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Abstract

Hemp (Cannabis sativa L.) is a high-yielding crop cultivated for fiber and seed production,
generating substantial lignocellulosic residues such as hurds. These byproducts can be
valorized through pyro-gasification, a thermochemical process that offers a sustainable
alternative to combustion and produces biochar—a promising soil amendment due to
its ability to enhance soil quality and mitigate drought stress. This research explores the
viability of utilizing industrial hemp hurds as a direct feedstock for biochar production
within the context of agricultural exploitation. The study specifically focuses on assessing
the feasibility of converting raw, unprocessed hemp hurds into biochar through pyrolysis.
A comprehensive characterization of the resulting biochar is conducted to evaluate its
properties and potential applications in agriculture, establishing a foundational under-
standing for future agronomic use. Specific analysis included proximate and ultimate
analysis, thermogravimetric analysis (TGA), SEM-EDS, and phytotoxicity testing. The
biochar exhibited an alkaline pH (>9), a low H/C ratio (0.37), and suitable macro- and
micronutrient levels. Microstructural analysis revealed a porous architecture favorable for
nutrient retention and water absorption. Germination tests with corn (Zea mays L.) showed
a germination index above 90% for substrates containing 0.5-1% biochar. These findings
establish a foundation for future research aimed at thoroughly exploring the agricultural
potential of this material.

Keywords: biochar; hurd; fiber hemp; residue valorisation; agricultural applications;
chemical composition; properties

1. Introduction

Among multipurpose crops, hemp (Cannabis sativa L.) has attracted notable scientific
interest due to its rapid growth, high biomass yield, and adaptability to a wide range of
climatic and soil conditions [1,2]. The species has a taproot system, classified as scapose
therophyte, presenting an erect stem reaching 4 m height and a palmate leaf structure [3].
Genetic selection during the years allowed improving plant characteristics according to uses.
According to variety, the plant can be monoecious or dioecious. In general, monoecious
varieties are more suitable for the production of seeds, while dioecious are more suitable
for the production of fibers [4,5]. Currently, monoecious French varieties such as Futura 75,
Felina 32, and Fedora 17 are largely utilized in Europe as they provide good productions of
both seeds and fiber, being considered multi-purpose crops [6,7].
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Hemp seeds can be used for producing derivatives such as edible oil or flour. The
nutritional and healthy properties of hemp seeds make the derivatives very appreciated
by consumers and thoroughly researched in the elite food market [8]. However, the major
use of hemp is recognized worldwide for the production of fibers obtained from the cor-
tical part of the stems (bast fiber) [9]. Recently, the bast fibers gained importance also as
renewable feedstock for the production of strong, lightweight composite material, offering
several advantages as replacement for fiberglass [10]. Nowadays, the application of natural
fiber composites are found in automotive interiors, agricultural and automotive exterior
panels, acoustic and thermal insulation, furniture, recreational sport products such as tennis
racquets, skateboards, and bike frames, marine products, and construction [11-14]. The
hemp fibers are extracted through decortication processes which involve the use of special-
ized machines in different passages (scutching lines). The residue of the fiber processing
consists of hurds and dust. The amount of residue generated from industrial processing of
hemp can be considerable: different authors report that stem biomass in hemp cultivations
yield between 7 and 8 t ha~! of dry matter [6,15,16]; the hurd portion represent about 70%
of the total stem weight as reported in different studies [17,18], while dust represent a
minimal fraction. Considering the great amount of hurd potentially obtainable from hemp
cultivation, the recovery and valorization of this product may represent an opportunity
requiring strong attention from different points of view. Hemp hurds have been already
deeply studied and several commercial solutions are present in the global market. For
instance, some authors studied the use of hurds for animal bedding, while others studied
the use of hemp hurds for brick construction [18-20]. Among the various options, the
syngas production through pyrolysis can be recognized as an effective and sustainable
technique for valorizing the hemp residues [21]. The by-product of this process is biochar,
a carbon-rich material that exhibits interesting physical and chemical characteristics for
environmental and agronomic applications [22,23]. Usually, in order to efficiently produce
synthetic gas and biochar for agriculture, different pyrolysis process modes are required.
Indeed, pyrolysis product composition and yield depend on multiple factors, including
biomass type, heating rate, vapor and solid residence times, temperature, reactor design,
sample mass, and particle size and shape [24-26]. Biochar typically exhibits an alkaline pH,
a notable presence of (hydroxy) iron oxides, a high specific surface area (high porosity),
and various functional groups such as hydroxyl, ester, amine, carboxyl, and carbonyl [27].
These properties enable biochar to potentially act as a pollution controller for the removal
of inorganic and organic contaminants, occurring through immobilization of the toxic com-
ponents, thereby reducing their bioavailability and environmental dispersion [28]. Biochar
is also an important material for environmental management to mitigate greenhouse gas
emissions; the high number of micropores present in biochar has been successfully tested
for the sequestration of CO,, CHy, and N O. Therefore, the interest in biochar has escalated
in recent years, much owing to its well-documented capacity to sequester atmospheric
carbon into soil [29,30].

