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Abstract Cellulose fibres are a sustainable alter-
native for development of new materials and with
chemical modifications the material properties can
be tailored for its intended application. To under-
stand the impact of a modification characterisation
techniques that reveal where the chemical alterations
occur across the fibre are needed. Here we showcase
how X-ray spectro-microscopy around the carbon
K-edge can provide spatially resolved images of the
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chemical content of cellulose fibres and investigate
the effect of different sample preparation strategies
on the resulting data quality. We show that that one
can spatially separate different lignin compositions
over a single thermomechanical pulp fibre. The sam-
ple preparation is key for a successful experiment
and requires sectioning of thin slices (~100 nm)
of the sample which can be achieved by microtome
sectioning. The effect of different embedding materi-
als, including epoxies, cryo-embeddings with water
and sucrose and elemental sulphur, is evaluated. The
results show that epoxy embeddings are beneficial for
homogenous sectioning, which is an advantage for
imaging, while embedding strategies without carbon
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species, such as elemental sulphur or cryo-embedding
with water, is better for evaluation of the chemical
content in the fibre due to less overlap in the spectral
signal from the embedding material. We also present
measurement strategies for efficient data collection
that minimise the inflicted radiation dose to provide
guidelines for performing synchrotron-based spectro-
microscopy around the carbon K-edge to characterise
cellulose fibres.

Keywords Thermomechanical pulp - Sample
preparation - STXM - NEXAFS - Embedding
strategies - Microtome sectioning - Fibre materials

Introduction

Lignocellulose fibres are versatile material building
blocks used in a wide range of applications, including
new materials and commodity products such as paper,
packaging, and textiles. It is a renewable resource
and the most abundant polymer on earth, resulting in
a highly sustainable alternative. The pulp and paper
industry produces different qualities of pulps, and one
of them is thermomechanical pulp, which is produced
by mechanical processing of wood chips. In thermo-
mechanical pulp, all naturally occurring components
of wood, such as lignin, cellulose, and hemicellulose,
are preserved and thus no chemical after treatments
are applied to extract different components (Mleziva
et al. 2012). This makes the material cheaper and
more environmentally friendly compared to using
pure lignin or cellulose. The final fibre has a high
lignin content primarily situated on the outer region
of the fibre (Fromm et al. 2003; Mleziva et al. 2012).
Biopolymers like lignin and cellulose have a diverse
structure which is dependent on the plant-source of
the fibre and the chemical composition can therefore
deviate slightly between samples, however the com-
mon characteristic for lignin is a phenolic structure
built from aromatic monomers while the cellulose is a
polysaccharide consisting of a linear chain of glucose
molecules (Karunakaran et al. 2015). Previous studies
have shown that by introducing chemical modifica-
tion into thermomechanical pulp, the material proper-
ties can be tailored (Lahtinen et al. 2021). However,
since thermomechanical pulp is a complex material,
consisting of lignin, hemicellulose and cellulose, the
material properties obtained heavily depend on which

@ Springer

of the components that is most prone to react during
modification. For example, by modifying the hydro-
philic cellulose the compatibility between thermome-
chanical pulp and a polymer matrix can be improved
(Mertens et al. 2017). On the other hand, selectively
modifying lignin could preserve or even lower its
thermal processing temperature, potentially enabling
fibre extrusion (Lahtinen et al. 2021), a method that is
severely hindered by the degradation of fibres during
processing. However, there is no good understanding
or systematic studies in the literature on how reaction
conditions affect where modifications occur in the
fibre.

To characterise where the modifications occur
across the fibre, methods to study the spatial dis-
tribution of chemical composition on the nano- to
micron scale are needed. Spectroscopy-based imag-
ing techniques such as FTIR-AFM and X-ray spectro-
microscopy can provide spatially resolved chemi-
cal information at the nanoscale (Dazzi and Prater
2017; Watts and Ade 2012). FTIR-AFM enables
mapping of functional groups under ambient con-
ditions, whereas X-ray spectro-microscopy, offers
greater chemical sensitivity and high chemical con-
trast but requires synchrotron radiation and more
involved sample preparation. Synchrotron-based
spectro-microscopy combines X-ray scanning trans-
mission microscopy and spectroscopy to provide the
high resolution imaging with high chemical con-
trast (Watts and Ade 2012). By coupling near-edge
X-ray absorption fine structure (NEXAFS) spectros-
copy with scanning transmission X-ray microscopy
(STXM), imaging is made through raster scanning
the sample over a focused beam, which can reach spa-
tial resolutions down to tens of nanometres. Thereby,
spectro-microscopy at energies corresponding to the
carbon K-edge (280-320 eV) presents high potential
for detailed characterization of lignocellulose fibres
to detect distribution of components and locations of
chemical modifications. However, the measurements
present challenges due to demanding sample prepara-
tion of thin slices, which are required to ensure suf-
ficient transmission because of the strong absorption
of carbon-based materials in this X-ray energy range.
Cellulose-based samples are typically prepared with a
thickness of 90-200 nm to provide optimal transmis-
sion, maintaining about 30-60% of the incident X-ray
intensity which is important to obtain high-quality
spectral data (Karunakaran et al. 2015; Watts et al.
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2022). A common approach for preparing thin sam-
ples involves using an embedding and cutting slices
with a microtome. However, many embeddings con-
tain carbon, which can introduce spectral overlaps in
NEXAFS measurements, potentially interfering with
an accurate analysis. Other challenges are associated
with the data acquisition, as radiation damage is often
a critical factor that needs to be mitigated. Exposure
to intense X-ray radiation can lead to structural and
chemical alterations in a sample, leading to variations
in the acquired spectra. Radiation damage has been
reported to be significant in polymer materials, where
bond breakage, mass loss, and radical formation can
occur (Coffey et al. 2002; Beetz and Jacobsen 2003),
and the sensitivity to radiation damage can be affected
by the embedding material used during the sample
preparation (Beetz and Jacobsen 2003; Wang et al.
2009; Zhang et al. 2019). The high flux-density of the
focused beam and the low X-ray energies makes this
particularly critical in spectro-microscopy.

