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ABSTRACT: Biochar, a carbon-rich material derived from the thermochemical conversion of biomass under oxygen-
free conditions, has emerged as a sustainable resource for radar-absorbing technologies. This study explores the
production of activated biochars from end-of-life wood panels using a scalable and sustainable physical activation
method with CO2 at different temperatures, avoiding the extensive use of corrosive chemicals and complex procedures
associated with chemical or vacuum activation. Compared to conventional chemically or vacuum-activated biochars,
the physically activated biochar demonstrated competitive performance while minimizing environmental impact,
operational complexity, and energy consumption. Furthermore, activation at 750○C reduces energy consumption by
14% and 28% compared to activations at 850○C and 950○C, respectively, emphasizing the cost-effectiveness of this
method for large-scale applications. The composite with 15% of biochar embedded in silicon rubber presented good
electromagnetic performance, achieving a measured reflection loss (RL) of −37.2 dB at 11.3 GHz with an 8.4 mm
thickness and an effective absorption bandwidth (EAB) of 1.25 GHz. These results highlight the potential of biochar-
silicone rubber composites as flexible radar-absorbing materials (RAMs) for applications in electromagnetic shielding,
anechoic chambers, and Internet of Things (IoT) devices. This study also shows the importance of forestry residues
as sustainable precursors for producing low-cost porous carbon materials, aligning with circular economy principles
and the United Nations’ 2030 Agenda for Sustainable Development. This work establishes a framework for scalable,
cost-effective, and sustainable biochar production, addressing critical challenges in electromagnetic interference (EMI)
mitigation and advancing the global adoption of green technologies.
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1 Introduction
Biochar is a carbon-rich material produced through thermochemical processes such as torrefaction,

pyrolysis, or gasification of biomass or biomass waste under an oxygen-free environment. The diversity
in biomass types and production conditions, including activation method, temperature, residence time,
and heating rate, results in activated biochar with a wide range of physicochemical properties [1,2]. These
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properties typically include carbon content higher than the pristine material, developed surface areas up to
500 m2/g, cation exchange capacity, and functional groups such as carboxyl, hydroxyl, and phenolic moieties.

Biochar has gained significant attention in recent decades due to its ability to interact with contaminants
and organic matter, making it highly versatile for a wide range of applications [3–5]. These applications
include its use in bioenergy production via biochar pellets [6], as an additive in construction materials such
as concrete [7], in composting processes [8], as an adsorbent for pollutants [9,10], and as a catalyst or catalyst
support in chemical reactions [11,12]. Additionally, biochar has shown promise in land restoration efforts,
including rehabilitating degraded sites and the remediation of contaminated areas [13,14].

Several kinds of biomass waste have been identified as good precursors to produce biochar. Specifically,
wood has been considered a great source of bioenergy due to its high carbon content. However, not only wood
but also wood waste, including engineered wood from mass timber, composite wood, and low-grade wood
waste like painted wood, wood treated with preservatives, and wood fibers combined with thermosetting
resins from end-of-life panels [15]. Most of the wood decontamination processes are done at a laboratory
scale, including biological and chemical decontamination to degrade and remove the chemical contaminants,
as well as thermal decontamination to convert low-grade wood residues into biochar (instead of chemicals
removal). Differently from the other approaches, thermal decontamination could be easily scaled up through
pyrolysis furnaces existents [16]. Biochar’ s ability to capture carbon and enhance soil fertility highlights its
significant role in climate change mitigation, with the potential to offset 1.9 to 4.8 GtCO2 annually [17]. As a
result, biochar has attracted considerable interest from policymakers and industry, with the global biochar
market anticipated to expand from $220.27 million in 2022 to $633.31 million by 2032, partly driven by its
growing integration into carbon credit markets [18,19]. However, challenges remain in scaling biochar-based
circular economy technologies, customizing production processes for specific applications, and optimizing
its physicochemical properties. In this context, pilot-scale biochar production serves as a critical initial step
toward large-scale production, motivating the expansion of the global biochar market.

An emerging application of biochar is its use as a RAM, essential in scenarios demanding both
lightweight structures and efficient electromagnetic wave absorption [20,21]. RAMs are widely used in
stealth technologies to reduce radar cross-sections in military applications. They are also utilized in civilian
domains such as electromagnetic shielding, anechoic chambers, and microwave heating [22,23] Typically,
RAMs consist of dielectric, magnetic, or hybrid materials, with carbon-based fillers serving as key dielectric
components. While nanostructured carbons like carbon nanotubes and graphene have received significant
research attention [24,25], biochar derived from biomass sources, including bamboo [26], coconut shells [27],
loofah sponges [28,29], and rice husks [30], is becoming more known. Biochar can be utilized in pure
carbon form or functionalized with metallic or magnetic particles to enhance attenuation properties. Despite
moderate reflection loss (RL) performance, biochar can be effectively integrated into multilayer absorber
structures or frequency-selective surfaces [31,32].

