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Abstract

Recent research has focused on improving the copper refining process to meet the
stringent purity standards required by industries such as aerospace. This research
builds on our previous study, which identified 1120 °C as the minimum melting
temperature required to achieve optimum copper purity from recycled copper
scrap. In this phase, we are investigating the effects of thermal pretreatment of
copper scrap samples at specific temperatures prior to melting and casting at
1120 °C. The initial thermal pretreatment process involved continuous heating with
isothermal holds at six target temperatures (200, 300, 500, 700, 850 and 950 °C).
For each test, the duration of the isothermal hold at each temperature was fixed at
5, 10, 15 or 20 minutes, depending on the selected refining sequence. This method
significantly improved the purity of the cast copper, increasing it from 99.9230 to
99.9714 wt. %. However, significant mass losses were noticed when holding times
exceeded 10 minutes, mainly due to the thermal degradation and fragmentation of
thin copper wires. To overcome this, alternative thermal pretreatment techniques
were investigated using different holding times. One of the most effective
refinements, consisting of a holding time sequence of 5-5-10—-10—-15-5 minutes
at selected isothermal stages, increased the purity to 99.9716 wt. % and achieved
a thermal conductivity of approximately 362 W/mK, while reducing the total
refining time to 94 minutes. These findings help to optimise the copper refining
process by reducing both costs and mass losses while improving overall efficiency.

1. Introduction

production has remained stagnant [3]. This
situation is particularly notable given that the

The need for effective resource management
has become more crucial, especially with the rise
of the circular economy, which encourages more
careful use of materials. This approach emphasises
material reuse and recycling to reduce waste and
preserve our valuable natural resources [1,2]. The
example of this approach is copper recycling
through processes such as mechanical separation
and fire refining, a metal widely used in numerous
industries like electrical engineering, electronics,
construction and transportation. Despite
significant growth in copper consumption and
primary production in recent years, secondary

This work is licensed under a Creative
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average service life of copper in use ranges
between 10 and 30 years, meaning that the copper
reaching the end of its life today was likely
produced at the turn of the millennium [3]. This
stagnation highlights the challenge facing the
copper industry in integrating more sustainable
practices while considering issues related to
energy efficiency, greenhouse gas emissions
reduction and climate change mitigation.

Recycled scrap used to produce secondary
copper can be sourced from old metal scrap and
end-of-life products, as well as new scrap
generated during the production of copper-
containing goods [4]. New industrial scrap is
generally less expensive to recycle, as it is clean,
homogeneous and requires minimal sorting or
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pretreatment. However, old stored scrap that has
accumulated in increasing quantities over time
must be identified and separated by direct [5] or
indirect [6] methods before recycling. Generally,
waste is processed to remove high-melting point
impurities such as ceramics, which would
otherwise increase energy consumption during
recycling. Companies that only have melting
furnaces without refining equipment are limited to
using high-purity waste materials such as industrial
waste (usually provided by their customers) and
ISRI (Institute of Scrap Recycling Industries) grade
Barley/Berry/Candy  copper (clean looking,
unalloyed, uncoated, typically with copper content
> 98 wt. %). In contrast, those that incorporate a
refining step into their process can also handle
enamelled and wound wires, transformer
windings, cut radiators and ISRI grade Birch/Cliff
copper (mixed copper scrap with typical copper
content ranging from 94 to 96 wt.%). As for
foundries, they accept a wide variety of materials,
even those containing low quantities of copper [7].
Most of the research in copper purification has
utilised melting, cutting or mixing scrap copper
with Cu,S [8]. In addition, various types of copper-
containing materials have been investigated in
separate studies, including polymer-coated wires
[9], electrolytic copper plates [10], blister copper
[11], copper bars [12], copper concentrates [13],
anode slimes from electrolysis [14] and electronic
waste [15]. By conducting experiments under
specific conditions, such as in a vacuum (with or
without expansion) or using chemical agents, these
studies have achieved the production of 5N copper
(99.999 wt. %) through pyrometallurgy and 6N
copper (99.9999 wt. %) through hydrometallurgy.
In  theory, thermal refining exploits the
volatilisation of certain impurities, whose
pressures are higher than that of copper, thereby
improving the purity of the cast copper [16].