In agriculture, the application of biochar demonstrates beneficial effects as a soil
amendment, improving the soil’s water holding capacity (WHC) and facilitating the storage
of carbon, contributing to higher crop yields and mitigating the effect of droughts [31-33].
Microporosity and surface area are key factors influencing biochar’s capacity to absorb
and exchange nutrient ions, suggesting that smaller-particle biochar may enhance nutrient
availability to plants [34]. The International Biochar Initiative defines high-quality biochar
as a carbon-rich material produced via biomass pyrolysis, with growing interest in its
potential to enhance agricultural sustainability and waste management [35].

Various biomass types can be used to obtain bioenergy and biochar; the largest part
of the studies are dedicated to hardwood, softwood, or different types of residues [36,37].
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Some studies already focused on hemp biochar, highlighting its biotechnological properties
as carbon dioxide removal (CDR) material; among them, authors highlighted the high
adsorption capacity, the soil carbon stability, and other multidisciplinary applications [38].
Some authors have pelletized and gasified hemp hurds mixed with sawdust, obtaining a
biochar that was evaluated for agricultural applications [39]; other authors have ground
and pelletized the entire stalks of hemp plants, obtaining a biochar composed of a mix of
fibers, hurds, and dust tested as electrically conductive materials and solid biofuel [40].
Despite the interesting results obtained, pelletizing biomass is a laborious process that
requires a grinding phase and a densification phase, with high energy consumption [41-43].
Additionally, grinding and densification are processes that alter the physical characteristics
of the biomass and, consequently, can alter the final characteristics of the biochar [44]. The
sustainability of using hemp hurds in thermochemical valorization processes should be
sought in the direct use of this material derived from industrial processes; in this regard,
a lack of studies focused on the characterization of hemp hurd biochar for agricultural
applications resulting directly from fiber industrial processing was identified. Avoiding the
pre-processing of biomass would be a sustainable way to valorize this agricultural residue,
but the feasibility of a direct conversion should be thoroughly investigated with respect
to chemical and physical properties of the product obtained. Firstly, this study aimed at
evaluating the feasibility of a direct biochar conversion from unprocessed hemp hurds.
Secondly, the work was focused on the characterization of the biochar derived from hemp
hurds through the analysis of various chemical and physical aspects of this material, which
represent the baseline for agricultural applications.

2. Materials and Methods
2.1. Feedstock

The start material consisted of 100 air-dried hemp stems obtained from a plantation
of the Futura 75 variety, cultivated at the Bergonzini farm in Bondeno (Ferrara, Italy),
harvested in August 2023. All stems were characterized by measuring diameter (by means
of a caliber) and height. Then, the stems were laid on concrete surface and crushed with an
agricultural roller repeatedly to resemble the effect of rollers present in fiber scutching lines
as verified in different preliminary tests. Successively, manual decortication was performed
to separate the bast fibers from the woody core (hurds) in order to obtain a raw hemp hurd
matrix (Figure 1).

Figure 1. Hemp stems (a), hemp hurds (b).

As a standard methodology for the classification of such material is missing, the
residues were grouped in height and diametric classes practically chosen according to
minimum and maximum dimensions identified. The main dimensional classes chosen for
the classification are shown in Table 1.
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Table 1. Dimensional classification of hemp stems and hemp hurds.