In this paper, we present a study of different sam-
ple preparation protocols for performing spectro-
microscopy of fibres around the carbon K-edge. We
describe the results of five sample preparation pro-
tocols for preparing thin slices using microtoming
with different embedding strategies from the perspec-
tive of three aspects crucial to acquiring high-quality
spectro-microscopy data: (1) quality of the cut slices
(2) spectral overlaps and (3) exacerbated radiation
sensitivity. In addition, we discuss measurement
strategies for collecting data in an efficient way to
provide a compromise of spectral and spatial resolu-
tions to optimise measurement time at synchrotrons
and mitigate radiation damage. The aim is to pro-
vide guidelines for performing synchrotron spectro-
microscopy to characterise cellulose-based fibres and
promote increased success rate and utilisation of such
measurements.

Methods
Material

Thermomechanical pulp (TMP) used for the measure-
ment was produced by processing wood chips using
heat and mechanical refining. The TMP fibres utilised
in the study were obtained from StoraEnso Hyltebruk,
Sweden and were derived from Norway spruce (Picea

abies). Fibre analysis of the TMP, performed using a
Kajaani FS300, gave a respective mean fibre length,
width, and fines distribution of 3.2 mm, 35 pm, and
3% (Hosseini et al. 2021). TMP has been reported to
have 50 wt.% of polysaccharides and ca. 30-35 wt.%
lignin (Kangas et al. 2007).

Sample preparation strategies

Spurr epoxy sample preparation protocol:
Spurr resin with ERL-4221D formulation was used.
ERL-4221D (Epoxycyclohexylmethyl-3,4-epoxycy-
clohexylcarboxylate) is a cycloaliphatic epoxy resin
that is typically used as an embedding medium for
electron microscopy. The epoxy was polymerised at
65 °C overnight before cutting at ambient conditions.

Cycloamine-based epoxy sample preparation
protocol (CBE): Epoxy resin derived from a 1:1 mix-
ture of 4,4-methylenebis(2-methylcyclohexylamine)
and 2-[2,2-bis(oxiran-2-ylmethoxymethyl)butoxym-
ethylJoxirane was used based on Spith et al. 2015).
The epoxy was polymerised at 65 °C overnight before
cutting at ambient conditions (Steudel et al. 2003;
Lehmann et al. 2005; Noguchi et al. 2020).

Sucrose sample preparation protocol: The fibres
were immersed in a 2 M sucrose solution. After
immersion, the samples were sandwiched between
pieces of plastic and filter paper to make handling the
fragile material easier while sectioning in cryogenic
conditions at -160 °C.

Water sample preparation protocol: The fibres
were immersed in Milli-Q water. After immersion,
the samples were sandwiched between pieces of plas-
tic and filter paper to make handling the fragile mate-
rial easier while sectioning in cryogenic conditions at
-160 °C.

Sulphur sample preparation protocol: Elemen-
tal sulphur was used as embedding material, adapted
from Lehmann et al.(2005) and Noguchi et al.(2020).
Sulphur (0.75 g) was placed on a tray of aluminium
foil at 170 °C for 2 min until the sulphur became vis-
cous and reddish-brown. A lower temperature was
chosen compared to Lehmann et al. to avoid heat
induced damage of the mixture. The aim was for
Sg-rings to open and form diradicals in the elemental
sulphur, which happens above 159 °C. The radicals
then polymerise into long chains which increases the
viscosity (Steudel et al. 2003). The aluminium trays
were then placed in liquid nitrogen for a quenching
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step. During this step, the sulphur becomes an amor-
phous solid. It was then left to heat up at ambient con-
ditions for about 2—4 min until it turned into a viscous
state. Cellulose fibres were carefully pressed into the
sulphur with tweezers. The optimum consistency for
this step only lasted for about 10-30 s, after which
the amorphous sulphur converts to a microcrystalline
but still plastic state. The sulphur-embedded cellulose
fibres were then transferred to an ultramicrotome and
cut at cryogenic conditions at -160 °C.

