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ABSTRACT

This study explored the thermo-chemical properties of industrial hemp hurd with different provenances, maturity
stages, and retting protocols. The findings were then compared to hemp hurd used in the fabrication of citric
acid-bonded ultra-low-density hemp hurd particleboard. Pyrolysis-gas chromatography-mass spectrometry
(Py-GC/MS), Fourier-transform infrared spectroscopy (FTIR), and thermogravimetric analysis (TGA) were
employed to document the variability of the hurd and comprehend the potential impact on biobased composite
applications. The choice of cultivar, maturity stage, and processing modality significantly influenced the chemical
composition, presence of functional groups, and thermal stability of the hurd. Py-GC/MS revealed substantial
variations in the lignin-to-carbohydrate (L/C) ratio, along with the absence of fatty acids in certain cultivars.
While FTIR signals confirmed consistent functional groups, differences in peak intensities were indicative of
carbohydrate variations associated with maturity and retting duration, impacting the availability of hydroxyl
groups for, i.e., interparticle bonding in citric acid-based bio-composites. Furthermore, it was observed that short-
er retting durations initially enhanced the thermal resistance, but prolonged retting led to accelerated degradation,
significantly reducing the hurd’s residual mass. The findings indicated notable differences among the samples,
emphasizing the importance of investigating variables such as provenance/cultivar, maturity, and processing
modality. This assessment is essential to ensure effective agronomic practices that align the raw material charac-
teristics with the specific requirements of intended applications, such as the fabrication of biobased hemp hurd
composites.
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1 Introduction

The decreasing availability of sustainable timber for wood-based panels (WBPs) motivates research into
residual biomass from various horticultural and agricultural crops as alternative lignocellulosic raw materials.
The by-products of many food crops are increasingly examined as substitutes or additives to traditional
timber raw material in the development of innovative bio-composites. Crop residues offer the advantage
of local abundance and short growth cycles with much attention recently given to industrial hemp
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(Cannabis sativa L.). The renewed global interest in hemp cultivation typically arises from the plant’s
exceptional environmental credentials [1,2], carbon sink potential [3] and versatile array of consumables
and products [4], which align well with the core principles of the circular economy model. When using
hemp as a raw material for composites, the long bast fiber bundles are preferred for meshed/woven fiber
laminates [5—7] or battens [8], while aggregates can be obtained from the xylemic core (hurd) for the
fabrication of particulate composites such as particleboard (PB) [9-13].

The chemical composition and consistency of constituents along with their functional groups like
hydroxyl, carboxyl, and phenolic groups, play pivotal roles in, e.g., matrix-reinforcement interaction,
chemical reactivity, curing Kinetics, cross-linking density, and resistance to environmental factors.
Consequently, these factors significantly influence the quality and mechanical properties of bio-based
composites. The presence of, i.e., oil, wax, and silica, has been demonstrated to adversely affect the self-
bonding mechanisms of lignocellulosic materials during hot-pressing [14]. Additionally, soluble
carbohydrates were found to significantly decrease the strength of wood-bonded cement panels [15] and
may impede the setting time of bio-concretes [16].

The content and variability of extractives may also affect the interaction and compatibility with binders
and coatings utilized for WBPs and innovative bio-composites. Bio-mineralized silica and wax are believed
to diminish the wettability of particles, thereby reducing the bonding ability in rice (Oryza sativa L.) [17,18]
and wheat (Triticum sp L.) [19] straw PB. The hydrophobicity of extractives also reduces wood surface
permeability, negatively impacting the performance of waterborne coatings that rely on substrate
permeability and access to the wood cell walls [20]. Acidic extractives have been shown to delay the
curing reaction and final crosslinking of phenol resorcinol formaldehyde (PRF) [21] and polyurethane
adhesives [22]. Bockel et al. [22] also demonstrated the degrading effect of starch on PRF and melamine-
urea formaldehyde adhesives and showed that many extractives accelerate gel time. Meanwhile, the
release of volatile extractives has been linked to issues of blowout and delamination in Western red cedar
PB [23]. Additionally, the effects of extractives on adhesion may be exacerbated if they occur in interface
areas, are concentrated, and/or the glueline is simultaneously exposed to multiple stressors [22].
Nevertheless, composites manufactured with tannin-formaldehyde adhesive showed lower formaldehyde
emissions from Douglas fir (Pseudotsuga menziesii FRANCO) and Scots pine (Pinus sylvestris L.)
heartwood compared to those from sapwood, suggesting that extractives may function as formaldehyde
scavengers [24].

Much like established biomass-derived raw materials for WBPs such as wood [24], the composition of
hemp hurd and various agricultural residues may vary based on genetics (cultivar), environmental conditions
(soil, climate), plant maturity, and position within the plant [25]. Additionally, their chemical structure and
compound proportions may be altered through various processes, including heat, steam, and/or enzymatic
(pre)treatments [26,27]. As for hemp, the traditional prerequisite for enhanced separation of the bast fibers
from the hurd during post-processing is referred to as ‘field retting’ (also dew-retting). Retting entails
leaving the harvested hemp stems in the field, allowing the pectin-rich middle lamellas between fibers to
degrade through a combination of enzymatic and microbial processes. While field retting is a cost-
effective method, it is highly dependent on in-situ climatic circumstances and offers limited control. This
dependence may result in significant variability in fiber quality [28]. Importantly, extending the retting
duration beyond 22 days may induce alterations in the chemical composition and structural integrity of
the hurd, potentially converting closed porosity to open porosity. Such transformations can substantially
affect hurd density, water absorption kinetics, and thermal conductivity properties [16].