Hemp Stem Hemp Hurd

Diameter Class (mm) Length Class (cm) Length Class (cm)
2<x<4 90 < x <100 25 <x <40
4<x<6 100 <x <110 41 <x <55
6<x<8 110 < x <120 56 <x <70
8 <x<10 120 < x <130 70 <x <80

The characterization of hemp hurd biomass and biochar was performed at LASER-B
Lab (Laboratory of Experimental Activities and Renewable Energy from Biomass) of CREA-
IT in Monterotondo, Rome. The chemical characterization of the hurds prior to conversion
were described separately by Assirelli et al. (2024) [45]. In addition, in the present work,
the hemp hurd biomass was characterized with respect to dimensional analysis (length
of 100 pieces), volatile matter (VM), fixed carbon (FC), and thermogravimetric analysis
(TGA) to provide a more complete view of chemical and physical characteristics of the
start material. The determination of the volatile matter content was carried out on a dry
basis by using 1 g of minced hemp hurds in three replicates; the material was put in a
crucible and inserted in a muffle furnace (mod. Lenton EF11/8B, Lenton, Hope Valley,
United Kingdom) at 925 & 10 °C for 7 min according to ASTM D 3175-89 [46]. The fixed
carbon was determined by the difference between 100% and moisture content, ash content,
and volatiles.

The thermogravimetric analysis (TGA) aims to measure the phase variation of the
mass sample subjected to a temperature rate into a controlled atmosphere. The METTLER
TGA/DSC1 STAR was used to measure the degradation kinetics simulating the pyrolysis
process of hemp hurds to simulate the pyrolysis conditions. TGA was carried out using a
minced sample of 5.2 mg, with N used as gas carrier at 100 mL min~! and with a heating
rate of 35 °C min~! up to a final temperature of 525 °C maintained for 15 min [40].

2.2. Pyrolysis, Biochar Production, and Characterization

The pyrolysis process was carried out with a prototype pyro-gasifier made by DIMA
(Department of Mechanical and Aerospace Engineering-Sapienza University of Rome,
Rome, Italy), used in previous studies [30,45,47], with some structural adjustments of the
fluidized bed gasifier to make it suitable for a fixed-bed pyrolysis. Table 2 reports the
operative conditions applied which largely influenced the yield of the various products.

Table 2. Pyrolysis operative conditions.

Parameter
Biomass 80g
N, flow 5NL min~!
Reactor temperature 550 °C
Pyrolysis time 25 min
Heating rate 21 °C min~!

The pyrolysis process leads to the formation of three main products, one for each state
of matter:

e Liquid (tars, bio-oil, and water);
e  Solid (biochar and ash);
o  Gas (syngas).
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The yields of each by-product have been calculated to define a mass balance. Among
the values reported in Table 2, the value of temperature (550 °C) was chosen to balance a
small latency due to the electric resistance placed inside the reactor, which may result in
some differential degrees (lower) in the core of the biomass during pyro-gasification. This
setup enabled us to achieve the temperature of the process closely matching the one simu-
lated during TGA. The following calculations were made to determine the syngas produced
during pyrolysis. In the pyrolysis process like that of the present study, at 500-600 °C, the
syngas yield (Sy) can be approximated to 60% of the volatile fraction [48]. The volatile
fraction (V) was determined from volatile matter (VM%) using Equation (1) [46]:

(VM%) (100 — Moisture %)

Vs = Biomass (g) - 00 100 . 1)

The amount of syngas produced was determined according to Equation (2), consider-
ing that the average density of syngas of 0.9 g + L™ [49].
Ve S
Syngas (L) = @
Sa
where Sy is the syngas yield and Sy is the syngas density. After estimating the amount of
syngas produced and knowing the biomass input and the residual biochar, it was possible to
determine by difference the quantity of condensable products (bio-oil, tar, etc.). At the end
of the process, after cooling, biochar samples (Figure 2) were collected and characterized.

Figure 2. Hemp biochar produced after the pyrolysis process.

As for hemp biomass, the length of 100 pieces of biochar was measured using a caliber.
Chemical characterization included elemental analysis, metal content determination, and
pH measurement. The elemental content (C, H, N, S, O) of biochar was determined by
using a Costech ECS 4010 CHNS-O (Valencia, CA, USA) elemental analyzer according to
UNI EN ISO 16948:2015 [50]. Atomic H:C and O:C rations were determined starting from
elemental composition.

