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Wood, plants, and cellulosic materials contain significant amounts of bound water, up to 30% of their
dry mass, present as nanoscale inclusions of water molecules within a solid matrix. This bound water is
mobile and exchanges readily with vapor and free water; however, its transport dynamics remain poorly
understood due to the lack of direct observations. In this study, nuclear magnetic resonance and magnetic
resonance imaging were used to characterize bound water diffusion in various wood types and cellulose
fibers across different directions and at different temperatures. To isolate bound water dynamics, the acces-
sible pores were filled with oil, and bound water distribution was tracked during desorption. The results
demonstrated that bound water diffusivity is independent of both its concentration and its direction, despite
the pronounced anisotropy of wood, and exhibits an exponential dependence on the inverse of the tem-
perature. These observations suggest that bound water transport is an activated process, analogous to the
diffusion in solids, with an activation energy comparable to the latent heat of liquid water evaporation.
These findings show that bound water enables efficient long-distance moisture transport through wood
and plant structures, irrespective of whether the voids are closed, empty, or filled with nonaqueous liquid,
provided a local bound water deficit exists. Consequently, bound water spontaneously refeeds a desatu-
rated plant system. This phenomenon plays a fundamental role in water extraction, water imbibition, and

moisture transport in living plants and cellulosic materials.

DOI: 10.1103/5qm8-trjr

L. INTRODUCTION

Wood, plants, and other cellulosic materials such as
paper or natural textiles can absorb water in their pores
(or voids) but also in the amorphous regions between the
cellulose microfibrils [1-3]. This absorbed water, com-
monly referred to as “bound water” or “cell-wall water,”
forms nanoscale inclusions of one or a few molecules
inside the solid structure through hydrogen bonding [4]
(see Fig. 1). This phenomenon drives the swelling [see
Figs. 1(b) and 1(c)] or shrinkage of cellulosic materials [4—
6] under differing humidity conditions, potentially leading
to wood structure damage [6,7]. The bound water content
in the solid phase of the material increases with ambient
relative humidity, and can reach up to 30% of the dry
mass of the material [8]. Although poorly characterized
and understood, the absorption and transport processes
of this bound water are of fundamental importance in a
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myriad of applications. For example, these processes con-
tribute to humidity regulation, enhancing indoor comfort
in buildings partly or fully made of bio-based materials
such as wood, insulating fiberboard (flax, cotton, hemp),
hemp concrete, or raw earth walls [9—12]. In timber drying
processes, the extraction of the final bound water fraction
is the primary factor controlling the drying rate [13], and
this is also the critical stage during which material defects
such as fractures can appear [14]. Similarly, in paper pro-
duction, the extraction of the final fraction of bound water
represents the most-energy-intensive phase in paper mills
[15], and most of the functional properties of paper are
developed during this stage [16]. Moreover, in cellulosic
sheets, variation in bound water content caused by storage,
heating, or ink printing can lead to mechanical instabilities
such as curls or cockles [17—19].

Recently, several intriguing observations suggest that
despite being confined and dispersed in nanopores between
solid microfibrils, bound water plays a crucial role in
water transport within wood and plants. During imbibition,
bound water penetrates wood structure ahead of free water
[20-24], significantly slowing the capillary penetration
[22-24] by several orders of magnitude in time. Further-
more, nuclear magnetic resonance (NMR) observations
further reveal that during slow drying, the concentration of
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Structural element of a cellulose fiber (or wood cell wall) in a cellulosic material with crystalline regions (microfibrils com-

posed of bundled cellulose chains) separated by amorphous regions (with entangled cellulose chains or hemicellulose chains in wood).
(a) Dry state. (b) Homogeneous wet state, with a uniform concentration of bound water molecules adsorbed in the amorphous regions;
self-diffusion does not affect the concentration. Note the swelling of the structure. (c) Heterogeneous wet state, with a nonuniform
bound water concentration leading to transport diffusion. Water moves from regions of higher to lower concentration in any direction,

creating a swelling gradient and structural deformation.

bound water decreases only after most of the free water has
disappeared [21,25,26]. More recent analyses suggest that
bound water also ensures the extraction and transport of
free water from the interior of wood to its surface during
most of the drying process [27,28]. Additionally, exper-
iments with cellulose fiber stacks immersed in oil have
demonstrated that bound water transport can occur within
the cellulose fiber network [29].

