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Waveguide measurements of biochar 
derived from sewage sludge  
P. Savi and M. Yasir 

 
Composites based on biochar derived from sewage sludge as filler in 

epoxy resin are fabricated and measured in a waveguide in C-band. 

Biochar is cheap, readily available and environmentally friendly and thus 

is a very good contender among other carbon-based materials for use in 

shielding applications. Biochar provide promising results in term of 
transmission of less than -10dB for a composite with 20wt.% biochar 

filler. The dissipation loss, calculated from the scattering parameters 

show that a significant portion of the losses are due to dissipation.  

 

Introduction: There has been an increasing amount of work performed 

on electromagnetic interference (EMI) shielding materials due to 

increased use of electronic and communication equipment in the recent 

years [1],[2]. A number of novel materials including graphene and carbon 

nanotubes have been used as fillers to produce highly conductive 

composites [3]-[8]. The conductivity values need to be considered in 

combination with a number of other factors including mechanical 

robustness, ease of fabrication, cost and environmental impact.  

Conventional fillers used in composites are metals, which are heavy 

and expensive. Carbon based fillers like graphene and carbon nanotubes 

are expensive and involve chemical processing including the use of harsh 

chemicals and petroleum based materials that are not sustainable [9]. 

Biochar is a good contender for use as composite filler as it is very cheap 

and abundantly available unlike most fillers [9]-[11]. One of the most 

important aspect of using biochar is that it is carbon negative meaning 

that it seizes the carbon produced and its use over time can result in a 

positive impact on the environment. This is very useful in this era where 

carbon emissions are ever increasing. Biochar however, is less 

conductive as compared to its competitors. It has been demonstrated that 

the activation of biochar by thermal pyrolysis makes it more conductive 

and thus suitable for use as filler in composites [11],[12].  

There are a number of methods to characterize composites at 

microwave frequencies for the retrieval of shielding effectiveness (SE) 

values [13-14]. For accurate analysis of the shielding effectiveness, the 

two most common methods are measurement of transmitted and reflected 

signal in an anechoic chamber by the help of antennas and the 

measurement of the scattering parameters in a waveguide structure. The 

measurement of transmitted and reflected signal in an anechoic chamber 

is technologically complicated. The use of a waveguide structure for the 

measurement of shielding effectiveness is more convenient in terms of 

technological complexity and cost. However, it requires accurate 

dimensions of samples to fit in a waveguide.  

In this letter, biochar made from sewage sludge is used as a filler to 

fabricate composites and measurements of the scattering parameters are 

performed in a rectangular waveguide structure in the C-band. Specific 

reusable moulds based on silicone are fabricated from a 3D printed 

master mould. The use of silicone mould ensures easy extraction of the 

samples. Fabricated composite samples are fit in a designated spacer 

placed between waveguide ends. The SE values measured are based on 

the transmitted signal inside the waveguide structure. Composites based 

on a 20wt.% biochar filler provides a SE value greater than 10 dB.  

 

 
Fig. 1 FESEM photograph of the Biochar.  

 

 

Materials and Methods: The biochar used as a filler in making the 

composites was derived from sewage. The fabrication of this biochar 

involves drying and pyrolysis. The pyrolysis is performed in an 

environment where the gases produced are burnt without flames. Both 

the drying and pyrolysis methods are performed by Bioforcetech 

Corporation. 

For a morphological characterization of the biochar, Field Emission 

Scanning Electron Microscope (FESEM) analysis is performed. A 

photograph of the FESEM analysis is shown in Fig. 1. Agglomerates of 

less than 5 μm can be seen in the inset of the figure. This aids in easy 

fabrication of the composites.  

A spacer is used for placement of the biochar composites in a 

rectangular waveguide in order to perform the scattering parameters 

measurements. For the samples to fit the specified dimensions of the 

spacer, first a rigid plastic mould is fabricated by 3D printing as shown 

in Fig. 2, hereby referred to as a master mould. The thickness of the 

mould is 4 mm. Liquid silicone GLS50 Prochima® is used to fabricated 

several moulds by using the master mould. Silicone is chosen for the 

fabrication of the composites for ease of extraction of the composites 

once they have polymerized.  The silicone mould can be utilized for 

multiple fabrications.  

 

 
Fig. 2 Master, mould, sample and spacer used in the waveguide 

measurements (left to right).  