The growing dependence on wireless technologies, electronic devices, 5G networks, and communica-
tion systems has intensified the demand for materials capable of absorbing or attenuating electromagnetic
radiation across a broad range of frequencies [33–37]. Additionally, attenuating EMI pollution, recognized
as a threat to both human health and the functionality of electronic devices, has emerged as a critical
challenge [38]. To address the need for cost-effective, sustainable, and high-performance RAMs, this study
investigates the production of sustainable activated biochars derived from end-of-life wood panels at
relatively low activation temperatures (750○C). These biochars are assessed for their potential as flexible,
eco-friendly RAMs, providing an innovative approach to decrease EMI pollution and associated issues.
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2 Material and Method

2.1 Preparation of Biochar-Derived Materials
End-of-life particle panels were collected at the Enviroparc de la MRC de La Vallée-de-L’ Or (Val d’ Or,

QC), ground, and pyrolyzed through an industrial scale fast pyrolysis (CarbonFX technology, Airex Energy
Inc., Bécancour, QC, Canada). The biochar generated was then physically activated in an in-house activation
furnace developed in the laboratory at 750○C, 850○C, and 950○C under a N2 flow to maintain the system
inert and CO2 at 3 L/min at the desired temperature for 1 h. More details about these processes can be found
elsewhere [1]. The pristine biochar and activated samples were labeled according to their final treatment
temperature as 450, 750, 850, and 950. The activated materials were grounded to particles lesser than
200 μm.

2.2 Preparation of Composite Materials
Composite samples were prepared by physically blending silicone rubber with 15% biochar, which

was identified as the saturation point. The mixture was mechanically stirred for 5 min to ensure uniform
dispersion. Subsequently, the mixtures were poured into molds with dimensions of 10.16 × 22.86 mm and
thicknesses varying from 0.8 to 9.6 mm. This approach produced composite materials exhibiting high
flexibility and environmental sustainability.

2.3 Materials Characterization
The morphology of the samples was assessed using a Field Emission Gun Scanning Electron Microscopy

(FEG-SEM), TESCAN model MIRA3, in the SE mode at a voltage of 5 kV. The X-ray diffractometry (XRD)
was conducted in a PANalytical X’ PertPRO automatic diffractometer, operating with CuKα radiation
(λ = 1.54 Å). Raman spectra of the samples were acquired using a Horiba Scientific model Labram Hr
Evolution spectrometer equipped with a 514.6 nm laser. The spectrum was recorded as the average value of
three consecutively acquired spectral acquisitions for each sample. The deconvolution peaks were identified
and calculated using conventional four curves fitting [39].

Nitrogen adsorption/desorption isotherms were recorded at 77 K using an ASAP 2020 PLUS instru-
ment. Before analysis, the samples were outgassed for 24 h under vacuum, with temperatures ranging from
150○C for the pristine sample to 250○C for the activated samples to remove any adsorbed contaminants.
The specific surface area (SBET) and the micropore volume (VDR) were determined using the Brunauer-
Emmett-Teller (BET) [40] and the Dubinin-Radushkevich (DR) [41] methods, respectively. The mesopore
volume (Vmeso) was obtained by subtracting VDR from the total pore volume at a relative pressure (P/P0) of
0.99, denoted as V0.99. The pore size distribution was subsequently calculated using the Density Functional
Theory (DFT) method. The chemical composition of the biochar-derived materials was investigated by
X-ray Photoelectron Spectroscopy, using a PHI 5600-ci spectrometer (Physical Electronics, Eden Prairie,
MN, USA). The main XPS chamber was maintained at a pressure of <1.10−8 Torr. A standard aluminum X-ray
source was used to record survey and high-resolution spectra.

The flexible composites were characterized using a Keysight N5235A Vector Network Analyzer (VNA).
The material went through dielectric characterization using the epsilon precision method [42] only since
there are no metallic ions in the composition and, therefore, no magnetic characteristic. The relative complex
permittivity εr = ε′ − jε′′ provides information about electron charging (ε′) and loss (ε′′). It was measured
eight samples with different thicknesses. The measurements were averaged point-by-point throughout the
X-band frequency range (from 8.2 to 12.4 GHz).
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The Reflection Loss (RL) was calculated using [43]:

RL = 20 log ∣Zin − Z0

Zin + Z0
∣ (1)

where Z0 is the free space impedance. The impedance between the free space and the material interface (Zin)
is given by:

Zin = Z0

√
μr

εr
tanh ( j(2π f d

c
)√μr εr) (2)

where μr = μ′ − jμ′′ = 1 − 0 j is the relative complex permeability, εr = ε′ − jε′′ is the relative complex
permittivity, f is the frequency in hertz, d is the material thickness in meters, and c is the speed of light in
the vacuum.