Therefore, gaining a more comprehensive understand-
ing of the physical properties of bound water is critically
important. Particularly, it is essential to understand its spe-
cific transport dynamics within the solid structure. This
is the aim of the standard tests for measuring the (appar-
ent) moisture diffusion through a hygroscopic material, i.e.,
either from the steady-state vapor flux through a material
layer (wet or dry cup test [30,31]) or from the transient
diffusion in a material layer [32]. Some approaches have
also provided information on the bound water distribution
along one direction during these tests [33] or during the
final stages of wood drying [28]. However, in materials
such as wood [34,35] and paper [36,37], once free water
is absent, bound water diffusion within cell walls (or cel-
lulose fiber structures) and vapor diffusion through lumens
(or voids) both contribute to the overall moisture transport.
As a consequence, all the above-mentioned approaches
assess only global moisture transport, encompassing both
diffusive transports and phase exchanges (sorption and des-
orption) between bound water and free water [4]. This
limitation likely contributes to the widely differing diffu-
sion coefficients (over more than 5 decades) reported in the
literature for different wood types (see the data summary in
Ref. [13]).

Consequently, it is essential to independently observe
and fully characterize bound water transport within cell

walls. However, unlike capillary water in micron-sized
channels, which can be directly imaged, visualization of
the small clusters of water molecules embedded within the
solid structure of cellulosic systems remains a significant
challenge. Moreover, to isolate bound water transport and
prevent vapor interactions, the lumens must be filled with
an alternative fluid phase, which further complicates direct
observation of the cell wall moisture content.

In this study, we address these challenges by using NMR
and magnetic resonance imaging (MRI) to observe and
quantify the specific transport of bound water in wood,
while preventing vapor exchange or transport by filling the
pores (or voids) with oil. This experimental setup enables
us to directly demonstrate that bound water diffuses within
the solid matrix of the wood: not through the pores (or
voids), but by remaining in the state of bound water and
migrating between amorphous regions of the cell walls.
Surprisingly, and in contrast to previous assumptions, this
diffusion is relatively fast, with a diffusion coefficient com-
parable to that of bulk water self-diffusion, shows minimal
dependence on saturation, and, in strong contrast to free
water transport, is independent of the direction of wood.
Moreover, the diffusivity varies with temperature follow-
ing an Arrhenius law. These different elements suggest that
bound water transport is an activated process.

II. MATERIALS AND METHODS
A. Materials

Two hardwood species [see Fig. 2(a)] were investigated
in this study. Oak samples were collected in the Seine-et-
Marne region, France, while poplar samples were collected
in the Aisne region, France. Regarding the structures, oak
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FIG. 2. Principle of the drying test with an oil-filled wood sample. (a) A typical hardwood structure, which consists of voids of
various shapes (vessels, fibers, and ray cells, with some tiny connections between them), as shown in a three-dimensional rendering of
a synchrotron x-ray micro-computed-tomography image (scale bar 100 pm) [23]. (b) This structure is presented along the longitudinal
direction (the main tree axis) in a simplified way, retaining the main porosity including fibers and vessels. (c) After being placed for
several weeks at a high relative humidity (close to 100%) the dry sample in (b) is saturated with bound water, which penetrates in
the cell walls forming the solid structure. (d) Afterwards, the sample is placed under a vacuum and immersed in oil which fills the
accessible pores, leaving some of them empty. (e) The material is subjected to a dry air flux that induces bound water transport inside
the solid structure toward the free surface. (f) A dry sample filled with oil after drying in (e). The diffusion of bound water is presented
in the longitudinal direction [(e)]; diffusion in the other directions (radial and tangential) may be studied in the same way, leading to
a gradient of bound water concentration either transverse or perpendicular to the plane of the scheme in (e). The principle is identical

for a softwood sample, although its porous structure is different.

