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1. INTRODUCTION

In recent years, many significant advances were made
regarding the recovery of silicon-based solid waste from
the photovoltaic (PV) industry. In fact, the demand for
silicon for PV production has increased due to the rise in
raw materials cost, whereas the amount of global waste
of PV panels is forecasted to reach 80 million tonnes by
2050 (Dubey et al., 2013; Guo et al., 2021; Preet & Smith,
2024): all these factors have stimulated the research in PV
recycling.

Many studies demonstrated the feasibility of industri-
al-scale recovery of materials from end of life PV panels,
showing that aluminium, silver, copper, glass, and silicon
can be recovered (Cerchier et al., 2021; Huang et al., 2017,
Pagnanelli et al., 2017). However, reintegration of the re-
covered silicon into the photovoltaic value chain still fac-
es some challenges in terms of purity requirements and
for now remains in the laboratory scale stage (Ngagoum
Ndalloka et al., 2024). It is therefore essential to find new
applications to extend the silicon reuse and promote sus-
tainable waste recycling.

The possible routes to reclaim PV silicon waste are
many, from processing it in order to meet the requirements
of Si anodes for Li-ion batteries (C. Zhang et al., 2021), to
using it as a leading element in the metallurgy of Si-based

In this work, silicon recovered from a PV panel recycling facility was utilized as a
reactant for the synthesis of ferrosilicon alloys via microwave treatment in the pres-
ence of iron oxides and graphite. Microwave-driven processing was further explored
using ladle furnace slag from secondary steelmaking as a reactive component. Dif-
ferent amounts of reactants, time and microwave power were studied. Microwave
heating allowed to reach temperatures higher than 900°C after few minutes of treat-
ment at a power of 600 W. The materials were characterized by SEM-EDS and XRD.
The proposed process allowed to obtain a ferrosilicon alloy with an amount of 21%
Si. This study explored the use of three different types of waste, PV silicon, iron oxide
and ladle furnace slag to obtain a ferroalloy FeSi which can be afterwards employed
in the steelmaking process.

ferroalloys. Ferrosilicon plays a fundamental role in the de-
oxidizing and alloying of steel, their production being a very
energy-intensive process.

A study proposed to synthesize ferrosilicon alloys by
using waste glass and bakelite recovered from the auto-
motive sector, showing an efficient reduction of iron oxide
into Fe_Si (gupeiite) (Farzana et al.,, 2014). Another work
introduced a novel method for the production of ferrosil-
icon alloys, recovering two types of critical waste materi-
als: Si PV cells and red mud. They demonstrated that the
target composition of Fe-Si alloy could be achieved with
Si deviations of 15 wt%, together with the formation of Fe-
Si-Ti phases (Blaesing et al., 2024). The chemical compo-
sition of ferrosilicon alloys usually ranges between 15 and
90 wt% silicon, depending on the desired application. (Rauf
Hurman, 2014).

The present study explores the possibility to employ
different types of waste for producing ferrosilicon alloys,
using microwave pyrometallurgical process to obtain a tar-
get composition respecting the ones typically found in the
market; in particular, photovoltaic panels scrap and ladle
furnace slag (LFS)as source of Si.

LFS (also known as “white” slag) is a by-product of ladle
steelmaking refinement, characterized by a chemical com-
position rich in Ca0, SiO,, Al,O,, and MgO0, along with oth-
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er trace elements (Najm et al.,, 2021). While it has chiefly
been disposed of through landfilling, LFS has recently been
recognized as a sustainable material for next generation
eco-friendly construction industry (Aaros et al., s.d.; Yong
et al,, 2025; N. Zhang et al., 2025); its mineralogical prop-
erties make it in fact a suitable cement binder supplement
or replacement (Adolfsson et al., 2011; Disconzi & Bellotto,
2025). These features further highlight its potential for in-
tegration into alternative recycling routes, such as the one
presented in this study.

