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Abstract: This study examines the effects of the thermal pre-treatment of hemp hurds on the physical,
mechanical, and thermal properties of hempcrete, evaluating its potential as a sustainable building
material. Hemp hurds were pre-treated at various temperatures (120-280 °C) and characterized by
proximate analysis, CHNS elemental analysis, and thermogravimetric analysis (TGA). The resulting
hempcrete samples were analyzed for density, water absorption, compressive strength, and thermal
conductivity. Three different hempcrete formulations, with varying lime:hemp proportions, were
analyzed. The findings indicate that higher pre-treatment temperatures lead to reduced density and
water absorption across all formulations. Formulations containing a higher hemp hurd content had
lower densities but higher water absorption values. Compressive strength increased consistently
with the pre-treatment temperature, suggesting that higher temperatures enhance matrix bonding
and structural rigidity, and with the lime content. However, thermal conductivity also rose with
pre-treatment, with only the composition containing the highest hemp hurd content maintaining the
optimal insulation threshold (0.1 W/mK). This suggests a trade-off between compressive strength and
insulation performance, influenced by the balance of hemp hurd and lime content. These findings
underscore the potential of thermal pre-treatment to tailor hempcrete properties, promoting its
application as a durable, moisture-resistant material for sustainable building, though the optimization
of hurd-lime ratios remains essential.

Keywords: hempcrete; hemp hurds; sustainability; green building; TGA; compressive strength;
thermal conductivity

1. Introduction

Hemp, an annual botanical species of the Cannabaceae family, is gaining recognition
for its high versatility as a crop [1-4]. As the focus on sustainable and multifunctional
agricultural production grows, hemp cultivation is also expanding the investigation of
its many potential uses and applications in various industries. Numerous semi-finished
products that serve as the primary raw material for a wide range of end-use products have
been produced as a result of modern hemp production. Products like clothes, ropes, and
carpets are made from long hemp fibers [5,6]. In the manufacturing of paper, geotextiles,
and composite materials, short fibers provide more ecologically favorable options [7,8].
Hemp hurd, the woody core of the stalk, finds application in the construction industry,
where it is used to create thermal and sound insulation panels, known as hempcrete [9-11].
These materials are mixed with water and hydrated lime to obtain a lightweight composite
building material that has appreciable benefits for sustainable construction.

Lightweight building materials, generally having a density range of 300 to 1800 kg/m?,
are known for their reduced environmental impact due to features such as increased ther-
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mal insulation, sound absorption, and better ease of transportation and handling [12-16].
The reduced density results in decreased dead loads on constructions, which allows for
more efficient architectural designs with less heavy structural reinforcements. This de-
creases not only the demand for raw materials, but also improves transportation efficiency,
hence reducing fuel and energy use in building logistics. Furthermore, the superior thermal
insulating properties of hempcrete contribute to energy efficiency in buildings by keeping
indoor temperatures stable, therefore minimizing the need for heating and cooling systems,
in good agreement with sustainable construction requirements and goals of carbon reduc-
tion [17,18]. Hempcrete also contributes to carbon sequestration in two ways [19-22]. First,
when growing, the hemp plant absorbs large amounts of carbon dioxide from the atmo-
sphere through the process of photosynthesis. Second, during the production of hempcrete,
the hemp shives are combined with lime and water, thereby starting a carbonation reaction.
The calcium hydroxide (Ca(OH);) contained in the lime binder reacts with atmospheric
CO; to form calcium carbonate (CaCOj3), which is a more stable compound, durable [23],
and the effective binder in the mature mixture. This carbonation process does not stop after
the hempcrete has set as the construction stage, but continues over a very long period, thus
absorbing CO, and sequestering carbon to enhance the environmental sustainability of
the material.

The major drawbacks of hempcrete are its very long drying time and low mechanical
strength [24-26], which are directly related to the physical and chemical properties of
hemp hurds, mainly comprising cellulose, hemicellulose, and lignin. Cellulose, accounting
for approximately 45-52% of hemp hurds [27,28], is a linear polysaccharide formed from
hundreds to thousands of 3(1—4)-linked glucose units [29]. With a strong presence of
free hydroxyl groups, cellulose is strongly hydrophilic and thus easily forms hydrogen
bonds with water molecules in its vicinity. Hemicellulose, an amorphous polysaccharide,
accounting for about 20-25% of hemp hurds [27,28], exhibits lower thermal stability than
cellulose [30]. Hemicellulose has a lower degree of polymerization with a variety of sugars,
including pentoses and hexoses, providing higher water absorption compared to cellulose.
The synergistic presence of high cellulose and hemicellulose content is responsible for the
hygroscopic nature of hemp hurds. The third major constituent, lignin, makes up around 15—
25% of the hemp hurds [27,28]. Lignin is a phenolic polymer that structurally supports the
material, thereby providing strength and resistance to microbial degradation [31]. Although
lignin has lower hydrophilicity compared to cellulose and hemicellulose, its concentration
is insufficient to counteract the high-water-retention capacities of the other components.
Thus, high moisture retention in hemp hurds significantly impacts the drying and curing
processes of hempcrete, which therefore extends construction times, increases costs, and
poses challenges for project management, especially in a cold and humid climate. This high
moisture retention slows the carbonation of the lime binder, a process essential for develop-
ing a dense, structurally sound final product [32,33]. Similarly, excess water in the mixture
inhibits the diffusion of CO,, which is necessary for efficient carbonation and impacts
hempcrete’s capacity to develop mechanical properties and durability. Additionally, exces-
sive moisture weakens the bond between hemp and the lime binder, lowering the material’s
overall structural stability. This inherent porosity of hempcrete further accentuates these
problems by weakening the bonding between the hemp hurds and the binder. If aeration
is inadequate, high humidity can result in biodeterioration, freeze—thaw action, and salt
crystallization, all leading to material deterioration and decreasing hempcrete’s lifespan.

