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Abstract: Waste stream valorization is a difficult task where the economic and environmental issues
must be balanced. The use of complex metal-rich waste such as red mud is challenging due to the
wide variety of metal oxides present such as iron, aluminum, and titanium. The simple separation of
each metal is not economically feasible, so alternative routes must be implemented. In this study, we
investigated the use of red mud mixed with hemp waste to produce biochar with high conductivity
and good magnetic properties induced by the reduction of the metal oxides present in the red mud
through carbothermal processes occurring during the co-pyrolysis. The resulting biochar enriched
with thermally-reduced red mud is used for the preparation of epoxy-based composites that are tested
for electric and magnetic properties. The electric properties are investigated under DC (direct current)
regime with or without pressure applied and under AC (alternating current) in a frequency range
from 0.5 up to 16 GHz. The magnetic measurements show the effective tailoring of hemp-derived
biochar with magnetic structures during the co-pyrolytic process.

Keywords: biochar; red mud; conductive composites; co-pyrolysis; microwave

1. Introduction

The production of conductive composite materials is one of the most cutting-edge fields of
materials science [1]. During the last decades, the scientific community has been focused on the
great challenge represented by the exploitation of graphene and related materials [2] without
solving the issue related to both cost and large-scale production [3,4]. Other carbonaceous
fillers such as carbon fibers have gathered similar interest but they remained confined to
high-technological fields such as the aeronautic industry [5]. Nonetheless, the research of
new carbon-based fillers able to reach the same performances as costly nanostructured ones
remains a crucial research topic. Biochar (BC) represents a valid solution to fulfill the ambitious
aim to produce a price-affordable, high-performance conductive carbon composite [6,7]. BC
is the solid product of the pyrolytic conversion of biomass, representing a highly-tunable
carbon source for material science applications [8]. Recently, BC has been successfully used to
produce thermoset [9,10] and thermoplastic composites [11–14] with appreciable microwave
(MW) absorption properties. As reported by Torsello et al. [15], the electrical properties of BC-
containing composites are strongly correlated with the temperature used for BC production.
Nevertheless, there are technical limitations to the maximum temperature that can be reached
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during a pyrolytic process [16,17]. These limitations represent a weakness for the performance
improvement of BC-based composites used for high-frequency shielding that require a high
conductivity, such as those reached for processing temperatures above 1000 ◦C [18] for
matching high-tech nanostructured carbon materials [19–26].

The increment of electrical conductivity is not the only route to boost the MW shielding
effectiveness, and the inclusion of magnetic metals [27] beneficially affects the final proper-
ties of the composite. The metallic species used for the MW shield are generally iron-based
nanoparticles [28–30] or complex metal oxides [31–33] that are not easy to produce and
remarkably costly. Nevertheless, the production of tailored BC by a simple co-pyrolytic
process of biomass with iron-rich waste could be a solid approach to producing magnetic
BC through carbothermal processes [34–37]. Among the various sources, red mud (RM)
is a widely-available and iron-rich waste stream produced from the Bayer process of the
aluminum refinery from bauxite [38] that is hard to dispose of or reuse [39,40]. The metal
recovery from RM through the metallurgic process is quite expensive [41–44] and the use
of neat RM will be preferred for the production of inorganics materials [45–47]. In this
work, we studied the co-pyrolysis of RM with hemp crop wastes from the production of a
magnetic conductive filler (RM-BC) for the preparation of epoxy composites. Hemp was
selected due to its large availability and the high aspect ratio of the tiny hemp fibers that are
not used in the hemp-based value chain. Several mixing feedstocks were co-pyrolyzed in a
two-stage process reaching a final temperature of 900 ◦C. A comprehensive electrical and
magnetic characterization was carried out to investigate the properties of the neat BC filler.

2. Materials and Methods
2.1. Materials

Hemp and Red Mud were provided by The Institute for Chemicals and Fuels from
Alternative Resources (ICFAR, London, ON, Canada). Two-component Bisphenol A (BFA)
diglycidyl resin was purchased from CORES (Cores epoxy resin, Lendinara, Italy).

2.2. Methods
2.2.1. RM-BC Production

Co-pyrolysis of hemp and red mud was run by mixing the feedstock using a red mud
wt.% of 100 wt.%, 50 wt.%, 20 wt.%, 10 wt.%, 5 wt.% and 0 wt.% respectively. RM-BC was
produced by using a two-stage route. In the first step, 1 kg of feedstock was pyrolyzed in a
mechanical fluidizing bed reactor run at 600 ◦C for 1 h using a heating rate of 15 ◦C/min
with a set temperature of 600 ◦C. The inert gas flow (nitrogen) was set at 1 L/min while the
shaft spin was set at 20 RPM. Every run the reactor is loaded with 150 g.

During the second step, 150 g of BC produced during pyrolysis were annealed in a
static furnace at 900 ◦C using a heating rate of 5 ◦C/min. Once the annealing temperature
was reached, the annealing process lasted 2 h. The annealing process was run in a carbon
dioxide (flow rate: 1 L/min) nitrogen (flow rate: 2 L/min) mixed atmosphere leaving the
system in the same condition for the cooling down.

