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Abstract: The recycling of cable scrap, particularly from discarded electrical wiring, is gaining
significant attention due to the rising demand for copper and the need for sustainable management
of electronic waste. Traditionally, mechanical processing has been used to recover copper and plastic
from cables. However, this approach is often energy-intensive, time-consuming, and costly in terms
of equipment and labor. In this study, we propose a simple microwave technology as an alternative
method for fast and efficient recovery of materials from cable scrap, particularly copper and carbon.
Microwaves facilitate the separation of plastic, generating carbon and allowing direct copper
extraction with minimal energy input. The recovered materials can be reused or repurposed, adding
further value to the recycling effort. This approach improves recovery efficiency, offering a more
sustainable and cost-effective solution for industrial purposes.

Keywords: cable scrap; microwave irradiation; carbon; copper metal; recycling; plastic waste

1. Introduction

Cables are essential components for transmitting information and electricity. They contain
valuable materials like copper and plastic, which make their recovery highly desirable. According to
the Brussels-based organization Waste Electrical and Electronic Equipment (WEEE), approximately
1 billion kg of cables were discarded in 2022-enough to circle the earth 107 times. If not adequately
managed, heavy metals and microplastics can leach into soil and contaminate water, resulting in loss
of a valuable resource and environmental hazard. Recycling becomes therefore crucial to conserve
key resources and support sustainable economic growth [1-4]. Direct recycling, such as mechanical
stripping, is the primary means of recovering copper and plastic from cable scrap [1-3]. Indirect
methods, such as pyrolysis in energy-intensive electric furnaces to extract valuable carbon from the
plastic sheath while preserving the copper, have also gained popularity [3,5-10]. Incineration in air,
thermal decomposition under anoxic conditions, and steam gasification are among the most common
heat recovery processes. Both direct and indirect technologies have advantages and limitations and
are used interchangeably in cable recycling; however, challenges remain such as the need for faster
processing, energy savings, low costs, and high-quality recovered copper [3].

Microwave technology provides an energy-efficient way to rapidly convert plastic waste into
valuable carbon at relatively short times [11-22]. Microwave-assisted pyrolysis is an eco-friendly
waste disposal method that plays an important role in advancing the circular economy. It has been
effectively employed for producing biochar and biofuels, thanks to its volumetric and selective
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heating capabilities, which set it apart from the direct heating used in traditional pyrolysis processes
[12]. For instance, Park et al. [11] highlighted the efficiency of microwave-assisted stabilization and
carbonization of polyacrylonitrile composites, cutting processing times from hours to minutes. The
resulting carbon anodes achieved high nitrogen content (>7 %) and delivered a specific capacity of
over 300 mAh-g' at 0.1 A-g'. This approach improves energy efficiency and enhances the
electrochemical performance of anodes, positioning microwave processing as a promising method
for developing advanced materials for lithium-ion batteries. Similarly, Shi et al. [15] utilized rapid
microwave carbonization of natural cellulose nanofibers combined with a graphene initiator to
develop high-performance anodes for sodium-ion batteries. This process resulted in an initial
capacity of 558 mAh-g, significantly higher compared to typical sodium-ion battery anodes. In
addition, the materials showed good cycling performance. They observed a capacity of ca. 340 mAh-g-
1after 200 cycles. The inclusion of reduced graphene oxide (rGO) enhanced the microwave absorption
of CNFs, facilitating ultrafast carbonization and improving the structural properties of the resulting
carbon. Additionally, Brazil et al. [20] explored the microwave-assisted production of activated
carbon from lignocellulosic waste in a modified domestic microwave oven with high surface areas
ca. 900 m?-g'! and pore volumes of 0.5 cm®g?. These activated carbons show excellent adsorption
properties, particularly for removing contaminants like methylene blue (90 mg-g?'). Wang et al. [21]
explored the use of coconut husk carbon in the microwave co-pyrolysis of polyethylene terephthalate
(PET) and low-density polyethylene (LDPE). At 550 °C, the liquid yield reached 52%, with a high
content of monocyclic aromatic hydrocarbons at 83%. The study also highlighted a positive
synergistic effect between PET and LDPE, demonstrating enhanced liquid yield and improved
aromatic content through the combined pyrolysis of the two precursors. A continuous microwave-
assisted pyrolysis system was developed by Zhou et al. [22] for converting plastics into oil. Higher
pyrolysis temperatures facilitated the cracking of waxes, resulting in lighter and more stable
hydrocarbons. Using a ZSM-5 catalyst at 620 °C, the liquid phase yield reached 49%, with the product
containing 73% gasoline-range hydrocarbons, including 45% aromatics and 25% isomerized
aliphatics.

