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The structure of the cell walls of plant fibers, comprising cellulose microfibrils embedded in a matrix (hemi-
celluloses, lignin, and/or pectin) plays a crucial role for their mechanical behavior. However, the direct mea-
surement of the cell wall structure remains challenging, and the effects of their partial dissolution on mechanical
properties are poorly understood. Although, with growing environmental awareness more industrial applications
and production routines based on dissolution of lignocellulosic materials are being explored. Here, we demon-
strate the time-dependent dissolution of flax fibers using the ionic liquid 1-ethyl-3-methylimidazolium acrylate
[EMIM][ACR] to better understand the influence of the fiber structure and its dissolution on the mechanical
properties. The treatment progressively dissolves the outer layers (primary wall and S1 layer) of isolated single
fibers, providing access to the S2 layer. Atomic force microscopy (AFM) revealed cellulose microfibril angles
closely aligning with wide-angle X-ray scattering (WAXS) results (AFM: 5.7 £ 1.9°; WAXS: 5.0 + 1.6°). Tensile
testing showed significant reductions in mechanical properties with treatment duration, while Brillouin spec-
troscopy revealed small changes in axial stiffness (C33), dominated by the microfibrils, but a substantial decrease
in shear modulus G = 12.0 GPa-4.6 GPa, highlighting matrix dissolution. Combining AFM, WAXS, tensile testing,
and Brillouin spectroscopy provides a comprehensive understanding of the dissolution process and its effects on
flax fiber structure and mechanics.

1. Introduction requires deep understanding of the structure-mechanical property re-

lationships of lignocellulosic fibers. Usually, the industrial production of

Rising demand for sustainable and high-performance materials has
brought plant fiber-based materials to the forefront of materials science.
Natural fibers offer a combination of mechanical strength, lightweight
characteristics, and environmental sustainability [1,2]. Possible appli-
cations range from stand-alone materials, e.g., cellulose-based foams [3,
4] to composite materials [1,2]. The use of these materials, however,

lignocellulosic fibers requires the use of harsh chemicals e.g., during
kraft pulping [5], altering the structure and composition of the material.
In scientific literature, the use of more selective processes e.g., organo-
solv pulping [6-8] or the use of ionic liquids (ILs) [9-11] has gained
traction since it enables the better utilization of biomass [12]. Although,
these processes use less harsh conditions, they still alter the
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structure-mechanical property relationships by disintegrating the nat-
ural fiber composite [12]. Especially the use of ILs enables a highly se-
lective dissolution of the lignocellulosic material [13,14], enabling the
optimization of the fiber material for its designated use.

One of the main limitation of using natural fibers as reinforcing
material for composites are the moisture adsorption and lack of affinity
between fiber and matrix. Here, various physical (e.g. steam explosion,
plasma treatment), biochemical (e.g. enzymatic and fungi) or chemical
(e.g. acetylation, alkali, or peroxide treatments) treatments of the fibers
are explored, which alter the fiber’s properties to different extends with
the ultimate goal to improve the adhesion property between fiber and
matrix [15-18].

Among these natural cellulose-based fiber materials, phloem flax
fibers stand out with their high cellulose content (>70 %) and relatively
low lignin content (<3 %). Additionally, pectin and a small amount of
waxes (<2 %) are present in flax fibers, especially in the outer layers of
the fiber [5,19-23]. Further flax fibers do not require the use of harsh
chemicals during production [24], minimizing the impact on the
structure-mechanical property relationship. This makes them an excel-
lent model system for studying the influence of treatments [25,26].

The mechanical behavior of lignocellulosic fibers is governed by
their hierarchical cell wall structure, which consists of primary (P) and

Fig. 1. Structure of a flax fiber cell wall illustrating the different cell wall layers
and their corresponding microfibril orientation. The cell wall is made of the
primary wall (P), the secondary wall (S1, S2, S3) and the lumen (L) at its center
(Reprinted and adapted from Composites Part A: Applied Science and
Manufacturing, Vol 33, issue 7, Baley C., Analysis of the flax fibers tensile
behavior and analysis of the tensile stiffness increase., 2002 [22] with
permission from Elsevier).
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secondary (S) wall layers, see Fig. 1. Where the S2 layer plays a domi-
nant role in mechanical strength and stiffness. Understanding the me-
chanical properties of the S2 layer is essential to better understand
natural fiber materials. The primary cell wall contains typically cellulose
microfibrils, aggregated into bundles, often termed microfibril bundles
(macrofibrils) with random alignment. Next, the secondary cell wall can
be separated into three distinct layers: S1, S2 and S3. The S2 layer is
composed of highly orientated microfibrils, which, in many cases, are
closely aligned to the axial fiber direction with the so-called microfibril
angle (MFA) ranging typically between 5° and 20°, though it can vary by
species, location, tissue type, and maturity of the plant. Both, in the S1
and S3 layer, the microfibrils may be oriented in helices of opposite sign
(so-called S and Z helices), whereas especially in the S1 layer microfi-
brils are often oriented perpendicular to the fiber axis. The MFA values
in the S3 layer exceed often 40° [27-34].

