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Abstract: The building and construction sector is the largest emitter of greenhouse gases, accounting
for 37% of global emissions. The production and use of materials such as cement, steel, and aluminum
contribute significantly to this carbon footprint. Utilizing valorized agricultural by-products, such as
hemp shiv and sunflower pith, in construction can enhance the insulating properties of materials and
reduce their environmental impact by capturing CO2. Additionally, during the formulation process,
molecules such as polyphenols and sugars are released, depending on process parameters like pH
and temperature. In some cases, these releases can cause issues, such as delaying the hardening of
agro-based concrete or serving as binding agents in binderless particle boards. This study focuses
on the molecules released during the processing of these materials, with particular attention to the
effects of pH and temperature, and the modifications to the plant particles resulting from these
conditions. Physical, chemical, and morphological analyses were conducted on the treated hemp
shiv particles (HS1 and HS2). No physical or morphological differences were observed between the
samples. However, chemical differences, particularly in the lignin and soluble compound content,
were noted and were linked to the release of plant substances during the process.

Keywords: hemp shiv; liquid extractions; hemp concrete; binderless particle board; agro-based
materials; building; plant cell wall

1. Introduction

Lignocellulosic biomass, such as hemp, has been utilized for millennia. Initially, its
cultivation focused on fiber production for clothing and ropes used in shipbuilding [1].
Over time, its applications expanded to include animal feed [2], high-value molecules for
the pharmaceutical industry [3], second-generation biofuels [4,5], and, more recently, as
a raw material for agro-based construction materials [6]. These agro-based products are
valued for their insulating properties, minimal carbon footprint, and potential to enhance air
quality [7]. Industrial hemp has emerged as a notable crop due to its carbon sequestration
capabilities, high biomass yield, and versatile end-use applications [8].

Recent research has explored the incorporation of plant materials into agro-based
construction products like particle boards and concrete. During the formulation of these
materials [9,10], parameters such as pH, temperature, and pressure influence the release of
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various molecules, including polyphenols and sugars [9–12]. These released compounds
can either hinder or facilitate the formulation process. For example, studies [10,13–16] have
shown that these molecules can affect the hardening of agro-based concrete, either delaying
or accelerating the process (Figure 1a).

Bruere (1966) [15] and Taplin et al. (1962) [16] observed that compounds with the HO-
C-C=O functional group can retard hardening. Fischer et al. (1974) [17] linked this effect
to carbohydrate solubility, while Simatupang et al. (1986) [18] identified hemicellulose
solubility as a factor in delaying hardening. Govin et al. (2005) [19] found that, in addition
to sugars, polyphenols like vanillic acid and hydroxycinnamic acid can disrupt concrete
setting. Diquélou et al. (2015) [20] noted a significant reduction (up to 40%) in Portlandite
content in hemp shiv concrete, attributed to the molecules released around the particles.
They also observed an interfacial transition zone (ITZ) around the vegetal particles. The
ITZ is a gradual region where the composition and microstructure of the binder matrix
are influenced by the presence of plant particles. In this zone, extractives compounds
from the plant are released, forming a halo around the particles. Red arrows 1 and 2
indicate areas inside and outside of the halo. Nalet (2015) [21] emphasized the importance
of diastereoisomers, particularly the R/S positional alternation. More recently, Wang et al.
(2019, 2021) [11,12] highlighted how specific sugars (e.g., pectins, glucose) affect concrete
hardening, noting that very low sugar concentrations (below 1%) can cause delays. The
observed effects are influenced not only by sugar concentration but also by the type of sugar
(glucose, fructose, sucrose) [11,12]. Tale Ponga et al. (2023) [22] explores how hemp shiv
lixiviates (residual liquid that results from water percolating through a material containing
extractives compounds) affect the hydration kinetics and mechanical properties of calcium
sulfoaluminate (CSA) cement, a more sustainable alternative to traditional Portland cement.
At higher concentrations of up to 5%, the lixiviates were found to slow down the hydration
process, especially in General Usage (GU) cement, where the (alite) C3S hydration was
delayed or even inhibited. This resulted in reduced compressive strength. In contrast, CSA
cement was less affected by the lixiviates, showing quicker hydration of the aluminate
phase and maintaining higher compressive strength. The extractives in the lixiviate had a
stronger negative impact on GU (CEM I type) cement’s performance, while CSA cement
showed better resilience. Thus, the type of cement is another parameter to take into account
during the formulation of agro-based concrete.

Despite ongoing research, the exact mechanisms behind these delays are not fully
understood, though sugars from hemicellulose and pectins, along with polyphenols, appear
to play a significant role.

In the case of binderless particle boards (Figure 1b), the released molecules can act
as binding agents between particles. During processing, the combined effects of pressure
and temperature lead to the conversion of C5 and C6 sugars into furfural derivatives,
such as 5-hydroxymethylfurfural (5-HMF) and furfuryl alcohol, which can function as
binders [23,24]. Detailed mechanisms of wood particle fusion, known as “Wood Welding”,
and the interaction of particles without binders, termed “Self-Bonding”, have been exten-
sively described [25–28]. A recent comprehensive review [29] has outlined the physical and
chemical interactions between cell wall molecules, highlighting that these interactions are
primarily related to the degradation of hemicelluloses, cellulose, and lignin into various
derivatives. Among these, hemicelluloses play a particularly significant role due to their
relative ease of degradation compared to the crystalline structure of cellulose and the
complex structure of lignin [30].

Previous studies have established that the composition of cell walls, particularly
polysaccharides like hemicelluloses and pectins, as well as polyphenols, significantly
impacts the formulation processes (Figure 1). The composition of cell walls can vary
widely between hemp shiv samples due to factors such as growing conditions and/or plant
varieties. While the types of released molecules are somewhat understood, a more detailed
understanding of their interactions during the manufacturing of agro-based materials
is still needed. This study aims to mimic the extraction conditions based on pH and
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temperature to isolate similar compounds, referred to as “extractives”, from two types of
hemp shiv: hemp shiv number one called “HS1” and hemp shiv number 2 called “HS2”.
Previous research [11,13] suggests that HS1 presents challenges for concrete formulation
but is promising for binderless particle boards, while HS2 does not exhibit the same issues
and seems promising for agro-based concrete. Therefore, these samples were selected for
comparison to elucidate the differences in their formulation behavior.

The study focuses on the following two main objectives:

• Physical, morphological and chemical characterization of hemp shiv particles using
methods such as the Van Soest method, mass loss measurements, Dynamic Vapor
Sorption (DVS), microorganism rate, Scanning Electron Microscopy (SEM), and density
assessment.

• Extraction of compounds based on variations in pH and temperature.

The results indicate that while the physical and morphological characteristics do not
differentiate between the two types of hemp shiv, their chemical characteristics do provide
distinguishing factors.



Appl. Sci. 2024, 14, 8815 4 of 25

Appl. Sci. 2024, 14, x FOR PEER REVIEW 3 of 4 
 

 
Figure 1. Main historical timeline of the delaying effect of the addition of plant particles in agro-based concrete (a) and mechanism of interaction with binderless 
particle boards (b) [11,12,17–27,29].

