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The great technological advancement in wireless communication systems and devices generated 
the problem of electromagnetic pollution. Developing lightweight, sustainable, and low-cost materials 
is necessary to minimize electromagnetic pollution. A sustainable porous carbon (PC) absorber material 
was obtained from the crude black liquor by a simple and low-cost synthesis, and combined with carbon 
nanotube (CNT), presenting excellent microwave attenuation results. The PC absorber at 20 wt.% 
filling ratio exhibited an intense reflection loss of -35.7 dB at 15.5 GHz, and bandwidth of 1.15 GHz 
for a thickness of 5.90 mm. By adding 0.2 wt.% of CNT, the reflection loss was -34.6 dB at 17.9 GHz, 
and a bandwidth of 1.54 GHz for 4.90 mm. The study reveals that the combination of PC and CNT 
improves the attenuation capacity, allows adjustment in the frequency range of the attenuation peak, 
and promotes thickness reduction. The results obtained allow us to advance studies in developing 
high-performance, sustainable, and low-cost microwave-absorbing materials.

Keywords: Electromagnetic Interference, Porous Carbon, Carbon Nanotubes, Absorber, 
Permittivity.

1. Introduction
Microwaves are very efficient for information transmission 

and are widely used in various communication technologies1-5. 
However, microwaves also produce electromagnetic 
interference in equipment and devices and can affect human 
health6-10. Therefore, several research studies are focused on 
developing materials with the ability to mitigate or eliminate 
electromagnetic pollution11-14. Many materials have already 
been applied in producing electromagnetic radiation absorbers, 
such as polymers, ceramics, metallics, and carbons, among 
others15,16. Widely researched metallic particles, oxides, and 
ferrites, which reach high absorption values, are being used 
as additives in absorbent composites11,17. However, they have 
limitations such as high density and low oxidation resistance, 
which are undesirable characteristics in many applications18.

Carbon materials, such as porous carbon (PC), graphene, 
and carbon nanotube (CNT) have excellent qualities such 
as tunable dielectric properties, low density, large surface 
area, chemical stability, and oxidation resistance19-24. These 
properties qualify them as electromagnetic radiation absorber 
materials. However, despite their excellent microwave 
absorption results, large-scale sp2 carbon allotropes such 
as graphene and CNT are no longer viable. Such carbons 
are expensive and difficult to produce on a large scale18.

Materials from sustainable sources like industrial waste 
might be applied in developing PC for different applications25-27. 
Features, such as low-cost and simple processing, are essential 
requisites in using waste. Furthermore, recent studies show 
the effects of PC on electromagnetic wave attenuation due 
to large surface area, by increasing interfacial polarization 
in the matrix where they are inserted28-32. Thus, porosity 
also plays a relevant role in the electromagnetic properties 
of the final composite.

Black liquor is a by-product from the pulp and paper 
industry generated in large quantities in the Kraft pulping 
process33,34. This by-product is considered highly polluting due 
to its high pH (12.5). In 2019, our research team successfully 
prepared absorbing materials from Kraft black liquor by 
using porosity control with a spheric polymeric template, 
the PMMA to adjust the permittivity of the material2. Here, 
the production of sustainable PC was based on a simple 
preparation without the use of templates, and by avoiding the 
washing steps and the consequent generation of new wastes. 
Thus, the proposed methodology involves the integral use 
of Kraft black liquor. Moreover, the use of PC and CNT in 
the production of absorbing materials has been developed 
in the literature35,36. Therefore, a composite with sustainable 
PC and CNT was prepared at different mass ratios.

In this work, the absorber material containing 20 wt.% 
PC presented a reflection loss of -35.7 dB at 15.5 GHz with *e-mail: limedeiros@uesc.br
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5.95 mm thickness, demonstrating strong material potential. 
In the quest to improve absorptive PC attenuation capacity, 
a small amount of 0.2 wt.% CNT was added to the material 
containing 20 wt.% (20PC+0.2CNT). Similar attenuation of 
-34.6 dB was observed even with the thickness reduced from 
5.95 to 4.90 mm. The combined PC and small amounts of 
CNT enhance the tuning effect. It allows for the production 
of sustainable absorber materials of high-performance, 
lightweight, low-cost, and simple processing.