The MFA values of cellulosic fibers are commonly assessed by X-ray
techniques such as small angle X-ray scattering (SAXS) or wide-angle X-
ray scattering (WAXS), as well as by optical approaches such as confocal
microscopy, polarization microscopy, second-harmonic generation im-
aging under controlled polarized light (P-SHG) and atomic force mi-
croscopy (AFM) [30,31,35,36]. However, these techniques often probe
entire fibers or outer layer surfaes, rather than isolating specific sub-
layers, which is important if one tries to better understand the under-
lying influencing factors.

While ionic liquids (ILs) have been widely studied for lignocellulosic
fiber dissolution [9-11], the precise mechanisms by which ILs interact
with cellulose and other compounds at the molecular level—particularly
in the context of fiber sublayers—are not yet fully understood [37-42].
However, there is agreement that the dissolution begins at the fiber’s
outer layers, where IL accessibility is highest, and progresses inward to
the core, as shown in studies by Ghasemi et al. [39], Chen et al. [43] and
Villar et al. [44].

In this study, we introduce a novel approach to selectively dissolve
untreated flax fibers using IL-induced partial dissolution starting from
the outer layers. By changing the ILs exposure time, we aim to access and
characterize the S2 layer directly while simultaneously trying to un-
derstand the influence on mechanical properties.

Specifically, we employ 1-ethyl-3-methylimidazolium acrylate
([EMIM][ACR]), an IL chosen for its moderated dissolution kinetics
compared to conventional ILs capable of dissolving cellulose. In com-
parison to the more common acetate anion, the acrylate anion in-
troduces steric hindrance and reduced hydrogen bond strength, allowing
for a controlled dissolution process that keeps the fiber’s structure intact
[45-471].

To quantitatively assess the impact of IL treatment, we combine AFM
and WAXS to investigate microfibril alignment and diameter changes
with tensile testing and Brillouin spectroscopy to probe mechanical
properties [22,48,49]. The use of Brillouin spectroscopy, a non-contact
optical technique, in addition to tensile testing, allows us to measure
the elastic properties of IL-treated and untreated single fibers along the
axial fiber direction. This provides us with vital information on the
normal and shear stiffness. The principle of Brillouin light scattering is
based on the inelastic interaction of laser light with acoustic phonons in
a material [50,51]. Apart from its non-contact approach, the advantage
of Brillouin spectroscopy is that it enables the measurement of all elastic
stiffness tensor components, therefore, providing the complete me-
chanical properties also for anisotropic materials like fibers. Here, bio-
logical materials such as collagen [52], fibrous proteins [53], spider silk
[54], bamboo fibers [55], and marine sponges [56] were studied in the
literature. Previously, the anisotropy of plant fibers was analyzed [57],
and we have investigated the elastic stiffness tensor of viscose fibers [58]
and the transverse modulus of different wood-based cellulose fibers
[59].

With this combined approach we want to answer how the IL-induced
partial dissolution affects the structural integrity and mechanical prop-
erties of flax fibers. The approach offers new insights into the interplay
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between IL and fiber mechanics, which is critical for advancing natural
plant fibers in high-performance applications.

2. Materials & methods
2.1. Materials

1-ethyl-3-methylimidazolium acrylate [EMIM][ACR] was supplied
by proionic GmbH (Grambach, Austria) and used without further puri-
fication and drying (for details on the ionic liquid and water content we
refer to Pachernegg et al. [60]). Acetone (>99.5 %, CarlRoth, Germany)
and ethanol (99 % Rotipuran, CarlRoth, Germany) were used as
received. As a reference substrate, retted and untreated European flax
fibers were obtained from a commercial source, which applies the fibers
in composite applications. Therefore, the fibers were assembled in
bundles in a cord and prior to further treatment, single fibers were
carefully extracted from the bundles.

2.2. Sample preparation

Silicon wafers (Siegert Wafers, Germany) were cleaned using
acetone, ethanol, and deionized water in sequence. Post-cleaning, the
wafers were dried under a nitrogen stream. A line was scratched into the
surface of the silicon wafer to enable the determination of the fiber
orientation in the AFM. Following the cleaning and drying of the wafer,
industrial untreated, retted flax fibers were fixed onto the silicon wafers
using commercial nail polish (Figure S3A) at 90° angle to the scratch.
The fibers were stored in lab atmosphere prior to the treatment with the
ionic liquid [EMIM][ACR] to stabilize water content of each fiber. Each
fiber was treated with 40 pL of ionic liquid (manipulation at room
conditions 22 °C, 50 % RH), which results in a local treatment. The
partially immersed fibers were, immediately after IL application, stored
in a desiccator for 15 min, 30 min, 45 min, 1 h, 7 h and 24 h, respec-
tively. After treatment, the wafers were washed in a stream deionized
water using a wash bottle. To remove residual ionic liquid, the fibers
where subsequently immersed in water for 15 min and then dried under
a nitrogen stream. The untreated fibers where only subjected to the
washing step.

