the screening parameters result in an
almost complete removal of polyester enamel. From the parameters that
allow almost complete removal of poly ester enamel, the parameters in
Table 1 - No. 7 require the shortest duration with the expense of higher
DCM/MeOH, S/L, and K,CO3/Cu,,;,. when compared to other screened
parameters.

Too much catalyst is a waste of resources and minimising the use of
DCM (Byrne et al., 2016) as a solvent is perceived as a good strategy
to minimise the environmental impact related to its use. Further exper-
iments were done to understand the effect of minimising the amount
of K,CO; catalyst and DCM towards the rate of polyester degradation.
The rate of polyester degradation was analysed via off-line GC-MS
analysis by monitoring the concentration of DMT and DMI over time.
The parameters from Table 1 — No. 7 were used as a starting point (Run
A) and the results are presented in Fig. 9(A).

The results presented in Fig. 9 were done in triplicate with each run
using a basis of 50 g methanol washed enamelled copper wire. From
Fig. 9(A), it can be observed that the yield did not further increase
with increasing time beyond 1 h. This suggests that the reaction was
completed in 1 h, resulting in 82.8% and 83.3% yield of DMT and DMI,
respectively. The catalyst ratio was decreased from Run A of 7.5 wt% to
0.10 wt% (Run B) and the result is presented in Fig. 9(B). Comparing
Run A to Run B there was a delayed reactivity as the yield of DMT
and DMI at 1 h are 0.7% and 0.6% compared to 82.8% and 83.3%,
respectively. In 24 h, the yields of DMT and DMI were 86.0% and
92.2%. In Run C, the DCM to methanol molar ratio was decreased from
1 to 0.2 mol/mol while keeping the other parameters the same as in
Run B. Comparing Run C to Run B there was a further delayed reactivity
as the yield of DMT and DMI at 3 h are 23.5% and 21.8% compared to
69.4% and 71.6%, respectively. In 24 h, the yield of DMT and DMI were
83.3% and 89.4%, respectively. Moreover, the copper wire density from
Run A, Run B, and Run C were measured and found to be 8.94 g/cm?,
8.94 g/cm3, and 8.93 g/cm?3, respectively. These findings indicate the
copper wires were fully liberated from the polyester enamel in 24 h.

In summary, the results presented in Fig. 9 showed that, at room
temperature, decreasing the amount of K,CO5 catalyst improves the
DMT and DMI yield with the expense of a slower rate of reaction.
Moreover, decreasing the DCM to methanol ratio did not increase the
monomer yield but instead resulted in a much slower rate of reaction.

Thus, Run B in this study, with S/L, DCM/Methanol, and K,CO53/Cu,;..
ratio of 500 g/L, 1.00 mol/mol and 0.10 wt%, respectively, as the
optimum parameters for room temperature methanolysis.

The published research by Pham and Cho (2021) reveals that under
the presence of moisture and K,CO5 catalyst, the DMT can partially
hydrolysed to produce mono-methyl isophthalate or react with ethylene
glycol to produce bis(2-hydro-xyethyle) terephthalate. Despite HPLC
grade DCM and methanol being used in this study, they may still
inherently contain small amounts of moisture of 0.05 wt% and 0.02
wt% respectively. It was suspected that the remaining 14.0% DMT
and 7.8%DMI yield from Run B was due to the formation of by-
products. To confirm this, the product from Run B was subjected to
NMR analysis and the result is presented in supplementary information
Fig. 7. The NMR analysis revealed the absence of bis(2-hydro-xyethyle)
terephthalate by-products, and the products formed were indeed DMT,
DMI and EG. Thus, the remaining 14.0% DMT and 7.8%DMI yield from
Run B is due to loss during the recovery process.