is a ring-porous wood made of up to four rows of soli-
tary large pores in earlywood, the vessel diameter is around
200250 pwm, and the fiber diameter is around 1020 pm.
Poplar, a semidiffuse porous wood, is made of a homo-
geneous distribution of medium pores (solitary, multiples,
and small cluster), with fiber diameter ranging from 5 to
40 wm and vessel diameter of around 110 pm. A softwood,
fir, from the Jura region in France, was also investigated.
Its porous structure includes tracheids with diameters rang-
ing from 20 to 40 wm, along with a small proportion
of rays. All samples were taken from the inner part of
the trunk (heartwood) and were sawn along the three
principal directions of wood—Iongitudinal, radial, and tan-
gential—to produce samples of about 10 x 10 x 10 mm?,
suitable for insertion into NMR tubes. To characterize the
material porosity, samples were immersed in water under a
vacuum. The volume fraction of water filling each type of
pore in the structure was determined through mass mea-
surements and NMR relaxometry (see the methods and
data for oak and poplar in Ref. [24]). For oak, the satu-
ration of the medium with water corresponds to a moisture
content (defined as the ratio of water mass absorbed to
the dry sample mass) of 26% for bound water, 30% for

water in fibers, and 59% for water in vessels. For poplar,
the respective values were 21%, 105%, and 33%. For fir,
the maximum moisture contents associated with bound
water and free water in the tracheids were 16% and 140%,
respectively.

Before the next preparation step, all samples were stored
in a sealed desiccator maintained at a relative humidity of
99.9% for several months to ensure saturation with bound
water [see Fig. 2(c)]. The reference dry state was estab-
lished by drying the samples in an oven at 60 °C for one
week. Further drying at 100 °C confirmed that the residual
moisture content after drying at 60 °C was below 0.5%.

To optimally fill the sample pores with oil, samples
saturated with bound water were partially immersed in a
silicone oil bath [SiIO(CH3),, Aldrich 378380, viscosity
0.5 Pas] and placed under a vacuum for up to 30 min.
Given the difficulty in predicting the NMR characteris-
tics of oils in wood, several oils differing in composition
and viscosity were tested. We selected an oil whose NMR
relaxation times were distinctly different from those of
bound water in wood, enabling reliable signal separation.
Additionally, this oil exhibited a stable NMR signal before
and after filling the wood, indicating no interaction or
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chemical exchange with the wood matrix. Lower-viscosity
oils did not significantly increase the filling efficiency, so
we instead used a vacuum system to facilitate oil pene-
tration and extended the filling duration for optimal pore
saturation. Subsequently, the sample and oil bath system
was placed in a desiccator maintained at nearly 100%
relative humidity for several days, allowing further oil pen-
etration and ensuring a homogeneous oil distribution while
preserving full saturation with bound water. Despite these
efforts, the sample pores was not fully saturated with oil
[see Fig. 2(d)]. By comparing the sample mass after filling
with the maximum moisture content associated with pores
(vessels and fibers for hardwood, tracheids for softwood,
pores between fibers for cellulose), the oil filling extents
were estimated as follows: 94% for cellulose, 60% for oak,
72% for poplar, and 77 % for fir. This indicates a resid-
ual unfilled void volume fraction (i.e., not filled with oil)
of 17% for poplar, 19% for oak, and 17% for fir over the
whole sample volume. Considering the solid matrix (i.e.,
excluding oil-filled pores) saturated with bound water, the
void fraction was estimated as 30% for poplar and 27% for
oak.

At the end of the preparation process, the desired free
surface of the sample was cleaned of oil by the brush-
ing of it with a cloth. However, some oil remained in the
vessels near the solid elements at the top surface, mak-
ing it difficult to confirm whether the cell walls at the
free surface were completely exposed to air, without any
residual oil film. To address this uncertainty, drying experi-
ments were conducted under identical boundary conditions
with two samples: one filled with oil and subsequently
cleaned, and the other oil-free, with both initially saturated
with bound water. From the initial saturated state down to
95% saturation, both samples exhibited identical drying
rates, indicating similar boundary conditions during this
period, as the drying rate is directly governed by the rela-
tive humidity at the sample surface. Beyond this period, the
drying rate was influenced by the diffusion within the mate-
rial, depending on whether the pores are filled with oil.
Since the air flux was the same for both samples, resulting
in identical relative humidity along the free surface, it was
confirmed that the presence of oil in the pores had a neg-
ligible effect on the boundary conditions. In other words,
the surface cleaning procedure is effective in establishing
conditions for bound water evaporation, with the cell walls
exposed to air.

