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Abstract

The presented research aimed at finding new ways to value hemp by-products (stalks) from the cannabidiol industry through
thermochemical conversion. Chemical and elemental composition of hemp biomass was investigated by successive chemical
extractions and Scanning Electron Microscopy along with Energy-dispersive X-ray Spectroscopy. Proximate and elemen-
tal analyses completed the chemical characterization of the hemp biomass and its biochar. Thermogravimetric analysis
of the hemp biomass allowed to understand its kinetic of decomposition during thermal conversion. The carbon structure
and porosity of the biochar were assessed by Raman spectroscopy and CO, gas adsorption. Properties of interest were
the energy production measured through calorific values, and the electrical conductivity. Two ways of valorisation of the
hemp biomass were clearly identified, depending mainly on the chosen pyrolysis temperature. Hemp biochar carbonized at
400-600°C were classified as lignocellulosic materials with a good potential for solid biofuel applications. Specifically, the
resulting carbonized biochar presented low moisture content (below 2.50%) favourable for high fuel quality, low volatile
matter (27.1-10.4%) likely to show lower particle matter emissions, limited ash content (6.8-9.8%) resulting in low risk of
fouling issues during the combustion, high carbon content (73.8-86.8%) suggesting strong energy density, associated with
high higher heating values (28.45-30.95 MJ kg~!). Hemp biochar carbonized at 800—1000 °C displayed interesting electrical
conductivity, opening opportunities for its use in electrical purposes. The electrical conductivity was related to the evolu-
tion of the biochar microstructure (development of graphite-like structure and changes in microporosity) in regard with the

thermochemical conversion process parameters.
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Statement of Novelty

Most hemp carbonization processes currently focus on bio-
char for lower-value applications (e.g., soil amendment);
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higher-value applications related to solid biofuels and bio-
composites. The present study assessed the potential of
hemp valorization through pyrolysis conversion to obtain
solid biofuel and electrically conductive materials for bio-
composites. Different applications can be targeted according
to the pyrolysis intensity: solid biofuels with pyrolysis per-
formed at low intensity and electrically conductive carbon
materials through high temperature pyrolysis. Through ther-
mal conversion, hemp can be transformed into electrically
conductive materials with a very high fixed carbon content
and an organized carbon structure for potential applications
as battery electrodes, composites, and sensor applications.

Introduction

Hemp (Cannabis sativa L.) is an annual plant that grows
under various climate and soil conditions. Hemp cultiva-
tion is possible between the 25th and 55th parallel, north
and south, which represents almost every continent. Hemp
fits well in a crop rotation by providing good soil structure,
elimination of competing weeds and the ability to withstand
pests without the use of high levels of pesticides and insecti-
cides. Additionally, the required calcium and water to grow
hemp are usually found in sufficient levels naturally, and
supplementation, when needed, is relatively low [1]. The
hemp plant is quite versatile, and all parts can be used for
different applications [2]. In Slovenia and most Western
European countries, hemp is primarily grown for producing
cannabidiol (CBD) oil extracted from the flowers and leaves.
The remaining hemp by-products, i.e. the stalks, including
fibres and shives, represent about 70% of the plant’s dried
weight [1] and are likely to end up as low-value products
or waste.

Due to a fast growth rate, high amount of biomass and
promising energy output-to-input ratios, hemp is considered
a potentially valuable energy crop [3]. Hemp’s solid fuel
properties are similar to those of woody biomass (i.e., wil-
low) and higher than those of cereal straw, miscanthus and
reed canary grass grown in the same region [4]. However,
agronomical practices, such as harvesting period, have been
shown to impact hemp’s combustion-related fuel properties
[4]. In a recent review, Parvez et al. [5] identified a lack
of research on the thermochemical conversion of industrial
hemp as a major challenge that prevents the wide use of
hemp as fuel materials. Indeed, some technical challenges
linked with the intrinsic properties of raw biomass hinder
their direct use in energy production systems. Specifically,
untreated hemp biomass displays a very fibrous outer struc-
ture that poses difficulties in grinding, and then requires
additional energy for the grinding process [6]. Raw biomass
generally contains a higher moisture content and amount
of volatile matter, which reduces the thermal efficacy and
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increases air pollutant emissions [7]. Finally, biomass mate-
rials contain alkali-alkaline earth metals and halogens that
can cause fouling, slagging or corrosion issues in the boiler
during operation [8]. Recently, Nunes et al. [9] reported
that energy densification through thermochemical conver-
sion and physical densification of agricultural by-products
(coconut shells, sugarcane bagasse, cashew nutshells and
palm kernel shells) can provide suitable fuel replacements
for coal in energy production from both a logistics and heat-
ing standpoint.

Thermochemical conversion technologies such as tor-
refaction or pyrolysis (carbonization) assist in reducing
deterioration of biomass by microorganisms during storage
[10] and improve biomass fuel properties (higher energy
density, calorific value, carbon content and lower oxygen
content) [11-15]. Additionally, thermochemical conversion
has been shown to decrease the release of potentially toxic
elements by stabilizing them within the resulting solid fuel
material (e.g., biochar) [16]. Biochar is an important mate-
rial for environmental management to mitigate greenhouse
gas emissions, such as sequestration of CO, and CH,, and
ozone-depleting N,O emissions [17]. In addition, to use as
soil amendments and solid fuel, biochar materials produced
through thermochemical processes exhibit a diverse range
of interesting properties (electrical conductivity, porosity,
thermal stability, activated surface area) that make them suit-
able for innovative integration in coatings, nanomaterials
and bio-composites. For example, Wallace et al. [18] investi-
gated reinforcing bio-composites by using biochar produced
from hemp straw in E-glass fibre in a vinyl-ester polymer
matrix. Nan et al. [19] indicated that the addition of biochar
in polyvinyl alcohol/biochar composites increased tensile
modulus and storage modulus above the glass transition
temperature but reduced the tensile strength, increased the
thermal decomposition temperature of the composites, and
provided to the composites an electrical conductivity similar
to most carbon nanotube and graphene reinforced polyvinyl
alcohol composites. The electrical conductivity of biochar,
specifically, has attracted attention for the development of
batteries [20], supercapacitors [21, 22] and pressure sensor
materials [23]. Sun et al.[21] reported that bio-based carbon
from hemp hurds and bast fibres prepared via hydrothermal
processing and chemical activation showed interesting spe-
cific capacitance and high energy density with good poten-
tial for an application as supercapacitor electrodes. Specific
capacitance and capacitive retention properties were related
to the surface area and fraction of the mesopores induced by
the chemical activation. However, the influence of pyrolysis
temperature and biochar composition was not considered in
their study, and more generally the impact of the process
parameters and biochar characteristics impacting the electri-
cal properties remain poorly understood. Given the inherent
growing interest in using biomass as a renewable carbon
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material source for high-value applications, a better under-
standing of the processing parameters, such as thermochemi-
cal heating rate, pyrolysis temperature and residence time,
on the resulting properties will help further the development
of biochar from hemp. In this study, various carbonization
scenarios of hemp stalks were performed: four pyroly-
sis temperatures from 400 to 1000 °C, two heating rates
(200 °C h™" and 2000 °C h™!) and two different residence
time (30 min and 60 min). The thermal, chemical, physical,
energy and electrical properties of hemp stalks enhanced
through thermochemical process were investigated for use
in biofuel and electrical purposes.