All sample preparation protocols used ultrami-
crotome Leica EM FC7 to cut samples into 150 nm
thin sections. After the sectioning, the sample slices
were placed on silicon nitride, Si;N,, membranes
with a thickness of 100 nm. All samples were
stored in room temperature after slicing prior to the
measurements.

STXM

The STXM measurements were performed at the
PolLux beamline of the Swiss Light Source (SLS)
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Fig.1 a Characteristic NEXAFS spectrum from a lignocel-
lulose fibre showing resonance energies from both lignin and
cellulose components. b Model structure of cellulose and
lignin based on (Adler 1977). ¢ Images collected at the reso-
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synchrotron at the Paul Scherrer Institute in Vil-
ligen, Switzerland. The detailed beamline layout is
described by Raabe et al.(2008). A higher order sup-
pressor (Frommbherz et al. 2010) was used to ensure
probing a pure spectrum as higher order light will
distort the spectra. A focused soft X-ray beam with a
beam size of > 30 nm was used to raster scan across
the samples, collecting the transmission value in
each point using a photomultiplier tube (PMT), cou-
pled with a phosphor screen. First, a single energy
measurement on the carbon post edge at 330 eV, as
indicated in Fig. 1b, c, was used to locate the fibres
on the support membrane. Once regions of interest
were determined, NEXAFS spectra were collected by
a stack of image measurements in the energy range
of 280-350 eV, which corresponds to the collection
of a carbon K-edge spectrum at each image pixel.
The energy step size varied from 0.1 eV around the
absorption edge to 1 eV in the post-edge region. To
evaluate radiation damage, spectra were collected
by focusing the X-ray beam on the sample and then
repeatedly measuring a line scan of 50 points with
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nance energies for lignin (284.9 eV, 286.2 eV), and at the post-
edge (330 eV) which is sensitive to the electron density of the
section and highlights the entire fibre
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an increment in exposure time of 5 or 20 ms, respec-
tively. The line scan was repeated in the same posi-
tion three times and the spectral changes were com-
pared after the beam exposure.

MANTIS analysis software was used to analyse
the X-ray spectro-microscopy data (Lerotic et al.
2014). The transmission of X-ray photons through
the fibres measured were converted to optical den-
sity, OD = —1In(I/I), where I, and I are the incident
and transmitted photon count. The incident flux is
measured via an empty region on the support mem-
brane. Normalisation was performed to compare
spectra by dividing with the post-edge measurement,
which is sensitive to the electron density, to correct
for density and thickness variations.

Results

Figure 1 showcases a spectro-microscopy measure-
ment around the carbon K-edge of a cellulose fibre
from thermomechanical pulp (TMP). Figure 1a shows
the NEXAFS spectrum around the carbon K-edge
showing characteristic signatures from both lignin
and cellulose. Two peaks are seen at 284.9 eV and
286.2 eV characteristic of the C 1 s—1 n* (C=C)
transition of aromatic (C-H) and phenolic carbons
(C-0), respectively, and at 288.7 eV a peak cor-
responding to the C 1 s—1 n*(C=0) transition of
carboxylic carbon (Karunakaran et al. 2015). These
functional groups are all characteristic of lignin and
can therefore be used to identify the distribution of
lignin across the fibre. The peak at 290.4 eV is related
to the aliphatic C-H carbons, and the broad peak at
293 eV to C 1 s—o* transitions in aromatic and ali-
phatic carbons present in both cellulose, lignin, and
hemicellulose (Karunakaran et al. 2015). Example
structures of cellulose and lignin are shown in Fig. 1b.
The cellulose fibres also contain hemicellulose, how-
ever, due to the similarity in the chemical structure to
cellulose it is not distinguished in the measurement.
Figure 1c shows three optical density images col-
lected at energies corresponding to the characteristic
peaks of lignin (284.9 eV, 286.2 eV) and the post-
edge (330 eV), which relates to thickness variations
across the fibre as this energy is sensitive to over-
all electron density. The fibre was imaged using a
focused 30 nm beam with a step size of 30 nm. A high
optical density at the resonance energies of aromatic

(284.9 eV) and phenolic carbons (286.2 eV) identi-
fies a high lignin content and visualise how the lignin
is twisting around the filament. This is in agreement
with lignin working as a glue between individual
fibres in lignocellulose (Akin et al. 2010). Comparing
the two images with contrast from aromatic and phe-
nolic carbons reveals that there is a difference in the
spatial intensity distribution between the two lignin
peaks over the fibre. This can be related to a variation
in the relative fraction of the monomers p-coumaryl,
coniferyl, or sinapyl monomers which have different
amount of phenolic groups (Karunakaran et al. 2015)
and reveals a spatial variation in chemical composi-
tion of the lignin over the cellulose fibre. The spatial
variation of the peak intensities could also indicate
molecular orientation (via linear dichroism), but this
is unlikely to be significant in this case due to the
amorphous nature of the material.