12 B , A

In recent years, China has reduced its imports of
both low-quality copper scrap (Category 7) and
higher-quality copper scrap (Category 6) as part of its
"green" policy [17]. This decline has spurred the
growth of the copper recycling industry in many
countries, including Morocco, which exports over
19,000 tons of copper scrap annually [18]. To enable
this industry to produce copper with a purity close to
4N (99.99 wt. %), which is widely used across various
industrial sectors [19], this paper investigates a
thermal pretreatment process applied to copper
scrap in an industrial setting. The aim is to produce
semi-finished copper with the highest possible
purity and reduce copper losses associated with
wire degradation. This process, involving melting
the scrap at 1120°C [20], has demonstrated a
significant reduction in impurity levels and resulted
in higher purity compared to previous studies.

2. Materials and methods

The experiments were conducted at the
Benomar Metal Company foundry in Morocco.
Samples, averaging 498 g (Fig. 1), were selected
from the dirtiest copper scraps regularly processed
into semi-finished products at this foundry. These
samples mainly included winding wires, radiator
tubes, various electrical wires, copper plates and

ingots, copper scraps, pipework, connecting
elements, and parts from appliances and
automobiles.

The used raw materials were cleaned with
water in a rotary drum to remove surface
impurities, especially soil. Thermal pretreatment
was carried out in a Gold Tool GT-072F electric
furnace, which has a power capacity of 3 kW. This
furnace is equipped with a regulator that maintains
the required temperatures for the selected
periods. All melting was conducted at 1120 °C in a
Shanghai Fortune Electric induction furnace JD-25
using a high-density graphite crucible that meets

b 4

Figure 1. Samples of raw material used
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the specifications of the SIGRAFINE® R7510 grade.
This temperature is identified as the optimal
melting-casting temperature for copper scrap,
resulting in higher copper purity [20].

After melting, the samples were cast as copper
billets using a graphite mould with an internal
diameter of 26 mm and a length of 100 mm (Fig.
2). These billets were surfaced and polished before
being analysed with a SPECTROMAXx optical
emission spectrometer to determine their
chemical composition using a certified standard,
resulting in a standard deviation of 2 %. It should
be noted that the chemical composition represents
the average of more than four measurements
distributed across the entire surface of each billet,
especially at the middle and both ends.

. 2 &
Figure 2. Copper billet cast at 1120 °C

First, a sample that had not undergone thermal
pretreatment was melted at 1120 °C and cast to
determine its approximate chemical composition.
Spectrometric analysis of this casting revealed a
copper content of 99.92 wt. %. For each selected
period (5, 10, 15 and 20 minutes), three tests were
conducted. In each test, the sample was heated
from ambient temperature up to 950 °C through
successive isothermal holding stages at 200, 300,
500, 700, 850 and 950 °C [21,22]. At each of these
six temperatures, the sample was held isothermally
for the same duration as the selected period. For
example, for the 10-minute test, the sample was
maintained for 10 minutes at each stage (i.e. at
200 °C for 10 min, at 300 °C for 10 min, etc.). Thus,
total pretreatment durations (holding and heating
time) were 72, 102, 140 and 163 minutes,
respectively, for the 5, 10, 15 and 20-minute tests.
The duration of each holding stage was equal to
the selected period (Fig. 3). After cooling in air, the
sample was melted and cast into a graphite mould.
The melting process was carried out without using

any protective flux (i.e. a solid material placed over
the melting bath to limit oxidation).
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Figure 4. Thermal pretreatment sequences

A second set of experiments was conducted
using more advanced holding sequences in
addition to the standard thermal protocol with
equal holding durations. The goal of these variable
time sequences is to optimise purity while
reducing copper losses. Figure 4 illustrates the
various thermal pretreatment sequences used.

To evaluate the efficiency and effectiveness of
the process, X-ray fluorescence (XRF) analysis was
performed specifically on the residues and slag
produced. This technique allowed for the precise
determination of their chemical compositions.

The average thermal conductivity of the sample
was determined using the same approach outlined
in our previous study [20]. Initially, the billet was
cut into a disc with a diameter of 2.5 cm and a
thickness of 3.34 mm. The thermal conductivity
determination process utilises the PA Hilton linear
heat conduction unit H112A. Configured as a
vertical column, this unit is equipped with eight
thermocouples spaced 15 mm apart, into which
the sample disc is inserted. The disc is inserted
between the thermocouples to ensure proper
thermal contact and accurate temperature
gradient measurements. The variation in voltage
applied to the H112A unit enables the adjustment
of the heat flux within the column.

