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ABSTRACT

The thermal and dynamic mechanical properties of miscanthus stem fragments and differences between geno-
types and positions along the stem are studied in relation with their biochemical and structural characteristics.
The starting degradation temperature does not correlate to the biochemical composition. However, the first DTG
peak temperature is negatively correlated to hemicelluloses content and positively correlated to lignin and p-
coumaric contents. A pronounced genotypic effect is evidenced on fragments elastic moduli while limited effect
of the position along the stem is found. This is mostly related to ferulic and p-coumaric acid contents of stem
fragments for which a strong correlation to elastic moduli is evidenced. Our results highlight that genotypic
effect, position along the stem, stem fragment dimensions and mechanical properties of miscanthus stem frag-
ments are strongly interconnected in relation with their respective biochemical and structural characteristics.
This opens interesting perspectives for identifying key biological traits that need to be optimized for a better
selection of performing miscanthus genotypes targeted to polymer composite applications.
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1. Introduction

Natural and renewable fillers are more and more popular to man-
ufacture polymer composites and concrete (Vo and Navard, 2016;
Girijappa et al., 2019; Onuaguluchi and Banthia, 2016). There are many
good reasons for this move. In the polymer composite area, the re-
placement of heavy glass fibres is an important asset in the transport
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and sports and leisure industry where weight is a critical issue for
performances and energy savings. In the concrete sector, adding bio-
mass brings lightness, good thermal and acoustic insulation, and helps
decreasing the environmental footprint of concrete.

There have been numerous trials for preparing composites using a
lot of different biomass sources. Recent reviews are summarizing and
analysing this body of research (for example in Bourmaud et al., 2018;
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Deyholos and Potter, 2014; Dicker et al., 2014; Ramamoorthy et al.,
2015; Thakur et al., 2014). Many plant parts, usually named as “fibres”
for composite industry, can be used as reinforcements for polymer
composites. These plant fibres should have a high aspect ratio in order
to offer the best stress transfer between fillers and matrix, and hence the
best mechanical performances of the final products. Plant fibres can be
extracted from different plant organs (from leaves as sisal or abaca, or
from seeds as cotton), but also from structural tissues of various loca-
tions as xylem in wood or outside of xylem within the vascular cam-
bium or procambium for annual plants (case of bast fibres like flax,
hemp, or ramie) (Bourmaud et al., 2018). Such fibres are usually long
and hence relatively flexible. Some plant fibres can be individual cells
(case of cotton) or in the form of cell bundles (flax) or complex tissues
(stem fragments) glued with different biopolymers as lignin and pec-
tins. They have a variable content of cellulose that is the primary
structural linear polysaccharide found in plants, organized in semi-
crystalline oriented microfibrils embedded in a matrix of hemicelluloses
and lignin. This complex and hierarchical supramolecular bio-assembly
brings stiffness and strength to plants (Mohanty et al., 2005).

The biochemical composition and structural organization of bio-
polymers within cell walls influence greatly the mechanical properties
of elementary fibres and stem fragments. In the case of flax fibres, it has
been shown that components contributing the most to the fibre stiffness
and strength are firstly cellulose microfibrils, then structuring non-
cellulosic components (as pectins and hemicelluloses) interacting with
cellulose microfibrils (Alix et al., 2009; Bourmaud et al., 2013; Charlet
et al., 2009; Lefeuvre et al., 2015b). Sena Neto et al. (2015) studied the
physical properties of different pineapple leaf fibre varieties in relation
with their biochemical and structural characteristics. These authors
found direct proportional correlations between the cellulose content,
the crystallinity index I, and the resulting stiffness, strength and
thermal stability of the pineapple fibres; and suggested that these bio-
chemical and structural parameters can be used as selection criteria
among the different pineapple leaf fibre varieties. Besides, it was re-
ported for numerous lignocellulosic fibres that their mechanical prop-
erties are partly determined by the crystalline organization of cellulose,
i.e. the crystallinity index and the microfibrillar angle (Bledzki and
Gassan, 1999). At the level of stem sections, other research works
showed a strong correlation between the elastic modulus of miscanthus
and wheat stem sections and the cellulose and lignin contents as well as
their histological features (Kaack et al., 2003; Kong et al., 2013).

Several mechanical and chemical steps are usually needed to
achieve the extraction of high-quality fibres. When breaking the whole
stem or leaf, the resulting fragments basically consist in bundles of cells
that can originate from different plant tissues having various shapes,
with a low aspect ratio as in wood or with a slightly higher aspect ratio
as in miscanthus. The benefit of using miscanthus stem fragments is that
no chemical input is needed for the crops that produce these bio-based
fillers, contrary to flax, for example (Dhirhi et al., 2015). When pro-
cessed with polymers to prepare composites, they can also be more
easily dosed by feeding systems and incorporated into polymer melts
than long flexible fibres that tend to entangle (Pickering, 2008).
Moreover, their aspect ratio is similar to other plant-based fillers after
processing with polymer matrices (Girones et al., 2016) and miscanthus
seems to be an interesting choice for preparing polymer composites.

Miscanthus is a perennial grass with a high growth rate, high yield
per unit area and low input requirements, and has several potential
applications (Danalatos et al., 2007; Lewandowski et al., 2003). In
Europe, the cultivation of miscanthus is mainly based on a single clone
of one species, Miscanthus x giganteus, which can be risky in case of pest
or disease pressure (Clifton-Brown et al., 2019). However, the varietal
offer can be enlarged as twelve to twenty species of miscanthus can be
found worldwide (Clifton-Brown et al., 2008).

Several research studies have also been carried out on using this
plant as reinforcement in polymer composites with different polymer
matrices. Bourmaud and Pimbert (2008) studied polypropylene PP and

polylactide PLA composites reinforced by miscanthus stem fragments.
The authors reached different conclusions, on one hand that the poor
length and aspect ratio of the miscanthus fragments brought to consider
them as fillers rather than reinforcing agents. However, they also
showed that PLA/ or PP/miscanthus composites have properties in the
same range as the most common plant fibres reinforced composites
currently used. In particular, they suggest that a compound made of 65
%w PP, 5%,, PP-g-MA (maleic anhydride-grafted polypropylene and 30
%, miscanthus is a promising composite material because it has a
modulus over 2700 MPa, a strength of 29.6 MPa at yield and an elon-
gation at break of 4%. In another study, Johnson et al. (2005) in-
corporated miscanthus stem fragments (called fibres) into a starch-
based polymer (Mater-Bi from Novamont, Italy). The main advantage of
the incorporation of miscanthus into this polymer is an increase of
impact strength, ascribed by the authors to a lack of bonding between
miscanthus fibres and matrix and to the friction between matrix and
fibres leading to an energy redistribution around the fibres (Canché-
Escamilla et al., 2002). Several other studies investigated the use of
corona discharge treatment (Ragoubi et al., 2012) to improve inter-
facial compatibility of miscanthus with PLA and PP (with a limited
effect), of a reactive extrusion process (Zhang et al., 2014a) and of a co-
injection moulding technique (Zhang et al., 2014b). Composites of poly
(butylene succinate) (PBS) and miscanthus fragments (Muthuraj et al.,
2015) were successfully prepared by extrusion and injection moulding
methods with different loadings. Addition of 5wt % maleic anhydride
grafted PBS (MAH-g-PBS) into PBS composites brought a significant
improvement in tensile and flexural strength. Thirteen miscanthus
genotypes were compared for their reinforcement capability in poly-
propylene composites reinforced with stem fragments (Girones et al.,
2016). The protocol focused on the use of the whole crop harvest re-
duced into stem and leave fragments. The preparation contains a matrix
of polypropylene reinforced with 30 % w/w content of miscanthus
fragments of varying sizes. The study outlines a 17 % variability among
genotypes for tensile strength and Young’s modulus.

