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Abstract: Radar Absorbing Materials (RAM) are a class of composites that can attenuate incident electromagnetic waves to avoid radar detection. Most carbon allotropes that have the potential to be used as RAM are either carbon nanotubes (CNTs), graphene, carbon black (CB) and ultimately, sustainable porous carbon (SPC). Here, black wattle bark waste (following tannin extraction) was used as a sustainable source to produce SPC made from biomass waste. It was characterized and used as a filler for a silicone rubber matrix to produce a flexible RAM. The electromagnetic performance of this composite was compared with composites made with commercial CB and CNT through reflection loss (RL), where −10 dB is equivalent to 90% of attenuation. These composites were evaluated in single-layer, double-layer, and as radar absorbing structures (RAS) with the aim of improving their effective absorption bandwidth (EAB) performances and a reduction in costs. The CNT composite presented a RL of −26.85 dB at 10.89 GHz and an EAB of 2.6 GHz with a 1.9 mm thickness, while the double-layer structures using CNT and SPC provided a RL of −19.74 dB at 10.75 GHz and an EAB of 2.51 GHz. Furthermore, the double-layer structures are ~42% cheaper than the composite using only CNT since less material is used. Finally, the largest EAB was achieved with a RAS using SPC, reaching ~2.8 GHz and a RL of −49.09 dB at 10.4 GHz. Summarizing, SPC made of black wattle bark waste can be a competitive, alternative material for use as RAM and RAS since it is cheaper, sustainable, and suitable for daily life uses such as absorbers for anechoic chambers, sensors, and electromagnetic interference shields for electronics, wallets, vehicles, and others.
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Nomenclature



	CB
	Carbon black



	CB-C
	Carbon black composite



	CNT
	Carbon nanotube



	CNT-C
	Carbon nanotube composite



	EAB
	Effective Absorption Bandwidth



	EMI
	Electromagnetic Interference



	RAM
	Radar Absorbing Materials



	RAS
	Radar Absorbing Structures



	RL
	Reflection loss



	SBET
	Specific surface area



	SPC
	Sustainable porous carbon



	SPC-C
	Sustainable porous carbon composite



	SR
	Silicon rubber



	VDR
	Volumes of micropores



	Vmeso
	Volumes of mesopores



	Vtotal0.99
	Total volume of pores



	e.g.




	Z
	Material impedance



	
ε

	Relative complex permittivity



	
μ

	Relative complex permeability





1  Introduction

Radar absorbing materials (RAM) are a class of engineered materials able to attenuate an incident wave by converting electromagnetic energy into thermal energy through dielectric or magnetic losses [1]. RAMs became famous for their use in stealth technology, usually in combat aircraft, to minimize their radar cross-section and avoid detection [2]. Research in this area always seeks to develop thin, light, and broadband materials. Although this material is usually used for military purposes in several frequency bands [3], it can also be used for other applications, such as electromagnetic shields for electronics [4], radomes for space science [5], energy harvesting [6], satellites [7], among others.

The main use of RAM described in the literature so far is for stealth technology [2], which requires a thinner, broadband, high-absorptive material regardless of costs or sustainability. Carbon nanotubes or highly ordered carbons, such as graphene, are the logical choice to develop and design novel materials with large effective absorption bandwidths (EAB). However, because of their military application, the best materials developed for this purpose would not be published, nor promptly available to society.

Jia et al. [1] emphasized that future studies of RAM may pay more attention to applications for extreme conditions, like high temperatures, or focus on daily life applications. The most straightforward application for RAM is electromagnetic interference (EMI) shielding. Several researchers have demonstrated how RAM and radar absorbing structures (RAS) can provide good shielding effectiveness to prevent electromagnetic interference [8–11]. There is still room for advancement in this area regarding materials, such as application methods like thermal spray coating that is industrially viable [12]. In an increasingly wireless world, the need for RAM for EMI shielding will increase. They can be applied to wallets or pouches to protect contactless credit cards, car keyless or radio key systems [13]. The Internet of Things is becoming more present in daily life, reaching smartphones, smart homes, autonomous cars [14], and so on. RAM can be an interesting substitute for metallic parts to prevent EMI, since they are lighter. They can also be used as electromagnetic shielding for strollers [15] or railway vehicles [16].