2.3. Atomic force microscopy (AFM)

AFM images were recorded using a FastScan Bio Atomic Force Mi-
croscope (Bruker, USA) operated by a Nanoscope V controller. Silicon
cantilevers (AP-ARROW-NCR from NanoWorld AG, Neuchatel,
Switzerland) with a nominal force constant and tip radius of 42 N m!
and <10 nm, respectively, were used in tapping mode. All experiments
were conducted at 23 °C and ambient relative humidity conditions
(30-50 % RH). Three individual flax fibers for each treatment were
investigated with 5 x 5 pm? topography scans at three individual po-
sitions on the fiber. Image processing was performed using Gwyddion
v2.58 software. A detailed description of the determination of the
microfibril angle (MFA) and microfibril (bundle) diameter data is pro-
vided in section S2 of the Supporting Information (SI). As presented in
Fig. 2, a positive microfibril angle corresponds to a clockwise orientation
of the microfibrils whereas a negative MFA is counterclockwise. Average
values, of the microfibril (bundle) angle, were determined from the
absolute values independent of counter- or clockwise orientation.
Furthermore, the full two-dimensional power spectral density function
(2D PSDF) of the AFM topography images was obtained to evaluate
characteristic spatial frequencies occurring on the differently treated
samples — as another measure of the local MFA distribution.

2.4. Wide-angle X-ray scattering (WAXS) and MFA determination using
WAXS and microtome data

Wide-angle X-ray scattering (WAXS) measurements were performed
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Fig. 2. The MFA determined from AFM was counted negative if the microfibril
orientation was counterclockwise. Whereas the clockwise direction corresponds
to a positive MFA.

on three individual single flax fibers with a SAXSpoint5.0 instrument
(Anton Paar, Austria). For each fiber, 22 frames with an acquisition time
of 300 s were obtained. The sample-detector distance was 64.2 mm, and
the beam diameter was 2.4 mm. Cu Ka radiation with a wavelength of
0.154 nm was used with the (200)-peaks of cellulose appearing for the
flax fibers at 20 ~ 22.6°. The fibers were measured in an evacuated
chamber with the long axis of the fiber in a horizontal arrangement. For
the data processing, the software “SAXSanalysis” of Anton Paar was
used.

The MFA was determined from the WAXS data and the cell wall
orientation using the method described by Riiggeberg et al. [61]. The
method predicts measured intensity as a function of azimuthal angle,
cell wall orientation and MFA. The intensity, azimuthal angle and cell
orientation are known quantities provided by the experiments. The MFA
is found by solving the inverse problem using error minimization. In this
work, a single fiber is imaged at a time, which is different from the
experiment on longitudinal tissue sections done by Riiggeberg et al.
[61], but in practice works the same way as when imaging several fibers.
The cell wall orientation is obtained after WAXS measurement along the
length of the fiber from the microtome cross-sections of the fibers.

Each fiber was embedded in a glycol methacrylate resin and left to
cure for 24h. Afterward, the embedded sample was placed in a micro-
tome and cut at ten different positions along the length of the fiber. For
the flax fibers, this means that every 400 pm along their length a cross-
sectional image was recorded [62]. Since these fibers are rather uniform
and show little deviation in their cross-section, this distance seemed
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appropriate. In general, flax fibers exhibit a rather uniform cross-section
with a small lumen.

To determine the orientation of the cell wall relative to 90° of the
incoming X-ray beams, all cross-sectional images were analyzed ac-
cording to Fig. 3. The cell wall was separated into parts with the same
orientation angle and their length was measured in pixel. This analysis
was performed using ImageJ (NIH, USA). Since the flax fibers were
spanned across the whole length of the sample holder and glued at both
ends to it, the chance that a misalignment happened between the WAXS
measurement, and the microtome cutting is very small. Only the
embedding procedure could slightly alter the orientation, however, care
was taken to keep the fiber as straight as possible in the embedding
capsule.

By combining the microtome data and WAXS measurements the
azimuthal intensity profile of the (200)-peak could be effectively
modeled by the sum of a constant term (random orientation of cellulose
microfibrils), and two Gaussian distributions. This is similar to the
number of unknowns as in the work of Riiggeberg et al. [61]. There are
seven unknown fitting parameters: The amplitude of the random dis-
tribution and the mean, standard deviation, and amplitude of the two
Gaussian distributions. The seven unknown fitting parameters are found
by error minimization so that the model output matches the measured
output. A detailed description of the model and the implementation is
given in the literature [61].

2.5. Tensile testing

Tensile testing of the single treated (1h and 24h) and reference flax
fibers was performed with displacement-controlled ramps until
breakage with a displacement rate of 10 pm/s in a dynamic mechanical
analyzer (DMA 850, TA Instruments, USA) at controlled relative hu-
midity and temperature conditions (50 % RH, 23 °C). The span length of
the single fibers was 8 mm. Afterward, each individual fiber was
microtome cut at three different positions according to the procedure
reported by Zizek et al. [62] and the average cross-sectional area eval-
uated to obtain the proper stress values for each flax fiber.

Altogether, 43 fiber samples were tested (8 reference, 21 1h treat-
ment, 14 24h treatment).

