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Abstract

Fibre bundles are groups of elementary fibres glued together thanks to the middle
lamella, and are the main fraction in plant fibre composites. In this study, relationship
between the mechanical properties of flax fibre bundles, chemical composition and
cellulose structure were investigated. To do so, a sequential biopolymer extraction
was implemented. Fibre bundles were first depectinated by oxalate extraction, and
then the hemicelluloses were extracted by LiCl/dimethyl sulfoxide (DMSO) and KOH.
The oxalate extract consisted of homogalacturonans and type |
rhamnogalacturonans, while the LiCl extract was composed mainly of glucomannans
and the KOH extract of xyloglucans. The KOH stage resulted in the appearance of
cellulose Il in flax bundles. The extraction of pectin and hemicelluloses led to the
disappearance of the middle lamella concomitant with a decrease in the tensile
Young’s modulus and maximum strength. Finally, the fibre bundle composition,
ultrastructure and mechanical properties are discussed together in view of the thin

middle lamella.
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1 Introduction

Plant fibres offer several advantages to reduce the environmental impacts of human
activities. Among them, flax fibres coming from renewable resources have a low
density (Fu, Lauke, Mader, Yue, & Hu, 2000) and specific mechanical properties
equivalent to glass fibres (Lefeuvre, Bourmaud, Morvan, & Baley, 2014), which are
among the best plant fibres (Bourmaud, Shah, Beaugrand, & Dhakal, 2020).

Within the stem, the flax fibres are located in the phloem area and are present as
bundles of several tens of single fibres (Akin, Gamble, Morrison, Rigsby, & Dodd,
1996). Fibres are individual cells characterized by an elongated polygonal shape, a
reduced lumen volume and a thick cell wall. Their length can reach several
centimetres with a diameter between ten and twenty microns (Pillin et al., 2011). At
maturity, the plant cell wall of flax fibre consists, from the outside towards the inside,
of the primary cell wall, secondary cell wall. Finally, in the middle of the fibre is a
central cavity called the lumen (T. Gorshkova & C. Morvan, 2006), which can be
irregular (E. Richely et al., 2021). The pectin-rich middle lamella ensures cohesion
between fibres (Lazic, Janjic, Rijavec, & Kostic, 2017), but this thin layer is also
considered as a weakness point that flax producers try to degrade and eliminate
through retting, scutching and combing stages to provide composite reinforcements
as individualised as possible. The soft primary wall is rather intricate with the middle
lamella (Melelli, Arnould, Beaugrand, & Bourmaud, 2020) and has a thickness of
approximately 0.2 um (T. A. Gorshkova et al., 1996). The soft primary wall consists of
a matrix composed of hemicelluloses and pectins, which embeds randomly oriented
cellulose microfibrils (Nilsson & Gustafsson, 2007), even if recent studies tend to
show an orientation in the axis of the fibre (Baley, Goudenhooft, Gibaud, &
Bourmaud, 2018). The secondary wall is much thicker, the thickness of classical
secondary wall usually is 2-4 um with an S1 sublayer typically in the range of 0.1-0.4
um. In the case of bast fibers, thickness of up to 10 um can be reached due to the
presence of a gelatinous layer. At maturity, the G layer is the main layer of the flax
fibores (Bourmaud, Beaugrand, Shah, Placet, & Baley, 2018; T. Gorshkova,
Chernova, Mokshina, Ageeva, & Mikshina, 2018). It is composed mainly of highly
crystalline cellulose (Bos, 2004) and pectic type | rhamnogalacturonan (RGI)
decorated with B (1-4 ) galactan side chains (3-7%) (Tatyana Gorshkova & Claudine
Morvan, 2006) and, to a lesser extent, arabinogalactan protein and glucomannan (T.
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Gorshkova, Chernova, Mokshina, Gorshkov, et al., 2018) (T. A. Gorshkova et al.,
2010; C. Morvan et al.,, 2003). Xylan and lignin are absent in the G layer but
xyloglucan has been detected in flax phloem fiber (Claudine Morvan et al., 2003). A
possible role of xyloglucan in the binding of S- and G-layers have even been
proposed (T. Gorshkova et al., 2015).

RGI are thought to play a major role in the formation and properties of the G layer.
They undergo modification in the developing fibre (Tatyana Gorshkova & Claudine
Morvan, 2006) (Gurjanov, Ibragimova, Gnezdilov, & Gorshkova, 2008). During the
deposition of the gelatinous cell walls, RGI with long galactan chains is formed. The
long galactan chains can serve as spacer between cellulose microfibrils, preventing
their lateral interactions. As the fibre mature, the galactan side chains are trimmed off
by galactosidase allowing lateral interactions between cellulose microfibrils that lead
to RGI entrapment (T. Gorshkova, Chernova, Mokshina, Ageeva, et al., 2018) and
specific mechanical properties of the G layer (Olivier Arnould, David Siniscalco, Alain

Bourmaud, Antoine Le Duigou, & Christophe Baley, 2017).

If many studies have examined the mechanical properties of the secondary wall
sublayers (O. Arnould, D. Siniscalco, A. Bourmaud, A. Le Duigou, & C. Baley, 2017),
few studies are available regarding the weakness points that glue strong individual
fibres together. For instance, the reported interfacial shear stress in flax is only 2.9
MPa between two fibres (Charlet & Beakou, 2011). Morphologically speaking, a fibre
bundle is a composite structure made of individual fibres and an interface bonding
layer, the compounded middle lamella. Therefore, fibre bundle mechanical properties
also depend on the middle lamella and the primary cell wall and on their composition.
Due to the low investigation scale required, only local, but non absolute, investigation
techniques, such as atomic force microscopy in Peakforce mode (AFM-PF) can be
used to estimate the indentation modulus of the middle lamella; a value of 10.2 £ 1.2
GPa was reported (Melelli et al., 2020), compared to an indentation value of 18.0 +
1.9 GPa for a flax G layer (Goudenhooft et al., 2018).

Middle lamellae are enriched in non-cellulosic polymers, and mechanically speaking,
hemicelluloses and pectins have been demonstrated to have a specific function as
cell wall plasticizers, enabling the individual fibre to reach interesting values of strain
and stress during mechanical loading (Lefeuvre et al., 2015) (Gourier, Le Duigou,
Bourmaud, & Baley, 2014).



67
68
69
70
71
72
73
74
75
76
77
78
79
80
81

82
83
84
85
86
87
88

89
90
91
92
93
94
95
96
97
98
99

In flax, indirect investigations of the relationship between biochemical composition
and mechanical properties were long ago investigated by affinity solvent extraction
strategy (Lindeberg, 1948). Pectins were generally extracted sequentially by boiling
water and by a chelating agent, usually ethylene diaminetetraacetic acid (EDTA)
(Goubet et al., 1995). Then, a strong acid is often used (HCI or H2SO4), followed by a
soda extraction (NaOH or KOH) aiming to extract the polysaccharides strongly linked
in the cell wall, mostly hemicelluloses and structural pectins (Alix, Goimard, Morvan,
& Baley, 2009) (Lefeuvre, Bourmaud, Lebrun, Morvan, & Baley, 2013). At the scale of
elementary fibres, both Young’s modulus and the tensile strength at break have been
shown to decrease almost linearly with the extraction stages, while the strain at
rupture remains almost constant (Lefeuvre et al., 2015). In particular, acid-extracted
polysaccharides, so-called matrix noncellulosic polysaccharides (NCPs), were shown
to influence the strength, while alkali-extracted polysaccharides, so-called structuring
NCPs, have mainly an effect on the stiffness. At the scale of the fibre bundles, such
data are not available.