To enhance hemp hurd’s performance in hempcrete mixtures and lessen its strong
hygroscopic nature, a range of pre-treatments can be applied. Surface modification of
the fibers by grafting hydrophobic compounds or short polymers is a widely used ap-
proach to decrease hydrophilicity, thus improving the compatibility of natural fibers for
biocomposite applications [10,27,34-36]. Although these chemical approaches are efficient,
they can be costly and environmentally unsafe due to the chemicals involved. Thermal
treatments have therefore great potential to be more cost-effective and environmentally
friendly alternatives. The application of low-energy thermal treatments, such as streaming
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or mild pyrolysis, eliminates the need for chemical approaches and decreases the water
affinity of lignocellulosic biomass by modifying the hydrophilic nature of cellulose and
hemicellulose [37,38]. The potential to improve biomass stability is the most evident advan-
tage of such treatments. It is well known that thermal treatment successfully suppresses
microbial activity, halting fermentation and other phenomena that could otherwise result
in the emission of toxic gasses, including methane [39]. While low-temperature thermal
treatments require an input of energy, there is considerable scope for improving the overall
energy efficiency through the recovery and reutilization of heat generated during treatment.
This extra thermal energy, arising during steaming or pyrolysis, can be further utilized
for the preheating of incoming biomass or as an energy source for additional processes
in order to minimize the overall demand for energy [39]. Although thermal treatment
potentially increases the moisture resistance of hempcrete, there remains a lack of research
into its detailed effects on the mechanical and physical properties of hempcrete made from
preheated hemp hurds. In this study, thermal pre-treatment was performed on hemp hurds
at temperatures ranging from 120 to 280 °C in an inert atmosphere. Such treatment is
known to degrade hemicellulose preferentially, which starts degrading in this temperature
range, resulting in mass loss and structural changes that may reduce water uptake. In
contrast, cellulose is relatively thermally stable, maintaining its structure mainly below
250 °C, with no significant devolatilization. The use of low temperatures, below 300 °C,
is also important to obtain a high yield of materials. High temperatures would lead to a
significant degradation of cellulose and lignin, lowering the material yield and possibly
affecting the mechanical properties of the treated hurds.

Proximate analysis and thermogravimetric analysis (TGA) were carried out to deter-
mine the properties of treated hemp hurd samples. This research aims at investigating how
thermal pre-treatment affects the key properties of hempcrete, which includes compressive
strength, density, thermal conductivity, and water absorption. In this study, these effects
are investigated, and an attempt is made to bridge the gap in the literature and deliver
insights into the optimization of hempcrete for wider construction applications.

2. Materials and Methods
2.1. Hemp Hurd Samples

Hemp hurd samples were obtained from Centro Qualita Tessile S.r.1. (Carpi, Modena,
Italy), a research laboratory specialized in the analysis of textile fibers, including hemp
fibers. The batch of hemp hurds was of Italian origin and was previously air-dried. Nine
samples were thermally pre-treated in an inert atmosphere for 6 h at the following tempera-
tures: 120, 160, 200, 240, and 280 °C. One sample was left untreated. Thermal pre-treatment
has a marked effect on the color of the hurd, which gradually becomes darker. As an
example, Figure S1 shows the air-dried (AD) hemp hurds (left) and those pre-treated at
240 °C (right).

2.2. Lime

Hydrated lime from Litokol S.p.A. (Rubiera, Italy) was used to prepare the hempcrete
samples, and its physical and chemical properties are presented in Table S1.

2.3. Hempcrete Specimen Preparation

Hempcrete specimens were prepared by mixing hemp hurds with hydrated lime and
enough water to achieve good workability and easy compaction within the molds. The
samples were molded into dimensions of 4 cm x 4 cm x 8 cm.

2.4. Formulation and Design of Hempcrete Mixtures

Three different formulations with varying hemp-lime-water ratios were evaluated.
These formulations were selected based on several literature studies [25,40-42], and the
specific compositions are presented in Table 1.
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Table 1. Mixing proportions of the hempcrete specimens.

Proportions (vol%)

Formulation Hemp Hurd Lime Water
A 80 12 8
B 75 15 10
C 65 20 15

The samples were labeled by combining the formulation type (A, B, and C) with the
pre-treatment temperature of the hemp hurds. For example, sample A120 is composed of a
type A formulation with hemp hurds pre-treated at 120 °C; the CAD sample consists of a
type C formulation with air-dried hemp hurds. All formulations were prepared according
to percentage composition by volume, since hemp experiences a weight reduction during
thermal treatment.