For the determination of metal content, the samples were homogenized and miner-
alized. Then, the samples (about 0.5 g each) were prepared through weighing by adding
6 £ 0.1 mL of HNOj3 65% and 3 £ 0.1 mL of HyO; 30% by using a microwave Milestone
START D (Milestone srl, Sorisole (BG), Italy) according to the U.S. EPA Method 3051A.
After the dilution the samples were analyzed by ICP-MS (Agilent 7700, Agilent Technolo-
gies, Santa Clara, CA, USA) according to UNI EN ISO 16967:2015 [51] and UNI EN ISO
16968:2015 [52], the pH was measured in a solution prepared with deionized water (50 mL)
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and about 5 g of sample using the Eutech Instruments (Eutech Instruments Pte Ltd, Sin-
gapore) pH700 pH/mV /°C/°F Bench Meter with a glass electrode, according to UNI EN
13037:2012 [53].

The morphology, the structure, the surface characteristics, the identification, and the
quantification of the chemical elements were carried out by using SEM Zeiss EVO MA 10 +
EDS Bruker Quantax 200 (Carl Zeiss S.p.A, Milan, Italy). SEM analysis coupled with EDS
gives information on the chemical composition of the biochar, which is in turn influenced by
the dynamics of the conversion process [54] and the composition of the biomass used [55].

2.3. Germination Test

Germination tests were conducted on corn (Zea mays L.) seeds to test the degree of
toxicity of different concentrations of biochar according to guideline ISO 17126:2024 [56].
Three concentrations of aqueous extracts from hemp hurd biochar were compared: 0.5, 1,
and 5% (W /v).

The resulting amount of substrate was weighed, dissolved in 40 mL of distilled water
and left for 24 h in the dark at room temperature. The supernatant was filtered on a
double-layered gauze and freeze-stored in Falcon tubes until use. The experiment was
performed in triplicate, and for each replicate, seven seeds of corn were sown in Petri
dishes (15 cm diameter). The capsules were incubated in the dark at 24 °C for four days
when germination percentages were assessed. The following traits were analyzed: number
of germinated seeds, number of secondary roots, epicotyl length, and hypocotyl length.

In addition, the germination index (GI) was calculated according to the following
Equation (3) [56]:

(Gc * Le)

Gl% = [(Gt « Lt)

] * 100 3)

where
Gc = mean number of germinated seeds from the treatment;
Lc = average radical length of treatment (cm);
Gt = mean number of germinated seeds of the control;
Lt = average radical length of the control (cm).

2.4. Statistical Analysis

The data of the germination test were analyzed with the software Jamovi 2.2.5 (a
graphical interface of R version 1.6, “https://jamovi.org (accessed on 5 June 2025)”. They
were checked for normality and, once their deviation from normality was verified, subjected
to the Kruskal-Wallis test for non-parametric ANOVA.

3. Results and Discussions
3.1. Biomass Characterization

The hemp stems were relatively short compared to the average length of hemp stalks
traditionally grown (Tables 3 and 4). This is because the apical parts of the plant were
already removed during seed harvesting and the portion considered represents the fraction
without flowering parts, which is commonly used for fiber production when hemp is
cultivated as a multipurpose crop [57,58]. Hurd pieces were between 25 and 80 mm, largely
below 50 mm. This data is in line with outputs from patented machineries, which showed
that the length of industrial hurd falls predominantly between 1 and 5 cm, with common
values around 15-30 mm “https://canadiangreenfield.com/hemptrain/ (accessed on 15
July 2025)”; “https:/ /hurdmaster.com/ (accessed on 15 July 2025)”; “https:/ /formation-ag.
com/products/processing/decorticator /fibertrack660 (accessed on 15 July 2025)”.


https://jamovi.org
https://canadiangreenfield.com/hemptrain/
https://hurdmaster.com/
https://formation-ag.com/products/processing/decorticator/fibertrack660
https://formation-ag.com/products/processing/decorticator/fibertrack660
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Table 3. Hemp stem dimensional analysis.