In the same way, no data exist on the changes induced by both extraction and
immersion in solvent at the ultrastructural level and how these changes influence the
mechanical properties. Indeed, the alteration of the polymer linkages and
arrangements can lead to changes in the properties of fibre elements. Solid-state
nuclear magnetic resonance (ssNMR) has been validated as a method of choice to
probe ultrastructural features in plant cell walls. The ssNMR has been used to
monitor flax cell wall evolution during retting (Bourmaud, Siniscalco, et al., 2018).

The ambitious aim of this research work is to fill a gap in the knowledge of the
relationships between the biochemical composition of bundles, polymer ultrastructure
and mechanical properties on the scale of flax fibre bundles, including the middle
lamella. To do so, sequential extraction was performed, and fine chemical analysis
was carried out on the extracted components, including glycosidic linkage analysis of
cell wall polysaccharides by direct and indirect methods. Parallel, the ultrastructural
modifications generated by the extraction stages were characterized by NMR
approaches, solid-state CP-MAS (cross polarization-magic angle spinning) in residual
treated bundles and low field relaxometry. Finally, the fibre bundle tensile properties
and the results of multiscale biochemical analysis are discussed and compared to the
literature data and statements dealing with individual fibres. Definitely, the main
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ambition of the present work is to address precise elements on the contribution of the
middle lamella and its constitutive polymers in the mechanical properties of bundles;
these findings would be of great interest for better understand the damage
mechanism and mechanical behaviour of bundles during the manufacturing or used
of biobased composite materials.

2 Materials and methods

2.1 Materials

The scutched flax fibres (Avian variety, 2017) were provided by the Van Robaeys
Freres Company (Killem, 59, France). They were sown in March, pulled out at the
end of June and then dew-retted in the field for 6 weeks. Then, they were

mechanically extracted on an industrial scutching line.

2.2 Sequential solvent extractions
The sequential extraction stages are summarized in Figure 2 and correspond to the
protocol described by Lefeuvre et al. (Lefeuvre et al., 2015) and slightly modified

according to Assor et al. (Assor, Quemener, Vigouroux, & Lahaye, 2013).

a )

30 min in ethanol 70° at 100°C, rinsing

with ethanol and then acetone (AIM)
J

Soluble
extraction

(" Ammonium oxalate (0.2M) - pH 4.6 h
30 min at 40°C + 2x30 min at 85°C
\under continuous stirring (OXAM ; P)

Pectin
extraction

, \\ ( 8.4% LiCl / DMSO h
Hemicelluloses) 2x5h at 100°C under nitrogen
extraction |_ under continuous stirring (LiCl ; ;) |

e a
4N KOH in presence of NaBH, 17h at
4°C, then 1h, under continuous
L stirring (KOH ; H,) )

2nd hemicelluloses
extraction

b\{,; » - \
Residues | 0.1M acetic acid, pH 5

{4 extraction ), | for 30 min, then two rinses with
L deionized water (AW) )

Figure 1. Scheme of the sequential polysaccharide extractions and of the
extracted products. (AIM= Alcohol Insoluble Material; OXAM = oxalate
extraction and corresponding extract P enriched in pectins, LiCl= lithium
chloride extraction and corresponding extract H1 enriched in easily extractable

6
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hemicelluloses; KOH= potassium hydroxide and corresponding extract H2

enriched in strongly linked hemicelluloses; AW = acidified water)
Indeed, a supplementary extraction stage with LiCl and dimethyl sulfoxide (DMSO)
was incorporated to selectively extract weakly bonded hemicelluloses. Alcohol-
insoluble material (AIM) was obtained after boiling fibres for 20 min in 70% ethanol
(15 g/250 mL). AIM was transferred to a G2 sintered glass filter, and the alcohol was
removed by aspiration under vacuum. AIM was washed several times with 70%
ethanol and then twice with absolute ethanol for 30 min. Finally, AIM was dried with
acetone and weighed to determine the yield.

For pectin extraction, AIM (~15 g dry weight) was suspended in 300 mL of 0.2 M
ammonium oxalate solution at pH 4.6. Extraction of pectin was carried out at 40 °C
for 30 min and then at 85 °C for 30 min under stirring. Solid/liquid separation was
carried out by filtering under vacuum onto G3 sintered glass. The extraction at 85 °C
for 30 min was repeated twice. Each time, the liquid fraction was recovered. Then,
the residual AIM was washed twice with 200 mL of deionized water. The three
extracts and the washings were pooled, concentrated and dialyzed (MWCO 6000-
8000) against deionized water until the conductivity of the washes reached 3 uS/cm.
Finally, the pectin-enriched extract (P) was freeze-dried.

Hemicellulose extraction was carried out according to Ray et al. (2014) (Ray,
Vigouroux, Quemener, Bonnin, & Lahaye, 2014). The oxalate-treated bundles were
suspended in 8.4% (w/v) LiCI/DMSO (14.56 g dry weight for 500 mL) at 100 °C for 5
h under agitation and Nz. Then, the sample was centrifuged at 30,000 g for 15 min.
The process was repeated twice. After each centrifugation, the supernatants were
recovered, centrifuged at 30,000 g for 30 min and filtered on G3 sintered glass. The
treated bundles were washed with DMSO for 15 min. The washing operation was
repeated until the residual fibres were clean. The LiClI/DMSO extracts and DMSO
washings were pooled and evaporated to dryness at 60 °C under vacuum. The
LiCI/DMSO extract was dissolved in deionized water, precipitated with 4 volumes of
absolute ethanol at 4 °C, and left to decant overnight at 4 °C. The precipitate was
recovered by centrifugation (12 min at 30,000 g), washed with absolute ethanol and
finally dried at 40 °C under vacuum. This extract corresponding to the first population

of hemicelluloses was named H1.
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The LiCI/DMSO-treated bundles (13.82 g) were extracted with 4 M KOH (600 mL) for
17 h at room temperature under stirring and in the presence of NaBH4 (0.03 g/L). The
suspension was centrifuged (32,000 g, 23 min), and the supernatant was filtered on
G3 sintered glass. This stage was repeated with an incubation time of 1 hour. The
pellet was recovered and washed with 0.1 M acetic acid and deionized water until the
washing water was no longer alkaline. The final solid-treated bundles were dried at
40 °C under vacuum. The KOH extracts were neutralized with acetic acid, dialyzed
(MWCO 6000-8000) against osmosis water until the conductivity of washes reached
3 uS/cm. The neutralized KOH extracts were concentrated approximately 3 times
and freeze-dried. This extract corresponding to the second family of more strongly
linked hemicelluloses was named H2.

Finally, the KOH-treated bundles (13.54 g) were subjected to a final extraction with
acidified water (AW, 1 L) for 20 min under stirring. The suspension was centrifuged
(32 000 g, 15 min). The pellet was transferred to GX sintered glass and washed with
deionized water until the pH was neutral. The treated bundles were dried at 40 °C
under vacuum. The extract was neutralized with NHs, dialyzed (MWCO 6000-8000)
and freeze-dried.