Having shown that the methanolysis can be done at room temper-
ature, the effect of increasing temperature was studied by varying the
temperature from 25 °C to 35 °C while keeping other parameters the
same as Run B and the results are presented in Fig. 10. From Fig. 8 it
can be deduced that by increasing temperature from 25 °C to 35 °C, the
rate of formation of DMT and DMI increases. At 35 °C, 87.8% DMT and
89.9% DMI yield can be achieved in 240 min. It is important to point
out that the yield achieved in 240 min at 35 °C is almost equivalent
to that of 25 °C in 24 h. Also, extending the reaction time at 35 °C to
24 h only led to a marginal increase in DMT and DMI yield of 87.9%
and 91.1%, respectively which is within the standard deviation. Thus,
at 35 °C, full decomposition can be achieved within 240 min. Further-
more, based on the recorded energy consumption from the hot plate
used, the energy consumed for the complete decomposition of polyester
enamel from 50 g enamelled copper wire at reaction temperatures of
25 °C and 35 °C were 0.22 kWh and 0.04 kWh, respectively. Hence,
despite the higher temperature, the exponential increase in the rate
of reaction from 25 °C to 35 °C with respect to temperature caused
an overall energy savings of at least 5 times due to shorter reaction
time from 24 h to 4 h. Furthermore, there is no gas by-product being
produced by the proposed chemical method. In contrast, CO, CO,, and
harmful hydrocarbons are produced as by-products from the existing
thermal treatment.

3.3. Comparison of the proposed process to pyrolysis

This subsection presents a simple energy consumption model to
demonstrate the total electricity consumed for the proposed process
compared to pyrolysis. The model assumes that the energy consumed
varies linearly with the amount of waste enamelled copper wire being
treated, such that the energy required to treat 1000 g of sample is
equal to 20 times the energy required to treat 50 g of sample. In
the calculation of the proposed process, it was assumed that the first
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Table 2
Total electricity cost of the proposed process and previously reported thermal treatment.
Rated Electricity Cost
Unit Time
Process Equipment Power Required £)
Operation (h)
(W) (kWh)
Washing | Mixer 70 0.17 0.01 0.03
Methanol Rotavap 1400 0.50 0.70 0.18
Methanol
washing Condenser 200 0.50 0.10 0.03
distillation
9 Vacuum pump 150 0.50 0.08 0.02
@
§ Hotplate stirrer
o Reactor 4.0 (0.8)2 0.21
B (35°C)
3
§ Methanolysis | DCM and | Rotavap 1400 2.0 2.80 0.70
methanol | Condenser 200 2.0 0.40 0.10
distillation | Vacuum pump 150 2.0 0.30 0.08
Total 5.19 1.35
Furnace
(warmup) 5000 0.38 1.9 0.48
2 Thermal 20°C - 600°C
< Pyrolysis
- treatment Furnace
©
_g (pyrolysis) 5000 0.50 (25)2 6.25
—
= 600°C
Total 26.9 6.73

2 Basis of 1 kg enamelled copper wire.

stage of methanol washing was done in a single pass wot a limit of
10 wt% and a residence time of 30 min. In the second stage, the
methanolysis parameters of temperature, time, S/L, DCM/Methanol,
and K,CO3/Cuy;. ratio of 35 °C, 4 h, 500 g/L, 1.00 mol/mol and
0.10 wt%, respectively, were used. The mass balance for the proposed
process can be found in the supporting information. For the pyroly-
sis process, it was assumed that the pyrolysis only requires a single
warmup stage. Moreover, for both processes, the furnace (pyrolysis),
distillation, and washing unit operations always operate at full power
due to the fluid that actively takes out heat from the system. The simple
energy model results are presented in Table 2.

From Table 2, the total electricity required per kilogram of waste
enamelled copper wire for the proposed process and previously re-
ported pyrolysis process is 5.19 kWh and 26.9 kWh, respectively.
The proposed process uses 80.7% less energy compared to pyrolysis,
resulting in an overall operating cost of £1.35/kg compared to pyrolysis
which costs £6.73/kg. Moreover, based on the current emission factor
of 0.21 kg CO,eq/kWh in the UK’s national grid (ITPENERGISED,
2023), the proposed process releases 4.56 kg less CO, when compared
to pyrolysis.