2.6. Brillouin spectroscopy

Brillouin spectroscopy was applied to three individual reference flax
fibers and two different flax fibers after 24h treatment. The setup is
described in detail in the literature by Czibula et al. [58,63]. The relative
humidity (RH) varied between 30 % and 50 % RH whereas the room
temperature was maintained at 20°C-21 °C. A 532 nm laser is used in
combination with a scanning Tandem Fabry-Pérot interferometer
(TFP-1, TableStable Ltd., Switzerland) applying the 90a-scattering ge-
ometry to measure the signal along the axial axis of the fibers. All fibers
were aligned in such a way that measurements were performed in the

(a) collapsed (b)

-25°
beam
~ 3 (o) -3
» 1‘. %)
10 pm oo +

(c)
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axial fiber direction. Polarizers in different alignments (HH — parallel,
HV - crossed) were used to identify the longitudinal and transverse
phonon modes, respectively.

In Brillouin scattering, the laser light is inelastically scattered from
acoustic phonons in the material [51]. From measurements of a mate-
rial, one obtains a spectrum which exhibits peak doublets (Stokes and
Anti-Stokes) which are frequency-shifted by several GHz from the
Rayleigh peak. Peaks are fitted with Lorentzian functions to identify the
frequency shift, Af, of the Brillouin scattered light. The Af is related to
the sound velocity, V, via the refractive index, n, of the material, the
incident laser wavelength A, and the scattering geometry, 6.

0

|4
Af = ﬂ:nTsin—

3 (Equation 1)

By using an equal-angle 90a-scattering geometry, the equation to obtain
the sound velocity V is:
_Afd

V2

From there, the calculation of stiffness values Cj needs consideration of
the density of the material p:

\%4 (Equation 2)

Cij=V?p (Equation 3)

Therefore, the frequency shift obtained from the Brillouin spectrum
is directly related to the elastic stiffness of the material and by knowing
the symmetry of the material, one can determine the full diagonal of the
elastic stiffness tensor. For a fibrous material, which is an anisotropic
material and exhibits directional dependence in mechanical and optical
properties, a hexagonal symmetry is commonly assumed in literature
[58]. By measuring the axial direction of the flax fibers in this work, it is
possible to obtain information on the normal stiffness Cs; in the axial
direction and the shear stiffness C44 (see Refs. [52,54,58] for more de-
tails). Since Cy4 directly corresponds to the shear modulus G;3, Brillouin
spectroscopy enables non-contact access to fiber shear properties: Gy3 =
Cy44. Furthermore, in axial fiber direction, the transverse phonon modes
are degenerated since their sound velocities coincide.

3. Results and discussion
3.1. Surface morphology and microfibril angle (MFA) evolution by AFM

To investigate the effect of the [EMIM][ACR] treatment on the
morphology of the flax fibers, atomic force microscopy (AFM) was
employed and several fibers (three for each treatment) were investigated
with 5 x 5 pm? topography scans at three individual positions on the
fiber. In Fig. 4, for the untreated reference and the different treatment
steps, representative topography scans are summarized. Further topog-
raphy images and details are presented in section S3 of the SI. It was not
possible to treat the same fiber at different time steps, but the presented

Fig. 3. (a) One cross-sectional image of a single flax fiber with a collapsed lumen. The outline and the lumen of the fiber is marked with a blue dotted line. (b)-(d)
Procedure to analyze the orientation of all cell wall parts of the single fiber which show a clear difference in alignment relative to 90° of the incoming beam. For each
of these cell wall parts, the length in pixels was determined as well. Altogether, the fiber cross-section presented in (a) consists of seven cell wall parts. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Overview of 5 x 5 pmz representative AFM topography images of untreated and [EMIM][ACR] treated flax fibers (z-scale: 300 nm). In (A), an untreated flax
fiber and in (B)-(D), flax fibers after different treatment times with [EMIM][ACR] are presented: (B) after 1h treatment, (C) after 7h treatment, and (D) after 24h
treatment. The insets in each image represent the 2D PSDF indicating preferred orientation of the fiber surface. In (C), the predominant direction is clearly indicated

at an angle of 5.6°, which corresponds well with the measured MFAs.

results were obtained from different flax fibers of the same batch.

In general, native, untreated flax fibers typically show a wrinkled
surface, which exhibits no clear alignment of microfibril (bundles) as
reported in the literature [32,64], which is also observed for our sam-
ples. This is clearly indicated in the representative Fig. 4 (A). When the
fibers are separated from the plant by mechanical treatment, the pri-
mary layer is the outmost layer, which might have suffered some dam-
age due to the treatment or exhibits surface contaminations. These
surface contaminations cannot be removed even after extensive rinsing
with water (see Table S1 in SI).

After treatment of the fiber for 1h with [EMIM][ACR] a fine fibril
structure on the surface of the fibers from the AFM topography scans
appears, which does not show fully homogeneous orientation, as pre-
sented in Fig. 4 (B). The width of the microfibril (bundles) (averaged
from 47 measurement points) was 95 + 50 nm. Since these values are
higher than those expected for individual microfibrils (usually in the
range of <5 nm, and hardly accessible by AFM) [22,65-69], we argue
that the observed features on the surface are bundles or aggregates of
these microfibrils (so-called macrofibrils). The size range expected for
such features depends on the plant species. The values reported are
between 10 and 60 nm for fibers derived from trees [32,66,70,71] while
values up to 100 nm are reported for flax fibers [65]. These large ag-
gregates may also be caused by the removal of pectin and hemicellulose
[34,72-74]. Despite the fact, that these agglomerations may alter the
measured values, they are still highly oriented and can be used to
determine the MFA [75-77].