While the successful fabrication of various composites using hemp is reported, there is limited emphasis
on comprehending and documenting the effects of the aforementioned factors that contribute to the inherent
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variability of the raw hurd. Additionally, chemical analyses often focus on a specific representative cultivar
and seldom compare different hurd and the effects of processing modalities.

A thorough documentation and understanding of the composition and influencing factors of bio-
aggregate raw materials like hemp hurd are crucial for an informed hemp agronomy. This ensures that the
raw material quality aligns with the specifications required for subsequent processing. Consequently,
characterizing hemp hurd becomes a pivotal measure in successfully controlling and minimizing inherent
variability within composite materials, preventing potential application failures. To complement the
thermo-chemical characterization of reference material, Australian-grown ‘Frogl’ hemp hurd used in the
fabrication of citric acid (CA)-bonded ultra-low-density hemp hurd particleboard [29], the present study
examined the chemical composition and thermal stability of additional raw hemp hurd from selected
hemp varieties harvested at different maturity stages and retting durations (Table 1). Furthermore, CA-
resinated Frogl particles (dried but not hot-pressed) were also included. The chemical composition and
thermal stability analyses included pyrolysis-gas chromatography-mass spectrometry (Py-GC/MS) and
thermogravimetric analysis (TGA), while Fourier-transform infrared (FTIR) spectroscopy was used to
confirm the presence of functional groups.

Table 1: Hemp hurd origins and processing modalities

Origin Variety Treatment Growing Sowing date  Harvest date  Retting Post-harvest ~ Sampling  Collection and storage
site baling date
CSIRO  Frogl Early Smeaton,  14/11/2020 24/2/2021 - - 24/2/2021  Collected as straw from
[30] harvest VIC standing crop
Late 31/3/2021 - - 31/3/2021  Collected as straw from
harvest standing crop
Baled 18/4/2021 10 days 28/4/2021 23/6/2021  Bale outside until transfer to

CSIRO (9/6/2021) > 2 weeks
at 20°C and 50% RH >
shipment to processing

facility
(23/6/2021)
Han Early 24/2/2021 - - 24/2/2021  Collected as straw from
NE harvest standing crop
Late 31/3/2021 - - 31/3/2021  Collected as straw from
harvest standing crop
Baled 31/3/2021 34 weeks 28/4/2021 23/6/2021  Bale outside until transfer to

CSIRO (9/6/2021) > 2 weeks
at 20°C and 50% RH >
shipment to processing

facility
(23/6/2021)
Retted 31/3/2021 5-6 weeks - Late May  Collected as straw from the
2021 ground (unbaled swath)
AHMC Frogl Raw - - - - - n/a Rinsed under running tap

water (20°C) > dried at 65°C
for 4 h > conditioned at 23°C
and 65% RH

Citric - - - - - n/a Particles resinated with 59%

acid concentrated citric acid at
30wt% (particle weight at
12% MC) > dried at 65°C for
4 h > conditioned at 23°C and
65% RH

Autoclave — - - - - Particles treated in autoclave
for 20 min at 130°C
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2 Materials and Methods

Hemp hurd chips (Cannabis sativa L., AHMC ‘Frogl’ cultivar), from the Gippsland region in Victoria,
Australia, were cleaned under tap water, dried at 60°C for 4 h, and conditioned at 23°C and 65% relative
humidity (RH) until constant mass was achieved. The process of chip comminution and subsequent
screening into particle size categories (PSC) followed the protocol reported in a prior study [9]. The
material for the present study was sampled from the coarse (C) particle size fraction, as it was the most
abundant. For the autoclave pre-treatment, PSC-C particles were subjected to 130°C for 20 min.

Anhydrous citric acid (CA) (C0759) was obtained from Sigma-Aldrich (Macquarie Park, Australia).
PSC-C hurd was resinated with 59% concentrated CA solution applied at 30 wt%, followed by drying and
conditioning as outlined for the Frogl chips. Additional hemp stalks of ‘Frogl’ and ‘Han NE’ cultivars,
with varying harvest times and retting durations, were sourced from the Commonwealth Scientific and
Industrial Research Organization (CSIRO). A utility knife was employed to manually separate the hurd
from the bast fibers. Table 1 provides a summary of the origins and processing methods, detailing harvest
and retting times where available, while Fig. 1 visually represents the examined hemp hurd.

Figure 1: Examined raw hemp hurd. AHMC Frogl: hemp hurd chips (a); CSIRO Frogl: early harvest (b),
late harvest (c), baled (d); CSIRO Han NE: early harvest (e), late harvest (f), baled (g), retted (h)
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The operational and technical details for the Pyrolysis-gas chromatography-mass spectrometry (Py-GC/
MS), Fourier-transform infrared spectroscopy (FTIR), and Thermogravimetric analysis (TGA) were applied
as previously described [29] and are provided as Appendix A.

