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Abstract Wood and other cellulosic materials are
highly sensitive to changes in moisture content, which
affects their use in most applications. We investigated
the effects of moisture changes on the nanoscale
structure of wood using X-ray and neutron scattering,
complemented by dynamic vapor sorption. The stud-
ied set of samples included tension wood and normal
hardwood as well as representatives of two softwood
species. Their nanostructure was characterized in wet
state before and after the first drying as well as at
relative humidities between 15 and 90%. Small-angle
neutron scattering revealed changes on the microfibril
level during the first drying of wood samples, and the
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structure was not fully recovered by immersing the
samples back in liquid water. Small and wide-angle
X-ray scattering measurements from wood samples at
various humidity conditions showed moisture-depen-
dent changes in the packing distance and the inner
structure of the microfibrils, which were correlated
with the actual moisture content of the samples at each
condition. In particular, the results implied that the
degree of crystalline order in the cellulose microfibrils
was higher in the presence of water than in the absence
of it. The moisture-related changes observed in the
wood nanostructure depended on the type of wood and
were discussed in relation to the current knowledge on
the plant cell wall structure.
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Introduction

Wood is an extremely abundant, renewable material
that has been used in various applications throughout
the history of humankind. It has been widely utilized
as a construction material, raw-material for paper and,
more recently, as a source of cellulose nanofibrils and
other nanoscale constituents for advanced materials
and applications (Jiang et al. 2018).

It is well known, that moisture content and history
are crucial factors determining the properties of wood
as a material. For instance, wood becomes stiffer as a
consequence of drying, thereby loosing its flexibility
and forming cracks, and most of these effects can be
traced down to the nanoscale structure of the cell wall
(Alméras and Clair 2016; Dinwoodie 2000). From the
aspect of utilizing cellulosic fibers and fibrils in
pulping or nanocellulose applications, moisture and
moisture-induced structural changes are ever more
important. The accessibility of cellulosic fibrils and
other nanoscale components to water is essential for
any physico-chemical or enzymatic treatment taking
place in an aqueous environment. Therefore, under-
standing the interactions between water and the
nanostructure of wood is of utmost importance.

Water in wood is considered to be present either as
free water mainly in the cell lumina or as bound water
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inside of the cell wall (Glass and Zelinka 2010). When
wood is dried from its native, wet state, the free water
evaporates first, followed by the slower removal of the
bound water. The situation when the lumina are empty
of water but the cell walls are still fully hydrated, is
referred to as the fiber saturation point. Below the fiber
saturation point, wood exhibits sorption hysteresis
(Engelund et al. 2013), meaning that a higher water
vapor pressure of the environment, presented by
relative humidity (RH), is required to reach the same
moisture content by adsorption than desorption at a
constant temperature.

The main proportion of water in the thickest S,-
layer of the secondary cell wall of wood (Fig. 1) is
bound to hydroxyl groups of hemicelluloses and the
surfaces of cellulose microfibrils (CMF) (Engelund
et al. 2013). The 2 to 3-nm-thick CMFs, together with
hemicelluloses, are aggregated into bundles, which
swell by the adsorption of water (Jarvis 2018). Lignin
is also included in the secondary cell wall, where it is
closely associated with hemicelluloses and possibly
also cellulose, providing a more robust and less water-
sensitive matrix for the CMFs (Kang et al. 2019). In
tension wood, a type of reaction wood present in
hardwoods, the secondary cell wall contains an
additional layer called G-layer, which is characterized
by a low microfibril angle and large CMF cross-
section (Miiller et al. 20006).

It is clear, that changes in the moisture content of
the wood cell wall cause also changes in the interac-
tions and morphology of its nanoscale building blocks.
However, studying these effects in situ in the changing
environment is a methodological challenge, which
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Fig. 1 Simplified model of softwood structure showing the cutting planes and cell wall layering, with the microfibril angle (MFA)

illustrated in the S,-layer

only few experimental techniques can meet (Rongpipi
et al. 2019). Scattering methods applying X-rays and
neutrons can be used to obtain averaged nanostructural
information from samples under various external
conditions, including different moisture contents
(Martinez-Sanz et al. 2015). The task is facilitated
by a new model developed for analyzing small-angle
scattering data from wood (Penttild et al. 2019).

X-ray and neutron scattering have been widely used
to study moisture-induced changes in wood nanos-
tructure. Wide-angle X-ray scattering has shown
changes in cellulose crystallites (Abe and Yamamoto
2005; Leppidnen et al. 2011; Svedstrom et al. 2012;
Yamamoto et al. 2010; Zabler et al. 2010), whereas
the swelling and shrinkage of CMF bundles has been
revealed by small-angle scattering of X-rays (Jakob
et al. 1996; Leppénen et al. 2011; Penttila et al. 2019)
and neutrons (Fernandes et al. 2011; Penttild et al.
2019; Plaza et al. 2016; Thomas et al. 2014). In most
previous works, however, the changes have been
observed during one adsorption or desorption
sequence only, and often on only one level of the
hierarchical structure. Therefore, a more detailed
insight combining experimental results from both
structural levels, i.e. the inner structure and packing of
CMFs, and correlating them with the actual moisture
content is still missing.

The aim of the present work is to describe moisture-
induced changes in wood nanostructure, starting from
the never-dried state, and relate them to structural
parameters obtained from scattering experiments.

Nanoscale structure in different wood samples as a
function of moisture conditions was studied using
wide-angle X-ray scattering (WAXS) and small-angle
X-ray and neutron scattering (SAXS and SANS). The
nanostructural changes and the experimentally deter-
mined parameters were linked to the actual moisture
content of the samples, as measured by a gravimetric
technique.

