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ABSTRACT

Cost-effective strategies for integrating bio-oil production with biochar utilization in new sustainable platforms
are needed to improve the economic viability of pyrolysis for energy applications. Recently, the use of biochar as
filler in the preparation of polymer based composites received a great attention due to its ability to improve
polymers mechanical, electrical and thermal properties.

This work aims to expand knowledge on the effect of the heating rate and feedstock chemical composition on
the on the biochar structural and chemical characteristics affecting electrical properties of the biochar at
different pyrolysis temperatures. Biochars were produced from three feedstocks, namely walnut shells (WS), the
lignin rich residue from bio-ethanol production (LRR) and sewage sludge (SS), under slow and fast heating rate at
500, 600 and 700°C. The three feedstock differ for both the organic components (i.e. high lignin content in WS
and LRR and presence of proteins in SS) and ash content which is highest in SS.

The produced biochars were characterized and the observed differences in their chemical and structural
properties were discussed in relation to their effect on the measured electrical conductivity.

The severity of the pyrolysis treatment improved biochars electrical conductivity. Heating rate and feedstock
type affected the electrical conductivity only marginally at 500 and 600°C, whereas at 700°C any relevant effect
was observed. WS biochars produced at 500 and 600°C exhibited the lowest electrical conductivity regardless of
the heating rate of the production process.

The biochars produced at 700°C were used to prepare epoxy resins composites. Despite their comparable
conductive performance, the biochars lent different electrical conductivity to the composites depending on the
biomass type and the heating rate experienced by the biomass samples during the pyrolytic treatment. The
composite prepared with WS biochar produced under fast heating rate exhibited the highest electrical
conductivity.

1. Introduction

production chain by developing cost-effective strategies to integrate
bio-oil production for energy applications with bio-materials synthesis

Pyrolysis represents a viable option for the treatment of a wide va-
riety of biomasses given its capability to function as a multiproduct
provider (e.g., biofuels, bulk chemicals, bioenergy -carriers, bio-
materials). Even though technologies for bioenergy/biofuel production
through fast pyrolysis are currently mature to enter the market [1], there
is an urgent need to increase the economic feasibility of the whole
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in new sustainable platforms [2]. In this framework, biochar, i.e. the
solid product of the pyrolysis process, have physical and chemical
characteristics that make it a bio-material with high performance po-
tential in many applications [3].

In the last decades biochar attracted the interest of material scientists
as carbon filler in polymer-based composites thanks to its ability to
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improve the mechanical, thermal and optical properties of polymers [4]
and to confer electrical conductivity to the polymer matrix [5]. Com-
posites based on carbonaceous material and different polymers are
widely used for thermal energy storage [7] and energy harvesting [8] as
well as electrochemical sensors [9]. Energy storage devices (batteries,
capacitors, fuel cells) are fundamental for the development of renewable
energy by allowing energy to be captured, stored and transported
whenever it is needed.

Carbon black [10], nanotubes [11] and graphene [12] were exten-
sively studied in the past as composites fillers for this type of applica-
tions. However, despite their high performances, the high production
costs and the use of fossil carbon sources hindered their large scale
implementation. In this framework, the use of biochar, fits the twofold
need of valorizing waste streams and using a renewable feedstock, thus
contributing to promote the economic feasibility and the environmental
sustainable production of composites.

The main issue with biochar utilization is the wide variability of its
chemical and physical characteristics which greatly affect its electrical
properties [13], thus representing one of the main obstacles for biochar
application as filler in composites. The role of some biochar character-
istics, such as presence of polar functional groups, aromatization and
graphitization degree, ash content, porosity, in determining the evolu-
tion of the electrical characteristics as function of the pyrolysis tem-
perature has been extensively studied and elucidated [14,15].

At very low carbonization temperature up to 400 °C, alternating
current (AC) conductivity of carbonized wood and cellulose exhibited a
decreasing trend with the temperature [14,15] due to the enhanced
decomposition of the polar organic functional groups. At higher
carbonization temperature an opposite trend was observed and the
evolution of electric conductivity is mainly correlated with the sp2 hy-
bridization of the carbon atoms. By rising the temperature an increasing
number of carbon atoms with sp2 hybridization appears in poly-
condensed units, thus leading to the formation and growth of highly
conducting carbon nanoclusters separated from regions of low con-
ducting amorphous carbon. According to the two-phase composites
model going through a percolation transition [16], the so-called qua-
si-percolation model [14], in the range 550-600°C the increase of AC
conductivity of about an order of magnitude was observed due to the
occurrence of electron hopping between conductive carbon clusters.
Additionally, interfacial polarization, associated to a Maxwell-Wagner
type of relaxation observed in heterogeneous materials, was supposed
to contribute to the increase of AC conductivity [17]. The increase of
carbonization temperature of wood charcoal induced an increase of the
high frequency AC conductivity [15,18] up to the achievement of the
percolation threshold, when a direct current (DC) conductivity was
measured. In this regime of full percolation, the rise of intrinsic con-
ductivity of the carbon clusters due to the healing of defects led to the
increase of the DC conductivity [18-20]. The presence of defects such as
pores and inorganic elements should be also taken into account to
interpret correctly the temperature variations of the electrical conduc-
tivity [15,21].

Scarce literature is available on the influence of heating rate and
feedstock composition directly on electrical conductivity, however since
these two parameters are known to influence the chemical and physical
characteristics of biochar [13], it is very likely that they also have an
effect on its electrical properties.