Figure 1. Main historical timeline of the delaying effect of the addition of plant particles in agro-based concrete (a) and mechanism of interaction with binderless
particle boards (b) [11,12,15,17–27,29].
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2. Materials and Methods
2.1. Origin and Preparation of Hemp Shiv

This study examines two types of hemp shiv, referred to as HS1 and HS2. HS1 was
supplied by Chanvribât, with its variety unidentified, while HS2 came from Ecopertica
as the FEDORA17 variety, which was harvested in 2013. Both types of hemp shiv were
produced in the Normandy region of France. The production involved defibrating hemp
stems at a local processing facility. The resulting hemp shiv particles were sieved to
eliminate any residual fibers. Subsequently, a portion of these particles was ground into
a fine powder using a mill with a 1 mm sieve for Van Soest analysis, skeletal density
measurement, microbial activity and granulometry. The remaining unground hemp shiv
particles were stored in an oven at 40 ◦C.

2.2. Van Soest Method (VS)

The Van Soest method [31] is a comprehensive technique for analyzing cell wall
composition and quantifying various components such as cellulose, hemicelluloses, lignin,
soluble compounds, and minerals using gravimetric methods. The analysis was conducted
using a Fibertec™ 8000 semi-automatic machine (Foss Analytical A/S Company, Hillerød,
Denmark) [32].

The process steps and solvents used are described as follows:

(1) Neutral detergent fiber (NDF) (VWR Chemicals, 305,320.5000) was used to remove
soluble compounds including pectins, oils, minerals, water, and sugars.

(2) Acid detergent fiber (ADF) (VWR Chemicals, 305,319.5000) was then applied to
remove hemicelluloses.

(3) Sulfuric acid (H2SO4, 72%) (Carlo Erba Reagents, 502,771) was used to remove cellulose.

After the sulfuric acid treatment, the samples were neutralized with deionized water.
Each sample was then dried at 105 ◦C for 16 h, weighed, and further treated in a furnace at
480 ◦C for 6 h to eliminate lignin and obtain mineral content. The analysis was performed
with six replicates to ensure accuracy [32].

2.3. Microbial Load

The microbial load was assessed in duplicate for the two types of unground hemp
shiv using the Aerobic Plate Count (APC) method from NF-V08-059 [33]. This technique
measures the level of microorganisms present in the sample. Yeasts and molds were
enumerated by counting the colonies incubated at 25 ◦C on a selective Sabouraud and
chloramphenicol medium (SabChl method), which uses chloramphenicol as a selective
antibiotic for fungi, yeasts, and molds.

Aerobic microorganisms were determined by counting colonies incubated at 30 ◦C
using the deep plating technique in accordance with Revivable Aerobic Mesophilic Flora
Test (RAMF) standards method from NF ISO 4833-1 [34].

2.4. Scanning Electron Microscopy (SEM)

The HS1 and HS2 samples were analyzed with the JSM-IT100 scanning electron
microscope (JEOL Technics Ltd., Freising, Germany) and JEOL’s InTouchScope™ software
(Version 1.090) in BES mode at 15 kV and WD16 mm P.C.60 under a pressure of 40 Pa. The
image magnifications chosen were ×500 and ×1000 in longitudinal and transverse sections.

2.5. Granulometry and Densities

Granulometric data for the uncrushed HS1 and HS2, referred to as C3 and C2, were
obtained from Vinceslas (2019) [13], as these samples were identical to those used in his
study. The samples were arranged and dispersed on a glass surface to prevent particle
overlap. Images were captured with a minimum resolution of 600 DPI. Using ImageJ
software (Version 1.52). The images were binarized (converted to black and white) and
contrasted to measure particle area (mm2) and width (mm).
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Skeletal densities of both ground and unground HS1 and HS2, preconditioned at 40 ◦C,
were measured in triplicate using a helium pycnometer (Pycnomatic Evo, ThermoScientific,
Waltham, MA, USA). Apparent density was assessed manually by shaking the uncrushed
samples in a glass cylinder ten times and then measuring the sample mass. The volume of
water associated with the sample mass was subsequently determined. This process was
repeated ten times for each type of hemp shiv [35,36].

2.6. Simulating Process of Agro-Based Materials
2.6.1. Simulation of Agro-Based Concrete: Alkaline Extraction Process

Extractive experiments were conducted in triplicate directly on particle samples. The
solid/liquid ratio was 0.01, meaning 3 g of solid material per 300 mL of alkaline solution
(NaOH or Ca(OH)2) was adjusted to a pH of 12.5. The extractions were performed at 50 ◦C
for 1 h under agitation at 400 rpm (Table 1).

Table 1. Parameters studied to simulate the preparation conditions of “agro-based concrete”.

Conditions of Preparation of the HS1 and HS2/Water Mixture (Ratio = 0.01) for “Agro-Based
Concrete” Simulation

Simulation
parameters for

extraction

Deionized
water
50 ◦C

NaOH
pH 12.5

21 ◦C

NaOH
pH 12.5

50 ◦C

Ca(OH)2
pH 12.5

21 ◦C

Ca(OH)2
pH 12.5

50 ◦C

2.6.2. Simulation of Binderless Particle Board: Hot Water Extraction Process

For the simulation of the binderless particle board process, extractions were carried
out under the same conditions as the “agro-based concrete” simulation but with deionized
water at either room temperature or 100 ◦C (Table 2). These extractions were also conducted
in triplicate for 1 h, maintaining the same solid/liquid ratio.

Table 2. Parameters studied to simulate the preparation condition of a “binderless particleboard”.

Condition of Preparation of the HS1 and HS2/Water Mixture (Ratio = 0.01) for “Binderless
Particle Board” Simulation

Simulation parameters for extraction Deionized
Water 21 ◦C

Deionized
Water 100 ◦C

During each simulation process (agro-based concrete and binderless particle board),
the pH levels were monitored at 0, 30, and 60 min using a pH meter. After 1 h, the samples
were filtered and rinsed with milli-Q water. For agro-based concrete simulations, the
extractive solution was neutralized with a 1 M HCl solution. All extractive solutions were
then freeze-dried to obtain a powder for further analysis.

The treated particles were dried at 105 ◦C during 16 h, and mass loss measurements
were conducted. Subsequently, the particles were analyzed using Dynamic Vapor Sorption
(DVS).

2.7. Dynamic Vapor Sorption (DVS)

DVS is a gravimetric technique used to measure changes in sample mass as a function
of relative humidity (% rh). This analysis is focused on the adsorption and desorption
capacity of the sample. The protocol involves varying the humidity from 0% to 85% at
a constant temperature of 23 ◦C. For adsorption experiments, equilibrium points were
determined at 0, 5, 10, 15, 20, 30, 35, 50, 75, and 85% rh. For desorption experiments,
equilibrium points were determined at 0, 15, 30, 35, 50, 75, and 85% rh. Each measurement
was performed in duplicate using the Sorption Test System from Prolumid [32].