Comparison of the quality of sample sectioning

Sectioning quality varied between the different sam-
ple preparation protocols (Fig. 2). From a sectioning
perspective, epoxy-based methods such as the Spurr-
or cycloamine-based epoxy sample preparation pro-
tocols, were advantageous since they provided the
easiest sectioning process, resulting in large, uniform
sections with well-dispersed fibres and easy sam-
ple transfer to the support membrane (Fig. 2a). On
the contrary, immersion of the fibres in a liquid, like
water or sucrose, and sectioning at cryogenic condi-
tions caused issues with fibre clustering (Fig. 2b),
making it difficult to investigate individual fibres. The
sucrose embedding protocol allowed for easy section-
ing, whereas the water-embedded samples were the
most challenging to section. Under cryogenic condi-
tions, the water-embedded samples turned very brit-
tle, making it difficult to create regular sections. To
overcome this, a high cutting speed was needed, and
multiple attempts were required to obtain satisfac-
tory sections. The sulphur embedding protocol posed
the greatest challenges during the embedding phase,
as the success of embedding was highly sensitive to
temperature and timing of each embedding step. Once
the embedding was successful, the sectioning was
straightforward, creating sectioning ribbons of inter-
mediate sizes (Fig. 2c).

The sulphur embedding caused additional prob-
lems during the measurements. Under vacuum
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Fig.2 Microscopy images of sectioned samples. a Spurr epoxy embedding b Cycloamine-based epoxy embedding ¢ Cryo-embed-
ding with sucrose, d Cryo-embedding with water d Sulphur embedding. The scale bar corresponds to 0.2 mm

conditions, the sulphur began to evaporate, leaving
the fibre samples exposed. This resulted in fibres
moving and detaching from the support membrane
during measurements. We hypothesize that this
occurred due to charge accumulation on the sam-
ple surface. To mitigate this effect, coating the sup-
port membrane with a conductive material, such as
graphene or a thin metal layer, could help dissipate
the charge. Alternatively, sandwiching the fibre sam-
ples between two separate membranes may provide
mechanical stability and prevent displacement.

A quality criterion for sectioning is to achieve a
homogenous thickness across the samples. To evalu-
ate the sample thickness, measurements were taken at
the carbon post edge, 320-330 eV (Fig. 3). The most
homogenous profiles were achieved when epoxy was
used, showing a low variation of sample thickness
over larger areas, Fig. 3a-b. This is emphasised when
plotted with the same scalebar as the other embed-
dings, where it is difficult to differentiate between

@ Springer

sample and the embedding (Fig. 3¢ and 3d). This
is due to similar density of carbon content in the
epoxy and the fibre samples. In the non-epoxy-based
approaches, the post-edge provided a clear signal of
where the fibres were located. However, within the
fibres thickness variations were observed. The water
embedded sample showed larger variations in opti-
cal density compared to the epoxy-based approaches
and using sulphur and sucrose embedding even larger
variations of optical density, i.e. larger variation in
sample thickness, was found.

Comparison of signal quality

The measured NEXAFS spectrum includes the signal
from all material illuminated by the X-ray beam. In
the ideal case the embedding material would only sur-
round the fibres, however it is not unlikely that some
of it will penetrate the fibres or that over the thick-
ness of a section both fibre and embedding material
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Fig. 3 Images taken at the carbon post edge of fibres using
a, ¢ Spurr epoxy, b, d Cycloamine-based epoxy, e Sucrose ,
f Water, and g Sulfphur sample preparation protocols. The fig-

will be present. In these cases, the absorption spec-
trum will be a superposition of the two materials.
For fibres embedded in epoxy and sucrose, the car-
bon species in the embedding materials can therefore
contribute to the spectrum and complicate the analy-
sis due to overlapping signals. The more chemically
different a carbon-based embedding material is, the
less overlap with the signal can be expected. Spectra
from fibres embedded in water and elemental sul-
phur are expected to have minimal spectral overlaps
since no carbon-based materials are included in the
embedding.

Figure 4a-e shows a representative spectrum
acquired from embedded fibres prepared with each
sample protocol (black) together with a reference
measurement (grey) of the embedding materials
only. Figure 4f shows a comparison of the spectra
normalised at the-post edge to compensate for vari-
ation in thickness from embedded fibres prepared
through each preparation protocol. As expected, the
fibres prepared with the water and sulphur embed-
ding display similar spectra, reflecting the chemical
composition of the cellulose fibres. The two aromatic
peaks from the lignin at 284.9 eV and 286.2 eV are
clearly visible and are comparably pronounced in the
two samples. Similarly, the peak at 288.7 eV and the
shape of the broad transition at 293 eV for C 1 s —»oc*
transitions of aromatic and aliphatic carbons remain
consistent. The spectrum from sucrose embedded