Moving now on the genotype characteristics such as biochemical
variables, the smallest units and highest quality cellulose fibres from
miscanthus stems were extracted by an alkali-methanol-anthraquinone
pulping process of Miscanthus x giganteus (Lundquist et al., 2004). With
the optimal pulping conditions, cellulose fibres were thermally stable
up to 255 °C, with an aspect ratio of 40, a tensile strength of 890 MPa
and a Young’s modulus of 60 GPa. This is in the range of values ob-
tained for flax fibres, considered as one of the highest quality fibres
(Yan et al., 2014). When dealing with the properties of miscanthus stem
fragments, i.e. by breaking the whole stem without extracting any
component, results are scarce. Using a nanoindentation method to
measure the mechanical properties of miscanthus stem fragments,
Bourmaud and Pimbert (2008) found a longitudinal modulus of about
10 GPa and a hardness of about 340 MPa, in the same order of mag-
nitude as for hemp, sisal and flax fibres measured by the same meth-
odology. Nevertheless, the authors underlined that the longitudinal
moduli of the tested fibres were underestimated because the calculation
did not consider the three-dimensional distribution of the stress in-
herent to the experimental method, and hence the contribution of the
transverse modulus. The mechanical properties of full miscanthus stems
were studied by Kaack and Schwarz (2001) and Kaack et al. (2003).
They cut stem sections of 10 cm length from various places along the
stem and correlated their mechanical properties to their position and
their biochemical composition and structural organisation. The mea-
sured modulus of these stem sections was in the range of 2-10 GPa. It
was also found that stem sections cut from the bottom of the stems have
higher stiffness than those from the top of the stem. There was a clear
relationship between the modulus of elasticity and the area of (par-
enchyma x cellulose content), the area of (lignified outer ring X lignin
content) and the area of (vascular bundles X cellulose). The authors
assumed that the modulus of elasticity of the stem is correlated with
both cellulose content and the presence of highly lignified cell walls



that should provide higher lodging resistance to the plants. Although
they did not study the incorporation of these stems into composites,
these results highlight interesting properties related to biochemical
characteristics.

The thermal stability of plants is also known to be very dependent
on their biochemical composition. For miscanthus, the thermal de-
gradation of several genotypes was studied in an inert atmosphere, with
Heo et al. (2010) and Bok et al. (2013) studying Miscanthus sinensis var
purpurescens and sinensis, respectively. From the derivative thermo-
gravimetric (DTG) curves, two degradation peaks were found at
260—290°C and 335—345°C corresponding to the degradation of
hemicelluloses and cellulose, respectively. Kim et al. (2014) worked on
Miscanthus sacchariflorus, where the DTG curve presented one main
degradation peak with a shoulder at 300 °C corresponding to the de-
composition of hemicelluloses. Miscanthus giganteus was studied by
Cortés and Bridgwater (2015) and a single DTG peak was found at
337 °C at 10 °C/min heating rate. Due to its specific molecular structure,
lignin often degrades over a wide range of temperature (Benitez-
Guerrero et al., 2014) which makes it less discernible. Thermal de-
gradation is also greatly influenced by the preparation and heating
parameters (Szabo et al., 1996; Cortés and Bridgwater, 2015). Cortés
and Bridgwater (2015) varied the heating rate from 2.5°C/min to
25 °C/min, which led to a positive shifting of the decomposition tem-
peratures of about 50 °C.

To improve crops for any application, and in particular for a ma-
terial type application such as natural fibres reinforced polymer com-
posites, plants must be optimized at several levels by selecting the best
genotype, the best cultivation and harvesting methods, the best milling
and compounding conditions and the best composite processing. The
present work is primarily targeting the first level, genotype effect and
traits being of great importance for breeding purposes. For such in-
dustrial uses, we hypothesized that the miscanthus genotypic effect may
be related to biochemical characteristics. We also hypothesized that the
composition of the stem is not homogeneous along the stem and that
may vary between the genotypes. Lastly, the fragmentation processes
may interfere with the biochemical characteristics and mechanical
properties of the genotypes. Stem fragments of different sizes can be
different in composition and histological structures. A variation of
composition with plant stem fragment sizes, even between two different
sieve sizes, was already reported (Vo et al., 2017).

To investigate this, we performed detailed studies relating several
genotype characteristics, here biochemical, with several physical
properties relevant to composite preparation, here thermal stability and
mechanical characteristics of stem fragments. To be able to clearly re-
late these parameters, their position along the stem must be considered
since it can modify their biochemical and structural characteristics.
Although it is impossible to select upper or lower parts of stems in an
industrial harvesting, this is needed when willing to make very precise
correlations between composition and heat stability or mechanical
properties of stem fragments. In this regard, specific plant parts were
selected in order to be able to well compare the different genotypes.

The present study was thus conducted on miscanthus stem frag-
ments ground from lower and upper parts of six different miscanthus
genotypes. Their biochemical composition, crystallinity index, thermal
stability and mechanical properties were measured and discussed in
relation with the testing conditions. These genotypic-related data and
correlations will be a useful tool to identify the biological traits that will
need to be optimized for composite applications and to guide selection
and breeding.

2. Materials and methods
2.1. Sampling of miscanthus genotypes and preparation of stem fragments

Six clones of miscanthus were planted in 2007, according to a three
randomised complete block design, in the Picardie region of Northern

France (49°53 N, 3°00E) at the INRAE experimental unit in Estrées-
Mons. Two clones were M. x giganteus clones: the variety Floridulus
(FLO) and a clone from the Agriculture Development and Advisory
Service in Great Britain (GIGB). Two clones were identified as M. si-
nensis clones: Goliath (GOL) and Malepartus (MAL). Finally, two clones
were identified as M. sacchariflorus clones: one hybrid (H5) from the
Danish Aarhus University and one clone from Chombard nursery (SAC).
The plant density was two plants per m2 No irrigation was applied
except during the first year of cultivation. No inputs were applied
during the entire plantation time and, in order to preserve the quality of
the crop for industrial testing and genotype comparisons, the weeds
were controlled during the two first years by hand and machine hoeing.
The plants were harvested at the end of winter at over-maturity in
2014, which corresponded to a mature crop of seven years old. Two
positions along the stem were selected. The upper (U) position and the
lower (L) position corresponded to the second internode from the top or
from the bottom of the stem, respectively.

The leaves from collected upper and lower stem sections of each
genotype were removed and stems were first manually cut into small
pieces of a few centimeters with scissors. These stem pieces were then
ground with a polymer pelletizer (Hellweg M50) equipped with a
2.5 mm sieve. Further grinding was done with a coffee mill (Carrefour
home) for 30 s. Based on these ground fractions, two different genotype
samplings were prepared to characterize stem fragments:

- In genotype sampling A gathering all genotypes, about 20 g of each
were sieved using a Retsch AS200 Digit shaker (Retsch, Germany)
operating at 40 mm amplitude for 5min. Three fractions, between
200 and 300 pm, between 100 and 200 um and smaller than 100 pm,
were collected. This sieving method, used for preparing composites,
is different from what is occurring in industry. As explained in
Girones et al. (2016), such robust method ensures a very strong
reproducibility of the experiments and is essential to compare gen-
otypes.

In genotype sampling B, regular and slender stem fragments of
lower (L) and upper (U) parts of only three genotypes (FLO, GIGB
and GOL) were selected and collected manually from the ground
fractions before sieving (Fig. 1-a). Only these three genotypes were
giving after breaking large amounts of stem fragments suitable for
being studied in the mechanical testing set-up, i.e. having a regular
shape all along their length. We do not know why it was not possible

Fig. 1. Sampling B. (a) Ground fraction of a lower part of GIGB, (b) a selected
stem fragment from the ground fraction set up as a cantilever beam and
clamped between two plastic tabs.



to have long and regular fragments with the other genotypes. The
selected samples are bundles composed of numerous elementary
plant cells. 20-30 of such stem fragment samples were collected and
tested for each of the three studied genotypes at upper (U) and lower
(L) positions along the stem. As seen on Fig. 1-b, each selected stem
fragment was positioned like a cantilever beam, then stuck and
clamped between two plastic tabs at one extremity.