Microwave technology is particularly suited for carbonizing plastics that already contain metal.
Under microwave irradiation, the temperature of the metal core rises rapidly due to Ohmic heating
by the electromagnetic radiation, causing the plastic to carbonize. This approach has been
successfully applied to various items, including tires, toothpaste tubes, multilayer packaging, pencils,
printed circuit boards, CDs and snack bags [23-29]. For cables microwaves have primarily been used
in fuel-generation applications [30-32]. However, no report in the literature covers the microwave
synthesis, detailed characterization, or applications of chars derived from cable scrap including
simultaneous copper extraction.

In this paper we demonstrate an efficient, sustainable, and cost-effective method for recovering
valuable materials from copper cable scrap, a common by-product of the electronics industry.
Specifically, we show that microwave technology accelerates the thermal degradation of the plastic
component into valuable carbon, facilitating clean copper recovery with minimal energy input. The
recovered copper retains its lustrous appearance and conductive nature. In addition, we provide
detailed characterization of the derived carbon using several analytical techniques and discussing
potential applications for the recovered materials. The advantages of the method are selective
material separation, efficient processing and reduced processing time-all of which make the process
attractive and promising for large-scale industrial implementation.
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2. Materials and Methods

All chemicals and solvents were purchased from Sigma-Aldrich. Experiments were conducted
using a household microwave oven (frequency 2.45 GHz, wavelength ca. 12 c¢cm). Microwave
treatment was carried out in a fume hood. Prior to microwave treatment, thin single-strand copper
cable (diameter 1.5 mm) with polyvinyl chloride (PVC) insulation was cut into 2-2.5 cm-long pieces.
Note that the polymer sheath in the cable contains calcium carbonate (CaCOs), an inexpensive filler
adding electrical insulation, weight reduction, and thermal stability.

Microwave carbonization of cable scrap is conducted in the presence of oxygen, leading to the
release of organic volatiles from the combustion of the polymer sheath. To minimize these emissions
for future industrial applications, a promising approach is to perform microwave carbonization in an
inert nitrogen atmosphere, thereby eliminating combustion by removing oxygen. Furthermore,
incorporating a filtration system to capture and neutralize volatiles during the process could further
reduce emissions. These modifications would support a more sustainable and safer carbonization
process while mitigating the release of organic volatiles [3,33].

2.1. Microwave Separation of Copper and Carbon

Several cable pieces (10-20) were placed on a silica ceramic crucible in a microwave oven and
irradiated in air for 30 s at 700 W under rotation (operating at less than 700 W generates sticky masses
of carbon and polymer melt). The plasma generated by the copper wires ignited the cables, causing
carbonization of the plastic part. The as-formed carbon adhered weakly to the copper wires and was
separated mechanically by hand abrading. Any remaining carbon was removed by mild sonication
in water for a few minutes in an ultrasound bath. The recovered carbon was treated with concentrated
HNOs aqueous solution (65%) to remove microscopic copper particles and CaCOs. It was then treated
with 48% HF, 30% KOH, and hot 3 M HCl aqueous solutions to remove any silica residue from the
ceramic crucible. The solid was thoroughly washed with deionized water until neutral pH, and then
acetone until no coloration of the solvent, prior to drying at 100 °C. The copper is recovered
practically quantitatively. While the process has yet to be optimized the yield is 1 g of carbon per 10
m cable.

2.2. Characterization Techniques and Instrumentation

X-ray diffraction (XRD) patterns were obtained using a glass substrate for copper and a
background-free Si wafer for carbon, with Cu Ka radiation (A = 1.54 A) from a Bruker Advance D8
diffractometer. Samples were scanned over a 2-80° 20 range, in steps of 0.02° (20), at a rate of 0.2 s
per step.