2.2.2. RM-BC Containing Epoxy Composites Production

RM-BC-based composites containing 900 ◦C-annealed materials were prepared ac-
cording to the report of Bartoli et al. [48]. RM-BC samples were mechanically pulverized
and subsequently dispersed into the epoxy monomer using a tip ultrasonicator apparatus
(Sonics Vibra-cell, Neton, MA, USA) for 15 min. To avoid an excessive temperature rise,
ultrasounds were pulsed with cycles of 20 s alternating with pauses of 10 s to allow better
heat diffusion. After the addition of the curing agent, the mixture was further ultrasoni-
cated for 2 min and left in the molds for 16 h at room temperature. A final thermal curing
was performed using a ventilated oven (I.S.C.O. Srl “The scientific manufacturer”, San
Donà di Piave, Italy) at 70 ◦C for 6 h. The concentration of RM-BC in the composites was
30 wt.% for all the materials.
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2.2.3. RM-BC and RM-BC Containing Composites Characterization

Ultimate analyses of RM-BC were run by using a Thermo FlashEA® 1112 unit (Ther-
mofisher, Waltham, MA, USA) adding vanadium pentoxide (Sigma Aldrich, St. Louis, MO,
USA) to the samples to evaluate the amount of sulfur.

Proximate analyses were run accordingly with the ASTM methodology (ASTM D1762-84).
The surface area and pore size analyses of RM-BC were run by using a Quantachrome

NOVA 2000e (Microtrac, Japan) and the BET model for the data interpretation.
Raman spectra of RM-BC samples were collected using a Renishaw inVia (H43662

model, Gloucestershire, UK) equipped with a green laser line (514 nm) with a 50× objective.
Raman spectra were recorded in the range from 250 cm−1 to 3500 cm−1. The decomposition
of Raman spectra was focused on the range 1000–2000 cm−1 and performed with home-
made software developed using Matlab® (version R2020a, The Mathworks, Inc., Natick,
MA, USA) according to the procedure proposed by Tagliaferro et al. [49].

All RM-BC samples were investigated from the morphological point of view using
a field-emission scanning electron microscope (FE-SEM, Zeiss SupraTM40, Oberkochen,
Germany). The microscope was equipped with an energy-dispersive X-ray detector (EDX,
Oxford Inca Energy 450, Oberkochen, Germany) that was used to explore the RM-BC
composition of biochars.

The DC electrical conductivity of the RM-BC composites was determined by measuring
the electrical resistance R of samples of regular parallelepiped shape (length l, width w,
and thickness t) at room temperature. Values of R smaller than 10 MΩ were measured in
the four-wire van der Pauw configuration using a 34410A digital multimeter (Keysight
Technologies, Santa Rosa, CA, USA) by drop-casting small PELCO® silver paste (TedPella,
Redding, CA, USA) contacts on the corners of the samples; the conductivity was then
determined as σ = 1/Rst, where Rs is the sheet resistance of the samples obtained by
solving the van der Pauw equation from the values of R measured in the horizontal and
vertical configurations [50]. Values of R larger than 10 MΩ were measured in the two-
wire configuration using a 6517B electrometer (Keithley Instruments, Solon, OH, USA) by
completely covering the two facets at distance l of the samples with PELCO® silver paste
contacts; the conductivity was then determined as σ = R−1t−1w−1l.

The electrical resistance of composites was also measured under increasing pressures
(up to 750 bar) applied by a hydraulic press (Specac Atlas Manual Hydraulic Press 15T,
Orpington, UK) according to Giorcelli et al. [10]. Electrically insulating sheets were placed
between the conductive cylinders and the load surfaces to ensure that the electrical signal
went through the sample. The resistance of the carbon fillers was measured using an
Agilent 34401A multimeter (Keysight Technologies, Santa Rosa, CA, USA).

The complex permittivity of the samples was measured in the GHz range by means of
a cylindrical coaxial cell (EpsiMu toolkit [51]), containing the sample as a dielectric spacer
between inner and outer conductors, whose diameters are 0.6 cm and 1.3 cm, respectively.
Two conical parts link the cell to standard connectors, allowing it to keep the characteristic
impedance to 50 Ω, thus avoiding mismatch and energy loss. The cell is connected to a
Rohde Schwarz ZVK Vector Network Analyzer (Colorado Springs, CO, USA), suitably
calibrated, and measurements are analyzed with a two-port transmission line technique.
The electromagnetic properties of the sample are determined by de-embedding and the
Nicolson-Ross-Weir transmission/reflection algorithm [52,53].

Magnetic properties were investigated with a DC magnetometer/AC susceptometer
(Lakeshore 7225, Westerville, OH, USA) equipped with an electromagnet at room tem-
perature in quasi-static conditions. In particular, magnetic hysteresis cycle measurements
were performed on the composite samples up to 30 kA/m to estimate the main magnetic
parameters of the materials (i.e., magnetic susceptibility). The mass magnetic susceptibility
χρ is computed as the slope of the low-field first magnetization branch of the hysteresis
loop. The composite samples’ weight was measured and the filler wt.% is known from the
preparation, allowing us to obtain the magnetic characterization of the filler alone, since
the signal from the polymeric matrix is negligible [15].
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3. Results
3.1. Characterization of RM-BC Materials
3.1.1. Ultimate, Proximate, and Surface Analysis

A preliminary evaluation of RM-BC materials produced was run through proximate
and ultimate analysis as shown in Figure 1.