More specifically, under the typical heating conditions of slow and
fast pyrolysis differences in the biochar characteristics such as porosity
and graphitization were observed due to heating rate variations [22]. At
low temperature, when devolatilization is the prevailing phenomenon
responsible of biochar porosity, higher heating rates accounted for the
loss of surface area of biochar due to the rapid devolatilization
destructing the biomass matrix and the occurrence of melting phe-
nomena [23]. Conversely, at higher temperatures, under the thermal
annealing regime, numerous authors [24-27] agree that higher heating
rates provide higher surface areas due to the lower extent of volatiles
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repolymerization reactions responsible of sealing off the biochar mi-
cropores and to the lower order of graphite-like clusters in the carbon
matrix.

Concerning biomass composition, it is known that organic compo-
nents and inorganic elements evolve differently during the thermal
treatment, the latter also catalyzing some conversion pathways of the
organic matrix [28-30]. Biochars from cellulose, hemicellulose and
lignin exhibited different chemical and structural characteristics.
Indeed, the different volatiles content of the three components and
melting phenomena observed for hemicellulose and lignin affected
biochar porosity [31]. Moreover, cellulose and hemicellulose showed a
higher tendency to lose oxygen and form polyaromatic graphite-like
structure at high temperature [32]. Byrne and Nagle [33] postulated
that a preferred orientation in the carbonized wood results from a
preferred orientation of cellulose molecules in the secondary walls of
longitudinal cells whereas carbon fibers obtained by lignin at 2000°C
exhibited inhomogeneous graphitic structure probably catalyzed by
inorganic impurities on a local level [34]. Differences in biomass
composition resulted in different values of electrical conductivity
ranging from 102 to 10* S/m for biochar produced at different pyrolysis
temperatures [35] reported values from 0.2 to 200 S/m for biochar
obtained at 900°C from different lignins. However, it is difficult to
identify the specific role of biomass composition given the different
production temperatures and electrical conductivity measuring
procedure.

In addition, the influence of different amounts of biochar used in
composite preparations makes even more difficult to compare the
electrical conductivity of composites prepared with biochars of different
origins. At the same biochar/polymer ratio, higher electrical conduc-
tivity values were observed as biochar production temperature increases
[6] whereas a non-monotonous trend was observed at increasing bio-
char percentage in the composite [36]. Also the biomass source pro-
duced different electrical conductivity in the corresponding composites
mainly due to the different aromaticity of the produced biochars [36].

However, it is still unclear to what extent the chemical and structural
differences induced by different heating rates or by the variability of
feedstock composition may affect the electrical properties of biochar and
final composites. This study aim at paving the way to shade light on this
literature gap by studying the chemical and structural differences of
biochars produced from three feedstock at different pyrolysis tempera-
ture in the range 500-700 °C under slow and fast pyrolysis conditions.
Electrical conductivity in DC has been used as indicator of biochar
ability to conduct current. The biochar were extensively characterized
(Raman spectroscopy, field emission scanning electron microscopy
(FESEM), Fourier-transform infrared spectroscopy (FT-IR), adsorption
porosimetry) with the goal of finding possible correlations with their
electrical conductivity and with the electrical conductivity of biochar-
epoxy resin composites prepared with the best performing biochars.

2. Experimental
2.1. Feedstock

Three feedstocks were selected in this study for the production of
biochars: namely sewage sludge (SS) from a municipal waste treatment
plant, lignin rich residue (LRR) from an industrial bio-ethanol produc-
tion site and walnut shells (WS) provided by Schicker Mineral. Feed-
stock preparation and characterization procedures are reported in
Supplementary Material.

2.2. Biochar production and characterization

Three series of biochars were produced from SS, LRR and WS under
slow and fast pyrolysis conditions at three temperatures, 500 °C, 600 °C
and 700 °C in two different reactors described in the Supplementary
Material. In case of SP biochar represents the primary product of the
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process, whereas it represents a by-product in case of FP which is
preferred to maximize liquid yield; however, its utilization is strongly
recommended to increase the sustainability of liquid bio-fuel produc-
tion. The lower limit of the temperature range was chosen taking into
account that FP for liquid bio-fuel production is typically conducted at
about 500°C. On the other hand, the upper temperature limit was fixed
at 700 °C since SP temperature for biochar production should not ach-
ieve very high temperature to avoid excessive reduction of biochar yield.
Moreover, a relevant change in biochar resistivity occurred between 500
and 700 °C [37] and the critical value observed in the literature for
cellulose and wood reaching the percolation threshold falls within this
temperature range [15,18].

All biochars were characterized for chemical and structural proper-
ties that were found to be relevant to determine the electrical conduc-
tivity of the biochar itself and biochar-based composites. Only for SS
sample and the corresponding biochars, the composition of the inor-
ganic fraction was analyzed by inductively coupled plasma-mass spec-
trometry (ICP/MS) according to the procedure reported in the
Supplementary Material to assess the environmental risk associated to
the possible heavy metals emission during pyrolysis.

Elemental analysis (see Supplementary Material) allows to calculate
0O/C and H/C ratios. O/C ratio is an indicator of the presence of polar
functional groups, such as hydroxyl and carboxyl groups, contributing to
the determination of the electrical conduction through the dipole po-
larization mechanism [15]. H/C ratio is typically considered a measure
of the progress of the graphitization process characterized by the for-
mation of carbon atoms with sp2 hybridized orbitals and electrons
delocalized in a p orbital responsible of the electrons conduction.

FTIR spectra in the 3600-400 cm ™! range were also recorded to
monitor the evolution of biochar polar and aromatic functionalities. The
spectra were acquired in transmission mode on a Perkin-Elmer MIR
spectrophotometer on pellets obtained upon compression of powdered
dispersions prepared by mixing and grinding the samples (~1 wt.%)
with KBr. The spectra were acquired with a resolution of 2 ecm™! by
collecting 8 scans and correcting the background noise.

