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Abstract: The partial substitution of non-renewable materials in cementitious composites with eco-
friendly materials is promising not only in terms of cost reduction, but also in improving the 
composites’ shielding properties. The water and carbon content of a commercial lignin-based 
biochar is analyzed with thermal gravimetric analysis. Cementitious composite samples of lignin-
based biochar with 14 wt.% and 18 wt.% are realized. Good dispersion of the filler in the composites 
is observed by SEM analysis. The samples are fabricated in order to fit in a rectangular waveguide 
for measurements of the shielding effectiveness in the X-band. A shielding effectiveness of 15 dB 
was obtained at a frequency of 10 GHz in the case of composites with 18 wt.% biochar. Full-wave 
simulations are performed by fitting the measured shielding effectiveness to the simulated shielding 
effectiveness by varying material properties in the simulator. Analysis of the dimensional tolerances 
and thickness of the samples is performed with the help of full/wave simulations. Lignin-based 
biochar is a good candidate for partial substitution of cement in cementitious composites, as the 
shielding effectiveness of the composites increases substantially. 

Keywords: shielding effectiveness; biochar; eco-friendly material; cementitious composites; 
waveguides 

 

1. Introduction 

The human population saw rapid growth in the past few decades. With increasing population, 
the demand for the construction industry increased manifold [1]. This resulted in increasing 
greenhouse gas emissions from cement production [2]. The substitution of non-renewable raw 
materials used in the construction industry with eco-friendly materials derived from waste is 
promising in terms of cost and environmental protection [3]. Agriculture and forestry waste is 
primarily burnt on field in order to reduce the cost of disposal. When converted into biochar, this 
waste can be used as a partial substitute to cement, resulting in a significant reduction in greenhouse 
gas emissions and improving the mechanical properties of concrete [4,5]. 

An increasing number of devices working at microwave- and millimeter-wave frequencies 
resulted in an overall increase in electromagnetic radiation [6,7]. Electromagnetic shields are 
deployed to protect sensitive devices against electromagnetic interference [8,9]. In places that are 
vulnerable to electromagnetic interference, shielding materials can be applied as a coating on wall 
surfaces [10]. A number of devices working at microwave- and millimeter-wave frequencies are used 
in the health sector for applications like imaging, tomography, etc. [11,12]. The X-band in particular 
is important for radar communications including air-traffic control, weather monitoring, maritime 
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vessel traffic control, defense tracking, and vehicle speed detection. The use of shielding materials in 
buildings can be helpful in isolating equipment that is sensitive to electromagnetic interferences 
[13,14]. Different measurement techniques can be deployed for the determination of the shielding 
effectiveness of materials. The most common measurement techniques are: reverberation chamber 
[15], free-space measurements in an anechoic chamber [16], and coaxial and waveguide methods 
[17–19]. Each measurement technique requires specific sample dimensions and frequency band. The 
X-band is very important for applications like satellite communications and radar. 

The use of carbon-based materials in epoxy composites and the analysis of their morphological 
and electrical properties were vastly studied [20–23]. Conventional carbon-based materials like 
graphene and carbon nanotubes are expensive and require complex synthesis. In recent years, the 
use of biochar-substituted carbon nanotubes and graphene in composites as filler was investigated 
[24,25]. Biochar is cost-effective as compared to other carbon-based materials. Biochar is a porous 
carbonaceous material produced by thermal treatment of biomass in the absence of oxygen [26]. It 
can be made from a number of different waste products such as agricultural waste, food waste, or 
sewage sludge [27]. Until recently, biochar was used for soil amendment in agriculture and 
landfilling applications [28]. The use of biochar in alternative applications is being studied at a vast 
scale, specifically for carbon sequestration, for energy storage applications [29], and in construction 
and building [30,31]. 

In this paper, lignin-based commercial biochar was used as a partial substitute to cement in 
composites. The water, carbon, and other residues of the biochar were studied by thermogravimetric 
analysis (TGA). Composites of 4 mm thickness with plain cement, 14 wt.% biochar, and 18 wt.% 
biochar were fabricated with specific dimensions for measurements of the shielding effectiveness 
inside a waveguide working in the X-band microwave frequency. The samples with 18 wt.% biochar 
were cured in water for seven days or 28 days. For examining the microstructural properties of the 
composites and dispersion of the filler in the composite matrix, SEM was adopted. Measurements of 
the shielding effectiveness were compared with simulated results obtained with a full-wave 
simulator. As expected, the shielding effectiveness increased with the increase of the percentage of 
filler (11 dB for 14 wt.%, and 15 dB for 18 wt.% at 10 GHz). Analyses of fabrication tolerances and 
sample thickness were performed with the help of a full-wave simulator. 