The proposed process shifts part of the cost load from electricity
consumption to the chemical consumed. For reasonable comparison,
the cost of chemicals consumed in the proposed process is as important
as the cost of electricity consumed. The recent industrial prices of
methanol and K,CO;3; were 0.34 £/kg (BusinessanalystIQ, 2023b) and
1.33 £/kg (BusinessanalystIQ, 2023a), respectively. The methanolysis
of 1 kg enamelled copper wire consumes 7.87 g of methanol which is
equal to 0.27 pence. Moreover, 0.98 g of the K,CO; catalyst can be
assumed to be unrecovered and is equal to 0.13 pence. The total cost
of methanol and K,CO; per kg of enamelled copper can be calculated as
£0.0030. Whereas the entire process consumes 5.19 kWh of electricity,
equivalent to £1.35. Thus, the cost associated with the methanol and
K,CO5 consumption is marginal when compared to the total electricity
consumption cost.
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Polyester manufacturing is energy intensive and highly polluting
process (Palacios-Mateo et al., 2021). Based on the current manufac-
turing level, the embodied carbon of polyester is 32 kg CO, eq/kg (Kil-
gore, 2023). Each kilogram of copper wire is enamelled by 23.6 g of
polyester, which translates to a potential saving of 0.8 kg CO, eq/kg.
The proposed polyester treatment method not only saves electricity in
the treatment process but also saves 0.8 kg CO, eq embodied carbon
required to manufacture new polyester enamel per kilogram of copper
wire. Moreover, the proposed method recycles the polyester which
reduces the energy consumption in the new polyester manufacturing
process. Thus, the proposed method has the potential to prevent 5.36 kg
of CO, release per kg of waste enamelled copper wire when compared
to thermal treatment.

4. Conclusion

The waste enamelled copper wire sample used in this study was
found to be a multi layered type made up of polyester inner layer and
PVB outer layer. A multistep process comprised of methanol washing
and methanolysis was proposed. The PVB outer layer can be removed
by dissolution using methanol, while the polyester enamel can be recov-
ered in the form of dimethyl terephthalate and dimethyl isophthalate
via room temperature methanolysis. Due to the relatively low PVB
concentration (1.5 wt%) and thickness (5 pm), with a 1 to 1 weight
methanol to waste enamelled copper wire ratio, a complete dissolution
can be achieved in 1 min.

The results presented in this study demonstrate that decreasing the
amount of K,CO; catalyst improved the DMT and DMI yield with
the expense of a slower rate of reaction while decreasing the DCM
to methanol ratio did not increase the monomer yield but instead
resulted in a slower rate of reaction. The optimum parameters for room
temperature methanolysis were found to be S/L, DCM/Methanol, and
K,CO;3/Cuy;. ratio of 500 g/L, 1 mol/mol, and 0.10 wt%, respectively,
with the reaction completed in 24 h. Increasing the temperature to
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35 °C shortens the reaction time to 4 h and results in DMT and DMI
yield of 87.8% and 89.9%, respectively, as well as lower overall reactor
energy consumption.

A simple energy consumption model was used to assess the energy
expenditure of the proposed process with solvent looping compared to
the proposed thermal treatment found in the literature. It was found
that the proposed process saved 80.7% of electricity which translates
to 5 times lower electricity cost than the previously reported thermal
treatment. The lower electricity usage and the recovery of the polymer
as monomer prevented the release of 5.36 kg CO, eq per kilogram of
waste enamelled copper wire. Moreover, there is no toxic gas formed
from the proposed process. Hence, from the economic and environmen-
tal perspective, the proposed method is better than the existing thermal
treatment.

The proposed method only considers one specific type of enam-
elled copper wire that is commonly used in electric motor and other
types of enamelled may need different approach. Hence, this method
requires prior segregation of enamelled copper wire to obtain the
desired outcome and product. Compared to thermal treatment, the
proposed process has lower productivity (i.e., 30 min pyrolysis vs.
4 h methanolysis), that may potentially require more space for scaling
up. Moreover, despite the solvent used can be recovered and re-used,
the K,CO; catalyst has not been recovered. Future research direction
should focus on other types of enamelled copper wire, recovery of used
catalyst and whole system optimisation.
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