The study of evolution of Raman spectra as function of pyrolysis
temperature provides important insights on the material structure.
Raman spectra were recorded in the range from 250 cm ™! to 3500 cm™*
using a Renishaw invia™ (H43662 model, Gloucestershire, UK)
equipped with a green laser line (514 nm) with a 50X objective. The
characteristics D and G bands, ~1350 cm-1 and ~1580 cm-1, respec-
tively, arise from sp2 coordinated regions. D peak is related to the
presence of edges and grains while G peak arises from sp2 coordinated
carbon atom pairs [38]. The ratio of the peak intensity of D-band to
G-band also known as Ip/Ig together with the peak widths is used to
assess the evolution from an amorphous carbonaceous structure to a
graphitic structure in biochar [38].

Proximate analysis (see Supplementary Material) provides informa-
tion on the ash content of the different biochars. Inorganic elements are
typically detrimental to electrical conductivity and should be taken into
account to explain some phenomena observed during electric conduc-
tion in carbonaceous materials [15,21].

The porosity of the biochars was characterized by gas adsorption
porosimetry. The development of internal porosity can affect electrical
conductivity of the biochar since pores act as defects in the formation of
ordered graphite-like carbonaceous structure [15,21]. High resolution
equilibrium nitrogen adsorption/desorption isotherms at -196°C were
obtained in a volumetric analyzer (Quantachrome, Autosorb iQ). The
samples were previously outgassed under vacuum at 200°C for 5 h. The
Brunauer-Emmett-Teller (BET) theory was used to calculate the specific
surface areas and total pore volumes were measured at p/p°=0.97.
Micropores and mesopores volume and surface were calculated applying
the t-plot method and the Barrett-Joyner-Halenda (BJH) theory,
respectively, whereas macropores volume was calculated as difference
between total pore volume and micro- and meso- pores volume.

FESEM analyses were performed with a Zeiss SupraTM 40 to
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investigate the biochar morphology.

The experimental set-up for electrical conductivity measurements
was adapted from Gabhi et al. [39]. 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 in the
case of filler electrical characterization. In this configuration, 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 biochar powder can be inserted. In
case of composite the Plexiglas cylinder was removed and the sample
was positioned between the aligned copper cylinders. The electrical
resistance of the powders or composite 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 in order to ensure that the
electrical signal pass through the sample. The resistance of the biochar
fillers was measured using an Agilent 34401A multimeter and used to
calculate electrical conductivity according the following equation (Eq.

(1)):
o=1/¢=1(RS)" (€))

Where o0, S/m, is the electrical conductivity, p [Q-m], is the electrical
resistivity, 1 [m], R [Q], and S [rnz], are the length, the electrical resis-
tance and the surface of the specimen, respectively.

2.3. Composite preparation and characterization

Biochar based epoxy composites were produced using a two
component bis-phenol A (BPA) diglycidyl resin (CORES epoxy resin,
LPL) according to methodology developed by Bartoli et al. [40].
Carbonaceous fillers were dispersed into epoxy monomer using a tip
ultrasonicator apparatus (Sonics Vibra-cell) for 15 min with on/off cy-
cles of 20 and 10 s to avoid the temperature rising during the mixing.
After the addition of the curing agent, the mixture was ultrasonicated for
2 min by using the same procedure. Biochar blends were put into silicon
moulds for 16 h at room temperature. A final thermal curing was per-
formed using a ventilated oven (I.S.C.O. Srl) at 70 °C for 6 h. Electrical
conductivity measurements were performed using the same apparatus
and procedure adopted for biochars (see Section 2.2).

3. Results
3.1. Feedstock characterization

The results of feedstock elemental and proximate analyses are re-
ported in Table 1, whereas the metal ions content is reported in the
Supplementary Material, Table S1. The values reported in Table 1 are
the average of two replicates with a relative error lower than 5% of the
measured value. It is important to specify that, while in the LRR and WS
samples the balance of C, H, N and ash can be closed, with a good level of
accuracy, with oxygen, in the SS sample the presence of other elements
not belonging to the ash category, such as S and Cl, should be consid-
ered, whose content is not negligible although much lower than that of
oxygen [41]. In Table 1 these elements will be referred to as ‘others’.

The SS sample had the lowest carbon and oxygen content due to the
high content of ash whose composition was dominated by the presence
of metal ions such as P, Al, Fe, and Ca. These ions are mainly in form of
phosphates (fertilizers, human and animal excrements), sulphates and
lime (added during sludge flocculation stage in municipal wastewater
treatment plants) [42]. Non negligible amounts of metal ions typically
classified as trace metals [43] were also detected in SS ash. In this re-
gard, the fate of toxic elements (e.g. heavy metals) during pyrolysis
should be assessed to monitor the environmental risks associated to their
emission.
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Table 1
Elemental and proximate analysis of SS, LRR, WS and of derived biochars.
C H N O-+others  Volatiles  Fixed Ash
Carbon
wt%, daf basis wt%, db