Hemp Stem
Diameter Class (mm) Number of Pieces Length Class (cm) Number of Pieces
2<x<4 9 90 <x <100 36
4<x<6 57 100 < x < 110 47
6<x<8 24 110 < x <120 15
8<x<10 10 120 <x < 130 2

Table 4. Hemp hurd dimensional analysis.

Hemp Hurd
Length Class (cm) Number of Pieces
25 <x <40 44
41 <x <55 39
56 <x <70 13
70<x<80 4

Considering the preliminary results published by Assirelli et al. (2024) [45], the
chemical composition of the hemp hurds was similar to that of wood biomass, with a
moderately high carbon content (45.17%), low amounts of hydrogen (5.25%), and low
nitrogen content (0.45%). Similar values are reported in studies on woody biomasses
displaying a carbon content between 45% and 50% (pine, oak, elm, eucalyptus, and poplar
biomasses). The main difference compared to traditional lignocellulosic biomass was the
heating value and the ash content, with results lower and higher than that of other woody
biomass, respectively [59,60]. Volatile matter was equal to 70.60 = 0.82%, while fixed carbon
was 10.81 % 0.72%.

The simulation of pyrolysis showed a mass loss of about 4.23 mg, corresponding to
80% of the starting material (Figure 3). Thermal decomposition suggested that at low tem-
perature (about 100 °C), the mass loss was due to dehydration followed by the degradation
of the fibers such as hemicellulose, cellulose, and lignin. Specifically, hemicellulose starts to
decompose between 200 and 300 °C, while cellulose decomposes between 300 and 400 °C;
on the other hand, lignin has a broad decomposition temperature range, with significant
degradation occurring between 250 and 500 °C. The biochar produced from hemp hurds
demonstrated a similar thermogravimetric decay to that of other biomass [61,62]. Once
500 °C is reached, 80% of the biomass degrades thermally, with the residual fraction being
mainly composed of ash, char, and to a small extent residual lignin.

3]
-813525%
24 -42,263mg
1 2
2 n

Sample Weight
51,950 mg

-154 100 200 300 400 500 525 525 °c

0 2 4 6 s 10 2 14 16 18 20 2 2 2% 2 30 32 El 3% El % 42 min
Lab: admin STAR" SW 11.00

Figure 3. Hemp thermal degradation.
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3.2. Biochar Characterization

The carbon content of hemp hurd biochar was above 75% (Table 5). The value is higher
than the percentage reported for biochar produced from other herbaceous biomasses. Jung
et al. (2008) [63] and Mansaray and Ghaly (1997) [64] observed 40% and 52% of carbon
content in biochar of rice and wheat straw, respectively. Values similar to hemp hurds have
been reported for woody biomasses like eucalyptus, acacia, and pine [65]. Although the
nitrogen (N) content was very low, the results for potassium (K), carbon (C), and pH suggest
good potential for agricultural applications. The alkaline pH of hemp biochar indicates
the potential of this material to correct acidic soils, while the C/N ratio greater than
30 indicates the ability to slow down the degradation processes of organic matter [66,67].

Table 5. Chemical characterization of hemp hurds and hemp hurd biochar.

Parameters Hemp Hurd * Hemp Hurd Biochar

C% 45.71 + 0.68 76.22 £+ 4.66
H% 525 £0.77 2.36 £0.32
N% 045+ 0.13 0.97 £0.10
S% 2.17 £0.03 0.55 + 0.07
0% 42.07 £ 1.74 19.89 + 4.44
pH - 9.63 £+ 0.05
H:C - 0.37

o:C - 0.19

* Values from Assirelli et al. 2024 [45].

The values of H:C and O:C were very low. These ratios provide insights about
aromaticity, environmental stability, resistance to microbial degradation, and carbonization.
The O:C values below 0.4 suggest low oxidation during pyrolysis, affecting the final
product’s polarity and water retention ability [68]. The molar ratios comply with the
limits set by the European Biochar Foundation and align with other studies on pyrolysis of
herbaceous biomass, showing similar results at the same operating conditions [69,70].