2.3 Characterizations

2.3.1 Tensile properties of flax bundles
The tensile tests were carried out on an MTS Criterion Series 40 (MTS, Eden Prairie,
Minnesota, USA) equipped with a 5 N force cell. The diameter of each bundle was
measured at 6 different locations using a Nikon macroscope (Nikon, Tokyo, Japan)
(Lefeuvre et al., 2014). The diameters of the bundles tested ranged between 75 and
125 um for the different stages of sequential extraction. The bundles were glued in a
cardboard frame having a nominal length of 70 mm according to Charlet et al.
(Charlet & Beakou, 2011). The frame was then placed in the jaws of the traction
machine. Then, the edges of the paper frame were cut so that traction was only
carried out on the bundle. The displacement speed was 1 mm/min, and data were
recorded with a frequency of 100 Hz. The results shown are an average of at least 30
validated tensile tests. Tensile tests were performed at 23 °C and 50% relative

humidity in a controlled environment.
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2.3.2 Surface analysis of flax fibres
Scanning electron microscopy (SEM) observations were performed on a field
emission gun scanning electron microscope (Thermo Fischer Scientific, Quattro S,
Waltham, Massachusetts, USA). Images were recorded at an acceleration voltage of
6 kV and a pressure of 80 Pa using the LV detector. Five fibre bundles by modality
were cut and glued to a carbon pellet placed on the sample holder. The samples
have not been metallized.

2.3.3 Biochemical composition of flax fibres

2.3.3.1 Mid-infrared spectroscopy
Treated bundles and extracts were analysed by mid-infrared spectroscopy (IR) with a
Thermo Nicolet IS50 spectrometer (ThermoFisher Scientific, Courtaboeuf, France),
as shown in Figure 4. Two milligrams of ground sample was mixed with 120 mg of
potassium bromide (KBr) and pressed to obtain a KBr pellet. One pellet without
sample was prepared to make the blank. Spectra were collected in transmission
mode in the 4000-600 cm infrared range at a resolution of 16 cm™ with 200 added
scans using OMNIC software (V 9.2.41). All spectra were preprocessed using OPUS
7.5 (Bruker Optics). The spectra in the 2000 and 700 cm™' regions were smoothed at
five points, corrected by an elastic baseline and vector-normalized. The average
spectra were calculated using Unscrambler X 10.1 software. The absorbance bands
were identified and allocated from data established on pure compounds previously

analysed.

2.3.3.2 Monosaccharide composition

Identification and quantification of neutral monosaccharides were performed by gas
chromatography after acid hydrolysis and conversion of monomers into alditol
acetates as described in Lahaye et al. (2020) (Lahaye, Falourd, Laillet, & Le Gall,
2020). Chromatography was performed on a TraceGOLD™ TG-225MS GC Column
(30x0.32 mm ID) (TRACE GC Ultra Thermo Scientific™; temperature 205 °C, carrier
gas H2). For calibration, external standards and inositol as internal standard were
used. Uronic acids in acid hydrolysates were quantified using the
metahydroxydiphenyl colorimetric method (Blumenkr.N & Asboehan.G, 1973). All
tests were done in triplicate.
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2.3.4 Linkage analyses

Glycosidic linkage analyses were performed using a permethylation procedure
adapted from Anumula et al. (Anumula & Taylor, 1992). Polysaccharide fractions (1
mg/mL) were converted into their H* form by percolating the aqueous solutions with
Sigma Dowex 50 WX4 resin (1 mL). After freeze-drying, 1 mg of sample was
dissolved in 1 mL of DMSO. The solution was sonicated for 2 min and then left to
stand for 30 min before adding 1 mL of NaOH-DMSO reagent followed by 500 uL of
methyl iodide. The solution was vortexed and sonicated three times for 2 min, and
methylation was stopped by adding 2 mL of distiled water. Methylated
polysaccharides were extracted with 2 mL of chloroform. After vigorous vortexing and
brief centrifugation, the organic phase was washed three times with 4 mL of distilled
water. After evaporation under a stream of air, methylated polysaccharides were
hydrolysed with 2 N trifluoroacetic acid (TFA) with an internal standard at 110 °C for
90 min and then evaporated under a stream of air. The partially methylated
monosaccharides were then converted to alditol acetates and analysed by gas
chromatography/mass spectrometry (GC/MS) (TRACE-GC-ISQ, Thermo Scientific™,
Waltham, Massachusetts, USA) on a nonpolar Thermo Scientific™ TraceGOLD™
TG-1MS GC Column (30 m x 0.25 mm x 0.25 um), carrier gas Hz at 1.5 mL/min as
previously described in Buffetto et al. (Buffetto et al., 2015).

2.3.5 13C Solid-state nuclear magnetic resonance (NMR)
2.3.5.1 Crystallinity and T{,, measurement

Solid-state NMR spectra were registered on a Advance lll spectrometer (Bruker;
Bilelrica, Massachusetts, USA) on rehydrated AIM to 30 + 1% w/w with ultrapure
water. Spectra were recorded at room temperature with a spectrometer operating at
a carbon frequency of 100.62 MHz. A triple resonance 'H/X/Y CPMAS 4 mm probe
was used. The magic-angle-spinning (MAS) rate was fixed at 9 kHz. CP-MAS
experiments were carried out following the method described in Bourmaud et al.
(Bourmaud, Siniscalco, et al., 2018). The approach of Larsson et al. was used to
evaluate the cellulose | crystallinity from the deconvoluted C4 peaks in the 77-92 ppm
region (Larsson, Wickholm, & lversen, 1997). The proportion of crystalline cellulose
in the different samples was determined by dividing the area of the three peaks of the
crystalline region by the areas of the six peaks for the cellulose C4 region. The lateral
dimensions of the fibrils (LFD) and the lateral dimensions of the fibril aggregates

10
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(LFAD) were then estimated assuming a square cross section of cellulose
microfibrils. These estimates assumed that all amorphous cellulose was on the fibril
surface. The cellulosic chain width was taken as 0.57 nm (Newman, 1999). When
cellulose Il was detected, the model was adapted according to (Zuckerstatter,
Terinte, Sixta, & Schuster, 2013).

The chemical shift, half-width and area of peaks were determined using a least-
squares fitting method using Peakfit® software (Systat Software Inc., USA).

By varying the contact time (1 of cross-polarization (20 points between 10 us and
9000 ps, with an accumulation of 1024 scans per experiment), the kinetics of cross
polarization were investigated. The cross-polarization kinetics were fitted using a two-
reservoir model with the following formula (Kolodziejski & Klinowski, 2002):

1(7) = Iye ™/ « {1 —2e /T — (1 — /1)6‘3T/ZTHH8_72/2TC2H}
where I(7) is the area of the carbon peak according to the contact time, I, is the
maximum carbon signal intensity (associated with the optimal contact time), A is a
parameter that depends on the number of protons (n) carried by carbons (A=1/(n+1)),
Tcy is the mean dipolar coupling between carbon and proton covalently linked, Tyy is

the spin diffusion between the two proton reservoirs, and T{}, is the proton spin—

lattice relaxation time in the rotating frame.