It must be remembered all along the paper that there is a difference
in these two procedures of fragment sampling. The fragments are dif-
ferent in size and shape, and hence can be different in terms of com-
position and histological structures. The reason for these two samplings
is as follows. If willing to have information on miscanthus fragments of
sizes used for preparing composite materials, the size must be below
1 mm, but if the targeted information are the mechanical properties of
the stem fragments, the size must be above 5mm for experimental
reasons.

The sieved fractions of all genotypes obtained from sampling A will
be used for biochemical composition and thermogravimetric analysis.
Ground fractions from sampling B will be used for X-ray scattering and
density measurements. Regular stem fragments selected from ground
fractions of sampling B will be used for local biochemical analysis and
mechanical characterisation.

2.2. Biochemical composition of miscanthus stem fragments

The biochemical compositions of the selected upper (U) and lower
(L) stem parts of genotype sampling A were measured with the fol-
lowing procedures.

Monosaccharide composition of polysaccharides: the analyses of
polysaccharides were performed on an alcohol insoluble material pre-
pared as follows. 100 mg of materials were washed four times in 4
volumes of absolute ethanol for 15 min at 80 °C, then rinsed twice in 4
volumes of acetone at room temperature for 10 min and left to dry
under a fume hood overnight at room temperature. Neutral mono-
saccharide composition was performed on 10 mg of dried alcohol in-
soluble material after hydrolysis in 2.5 M trifluoroacetic acid for 2h at
100 °C as described respectively in (Harholt et al., 2006). To determine
the cellulose content, the residual pellet obtained after the mono-
saccharide analysis was rinsed twice with ten volumes of ethanol and
once with 10 volumes of acetone and hydrolysed with H,SO, as de-
scribed in (Updegraff, 1969). The released monosaccharides of hemi-
cellulose were diluted 500 times and the released glucose of cellulose
was diluted 1000 times. Then the monosaccharides were quantified
using an HPAEC-PAD chromatography as described in (Harholt et al.,
2006).

Lignin amount was estimated using the Acetyl Bromide Lignin (ABL)
method and from extract-free sample, as follows: 100 mg of dry ground
sample were washed twice in 3 mL of water at 80 °C for 15 min, twice in
3 mL of ethanol at 80 °C for 15 min and twice in 3 mL acetone at room
temperature for 10 min and left to dry under a fume hood overnight at
room temperature. The amount of ABL was measured from about 10 mg
of extract-free sample (weighted to the nearest 0.1 mg) according to a
procedure adapted from Fukushima and Hatfield (2001) and described
in (Sibout et al., 2016). The ABL lignin content was calculated using the
lignin extinction coefficient 20 g L™ ' cm ™! at 280 nm. The amount of

Table 1

ester-linked p-coumaric acid (CA) and ferulic acid (FA) was measured
by mild alkaline hydrolysis of extract-free sample (about 10 mg
weighted to the nearest 0.1 mg) as previously described (Sibout et al.,
2016).

Results are given in Table 1S (see supplemental file) for the six se-
lected genotypes. However, even if the sieved fractions (sampling A)
were in rather small quantities, it is never sure that the composition and
structure of the stem fragments selected for the mechanical tests
(sampling B) have the same mean composition as the one of sampling A.
Chemical characterisation was thus also performed on the exact stem
fragments used for the mechanical testing. The local biochemical
composition of the mechanically tested stem fragments (sampling B) is
given in Table 2S (see supplemental file).

2.3. Crystallinity index of miscanthus stem fragments

Wide-angle X-ray diffraction (WAXD) was used to determine the
crystallinity index of miscanthus stem fragments using an AXS D8
Advance apparatus (Bruker, Germany). Ground fractions of miscanthus
fragments (sampling B) were compressed at 20 bars during 5min at
ambient temperature to obtain flat discs of 2 mm thickness. The mea-
surements were carried out at 30kV and 40 mA and from 5° to 65°
(Bragg angles, 20). Several methods have been developed to determine
the crystallinity index of cellulosic substrates. The amorphous sub-
traction method consists in determining the contribution of the crys-
talline phase on the total diffractogram so as to calculate the crystal-
linity index %Ic. This method was outlined by Ruland and later on by
Vonk (Ruland, 1961; Vonk, 1973). The contribution of the non-crys-
talline (amorphous) fraction is obtained by measuring the scattering of
the same cellulosic substrate in the amorphous state. The amorphous
state is defined such that the material does not give any indication of
the lattice planes in the X-ray diffraction pattern. Amorphous cellulose
obtained by ball milling is often used to subtract the non-crystalline
contribution from the diffraction profiles (Terinte et al., 2011). The
Hermans-Weidinger method is based on the same principle but differs
by specific background corrections (air, thermal agitation of the atoms,
Compton radiation) (Hermans and Weidinger, 1961). In this study, the
crystallinity index %Ic was calculated based on the respective con-
tributions of the amorphous halo and crystalline peaks on the dif-
fractograms of miscanthus stem fragments. The amorphous contribu-
tion was assessed by fitting arbitrary a broad peak centred at 26 = 18°.
This fitted broad peak was then subtracted from the total diffractogram
area between 10° and 30° (20) so as to determine the area corre-
sponding to the crystalline contribution. Therefore, the crystallinity
index %Ic was calculated with the relation:

Ao X 100
ACr + Anon—cr (1)
where A, is the area of the crystalline peaks and Ao, is the area of the
amorphous halo. Thus, A., + Ajoncr is the sum of the integrated area of
the crystalline and amorphous contributions and equals to the total area
of the diffractogram between 10° and 30° (20). Three replicates were
performed for each sample type. The crystallinity index was estimated
for stem fragments of sampling B, FLO, GIGB and GOL, from the lower
and upper parts (Table 1). With a standard deviation of about 2% for
each fragment type, no significant discrepancies of the crystallinity
index can be observed when comparing genotypes at the same position

%lc =

Sampling B. Crystallinity index %Ic determined by WAXD on ground fractions of miscanthus stem fragments.

Lower parts

Upper parts

FLO-L GIGB-L GOL-L FLO-U GIGB-U GOL-U
Cellulose crystallinity index %lIc Mean 57.8 % 59.3 % 60.4 % 61.1 % 62.6 % 61.5 %
Standard deviation 2.2 % 2.6 % 2.0 % 2.4 % 2.0 % 2.3 %
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Fig. 2. Sampling B. Dimensional analysis of a stem fragment sample: (a) length measurement by optical microscopy (L =7.331 mm) and, (b) minimum, mean and

maximum diameters measured along its length on 21 slices with a pitch of 280 pm.

along the stem. In contrast, slightly higher crystallinity indexes are
measured for upper parts as compared to lower parts whatever the
genotype.

2.4. Thermogravimetric analysis on miscanthus stem fragments

The thermal stability of all six miscanthus genotypes (genotype
sampling A) was studied by thermogravimetric analysis (TGA) on a
TGA/DSC 1 STARE (Mettler Toledo). First, the influence of the ex-
perimental testing conditions was analysed on the upper (U) and lower
(L) parts of one genotype, FLO. Not all genotypes were used for both
upper and lower parts, but it allows a comparison of the thermal be-
haviour with composition. The samples were analysed under air at-
mosphere from 25 °C to 400 °C at a heating rate of 10 °C/min and from
400 °C to 800 °C at 50 °C/min. The effect of particle size and mass of the
samples, the air flow and the heating rate between 200 °C and 400 °C
were investigated. 10 mg of the three particle sizes (sampling A) were
tested (smaller than 100 pm, between 100 and 200 um and between 200
and 300 um) with an air flow of 50 mL/min. For a particle size between
100 and 200 pm, samples of 5 mg, 10 mg and 15 mg were analysed with
an air flow of 50 mL/min. Then 10 mg of samples with a particle size
between 100 and 200 um were analysed with an air flow of 50 mL/min,
100 mL/min and 150 mL/min. Finally, the heating rate between 200 °C
and 400 °C was set at 5°C/min, 10 °C/min and 20 °C/min for 10 mg of
samples with a particle size between 100 and 200 um and an air flow of
50 mL/min. Based on these experiments, the upper and lower parts
were compared for the six different miscanthus genotypes. The samples
were heated under air (50 mL/min) from 25 °C to 400 °C at 10 °C/min
and from 400 °C to 800 °C at 50 °C/min with a sample mass of 10 mg
and a particle size between 100 and 200 um. The results were analysed
with the STARe software. Thermal stability experiments were con-
ducted on two replicates. Standard deviation was less than 3%.