Materials and Methods
Chemical Composition of the Raw Hemp Biomass

Hemp stalks (Cannabis sativa, dioecious Futura 75 variety)
were supplied by the VrhivSek farm (Frankolovo, Slove-
nia). The hemp plant was sown in April 2020 and harvested
on 29 September 2020. The biochemical composition, as
extractives, holocellulose, hemicelluloses, alpha-cellulose
(a-cellulose) contents and klason lignin contents, was deter-
mined by adapted literature procedures with minor modifi-
cations [24]. For each fraction determination, the following
steps were triplicated.

Extractives Content

To evaluate extractive content, 15 g of hemp stalks were
first ground and passed through different sieves to obtain
particles ranging between 0.2 and 0.5 mm. These particles
were then oven-dried at 103 °C during 24 h and succes-
sively washed in a Soxhlet extractor with acetone [Hon-
eywell 32201] (6 h), followed by toluene:ethanol mixture
(2:1; v:v) [Honeywell, 34866: Honeywell, 32294] (6 h) and
then distilled water (6 h). Between each solvent extraction
step, the washed sawdust was oven-dried at 103 °C during
24 h and weighed to determined acetone-extractives content
(Ext, %), toluene:ethanol-extractives content (Ext..;,%),
water-extractives content(ExtH,0%), and then calculated
total extractives contents according to the Eq. (1).

Ext,,, % = Ext % + EXtyy. % + Exty, 0% (1)

Holocellulose Content

To measure holocellulose content, 500 mg of extracted parti-
cles were first placed in a 100 mL flask containing 30 mL of
distilled water and heated at 75 °C. Glacial acetic acid [Carlo
Erba 524520] (0.1 mL) and 15% aqueous sodium chlorite

[Sigma-Aldrich 244155] (2 mL) were then added each hour
for 7 h. The mixture was filtered on a Biichner funnel and
the residue washed with water, Soxhlet extracted for 2 h with
ethanol and dried at 103 °C to a constant mass (M, in
mg). Hollocellulose content was calculated according to the

Eq. (2).

_ Mholo
Holocellulose(%) =
500 x (1 + Ext, %)

tot

x 100 )

Hemicelluloses and a-Cellulose Content

The dried holocellulose previously prepared was placed
into a glass covered, 250 mL glass beaker containing
10 mL of 17.5% NaOH [Sigma-Aldrich 30620-R] solution
that was maintained at 20 °C in a water bath. This mixture
was agitated with caution with a rod glass until the holo-
cellulose was soaked with the NaOH solution. After fully
soaked, 5 mL of 17.5% NaOH solution were then added
every 5 min during 15 min time period and the mixture
was left for 30 min. The mixture was then diluted with
33 mL of distilled water and kept for 1 h before filtration
on a Biichner funnel. The crude a-cellulose residue was
successively washed with 100 mL of 8.3% NaOH solu-
tion, 100 mL of distilled water, 15 mL of 10% acetic acid
solution and, finally, 250 mL of distilled water. The resid-
ual a-cellulose was dried at 103 °C to a constant weight
(M celluiose> 10 Mg). a-cellulose content was calculated
according to the Eq. (3).

acellulose

500 x (1 + Ext,,, %)

acellulose(%) = x 100 3)

The hemicellulose content was then calculated following
Eq. (4).

Hemicelluloses (%) = Holocellulose (%) — a cellulose(%)

“

Klason Lignin Content

Klason lignin content was determined by first mixing 500 mg
of sawdust with 72% H,SO, [Sigma-Aldrich 30743] (10 mL)
for 4 h at room temperature. The mixture was then diluted
with 240 mL of distilled water, heated under reflux for 4 h
and filtered. The residue of Klason lignin thus obtained was
washed with hot water and dried at 103 °C to a constant
weight (Mg, , in mg). Klason lignin content was determined
by the following Eq. (5).

@ Springer
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Klason Lignin(%) = 500 x (1 + Ext, %)
tot

x100 5)

Mineral Composition

Microscopic analysis of the non-sputtered hemp biomass
dried for 24 h at 70 °C was performed with a JEOL Scan-
ning Electron Microscope (SEM) IT500 under low vacuum
conditions along with Energy-dispersive X-ray Spectroscopy
(EDXS) [Oxford Instruments, Link Pentafet] for semi-quan-
titative determination of its elemental composition.

Hemp Biochar Particles Preparations

After harvesting, the hemp stalks (with a diameter around
1 cm) were dried at 103 °C for 72 h prior to undergoing a
carbonization process. The hemp biochar was produced by
pyrolysis of the dry hemp stalks via a Nabertherm RSRC
120-1000/13 tube furnace under an inert N, atmosphere
(the initial dry weight was measured between 52 and 58 g
depending on the batch). Four pyrolysis temperatures
(400 °C, 600 °C, 800 °C and 1000 °C) were followed, and
the influence of heating rate (200 °C h™! and 2000 °C h™')
and pyrolysis duration (30 min and 60 min) were studied.
After the carbonization process, the samples were removed
from the furnace after they cooled below 100 °C. In the
study, the samples are references as follows: P[pyrolysis
temperature]R [heating rate]T[pyrolysis duration]. Each
sample of hemp biochar stalk was then ball milled with
water medium in a MillMix 20 homogenizer. Zirconium
oxide milling bowls and balls (diameter of 15 mm) were
used at 30 Hz frequency for 5 min. The water was then evap-
orated at 103 °C until a constant mass was reached. For each
reference, the final average diameter of the particles for 90%
of the distribution (Dv90) was below 90 um.

Hemp Biomass and Biochar Analysis

For the proximate and elemental analyses and the calorific
values, the raw hemp biomass and hemp biochar samples
were ground until reaching a particle size smaller than
0.5 mm and to 100 pm, respectively, and were placed at
room conditions.

Thermogravimetric Analysis of the Hemp Biomass

Thermogravimetric analysis was performed with a LECO
TGA801 Thermogravimetric Analyzer with N, (10L min~1)
as the carrier gas to provide an inert atmosphere for pyroly-
sis with the same characteristics (heating rate, temperature
and duration) as the processing routes described for the
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production of biochar in the “Hemp biochar particles prep-
arations” section. The analysis was done directly on hemp
stalks cut at 2 cm (sample weight around 0.5 g) to represent
as much as possible the carbonization conditions occurring
in the tube furnace and to identify the kinetics of degradation
involved for the different processing routes.

Moisture, Volatile and Ash Content Determination
(Proximate Analysis)

The moisture content (MC), volatile matter (VM) and
ash contents were determined based on the methodology
described in the EN 1860-2 standard for the biochar, and
based on the NF EN ISO 18134-3, NF EN ISO 18123 and
NF EN ISO 18122 standards respectively for the hemp bio-
mass. For the three determinations, the standards recom-
mend using 1.0 g of material. However, lower amounts were
used in this study due to material availability.

For the MC, 1.0 g of raw hemp or hemp biochar sample
was heated in the oven at 105 °C until obtention of a con-
stant mass. Then samples were cooled in a desiccator and
their mass was measured and compared to their initial mass
before heating to determine the MC.

For the VM, approximately 0.5 g of the oven-dried mass
(Myyen-ariea) ©f €ach sample was heated in an electric fur-
nace for 7 min at 900 °C without oxygen. Then samples
were cooled in a desiccator and their mass was measured
(MRgesique)- The VM was calculated on a dry mass basis
according to the Eq. (6).