Sucrose

g

ure shows larger areas of epoxy embedded samples in a-b and
plotted with a different scale bar of the optical density (OD)
compared to c-d

fibres differs slightly from spectra from fibre with the
water and sulphur embedding, the relative intensities
between the aromatic lignin peaks is lower compared
to the broad peak at 293 eV for C 1 s — o* transitions
of aromatic and aliphatic carbons. Since the sample
has been diluted with sucrose, the measured spectrum
is a linear combination of the component materials
and hence shows a stronger signal from saccharides
relative to the lignin due to the sucrose contribution
which is indistinguishable from the cellulose contri-
bution. A similar phenomenon can be observed for
fibres with the cycloamine-based epoxy embedding,
where the spectrum also shows a lower relative sig-
nal from lignin, which can be explained by the con-
tribution from the aliphatic carbon species in the
embedding material. The spectrum from the sample
prepared with the Spurr epoxy embedding displayed
the strongest spectral overlap from the embedding,
Fig. 4a. Here, the entire shape of the spectrum is mod-
ified due to the superposition of the resonance peaks
around ~284.8 and ~288 eV, complicating the analy-
sis further due to difficulties of decoupling the differ-
ent contributions. One additional problem which can
occur are contaminations of salt species that overlap
with the carbon K-edge spectra. This was observed in
the sample prepared with the water embedding pro-
tocol, Fig. S1. The contamination is identified by the
two sharp peaks at 296.8 eV and 299 eV which cor-
responds to the L-edge of potassium (Deslattes et al.
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Fig.4 a-e Spectra from embedded fibres and embedding
materials prepared through the different sample preparation
protocols. Spectra acquired from fibres (black) together with

2003) and reveals salt contamination. Such impurities
may arise due to residue ions and are also common
impurities following manual handling due to the salt
in sweat and can therefore be found locally within
prepared materials.

Comparison of radiation damage

To study radiation damage, line scans of 50 points
were repeatedly measured with an exposure time of
5 or 20 ms, respectively By repeated measurements
in the same spot, spectral changes can be evaluated as
a function of beam exposure to identify beam damage
in the different samples. The sensitivity for radiation
damage may differ between the embeddings as reac-
tive species from the embedding material may react
under the beam energy. Conductivity of the embed-
ding material may also reduce static build-up which
can help mitigate reactions in the samples after dose
exposure. Figure 5 shows radiation damage tests for
all sample preparation protocols with 20 ms incre-
ment. The light colored spectrum is the average sig-
nal from the first measurement with 20 ms exposure
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clarity. f Normalised spectra from the fibres prepared through
each preparation protocol. The spectra are offset for clarity

and the gradually darker colored spectra shows the
second and third measurement with an exposure time
of 40 and 60 ms in total. In the case of epoxy-based
sample preparation protocols, pure epoxy without any
embedded fibres was also measured, shown as insets.
Figure S2 shows the radiation damage test with 5 ms
increment. In general, 5 ms exposure time was suf-
ficient to collect high-quality spectral data while the
exposure time of 20 ms is used to compare and high-
light the difference in radiation sensitivity.

Two main spectral changes occur due to radiation
damage, a change in mass and a change in the spectra
due to chemical reactions in the materials. The mass
loss or gain of carbon, can be quantified by investigat-
ing changes of the carbon post edge at 330 eV. The
most prominent effect was observed in the water-,
cycloamine-based epoxy- and Spurr-based sample
preparation approaches (Table 1). Interestingly, a
positive mass change of carbon was observed in the
sulphur embedding approach, which indicates deposi-
tion of carbon-containing species from the surround-
ing atmosphere onto the sample. In the high-vacuum
chamber outgassing can occur from both sample and
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age tests for the pure epoxies without any fibres

Table 1 Optical densities at the post-edge (330 eV) of the same region of a fibre after 20 and 60 ms beam exposure in the different

embeddings
Spurr Cycloamine-based Sucrose Water Sulphur
epoxy
OD3;3 .y 20 ms exposure 0.35 0.30 1.18 0.78 0.79
OD33 .y 3%20 ms exposure 0.31 0.27 1.12 0.71 0.81
Percentage of mass change -11.4% -10% —5.08% —8.97% +2.53%

The percentage mass change is calculated by the ratio of the difference in optical densities between 20 and 60 ms and 20 ms

material in the chamber which may lead to redeposi-
tion of evaporated material by the incident beam.
Spectral changes due to beam exposure can be
evaluated by comparing the relative change in inten-
sity of different spectral peaks which relates to the
breakage or formation of different covalent bonds in
the material. In the case of the cellulose fibres, three
different covalent bonds were particularly sensitive
to radiation damage, identified by a change in peak
intensity corresponding to (1) the C 1 s— 1 =n* tran-
sition of the phenolic carbons at 286.5 eV, (2) the C
1 s— 1 =* transition of carboxylic carbon at 288.7 eV
and (3) the broad C 1 s—c* transition of aromatic
and aliphatic carbons at 293 eV. To make a relative

evaluation of the changes of each peak, the opti-
cal density at peak height was divided by the optical
density by the post edge at 330 eV, results are illus-
trated in a bar chart, Fig. 6, and values are found in
Table S1.