3 Results and Discussion

3.1 Morphological, Textural, Structural and Chemical Analysis
The morphology of end-of-life wood panels materials after pyrolysis followed by activation is illustrated

in the following micrographs. The characteristic honeycomb-like structure, commonly observed in biochar-
based materials [31], is present in all samples, as shown in Fig. 1. The porosity on the surface of the
honeycomb walls seems to rise as the activation temperature increases, consistent with previous studies
reporting an increase in surface area and porosity with higher activation temperatures [1]. At 850○C, smaller
pores become visible on the sample surfaces, while at 950○C, the surface roughness increases significantly,
indicating a further enhancement in porosity. This trend has been widely reported in the literature for biochar
activated at higher temperatures [44]. The roughness and pore structure increase suggests enhanced material
properties for applications such as wastewater treatment [3,4] and energy storage [45]. Elevated activation
temperatures are known to promote the development of a more accessible surface, facilitating molecular
or ion interactions, including catalytic and adsorption processes [46]. Porosity plays an important role in
reducing the weight of RAMs or radomes [47,48] and can be used to design a material with a specific
permittivity that can be estimated through Maxwell-Garnett equations [49].

Furthermore, the elemental mapping of the activated samples (750, 850 and 950) was conducted using
energy-dispersive X-ray spectrometry (EDX). Fig. 2 highlights the distribution of the primary elements:
carbon (C), oxygen (O), potassium (K), and calcium (Ca). Trace elements, including sulfur, chlorine, and
silicon, were also detected in the carbonaceous matrix (not shown) at very low weight concentrations (≤1.0
wt%). C and O are characteristic products of biomass thermal conversion followed by activation, whereas
K and Ca are typical trace elements found in biochar. The presence of all trace elements aligns with the
composition commonly observed in biochar materials [50–52].
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Figure 1: SEM photos of the following materials: biochar at 450○C (a,b), and activated biochars at 750○C (c,d), 850○C
(e,f), and 950○C (g,h)
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Figure 2: SEM of 750 (a) and EDX elemental mapping of (b) carbon (C); (c) oxygen (O); (d) potassium (K), and (e)
calcium (Ca). The respective SEM and EDX for the 850 and 950 samples are shown in (f–j) and (k–o)

The textural properties of those materials were evaluated by N2 physisorption isotherms. The
adsorption-desorption isotherms of the materials are shown in Fig. 3a and, according to the IUPAC [53], can
be classified as type II (450) and type Ib (750, 850, and 950). Type II isotherms are typical of non-porous or
poorly porous materials due to weak adsorbate-adsorbent interactions, whereas type Ib isotherms indicate
microporous materials with a broad distribution of micropores (pores < 2 nm) [53]. The presented pore
size distribution using the DFT method (Fig. 3b) reveals that the 750 and 850 samples are predominantly
microporous, with pores centered at approximately 0.73 nm and 0.64 nm, respectively, and a secondary peak
at 1.18 nm in both samples. In contrast, the 950 sample shows micropores centered at 0.73 nm, 1.3 nm, and
1.6 nm, with a minor mesoporosity distributed between 2 nm and 10 nm. This transition from microporous
to mesoporous structures at higher temperatures has been attributed to the progressive widening of
micropores and the collapse of blocked pores, as observed in [1]. These findings suggest that higher activation
temperatures promote the development of larger pore sizes, enhancing the material porosity.
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Figure 3: (a) Adsorption-desorption isotherms: full and open symbols, respectively; (b) DFT pore size distribution

The porous materials present surface areas ranging from 8.8 m2/g (450) to 714 m2/g (950) (Table 1). With
the increase in the activation temperature (from 750○C to 950○C), the total pore volume increased from 0.14
to 0.32 cm3/g. Despite the increase in surface area and total volume of pores by 56% and 66%, respectively, due
to temperature elevation from 750○C to 850○C, the percentages of micro and mesopores are almost the same.
Only at 950○C, the material shows a two-fold higher mesopores (12%) compared to the lowest temperatures
(6%) at 750○C and a more developed surface area (714 vs. 358 m2/g). Indeed, the activation process typically
develops channels, grooves, spaces, and fissures on the carbon structure, generating a large internal surface
area [2]. Furthermore, these results agree with the SEM results (Fig. 1).