2. Experimental Section
2.1. Materials

The black liquor was kindly supplied by Suzano Papel e 
Celulose S.A, formaldehyde 37 wt.% P.A. NEON, resorcinol 
in Synth flakes, white silicone Redelease and multi-walled 
carbon nanotube by Cheap Tubes.

2.2. PC preparation and absorber composite
PC was prepared with 100 g of black liquor, 15 g of 

resorcinol, and 44 g of formaldehyde. Under constant 
stirring, at the temperature of 40 °C, the resorcinol was 
mixed with the black liquor until its complete dissolution, 
then formaldehyde is added until the solidification of the 
polymeric foam. The foam remains under atmospheric 
conditions for 3 days to complete the dry process. After 
this period, the material was carbonized in a tubular oven 
under an N2 atmosphere up to 900 °C for 120 minutes. After 
carbonization, the material was crushed and classified in 
a sieve of 500 µm. The absorber composite was prepared 
by mechanically mixing in the proportions of 15 wt.% and 
20 wt.% of PC in a silicone rubber matrix. The mixture was 
poured into molds produced in a 3D printer, with specific 
offset dimensions for Ku-band, varying from 2 to 6 mm. 
Concentrations of 15 and 20 wt.% are selected based on 
performed tests. Concentrations below 15 wt.% do not 
present significant microwave attenuations, while 20 wt.% 
is the saturation limit of PC into silicone rubber. Two sets 
of samples were analyzed, one containing PC in silicone 
matrix and a second batch adding 0.2 wt.% CNT to PC and 
silicone rubber.

Samples containing 15 wt.% and 20 wt.% of PC dispersed 
in silicone rubber, respectively, are named 15PC and 20PC. 
Samples containing 15 wt.% and 20 wt.% PC with the 
addition of 0.2 wt.% CNT dispersed in silicone rubber are 
named 15PC+0.2CNT and 20PC+0.2CNT, respectively.

2.3. Characterization of materials
Morphological and structural characterizations of 

carbon materials were performed by field-emission scanning 
electron microscopy (FEG-SEM), model Mira3-Tescan, 
X-ray diffraction (XRD) in a Rigaku, model Ultima IV 
CuKα radiation (λ=0.15418 nm) and Raman scattering 
spectroscopy, Horiba LabRam HR Evolution model at 
514.5 nm. The specific surface area and pore volume values 
were obtained by a Micromeritics ASAP 2020 Plus and a 
mercury porosimetry (0.0035 – 414 MPa) Micromeritics 
AutoPore III, respectively. Electromagnetic properties, such 
as complex permittivity (ε=ε´-jε´´) were obtained by vector 
network analyzer (VNA-N5235A from Keysight Technologies) 

and rectangular Ku-band waveguide (model P11644A) in 
the frequency range from 12.4 to 18 GHz. The reflection 
loss was obtained using a metallic plate positioned at the 
back of the sample.