Finally, the effect of the curing period in water on the shielding effectiveness values was 
analyzed for the samples with 18 wt.% biochar. The shielding effectiveness increased by 
approximately 5 dB in the whole frequency range for the sample cured in water for 28 days with 
respect to the sample cured in water for seven days. 

2. Materials and Methods 

2.1. Composites Preparation 

The composite samples produced were with 14 wt.% and 18 wt.% biochar in Portland cement 
(PC). For the sake of comparison, a composite without biochar was also produced, which is referred 
to as plain cement composite. The biochar used to realize the samples was a commercial product 
provided by Carlo Erba Reagents. It was pyrolyzed in the form of powder at a temperature of 750 °C 
for four hours in an alumina crucible. For preparation of cementitious composites, ordinary Portland 
Cement (PC) (grade 52.5 R) compliant with ASTM C150 was used along with water and 
superplasticizer to form an adequate consistency of the paste. The percentages of water and 
superplasticizer used were equal to 60 wt.% and 1.8 wt.%, respectively. A mechanical mixer was used 
to work the mixture for a duration of 5 min. Silicon molds of adequate shape and size were then used 
to give the composites the required shape and dimensions. 

Portland cement was blended with biochar by using a mechanical mixer for 5 min with two 
different percentages by weight of cement, 14% and 18%, water (60%), and superplasticizer (1.8%). 
Furthermore, a reference specimen was realized using only Portland cement matrix blended together 
with water and superplasticizer equal to 35% and 1.5%. The obtained composites were then poured 
into rectangular silicone molds for shielding effectiveness analysis. The silicon molds were fabricated 
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in a three-dimensional (3D) printed master mold of specific dimensions (see Figure 1). The reusable 
and flexible silicone molds helped with easy extraction of composite samples once they were cured. 

 
Figure 1. Three-dimensional (3D) printed master mold with silicone mold and an example of a 
composite sample. 

Initially, the composite samples were kept at a relative humidity of 90% ± 5% for 24 h. The 
composites were then demolded and immersed in water at a temperature of 20 ± 2 °C. The samples 
were then cured in water for a period of seven days. Two different curing methodologies were used 
for curing of the 18 wt.% samples in water for seven days and 28 days, in order to evaluate the impact 
of water curing duration on the shielding effectiveness (see Table 1). In Table 1, the different steps of 
fabrication and measurements of the cement composites are reported.  

Table 1. Fabrication and measurements of the cement composites. 

Day Plain Cement 14 wt.% (7 days) 18 wt.% (7 days) 18 wt.% (28 days) 
0 Fabrication Fabrication Fabrication Fabrication 
1 Demolded Demolded Demolded Demolded 
1 Cured in water Cured in water Cured in water Cured in water 
7 Extracted from water Extracted from water Extracted from water - 

21 SE meas. * 2 weeks SE meas.* 2 weeks SE meas.* 2 weeks - 
28 - - - Extracted from water 
42 - - - SE meas.* 2 weeks 
70 SE meas.* 10 weeks SE meas.* 10 weeks SE meas.* 10 weeks - 
98 - - - SE meas.* 10 weeks 

*Shielding effectiveness measurement (SE meas.) 

2.2. Morphological Analysis 

Thermogravimetric analyses (TG-DTA) were carried out in air using about 20 mg of biochar 
heated from room temperature to 950 °C at 3 °C/min. For a morphological characterization of the 
cement composites, a scanning electron microscope (Hitachi S-2500C, Hitachi, Japan) was used for 
the analysis of the cross-section of cement composites with 18 wt.% biochar. Sections of the composite 
were cut and polished with measurements performed on gold-plated samples to avoid any charging 
effects. 