The average thermal conductivity K was
determined using the following equation, provided
in the user manual of the H112A linear heat
conduction unit:

K= UIAX, (1)

AAT

where U is the voltage applied to the heaterinV, /
is the electric current through the heater in A, AX is
the sample thickness in m increased by 0.015 m, A
is the cross-sectional area of the sample
perpendicular to the heat flow direction in m? and
AT is the temperature difference across the sample
in K (AT = Thot — Teold), Thot IS the temperature on the
hot side of the sample in K, T4 is the temperature
on the cold side of the sample in K.

To determine the electrical conductivity, the
billet was machined into a 10 x 10 x 1 mm square.
It was then mounted on the spring clip board of
the Ecopia Hall effect measurement system HMS-
5300, which enables contact through spring-loaded
clips and tips without requiring wire bonding (Fig.
5). Four measurements were conducted under
consistent  conditions and the electrical
conductivity was determined by averaging these
values.
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Figure 5. Square (left) and spring clip board (right)

Electrical conductivity was also theoretically
estimated using the Wiedemann-Franz law:
K
o=—r1, (2)
LoT
where o is the electrical conductivity in S/m, K is the
measured thermal conductivity in W/mK, Ly is the
Lorenz number (approximately equal to 2.44 x 107
WQ/K?) and T is the absolute temperature in K.

3. Results and discussion

The thermal mapping analysis of impurity
elements in copper reveals that fifteen of these
elements (Mo, Th, Nb, Zr, U, B, V, sTi, Gd, Be, Co,
Ge, Cr, Fe and Ni) have boiling points higher than
that of copper, while the remaining sixteen
elements (Au, Ga, Si, Al, Sn, Ag, Mn, Pb, Sb, Bi, Ca,
Te, Li, Mg, Zn and Na) have lower boiling points
[23]. This observation will be used in the thermal
pretreatment process described in this study to
reduce the levels of certain impurities (P, Sn, Pb,
Zn, Sb, Al and As) whose melting temperatures are
below the maximum temperature of 950 °C. From
a thermodynamic perspective, some of these
impurities will volatilise during this process [24].

Under ambient conditions, only the Zn, P and As
impurities present in the selected samples will
exhibit high vapour pressures during thermal
pretreatment [25]. Given that these elements
constitute approximately 60% of the total
impurities in the untreated cast billet (Table 1),
their reduction will significantly enhance copper
purification. This process also facilitates the

removal of enamel from the copper wire. The billet
analysed in Table 1 was obtained by melting
untreated copper scrap, using the casting
conditions detailed in the previous section.

3.1 Preliminary results

According to Table 2, the mean copper content
of billets obtained by melting treated samples
ranges from 99.9692 to 99.9714 wt.%. This
indicates an increase of approximately 0.05 %
compared to billets derived from untreated
samples. Conversely, the total impurity levels in
the treated samples decreased significantly by 63
to 81 % compared to the untreated sample. This
decline is mainly due to the decrease in the
concentrations of volatile impurities such as Zn and
P, whose sums decrease by approximately 0.69 to
0.93% relative to the value noticed in the
untreated sample, as shown in Figure 6. All results
shown in Table 2 correspond to tests in which each
isothermal holding stage (200, 300, 500, 700, 850
and 950 °C) was maintained for an equal duration
of 5, 10, 15 or 20 minutes, as specified in the
experiment.
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Figure 6. Effect of holding time on impurity reduction

in copper billets under equal-duration thermal
pretreatment stages

Table 1. Chemical composition of the billet cast from the untreated sample

Element| Zn Pb Sn Ni As Sb

Ag P Fe Si Al Be Cu

wt. %

0.04141|0.0003|0.00291|0.0029{0.0002(0.00121

0.0003{0.00157|0.00282|0.0005|0.01769|0.0001|99.923

Table 2. Copper and impurity content in the billets cast from treated samples

Holding Element, wt. %
time,
min Zn Pb Sn Ni As Sb Ag P Fe Si Al Be Cu

20 |0.00160|0.0003|0.00106|0.00290(0.0002(0.00114{0.0003|0.00112|0.00298|0.0005|0.00145|0.0001|99.9706

15 |0.00162|0.0003{0.00094|0.00276|0.0002|0.00112(0.0003(0.00111|0.00305|0.0005|0.00134(0.0001{99.9714

10 |0.01028|0.0003|0.00103|0.00323|0.0002{0.00170{0.0003{0.00126|0.00297|0.0005|0.00117{0.0001|99.9710