Experimental
Materials

Samples from two European beech (Fagus sylvatica)
trees, one European silver fir (Abies alba) tree and one
Norway spruce (Picea abies) tree were collected in a
mountainous area close to Grenoble, France. Small
wood blocks cut from the outer part of the xylem were
immediately immersed in H,O and stored refrigerated.
One of the two beech wood samples was later
identified as tension wood (“TW™), based on optical
microscopy images and the WAXS results. Approx-
imately 1 x 1 x 10mm?® pieces were cut from the
samples with a razor blade and either stored as such in
liquid water at 7°C (“never-dried samples”), condi-
tioned at RH 95% in a desiccator with saturated KNOj3
solution for 9 to 10 days (“preconditioned samples”),
or dried first in room air for 2 days, then in a desiccator
with silica gel at room temperature (RT) for 3 days,
and finally immersed in liquid H,O for 5 days (“dried/

@ Springer
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Fig. 2 Chart presenting the different types of samples used for each analysis

rewetted samples”). The samples from fir and spruce
contained mostly either earlywood (“EW”) or late-
wood (“LW?”), whereas those from beech contained
both. In addition, tangential sections from the beech
samples and the latewood portions of fir and spruce
with approximate dimensions of 1 x 8 x 13 mm?
were cut for SANS experiments and the H,O was
exchanged to D,O during a period of several weeks.
The drying and rewetting procedures for each analyt-
ical method are summarized in Fig. 2.

SANS measurements

Tangential sections of wood were immersed in liquid
D, 0 in quartz cells having a 2-mm optical path, with
the longitudinal direction of the wood sections being
perpendicular and the radial direction parallel to the
neutron beam. SANS was measured at the neutron
instrument D11 of Institut Laue-Langevin (ILL),
using a neutron wavelength of 6 A and sample-to-
detector distances of 1.5 m, 8 m and 34 m. After the
first SANS measurements (“never-dried samples”),
the samples were dried for 2 days in room air and 12
days in a desiccator, followed by immersion in liquid
D,0 for 5 days. SANS was measured again (“dried/
rewetted samples”), otherwise similarly as for the
never-dried samples but with sample-to-detector dis-
tances of 1.4 m, 8 m and 39 m. The two-dimensional
SANS data was corrected (including subtraction of
scattering by empty cell and dark current) and
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normalized to absolute scale using the Large Array
Manipulation Program (LAMP) of the ILL.

SAXS and WAXS measurements

For the X-ray measurements, the preconditioned
samples were placed in a custom-made humidity
chamber (Figure S1 of the Electronic Supplementary
Material (ESM)) adjusted to RH 90% and allowed to
equilibrate for 4 to 5 h. After measuring the SAXS and
WAXS patterns, the RH was changed to 75% (only for
WAXS and low-g SAXS), 45%, 15%, 45%, 75% (only
for WAXS and low-g SAXS) and back to 90%,
collecting SAXS and WAXS patterns at each RH point
after an equilibration time of 1.5 to 8 h. The never-
dried and dried/rewetted samples were measured in
the same humidity chamber but without humidity
control and in the presence of excess water. The beech
samples were placed either with their tangential plane
(“TL”) or radial plane (“RL”) perpendicular to the
X-ray beam, whereas all of the softwood samples had
their tangential plane perpendicular to the beam. The
longitudinal direction of the wood pieces was always
vertical and perpendicular to the X-ray beam.

SAXS and WAXS were measured at the D2AM
beamline of the European Synchrotron Radiation
Facility (ESRF), using an X-ray beam energy of 16
keV and two setups for the XPAD hybrid-pixel
detectors D5 and WOS. In the first setup, the D5
detector was placed at distance 216 cm from the
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sample to cover the low-g SAXS
(0.006—0.13 Afl) and the WOS detector at distance
13 cm to measure WAXS (0.61—-4.0 A_l). A simul-
taneous measurement of SAXS and WAXS was
enabled by a central hole in the WOS detector. In
the second setup, the D5 detector was placed at 58 cm
from the sample in order to cover the high-g SAXS

region

region (0.02—0.49 Afl). In each measurement, the
wood samples were scanned horizontally with 7 points
within a 1 mm range, with an exposure time of 40 s
per frame. The g-axis was calibrated by measuring a
silver behenate sample and the two-dimensional
SAXS and WAXS patterns were normalized by the
transmitted beam intensity, frame-averaged and cor-
rected for detector efficiency and background contri-
bution from the empty chamber. The frame-averaging
was done to minimize the effect of structural hetero-
geneity and to allow comparison with the SANS data.

Treatment and analysis of scattering data

The treatment and reduction of all SANS, SAXS and
WAXS data were carried out as in Penttild et al.
(2019). Briefly, the anisotropic part of the equatorial
scattering intensity (perpendicular to the mean fibril
axis) was separated from the two-dimensional SANS
and SAXS patterns by subtracting the isotropic
scattering contribution from intensity integrated on
25°-wide azimuthal sectors. The two-dimensional
WAXS data was azimuthally integrated on similar
sectors around the equatorial and meridional
directions.

The one-dimensional SANS and SAXS intensities
representing the anisotropic equatorial scattering were
fitted with the WoodSAS model (Penttili et al. 2019),
a model based on infinite cylinders in a hexagonal
array with paracrystalline distortion (Hashimoto et al.
1994) and tailored for wood samples:

1(q) = Al.yi(q,R, 4R, a, Aa) + Be ¢/%) 4 Cq™*
(1)
In Eq. (1), Iy(q) is the intensity from the cylinder
arrays with R denoting the mean cylinder radius with
standard deviation 4R and a the distance between the
cylinders’ center points with paracrystalline distortion

Aa. The cylinders are assumed to correspond to the
CMFs (Penttild et al. 2019), whereas the third term of

the equation, a power-law at low ¢ with exponent «
close to 4, has been assigned to the cell lumina (Jakob
et al. 1996; Nishiyama et al. 2014). The second term,

a Gaussian function centered at g = 0 A_l, approxi-
mates the form factor of other unspecified nanoscale
features such as pores (Penttila et al. 2019).