3 Results and Discussion

3.1 Pyrolysis-Gas Chromatography-Mass Spectrometry (Py-GC/MS)
Fig. 2 displays the Py-GC/MS chromatograms, along with the identified compounds and a summative
analysis in Tables 2 and 3, respectively.

, 24 42 49 51 64 Frog1 (AHMC)

12 27 37 4 46 1 83
79 82

Intensity

MWA—AW o
. A Baled
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' | ' 63 Han NE (CSIRO)
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Figure 2: Comparison by superposition of hemp hurd Py-GC/MS chromatograms. Peak colors
indicate compound origins: black = carbohydrate/nitrogen, blue = guaiacyl-lignin, = syringyl-lignin,
= extractives, = citric acid

The release of compounds after pyrolysis of raw hemp hurd is primarily attributed to the lignin and
carbohydrate components presented in Table 2. Compounds of smaller size, which tend to fragment easily
at the start of pyrolysis, were excluded from the Py-GC/MS chromatograms due to the difficulty in their
unambiguous differentiation. Lignin biosynthesis occurs through the polymerization of three
phenylpropane units: p-coumaryl/hydroxyphenyl (H), coniferyl/guaiacyl (G), and sinapyl/syringyl (S)
alcohol. The relative abundance of these monolignol units varies significantly depending on plant species,
the structural location, and tissue type [25]. Softwood species are known to contain a higher proportion of
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G-type lignin, whereas hardwood species comprise both G-type and syringyl (S)-type lignin, with S-units
being more prevalent.

Table 2: Peak assignments and relative abundance of the principal compounds in hemp hurd released after

Py-GC/MS
Peak Pyrolysis product Origin AHMC Frogl CSIRO Frogl CSIRO Han NE
Raw Citric Autoclave Early Late  Baled Early Late  Baled Retted
acid harvest harvest harvest harvest
Relative abundance (%)
Furfural CH 295 387 3.1 323 3.04 362 376 3.6l 3.18 n.d.
7 2-Butanone CH 1.60 0.71 1.58 1.56 1.71 1.99 1.86 1.90 .12 nd.
12 2(5H)-Furanone CH 353 148 3.96 327 322 357 374 333 253 268
15 6-Oxa-bicyclo[3.1.0]hexan- E 5.68 429 3.17 2.03 559 694 6.67 549 421 533
3-one
16  2,5-Furandione, 3-methyl- CH nd. 3495 nd. 0.62 n.d. nd. nd n.d. nd. nd.
(citraconic/itaconic
anhydride)
24 DL-Threonine, N-glycyl- N 252 329 293 n.d. 1.64 334 4.67 n.d. 7.52 nd.
27  1,2-Cyclopentanedione, CH 239 1.64 224 298 3.04 283 270 210 1.16 1.51
3-methyl-
33 Guaiacol G 2.61 1.63 233 353 275 231 289 3.04 219 198
34 Cyclopropyl carbinol E 428 239 411 444 504 517 456 440 221 228
37  2,4(3H,5H)-Furandione, CH 144 146 1.77 1.17 1.08 223 182 1.87 2.88 332
3-methyl-
40  Creosol G 1.72 173 132 1.16 091 1.84 2.1 2.17 523 5.6l
41  Catechol E 257 130 nd. 313 274 318 285 248 132 1.00
42 Benzofuran, 2,3-dihydro- CH 439 346 5.49 549 422 629 465 486 392 289
46  1,2-Benzenediol, G 1.81 122 1.25 1.34 1.59 1.43 nd. 1.68 1.52 1.24
3-methoxy-
49  4-vinylguaiacol G 3.78 240 3.25 444 330 3.16 4.01 391 4.04 324
51  Syringol S 4.62 3.14 478 583 674 448 416 482 200 175
54 Vanillin G 098 046 0.89 078 070 0.85 0.86 1.05 1.88 1.44
57  4-methylsyringol S nd. 133 1.51 1.14 1.50 1.44 1.58 196 205 1.88
58  Isoeugenol (trans) G 1.75 0.88 147 1.92 1.53 1.6l 208 206 218 1.89
60  Benzene, 1,2,3-trimethoxy- S 0.84 248 0.46 1.07 .13 093 0.73 nd 0.83 1.08
5-methyl-
62 Guaiacylacetone G 1.82 223 035 057 037 049 053 0.5 1.37 2.12
63 1,3-Di-O-acetyl-.alpha.-. CH nd. nd. 025 n.d. n.d. 095 1.17 1.31 5.67 8.04
beta.-d-ribopyranose
64 4-vinylsyringol S 6.43 3.06 6.83 676 836 6.05 588 684 292 271
67  4-allylsyringol S 0.80 0.44 0.81 0.77  n.d. 071 0.74  0.81 0.69 0.74
71  Syringaldehyde S 1.32 0.57 1.58 0.98 1.30 1.18  1.00 1.28 172 148
73 4-propenylsyringol (trans) S 3.14 140 3.13 2.87 354 281 281 3.19 2,12 215
75  Coniferyl alcohol G 8.00 1.08 8.71 847 8.04 654 593 591 320 2.86

(Continued)



JRM, 2024 7

Table 2 (continued)