Micromachines 2023, 14, x FOR PEER REVIEW 4 of 14 
 

 

suitably calibrated, and measurements are analyzed with a two-port transmission line 
technique. The electromagnetic properties of the sample are determined by de-embedding 
and the Nicolson-Ross-Weir transmission/reflection algorithm [52,53]. 

Magnetic properties were investigated with a DC magnetometer/AC susceptometer 
(Lakeshore 7225, Westerville, U.S.) equipped with an electromagnet at room temperature 
in quasi-static conditions. In particular, magnetic hysteresis cycle measurements were 
performed on the composite samples up to 30 kA/m to estimate the main magnetic 
parameters of the materials (i.e., magnetic susceptibility). The mass magnetic 
susceptibility χρ is computed as the slope of the low-field first magnetization branch of 
the hysteresis loop. The composite samples' weight was measured and the filler wt.% is 
known from the preparation, allowing us to obtain the magnetic characterization of the 
filler alone, since the signal from the polymeric matrix is negligible [15]. 

3. Results 
3.1. Characterization of RM-BC Materials 
3.1.1. Ultimate, Proximate, and Surface Analysis 

A preliminary evaluation of RM-BC materials produced was run through proximate 
and ultimate analysis as shown in Figure 1. 

 
Figure 1. (a) Proximate and (b) ultimate analysis of RM-BC materials. 

As reported in Figure 1a, neat hemp showed a high number of volatiles up to 85.4 ± 
0.5 wt.% and a low ash content up to 2.7 ± 0.1 wt.%, while the BC produced without the 
addition of RM showed an amount of volatiles up to 19.8 ± 1.9 wt.%. By increasing the RM 
amount up to 20 wt.%, the volatiles did not significantly change while using 50 wt.% of 
RM they decreased to 2.9 ± 0.4 wt.%. Fixed carbon decreased by increasing the RM amount 
while the ash content displayed an opposite trend reaching 97.8 ± 1.0 wt.% using 50 wt.% 
of RM. This agreed with the oxygen content observed in the ultimate analysis reported in 
Figure 2b. Oxygen content showed a drastic increment moving from neat BC to the RM-
BC produced by adding 50 wt.% of RM, where a value of up to 88.6 ± 12.4 wt.% was 
reached. These data suggest that the increment of RM during the co-pyrolytic process led 
to the accumulation of inorganic into the RM-BC materials. The great amount of oxygen 
detected was reasonably due to the massive presence of oxides. 

Surface analysis textures of RM-BC samples were also investigated, and the main 
outputs are summarized in Table 1. 

Figure 1. (a) Proximate and (b) ultimate analysis of RM-BC materials.

As reported in Figure 1a, neat hemp showed a high number of volatiles up to
85.4 ± 0.5 wt.% and a low ash content up to 2.7 ± 0.1 wt.%, while the BC produced
without the addition of RM showed an amount of volatiles up to 19.8 ± 1.9 wt.%. By
increasing the RM amount up to 20 wt.%, the volatiles did not significantly change while
using 50 wt.% of RM they decreased to 2.9 ± 0.4 wt.%. Fixed carbon decreased by increasing
the RM amount while the ash content displayed an opposite trend reaching 97.8 ± 1.0 wt.%
using 50 wt.% of RM. This agreed with the oxygen content observed in the ultimate analysis
reported in Figure 2b. Oxygen content showed a drastic increment moving from neat BC to
the RM-BC produced by adding 50 wt.% of RM, where a value of up to 88.6 ± 12.4 wt.%
was reached. These data suggest that the increment of RM during the co-pyrolytic process
led to the accumulation of inorganic into the RM-BC materials. The great amount of oxygen
detected was reasonably due to the massive presence of oxides.

Surface analysis textures of RM-BC samples were also investigated, and the main
outputs are summarized in Table 1.

Table 1. Surface analysis outputs of RM-BC materials.

Amount of RM
(wt.%)

Surface Area
(m2/g)

Total Pore Volume
(cm3/g)

Average Pore Radius
(nm)

0 250 0.15 1.2
5 237 0.16 1.3
10 167 0.12 1.4
20 135 0.08 1.5
50 20 0.02 1.7
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(g,h) 5 wt.%, (i,j) 10 wt.%, (k,l) 20 wt.% and (m,n) 50 wt.% of RM respectively.
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As reported in Table 1, the surface properties of RM-BC materials were deeply related to
the amount of RM added during the co-pyrolysis. RM-BC samples produced by using a 0 and
5 wt.% of RM showed surface area up to 250 and 237 m2/g respectively with pore volume and
average pore radius totally comparable. By increasing the RM amount, the surface area and
pore volume decreased down to 20 m2/g and 0.02 cm3/g when 50 wt.% of RM was used while
the average pore radius increased up to 1.7 nm. These data suggest a collapsing of the porous
network due to the advanced cracking reactions promoted by the presence of RM as reported
by Lim et al. [54]. Furthermore, the increment of RM drastically increased the ash of the RM-BC
materials suggesting the degradation of original hemp structures.