The adsorption and desorption isotherms typically exhibit three distinct regions,
corresponding to monolayer adsorption, multilayer adsorption, and liquid water. To model
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physical water adsorption, the Brunauer–Emmett–Teller (BET) model [37] was employed,
particularly to describe monolayer adsorption at lower relative humidities (0% to 35%
rh), which is characteristic of Van der Waals interactions between water molecules and
hydrophilic groups (Equation (1)).

Xeq =
XmCφ

(1 − φ)(1 + (C − 1)φ)
(1)

The BET model was used to fit the experimental data (equilibrium moisture content,
Xeq, and relative humidity, φ) to calculate the specific surface area of the sample, as (m2/g)
(Equation (2)).

as =
XmLam

Mw
(2)

where Xm is the monolayer moisture content (kg water/kg dried solid, d.b.) and C is
dimensionless. This model assumes that Xm represents the quantity of water molecules
required to form a monolayer to cover the entire surface and without diffusion of water
through the material.

In the above equation, as is the specific surface area of the sample (m2/g), L is Avo-
gadro’s constant (6.023 × 10−23 mol−1), am is the cross-sectional area of a water molecule
(1.08 × 10−19 m2) and Mw is the molecular weight of a water molecule (18 g·mol−1).

2.8. X-ray Diffraction of Hemp Shiv Particles (XRD)

X-ray diffraction was conducted in duplicate under static conditions, utilizing 256 shots
with an angular range from 5◦ to 40◦ to determine the percentage of crystalline cellulose.
The analysis was performed using a D8 Advance diffractometer (Bruker, Billerica, MA,
USA) equipped with a LynxEyes OD detector and a copper anode. Data acquisition was
facilitated by Diffrac.eva software (Version 4.2.1).

The crystallinity index of cellulose in HS1 and HS2 was calculated using the Scherrer
method, focusing on the second crystallinity peak observed between 18.509◦ and 27.013◦.
The average crystallite size was determined using the following equation (Equation (3)) [38]:

D(hkl) =
Kλ

B(hkl)Cosθ
(3)

In the above equation, D(hkl) is the crystallite size; K is the Scherrer constant (0.9); λ is
the X-ray wavelength (0.1542); B(hkl) is the Full Width at Half Maximum (FWHM) of the
measured reflection of hkl and 2θ is the Bragg angle.

The objective was to assess the impact of different treatments on cellulose crystallinity.

3. Results and Discussion
3.1. Van Soest Method

The Van Soest results expressed in organic and dry mass are presented in Table 3.

Table 3. Cell wall hemp shiv composition determined by Van Soest method (% w/w). n = 6 with
standard variation.

Cellulose Hemicelluloses Lignin Soluble Compounds Minerals

HS1 Dry (g ×/100 g dry
mass)

49.0 ± 2.8 21.5 ± 1.7 8.1 ± 0.6 18.6 ± 0.8 2.8 ± 0.1

HS2 56.5 ± 2.4 19.7 ± 2.0 12.2 ± 0.8 9.6 ± 0.8 2.0 ± 0.3

HS1 Organic (g ×/100 g
organic mass)

50.4 ± 2.8 22.2 ± 1.8 8.3 ± 0.6 19.1 ± 0.8 -

HS2 57.7 ± 2.5 20.1 ± 2.0 12.5 ± 0.8 9.7 ± 0.8 -
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The analysis of the chemical composition of hemp shiv samples HS1 and HS2 reveals
distinct differences in their cell wall structure. Specifically, HS1 contains 49.0% cellulose,
21.5% hemicelluloses, 8.1% lignin, 18.6% soluble compounds (including pectins, sugars,
lipids, and proteins), and less than 3% minerals or ashes. In contrast, HS2 is composed of
56.5% cellulose, 19.7% hemicelluloses, 12.2% lignin, 9.6% soluble compounds, and a similar
low mineral content.

The dry mass accounts for both organic and inorganic compounds, while the organic
mass considers only the organic components. As a result, the proportion of cell wall
compounds increases in the organic mass calculation. HS1 contains 50.4% cellulose, 22.2%
hemicelluloses, 8.3% lignin, and 19.1% soluble compounds (including pectins, sugars,
lipids, and proteins). In contrast, HS2 is composed of 57.7% cellulose, 20.1% hemicelluloses,
12.5% lignin, and 9.7% soluble compounds.

When comparing these two hemp shiv samples, the cellulose, hemicellulose, and
mineral contents are relatively consistent. However, notable differences emerge in the
lignin and soluble compound fractions, with HS1 containing about 4% less lignin but 9%
more soluble compounds than HS2. These differences in chemical composition could have
significant implications for their behavior in agro-based construction materials, particularly
in processes such as binderless particle board production or agro-based concrete hardening,
where the release of these compounds during processing plays a critical role [11–13].

Literature values for the chemical composition of hemp shiv are generally within the
same range as our findings. For instance, previous studies report cellulose content ranging
from 44.0% to 51.6%, hemicelluloses from 6.4% to 27.0%, lignin from 8.0% to 28.0%, soluble
compounds (including proteins) from 1.0% to 29.4%, and mineral content from 0.6% to
8.8% (Table 4).

Table 4. Cell wall hemp shiv composition by Van Soest method (% w/w) according to literature
bibliography.

References Cellulose Hemicelluloses Lignin Soluble Compounds Proteins Minerals

Viel et al., 2018 [39] 49.9 21.4 9.5 17.7 0.6

Thomsen et al., 2005 [40] 48.0 21.0–25.0 17.0–19.0 - - -

Garcia-Jaldon, 1995 [41] 48.0 12.0 28.0 7.0 3.0 2.0

Vignon et al., 1995 [42] 44.0 18.0 28.0 5.0 3.0 2.0

Cappelletto et al., 2001 [43] 51.6 21.5 12.9 12.9 6.6

Godin et al., 2010 [44] 47.5 6.4 8.0 29.4 8.8

Gandolfi et al., 2013 [45] 44.0 25.0 23.0 4.0 1.2

Hussain et al., 2018 [46] 44.0 18.0–27.0 22.0–28.0 1.0–6.0 - 1.0–2.0

Arufe et al., 2021 [47] 49.0 21.6 8.1 17.2 4.1

Arufe et al., 2021 [48] 46.1 21.5 8.5 21.1 2.8

The variability observed between different studies, even when using the same analyti-
cal technique such as the Van Soest method, underscores the influence of external factors
on the chemical composition of hemp shiv.

Several factors may contribute to these variations, including differences in agricul-
tural practices and environmental conditions [39]. For example, variations in pluviometry,
climate, and temperature during the growing season can significantly impact the devel-
opment of the plant’s cell wall and, consequently, its chemical composition [39,40]. Such
environmental influences could explain why HS1, despite having lower lignin content,
shows a higher proportion of soluble compounds [39,40].