SS 51.9 7.4 8.8 31.9 65.3 10.6 24.1

LRR 55.8 6.7 0.8 36.7 69.6 22.4 8

WS 50.2 6.4 0.1 43.2 79.7 20 0.3

SS 500 SP 57.4 2.5 9.4 30.8 40.8 11.5 47.7

SS 600 SP 78.8 1.3 9.2 10.7 27.5 20.1 52.4

SS 700 SP 80.3 1.2 11.6 6.8 26.2 221 51.7

SS 500 FP 74.0 3.1 10.9 12.0 30.5 10.9 58.6

SS 600 FP 76.4 1.1 9.6 12.8 26.6 9.3 64.1

SS 700 FP 80.1 1.0 8.5 10.4 22.6 10.6 66.8

LRR 500 88.2 3.0 0.5 8.3 18.0 60.7 21.3
SP

LRR 600 89.7 2.2 0.5 7.6 14.1 63.7 22.2
SP

LRR 700 92.5 1.2 0.5 5.8 11.0 66.4 22.6
SP

LRR 500 64.8 2.6 0.8 31.8 21.5 50.2 28.3
FP

LRR 600 69.4 1.5 0.6 28.5 18.1 50.6 31.3
FP

LRR 700 70.2 1.0 0.6 28.2 17.1 53.2 29.7
FP

WS 500 80.2 3.2 0.1 16.5 28.9 70.1 1.0
SP

WS 600 85.1 2.3 0.1 12.5 22.5 76.4 1.1
SP

WS 700 88.3 1.9 0.1 9.8 17.9 80.9 1.2
SP

WS 500 68.8 4.7 0.1 26.4 45.0 53.8 1.2
FP

WS 600 76.9 3.7 0.1 19.3 33.8 65.0 1.2
FP

WS 700 87.4 2.1 0.1 10.5 19.3 79.5 1.2
FP

The LRR carbon content was higher than the typical values observed
for woody or herbaceous biomass [44] and responsible of the low oxy-
gen content. This result is due to the removal of carbohydrates occurred
during the pre-treatment stage of the bio-ethanol production process.
However, it should be noted that the fixed carbon content of LRR was
greatly lower than that measured for commercial alkali lignin [28], thus
suggesting that a relevant fraction of non-ligninic material was still
present in the LRR sample.

Compositional analysis confirmed this observation. Indeed, it shows
that even though LRR has a high lignin content (52.6 wt% db), it con-
tains also an unusual high amount of extractives (31.8 wt% db) and a
very low amount of holecellulose (7.6 wt% db). Typically water and
ethanol used in the NREL procedure extracts hydrophilic compounds
such as polyphenols. However, since LRR is the residue of biomass un-
dergone an acid pre-treatment, it is likely that most of the carbohydrates
polymers accounting for the holocellulose fraction were degraded in
smaller molecules soluble in polar solvents [45] K and Ca are the most
abundant metal ions in the ash fraction.

WS was characterized by the lowest content of ash mainly composed
of K and Ca based compounds. The carbon and fixed carbon contents
were higher than the typical values observed for woody and herbaceous
biomasses consistently with the high lignin content obtained from the
compositional analysis of this vegetal residue (55.3 wt.% db). The
extractive content of WS is 7.3 wt% and the holecellulose fraction ac-
counts for the remaining 35.8 wt.% (db).

FT-IR spectra of SS, LRR and WS were shown in Fig. 1.

For the three materials, the signals were distributed in four main
regions: a region between 3000 and 3800 cm ™! containing signals of
exchangeable protons (from alcohol, phenol, amine, amide and car-
boxylic acid groups), a region between 2800 and 3000 cm ™! containing
signals due to the stretching of aromatic and aliphatic C-H groups, a
region between 1800 and 750 cm ™! containing overlapped signals of
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Fig. 1. FT-IR analysis. FT-IR spectra of SS, LRR, and WS.

stretching and bending absorptions of many different functional groups
(C=0 of carbonylic and carboxylic groups, C-OH, C-H, C=C, C-C), and a
region below 700 cm™! representing C-C stretching.

All the spectra exhibited a broad band at 3400-3500 cm ™! due to the
hydroxyl groups in phenolic and aliphatic structures. In LRR and WS
spectra the bands around 2940 and 2850 cm™! are due to the CH
stretching in aromatic methoxyl groups and in methyl and methylene
groups of side chains in lignin structures [46] and hydrocarbon in
polysaccharides [47]. In the SS spectrum these absorption bands are
attributed to aliphatic methylene groups and assigned to fats and lipids
which represent an important fraction of sludges.

Noticeable differences were found between SS and the lignocellu-
losic materials in the region between 1800 and 750 cm ™!, whereas WS
and LRR spectra were more similar, at least from the qualitative point of
view. Two broad bands centered at 1550, 1667 cm™ ' were identified in
SS spectrum and assigned to proteins, Amide I and Amide I, respectively
[48]. In the same region, both LRR and WS exhibited signals of uncon-
jugated or conjugated carbonyl/carboxy stretching, the unconjugated
one being almost absent in WS sample [49]. In the region between 1600
and 1400 cm™! peaks representing aromatic skeleton vibrations and
aliphatic C-H deformations typical of lignin structure [49] were detec-
ted in both LRR and WS samples although the intensity of the bands may
differ. The spectral region below 1400 cm ™! contained many overlapped
peaks. Worth to be noted were the bands near 1130 em ™}, 1170 ecm™!
assigned to the symmetric and asymmetric C-O-C stretching of
p-(1—4)-glycosidic linkages which are more intense in the WS and LRR
samples and absent in SS. The presence of these bands in LRR sample
confirmed the presence of a relevant fraction of residual carbohydrates.

Finally, in WS sample the peaks at 1080-1030 cm ™! corresponding
to the unique broad band around 1550 in both LRR and SS spectra can be
assigned to C-O stretching of polysaccharides or polysaccharide-like
substances. In case of SS Si-O of silicate impurities, and clay minerals
possibly in a complex with humic acid can contribute to increase the
intensity of this peak [48].

The thermal behavior of SS, LRR and WS in Ny was studied by ter-
mogravimetry following the evolution of the weight loss curves (TG) and
their derivatives (DTG) as function of temperature shown in Fig. 2,
panels a and b.