Cellulose fiber composites were prepared by compres-
sion of disordered natural cellulose fibers (Arbocel BC
200, from Kremer Pigmente), previously placed in a sealed
desiccator with relative humidity stabilized at 99.9% for a
few months. Before compression, the fibers were loosely
placed in a 1.2-cm-diameter tube for a disordered distri-
bution. The samples were then compressed to a specific
volume [29], achieving a porosity of 0.58 +0.02. Oil
impregnation was then performed by partial immersion of

the samples in a silicon oil bath (Aldrich 378380, viscosity
0.5 Pas).

B. MRI measurements

MRI has been traditionally used to visualize water con-
tent in brain [38] and to study the liquid distribution
in porous media [39]. It has also been used to image
water imbibition and drainage in wood [40,41]. In this
study, MRI was used to investigate poplar samples contain-
ing bound water. Following the sample preparation (see
Sec. I A), the sample was placed inside the magnet coil,
with four lateral faces and the bottom surface sealed with
Teflon [see Fig. 3(a)] to ensure one-dimensional (1D) dif-
fusion. A constant dry air flux was then applied above
the exposed surface to initiate drying [see Fig. 3(a)]. MRI
measurements were performed with a Bruker 24/80 DBX
0.5-T '"H MRI spectrometer, operating at 21 MHz. Two-
dimensional magnetic resonance images [see Fig. 3(b)]
were obtained with use of the fast low-angle shot sequence
[42], a commonly used gradient-echo sequence that allows
for short echo times. In this study, the echo time was set to
2.3 ms, shorter than 7, of approximately 6 ms for poplar.
The field of view was 80 x 80 mm?, with 48 pixels in the
x direction and 128 pixels in the z direction. A total of
128 scans were accumulated per image. The flip angle was
set to 90°, and the recovery time was adjusted to 50 ms,
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FIG. 3. Principles of NMR and MRI measurements. (a) The
sample is placed in the central region of a magnet. Depending on
the NMR sequence used (see Sec. II) one can obtain (b) suc-
cessive images of the water distribution in a two-dimensional
plane perpendicular to some direction (orange arrow), providing
a qualitative appreciation of the global process characteristics, (c)
the probability density function of the relaxation time of the lig-
uid phases in the medium, giving a precise measure of the bound
water amount over time, or (d) the 1D distribution of liquid along
one axis, providing quantitative information about the in-depth
transport of bound water over time.
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leading to an acquisition interval of approximately 6 min
per image, well below the characteristic timescale of water
transport. The slice thickness was 50 mm, which exceeded
the actual sample thickness. These parameters were opti-
mized to maximize signal strength despite the progressive
decrease in transverse relaxation times (7' and 7,) during
drying. However, the combination of high flip angle and
large slice thickness restricted the analysis to qualitative
insights. Each image represents a horizontal projection of
the signal across the whole sample thickness in a given
direction. Consequently, the pixel brightness reflects the
averaged local signal intensity along this thickness, which
depends not only on the local moisture content but also on
the local relaxation times. As a result, these images provide
only a qualitative view of the evolution of water content in
the different regions of the sample. Additionally, the spa-
tial distribution of bound water along the sample axis was
determined with an original MRI approach, analogous to
previous methods developed to distinguish bound water
from free water during wood drying [28], but here it was
specifically adapted to differentiate bound water from oil
within the sample, on the basis of their distinct relaxation
times. Specifically, 7, values for bound water in wood
range from 1 to 6 ms, depending on the wood species, and
decrease as drying proceeds. In contrast, the 7, value for
silicon oil in filled wood pores in this study is around 230
ms and remains stable throughout the drying process.