The fitting of Eq. (1) to SANS and SAXS data was
done using the SasView 4.2.0 software (Doucet et al.
2018) and the WoodSAS model plugin (Penttild et al.
2019), freely-available at the SasView Marketplace
(http://marketplace.sasview.org/). In the SANS fits, o
was fixed to 4 and AR/R t0 0.2. In the SAXS fits, & was
fixed to 4, da/a to 0.4, and AR/R to about 0.2. The
fixing of these parameters was done to accelerate the
fitting and to reduce the risk of unrealistic fitting
results. The values of the fixed parameters were cho-
sen based on both current and previous data (Penttild
et al. 2019). A g-independent, constant background
was included in the SAXS fits, if necessary.

WAXS data was used to estimate the size of the
well-ordered domains (crystal size) by calculating the
coherence length L using the Scherrer equation:

2
AGnu '

Ly = (2)
where Agqyy is the integral breadth of the diffraction
peak corresponding to reflection hkl. In doing this,
peak broadening due to instrument resolution, which
would effectively decrease the coherence length
calculated with Eq. (2), was assumed negligible. The
integral breadth and peak position (gp) of reflections
hkl = 200 and 004, according to the monoclinic unit
cell of cellulose Ig (Nishiyama et al. 2002), were
obtained by peak fitting from equatorial and merid-
ional WAXS intensities, respectively. The equatorial
intensities between g = 0.65 and 2.25 A" were fitted
with three Gaussian peaks for crystalline cellulose
(planes (110), (110) and (200) parallel to the CMF
axis), one Gaussian peak for less-ordered cell wall
polymers and water (centered around g = 2.0 A in
the never-dried and dried/rewetted samples and
around ¢ = 1.4 A" in other samples) and a constant
background. The meridional intensities between g =
2.3 and 2.7 A71 were fitted with two Gaussian peaks,
one of which corresponded to the 004 reflection (plane
perpendicular to the CMF axis) and one to the
contribution of other nearby reflections, plus a linear
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background. The distances dj; between parallel lattice
planes were obtained as djy = 27/qny. Fitting to
WAXS data was done using Python scripts and
representative example fits are shown in Figure S2
of the ESM. The fitting to the 110 and 110 diffraction
peaks was prone to errors in both peak position and
width, so that the data corresponding to these two
peaks was not analyzed further.

Vapor sorption measurements

Never-dried and dried/rewetted samples with approx-
imate dimensions of 1 x 1 x 10 mm?, similar to those
used in the SAXS and WAXS experiments, were
conditioned over saturated KNOj3 solution for 10 days
and placed in the dynamic vapor sorption (DVS)
apparatus (DVS ET, Surface Measurement Systems,
United Kingdom), pre-adjusted to a target RH of 90%.
During the entire DVS sequence, the gas flow was kept
at 200 cm®min ! using nitrogen. The target RH in the
DVS was varied from 90 to 15% and back with similar
steps and durations as during the SAXS experiments at
the shorter sample-to-detector distance, as shown in
Figure S3 of the ESM. The measured RH values were
1-2 percentage units lower than the target RH (as seen
in the figures and tables showing the results). The
temperature was kept constant at about 20 °C during
the RH sequence. The dry mass was obtained after the
RH cycle by drying the sample at 60 °C for 6 h using

the pre-heater of the DVS apparatus, which was
followed by a temperature stabilization at about 20 °C
for 2 h. The dry mass after temperature stabilization
was used to calculate the moisture content, defined as
the mass ratio of adsorbed water and the dry sample, as
an average over a 10-min period at the end of each RH
step. After the measurements, the mass stability at the
end of each RH step was estimated by the change in
mass over time (dm/dt). The dm/dt, calculated based
on a 1 h regression window and using the dry mass as
the reference mass, was below 20 pg g~' min™' at
most measurement points, as shown in the ESM
(Table S1).

Results and discussion
Vapor sorption results

DVS was used to determine the moisture content of
never-dried and dried/rewetted wood samples below
the fiber saturation point, namely at RH points from
approximately 90 to 15% and back. The results are
summarized in Table 1 and the data for never-dried
and dried/rewetted beech has been illustrated in the
form of a sorption isotherm in Fig. 3. The sorption
isotherms of the other samples are presented in the
ESM (Figure S4). The shape of the sorption isotherms
(Figs. 3 and S4) follow those found in literature (Glass
and Zelinka 2010; Engelund et al. 2013), showing

Table 1 Moisture content of wood samples measured with DVS at different RHs during subsequent desorption and adsorption
isotherms (columns from left to right), with error estimates based on standard deviation from two or more specimens

Sample Drying state Moisture content (%) at different RHs (%)
88.7 £ 0.3 43.5 £ 0.1 12.57 £ 0.03 43.05 £ 0.06 88.4 + 0.2

Beech Never-dried 38.6 = 0.8 10.74 £ 0.06 4.51 £ 0.03 8.80 + 0.03 21.5 £ 0.1
Dried/rewetted 36.1 + 0.88 10.73 £ 0.03 4.51 £ 0.01 8.82 + 0.01 21.41 £ 0.05

Beech TW Never-dried 36.5 £ 0.8 11.0 + 0.1 4.90 £ 0.05 9.14 + 0.07 224+ 0.2
Dried/rewetted 325+ 02 10.97 £ 0.03 4.87 £+ 0.01 9.14 £ 0.09 222 £0.2

Fir EW Never-dried 28.0 11.9 54 10.1 23.4
Dried/rewetted 28.2 12.0 54 10.2 24.1

Fir LW Never-dried 27.6 £ 04 11.44 £ 0.02 5.26 £ 0.01 9.66 £ 0.01 225 +£0.2
Dried/rewetted 26.8 11.3 5.2 9.6 224

Spruce EW Never-dried 28.7 £ 04 123 £ 0.2 5.6 £ 0.1 10.5 + 0.1 24.70 £ 0.05
Dried/rewetted 27.8 11.9 54 10.2 24.0

Spruce LW Never-dried 28.4 11.8 5.5 10.1 23.6
Dried/rewetted 26.9 11.7 5.4 9.9 23.0

@ Springer
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Fig. 3 Example sorption isotherms for beech samples, with the
sequence of the data points indicated by arrows

hysteresis as consistently higher moisture content
values during a desorption from the never-dried or
dried/rewetted state than during a subsequentially
measured adsorption isotherm (as seen also in
Table 1). Particularly, the moisture content values
for all beech wood samples at RH 90% before and after
the RH cycle were in ranges 32—40% and 21-23%,
respectively, indicating a considerable hysteresis
effect during a drying cycle from the fully hydrated
state. Similarly, the moisture content values for the fir
and spruce samples were larger before (27-30%) than
after (22-25%) the RH cycle, even though the change
was less drastic than in the case of beech wood. The
originally higher moisture content of the beech wood
samples at the start of the RH cycle might be explained
by their higher density as compared to the softwoods
(Glass and Zelinka 2010), which could also lead to
slower equilibration (as indicated by larger dm/dt for
the beech samples at the beginning of the RH cycle in
Table S1).