2.5. Dynamic mechanical analysis on miscanthus stem fragments

2.5.1. Vibration frequency measurements

To determine the elastic modulus of selected stem fragments (gen-
otype sampling B), a non-destructive testing method based on the
measurement of vibration resonant frequencies was used (Corn et al.,
2012). The protocol was the following: the stem fragment is positioned
like a cantilever beam (Fig. 1-b) and a brief transverse impulse force is

applied at its free end (using a small rigid metal stick) under controlled
environmental conditions (23 = 1°C and 50 + 5 % RH). The tran-
sient dynamic response of the stem fragment is measured by a mono-
point laser displacement sensor (Sunx-Panasonic HL-C2, 100 kHz sam-
pling speed, 0.025um resolution). This signal goes through a signal
conditioner and is then picked up by an acquisition card (NI-4552) to
PC running Labview software. Measured response signals are trans-
formed in frequency spectrum using Fast Fourier Transform. It is then
possible to determine the natural frequency of the vibrating stem from
the main peak of the frequency spectrum. The elastic modulus E of a
cantilever cylinder with elliptical cross-section can be related to its first
flexural natural frequency f with Eq. (2), derived from the Euler-Ber-
noulli’s formula:

L4

E=Cp,, F 5 f? (with C = 51095 kg. m~3)
min

(2)
where pgp, is the apparent density, L the length of the beam, d,;, the
minor diameter of the cross-section and C is a theoretical constant that
comes from the lowest root of the equation associated to the cantilever
boundary conditions (Corn et al., 2013). Some assumptions on the
geometry and material microstructure must be considered to use Eq. (2)
since the beam theory is only fully valid if the beam is straight, slender,
with uniform cross-section, and the material is elastic, homogeneous
and isotropic in its cross-section. Upon these assumptions, Eq. 2 allows
determining the elastic modulus of a vibrating stem fragment from the
measurements of its natural frequency, dimensions, and apparent
density. Results are based on the measurements performed on 20-30
stem fragments for each genotype and position along the stem (selected
from sampling B).

2.5.2. Length measurement

The length of each stem fragment was measured using an optical
microscope (Laborlux 12 POL S) in reflexion mode with a normalized
X-Y stage and a high-resolution mono-CCD numerical camera
(1600 x 1200 pixels) Sony progressiv scan. In order to enlarge the zone
of observation and thus improve the accuracy of the results, high re-
solution cartographies (0.7 pm per pixel) of the entire stem fragments
were built (Fig. 2a) using Archimed software (Microvision Instru-
ments). Based on these cartographies made of 8-20 pictures, the lengths
of stem fragments were determined by a digital calliper associated to
the software. Length of stem fragments ranged from 3 to 11 mm.



2.5.3. Diameter measurement of cross-section

Each sample was scanned by a laser micrometry method using a
FDAS 770 apparatus (Dia-Stron Ltd) and a laser scan micrometer LSM-
500/LSM-6200 (Mitutoyo) so as to determine its median diameter. The
apparatus spins the sample on 360° and measures diameters (about 600
values per cross-section) along the fibre with a pitch fixed at 280 um.
Thereby, the median apparent diameter of 10-30 cross sections per
stem fragment sample were measured. The analysis of the diameter
along the length of stem fragments clearly showed that each cross-
section exhibits a minor and major diameter (Fig. 2b). Therefore, stem
fragments were considered as elliptical cylinders with d being the minor
diameter of the ellipse. As the minor diameter (plotted in triangle dots
on Fig. 2b) of stem fragments can vary significantly along their length,
the median value of the minor diameters was used as the diameter d,;,
for modulus calculation (Eq. 2). Median minor diameters of stem
fragments ranged from 30 to 370 pum.

2.5.4. Apparent density measurement

The apparent density pg,, was calculated by determining the specific
density and the porosity volume of ground fractions of miscanthus
fragments (sampling B) based on Eq. (3):

1 1
= -

Papp  Pope 3

where V,, is the porosity volume per gram of sample, p,,, the apparent
density and pg. the specific density. pg. was measured by helium
pycnometry using an AccuPyc 1330 from Micromeritics. Experiments
were done at least in triplicate for each genotype and position along the
stem, and standard deviation on specific density was about
0.006 g.cm ™3>,

V, was estimated by mercury porosimetry using an AutoPore IV
9500 by Micromeritics in the pressure range 0.003 MPa to 207 MPa.
This method consists in measuring the volume of mercury introduced at
given pressures, and allows determining the pore size distribution and
the overall porosity of solid samples, based on the Washburn equation
(Giesche, 2006):

_ 4ycosd
P 4

D =

where D is the pore diameter, y the mercury surface tension
(485mJ.m~2), 0 the mercury contact angle with any solid material
(140°) and P the pressure. Thus, mercury intrusion at low pressure
corresponds to the filling of large pores whereas high pressure corre-
sponds to the filling of small pores. According to scanning electron
microscopy (SEM) observations, the larger pores in miscanthus stem
fragments are the cell lumens. Their diameter was estimated at a mean
value of 15 pm. Based on Eq. (4), the volume of mercury intruded into
the sample at pressures below 0.1 MPa corresponds to the filling of
voids larger than 15 um, and is thus considered as the free inter-particle
volume. On the other hand, the volume of intruded mercury between
0.1 MPa and 207 MPa is considered to be the porosity volume of the
tested stem fragments V,. For both helium pycnometry and mercury
porosimetry experiments, ground fractions of stem fragments (sampling
B) were collected and stored at 23 + 1°C and 50 * 5 % RH before
testing. 200 mg-400 mg of fragments from upper and lower parts of
each genotype were tested. The quantity of closed porosity is assumed
to be negligible. Resulting values of pg,., payp and V, are reported in
Table 2 for upper and lower parts of each genotype (sampling B).
Densities of stem fragments showed that there was no effect of genotype
while fragments originating from the lower parts of the stems had
higher specific densities.

2.6. Statistical analysis and plots

The experimental design allowed to test factors two by two and the
interactions between these two factors were detected using ANOVA

Table 2

Sampling B. Specific density py,., apparent density p,p, and porosity volume V,,
of ground fractions of miscanthus stem fragments.

Lower parts Upper parts

FLO-L GIGBL GOL-L FLO-U GIGB-U GOL-U
Specific density pg. 1.157 1.125 1.172 1.027 1.089 1.039
(g.cm™®)
Apparent density pgp, 0.630 0.637 0.665 0.530 0.455 0.443
(g.cm™?)
Volume porosity Vp 0.724  0.680 0.650 0.911 1.280 1.296
(em®g™h
according to the following model:
Yijk = u + a i+ 8 j+ REPk+yij+eijk 5)

where Yijk is the value of the trait (for example Cell-Wall) for the first
factor i (for example Internode position) according to second factor j
(for example Genotype) and replicate (REP) k, u is the grand mean, «i is
the main effect of the first factor i, §j is the main effect of the second
factor j, REPK is the effect of replicate k, yij is the interaction between
the first factor i and the second factor j, and cijk is the residual error
term. All models were tested with R (3.6.2 version) using the aov
function of agricolae package (1.3-2 version) and means were com-
pared using the Student-Newman-Keuls (SNK) test. A Pearson correla-
tion matrix was calculated and designed using the corrplot function of
the corrplot package (0.84 version). For all statistical tests, the a
probability level was considered at 0.05. Finally, a collection of box-
plots was produced with R using the ggplot function of ggplot2
package.