Regarding macro- and microelements (Tables 6 and 7), the analysis displays a high
content of Ca, Mg, and K, indicating the formation of metal oxides, which are able to
influence the alkalinity of the material [71]. In fact, the biochar obtained displayed a
highly alkaline pH; this is also influenced by factors such as the temperature reached
during pyrolysis, the carbonization process, and the nature of the feedstock [72]. Using
alkaline biochar as a soil amendment helps to increase soil alkalinity, affecting phenomena
such as the availability and mobility of metals, the degradation of organic matter, and the
sequestration of essential nutrients for plant growth [73]. Table 6 lists the minor elements
contained within the biochar. The heavy metal content in the biochar was below the legal
set limits (DL 75/2010) for all elements [74].

Table 6. Concentrations of major elements in hemp hurd biochar.

Macro-Elements (g kg—1)

Na 0.36 = 25.00
Mg 234 £91.42
K 18.23 £ 245.05

Ca 2.88 +17.68
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Table 7. Concentrations of micronutrients and trace elements in hemp hurd biochar.

Micro-Elements (mg kg—1)

B 86.46 = 5.05
Cr 0.54 £+ 3.41
Mn 334.52 £29.73
Fe 3683.10 £ 236.65
Co 234+ 0.35
Ni 16.49 £ 2.08
Cu 33.55+£5.77
Zn 143.97 £+ 47.66
Al 221.63 £ 56.2
As 2.85+0.78
Mo 1.33 £ 0.57
Ag 0.20 £ 0.06
Cd 0.17 £ 0.03
Sn 2.19 £ 0.81
Ba 13.96 £ 1.25
Pb 1.02 £ 0.11

3.3. Qualitative and Quantitative Analysis with SEM-EDS

Shown below are the images concerning the microstructure of the hemp hurd biochar
(Figure 4).The morphology of hemp biochar appears compact and with a physical structure
characterized by pores, with dimensions comparable to biochar from woody biomass
(Figure 5). The micropores displayed dimensions between 15 and 30 pm, comparable
with that of poplar. The phenomena of pore formation is due to the expulsion of volatile
compounds, which in turn is influenced by the characteristics of the raw material and
pyrolysis conditions [75].

EHT =2000kv Date :19 Feb 2025
WD =20.0mm Time :12:28:20

EHT =20.00 kv Signal A = SE1 Date :19 Feb 2025
WD =19.5 mm Photo No. = 3808 Time :112:40:31

EHT = 20,00 kv Signal A = SE1 Date :19 Feb 2025
WD =200 mm Photo No. = 3807 Time :12:32:04

EHT =20.00 kv Signal A= SE1 Date :19 Feb 2025
WD = 19.5 mm Photo No. = 3810 Time :112:45:37

Figure 4. SEM image of hemp biochar.
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100 pm EHT =20.00 kv Signal A= SE1 Date 119 Feb 2025 EHT =20.00 kv Signal A= SE1 Date :19 Feb 2025
WD =200mm Photo No. = 3802 Time :1:11:41 WD =195 mm Photo No. = 3809 Time 124031

E Trw el N

Figure 5. SEM images and pores dimension of poplar (left) and hemp hurd biochar (right).

Another important element affecting the surface area and the volume of the micropores
of the biochar is the size of the start material; these physical factors generally increase
as the size of the material decreases [76]. In fact, finer biomass particles, having a larger
surface area for heat exchange within the reactor, induce the formation of larger diameter
pores from which volatile matter is released [77,78]. Results of dimensional analysis are
displayed in Table 8. More than half (65%) of the biochar was between 30 and 50 mm,
with a thickness never above 0.5 cm. In general, the overall dimension and the volume
of singular hemp hurd biochar particles were much lower with respect to that of woody
biomasses (Figure 6).

Table 8. Hemp hurd biochar dimensional analysis.

Dimensional Classes (mm) n. Pieces
23-30 13
31-40 36
41-50 29
51-60 12
61-72 10

(a)

Figure 6. Images of poplar biochar (a) and hemp biochar (b).