3.1.2. Structural Analysis

Neat hemp, RM, and RM-BC morphologies were investigated by using FE-SEM as
shown in Figure 2 while their elemental composition was evaluated also by using EDX as
reported in Table 2.

Table 2. EDX analysis of neat RM and RM-BC materials with 0 wt., 5 wt.%, 10 wt.%, 20 wt.% and 50
wt.% of RM respectively.

Element
(wt.%)

RM Amount
(wt.%)

RM 0 5 10 20 50

C 0.0 71.3 75.8 46.9 23.7 7.1
O 42.9 7.6 7.8 22.5 32.0 35.3

Na 6.1 0.0 0.0 2.5 3.6 4.2
K 0.3 0.0 9.0 2.8 3.7 0.9

Mg 0.0 3.3 0.5 0.7 0.6 0.0
Ca 0.6 5.2 2.5 5.2 2.5 4.8
Al 12.1 0.0 0.5 6.1 10.1 15.1
Si 6.8 0.0 0.7 2.8 5.1 6.1
P 1.5 0.0 0.0 0.0 0.0 0.0
S 0.0 1.0 0.0 0.4 0.0 0.0
Ti 3.5 0.0 3.4 1.9 2.4 4.2
Fe 26.3 0.0 0.0 8.1 16.3 22.4

As shown in Figure 2a,b, the neat hemp was composed of micrometric fibers with a
channeled surface while RM (Figure 2c,d) was composed of lamellae of inorganic species with
a thickness of around 150 nm. The RM-BC produced without adding RM shows a typical BC
structure (Figure 2e,f) with the loss of the original morphology of neat hemp. By adding RM,
the formation of nanoparticles on the surface of BC was observed (Figure 2h). These particles
produced by carbothermal reduction of the oxides present in the RM become bigger and more
numerous by increasing the amount of RM used, as shown in Figure 2j (RM 10 wt.%) and
Figure 2l (RM 20 wt.%). As shown in Figure 2m,n, the addition of 50 wt.% of RM induced a
morphology quite close to the one observed for the neat RM. This was reasonably due to the
consumption of the organic matrix by the reduction of metal species, in agreement with ash
and oxygen content amounts observed in the proximate and ultimate analysis. This process
takes place at a temperature higher than 800 ◦C for Fe(III) [55] and partially converts the carbon
matrix into CO and CO2 reducing the metal to zero valences. Accordingly, the removed carbon
creates channels and pores inducing disruption of the original morphology of the hemp matrix.

Further insight into the RM-BC composition was provided by the EDX elemental
analysis reported in Table 2.

Neat RM was mainly composed of aluminum and iron that reached 12.1 and 26.3 wt.%
respectively. RM-BC materials showed an increasing amount of inorganic species and a
decrement in carbon amount with the increment of RM, in agreement with the ultimate
analysis. The mismatch between these two analytic approaches was mainly due to the
volume investigated which was limited to a few micrometers in the case of EDX analysis [56]
while the ultimate analysis was carried out on the bulk.
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The degree of graphitization of the carbon structures of RM-BC was evaluated by
using Raman spectroscopy as shown in Figure 3.
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The Raman spectra of RM-BC materials were quite similar for RM amounts ranging
from 0 up to 20 wt.% with ID/IG values that are ranging from 1.7 up to 2.2. The RM-BC
sample prepared by using 50 wt.% of RM showed a very different profile compared to
common carbonaceous spectra [57]. This was reasonably due to the massive presence of
inorganics as proved by the very intense and broad band centered at 789 cm−1 due to
MOx species (iron oxides, aluminum oxides). The formation of oxides is quite common
after carbothermal reduction and it is due to the passivation of an external layer of metal
structures as reported by Tamborrino et al. [34] for iron-tailored BC materials.

3.2. Characterization of RM-BC Composites
3.2.1. DC Electrical Characterization

The DC electrical conductivity of RM-BC composites was investigated in ambient
conditions for increasing the RM amount in the filler, as shown in Figure 4. The highest
conductivity of 20 mS/m was observed in the composite without RM. At the increase of the
RM amount, the conductivity rapidly dropped to 240 µS/m (5 wt%), 76 µS/m (10 wt%),
and 24 µS/m (20 wt%). Further increasing the RM amount led to a drastic reduction
of the conductivity by 6 orders of magnitude to 28 pS/m (50 wt%), likely due to the
reduced BC content leading to the disappearance of percolation through conductive carbon
particles. Increasing the RM amount even further did not affect the conductivity appreciably
(20 pS/m at 100 wt%).
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Figure 4. Electrical DC conductivity of RM-loaded epoxy composites in ambient conditions, as a
function of the amount of RM used for the production of each filler (red 0 wt.%, green 5 wt.%, blue
10 wt.%, magenta 20 wt.%, orange 50 wt.%, black 100 wt.%).

The electrical conductivity of RM-BC composites was also evaluated by applying
pressure from 1 up to 750 bar as shown in Figure 5.