These differences in chemical composition between HS1 and HS2 are crucial in un-
derstanding their performance in various construction applications. For instance, the
lower lignin content and higher soluble compound concentration in HS1 might make it
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more susceptible to releasing substances that interfere with concrete setting processes, but
these same properties could enhance its self-binding ability in binderless particle boards.
Conversely, the higher lignin content in HS2 could contribute to greater structural stability,
but with a reduced release of reactive soluble compounds during processing.

Retting, an essential step in the processing of hemp fibers, has been shown to sig-
nificantly influence the composition of the hemp shiv cell wall. According to Arufe et al.
(2021) [48], extended retting, particularly over a 62-day period, results in a notable decrease
in the levels of soluble compounds, minerals, and hemicelluloses. This reduction is largely
due to the activity of microorganisms, such as fungi and bacteria, that colonize the hemp
during retting.

These microorganisms produce specific enzymes, including cellulase, xylanase, xylosi-
dase, mannanase, pectinase, and ligninases, which play a key role in breaking down the
lignin–carbohydrate complex (LCC) within the cell walls [30]. By disrupting the covalent
bonds within this complex, these enzymes facilitate the degradation of hemicelluloses and
pectins, leading to a more disorganized cell wall structure [30]. This enzymatic activity
is crucial not only for the separation of fibers but also for altering the chemical profile
of the hemp shiv, which can significantly impact its suitability for use in construction
materials [48].

To better understand the potential influence of microbial activity on the hemp shiv used
in this study, we conducted an analysis to quantify the microbial load in the HS1 and HS2
samples. This analysis is essential for determining how retting and microbial colonization
may have affected the chemical composition of these materials, which could, in turn,
explain their differing behaviors during the extraction simulations and their performance
in applications such as agro-based concrete and binderless particle boards. The results of
this microbial analysis will provide insights into the role of these biological processes in
shaping the properties of the hemp shiv.

3.2. Microbial Activity

Figure 2a presents the results of the Revivable Aerobic Mesophilic Flora Test (RAMF)
conducted at 30 ◦C. This test serves as an indicator of mesophilic flora, allowing for the
enumeration of microorganisms present in the hemp shiv samples. The results are expressed
in Colony Forming Units (CFUs), which provide a quantitative measure of the viable
microorganisms capable of growing and forming colonies under the specified conditions.
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HS1 exhibits a lower microbial load compared to HS2, with log(CFU/g) values of
3.4 for HS1 against 4.3 for HS2 (Figure 2a). The results of the enumeration on selective
Sabouraud and chloramphenicol medium (Figure 2b), which quantifies fungi such as yeasts
and molds, reflect a similar trend. Specifically, HS1 shows a log(CFU/g) of 1.6, while HS2
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registers a higher value of 2.2 (Figure 2b). The quantitative results indicate that HS1 actually
has fewer CFUs than HS2, and by extension, a lower overall microbial load (Figure 2).

The SABChl values are below the threshold value of log(CFU/g) = 2.85 [34], suggesting
a relatively low fungal presence. However, when comparing these values with the FMAR
results, it appears that some fungi may still be included within the broader mesophilic
microorganism count. This suggests that among the mesophilic microorganisms, fungi are
likely present but in numbers that remain below the established threshold [34].

These low levels of microorganisms could be attributed to the pre-treatment of the
hemp shiv, which involved heating the material at 105 ◦C for 16 h upon receipt. This
treatment was likely intended to stabilize the material, potentially inducing a lifting of
dormancy in some microorganisms. As a result, the detected microorganisms might
primarily represent those originating from the soil microbiome.

Recent studies have highlighted the existence of bacterial–fungal interactions (BFIs) [49]
where microorganisms coexist, which sometimes benefit from or antagonize one another in
their environment [50]. These interactions enable both physical and metabolic interdepen-
dence [49–51].

The results from the microbiological tests (SabChl and FMAR) point to a potential
cohabitation of microorganisms. Consequently, Scanning Electron Microscopy analysis
was conducted to visualize bacterial or fungal spores, providing further insight into this
possible coexistence.

3.3. Microscopical Analysis by Scanning Electron Microscopy (SEM)

Figures 3 and 4 present transverse and frontal SEM images of HS1 and HS2, respec-
tively. These images facilitate the observation of the shape and size of cell types within
a hemp shiv particle, including parenchyma cells, dotted vessels, spiral tracheids, and
round microorganisms that appear to be either bacteria or spores aggregated within the
parenchyma cells (cluster of microorganisms encircle in red in Figure 3). Some artifacts
(encircle in red in the Figure 4), which are unintended features likely caused by the sample
preparation process, have also been observed on the surface of the hemp shiv (Figure 4).

The SEM images of HS1 (Figure 3) reveal a higher concentration of microorganisms
compared to HS2 (Figure 4). A variety of vessel sizes, ranging from 15 to 60 µm, can
be observed. Although the hemp shiv samples were not retted, it is plausible that these
microorganisms originated from the soil. Previous studies have highlighted fungi as a
significant component of the microflora, particularly in retted hemp, while other research
has suggested the coexistence of two microbial communities’ bacteria such as Pseudomonas
and Escherichia coli, and fungi like Cryptococcus and Cladosporium [49]. Furthermore, optical
microscopy identified colonies of Penicillium and Aspergillus types within the samples,
which are known to contribute to the enzymatic hydrolysis of pectins through the action
of pectinases (including polygalacturonases, pectin lyases, and pectin esterases). The
clusters observed in the SEM images may consist of these fungi and bacteria, reinforcing
the potential for bacterial–fungal interactions (BFIs) as discussed earlier [49,50].

Additionally, the cell wall images reveal the porosity of the hemp shiv samples. Once
dried, the plant material’s pores trap air, contributing to the lightness of the material
and resulting in low thermal conductivity expressed in Watts per meter Kelvin, making
it an effective insulator. These physical characteristics can be further explored through
density measurements.
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3.4. Physical Characterisation: Granulometry and Densities

The grain size distribution of HS1 and HS2 was analyzed and reported in the thesis of
Vinceslas (2019) [13]. HS1 (referred to as C3) and HS2 (referred to as C2) exhibit notable
differences in particle dimensions. HS2 has a wider size range compared to HS1, with par-
ticle widths ranging from 0.4 to 9 mm for HS2 and from 0.2 to 4 mm for HS1. Additionally,
HS2 particles can reach lengths up to 45 mm, whereas HS1 particles vary between 1.5 and
20 mm. Vinceslas (2019) [13] categorizes HS1 as having a “fine” grain size and HS2 as
having a “coarse” grain size.

The apparent and skeletal densities of HS1 and HS2 are summarized in Table 5.

Table 5. Apparent and skeletal densities measured for HS1 and HS2.

Apparent Density Skeletal Density

HS1 135.1 ± 4.9 1338.4 ± 1.1

HS2 103.0 ± 5.5 1331.0 ± 3.5

The apparent densities of HS1 and HS2 are 135.1 and 103.0 kg·m−3, respectively, and
their respective skeletal densities are 1338.4 and 1331.0 kg·m−3.