Table 1: Textural properties of carbonaceous materials: Specific surface area (SBET), total volume of pores (V0.99),
volumes of micropores (VDR) and mesopores (Vmeso), and their respective percentages

Sample SBET (m2 g−1) V0.99 (cm3 g−1) VDR (cm3 g−1) Vmeso (cm3 g−1) % micro % meso
450 8.8 0.01 – – – –
750 358 0.15 0.14 0.01 94 6
850 579 0.25 0.23 0.02 93 7
950 714 0.36 0.32 0.04 88 12

XPS, XRD, and Raman spectroscopy were carried out to evaluate the chemical and structural com-
position of the studied materials. XPS elemental analysis highlighted significant changes in the chemical
composition of the samples with increasing activation temperatures (Fig. 4). The carbon content in the
pristine sample (84.5%) significantly increased to 94% after activation at 750○C; then, it decreased to 87.9% at
850○C before slightly rising to 89.3% at 950○C. Conversely, the oxygen content dropped from 13.8% at 450○C
to 6.1% at 750○C. At higher temperatures, the oxygen content increased to 11.5% at 850○C and remained at
9.5% at 950○C. This trend reflects the thermochemical decomposition of cellulose, hemicellulose, and lignin,
the key wood components, during heating [1]. The reduction in carbon content at higher temperatures was
followed by an increase in oxygen content, attributed to the oxidative environment of the CO2 medium.
Under these conditions, oxygenated species from CO2 can be incorporated into the carbon matrix [2]. The
nitrogen in the pristine sample at 1.8% was likely removed as volatile compounds during the thermochemical
process [54,55]. Additionally, Ca was detected in the high-temperature-treated samples, with contents of



1028 J Renew Mater. 2025;13(6)

0.7% and 1.2% at 850○C and 950○C, respectively. The Ca content increases at elevated temperatures, as also
indicated by elemental mapping (Fig. 2) due to the degradation of the carbon matrix and the catalytic effect
of the naturally occurring ash components in the biomass, which is a characteristic of specific biomass types
at high temperature (above 600○C) [56,57]. This process enhances porosity, as evidenced by BET analysis,
and results in an increased relative concentration of calcium in the final material.

(aa) (bb)

(cc) (dd)

Figure 4: (a) XPS survey of all samples, (b) Elemental composition by XPS analysis, and XPS curve fitting of the sample
850C (c) C 1s, (d) O 1s

The samples’ XPS analysis was performed by deconvoluting the primary components, carbon and
oxygen. The main peak below 285 eV was attributed to aliphatic and aromatic carbon groups (C–C, C–H,
and C=C). The peaks in the ranges of 285.7–287.1 eV, 286.1–288 eV, and 288–289.4 eV were associated with
oxygen-containing functional groups, including C–O, C=O or O–C–O, and O=C–O, respectively [1].

The XRD patterns of all samples are presented in Fig. 5. Each sample exhibits two characteristic bands of
carbonaceous materials, corresponding to the (002) and (100) planes, located at approximately 24○ and 45○,
respectively [58]. These bands indicate a turbostratic structure comprising both amorphous and graphitic
phases [59]. Most of the remaining peaks can be attributed to CaCO3 (JCPDS 01-080-2791/01-078-3262/04-
012-8072) and are observed at 2θ positions around 23○, 29○, 36○, 39○, 43○, 47○, and 48○. Additional peaks
corresponding to SiO2 (JCPDS 03-065-0466/01-070-2517), appear at diffraction angles near 20.81○, 26.6○,
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50○, and 60○. These features have been previously identified in biochar studies involving various precursors,
including CaCO3 [60] and SiO2 [60,61]. The intensity and sharpness of the diffraction peaks notably increase
with rising carbonization temperatures, reaching a maximum at 850○C. Similar trends in biochar diffraction
patterns have been reported and attributed to reduced organic amorphous phase and modifications in the
material ultrastructure [58,62].
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Figure 5: XRD diffractograms of (a) pristine biochar 450, activated samples at 750, 850, and 950, and standard spectrum
of (b) SiO2 and (c) CaCO3