2.5. Proximate Analysis, CHNS Elemental Analysis, and Determination of Bulk Density and
Water Absorption

Moisture, ash, protein, and protein contents were determined following the methods
recommended by the Association of Official Analytical Chemists [43]. Moisture content
was determined by drying the samples at 105 °C to a constant weight. The ash content was
determined using a laboratory furnace at 550 °C, and the temperature gradually increased.
The Dumas method was used to determine the nitrogen content, which was converted
to protein content by multiplying it by a factor of 6.25. The Soxhlet method was used to
determine the residual fat fraction using petroleum ether (boiling point range: 40-60 °C) as
the extractant solvent. Each measurement was performed in triplicate, and the results were
averaged. CHNS elemental analysis was conducted using a CHNS Analyzer Flash2000
instrument (Thermo Scientific, Waltham, MA, USA). The bulk density of the hempcrete
samples was determined by pouring them into a graduated glass cylinder. The bulk density
was calculated by dividing the mass by the volume in by the cylinder. Five replicates were
performed for each measurement and the results were averaged.

Water absorption tests were conducted on plant-based raw materials according to
the ASTM C 127 [44] and ASTM C 128 standards [45]. Approximately 1 g of material was
immersed in 15 mL of water for 24 h. The material was then filtered, surface-dried, and
weighed. The result is expressed as a percentage of water absorption, calculated as the
difference between the mass of the dry material and the mass after water absorption. Five
replicates were performed for each measurement and the results were averaged.

2.6. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was conducted on the hemp hurd samples using a Seiko
SSC 5200 thermal analyzer (Seiko Instruments Inc., Chiba, Japan) under inert atmosphere
conditions. The heating protocol employed a gradient of 10 °C min~! over a temperature
range of 25-1000 °C, with ultrapure helium purging at a flow rate of 100 uL min~ .

2.7. SEM Analysis

The field emission scanning electron microscope (SEM) instrument (Nova NanoSEM
450, FEI, Hillsboro, OR, USA) was used to evaluate the microscopic morphology of the
hemp hurd and hempcrete samples. A heating system, consisting of a heating stage, a
voltmeter with a platinum-rhodium thermocouple, and a heating control unit, was used.
The temperature was increased at the rate of 4 °C/min.

2.8. Compressive Strength of the Hempcrete Specimens

Compressive strength tests were performed after 14 and 28 days of curing using a
Tecnotest compression test machine (Tecnotest, Modena, Italy).



Sustainability 2024, 16, 10404

50f 17

2.9. Density of the Hempcrete Specimens

To calculate the density of the specimens, their masses were recorded after 28 days of
curing. These masses were then divided by the volume of the specimen (256 cm?).

2.10. Water Absorption of the Hempcrete Specimens

Water absorption was determined following the ASTM C642-21 procedure [46]. Speci-
mens were immersed in deionized water for 24 h. After immersion, the specimens were
removed from the water, and any excess water on the surfaces was carefully wiped away
using a clean, dry cloth. Each specimen was weighted before and after immersion. Water
absorption was calculated based on the weight difference between the water-immersed
specimens and the dry specimens, expressed as a percentage of the initial dry weight.

2.11. Thermal Conductivity of the Hempcrete Specimens

Thermal conductivity was performed on the specimens after 28 days of curing. It
was measured using a KD2 Pro thermal property analyzer (Decagon Inc., Pullman, WA,
USA). This portable device fully complies with ASTM D5334-08 [47] and is used to measure
the thermal properties of materials using the transient-line heat-source method. The KD2
Pro is equipped with various interchangeable sensors that measure thermal conductivity,
thermal diffusivity, and specific heat. The measurement involved heating the probe for a
specific period and monitoring the temperature during heating and cooling. To obtain more
accurate values, the influence of ambient temperature on the samples must be minimized;
therefore, measurements should be conducted under consistent thermal environmental
conditions. The measurement range of the KD2 Pro for thermal conductivity was between
0.02 and 2.00 W/ (mK).

2.12. Data Analysis

Data analyses were conducted using Matlab R2023a (The Mathworks Inc., Natick,
MA, USA).

3. Results and Discussion
3.1. Proximate Analysis of the Hemp Hurd Samples

The data in Table 2 present a detailed analysis of hemp hurd samples subjected to
thermal treatments at various temperatures ranging from 120 to 280 °C. The results include
moisture, protein, lipids, and ash, as well as the results of the CHNS analysis, including C,
H, N, S, and O contents. Some physical properties, i.e., bulk density and water absorption,
were also included.

The moisture content of hemp hurd samples showed a consistent and significant
decline as the treatment temperature increased, starting from 9.96 wt% in the air-dried
sample (AD) and dropping to 0.581 wt% by 280 °C. A sharp drop between 120 and 200 °C
can be attributed to the evaporation of both free water (which is easily released) and
bound water (which is more tightly associated with the material’s structure), and near-
complete moisture removal was reached at 280 °C. The minimized residual moisture
decreases susceptibility to mold and fungal growth, contributing to the material’s long-
term durability in damp environments.