2.3. Radiofrequency Measurements 

The total shielding effectiveness can be defined as the ratio of the incident and transmitted field. 
It can be obtained from the measured transmission loss (S21) in a waveguide as follows: 𝑆𝐸 = −20 𝐿𝑜𝑔 |𝑆 | . (1) 

The total shielding effectiveness of a material comprises dissipation loss, LD, and mismatch loss, 
LM [32]. 𝑆𝐸 = 𝐿 + 𝐿 , (2) 
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where LM can be calculated from the reflection scattering parameter as follows: 𝐿 = −10 𝑙𝑜𝑔 1 − |𝑆 | , (3) 

𝐿 = −10𝑙𝑜𝑔  |𝑆 |1 − |𝑆 | . (4) 

The scattering parameters of the composites were measured in a WR90 (Sivers IMA, Holding 
AB (HQ), Sweden) rectangular waveguide from 8 GHz to 12 GHz using a set-up similar to that in 
Reference [33]. The samples were fabricated in order to fit the rectangular waveguide cross-section 
(a = 22.86 mm, b = 10.16 mm). The thickness of the samples was 4 mm. The set-up is shown in Figure 
2. It consisted of a two-port vector network analyzer (VNA) (Agilent E8361A: Keysight, Santa Rosa, 
CA 81841, USA), two coaxial cables connected to the two ports of the network analyzer, two coaxial-
to-waveguide adapters, and two rectangular waveguides. Between the waveguide flanges, a spacer 
holding the sample was inserted. Before the measurements, a two-port calibration (short, matched 
load, thru) was performed. The reference planes were at the ends of the spacer. 

 
Figure 2. WR90 waveguide measurement set-up. 

2.4. Finite Element Simulations 

A commercial finite element modeling tool, Ansys HFSS, was used to simulate the waveguide 
with the composite sample as shown in Figure 3. The material properties of the composite inserted 
in the waveguide were chosen by fitting the simulated shielding effectiveness values to the measured 
shielding effectiveness values. The composite dimensions and thickness were varied to analyze the 
impact of fabrication tolerances and thickness on the values of shielding effectiveness. 
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(a) (b) 

Figure 3. Geometrical configuration of the waveguide: (a) geometry of the simulated waveguide with 
composite. (b) Cross-section of the waveguide for the dimensional analysis. 

2.5. Dimensional Tolerance Analysis 

In order to take into account the dimensional tolerance of the cement composite, simulations 
were performed based on varying the two dimensions along the x-axis and y-axis (see Figure 3). In 
the case of plain cement composites, it was found that there was negligible variation of the 
transmission properties by varying the ax dimension of the sample, while the impact of the variation 
of bx was significant. A variation of 0.5 mm in bx resulted in a variation of almost 1 dB in the 
transmission coefficient, as shown in Figure 4. It was ensured that the tolerance in the dimensions of 
the cement composites was below this value. 

 
Figure 4. Analysis of fabrication tolerances of the plain cement composites. 

3. Results 

3.1. Biochar and Composite Characterization 

The water and carbon content of the biochar was investigated by TG-DTA experiments. The 
TGA curve of biochar is reported in Figure 5. Below 100 °C, the weight loss was about 16%, due to 
the evaporation of the physically adsorbed water. From 350 °C to 500 °C, the weight loss was due to 
the combustion of the graphitic carbon fraction (about 74% of the total weight of the sample). At 
950 °C, a residue of around 5% in weight was observed with respect to the initial amount. 
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Figure 5. Thermogravimetric analysis (TGA) curve of biochar filler. 

Figure 6 illustrates the SEM image of composites with the highest content of biochar (18 wt.%) 
recorded with secondary electrons. The black structures shown in the SEM image are the 
carbonaceous particles. The expected elongated structure of the particles was due to the fiber origin 
of the biochar. The particles showed a good dispersion in the matrix. 

 
Figure 6. SEM micrograph of cement containing biochar 18% at 1000× magnification. 

3.2. Shielding Effectiveness Analysis 

Shielding effectiveness can be found from the measured transmission coefficient, S21, in a 
waveguide (see Figure 2), as defined in Equation (1). The measured shielding effectiveness values of 
the plain cement used as a reference sample, as well as the sample with 14 wt.% and 18 wt.% filler 
cured in water for seven days, measured after 10 weeks, are shown in Figure 7. At the center 
frequency of 10 GHz, the shielding effectiveness of plain cement was almost 5 dB, which increased 
to 11 dB for the samples with 14 wt.% biochar. The maximum shielding effectiveness measured for 
the sample with 18 wt.% was around 15 dB. These results were obtained with 4-mm-thick samples. 
The shielding effectiveness values could be further increased by increasing the sample thickness 
and/or the percentage of biochar. The shielding effectiveness of the plain cement composites 
decreased with frequency. This behavior is similar to other cement composites [34]. The different 
behavior in terms of the frequency of the biochar composites with respect to plain cement composites 
can be attributed to the presence of entrapped water in the biochar [35]. 