3. Results and Discussions
The morphology of the PC particles before the addition 

of CNT is seen in Figure 1a. The carbon particles present 
macropores (pores larger than 50 nm)37 distributed on all 
surfaces. These pores are formed during the solidification and 
subsequent carbonization of black liquor foam. The process 
of obtaining the foam generates a large amount of heat, an 
exothermic reaction, where the increase in temperature promotes 
the volatilization of excess formaldehyde and water present in 
the black liquor, generating bubbles during the solidification 
of the foam. Structures with high porosity can contribute 
to increasing the microwave absorption performance of the 
material, generating polarization interfaces, and suppressing 
the eddy current effects38. In addition, the presence of pores 
effectively reduces the density, making it possible to obtain 
a lighter material. Figure 1b shows the PC particles involved 
by CNTs. From a morphological point of view, the addition of 
CNT can create paths for electron displacement. The CNTs, 
when connected by the simple overlapping of the tubes, 
produce a vast network of ways through which the electrons 
can move freely. This effect can increase the conductivity of 
the composite causing conduction loss. Figure 1c shows the 
Raman spectra of PC and CNT particles. The band observed 
at approximately 1350 cm-1 is called the D band, used to 
characterize the structural disorder caused by the defects 
existing in the crystalline structure of the carbon material. 
The band in the region of ~1580 cm-1 is associated with the 
percentage of structural order, also called graphitization 
band or G-band39,40. The intensity ratio of the bands (ID/IG) 
is a qualitative indicator of the defect density or degree of 
graphite of the materials40,41. The fundamental difference 
in the intensity ratio between CNT and PC is associated 
with the size of a nanocrystallite and point defects in the 
sp2 carbons. Considering the graphene, single-layer graphene 
(SLG) as a reference, the distance between defects, LD = 
24 nm, is a measure of the amount of disorder. By changing 
the LD value, the ratio ID/IG changes. The LD calculated for 
CNT and PC are ~14 and 10 nm, respectively. These values 
indicate that the distance between defects in the CNT is 
greater than in PC, which affects the ratio of ID/IG. Besides 
the information on the peak intensity, a strong indication 
of the structural disorder can be obtained from the FWHM. 
By considering the defects that can activate the D peak, it is 
evident that CNT has lower FWHM than PC, which implies 
a lower number of defects. With a decrease in number of 
defects, the ratio ID/IG decreases. The broadening of the D 
peak may be associated with different types of defects42. 
Higher graphitization can improve the conductivity of the 
carbon material and increase the dielectric loss. However, 
it is not interesting to eliminate all defects, as they can act 
as polarization centers by increasing the polarization of 
electric dipoles40. The XRD analysis of PC particles and 
CNT are revealed in Figure 1d. It can be observed that CNT 
exhibit their main peaks at ~25° and smaller peaks at ~44°, 
which are assigned to the crystalline planes (002) and (100), 
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respectively2,27,35. CNT still presents a small peak ~57° from a 
crystalline plane (004) related to the reflection of the second 
order of (001)36,43-45. PC presents its bands centered at ~24° 
and ~44°, a characteristic of amorphous carbon.

The specific surface area showed a typical value for 
the CNT, around 100 m2/g46-48, while the PC showed no 
developed micro or mesoporosity (pores lesser than 50 nm) 
presenting a value of 11 m2/g (Table 1). The latter agrees with 
the porosity seen by SEM images, where macropores (pores 
larger than 50 nm) are observed. The synthesis parameters, 
such as polymerization reaction and the carbonization process 
assisted the formation of porous on a microscale range. 
These pores are characteristics of carbon foams49-51 and are 
normally analyzed by mercury intrusion-extrusion curves.

Macroporosity analysis of PC particles was performed 
by mercury porosimetry analysis, and the results are shown 
in Table 2. The material presented a low bulk density 
(0.66 g/mL) and a high porosity (76%) indicating the 
lightweight property of the developed sustainable material. 
The porosity value is comparable to those from bio-sourced 
carbon aerogels that were obtained from multiple steps of 
preparation under supercritical conditions52-54. The mercury 
accumulated in the pores is related to the total volume of 
pores and the respective total macropore area (82 m2/g). 

Based on the porosimetry results, the process of synthesis 
to obtain PC is very efficient in the macropores production, 
showing pore diameters distributed on the microscale range 
and centered at 99 μm.

Electromagnetic properties are tightly related to the 
relative complex permittivity (εr = ε´ -jε´´) and relative 
complex permeability (µr = µ´ -jµ´´). The crucial impact on 
the electromagnetic wave absorption performance occurs, 

Figure 1. (a) PC particles; (b) PC particles with CNT; (c) Raman spectroscopy of the PC and CNT; (d) XRD of PC and CNT.

Table 2. Textural properties of PC from mercury porosimetry: bulk 
density (ρb); skeletal density (ρs); porosity (φ); total volume of pores 
(VHg); total pore area (Atotal) and pore diameter (∅).

Sample ρb 
(g.ml-1)

ρs  
(g.ml-1)

φ 
(%)

VHg 
(ml.g-1)

Atotal 
(m2.g-1)

∅
(mm)

PC 0.66 2.70 76 1.14 82 99

Table 1. Specific surface area (SBET) and total volume of pores (V0.99) 
of CNT and PC were calculated from N2 adsorption-desorption 
isotherms.