Furthermore, the moisture content of never-dried
beech was slightly higher than that of the correspond-
ing tension wood at the first measurement point
(Table 1), whereas this trend was reversed in all
subsequent measurement points. The latter part is in
line with other results showing that moisture content in
tension wood may be higher than in normal wood
(Vilkovska et al. 2018). In the softwood samples, the
latewood sections showed generally lower moisture
contents than the EW sections (Table 1). A similar
result was reported before by Hill et al. (2015) for

mature Japanese larch, but the exact reason remained
unclear. Differences between the two softwood
species were small but consistent, showing slightly
higher moisture contents in the spruce samples as
compared to the fir samples.

An effect caused by drying and rewetting before the
DVS measurement was obvious at the beginning of the
RH cycle (RH 90%), where most of the dried/rewetted
samples showed smaller moisture content values than
their never-dried counterparts (Table 1). The differ-
ence was particularly large in beech tension wood and
the spruce samples, whereas only the fir earlywood
samples did not show such effect. According to
literature (Glass and Zelinka 2010), the first desorption
isotherm of never-dried wood is usually above any
subsequent desorption isotherm especially at high
RHs, even though this behavior may depend on the
drying and rewetting procedures (Thybring et al.
2017). In most of the beech and fir samples, the
moisture content difference between never-dried and
dried/rewetted samples disappeared at later points of
the RH cycle, indicating that the effects of drying and
rewetting before the DVS measurement were can-
celled by reducing the RH to a value between 45 and
90%. This range coincides with the RH range where
the glass transition of the hemicelluloses is assumed to
take place (Engelund et al. 2013). Only the dried and
rewetted spruce samples possibly had smaller mois-
ture contents than their never-dried counterparts
throughout the RH cycle. All in all, the current DVS
data indicate some changes in the water sorption
capacity of wood samples dried at RT and rewetted in
liquid water as compared to never-dried samples.

SANS results

SANS was used to compare the aggregation state and
cross-sectional diameter of the CMFs between the
never-dried and dried/rewetted states. The equatorial,
anisotropic SANS intensities (Fig. 4) were fitted with
a model based on hexagonally packed cylinders
(Penttild et al. 2019), in order to obtain the mean
diameter of the CMFs (2R), the distance between the
center points of their lateral cross-sections (a) and a
parameter describing the relative variation of distance
a (da/a). These parameters are shown in Table 2,
whereas the rest of the fitting parameters and plots

@ Springer
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Fig. 4 Equatorial, anisotropic SANS intensities from never-
dried (filled symbols) and dried/rewetted (unfilled symbols)
wood samples together with fits of Eq. (1) (solid lines for never-
dried, dashed lines for dried/rewetted), shifted vertically for
clarity

showing the different terms of the fitting function are
included in the ESM (Table S2 and Figure S5).

The results of the SANS fits (Table 2) showed
similar values as determined previously with the same

methodology for both softwoods and normal hard-
woods in wet state (Fernandes et al. 2011; Penttild
et al. 2019; Plaza et al. 2016; Thomas et al. 2014).
The CMF diameter (2R) was around 2 nm in all
samples and their packing distance (a) 4.3—4.4 nm in
both softwoods and close to 3 nm in beech normal
wood. The tension wood samples of beech, on the
other hand, produced a different shape of the SANS
intensity curve, with a strong contribution at g values

from 0.01 to 0.1 A~ (Fig. 4). Fits to these samples
yielded a considerably larger value for the interfibrillar
distance (above 6 nm) as compared to normal wood
(Table 2), and a significantly higher contribution of
the Gaussian term (term with B in Eq. (1)) was
required to model the scattering on the g range from

0.01 to 0.1 A~' (Table S2 and Figure S5). The
peculiar shape of the SANS intensity curve of beech
tension wood is similar to those reported for poplar
tension wood by Sawada et al. (2018), who assigned
the additional contribution to associated CMFs and
mesopores (diameter 6 nm), and it is therefore sug-
gested to be characteristic of tension wood samples.
The SANS results showed small but rather consis-
tent differences between never-dried and dried/rewet-
ted structures of the samples (Table 2). The CMF
diameter (2R) of dried/rewetted beech tension wood
and fir latewood was 4% larger than in the never-dried
state, with the other samples showing almost no
difference. At the same time, the interfibrillar distance
(a) was 2-3% smaller after drying and rewetting in all
the normal wood samples, with slightly increased
polydispersity parameter da/a. Also the power-law
scattering at low g values in the normal wood samples
was stronger after drying and rewetting (parameter

Table 2 Results of fits to SANS data from never-dried and dried/rewetted woods, with 2R being the mean CMF diameter, a the CMF

packing distance and Aa/a the polydispersity of a

Sample Drying state 2R (nm) a (nm) daja

Beech Never-dried 2.09 £+ 0.01 2.74 £+ 0.01 0.371 &+ 0.004
Dried/rewetted 2.08 £+ 0.02 2.67 + 0.02 0.411 £+ 0.005

Beech TW Never-dried 2.00 £+ 0.02 6.44 £+ 0.05 0.38 £+ 0.01
Dried/rewetted 2.08 £+ 0.01 6.54 + 0.04 0.344 £ 0.008