The protein content showed an initial decrease from 2.25 wt% in the AD sample to
1.53 wt% after treatment at 120 °C, followed by a gradual increase to 2.63 wt% after
treatment at 280 °C. This initial drop is likely due to protein denaturation or partial
degradation, a process common at lower temperature values, which disrupts the protein
structure. As the primary constituents break down and volatile organic compounds (VOCs)
and moisture are lost, the proportion of protein in the solid residue appears to increase.
Since proteins normally only degrade at temperatures higher than those examined in this
work, this change represents the change in the relative concentration brought on by the
breakdown of non-protein components.
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Table 2. Proximate analysis, CHNS elemental analysis, and some physical properties of the hemp
hurd samples. Data followed by different letters within the same row indicate statistically differences

(p < 0.05).
Sample AD 120 160 200 240 280
Moisture (wt%) 9.96 £ 0232 5.80 £ 0.14 ° 3.61+£033°¢ 1.32 £0.194 0.758 & 0.072 ¢ 0.581 £ 0.080 ¢
Protein (wt%) 2.25+0.092 1.53 4+ 0.08® 1.60 + 0.08 b° 1.90 £0.15°¢ 22240132 2.63+0.144
Lipids (wt%) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Ash (wt%) 1.10 +0.01 2 1.16 4 0.05 @ 1.50 = 0.05 P 1.92 4 0.06 2.80 +0.154 372 +£0.12¢
C (Wt%) 462+192 4734102 4794022 4804012 50.9 + 0.2° 524 +04°
H (wt%) 5.8240.112 5.68 +0.13 % 5.85+0.07° 5.84 4 0.14 20 5.65 4 0.15 2 5.53 4 0.052
N (wt%) 0.35 4 0.03 0.24 +0.04 " 0.26 +0.022 0.32 + 0.05 ¢ 0.35 + 0.04 2bc 0.42 £0.03°¢
S (Wt%) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
O (wt%) 465+2.0° 4564082 445+02° 4394022 403+05° 38.0+0.6°
Bulk density (g/mL)  0.117 4+ 0.002®  0.114 4 0.0032>  0.108 = 0.004 b* 0.106 + 0.001 <d 0.103 + 0.001 ¢de 0.098 + 0.001 ©
Water absorption (%) 2634+22 262 + 32 255 + 4P 2454 2°¢ 232 +24d 191 £ 3¢

# = by difference.

As was to be expected for lignocellulosic materials, which typically contain very little
fat, the lipid content was extremely low, below 0.1 wt%, at all temperatures.

The ash content increased steadily with the temperature, rising from 1.10 wt% in the
AD sample to 3.72 wt% after treatment at 280 °C. This increase results from the thermal
degradation of the organic components, which decompose and are lost as volatiles, as well
as the moisture removal, leaving inorganic residues concentrated in the residual material.
Application in hempcrete may benefit from a higher ash content, potentially enhancing fire
resistance and thermal stability, as the inorganic fraction is less combustible.

The carbon content in the hemp hurd samples increased significantly from 46.2 wt% in
the AD sample to 52.4 wt% after treatment at 280 °C, indicating progressive carbonization.
This is because organic components like cellulose and hemicellulose break down, releasing
volatile compounds containing oxygen, hydrogen, and nitrogen while leaving behind
a carbon-rich residue. Since fewer stable components are removed during the thermal
degradation process, this carbon concentration increases the material’s thermal stability
and carbon density. The hydrogen content remained relatively constant, ranging from
5.5 to 5.8 wt%, and tended to decrease slightly as the pre-treatment temperature increased.
This slight decrease is probably due to the removal of water during heat treatment and
the slow loss of volatile hydrogen-containing molecules, such as hydroxyl groups. As the
temperature rose, the nitrogen content increased somewhat, shifting from 0.24 to 0.42 wt%.
This pattern suggests that, as other components, primarily carbohydrates, are eliminated
as a result of heat breakdown, nitrogen becomes relatively more concentrated. Proteins
and other nitrogenous molecules are either not greatly broken down or are maintained in a
stable form at these temperatures, as seen by the comparatively low nitrogen levels. As
the pre-treatment temperature increased, the oxygen concentration decreased from 46.5 to
38.0 wt%. The loss of oxygen-rich VOCs, water, and carbon dioxide, released during the
thermal degradation of hemicellulose and cellulose, is responsible for this trend. The drop
in oxygen offers further assistance to the carbonization process of the specimen, which
makes the material gradually consist of more stable carbon components.

Following treatment at 280 °C, the bulk density dropped from 0.117 g/mL in the AD
sample to 0.098 g/mL, suggesting a consistent mass loss as the temperature rose. This
decrease is caused by the loss of moisture and organic components subject to thermal
degradation. A lower aggregate weight of building applications, such as hempcrete, has
significant benefits. It not only leads to the overall reduction in the building material itself,
resulting in improved handling, reduced costs, and greenhouse gas emissions associated
with transportation, but also leads to a reduction in the structural load in building applica-
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tions. These aspects have the main effect of improving the sustainability and efficiency of
the entire building process.