25 m 
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Figure 7. Measured and simulated shielding effectiveness values for plain cement, as well as the 
sample with 14 wt.% biochar and the sample with 18 wt.%. Samples were cured for seven days in 
water. Measurements were performed after 10 weeks of aging. 

In Figure 7, the simulated shielding effectiveness obtained with full-wave simulations are 
reported (dashed lines). The values of complex permittivity were varied to fit the simulated shielding 
effectiveness values to the measured shielding effectiveness values, and a good correlation between 
the measured and simulated data was obtained. 

There is a strong correlation between the curing period in water and the mechanical strength of 
cement composites [30]. In order to evaluate the effect of the curing period in water on the shielding 
effectiveness values, samples with 18 wt.% biochar cured in water for a period of seven days and 28 
days were analyzed. The shielding effectiveness of the cement composite with 18 wt.% biochar cured 
in water for seven days and 28 days, measured after two weeks and 10 weeks, are shown in Figure 8. 
It can be seen that the sample cured in water for 28 days had higher shielding effectiveness when 
measured both after two weeks and after 10 weeks. The variation of the shielding effectiveness over 
time of the cement composite cured for 28 days was also higher than that cured in water for seven 
days. This shows that the shielding effectiveness increased due to the presence of water, whereby the 
loss of water from the sample over time resulted in a reduced value of the shielding effectiveness. 

  
(a) (b) 

Figure 8. Measured shielding effectiveness of cement sample with 18 wt.% biochar: (a) cured in water 
for seven days; (b) cured in water for 28 days. Measurements were performed after two weeks and 
10 weeks. 

4. Discussions 

In order to evaluate the impact of the presence of biochar in the cement composites on the 
shielding effectiveness, a comparison was performed with other studies in the literature (see Table 
2). The case considered in this comparison was the composite filled with 18 wt.% biochar cured in 
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water for seven days and measured after 10 weeks. The thickness of the samples considered was 4 
mm, which provided a shielding effectiveness value of almost 14 dB. In comparison with the 
literature, other reported cement samples gave higher shielding effectiveness values due to a higher 
value of thickness. In order to evaluate the impact of the thickness on the shielding effectiveness, 
simulations were performed with higher thickness values. The results are shown in Figure 9. As 
expected, the shielding effectiveness increased considerably upon increasing the thickness of the 
sample. 

Table 2. Comparison with the literature. 

Reference Frequency Measured After (days) Thickness (mm) Shielding Effectiveness (dB) Materials 
[34] 3 GHz 36 100 17.5 Cement 
[36] 10 GHz 95 150 20 Cement 

This work 10 GHz 70 4 15 
Cement + 18 wt.% 

biochar 

 
Figure 9. Simulated results for cement composites with 18 wt.% biochar with different thicknesses. 

5. Conclusions 

Biochar is obtained by thermal treatment of waste products. It is vastly used for soil amendment. 
More recently, it was used for applications such as energy storage, carbon sequestration, and 
construction. The effect of a commercial biochar on the shielding properties of cement composites 
was investigated in the X-band. The conclusions drawn based on the results presented can be 
extended to other microwave frequencies. Cementitious composites with ordinary Portland Cement 
(PC) were prepared without biochar and with biochar as filler (14 wt.% and 18 wt.%). Samples were 
prepared in order to fit a WR90 waveguide (8–12 GHz). With the help of a full-wave simulator, the 
fabrication tolerances of the samples were analyzed. A variation of ±0.5 mm resulted in a change of 
the shielding effectiveness of ±1 dB. Shielding effectiveness can be obtained from the measurements 
of scattering parameters. Samples with 14 wt.% and 18 wt.% biochar as filler were cured in water for 
seven days. As expected, the shielding effectiveness increased with the increase in the percentage of 
filler (11 dB for 14 wt.%, and 15 dB for 18 wt.% at 10 GHz). In order to evaluate the effect of the curing 
period in water on the shielding effectiveness, different curing periods were analyzed. Samples with 
18 wt.% biochar were cured in water for a period of seven days and 28 days. The shielding 
effectiveness increased by approximately 5 dB in the whole frequency range for the samples cured in 
water for 28 days as compared to samples cured in water for seven days. 
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