An indirect use for RAM is in space science. RAM/RAS could be used to provide thermal protection for spacecraft during the re-entry phase while at the same time protecting internal components from EMI [17]. RAM could also be used to reduce the scattering in metallic frames of radomes [5]. Combining RAM with frequency-selective surfaces allows the development of stealth radomes [18], but such designs could also be used as bandpass filters [19]. Another use of absorbing material in this area can be an alternative to the pyramidal foams inside anechoic chambers. RAS using sustainable carbon could increase the workspace, reduce costs, help the environment, and reduce the chamber’s inner side.

RAM and RAS could be used as sensors, where detection can be made through resonance frequency shifting, similar to metamaterial absorber sensors [20,21]. Another interesting application was described by Song et al. [22]: biomass carbon-based RAM for energy harvesting. Ren et al. [23] also considered RAM for microwave energy harvesting. In the future, applying RAM to clothes [24] may provide not only EMI protection for pacemakers [25] but could be used as sensors [26] or energy sources.

Wang et al. [27] related how the results of current research are far from being used since many studies focus on pure microwave absorption powders. Advances in materials have mainly been around the fillers, but extraordinary results using paraffin should have few, if not say no, applications at all. It is important to use practical matrixes, but innovation in fillers can be achieved, especially when using waste materials, since they are sustainable, cheap, and environmentally friendly. For example, intensive care units may have equipment susceptible to radio frequencies, where EMI would be disastrous. RAM/RAS using sustainable carbon could provide light, cheap, and effective EMI shielding.

Over the decades, several potential types of RAM have been studied, such as carbon allotropes [17,28] like carbon nanotubes (CNT), carbon black (CB), ferrites [29], and silicon carbide [30]. Carbon was the first material discovered that attenuated an electromagnetic incident wave [28]. The absorption mechanism studied back then was the conversion of electromagnetic energy into heat, dissipating the energy, and avoiding detection through reflection. Today, it is known that other phenomena can attenuate an incident wave, like impedance matching, polarization loss, conduction loss, and magnetic loss [27]. Moreover, single-layer RAM cannot attenuate an incident wave over an extensive frequency range, but there are strategies to broaden their effective absorption bandwidth (EAB), i.e., the frequency range that lies below −10 dB. These strategies are multilayer structures [31], frequency selective surfaces [32], metamaterials [33], and RAS [34]. Green et al. [35] stated that a large EAB should be prioritized rather than an extremely low reflection loss (RL), since astronomical RL values may be derived from input parameters, such as an increased precision thickness.

RAS can be developed with highly electric conductive materials like CNT or graphene, but they are expensive, difficult to produce, and use chemicals that are hazardous to the environment. Commercial applications may benefit from the development of environmentally friendly and low-cost manufacturing approaches [36], and incorporating porous structures of dielectric lossy fillers may be an alternative to reduce weight [36]. A cheap, sustainable alternative is biobased carbon, i.e., carbon derived from biomass residues. Although biobased carbon does not provide a conductivity as high as CNT or graphene, it can be engineered to increase its conductivity and porosity through the activation process or heteroatoms/metallic doping. Several biomaterials have already been explored as RAM, such as wheat [37], rice [38], coconut coir [39], shaddock peel [40], black liquor [41], and others. Such materials could be developed into RAS, but whether this would produce biobased carbons as competitive as CNT and to what uses they could be made is unknown.

This manuscript presents a novel Sustainable Porous Carbon (SPC) made from the solid waste generated after tannin extraction from black wattle bark. The electromagnetic properties and performance of SPC composites were compared to composites made with commercial Carbon Black (CB) and CNT. All composites were made with silicone rubber to provide flexibility. They were investigated in the X-band frequency range and single-layer, double-layer, and RAS were compared. The result of this study shows that SPC RAM can be engineered to provide a broadband reduction of the reflected electromagnetic wave, reducing production costs and aiding the environment by reusing industrial waste to combat electromagnetic pollution.

2  Material and Method

Commercial multiwall CNT from Cheap Tubes Inc. (Grafton, VT, USA), carbon black from Cabot (Boston, MA, USA), and black wattle bark waste after tannin extraction, were kindly provided by TANAC S.A. (Rio Grande do Sul, Brazil). All composites were made with white silicone rubber (SR) and its catalyzer from Redelease SA (Sao Paulo, Brazil).