Raman spectra were recorded with a micro-Raman system RM 1000 Renishaw using a laser
excitation line at 532 nm.

X-ray photoelectron spectroscopy (XPS) measurements were obtained by a Thermo Scientific
Nexsa G2 Spectrometer at operating pressure 1 x 10 Torr and monochromatic Al Ka x-rays (1486.6
eV) with photoelectrons collected from a 200 ym diameter analysis spot at a 90° emission angle and
a source to analyzer angle of 54.7°. A hemispherical analyzer determined electron kinetic energy,
using pass energy of 200 eV for wide/survey scans, and 50 eV for high resolution scans. A flood gun
was used for charge neutralization of non-conductive samples. Spectra were deconvoluted with the
CasaXPS software.

Scanning electron microscopy (SEM) images were obtained using a JEOL JSM-6510 LV SEM
Microscope equipped with an X-Act EDS-detector by Oxford Instruments.

Transmission electron microscopy (TEM) images were collected using FEI Tecani 12 BioTwin
TEM. 1% w/v suspensions were prepared in ethanol and dropped-casted into carbon coated copper
grids.
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Atomic force microscopy (AFM) experiments were conducted in peak force tapping mode on a
Multimode 8, Nanoscope 6, using RTESPA-525 cantilevers with a tip radius of 8 nm. The sample was
drop-casted onto silicon wafers prior to imaging.

Nitrogen (N2) adsorption-desorption isotherms were measured by a Micromeritics ASAP 2460
by using ultrahigh pure N2 (99.999 %). The sample was outgassed for 18 h under vacuum (10 mbar)
at 140 °C. Porosimetry isotherms were recorded at 77 K using a liquid N2 Dewar vessel at a relative
pressure (P/Po) of 102 to 0.99.

A Lakeshore table-top probe station was used to design contacts to the copper wire samples and
a Keithley 2400 source meter (source current 1 A) to perform the 4-probe resistance measurements.

3. Results and Discussion

3.1. Microwave Pyrolysis of Cable Scrap

The process for copper recovery with simultaneous carbon synthesis is shown in Figure 1.
Microwave irradiation permits the simultaneous conversion of the plastic to carbon and the
separation of copper from the cables by completing the process in a short time (30 s) with low energy
consumption. The recovered copper retains its lustrous appearance indicating that no oxidation to
CuO has occurred. We hypothesize that the polymer turned into a carbon coating protects the metal
against oxidation as shown by the following displacement reaction:

C+2Cu0O —2Cu+CO2

Figure 1. From left to right: microwave irradiation of copper cable chops in a ceramic crucible causes the polymer
sheath to carbonize due to the plasma produced by the metal. The far-right image shows recovered copper metal

and carbon after separation.

Analysis of copper cable wire through XRD, XPS, and SEM before and after microwave
treatment reveals no significant structural or compositional changes. On the other hand, carbon is
produced from the carbonization of PVC in air through a series of chemical transformations,
including dechlorination, cyclization, aromatization, and oxidation mediated by free radicals,
ultimately resulting in char formation. Each of these processes is inherently endothermic, requiring
a continuous heat supply. Under microwave conditions, this heat is sufficiently supplied through
Ohmic heating, where electrical currents induced by the microwave field generate resistive heating
in the copper metal, providing the necessary thermal energy for the reactions to proceed. Notably,
the 2.45 GHz microwaves used in this study have a wavelength of approximately 12 cm, while the
cable lengths ranged from 2 to 2.5 cm. This length is close to one-quarter of the wavelength (3 cm),
where the standing wave's intensity is at its peak. As a result, copper wires of this specific length
interact strongly with the microwaves, leading to significant heating and pyrolysis [33].
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3.2. Characterization of Cu Metal and Carbon Derived from Cables’ PVC Cover

3.2.1. X-Ray Diffraction (XRD) Analysis of Cu Metal (Before and After Process) and Carbon Derived
from Cables” PVC Cover

The XRD patterns (Figure 2) are characteristic and consistent with Cu metal, suggesting that the
crystalline structure of copper remains unchanged.