% 100
100 - MC
(6)
For the ash content, 0.5 g of the oven-dried mass
(Mgyen-ariea) ©f €ach sample was heated in an electric fur-
nace with air. For raw hemp samples, the temperature was
successively increased from ambient to 250 °C in 50 min,
maintained at 250 °C for 60 min, then increased from 250 to
550 °C in 60 min and was maintained at 550 °C for 2 h until
obtention of a constant mass. For biochar samples, the tem-
perature was successively increased from ambient to 250 °C
in 30 min, from 250 to 500 °C in 30 min, from 500 °C to
(710+10) °C in 60 min, and was maintained at 710 °C for
2 h until obtention of a constant mass. Then samples were
cooled in a desiccator and their mass was measured (M,,).
The ash content was calculated on a dry mass basis accord-
ing to the Eq. (7).

M pyen—dried = Mpesi
VM(%) = (100 x Oven—dried Residue _ v~
Oven—dried

Ash content(%) = [100 X

wo—mc D

M
Ash ] % 100

Oven—dried
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Fixed Carbon Determination

The fixed carbon (FC) is the carbon remaining after elimina-
tion of volatiles and ashes, calculated with the Eq. (8)

FC(%) = 100 — (Volatile content(%) + Ash content(%))
@

Elemental Analysis

Elemental analyses were carried out with an Elementa-
rVario Macro tube CHN analyzer according to the EN ISO
16948 standard for the raw hemp biomass and ASTM D
5373 standard for biochar samples. Prior to analysis, the
samples were packed in tin foil and two tests were performed
for each sample. Carbon, hydrogen and nitrogen contents
were respectively determined using the quantification of
CO,, H,0 and N, (after reduction of NO,) produced by the
combustion of the samples. Oxygen content was calculated
by difference, considering the ash content (%), as specified
in the Eq. (9).

w(0), = 100 — w(H),; — w(C),; — w(N), — Ash content(%)
)]
With w(O)d, w(H)d, w(C)d and w(N)d are, respectively,

of biochar was required to perform the calorific tests. Two
replicates minimum were analysed for each biochar material.
The higher heating value (HHV) is defined as the amount
of heat released by the unit mass of fuel (initially at 25 °C)
once combusted and returned to a temperature of 25 °C [12].
The Calorimeter automatically calculates the higher heating
value of the as-received sample HHV,,, taking into account
the correction of fuse combustion according to the Eq. (12).

Ky XEx (T, —T,) — K, XLXE,

HHV , (MJ kg™") = m

12)

With K a conversion factor (4.1855x 107° MJ cal™"); B,
the calorimetric equivalent of the calorimeter apparatus in
Cal.°C™!; T,, and T; are the maximal and initial temperatures
in °C; L is the length of the burnt platinum fuse in cm; E,,
is the platinum’s higher heating value at constant volume in
cal cm™! (=2.3 cal cm™!) and M is the mass of the sample
in kg.

The higher heating value in moisture-free (dry) basis
(HHV,;) and corresponding lower heating values at con-
stant pressure for a moisture-free (dry) sample (LHV, ;) were
calculated in accordance with CEN/TS 14918 [26] with the
Eqgs. (13) and (14).

the oxygen, hydrogen, carbon and nitrogen contents in % by gy (MJ ke = HHV, X 100 (13)
mass of the moisture-free (dry) samples. 100 - MC
LHV,,(MJkg™') = HHV,, .~ 0.212 X w(H), — 0.0008 X (w(0), + w(N),) (14)

Atomic H/C and O/C ratios of hemp and its biochar were
determined with following Eqgs. (10) and (11) [25].

Number of H atoms _ %H /1
Number of C atoms ~ %C/12

. H .
Atomic — ratio = (10)

. O . Numberof Oatoms %0O/16
Atomic = ratio = = (11)
C Number of C atoms  %C/12

Elemental analyses were duplicated for each sample
modality and all the results are given with an accuracy
of +0.20%.

Calorific Values

The calorific value was carried out according to the EN
ISO 18125 standard, using an Automated Isoperibol Fixed
Bomb Parr 6200 bomb calorimeter, under an O, atmos-
phere to ensure the complete sample combustion. Calori-
metric Equivalent (E_,) was determined before starting
experiments using benzoic acid. Approximately 0.5 g mass

With MC the moisture content of the samples in %, w(O)
d, w(H)d and w(N)d are, respectively, the oxygen, hydrogen
and nitrogen contents in % by mass of the moisture-free
(dry) samples determined in the elemental composition
analysis.

Calorific power analyses were duplicated for each sam-
ple modality and all the results are given with an accuracy
of +5.00%.

After carbonization, energy-rich components remain in
the biomass, but some energy-lean components are lost.
Hence, there is a loss in the overall energy content of the
biomass, though there is an increase in the energy density.
Energy yield defines this retention, by giving the fraction of
the original energy in the biomass retained after carboniza-
tion. The energy yield is defined by the Eq. (15).

H meb‘ har
Energy vyield(%) = Solid yield x foca

HHV (15)

f biomass

@ Springer



2272

Waste and Biomass Valorization (2022) 13:2267-2285

Electrical Conductivity

The direct current (DC) electrical conductivity of biochar
under compression was measured by the four-point method
[27] using a device fabricated at InnoRenew CoE. This
device consists of a non-electrical conducting and high-
thermal conducting polytetrafluoroethylene (PTFE) die, an
oxygen-free, high-conductivity copper base support (99.99%
copper content) and a copper piston rod. The piston moved
downward into the cylinder under an applied force controlled
by a universal test machine, Zwick Z050 [ZwickRoell]. Elec-
trical power was provided by a Keithley 2230G-30-1 tri-
ple channel DC power supply (Tektronix, Beaverton, OR,
USA) setat5 V and 1 A. Voltage was measured by a Rigol
DM3058 digital multimeter (Rigol, Beaverton, OR, USA)
and resulting current directly from the Keithley 2230G-30-1.
Conductivity was estimated according to the Eqgs. (16) and
(17), where V is voltage of the sample (volt), I is current of
the sample (ampere), 1is height of the sample (cm), A is area
of the piston cross-section (cm?).
vV

R=7 (16)

c= L
AXR

a7

Two specimens were tested for each kind of biochar and
all the results are reported here. The volume of samples was
estimated according to the Eq. (18) where: = is 3.14, r is
0.64 cm (i.e., the inner radius of the device) and 1 varies
with the applied pressure. The initial height of the sample
lies between 2.0 and 2.5 cm.

volume = [ X T X 12 (18)

Raman Spectroscopy

Raman spectroscopy analyses were performed directly
on ground hemp biochar samples with a Horiba Jobin
Yvon LabRAM HR800 Raman spectrometer coupled to
an Olympus BXFM optical microscope. Raman spectra
were recorded using a 785 nm laser excitation line, a x 50
long-working-distance objective lens and 600-grooves/mm
grating. A multi-channel air-cooled charge-coupled device
(CCD) detector was used, with integration time of 20 s and

two accumulations. A laser power at the sample surface was
in the range from 1.32 to 1.37 mW. Five Raman spectra
were collected on each hemp biochar sample. All the Raman
spectra were then baseline corrected and normalized using
the OPUS 7.0 data-collection software package (Bruker,
Germany).

Gas Adsorption Analysis

Gas adsorption analysis was performed on the raw hemp
biomass and its biochar with an Autosorb iQ-XR-AG-AG
[Quantachrome Instruments] Gas Sorption Analyzer. The
samples were degassed for 12 h at 100 °C (for the raw bio-
mass) and 250 °C (for the biochar) in vacuum prior to be
analysed with CO, adsorbate gas. The results were fitted
with NLDFT model. From this analysis, only the micropo-
rosity of the samples can be investigated (pore size below
2 nm), and the associated surface area.