LRR devolatilization began at about 150°C as it occurs also for
commercial alkali lignin [31]. However, whereas the devolatilization of
alkali lignin proceeds gradually and is represented by a smooth, broad
peak in the DTG curve, LRR was subjected to an abrupt weight loss in the
range 280-340°C represented by a narrow peak in the DTG curve typi-
cally attributed to cellulose decomposition. In addition, a shoulder,
typically attributed to devolatilization of hemicellulose, was faintly
visible on the increasing branch of the DTG curve. At temperature higher
than 340°C the devolatilization proceeded slowly up to 500°C and was
almost complete. The evolution of LRR TG curve confirmed the presence
of carbohydrates from the holocellulosic component of the parent
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Fig. 2. Feedstock TG analysis. (a) TG and (b) DTG curves of SS, LRR and WS
obtained in N, at 10°C/min.

feedstock, mainly from cellulose. The high yield of the solid residue at
700°C was due to the high lignin and ash content as shown from the
compositional and proximate analyses, respectively.

WS devolatilization began at about 200°C and the two peaks of
hemicellulose and cellulose decomposition were more pronounced and
shifted to higher temperatures than observed for LRR, likely because of
the very low content of alkali and earth alkali metals [50].

SS thermal decomposition evolved through two main overlapping
peaks in the temperature range between 200 and 500°C where most of
the weight loss occurred. The high ash content of the starting material
contributes to the high solid residue at 700°C.

3.2. Biochar characterization

In the following, the different biochars will be referred to by acro-
nyms defined as follows: feedstock acronym (SS, LRR and WS), tem-
perature at which the biochar sample was produced (500, 600 and
700°C) and process acronym, namely SP and FP for slow and fast py-
rolysis, respectively. Results of elemental and proximate analysis are
reported in Table 1 as the average of two replicates with a relative error
lower than 5% of the measured value. The progress of devolatilization as
the pyrolysis temperature increased, led to a decrease in the volatile
content and, conversely, an increase in the fixed carbon and ash content,
except for SS derived biochars produced under FP conditions whose
fixed carbon content remained almost unchanged as temperature in-
creases. Except for the chloride salts, most of the inorganics in the
biomass are typically retained up to very high temperature so that their
concentration in the biochars is mainly determined by the extent of the
organic matter devolatilization [51]. According to TG analyses, for all
the three feedstocks only a mild devolatilization occur between 500 and
700°C, thus resulting in small variations of the ash content in this
temperature range.

Results from proximate analysis of biochars form SP series were
consistent with the initial composition of the initial biomass. LRR and
WS biochars were characterized by higher fixed carbon content due to
the presence of high amounts of lignin in the raw biomass samples.
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These biochars showed comparable volatiles and fixed carbon content, if
compared on a daf basis. However, LRR derived biochars were charac-
terized by higher ash content in agreement with LRR composition. SS
derived biochars had the highest volatile content and the lowest fixed
carbon despite the lower volatile content of SS. It can be argued that,
differently from LRR and WS, SS devolatilization proceed substantially
even at temperature above 700°C. Consistently with the SS composition,
about half of the biochar samples were composed of ash. As regards ash
composition,t is worth to be noted that all the heavy metals were
completely retained in the biochars, except for Cd whose retention was
reduced by about half at 500°C. Even though its initial concentration
was very low in the SS sample used in this study, its release must be
monitored during the thermal treatment and, where necessary, mea-
surements should be considered to prevent its release into the
environment.

The heating rate greatly affected the characteristics of biochars
differently depending on the biomass considered. FP conditions pro-
moted devolatilization reactions for all the feedstocks thus resulting in
higher biomass conversion and increased ash content in the produced
biochars. Lignocellulosic biomass, namely LRR and WS, under FP con-
ditions produced biochars with higher volatile content and lower fixed
carbon content. Tentatively, this result can be attributed to the longer
residence time of the solid matrix at low temperature promoting cross-
linking reactions during SP compared to FP. Under FP the conditions
SS produced biochars with lower contents of both volatiles and fixed
carbon, probably due to the high ash content and the different chemical
nature of the starting material.

The biochars obtained from all three feedstocks exhibited an increase
in carbon content at the expense of oxygen and hydrogen content as
temperature increased, regardless the different heating rates.

The effect of feedstock and of the heating rate on the biochars
chemical properties are compared through the Van Krevelen diagram in
Fig. 3. O/C and H/C ratios decreased accordingly to the progress of the
devolatilization of oxygenated compounds and the charring reactions.

The three feedstocks were characterized by very different O/C ratio,
which was highest for WS, followed by LRR and SS. Under SP conditions,
biochars from lignocellulosic feedstocks behaved similarly to the parent
material in terms of O/C and H/C ratios in the whole temperature range,
more specifically WS biochars have always higher O/C and H/C ratios
than the corresponding LRR biochars. On the contrary, O/C and H/C
ratios in SS biochars did not reflect the lowest O/C and highest H/C
values observed in the parent material.

At 500°C WS and LRR lost a substantial fraction of oxygenated
organic compounds, whereas their devolatilization was very limited for
SS. This is consistent with the high content of volatiles still present in SS
500 SP. At 600°C SS showed a substantial decrease of O/C ratio and SS
600 SP was characterized by the lowest O/C ratio, followed by WS 600
SP and LRR 600 SP. It is worth to be noted that SS typically contains a
relevant fraction of O bound to inorganic compounds in form of
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Fig. 3. Van Krevelen diagram. H/C vs O/C molar ratios for SS, LRR and WS
(open symbols), SP (closed symbols) and FP (thin symbols) biochar series.
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sulphates and phosphates that undergo thermal decomposition between
500 and 600°C [42,52], thus contributing to the reduction of the O/C
ratio in this temperature range.

At 700°C O/C ratios of all the biochars fell within a narrow range
between 0.05 and 0.08.

A drastic reduction of H/C ratio was observed in the biochars pro-
duced at 500°C, reaching similar values regardless of the type of feed-
stock. At higher temperature WS derived biochars had always higher H/
C ratios than LRR and SS derived biochars.