2.1 Preparation of Sustainable Porous Carbon

The bark waste from tannin extraction was submitted to carbonization without previous preparation. It was carbonized in a horizontal tubular furnace EDG10P-S (EDG, Brazil), at 900°C under argon for 2 h, with a heating rate of 5°C/min. The SPC was manually ground in a mortar to reduce its particle size.

2.2 Preparation of Carbon Composites

The composites were prepared to reach the saturation limit, i.e., the maximum volume of filler that could be mixed with silicone rubber without spoiling its curing. The composites using CNT and CB were prepared with 3 wt% of each carbon allotrope and named CNT-C and CB-C, respectively. The SPC composite (SPC-C) was prepared with 20 wt% of the carbonized material. All composites went through the same fabrication process. They were manually mixed until complete homogenization, the catalyzer was then added, and finally, the mixtures were placed in a 22.86 × 10.16 × 6.00 mm X-band mold. The samples were left to dry overnight.

2.3 Morphological Characterization

The carbon materials were analyzed with a Field Emission Scanning Electron Microscope (FESEM) from Tescan model MIRA 3 (Tescan, Czech Republic). The SPC composition was analyzed through Energy-Dispersive Spectroscopy (EDS) with an X-MAX 50 device (Oxford, United Kingdom). The adsorption-desorption and the pore volume of SPC, CNT and CB were calculated through BET analysis using an ASAP 2020 Plus (Micromeritics, USA). The degree of graphitization of the carbonized material was confirmed through Raman spectroscopy measured with a LabRam HR Evolution (Horiba, Japan) and a green laser of 514.5 nm wavelength. The materials loose bulk and skeletal density were measured by an ASTM D7481-18 and a helium pycnometer analyzer model Ultrapycnometer 1200e (Quantachrome, USA), respectively.

2.4 Electromagnetic Characterization

The electromagnetic properties of all composites were measured with a vector network analyzer, Agilent Technologies N5230C, coupled with the X-band rectangular waveguide X11644A. Since all samples are dielectric, a precision mode method was used to calculate only the permittivity, considering that the complex permeability equals μ = 1-i0. The reflection loss was calculated using [42]:


RL=20 log10|Zin−Z0Zin+Z0|
(1)

where the impedance between air and the material (
Zin
) is given by:


Zin=Z0με tanh⁡[i(ωdc)με]
(2)

and 
Z0
is the vacuum impedance, 
ε
is the relative complex permittivity, 
μ
is the relative complex permeability, 
ω
is the angular frequency, 
d
is the sample thickness, and 
c
is the speed of light.

The multilayer structure uses a similar equation [43,44], where 
Zin
is equivalent to the 
Zin N
below:


Zin=Zin N=ZNZin N−1+ZNtanh⁡[i(ωdNc)μNεN]ZN+Zin N−1tanh⁡[i(ωdNc)μNεN]
(3)

and the impedance between the first and second layer (
Zin1
) is given by:


Zin 1=Z1tanh⁡[i(ωd1c)μ1ε1]
(4)

where 
Z1
is the first layer impedance, 
ZN
is the N-layer impedance, and 
d1
, 
dN
, 
μ1
, 
μN
, 
ε1
and 
εN
are respectively the thickness, the permeability, and the permittivity of each correspondent layer. Fig. 1 illustrates the order of each layer in a multilayer structure. The structures are named from Layer N to Layer 1, i.e., a structure named CB-C + SPC-C + CNT-C means that the materials in Layers 3, 2, and 1 are respectively CB-C, SPC-C and CNT-C.

[image: images]

Figure 1: Multilayer structure

2.5 RAS Design

The RAS design was based on the work of Fang et al. [45]. This design was chosen because it is one of the fewer designs found in the literature based purely on sustainable material, to the best of our knowledge. The rectangular structure is presented in Fig. 2. Since the optimization of the RAS is out of the scope of this work, the parameters of the design were slightly adapted to provide a large EAB. The parameters used were a1 = 43 mm, a2 = 16.1 mm, a3 = 0.8 mm, h1 = 2.5 mm, h2 = 6.5 mm.

[image: images]

Figure 2: (a) Top and (b) perspective view of the simulated RAS based on the work of Fang et al. [45]

All simulations were executed in CST software using the frequency solver based on the Finite Elements Method (FEM). A unit cell boundary condition was used to simulate a periodic structure and the solver accuracy was set to 10−4.