3. Results and discussion
3.1. Thermal analysis (TGA) on miscanthus stem fragments

The thermal analysis was performed using miscanthus stem frag-
ments from sampling A. Three main mass loss steps were found for all
genotypes (Fig. 3). The first mass loss, up to 120 °C, corresponded to the
evaporation of the residual water in the samples. In this study, the
starting degradation temperature was defined as the temperature at
which 1% mass loss occurs from the mass at 130 °C. The second mass
loss occurred from 180 °C to 360 °C, corresponding to the depolymer-
isation and decomposition by oxidative pyrolysis of the main compo-
nents of the stem fragments, i.e. cellulose, hemicellulose, lignin and
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Fig. 3. Sampling A. Typical thermogravimetry (solid line) and differential
thermogravimetry curves (dotted line) of a sample of miscanthus stem frag-
ments.
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Fig. 4. Sampling A. TG (grey) and DTG (black) curves of the upper part of FLO for:

sample weights.

other non-cellulosic components. The last mass loss occurs between 360
and 540 °C, and corresponds to the thermal degradation of aromatic
rings of lignin and of the residue formed during the first degradation
step (Shafizadeh et al., 1972; Tejado et al., 2007; Benitez-Guerrero
et al., 2014). Based on these observations, the influence of the TGA
testing conditions was firstly investigated.

3.1.1. Influence of the testing conditions

The effects of stem fragment size, heating rate, air flow and sample
amount were thoroughly analysed on the upper and lower parts of FLO
and SAC genotypes.

3.1.1.1. Effect of stem fragment size. The derivative thermogravimetric
(DTG) curves of FLO-U for the different particle sizes are presented in
Fig. 4-a. Both lower and upper parts, FLO-U and FLO-L, showed the
same general behaviour when the size of the stem fragments changed.
The fragment size had an effect on the degradation temperature, the
mass loss and the mass loss rate. Fragments started to degrade at a
higher temperature and they tended to degrade slower when their size
increases. A reason can be the kinetics of degradation propagation
which should depend on the size of fragments, and induced thermal
gradients. Another possible reason, according to Barneto et al. (2011)
who found similar results for flax fibres and flax pulps of different sizes,
is the variations of the chemical composition and the crystallinity of the
fibres as a function of sizes. Indeed, they found that longer fibres have
less hemicellulose and lignin than short fibres. The long fibres are also
more crystalline than short fibres. A similar influence of the size of
sorghum stem fragments on their chemical composition was also found
(Vo et al., 2017). Besides, it was found that the mass loss between 180
and 360 °C increases when the stem fragment size decreases. This could
be due to the greater amount of dust present in smaller size fractions,
which are less thermally stable.

3.1.1.2. Effect of heating rate. The DTG curves between 200 and 400 °C
of FLO-U for the different heating rates are presented in Fig. 4-b (FLO-L
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and SAC-L showed the same behaviour with the heating rate). The
starting degradation temperature and the temperature of the DTG peaks
were higher when the heating rate increases. The maximum mass loss
rate increased when the heating rate increased. Similar results were
found for miscanthus, microcrystalline cellulose and xylan-based
hemicellulose (Cortés and Bridgwater, 2015; Shen and Gu, 2009;
Shen et al., 2010). Heat and mass transfer limitations are responsible
for thermal gradients inside the stem fragments which results in a shift
of the degradation process to higher temperatures for higher heating
rates.

3.1.1.3. Effect of air flow. The DTG curves of FLO-U for the different air
flows are presented in Fig. 4-c. Increasing air flow resulted in increased
DTG peak of the first degradation step (from 220 °C to 360 °C). Indeed,
the maximum weight loss rate of the main degradation peak was higher
as the air flow increased. At 800 °C, the residual mass increased slightly
when the air flow increased. A higher flow rate increases the amount of
air in the heating cell, which -catalyses and accelerates the
decomposition of the stem fragment components. Benitez-Guerrero
et al. (2014) found the same trends for hot-washed sisal fibres.

3.1.1.4. Effect of sample amount. The DTG curves for samples of 5, 10
and 15mg of FLO-U are presented in Fig. 4-d. As the total sample
amount increased, the weight loss rate corresponding to the main
degradation peak in DTG was more important. The acceleration of the
degradation is most likely due to the heat transfer mechanism by
convection within the heating cell. On one hand, the sample amount
influences the height reached by the sample in the crucible, and
therefore the flow pattern and velocity of the air around and within
the crucible. For these reasons, the air flow around the sample increases
as its amount increases, which increases in turns its degradation rate.
On the other hand, the amount of sample in the crucible should also
affect the thermal gradient within the sample that increases with the
sample weight. As discussed above higher thermal gradient within the
samples should lead to a decrease of the mass loss rate and a shift of the



Table 3

Sampling A. Thermal properties of miscanthus stem fragments from the upper and lower internodes of the different genotypes (FLO, GIGB, GOL, H5, MAL, SAC).

Mass loss 180 —360°C  Mass loss 360 —500 °C  Mass of residue at

(%)

DTG Peak 2 Value
(-1.1072 % s

DTG Peak 2

DTG Peak 1 Value
(11073 % s

DTG Peak 1

Starting degradation
temperature (°C)

Stem

Genotypes /
internodes

800 °C (%)

(%)

Temperature (°C)

Temperature (°C)

region

7.39
6.31
5.91
4.32
5.67
5.92
5.99
3.76
6.00

20.77

66.74
67.47
66.77
67.26
67.07
63.69
63.79
63.31

1.88
2.00
1.39
1.31
1.55
1.34
1.55
1.29
1.18

294
292
295
299
294
293
302
301
297

230
223
230
233
229
230
230
231
240

Upper part

FLO-U

18.05
8.06
8.69

GIGB-U

1.95
1.96
1.68

317
319
311

GOL-U

H5-U

10.44
10.47
10.75
11.06
7.82

MAL-U

Lower part

FLO-L

GIGB-L
H5-L

1.38
2.04

317
321

64.32

SAC-L

degradation process to higher temperature due to heat and mass
transfer limitations. In this study, the changes in the air flow pattern
and velocity related to the amount and height of sample within the
crucible appears to be predominant and to result in an increase of the
mass loss rate with increasing sample weight.

Based on these experiments, all the following thermogravimetry
analyses comparing stem fragments from upper and lower parts of
different genotypes were performed under the same conditions: air at
50 mL/min from 25 °C to 400 °C at 10 °C/min and from 400 °C to 800 °C
at 50 °C/min with a sample mass of 10 mg and a particle size comprised
between 100 and 200 pm. Details about the ANOVA results for the ef-
fect of testing conditions are given in Table 3S in the supplemental file.

3.1.2. Influence of genotype, position along the stem and relation with
biochemical composition

For the six different miscanthus genotypes, fragments from the
upper and lower parts of the plant stems were analysed in order to
evaluate the genotypic and fragment position effects on thermal stabi-
lity. The starting degradation temperature, the first and second DTG
peak temperatures, the mass losses and the mass of residue at 800 °C are
reported in Table 3 for miscanthus stem fragments from upper and
lower parts of the different genotypes. The relationship between the
thermal stability and the biochemical composition of the different
genotypes and stem regions is discussed below. Details about the
ANOVA results for the effect of genotypes and position along the stem
are given in Table 4S in the supplemental file.

3.1.2.1. Effect of genotype and position along the stem. Thermal
gravimetry (TG) and DTG curves are presented for the upper and
lower parts of the stems in Fig. 5 for FLO, GIGB and H5 genotypes.
When considering the starting degradation temperature (Table 3), it
was observed that the most thermally stable genotypes were H5 for the
upper part with 233°C and SAC for the lower part with 240 °C. In
contrast, GIGB genotype started its degradation few degrees below, i.e.
230 °C and 233 °C for the upper and lower parts, respectively. No clear
difference was observed when comparing upper and lower parts from a
given genotype, the genotypic effect appearing as being the most
significant factor (Table 48S).