At 286.5 eV, the peak height increases with expo-
sure time due to radiation damage for all sample
preparation protocols except for Spurr epoxy method
where the peak could not be resolved due to spectral
overlap. At 288.7 eV the peak heights are instead
decreased for all sample preparation protocols. This
is in line with previous studies, showing that chain
scissoring of the C=0 and succeeding formation
of C=C bonds are common for radiation exposed
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-20ms
- 3"20ms
- 20ms

Normalised optical density

286 SeV

Fig. 6 Bar chart showing the changes of the normalised opti-
cal density (NOD) of the spectral peaks at 286.5 eV, 288.7 eV
and 293 eV for the fibres prepared with the different embed-
dings. The optical density is normalised relative to the post-
edge (330 eV). The first measurement with 20 ms exposure

polymer samples (Zhang et al. 1995). The sam-
ple embedded in Spurr shows a significant decrease
in peak intensity at both 288.7 eV and 293 eV. The
strong reduction is likely a combination of damage to
the fibre as well as damage to the embedding mate-
rial as the neat Spurr embedding (Fig. Se, inset) have
a strong peak at 288.7 eV from its carboxylic carbon
groups that disappears between the first and second
20 ms exposure. This highlights the high radiation
sensitivity of the Spurr embedding, which is also
reflected in the sample scan. In contrast, the cycloam-
ine-based epoxy shows relatively smaller spectral
changes compared to the other samples, suggesting
that the epoxy may enhance radiation resistance and
mitigate spectral alterations. However, a significant
mass loss is still observed in this sample. Perform-
ing radiation damage tests on the pure epoxy con-
firms having less spectral changes in the cycloamine-
based epoxy compared to the Spurr epoxy (Fig. S3,
table S2, table S3). Note that the spectral changes in
the sucrose sample protocol of the peaks at 288.7 and
293 eV are relatively small while a clear decrease in
the peak at 286.5 eV is seen. We believe that this is
due to that sucrose has a large spectral overlap with
the fibres at these energies and that sucrose is less
sensitive to radiation damage compared to the fibres.
In general fibres in all sample preparation strate-
gies display some radiation damage, emphasising the
need for efficient measurement strategies. The sever-
ity of radiation damage is increased by the radiation
dose on the sample which is related to a high photon
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is shown in bright color and the second measurement with
3*20 ms exposure is shown in dark color. The spectral signal at
286.5 eV cannot be resolved in the Spurr embedding due to the
overlapping peaks of the epoxy

flux, long exposure times and a focused X-ray beam,
and is particularly severe around the carbon K-edge
since absorption is high. Good measurement strate-
gies to avoid radiation damage are thereby decreas-
ing exposure time, the number of energies measured,
or defocusing the X-ray beam as will be discussed in
more detail in the following section.

Data collection strategies

Optimising data collection in spectro-microscopy
requires balancing high spectral and spatial resolution
while minimising radiation damage and measurement
time. To achieve this, the acquisition strategy needs
to be adapted to the goals of the experiment and the
samples investigated. Below we provide guidelines
for how data can efficiently be collected during an ini-
tial experiment for analysis of cellulose fibres.

At the start of an experiment, ensuring reliable
data collection with the chosen experimental set-
tings is crucial. This can be done by evaluating the
full NEXAFS spectrum of the sample, performing
a radiation damage check, and collecting reference
spectra for components of the sample system. To
collect a full NEXAFS spectra of the sample, an
efficient approach is to perform a line scan across
a sample edge, including an adjacent empty region.
A line scan is preferred as it distributes the radia-
tion dose over a larger sample area and in-sample
variations can be accounted for. The method allows
for simultaneous measurement of the sample
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transmission and the incident beam intensity by
the empty region. Measuring the incident beam is
essential for generating accurate NEXAFS spectra,
as it enables the conversion of raw transmission
signals at specific energies into the optical density
of the sample. However, the incident beam energy
fluctuates slightly over time and is sensitive to sub-
strate position, which can affect the background sig-
nal. Collecting the incident beam within the same
scan helps minimise such errors. If an empty region
cannot be included in the measurement, a sepa-
rate scan should be performed in a nearby empty
region as close in time and position as possible
to account for the small variations in the incident
beam. For epoxy embeddings, large sample sections
are often achieved which is advantageous for imag-
ing, however, it can also make it more difficult to
create accurate spectra as empty regions are more
sparsely located on the substrate. The full energy
NEXAFS spectra acquired can be used for assessing
which resonance energies are present in the sample.
In addition, the optical density calculation indi-
cates if the sample thickness is appropriate, where
the general recommendation is to have a maximum
optical density value around 1 in the spectrum. If
the sample is too thick the incident beam is mainly
absorbed resulting in poor data quality. If the sam-
ple is too thin the spectrum can appear noisy due
to weak signal-to-noise ratio, making it difficult to
extract meaningful chemical information (Watts
et al. 2022).