Fir LW Never-dried 1.91 £+ 0.09 44 £ 0.1 0.30 £ 0.01
Dried/rewetted 1.99 + 0.08 43 + 0.1 0.31 £ 0.01

Spruce LW Never-dried 2.05 £ 0.01 4.37 £ 0.01 0.307 £+ 0.001
Dried/rewetted 2.06 £ 0.01 4.29 £+ 0.02 0.326 + 0.002

The error margins correspond to the errors of fitting provided by the fitting software
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C in Table S2). On the other hand, opposite trends
were observed in the tension wood samples of beech,
where the interfibrillar distance increased by about 2%
and the power-law scattering slightly weakened as a
consequence of drying and rewetting. These results
suggest that the drying-induced changes in the wood
nanostructure, particularly in the cross-sectional diam-
eter and packing distance of CMFs, were specific to
the type of wood and were not fully recovered by
immersing the samples back in liquid water for several
days.

SAXS results

To observe the effects of gradual humidity and
moisture changes on the lateral dimensions and
packing of the CMFs, SAXS measurements of the
wood samples were conducted under controlled
humidity conditions as well as from never-dried and
dried/rewetted samples saturated with liquid water. In
the experiments at different humidities, the RH of the
sample environment was varied from 90 to 15%
(samples denoted “(d)” for down) and back (“(u)” for
up), and SAXS measurements were done at each
extreme and at RH 45%. The equatorial, anisotropic
SAXS intensities from beech, TL at different moisture
conditions, together with fits of Eq. (1), are shown as
an example in Fig. 5 and the data from the other
samples is included in the ESM (Figure S6). The
results of the most important fitting parameters are
summarized in Fig. 6 and the rest are given in the ESM
(Table S3).

Although individual samples and humidity points
show some unsystematic deviations, attributed for
instance to lower contrast between the CMFs and the
surrounding matrix at low moisture contents, a number
of trends can be found from the fitting results (Fig. 6).
The contribution of the cylinder term (A) was highest
in the wet state and became smaller at low RHs, with
the value at RH 90% before the drying being larger
than after drying in all samples. The CMF diameter 2R
generally decreased at low RHs, even though the
change especially in beech normal wood was very
modest. The distance a in beech tension wood and the
softwood samples decreased at low RHs, whereas
almost no change was seen in the normal wood
samples of beech. The scaling factor of the Gaussian
term (B) increased at low RHs in the softwood
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Fig. 5 Examples of equatorial, anisotropic SAXS intensities
from beech, TL at various moisture conditions (dots) and fits of
Eq. (1) (solid lines), with “(d)” and “(u)” in the legend referring
to the change of RH down and up, respectively

samples, decreased in beech tension wood, and
remained about the same in beech normal wood. The
scaling factor of the power-law scattering from
surfaces of larger pores (C) increased at low RHs,
especially compared to the water-saturated states. As a
whole, the changes of the fitting parameters with
moisture content followed the trends reported previ-
ously based on SAXS experiments during drying
(Penttild et al. 2019). Some of the changes were
obvious also in the plotted SAXS intensities (Figs. 5
and S6), such as the gradual weakening and shift of the
shoulder feature from the CMFs (close to

qg=02 A_l) to higher g values and the strong
increase of the low-g power-law scattering with
decreasing moisture content.

In comparison with the SANS results (“SANS
results” section), the values of 2R and a determined
with SAXS for never-dried and dried/rewetted sam-
ples were of similar magnitude. Moreover, the SAXS
data of beech tension wood reproduced a similarly

strong scattering between g = 0.01 and 0.1 A as
observed with SANS, and it was reflected in the larger
value of B as compared to the normal wood samples
(Fig. 6 and Table S3). However, contrary to the trends
observed with SANS, the distance a determined with
SAXS actually increased by 2-5% in the softwood
samples as a consequence of drying and rewetting. The
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Fig. 6 SAXS results showing the variation of the scaling factor
of the cylinder arrays (A), CMF diameter (2R), interfibrillar
distance (a), and the scaling factors of the Gaussian term (B) and
power-law scattering (C) according to Eq. (1), as a function of
humidity conditions: a Beech normal wood and tension wood,
b Fir and spruce

contradictory result between the two methods might
be related to the poorer resolvability of the interfib-
rillar correlation peak in SAXS than SANS data,
making the SANS result appear more reliable. No
clear differences were detected between parameters
obtained for the two softwood species or their
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earlywood and latewood sections, which is in line
with previous SAXS results (Jakob et al. 1994; Suzuki
and Kamiyama 2004). Only the moisture behavior of
the two earlywood samples was possibly more similar
to each other than to that of the latewood samples.
Besides the lateral structure of the CMFs and
bundles thereof, SAXS can also be used to detect their
orientation and, most concretely, the microfibril angle
(Lichtenegger et al. 1999). In order to roughly illus-
trate any moisture-dependent changes in the orienta-
tion of the fibrils, the azimuthal full width at half
maximum (FWHM) of the equatorial intensity streak,
obtained during the initial treatment of the two-
dimensional SAXS data (“Treatment and analysis of
scattering data” section), was averaged over two
q ranges at each moisture condition (Figure S7 in the
ESM). The azimuthal FWHM corresponding to the
length scale of individual CMFs and their bundles
(3-30 nm, Figure S7a) increased for beech tension
wood at low RHs, whereas no significant variation
with moisture was observed in the other samples. In
the scale of the individual CMFs (1-3 nm, Figure S7b),
the azimuthal FWHM increased in the beech tension
wood samples as well as in the TL section of beech
normal wood and possibly also in spruce earlywood.
At the same time, some of the other softwood samples
showed indications of a decreased width at low RHs.
Interpreting moisture-dependent changes based on the
azimuthal distribution of SAXS intensity from wood
samples is rather difficult, because equatorial scatter-
ing may arise also from other features than CMFs and
their bundles. In particular, the scattering contribution
dominating the equatorial intensity between g = 0.01

and 0.1 Afl, modeled mostly by the term with B in
Eq. (1), could arise from nanoscale pores between the
CMFs and CMF bundles. Nevertheless, these qualita-
tive observations on moisture-dependent changes of
the azimuthal intensity distribution might be of help
when interpreting changes in other nanoscale struc-
tural parameters.