The first degradation step from 180 °C to 360 °C took place fol-
lowing two kinds of behaviour depending on the genotype. The DTG
curves of upper and lower parts of FLO and GIGB showed one peak
whereas for the other genotypes, i.e. GOL, H5, MAL, SAC, the main
peak presented a shoulder for both positions along the stem. This
shoulder at 280—300°C is often found when studying thermal de-
gradation of plants (Jayaraman and Gokalp, 2015; Kim et al., 2014;
Poletto et al., 2012). Jayaraman and Gokalp (2015) studied the de-
gradation of miscanthus in various atmospheres. They suggest that the
appearance of the shoulder on the first degradation peak is related to
the presence of hemicelluloses in large amounts. On the other hand,
when the concentration of hemicelluloses is low, its degradation is
covered by the degradation of cellulose present in much higher con-
centration. In an oxidative atmosphere, pure cellulose degrades be-
tween 280 and 350 °C, with a maximum weight loss rate at 333°C
(Benitez-Guerrero et al., 2014). For miscanthus, cellulose degradation
occurs at a slightly lower temperature and overlaps with the degrada-
tion of hemicellulose. This is due to the presence of large amounts of
minerals in miscanthus (the weight of residue at 800 °C is 3.8-7.4%
depending on the genotypes) which catalyse the cellulose degradation
(Kim et al., 2014; Sivasangar et al., 2013). Therefore, a genotype effect
is shown for thermal stability, the two genotypes of the M. sacchariflorus
species (H5 and SAC) being the most thermally stable. A genotype effect
is also observed for the number of peaks observed during the de-
gradation. In contrast, the effect of the position along the stem appears
non-significant.

3.1.2.2. Relation with biochemical composition. As discussed above, the
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Fig. 5. Sampling A. Examples of TG (solid line) and DTG (dotted line) curves of the upper (a) and lower (b) parts for three genotypes FLO, GIGB and H5.

thermal stability of miscanthus stem fragments should be influenced by
their biochemical composition, i.e. amounts of cellulosic and non-
cellulosic constituents. The Pearson correlation coefficients between the
different indicators of thermal stability (Table 3) and the biochemical
composition (Table 1S) were calculated and highlighted some
interesting linear dependences. As can be observed in Fig. 6, the
starting degradation temperature cannot be significantly correlated to
the biochemical composition, except for cellulose but with a low
correlation coefficient of 0.4.

Regarding the other indicators of thermal stability, we can draw the
following observations. The first DTG peak temperature, ranging from
292 °C to 302 °C, appeared to be negatively correlated to hemicelluloses
content (r = -0.54) and positively correlated to lignin (r = 0.77) and p-
coumaric (r = 0.69) contents. Less hemicellulose and more lignin and p-

coumaric contents resulted in a shift of the first DTG peak at higher
temperature. It is also interesting to note that higher amounts of
hemicelluloses and ferulic acids were strongly correlated with an in-
crease of the mass loss between 180 °C and 360 °C (r = 0.76 and 0.64,
respectively), while the latter decreased with increasing amount of
lignin (r = - 0.65). These results evidence the positive role of lignin and
the negative role of hemicelluloses on thermal stability, in particular
during the first degradation step of miscanthus stem fragments. High
lignin content has been found to promote interactions between the
different biomass components resulting in a delayed degradation and a
broader DTG peak (Hosoya et al., 2007; Wang et al., 2011).

This set of data clearly shows the dependency of the thermal sta-
bility of miscanthus fragments towards non-cellulosic components,
lignin increasing the thermal stability. Besides, the quantity of residue
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Fig. 6. Sampling A. Correlation coefficients r for the main thermal stability
indicators of miscanthus stem fragments of each genotype and positions along
the stem (upper and lower) in relation with the global biochemical composition
measured on the corresponding miscanthus stem sections (TablelS). Notation
correspondence with Tables 3 and 1S is as follows: Peak 1_T is DTG Peak 1
Temperature; Peak 1_V is DTG Peak 1 Value; Loss_180_360 is Mass loss 180-
360 °C; Loss_360_500 is Mass loss 360-500 °C; Loss_800 is Mass of residue at
800 °C. CA is p-coumaric acid and FA is ferulic acid.

at 800 °C was found to be negatively correlated with most of the cel-
lulosic and non-cellulosic components, which highlights the pre-
dominant role of the minerals on the ash content.

3.2. Dynamic mechanical characterization of miscanthus stem fragments

The dynamic mechanical characterization was performed using long
and slender stem fragments from sampling B.

3.2.1. Elastic modulus of miscanthus stem fragments: effect of genotype and
position along the stem

The elastic moduli of miscanthus stem fragments were determined
by flexural vibration tests as described in Section 2.5, and results are
presented in Fig. 7. In overall, the elastic moduli of stem fragments
ranged from 8.2 GPa to 14.1 GPa depending on the genotype and po-
sition along the stem. These values are similar to the modulus of 10 GPa
measured on stem fragments by nano-indentation by Bourmaud and
Pimbert (2008). Of course, the moduli are much lower than the tensile
modulus value of 55 GPa reported by Lundquist et al. (2003) for in-
dividual fibres extracted from miscanthus stems by a pulping process
and mostly composed of cellulose originating from cell walls. Besides,
these values are close to tensile moduli of other stem fragments as
bamboo, 11 — 36 GPa (Bourmaud et al., 2018; Gurunathan et al., 2015).
The ANOVA conducted on elastic modulus values revealed a marked
genotype effect while there was no significant effect of the position
along the stem (upper or lower parts) (Fig. 7). For both upper or lower
parts, stem fragments of GOL genotype had the highest stiffness
(14.1 GPa and 13.7 GPa for lower and upper parts, respectively) and
stem fragments of FLO genotype the lowest (8.2 GPa and 8.3 GPa for
lower and upper parts, respectively), GIGB stem fragments having in-
termediate stiffness (12.1 GPa and 10.6 GPa for lower and upper parts,
respectively).

Kaack and his co-authors measured flexural elastic moduli on mis-
canthus stem sections of 10 cm, and found that lower parts exhibit
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Fig. 7. Sampling B. Top: boxplots of elastic modulus of the miscanthus stem
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Bottom: ANOVA results.

higher stiffness (Kaack and Schwarz, 2001; Kaack et al., 2003). Other
studies have shown that stem section moduli are higher for lower parts
of sorghum (Esechie et al., 1977), oats (Norden and Frey, 1959) or
wheat (O’Dogherty et al., 1995) stems, hence increasing their resistant
to lodging. Besides, several studies dealt with the mechanical properties
of plant fibres and their variation according to the position along the
stem. It was reported for Agatha flax fibres with equivalent diameter
that lower tensile elastic moduli and tensile strength are found for
upper parts of flax stems, whereas flax fibres from the middle of the
stem exhibited the highest mechanical properties and those from the
lower part have intermediate ones (Charlet et al., 2009). Other studies
on flax fibres have shown that fibres extracted from the lower parts
have the lowest tensile stiffness and strength in the case of Hermeés
(Charlet et al., 2007) and Eden (Lefeuvre et al., 2015a) species. Fibres
extracted from the middle part of the stem were found to have the
highest mechanical properties in both studies. A study on woody hemp
core reported lower flexural stiffness and strength for the lower posi-
tions along the stem as compared to the upper ones, woody hemp core
from the middle internode having intermediate mechanical properties
(Beaugrand et al., 2014). Tensile tests performed on sorghum fragments
extracted from the bark revealed higher tensile strength and modulus in
the middle region of the stem, followed by the upper positions and the
lower positions (Bakeer et al., 2013). Based on all these published
studies, it can be concluded that for many plants there is a clear de-
pendency of the stiffness and strength of the tested sections, fragments
or fibres according to their position along the stem. As reviewed in
Table 4, it appears that stem sections are usually stiffer in the lower
region of the stems (a characteristic linked to the role of this part of the
stem, which is supporting the largest mechanical stresses) while fibres
and stem fragments tend to be stiffer and more resistant in the middle
and upper regions for several plants. It seems that there is no direct
correlation between the stiffness of elementary fibres and stem frag-
ments and the resulting stiffness of stem sections, i.e. stiffer elementary



Table 4

Literature review: mechanical properties of stem parts (the full stem is studied), stem fragments (stem is ground in small pieces) and elementary fibres extracted from

the plant as a function of the position along the stem.