Sample SBET (m
2 g-1) V0.99 (cm3 g-1)

CNT 90 0.22
PC 11 -
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especially in the relative complex permittivity (εr) that 
represents the loss caused by dielectric phenomena. The real 
part (ε′) represents the storage capacity of electricity, while 
the imaginary part (ε″) represents the loss by dispersion 
of electricity55,56. It is known that carbon materials do not 
have magnetic properties, and their attenuation capacity is 
governed only by the storage and dispersion of electricity57.

The relative complex permittivity parameters in the 
frequency range 12.4 – 18 GHz of the samples are shown 
in Figure 2. The curves are similar for both real (ε´) and 
imaginary (ε´´) parts showing slight fluctuation. Samples 15PC 
are seen in Figure 2a, and present values of real permittivity 
(ε´) close to 6.5 for all thicknesses and remain constant in 
the whole frequency range. Samples with the thickness of 
3.80 and 4.85 mm present fluctuations in the region close to 
17.0 and 14.6 GHz, respectively. These fluctuations might 
be associated with the interfacial polarization between PC 
and CNT, and intrinsic dipole polarization causing resonance 
peaks8,58. Imaginary permittivity remains constant with 
a value close to 0.1 in the entire frequency range for all 
thicknesses, meaning that there is no energy consumption 
from the electromagnetic wave by the flow of electric 
current in the samples. The samples 15PC+0.2CNT are 
shown in Figure 2b. The increase of 0.2 wt.% of CNT did 
not promote relevant changes in the complex permittivity 
of the material when compared to 15PC without CNT. 
The (ε´) and (ε´´) values remained around 6.5 and 0.1 across 

the frequency range. Resonance effects can be observed 
at 13.2 and 16.0 GHz on samples with 4.85 and 3.85 mm 
thicknesses. Figure 2c shows the complex permittivity of 
20PC. An increase in (ε´) values is observed at around 7.0. 
Resonance effects are observed in 3.95 and 5.00 mm at 
approximately 16.4 GHz and 13.2 GHz. The 5.95 mm sample 
showed an improvement in (ε´), reaching values greater 
than 7.8, suggesting an increase in the capability to store 
electric energy. In Figure 2d, the sample 20PC+0.2CNT did 
not show changes in the complex permittivity values, being 
around 7.0 (ε´) and 0.1 (ε´´). By comparing the samples 
15PC+0.2CNT and 20PC+0.2CNT, we can conclude that 
the increase in (ε´), may be associated with increased PC 
concentration, as presented in the literature59-61. Overall the 
frequency range and the (ε´) constant behavior may be related 
to the orientation of electrical dipole polarization, which 
may be attributed to the increase in interface polarization 
that occurs with the increased PC concentration at the 
heterogeneous composite interface62-64. In other words, by 
increasing the PC from 15 wt.% to 20 wt.%, at the same 
CNT concentration, the interface between PC and CNT 
increases, resulting in enhanced interfacial polarization 
associated with storage capacity.

Based on the transmission line theory, reflection loss 
can be calculated to evaluate the microwave absorption 
performance of absorbers. For a single layer, the input 
impedance is given by

Figure 2. Complex permittivity: (a)15PC; (b) 15PC+0.2CNT; (c) 20PC; (d) 20PC+0.2CNT.
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The EM wave dissipation is associated with dielectric loss 
and magnetic loss. The magnetic losses are associated with 
domain wall, effect eddy current, and magnetic hysteresis 
losses. In our case, PC and CNT are not magnetic materials. 
Therefore, we can rule out a contribution from magnetic 
losses. Dielectric loss is related to interfacial polarization, 
defect-induced polarization, dipole/molecular polarization, 
electronic polarization, ionic polarization, and atomic 
polarization65,66. Ionic, atomic, and electronic polarization 
are not present in the 2-18 GHz range. Homogeneous or 
heterogeneous interfaces can cause interfacial polarization or 
the Maxwell-Wagner-Sillars effect. Heterogeneous interfaces 
are associated with different materials. In our case, the PC 

and CNT interface can be a source of interfacial polarization. 
Dipole polarization can occur in polar or nonpolar molecules 
under altering EM field, and defect-induced polarization 
can change the charge distribution leading to polarization.