WAXS results

For understanding moisture-related changes in the
inner structure of the CMFs, WAXS data from the
wood samples at different moisture conditions were
measured simultaneously with the SAXS data of the
longer sample-to-detector distance. The WAXS
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ence lengths Ly, as calculated from these fits for the
directions perpendicular (hkl =200) and parallel
(hkl = 004) to the CMF axis, are shown in Fig. 8.
The lattice spacings d»oo and doo4 (Fig. 8) were of a
typical magnitude and followed the general trends
observed before in drying wood samples (Abe and
Yamamoto 2005; Leppénen et al. 2011; Zabler et al.
2010; Yamamoto et al. 2010; Svedstrom et al. 2012):
the lattice spacing perpendicular to the CMF axis
(dao0) increased at low RHs, whereas that parallel to
the CMF axis (dyo4) decreased. These changes can be
explained by drying deformations caused by the
shrinking hemicellulose matrix around the CMFs,
which at the same time pulls apart the CMFs in their
lateral direction and contracts them in the longitudinal
direction (Abe and Yamamoto 2005; Yamamoto et al.
2010; Leppinen et al. 2011). Only some of the values

Fig. 8 WAXS results showing the variation of the lattice
spacing (dp) and coherence length (L) for Akl = 200 and 004
as a function of humidity conditions: a Beech normal wood and
tension wood, b Fir and spruce

in the fully-hydrated states, especially those of dy,
behaved in an unsystematic way, which in principle
could be caused by the disturbing effect of the strong
water background on the peak fitting. The percentual
changes of the lattice spacings (around 1% for dygo and
of the order of 0.1% for dyys) were similar to those
obtained by others (Leppénen et al. 2011; Svedstrom
et al. 2012; Yamamoto et al. 2010; Zabler et al. 2010)
and they were mostly reversible, as also reported by
Zabler et al. (2010). As a special feature of beech
tension wood, its dpgy was slightly smaller and dyog
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larger than those of the corresponding normal wood,
the first observation being in accordance with the
results of Yamamoto et al. (2010).

The values of the coherence length (Lo and Loo4,
Fig. 8) were also in agreement with previous results
for similar wood samples (Andersson et al. 2004;
Leppinen et al. 2011; Penttild et al. 2013, 2019),
including the larger L,py’s of tension wood as com-
pared to normal wood (Miiller et al. 2006). The
moisture behavior of the lateral coherence length Ly
varied between different types of wood samples. In the
beech samples, Lyyy decreased with desorption and
increased with adsorption, more strongly in tension
wood than in normal wood, whereas all the softwood
samples showed higher values at the fully-hydrated
states and an almost continuous increase of Ly during
the RH cycle from 90 to 15% and back. The parameter
Lyoo seemed also larger in the dried/rewetted state as
compared to the original, never-dried state, at least in
the softwood and beech tension wood samples, which
is in line with the changes of the CMF diameter
observed with SANS in “SANS results” section. Pre-
viously, a decrease of Ly as a consequence of drying
has been reported for both softwoods (Svedstrom et al.
2012; Toba et al. 2013) and hardwoods (Leppinen
et al. 2011; Yamamoto et al. 2010), with a stronger
effect seen in tension wood than in normal wood, as
well as for cotton fibers (Fang and Catchmark 2014). A
growth of the Loy coherence length with repeated
drying and wetting treatments has been observed
before at least in two Japanese softwoods (Toba et al.
2013). An explanation for the larger Ly in the wet
state could be possibly found in the drying-induced
stresses, which in addition to increasing the lattice
spacing dsp9, would also disturb the order of the
cellulose chains on CMF surfaces or cause some other
kind of deformations in the crystal structure (Fang and
Catchmark 2014; Toba et al. 2013; Yamamoto et al.
2010).

Interestingly, changes in RH affected the parameter
Lyo4 in a systematic way, producing smaller values at
low RHs for all samples. Only some of the never-dried
and dried/rewetted samples deviated from this trend,
which could be again caused by the involvement of the
strong water background in the fits. The changes in the
coherence length Lyyy were similar to the results of
Leppénen et al. (2011) and Svedstrom et al. (2012),
who reported increases of up to 20% for the 004 peak
width in both hardwood and softwood samples during
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drying. These results can be interpreted as a longer
axial coherence length of the crystals in the presence
of more moisture. Therefore, the changes in both
diffraction peaks (200 and 004) imply that the
cellulose chains in the CMFs have a higher degree of
order in the presence of water than in the absence of it,
which is a conclusion previously made based on
Raman spectra (Agarwal 2014).

The orientational distribution of cellulose crystal-
lites was analyzed by determining the azimuthal width
of the 200 reflection of cellulose Iz by a Gaussian fit
(Figure S9 in the ESM). The azimuthal FWHM
(Figure S10) was clearly largest in spruce (mostly
around 30°—40°), whereas values between 15° and
23° were obtained for the other samples. The
azimuthal FWHM values for beech tension wood
were smaller than for the corresponding normal wood,
as expected based on the generally smaller microfibril
angle of tension wood (Donaldson 2008). Interest-
ingly, the azimuthal FWHM values determined from
the 200 reflection for all samples were somewhat
smaller than those obtained from the SAXS intensities
representing the length scale of the CMF cross-section
(from 20° to 65°, Figure S7). This difference is partly
explained by the contribution of non-cellulosic struc-
tures such as oriented nanopores to the SAXS
intensities, but might also be related to a more uniform
orientation of larger crystallites that dominate the
WAXS intensities. Roughly similar changes with
moisture conditions were seen as in the case of the
SAXS intensities (“SAXS results” section): the dis-
orientation increased at low RHs in beech tension
wood, and possibly also the spruce samples were
affected, whereas the changes in the other samples
were negligible. These results are in line with the
reported small increase of the microfibril angle in
tension wood samples with drying (Leppénen et al.
2011).