2.3.5.2 Time domain NMR (relaxometry)
In the present study, the transverse relaxation times of water protons (T,;) and their
associated populations (P,;) were evaluated. The samples were immersed for 3 days
in ultrapure water, and then the excess water was removed to fill all the cavities with
water. After measurement, the water content was determined to be equal to 81 £ 5%.
The acquisitions were carried out using the Carr—Purcell-Meiboom-Gill (CPMG)
sequence at 4 °C. The echo time was 0.08 ms, 10000 echoes were collected, and 64
scans were acquired with a recycle delay of 7 s, resulting in a total acquisition time of
approximately 20 min. An inverse Laplace transformation (ILT) was applied to
convert the relaxation signal into a continuous distribution of relaxation components.
For this purpose, a numerical optimization method was used, including nonnegativity

constraints and L1 regularization and by applying a convex optimization solver

11
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primal—dual interior method for convex objectives (PDCO) (Lahaye, Bouin, Barbacci,
Le Gall, & Foucat, 2018) (Saunders, A., Maes, Akle, & Zahr, 2002).

3 Results

3.1 Sequential extraction: extracted fraction microscopic images
The yields for the different solvent extractions are given in Table 1. AIM is the flax
bundles recovered after alcohol extraction and accounted for 99.8% of the initial dry
weight of the flax bundle, only 0.2% of alcohol soluble material was removed at this
step. The oxalate extract (OXAM) represents 2.75% of the AIM dry weight, with total
polysaccharides accounting for 73% of the extract dry mass. The extraction with LiCl
and KOH yielded approximately 5 and 2% of the AIM dry weight, respectively. While
the LiCl extract contained mainly polysaccharides, total polysaccharides in the NaOH
extract accounted for only 50% of its mass.

Table 1. Yield and total monosaccharide content of fractions obtained from the
different extractions. * AIM accounted for 99.8% of initial dry mass

Extracted fraction % of
Solvent treatment the initial dry matter
mass of flax bundles

Polysaccharide % of
the extracted fraction

AIM <.0.2% na
OXAM 2.75 73.1
LiCl 5.08 68.6
KOH 2.05 50.5

AW 0.55 na

SEM was applied to the flax fibres bundles to reveal changes induced by the different
extraction stages (Figure 2). For native and AlM-treated bundles, the middle lamella
is very clearly visible and surrounds the flax fibres within the fibre bundles. As the
sequential extraction progresses, the middle lamella is being less visible until it
disappears completely. The fibre bundle is apparently still cohesive with a smoother
outer surface, which effectively suggests that the middle lamella is only partially
removed after pectin extraction by oxalate (OXAM). After the KOH stage, there was
no longer trace of the middle lamella. The disappearance of the middle lamella is
accompanied by the individualization of flax fibres. At the OXAM stage, the fibres are

12
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still stuck together thanks to the remnants of the middle lamella. For KOH and the
final acidified treated bundles, the elementary fibres are visibly detached from one
another. Furthermore, at this final stage, they show a less rough surface compared to

fibres in the treated bundles from the previous extraction stages.

Native

100 um 100 pm

- —~ —cnse - 4 \1 ‘

Figure 2. SEM images of each stage of the sequential extraction (x350)

3.2 Mechanical characterization of the bundles

Tensile tests on bundles were performed on the native flax and the treated bundles
of the sequential extraction. Figure 3 shows the evolution of tensile strength, Young's
modulus and elongation at break for the native and solvent successively extracted
samples. Figure 3d confirms that our bundle tensile strength values are in the same
range as the literature data, considering similar gauge lengths (Bourmaud, Nuez,
Goudenhooft, & Baley, 2020). A marked and regular decrease in Young’s modulus
(Figure 3a) is observed as the sequential extraction progresses between AIM and
LiCl. For the tensile strength at max of the fibre bundle (Figure 3b), a regular
decrease is also observed up to the LiCl stage, but the high standard deviations do
not allow us to make any comments.
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Figure 3. Evolution of the tensile mechanical properties according to the
stages of sequential extraction for a gauge length of 70 mm: a) Young’s
modulus; b) Tensile strength at max; c) Strain at break, and d) Influence of
gauge length on the strength at break (Bos, 2004) (Depuydt, Hendrickx,
Biesmans, Ivens, & Van Vuure, 2017) (Romhany, Karger-Kocsis, & Czigany,
2003) (Barbulee & Gomina, 2017) (Perremans, Hendrickx, Verpoest, & Van

Vuure, 2018) (Alix et al., 2012)

Regarding Young’s modulus, the regular decrease was correlated with the extraction

of pectin and the loosely bound hemicellulose stage (H1, LiCl). Extraction of the

strongly bound hemicelluloses (KOH) results in a 5-fold decrease in Young's modulus

and a 3-fold decrease in tensile strength, suggesting that not only the middle lamella

but also the intrinsic structure of the flax cell walls is affected and degraded, even if

this is not clearly visible through SEM observations. Regarding the elongation at

break (Figure 3c), no change was observed following extraction of pectin by OXAM.

Extraction of hemicelluloses induces an increase in the elongation at break by 23%

and 86% for the LiCl and KOH stages, respectively.
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3.3 Study of the chemical composition of bundles and extracts

3.3.1 Mid-infrared spectroscopy
Figure 4a shows the spectra of the treated bundles at the different stages of
sequential extraction. The native and AlM-treated bundles show relatively close
spectra, except in the regions at approximately 1730-1720 cm™ after alkaline
treatment, which is at a frequency between the frequencies of the C=0 band in acid
and ester pectin and the C=0 band of acetyl groups. A decrease in the band at 1245
cm' corresponding to the C-C-O stretching band for esters can also be noted. The
band at 1640 cm™' is most likely due to residual water (Synytsya, Copikova, Matéjka,
& Machovi¢, 2003) (Kacurakova, Capek, Sasinkova, Wellner, & Ebringerova, 2000).
This relative absence of contrast between treated bundle samples can be explained
by two reasons: i) the high cellulose content of the polysaccharide fraction, and ii) the

relatively modest quantity of solubilized material during the different extraction

stages.
1640 1050
a) s 41040 b) 1610 1030
1720 R\ - 2 1080 1%
% ,f'T‘. 1100 \ Native J R
o/ «J \ AIM F
i s [ OXAM th
1800 1600 o | LiCl H,
1330 . | — KOH 14 |.‘ﬂ 1330

a

Absorbance

Absorbance

% 1420 . J | : AW
- |

890

2000 1800 1600 1400 1200 1000 800 600 2000 1500 1600 1400 1200 1000 800 600

Wavenumber {em™) Wavenumber (cm™)

Figure 4. Fourier transform infrared (FTIR) spectra of: a) the AIM and
subsequent treated bundles; and b) extracts obtained from the sequential
extraction