These density values are generally consistent with those reported in the scientific
literature, although they tend to be slightly lower. For instance, Arufe et al. (2021) [47]
and Nguyen et al. (2010) [52] reported apparent densities of 114 kg/m3 and 113 kg/m3,
respectively, for hemp shiv, which are somewhat lower than the values observed in this
study. Similarly, the skeletal densities reported by Delannoy et al., (2018) [53], Amziane and
Collet (2018) [35], and Arufe et al. (2021) [47] are 1480 kg/m3, 1450 kg/m3, and 1247 kg/m3,
respectively. These values are notably higher than those found in HS1 and HS2.

The discrepancies between the observed densities and those reported in the literature
may arise from variations in the processing methods, sample preparation, and environmen-
tal conditions during growth and processing. The higher apparent density of HS1 compared
to HS2 suggests that HS1 has a denser packing of particles or a smaller proportion of voids
between particles.

3.5. Simulating Agro-Based Materials Production
3.5.1. Agro-Based Concrete Simulation—Alkaline Extraction

• pH monitoring during alkaline extraction

The pH values measured at 0, 30, and 60 min for each condition in the “agro-based
concrete” simulation are summarized in Table 6. The conditions include milli-Q water at
room temperature (RT) and 50 ◦C, as well as alkaline extractions using NaOH or Ca(OH)2
at a pH of 12.5. These data allow us to evaluate the effects of temperature and alkaline
conditions on pH changes.

For the extraction at room temperature (RT), no significant pH differences were ob-
served between HS1 and HS2, nor between the measurements taken at 0 and 60 min.
Initially, the pH for both types of hemp shiv was 5.60 for HS1 and 5.66 for HS2, and after
60 min, the pH slightly shifted to 5.65 for HS1 and 5.64 for HS2. However, when the
temperature was increased to 50 ◦C, the pH behavior differed between the two samples.
For HS1, the pH decreased from 5.86 to 5.64, indicating a drop of about 0.22 pH units. This
suggests that HS1 released acidic compounds, potentially acidic sugars such as galacturonic
or glucuronic acids, derived from the breakdown of pectins. In contrast, the pH of HS2
unexpectedly increased from 5.81 to 6.27, a rise of almost 0.5 pH units. This suggests the
release of basic and/or neutral compounds, indicating a different chemical response to
elevated temperatures compared to HS1.
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Table 6. Average pH monitoring at 0, 30 and 60 min of extraction simulating process for “agro-based
concrete” simulation in HS1 and HS2.

Time (Minute) 0 30 60 ∆0–60

HS1 RT 5.60 5.66 ± 0.02 5.65 ± 0.02 0.05

HS2 RT 5.66 5.63 ± 0.02 5.64 ± 0.02 0.02

HS1 50 ◦C 5.86 5.67 ± 0.02 5.64 ± 0.04 0.22

HS2 50 ◦C 5.81 6.26 ± 0.03 6.27 ± 0.03 0.46

NaOH

HS1 NaOH RT 12.50 12.13 ± 0.02 12.08 ± 0.01 0.42

HS2 NaOH RT 12.47 12.38 ± 0.01 12.34 ± 0.01 0.13

HS1 NaOH 50 ◦C 12.50 11.61 ± 0.07 11.32 ± 0.16 1.18

HS2 NaOH 50 ◦C 12.47 11.85 ± 0.04 11.67 ± 0.04 0.8

Ca(OH)2

HS1 Ca(OH)2 RT 12.50 12.26 ± 0.006 12.23 ± 0.020 0.27

HS2 Ca(OH)2 RT 12.48 12.34 ± 0.006 12.20 ± 0.015 0.28

HS1 Ca(OH)2 50 ◦C 12.50 11.52 ± 0.015 11.30 ± 0.025 1.2

HS2 Ca(OH)2 50 ◦C 12.48 11.34 ± 0.026 11.13 ± 0.035 1.35

For NaOH solution at room temperature, the pH of HS1 decreases from 12.50 to 12.08,
representing a decrease of 0.42 pH units. HS2 shows a smaller decrease from 12.47 to 12.34,
a change of 0.13 pH units. When the temperature is raised to 50 ◦C, HS1’s pH drops by
1.18 pH units to 11.32. HS2 experiences a decrease of 0.8 pH units to 11.67.

The combined effect of NaOH and elevated temperature results in a greater pH
reduction compared to room temperature conditions, with HS1 showing a decrease of
1.18 pH units and HS2 a decrease of 0.80 pH units. This demonstrates that the increase in
both pH and temperature results in a more significant reduction in pH.

For Ca(OH)2 at room temperature, HS1’s pH decreases from 12.50 to 12.23, a change
of 0.27 pH units. HS2’s pH drops from 12.48 to 12.20, a decrease of 0.28 pH units. At 50 ◦C,
HS1’s pH falls to 11.30, reflecting a decrease of 1.20 pH units, while HS2’s pH decreases to
11.13, a reduction of 1.35 pH units. HS1 seems more sensitive to the NaOH base, while HS2
is more sensitive to Ca(OH)2.

The observed differences in reaction kinetics between HS1 and HS2, depending on
the alkaline base and temperature, can be attributed to the distinct chemical compositions
of the hemp shiv samples (Tables 3 and 4). At pH 12.50, the main components extracted
are hemicelluloses, lignin, polyphenols, and pectins. These compounds interact with Ca2+

or Na+ ions through ionic bonding, either in their carboxylate forms for saccharides or
through non-bonding electron pairs on oxygen atoms [32]. Given that HS2 contains more
lignin and polyphenols compared to HS1, while HS1 has a higher sugar content, it is likely
that HS1 releases more sugars that interact with Na+ under basic conditions, whereas HS2
releases more polyphenols that interact with Ca2+. Competitive interactions between the
released compounds and the base, due to differences in chemical composition, may also
influence the pH changes observed.

Homogalacturonan chains in pectins can exist in either a methyl-esterified or de-
methylesterified form. When two chains of galacturonic acid are demethylesterified, they
are able to interact with surrounding calcium ions, forming a stable and rigid structure
known as the “egg-box” model [54]. This egg-box structure is facilitated by the binding
of calcium (Ca2+) to the carboxyl groups of adjacent demethylesterified galacturonic acid
residues, creating cross-links between the chains. In the context of lime (Ca(OH)2) extrac-
tion, the calcium present in the solution could promote the formation of these egg-box
structures, further stabilizing the pectin network. This interaction may impact the overall
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structural integrity of the plant material, influencing its behavior in the formulation of
agro-based concrete and particle board composites.