The proposed technique enables to perform a carboth-
ermic reduction by using microwave radiation instead of
conventional furnace treatments, therefore not only pro-
moting an opened-loop recycling path for PV-Si and LFS,
but also testing the efficiency of alternative and more
eco-friendly energy sources.

The use of microwaves to perform reduction reac-
tions of different types of ores has recently gained a lot
of attention, owing to its good heat selectivity and rapid
processing times (Peng & Hwang, 2015). For instance,
studies conducted on MW-processed low-grade iron ores
demonstrated that reduction was achieved in 10 minutes,
reaching temperatures in the order of 800°C (Rayapudi et
al., 2020).

In this study a characterization of the products ob-
tained from MW heating was carried out, evaluating the
feasibility of achieving a carbothermic reduction of iron
ores mixed with Si-based PV cells, recovered from waste
PV panels, and ladle furnace slag, another waste produced
by the steelmaking industry.

2. MATERIALS AND METHODS
2.1 Materials

Recycled silicon wafer fragments for the experiments
performed in this study were supplied by 9-Tech (Venice,
Italy), from their pilot plant in Venice. In this facility, raw
materials from photovoltaic panels are recovered through
a thermomechanical treatment, which enables the sepa-
ration of glass, aluminium, copper, and PV cell fragments.
The latter can be further processed using ultrasound treat-
ment to remove silver and aluminum. After this step, the
fragments consist mainly of metallic silicon (>96%) and
aluminum (<3%). (Cerchier et al., 2024). The treated PV
cells were ground with a ball milling machine operated at

TABLE 1: Weight (g) of the reactants used for each experiment.

30 Hz for 10 s, until a particle size below 45 ym was ob-
tained.

The iron oxides mix and ladle furnace slag used for
conducting the experiments were supplied by a company
in Northern Italy.

Synthetic graphite (<20 pm, SigmaAldrich) was added
to the powder mix as a reducing reagent as well as heat-
ing element, owing to its high absorbance ability towards
microwaves.

Before microwave heat treatment, the powders were
dried for 24 hours in a BINDER FD 53 heating chamber.

2.2 Experimental

A domestic Panasonic NN-GD351W microwave oven
operating at 2.45 GHz frequency was used for pyrometal-
lurgical tests, which were performed in air atmosphere.

Alumina crucibles were used as powder containers
for the reaction and a silicon carbide (SiC) susceptor was
employed as a heating auxiliary. In fact, dielectric materi-
als like SiC strongly absorb microwave radiation and can
therefore passively help the heating of a reaction mixture
in the MW field by converting electromagnetic energy
into thermal energy (Ishizaki & Nagata, 2007; Singh et al.,
2024).

The temperature of the specimens during the exper-
iments was measured by means of a FLIR T420 infrared
camera.

The weight in grams (g) of each reactant used in the ex-
periments is reported in Table 1, while the selected process
parameters are reported in Table 2 .

The input reagents underwent crystallographic analy-
sis through X-ray diffraction (Bruker D8 Advance, Karlsru-
he, Germany), conducted in the 26 range of 15-75°, with a
step size of 0.02° and a counting time of 1 s. The X-ray
diffraction spectra of all the input reagents are presented
in Figure 1.

Sample 1 was obtained by mixing equal fractions of
slag and metallic PV-Si, which was distributed at the bot-
tom of the crucible to create a powder bed. The sample
was treated at 600 W for 70 s.

Test 2 was performed maintaining the powder propor-
tions of test 1 but decreasing the overall weight to 0.37 g.
The experiment was carried out at 600 W for 120 s.