3  Results and Discussion

3.1 Morphological Measurements

The FESEM images at different magnifications show the typical structures of the studied carbons in Fig. 3. The morphology of CNT was composed of tangled and cylindrical nanostructures (Fig. 3a,d) that were curl and divergence-free on the surface of the carbon cloth. FESEM images of CB are shown in Fig. 3b,e, a cluster of carbon nanospheres in the form of particles and aggregates. Finally, Fig. 3c,f shows the carbonaceous structure of bark waste after carbonization in which an anisotropic cellular structure characteristic of biobased carbons is seen. During carbonization, a porous structure is developed as a result of the thermochemical degradation process but the wood walls, mainly formed by cellulose, hemicellulose, and lignin [46], responsible for providing structural support, fluid conduction, or storage of sugars [47], are not destroyed. This observation confirmed the results of the analysis of the porous structure of the activated generated carbon.
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Figure 3: FESEM images of (a) CNT, (b) CB, and (c) SPC with their respective close-ups in (d–f)

The elemental composition of bark derived from Acacia species [48] is approximately 44% carbon, 8% hydrogen, and 1% nitrogen, the remaining content (47%) is mainly oxygen with a small amount of ash. After thermochemical degradation, the percentage of carbon is increased, whereas the other elements are reduced. The Energy-Dispersive Spectroscopy (EDS) analysis of the SPC, CB, and CNT (Fig. 4) reveals an elemental composition mainly formed by carbon and oxygen, the main components present in these carbonaceous materials. A small proportion of calcium in SPC is also typically found in wood-based carbons [49] (Table 1). According to the literature, bark trees contain a substantial fraction of the nutrients stored in woody biomass [50–52]. Jones et al. found several nutrients or inorganic elements in bark from 23 trees, and calcium had the highest variation between those species which were correlated with soil nutrients. In contrast, CB and NTC are mainly composed of carbon: 94% and 98%, the rest being 6% and 3% oxygen, respectively.
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Figure 4: (a, b, c) EDS elemental mapping analysis with highlights of carbon, oxygen and calcium of SPC (a), carbon and oxygen of CB (b), carbon and oxygen of CNT (c). (d, e, f) Spectrum of elements showing the main peaks of SPC (d), CB (e) and CNT (f)
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Nitrogen adsorption-desorption curves of the porous carbon materials showed a typical microporous structure for bark-carbon based SPC and a mesoporous structure for CNT and CB, presenting Type I and Type IV isotherms [53], respectively (Fig. 5a). The SPC had the largest surface area (300 m2/g) and the greatest volume of micropores (66%) compared to mesopores (34%) (Table 2). Indeed, during the carbonization of wood-based materials, several reactions take place, such as dehydrogenation, condensation, hydrogen transfer, and isomerization [54]. The heat treatment under an inert atmosphere maximizes the lignocellulosic precursor loss volume by a contraction process controlling the morphology and pore structure of porous carbon materials.
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Figure 5: (a) Adsorption-desorption isotherms of carbon materials and (b) their respective pore size distribution calculated by density functional theory (DFT) method
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CNT and CB showed similar surface area values, but different amounts of micro- (14 and 5%, respectively) and mesopores (86 and 95%, respectively). It is interesting to note that the three carbon materials studied have different porous structures and surface areas available. The SPC presents a peak pore centered at 0.65 nm, and most of the pores are less than 7 nm (Fig. 5b). CNT and CB are mostly mesoporous, in agreement with the isotherms. The CNT concentrates the pores from 3 to 100 nm, and CB from 10 to 100 nm. Therefore, the CB is essentially mesoporous (95%) and has the largest pores. Therefore, the rough surface of porous carbon can create a conductive net that may attenuate the electromagnetic wave through eddy current loss [3], conductive loss, or enhanced space charge polarization [55]. Besides, the large porosity can be used to control the material permittivity through Maxwell-Garnett relationship [56], allowing the enhancement of impedance matching and further the electromagnetic attenuation.

