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Biocomposites are composite materials formed by a matrix and a filler derived from natural
biomass. The use of biomasses and other biogenic wastes in composites represent an eco-friendly
way to use these natural fillers. Biochar is a solid material generated by pyrolysis of biomasses. It is
characterized by high carbon content, and for this reason it can be considered a possible substitute for
more expensive and/or less environment friendly carbon fillers in composites. Biochars produced at
different pyrolysis temperatures are investigated in this work (Miscanthus). They were characterized
as produced (morphology, elemental analysis, graphitization grade, DC electrical conductivity) and
subsequently used as fillers in epoxy resin. The complex permittivity of composites was then
investigated. The aim of this work is to predict the final electrical properties of the composite by an
evaluation of biochars characteristics. Results on biochar characterization, in particular DC electrical

conductivity, are in agreement with the electrical performances on final composites.

Keywords: biochar, composites, epoxy resin, FESEM, Raman, complex permittivity.
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1. Introduction

In recent years, there has been an increased interest in composite materials, with a particular focus
on polymer composites. As fillers, carbon materials are receiving a great attention due to their ability
to enhance mechanical, electrical and thermal properties of final composites. Countless articles report
advantage of carbonaceous particles used such as fillers in composites [1-3]. Among them carbon
nanotubes are the most quoted [4], but one of the most important obstacles that impede their large
scale application is their cost. Alternative materials with high carbon content and low cost are
evaluated as possible substitutes. Research is looking into the possibility of using waste materials as
possible feedstock to produce these carbon fillers. In particular, waste biomasses are attracting much
interest for the production of carbon filler called biochar. Biochar is a carbonaceous product obtained
from the pyrolysis of biomasses and other biogenic wastes [5-6]. During the production process
pyrolysis parameters such as temperature, play a crucial role in controlling the yield as well as the
properties of the final product [7]. Lower pyrolysis temperatures result in higher biochar yields,
higher levels of volatile compounds emissions during the heat treatment and excellent cation-
exchange capacity. Conversely, higher temperatures treatments generate an activated biochar with a
greater extent of aromatic carbon, higher alkalinity, large specific surface area and extended
microporosity [8]. Their graphitization grade increase with temperature.

Biochar, obtained by the pyrolysis of biomasses, has proved to be a possible alternative to other high
cost carbon fillers because of its ability to improve mechanical, electrical and thermal properties of
the final product. Biochar performances seem to be correlated to two main parameters: the feedstock
and the pyrolysis temperature used to produce the biochar. For example, biochar derived from pine
wood, produced at 500°C and then activated at 900°C, has been used in polypropylene composites in
order to improve their mechanical properties [9]. This study also demonstrated that the flammability
properties were not affected by the addition of biochar. In [10], date palm tree wastes, produced at
700°C and 900°C, were used to produce polypropylene (PP) composites and their electrical,

mechanical, thermal and rheological properties were investigated. The results of this study indicated
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that the composite electrical conductivity was enhanced by four orders of magnitudes on increasing
the biochar content from 0 to 15 wt.%. The tensile modulus of composites was found to be improved
when compared to the neat PP for all biochar loading. The thermal studies revealed that the
crystallinity of composite was reduced compared to neat PP and the rheological studies indicated poor
biochar-polypropylene interfacial interactions. Also soft polymers such as poly vinyl alcohol (PVA)
was used in combination with biochar for pressure sensor applications [11]. In this case, commercial
hardwood biochar was dispersed in PV A to produce sensors. The variation of electrical signal through
the composite was measured with relation to applied pressure. Results indicated that the increase in
biochar content from 8 to 12 wt.% significantly improved the conductivity and piezoresistive effect
of PVA/biochar sensors. In epoxy resin, biochar was used to improve mechanical and electrical
properties. For example, the elastic constant of epoxy resin and biochar composites was investigated
using ultrasonic pulse echo overlap method [12]. Pine cone char and china poplar char, obtained after
a 450°C pyrolysis process, were used to produce biochar to fill epoxy resin at 10, 20 and 30 wt.%. In
this case a general improvement of elastic properties of composites were obtained, but china poplar
char, at the same filler percentage, reported best result if compared with the pine cone char composite.
Electrical properties (permittivity and conductivity) coupled with mechanical properties (stress strain
curves, ultimate tensile strength and tensile toughness) in biochar, derived from maple wood, treated
up to 950°C, was used as filler in epoxy resin [13]. In this case, the biochar performances were
compared to those obtained using multi wall carbon nanotubes (MWCNTs). Biochar obtained results

comparable to the results from MWCNTs even if in different percentage.