 

For the fabrication of biochar composites (see Fig. 3), the biochar is 

first mixed in epoxy resin by a mechanical mixer. A hardener is 

subsequently added and further mixing continues. Finally, the mixture is 

poured in the moulds and left to polymerize. Biochar composites with 10 

wt.% and 20 wt.% are fabricated. 

 

 
Fig. 3 Fabrication process flow. 

 

The measurements of scattering parameters are performed with a 

vector network analyser (VNA) as shown in Fig. 4. The VNA is 

connected to standard WR137 waveguides by the help of coaxial to 

waveguide adapters. A standard calibration procedure is adopted to 

calibrate the VNA by a waveguide calibration kit. The reference planes 

for the calibration are at the ends of the waveguide, where the spacer is 

to be connected.  Scattering parameter measurements are first performed 

with the empty waveguide spacer. Samples of pristine epoxy resin 

composites are then measured to be used as a reference. Several biochar 

composites of 10 wt.% and 20 wt.% are subsequently measured. The 

transmission scattering measurements of empty waveguide, epoxy resin 

and epoxy resin with biochar filler are shown in Fig. 5.  It can be seen 

that the increase in weight percentage of biochar filler results in a reduced 

transmission in the waveguide. 
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Fig. 4 Waveguide measurements with VNA. See the waveguide spacer in 

the inset  

 

For a 10 wt.% biochar filler, the transmission is almost -7 dB, which 

reduces to almost -10 dB for 20 wt.% of biochar filler. Lower values of 

transmission can be achieved by a further increase in the percentage of 

biochar in the composite or increasing the thickness of the sample, which 

in this case is 4mm.  

 
 

Fig. 5 Transmission of spacer and composites in the waveguide setup.  

 

The shielding effectiveness of a material can be attributed to dissipation 

loss, LD and mismatch loss, LM [15],[16]:  

 

𝑆𝐸 = 𝐿𝐷 + 𝐿𝑀                                        (1) 

 

where, LM can be calculated from the reflection scattering parameter, 𝑆11, 

by:  

 

𝐿𝑀 = −10 𝑙𝑜𝑔10(1 − |𝑆11|2)                       (2) 

 

The dissipation loss, LD can be expressed in terms of reflection 

scattering parameter, S11 and transmission scattering parameter, S21 as: 

 

𝐿𝐷 =  −10𝑙𝑜𝑔10 (
|𝑆21|2

1−|𝑆11|2)         (3) 

 

The insertion loss and dissipation loss for the samples with 10 wt. % and 

20 wt.% biochar filler are compared in Fig. 6. It can be seen that a 

significant portion of the shielding effectiveness is dissipative.  

 
Fig. 6 Insertion and dissipation loss for the 10 wt.% and 20 wt.% 

samples. 

 

Conclusion: The use of biochar as a filler in composites is analysed. 

Biochar is a carbon negative material that is abundantly available and 

very cost effective. A convenient method of the fabrication of biochar 

composites is devised. In order to evaluate the shielding effectiveness of 

the samples, measurement of scattering parameters in a waveguide are 

performed. Addition of biochar in composites results in increased 

transmission loss. A total of -10dB of transmission is achieved with a 

filler percentage of 20 weight percent. The shielding effectiveness and 

dissipation are calculated and it is observed that a significant portion of 

the loss is due to the dissipation loss in the material.  

  

Acknowledgments: The authors would like to acknowledge Matteo 

Longo of Bioforcetech Corporation for supplying the biochar and 

Salvatore Guastella for FESEM. 

 

P. Savi and M. Yasir (Department of Electronics and 

Telecommunications, Politecnico di Torino, Corso Duca degli Abruzzi, 

24 10129 Torino, Italy) 

E-mail: patrizia.savi@polito.it 

 

References 

1.  Qin, F., Brosseau, C.: ‘A review and analysis of microwave absorption 

in polymer composites filled with carbonaceous particles’, Journal of 

Applied Physics, 2012, 111, (061301), pp. 1–24, doi: 10.1063/1.3688435 

2.  Sankaran, S., Deshmukh, K., Ahamed, M.B., et al.: ‘Recent advances 

in electromagnetic interference shielding properties of metal and carbon 

filler reinforced flexible polymer composites: A review’, Composites 

Part A., 2018, 114, (1), pp. 49–71, doi: 