The spatial distribution of all liquid molecules along
the sample axis [i.e., 1D profiles; see Fig. 3(d)], includ-
ing both oil and bound water, was measured with use of
the single-point imaging sequence [43]. The single-point
imaging parameters were set as follows: number of scans
256, signal collecting time 104 ps, field of view 44 mm,
number of pixels 64, flip angle 15°, and repetition time 200
ms. This resulted in a total acquisition time of 54 min. Sub-
sequently, with the same MRI system we measured the 7,
distribution with a multiecho sequence [23] using the fol-
lowing parameters: number of scans 512, echo time 5.22
ms, number of echoes 16, field of view 180 mm, number
of pixels 64, and repetition time 2 s. This resulted in a total
duration of 17 min. This sequence is sensitive to liquid
molecules only with 7 values larger than a few tens of
milliseconds, thus enabling the selective detection of oil.
To ensure this, we excluded the first two echoes, where a
residual signal from bound water might be present. For the
third echo, the signal of bound water was negligible, and
a single-exponential fit was used. The bound water distri-
bution was then obtained by subtraction of the oil profiles
from the total liquid profiles.

C. NMR measurements

To have quantitative data, NMR relaxometry was used,
as it enables the detection of any sufficiently mobile
molecules, including a monolayer of adsorbed water

molecules on the solid surface of nanoporous silica glass
[44], and enables one to distinguish between different
liquid phases within the system.

Specifically, after previous preparation (see Sec. 11 A),
the sides and the bottom of the sample were covered with
Teflon [see Fig. 2(e)] to prevent moisture loss through
these faces. The sample was then placed in an NMR tube
(external diameter 18 mm) with its top surface exposed to
air, and the tube was immediately inserted into the NMR
coil for measurement. A dry air flux was applied 1.8 cm
above the free surface at a rate of 2.5 1/min, resulting in
an average boundary layer thickness associated with water
transfers of 1.7 mm (see Appendix A). This value was
determined in accordance with the procedure described
in Ref. [45], by independent experiments on a cellulose
fiber stack initially fully saturated with water under iden-
tical experimental conditions. By analysis of the boundary
conditions, the slope of the saturation versus time curve
provided the value of §.

Drying processes were investigated by 'H low-field
NMR relaxometry with a Bruker minispec NMR spec-
trometer (18 mm mq20, 0.5 T, 20 MHz). The transverse
relaxation time 7, in the medium was measured with
the use of a Carr-Purcell-Meiboom-Gill sequence [46,47],
which records the evolution of the NMR signal during spin
transverse relaxation following excitation (resonance). The
parameters of the Carr-Purcell-Meiboom-Gill sequence
were optimized through preliminary tests to balance data
quality with time constraints, particularly to capture the
broad range of relaxation times observed in such multi-
scale porous materials while minimizing the temperature
rise due to the NMR sequence itself. Specifically, the NMR
sequence was applied 64 times (scan number) according to
the phase cycling process, and the data from these runs are
averaged over a period of around 4 min, thereby increas-
ing the signal-to-noise ratio. The time interval between
successive pulses in a pulse sequence was set as 2 s,
ensuring full magnetization recovery, including that of the
silicone oil in the pores. The echo time, which is the
delay between the 90° excitation pulse and the acqui-
sition of the echo signal between two successive 180°
pulses, was set as 0.2 ms, with the number of echoes
set as 1500, for capturing best the evolution of the sig-
nal of oil and bound water over time during relaxation.
In these cases, the total duration for a complete measure-
ment of one T, distribution is 4 min, which is significantly
shorter than the total duration of the drying process for
both wood and cellulose stacks, which exceeds several
hours even under the highest temperature in this study.
After performing Laplace inversion on the signal by a
standard CONTIN processing [48,49], we obtained the prob-
ability density function (PDF) of the NMR relaxation time
T,, which provides insight into the distribution of bound
water and other liquid phases within samples at each time
point.
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During drying, the PDF of water in wood evolves,
reflecting changes in the quantity and distribution of dif-
ferent liquid phases within the various pore types of the
samples. As long as the same NMR sequence and pro-
cessing parameters are used, the integral of the PDF under
a given peak provides a reliable measure of the liquid
mass associated with that specific phase [50]. Although
the NMR signal intensity is temperature dependent, each
experiment is conducted at a constant temperature. More-
over, we focus on the relative saturation, which is obtained
by normalization of the water signal at each time point to
the initial value; therefore, temperature variations have no
impact on the interpretations of the data.