• Hemp shiv mass losses

Mass losses were taken before and after extraction and the results are presented in
Figure 5.
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The mass losses at room temperature (RT) were 9.7% for HS1 and 2.1% for HS2. When
the temperature was increased to 50 ◦C, the mass losses for HS1 increased to 13.2% and
to 7.3% for HS2. The results for NaOH extraction, both at RT and at 50 ◦C, were similar,
showing mass losses of approximately 13% for HS1 and 7% for HS2. In contrast, Ca(OH)2
extractions resulted in approximately 10% mass loss at RT for both hemp shiv samples,
which increased to around 12% with temperature for both HS1 and HS2.

The mass losses observed ranged from 9.7% to 13.7% for HS1 and from 2.1% to 11.3%
for HS2, depending on the extraction conditions. These results indicate that temperature has
a more significant effect on extraction efficiency compared to the choice of base. Specifically,
the mass losses at 50 ◦C were comparable to those achieved with NaOH, regardless of
temperature, suggesting that NaOH is a more effective extraction agent than Ca(OH)2.

The cumulative effect of both pH and temperature does not contribute significantly to
increased mass losses or the release of extractive compounds. Nevertheless, HS1 generally
releases more extractive compounds compared to HS2 under all conditions, except for the
Ca(OH)2 extractions, both with and without temperature.

The variability observed in the results may be influenced by the origin of the hemp
shiv, which is not well documented. According to Van Soest’s method [31], factors such
as biomass variety, cultivation conditions, storage, and age can significantly impact the
chemical composition and extractive yields. Therefore, differences in these factors could
explain the observed variations in mass losses and extractive compound release between
HS1 and HS2.

To further understand the material properties of hemp shiv and the effects of the
extraction processes, the specific surface area of the plant material was measured using Dy-



Appl. Sci. 2024, 14, 8815 16 of 25

namic Vapor Sorption (DVS). The Brunauer–Emmett–Teller (BET) model was employed to
analyze the specific surface area based on the sorption data obtained. The BET model helps
in quantifying the surface area by fitting the experimental data to predict the monolayer
adsorption capacity, which can provide a comprehensive understanding of the material’s
surface properties and its interaction with water.

• Specific surface area (as)

The specific surface area values (BET model) are presented in Table 7.

Table 7. Specific surface area (as) expressed in m2/g for “agro-based concrete” simulation.

Control 50 ◦C NaOH RT NaOH 50 ◦C Ca(OH)2 RT Ca(OH)2 50 ◦C

HS1 157.9 171.1 182.5 172.7 151.7 153.3

HS2 153.2 145.0 173.0 146.1 167.0 153.6

For HS1, the specific surface areas measured under different conditions are as follows:
157.9 m2/g for the control, 171.1 m2/g for milli-Q water at 50 ◦C, 182.5 m2/g for NaOH
at room temperature (RT), 172.7 m2/g for NaOH at 50 ◦C, 151.7 m2/g for Ca(OH)2 at RT,
and 153.3 m2/g for Ca(OH)2 at 50 ◦C. The presence of NaOH tends to increase the specific
surface area of HS1, while lime (Ca(OH)2) results in a slight decrease compared to the
control condition at room temperature.

Given that the extraction was performed on unground plant particles, it is the external
surface of the particles, as well as the open pores accessible to the solvent, that interact
with the extraction solvent. Overall, few significant differences were observed between
the various conditions for HS1, except that the lime treatments generally resulted in a
reduction in specific surface area. Heat (50 ◦C) also appears to enhance the specific surface
area, likely due to the extraction process making water-soluble polar compounds more
accessible. Interestingly, when considering the cumulative effects of temperature and base,
the specific surface area decreases by approximately 5% for NaOH but increases by about
1% for Ca(OH)2 compared to the base at room temperature.

For HS2, the specific surface area values are 153.2 m2/g for the control, 145.0 m2/g for
water at 50 ◦C, 173.0 m2/g for NaOH at RT, 146.1 m2/g for NaOH at 50 ◦C, 167.0 m2/g
for Ca(OH)2 at RT, and 153.6 m2/g for Ca(OH)2 at 50 ◦C. A notable trend emerges when
comparing the condition with water at 50 ◦C and the simulations carried out with a base
at 50 ◦C. Interestingly, when considering the cumulative effects of temperature and base,
the specific surface area decreases by approximately 15% for NaOH but increases by about
8% for Ca(OH)2 compared to the base at room temperature. HS2 shows similar reaction
kinetics under these conditions. This observation suggests that the effect of the base
might be negligible when the temperature effect is predominant. However, in the absence
of a temperature effect, a tendency for the specific surface area to increase is observed
(173.0 m2/g for NaOH and 167.0 m2/g for Ca(OH)2). The type of base seems also to be an
important factor since we observed those differences between HS1 and HS2.

These results differ significantly from those of HS1 (182.5 m2/g for NaOH and
151.7 m2/g for Ca(OH)2), indicating that if the specific surface area of HS2 decreases
during the combined base and temperature effects, HS2 may interact less with its environ-
ment compared to HS1, leading to a reduced ability to release compounds. This could be
a part of the explanation about the difference in the soluble compound rate in Van Soest
results between HS1 and HS2 (Table 3).

The specific surface area measurements offer insights into how the hemp shiv interacts
with various extraction conditions, shedding light on the material’s porosity and surface
reactivity. To further elucidate these interactions, X-ray diffraction (XRD) analysis was
conducted to examine the crystalline structure of the hemp shiv under different conditions.
This analysis will help determine whether changes in surface area correlate with alter-
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ations in the crystalline phases of the material, thereby providing a more comprehensive
understanding of the effects of temperature and alkaline treatment on hemp shiv.

• X-ray diffraction of hemp shiv particles

X-ray diffraction (XRD) analysis provides valuable insights into the crystallinity of
cellulose in hemp shiv, particularly through the calculation of the Scherrer index [55]. This
index helps quantify the percentage of crystalline regions within the cellulose structure.
In the context of simulating agro-based concrete by liquid extraction, alkaline treatments
with Ca(OH)2 and NaOH, applied at either room temperature (RT) or 50 ◦C, facilitate the
hydrolysis of non-crystalline compounds such as lignin, hemicelluloses, and pectins. This
hydrolysis enhances the accessibility of cellulose, potentially affecting its crystallinity. The
results of the cellulose crystallinity are presented in Figure 6.
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For HS1, the crystallinities under various treatment conditions are presented in
Figure 6. The control sample exhibits a crystallinity of 29.1%, serving as a baseline. When
treated with water at 50 ◦C, the crystallinity of HS1 slightly decreases to 28.1%. Treatment
with NaOH at RT results in a crystallinity of 27.9%, which remains nearly unchanged when
the temperature is increased to 50 ◦C (28.5%). Similarly, when Ca(OH)2 is applied at RT,
the crystallinity is 28.2%, but this increases to 30.1% when the temperature is raised to
50 ◦C. The overall variation in crystallinity across all conditions for HS1 ranges from 27.9%
to 30.1%, indicating a relatively stable crystallinity except for a noticeable increase in the
Ca(OH)2 treatment at 50 ◦C. This suggests that the combination of base and or elevated
temperature does not change the cellulose crystallinity. Similar results are also found in
the literature. Momeni et al. (2021) found a crystallinity of 27.1% in untreated hemp shiv
powder [55].
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HS2 displays different crystallinity trends under similar conditions (Figure 6). The
control sample for HS2 shows a crystallinity of 29.2%. When treated with water at 50 ◦C,
the crystallinity slightly decreases to 28.7%. NaOH at RT increases the crystallinity to
29.5%, but when the temperature is raised to 50 ◦C, a significant drop to 27.7% is observed.
Ca(OH)2 treatments, both at RT and 50 ◦C, maintain higher crystallinity levels at 29.5% and
29.7%, respectively. The variation in crystallinity for HS2 across these conditions ranges
from 27.7% to 29.7%, with an increase occurring with NaOH at 50 ◦C, Ca(OH)2 at RT and
Ca(OH)2 at 50 ◦C.