Peak Pyrolysis product Origin AHMC Frogl CSIRO Frogl CSIRO Han NE

Raw Citric Autoclave Early Late  Baled Early Late  Baled Retted
acid harvest harvest harvest harvest

Relative abundance (%)

76  Syringylacetone S 1.13 0.87 0.94 1.06 1.24 1.02  1.04 1.16 057 0.56
78  Sinapyl alcohol (cis) S 0.84 nd. 097 068 09 070 0.62 0.78 043 038
79  Palmitic acid CH 446 nd. 099 092 047 0.74 0.61 n.d. 0.53 1.01
80  Sinapyl alcohol (trans) S 4.84 0.72 6.87 4.80  6.68 379 3.04 273 1.04 1.20
82  Oleic Acid CH 0.24 n.d. n.d. n.d. n.d. nd. nd. n.d. nd. nd
83  Octadecanoic acid CH 043 nd. nd n.d. n.d. nd. nd. n.d. nd. nd.
84  (E)-3,3’-Dimethoxy-4,4’- E 0.78 0.55 0.66 0.73 0.57 071 1.01 1.04 122 095
dihydroxystilbene

Note: Origin: CH = carbohydrate; N = Protein; G = guaiacyl-lignin; S = syringyl-lignin; E = extractives, n.d. = not determined.

Table 3: Summative chemical composition of hemp hurd identified by Py-GC/MS

Variety AHMC Frogl CSIRO Frogl CSIRO Han NE
Treatment Raw Citric  Autoclave Early Late Baled Early Late Baled Retted
acid harvest  harvest harvest  harvest
Total derived 13.57 1059 9.01 12.91 15.08 16.70 17.18 19.64 19.79  10.04
extractives (%)
Total derived 3370 59.19 3746 31.54 27.37 35.83 3582 29.88 38.19 45.12
carbohydrate (%)
H-unit lignin (%) 2.57 2.41 1.34 2.95 3.20 2.78 3.39 2.40 2.90 1.16
G-unit lignin (%) 2452 1234 2094 24.99 21.30 20.20  20.61 22.84 21.55 24.08
S-unit lignin (%) 2527 1549  29.16 27.06 32.82 24.13  22.64 24.90 17.15  17.67
Total derived lignin (%) 52.36 30.24  51.44 55.00 57.32 47.11  46.64 50.14 41.60 42091
H/G/S ratio 5:47:48 8:41:51 3:41:57 5:45:49  6:37:57 6:43:51 7:44:49  5:46:50 7:52:41 3:56:41
S/G ratio 1.03 1.26 1.39 1.08 1.54 1.19 1.10 1.09 0.80 0.73
L/C ratio 1.55 0.51 1.37 1.74 2.09 1.31 1.30 1.68 1.09 0.95

Note: Lignin units: H = p-coumaryl/hydroxyphenyl, G = coniferyl/guaiacyl, S = sinapyl/syringyl.

The Py-GC/MS analysis showed a notable low abundance of H-unit lignin in all hemp hurd samples.
This is consistent with lower concentrations of H-unit lignin for both softwood and hardwood species in
general, as well as non-woody biomass lignins of bast fibers from, i.e., hemp, flax, and jute [31]. In the
same study, the Py-GC/MS analysis of hemp bast fibers revealed a H/G/S ratio of 9:51:40, which
closely resembled the 7:52:41 ratio observed in baled Han NE hurd and to some extent, the
3:56:41 ratio of retted Han NE. In the present study, all other hemp hurd samples displayed inverse
configurations, characterized by reduced proportions of G-unit lignin and an increased prevalence of S-
unit lignin. The total lignin derivative content initially increased with maturity but subsequently
decreased with prolonged storage and/or retting for the CSIRO Frogl and Han NE varieties. The lower
lignin levels in the baled samples could result from compression and mechanical damage to the biomass
during the baling process [32], which can accelerate the exposure of lignin to environmental factors.
Additionally, increased moisture retention inside the bale may increase anaerobic microbial activity and
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enhance the activity of lignin-degrading enzymes produced by fungi and bacteria [33,34]. Interestingly, the
S-type lignin increased by 21.29%, whereas G-type lignin decreased by 14.77% in early to late harvest
CSIRO Frogl, respectively. Conversely, both S- and G-type lignin increased by 9.98% and 10.82%,
respectively, in Han NE.

After undergoing autoclave treatment, the total lignin content of the raw AHMC Frogl decreased only
moderately by 1.76%. However, the abundance of monolignols displayed a significant shift, with a 15.39%
increase in S-unit content and a 14.60% decrease in G-unit content in autoclaved AHMC Frogl. Increased
levels of S-units and elevated S/G ratios typically result in improved pulping efficacy and signify faster
delignification rates due to the heightened reactivity of S-lignin in alkaline conditions [35]. In the current
study, only the S/G ratios of CSIRO Frogl were influenced by maturity (1.08 to 1.54), whereas the ratios
of Han NE remained constant (1.10 to 1.09). Raw AHMC Frogl displayed the most balanced S/G ratio
of 1.03, whereas the application of autoclave treatment resulted in an increase to 1.39, attributable to the
G-unit breakdown. The intrinsic variability in lignin composition in biomass, along with different
methodologies for determining the S/G ratio, can present challenges for the comparison of S/G ratios in
the literature. Nevertheless, it is noteworthy that the results from this study align with reported S/G ratios
of hemp hurd, namely 0.8 [31] and 1.42, and are generally lower when compared to S/G ratios other non-
woody biomass types, such as jute (2.1) [35], or abaca, sisal, and jute (2.9, 3.4, and 1.7, respectively) [31].