5 0.01187/|0.0003|0.00214|0.00303|0.0002{0.00232|0.0003{0.00115|0.00291|0.0005{0.00133|0.0001{99.9692
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It should be noted that the mass losses
observed during the thermal pretreatment vary
from 1.6 to 2.07 %. At the end of the billet
casting process, these losses range from 5.7 to
6.21 % (Fig. 7).
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Figure 7. Variation of mass loss with holding time
under equal-duration thermal pretreatment stages

The mass loss in % was calculated using the
following formula:

mass loss=M100, (3)
Miinal

where, for post-pretreatment, m,iia is the mass of
the copper scrap sample before treatment in g,
and myn, is the mass after pretreatment in g, and
for post-melting, mj.iia is the mass of the treated
copper scrap in g and my;n, is the mass of the billet
after casting in g.

3.2 Analysis of residues and slag

The results obtained from XRF analysis (Table 3)
of the residues and slag of the treated samples

clearly show that the longer the thermal
pretreatment time, the more the concentration of
copper in the residue increases (Fig. 8). Conversely,
this concentration decreases in the slag. This
relationship between the holding time of thermal
pretreatment and the copper concentration in the
residue and slag highlights the critical role of this
parameter in the recycling process.
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Figure 8. Copper content in residues, slag and billets
as a function of holding time under equal-duration
thermal stages; *copper content in billet is in wt. %

It should be noted that recycled copper scrap
often contains various winding wires of different
dimensions. In some cases, these wires can
constitute all of the raw material (Fig. 1). Smaller
diameter wires feature increased flexibility,
making them particularly suitable for complex
winding configurations. These enamelled wires
are rated by their ability to withstand specific
temperatures  without degradation, with
common classes including 130, 155, 180 and
220 °C. This classification allows them to be used
in different environments with varying
temperatures [21].

Table 3. XRF analysis for samples subjected to thermal pretreatment with equal holding times

Holding Compound, wt. %o
time, min | ALO, | Ca0 | Fe,05 | K,0 | Mgo [ Mno [ P05 | s | sio, [ Tio, | cu | Pb | zn
Residues
5 131 | 159 | 075 | 088 | 1.05 | 0.01 | 1.23 | 0.07 | 1.33 | 0.09 | 58.78 | 0.04 | 0.07
10 | 138|165/ 130 | 088 | 0.83 | 0.07 | 1.88 | 007 | 1.33 | 0,09 | 59.11 | 0.05 | 0.13
15 138 | 173 | 1.81 | 1.21 | 0.16 | 0.10 | 3.16 | 0.15 | 1.52 | 0.08 | 65.27 | 0.06 | 0.19
20 | 139|194 | 185 | 121 | 0.16 | 0.10 | 3.21 | 034 | 1.51 | 0.07 | 81.44 | 0.05 | 0.25
Slag

5 317 | 1.81 | 1.81 | 1.27 | 1.05 | 1.05 | 0.10 | 0.14 [ 10.19]| 0.81 [ 37.18 ] 1.26 | 1.09
10 | 197 |18 | 1273 |121] 071071002015/ 887|028 [3512] 131 | 1.13
15 138 | 1.59 | 095 | 098 | 0.44 | 0.44 | 0.01 | 007 | 6.08 | 0.25 | 35.08 | 1.23 | 1.18
20 | 123|159 | 095 | 098 | 043 | 043 | 0.01 | 003 | 6.05 | 0.12 3513 1.23 | 1.10
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Therefore, the increased presence of copper in
the residues is mainly attributed to the thermal
degradation of small-sized winding wires. This
degradation is visually confirmed by the clear
presence of winding wire fragments in the residues
corresponding to holding times of 15 and 20
minutes (Fig. 9). This observation highlights the
importance of strategically managing holding time
to improve the efficiency of the process.
Moreover, these analyses clearly confirm the
volatile  and  oxidising nature of the
aforementioned impurities: phosphorus (P), zinc
(Zn) and antimony (Sb). More specifically, a
reduction in zinc content ranging from 7.1 to 9.6
wt. % was noticed in the values presented in Table
2 compared to those in Table 1.

/%

w5

Figure 9. Residual coil wires noticed in the slag after
15-minute test thermal pretreatment

In the thermal pretreatment process with equal
holding times, the 15-minute hold produces the
highest copper content of 99.9714 wt. % (Fig. 8).