Correlations between moisture content
and nanostructural parameters of wood below fiber
saturation point

In order to remove the effect of sorption hysteresis
prior to further discussion, the nanostructural param-
eters determined from the scattering experiments at
different moisture conditions should be linked to the
actual moisture content of the samples. For this
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Table 3 Percentage change of nanostructural parameters per percentage unit of moisture content, determined using SAXS and
WAXS between RH values 15% and 90%

Sample SAXS WAXS
2R a do0 dooa Laoo Loos

Beech, TL 0.00 £ 0.04 04 + 0.1 —0.01 £ 0.01 0.007 £ 0.002 0.1 £0.1 0.31 £ 0.03
Beech, RL 0.16 £+ 0.04 —0.02 £ 0.06 —0.017 £ 0.009 0.003 £ 0.003 0.0 £0.1 0.25 £ 0.09
Beech TW, TL 0.14 £+ 0.05 1.6 £ 0.7 —0.026 + 0.008 0.001 £ 0.003 04 +£03 0.4 £ 0.1
Beech TW, RL 0.1 £03 1.5+ 0.3 —0.03 £ 0.01 0.005 £ 0.002 02+04 0.4 £0.1
Fir EW 0.0+ 0.5 34 4+ 0.8 —0.038 £ 0.009 0.006 £ 0.005 —0.1 £ 0.1 04 + 0.2
Fir LW 0.6 + 0.2 0£1 —0.030 £ 0.009 0.011 £ 0.005 —0.1 £ 0.1 0.25 £ 0.09
Spruce EW 03 +0.2 34 4+ 0.8 —0.041 £ 0.009 0.003 £ 0.005 0.0 £ 0.2 0.30 £ 0.03
Spruce LW 0.6 £ 0.2 1.5+ 0.8 —0.035 £ 0.008 0.006 £ 0.002 —0.1 £0.1 0.40 £+ 0.07

purpose, the physical parameters obtained from fits to
SAXS (2R and Cl) and WAXS data (dzo(), d004, L20() and
Loo4) at different RHs below the fiber saturation point
(“SAXS results and “WAXS results” sections) were
plotted as a function of moisture content at each RH
step (Figure S11 in the ESM), as determined with
DVS (“Vapor sorption results” section). A straight
line was fitted to the data points of each sample, and
the resulting slopes, normalized by the predicted value
at moisture content 0%, are shown in Table 3.

Based on the results in Table 3, dys and Loos
correlated positively and dpg negatively with mois-
ture content in all samples. Also the interfibrillar
distance a showed a clear positive correlation with
moisture content in all samples except the RL section
of beech normal wood, at least after omitting the
clearly deviating values obtained for the latewood
sections of the softwoods at RH 15% (Figure S11). In
fact, the relative changes observed in this parameter
with moisture content were larger than those in any
other parameter. L,y seemed to have a weak positive
correlation with moisture content in the beech sam-
ples, whereas a negative value was obtained for most
softwood samples. However, as already pointed out in
“WAXS results” section, the coherence length Ly in
the softwoods rather increased throughout the RH
cycle than followed the RH changes directly. The
behavior of 2R was different from L,y presenting a
weak positive correlation with moisture content in
most samples. The differences between the samples
will be analysed more deeply in the following
discussion.

Summary of moisture-related changes
in the nanostructure of different woods

The nanoscale moisture behavior of wood was
approached in this work by using X-ray scattering
methods SAXS and WAXS, complemented by SANS.
As the employed techniques are sensitive to slightly
different length scales and constituents of the wood
nanostructure, a comprehensive picture should be
created by comparing the results to each other. This
will be attempted in the following with the aid of a
simplified, ideal model for the general wood structure
(Fig. 9), based on recent literature (Alméras and Clair
2016; Kang et al. 2019; Salmén et al. 2012). In Fig. 9,
the CMFs are depicted as wavy rods with occasional
aggregation, separated by water-accessible polysac-
charides (hemicelluloses) and less hydrophilic lignin
domains.

When water bound to the hemicelluloses evapo-
rates from the ideal, generalized secondary cell wall
structure (Fig. 9), the water-swollen polysaccharide
matrix shrinks strongly, pulling the CMFs closer to
each other (a decreases) and causing disruptions of the
crystalline order especially on the CMF surfaces (2R
and Lpy decrease, djyy increases). The shrinking
matrix also contracts the CMFs in their longitudinal
direction (dgos decreases), causing either bending of
the CMFs or an increase in their twisting (Lgos
decreases). Most of these changes are at least partly
reversible, meaning that the original wet-state struc-
ture can be regained after drying by increasing the
moisture content of the cell wall. This requires
breaking of the existing links within the matrix and
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Fig. 9 Hypothetical sketch illustrating the effects of moisture
changes on the wood nanostructure (proportions and dimensions
of the components not in scale)

between the matrix and the CMFs, which enables
further swelling of the structure to accommodate more
water. When the rehydration is done with water vapor,
a higher RH (vapor pressure) is required to reach the
same moisture content, which is observed as hysteresis
in the sorption isotherms. Even though almost full
rehydration of wood may be reached by vacuum
impregnation of liquid water (Thybring et al. 2017),
our results (especially from DVS and SANS, “Vapor
sorption results” and “SANS results” sections) show
that not all nanostructural changes that took place
during the initial drying of the wood samples were
erased by immersing them back in liquid water at
ambient conditions.