Results and Discussion
Chemical Composition of Raw Hemp Biomass

Table 1 describes the content of the main chemical frac-
tions of the raw hemp biomass constituted of the whole
stalk (fibres and hurds indistinctively, with fibres repre-
senting 29-32% weight mass of the stalk [1]). Polysac-
charides represented by 70.22% of holocellulose content
(a-cellulose, 46.09%, and hemicelluloses, 24.12%) were
the most abundant components of hemp stalk, followed by
lignin (22.81%), total extractive compounds (4.14%) and ash
(2.72%) (Table 1). The chemical composition of the studied
hemp was in accordance with those found in the literature.
Specifically, Gandolfi et al. [28] found that hemp hurds were
composed of 44.0% cellulose, 25.0% hemicelluloses, 23.0%
lignin, 4% total extractives (including oil, proteins, amino
acids, pectin) and 4% ash. Xie et al. [29] found lower val-
ues of polymeric composition concerning the hemp woody
core, with 37.3% cellulose, 19.8% hemicelluloses and 12.4%
lignin. Ji et al. [30] highlighted that each hemp chemical
component showed wide ranges of composition: 32.6-57.5%
cellulose, 5.1-28.0% hemicellulose, 12.4-29.4% lignin,
1.2-7.6% ash, 3.7-20.0% extractives and others, depending
on the cultivars, varieties and harvesting area.

Table 1 Chemical composition of the raw hemp biomass (stalk containing fibres and shives)

Chemical composition (in %, oven-dried basis)

Acetone extractives Tol:Eth extractives Water extractives Total extractives Holo-cellulose Hemi-celluloses a-cellulose

Klason lignin

0.37+0.04 0.89+0.07 2.88+0.03

4.14+0.14

70.22+£0.56 24.12+£2.31 46.09+2.73 22.81+0.14
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The successive extraction processes showed that the ace-
tone, toluene:ethanol and hot-water extractive contents were
0.37%, 0.89% and 2.88% (dry basis, from the starting raw
material), respectively, reaching a total extractive content of
4.14%. Gutiérrez et al. [31] report the compounds that can
be found in the extractives from Carmagnola hemp hurds:
acetone-CH,Cl, extractives (1.7% of the starting material)
are mainly composed of lipids, which consist mainly of fatty
acids, alkanes, aldehydes and sterols; among them phenols,
clionasterol, phytosterol and coumarin phenolic compounds

88Pa [G1x200

Fig.1 SEM micrographs of dry non-sputtered hemp a, b 40-times
magnified, ¢ 200-times magnified and d 500-times magnified. On
marked areas, EDXS was performed; circle marks are mostly organic

and hot-water extracts (1.6% of the starting material) show
the presence of proteins, free amino acids and pectin [31].
Toluene:ethanol extract from hemp hurds (3.5% from the
starting raw material) were found to contain mainly extract-
able waxes, fats and resins [32].

Among the three biomass components, lignin is the
most stable, and Burhenne et al. [33] identified it as a key
component of the thermochemical decomposition process.
These authors observed a slower thermochemical decompo-
sition when lignin content is increased, and the amount of

50 ym
\ il

material, square marks are material consisting of elements with a
higher atomic number than carbon

Table2 Average elemental and
mineral compositions of the

raw hemp biomass according to
EDXS analysis performed on
the marked areas in Fig. 1

Element (0] C Ca K Al Cl
White spots (min—max) White square 64.9-71.3 22.5-264 0.5-11.8 0.5-0.7 0.04-1.5 0.06-0.3
Grey areas (min—max) White circle 71.0-72.4 26.2-27.1 0.1-1.3 0.2-1.6 0.05-0.06 0.05-0.2
Element Mg S P Si Fe Na
White spots (min—max) White square 0.1-0.9 0.04-0.08 0.06-0.5 1.4* 2.0% 1.1*
Grey areas (min—max) White circle 0.1-0.2 0.04-0.09 0.03-0.1 0.02* - 0.06*

*Only one detection of the element
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gas product was reduced [33]. Demirbas et al. [34] found a
positive correlation between the increase of lignin content
in lignocellulosic fuels and their HHV. As a comparison,
the lignin content of studied hemp stalk is similar to those
of other lignocellulosic biomasses used in energy conver-
sion by torrefaction or carbonization, such as wheat straw
(45.20% hemicelluloses, 33.82% cellulose and 20.98%
lignin), waste materials (31.42% hemicelluloses, 44.21%
cellulose and 24.37% lignin), beech wood (31.86% hemi-
celluloses, 46.27% cellulose and 21.87% lignin) and hard-
wood (32.26% hemicelluloses, 45.85% cellulose and 21.89%
lignin) [34]. Hemp then appears as a promising candidate
for thermal conversion.

Figure 1 shows SEM micrographs of dry non-sputtered
hemp stalk biomass. EDXS was performed and elements
in marked areas were quantitatively analyzed. While white

circles mark mostly organic material in grey areas, white
squares mark white spots where material consists of ele-
ments with a higher atomic number than carbon. Table 2
reports the average elemental composition of the raw hemp
biomass in the two distinct marked areas. Besides carbon
and oxygen that were expected as main elements in cellu-
lose, hemicellulose and lignin, other elements (Ca, K, Al,
Cl, Mg, S, P, Si, Fe, Na) were detected in various concen-
trations. The presence of these elements is explained by
hemp plants absorbing both macronutrients (N, K, Ca, P,
Mg, S) and micronutrients (Mn, Cu, Zn, Mo, B, Na, Co Fe,
Ni, Al) during growth in different concentrations, depend-
ing on the plant organ that is considered (leaves, bark or
core) and cultivar type [35]. Since the EDXS detects ele-
ments from a certain volume, i.e., also below the surface
(up to 10 um), a portion of the elements identified in the
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Table 3 Thermochemical

. Stage 11 Stage 111 End

characteristics of hemp stalks

in each step for the different Sample reference Thax CC) DTG, WL (%) Thu (°C) DTG, WL (%) WL (%)

processing routes (% °C™ (% °C™)
P400-R200-T30 262 0.48 15.29 313 0.75 43.33 66.97
P600-R200-T30 266 0.46 16.83 314 0.87 44.25 79.58
P800-R200-T30 258 0.47 11.65 313 1.03 41.48 89.17
P1000-R200-T30 258 0.44 13.28 316 0.87 44.69 99.68
P600-R2000-T30 335 0.35 14.06 406 0.93 59.78 78.70
P800-R2000-T30 339 0.36 16.14 396 0.76 52.24 80.56
P1000-R2000-T30 337 0.35 17.71 394 0.96 57.54 88.27
P600-R2000-T60 335 0.33 13.70 390 0.81 46.80 81.34
P800-R2000-T60 339 0.36 15.92 393 0.79 50.21 85.51
P1000-R2000-T60 338 0.34 15.98 403 0.81 56.90 93.71
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white spots can be attributed to the organic compound
below them, and vice-versa for the grey areas.

Thermogravimetric Analysis of Hemp Stalk During
Thermochemical Conversion

The thermograms of the hemp stalk undergoing the different
carbonization processing routes are presented in Fig. 2 and
the thermochemical characteristics are reported in Table 3.
For better visibility, the thermograms of samples that under-
went carbonization with 60 min of pyrolysis temperature
were not drawn. Biomass pyrolysis results in a series of
complex reactions, where components degrade quasi inde-
pendently, the composition of biomass having predominant
influence compared to the interactions among the compo-
nents [36].