111

Cable Cu wire before microwaves

Cable Cu wire after microwaves
Cu (PDF#03-065-9026)

200

Intensity (a.u.)

220

N

30 40 50 60 70 80
2 theta (degrees)

Figure 2. XRD patterns of cable Cu wires before (black line) and after (green line) microwave treatment, as

compared to crystalline copper.

The XRD pattern of the derived carbon (Figure 3) is consistent with amorphous carbon [34]
showing broad reflections with decreasing intensity corresponding to graphite's (002) and (100)
planes. The (002) reflection is attributed to stacked layers with a Bragg interlayer spacing dooz = 3.6 A
(A =2 doo sin0), slightly larger than that of crystalline graphite (do2 = 3.34 A) [35]. Applying the
Scherrer equation to the (002) peak (Lc=0.9 A /  cosO) resulted in particle thickness L. = 2 nm along
the c-axis, equivalent to stacks of Nc = 6-7 layers [36]. On the other hand, the (100) reflection is
associated with the in-plane crystallinity of a single layer. Using the modified Scherrer equation (La
=1.84 A/ 3 cosO) [37], the size of the nanocrystalline graphitic domains L. was 4 nm along the a-axis.
Sharp reflections of CaF: [38], an insoluble by-product formed by the HF treatment, persist even after
EDTA treatment suggesting that calcium is retained within the carbon matrix. According to thermal
gravimetric analysis (TGA) in air, the product consists of nearly 90% carbon and 10% calcium fluoride
(Cak2).
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Figure 3. XRD pattern of the derived carbon.

3.2.2. Raman Analysis of Carbon Derived from Cables’ PVC Cover

The Raman spectrum (Figure 4) similarly supports the presence of amorphous carbon [34]. The
spectrum contains two broad bands: 1594 cm™ (G band) and 1350 cm™ (D band). The G and D bands
are formed by the Ez; and Ar vibrational modes of graphene's hexagonal rings, respectively. The G
band is typically associated with sp2 graphitic domains, whereas the D band is linked with sps
aliphatic domains. These bands have a higher intensity ratio (In/Ic = 0.8) than crystalline graphite
(In/Ic = 0.1-0.2) [35]. Based on this value, the size of the nanocrystalline graphitic domains La along
the a-axis was independently determined at 5.5 nm using the formula La = 4.4 (In/Ic)" [39], which is
consistent with that derived from the XRD pattern.

G. 1594 cm™ ]

D. 1350 em™!
|

Intensity (a.u.)

600 800 1000 1200 1400 1600 1800 2000 2200
Raman shift (cm‘l)

Figure 4. Raman spectrum of the derived carbon.
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3.2.3. X-Ray Photoelectron Spectroscopy (XPS) Analysis of Cu Metal (Before and After Process) and
Carbon Derived from Cables’ PVC Cover

XPS survey analysis of Cu metal before and after microwave treatment is also similar indicating
uniform surface characteristics in terms of elemental composition (Figure 5, left). The Cu2p XPS
spectra (Figure 5, right) shows no variation in chemical state, indicating that the copper’s oxidation
state or surface chemistry was not impacted.

CuMW Cls: 59.2% I Cu
o [CUP Nis: 45 % Cu2p
0:205%
Cu: 6.2 %
CL 4.9 %
Ca:3.2%
-~ Fl1s: 1.6 %
o | cus Fls oo 3
E.« Cls E"
= Cl2s CuTis 3 &
h—1 cR u3p h~1
2 feip 2
o 2
2 //\ g
Cls: 695 %
Nis: 2.6 %
0:18.6%
Cu: 6.9 %
Q:11%
Ca:1.3%
T T T T T T T T T T i T T T T T T T T T T T T T
1200 1000 800 600 400 200 0 925 930 935 940 945 950 955 960
Binding Energy (eV) Binding Energy (eV)

Figure 5. XPS survey (left) and high resolution Cu2p (right) spectra of cable Cu wires before (black lines) and

after (blue lines) microwave treatment.