These differences between HS1 and HS2 (Figure 6) suggest that the type of base and
the temperature interact differently with each sample, potentially due to variations in
their chemical compositions or structural properties. For HS1, the increase in crystallinity
with Ca(OH)2 at 50 ◦C contrasts with the decrease observed in HS2 when treated with
NaOH at the same temperature. This indicates that the origin and specific composition
of the hemp shiv may influence how these materials respond to alkaline treatments and
temperature changes. However, the observed differences are mainly trends. Ghosn et al.
(2020) [56] similarly noted that the intensity of the major XRD peak, which correlates with
fiber crystallinity, varies between untreated and treated hemp fibers. Their study found
that alkali treatments marginally increased cellulose crystallinity from 70.35% in untreated
fibers to 73.20% after alkali treatment [56,57]. Once again, only a trend was observed.

This slight enhancement in crystallinity could help explain the trends observed in
our study, particularly the effects of NaOH and Ca(OH)2 without the additional influence
of temperature.

3.5.2. Binderless Particle Board Simulation—Hot Water Extraction

• pH monitoring during hot water extraction

The pH values measured at 0, 30, and 60 min for each condition in the “binderless
particle board” simulation are summarized in Table 8. The conditions include milli-Q water
at room temperature (RT) and 100 ◦C. This aim is to evaluate the effects of temperature on
pH changes.

Table 8. pH monitoring at 0, 30 and 60 min of extraction simulating process for “binderless particle
board” simulation in HS1 and HS2.

Time (min) 0 30 60 ∆0–60

HS1 RT 5.60 5.66 ± 0.02 5.65 ± 0.02 0.05

HS2 RT 5.66 5.63 ± 0.02 5.64 ± 0.02 0.02

HS1 100 ◦C 6.21 5.75 ± 0.05 5.61 ± 0.08 0.60

HS2 100 ◦C 6.24 6.53 ± 0.12 6.77 ± 0.15 0.53

In the case of extractions conducted at room temperature, the pH for both types of
hemp shiv remained stable at approximately 5.6 (Table 8). However, when the extraction
temperature was increased to 100 ◦C, the initial pH of 6.21 for HS1 decreased to 5.61,
indicating a drop of 0.60. Conversely, for HS2, the pH increased from 6.24 to 6.77, reflecting
a rise of about 0.53. Notably, no significant pH change was observed between HS1 at room
temperature and HS1 at 100 ◦C at 60 min, and both stabilized at a pH of around 5.6. In
contrast, a slight increase in pH was observed in HS2 at 100 ◦C compared to its room
temperature control condition after the same period.

The pH decrease in HS1 at 100 ◦C between 0 and 60 min could be attributed to the
release of highly methyl-esterified pectins, which are composed of uronic acids such as
galacturonic acid and glucuronic acid. These compounds can be extracted with boiling
water, as noted in previous studies [58–60]. Additionally, the drop in pH might also be
due to the release of phenolic acids, including chlorogenic acid, vanillic acid, caffeic acid,
p-coumaric acid, ferulic acid, and gallic acid, all of which are known to be present in
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hemp [61–64]. On the other hand, the slight pH increase observed in all replicates of HS2
at elevated temperatures is a phenomenon that remains unclear. It suggests that HS2
may release fewer uronic or phenolic acids compared to HS1, which would otherwise
contribute to a pH decrease. Instead, HS2 might be releasing more neutral compounds,
such as water-soluble tannins, flavonoids, or neutral oses like D-glucose, D-xylose, and
D-galactose, which could account for the observed pH rise.

• Hemp shiv mass losses

Hemp shiv mass losses are presented in Figure 7.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 19 of 25 
 

to a pH decrease. Instead, HS2 might be releasing more neutral compounds, such as wa-
ter-soluble tannins, flavonoids, or neutral oses like D-glucose, D-xylose, and D-galactose, 
which could account for the observed pH rise. 
• Hemp shiv mass losses 

Hemp shiv mass losses are presented in Figure 7. 

 
Figure 7. Mass losses of HS1 and HS2 after simulating process extraction of “binderless particle 
board” simulation. HS1 is represented in orange shades, while HS2 is represented in shades of blue. 

The mass losses at room temperature (RT) are 9.7% for HS1 and 2.1% for HS2. When 
the temperature is increased to 100 °C, the mass losses rise to 12.0% for HS1 and 3.3% for 
HS2. As consistently observed, HS1 releases more compounds than HS2. These released 
compounds could be part of the soluble fraction, which is more readily extracted by polar 
solvents such as water. At 100 °C, these compounds could include methyl-esterified pec-
tins [59,60] and polyphenols such as chlorogenic acid, vanillic acid, or caffeic acid [62]. 

The increased mass loss suggests that more surface area is exposed as these com-
pounds are released. To better understand the effects of these extractions on the material’s 
physical properties, we can examine the specific surface area of the hemp shiv by utilizing 
Dynamic Vapor Sorption (DVS) analysis and the Brunauer–Emmett–Teller (BET) model. 
• Specific surface area (as) 

The specific surface area data are presented in Table 9. 

Table 9. Specific surface area (as) expressed in m2/g for “binderless particle board” simulation. 

 Control RT 100 °C 
HS1 157.9 164.3 166.3 
HS2 153.2 171.7 139.3 
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The mass losses at room temperature (RT) are 9.7% for HS1 and 2.1% for HS2. When
the temperature is increased to 100 ◦C, the mass losses rise to 12.0% for HS1 and 3.3% for
HS2. As consistently observed, HS1 releases more compounds than HS2. These released
compounds could be part of the soluble fraction, which is more readily extracted by polar
solvents such as water. At 100 ◦C, these compounds could include methyl-esterified
pectins [59,60] and polyphenols such as chlorogenic acid, vanillic acid, or caffeic acid [62].

The increased mass loss suggests that more surface area is exposed as these compounds
are released. To better understand the effects of these extractions on the material’s physical
properties, we can examine the specific surface area of the hemp shiv by utilizing Dynamic
Vapor Sorption (DVS) analysis and the Brunauer–Emmett–Teller (BET) model.

• Specific surface area (as)

The specific surface area data are presented in Table 9.