When the temperature increases, a successive decrease of
moisture content, hemicellulose and cellulose occurs, after
which lignin is decomposed slowly to a minor extent [36].
Prior to undergoing carbonization, moisture was removed
from the hemp stalks by drying them for 72 h at 103 °C
(Stage I). The mass loss corresponding to the first mass loss
observed in Fig. 2 can be attributed mainly to the super-
position of the decomposition of hemicellulose that occurs
between 220 and 315 °C, and the decomposition of cellulose
between 315 and 400 °C [37]. The maximum mass loss rate
(Table 3) associated with the decomposition of hemicellu-
lose (Stage II) was recorded between 258 and 266 °C for
the lower heating rate (200 °C h™!) and between 335 and
339 °C for the higher heating rate (2000 °C h™"). Similarly,
the maximum mass loss rate associated with the decomposi-
tion of cellulose (Stage III) was recorded between 313 and

316 °C for the lower heating rate (200 °C h™!) and between
390 and 406 °C for the higher heating rate (2000 °C h™1).
The decomposition of hemicellulose and cellulose was then
shifted to higher temperatures when the heating rate was
increased. This shift might be due to the heating through
the surface happening in the tube furnace (as opposed to a
volumetric heating which would occur with microwaves).
Hence more time is needed for the material to fully heat
onto the chosen temperature, and for the chemical reactions
to take place. Similar thermal degradation kinetic tendency
was observed during the pyrolysis of pure cellulose, hemi-
cellulose and lignin fraction [38]. Moreover, the degradation
kinetics and weight losses for Stage II and Stage III are dif-
ferent depending on the heating rate (Table 3). The heating
rate then influenced the type of degradation products. Dur-
ing Stage II, weight loss varied between 11.65% and 17.71%.
The hemicellulose content of the raw hemp biomass was
found to be 24.12% in the previous section, indicating that
some hemicellulose residues are still present at the end of
Stage II. Yang et al. [37] found about 20% solid residue of
hemicellulose at 900 °C, which is in accordance with the
highest hemicellulose weight loss of this study. During Stage
III, weight loss varied from 41.48 to 59.78%. Knowing that
the a-cellulose content was found to be 46.09%, and that
Yang et al. [42] observed a low residual cellulose residue
of 6.5% at 900 °C, the weight loss observed during Stage
III probably included subsequent degradation of hemicel-
luloses and lignin besides cellulose. The decomposition of
lignin was not evident from the observation of the curves
since it was spread on a large temperature range (from 160
to 900 °C [37]) with a low mass-loss rate. The final mass
residue decreased when the carbonization temperature

Table 4 Composition of the

. o Sample reference
hemp biomass and its biochar

Proximate analysis (wt %)*

Elemental analysis (%)**

FC Moisture ~ Ash VM C H N O H/C 0O/C
Hemp biomass 252  6.76 2.7 721 456 62 03 452 1.63  0.74
P400-R200-T30 66.1 2.50 6.8 27.1 73.8 38 0.6 149  0.61 0.15
P600-R200-T30 826 225 6.5 109 868 20 08 37 027  0.03
P800-R200-T30 855 202 6.7 7.8 89.1 07 09 25 0.10  0.02
P1000-R200-T30 857 226 8.9 5.5 873 03 1.3 20 005 0.02
P600-R2000-T30 78.8 1.89 9.8 11.6 838 1.8 07 39 026  0.03
P800-R2000-T30 83.8 238 8.4 7.9 875 06 09 22 0.08  0.02
P1000-R2000-T30  81.9  2.27 103 79 87.8 0.2 1.1 0.1 0.03  0.00
P600-R2000-T60 79.8  2.08 9.7 104 845 1.8 08 29 026  0.03
P800-R2000-T60 84.7 1.65 1.7 7.6 879 09 1.1 2.2 0.12  0.02
P1000-R2000-T60  79.6  2.30 11.3 9.1 86.7 0.2 1.1 0.3 0.03  0.00

*Dry mass basis. FC results are given with an accuracy of +0.20%, Moisture contents are given with an
accuracy of +0.20%, Ash contents are given with an accuracy of +5.00% and Volatile contents are given

with an accuracy of +1.00%

**Dry mass basis. Each analysis has been duplicated and all the results are given with an accuracy

of +0.20%
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increased, and the higher heating rate led to a lower final
weight loss. Additionally, the higher the considered car-
bonization temperature, the lower the final weight loss (at
600 °C, the weight loss is 1.1% lower for the samples heated
at 2000 °C h™! vs 200 °C h™!, and at 1000 °C, the mass
loss is 11.4% lower). Yang et al. [37] report that lignin solid
residue after pyrolysis at 900 °C was the highest, around
45.7 wt %. This value is in accordance with the solid residue
observed in this study at 800 °C.

Evolution of the Elemental Composition Through
Carbonization Process

The elemental analysis (Table 4) showed that the hemp bio-
char had a higher concentration of carbon (C) and lower con-
tent of oxygen (O) than the raw feedstock material. The raw
hemp is composed of 45.6% carbon, 45.2% oxygen, 6.2%
hydrogen and 0.3% nitrogen, on a feedstock-dried basis. Our
results are consistent with those issued from the literature,
highlighting that C content of raw hemp biomass varies from
45 to 49% [4], O from 39 to 45% [4], H from 5.6 to 6.2% [4],
N from 0.3 to 1.3% [4]. The oxygen and hydrogen composi-
tion of hemp is similar to other energy crops (cereals, mis-
canthus, reed canary grass) [4], and the high carbon content
suggests a strong energy density. Past literature suggests that
the higher the C percentage, the higher the HHV, regard-
less of the raw lignocellulosic materials [39]. This relation-
ship is considered to occur, as C and H are responsible for
the energy content in biofuels, due to exothermal reactions
that take place with O, during combustion, generating CO,
and H,O, respectively [40]. The carbon content of hemp-
derived biochar increased with the increasing carbonization

Fig.3 Van Krevelen diagram 1,60
for hemp biomass and its
biochar

1,00

H/C (%)

0,80

temperature up to 800 °C. No significant improvement in
carbon content was found when carbonizing to 1000 °C.
The contents of hydrogen and oxygen decreased continu-
ously from 400 to 1000 °C. Then increasing the carboniza-
tion temperature up to 800 °C increased the fuel quality in
terms of energy density. The amount of nitrogen (N) in solid
biofuel is important because this element can form gase-
ous nitrogen oxide pollutants NO, [13]. The N content in
the hemp feedstock material was 0.3% and increased with
an increase of the carbonization temperature of the bio-
char, reaching a maximum of 1.3% for the sample P1000-
R200-T30. Askeland et al. [41] showed a similar tendency
concerning the nitrogen content increase for pyrolysis of
pine wood (N=0.15%), from 350 °C (N=0.25%) to 750 °C
(N=0.56%). However, their research indicated that nitrogen
was not affected by higher pyrolysis temperature when car-
bonizing straw. Yousaf et al. [16] observed that the nitrogen
content of peanut shells and wheat straw biochar decreased
with increasing carbonization temperature (300 °C, 500 °C,
700 °C). In fact, the nature of the feedstock was the main
factor affecting nitrogen evolution during the pyrolysis pro-
cess. Due to the varied biochemical composition of each
biomass, even within the same type of biomass, the trends
of the N transformation according to pyrolysis severity is not
obvious [42]. In general, lipid and protein-rich biomasses
produce biochar with low yield, resulting in less retention
of N in biochar. On the other hand, carbohydrates such as
lignin, cellulose and hemicellulose favor the production of
biochar [43]. The higher content of carbohydrates can also
promote the retention of more N in biochar [44].

