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Abstract: Ever-increasing proportions of sewage sludge are being generated due to increases in
population and urbanization. As a result, the disposal of sewage sludge for use as manure and
for other agricultural applications is not sufficient. The use of biochar derived from sewage sludge
as a substitute to other carbon fillers was analyzed by performing electrical and morphological
characterization. The electrical and microwave characterization of composites filled with sludge
biochar was performed. Thermal annealing of biochar makes it conductive and suitable for a variety
of electrical and microwave applications. Composite samples of a thickness of 4 mm with 20 wt.% of
sludge biochar provided a shielding effectiveness value of almost 10 dB.

Keywords: sludge; biochar; conductive polymers; waveguide measurements; shielding effectiveness

1. Introduction

Wastewater streams management is one of the most relevant issues of any large human
settlement [1]. The final residue from every wastewater stream treatment is represented by several
forms of sludge [2]. Over the last decade, the amount of sludge has increased continuously and
significantly due to the rapid population growth of cities. The disposal of sewage sludge is a hard
task due to its high composition variability and government regulations [3]. Traditionally, sewage
sludge has been used in agriculture as fertilizers [4,5] and for landscape applications [6,7]. Nonetheless,
direct use of sewage sludge involves several issues due to heavy metal accumulation [8]. This is caused
by both residue accumulation during water use and treatments with coagulation and flocculation agents.
The most widely used coagulation and flocculation agents are iron and aluminum sulphate [9,10],
which are retained in the sludge. The removal of these metals is quite challenging [11,12], expensive
and not economically profitable.

Nonetheless, several studies have used the treated sludge without removing metals for catalytic
applications. Recently, thermally hydrolyzed sludge was used as an efficient catalyst for intra- and
inter-molecular esterification processes [13,14]. Sludge catalytic activity could be magnified by pyrolytic
processes that increase the inorganic content through a radical degradation of organic matter. Pyrolyzed
sludge was used as a Fenton catalyst for water purification [15] and for the realization of energy storage
systems (see, e.g., [16]). Furthermore, sludge derived biochar was used as an adsorbent for wastewater
purification [17], promoting a virtuous circular reuse of wastewater streams.

In the field of composites (see, e.g., [18–20]), sludge derived biochar has been used for the
production of concrete- [18] and poly(ethylene)-based composites [21] to enhance the polymer hosts’
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mechanical and thermal properties. The electrical properties of biochar derived from vegetation
were reported in [22–24]. Accordingly, in this study, we report the electrical and morphological
characterization of sludge derived biochar. DC characterization of thermally annealed biochar and
non-thermally annealed biochar was performed, and it was found that the thermally annealed biochar
had better electrical performance. Consequently, composite samples of thermally annealed biochar
were fabricated, and microwave characterization in a rectangular waveguide was performed. Values of
the shielding effectiveness (SE) were extracted from the measured transmission loss.

2. Materials and Methods

2.1. Materials

Human excrement collected through the sewerage system is referred to as sewage sludge. It was
converted into Class-B biosolids by anaerobic digestion and subsequently converted into Class-A
biosolids by processing it through the BioDryer, a drying process developed by Bioforcetech Corporation.
These biosolids were then turned into biochar through pyrolysis.

2.2. Methods

For the conversion of raw human excrement and other organic matter collected through the
sewerage system into Class-A biosolids, a bio-drying process was used. In this process, the weight of
biodegradable waste was reduced through heating in the initial stages of composting. The process
was sustainable since biological heat generated by aerobic degradation was used in heating to dry the
sludge. As a second step, pyrolysis was used to turn the biosolids into biochar. Pyrolysis involved
the heating of organic matter in the absence of oxygen, at 650◦C with a residence time of 20 min.
This process was sustainable and eco-friendly since no extra carbon and other harmful gases were left
in the environment.