Composites produced by adding RM-BC obtained without RM showed the highest
conductivity that reached 3.2 S/m at 750 bar, while by increasing the amount of RM the
conductivity decreased reaching values of 0.4 and 0.2 S/m by using RM-BC produced
by adding 5 and 10 wt.% of RM. Further increments of RM led to a further decrement of
conductivity down to 0.007 S/m for RM-BS produced using 20 wt.% of RM. The samples
containing RM-BC produced by adding 50 wt.% of RM and neat RM were too poor in
conductivity to be measured by this setup.
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3.2.2. Magnetic Characterization

The hysteresis cycles up to 30 kA/m for all the samples are collectively shown in
Figure 6, together with the behavior of the magnetic susceptibility of the samples as a
function of the biochar content in the filler.
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Qualitative and quantitative differences can be noted between the composites with
Red Mud or biochar alone (which are paramagnetic) and the composites in which the
RM has been reduced in the synthesis by the carbon in the biochar. The latter samples
show a typical ferromagnetic behavior with a clear hysteresis loop. As clearly visible from
Figure 6b, the intensity of the magnetic features is strongly dependent on both the red
mud and biochar content in the sample, yielding a non-monotonic behavior of the χρ
dependence on the filler composition inferior to the paramagnetic iron nanoparticles [58],
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that supports the consideration that the magnetic particles are obtained from the reduction
of the oxides in the red mud.

3.2.3. High-Frequency Electrical Characterization

The real part of the complex permittivity (ε’) and the conductivity (σ) are shown in
Figure 7 as a function of frequency (f) in the measured range.
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The trend of the curves of real permittivity is the same for each composition: for
increasing frequency, there is an initial decrease of ε’, followed by a plateau starting
from about 2.5 GHz. Similar fluctuations are observed in all curves and are due to the
measurement setup, whereas the overall trend (i.e., the decrease and plateau) is due to the
nature of the samples. Considering the conductivity, the curves exhibit a monotonically-
increasing trend.

In Figure 7, it can be seen that, by increasing the ratio of red mud to biochar in
the filler, the values of permittivity and conductivity tend to decrease as observed by
Torsello et al. [15]. Nevertheless, an increase of these properties with the increase of the
biochar content (which one would expect) can be seen in the samples with very different
concentrations (0, 50, and 100 wt.%), whereas for more similar concentrations the curves
tend to fall closer together. This can be related to the low sensitivity of the measurement: for
samples with a similar amount of RM (5, 10, 20 wt.%) the variation between electromagnetic
properties falls within experimental error.

4. Conclusions

In this study, we proved that the modification of the ratio between RM and hemp
allowed us to enhance the electrical or magnetic properties of the material employed as
a filler in composite samples. The increment of the RM-to-hemp ratio led to a significant
reduction of conductivity of the resulting BC under both DC and AC regimes while it
increased the magnetic signal of the composites. This was due to the insulating behavior of
inorganic particles tailoring the BC particles. Accordingly, the addition of the same amount
of filler led to a decrement in the conductive filler fraction. This was particularly evident
for the addition of RM up to 10 wt.%. Nevertheless, the simultaneous good conductive
and magnetic properties of BC-containing composites could represent a solid solution
to produce microwave-shielding materials and magnetic-responsive composites. These
high-value applications support the inclusion of RM into the thermochemical conversion
of hemp leading the way for the virtuous use of complex waste streams.
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14. Lepak-Kuc, S.; Kiciński, M.; Michalski, P.P.; Pavlov, K.; Giorcelli, M.; Bartoli, M.; Jakubowska, M. Innovative Biochar-Based
Composite Fibres from Recycled Material. Materials 2021, 14, 5304. [CrossRef]

15. Torsello, D.; Ghigo, G.; Giorcelli, M.; Bartoli, M.; Rovere, M.; Tagliaferro, A. Tuning the microwave electromagnetic properties of
biochar-based composites by annealing. Carbon Trends 2021, 4, 100062. [CrossRef]

16. Al-Rumaihi, A.; Shahbaz, M.; Mckay, G.; Mackey, H.; Al-Ansari, T. A review of pyrolysis technologies and feedstock: A blending
approach for plastic and biomass towards optimum biochar yield. Renew. Sustain. Energy Rev. 2022, 167, 112715. [CrossRef]

17. Ghorbani, M.; Amirahmadi, E.; Neugschwandtner, R.W.; Konvalina, P.; Kopecký, M.; Moudrý, J.; Perná, K.; Murindangabo, Y.T.
The Impact of Pyrolysis Temperature on Biochar Properties and Its Effects on Soil Hydrological Properties. Sustainability 2022,
14, 14722. [CrossRef]

18. Torsello, D.; Bartoli, M.; Giorcelli, M.; Rovere, M.; Arrigo, R.; Malucelli, G.; Tagliaferro, A.; Ghigo, G. High Frequency Electromag-
netic Shielding by Biochar-Based Composites. Nanomaterials 2021, 11, 2383. [CrossRef]