A third experiment was carried out with the same pro-
cess parameters of test 2 on a sample with equal amounts

Sample Iron oxide [g] White slag [g] PV Si[g] Graphite [g]
1 0.304 0.117 0.106 0.202
2 0.153 0.053 0.055 0.105
3 0.1 0.1 0.1
TABLE 2: Microwave process parameters for each test.
Sample Power [W] Time [s] Susceptor Total weight [g]
1 600 No 0.7
2 600 Yes 0.37
3 600 Yes 0.3

4 E. Pitacco et al. / DETRITUS / Volume 33 - December 2025 / pages 3-9



m [00-019-0629] Magnetite
® e [00-087-0722] Iron
0 [00-077-2355] Wuestite

1 1 1 1 1 1 1
4 [00-049-1672] Calcium Silicate
[00-078-0430] M: ium Oxide

intensity (a.u.)

1 1 1 1 1 1 1 1 1 1 1

15 20 25 30 35 40 45 50 55 60 65 70 75
2-Theta (°)

. [+ [00-087-0719] Silver
v [00-027-1402] Silicon

intensity [a.u.]

2-theta (°)

FIGURE 1: a-c) XRD spectra of the input reagents.

of iron oxide, PV-Si and graphite, without adding the white
slag powder.

The MW treated metallic samples were mounted into a
polymeric resin and polished with standard metallographic
preparation as per ASTM E3.

A Zeiss EVO-M10 scanning electron microscope (SEM),
equipped with an Oxford Instruments energy-dispersive
X-ray spectroscopy (EDS) detector was employed for sur-
face characterization of the specimens.

3. RESULTS AND DISCUSSION
3.1 Results

The specimens obtained after microwave heating were
cooled in air and then carefully examined in order to identi-
fy the formation of alloys from the initial powder. During mi-
crowave exposure of the samples, the reactants are heated
with the aid of the susceptor, until they reach a high enough
temperature to react with each other and melt. During the
reaction, oxidation of the graphite into CO, takes place,
while iron oxides are reduced into metallic iron. When MW
irradiation is interrupted, the molten material starts solidi-
fying and during its cooling off, alloy particles are formed
until room temperature is reached.

From SEM characterization images in back scattered
electrons mode (BSE) it was observed that the alloy nug-
gets often nucleated from white slag particle clusters,
as inferred from the EDS spectrum 1 in Figure 2, show-
ing peaks belonging to Ca, Si, Al and Mg oxides. Given
the higher atomic weight of iron, the alloy colour appears
white compared to the slag, which instead appears gray/
black.

From low magnification SEM analysis of the particles
of sample 1, the majority of the metallic areas seems to

be made of iron and carbon nodules, forming a structure
similar to that of nodular cast iron (Figure 3).

However, at higher magnification the presence of small
biphasic regions rich in both Fe and Si was detected (Fig-
ure 4).

Composition analysis performed with EDS demonstrat-
ed that the darker phase is characterized by a higher silicon
content, while the lighter is enriched in manganese, as can
be observed in the elemental map of Figure 5. The ratio
between Si and Fe is equal to about 3:1 (Table 3).

Specimen 2 was subjected to a weight loss of 16% after
microwave treatment, probably caused by the formation of
CO and CO, gases produced by the carbothermic reaction.
Thermal camera pictures were taken after 30, 60 and 100
s during the experiment (Figure 6) and display a significant
increase in the temperature after 1 minute of exposure to
microwaves, reaching a maximum of 930°C at the end of
the test.

EDS analysis (Figure 7) shows that the selected test
parameters allowed to obtain alloy particles with varying
contents of Si, while oxygen and other elements were unde-
tected. Magnification of such areas confirmed the forma-
tion of the two different phases: the lighter one containing
about 16 wt % Si and 1.13 wt % Mn, respectively, while the
darker one 23 wt % Si and 2.27 wt % Mn. The bright white
particles were instead found to be impurities of Sn and
Cu, probably belonging to some residues from the welded
joints in PV electronic circuits.

The third sample was obtained without adding the LFS
fraction, to verify how its presence affected the composi-
tion of the alloy. SEM analysis showed a morphology very
similar to the one observed in cast iron, with carbon floc-
cules dispersed in a Fe matrix (Figure 8). EDS analysis out-
lined a content of Si equal to 16 wt %.
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FIGURE 2: SEM-BSE and EDS spectrum of alloy nugget nucleated from LFS granule (sample 1).