The lignin-to-carbohydrate (L/C) ratio is a useful indicator of biomass cell wall composition and can
provide insight into the utility for industrial processes i.e., composites, biofuels, or pulping. A higher L/C
ratio is typically associated with tougher and more rigid plant material, while a lower ratio suggests a
more easily digestible and softer material. In the total derivate count, carbohydrate presence is inverse
proportional to lignin abundance. As a result, mature CSIRO Frogl and Han NE with high lignin content
exhibited high L/C ratios of 2.09 and 1.68, respectively, while L/C ratios decreased in baled samples with
reduced lignin content to 1.31 and 0.95, and 1.09 (retted), respectively.

CA-resinated AHMC hemp hurd was the only sample comprising an added substance. Studies on the
thermal degradation of CA determined a melting point between 153°C [36] and 160°C [37], and
decomposition around 175°C [38] or 203°C [37]. Prolonged heating of CA leads to the formation of
intermediate compounds, namely aconitic acid (cis and trans) followed by aconitic anhydride (cis and
trans). Through complex dehydration and decarboxylation reactions, citraconic and/or itaconic anhydrides
are ultimately formed as the end products. These isomeric compounds are difficult to separate using
chromatographic techniques and may be frequently reported as a combined sum of both isomers [37,39].
Exposure to citraconic anhydride is linked to respiratory hypersensitivity reactions i.e., contact
sensitization, and occupational asthma [39]. Given their close structural relationship, it is reasonable to
consider both compounds as respiratory sensitizers. Citraconic and/or itaconic anhydride was the
predominant compounds (34.95%) in CA-resinated hemp hurd. Although citraconic/itaconic anhydride is
not a carbohydrate, it was classified by the Pyris analysis software as ‘carbohydrate originated’, which
caused a significant alteration of the samples’ L/C ratio to 0.51, in contrast to the 1.55 and 1.37 observed
in raw and autoclaved Frogl, respectively. Excluding citraconic/itaconic anhydride from the total
carbohydrate count led to a hypothetical L/C ratio of 1.27.

Extractives, such as tannins and phenolic compounds, may disrupt matrix-to-fiber bonding mechanisms
in lignocellulosic composite materials [40]. This can be attributed to the chemical reaction of these
compounds with the alkaline environment of the matrix, resulting in acidic conditions that could impede
sufficient bonding. In bio-based concretes, solubles like pectins, proteins, and lipids may leach into the
mixture [16], potentially altering setting time, strength, and the composition of the final product. The
present study showed that extractive derivatives increased with maturity to 15.08% and 19.64% in late
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harvest CSIRO Frogl and Han Ne, respectively, compared to 13.57% in raw AHMC Frogl. The application
of retting and autoclave treatment led to a notable decrease in extractive content in both Han NE and AHMC
Frogl by 48.88% and 33.60%, respectively.

The Py-GC/MS analysis revealed a strong consistency in the identified compounds among the raw hemp
hurd samples, despite variations in their abundance. An exception was observed in Han NE, where the
presence of 1,3-Di-O-acetyl-a-f-d-ribopyranose was more pronounced, especially in the baled and retted
samples with extended retting durations (peak 63). The origin of citraconic/itaconic anhydride was caused
by the resination of AHMC Frogl using CA. The same sample also showed a notable reduction in lignin
derivatives (peaks 41, 49, 64, 71, 73, 75, 79, 80) and the absence of fatty acids (peaks 79, 82, 83)
compared to the raw AHMC Frogl. A reduction in fatty acids was also noted during the creation of CA-
bonded ultra-low density hemp hurd PB [29]. These observations suggest potential reactions and
structural changes during thermal degradation, which could enhance the bonding mechanisms and particle
adhesion. The same fatty acids were either notably less prevalent (peak 79) or not determined at all
(peaks 82 and 83) in CSIRO Frogl and Han NE.

3.2 Fourier-Transform Infrared (FTIR) Spectroscopy

FTIR spectra are depicted in Fig. 3 and the main FTIR absorption bands for each spectrum were
numbered and functional groups and attributable components summarized in Table 4.
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Figure 3: (Continued)
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Figure 3: FTIR spectra of hemp hurd with assigned bands and mean for corresponding wavenumber ranges
(Table 4)

Table 4: Common wavenumber characteristics of absorption bands observed in hemp hurd [26,41-44].
Band numbers refer to assigned bands in Fig. 3

Wavenumbers  Assignments, functional groups, and polymers Band

(cm )

3334-3337 O-H stretching, (lignin, polysaccharides)

2899-2923 C-H stretching of methyl-and methylene groups (cellulose, hemicellulose, 2
polysaccharides, and wax)

1730-1734 C=0 unconjugated stretching in acetyl groups (hemicellulose, lignin, pectin, 3
fatty acids)