A radiation damage check can be performed by
repeating line scans in the same position of the sam-
ple. The goal of the radiation damage check is to
detect when chemical changes and mass loss due to
X-ray exposure occur and decide on suitable expo-
sure times. Since the beam focus influences the dose
received by the sample, this test should be performed
using the same beam size intended for the actual
measurements to ensure a realistic comparison.
Alternatively, a highly focused beam can be used to
determine the maximum tolerable dose, ensuring that
exposure during measurements remains within a rea-
sonable range. To minimise radiation damage during
the entire experiment, it is advisable to use a defo-
cused beam when scanning the sample plate to iden-
tify regions of interest before acquiring high-resolu-
tion data. Such overview scans should preferably be
conducted at the post-edge energy or another energy

with lower sample absorption to reduce the radia-
tion damage on the sample before acquiring the key
measurements.

It is also advisable to collect reference spectra for
the material system. The full NEXAFS spectra can
be analysed as a linear combination of the individual
chemical components, and having references for such
components will contribute to a better understanding
of the spectra and help towards quantitative analysis.
Since biopolymer composition varies depending on
the plant source, using specific reference materials
improves accuracy. Furthermore, if an epoxy is used
during sample preparation it is advisable to include
reference spectra of pure epoxy, aiming to see at
which energies there is spectral overlap between the
epoxy and the sample. However, collecting reference
spectra might not be possible in all sample cases, but
still allows for quantitative assessment. Two of the
most common analysis strategies are to apply sin-
gular value decomposition (SVD) (Koprinarov et al.
2002) and principal component analysis (PCA) com-
bined with cluster segmentation (Lerotic et al. 2004,
2005) where PCA can be applied without available
reference spectra or in the case of unknown compo-
nent spectra. With PCA, the spectrum is estimated
with the fewest possible virtual spectra that satisfac-
torily describe the observed variance in the images
of the energy stack (Marcus 2023). The results do
not yield a deconvolution of the spectrum but can be
used to make a segmentation of domains with similar
chemical composition. With SVD the known spectra
of the pure components are used to perform a least
square fit of the spectral contribution in each point,
which provides a compositional map of the fraction
of each species over the images in the energy stack.
For more detailed description of data analysis and
data treatment the reader is referred to reviews on the
topic (Urquhart et al. 1999; Watts et al. 2006; Marcus
2023).

Once exposure limits have been determined and
representative spectra have been collected, different
data acquisition approaches can be taken to image the
sample. In general, there are three main approaches
(Willmott 2011): 1) Imaging mode, where the beam
energy is fixed while the sample is raster scanned
over the beam. This mode prioritises high spatial
resolution and can efficiently map large areas of a
sample to create a distribution map of the chemical
species that has high absorbance at the chosen energy.
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2) Spectral mode, where a scan is collected across
the sample while the energy is varied over the car-
bon edge to provide the full NEXAFS spectrum. This
mode prioritises collecting the sample absorption at a
high number of energies within a large energy range
to provide the most comprehensive data for determin-
ing chemical composition. 3) Energy stacking mode,
where a sample is raster scanned over the beam like
in imaging mode but at a few selected energies which
correspond to resonance energies within the sample
where absorption is strong for the components of
interest. The acquisition of multiple energies provides

High spatial resolution scan at 287.1 eV
a)
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Optical Density
o
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Fig.7 a, b STXM images collected at 287.1 eV of a cross
section of a fibre and ¢, d corresponding averaged NEXAFS
spectra. The figure illustrates a measurement where the spa-
tial resolution was optimized by a highly focused beam, with
the compromise of fewer energy scans (a, ¢) and a measure-
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a compromise between imaging and chemical evalu-
ation as it allows for chemical quantification while
imaging still can be performed across larger sample
areas due to collection of fewer energy points. Com-
bining energy stacking and spectral mode is often
advantageous as illustrated in Fig. 7. Energy stacking
at a few selected energies provides high spatial details
across the fibre (Fig. 7a), but results in low details of
the energy spectra (Fig. 7c¢). In contrast, collecting
a full energy spectra (Fig. 7d) with a lower spatial
resolution (Fig. 7b) allows for detailed spectral anal-
ysis across the same sample region, making spectral

Low spatial resolution scan at 287.1 eV
b)

280
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290 295 300 305

Photon Energy [eV]

310 315 320

ment where the energy resolution over the fibre was optimized
and instead the spatial resolution was compromised by using a
defocused beam to collect the average absorption signal over
the fibre providing the entire energy spectra of the cross sec-
tion of the fibre (b, d)
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interpretation more reliable. This approach enables
both high spatial and high energy resolution across
a large sample area while minimising measurement
time and radiation damage. A key consideration when
performing measurements at resonance energies is to
include a post-edge measurement to correct for thick-
ness variations, which affect absorption intensity
across the energy range.