At some positions, almost horizontally distributed fibril bundles are
distinguishable, which may represent fractions of the primary wall or
the S1 layer of the cell wall (see Table S2 in SI). Increasing the treatment
time to 7h with [EMIM][ACR] leads to the complete dissolution of the
top layers of the cell wall (Fig. 4 (C)), and consequently, a highly

structured surface corresponding to the S2 layer is obtained [30]. The
alignment of microfibril bundles is close to the axial fiber direction and
the fibril diameter, obtained from the AFM topography images, corre-
sponds to 90 + 30 nm. These values correspond to the typical range of
bundles of cellulose microfibrils in flax [32,33,65,78]. Furthermore, by
determining the orientation of these microfibril bundles from the AFM
scans (see SI for further details), an MFA of 5.7 &+ 1.9° was determined.
This agrees well with the results obtained by WAXS analysis (see section
S1, Fig. S1 in SI). The insets in Fig. 4 represent the 2D power spectral
density function (PSDF) of each image and show only for the 7 h
treatment a distinct orientation at an angle of 5.6°, which is another
confirmation of a good agreement between the local AFM results from
the S2 layer and the averaging WAXS measurement of the full fiber.

After 24 h of exposure to [EMIM][ACR], little changes in
morphology are observed as presented in Fig. 4 (D). Most notably, there
are additional agglomerates (areas of undefined fiber structure) on the
surface of the fiber visible compared to shorter exposure times to the IL,
which causes the loss of the distinct orientation in the 2D PSDF. Based on
atomic force microscopy (AFM) scans, no phase contrast was detected,
indicating that these agglomerates are components of the fiber itself.
Their precipitation onto the surface may be influenced by the treatment
conditions used in this study.

All the IL-treatments were performed on the single fiber level with
each fiber glued by nail polish to a silicon wafer. The removal of the IL
containing dissolved flax fiber compounds from the primary wall, the
S1-layer and parts of the S2-layer cannot be done with water as anti-
solvent in a suitable timeframe to minimize reprecipitation. Especially
as the viscosity of the IL solution is strongly increased by the dissolved
components, it gets complicated to remove the solution efficiently [79,
80] without changing the fibers properties. This results in an irregular
surface with additional agglomerations, which are most likely a direct
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result of the treatment and no direct statement can be made if these
agglomerates would also precipitate on the fiber surface in a different
procedure setting.

Although flax fibers are often used as reference materials due to their
homogeneity, they are still a natural material and exhibits variability in
their properties and structural features. In Fig. 5, the distribution of the
MFA and fibril bundle diameter for the investigated fibers are summa-
rized. With increasing treatment time, the scattering of the data is
reduced, which indicates that the heterogeneity of the surface decreases.
Due to its high degree of alignment of the microfibrils, and subsequently
the microfibril bundles, the highest degree of homogeneity is expected
for the S2 layer, which is visible in the AFM images after the 7h treat-
ment (Fig. 4 (C)). This trend is confirmed by the 2D PSDF insets of the
AFM topography images in Fig. 4. Only in Fig. 4 (C), a clear preferred
direction of orientation is observable, which matches the MFA. Un-
treated flax fibers were also investigated for their microfibril (bundle)
angle distribution by WAXS to determine the MFA. In general, WAXS is
capable to compensate for the inhomogeneities of the fiber matrix,
which are considered as defects. In our paper, the procedure described
by Riiggeberg et al. [61] was adapted to the single fiber level. In
Figure S1 (A) in the SI, the WAXS patterns for three different flax fibers
are presented. From the three fibers, an MFA value of (5.0 + 1.6°)
(Figure S1 (B)) was determined. The values obtained are similar to
literature values as presented in Table 1, with some variations
depending on the origin and pre-treatment of the flax fibers. Further-
more, the results from WAXS and AFM in this work are in agreement.

The evaluation of the MFAs of the untreated, reference flax fibers
with AFM reveals a broad distribution of the MFA ranging from nearly
—20° to almost 30° (Fig. 5 (A), green rectangles). When determining the
angles from the AFM images (see for details in the Materials and
Methods section and the SI) the negative sign implies a counter clock-
wise orientation of the microfibril bundles. Since for untreated fibers
mostly the primary wall is exposed, which is mainly composed of
somewhat randomly distributed microfibrils (and their bundles) [30,
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Table 1
Microfibril angles of flax fibers from the literature compared to this work.
Microfibril angle/° Technique
Richely et al. [81] 6.6 = 0.5 WAXS
Bourmaud et al. [48] 8.3-9.5 WAXS
Miiller et al. [82] +3.5 SAXS
Miiller et al. [83] 5.3-6.4 SAXS
Wang et al. [84] 6.2-7.2 WAXS
Wang et al. [84] 5.8-7.3 SEM
This work 5.7 £1.9" AFM (7h IL treatment)
This work 5.0+ 1.6 WAXS (non-treated)

# Microfibril bundle angle.

32], a high degree of variation is expected (this work: —10°-13°). The
same is true for the microfibril bundle diameter (90-270 nm). The broad
distribution of microfibril bundle diameters can either be the result of an
agglomeration of individual bundles to form larger clusters or the
presence of thicker microfibril bundles on the surface of the fiber. Also,
the intact matrix (hemicellulose, pectin) makes it more complex to
distinguish between individual microfibril bundles on the surface.
Furthermore, the finite size of the AFM tip can influence the width of
scanned features, especially if the tip picks up contaminations, which
often happens when measuring biological materials [85,86].