The H/C and O/C atomic ratios are indicators of the
degree of aromaticity and carbonization. Hemp feedstock
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biomass presented much higher ratios of H/C and O/C than
biochar (Table 4), as reported in the literature [45]. The H/C
and O/C ratios of the hemp biochar decreased with increas-
ing carbonization temperature. A higher heating rate tended
to decrease the H/C ratio at a given temperature. Variations
in H/C and O/C ratios were too low to conclude the influ-
ence of the pyrolysis duration on the atomic ratios. The Van
Krevelen diagram (H/C vs O/C ratios) was plotted in Fig. 3.
The results indicated that both ratios decreased when the
temperature increased, and that the biochar carbonized at
1000 °C showed the lowest values for both ratios. Losses
in hydrogen and oxygen are linked to the breakage of large
hydrocarbon molecules of biomass during the carbonization
to form smaller molecules like water, dihydrogen, carbon
monoxide and dioxide and other gaseous light hydrocarbon
CH,O, compounds besides solid carbon. Besides the loss
of hydrogen and oxygen in the volatile matter, Shafizadeh
et al. [46] suggested that a more aromatic carbon structure
of biochar results at higher pyrolysis temperatures, which
explains the decrease in the H/C ratio, as observed in this
study. These authors [46] reported that the mainly aliphatic
carbon structures in the polymer units of cellulose changed
after pyrolysis to a mix of aliphatic, alkene, aromatic, car-
boxylic and carbonyl carbon structures. Wyn et al. [45] asso-
ciated energy densification in the biochar samples with the
loss of compounds containing hydrogen and oxygen during
the pyrolysis process.

Chemical Characterization: Hemp Biomass
and Biochar

The proximate compositions—fixed carbon (FC), moisture,
ash content (ash), volatile matter (VM)—of the raw hemp
biomass and its biochar are presented in Table 4. Moisture
content decreased from 6.76% for the hemp feedstock to
1.65-2.50% for the hemp biochar. Water is retained in bio-
mass by hydroxyl and hydrophilic groups. When biomass is
decomposed, adsorption sites are reduced and water evapo-
rates [14]. The moisture content hinders the combustion and
influences the volume of flue gas produced per energy unit
[14]. Thanks to the diminution of moisture content brought
by the carbonization process, the quality of biochar as solid
biofuels increased compared with initial hemp feedstock.
Native hemp stalks were composed of 25.2% FC, 2.7%
ashes and 72.1% VM. Similar proximate compositions were
found by Kraszkiewicz et al. [47] and Wallace et al. [48]
who highlighted that Cannabis sativa hurds have VM and
FC around 69.66% and 18.8%, respectively, and ash contents
varied from 0.9 to 2.51%. Other literature reports more scat-
tered values as FC (8.9-10.3%wt) [49], VM (87.5-87.9%wt)
[49], ash (2.2-3.2%wt) [49], showing that the proximate
composition of raw hemp greatly varies depending on the
species [35] and the growing area and processing (retting

and decortication) of the plant [49]. We observed a clear
augmentation of the FC content (from 66.1 to 85.5%) when
the temperature was increased from 400 to 800 °C, with
no significant change with further increased temperature.
The higher heating rate led to a relatively small decrease
in the FC. Increasing the carbonization duration from 30
to 60 min did not have a significant effect on the FC. The
VM of a fuel is the condensable and non-condensable vapor
released when the fuel is heated. The removal of VM during
pyrolysis pretreatment produces biochar that is expected to
show lower particle matter emissions. Indeed, recent studies
demonstrated that carbonized biomass emits less particle
matter compared with raw biomass [7, 50]. As highlighted
by TGA, the types of degradation products differ with the
heating rate, which explains the observed differences in VM.
For the samples treated with a heating rate of 200 °C min™!
for 30 min, VM decreases according to the temperature
level increase (from VM =27.1% for the P400-R200-T30
sample to VM =5.5% for the P1000-R200-T30 sample). At
mild temperature (600-800 °C), the increase of heating rate
undergoes a decrease of VM. On the other hand, samples
heat-treated at 1000 °C present an increase in VM accord-
ing to the increase of heating rate. Similar tendencies are
observed concerning the impact of the pyrolysis duration.
At 600 °C, a prolonged pyrolysis duration tended to slightly
decrease the VM, leaving more time for the degradation of
components to happen and escape as gaseous reaction prod-
ucts. According to the literature, the longer the residence
time, the higher the carbon content as larger quantities of
volatile matter are being released [55]. However, for the
samples treated at 800 °C and 1000 °C, with a heating rate
of 2000 C min~!, a prolonged pyrolysis duration tended to
increase the VM. According to the literature, rapid pyrolysis
(high heating rate) results in more VM than a low pyroly-
sis-heating rate [56]. VM mainly consists in heavy com-
pounds with a high C/H ratio. Mermoud et al. [51] showed
that pyrolysis performed with a low temperature and a high
heating rate undergoes a rapid increase of pressure into the
biomass particle and an explosive release of gases leading
to a rapid formation of VM. In contrast, a high pyrolysis
temperature coupled with a high heating rate increases the
occurrence of polymerization of volatiles within the biochar
[56], leading to a low amount of VM produced during ther-
mochemical degradation. These secondary reactions take
place upon contact with the biochar and generate lighter
compounds with a lower C/H ratio, re-forming charcoal at
the surface of the solid. The char yield is then increased
compared to rapid pyrolysis. Above 800 °C, the decline in
VM was proportionally lower and constant, indicating the
formation of the most stable carbonaceous compound in
terms of material loss [52]. Other studies have also shown a
similar correlation for other materials where a rapid initial
decline in yield was present at lower temperatures, followed

@ Springer



2278

Waste and Biomass Valorization (2022) 13:2267-2285

by a smaller and constant reduction at higher temperatures
[53, 54]. Liu et al. [14] underlined an easier control of the
combustion process when using fuel with lower VM content.
This result implies for our study that biochar produced at
pyrolysis temperature up to 800 °C for both heating rates
are the most suitable for solid biofuel application as they
had the lowest VM.

The ash content reflects the mineral matter in the sam-
ples. The EDXS analysis identified the presence of Ca, K,
Al, CI, Mg, S, P, Si, Fe and Na elements in the raw hemp
biomass of this study. The major ash-forming elements are
reported to be Ca, K, Mg, Al, Fe, Mn and Na [4]. Either
the variety, location or year of culture do not significantly
affect their amount in the plant [4]. However, the ash con-
tent of hemp biomass is dependent on the harvesting date
[4]. Indeed, a decrease in the content of ash-forming ele-
ments with a delay of harvest has been reported [4], due to
the nutrient losses from the plants' leaves that wither and
fall and wash-out effects by precipitation. In this study, the
observed ash content for the hemp feedstock (2.7%) is lower
than values reported in the literature for summer- or autumn-
harvested hemp (6.6—8.6%) [4]. This lower content could be
explained by stalk being harvested during the spring season.
Past research found that the ash content of hemp was con-
siderably lower during spring than those of hemp harvested
during winter or autumn seasons [4]. Concerning hemp bio-
char, ash contents varied between 6.5 and 11.3%. The ash
content increased slightly (in most cases) with increasing
carbonization temperature, regardless of the heating rate or
carbonization duration. The ash content increase with the
increasing carbonization temperature can be explained by
the concentration of inorganic minerals and the formation
of their oxides and carbonates. Fouling issues during the
combustion process can be expected from a high ash content

[8]. This phenomenon should be considered when selecting
process parameters for the thermochemical conversion of
hemp.