The Raman spectra (Fig. 6) shows a very high second-order graphitization for CNT, while CB and SPC have no second-order peaks. All spectra show the typical D peak band at 1345 cm−1, generally attributed to a disordered structure or defects corresponding to the vibration of sp3 carbon atoms [57,58]. CNT presents a G band at 1571 cm−1, more elevated than the D band, indicating a high graphitization level. The peak of the D band indicates that there may be defects in the walls of the CNT [59]. The G band is related to the carbon sp2 bond in the structure [60]. The CNT spectrum also has another peak, G’, at 2690 cm−1. This peak is associated with the scattering mechanisms of the two-phonons, characterized by the double resonant scattering Raman process [59,61–63], and a peak centered at 2917 cm−1 may be associated with the combination of D+G [64]. The CB spectrum shows the peak of the G band at 1586 cm−1 and presents two peaks with values analogous to a highly disordered graphitic structure [64]. The SPC spectrum shows the G band’s peak at 1589 cm−1, associated with the graphitic structure [65]. The graphitization degree of CNT, CB, and SPC was estimated by the ratio between the D and G bands (ID/IG) [59]. The calculated ID/IG ratios showed that CNT had the highest structural organization (0.54), compared to the other materials, with CB and SPC being 0.88 and 0.94, respectively. Thus, the latter had the lowest degree of graphitization [66].
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Figure 6: The Raman spectra of CNT, CB, and SPC

3.2 Electromagnetic Measurements

The averaged measured complex permittivity of the CNT, CB, and SPC composites is shown in Fig. 7, while the permittivity of each sample with its respective thickness is presented in Fig. A1 in the Appendix A. The permittivity of a blank SR is shown as a reference. The complex permittivity is given by ε = ε′-iε′′, where the real part is related to dielectric storage and the imaginary part to dielectric losses. Since all samples are dielectric, the permeabilities of all composites are close to 1 and therefore not presented. The solid lines in the graph are the real permittivities and the dashed lines are the imaginary permittivities. The shaded background in each line represents its standard deviation. The SR has the lowest real permittivity and presents no losses, ≈3.0-0.0i. The composite made with CB has a complex permittivity close to ≈4.0-0.5i, while the composite made with SPC has a complex permittivity of ≈6.5-0.5i. The composite made with CNT has a real permittivity starting at 14 and ending at ~13.5. The imaginary permittivity of CNT-C is the highest among all samples, starting at 4 and ending at 4.5. SPC-C and CNT-C have the most significant standard deviations because the amount of filler inserted is close to the saturation limit, i.e., the maximum amount of filler that can be added into the silicone rubber matrix. This led to a curing process that was faster than for the other samples and caused a surface rugosity, where the thickness had minor variations over the sample. Because of the soft nature of the silicone rubber composite along with the surface rugosity of each sample, there is a small imprecision during the thickness measurements using a caliper, resulting in a difference in the permittivity analysis.
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Figure 7: Complex permittivity of composites made with CNT, CB, and SPC. The complex permittivity of blank SR is presented as a reference

Silicone rubber is an electric insulator material that reduces the conductive property of the carbon filler. It is necessary to use a large amount of filler to overcome the insulating properties of SR, but the hydrophobic nature and light weight of CNT and CB prevent this from happening. The bulk density of SPC (0.460 g/cm3) is 1.6 and 2.9 times higher than CB and CNT, respectively, which allows a large amount of material to be mixed without compromising the curing process of the composite. Also, the hydrophobicity of SPC is lower than that of CNT and CB due to the low level of oxygenated compounds connected to its surface. This will probably be an advantage for a better interaction between the polymer and the SPC filler compared to the other composites prepared in this study. Furthermore, the material porosity helps it to be lighter and can be used to control the permittivity through the Maxwell-Garnett relationship. When the incident wave passes through the composite, each grain of porous carbon develops an electric charge. If the porous carbon is more conductive, the electrical current running through it would be dissipated as heat, increasing the imaginary permittivity of the material. Indeed, the porosity could be used to allocate other materials inside the carbon, like metallic ions, which would increase the complex permittivity of the composite [67].