Raman spectra and the corresponding deconvoluted peaks were analyzed to further investigate biochar’s
carbon structure, complementing the chemical analysis. Fig. 6a displays the peaks alongside the Raman
spectrum, featuring two broad bands commonly observed in the first-order spectra of carbon-based
materials. The G band, located at 1590 cm−1, is associated with the ordered graphitic layers arising from sp2-
hybridized carbon atoms, while the D band, at 1350 cm−1, corresponds to the presence of disorder and defects
within the carbon structure [39]. The intensity ratio of the D band to the G band (ID/IG) typically measures
structural disorder in carbon materials, with higher values indicating greater disorder and a lower degree
of graphitization [63]. The ID/IG values of the biochar progressively decrease with increasing carbonization
temperatures (Fig. 6b), reflecting improved alignment and organization of graphitic layers. Additionally, the
size of the sp2 clusters is inversely proportional to the ID/IG values [39].
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Figure 6: (a) Raman spectra of Biochar samples and (b) the relationship between the ID/IG ratio and the carbonization
temperature

3.2 Electromagnetic Characterization and Attenuation Properties
The relative complex permittivity is an intrinsic property of dielectric composites, where the real

permittivity (ε′) represents the capacity to store electricity, while the imaginary permittivity (ε′′) represents
the capability to dissipate electricity [24]. XPS and EDX elemental analysis confirmed that the composite
material is purely dielectric, lacking magnetic ions in its composition. Consequently, relative complex per-
meability measurements were omitted. The values considered in further calculations for real and imaginary
permeabilities are μ′ = 1 and μ′′ = 0, respectively. Fig. 7a shows the complex permittivity for samples 450,
750, 850, and 950. The solid lines are the real permittivities, while the dashed lines are the imaginary
permittivities. The shaded area represents the standard deviation of each composite. All real permittivities
remain almost constant throughout the X band frequency range, showing no frequency dependence. The
complex permittivity of the 450○C sample is similar to that of silicone rubber (εr ≈ 3.1 − 0.1 j) [64], presenting
itself as an isolating material. Among the activated samples, the 750 exhibited the highest imaginary
permittivity (ε′′ ≈ 1 at 12.4 GHz), which, according to free electron theory, is associated with conductive
loss by ε′′ ≈ 1

2πε0 ρ f , where ρ is the electrical resistivity [65]. Interestingly, the ε′ of 850 is higher than the
ε′ of sample 950○C, indicating a slightly greater ability to store electrical energy. However, the imaginary
permittivity ε′′ values of the 850 and 950 samples were similar, both lower than that of the 750 sample. These
observations may be attributed to space charge polarization and reduced carrier mobility, phenomena that
can occur at interfaces [66,67]. It is worth mentioning that sample 750 has a higher concentration of carbon,
which probably increased the conductivity and enhanced the imaginary permittivity, while samples 850 and
950 have calcium in their composition, which probably enhanced the real permittivity due to the dielectric
characteristics of calcium. The dielectric tangent loss (tan δε = ε′′

ε′ ) shows the material’ s ability to convert
energy into heat by taking the ratio of the imaginary permittivity (responsible to dissipate the energy) to the
real permittivity (responsible to reflect or transmit the energy) [68]. The tan δε presented in Fig. 7b confirms
that sample 750 provides the highest loss among all samples. Furthermore, the tan δεof samples 750, 850, and
950 slightly increase with increasing frequency, but all losses remain below 0.5.
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Figure 7: The (a) complex permittivity and (b) the dielectric tangent loss of pristine biochar (450) and activated samples
750, 850, and 950

The performance of an electromagnetic absorber is typically assessed through reflection loss (RL)
analysis, where values below −10.00 dB represent an attenuation of 90% of the incident electromagnetic
wave [69]. Fig. 8 presents the 3D RL profiles for all samples, allowing the evaluation of RL behavior as a
function of frequency and material thickness. The 450 sample showed negligible RL performance (Fig. 8a),
with a minimum value of −2.00 dB at 12.38 GHz for a thickness of 10 mm, consistent with its low complex
permittivity. In contrast, the 750 sample (Fig. 8b) exhibited the best performance, achieving the lowest RL
value of −29.20 dB at 12.32 GHz with a thickness of 7.7 mm. The RL of the 850 sample (Fig. 8c) reached a
minimum value of−13.88 dB at 12.39 GHz with the smallest thickness of 6.7 mm. For the 950 sample (Fig. 8d),
the lowest RL was −12.98 dB at 11.58 GHz with a thickness of 7.5 mm. The improved RL values observed
for the 750, 850, and 950 samples correspond to their higher complex permittivity, highlighting the role of
dielectric properties in enhancing electromagnetic wave absorption.