19. Hong, S.K.; Kim, K.Y.; Kim, T.Y.; Kim, J.H.; Park, S.W.; Kim, J.H.; Cho, B.J. Electromagnetic interference shielding effectiveness of
monolayer graphene. Nanotechnology 2012, 23, 455704. [CrossRef] [PubMed]

http://doi.org/10.1002/pen.760250815
http://doi.org/10.1038/s41563-019-0341-4
http://doi.org/10.1088/2053-1583/abddcd
http://doi.org/10.5028/jatm.v11.1022
http://doi.org/10.1021/es201792c
http://doi.org/10.1016/j.chemosphere.2021.133000
http://www.ncbi.nlm.nih.gov/pubmed/34808200
http://doi.org/10.3390/polym14122506
http://www.ncbi.nlm.nih.gov/pubmed/35746082
http://doi.org/10.1007/s10853-022-07550-9
http://doi.org/10.3390/polym11121916
http://www.ncbi.nlm.nih.gov/pubmed/31766390
http://doi.org/10.3390/mi13010125
http://doi.org/10.1021/acsaelm.0c00971
http://doi.org/10.3390/mi11040339
http://doi.org/10.3390/ma14185304
http://doi.org/10.1016/j.cartre.2021.100062
http://doi.org/10.1016/j.rser.2022.112715
http://doi.org/10.3390/su142214722
http://doi.org/10.3390/nano11092383
http://doi.org/10.1088/0957-4484/23/45/455704
http://www.ncbi.nlm.nih.gov/pubmed/23085718


Micromachines 2023, 14, 429 12 of 13

20. Ayub, S.; Guan, B.; Ahmad, F.; Oluwatobi, Y.; Nisa, Z.; Javed, M.; Mosavi, A. Graphene and Iron Reinforced Polymer Composite
Electromagnetic Shielding Applications: A Review. Polymers 2021, 13, 2580. [CrossRef] [PubMed]

21. Han, D.; Zhao, Y.-H.; Bai, S.-L.; Ping, W.C. High shielding effectiveness of multilayer graphene oxide aerogel film/polymer
composites. RSC Adv. 2016, 6, 92168–92174. [CrossRef]

22. Wu, Z.P.; Cheng, D.M.; Ma, W.J.; Hu, J.W.; Yin, Y.H.; Hu, Y.Y.; Li, Y.S.; Yang, J.G.; Xu, Q.F. Electromagnetic interference shielding
effectiveness of composite carbon nanotube macro-film at a high frequency range of 40 GHz to 60 GHz. AIP Adv. 2015, 5, 067130.
[CrossRef]

23. Huang, Y.; Li, N.; Ma, Y.; Du, F.; Li, F.; He, X.; Lin, X.; Gao, H.; Chen, Y. The influence of single-walled carbon nanotube structure
on the electromagnetic interference shielding efficiency of its epoxy composites. Carbon 2007, 45, 1614–1621. [CrossRef]

24. Mehdipour, A.; Rosca, I.D.; Trueman, C.W.; Sebak, A.-R.; Van Hoa, S. Multiwall Carbon Nanotube–Epoxy Composites With High
Shielding Effectiveness for Aeronautic Applications. IEEE Trans. Electromagn. Compat. 2011, 54, 28–36. [CrossRef]

25. Wu, J.; Chung, D. Increasing the electromagnetic interference shielding effectiveness of carbon fiber polymer–matrix composite
by using activated carbon fibers. Carbon 2002, 40, 445–447. [CrossRef]

26. Luo, X.; Chung, D. Electromagnetic interference shielding using continuous carbon-fiber carbon-matrix and polymer-matrix
composites. Compos. Part B Eng. 1999, 30, 227–231. [CrossRef]

27. Che, R.C.; Peng, L.-M.; Duan, X.F.; Chen, Q.; Liang, X.L. Microwave Absorption Enhancement and Complex Permittivity and
Permeability of Fe Encapsulated within Carbon Nanotubes. Adv. Mater. 2004, 16, 401–405. [CrossRef]

28. Anaraki, N.I.; Poursalehi, R. Shielding Effectiveness of Polymeric Nanocomposites Filled with Iron/Wüstite Nanoparticles.
Procedia Mater. Sci. 2015, 11, 700–705. [CrossRef]

29. Kumar, R.; Choudhary, H.K.; Pawar, S.P.; Bose, S.; Sahoo, B. Carbon encapsulated nanoscale iron/iron-carbide/graphite particles
for EMI shielding and microwave absorption. Phys. Chem. Chem. Phys. 2017, 19, 23268–23279. [CrossRef]

30. Li, Y.; Yan, S.; Zhang, Z.; Liao, Y.; Rong, H.; Zhao, R.; Qin, G. Wood-Derived Porous Carbon/Iron Oxide Nanoparticle Composites
for Enhanced Electromagnetic Interference Shielding. ACS Appl. Nano Mater. 2022, 5, 8537–8545. [CrossRef]

31. Velhal, N.; Patil, N.; Kulkarni, G.; Shinde, S.; Valekar, N.; Barshilia, H.; Puri, V. Electromagnetic shielding, magnetic and microwave
absorbing properties of Polypyrrole/Ba0.6Sr0.4Fe12O19 composite synthesized via in-situ polymerization technique. J. Alloy.
Compd. 2019, 777, 627–637. [CrossRef]

32. Peymanfar, R.; Ahmadi, A.; Selseleh-Zakerin, E. Evaluation of the size and medium effects on the microwave absorbing, magnetic,
electromagnetic shielding, and optical properties using CuCo2S4 nanoparticles. J. Alloy. Compd. 2020, 848, 156453. [CrossRef]