Water absorption decreased from 263% in the AD sample to 191% after treatment at
280 °C, primarily due to the degradation of hemicellulose, a highly hydrophilic component.
In addition, lignin content increases with temperature, and, due to its greater hydrophobic-
ity, also contributes to the reduction in water absorption and an improvement in moisture
resistance. Reduced water absorption makes hemp more suitable for construction applica-
tions, as it leads to a reduction in the possibility of damage, such as swelling, structural
deterioration, and microbiological growth, which threaten its longevity and durability.

3.2. Thermogravimetric Analysis (TGA) of the Hemp Hurds

Thermogravimetric analysis is a widely used analytical technique to assess the thermal
stability and composition of materials. In this study, TGA was used to investigate the effect
of heat treatment on the composition of hemp hurds, particularly on the alteration in the
content of lignocellulosic components.

The thermogravimetric (TG) and its first derivative (DTG) curves of the AD hemp hurds,
shown in Figure 1, provide a basis for understanding the composition of the material before
any thermal alteration. A summary of the TGA results is provided in Table 3, which shows all
the thermally activated processes that occurred in the temperature range examined.

18 - - 0

16 - -10

14 - L 20
~12 | L 30
Elo | I 40%
= L 50 B
R L 60 2
% 61 - -70

4 - -80

2 - 90

0 . : : -100

0 100 200 300 400 500 600 700 800
Temperature (°C)

Figure 1. TG (dashed) and DTG (solid) curves of the air-dried hemp hurds.

The TG/DTG profile of the sample follows the typical trend observed in lignocellulosic
materials [48,49]. The thermogram can be divided into five regions, each corresponding
to specific thermal events that occurred within the biomass matrix. Region I, which
covers the temperature range up to ~120 °C, represents the initial drying phase, primarily
involving moisture removal and the evaporation of VOCs, which contribute to the matrix’s
characteristic aroma (Am wt% = 5.22). Other thermally activated processes, such as protein
denaturation via unfolding [50,51], occur in this region without significant mass loss.
Region II, which covers the temperature range from ~120 to ~210 °C, is related to the
release of bound water, typically associated with inorganic components, like mineral
salts, along with the complete removal of semi-volatile compounds present in the initial
matrix or generated during heating (Am wt% = 0.480). Around 160 °C, structural water
begins to be released due to condensation reactions of hydroxyl groups in simple non-
cellulosic carbohydrates [52]. The formation and removal of reaction waters travers the
entire thermogram, up to and including region IV. Near the upper temperature limit of
region II (~180 °C), free amino acids begin to undergo thermal degradation processes [53],
while proteins persist up to ~210 °C. Thus, the processes occurring in this region suggest
that the chemical structure of the biomass begins to destabilize, partly depolymerize,
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and plasticize. Region III, subtended in the temperature range from ~210 to ~415 °C,
represents the main pyrolysis window where the structural decay of proteins (~240 °C),
hemicellulose (~300 °C) [54,55], and cellulose (~370 °C) [50,55,56] are observed. The mass
loss in this region is approximately Am wt% = 64.9. Region IV beings at ~415 °C and
extends up to ~700 °C. In this thermal range, the gradual mass decrease (Am wt% = 16.9)
is mainly due to the slow pyrolysis of the lignin fraction [57,58], which is associated with
the vitrification and volatilization of carbon microparticles. A minor thermal event near
660 °C can be attributed to the decomposition of carbonaceous material, likely biochar
derived from the hemicellulosic fraction [59,60], although lignin components may also
contribute to its formation [61]. The literature studies also associate this thermal event
with the decomposition of carbonates with the release of CO,. In region V, above ~700 °C,
the last residues of biomass degradation can be observed. This is the typical pyrolysis
window involving the thermal decomposition of low volatile matter (Am wt% = 3.75), such
as carbon fragments C20-C40, in presence of mineral ashes.

Table 3. Results of the TGA analysis of the air-dried hemp hurds, comprising the description of the
thermally activated process.

Region ;I;OC) ;1;1(1‘:1) ;I;CC) Am wt% Thermally Activated Processes
I 24.6 53.2 120.5 5.22 Removal of moisture and VOCs.
Removal of bound water, NHj3 from protein denaturation,
I 120.5 ) 210.3 0.480 low-boiling VOCs, and loss of CO and CO,.
Protein degradation, removal of reaction and constitutional
I 2103 345.6 4153 64.9 water, 10w-b01'11ng VOCs, decarb'oxylatlon 'of ac1'ds with CO,
loss, degradation of polysaccharides, plasticization, and
pseudo-vitrification of the sample.
IV 4153 . 700.2 16.9 Removal of reaction water, and weak reactions related to slow

volatilization of CO, and carbon residues.

\" 700.2 - 814.8 3.75 Volatilization of carbon residues (C20-C40 fragments)

To = onset temperature (beginning of thermal step processes). Tm = maximum temperature for the largest mass
loss rate. Tc = conclusion temperature (end of thermal step processes).