In the light of these results, it seems that the type of biochar and its pyrolysis temperature could
influence the final composite performances, in particular electrical performances. Moreover, a pre
selection of the biochar to be used in composite could be an advantage to drive results in the desired

direction.
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In this work, biochars derived from Miscanthus char (MIS) treated at different temperatures were
characterized before their application in composite preparation. Field Emission Scanning Electron
Microscopy (FESEM), Energy Dispersive X-ray (EDX), Raman and DC-conductivity performed on
biochar were used to predict the final electrical composites performance. Electrical characterization
of composites confirmed that a pre-screening of biochars is representative of the final results

obtained.

2. Materials and methods

A. Biochars and their composites

MIS samples were prepared by ICFAR (London Ontario CA) derived from residues miscanthus
(plant growing in southern Ontario). These residues were pyrolyzed at 650, 700 and 750 °C. After
that, biochars were activated by CO> process as described in detail in [14]. Briefly, this activation
process takes place switching the gas from Nitrogen to CO2 when the maximum temperature is
reached. These biochars are identified here with the acronyms MIS650, MIS700 and MIS750. Epoxy

Resin (Cores LPL, Italy) is the polymer matrix used to produce samples for electrical characterization.

B. FESEM - EDX- Particle size distribution

In order to analyze the structure of the biochar particles, a FESEM analysis was performed with a
ZEISS SUPRATM 40 Field Emission Scanning Electron Microscope. The microscope was equipped
with an Energy Dispersive X-Ray detector (EDX, Oxford Inca Energy 450) that was used to explore
the elemental composition of biochars. The particle size distribution of raw materials was determined
by means of a laser granulometer (Fritsch Analyzette 22, Idar-Oberstein, Germany) after dispersion

in ethanol and sonication in an ultrasonic bath for 10 min.
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C. Raman Characterization
Raman spectroscopy was performed using a Renshaw Ramascope MicroRaman, equipped with an
Argon green laser (excitation at 514.5 nm at 50 mW). Measurements were taken at different points

for each sample, with a 50-x objective.

D. Conductivity Measurements on biochar powder

With the aim of predicting the electrical behaviour of the final composite, DC electrical
conductivity measurements of biochar powders were performed. The measurement set-up was
derived from [15] and is sketched in Figure 1. It is composed of two solid copper cylinders, 30 mm
in diameter and 5 cm in length, encapsulated in a hollow Plexiglas cylinder with a nominal inner
diameter of 30 mm. The inner diameter is slightly higher so that it is possible to force the copper rods
inside the Plexiglas cavity and the upper rod can slide inside the cylinder during the measurement.
This arrangement creates an internal chamber between the two cylinders, where the carbon powder
can be inserted. The electrical resistance of the powders was measured at increasing loads (up to 1400
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. The resistance of the

carbon fillers was measured using an Agilent 34401 A multimeter.

Electrical

insulators = — =
Conduttive  Powder
cylinders  under test

Plexiglass
container

Digital
Multimeter

Fig. 1. Sketch of Measurement set-up for conductivity study of Biochar powders (left). Measurement set-up

for the DC conductivity (right).
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The conductivity of the samples was calculated from the resistance using the relationship:
RxA\ "1
o= (&) 0

where o is the powder conductivity (S/m), R is the powder resistance (Q), 4 is the surface area (m?)

of each copper electrode, and L is the distance (m) between the two copper electrodes. Normally the
values of the electrical conductivity change in relation to the pressure applied. This is due to the
compaction process of carbon powders. When pressure is increased, the voids between particles
decrease in volume and then the carbon particle structure collapses. Both phenomena create
conductivity value fluctuations. In this work, conductivity values obtained after 800 bar pressure are

averaged and their error bars are evaluated.

E. Complex permittivity measurements

The complex permittivity [16] of the samples was measured using a commercial open-ended
coaxial sensor (Agilent 85070D) and a Network Analyzer (E8361A), (see Figure 2) [17-19]. The
main advantage of this sensor is that it requires samples of small dimensions (diameter around 20mm,
thickness around 10mm) compared to the free-space method, Thus, much smaller quantities of fillers
are necessary in the sample production. Moreover, it can be used from 200MHz to 20GHz.
Drawbacks are that the surface of the sample should be planar and flat in order to ensure a good
contact between the sensor and the surface. From the measurements of the imaginary part, the AC
conductivity was evaluated using a standard Drude model [16].