Experiments were conducted at temperatures ranging
from 13 to 50°C, controlled with a water flow system
(see Fig. 4). Water at the target temperature was circulated
around the sample inside the spectrometer tunnel. More
precisely, heated or cooled water flowed through a spiral-
shaped channel in the tube above the sample and returned
via a similar intertwined channel. This setup, enclosed with
the NMR spectrometer tunnel, allowed precise control of
the sample environment and maintained a localized tem-
perature distinct from that of the ambient air outside the
spectrometer. A dry air flux was injected through a narrow
tube passing in the middle of the spiral-shaped channels,
allowing it to equilibrate with the surrounding water tem-
perature before reaching the sample region. Although the
precise temperature distribution within the system was not
controlled, the final temperature in the chamber was mon-
itored with a type T thermosensor made of constantan
alloy, placed at the edge of the top surface of the sam-
ple (see Fig. 4). This sensor provided an estimate of both
the sample surface and the air flux temperatures. Given the
confinement of the chamber, topped by the water circuits

Incoming Dryair T

water

Water
temperature [—>
control

Outgoing water

™ Thermocouple

150 mm

Dr
Vapor— 118 mm
e
Wood sample Tm Teflon
(bound water and oil) A
10 mm -
Liquid
Cryostat

FIG. 4. Principle of the setup inserted in the NMR magnet for
controlling the temperature during a drying test.

and continuously ventilated by the air flux, and the long
duration of the experiments (typically several hours), it can
be reasonably assumed that the entire sample reached a
temperature close to that recorded by the sensor after an
initial transient phase. In practice, the sample was intro-
duced at ambient temperature, and the water flow was
gradually adjusted to reach the target temperature. Addi-
tionally, a cryostat system used to cool the NMR coil
region (see Fig. 4) could also be tuned to assist in tem-
perature stabilization. The initial adjustment to the target
temperature took only a few minutes, which is insignifi-
cant compared with the full duration of the drying process
and has negligible impact on the data.

III. RESULTS AND DISCUSSION

We first used MRI to trace the evolution of a sim-
ple wood sample (i.e., without oil) initially saturated with
bound water and subjected to a dry air flux along its top
surface (see Sec. II B). The MRI sequence allows imaging
of the bound water, which produces a lower signal inten-
sity than free water [see Fig. 5(a)]. As drying progressed,
the signal associated with bound water gradually dimin-
ished [see Fig. 5(b)]. Notably, this process occurred across
the whole sample thickness rather than forming a dry
front progressing from the top surface [see Fig. 5(b)]. This
behavior is reminiscent of a diffusion process, likely driven
by bound water transport inside the structure and toward
the evaporative surface. While this experiment illustrates
bound water transport within the structure, vapor transport
and both adsorption and desorption mechanisms cannot be
excluded in the moisture transport due to the presence of
open pores.

To isolate the specific transport of bound water within
the solid phase, we imaged the drying process of a wood
sample initially saturated with bound water, while its
accessible pores (see Fig. 2) was filled with oil (see
Sec. I B), thereby significantly limiting free water or vapor
transport through its pores. The sample was prepared to
ensure boundary conditions corresponding to cell walls
saturated with bound water and exposed to air at the free
surface. In this case, both oil and bound water contribute
to the NMR signal. To obtain an image of the bound water
distribution, the oil signal obtained at the end of the drying
process was subtracted from the images. Under these con-
ditions, it was observed that bound water again progres-
sively disappeared over time and across the entire sample
thickness at each time point [see Fig. 5(c)]. These observa-
tions confirmed that a diffusion process occurs specifically
for the bound water within the cell wall structure.

For technical reasons (see Fig. 5 and Sec. Il B), these
images of bound water remain somewhat qualitative. How-
ever, NMR measurements (see Sec. IIC) enable us to
quantitatively extract the evolution of molecular fractions
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FIG. 5. Drying at ambient temperature of a square poplar sample. (a) The sample was initially saturated with bound water (no free
water) and subjected to a dry air flux along its top surface. (b) Views from MRI at different times during the process for a sample with
empty pores. (c) Views from MRI at different times during the process for a sample with pores filled with oil. The signal intensity in the
images is represented by a color scale (on the right) going from 0 (no signal) to 1 (bulk water). An airtight box [in (a)] filled with water
is placed below the sample to serve as a reference for the images. The images correspond to the total water signal along the sample
thickness (perpendicular to the image plane), each elementary signal being possibly weighted by the local relaxation, an effect that
tends to enhance the decrease of the apparent signal bound water amount when the saturation decreases. The initial inhomogeneities
of signal are mainly due to the anisotropy (growth rings) of the sample density in the transverse direction.

through the PDF of sufficiently mobile molecules contain-
ing protons (see Fig. 3 and Sec. 11 C), providing a straight-
forward view of the temporal evolution of oil and water
phases within the material. Throughout the measurements
on both hardwood and softwood samples, qualitatively
similar results were obtained despite structural variations,
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particularly in pore distribution. Comparable trends were
also found in cellulose fiber stacks, confirming the gener-
ality of the observed behaviors.