The pyrolyzed biochar acquired from Bioforcetech Corporation was further thermally treated
using a vertical furnace and a quartz reactor, at a heating rate of 15 ◦C/min and kept at 1000 ◦C for 30 min
in an argon atmosphere. A Raman analysis was performed on the non-thermally treated and thermally
treated biochar with a Renishaw spectrometer with excitation energy of 532 nm. A 50× objective was
used for the characterization. The spectral resolution of the spectrometer was 2–3 cm−1 and laser power
was kept well below 1 mW to avoid damage. Spectra were processed by removing fluorescence and
normalized on IG peak of carbon.

The morphology of biochars were investigated using a Field Emission Scanning Electrical
Microscopy (FESEM, Zeis SupraTM 40). Energy Dispersive X-Ray analysis (EDX, Oxford Inca Energy
450) was used to study the elements present in the biochars under study.

A measurement setup previously validated in [22,23,25] for DC powders’ characterization was
used, which is similar to the setup adopted in [26–34]. As shown in Figure 1, the instrument is
comprised of two solid copper cylinders, 30 mm in diameter and 5 cm in length, and encapsulated in a
hollow Plexiglas cylinder with a nominal inner diameter of 30 mm in the case of powders’ electrical
characterization. In this configuration, the inner diameter is slightly larger so that it is possible to force
the copper rods inside the Plexiglas cavity and the upper rod can slide inside the hollow cylinder during
measurement. This arrangement creates an internal chamber between the two cylinders where the
carbon powder can be inserted. The values obtained with this setup provide an estimated conductivity
with a margin of error ranging from 15% to 20%.

The electrical resistance of the powders was measured at increasing loads (up to 1000 bar) applied
by a hydraulic press (Specac Atlas Manual Hydraulic Press 15T). Electrically insulating sheets were
placed between the conductive cylinders and the load surfaces in order to ensure that the electrical
signal passed through the sample. The resistance of the carbon fillers was measured using an Agilent
34401A multimeter. From the values of the resistance, R, the conductivity, σ, can be calculated by:
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σ =
L

RA
(1)

where L is the length of the cylinder and A is the section.
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Figure 1. Measurement setup for the conductivity study of carbon fillers.

The shielding effectiveness, which is a measure of the reduction of the electromagnetic field
propagating in a medium, can be obtained in several ways: for example, from the measured permittivity
of the medium [35] or from the measured scattering parameter in a waveguide [36].

There are two main contributions to the shielding effectiveness, namely, dissipation loss, LD,
and mismatch loss, LM [37]:

SE = LD + LM (2)

where LM and LD can be calculated from the scattering parameters as:

LM = −10 log10
(
1− |S11|

2
)

(3)

LD = −10log10

(
|S21|

2

1− |S11|
2

)
(4)

The composite samples were measured in a rectangular waveguide structure, as shown in Figure 2.
Samples of specified dimensions needed to be fabricated to fit in the waveguide structure. For this
purpose, appropriate molds made of silicone were first fabricated from a 3D-printed master mold.
Silicone molds are reusable and flexible. This helps in easy extraction of composite samples once they
are polymerized. For the fabrication of the composite samples for measurements in the waveguide,
a pre-weighted quantity of biochar filler was mixed in epoxy resin using a mechanical mixer. A hardener
was added to the mixture to help in polymerization. This mixture was then transferred to the silicone
molds. Once polymerized, the samples were extracted from the molds for measurement.
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Figure 2. Master mold, silicone mold and spacer with sample.

After the samples were produced, they were fit into a metallic holder, which was connected between
the ends of a rectangular waveguide. The rectangular waveguide was the WR 90, which operates in
the X-band (8 GHz to 12 GHz) of the microwave frequency spectrum. The internal dimensions of the
waveguide were 22.86 mm × 10.16 mm. The Vector Network Analyzer (VNA) used for measurements
of the scattering parameters was Agilent E8361A. The measurement setup is shown in Figure 3.
The ports of the VNA were connected to the waveguides by means of coaxial to waveguide adapters.
A standard procedure for waveguide calibration was adopted before the measurements were collected,
which consisted of reflection, transmission and isolation (often omitted). The measurements were
performed using calibration standards (short, load and through).