The RL for all samples was calculated using the averaged permittivity of each sample in Eqs. (1) and (2). The results are presented in the 3D graph in Fig. 8. SR and CB-C, Fig. 8a,b, do not show a significative RL for samples up to 10 mm thick. CNT-C has an RL of −39.6 dB at 12.31 GHz and an EAB of ~1.4 GHz for the 1.7 mm sample. The best EAB acquired with CNT-C is for the 1.9 mm thick sample, which has a RL of −26.85 dB at 10.8 GHz and an EAB of 2.6 GHz. The 7.2 mm thick SPC-C sample reaches −13.34 dB at 12.32 GHz and an EAB = ~0.5 GHz. It is interesting to note how the CNT-C is sensitive to thickness compared with SPC-C, requiring a very precise thickness to achieve a RL at a specific frequency.
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Figure 8: 3D RL of (a) SR, (b) CB-C, (c) CNT-C with (d) the best results in 2D, and (e) SPC-C with (f) the best results in 2D

3.3 Double Layer and RAS Reflection Losses

Although CB demonstrated no significant RL by itself, it can still find use as an absorbent material. This is demonstrated in Fig. 9, where different results for the double-layer structure are presented. Fig. 9a is a double-layer structure with 1.1 mm of CNT-C and 0.9 mm of CB-C and an RL of −20.7 dB at 10.9 GHz. The EAB of this double layer is 2.59 GHz, which is slightly better than the double layer using SPC-C as the second layer, with 2.51 GHz. Compared with the RL of CNT-C in Fig. 9b, the double layer using CB-C provides a smaller RL, but the absorption peak and the EAB happens at the same frequency. Since EAB is the parameter that should be maximized [35], a double layer that can provide the same EAB using less CNT with a trade-off of being only 0.1 mm thicker is attractive. Considering that CNT is much more expensive than CB, when reducing the thickness of the CNT-C from 1.9 to 1.1 mm means that only ~58% of the CNT-C would be required. Since the filler is the main product that drives the costs of the composites, a reduction of approximately 42% in sample thickness would correspond to an estimated 42% savings in the final price. Also, a double-layer structure would be easier to tune than a single-layer CNT-C, as seen in Fig. 9c. Increasing the thickness of CB-C by 0.2 mm in the double-layer structure shifted the RL from 10.9 GHz to 10.0 GHz, while it would require a precise thickness to shift the same amount using only CNT-C.
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Figure 9: (a) Reflection loss of double-layer structures with a total thickness of 2.0 mm with the first layer as CNT-C and the second layer as CB-C or SPC-C. (b) Comparison of the single-layer CNT-C of 1.9 mm and the double-layer of 2.0 mm with CNT-C and CB-C. (c) Demonstration of tuning the reflection loss by increasing the thickness of the second layer

The double layer presented is effective in reducing costs, but it does not enlarge the EAB. It is necessary a thicker multilayer structure to increase the EAB to the whole X-band frequency range. Fig. 10 presents the RL for three different multilayer structures. The first one (black line) is a double-layer structure with total thickness of 9.0 mm, consisting of 3.7 mm CB-C and 5.3 mm CNT-C. The second structure (red line) is a triple-layer with 2.6 mm CB-C, 0.7 mm SPC-C, and 5.5 mm CNT-C, totalizing an 8.8 mm thickness. Lastly, the third design (blue line) has a total thickness of 8.4 mm, with layers of 1.1, 1.5, and 5.8 mm of SPC-C, SR, and CNT-C, respectively.
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Figure 10: RLs of multilayer absorbers designed to provide an EAB over the entire X-band frequency range

A broadband EAB using only one material can be achieved with RAS. Fig. 11 shows the RL of RAS based on the design of Fang et al. [45], which made a RAS with almond shells and paraffin, and optimized the design through software. The CB-C barely reaches −10 dB at the center of the frequency band, and the CNT-C reaches −10 dB beyond 10.4 GHz. Here, SPC-C has an EAB of ~2.8 GHz, and the RL reaches −49.09 dB at 10.4 GHz. This result proves that even though the sustainable composite material does not have the highest graphitization ratio or a higher oxygen content present on its surface, it could be designed to achieve RL and EAB comparable to great well performing materials such as carbon nanotubes and carbon black.
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Figure 11: RL of CB-C, SPC-C, and CNT-C as RAS

3.4 Cost Analysis of Carbonaceous Materials

The production cost ($US/kg) of activated carbon is calculated based on several parameters. The most important factors include the total fixed cost (plant overheads, taxes, and royalties), the total variable cost (raw material, consumables, physicochemical activation agents’ costs), and the total general expenses (administration cost, research and development, and distribution and sales) accounting for approximately 32%, 13%, and 55% of the total cost, respectively [68]. For example, the production cost of wood-based activated carbon material, assuming zero raw material costs through a plant capacity of 4.5 tons per day, would be 2.49 $US/kg for physical activation and 1.80 $US/kg for chemical activation [68]. Therefore, considering a sustainable material produced in the same physical activation plant, the final price of sustainable porous carbon would be comparable or even cheaper to that of the commercial activated carbon because SPC in this study was not physically or chemically activated.