F. Composite preparation

Biochars treated with different temperatures (650, 700 and 750 °C) were used as fillers in
epoxy resin to prepare the composites for electrical characterization. Biochars (MIS650, MIS700,
MIS750), epoxy resin and curing agent were weighed in order to obtain a 1 to 5 ratio between biochar
and polymer. Biochar at 20 wt.% was selected as an optimum compromise to obtain a detectable

electrical signal for all the biochars prepared at the different temperatures and the possibility to
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produce a manipulable composite. Liquid epoxy resin was delicately mixed for 20 minutes with
biochar in order to avoid the air bubble formation. Subsequently, Ultraturrax ® mixer was used for 5
minutes. This mixer is able to achieve appropriate dispersion of small size particles. The pre weighted
curing agent was added to the mixture and mechanical stirred for 10 minutes. The mixture was slowly
poured into cubic silicon moulds carefully avoiding the formation of air bubbles and later positioned
in a vacuum chamber for 20 minutes in order to remove any possible air bubbles. The final products
were cured in an oven for 4 hours at 50°C. After an overnight rest, the composites were delicately

removed from their silicon moulds. An example of samples is shown in Figure 5 (left panel).

Fig. 2. Sample for the permittivity measurements (left). Measurement set-up for the complex permittivity
measurements (right).

3. Results and Discussion

A. FESEM — EDX - Particle size distribution

FESEM, EDX and particle size distribution were performed on samples MIS650, MIS700 and
MIS750. Figure 3 displays some significant FESEM, while Table 1 shows EDX results. The FESEM
images evidence the variation of the porous biochar structure, where increasing the temperature
generates the wear of the thin walls of the biochar channels.

EDX analysis, performed on all biochars under study, show an increase of carbon content in
relation to the treatment temperature and a consequent decrease of other elements (O, Mg, Si, K, Ca).

In particular, MIS750 show a carbon content over 70 wt.% and traces of Sulfur.
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Particle size distribution (see Fig.4) show relatively fine powders for MIS650 and MIS700, with
a dso of about 35 and 40 um respectively and doo values in the range 180-260 um. The particle size
distribution of MIS750 is displayed at large values: the cumulative frequency distribution shows than

50% and 90% of the particles are smaller that 90 and 500 pm, respectively.

Fig. 3. FESEM images of a) MIS 650, b) MIS 700 and ¢) MIS 750 Biochars at 10kX magnifications.

o

Element Wt.%
MIS650 | MIS700 | MIS750
C 54.98 67.48 71.46
O 32.62 21.51 20.48
Mg 0.76 0.82 0.26
Si 7.21 6.73 4.68
K 1.72 1.65 1.16
Ca 2.71 1.81 1.38
S - - 0.58
Total 100 100 100

Table 1. EDX analysis of MIS 650, MIS 700 and MIS 750.
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Fig. 4 Particle size distribution for MIS650, MIS700 and MIS750

B. Raman Characterization

Raman analyse were performed on all biochars, and their spectra are shown in Figure 4 5. Bands

and signals on the Raman spectrum are related to the stretching of various bonds and lattice vibrations.
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For Raman spectra on carbon materials there are two main peaks: D and G [19]. The G peak
(Tangential Mode, E2g-mode) is positioned in the 1550-1615 cm™ range and corresponds to the
stretching of carbon- carbon sp2 bonds [21,22]. The D peak (breathing mode, Alg-mode) is

positioned in the 1300-1400 cm™ range and is related to the edge disorder in carbon structure [21,22].

The ratio between the intensity of D and G peak (Ip/I) is used to evaluate the ratio between disordered
and graphitized structures in the carbon material tested. The intensity of each peak is evaluated by
fitting the peak with appropriated curves and calculating its area. This area takes into account peak
intensity and its shape, with particular emphasis on its width. The fitting procedure performed on all
the Raman spectra made it possible to calculate the Ip/Ig ratio and fill Table 2. This ratio is correlated
to the graphitization of carbon material and its disorder grade [19, 23]. Increasing the pyrolysis
temperature from 650 to 750°C it is possible to observe an increase of disorder as shown in Table 2

where the Ip/Ig peak ratio increases [24].

——MIS650
—MIS700
——MIS750

Intensity (a.u.)

T T T T v T T
1000 1200 1400 1600 1800

Raman shift (cm ™)

Fig. 5. Raman characterization for MIS biochars in function of pyrolysis temperature.