The TG and DTG curves of the thermally pre-treated hemp hurds are shown in
Figure 2.

In region III (210-415 °C), where the primary degradation of hemicellulose and cellu-
lose occurs, some changes in the DTG curve profile can be observed. At lower pre-treatment
temperatures (160 and 200 °C), hemicellulose degradation appears as a shoulder around
300 °C. This shoulder progressively decreases in intensity, disappearing completely at pre-
treatment temperatures of 240 and 280 °C. This indicates that higher pre-treatment temper-
atures induce the substantial thermal alteration or partial decomposition of hemicellulose,
consistent with previous studies [49,56,61]. Consequently, the onset of the main degrada-
tion signal in region III shifts to higher temperatures in the samples pre-treated at 240 and
280 °C. This observation suggests increased thermal stability within the hemicellulose—
cellulose fraction due to structural changes induced by thermal pre-treatment. These
structural changes probably result from cross-linking, dehydration, and condensation reac-
tions in the hemicellulose and cellulose. Furthermore, the less evident degradation peak
is partly due to partial hemicellulose decomposition and mass loss during pre-treatment,
which reduces the fraction available for degradation. Importantly, cellulose maintains its
structural integrity even after pre-treatment up to 280 °C, consistent with the literature
reports that cellulose degradation typically starts above 300 °C. Although the complete
decomposition of cellulose is not achieved within the pre-treatment temperature range,
gradual reductions in the cellulose degradation signal intensity suggest that the material
undergoes preliminary thermal modification without a full breakdown, requiring higher
temperatures for complete degradation. In the higher temperature range (above 400 °C), a
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DTG (wt.%/min)
(9]
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significant mass loss is observed in the samples pre-treated at 200 °C or above related to
thermal degradation or lignin. The increase in the fraction of mass lost in this region con-
firms that increasing pre-treatment temperatures leads to the loss and partial degradation
of the most thermo-unstable fractions, hemicellulose and cellulose, with the consequent
enrichment of the more thermoresistant lignin content.
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Temperature (°C)

Figure 2. TG (dashed) and DTG (solid) curves of the thermally treated hemp hurd samples.

3.3. SEM Analysis

In this study, SEM analysis was performed to closely investigate the microstructure
and morphology of AD hemp hurds, explore their interaction with lime in the hempcrete
composite, and assess any morphological changes following thermal treatment. This
information is valuable for gaining a deeper understanding of the mechanical and physical
properties of hempcrete.

SEM images of the AD hemp hurds are shown in Figure 3.

SEM analysis shows a complex and heterogeneous microstructure in the AD hemp
hurds. Both the internal and external surfaces have alternating regions of compact and
dense fibrous material and more filamentous areas, which are characterized by numerous
cavities, grooves, and significant porosity. This porosity greatly enhances the internal
surface area of the material. The fibrous regions likely consist of tightly bound cellulose,
hemicellulose, and lignin, which contribute to the structural integrity of the plant material.
Conversely, the porous structure facilitates capillary absorption, enabling the lime slurry to
penetrate deeply into the hemp hurds during mixing. This process allows carbonation to
occur directly within the pores of the hurds, resulting in the stiffening of the lignocellulosic
structures and an improvement in the mechanical properties of the final composite. Further-
more, the interaction between the lime solution and the free hydroxyl and carboxyl groups
found in the biopolymers (cellulose, hemicellulose, and lignin) of the hurds promotes a
strong bond at the interface between the organic (hurd) and inorganic (lime) components
of the composite.

To investigate this interaction, a small fragment of hempcrete with the “B” formulation
(BAD sample) was micro-crushed and analyzed after 28 days of curing (Figure 4).
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Figure 4. Fragment of hemp hurd extracted from BAD hempcrete specimen: front (left) vs. lateral
(right) view.
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The images from this analysis show the microstructural features and interaction zones
between the lime binder and the hurds. In particular, a hemp microfiber about 25 um thick
is covered by a lime layer of a fairly consistent thickness, about 40 um. Lime was observed
to infiltrate the pores and grooves of the hurds, initiating carbonation within the internal
voids of the hurds’ structure.

Further SEM analysis was performed on a hemp hurd sample heated at different
temperatures during analysis. These SEM images are shown in Figure 5.

Figure 5. EDS analysis of a hemp hurd sample treated at 117 °C (a), 211 °C (b), 241 °C (c), 400 °C (d),
552 °C (e), and 611 °C (f).
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The pre-treatment did not drastically alter the overall structure of the lignocellulosic
matrix. The porous structure remained largely intact, and the observed crumpling and
deformation of the longitudinal fibers indicated the gradual removal of simple volatile
molecules (e.g., H,O, CO, and CO,) during the pyrolysis process. While these processes
resulted in minor mass loss, they did not significantly impact the basic morphology of the
shives, suggesting that the thermal pre-treatment preserved the structural integrity of the
material while inducing some fiber contraction and pore expansion.