Another important performance metric for electromagnetic absorbers is the effective absorbing band-
width (EAB), defined as the frequency range where the reflection loss (RL) is below −10 dB. A wider EAB
is desirable, as it allows the incident wave to be attenuated over a broader frequency range using a single
absorber. The sample heated at 450○C exhibited poor RL performance across all frequency and thickness
ranges, so its EAB analysis is omitted. The RL for the 750 is presented in Fig. 9a as a colormap projection
of the 3D RL, with contours at −10 dB and −20 dB indicating the thicknesses at which the best RL values
occur. While the best RL for this sample is observed at a thickness of 7.7 mm, the EAB at this thickness is
approximately 0.86 GHz, as the RL extends into the Ku band (higher frequency range), as shown in Fig. 9b,
highlighting the potential for thinner samples to perform well at those frequencies. The optimal EAB for
this sample is about 1.55 GHz, achieved with a thickness of 8.2 mm. The graph below the RL plot in Fig. 9b
indicates that the primary attenuation mechanism is likely related to the multiple of the quarter-wavelength
matching thickness effect [70]:

tm =
nλ
4
(n = 1, 3, 5, . . .) (3)

here, n = 3. The 2D RL of sample 850, shown in Fig. 9c, presents a smaller area of values below −10 dB
than sample 750, and the best EAB is ∼0.76 GHz for a sample with 7 mm thickness. The main attenuation
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mechanism is the quarter-wavelength, as seen in Fig. 9d. Thinner samples are expected to perform better at
higher frequencies, as the lowest RL for this sample occurs at a thickness of 6.7 mm. Fig. 9e shows the 2D RL
for sample 950, where the best EAB is ~0.75 GHz occurring at a thickness of 7.3 mm. The area with RL below
−10 dB closely resembles that of the 850 sample shown in Fig. 9c. The 3λ

4 matching thickness mechanism is
also presented, Figs. 9f, a behavior not uncommon for carbonaceous materials [71,72].

The calculated RL approximates the frequency where the RL happens, but the experimental RL values
often differ. Fig. 10 compares the best RL measured (following the same procedure as in [73]) and the RL
calculated with the respective thickness. For sample 750, shown in Fig. 10a, both 8.4 mm and 9.6 mm
thicknesses show a good approximation of the RL frequency. For the 8.4 mm thickness, the measured RL is
centered at 11.3 GHz with a value of −37.2 dB, while the calculated RL is −24.3 dB@11.3 GHz. The measured
and calculated EAB are 1.25 GHz and 1.52 GHz, respectively. For the 9.6 mm thickness, the measured RL
is −27.1 dB@9.9 GHz, and the calculated RL is −19.5 dB@9.8 GHz. The measured and calculated EABs are
0.94 GHz and 1.20 GHz, respectively.

(aa) (bb)

(cc) (dd)

Figure 8: 3D Reflection Loss map of samples (a) 450○C, (b) 750○C, (c) 850○C, and (d) 950○C. It is noticeable that the
750○C sample exhibited the best performance compared to the others
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Figure 9: The 2D colormap RL and the comparison between RL and matching thickness for samples (a,b) 750, (c,d)
850, and (e,f) 950, respectively
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Figure 10: Comparison between measured and calculated Reflection Loss for samples (a) 750, (b) 850, and (c) 950

Fig. 10b compares the measured and calculated RL for sample 850. The experimental and calculated
center frequencies for the 7.1 mm thickness are closely matched, with measured RL 18.2 dB@11.8 GHz and
calculated RL −12.6 dB@11.7 GHz. This thickness provides the largest EAB for this sample, with measured
and calculated EABs of 0.82 GHz and 0.78 GHz, respectively. For the 8.0 mm thickness, the measured RL
is −17.0 dB@10.3 GHz with an EAB of 0.60 GHz, compared to the calculated RL of −11.8 dB@10.4 GHz and
an EAB of 0.55 GHz. For the 9.1 mm thickness, the measured RL is −13.8 dB at 9.3 GHz, and the calculated
RL is −10.1 dB@9.1 GHz. The measured and calculated EABs are 0.46 GHz and 0.17 GHz, respectively. These
values are relatively lower than those for the 750○C sample, as the RLs do not reach sufficiently low values to
support a larger EAB.

For sample 950, Fig. 10c, the measured RL for the 8.0 mm thickness is 15.0 dB@11.2 GHz with an EAB
of 0.77 GHz, while the calculated RL is −11.7 dB@10.9 GHz with an EAB of 0.66 GHz. For the 9.0 mm
thickness, the measured RL is −14.9 dB@10.0 GHz with an EAB of 0.53 GHz, while the calculated RL is
−11.2 dB@9.6 GHz with an EAB of 0.43 GHz. The measured and calculated results are in good agreement,
with the largest center frequency difference being 0.4 GHz for the 9.0 mm thickness of the 950 sample. This
discrepancy is likely due to the precision of the thickness measurement. Methods such as Nicolson-Ross-Weir
or NIST precision technique require accurate thickness measurements to calculate the intrinsic properties
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of the material, which are also needed for RL calculations (Eq. (2)). Variations in sample thickness can arise
from the slight rounding of the sample’ s top during fabrication due to the tension in the silicone rubber
mold. Additionally, the softness of the composite material may result in slight inaccuracies when measuring
thickness with a caliper.