From a simple visual observation, the hemp hurd biochar was clearly lower in size and
less homogeneous than that of poplar. The micropores structure and fine fractions present in
hemp hurd biochar suggests positive implications for agricultural applications such as high
WHC, high nutrient retention capacity, optimal interaction with soil microorganisms, and
greater susceptibility to their attacks [79]. However, it must be stressed that several factors
such as the soil’s physical and chemical properties, the characteristics of the biochar [54,55],
the type of feedstock used [80], and the carbon content of the biochar may affect these
properties [81,82]. For instance, the particle size and the porous structure of the biochar



Agronomy 2025, 15,2136

11 0f 18

Vi = Biomass (g) -

may influence the WHC of the material. As studied by Wang et al., 2019 [83], biochar
with a high surface area and particle sizes of 1-2 mm can temporarily increase field
capacity in sandy soils, while its effects are limited in clay soils. Additionally, Xie et al.
(2015) [84] highlighted that smaller particles enhance the absorption of nutrients and
organic compounds. According to Sun et al. (2012) [85], reducing the particle size of the
feedstock increases the microporosity of the resulting biochar. Other studies confirm that
finer particles exhibit larger Brunauer-Emmett-Teller (BET) surface areas [84,86]. However,
the increase in water holding capacity (WHC) is primarily driven by the biochar application
rate and soil type [87].

Figure 7 and Table 9 show the results of the energy-dispersive X-ray spectroscopy
(EDS). It highlighted the presence of elements such as carbon, potassium, oxygen, and
aluminum. The qualitative and quantitative analysis by EDS confirmed the results obtained
from the analysis of metal content in ICP-MS. Similar studies on hemp stalks confirmed
the presence of elements such as O, C, K, and Al on the surface analyzed, also including
elements such as Ca an CI [40]. In general, the presence of these elements indicates the
formation of compounds such as K,O and Al,O3 within the biochar.

cps/eV
2.4 PRAK B
22°
207
181

\'A‘T-**\-w"wﬂ‘
2 4 6 8 10 12 14 16 18 20
Energy [keV]

Figure 7. EDS graph of hemp biochar.

Table 9. Chemical elements of hemp biochar identified with the EDS analysis.

Element Mass%
C 94.28
K 3.19
(0] 1.54
Al 0.99

3.4. Pyrolysis and By-Products Yields

According to Equation (1) and the experimentally determined VMY (Section 2.2), V¢
is equal to the following:

(VM%) (100 — Moisture %) _ . 70.60 (100 —18.41)
100 100 B 100 100

— 46.08 g. @)
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By entering the data in Equation (2), the number of liters of syngas obtained from the
pyrolysis process can be determined:

V¢S 46.08 ¢ - 0.6 27.65
_ 0y g _ g
Symgas (L) = =g = = 09 ()~ 09 ()

=30.72 L. (5)

By knowing the amount of biochar at the end of the process, the initial amount of fresh
biomass, and the amount of syngas produced, it is possible to determine by difference the
quantity of condensable products (bio-oil, tar, water, etc.):

Liquid (g) = Biomass (g) — Syngas (g) — Biochar (g) =80 —27.64 — 322 = 20.15¢g. (6)

Therefore, the percentage distribution of pyrolysis products is as follows:
Liquid (tars, bio-oil, and water) = 25.2%;

Solid (biochar and ash) = 40.3%;

Gas (syngas) = 34.6%.

There is a lack of literature on pyro-gasification balance of pure hemp hurd biomass.
However, for solid production, the results obtained tend to be in line with those of other
woody biomass (40.3% for hemp hurds vs. 40% other woody biomass), while for liquid and
gas production the values result respectively lower (25.2% for hemp hurds vs. 38% other
woody biomass) and higher (34.6% for hemp hurds vs. 22% other woody biomass) [88].

In a study conducted by Marrot et al. (2022) [40], the hemp stalks of Futura 75 hemp
variety were minced, pelletized, and gasified to obtain a biochar for electrical applications.
Similarly to the present work, these authors performed a chemical analysis on the biochar
and a TGA of the biomass. In the closest conditions of our study, with low temperature
and slow pyrolysis process (P600-R200-T30), the results obtained concerning N, H, C, and
H/C were similar to our findings, while values of O (3.7 vs. 19.9) and O/C (0.03 vs. 0.19)
differed remarkably. This difference may be due the “atmosphere” of pyrolysis, influencing
the presence of O during the process, or the residual moisture present in biomass. However,
it must be pointed out that the original biomass in the study of Marrot et al. (2022) [40] was
the whole stem, including the bast fiber of the plant. This may have influenced the presence
of certain chemical elements. The behavior of the biomass in TGA for the two studies was
comparable, with degradations of hemicellulose and cellulose occurring between 200 and
400 °C, and degradation of lignin between 250 and 500 °C.