33. Peymanfar, R.; Ghorbanian-Gezaforodi, S.; Selseleh-Zakerin, E.; Ahmadi, A.; Ghaffari, A. Tailoring La0.8Sr0.2MnO3/La/Sr
nanocomposite using a novel complementary method as well as dissecting its microwave, shielding, optical, and magnetic
characteristics. Ceram. Int. 2020, 46, 20896–20904. [CrossRef]

34. Tamborrino, V.; Costamagna, G.; Bartoli, M.; Rovere, M.; Jagdale, P.; Lavagna, L.; Ginepro, M.; Tagliaferro, A. Catalytic oxidative
desulphurization of pyrolytic oils to fuels over different waste derived carbon-based catalysts. Fuel 2021, 296, 120693. [CrossRef]

35. Li, R.; Wang, J.J.; Gaston, L.A.; Zhou, B.; Li, M.; Xiao, R.; Wang, Q.; Zhang, Z.; Huang, H.; Liang, W.; et al. An overview of
carbothermal synthesis of metal–biochar composites for the removal of oxyanion contaminants from aqueous solution. Carbon
2018, 129, 674–687. [CrossRef]

36. Chen, C.; Liu, J.; Gen, C.; Liu, Q.; Zhu, X.; Qi, W.; Wang, F. Synthesis of zero-valent iron/biochar by carbothermal reduction from
wood waste and iron mud for removing rhodamine B. Environ. Sci. Pollut. Res. 2021, 28, 48556–48568. [CrossRef]

37. Li, S.; You, T.; Guo, Y.; Yao, S.; Zang, S.; Xiao, M.; Zhang, Z.; Shen, Y. High dispersions of nano zero valent iron supported on
biochar by one-step carbothermal synthesis and its application in chromate removal. RSC Adv. 2019, 9, 12428–12435. [CrossRef]
[PubMed]

38. Khairul, M.; Zanganeh, J.; Moghtaderi, B. The composition, recycling and utilisation of Bayer red mud. Resour. Conserv. Recycl.
2019, 141, 483–498. [CrossRef]

39. Sutar, H.; Mishra, S.C.; Sahoo, S.K.; Chakraverty, A.P.; Maharana, H.S. Progress of Red Mud Utilization: An Overview. Am. Chem.
Sci. J. 2014, 4, 255–279. [CrossRef]

40. Mukiza, E.; Zhang, L.; Liu, X.; Zhang, N. Utilization of red mud in road base and subgrade materials: A review. Resour. Conserv.
Recycl. 2019, 141, 187–199. [CrossRef]

41. Liu, Z.; Li, H. Metallurgical process for valuable elements recovery from red mud—A review. Hydrometallurgy 2015, 155, 29–43.
[CrossRef]

42. Zinoveev, D.; Pasechnik, L.; Fedotov, M.; Dyubanov, V.; Grudinsky, P.; Alpatov, A. Extraction of Valuable Elements from Red Mud
with a Focus on Using Liquid Media—A Review. Recycling 2021, 6, 38. [CrossRef]

43. Agrawal, S.; Dhawan, N. Evaluation of red mud as a polymetallic source—A review. Miner. Eng. 2021, 171, 107084. [CrossRef]
44. Liu, Y.; Naidu, R. Hidden values in bauxite residue (red mud): Recovery of metals. Waste Manag. 2014, 34, 2662–2673. [CrossRef]

[PubMed]
45. Liu, X.; Zhang, N. Utilization of red mud in cement production: A review. Waste Manag. Res. 2011, 29, 1053–1063. [CrossRef]

[PubMed]
46. Wang, W.; Chen, W.; Liu, H.; Han, C. Recycling of waste red mud for production of ceramic floor tile with high strength and

lightweight. J. Alloy. Compd. 2018, 748, 876–881. [CrossRef]

http://doi.org/10.3390/polym13152580
http://www.ncbi.nlm.nih.gov/pubmed/34372183
http://doi.org/10.1039/C6RA20976A
http://doi.org/10.1063/1.4922599
http://doi.org/10.1016/j.carbon.2007.04.016
http://doi.org/10.1109/TEMC.2011.2174241
http://doi.org/10.1016/S0008-6223(01)00133-6
http://doi.org/10.1016/S1359-8368(98)00065-1
http://doi.org/10.1002/adma.200306460
http://doi.org/10.1016/j.mspro.2015.11.041
http://doi.org/10.1039/C7CP03175K
http://doi.org/10.1021/acsanm.2c01956
http://doi.org/10.1016/j.jallcom.2018.11.041
http://doi.org/10.1016/j.jallcom.2020.156453
http://doi.org/10.1016/j.ceramint.2020.05.139
http://doi.org/10.1016/j.fuel.2021.120693
http://doi.org/10.1016/j.carbon.2017.12.070
http://doi.org/10.1007/s11356-021-13962-y
http://doi.org/10.1039/C9RA00304E
http://www.ncbi.nlm.nih.gov/pubmed/35515827
http://doi.org/10.1016/j.resconrec.2018.11.006
http://doi.org/10.9734/ACSJ/2014/7258
http://doi.org/10.1016/j.resconrec.2018.10.031
http://doi.org/10.1016/j.hydromet.2015.03.018
http://doi.org/10.3390/recycling6020038
http://doi.org/10.1016/j.mineng.2021.107084
http://doi.org/10.1016/j.wasman.2014.09.003
http://www.ncbi.nlm.nih.gov/pubmed/25269817
http://doi.org/10.1177/0734242X11407653
http://www.ncbi.nlm.nih.gov/pubmed/21930526
http://doi.org/10.1016/j.jallcom.2018.03.220