The three extracts were analysed to obtain further information on the solubilized
compounds at each extraction stage (Figure 4b). The spectra of the oxalate extract
are characterized by high absorption bands at 1610 cm™ with a weaker
accompanying band at 1430 cm™' corresponding to the antisymmetric and symmetric
C=0 stretching vibrations of the nonesterified carboxyl group COO-, suggesting the
presence of pectins, mainly in the salt form (Himmelsbach, 2002; Synytsya et al.,
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2003). The shoulder at approximately 1738 cm™ corresponds to C=0 in acid, ester
pectins or acetyl groups (Himmelsbach, 2002). Another band related to in-plane
carboxylate bending is present at 960 cm™'. The band at 1320 cm™ corresponds to a
non- or weakly methylated pectin, while the band at approximately 1250 cm™ may be
assigned to the C-C-O of acetyl groups. In the region between 1200 and 750 cm'',
two main band maxima located at 1076 and 1043 cm' can be identified. The band at
1043 cm™' could be assigned to arabinose containing polysaccharides, while the
band at 1076 cm™' could be related to galactans side chains of rhamnogalacturonans
type galactose containing polysaccharides (Kacurakova et al., 2000). These two
bands could be related to arabinans, galactans or arabinogalactans (Kacurakova et
al., 2000) (Zhou, Sun, Bucheli, Huang, & Wang, 2009). In summary, the OXAM
extract is composed mainly of low methylated HG/RG-I, with arabinans and galactans
or arabinogalactans as side chains. The LiCl extract in the region between 1200-750
cm' is characterized by two maxima at 1035 cm™ and 1062 cm™'. The band at 1035
cm' is assigned to C-C stretching and C-O bending vibrations of glucose-containing
polysaccharides, while the bands at approximately 1066 and 1080 cm™ are
associated with mannose and galactose units, respectively (Kacurakova et al., 2000).
The band at 815 cm™' is assigned to the CH bending out of plane and confirms the
presence of mannans. The 956 cm™' band can be attributed to pectins (Synytsya et
al., 2003) can also be due to presence of highly substituted xylans (Robert, Marquis,
Barron, Guillon, & Saulnier, 2005). The band at 1265 cm™" associated with the bands
at 1720 cm™ and 1370 cm™ suggests the presence of esterified methyl or acetyl
groups. In conclusion, the LiCl extract is composed mainly of a hemicellulosic fraction
enriched in acetylated galacto(gluco)mannans. The spectrum of the KOH fraction is
characterized by carboxylate bands at 1610 and 1415 cm™"- suggesting the presence
of pectins and amide | and Il absorption bands at approximately 1645 (C=0O and C-N)
and 1540 cm™ (C-N, N-H), respectively (Zhou et al., 2009). The band at 1720 cm’
corresponding to esterified carboxyl groups is not present, as expected. In the region
between 1200 and 750 cm!, two maxima at approximately 1040 cm™" and 1074 cm"
can be identified, which may refer to arabinose-, rhamnose- and/or xylose-containing
polysaccharides and galactose-containing polysaccharides, respectively. Thus, KOH
extract contains a mixture of polymers composed of pectins, hemicellulosic

compounds and proteins.
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To gain more insight into polysaccharide composition and structure, treated bundles
and extracts were analysed for monosaccharide composition, and extracts were also

subjected to methylation analysis to identify the main linkages present.

3.3.2 Monosaccharide composition
The monosaccharide composition of native flax as well as of the treated bundles and
extracts was determined (Table 2).
Table 2. Chemical composition (standard deviation) of the native flax, AIM,
subsequent treated bundles and extracts obtained from the different

extractions. Total monosaccharides are expressed as % of dry matter (PS =
Yield x Total monosaccharides/100), and neutral monosaccharide composition

Total mono- Neutral and acid monosaccharide composition (total monosaccharides %)
glrlila(ilteei saccharides , Uronic (dlx:vs"/o)
(AW esidue%0) Rhamnose ~ Fucose  Arabinose  Xylose = Mannose Galactose  Glucose Acid
AIM 92.7+04 1.1+0.1 NQ 11402  13+01 43+01 44+01 846+07 3.1+02
OXAM 92648 1.0£0.1 NQ 09+02 1202 42:02 41+02 861+42 24102
LiCl 822106 09+0.1 NQ 08+01  06+01 26+01 37+01 89.0£09 26+01
KOH 86.3+28 0.8+0.1 NQ 06+01  04+01 24+01 3301 903%29 21:0.1
AW 841+28 09+0.1 NQ 07+02 0501 24+01 3301 900+29 23:01
Extracts
P 731+5.0 29+03  05+02 6501  14£01 39:03 194+10 70£39 584+50 20
H, 68.6+3.8 18+03  05+01 23:02 87+02 379:+16 82:06 292:+06 114+38 35
H, 50.5+4.8 29+01  05:02 82+06 85:06 52:04 21012 27.0:09 267+50 1.0

is expressed as weight % of total monosaccharides (NQ = not quantifiable)

In the AlM-treated bundles, total monosaccharides accounted for 92.6% of the dry
matter. Glucose (84.6%) was the main monosaccharide, followed by galactose
(4.4%), mannose (4.3%) and uronic acid (3.1%). Arabinose, xylose and rhamnose
are present in small amounts (less than 2% of dry matter). The AlM-treated bundles
exhibit a monosaccharide composition very close to the monosaccharide composition
of native flax (not shown), in agreement with this stage aiming mainly at inactivating
endogenous enzymes and removing the few impurities, such as waxes and oils,

present at the surface of the flax fibres. The OXAM-treated bundles showed little
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variation in monosaccharide composition compared to AlM-treated bundles. Only the
level of uronic acids decreased from 3.1% to 2.4%. The OXAM extract (P), for which
total monosaccharide accounts for 73.1% of the dry matter, is composed mainly of
uronic acids (58.4%), followed by galactose (19.4%), glucose (7.0%) and arabinose
(6.5%). In contrast, LiCl-treated bundles showed some changes in monosaccharide
composition. Total monosaccharide accounted for 68.6% of the dry matter of the LiCl
extract (H1), which is particularly rich in mannose (37.9%) followed by glucose
(29.2%). Xylose, Galactose and uronic acids are also present in smaller amounts.
The final KOH stage aims at removing more strongly bound hemicelluloses. The
monosaccharide composition of KOH-treated bundles was very close to the
monosaccharide composition of the LiCl-treated bundles for all neutral
monosaccharides. A decrease in uronic acids was observed from 2.6% to 2.1% at
the KOH stage. The composition of the KOH extract (Hz) differs significantly from the
composition of the LiCl extract (H1). Total monosaccharides accounted for only
50.5% of the dry mass. H1 is rich in glucose (27.0%), uronic acids (26.7%), galactose
(21.0%), xylose (8.5%) and arabinose (8.2%), and mannose is present in lower
amounts (5.2%). The AW-treated bundles showed no difference in monosaccharide
composition when compared to the KOH-treated bundles.