Thanks to its high biomass productivity—reaching up to 20 t-ha~! of fresh biomass
under optimal cultivation conditions [89]—and considering the final energy balance
of the hurd gasification processing, industrial hemp shows promising potential for
energy production.

3.5. Results on Germination Test

Table 10 shows the absence of statistical significance for the number of germi-
nated seeds (p value = 0.521), hypocotyl length (p value = 0.064), number of radicles
(p value = 0.555), and epicotyl length (p value = 0.078).

Table 10. Statistics of the Kruskal-Wallis test on the germination data (p < 0.05).

X2 df p
N° of germinated seeds 2.26 3 0.521
Epicotyl length (cm) 7.26 3 0.064
N° of secondary rootlets 2.09 3 0.555
Epicotyl length (cm) 6.81 3 0.078
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The seed germination index (GI) was proposed for evaluating the toxicity of compost,
but it can also give valuable information for other growing substrates [90,91]. Values
between 30% and 80% of the germinability index generally indicate possible phytotoxicity
while values above 80% indicate that the substance has no phytotoxic effect [87]. Data from
aqueous extract of hemp biochar (Figure 8) showed that the germination index decreases
significantly as the concentration of biochar increases. GI dropped from 104% to 59% as the
biochar concentration increased from 0.5 to 5%. It should be noted that the highest biochar
concentration (5%) resulted in a GI of 59%, a value that falls within the range (30-80%)
suggestive of potential phytotoxicity.

Germination Index accordinto to biochar concentration in soil

140
120
100

80

60

Germination index (%)

40

20

0.5 1 5
biochar concentration (%)

Figure 8. Germination index of corn seeds using different concentrations of hemp hurd biochar.

Although the goal of our study was not assessing the effect of pyrolysis temperature
of hemp biochar, the literature evidence indicates that higher pyrolysis or gasification
temperatures generally reduce phytotoxicity and improve germination outcomes (e.g.,
Lepidium sativum germinability tests—Dbest results with high-temperature or gasification
biochars) [39].

Research on other feedstocks (e.g., wheat, corn) shows that biochar extracts from lower-
temperature pyrolysis (approx. 300 °C) can completely inhibit germination, while higher-
temperature biochars (around 400 °C) allow ~69% germination and healthier seedling
growth [92]. Moreover, phytotoxic compounds such as Polycyclic Aromatic Hydrocarbons
(PAHs), phenolics, or volatile organic compounds present in biochar extracts have been
identified as responsible for seedling inhibition—washing the biochar mitigates these toxic
effects [93].

In light of our findings—namely a decrease in germination index from 104% to 59%
as hemp biochar concentration increased—the observed phytotoxicity may be influenced
by residual toxic compounds in the biochar produced at a temperature of 550 °C. These
results align with patterns seen in the existing literature. Future studies should include
characterization of biochar production parameters (especially pyrolysis temperature) and
consider washing treatments to reduce potential toxicity.

4. Conclusions

The use of hemp as a biomass source for energy production has gained significant
interest within the circular economy framework, especially when hemp is used as mul-
tipurpose crop. Based on the results obtained, the hemp hurd-derived biochar directly
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obtainable from industrial defibering processes (no pre-processing needed) demonstrated
favorable characteristics for use as a soil amendment, including high carbon content and
the presence of essential nutrients. In particular, the results revealed that the biochar
meets regulatory standards, with low concentrations of heavy metals, an alkaline pH
(29), a hydrogen-to-carbon (H/C) ratio of 0.37, and with acceptable levels of macro-
and micronutrients.

The germination tests using corn seeds (Zea mays L.) was the baseline to verify the
potential for agricultural use; this was confirmed with good perspectives considering the
germination index above 90% for substrates containing 0.5% to 1% of biochar.

In conclusion, the findings of this paper offer insights for the valorization of hemp hurd
biomass with an ecological perspective, giving the baseline for testing future agronomic
applications in the fields of phytotoxicity, soil fertility, and water retention.
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