The treatment of the fibers with the ionic liquid [EMIM][ACR] for 1h
leads to a narrower distribution of the MFA and microfibril bundle
diameter (55-145 nm). The treatment decreases the maximum micro-
fibril bundle diameter from 400 nm down to around 200 nm. Similarly,
the MFA distribution shows less variation (—8°~12°). Nonetheless, there
are still microfibril bundles oriented in both, clockwise and counter-
clockwise direction, suggesting that after 1h of treatment the primary
wall is removed, but the S1 layer is still partially or even fully intact. This
is also confirmed by the AFM topography scans, which still show frac-
tions of differently oriented layers (see Fig. 4 (B) and Table S2 in section
S3 of the ESI) [30,31].

After 7h of IL treatment, the MFA values determined from the AFM

500 : =~
B [ he
g ( ) | v 1h |
= 4004 7h
° " . < 24nh)
§ . .
S 300 € =
@ 45 =
- L] . <
5 200+ Y v R m
= - va v o =
% 1:4' 2 ~2‘3< v <
-§100- Q: (:.' ;’;i"‘ :1‘4 "iv v
= | RS I
0
300
e | (D)
£
g
£
NZOO—
Ry
o
T
[ o=
=
Qo
= 100 [
2
o
Q 1
=
0

Ref 1h

Fig. 5. (A) Single measurement points of the microfibril angle (MFA) in degrees from AFM topography images with the marked range (light grey dashed line) of MFA
as determined by WAXS and (B) the microfibril bundle diameter values in nanometer as determined from AFM topography images. (C) Average microfibril bundle
angle (MFA) with its variation calculated from the absolute values (dashed grey line indicates the MFA results from WAXS) and (D) microfibril bundle diameter with
its variation. All data was measured from the captured AFM images of the flax fibers at different treatment times.
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images reveal a uniform distribution ranging between 0° and 10° (only
clockwise distribution). Similarly, the range of the microfibril bundle
diameter goes down to values between 50 nm and 150 nm. The MFA
values are in close correlation with the data obtained with WAXS for flax
fibers, as presented in Table 1.

After a treatment of 24h comparatively higher values of MFA and
microfibril bundle diameter are observed. This indicates that the
dissolution process is starting to affect also the morphology of the S2
layer. As observed in Fig. 4 (D), agglomerates precipitated on the surface
of the fiber, which result in a loss of the clear orientation in the 2D PSDF
and, therefore, increases also the uncertainty of the MFA determination
again (see Fig. 5 (C)). The agglomerates appear to be components of the
fiber itself since AFM scans provided no clear phase contrast. Further-
more, the increase of the microfibril bundle diameter is also affected by
the agglomeration on the fiber surface and also by further agglomeration
of the microfibrils due to the treatment [87-91]. Fig. 5 (D) shows an
increase and higher scattering of the diameter values of the microfibril
bundles. Furthermore, the agglomerates could also cause tip contami-
nation, which would result in a broadening of measured surface
features.

Overall, the MFA values of the AFM analysis obtained for the 7h
treatment is matching the WAXS results best, which indicates that the S2
layer was exposed by the treatment. Prolonged treatment (>7h) might
cause damage to the S2 layer affecting the mechanical performance of
the fibers, which can be assessed by mechanical testing.

3.2. Mechanical characteristics at different frequency regimes

Tensile testing was performed on single fibers of the untreated, 1h
and 24h treated flax fibers to see if effects of the IL treatment on the
mechanical behavior of the fibers can be determined. The 1h and 24h
treatment times were specifically chosen to represent two critical points:
short-term exposure (1h) and a condition of prolonged interaction of the
fiber with the ILs to gain statistically significant information (24h). In
Fig. 6, the results of these tests are summarized, with Fig. 6(A)-(C)
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showing the stress-strain diagrams and Fig. 6 (D) illustrating the Young’s
moduli in a boxplot. Results for untreated flax fibers agree with litera-
ture values [22,81,92]. With increasing treatment time, the Young’s
modulus is decreasing. In Table 2, the mechanical parameters — tensile
strength, elongation at break, and Young’s modulus — obtained from
tensile testing are summarized.

The untreated flax fibers exhibit an average Young’s modulus of
about 36 GPa. After 1h, the mean value is at 32 GPa, and after 24h of
treatment, the Young’s modulus drops to 22 GPa. Furthermore, the high
scattering, which is common for natural fibers, is significantly reduced.
A similar trend is observable for the tensile strength, which drops from
around 700 MPa to about 350 MPa after 24h of treatment. A similar
decrease in tensile strength was also found for hemp and bamboo fibers,
which were exposed to a thermal treatment [17]. Only for the elongation
at break, no significant effect is observed as a function of exposure time
to the IL. The strong decrease of the tensile strength suggests the partial
dissolution of the flax fiber cell wall, and especially the S2 layer, since it
is the major contributor to the mechanical strength of cellulose fibers
[93]. Initially, as witnessed by AFM, only the outer layer of the fibers,
which contain a high percentage of lignin, hemicelluloses, and pectin
are dissolved. Therefore, no significant decrease in strength can be
detected for the flax fibers. Different mechanisms contribute to a

Table 2

Overview of the mechanical parameters - tensile strength, elongation at break,
and Young’s modulus — obtained by tensile testing for untreated, reference flax
fibers (n = 8), and flax fibers treated for 1h (n = 21) and 24h (n = 14). The values
are presented as mean value + 95 % confidence interval.