Large differences were observed in biochars obtained under slow and
fast pyrolysis conditions. Higher O/C and H/C content were measured
for both LRR FP and WS FP biochars with respect to the corresponding
biochars of SP series. However, differently from biochars from SP series,
FP biochars did not reflect the relative O/C and H/C values of the parent
materials. Consistently with the results of proximate analysis, at 500°C
SS underwent an enhanced devolatilization under FP conditions
resulting in lower O/C ratio of SS 500 FP. On the contrary, H/C values
were not affected by heating conditions.

Raman spectra of all the biochars are shown in Fig. 4. Two main
peaks were identified, the G peak, located in the 1550-1615 cm ™! range,
and the D peak centred at 1250 cm ™. A second order region of over-
lapped peaks (G’, D+G, 2G, 2D’) also appeared from 2250 to 3500 cm ™~ _.
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Fig. 4. Biochars Raman spectra. Raman intensity as function of shift of (a) SS,
(b) LRR, and (c) WS derived biochars obtained at 500, 600 and 700°C under SP
and FP conditions.
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Each spectrum was normalized on the G peak to compare the
different biochars. For each biochar series D peak increased with the
pyrolysis temperature. The D peak was very pronounced in SS derived
biochars, whereas for the biochars of LRR series it was only slightly
higher than for the WS derived biochars. According to the three-stage
phenomenological model proposed by [38], it can be postulated that
all the biochars are into the second stage of the amorphization trajectory
where an initial transition from amorphous carbon to nanocrystalline
graphite occurs. In this stage the Tuinstra and Koenig equation is no
longer valid [53] and the relative intensity of D to G peak is not inversely
correlated to the average size of crystalline sp2 carbon clusters, but to
the number of sp2 carbon in six fold rings. Therefore, the more pro-
nounced D peak as pyrolysis temperature increases denoted an
increasing number of six fold condensed aromatic rings with defects still
far from being structured in ordered graphitic clusters. This result is
consistent with the decreasing H/C ratio observed in biochars produced
at increasing temperature. The aromatic character of the biochars is
more pronounced in SS SP biochars despite the high lignin content of
LRR and WS, since most of the N-containing species present in SS evolve
to aromatic compounds during pyrolysis [54]. In SS derived biochars,
and to a less extent in LRR biochars, the massive presence of inorganics
enhanced the defects in carbon structures.

There are not remarkable differences between the WS and LRR and
SS derived biochars in dependence on the pyrolysis heating rate sug-
gesting that fast and slow pyrolysis of these biomasses follow similar
fundamental chemistry processes [55]. Worth to be noted is that fast
heating rate promoted the presence of peaks at low wavenumbers and a
pronounced shoulder on the D peak reasonably due to oxides species
consistently with the higher ash content of SS FP biochars with respect to
SS SP ones . Considering the high content of iron and other metals, the
submicrometric particles could be formed during pyrolytic conversion
through carbothermal process as reported in the literature for iron ox-
ides [56] and nitrates [57].

Fig. 5 shows several SEM micrographs of all the biochars produced at
700°C at different levels of magnification. The most meaningful obser-
vation that can be deduced from the images is related to LRR biochars.
More specifically, structural transformations of LRR under FP were
observed with evident signs of melting and development of macropores.
The propensity of biochar to melt under the fast heating conditions was
previously observed for other biomass types and the primary role played
by lignin in the formation of metaplast was established [58]. Moreover,
it was previously documented that potassium and calcium bahave as
active catalysts in the metaplast formation [59]. Indeed, LRR, differently
from SS and WS, is characterized by the concomitant presence of high
amounts of lignin, potassium and calcium.

Residual functionalities on the biochar surfaces were detect by using
FT-IR spectroscopy as shown in Fig. 6.

All samples produced at 500°C under SP conditions showed a vc_¢
band at around 1600 cm ™! due to the presence of aromatic rings. SS 500
SP and WS 500 SP showed a broad vo.y band from 3000 em! up to
around 3500 cm ™! due to residual hydroxyl groups. LRR 500 SP showed
also bands in the range from 1700 cm ™! up to 2000 cm ™! suggesting the
presence of carboxylic functionalities of LRR. SS 500 SP spectrum dis-
played an intense band peaked at around 1013 cm™! that become
weaker in SS 600 SP, reasonably due to the overlapping of several vi-
bration modes such as vc.o, 8c.o and vsio_si [40]. By increasing the
pyrolysis temperature up to 600°C, LRR and WS derived biochars did not
show any appreciable evolution of IR spectra but SS derived biochar
showed a considerable simplification. Indeed, only an intense peak due
to vc—c of aromatic rings at around 1600 em ! and few other bands
mainly due to v o, 8c.0 were detected suggesting the occurrence of the
aromatization process of the carbonaceous matrix. By increasing the
pyrolysis temperature up to 700°C, the cracking reactions induced by
the inorganic component of SS promoted the degradation of the organic
matters. Accordingly, the resulting spectrum was characterized by the
vsi_o_si band as major component. Both LRR 700 and WS 700 SP showed
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Fig. 5. Biochars FESEM images. FESEM micrographs at different magnifications of biochars produced at 700°C under FP and SP.

a simplification of the spectra testifying the massively loss of surface
functional groups. All the biochars of FP series produced at 500°C did
not exhibit relevant differences with the corresponding biochars of SP
series. However, as temperature increased, differently from biochars of
SP series, they showed similar spectra and the intensity of the peaks was
only slightly attenuated even in biochars produced at 700°C, except for
WS 700 FP which displayed a spectrum with relevant band at 1063 cm ™
and 1118 ecm ™! due to vgo and Sc.o. This is reasonably due to the
massively presence of oxygen based functionalities such as ethers and
hydroxyl groups formed due to the faster heating rate. Only vy band
from 3000 cm ™! up to around 3500 cm ! disappeared at high temper-
ature similarly to biochars of SP series.