Table 9. Specific surface area (as) expressed in m2/g for “binderless particle board” simulation.

Control RT 100 ◦C

HS1 157.9 164.3 166.3

HS2 153.2 171.7 139.3
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HS1 at room temperature (RT) exhibits a specific surface area of 164.3 m2/g, which
slightly increases to 166.3 m2/g when the temperature is elevated to 100 ◦C. HS2 demon-
strates a decrease in specific surface area from 171.7 m2/g at RT to 139.3 m2/g at 100 ◦C,
which represents a decrease of almost 19%. This reduction in surface area for HS2 at higher
temperatures suggests a possible structural change or rearrangement of the material, which
may reduce the number of accessible pores or reactive sites.

Comparing the specific surface area of HS1 and HS2 under these conditions reveals
some interesting trends. HS2 RT shows a slightly higher specific surface area (171.7 m2/g)
than HS1 RT (164.3 m2/g), indicating that after extraction with water at room temperature,
HS2 might initially have a more porous structure. Moreover, when comparing these values
to the control samples, the HS1 control has a specific surface area of 157.9 m2/g and the
HS2 control has an area of 153.2 m2/g. The removal of water-soluble compounds during
the heating process leads to an increase in the specific surface area for HS1 and a decrease
for HS2. This increase implies that the extraction process may expose more surface area by
removing occluding substances, enhancing the material’s capacity to interact with other
molecules for HS1. On the other hand, the decrease observed in HS2 could be due to the
rearrangement of the material, which may hinder the accessibility of open pores.

To gain a deeper understanding of how these structural changes affect the crystallinity
of the material, we turn to X-ray diffraction analysis. XRD can provide insights into the
degree of crystallinity within the hemp shiv, particularly how alkaline treatments and
temperature variations influence the crystalline and amorphous regions of the material.

• X-ray diffraction of hemp shiv particles

The percentages of crystallinity for the hemp shiv particles HS1 and HS2 are illustrated
in Figure 8.
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For HS1 (Figure 8), the crystallinity of the plant particles remains relatively stable
across different extraction conditions, with the crystallinity index consistently around 29%.
This stability suggests that the various extraction conditions (room temperature, RT, and
100 ◦C) have a minimal impact on the crystallinity of HS1.

In contrast, HS2 exhibits a slight decrease in crystallinity under different conditions. In
particular, the crystallinity index for HS2 decreases from 29.2% under the control condition
to 27.9% at 100 ◦C. This trend could indicate that the extraction conditions, particularly at
higher temperatures, have a slightly greater effect on HS2 compared to HS1.

The crystallinity values for both HS1 and HS2 under control conditions are quite
similar and align closely with the literature. For instance, Momeni et al. (2021) [55] reported
a crystallinity percentage of 27.1% for untreated hemp shiv powder.

The impact of hot water treatment does not fully disrupt the non-crystalline compo-
nents such as lignin, hemicellulose, or pectins. As a result, the plant cell wall remains
largely intact, limiting access to the cellulose structure, which explains our results.

4. Conclusions

To investigate the release of plant cell wall components during the formulation of agro-
based concrete and binderless particle boards, several liquid extractions were performed,
varying in pH and temperature. Two types of hemp shiv, “HS1” and “HS2”, were selected
based on their behavior observed in previous studies [11–13]. HS1 is known to release
a high quantity of extractives, which poses challenges in the formulation of agro-based
concrete but may offer beneficial properties for binderless particle boards. In contrast, HS2
releases fewer extractives, making it more suitable for agro-based concrete applications,
while it may be less advantageous for binderless particle boards.

In this study, both hemp shiv types were analyzed, revealing notable differences in
their behavior and extractive release, as outlined below:

• Chemical Analysis:

- Van Soest analysis indicated that HS2 contains a higher rate of lignin compared to
HS1, while HS1 has a higher concentration of soluble compounds.

- Microbial activity was slightly higher in HS2 than in HS1.
- Mass loss and pH changes varied significantly between HS1 and HS2. At first, the

increase in temperature (50 ◦C or 100 ◦C) led to a decrease in pH for HS1, while an
unexpected pH rise was observed for HS2. For “agro-based concrete” simulation,
NaOH was found to be a more effective extraction agent than Ca(OH)2. The
combined effects of pH and temperature did not significantly increase mass loss
but did facilitate the release of extractive compounds. HS1 generally released
more extractives than HS2, except under conditions using Ca(OH)2, regardless of
temperature. However, for the “binderless particle board” simulation, similitude
was observed between hemp shiv, although a raise in pH units was found for HS2.
The effect of temperature slightly increased the mass loss for hemp shiv, while
HS1 released more compounds than HS2.

- The pH decreased during the alkaline extraction simulation of “agro-based con-
crete”, suggesting the release of acidic molecules potentially from sugar degrada-
tion (e.g., lactic acids) or polyphenols (e.g., hydroxycinnamic acids).

- Some of these molecules at a lower amount could have been released during the
hot water extraction simulation of the “binderless particle board”, which may
explain the pH decrease, especially for HS1.

• Physical and Microscopic Analysis:

- Density measurements and SEM analysis revealed no significant differences
between HS1 and HS2.

- XRD and BET analyses showed minimal differences between HS1 and HS2, except
for HS2 at 100 ◦C for the “binderless particle board” simulation, where there
was a decrease in the specific surface area and a tendency for reduced cellulose
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crystallinity. On the other hand, in the “agro-based concrete” simulation, a
huge difference was observed between NaOH and Ca(OH)2 without temperature
contribution.

This study highlights the inherent variability of plant-based materials, which can lead
to inconsistencies in their performance and properties. This variability is a significant
challenge in the formulation of agro-based materials, where uniformity is often desired
for predictable physical performances. This work provides insights into the liquid ex-
traction processes and their effects on hemp shiv, but it is important to acknowledge the
following limitations:

- This study primarily addresses liquid extraction parameters (pH, temperature), but
overlooks key factors like pressure and humidity, which are crucial in binderless
particle board performance and extractive compound release [29].

- When plant materials are used in Portland cement, crystalline phases formed dur-
ing hydration can modify plant cell wall structures, potentially altering the type of
extractives released [20].

- The release of extractive compounds during processing affects the properties of agro-
based materials. Thus, controlling this release is vital to optimize performance.

- The variability in extractives between different plant samples, and even within the
same agro-resource like hemp, suggests the need for a tailored approach and pretreat-
ment processes to standardize materials before application [56].

Future work should focus on pretreatment methods for reducing variability, and ex-
plore factors like pressure, humidity, and time in binderless particle boards. Enhancing the
Interfacial Transition Zone (ITZ) in plant particles can improve mechanical properties [65].
To fully utilize hemp shiv in construction, future studies should assess its mechanical,
thermal, and environmental properties, including biodegradability and the impact on
indoor air quality. This will ensure its suitability as a sustainable and versatile building
material. Expanding research to include these aspects will provide a more comprehensive
understanding of hemp shiv’s suitability in various applications.
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