For a dry sample filled with oil [see Fig. 2(f)], the PDF
exhibits a single peak at 230 ms [see Fig. 6(a)]. For a
sample saturated with bound water but free of oil [see
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FIG. 6. Probability density function of the transverse relaxation time of bound water and oil at successive times (downwards) during
drying at ambient temperature. The thick black line corresponds to the initial state. (a) In poplar samples. (b) In fir samples. In (a)
the dotted purple line corresponds to the case of oil filling a dry sample, i.e., without any type of water, and the dashed green line
corresponds to the case of a bound water sample without oil. Note that from additional tests it is proved that the peak of very small
amplitude at around 20 ms corresponds to a very thin layer of oil appearing between the Teflon tape and the sample.
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Fig. 2(c)], the PDF also exhibits a single peak, although
at a significantly smaller 7, value [see Fig. 6(a)]. The
position of this peak varies between 1 and 6 ms depend-
ing on the wood type. Finally, a sample saturated with
bound water and with pores filled with oil [see Fig. 2(e)]
exhibits two peaks, corresponding to bound water alone
and oil alone in the sample, respectively (see Fig. 6). These
results demonstrate that even in oil-filled wood, bound
water can be accurately detected, despite primarily existing
as molecules dispersed within the solid structure and inter-
acting with cellulose through hydrogen bonds. Note that
independent tests also prove that the bound water amount
not detected by such NMR measurements is negligible (see
Sec. 11 C).

Afterwards, we focus on the case of a wood sample sat-
urated with bound water and with pores filled with oil,
exposed to a dry air flux [see Fig. 2(e)]. The amplitude
of the bound water peak continuously decreases during the
process, indicating a progressive loss of bound water (see
Fig. 6). In contrast, the oil peak remains nearly unchanged,
confirming that all the oil remains confined within the
sample. Moreover, the persistence of two distinct peaks
associated with two different relaxation times indicates no
mixing of the two phases, confirming that there is no sig-
nificant exchange between them [51]. This NMR measure-
ment thus clearly proves that the bound water manages to
escape from the wood sample, even though the accessible
pores are filled with oil. A simple experiment confirms that
this behavior cannot be attributed to the diffusion of water
molecules through oil: under identical experimental condi-
tions, a water volume covered by a 1-mm-thick oil layer
remains unchanged over several days. These observations,
consistent across both major wood types exhibiting dif-
ferent structures (hardwood and softwood) [see Figs. 6(a)
and 6(b) and Appendix B], lead to the fundamental conclu-
sion that the bound water is transported through the solid
phase, specifically within the cell walls.

MRI measurements using two sequences (see Sec. 11 B)
provide further insight into this transport process. By
subtracting the oil distribution from the total liquid dis-
tribution, we obtained the spatial bound water distribu-
tion in each cross section along the sample axis (see
Sec. 11 B). Although the data exhibit notable scatter due
to the cumulative uncertainty inherent in this multistep
process (see Fig. 7), clear qualitative trends emerge. The
bound water, initially distributed homogeneously through-
out the sample [see Figs. 2(e) and 7], progressively
diminishes during drying. The concentration starts to
decrease from the top surface, forming a gradient toward
the sample interior. Then the bound water content con-
tinuously decreases throughout the entire sample until
complete drying is achieved (see Fig. 7). This behavior
indicates that the water molecules spontaneously move
toward regions of lower concentration, i.e., they diffuse
through the solid structure. More precisely, since the
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FIG. 7. 1D bound water distribution (continuous lines) mea-
sured by MRI at different times during drying at ambient temper-
ature (23 °C). This experiment was conducted on a poplar sample
filled with oil (continuous lines). The predictions of the model
(with D = 1.7 x 10~° m?/s) at the same times are shown as dot-
ted lines of the same colors. Note that for the model fitting the
saturation has been assumed to correspond to the average value
of the water content in the initial state.

pores are occupied by oil, this observation confirms that
bound water diffuses along the solid structure but inside
the solid phase, i.e., without any exchange (sorption or
desorption) with external phases such as free water or
vapor.