The conductive loss is related to EM wave propagation 
in the material. By increasing ε”, the alternate current (AC) 
conductive increases further enhancing conductive loss. 
The ionic and electronic polarization occurs in the ultraviolet 
or infrared region65,66. The dielectric loss behavior can be 
explained by the Debye theory. A single Cole-Cole semicircle 
represents a Debye relaxation process. The number of the 
Cole-Cole semicircles can be associated with different 
polarization phenomena. A linear decrease was observed in 
the Cole-Cole semicircle, seen in Figure S1. In the frequency 
range (12.4-18 GHz), the rapidly changing field affects the 
polarization mechanism as frequency increases. Due to 
the field’s switching direction, the net polarization can not 
keep up with the rapidly changing in the alternating field, 
decreasing its contribution. However, we can not rule out 
interfacial polarization due to heterojunctions between PC and 
CNT. Besides, a straight line may indicate a conduction loss.

Figure 3 shows the electromagnetic wave attenuation capacity 
of the materials. At low concentrations of PC, the sample 
15PC reflection loss presents a non-significant attenuation of 
– 8 dB at 16.7 GHz for the thickness of 5.85 mm, as observed 
in Figure 3a, as good absorber materials are associated with 
reflection loss lower than -10 dB. This value represents an 
attenuation of 90% of the incident electromagnetic radiation67. 

Figure 3. Reflection Loss: (a) 15PC; (b) 15PC+0.2CNT; (c) 20PC; (d) 20PC+0.2CNT.
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The addition of a small proportion of CNT (0.2 wt.%) 
promoted an improvement in attenuation capacity reaching 
-14 dB at 16 GHz, as given in Figure 3b. The presence of 
CNT increased the attenuation of the material, probably due 
to the formation of new interfaces68,69. When many interfaces 
arise between PC particles and CNT an increase in interfacial 
polarization is expected. This effect can arise when negative 
charges are distributed in CNTs, thus, in the presence of an 
electromagnetic field, space charges can be trapped causing 
the arising of a local electric field that will generate large 
interfacial polarization68,70,71. Figure 3c shows the samples 
20PC. At 5.95 mm a peak attenuation of -35.7 dB centered at 
15.5 GHz is found. The increase in the concentration of PC 
particles shifted the reflectivity peak to lower frequencies, 
by a displacement of approximately 1.3 GHz compared to 
the 15PC sample. This effect may be related to increased 
real permittivity (ε′)72 from 6.5 to 7.8. Materials with higher 
permittivity values are expected to have better absorption 
performance. The addition of 0.2 wt.% of CNT favored the 
presence of two peaks at 15.1 and 17.9 GHz, with attenuation 
of -23.92 and -34.6 dB, respectively, this result can be seen 
in Figure 3d. Finally, it is worth mentioning that the best 
electromagnetic wave attenuation can be achieved when the 
impedance matching condition is satisfied.

The excellent results obtained may be associated with 
the relationship between thickness and frequency, which 
can be explained by the cancellation model λ/4 according to

( ) 1,3,5,
4 4

m
r r m r r

nct n
f

λ

ε µ ε µ
= = = … , 

where tm is matching thickness, fm is the frequency of the 
lowest reflection loss, λ the wavelength of the electromagnetic 
wave, c the velocity of light, εr the complex permittivity, 
and μr the complex permeability of the microwave absorber. 
When the thickness of the absorber material is equal to an 
odd multiple of one-quarter of the wavelength, the optimal 
reflection loss occurs73,74. Once the incident electromagnetic 
wave enters the material and reaches the interface between 
the material and the perfect metal plate the wave will be 
reflected and canceled at the interface of the material.