Measurements of scattering parameters performed with an empty waveguide showed almost
lossless transmission. Subsequent measurements of biochar composites with 10 wt.% and 20 wt.%
biochar were performed with a pristine resin sample. From the measured transmission loss (S21),
the shielding effectiveness values were evaluated as SE = −10 Log(S21).
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3. Results

3.1. Morphological Characterization of Sludge Derived Biochar

Raman analysis (see Figure 4) on non-thermal annealed biochar shows a high degree of fluorescence.
Raman spectra appear not quite uniform at different points of the sample. This could be due to a
nonuniform carbonization process at low temperatures (650 ◦C for 20 min). The thermally annealed
biochar (1000 ◦C for 30 min) shows sharp Raman spectra with narrow D and G peaks. Spectra collected
at different points show similar shapes in the thermal annealed sample, which supports a uniform
carbonization process. Sharp D and G peaks from high thermal temperature annealing are due to the
crystallization process of the carbon structure.
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Figure 5 shows the FESEM characterization of non-thermal annealed sludge biochar and thermal
annealed sludge biochar.
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Figure 5. FESEM captures of (a,b) non-thermal annealed and (c,d) thermal annealed sludge derived
biochar at different magnifications.

Non-thermal annealed sludge biochar has a slightly rough surface on both a large and reduced
scale. Using a high magnification, grains with an average dimension of around 1 µm can be observed.
Thermal annealed sludge biochar has a very rough surface with similar grains. In this case, the grains
are smaller and more defined with respect to the carbonaceous matrix. This could be explained by the
results of the EDX analysis shown in Figure 6 and in Table 1. This analysis maps an area of around
60 × 60 µm (mapping images).
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Table 1. Elemental composition of carbonized sludge and annealed sludge.

Element
Composition [wt%]

Non-Thermal Annealed Sludge Thermal Annealed Sludge

C 55.20 39.70
O 39.70 28.67
F 2.07 Not detected

Mg 0.32 1.39
Al 0.52 3.44
Si 0.62 5.54
P 0.64 4.17
S 0.38 2.18
Cl 0.57 0.29
K Not detected 0.40
Ca Traces 6.57
Ti Not detected 0.60
Fe Not detected 5.75
Zn Not detected 1.29

Thermal annealing considerably reduced the carbon content of the sludge derived biochar from
55.20 wt.% down to 39.70 wt.%. This was unusual because, generally, with the increase of pyrolytic
temperatures, the carbon content increases [38]. In this particular case, we suppose that the high starting
inorganic content promoted a drastically radical degradation of organic matter with a concentration of
inorganic species [39]. This explains the detection of elements such as Ti, Fe, Zn and the increase of all
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the others with the exception of halides, which could form volatile compounds dragged away by the
inert carrier gas flux [40].

FESEM analysis was performed on the composites with 10 wt.% and 20 wt.% of biochar in order
to study the biochar dispersion. The results are shown in Figure 7. A higher content of biochar can be
seen in the composite with 20 wt.% biochar as compared to the composite with 10 wt.%. In both cases,
a good dispersion of the filler was observed in the different sample portions analyzed. Furthermore,
a rise in inorganic content led to a more granular structure in the composites.
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3.2. Conductivity Measurements

Thermal annealed sludge biochar was analyzed for electrical conductivity (DC mode) and
compared with carbon black. The results are shown in Figure 8.
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(*Vulcan® XC72R) as a function of applied pressure (0–1000 bar).

The value of conductivity obtained in the case of carbon black shows a gradual increase with
increasing pressure. The values of conductivity for low pressure values in Figure 8 are comparable to
the ones reported previously [34]. Pressure values similar to the values used in this study were adopted
in [26]. The values of conductivity obtained in [26] were higher because of a higher temperature
(>2000 ◦C) treatment on the carbon black.