This represents an increase of 0.0004 wt.%
compared to the content obtained with the 10-
minute hold, and 0.0008 wt. % compared to the
content obtained with the 20-minute hold. For
copper concentration of 99.9714 wt. %, obtained
with a 15-minute holding time, the total duration
of the thermal pretreatment sequence is
estimated at 140 min. Compared to the durations
of 10-minute (102 min) and 20-minute (163 min)
holds, there is a 37.25 % increase and a 14.12 %
decrease, respectively.

As mentioned previously, thermal pretreatment
with 15-minute hold intervals caused significant
copper loss due to wire degradation. To solve this
problem, four different thermal pretreatments
with varying hold times (Fig. 4) are tested.
Compared to the process with 10-minute hold
intervals, three of these thermal pretreatments
with sequences of 5-5-10-10-15-15, 5-10-
10-15-15-5, 5-10-15-15-10-5 minutes gave
similar results. These results were marked by an
increase of 2 to 3 minutes in duration and a
decrease in copper concentration of 0.0007 wt. %.
This value represents the difference between the
copper content obtained with a 10-minute hold
intervals (99.9710 wt. %) and the average copper
content from these three sequences, which was
99.9703 wt. %. However, the last sequence (5—-5-
10-10-15-5 minutes) proved to be particularly
interesting. It delivered equivalent performance in
terms of residue and slag mass loss compared to
the 10-minute sequence. Additionally, it achieved a
significant reduction in refining time of 8 minutes
and an increase in copper concentration reaching
99.9716 wt. %, representing a gain of 0.0006 wt. %
compared to the 10-minute sequence.

Table 4. XRF analysis for samples subjected to thermal pretreatment with varying holding times

Sequence, min Compound, wt. %o

AlLO; | Ca0 |Fe,05| K0 [ Mgo [Mno [P0, s |sio, [Tio, | cu | pb | zn

Residues
5-5-10-10-15-5 | 1.38 | 2.04 | 130 | 1.01 | 1.05 | 0.07 | 1.74 | 0.23 | 1.47 | 0.09 [58.97] 0.05 | 0.16
5-5-10-10-15-15 | 1.38 | 1.77 | 1.32 | 1.21 | 1.01 [ 0.01 | 2.03 | 0.11 | 1.33 | 0.09 |59.34] 0.07 | 0.16
5-10-10-15-15-5 | 1.41 | 1.65 | 1.29 | 1.21 | 1.02 | 0.03 | 1.98 | 0.10 | 1.17 | 0.09 [59.18] 0.06 | 0.14
5-10-15-15-10-5 | 1.37 | 1.76 | 1.32 | 1.16 | 1.01 | 0.07 | 1.96 | 0.09 | 1.38 | 0.08 |59.41] 0.06 | 0.16
Slag

5-5-10-10-15-5 | 2.44 | 1.87 | 1.82 | 133 1.01 | 0.09 | 1.82 | - | 851|049 [35.03] 127 | 1.19
5-5-10-10-15-15 | 1.91 | 1.73 | 1.62 | 1.12 | 0.66 | 0.02 | 1.34 | - | 7.17 | 0.42 [36.02] 127 | 1.12
5-10-10-15-15-5 | 2.18 | 1.77 | 1.73 | 1.03 | 073 | 0.01 | 1.62 | 0.09 | 8.48 | 0.38 [36.01] 1.27 | 1.13
5-10-15-15-10-5 | 1.91 | 1.62 | 1.62 | 1.13 | 0.64 | 0.02 | 1.67 | - |8.48| 0.4035.14] 127 | 1.13
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The results of XRF analysis of residues and slag
from thermal pretreatment with varying holding
times clearly demonstrate their effectiveness in
minimising the presence of copper in the treated
sample residue (Table 4). This reduction in copper
content has significantly contributed to the results
obtained by these refining processes in terms of
purification, as shown in Figure 10.
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Figure 10. Quantitative data on thermal
pretreatment with varying holding times; *copper
content in billet is in wt. %

3.3 Thermal and electrical conductivity

The temperatures required to determine the
thermal conductivity of the billet, cast from the
sample that underwent thermal pretreatment in
the sequence 5-5-10-10-15-5, were measured
experimentally under varying voltages (Table 5).
These temperatures correspond to the hot and
cold surfaces of the copper sample, as measured
by thermocouples in direct contact with the disc
during the conductivity test.