The evolution of the BET surface and of the pore volume of the
biochars from the different feedstocks at increasing temperature is re-
ported in Table 2. Under slow pyrolysis conditions, as the temperature
increased, the progress of the devolatilization reactions determined the
increase of total pore volume, micropores volume and BET surface. In
presence of high content of inorganics sintering phenomena can occur
due to the formation of low melting point salts. Fused intermediates are
detrimental for the development of the internal porosity by blocking the
access to the pores. Consistently, higher BET surface with a well-
developed microporosity were observed for WS derived biochars.
Despite the high inorganic content of the LRR derived biochars, BET
surface and total pore volume were greatly higher than the ones
measured in SS derived biochars. As evidenced by Fig. 5, LRR during SP
partially preserved its original structure due to the presence cellulosic
fibers typically characterized by high porosity [31]. The presence of a
large-scale texture made of a macro-porous cortical region and a core
region characterized by large voids has been reported also for experi-
ments of LRR pyrolysis and torrefaction in fluidized bed [60-62]. In
contrast, SS, besides the high inorganics content, was an extremely
deconstructed material due to the treatment process it went through.

Heating rate affected biochar porosity in terms of both BET surface
and pore volume differently depending on the pyrolysis temperature and
feedstock. More specifically, BET surface and pore volume of LRR bio-
chars produced under FP conditions are greatly lower than the corre-
sponding biochars of SP series, whereas porosity of SS and WS biochars
seems to be scarcely affected by heating rate variations. This is consis-
tent with the evident sing of melting observed in SEM micrographs of

LRR biochars reported in Fig. 5.

It is worth to be noted that WS biochars produced under fast pyrol-
ysis conditions exhibited a non-monotonous trend with the temperature.
WS 500 FP and WS 600 FP had a higher BET surface and total pore
volume than the corresponding biochars obtained in slow pyrolysis ex-
periments. This can be explained considering that during fast pyrolysis a
disruptive volatilization and a rapid shrinking of the solid phase
occurred that altered the structure of the biomass causing the coales-
cence of micropores and the formation of larger pores and cracks inside
the solid matrix. While creating larger pores from the coalescence of
micropores would reduce the internal surface area, a more open struc-
ture offers less resistance to mass transfer through the pores, thus
reducing the partial occlusion of the micropores due to the volatiles
repolymerization reactions. At 700°C the negative effect of micropores
coalescence on the biochar internal surface prevailed and the BET sur-
face decreased becoming even lower than the one of WS 700 SP.

The different chemical and structural properties of the biochars
greatly affected their electrical conductivity.

As clearly emerged from Fig. 7, all the biochars produced at 500°C
showed very low conductivity along all the investigated pressure range.
This was essentially due to the poor graphitization occurring at this
temperature consistently with the high H/C values and the low intensity
of the D peak in the Raman spectra. As temperature increased up to
600°C a considerable improvement of conductivity was observed for all
the biochars. At 600°C, the decrease of O/C and H/C ratio and the in-
crease of the intensity of the D peak in the Raman spectra denoted an
increase of carbon atoms with sp2 hybridization into polycondensed
clusters of six fold rings. The percolation model suggests that the in-
crease of conductivity could be due to the reduced distance between
conductive carbon clusters that became short enough to allow electron
hopping. At 700°C a further increase of the conductivity of about three
orders of magnitude was observed for all the biochars thus suggesting
the achievement of the percolation threshold and the formation of a
highly conductive carbon region. Biochars produced at 500 and 600°C
from different feedstocks exhibited different conductivity, whereas
those produced at 700°C had comparable electrical conductivity
regardless their origin. Results obtained in the present study for biochars
produced at 700°C, were in good agreement with the ones observed for
biochars produced at similar temperatures under slow pyrolysis
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Fig. 6. FT-IR analysis. FT-IR spectra of (a) SS SP, (b) SS FP (c) LRR SP, (d) LRR FP, (e) WS SP and (f) WS FP biochars obtained at 500, 600 and 700°C.

Table 2
Porosity analysis of SS, LRR, WS derived biochars.

Sample BET, m%/g Tot pore volume, cm®/g  Micropore volume, cm®/
g
SP FP SP FP SP FP
SS 500 5.6 7.8 0.0136  0.0313 0.0010 <107*
SS 600 5.5 8.5 0.0151  0.0387 0.0009 <107*
SS 700 8.4 10.2 0.0151  0.0413 0.0020 <107*
LRR 500  45.2 10.6 0.0560  0.0202 0.0020  0.0010
LRR 600 251.0 16.1 0.1468  0.0327 0.0860 <107*
LRR700 3158 143 0.1591  0.0288 0.1020  0.0010
WS500 26.8 329  0.0254 0.0404 <10*  <10*
WS 600 319.1 370.7 0.1487 0.1899 0.1160 0.1240
WS 700 365.6 296.2 0.1520  0.1540 0.1150  0.0970

conditions ranging between 1072 and 1 S/m [35]; however, the elec-
trical conductivity of commercial carbon black is significantly higher.
Concerning the effect of feedstock it can be observed that at 500 and
600 °C under slow pyrolysis conditions, SS derived biochars had higher
conductivity compared to the biochars obtained at the same tempera-
tures and heating rate from LRR and WS. Several mechanisms can be
invoked to clarify this result. The higher intensity of the D peak in the
Raman spectra of SS derived biochars denoted a higher number of six

fold condensed aromatic rings even though still far from being struc-
tured in ordered graphitic clusters. Moreover, the higher volatile content
of these biochars together with high O/C ratios suggest that at these
temperatures biochars are still rich in polar oxygenated functional
groups contributing to the conduction process as supported also by the
analysis of the IR spectra. Finally, considering that most of the in-
organics in SS were in form of salts it is likely that also interfacial po-
larization affected positively the conductivity of SS 500 SP and SS 600
SP.