3.3.3 Determination of polysaccharide glycosidic linkages

To obtain further information on the cell wall polysaccharides present in the P, H1 and
H2 extracts, glycosidic linkage analyses were performed. Compositional analyses
revealed that HG was the main polysaccharide in the P extract. The linkage analyses
show relatively high contents of (1,2)-linked Rha (3.2%}-and of (1,2,4)-linked Rha
(2.2%) together with (1-4)-linked Gal (16%) and (1-5)-linked Ara (29.1%), suggesting
that RG-I domains are substituted by linear 1,4-galactan and 1,5-arabinan side
chains in this extract (T. Gorshkova & C. Morvan, 2006). The presence of type Il
arabinogalactans (AG-Il) is also revealed, thanks to the detection of (1,3)-, (1,6)- and
(1,3,6)-linked Gal (4, 1.2 and 0.6%, respectively) and t-Ara (15.2%) (Pettolino, Walsh,
Fincher, & Bacic, 2012). Glucose appears predominantly in the (1,4)-linked form, and
xylose appears as unsubstituted (1,4)-linked Xyl. The non-detection of (1,4,6)-linked
Glc and t-Xyl suggests the absence of xyloglucans (XG) (McDougall, 1993).
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Table 3. Glycosidic linkages of neutral monosaccharides from the different
fractions: P, H1 and H2

) Proportion Proportion Proportion
Linkages % Total per % Total per % Total per
sugar monosacch. sugar monosacch. sugar monosacch.
type type type
t-Rha 1.9 243
2-Rha 3.2 41.0 0.6 66.7 2.3 71.9
2,4-Rha 22 28.2 0.3 33.3 0.8 28.1
2,3,4-Rha 0.6 7.7
TOTAL 7.8 100% 0.9 100% 3.2 100%
t-Xyl 3.0 18.5 4.0 9.5
4-Xyl 4.1 100.0 13.3 81.5 29.9 70.7
2-Xyl 8.3 19.8
TOTAL 41 100% 16.2 100% 423 100%
t-Gal 10.1 31.7 3.2 80.0 5.5 52.9
3-Gal 4.0 12.5 0.8 20.0 24 23.1
4-Gal 16.0 50.2
6-Gal 1.2 3.8
3,6-Gal 0.6 1.8 2.1 20.2
3,4,6-Gal 0.2 1.9
TOTAL 31.9 100% 4.0 100% 10.4 100%
t-Ara 15.2 342 0.1 25.0 6.8 100.0
5-Ara 29.1 65.8 0.3 75.0
TOTAL 44.4 100% 0.4 100% 6.8 100%
t-Glc 1.8 17.8 1.2 3.1 1.5 5.5
3-Glc 4.6 16.8
4-Glc 8.3 82.2 35.6 90.8 19.3 70.4
4,6-Glc 2.4 6.1 2.0 7.3
TOTAL 10.1 100% 39.2 100% 27.4 100%
t-Man 0.7 100.0 1.2 3.1 0.5 8.5
4-Man 37.7 96.2 5.4 91.5
4,6-Man 0.3 0.7
TOTAL 0.7 100% 39.2 100% 5.9 100%
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In the H1 extract, (1,4)-linked Man (37.3%), (1,4,6)-linked Man (0.3%), t-Gal (3.2%)
and (1,4)-linked Glc (35.6%) suggest the presence of galactomannans (Lefeuvre,
Baley, & Morvan, 2018) and/or gluco(galacto)mannans (Charlet et al., 2007), weakly
branched at O6 with galactose. The presence of (1,4)-linked Gic, (1,4,6)-linked Gic
(2.4%) and t-Xyl (3.0%j indicates the presence of xyloglucans (Pettolino et al., 2012),
while (1,4)-linked Xyl (13.3%) indicates the presence of xylan (Rihouey, Paynel,
Gorshkova, & Morvan, 2017). RG-I is also detected in low amounts according to
(1,2)-linked Rha (0.6%) and (1,2,4)-linked Rha (0.3%) (Pettolino et al., 2012). H1
extract is composed mainly of hemicelluloses with glucomannans as the main

polysaccharides.

In the Hz fraction, (1,4)-linked Glc (19.3%), (1,4,6)-linked Glc (2.0%), (1-2)-linked Xyl
(8.3%), t-Gal (5.5%) and t-Xyl (4.0%) indicate the presence of XG (Pettolino et al.,
2012). The (1,3)-linked Gal (2.4%) and (1,3,6)-linked Gal (0.2%) bonds attest to the
presence of AG-II (T. Gorshkova & C. Morvan, 2006). Galactose, which is the second
main monosaccharide in Hz as determined by direct monosaccharide analysis, is
underrepresented in the monosaccharide linkages analysis because galactose may
be associated with a polymer that is poorly soluble in DMSO. The extract also
contained low substituted (1,4)-linked xylan. Hz extracts contained hemicellulosic

polysaccharides, mainly xylans and xyloglucans, residual pectins and AG II.

3.4 Structural analysis of flax cellulose along sequential extraction

The internal structure of the flax fibres was probed by ssNMR to observe the possible
impacts of the different stages of the extraction. Figure 5 shows the annotated '3C

Cellulose l et I
Cellulose |

1 [ | Cellulose Il
(_X_\'_L_‘ {_X_Y_X_Y_LY — | — Hemicelluloses

Chronology of extraction
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CP/MAS spectra of the treated bundles after the fifth sequential extraction stages.

Figure 5. Annotated 3C CP/MAS spectra of the stages of sequential extraction
(cr = crystalline and am = amorphous)

Carbon numbers refer to anhydroglucose structural elements. For the native flax-,
AIM, oxalate- and LiCl-treated bundles, there were no differences in the chemical
shifts of the spectra regardless of the carbon considered. The spectra correspond to
cellulose | spectra (Newman & Davidson, 2004). In contrast, new peaks appear in the
KOH-treated bundles. Indeed, for C1, C4cr and Cs, the new peaks indicate the
presence of cellulose Il (Newman & Davidson, 2004). The appearance of cellulose Il
is characteristic of a reorganization of the structure of the sample. KOH treatment is
therefore similar to a mercerization treatment (Zuluaga et al., 2009). A decrease in
the intensity of the spectrum is observed for C+ relating to hemicelluloses for the LiCl
and KOH stages.

The deconvolution of the C4 area was carried out to obtain additional information
(Table 4) on cellulose crystallinity. Native flax has a crystallinity of 58% with an LFD
and an LFAD equal to 4.8 and 17.4 nm, respectively. For the AIM, only the LFAD
parameter differs from native flax with a decrease of approximately 33%. This result
is explained by the appearance of the collapse phenomenon following the alcoholic
extraction stage. The apparent crystallinity in OXAM-treated bundles shows a
decreasing trend, from 59% to 57% for AIM and OXAM, respectively. In contrast, an
increasing trend is observed for the LiCl extraction, which suggests a coextraction of
amorphous cellulose with hemicelluloses. In the KOH-treated bundles, the generation
of cellulose Il was accompanied by a significant reduction (20%) in crystallinity. The
AW treatment does not induce additional changes. Except after OXAM treatment,
LFAD decreases during extractions, suggesting a gradual decrease in the porosity of
the samples. In other words, the distance separating two fibrils decreases. The
LFAD/LFD ratios are the same throughout the sequential extraction, except for the
OXAM stage, indicating that an aggregate is always composed of the same number
of fibrils. The Ce area has also been deconvoluted to obtain additional information. In
KOH- and AW-treated bundles, cellulose Il accounted for 66% and cellulose |
accounted for 34% of the total cellulose. This change in cellulose conformation
explains the drop in the crystallinity observed in the KOH-treated bundles.
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Table 4. Different calculated parameters of Cs area and the Ti’p parameter for
the crystalline C4