Carbon black is a material mostly produced by the incomplete combustion of coal tar or petroleum products. It is considered a low-cost carbonaceous material [69]. However, it presents negative implications for human health and environment due to the high levels of CO2 generated through incomplete combustion of fossil fuels [70]. In contrast, carbon nanotubes (CNTs) have a significantly higher price compared to SPC and CB. For instance, the production cost of sustainable carbon depends on parameters such as the price of raw materials, plant capacity, and product yield [68]. On the other hand, the price of CNTs can vary significantly based on factors like surface functionalization, the number of walls, and other specifications. For a comparative estimation, the prices of a commercial activated carbon NORIT® RX3 EXTRA (901934-500G Sigma Aldrich/Cas Number: 7440-44-0) is 123.00 $US/0.5 kg whereas a multi-walled carbon nanotube (90% carbon basis, D × L 110–170 nm × 5–9 μm, 659258-10G Sigma Aldrich/Cas Number: 308068-56-6) is 396.00 $US/0.01 kg. Thus, carbon derived from biomass can be up to 160 times cheaper than carbon nanotubes, although this value can significantly vary depending on several factors mentioned above. This combination of sustainability and cost-efficiency underscores the advantage of using black wattle bark waste for producing porous carbon.

4  Conclusion

This study showed how a sustainable material made of black wattle bark waste can be used as filler for composites of radar absorbing materials (RAM) and to design radar absorbing structures (RAS). The CNT (Carbon nanotube) composite evaluated provided a thinner, more effective single-layer RAM, reaching −41.1 dB at 12.3 GHz with a 1.7 mm sample. The maximum effective absorption bandwidth (EAB) that could be achieved is 2.6 GHz with a 1.9 mm sample, which presented a reflection loss (RL) of −28.15 dB at 10.9 GHz. The double-layer structure using CB (carbon black) and CNT provided a similar EAB (2.59 GHz), with a RL of −20.7 dB at 10.9 GHz. This could reduce the costs by ~42% when compared with a single-layer CNT, since the double-layer structure has a CNT layer 1.1 mm thick and a CB layer of 0.9 mm. Also, similar results for a double-layer structure using sustainable porous carbon (SPC) and CNT were obtained, indicating that SPC could easily replace CB. The SPC composite demonstrated a superior RL and EAB when explored as a RAS. The RL of −49.09 dB at 10.4 GHz and the EAB of ~2.8 GHz were the best results obtained. This demonstrates how SPC composites can be an alternative material for civilian applications, such as replacements for electromagnetic foam absorbers inside anechoic chambers, space science, sensors, energy harvesting, and electromagnetic interference shielding for electronics, purses, wallets, and vehicles.
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Appendix A
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Figure A1: Individual complex permittivity of (a) silicone rubber, (b) carbon nanotube composite, (c) carbon black composite, and (d) sustainable porous carbon composite. These data were used to calculate the average permittivity in Fig. 7
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Table 1: Elemental composition by EDS elemental mapping of carbon materials

SPC CB NTC
C (%) 89 94 97
0 (%) 8 6 3

Ca (%) 3 - -
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Table 2: Textural properties of carbon materials: specific surface area (Sggr); total volume of pores (Vtotal ¢ 99);
volumes of micropores (Vpr) and mesopores (Veso), the respective percentage of micro- and mesopores, and
the bulk and skeletal densities

Sample Sger  Vtotal 999 Vpr Vieso % % Bulk density Skeletal density
(m%g) (cm’/g) (cm’/g) (cm’/g) micropores mesopores (g/cm’) (g/em’)

SPC 300 0.18 0.12 0.06 66 34 0.460 1.95

CNT 90 0.22 0.03 0.19 14 86 0.096* 2.15

CB 75 0.62 0.03 0.59 5 95 0.280%* 2.01

Note: * Obtained from the datasheet of both commercial materials.
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