Flax fibers Tensile strength/ Elongation at break/  Young’s modulus/
MPa % GPa
Untreated 680 + 240 3.3+£1.0 36.2+7.1
1h treated 530 + 130 2.5+ 0.4 31.5+5.3
24h 370 + 60 3.1 +0.5 21.7 £3.1
treated
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Fig. 6. Stress-strain diagrams for (A) untreated, (B) 1h treated, and (C) 24h treated flax fibers from tensile testing. (D) Boxplot of the results for the Young’s modulus
of the untreated (8 fiber samples), 1h (21 fiber samples) and 24h (14 fibers samples) treated flax fibers.
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strength loss in longitudinal direction. It is possible that the [EMIM]
[ACR] attacks the regions of dislocated cellulose connecting the nano-
crystals to nanofibrils, which directly reduces their longitudinal stiffness
[94]. Also, dissolution of the hemicellulose surrounding the nanofibrils
is a possible mechanism as this leads to increased slippage of the
nanofibrils under tensile load [95,96]. The analysis of fiber mechanics
with Brillouin spectroscopy will help to understand the results of the
tensile tests.

3.3. Brillouin spectroscopy

In addition to the tensile testing, Brillouin spectroscopy was applied
to study untreated and 24 h treated flax fibers in axial fiber direction.
Since it is an optical technique, it enables non-contact measurement of
the fibers and gives different information than standard tensile testing. A
90a-scattering geometry was applied to measure directly along the axial
direction of the flax fibers and in Fig. 7, representative spectra are
presented. Since we measured in the axial fiber direction and the flax
fiber can be considered hexagonally symmetric (see Materials and
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Methods section), this measurement will give not only information on
the axial stiffness of the fiber but also the shear stiffness of the fiber.
Here, it should be noted that Brillouin spectroscopy has a resolution in
the pm-range [97], depending on the applied optics and investigated
material, therefore, the spectra measured for the untreated sample will
be an average of several cell wall layers, but dominated by the S2 layer,
whereas the spectra of the 24 h treated sample, will average over the S2
layer mostly. In Fig. 7 (A), Brillouin spectra are presented, in which the
fibers were measured employing two parallel polarizers in the optical
path (one before the sample, the other one before the spectrometer). In
this HH-alignment, only longitudinal phonon modes (which correspond
to the peaks highlighted in the shaded area) are detected and they give
information on the normal stiffness in the axial fiber direction (Cs3).
Comparing the peaks for the untreated and 24h treated shows that there
is little variation between these peaks, which can be caused by natural
variations of the fibers. A frequency shift of (15.2 + 0.3) GHz was ob-
tained for the untreated flax fibers, whereas for the 24h treated flax fi-
bers the value is (14.0 + 0.3 GHz). This corresponds — by assuming a flax
fiber density of 1450 kg/cm3 [49,92] — to stiffness values of 47 GPa
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Fig. 7. Representative Brillouin spectra of the untreated and 24h treated flax fibers. In (A) HH-polarizer alignment to identify the longitudinal phonon modes with
(B) as the corresponding zoom-in of the grey shaded area of interest including a second spectra for each treatment. In (C) HV-polarizer alignment to detect the
transverse phonon modes. Please note that here the longitudinal mode is leaking in due to its mixed-mode nature. In (D) the corresponding zoom-in of the grey
shaded area of interest in (C) is presented including a second spectra for each treatment. (E) Schematic representation of the fiber and the measurement approach of
Brillouin spectroscopy. k; and ks correspond to the incident and scattered laser beam, respectively, whereas g indicates the direction of the probed phonons. The fiber
can be assumed to have hexagonal symmetry and coordinates [x,y,z | 1 = 2, 3] illustrate the different stiffness directions.
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(untreated) and 40 GPa (treated). For crystalline cellulose, stiffness
values above 100 GPa are obtained from theoretical calculations [98]. In
contrast, Brillouin spectra are obtained at a very high frequency regime
(GHz), where the measurement is averaging across several pm of ma-
terial. Therefore, mechanical information from the presented Brillouin
spectra can be considered as a mix of crystalline and amorphous fiber
compounds and reflect their mechanical behavior in the GHz regime.
Additionally, it is important to point out that these stiffness values are
Css and not the Young’s moduli of the single fiber, the whole stiffness
tensor needs to be evaluated for that relation [52,54,58]. Therefore, one
should be careful in further interpretation. For the shear properties, this
is much easier, although the transverse phonon peaks are trickier to
measure. In Fig. 7 (C), the same fibers as in Fig. 7 (A) were measured at
the identical position, however, here the polarizers were crossed (HV).
This results in only detecting transverse phonon modes. However, in
heterogeneous materials like natural fibers, it is very common that the
longitudinal peak still appears because it is actually a mixed mode [58,
99]. In the shaded area of Fig. 7 (C), the transverse mode of the un-
treated and 24h treated flax fiber is highlighted and here, a clear dif-
ference in frequency shift is visible. The value decreases from (7.6 + 0.5)
GHz (untreated) to (4.8 & 0.5) GHz (24h treated), which corresponds to
shear modulus values of 12.0 GPa and 4.6 GPa, respectively. The shear
modulus decreases by nearly a factor of three due to the IL treatment. In
the literature, the shear moduli of the fiber’s chemical compounds were
investigated individually [100-102] and result in much lower values
compared to the 12 GPa. However, here it should be once more
emphasized that a direct comparison of Brillouin spectroscopy results
with destructive mechanical testing is not straightforward because the
material behavior is different in the GHz range compared to roughly 1
Hz for standard mechanical testing. In Fig. 7(B, D), zoom-ins of the peak
regions indicated in Fig. 7 (A, C) are presented including spectra from
two different fibers per treatment.