3.4. Hempcrete Properties: Density, Water Absorption, Compressive Strength, and
Thermal Conductivity

Table 4 summarizes the density, water absorption, compressive strength, and thermal
conductivity of hempcrete samples (A, B, and C). Each formulation displays unique trends
influenced by the hemp hurd content and pre-treatment temperatures.

Table 4. Density (kg/m3), water absorption (%), compressive strength (kPa), and thermal conductivity
(W/mK) of the hempcrete samples. Data followed by different letters within the same column indicate
statistically significant differences (p < 0.05).

Density (14 d) Density (28 d) Water Absorption Compressive Thermal Conductivity
(kg/m?3) (kg/m3) (%) Strength (kPa) (W/mK)

AAD 397 + 102h 309 +£112 121.1 £ 13.32 318 + 132 0.047 + 0.007 2

A120 401 + 19 2bh 3124142 1183 £ 3.72 3314192 0.057 £ 0.009 ab
A160 400 4 11 ach 298 +£9°2 116.1 +£17.020 3254282 0.063 + 0.004 2b¢
A200 365 + 1224 281+ 112b 90.3 4 9.5 b¢ 383 £ 16 2P 0.072 4 0.002 bed
A240 328 + 16 de 240 + 15 bc 729 + 8.8<d 466 + 22 d 0.080 = 0.001 <de
A280 308+ 8¢ 225+20°¢ 639 +7.09 515+ 31 0.081 4 0.002 <de
BAD 452 4 17 bfh 382 + 17 di 1145+ 7.42b 334 +222 0.088 4 0.007 de
B120 467 4 22 fgh 400 = 5 dhi 1142 £5.02b 452 4 42 be 0.089 4 0.011 de
B160 432 + 32N 379 4+ 13 di 104.2 + 9.4 abee 3754322 0.096 + 0.007 ©

B200 421 +21h 362 4+ 16 de 80.9 + 6.3 ¢de 498 4 32 °d 0.118 + 0.007 f

B240 358 + 152¢ 321 4182 67.6 + 5.7 < 511 + 114 0.134 4 0.006 8
B280 328 + g de 298 4222 587 +£7.94 540 + 26 d 0.142 + 0.008 8"
CAD 506 4 14 8! 469+ 10f 104.8 + 6.8 2P 512 4 18 < 0.121 + 0.005 f

C120 497 4+ 14 fi 45142618 103.5 £ 5.52P 513 +£ 19 <d 0.128 4 0.007 8
C160 491 +9fi 443 + 16 95.5 + 8.8 abc 532 + 189 0.137 = 0.002 fgh
C200 485 + 14 fi 438 +11fh 76.7 4 10.0 bed 677 £ 12°¢ 0.149 + 0.007 &
C240 474 + 181 432 + 17t 621+ 7.2 777 £22f 0.156 4 0.005 M
C280 449 + 19 <th 418 +£178 524 + 6.3 9f 829 +26f 0.166 4 0.003 1

The density values for all examined formulations decreased consistently with longer
curing times and higher hurd pre-treatment temperatures. Notably, except for samples CAD
and C120, all formulations achieved density values within the ideal range for low-bearing,
non-structural materials (250-450 kg/m?), which are designed for applications requiring
thermal insulation and sound absorption. Higher pre-treatment temperatures across all
formulations lead to lower densities due to hurd bulk density reduction and increased
hydrophobicity. Since formulation A contained the highest proportion of hemp hurds, it
exhibited the lowest densities, while formulation C, with the highest lime content, had
the highest values. Formulation A showed the greatest density reduction with increasing
pre-treatment temperature after 28 days of curing, from 309 kg/m?3 (AAD) to 225 kg/m?
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(A280). From 14 to 28 days, the average decrease in density across all formulation A samples
was approximately 24%. Formulation C showed a less pronounced density reduction with
increasing pre-treatment temperature after 28 days of curing, from 469 kg/m> (CAD) to
418 kg/m?3 (C280). The average density decrease from 14 to 28 days of curing was 9%. The
slower reduction in density during curing observed in formulation C samples was likely
due to the higher water content associated with lime. In fact, lime’s ability to chemically
bind water during hydration results in a slower release of water during curing, contributing
to a more gradual density reduction [33]. Formulation B showed an intermediate density
reduction, reflecting its moderate hurd and lime composition.

The water absorption decreased significantly with increasing pre-treatment tempera-
ture, which can be attributed to the higher hydrophobicity and to the structural changes in
the hemp hurds. Formulation A had the greatest water absorption capacity, which reduced
from 121.1% (AAD) to 63.9% (A280) with increasing pre-treatment temperature, resulting
in a 47% decrease. This trend indicates a strong correlation between thermal treatment
and reduced water affinity, which aligns with the increased hydrophobicity of the hemp
hurds due to the loss of hydroxyl groups from hemicellulose, as previously pointed out.
The increase in lime content leads to less water absorption, since moisture retention is
mainly influenced by the hemp hurd content. Formulations B and C similarly presented
decreased water absorption with increasing the pre-treatment temperature, but to lesser
extent due to the different hurd content values. Across all formulations, a marked decline
was observed between 160 and 200 °C of pre-treatment temperatures, signifying a shift
toward hydrophobic behavior in this range.