1594-1595 C=C aromatic ring vibrations and C=O0 stretching (lignin) 4

1504-1505 C=C benzene ring vibration (lignin) 5

1422-1423 HCH and OCH in-plane bending vibration, CH, symmetric bending, C=C 6
stretching in aromatic groups (cellulose, hemicellulose pectin, lignin)

1371-1373 C-H deformation in (crystalline cellulose, hemicellulose) 7

1317-1326 C=0 vibration in syringyl derivates and cellulose (lignin, cellulose) 8

1236-1244 Guaiacyl ring and C-O stretch in lignin and xylan (lignin, hemicellulose) 9

1155-1159 C-O-C vibration and C-O stretch in ester groups (cellulose, hemicellulose, lignin) 10

1030-1034 C-C, C-OH, C-H ring and side group vibration (cellulose, hemicellulose, lignin, 11
pectin)

897-898 C-H deformation and glycosidic linkage (amorphous cellulose, hemicellulose, 12

polysaccharides)
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The FTIR analysis indicated that spectral features of the hemp hurd exhibited great resemblance to those
of lignocellulosic polymers reported in the literature. The primary spectral alterations observed among the
different hemp samples were changes in band intensities. The broad peaks observed around 3340 cm ' (O-
H stretching; 1) and 2908 cm ' (C-H stretching; 2) are pure bands and indicating the presence of hydroxyl
groups in holocellulose and other polysaccharides. Typical cellulose bands were observed at 1322 cm™ '
(CH, vibrations; 8), 1157 cm™ ' (C-O-C asymmetrical stretching, cellulose/hemicellulose; 9), and 897 cm '
(B-glycosidic bonds symmetrical ring-stretching mode, amorphous cellulose; 12). Meanwhile,
hemicelluloses were identified by peaks at 1733 cm ' (conjugated C=O in xylans; 3), 1373 cm ' (C-H
deformation; 7), and 1157 cm™' (C-O-C vibrations; 10). In the fingerprint region (<1500 cm '), the
spectral analysis revealed the existence of a dominant peak at 1032 cm ™' (11). Due to the peak’s potential
to match multiple vibration modes in carbohydrates and lignin, its direct attribution to a specific functional
group was not feasible [45]. The lack of specific bonding (specific wavenumber) of hemicellulose was
previously stated by Viel et al. [46] who also noted the close resemblance of the hemicellulose monomers
to cellulose units and pectin as well as lignin monomers. Consequently, this complex band merely

provided evidence for the presence of one or more of these components.

Hemp hurd comprises guaiacyl-syringyl (hardwood) lignin, indicated by absorbance around 1270 cm™"

and 1230 cm ™' for guaiacyl and 1315 cm™' for syringyl, respectively [45,47]. However, the present study
detected distinct guaiacyl-lignin frequencies between 1236-1244 cm ™' and, consistent with Gandolfi et al.
[47], the 1270 cm ' was absent. Other characteristic lignin bands were identified around 1504 cm™'
(benzene ring vibration; 5), 1423 cm ' (guaiacyl and syringyl condensed nuclei; 6), 1322 cm '
(aromatic C-O stretching (syringyl); 8) and 1240 cm ™' (aromatic C-O stretching (guaiacyl); 9) [47,48].

The autoclave treatment was found to enhance the absorbance of Frogl without altering the spectral
pattern of the raw equivalent. Contrarily, CA-resinated Frogl exhibited a distinct FTIR spectra with
reduced intensities in peaks 1, 2, and 11, peak shifts and attenuation in peaks 4, 8, 9, and 12, and the
absence of peaks 5, 7, and 10. These changes were attributed to partial reactions during pyrolysis and the
higher concentration of non-cellulosic CA compounds.

The study found that CSIRO Frogl exhibited much greater absorbance than Han NE despite great
similarities in spectral patterns. The peak intensities increased with crop maturity in both hemp varieties,
with early harvest samples showing lower peak intensities compared to late harvest samples. Furthermore,
baling, and retting treatments amplified overall signal intensities in Han NE indicating higher
concentrations of the functional groups in the sample.

A minor peak shift from 2900 cm™! (C-H symmetrical stretching in cellulose and hemicellulose) to
2920 cm ' and 2923 cm ', respectively, suggested the degradation of polysaccharides and presence of
lignin (stretching of lignin aromatic hydrocarbon, methoxy and methylene groups). A pronounced peak
broadening and shift occurred from 1595 cm™' (presence of aromatic ring in lignin; 4) to 1639 cm™' and
1623 cm ™', respectively, associated with the C=0 stretching in conjugated carbonyl of lignin or absorbed
water in cellulose [26]. Stronger peak intensities around 1373 and 1157 cm' indicate a higher
concentration of carbohydrates in samples that were more mature, retted, or stored for longer periods
(baled). Conversely, baling had the opposite effect in CSIRO Frogl, resulting in much greater
transmission and pronounced peak attenuation.