Overall performance of the different sample
preparation strategies

Table 2 shows a summary of the discussed pros
and cons of the different sample preparation strate-
gies. For the practical sectioning, epoxy embedding
strategies are superior as it enables sectioning with
homogenous thickness in large sections. It also ena-
bles greater control of the orientations of fibres in the
cuts compared to the other methods. However, epoxy
embeddings are carbon-based compounds which will
result in strong spectral contributions around the car-
bon K-edge, which can give overlapping contribu-
tions to the spectral signals. Depending on the feature
of interest in the investigated sample, different chemi-
cal compositions of the embedding materials can be
selected to minimise the spectral overlap between
the embedding material and the species of interest to

provide a way of identifying and mapping the com-
ponent within the sample. For studying lignocellulose
fibres, the cycloamine-based epoxy shows advantages
compared to the Spurr epoxy due to less overlapping
signals with the lignin in the material and lower sen-
sitivity to radiation damage.

In addition to epoxy-based methods, water and
sucrose solutions were used as a cryo-embedding.
The advantage with sucrose solution compared to
water solution is that for sensitive samples it reduces
the risk for crystal formation during freezing which
can fracture and damage the samples. However, the
almost identical chemical structure of sucrose and
cellulose creates highly overlapping signals in the
absorption spectrum. The sectioning of water embed-
ded samples where challenging, but the resulting sec-
tions were still similar between sucrose and water-
embedded samples. It was therefore deemed more
advantageous to use water as embedding media in the
cryo-embedding sample preparation protocols.

Lastly, an embedding of elemental sulphur was
investigated, which in similarity to cryo-embedding
with water does not result in any spectral overlap
between the sample and the embedding material.
However, the elemental sulphur presented other chal-
lenges, including a poor adhesion to the substrate
which resulted in fibres falling off the substrate during

Table 2 Overview of the identified advantages and challenges with the different preparation strategies

Sample preparation protocol Pros

Cons

Elemental sulphur

- Adequate mechanical properties for sectioning

Cryo-embedding strategies

- No spectral overlap with cellulose and lignin

- Poor adhesion to sample substrate
- Difficult to section with homogenous thickness

Water - No spectral overlap with cellulose and lignin - Fibre aggregation
- Difficult to section
Sucrose - Reduce potential sample damage crystal formation - Fibre aggregation

upon freezing

Epoxy embedding strategies
Cycloamine-based epoxy

- Less sensitive to spectral changes from radiation

- Good mechanical properties for sectioning

- Difficult to section with homogenous thickness
-Spectral overlap with cellulose fibres

- Spectral overlap with cellulose fibres
- Difficult to identify fibres within sections

damage - Collection of reference measurements of inci-
dent beam may be more difficult
Spurr - Good mechanical properties for sectioning - Spectral overlap with cellulose fibres

- Difficult to identify fibres within sections

- Collection of reference measurements of inci-
dent beam may be more difficult
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measurements when exposed to the high vacuum in
the measurement chamber. We hypothesise that this
effect can be mitigated by either coating the silicon
nitride support membrane with a conductive material,
such as graphene or a thin metal layer, or sandwich-
ing the fibre samples between two separate support
membranes to provide mechanical stability. Another
option is to store the sample at low temperature to
slow down the depolymerisation of the sulphur to
reduce the evaporation rate. The embedding process
using elemental sulphur was more time-consuming
compared to the epoxy embeddings and the resulting
sections varied in thickness.

Conclusion

In this work we show how fibre-based cellulose mate-
rials can be characterised with X-ray spectro-micros-
copy to reveal the distribution of chemical composi-
tion of the material. Key to successful experiments
is sample preparation and an efficient measurement
strategy to minimise radiation damage. Preparing the
thin sections needed to image fibres with soft X-ray
spectro-microscopy at the carbon K-edge is chal-
lenging. The different sample preparation strategies
studied in this work reveal advantages as well as chal-
lenges for various aspects of the measurements. For
the sectioning, the epoxy embeddings are the prime
alternative for homogenous sections of larger areas,
which is highly advantageous for imaging. However,
carbon-based epoxies may result in contributions to
the spectral signal of the samples which complicates
the chemical analysis of the material. As an alterna-
tive water embedding does not contribute with any
spectral signal around the carbon K-edge, but it is
instead more difficult to mechanically section, and the
fibres tend to aggregate which makes it more difficult
for imaging purposes. Sulphur embedding presents
an embedding strategy which both enables adequate
mechanical properties for sectioning and at the same
time does not contribute with overlapping signals.
Hence it is advantageous for both spectral and imag-
ing analysis, although poor adhesion to the substrate
present challenges for measurements as it risks falling
of the membrane. In conclusion the choice of the best
preparation strategy for a certain experiment needs
to be determined based on the nature of the sample
and the goal of the measurement. We showcase the

@ Springer

method here with the imaging of a single TMP fibre
where we show that one can spatially separate differ-
ent lignin composition. This illustrates the high chem-
ical sensitivity of the technique for spatially resolving
small chemical changes and present opportunities to
study modifications in fibres in more detail.
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