Biochar In/Ig
MIS650 1.73
MIS700 2.55
MIS750 2.95

Table 2. Ip/I; ratio derived from the study of Raman spectra.
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C. Conductivity Measurements on biochar powder

In order to predict the behaviour of the composites, a pre-screening of the biochar powder was
performed. The conductivity values of biochar in powder in relation to pressure are reported in Figure
6. Their average values and error bar are listed in Table 3. Error bars represent the variation of
conductivity during compression at loads exceeding ~800 bar. After this pressure the powder could
be significantly compacted and voids between particles were minimized. After this pressure, if not
sufficiently fine, the biochar structure was crushed by pressure and its conductivity tended to increase.
This effect is relevant for MIS 700 and MIS750, where quite a rapid increase of conductivity can be
observed after 800 bar. For MIS650, that has the smallest particle distribution, this effect was less
relevant. Conversely, for MIS750, with the largest particle distribution, we observed an increase
effect of pressure stress with a rapid increase of conductivity values. Due to the increase of treatment
temperature the carbon structure changed as previously shown by the Raman analysis. The organic
component of the biochar also decreased due to the temperature treatment. This allowed an increase
of carbon content as shown by EDX analysis and as consequence we expected an increase of
conductivity. These high conductivity values (up to 2.75+/-0.85 S/m for MIS750) could be explained
by the fact that these samples were activated by the CO> process, which aids the conductivity of

biochar.

404 [ = MISB50 a
e MIS700
35 A MIS750
A
.30+
E
4,25
3 A A [ ]
:_220- A N .
g ]
'g15—
o [ ]
U10-
0.5 4
] ™ ] ]
0.04 n
T

T T T T T 1
200 400 600 800 1000 1200 1400 1600
Pressure (bar)

Fig. 6. Conductivity values of the various types of biochars.

10



OO NOOUL B~ WN PR

10
11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Biochar Conductivity (S/m)

Mean Error bar
MIS650 0.20 0.14
MIS700 1.88 0.39
MIS750 2.75 0.85

Tab.3 Conductivity values and their error bar.

D. Complex permittivity measurements on composite

After an air/short/water calibration, ten measurements were done on each samples in order to
check the homogeneity of the samples and overcome problems due to the flatness and roughness of
the surface on which the probe is positioned. In Figure 7 the average values of the real part of
permittivity and conductivity of composites filled with 20 wt.% of Miscanthus biochar is compared
with a sample of pure epoxy resin in the frequency range 1-12 GHz. A percent error close to 15%
was estimated on these measurements. The results of samples MIS650 and MIS700 may not be
distinguishable. An increase in the value of the complex permittivity compared to the resin is always
present but it is higher for the MIS750. This trend is in agreement with the higher DC conductivity
observed for this Miscanthus Biochar (Fig. 4 6). At a frequency of 12 GHz, the conductivity increases
from 0.1 S/m for the pure resin to ~1.5 S/m for the MIS750-based composite. The increased of the
permittivity real-part and conductivity could be correlated with the increase of the conductivity of the
filler. As reported in Table 1, EDX analysis shown the increase of carbon content and decrease of
other elements (O, Mg, Si, K, Ca, S) in the biochar with the increase of pyrolysis temperature. This

behaviour has been observed also for DC conductivity of powders themselves.

11
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Fig. 7. Permittivity real part (top) and conductivity (bottom) values for pure resin, and composites with 20
wt.% of MIS (650,700,750).

4. Conclusions

In this work biochars derived from miscanthus (MIS) produced under different pyrolysis
temperatures (650,700,750°C) and an activation process (CO2) were analyzed by FESEM, EDX,
Raman and DC conductivity. Subsequently, biochars were used as filler in Epoxy resin to create a
composite. FESEM showed an organized structure for these samples (honeycomb structure). EDX
analysis showed an increase of carbon in relation to the pyrolyzed temperature. Raman analysis
showed the increase of disorder with the increase of pyrolysis temperature. DC-conductivity analysis
showed an increase of conductivity in function of pyrolysis temperature (up to 2.75 S/m for MIS750)
that could be correlated with their carbon content. Complex permittivity up to 12 GHz of composites
containing 20 wt. % of biochars were measured. The composite electrical performances increase in
agreement with the increase of biochar conductivity. In conclusion, Biochar has demonstrated its
ability to modify the electrical properties of composite. For this reason, biochar could be an

economical, eco-friendly alternative to more expensive carbon fillers.
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