Compressive strength increased across all formulations with increasing hurd pre-
treatment temperatures, indicating that the thermal modification of the hemp hurds en-
hanced the material’s mechanical properties. This improvement can likely be attributed to
the thermal decomposition of organic components in the hurds, making them more brittle.
This results in the mixture being more easily compacted during the test specimen roll-
out, resulting in denser, stiffer, void-free composites. Additionally, higher pre-treatment
temperatures may accelerate the carbonation reaction within the lime binder, as less wa-
ter is retained within the mixture, further promoting matrix consolidation and the faster
development of compressive strength, producing higher values after 28 days of curing.
Formulation A’s strength rises from 318 kPa (AAD) to 515 kPa (A280), a 62% improvement.
Formulation C shows the highest compressive strength, reaching 829 kPa for the C280
sample, indicating greater structural integrity due to its denser, lime-rich matrix. The
values of formulation B samples fall between those of formulations A and C.

Thermal conductivity increases with higher pre-treatment temperatures across all
formulations, reflecting a denser material structure with an enhanced heat conduction
capacity. This increase can also be attributed to the higher carbon content in the thermally
treated hemp hurds, indicating a greater presence of carbonaceous materials, which are
generally more thermally conductive. The AAD sample has the lowest thermal conductivity
value of 0.047 W/mK, which increases to 0.081 W/mK after treatment at 280 °C, showing an
overall 72% increase. This low thermal conductivity reflects the high organic content and air
pockets within the structure, which enhance the insulation properties. Formulation B shows
a higher thermal conductivity value of 0.088 W/mK for the BAD sample, compared to the
corresponding AAD sample. Thermal conductivity increases to 0.142 W/mK after the pre-
treatment of the hurds at 280 °C, marking a 61% increase. This formulation has more lime
content than formulation A, leading to a denser structure and higher conductivity at each
temperature. Formulation C consistently shows the highest thermal conductivity, starting at
0.121 W/mK (CAD) and peaking at 0.166 W/mK after pre-treatment at 280 °C, representing
a 37% increase. A building material with thermal conductivity below 0.1 W/mK is generally
considered a good insulator. Despite the increase in conductivity following the heat pre-
treatment of the hemp hurds, formulation A remains within this desirable threshold,
maintaining good insulation properties. However, the same does not apply to formulations
B and C, where the higher lime content causes the conductivity to exceed the 0.1 W/mK
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limit. This suggests a potential limitation to the use of heat pre-treatment in applications
requiring optimal insulation. To achieve a material with a good insulation performance,
it is beneficial to maintain a higher proportion of hemp hurds and limit the lime content,
though this may compromise the compressive strength.

4. Conclusions

This study demonstrates that the pre-treatment temperature of hemp hurds signifi-
cantly influences the physical and mechanical properties of hempcrete, with implications
for its use as a sustainable building material. Increasing pre-treatment temperatures of the
hurds led to notable reductions in density and water absorption across all hempcrete formu-
lations, which is advantageous for applications requiring lightweight insulating materials
with enhanced moisture resistance. The marked decrease in water absorption, particularly
at temperatures above 200 °C, reflects the structural modifications and increased hydropho-
bicity of the hemp hurds, likely due to the thermal degradation of hemicellulose and
cellulose. Compressive strength showed a consistent increase with higher pre-treatment
temperatures, suggesting that elevated temperatures improve the rigidity and bonding
within the hemp-lime matrix. This enhancement is attributed to the removal of hydroxyl
groups and the partial degradation of organic components, which together produce a
denser, more mechanically robust structure. However, thermal conductivity also increased
with higher pre-treatment temperatures. Despite the increased conductivity following the
heat pre-treatment of hemp hurds, formulation A remains within this desirable threshold,
maintaining effective insulation properties. The same does not apply to formulations B
and C, where the higher lime content causes the conductivity to exceed the 0.1 W/mK
limit. This suggests a potential limitation to heat pre-treatment in applications requiring
an optimal insulation performance. To achieve effective insulation, a higher proportion of
hemp hurds with limited lime content may be advantageous, though this may compromise
the compressive strength. Overall, the findings highlight that the thermal pre-treatment
of hemp hurds can be strategically used to tailor hempcrete’s properties for specific con-
struction applications. Pre-treated hemp hurds not only enhance the material’s structural
and thermal performance, but also support long-term sustainability in construction by
improving durability and reducing the need for additional moisture-resistant additives.

This preliminary study lays the groundwork for numerous future investigations, which
could address a variety of critical aspects. Future research should focus on optimizing the
thermal pre-treatment parameters to maximize the performance and evaluate the long-term
durability of hempcrete under variable environmental conditions. Additionally, upcoming
studies should examine the energy consumption associated with the thermal pre-treatment
of hemp shives, offering a thorough evaluation of the overall sustainability of the resulting
hempcrete.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/su162310404/s1, Figure S1: Air-dried hemp hurds (left) and pre-treated at
240 °C (right); Table S1: Physical and chemical properties of the hydrated lime used in this study.
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