Sample  Crystallinity ~LFD (nm) L(i?n])) LFAD/LFD T, H (ms)

Native 58% 48 17.4 3.6 49
AIM 59% 49 11.9 24 60

OXAM 57% 47 14.2 3.0 190
LiCl 61% 5.2 115 22 196
KOH 49% 3.8 9.7 26 2
AW 50% 3.9 8.9 23 70

Sequential extraction caused significant changes in the bundle composition with the
removal of a large part of the matrix polysaccharides, which may have caused some
changes in the cellulose environment. We assessed the cellulose environment
through Tf,‘) relaxation (Table 4, last column) measurements of crystalline cellulose
C4 (87-90 ppm). The Tcy and Tyy parameters are not shown in this study due to the
absence of notable differences between the different samples. Thus, only the Tf},
was analysed, the observed differences of the Tf}, are summarized in Table 4. Tf})
increases with the molecular order and rigidity of the structure. For crystalline Ca,
some changes in values are observed during all sequential extractions, especially
with higher absolute values, which illustrates the link between the value of Tf,‘, and
the level of molecular order. There is a strong increase in Tf}, at the OXAM stage
characteristic of the elimination of amorphous polymers. The KOH stage shows a
drastic decrease in Tf},, from 196 ms for the LiCl-treated bundles to 22 ms for the
KOH stage-treated bundles. In addition to the decrease in the order reflected by the
decrease in Tf},, the notion of heterogeneity, corresponding to a form of disorder,
should be considered. Indeed, at this stage of sequential extraction, cellulose Il
appears. However, the rinsing stages led to an increase in Tﬂ,. The AW stage may
have removed some soluble substances, which may have caused the cellulose

microfibrils to be closer together and more organized.
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Information on interactions between water and biomass at the molecular level was
collected using TD-NMR. The distribution of water mobility in the flax samples was
characterized by analysis of the T, relaxation time. Each T2 peak can be
preferentially assigned to a pool of water at a given range of mobilities corresponding

to a specific molecular environment/interaction (Figure 6).

g i f i e d | c b a
(10)
(20) (48)
AW o (1) (3) (8)
(22)
(13) (53)
KOH 3 (5 (4) |
1 | (14)
. (6) (6) 5 (18) (51)
LiCl =i (5)
(23)
16
OXAM ® () (4) . (44)
(12)
AIM (4) (13) (10) i (44)
Native (5)
T S
1 10 100 1000

T, (ms)

Figure 6. T, relaxation time distributions for extraction stages. The normalized
populations associated with each water environment (noted at the bottom with
grey letters) are mentioned in parenthesis.

Between 6 and 7 distinct T, peaks are visible for all samples. The peaks are noted
from a (longest relaxation time) to g (smallest relaxation time). Each T,; relaxation

time is associated with a proportion of water P,; (Supplementary Data 2).

For the Native sample, six populations of water were identified covering a wide range
of relaxation times: from short T, (3.5 ms) to long T,, (537 ms). The AIM and OXAM

T, times and water populations were close to the T, times and water populations of

the native sample. The longest relaxation times T,, and T,, (573 and 275 ms,
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respectively) accounted for 61.5% of the total water content, assigned to less
constrained water. The pool of water associated with intermediate component T, 4,
accounted for 26.5% of the total water content. A small shift towards a higher water
mobility mode was observed for the shortest T,¢ time (4.3 ms) for OXAM. This pool of
water corresponded to more constrained water and accounted for 9% of the total
water content. In contrast, extraction of hemicelluloses by LiCl and KOH leads to a
shift towards high modes for T,, (742 ms) and T,, (381 ms), accounting for 70%,
which could partially result from swelling. This tendency was reversed by acidic
treatment with 620 ms and 290 ms for T,, and Ty, respectively. These pools of water
accounted for 57% of the total water content. The pool of more constrained water
corresponding to T, Ty and Ty, times (9, 5 and 2 ms, respectively) accounted for

14% of the total water.

4 Discussion

In this study, the relationships between the tensile mechanical properties of flax fibre
bundles as well as their chemical composition and structure were investigated after a
sequential solvent extraction. Fibre bundles were treated as alcohol-insoluble
material to remove traces of components not directly in the cell wall structures but still
deposited on them. Pectins were first extracted by ammonium oxalate, and then
loosely and more strongly bound hemicelluloses were solubilized by DMSO doped
with LiCl and 4N KOH, respectively.

The AIM shows a slight decrease in mechanical properties measured by the tensile
test compared to native bundles. Alcoholic extraction removed mainly non-cell wall
compounds such as impurities and waxes from the surface of fibres. Nevertheless,
this stage appears to affect the fibre bundle structure, and in particular, the middle
lamella, which ensures the cohesion of the fibres, begins to be degraded. One
possible hypothesis would be the plasticization of pectins modifying the interactions
between the polymers without affecting the cellulose. However, the monosaccharide
composition of the Alcohol-treated bundles does not show significant differences from
native flax, suggesting that no polymer extraction has occurred at this stage. ssNMR
applied to treated bundles resulting from cell wall polysaccharide sequential
extraction is able to reveal changes induced in the cell wall network (Herbaut et al.,

2018) (Leroy et al.,, 2021). The integrity of flax fibres is confirmed by structural
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analysis by ssNMR that showed no significant variation in various cellulose
parameters, such as crystallinity. The sharp drop in LFAD could indicate the removal
of the inaccessible surface caused by solvent exchange. At the scale of the fibre
bundle, for a boiling water stage, an increase in the diameter of the fibres has been
shown to be mainly caused by the sorption of the solvent and the extraction of
cortically treated bundles, which can cause restructuring of the outer cell wall of the
fibre (Lefeuvre et al., 2015).

Then, the OXAM-treated bundles show a decrease in both tensile Young's modulus
and tensile strength. SEM images reveal a partial elimination of the middle lamella,
visible at the interface between elementary fibres. From the monosaccharide
composition and linkage analyses, it can be deduced that the dominant
polysaccharides extracted by oxalate were pectins rich in HG and RG-I domains rich
in side chains of galactans and, to a lesser extent, arabinans, rather linear. These
polysaccharides have been identified in gelatinous layers (Tatyana Gorshkova &
Claudine Morvan, 2006; Mellerowicz & Gorshkova, 2011), but are also are signature
of the middle lamella and of the primary cell wall (Richely, Bourmaud, Placet,
Guessasma, & Beaugrand, 2021), thus emphasizing their contribution during
mechanical stress at the scale of the fibre bundle (Rihouey, Paynel, Gorshkova, &
Morvan, 2017b). In addition, transfer loading is ensured mainly by the middle lamella
when fibre bundles are mechanically stressed. The same observation has already
been addressed for elementary flax fibres, suggesting the contribution of the primary
wall and the residual pectins to the mechanical properties (Placet, Cisse, &
Boubakar, 2014). However, at the bundle scale, the mechanical contribution of the
middle lamella is very important due to its role in the cohesion of elementary fibres,
especially when tensile tests with high gauge lengths are considered. At the OXAM
stage, a change in trend appears to be initiated for elongation at break with an
increase that will continue for the rest of the sequential extraction. The extraction of
cell wall amorphous polymers is known to create discontinuities within the
macromolecular network (Videcoq et al., 2017). Indeed, between the extraction and
tensile tests, the fibres were dried, which could have favoured the creation of new
hydrogen bonds in the cellulose-enriched fibre (Fratzl, Burgert, & Gupta, 2004).
Studies have indeed hypothesized the setting of hydrogen bonds between RG-I-Gall
structures and cellulose (Alix et al., 2009) based on experiments reports where in
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vivo and in vitro binding competitions permit quantification of matrixial polymers on
cellulose, thank to time course, radiolabelling of fluorescent quantifications (Hayashi,
Marsden, & Delmer, 1987) Since crystallinity is-not altered, OXAM stage may allow