Micromachines 2023, 14, 429 13 of 13

47. Ning, G.; Zhang, B.; Liu, C.; Li, S.; Ye, Y.; Jiang, M. Large-Scale Consumption and Zero-Waste Recycling Method of Red Mud in
Steel Making Process. Minerals 2018, 8, 102. [CrossRef]

48. Bartoli, M.; Giorcelli, M.; Rosso, C.; Rovere, M.; Jagdale, P.; Tagliaferro, A. Influence of Commercial Biochar Fillers on Brittle-
ness/Ductility of Epoxy Resin Composites. Appl. Sci. 2019, 9, 3109. [CrossRef]

49. Tagliaferro, A.; Rovere, M.; Padovano, E.; Bartoli, M.; Giorcelli, M. Introducing the Novel Mixed Gaussian-Lorentzian Lineshape
in the Analysis of the Raman Signal of Biochar. Nanomaterials 2020, 10, 1748. [CrossRef]

50. Jagdale, P.; Nair, J.R.; Khan, A.; Armandi, M.; Meligrana, G.; Hernandez, F.R.; Rusakova, I.; Piatti, E.; Rovere, M.; Tagliaferro,
A.; et al. Waste to life: Low-cost, self-standing, 2D carbon fiber green Li-ion battery anode made from end-of-life cotton textile.
Electrochim. Acta 2021, 368, 137644. [CrossRef]

51. Ba, D.; Sabouroux, P. EpsiMu, A toolkit for permittivity and permeability measurement in microwave domain at real time of all
materials: Applications to solid and semisolid materials. Microw. Opt. Technol. Lett. 2010, 52, 2643–2648. [CrossRef]

52. Nicolson, A.M.; Ross, G.F. Measurement of the Intrinsic Properties of Materials by Time-Domain Techniques. IEEE Trans. Instrum.
Meas. 1970, 19, 377–382. [CrossRef]

53. Baker-Jarvis, J.; Vanzura, E.; Kissick, W. Improved technique for determining complex permittivity with the transmis-
sion/reflection method. IEEE Trans. Microw. Theory Tech. 1990, 38, 1096–1103. [CrossRef]

54. Lim, X.; Sanna, A.; Andrésen, J.M. Influence of red mud impregnation on the pyrolysis of oil palm biomass-EFB. Fuel 2014, 119,
259–265. [CrossRef]

55. L’Vov, B.V. Mechanism of carbothermal reduction of iron, cobalt, nickel and copper oxides. Thermochim. Acta 2000, 360, 109–120.
[CrossRef]

56. Matsui, H.; Takao, S.; Higashi, K.; Kaneko, T.; Samjeské, G.; Uruga, T.; Tada, M.; Iwasawa, Y. Operando Imaging of Ce Radical
Scavengers in a Practical Polymer Electrolyte Fuel Cell by 3D Fluorescence CT–XAFS and Depth-Profiling Nano-XAFS–SEM/EDS
Techniques. ACS Appl. Mater. Interfaces 2022, 14, 6762–6776. [CrossRef]

57. Orlando, A.; Franceschini, F.; Muscas, C.; Pidkova, S.; Bartoli, M.; Rovere, M.; Tagliaferro, A. A Comprehensive Review on Raman
Spectroscopy Applications. Chemosensors 2021, 9, 262. [CrossRef]

58. Fernández-Afonso, Y.; Asín, L.; Beola, L.; Moros, M.; de la Fuente, J.M.; Fratila, R.M.; Grazú, V.; Gutiérrez, L. Iron Speciation in
Animal Tissues Using AC Magnetic Susceptibility Measurements: Quantification of Magnetic Nanoparticles, Ferritin, and Other
Iron-Containing Species. ACS Appl. Bio Mater. 2022, 5, 1879–1889. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3390/min8030102
http://doi.org/10.3390/app9153109
http://doi.org/10.3390/nano10091748
http://doi.org/10.1016/j.electacta.2020.137644
http://doi.org/10.1002/mop.25570
http://doi.org/10.1109/TIM.1970.4313932
http://doi.org/10.1109/22.57336
http://doi.org/10.1016/j.fuel.2013.11.057
http://doi.org/10.1016/S0040-6031(00)00540-2
http://doi.org/10.1021/acsami.1c22336
http://doi.org/10.3390/chemosensors9090262
http://doi.org/10.1021/acsabm.1c01200
http://www.ncbi.nlm.nih.gov/pubmed/35179873

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	RM-BC Production 
	RM-BC Containing Epoxy Composites Production 
	RM-BC and RM-BC Containing Composites Characterization 


	Results 
	Characterization of RM-BC Materials 
	Ultimate, Proximate, and Surface Analysis 
	Structural Analysis 

	Characterization of RM-BC Composites 
	DC Electrical Characterization 
	Magnetic Characterization 
	High-Frequency Electrical Characterization 


	Conclusions 
	References