When looking into the differences between the
samples, some important deviations from the idealized
behavior outlined above can be found. Firstly, in line
with previous observations on other hardwoods
(Leppinen et al. 2011; Penttild et al. 2019; Thomas
et al. 2014), the interfibrillar distance a in beech
normal wood was smaller than in the softwood
samples, and it was only slightly affected by moisture
changes. Also the lateral width of the CMFs (param-
eters 2R and L,g) in beech normal wood changed less
with moisture than in the other samples, suggesting a
lower accessibility of the CMF surfaces to water in
beech normal wood. These findings indicate that the
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CMFs are more densely packed in normal hardwoods
than in softwoods, making the CMFs and their bundles
less sensitive to moisture changes. It can be speculated
that the lower content of glucomannan in hardwoods
could be connected with the observed differences, as it
is the hemicellulose more directly associated with the
CMFs in softwoods (Akerholm and Salmén 2001).
Unlike the normal wood samples of beech, beech
tension wood showed many similar trends with
moisture changes as the softwood samples, including
a strong correlation of the interfibrillar distance a with
moisture content and clear effects on the CMF
diameter (2R and Ly). However, the numerical
values of a and Ly were significantly larger in the
tension wood samples than in any of the other samples.
These results are in line with a longitudinally
alternating structure for CMF bundles in the G-layer
of tension wood, with pores of approximately 6 nm in
diameter occasionally separating the fibrils (Clair
et al. 2008; Sawada et al. 2018). Such diversity in the
structure might also explain the seeming discrepancies
between the data obtained for the tension wood
samples in this study. In particular, the lateral
coherence length L,y measured by WAXS was
roughly two times larger than the CMF diameter 2R
determined with SAXS. This could be caused by a
stronger contribution of larger crystallites formed by
coalescence of neighboring CMFs to the WAXS
intensities, whereas the thinner single sections of the

CMFs would dominate the shoulder around g =

0.2 A™" in the SAXS intensities. The moisture-related
changes observed in the tension wood nanostructure,
on the other hand, are consistent with the proposed
xero-gelation of the matrix and buckling of the CMFs
taking place in a drying G-layer (Clair et al.
2006, 2008; Yamamoto et al. 2010). Our results
showed a reversible decrease of the interfibrillar
distance a from above 6 nm at high moisture content
to around 4 nm at low moisture content (Fig. 6), as
well as an increased disorientation of the CMFs (wider
azimuthal intensity distribution in “SAXS results”
and “WAXS results” sections) at low moisture
contents.

Lastly, the softwood samples behaved consistently
with the idealized structure as described above in
relation to Fig. 9, except for the lateral coherence
length Loy determined with WAXS. As can be seen
from Fig. 8, the value of L,y decreased first with
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drying from the never-dried state to RH 90%, but then
started to gradually increase almost independent of the
RH. In most of the softwood samples measured after
drying and rewetting, the value of Loy was larger than
in the original, never-dried state. This could possibly
be an indication of a slow reorganization of cellulose
chains on CMF surfaces, which could increase the size
of well-ordered crystalline domains, similarly as
speculated to happen during repeated drying and
wetting treatments of other softwoods (Toba et al.
2013). Interestingly, an increase of the CMF width
after the drying and rewetting cycle was also indicated
by the WAXS (Lyy in Fig. 8) and SANS (2R in
Table 2) results for beech tension wood. Unlike in the
softwood samples, however, these changes could
probably be more reliably assigned to the coalescence
of the CMFs, which is presumably common in the
G-layer (Sawada et al. 2018).

One of the most interesting findings of the current
study is the clear correlation of the longitudinal
coherence length Lyys with the moisture content in
all of the examined wood samples. In some earlier
works, a “crystal length” of some tens of nanometers,
as determined from the broadening of the 004
diffraction peak of cellulose, was thought to corre-
spond to the length of crystalline segments in a CMF
with alternating crystalline and amorphous domains
along the fibril axis. According to the current under-
standing (Jarvis 2018), however, such extensive
amorphous domains do not exist in the CMFs of native
wood cell walls, even though disordered regions of a
few glucose units with a much longer periodicity
(150 nm) have been reported for ramie fibers
(Nishiyama et al. 2003). Therefore, alternative expla-
nations for the finite correlation length in the longi-
tudinal direction of CMFs have been suggested, a
chiral twist around the longitudinal axis and bending
of the longitudinal axis probably being the strongest
candidates (Fernandes et al. 2011; Jarvis 2018).
Bending or buckling of CMFs has been proposed to
take place during drying of the G-layer in tension
wood (Clair et al. 2006) and it is possible that similar
but weaker changes occur also in the lignified cell
walls of normal woods. A similar mechanism was
recently proposed to explain structural changes during
drying also in primary cell walls (Huang et al. 2018),
where the CMFs are thinner and the moisture content
is considerably higher than in the secondary cell wall.

However, in case drying-induced bending of the
CMFs would cause the observed decrease of Ly, at
low moisture contents, one could expect the change to
be considerably larger in tension wood than in any of
the other samples. As the relative change of Loy with
moisture content was of similar magnitude in all
samples (Table 3), an increase in the twisting with
drying appears a more plausible explanation. Based on
molecular dynamics simulations, the twist rate of
CMFs and their bundles, and thereby also the longi-
tudinal coherence length, can be affected for instance
by the fibril dimensions (Kannam et al. 2017) or
interactions with water (Paajanen et al. 2019). How-
ever, it is not clear if the systems simulated so far are
sufficiently representative of the complex, multicom-
ponent structure of the native wood cell wall.

Conclusions

Wood is highly sensitive to moisture changes, but their
effects on the nanoscale structure of the wood cell wall
are not clear. In this work, we correlated such changes
with nanostructural parameters determined with X-ray
and neutron scattering. Many of the measured param-
eters, such as the lateral packing distance between the
CMFs and parameters describing their crystal struc-
ture, were found to follow the moisture changes. These
correlations indicated a better crystalline order of
cellulose in the presence of water than in the absence
of it. However, from the differences exhibited by
different types of wood, it is clear that the nanoscale
effects of moisture depend somewhat on the wood
species and the presence of reaction wood. These
differences may be related to the detailed organization
and chemical composition of structural elements in the
wood cell wall, where particularly the matrix polymers
seem to play an essential role. X-ray and neutron
scattering have proved as excellent methods for
studying moisture-related changes in wood nanostruc-
ture, enabling also detection of small, irreversible
structural differences caused by the first drying of
native wood.
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