Energy Properties of Hemp Biomass and Biochar

The higher heating values (HHV) and lower heating
values (LHV) of the hemp biomass and biochar are
reported in Table 5. HHV reflects the combustibility of
solid fuels. Since the moisture slightly varies from one
sample to another, the moisture-free values of HHV and
LHYV are used for the comparison. In this study, HHV
and LHV ; of hemp raw biomass are 18.77 MJ kg™! and
17.50 MJ kg~!, respectively. Past research reported values
for HHV of hemp ranging from 17.9 to 19.1 MJ kg~!,
depending on year, location of cultivation and harvest-
ing period [4], which is in accordance with the data of
this study. For a given hemp biochar sample, HHV ; and
LHV ; values are very close since H, O and N atomic
contents are low. HHV ; increased with the carboniza-
tion temperature from 18.77 to 28.45 MJ kg~! and to
30.95 MJ kg~! for biochar carbonized at 400 °C and at
600 °C respectively. Yousaf et al. [16] also observed an
increased energy content HHV with an increase in pyroly-
sis temperature and reported maximum HHYV values at
28.79 +0.34 MJ kg~! and 24.07 +0.35 MJ kg~! for peanut
shell and wheat straw biochar produced at 700 °C, com-
pared to 18.10+0.27 MJ kg~! and 15.54 +0.28 MJ kg~!
for their corresponding feedstocks. By performing a
pyrolysis process under a temperature of 500 °C, Raveen-
dran and Ganesh [55] showed that HHV of coir pith, corn
cob, groundnut shell, rice husk and wood improved from
19.5 to 25.0, from 16.1 to 28.6, from 19.8 to 27.4, from
20.0 to 44.2 and from 20.0 to 24.1 MJ kg™!, respectively.

Table 5 Energy recovery, calorific values, carbon structure (by Raman Spectroscopy) and surface area (SA) (by CO, absorption) of the hemp

biomass and its biochar

Sample reference Energy recovery Calorific values Carbon structure Surface
Solid yield (%)  Energy yield (%) HHV, LHV, MJkg™)) D-band G-band Ip/l; SA@m’g™)
(M kg™)
Hemp biomass 100 100.00 18.77 17.50 - - - 93
P400-R200-T30 41 62.14 28.45 27.64 - - - 301
P600-R200-T30 29 31.55 30.95 30.52 1317 1579 1.41 478
P800-R200-T30 34 33.27 30.29 30.14 1306 1583 1.57 726
P1000-R200-T30 36 34.66 29.16 29.10 1298 1593 1.73 444
P600-R2000-T30 28 29.41 30.63 30.24 1312 1584 1.37 517
P800-R2000-T30 28 26.67 29.18 29.05 1307 1590 1.58 756
P1000-R2000-T30 27 25.72 27.80 27.75 1302 1587 1.85 524
P600-R2000-T60 27 29.32 30.19 29.80 1321 1582 146 420
P800-R2000-T60 38 36.54 29.03 28.85 1301 1587 1.68 590
P1000-R2000-T60 28 28.06 29.09 29.05 1305 1594 175 233
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They also analysed the influence of pyrolysis on an iso-
lated fraction of cellulose, lignin and xylan, showing that
HHYV was improved from 11.7 to 32.4, from 24.1 to 33.3
and 30.4 to 32.3 MJ kg~!. Demirbas [56] reported that
the HHV of lignin was higher than the ones of cellulose
and hemicellulose due to their higher degree of oxida-
tion. Above 800 °C, there was a slight decrease in HHV
and LHV ;. This thermal efficiency seemed to slightly
decrease for a higher heating rate or a longer pyrolysis
duration. To ensure auto-thermal combustion, a solid fuel
should have an HHV value higher than 20 MJ kg_l [13].
The biochar produced with all the processing routes con-
sidered in this study are then able to satisfy this require-
ment though. The literature reports that low H/C and O/C
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600 °C and above, the energy yield was close to 30%,
whatever the heating rate or residence time. These find-
ings allow classifying hemp biochar (400—600 °C) among
the lignocellulosic materials with a good potential toward
energy conversion.

Electrical Properties of Hemp Biochar

The electrical conductivity of the biochar was measured
under compression. The results are plotted versus pressure
applied on the biochar particles (Fig. 4) and versus density
of the compacted biochar particles (Fig. 5). The plots for
the biochar produced at 400 °C were not displayed as these
samples did not have any measurable electrical conductivity
at any compaction density. The hemp biochar produced at
600 °C displayed a weak electrical conductivity (0.01 S m™)
for the best cases at pressures higher than 5 MPa and asso-
ciated density higher than 0.6 g cm™, and therefore is not
drawn on the figure for clarity. The results of the conductiv-
ity tests indicated that higher pyrolysis temperatures resulted
in higher biochar electrical conductivity for a given pressure
or density. Shao et al. [58] similarly began to measure DC
electrical conductivity of chars sheets from microfibrillated
cellulose/lignosulfonate precursors for carbonization tem-
peratures higher than 600 °C, and observed a linear increase
of conductivity between 700 and 1000 °C. The electrical
conductivity of the hemp biochar at a given temperature
increased with the applied pressure and density, as the con-
tact between particles increased and the inter-particle resist-
ance to the electrical charge transport decreased. Moreover,
the variation in conductivity decreased with the increase
of pressure. The hemp biochar produced at 600, 800 and
1000 °C contained more than 83.8% of carbon (measured
by elemental analysis, see Table 4). However, the electrical
conductivity cannot be only related to the carbon content
since this one was stable or decreased above 800 °C while
the conductivity was clearly superior for biochar carbonized
at 1000 °C.

The CO, gas adsorption analysis gave access to the sur-
face area associated to the microporosity (pore size below
2 nm) of the raw hemp biomass and its biochar (Table 5).
For a given heating rate (200 °C h~! or 2000 °C h™!), the
surface area associated to microporosities substantially
increased with increasing carbonization temperature up to
800 °C, and drastically decreased at 1000 °C (Table 5). For
the same carbonization temperature, the microporosity was
higher for the higher heating rate. This microporosity is
believed to be due to the evacuation of volatile matter (VM)
during the thermochemical process. Indeed, measured sur-
face area concurrently increased with the amount of evacu-
ated VM. At a given heating rate (2000 °C), when residence
time was increased from 30 to 60 min, the microporosity
decreased for a given temperature, with the magnitude of the
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drop increasing with increasing temperature (ratio of micr-
oporosities after 30 and 60 min was 1.23 for 600 °C, 1.28 for
800 °C and 2.25 for 1000 °C. These observations translate a
rearrangement of the biochar microstructure along with an
extended duration of the thermochemical conversion.