the elimination of mostly amorphous polymers, which leads to an increase in the T},

value, suggesting a higher order level around the cellulose molecules. This removal
also impacts the proportion of the water population associated with T,43 and T,
relaxation time, which corresponds to relatively constrained water. The sum of these
two intermediate water populations decreased from 23% (AIM) to 8% (OXAM), while
at the same time, the more mobile water population corresponding to T2a and Tz
increased due to water-cell wall interactions, which could be attributed to changes in
the chemical environments inside the bundles. Analysis of the elongation at break on
elementary fibres showed a different trend: an increase with the extraction of pectins
then a decrease with the extraction of hemicelluloses (Lefeuvre et al., 2015).

The KOH stage induces a significant drop in the mechanical properties for Young's
modulus and tensile strength, which are decreased by five and three compared to the
previous LiCl stage, respectively. This loss of mechanical properties of the extracted
bundles is arguably due to the successive removal of the cell-wall polymers of
elementary fibre, but based on the microscopic observations and polymer signatures
removal due to middle lamella destruction. Indeed, in our case with a gauge length of
70 mm, no elementary fibre could be clamped at either of its extremities. The middle
lamella, which holds the fibre bundles together (pectin and hemicelluloses rich), has
significantly weakened, resulting in a decrease in the tensile mechanical properties.
The monosaccharide composition of the KOH-treated bundles was close to the
monosaccharide composition of the LiCl bundles, with similar levels of xylose,
rhamnose and mannose. However, the linkage analysis of the extracts shows some
differences. The Hz extract consisted mainly of hemicelluloses in the form of xylans
and xyloglucans but also of residual pectins and AG Il, as confirmed by FTIR
analysis. The extraction of structural polysaccharides such as hemicelluloses
combined with a lack of cohesion of elementary fibre within the bundle then
generates weak mechanical properties at the bundle scale (Bourmaud et al., 2013).
After KOH extraction, the weak cohesion measured is expected to be due to
hydrogen bonding between the highly cellulosic fibres generated and due to physical

entanglement of elementary fibre within the vestige fibre bundle. For example, the
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Young's modulus for an elementary flax fibre having undergone a comparable
strategy of polymers extraction as done in this work is 24 GPa (Lefeuvre et al., 2015).
We can arguably hypothesize that the resulting final individual fibers from Lefeuvre et
al. is therefore extracted in non-cellulosic polysaccharides in a comparable way to
this study. Remarkably, the Young's modulus of bundles composed of such extracted
fibres (about 24 GPa) is only 3.7 GPa whereas the unextracted bundles are close to
18 GPa in this study. Because the middle lamella is the material stressed during the
tensile testing, we can hypothesize that, when bundle testing is considered, the
impact of the extraction of the middle lamella is largely preponderant (decrease of the
Young’s modulus from 18 to 3.7 GPa) compared to the impact on individual fibre
(decrease from 56 to 24 GPa). In addition, the structure of the fibre is altered, as
shown by NMR characterization. Indeed, during this KOH stage, many structural
variations are observed: the appearance of cellulose Il and a decrease in crystallinity,
which could impact the intrinsic properties of flax fibre. This heterogeneity reflects a

less ordered structure characterized by a lower T{, than in the LiCl stage, for

example. The long relaxation times T,, and T,,, associated with less constrained
water, increased in the KOH stage but also in the LiCl stage. During these stages,
the matrix polymers (hemicelluloses and pectins) and the most hydrophilic polymers
are eliminated, affecting and modifying the environment around cellulose. In this way,
the strong interactions of water within the microfibrils are reduced. The LFAD/LFD
ratio remains unchanged throughout the sequential extraction with 3 fibrils per unit of
aggregate, but it remains difficult to estimate the gap between them because of the
fluctuations according to the treatments. However, the structure changes due to the
change in size of the objects. In addition, a decrease in LFAD is observed at the KOH
stage, meaning a decrease in the distance between the cellulose microfibrils, which
could then promote the connection between the microfibrils. Indeed, after NaOH
extraction, similar to KOH extraction, cellulose microfibrils have been shown to be
able to connect to each other by forming a highly cohesive cellulose network
(Lefeuvre et al., 2015). At the scale of elementary fibre, elongation has been shown
to increase following pectin extraction, thus allowing greater elongation (O. Arnould et
al., 2017), and then decrease following hemicellulose extraction. However, during
mechanical tests carried out at the bundle scale, the elongation at break would be
more due to easier sliding between the fibres.
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5 Conclusions

A sequential extraction (AIM, OXAM, LiCl, KOH and AW) was performed at the flax
fibre bundle scale to better understand the impact of the extracted cell-wall polymers
on the mechanical properties, with an original focus on the middle lamella
contribution. The AIM stage primarily removes surface components, particularly those
characterized by a drop in LFAD, and results in a moderate drop in Young's modulus
and stress induced by the start of middle lamella removal. Fewer interactions
between water and cell wall polymers were observed for T, between 4 and 30 ms
assigned to more constrained water. The linkage analysis of the P fraction associated
with the OXAM stage indicates the presence of a mixture of HG, RGI and AG-II,
characteristic of the middle lamella and the primary wall, although some amount can
be also founded in gelatinous layer. Further removal of remnants of the middle
lamella and preservation of hemicellulosic structures also results in a moderate
decrease in tensile stress and Young's modulus. In addition, OXAM extraction

induces changes in the cellulose environment, as highlighted by the increase in T/},

while the cellulose crystallinity remains stable. Then, the H1 fraction of the LiCl stage
is composed mainly of glucomannans as well as xyloglucans relating to
hemicellulosic structures. Finally, the KOH stage made it possible to extract more
strongly bound hemicelluloses in the presence of XG and xylan and in the presence
of residual pectins found in the Hz fraction. A significant decrease was observed for
Young's modulus and stress, divided by 5 and 3, respectively. The KOH stage also
generates a profound change in the cellulose structure, as evidenced by the
appearance of cellulose Il and the drop in crystallinity (-20%). The presence of
cellulose | and cellulose Il causes a significant drop in order, divided by 9, and a

huge decrease in T/}, indicating more heterogeneity of the cellulose.

This work confirms the preponderant role of the middle lamella in the mechanical
properties of flax fibre bundles. The elimination of the middle lamella, carried out
during the first treatments, is followed by more aggressive extractants. The latter
have been shown herein to cause irreversible damage to the biochemical cell wall
structure. Its consequences are not visible on the scale of a mechanical
characterization on bundles with a large gauge length, as is the case here, but would
probably be visible within a composite in which the reinforcing fibres are embedded in
the polymer matrix.
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