Thermally annealed sludge biochar reaches an electrical conductivity value of around 300 S/m,
and remains quite constant after a pressure of 200 bar. This was likely due to the higher graphitization
degree reached at high temperatures [41,42]. Non-thermally annealed sludge biochar did not show
any appreciable electrical conductivity, and was therefore not analyzed with this system.
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Table 2 summarizes the electrical conductivity values obtained for biochar coming from various
sources and treated at different temperatures. Irrespective of the origin of the biochar, the conductivity
value increases with the treatment temperature.

Table 2. Comparison between conductivity of different biochar produced in a wide temperature range
compared with commercial carbon black.

Feedstock Used to
Produce Biochar

Pyrolysis Temperature
[◦C]

DC Electrical Conductivity @ 1500 Bar
(Order of Magnitude) [S/m] Reference

Miscanthus 650 0.3
[22]700 2.2

750 4
Coffee 600 0

[23]800 0
1000 300

Carbon black Commercial product 1700 [23]
Sewage sludge 1000 360 This work

3.3. Shielding Effectiveness Evaluation

The transmission loss of the empty waveguide, the pristine resin and samples with 10 wt.% and
20 wt.% of sludge biochar are shown in Figure 9 (left panel). It can be seen that the addition of biochar
reduces the value of transmission. The shielding effectiveness values for the biochar composites are
shown in Figure 9 (right panel). For a composite sample with 10 wt.% biochar, the SE is almost 5 dB,
which increases to 10 dB for a sample with 20 wt.% biochar. In order to achieve a further increase in
SE, the biochar weight percentage can be increased. The thickness of the sample in this case is 4 mm;
an increase of thickness can result in a further increase of the SE.

As reported in Section 2.2, the shielding effectiveness can be split between the reflective and
dissipative losses. In Figure 10, the reflective loss, dissipative loss and the total shielding effectiveness
for the composites with 10 wt.% and 20 wt.% are reported. It can be seen that the dissipative losses
increase with the increase in the filler weight percentage.
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reduces the value of transmission. The shielding effectiveness values for the biochar composites are 
shown in Figure 9 (right panel). For a composite sample with 10 wt.% biochar, the SE is almost 5 dB, 
which increases to 10 dB for a sample with 20 wt.% biochar. In order to achieve a further increase in 
SE, the biochar weight percentage can be increased. The thickness of the sample in this case is 4 mm; 
an increase of thickness can result in a further increase of the SE. 

As reported in Section 2.2, the shielding effectiveness can be split between the reflective and 
dissipative losses. In Figure 10, the reflective loss, dissipative loss and the total shielding effectiveness 
for the composites with 10 wt.% and 20 wt.% are reported. It can be seen that the dissipative losses 
increase with the increase in the filler weight percentage. 
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Figure 9. Transmission loss versus frequency of composites with thermal annealed sludge biochar
(left). Shielding effectiveness of biochar composites (right).
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once they were polymerized. The addition of thermal annealed biochar, with superior conductive 
properties, showed an increase of the shielding effectiveness. The maximum value of shielding 
effectiveness was 10 dB with the addition of 20 wt.% of biochar. This value could be further increased 
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4. Conclusions

In this article, we observed that biochar derived from sewage sludge can be a good contender as a
filler in composites by performing electrical and morphological characterization. The conductivity of
sewage sludge derived biochar was successfully increased by thermal annealing. Measurements of
shielding effectiveness in the microwave frequency band required the use of a rectangular waveguide
and samples of specific dimensions to fill the interior of the waveguide. Reusable silicone-based molds
were made from a 3D-printed master mold. This facilitated the extraction of composites once they
were polymerized. The addition of thermal annealed biochar, with superior conductive properties,
showed an increase of the shielding effectiveness. The maximum value of shielding effectiveness was
10 dB with the addition of 20 wt.% of biochar. This value could be further increased by increasing the
filler percentage or sample thickness.
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