3.3 Thermogravimetric Analysis (TGA)
The thermogravimetric (TG in wt.%) and differential TG (DTG in mg/min) profiles of the raw hurd are
shown in Fig. 4a—f while Table 5 summarizes the thermal stability details.
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Figure 4: Thermogravimetric (TG) and differential TG (DTG) profiles of hemp hurd: Frogl (AHMC) (a, b),
Frogl (CSIRO) (c, d), and Han NE (CSIRO) (e, f). Phases I-IV indicate the most prominent degradation

stages

The thermograms exhibited the common dehydration and de-polymerization processes typical for
lignocellulosic biomass. A predominantly bimodal degradation pattern was observed in most samples,
with additional peaks occurring in CA-resinated Frogl and retted Han NE. Until approximately 100°C
(phase I) the mass loss of 5.7% to 9.2% was primarily attributed to moisture loss and the decomposition
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of low molecular weight compounds (i.e., extractives). The sample weight then remained stable (phase II)
until the second degradation stage (phase III), which commenced above 200°C and typically ended below
340°C. During phase III, the most significant weight loss (56% to 81.3%) occurred due to the initial
breakdown of pectins and amorphous hemicelluloses (200°C-260°C). The removal of non-cellulosic
components led to the formation of a more structurally ordered cellulose, which increased its thermal
stability and was observed as the main peak within a temperature range of 240°C to 350°C [49-51]. The
DTG curves of retted and baled Han NE showed two distinct peaks in phase III indicating
depolymerization at approximately 290°C (pectins, hemicelluloses) and 337°C and 369°C (cellulose),
respectively (Fig. 4f). However, the complexity of these reactions may prevent a clearly defined
sequential degradation process, as suggested by the indistinct peak separation (shoulder peak) in the DTG
curves of both Frogl varieties (Fig. 4b,d).

Table 5: Thermal stability of raw hemp hurd

Phase Variable AHMC Frogl CSIRO Frogl CSIRO Han NE
Raw Citric Autoclave Early  Late Baled Early  Late Baled Retted
acid harvest harvest harvest harvest
I Weight 82 74 7.4 7.9 7.9 6.6 88 8.5 92 54
loss (%)
DTG 46.7 50.1 504 54.0 59.7 59.0 73.6 59.8 56.8 58.1
peak (°C)
II Weight — 143 - - - - - - - -
loss (%)
DTG - 1809 - - — — — — — —
peak (°C)
11 Weight  81.3 56.1  68.1 56.0 62.6 63.7 634 63.2 69.0 73.7
loss (%)
DTG 338.3 341.7 3343 3155 326.8 334.8 330.3 3336 367.9 336.5
peak (°C)
IV Weight - - - - - - - - - 17.2
loss (%)
DTG - - — - — — — - — 459.5
peak (°C)
Total weight loss 89.5 779  75.5 63.9 70.5 70.3 722 71.7 782 96.3
(%)
Residual weight 10.5 22.1 245 36.1 29.5 29.7 27.8 28.3 21.8 3.7
(%)
Weight lossat 8.5 7.8 7.4 8.1 8.0 7.1 8.8 8.6 9.2 57
100°C (%)
T-5% (°C) 542 554 595 59.0 59.8 66.3 56.9 57.8 564 82.6
T-10% (°C) 227.1 163.6 2425 183.6  198.2 228.8 188.1 2289 216.7 256.5
T-20% (°C) 281.2 213.2 2843 2645 2712 2789 2702 2779 288.3 288.3
T-60% (°C) 343.5 347.1 3479 3489  336.6 3419 3427 3457 364.4 338.7

T max (°C) 338.3 341.7 3343 3155 326.8 334.8 3303 333.6 3679 336.5
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The rapid mass loss observed during phase III for baled and retted Han NE can be attributed to the field
retting durations of 3—4 and 5-6 weeks, respectively. In the initial retting stages, pectins and some
hemicelluloses are degraded in the thin middle lamellas (10 nm) followed by primary cell walls (10 nm).
This promotes separation of the bast fibers but does not cause structural changes in the hurd in the first
22 days of retting [16]. During this stage, the relative proportion of cellulose and lignin in the biomass
typically increase [52] which may explain the greater thermal resistance of baled Han NE in phase III.
With prolonged retting, the middle lamellas and primary walls are removed, gradually exposing cellulose,
which is subsequently metabolized during the attack on the much thicker secondary walls (250 nm). After
42 days of retting, a considerable reduction in the secondary wall structures of hemp hurd tissue
occurred [16].

The removal of hemicelluloses may have contributed to a lower moisture uptake of retted Han NE,
leading to a lower initial EMC. This could explain the notable lower mass loss of 5.7% in phase L
However, extended retting may have caused additional deterioration of the cell wall structure allowing for
a rapid pyrolysis of cellulose and lignin components. Due to diverse chemical bond activities, lignin
exhibits increased thermal stability [49] and a broad degradation temperature range, with reported values
ranging from 280°C to 500°C [51] and even 100°C to 900°C [50]. The chemical modification in retted
Han NE hurd resulted in an additional decomposition step (phase IV) at around 460°C. This led to a
residual weight of 3.7%, the lowest observed in the study.

Raw and autoclaved AHMC Frogl exhibited comparable decomposition patterns. However, the
breakdown of raw Frogl persisted around 400°C, resulting in a substantially lower residue of 10.5%
compared to 24.5% and 22.1% for autoclaved and CA-resinated Frogl, respectively. An additional peak
at 180.0°C confirmed the previously mentioned thermal breakdown of CA between 175°C and
203°C [37,38].