Finally, the attenuation constant (α) provides insight into the electromagnetic wave loss within the
material. It can be calculated using the following expression [74]:

α = 2π f
c

√
(μ′′ε′′ − μ′ε′) +

√
(μ′′ε′′ − μ′ε′)2 + (μ′ε′′ − μ′′ε′)2 (4)

Higher values of α indicate stronger electromagnetic dissipation. As shown in Fig. 11, the highest
dissipation occurs for the sample activated at 750○C. The low values of α suggests that the primary absorption
mechanism is the quarter-wavelength effect, in agreement with the results of Fig. 9.

Figure 11: Attenuation constants for samples 450, 750, 850, and 950

Furthermore, one of the most promising properties of biochar, to the best of our knowledge, has not
been reported in the literature. Biochar is an effective filter for heavy metals in water [75], and the material
discharged after filtration could potentially be repurposed as a radar-absorbing material (RAM). This post-
filtration application could enhance both the complex permittivity and reflection loss (RL). Furthermore,
future research may explore the use of biochar as an alternative material for replacing aerogels used in
gas sensors [76] that are typically produced through multiple steps, including supercritical drying, a costly
and impractical technique for large-scale production, and materials from synthetic sources. The porosity of
biochar enables the adsorption of gas molecules, which could alter the electromagnetic transmission through
the material.

3.3 Assessment of Cost-Effective Strategies for Large-Scale Production
Few studies in the literature explore the use of activated biochar for the development of RAM. Most

of these studies focus on chemically activated biochars, which typically require multiple preparation steps,
including ultrasonication, hydrothermal impregnation, crushing, filtration, and prolonged stirring (up to
12 h). The chemical activation process often involves using highly concentrated corrosive chemicals, such as
KOH and H3PO4, followed by acid washing (e.g., HCl) and extensive rinsing with water, a procedure that
can last up to five days. These methods generate significant amounts of corrosive waste, posing substantial
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challenges for large-scale material production. Moreover, another commonly employed technique, vacuum
activation, is unsuitable for large-scale applications due to its reliance on vacuum pumps, which add
operational complexity, high energy consumption, and maintenance requirements, reducing overall cost-
effectiveness. In contrast, physical activation using CO2 offers a more sustainable and efficient alternative.
This method facilitates the preparation of biochars without requiring corrosive chemicals or extensive
washing, thereby minimizing environmental impact and enhancing scalability for industrial production.
Additionally, existing facilities and technologies designed for activated carbon production can be readily
adapted for this process, leveraging established infrastructure and streamlining the transition to large-scale
biochar manufacturing.

Table 2 shows the electromagnetic properties of biochar dispersed on different matrices. As expected,
a low material concentration in the matrix typically results in lower RL values, as observed for the pomelo
peels samples [77]. In this work, the 15% material content was chosen as it represented the saturation point,
whereas other studies typically employed higher material proportions due to the greater loading capacity
of paraffin matrices. The sample 750, containing only 15% of physically activated biochar dispersed in a
silicone rubber matrix, achieved an RL value of −37.2 dB. The choice of a silicone rubber matrix enabled
the production of a flexible material, making it suitable for coating applications across various fields. This
measured RL value is comparable to those obtained using chemically activated biochars and represents a
16% lower difference compared to the most absorbing material prepared at 700○C using vacuum activation
(−44.3 dB) [77] and a 62% higher difference compared to the least absorbing material activated with KOH
at 600○C (−19.4 dB) [78]. Although the activation temperatures in these studies are relatively low, their
production processes are unsuitable for large-scale applications due to the reliance on high vacuum systems
or the generation of corrosive by-products. Interestingly, the flexible composite material developed in this
study demonstrated enhanced absorption at a higher frequency of 11.3 GHz, consistent with the observation
that all evaluated carbon materials exhibited absorption between 8.8 GHz and 11.44 GHz.