Sample types Plants Elastic modulus Strength References
Position along stem Position along stem
Lower Middle Upper Lower Middle Upper
Stem sections Miscanthus + - Kaack et al., 2003
Kaack and Schwarz, 2001
Sorghum + - Esechie et al., 1977
Oats + - Norden and Frey, 1959
Wheat + + - + + - O’Dogherty et al., 1995
Stem fragments Hemp + + + ++ Beaugrand et al., 2014
Sorghum - ++ + - ++ + Bakeer et al., 2013
Elementary fibres Flax (Agatha) + - + ++ - Charlet et al., 2009
Flax (Hermes) - + + + - + + + Charlet et al., 2007
Flax (Eden) - + + + - + + + Lefeuvre et al., 2015a

fibres and stem fragments are not necessarily localized in the stiffest
stem regions.

This review of literature thus shows that, beyond the biochemical
composition and structural organization (thickening of the secondary
cell walls, microfibrillar angle, crystallinity index I.) within cell walls
that strongly influence the stiffness of elementary fibres and stem
fragments, the histological organization along the stem and across its
diameter (distribution, type and number of vessels) also plays a key role
in the resulting stiffness distribution along the plant stem (Bourmaud
et al., 2015).

In Fig. 8, coefficients of correlation r were determined between the
elastic moduli of miscanthus stem fragments and the global biochemical
composition (Table 1S) measured on the corresponding stem sections
(Sampling A). The strongest significant correlations with elastic moduli
were found for the ferulic and p-coumaric acids contents with r = 0.58
and r = - 0.66, respectively. Correlation with hemicelluloses content
give low non-significant r values of 0.26. In contrast with the studies
mentioned above, cellulose and lignin contents did not show any

Cellulose

Hemicellulose
Acetyl bromide lignin | 0.43

Coumaric.acid

Ferulic_acid

Ratio ferulic.coumaric.acids

Fig. 8. Correlation coefficients r for the median elastic moduli of miscanthus
stem fragments (Sampling B) for all genotype (FLO, GIGB and GOL) and posi-
tions along the stem (upper and lower) in relation with the global biochemical
composition measured from Table 1S.

correlation with the elastic moduli of stem fragments.

Regarding the correlation between the elastic moduli and the con-
tents of the two phenolic acids, the stem fragments originating from the
upper and lower parts of the GOL genotype showed the highest ferulic
acid content, the lowest p-coumaric acid content and the highest stiff-
ness (Fig. 9a and b).

In contrast, the GIGB and FLO genotypes which had lower elastic
moduli, presented lower ferulic content and higher p-coumaric acid
content. Furthermore, the ratio ferulic acid / p-coumaric acid (Fig. 8)
was positively and strongly correlated with the elastic moduli
(r = 0.64), highlighting the antagonistic effect of these two phenolic
acids on stiffness of stem fragments.

Moving now to the crystallinity index (Table 1) and local bio-
chemical composition (Table 2S) determined on the corresponding stem
fragments (Sampling B), the strongest correlations (Fig. 10) were po-
sitive for arabinose and xylose and negative for lignin. Remarkably,
glucose content corresponding to cellulose showed no correlation with
crystallinity index.

Summarizing our results, the correlation of the elastic moduli of
miscanthus stem fragments with their corresponding global and local
biochemical analyses revealed a strong dependency towards non-

30
a
g
r=0.579
1)
(%}
2
3
3 GIGB-L GIGB-U
€10 ¥
L FLo-L? FLO-U *
=]
173
©
w
0 ; : ; ; :
0.2% 0.3% 0.4% 0.5% 0.6% 0.7%
Ferulic acid (%)

30
—_ b
& r=-0.662
g
g 20
g GOL-L|

- GIGB-L
g GoLU GIGB-U
o 10 + T * +
‘é FLo-uT FLO-L
w
0 ; ; : ; )
1.4% 1.6% 1.8% 2.0% 2.2% 2.4%

p-coumaric acid (%)

Fig. 9. Median and quartiles of the elastic moduli of miscanthus stem fragments
(Sampling B) for each genotype (FLO, GIGB and GOL) and positions along the
stem (upper and lower) as a function of ferulic acid (a) and p-coumaric acid (b)
contents measured on the corresponding miscanthus stem sections (Table 1S).
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Fig. 10. Correlation coefficients r for the median elastic moduli of miscanthus
stem fragments (Sampling B) for all genotype (FLO, GIGB and GOL) and posi-
tions along the stem (upper and lower) in relation with the crystallinity index
(ground fraction sampling B) and the local biochemical composition (lignin,
cellulose and hemicelluloses fractions) measured on the corresponding mis-
canthus stem fragments (Table 2S).

cellulosic components, especially the ratio ferulic / p-coumaric acids,
and the hemicelluloses fraction. On the other hand, cellulose and lignin
were poorly correlated with stem fragment moduli, a counter-intuitive
result regarding its structural role. Studying the correlation between the
biochemical composition of woody hemp core and their modulus
measured by nanoindentation, Beaugrand et al. (2014) also found
strong correlations with non-cellulosic components, i.e. arabinose, ga-
lactose and xylose (coefficient of determination R? of 0.80, 0.87 and
0.69, respectively). Furthermore, Antoine et al. (2003) found that
arabinose was more prevalent in the stiffer and stronger tissue of wheat
bran. It is known that non-cellulosic components are present within the
cell walls but also in the intercellular regions, where they play a crucial
role in the bonding of cellulose microfibrils and in the cohesion of plant
cells. Ferulic acid is reported to be particularly abundant in grasses such
as miscanthus (Molinari et al., 2013). It is also known to be covalently
linked with arabinose substituents of arabinoxylans (hemicellulose) by
ester bonds, acting as a universal connector between cell wall polymers
(De Oliveira et al., 2015; Timpano et al., 2015). The p-coumaric acids
are reported to be ester-linked to lignin units (Timpano et al., 2015).
The cross-linking role of ferulic acid between pectic polysaccharides
was supposed to have a major effect on the mechanical behaviour of
cell walls in sugar beet (Waldron et al., 1997).

In contrast with published studies on elementary flax fibres in which
the predominant role of the composition and structure of cell walls,
especially the role of cellulose microfibrils, on the stress at rupture and
stiffness was underlined, the present results show that in the case of
miscanthus stem fragments, the stiffness is strongly dependent on non-
cellulosic components. Our main finding is the strong correlation of
elastic moduli of stem fragments with their ferulic and p-coumaric acids
contents. Considering that these stem fragments are packed bundles of
cells, the stress transfer mechanisms between the cells are expected to
play an important role in their mechanical behaviour. In this regard, the
intercellular non-cellulosic components implied in the cell cohesion
should thus be considered as key structural constituents. Nevertheless,
it should be noticed that elastic moduli of GIGB-L and GIGB-U stem
fragments are significantly higher than those of FLO-L and FLO-U, while
their global and local composition in non-cellulosic components are

rather similar (Tables 1S and 2S). This highlights that the stiffness of
miscanthus stem fragments cannot be simply related to the presence of
one specific component. As pointed out by Charlet et al. (2009) and
Lefeuvre et al. (2015b) for elementary flax fibres and Li et al. (2013) for
hemp stalk fibres, the stiffness and strength of plant cells result from the
complex biomolecular assemblies of cellulosic and non-cellulosic com-
ponents and their organization within the cell walls. In particular, it is
observed that GIGB-L and GIGB-U have slightly higher crystallinity
indexes (Table 1) than FLO-L and FLO-U, which might be partly re-
sponsible for the higher stiffness measured for the GIGB genotype as
compared to FLO.