4 Conclusion

Hemp hurd samples with different provenance, maturity stage, and retting protocol, respectively, were
subjected to Py-GC/MS, FTIR, and TG analyses and compared to hemp hurd used in the fabrication of citric
acid-bonded ultra-low-density hemp hurd particleboard.

All the samples analyzed adhered to the previously reported S/G ratios for hemp hurd, which were
generally lower than those of other non-woody biomass types. The study revealed variations in the total
derived lignin content among different cultivars, with an increase observed in relation to maturity and a
decrease associated with prolonged retting. As a result, the lignin-to-carbohydrate (L/C) ratio, which
serves as a valuable indicator of biomass cell wall composition, mirrored the trend seen in the total lignin
proportion. The concentration of potentially disruptive extractive substances reached its peak in mature
hurd but significantly decreased with prolonged retting—an outcome that was similarly observed during
autoclave treatment.

Notable differences between the cultivars included the absence of fatty acids in the CSIRO samples. The
contribution of fatty acids to the enhancement of adhesion in lignocellulosic materials has been
acknowledged, and this factor might render certain hemp cultivars unfavorable in the selection for
binderless (self-bound) composites relying predominantly on auto-adhesion.

While FTIR signals confirmed similar functional groups, variations in peak intensities indicated
substantial differences among cultivars, including carbohydrate levels related to maturity and retting.
These differences may impact the availability of hydroxyl groups, a favorable attribute affecting the
bonding mechanism in citric acid-bonded biobased hemp composites. Conversely, higher carbohydrate
proportions might compromise the dimensional stability of these composites.
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The predominantly bimodal degradation observed during TGA between most hurd samples was
consistent with common lignocellulosic biomass. However, the results also highlighted differences
between the cultivars and processing modalities. While shorter retting duration initially enhanced the
thermal resistance of the hurd, prolonged retting (i.e., structural breakdown) resulted in accelerated
degradation and significantly reduced residual mass of CSIRO Han NE. Notably, unmodified raw AHMC
Frogl, utilized in the production of citric acid-bonded hemp particleboard, exhibited the second lowest
residual mass. Autoclave treatment of the same hurd resulted in a higher residual mass, suggesting the
formation of more thermally stable compounds.

It should be noted that the effect of field retting on hemp biomass is predominantly influenced by a
multitude of uncontrollable environmental factors. Despite its cost-effectiveness, the dependency on
variable microbial activity poses a significant challenge to achieving consistency. Additionally, the
intrinsic chemical composition of industrial hemp samples is affected by several factors, including variety,
agronomic practices, specimen location within the plant, and fiber extraction and processing technologies.
Consequently, the findings of this study emphasize the role of cultivar, maturity, and processing
modalities in shaping the thermo-chemical properties of hemp hurd. Further research should explore the
significance of raw material variability and examine the extent to which the observed differences impact
physico-mechanical properties. This will ensure that the raw material characteristics align with the
specifications required for applications such as biobased hemp hurd composites.
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Appendix A

Methods: Thermo-Chemical Equipment

Pyrolysis-Gas Chromatography-Mass Spectrometry (Py-GC/MS)

Py-GC/MS was utilized to screen and compare the chemical composition of the raw hemp hurd. About
500 pg per sample were placed in an eco-cup SF PY1-EC50F, covered with glass wool, and pyrolyzed at
500°C for 0.1 min using a multi-shot pyrolyzer (EGA/PY-3030D). The pyrolyzer was connected
(interface temperature: 280°C) to a GC/MS system QP-2020 NX (Shimadzu, Japan) with an SH-Rxi-5Sil
MS column (30 m x 0.25 mm, 0.25 pm film thickness) at 20.0 kPa pressure (15.9 mL/min, 0.61 mL/min
column flow) using helium as a carrier gas, and 70 eV electron impact. The GC temperature profile
involved a 1-min hold at 50°C, followed by a temperature increase to 280°C (5°C/min) and a 13-min
hold at 280°C. Identification of pyrolysis products relied on comparing their retention times and mass
spectra data with NIST LIBRARY 2017.14 (35).

Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR was used to investigate potential structural differences among various raw hemp hurd samples.
The analysis employed a Spectrum two instrument (Perkin Elmer Inc., Waltham, MA, USA) with
Attenuated Total Reflection (ATR) mode, equipped with Spectrum software (Ver. 10.5.3, Perkin Elmer
Inc., USA). Spectra were recorded from approximately 0.1 g of the sample placed on a diamond plate,
involving 16 scans in absorption mode at a 4.0 cm ' resolution, covering wavelengths ranging from
4000 to 400 cm .
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Thermogravimetric Analysis (TGA)

TGA was used to compare the thermal stability characteristics of hemp hurd from different cultivars with
varying harvesting times and retting durations. Samples weighing about 10 mg & 0.1 mg were placed in the
crucible pan of a Thermogravimetric Analyzer (TGA 4000, Perkin Elmer Inc., USA) and subjected to heating
at a rate of 10°C/min from 25°C to 500°C. To prevent oxidation, a flow of nitrogen gas at 20 mL/min was
maintained during the analysis. Pyris software (Ver. 11.1.1, Perkin Elmer Inc., USA) was employed to
calculate the weight loss (TG) and differential thermogravimetry (DTG) for each sample.
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