It is important to understand that Brillouin spectroscopy measures a
high frequency response of the material (GHz). Therefore, the flax fiber,
which is a viscoelastic material, will have a different mechanical
response during Brillouin measurements compared to the tensile tests,
which operates in the Hz regime. During single fiber tensile testing not
only the fast response of nanofibril longitudinal stiffness is observed, but
also the much slower process of shear failure of the matrix connecting
the fibrils is contributing to the longitudinal extension of the fiber. As
discussed above, both parts — the stiffness of the fibrils [94] and the
slippage of the fibrils in the hemicellulose matrix [95,96] - are
contributing to the longitudinal stiffness and strength of the fiber. The
Brillouin results are explaining the causes for the strength decrease of
the fibers due to the [EMIM][ACR] treatment. The Brillouin normal
stiffness is dominated by the mechanical response of the stiff, reinforcing
microfibrils along the fiber axis (Fig. 7 (E)). Their stiffness is only
dropping from 47 GPa to 40 GPa after the treatment, suggesting that the
nanofibrils were not strongly affected by the ionic liquid. The effect of
the matrix is observable in the Brillouin shear stiffness of the fiber, since
the shear deformation of composites in direction of the reinforcement
are dominated by the matrix properties (Fig. 7 (E)). Here, a clear
decrease of the shear modulus is observed (from 12.0 GPa to 4.6 GPa),
which indicates that the IL treatment is affecting the hemicellulose
matrix considerably. Comparing Fig. 4(C) and (D) of the AFM scans
support this interpretation. The microfibril structure stays intact even
after a treatment of 24h, whereas the agglomerations on the surface of
the fiber could indicate the removal of matrix material. In summary, the
results from Brillouin spectroscopy confirm that the drop in fiber stiff-
ness due to the [EMIM][ACR] treatment is mainly caused by a degra-
dation of the hemicellulose and pectin matrix in the fibers, and to a
lesser extent by a degradation of the microfibrils.

4. Conclusions

In this study, we have used a combined methodology using wide-
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angle X-ray scattering (WAXS), atomic force microscopy (AFM), ten-
sile testing, and Brillouin spectroscopy to investigate the effects of the IL
([EMIM][ACR]) on flax fibers. This approach enables characterization of
the structural and mechanical evolution of fibers during selective
dissolution.

The controlled dissolution process using [EMIM][ACR] selectively
removes the primary wall and S1 layer, providing direct access to the
mechanically dominant S2 layer. AFM and WAXS measurements of
microfibril angles (AFM: 5.7 + 1.9°; WAXS: 5.0 £+ 1.6°) are in agree-
ment, validating this approach for structural characterization. Tensile
testing reveals a reduction in Young’s modulus (from 36 GPa to 22 GPa)
and tensile strength (by a factor of 2) with increasing treatment time,
highlighting the influence of hemicellulose and pectin removal on fiber
mechanics.

Brillouin spectroscopy reveals a significant decrease in shear
modulus (Gy3: 12.0 GPa-4.6 GPa) caused by matrix degradation, while
the normal stiffness (C33), dominated by crystalline cellulose, remains
largely unaffected. AFM imaging confirms intact microfibril structures,
supporting our hypothesis that dissolution primarily affects non-
cellulosic components in the layers visible. Furthermore, the results
are demonstrating that the shear strength of the hemicellulose matrix is
highly relevant for the tensile strength of the fiber. This clearly shows in
the fiber’s response towards different time scales in testing (tensile
testing Hz-regime, Brillouin spectroscopy GHz regime).

Together, these findings showcase that the ionic liquid treatment
predominantly disrupts the matrix components, affecting structural
integrity and the mechanical properties of the fibers. This combined
methodology provides a robust framework for studying the interplay
between structure and mechanics in natural fibers undergoing chemical
treatments.

Next, the underlying mechanisms of how the ionic liquid interacts
with the fiber, especially the matrix components, needs to be addressed
at the molecular level. Here, adapting atomic force microscopy in
combination with infrared spectroscopy to the fiber scale will yield local
chemical information, which can be connected with the topographical
changes as well. Additionally, also effects of impurities, such as water,
should be studied in such a context to get a better understanding on how
changes of the ionic liquid effects mechanical properties.
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