Except for the porosity and ash content, the differences between the
biochars chemical properties decreased as the temperature increased,
and this explains the slight differences in electrical conductivity
observed in the biochars produced at 700°C.

Comparing the biochars of SP and FP series, it appears that the higher
heating rate positively affects the electrical conductivity of biochars
produced at 500 and 600 °C, although to a lesser extent than the py-
rolysis temperature. Different explanations can be given for biochars
depending on the different feedstocks. LRR biochars from FP series were
characterized by higher intensity of D peak with respect to the corre-
sponding biochars of SP series. Moreover, biochars of FP series produced
at 500 and 600°C had higher O/C ratios and more intense signals of
oxygen-based functionalities denoting a higher concentration of polar
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Fig. 7. Electrical conductivity of biochars and commercial carbon black (VULCAN® 9 N115) as a function of pressure.

oxygenated functional groups. Both these characteristics contributed to
increase electrical conductivity of biochars from FP series. In case of WS
derived biochars, given the similar Raman spectra denoting comparable
graphitization level, only the higher content of polar oxygened func-
tionalities can be invoked to explain the higher electrical conductivity of
biochars of FP series. Finally, for SS biochars of FP series the higher
electrical conductivity could be ascribed to the higher content of ash in
form of salts responsible of an increased interfacial polarization.

3.3. Composites electrical conductivity

The electrical conductivity of composites prepared with biochars
produced at 700°C under SP and FP conditions are shown in Fig. 8.
Despite the comparable electrical conductivity of these biochars, their
different origin affected the electrical properties of the corresponding
composites.

Among the biochars of SP series, LRR 700 SP produced a composite
with the highest conductivity reaching a value of about 0.02 S/m that
was one order of magnitude higher compared to that of the composites
containing WS 700 SP. SS 700 SP biochar did not lend any electrical
conducting property to the corresponding composite.

It can be postulated that differences in particle size distribution
affected the dispersion of the filler in the resin matrix. Indeed biochars,
given their different volatiles and ash content, and porosity, could be
characterized by different grindability [63,64] thus producing a
different particle size distribution after the grinding stage of the com-
posite preparation procedure. This speculation was supported by FESEM
analysis of grinded biochars (Fig. 5) that showed that coarser particles
were obtained for SS 700 SP and it is consistent with the high ash and
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Fig. 8. Composites electrical conductivity. Electrical conductivity as a function
of pressure of composites prepared with 40 wt% of biochars produced at 700 °C
under SP and FP conditions.

volatile content and low porosity of this biochar [64]. In the SS 700 SP
based composite coarser particles could form aggregates separated by a
thick polymer layer acting as an insulating barrier, thus preventing the
achievement of the percolation threshold [65]. FESEM micrographs
were not suitable to detect differences in the particle size distributions of
the other biochar samples. According to its lower volatile content, LRR
700 SP should be more grindable than WS 700 SP [64], but its high ash
content would drive in the opposite direction. The effect of the porosity
is not clear since, even though the total pore volume of LRR 700 SP is
higher than that of both WS 700 SP, LRR 700 SP was characterized by a
lower macropores volume (0.0091 cm3/g) than that of both WS 700 SP
(0.015 and 0.046 cm®/g, respectively). It can be postulated that the pore
volume distribution among micro-, meso- and macro- pores could affect
the biochar grindability with macropores playing a predominant role.

Faster heating rate during biochars preparation affected positively
the electrical conductivity of composites prepared with WS and SS
derived biochars, whereas any relevant effect was observed on the
electrical conductivity of LRR biochar based composites. Given the
comparable values of the electrical conductivity of all the biochars used
as fillers, it can be speculated that the observed differences were due to
the different grindability affecting the dispersion of biochars particles
into the resin. SEM micrographs showed finer particles in the SS 700 FP
sample than in the SS700 SP biochar, while images of the WS 700 and
LRR 700 samples were not suitable to give any indication of the differ-
ence in particle size. A dedicated work is needed in the future to clarify
this aspect.

Finally, considering the residual functional groups detected through
FT-IR spectroscopy, it is reasonable to assume that FP biochars could
interact not only through n—= stacking interaction with aromatic moi-
eties of the resin but also with polar residual functional groups [66]. This
additional interaction boosted up the conductivity promoting a more
efficient interaction of the filler network and a more homogenous
dispersion.

4. Conclusions

The results reported in the present study showed that as the pyrolysis
temperature is increased from 500 to 700°C, the electrical conductivity
of biochars increases by about seven orders of magnitude, while the
heating rate and the type of biomass have only a slight influence on the
determination of electrical conductivity, especially at high temperature,
despite the observed differences in the chemical and structural charac-
teristics of biochars.

At lower temperatures (500 and 600°C) under slow pyrolysis con-
ditions, SS derived biochars had higher conductivity compared to the
biochars obtained at the same temperatures and heating rate from LRR
and WS. The higher number of six fold condensed aromatic rings, the
higher O/C ratio indicating the presence of O in polar oxygenated
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functional groups and the higher content of inorganics in form of salts
could affect positively to the electrical conductivity of SS 500 SP and SS
600 SP. At the same pyrolysis temperatures, fast heating led to a higher
presence of polar oxygenated species resulting in a higher electrical
conductivity. Biochars produced at 700°C under both slow and fast
heating rate showed comparable electrical conductivity despite the
differences in ash content and porosity.

There are indications that both the parent material and production
heating rate of biochars influenced the electrical properties of the cor-
responding composites probably due to their influence on the grind-
ability and surface chemistry affecting the interactions between biochar
particles and epoxy resin. However, this analysis needs to be corrobo-
rated by further investigation.
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