Table 2: Electromagnetic properties of biochar composites

Sample Activation
Process/Temperature

Matrix EAB
(GHz)

Thickness
(mm)

RL
(dB)

Frequency
(GHz)

Reference

Pine sawdust H3PO4 (phosphoric acid)
450○C

Paraffin 25:75
mass ratio B:P*

– 2.5 ∼−23 9 [79]

Banana peels KOH 700○C Paraffin (20%) 2.5 3.0 −40.62 10.72 [80]
Pomelo peels High vacuum (300 pa) 700○C Paraffin (30%) – 2.0 –30.49 10.02 [77]
Pomelo peels High vacuum (300 pa) 700○C Paraffin (50%) – 2.0 –44.3 9.84 [77]
Walnut shells KOH activation 600○C Paraffin 7:3 B:P 2.24 1.5 −19.4 11.44 [78]
Walnut shells KOH activation 600○C Paraffin 7:3 B:P 1.76 2.0 −42.4 8.88 [78]

End-of-life wood
panels

CO2 activation 750○C Silicone rubber
(15%)

1.25 8.4 −37.2 11.3 This work

Note: *B:P (Biochar:Paraffin ratio).

Furthermore, optimizing the production technique, the temperature, and the matrix used for large-scale
biochar production could yield significant energy savings without compromising the final properties of the
material. This optimization would also enhance the flexibility of RAM, broadening its potential applications
across devices. For comparative purposes, an estimated energy savings calculation was performed. Using the
principles of thermodynamics, specifically the calorimetry equation, it is estimated that thermal activation
at 750○C could reduce energy consumption by approximately 14% and 28% compared to activations at 850○C
and 950○C, respectively. While most studies in the literature emphasize increasing activation temperatures
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to enhance properties such as porosity or fixed carbon content [1,2], this study identifies 750○C as an optimal
activation temperature for producing sustainable RAM additives. The material exhibits good performance
for applications such as electromagnetic protective storage pouches, Internet of Things (IoT) sensor nodes,
and railway vehicles [81–83]. These findings highlight the material’s functional efficiency and its potential
for significant cost reductions in energy consumption, a critical consideration in sustainable material
development. However, accurately assessing potential energy savings requires consideration of additional
factors, such as thermal losses to the environment via radiation and conduction, as well as the overall
efficiency of the furnace. Furnace efficiency depends on various design parameters, including size, thermal
insulation quality, and heating rate.

Additionally, using forestry residues as precursors for producing porous carbon through physical
activation aligns with the sustainability goals outlined in the 2030 Agenda for Sustainable Development [84].
This approach promotes a circular economy by valorizing agricultural and industrial byproducts, reducing
waste, and minimizing reliance on fossil fuel-based feedstocks. Furthermore, porous carbon materials
produced from biomass waste are typically low-cost [85,86], enhancing their appeal for sustainable and cost-
effective applications in the global market. The production of activated biochar represents a straightforward
and scalable technology that can be implemented using existing pilot-scale systems [1] to achieve desirable
physicochemical properties for various applications. This approach supports standardized production and
increases annual production capacity, making it a viable solution for addressing sustainability challenges in
material development.

4 Conclusion
This study demonstrated the existence of an optimal temperature for producing activated biochar

suitable for RAM applications. Biochar activated at 750○C resulted in superior conductivity and higher
imaginary permittivity. A sample with a 7.7 mm thickness achieved a RL of −29.2 dB at 12.32 GHz. The
maximum EAB was 1.55 GHz at an 8.2 mm thickness, as the RL of the 7.7 mm extended into the next
frequency band. RAM composites combining silicone rubber and biochar show significant potential for
practical applications, such as electromagnetic coatings for anechoic chambers or shielding for electronic
devices. Although the concentration of sustainable materials within the silicone matrix is low, the results
are comparable to those achieved with biochars that were either vacuum-activated or chemically activated
and dispersed in a paraffin matrix, which allows a higher material concentration. This demonstrates the
potential for producing flexible, sustainable RAM on a pilot scale. Consequently, the large-scale production
of low-cost materials with tunable properties is aligned with the sustainability goals outlined in the 2030
Agenda, representing a promising strategy for advancing a circular economy and achieving a cleaner future.
Additionally, the biochar’ s ability to filter heavy metals from water offers a dual functionality, suggesting
that, in future works, a biochar made from low-grade wood waste could be repurposed as a RAM, with the
embedded metallic ions enhancing the composite’ s electromagnetic properties.
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Nomenclature
RAM Radar-absorbing Material
RL Reflection Loss
EMI Electromagnetic interference
SBET Specific surface area calculated by Brunauer Emmett Teller method
εr = ε′ − jε′′ relative complex permittivity
μr = μ′ − jμ′′ relative complex permeability
Z0 free space impedance
Zin impedance between free space and material interface
f frequency
d material thickness
c speed of light
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