3.2 Discussion

Characterization of the MW-synthesized samples
demonstrates the feasibility of producing a silicon ferroal-
loy with MW treatment of silicon PV cells and LFS in pres-
ence of iron oxides and graphite.

For sample 1, the addition of a limited amount of Si PV
cells powder allowed to obtain the localized formation of a
FeSi alloy, unevenly distributed throughout the LFS matrix.
The EDS spectrum denoted a content of silicon lower than
10%, which is slightly below the required levels for the pro-

Element Weight%  Atomic%

CK 4.56 18.17
FeK 95.44 81.83

Totals 100.00

0
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FIGURE 3: SEM-EDS of metallic area in sample 1.
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FIGURE 5: SEM-EDS elemental map of FeSi alloy in sample 1.

duction of ferrosilicon (Rauf Hurman, 2014). The majority
of metallic particles synthesized during the treatment ex-
hibited a composition rich in iron and carbon, without a dis-
cernible presence of silicon. The low content of silicon in
the alloy of sample 1 is likely due to low reaction efficiency,
possibly resulting from the absence of the SiC susceptor
and thus the inability to reach the required temperature for
suitable element diffusion.

Experiment 2 led to the formation of a FeSi alloy in
which the composition of 15-23 wt% silicon is consistent
with the lower limit of the ranges usually required for fer-
rosilicon alloys.

The lower total weight of the reactants of test 2 (0.37
g) compared to test 1 (0.73 g) probably supported a more
effective utilization of the output electromagnetic energy,
facilitating the efficient volumetric heating of a smaller

TABLE 3: Chemical composition of Fe-Si-Mn alloy particle formed during test 1.

Elements [wt. %] Si Cr Mn Fe Ti
Dark phase 67.98 0.72 10.18 21.11 -
Light phase 61.52 2.14 20.05 14.85 1.44
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FIGURE 6: Thermal camera images taken during test 2.
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FIGURE 7: EDS spectra of the two phases detected in specimen 2.
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FIGURE 8: EDS spectrum of alloy in sample 3.

amount of powder. An approximate estimate of the energy
consumed to heat sample 2 can be obtained by consider-
ing that by setting a power of 600 W and heating for 120 s,

the required theoretical energy would be of 72 kJ (energy
= power * time). Other more detailed studies on the effi-
ciency of MW heating assert that its energy consumption
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can be a hundred times lower than the one of, for example,
electrical heating (Zhu et al., 2018).

Moreover, presence of the SiC susceptor and setting of
longer microwave exposure time contributed to a more re-
source-effective carbothermic reaction.

Compared to test 2, test 3 (during which LFS was not
added to the reaction) led to the formation of a ferrosilicon
alloy with lower silicon content (about 16 wt%). However,
the reaction outcome seems to be promising and could be
further optimized.

4. CONCLUSIONS

The present study has demonstrated that it is possi-
ble to produce a Si ferroalloy using a microwave pyrome-
tallurgical process, which utilizes silicon recovered from
PV panels, white slag, and iron oxides as reagents, and
graphite as a reducing agent. The performed experiments
showed that all the reactant dosages led to the synthesis
of a ferrosilicon alloy, differing in the composition due to
different reaction efficiencies. SEM-EDS characterization
of the specimens highlighted that the alloy reached the
target composition by adding equal proportions of PV-Si
and LFS. This result was obtained after optimization of the
total weight of the specimen and of the MW parameters,
leading to the conclusion that longer exposure time for a
smaller amount of powder facilitated the carbothermic re-
action.

Thermal camera images revealed that the required tem-
peratures for the pyrometallurgical process can be reached
after only 100 s of MW exposure.

In the future, further research will be carried out for larg-
er-scale production of ferrosilicon by microwave heating.
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