The XPS survey spectrum of the carbon reveals the presence of C (68.7 at. %), O (14.8 at. %) and
N (15.7 at. %) with minor contributions from Ca (0.3 at. %) and CI (0.5 at. %) (Figure 6a). Oxygen is
expected to be present since the microwave treatment was conducted in air. In addition, nitrogen and
chlorine are derived from the acid treatments and the chlorine in PVC, respectively. The high-
resolution Cls spectrum shows a dominant component (65.7 %) at a binding energy of 284.8 eV due
to C-C/C=C bonds, followed by oxidized carbon species at higher binding energies and decreasing
order C-O > C=0 > O-C=0 (Figure 6b) [40,41]. XPS shows no fluorine at all and a very small amount
of calcium that appears inconsistent with the XRD data presented above. We note that XPS is a
surface-sensitive technique that typically probes the top 5-10 nm of the sample. Hence, the results
suggest that both F and Ca are embedded in the interior of the carbon matrix as CaF-.
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Figure 6. XPS survey spectrum (a) and deconvoluted high-resolution spectrum of Cls region (b) of the derived

carbon.

3.2.4. Microscopy Analysis of Cu Metal (Before and After Process) and Carbon Derived from
Cables’ PVC Cover

SEM images of Cu metal (Figure 7) confirm that the surface morphology of the copper wire
remained practically intact. These findings indicate that the copper wire is resistant to structural,
chemical, and morphological changes under the microwave conditions. Subsequently, electrical
conductivity measurements via the 4-probe method show similar values before and after microwave
treatment (6.8-107 and 6.5-107 S-m", respectively). These values are very close to those reported in the
literature for copper (5.80-107 - 5.95-107 S-m).

Figure 7. Representative SEM images of cable Cu wires before (top) and after (bottom) microwave treatment

under same magnification (scale bar 200 nm).
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SEM imaging of carbon shows predominantly macroporous (pore size > 50 nm) carbon particles
with swiss-cheese morphology (Figure 8, top). We attribute this morphology to the presence of
CaCQ: filler particles in the PVC acting as porogen [42,43]. In addition, compact particles with platy
morphology were also found, but in much fewer numbers (not shown). Energy dispersive
spectroscopy (EDS) elemental mapping shows that the sample is mainly composed of C (81.2 wt. %)
and O (9.1 wt. %) (Figure 8, bottom), consistent with XPS, followed by Ca (4.1 wt. %), C1 (5.2 wt. %),
K (0.2 wt. %) and Si (0.2 wt. %). The traces of silicon and potassium come from the silica ceramic
crucible and the KOH base treatment, respectively. No nitrogen was detected in the sample’s bulk
composition, implying that N is only present on the surface (as detected by XPS). Regarding the
absence of fluorine, we note that as a light element it is difficult to detect by EDS especially when
present in small amounts.

WDikmm 558 3 1lpm
30 Aug 2024 00038 a2

100ym 00pm

Figure 8. Representative SEM images (top) and selected area C/O chemical mapping (bottom) of the derived

carbon. Carbon and oxygen were chosen to represent the sample's major components.

TEM images indicate the presence of compact carbon nanosheets (Figure 9) with micron- or
submicron-sized lateral dimensions. Furthermore, they show a multilayer structure along the edges
due to stacks of individual layers, which is a common property of layered-like carbon nanomaterials.
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Figure 9. Representative TEM images (a-d) of the derived carbon.

The average thickness of the nanosheets measured using AFM was 2.6 nm (Figure 10). This
number is close to the Lc value of 2 nm obtained from XRD and the Scherrer equation. Based on the
TEM and AFM measurements, the lack of any kind of porosity in the nanosheets suggests that the
macroporosity observed in the SEM arises from particle packing and interparticle voids created by
the removal of CaCO:s by acid dissolution.