Using Equation (1), the average thermal
conductivity of this billet can be estimated at 362
W/mK (Table 6). The disc samples had the same
cross-sectional area of 4.906 x 10 m?, but their
thicknesses varied slightly due to manual cutting.

Table 5. Experimental values used to calculate the
thermal conductivity of the billet cast from a sample
with pretreatment sequence 5-5-10-10-15-5

uv 42 55 68 70 91
I, A 0.042 | 0.055 | 0.068 | 0.070 | 0.092
Ty, °C 25.6 | 28.2 | 314 | 325 | 399
T, °C 252 | 27.5 | 303 | 313 | 38.0
T3, °C 247 | 26.8 | 293 | 30.1 | 36.1
Te, °C 224 | 23.0 | 23.7 | 241 | 26.0
T, °C 220 | 223 | 228 | 23.1 | 244
Tg, °C 217 | 21.7 | 219 | 22.1 | 229

By applying the Wiedemann-Franz law and
Equation (2) at a temperature of 20°C, the
electrical conductivity of copper was estimated to
be approximately 55.1x10%° S/m, which is an
improvement over previous values reported in the
study [20]. To substantiate this theoretical
estimation with experimental evidence, electrical
conductivity measurements were conducted on
three samples using the Ecopia Hall effect
measurement system HMS-5300 (Table 7).
Measurements 1 to 4 correspond to four repeated
electrical conductivity measurements taken under
the same conditions on three different copper
sample billets.

Out of the twelve measurements conducted,
only three produced values aligning with the
theoretical conductivity expected for copper of
99.974 wt. % purity. These three measurements
(54.17 x 105, 54.50 x 10° and 55.41 x 10° S/m)
were averaged to yield a mean conductivity of
54.7 x 10 S/m. The measurements with lower
values were attributed to variability in contact
resistance and were consequently excluded
from the calculated mean. The resulting
average electrical conductivity closely aligns
with the theoretical prediction, confirming the
validity of the theoretical estimation and
remaining consistent with recent literature data
[21,22,25].

Table 6. Thermal conductivity of a billet cast from a sample with pretreatment sequence 5-5-10-10-15-5

AX, m ulL,w Thot, K Teolds K AT, K AT/AX, K/m K, W/mK
1.80x 107 17.64 24.45 22.60 1.85 102.54989 350.60145
1.02x 1072 30.25 26.45 23.35 3.10 171.84035 358.79844
2.02x107° 46.24 28.80 24.15 4.65 257.76053 365.63834
3.02x107° 49.00 29.50 24.60 4.90 271.61863 367.69427
4.02 x 107 83.72 35.15 26.80 8.35 462.86031 368.66304
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Table 7. Electrical conductivity of a billet cast from a
sample with pretreatment sequence 5-5-10—-10—
15-5

Measurement x 10°, S/m
1 2 3 4
Sample 1| 28.82 28.47 54.17 38.79
Sample2 | 20.90 26.87 40.66 54.50
Sample3 | 28.02 55.41 23.03 22.81

These results, which are consistent with those
mentioned in our previous study [20], highlight the
quality of the purification process tested.
Pretreatment with the 5-5-10-10-15-5
sequence considerably improved thermal and
electrical conductivities. This improvement,
reflected by a thermal conductivity of
approximately 362 W/mK and an electrical
conductivity of 54.7x10° S/m, extends the
possibilities for industrial use of the copper
produced, particularly in the manufacture of
certain types of electrical wire.

4. Conclusion

This work demonstrates that applying a
controlled thermal pretreatment to copper scrap
significantly improves refining performance.
Starting from an initial purity of 99.9230 wt. %
(untreated billet), the optimised sequence 5-5-
10-10-15-5 increased the copper content to
99.9716 wt.%. This confirms the potential of
thermal pretreatment to enhance the quality of
molten copper, highlighting its importance in the
purification process through the exploitation of
the volatility of certain impurities and the
oxidation of others to form slag under ambient
conditions.

Additionally, the thermal conductivity reached
approximately 362 W/mK and electrical
conductivity was measured at 54.7 x 10® S/m, both
aligning with industrial-grade copper standards.
The refining time was also reduced by over 30 %,
from 140 minutes using an equal 15-minute hold
intervals to 94 minutes, while maintaining low
mass losses similar to shorter sequences. These
improvements suggest that this pretreatment
process offers an effective balance between purity,
energy/time efficiency and material recovery. This
approach optimises both the quality of the copper
and the operational efficiency of the recycling
process while producing a product with a wide
range of industrial applications.
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