The mitigation by cancellation model λ/4 might be 
responsible for the excellent performance obtained in samples 
20PC+0.2CNT with thicknesses of 4.90 and 5.90 mm. 
Figure 4 correlates experimental reflection loss thickness 
and tm thickness calculated based on the cancellation model 
λ/4. The calculated thickness values were aligned with the 
experimental reflectivity results obtained for thicknesses 
4.90 and 5.90 mm. The overlap of the calculated experimental 
and theoretical results reinforces the possible contribution of 
the attenuation mechanism by the cancellation model λ/4 in 

our results. Since the peaks come from the cancelation model, 
we can infer that absorbers with a thickness of t < 4.90 mm, 
have no frequencies within the λ/4 model, indicating that 
no reflection loss peak exists in the curve. Besides the 
attenuation mechanism, the EM wave dissipation may be 
associated with dielectric loss. The Debye relaxation process 
is analyzed to investigate the dielectric loss source. In the 
supplementary material, we include the Cole-Cole plot, 
Figure S1. A linear decrease was observed for the sample 
20PC+0.2CNT. Two dominant mechanisms may be related 
to dielectric loss, interfacial polarization, which is associated 
with polarization relaxation due to PC/CNT heterogeneous 
interfaces, and conduction loss enhanced by the addition of 
CNT. In other words, the dominant dielectric loss mechanism 
stems from interfacial polarization and conduction loss.

The results are compared with studies in the literature 
and the reflection loss is in the same order of magnitude 
as the PC, as presented in Table 3. The PC obtained in this 
work presented a reflection loss value of -35.7 dB, and 
bandwidth of 1.15 GHz in the sample 20PC at 5.95 mm 
thickness. Sample 20PC+0.2CNT shows a reflection loss 

Figure 4. Sample 20PC+0.2CNT thickness of reflection loss 
corresponding to calculated tm.

Table 3. Performance of some microwave absorbing materials.

Sample Materials Thickness (mm) RL (dB) Frequency (GHz) Reference
20PC Porous carbon 5.95 -35.7 15.5 This work

20PC+0.2CNT Porous carbon/MWCNT 4.90 -34.6 17.9 This work
C3-15 wt.% Porous carbon 2.00 -19.0 11.8 Flórez Vergara et al.2

RHPC/Co Porous carbon/Co 1.80 -40.1 10.7 Fang et al.75

RHPC/Fe Porous carbon/Fe 1.40 -21.8 14.4 Fang et al.75

900CA Porous carbon 1.9 -37.55 14.73 Wang et al.76
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of -34.6 dB, attenuating 99.9% of the microwave and a 
bandwidth of 1.54 GHz at 4.90 mm thickness. The RHPC/
Co samples have an attenuation of -40.1 dB and bandwidth 
of 2.7 GHz at 1.80 mm using PC and metal particles of Co, 
presenting a slightly higher value compared to this work. 
However, metal particles such as Co have a substantially 
high cost and a high density. Thus, the use of such metal 
increases both the cost and the weight of the composites. 
In addition, cobalt presents lower chemical stability than 
carbon materials.

The addition of only 0.2 wt.% CNT to PC reduced 
the thickness of the material by 1.05 mm and improved 
the bandwidth from 1.15 to 1.54 GHz compared to 20PC. 
The thickness reduction decreases the weight of the sample, 
meeting the requirement of light material.

4. Conclusion
In summary, this work showed the development of a PC 

material from the industrial by-product, the black liquor, in 
its integral form by using simple preparation steps without 
generating new wastes. The PC from Kraft black liquor proves 
to be quite viable, being obtained by simple synthesis and 
low-cost production, especially because this process also 
avoids industrial waste disposal.

The best results achieved an attenuation of – 35 dB at 
5.90 mm, and a bandwidth of 1.15 GHz for the sample 20PC. 
Increasing the PC concentration shifted the attenuation peak 
to lower frequencies and significantly improved microwave 
absorption. The addition of 0.2 wt.% CNT enhances the 
attenuation peak, shift effect increases bandwidth, and 
reduces material thickness resulting in the absorption of 
-34.6 dB at 4.90 mm, with a bandwidth of 1.54 GHz in sample 
20PC+0.2CNT. Therefore, by adjusting the concentration 
of PC/CNT, it will be possible to control the intensity of 
absorption of electromagnetic radiation, shift the frequency 
range of attenuation, and scale the thickness of the material, 
showing the material’s potential presented in this work.
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