(b)

04
20 21 22 23 24 25 26 27 28 29 3.0

Height 220.0 nm

Thickness (nm)

Figure 10. (a) Representative height profile image derived by AFM of selected carbon nanosheet. (b) Statistical
analysis histogram of thickness of randomly selected sheets.
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3.2.5. Nitrogen (N2) Porosimetry Analysis of Carbon Derived from Cables’ PVC Cover

The N2 adsorption-desorption isotherm of carbon shows a mixed Hz and Hs type hysteresis loop.
The hysteresis loop was simulated using the CPSM model (Figure 11a), indicating a mesoporous
structure with cylindrical pores arising from aggregates of plate-like particles [44,45]. Similar to
macropores, such mesopores originate from CaCOs, which acts as a porogen [42,43]. The BET and
CPSM techniques were used to calculate the specific surface area [46]. The Sser was 141 m2g; the
corrected Scrsm, considering pore curvature effects [46], was 153 m2-g. These two values were close
because of the mesopore nature of the material’s pore structure. This is evidenced by the pore size
distributions estimated by BJH, CPSM, and DFT methods [46,47] and presented in Figure 11b-d. All
three curves showed two distinct groups of pores, with 0.25 cm? -g-! total pore volume. The first group
of pores has a diameter of 1-15 nm while the second group in the region 15-35 nm. From the above
we conclude that in addition to the macroporosity which is also seen in the SEM, the material also
has a mesoporous structure. Mesopores contribute significantly more to the sample's specific surface
area than the macropores. The microporosity fraction estimated from the CPSM simulation was 0.3%,

which is insignificant.

= 180 0.020
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Figure 11. N2 adsorption-desorption experimental hysteresis loop and CPSM simulation (a), BJH pore volume
distribution, desorption branch (b), CPSM pore volume distribution (c), and DFT pore volume distribution (d).

3.3. Microwave vs Conventional Pyrolysis of Cable Scrap

Heating experiments in conventional electric box oven showed that the cable wires ignite at 500
°C, producing a yellow flame similar to that observed in the microwave oven. Based on this, we
estimate an average temperature of approximately 500 °C in the microwave oven. However, the
plasma generated by the heated metal under microwave irradiation likely results in higher localized
temperatures. This estimated temperature is consistent with the ignition temperature of PVC plastic
in air (485 °C).

In order to compare microwave carbonization with conventional pyrolysis for cable scrap,
heating experiments were conducted using an electric box oven (1300 W) at 500 °C in air and 2-2.5


https://doi.org/10.20944/preprints202503.0086.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 March 2025 d0i:10.20944/preprints202503.0086.v1

12 of 19

cm-long samples. These conditions match reasonably well those used in microwave heating (700 W).
Due to the slower heating rate of the conventional oven compared to microwave processing, the
heating duration was extended to at least 5 min, in contrast to 30 s required in the microwave oven.
This adjustment ensured effective carbonization of the polymer sheath and prevented the formation
of a sticky polymer melt, which could otherwise hinder the process. Based on simple calculations that
take into account power consumption, conversion rate (30% for box ovens, 70% for microwave
ovens), and duration, microwave heating has an energy efficiency of 80%. After conventional
pyrolysis the carbon and copper metal were mechanically separated, with the recovered carbon
undergoing similar acid treatments as described in the experimental section. Copper is practically
extracted quantitatively, while the carbon yield is lower (0.5 g per 10 m cable) due to prolonged
exposure in air, which promotes combustion and reduces carbon residue formation.

Further analysis reveals notable differences compared to microwave processing. The XRD
pattern for the metal (Figure 12) confirms the presence of Cu metal but also indicates carbon residues
that cannot be mechanically removed.

111

Cu500

220
200

Intensity (a.u.)

002 Carbon

10 20 30 40 50 60 70 80
2 theta (degrees)

Figure 12. XRD pattern of cable Cu wire after heat treatment of the cable at 500 °C in air.

Similarly, XPS shows elevated carbon content and greater surface oxidation (Figure 13).
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Figure 13. XPS survey spectrum of cable Cu wire after heat treatment of the cable at 500 °C in air. The spectrum

shows an increased carbon and oxygen content on the metal wire surface.