The Raman spectroscopy was used to evaluate the devel-
opment of graphite like microstructures, since this technique
is highly sensitive to sp2 carbon structures [59, 60]. The
Raman spectra of the biochar carbonized at 400 °C did not
display any identifiable peak (Raman spectrum not shown).
For all biochars carbonized at 600 °C and above tempera-
tures, two main peaks were identified in the Raman spectra
placed at 1579-1594 cm™! (G band) and 1298-1321 cm™!
(D band) (see Fig. 6). The presence of the 2D band (between
2500 to 2900 cm™") related to the interaction of stacked gra-
phene layers is not visible. Escribano et al. [61] reported that
a strong and narrow 2D band in the spectra is representative
of an ordered carbon material, while has a weak and broad
2D band characterized a carbon material with extensive dis-
order or very small crystal size. In our case, the absence of
2D band combined with the presence of distinct G and D
bands suggested an intermediate structure between ordered
and disordered crystals. The structure of activated carbon
was similarly described as intermediate with a lack of 2D
peak but fairly narrow D and G peaks [61]. The G band is
related to the sp2 bonded carbon structures [61] and rises in
highly ordered carbon structures such as graphite, whereas
the D band is related to the disorder around sp2 carbon, such
as defects, distortions and edges in the crystal structure [62].
Even if the D band is associated with the extent of defects,
this band appears in the presence of ordered carbon struc-
tures (aromatics with more than 6 fused benzene rings [63]).
The elemental analysis suggested that biochar produced at
higher pyrolysis temperatures had a more aromatic carbon
structure, highlighted by the decrease in the H/C ratio. The
H/C ratio dropped from 0.61 for the biochar produced at
400 °C, to 0.26-0.27 for the biochar produced at 600 °C,
where the D-band started to be visible. The ratio between
the intensity of the D band and the G band (I,/I;) (Table 5)
was used to compare the structure ordering of the hemp bio-
char, as commonly described in the literature for studying
the highly ordered carbon materials [60, 64]. However, care
should be taken when interpreting the Raman spectral data
for these highly disordered “non-graphitizable” carbons [59]
and the Iy/I; ratio cannot be directly compared to the results
that can be obtained for highly ordered carbon materials
[63]. Our results (Table 5) indicated a clear increase of the
/I ratio with the increase of the carbonization tempera-
ture, with no significant influence of the chosen heating rate
or residence time on the ratio. Such an increase (Ip/Ig from
2.6 to 3.8) was previously reported [58] for microfibril-
lated cellulose/lignosulfonate biochar produced from 400
to 1000 °C, with a stabilization of the ratio for temperatures
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Fig.6 Raman spectra of car-
bonized biochar samples. The
light greys rectangles indicate
the characteristic G and D bands
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above 1000 °C. Other authors [59, 63] report an increase of
the I;,/1 ratio for biochar from various biomasses (Victorian
brown coal, sucrose, harakeke, radiata pine wood) carbon-
ized from 400 to 1000 °C. This increase was attributed to
the rise of defects or growth of edge bonded graphite-like
structures, revealing a bigger concentration and/or size of
aromatic clusters towards graphene-like networks [59, 63].
Moreover, the hemp biomass precursor is rich in oxygen
(45.2% see Table 4), with 0.1 to 2.0% remaining after car-
bonization at 1000 °C. The presence of oxygen is partly
responsible for defects observed in the graphite-like struc-
ture. Indeed, it has been shown [65] that introduction of
oxygen through high pressure oxidation changed an easily
graphitizable carbon material to a non-graphitizable one.

I ! I

2500 2000 1500 1000

Raman shift (cm™)

The G band position was found to blueshift toward higher
frequencies when the carbonization temperature increased,
whereas the D band tended to move towards lower positions
(see Table 5). The G band position is reported to be strain-
related [66]. During the thermochemical treatment, aromatic
clusters become larger and their graphite-like structure
increase, so they enter in collision, get more compressed and
eventually merge with surrounding clusters within a limited
volume [59]. The G band blueshift might then indicate the
growth of ordered carbon clusters. Similarly, the redshifting
D band position can be interpreted as reflecting the increas-
ing tensile strain related to the near-edge structures [66] and
provides information about the most common types of near
edge structures that can be found around the ordered carbons
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[59]. Hence, the D band position of the biochar produced at
600 °C (1312-1321 cm™Y) is close to the D band position
of synthetic graphite (around 1316 cm™') [59], suggesting
that the edges become similar to those occurring in graphite.
With a temperature increasing to 800-1000 °C, the D band
position moves to 1298-1307 cm™!, indicating a fullerene-
like more pronounced curvature of the edges (fullerene D
band position close to 1300 cm~! [67]).

The electrical conductivity is strongly related to the
microstructure of the hemp biochar, that evolves with the
temperature of the thermochemical process. Below 600 °C,
amorphous phases predominate in the carbon structure (D
and G bands not identified by Raman spectroscopy). Moreo-
ver, the microporosity increases due to the evacuation of vol-
atiles, and prevents the electrical charge transport because
of the intra-particle resistance. In consequence, the DC con-
ductivity was not detected. Between 600 and 800 °C, the
VM stabilized (VM was measured between 7.6 and 11.6%,
see Table 4) and the surface area linked to the presence of
microporosities was the highest at 800 °C. The amorphous
phase decreased (apparition of D and G bands in the Raman
spectra), and the defected graphene structures grew and
became denser, with increasing I/ ratio and observed
shifts of D and G bands. The contact between defected gra-
phene structures upon a percolation threshold allowed elec-
tron’s mobility and the detection of electrical conductivity
that increased with the compaction of defected graphene
clusters. Between 800 and 1000 °C, graphite-like structures
keep growing and packing (increasing /I ratio), intensify-
ing electrical pathways. Simultaneously, the rearrangement
of the microstructure was associated to a strong decrease in
microporosities, lowering the intra-particles resistance and
further increasing the DC conductivity.

Conclusions

The presented research investigated the thermal, chemical,
physical, electrical and energy properties of hemp stalks
enhanced through thermochemical conversion for renew-
able energy applications. Influence of the thermochemical
conversion processing parameters such as pyrolysis tempera-
ture, heating rates and residence time was studied in regard
with the properties of interest related to fuel and energy
applications. The chemical composition of the hemp stalks
showed lignin content similar to those of other lignocellu-
losic biomasses used in energy conversion by torrefaction or
carbonization, which placed hemp as a promising biomass
for the thermochemical conversion. Two ways of valorisa-
tion of the hemp biomass were clearly identified, depending
mainly on the chosen pyrolysis temperature. Hemp biochar
carbonized at 400-600 °C were classified as lignocellulosic
materials with a good potential for solid biofuel applications.

@ Springer

Specifically, the resulting carbonized biochar presented low
moisture content (high fuel quality), low VM content (so
likely to show lower particle matter emissions), limited ash
content (low risk of fouling issues during the combustion),
high carbon content (suggesting strong energy density) asso-
ciated with fairly high HHVs and optimized energy yield.
Hemp biochar carbonized at 800-1000 °C displayed inter-
esting electrical conductivity, opening opportunities for its
use in electrical purposes. The electrical conductivity was
related to the evolution of the biochar microstructure (devel-
opment of graphite-like structure and changes in microporo-
sity) in regard with the thermochemical conversion process
parameters. The thermochemical conversion of hemp bio-
mass is believed to present a relatively simple and easy-
to-scale-up method to value hemp by-products from CBD
industry. Indeed, hemp stalks collected after harvest would
not need a specific pre-processing step, besides drying, prior
to undergoing carbonization and fit well as a suitable fuel
product. Further investigation into additional activation steps
is necessary, however, to fully develop the carbonized hemp
for some specific electrical applications (e.g., supercapacitor
electrodes).
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