10.1016/j.compositesa.2018.08.006 

3.  Yongmeng, L., Cuilian, Z., Xu, L., et al.: ‘Electromagnetic 

interference shielding performance evaluation of randomised 

overlapping ring mesh’, IET Electronics Letters, 2019, 55, (2), pp. 82–

84, doi: 10.1049/el.2018.7275 

4.  Campione, S., Reines, I.C., Warne, L.K., et al.: ‘Perturbation theory 

to model shielding effectiveness of cavities loaded with electromagnetic 

dampeners’, IET Electronics Letters, 2019, 55, (11), pp. 644–646, doi: 

10.1049/el.2019.0656 

5.  Han, Y., Liu, Y.M., Jin, P., et al.: ‘Optical-transparent Wi-Fi bandpass 

meshcoated frequency selective surface’, IET Electronics Letters, 2014, 

50, (5), pp. 381–383, doi: 10.1049/el.2013.3695 

6.  Aqeeli, M., Leng, T., Huang, X., et al.: ‘Electromagnetic interference 

shielding based on highly flexible and conductive graphene laminate’, 

IET Electronics Letters, 2015, 51, (17), pp. 1350–1352, doi: 

10.1049/el.2013.3695 
7. Giorcelli, M., Savi, P., Yasir, M., et al.:‘Investigation of epoxy 
resin/multiwalled carbon nanotube nanocomposites behavior at low 
frequency’, Journal of Material Research, 2014, 30, pp. 101-07, doi: 
10.1557/jmr.2014.348 

8. Giorcelli, M., Savi, P., Miscuglio, M., et al.: ‘Analysis of MWCNT/epoxy 
composites at microwave frequency: reproducibility investigation’, 



3 
 

Nanoscale Research Letters, 2014, 9, (168), pp. 1-5, doi: 10.1186/1556-
276X-9-168. 

9.  Li, S., Huang, A., Chen, Y.J., et al.: ‘Highly filled biochar/ultra-high 

molecular weight polyethylene/linear low density polyethylene 

composites for high-performance electromagnetic interference 

shielding’, Composites Part B, 2018, 153, (1), pp. 277–284, doi: 

10.1016/j.compositesb.2018.07.049 

10. Khan, A. A., Savi, P., Quaranta, S., et al.: ‘Low-Cost Carbon Fillers to 

Improve Mechanical Properties and Conductivity of Epoxy Composites, 

Polymers’, 2017, 9,  (12), pp. 642-654, doi: 10.3390/polym9120642 

11.  Savi, P., Cirielli, D., di Summa, D., et al.: ‘Analysis of shielding 

effectiveness of cement composites filled with pyrolyzed biochar’, 2019 

IEEE 5th International forum on Research and Technology for Society 

and Industry (RTSI), Florence, Italy, September 2019, pp. 1-4, doi: 

10.1109/RTSI.2019.8895522 
12. Giorcelli, M., Savi, P., Khan, A., et al.: ‘Analysis of biochar with different 
pyrolysis temperatures used as filler in epoxy resin composites’, Biomass and 
Bioenergy, 2019, 122, (1), pp. 466-471, doi: 10.1016/j.biombioe.2019.01.007 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

13. Giorcelli, M.,  Savi, P., Delogu, A., et al.: ‘Microwave Absorption 
Properties in Epoxy Resin Multi Walled Carbon Nanotubes Composites’, 
International Conference on Electromagnetics in Advanced Applications 
(ICEAA13), Torino, Italy, Sept. 9-13, 2013, doi: 
10.1109/ICEAA.2013.6632420  

14. Miscuglio, M.,  Hajj Yahya, M., Savi, P., et al.: ‘RF Characterization of 
polymer multi-walled carbon nanotube composites’, IEEE Conference on 
Antenna measurements & Applications (CAMA), Antibes Juan-les-Pins, 
France, November 2014,  pp. 1-4, doi: 10.1109/CAMA.2014.7003318 

15.  McDowell, A.J., Hubing, T.H.: ‘Analysis and Comparison of Plane 

Wave Shielding Effectiveness Decompositions’, IEEE Transactions on 

Electromagnetic Compatibility, 2014, 56, (6), pp. 1711–1714, doi: 

10.1109/TEMC.2014.2332133 

16.  Beatty, R.W.: ‘Insertion Loss Concepts’, Proceedings of the IEEE, 

1964, 52, (6), pp. 663–671, doi: 10.1109/PROC.1964.3047 