In line with these observations, SEM clearly reveals carbon residues on the metal wire's surface
(Figure 14). The molten polymer sheath has sufficient time to infiltrate metal cracks, leaving behind
carbon particles after carbonization that stains the surface. Additionally, the conductivity of the Cu
processed conventionally is lower by an order of magnitude 1.96:10° S-m'. This decrease is attributed
to prolonged heating during conventional processing and increased oxygen exposure. These results

suggest that the copper obtained through conventional heating is of lower quality than that produced
via microwave heating.

Figure 14. Representative SEM image of cable Cu wire after heat treatment of the cable at 500 °C in air. The
image shows that the metal wire surface is stained with carbon particles.
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With respect to carbon, the XRD reveals an amorphous structure with inorganic phase
impurities that persist even after acid treatments (Figure 15).

—— C500

* Impurities

002 Carbon

Intensity (a.u.)

10 20 30 40 50 60 70 80
2 theta (degrees)

Figure 15. XRD pattern of carbon derived from heat treatment of the cable at 500 °C in air.

XPS further indicates that this carbon is more oxidized compared to that obtained through
microwave heating similar to the Cu discussed above (Figure 16).

Intensity (a.u.)

T T T T T T T T T T
294 292 290 288 286 284 282 280

Binding Energy (eV)

Figure 16. Deconvoluted high-resolution Cls XPS spectrum of carbon derived from heat treatment of the cable
at 500 °C in air.
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SEM shows a macroporous structure comparable to that of the microwave-derived carbon
(Figure 17).

Figure 17. Representative SEM image of carbon derived from heat treatment of the cable at 500 °C in air.

However, the specific surface area of the former is < 10 m?g?, much smaller than that of
microwave-derived carbon. The lower surface area is either due to the lack of micro-/mesoporosity
or blockage of micro-/mesopores by impurities.

All in all, microwave pyrolysis offers significant advantages over conventional pyrolysis. One
of its key benefits is speed, as microwave pyrolysis is considerably faster, reducing processing time.
The method is more energy efficient with an efficiency of 80%, making it a more sustainable and cost-
effective option compared to traditional pyrolysis. Additionally, microwave pyrolysis results in a
higher quality of recovered copper with minimal amount of impurities. Another notable advantage
is the improved carbon yield and higher surface area from the carbonization of PVC sheath. This
leads to a higher quantity of active carbon products, which can be further utilized or sold.

3.4. Thoughts for Cable Scrap Valorization

The copper and carbon recovered from cable scrap are valuable for numerous practical
applications. Copper chops, for example, play a key role in the recycling of scrap copper, where they
are reused to create new copper products (electronic appliances, building material, consumer
products) [48]. The process conserves natural resources and is more energy-efficient than mining and
refining virgin copper. What’'s more, copper chops are useful in metallurgy (smelting, cast molding,
alloying, refining, plating), as catalysts in chemical industry (production of methanol, desulfurization
of fuels), in mechanical reinforcement (gypsum), and in resin art/epoxy crafts (orgonite pucks).
Carbon, on the other hand, plays a crucial role in several processes, including extractive metallurgy,
gunpowder production, paint formulations, and inks, where carbon supply is in high demand
[23,25,49-51]. Furthermore, the porosity of carbon, combined with its oxidized surface, could enhance
its effectiveness in adsorption processes (e.g., in filters). The porous structure provides a large surface
area, while the oxidized sites offer active centers for binding various molecules. Given the volume of
scrap and the quality of the materials generated, further process optimization is likely to yield
significant amounts of copper and carbon.
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4. Conclusions

We demonstrate that microwave treatment of cable scrap is a highly effective and fast approach
for copper recovery and carbon synthesis, both of which are valuable for various practical
applications. The recovered copper retains its lustrous appearance and conductivity. In addition, the
process produces disordered porous carbon with a meso/macroporous texture resulting from particle
packing, void spaces generated during microwave heating, as well as the presence of CaCO:s particles
in the cables that act as porogen. By integrating copper recovery with carbon valorization, the
microwave process offers a sustainable approach, transforming cable scrap into valuable resources
for multiple industries, while promoting waste reduction and resource efficiency. The approach
could also be adapted for other types of cable with different metals (e.g., aluminum) or insulation
materials (e.g., silicone) to recycle and synthesize various materials including ceramic powders.
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