3.2.2. Discussion on the interrelationships between genotypes, position along
the stem, stem fragment dimensions and mechanical properties

Most of the materials studied in literature with data on the relation
between biochemical composition, position along the stem and me-
chanical properties, are elementary fibres extracted from stems or other
plant parts. This is vastly different from the lignocellulosic stem frag-
ments studied here that are bundles of plant cells. In addition, in this
study, two types of lignocellulosic fragments have been prepared: (i)
first stem fragments originating from grounding and sieving procedure
in selected ranges between a few microns to a few hundreds of microns
long, and (ii) stem fragments selected because they have a long and
slender shape, suitable for being tested mechanically. The latter slender
stem fragments originate from the breaking of the stem through the
propagation of cracks within and between the plant cells, and one can
expect that they are not representative of the whole stem section from
where they were extracted. Besides, although having been ground in
the same conditions, stem fragments obtained for lower and upper parts
of each genotype exhibit great variations in their dimensions and
shapes (Fig. 11). Based on the measurement of their length L and minor
diameter d,;, (Section 2.5), their aspect ratio (L / d,;;) was calculated
and results are presented in Fig. 12.

For both positions along the stem, the ANOVA analysis revealed that
the stem fragments extracted from the GOL genotype showed greater
aspect ratios than FLO and GIGB (Fig. 12a). Besides, the aspect ratios of
the respective lower and upper parts of GOL and GIGB genotypes were
similar. In contrast, lower aspect ratios were obtained for the upper part
of FLO genotype as compared to lower one. This trend suggests that the
upper part of FLO stems tend to break into less elongated fragments
during the grinding process. Note that upper positions of miscanthus
stems were reported to contain more hemicelluloses than lower regions
(Kaack et al., 2003). Biochemical analysis of FLO genotype (Table 1S)
also revealed higher amounts of hemicelluloses and ferulic acid, and
lower amounts of lignin and cellulose for upper parts. Considering that
hemicelluloses and ferulic acid act as matrix and adhesive components
in the middle lamellae between the cells, they could hinder the de-
bonding of the plant cells upon grinding of upper parts. This may lead
to different fragmentation processes, giving lower aspect ratios for FLO
stem fragments from upper parts as compared to lower ones. Frag-
mentation processes are thus intimately related to the specific bio-
chemical and structural characteristics of stem sections. This has an
influence on the resulting dimensions of stem fragments (Figs. 11 and
12), and hence on the selection of stem fragment samples for me-
chanical characterization.

Based on these observations, the elastic modulus of each tested stem
fragment was plotted as a function of its minor diameter and aspect
ratio in Fig. 13a and b. It is found that the smaller diameters and the
greater aspect ratios of stem fragments are related to higher elastic
moduli. This tendency was valid for positions along the stem and
genotypes except for FLO-U for which no trend was found. This re-
lationship between the modulus and the diameter was also observed for
flax fibres independent on the location of the extraction of fibres from
the stem. Furthermore, higher strengths were obtained with thinner
fibres, probably due to fewer defects within the fibre structure although
these fibres are of different nature that the stem fragments considered



Fig. 11. Sampling B. Micrographs of ground fractions for upper (U) and lower (L) parts of FLO, GIGB and GOL genotypes.

here (Charlet et al., 2007).

Considering that the characteristics of genotypes and position along
the stem can greatly influence the mechanical properties (Figs. 7-10)
and the fragment sizes (Figs. 11 and 12), it can be assumed reciprocally
that stem fragments with various sizes collected from the same geno-
type / position along the stem could also show variations in their
chemical and structural features and hence in their mechanical prop-
erties. It is thus relevant to investigate the effect of genotype and po-
sition along the stem on the elastic modulus for defined diameter ranges
of stem fragments. In Fig. 13c and d, moduli of the different genotypes
and positions along the stem were plotted for two diameter ranges, i.e.
40-150 pm and 150-400 pm, 150 um being the median diameter of all
the stem fragments tested. Below 150 um and based on ANOVA ana-
lysis, low variations of modulus were observed between genotypes and
positions along the stem, except for upper parts of FLO which are sig-
nificantly less rigid. Beyond 150 um, modulus values were globally
lower and less scattered. Lower parts of GIGB and GOL genotypes ap-
peared to be stiffer.

These results demonstrated the difficulties to interpret the me-
chanical results as they are greatly influenced by the fragment shape
and dimensions. Low diameters fragments show less variations between
samples but also wide scattering in moduli. On the contrary, higher
diameters fragments show lower scattering in moduli but more pro-
nounced effects of the position along the stem level or genotype.
Therefore, these data evidence that the measured stiffness of mis-
canthus stem fragments is greatly influenced by the fragment dimen-
sions in relation with the genotypes and positions along the stem, their
specific biochemical, structural and mechanical characteristics and
their resulting behaviour upon grinding. Genotypic and position along
the stem effects, fragmentation processes and mechanical properties of
miscanthus stem fragments are thus strongly interconnected. When
studying the mechanical behaviour of miscanthus stem fragments, and
probably also for most lignocellulosic objects, it appears necessary to
compare the results on restricted diameter ranges. This appears also
essential for comparing genotypes.

4. Conclusions

The initial hypothesis of our work was that the miscanthus genotype
effect on stem fragments and composite properties may be explained by
biochemical characteristics. We also hypothesized that the composition
of the stem is not homogeneous within the stem and may be variable

between the genotypes. Using two different ways to select stem frag-
ments from three to six genotypes and two positions along the stem,
either by grinding-sieving or selecting manually long and slender
fragments, the following results were obtained:

- Using the sieved fragments, the thermal analysis showed that the
starting degradation temperature cannot be correlated to the bio-
chemical composition. There was a slight dependency of the thermal
stability of miscanthus fragments towards non-cellulosic compo-
nents with the first DTG peak temperature being negatively corre-
lated to hemicelluloses content and positively correlated to lignin
and p-coumaric contents. There is a dependency of the thermal
stability of miscanthus fragments towards non-cellulosic compo-
nents, with the lignin content increasing the thermal stability.

Using the long and slender fragments, it was shown that there is a
clear effect of genotypes on the modulus while more limited effect of
the position along the stem was detected. There was a noticeable
correlation of elastic modulus with the xylose and arabinose con-
tents and no correlation with crystallinity index, cellulose and lignin
contents, this latter result being counter-intuitive regarding the
important structural role of cellulose. In contrast, there was a strong
correlation of elastic moduli with ferulic and p-coumaric acid con-
tents, the ferulic acid / p-coumaric acid ratio being positively and
strongly correlated with the elastic moduli. Besides, it was shown
that size and shape of stem fragments can be related to genotypes
and position along the stem. Fragmentation processes are thus in-
timately related to the specific biochemical and structural char-
acteristics of stem sections: higher elastic moduli were found for
smaller diameters and greater aspect ratios of fragments. The mea-
sured stiffness of miscanthus stem fragments is thus influenced by
the fragment dimensions in relation with the genotypes and posi-
tions along the stem, their specific biochemical, structural and me-
chanical characteristics and their resulting behaviour upon grinding.

Our results highlight that genotypic and position along the stem
effects, fragmentation processes and thermal and mechanical properties
of miscanthus stem fragments are interconnected. Such detailed ex-
periments and results on stem fragments are of interest for a reliable
selection of genotypes that should give the best thermal and mechanical
performances for polymer composites. They are also of interest for
breeding in order to obtain better genotypes.
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Fig. 12. Sampling B. Aspect ratio (a), length (b) and diameter (c) of the frag-
ments selected for the mechanical characterization of lower (L) and upper (U)
parts of FLO, GIGB, and GOL genotypes.
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Fig. 13. Sampling B. Elastic modulus of miscanthus stem fragments as a func-
tion of the minor diameter (a) and the aspect ratio (b), and for restricted dia-
meter range (c) 40 um to 150 pym and (d) 150 um to 400 um according to upper
(U) and lower (L) parts of FLO, GIGB, and GOL genotypes.
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