Since the bound water extraction is a diffusion process,
it can be analyzed in more detail. In the case of a simple,
homogeneous material with a constant diffusion coeffi-
cient, i.e., one that is independent of the local saturation
(defined as the ratio of the current water content to the
maximum water content), the process can be completely
described by classical diffusion theory [52]. Specifically,
the transport of bound water follows a simple diffusion
equation:

ds 9%s

Z —_p—= 1
ot ox2’ )

where D denotes the effective diffusion coefficient of
bound water through the material. Considering the bound-
ary conditions, there is no mass transfer through the sample
bottom, while at the top surface, the internal flux equals

the external flux imposed by the dry air flux along the
interface [45]:

SDas_
PsOm P

_ poDo
1)

(noo - nS)a (2)

where n; is the relative humidity along the interface, 74,
is the ambient relative humidity, pg is the saturation vapor
density, Dy is the diffusion coefficient of the vapor in air,
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which is temperature dependent, p; is the density of the
dry sample, S, is the maximum moisture content (the
bound water to dry mass ratio) in the sample, and § is the
characteristic thickness of the boundary layer for vapor dif-
fusion (see Sec. I1 C and Appendix A). Assuming sorption
equilibrium (s = f (n), where f is the desorption curve,
i.e., the relation between the moisture content and the
relative humidity at equilibrium during desaturation; see
Appendix C for details) at the sample surface subjected to
a constant air flux, the above boundary condition can be
transformed into an equation involving only s, and Eq. (1)
can be solved (see Appendix D).

This approach enables the prediction of the evolution of
the saturation distribution along the sample thickness over
time up to complete drying based solely on the knowl-
edge of the diffusion coefficient D. In this context, the
1D profiles obtained by MRI (Fig. 7) can be approxi-
mately reproduced by adjustment of the value of D to a
given constant. A more straightforward estimation of D
can be obtained by fitting the average saturation versus
time curves (see Fig. 8), which are derived from the inte-
gration of the NMR signal under the peak of bound water
in the PDF (see Fig. 6). In this context, the data show
good reproducibility (see Fig. 13). Remarkably, in some
experiments, a single diffusion coefficient appears to be
sufficient to well describe the drying behavior over the
entire saturation range (Fig. 8), with less than 10% uncer-
tainty in the time required to reach a given saturation level.
Given that the evolutions of the diffusion processes are
similar when the time is rescaled by 2/D (with [ the sam-
ple thickness), this uncertainty in time directly translates
into an equivalent uncertainty in the diffusion coefficient.
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FIG. 8.

However, in most cases, deviations from the constant-
diffusion model appear for saturation exceeding 0.7, with
discrepancies reaching up to a factor of 2 at the highest
saturation levels [Fig. 8(b)]. In summary, while a sim-
ple diffusion model with a constant diffusion coefficient
effectively captures the data for saturation levels below
0.7, a slower diffusion process may be observed at higher
saturation.

Therefore, contrary to the usual conclusions drawn from
global measurements of moisture transport in cellulosic
materials with open porosity, and contrary to the common
assumption in that field [13,53-55], as well as contrary to
experimental observations [56] and molecular simulations
[57] of self-diffusion coefficients, the transport diffusion
coefficient of bound water does not exhibit a significant
dependence on saturation. Moreover, the slight decrease
observed with increasing saturation is opposite the widely
reported trend of increasing self-diffusion in cellulosic
materials.

Note that this result may appear to contradict the
observed decrease in 7, when the saturation decreases
(see Fig. 6), which a priori reflects an increase of the
confinement, possibly associated with a decrease of mobil-
ity. More precisely, a decrease in 7, reflects a variation
of the fractions of time spent by the molecules in dif-
ferent environments [50], which here might be either a
direct contact with a cellulose molecule or an immersion
among a few other water molecules, where the relaxation
would be longer. From this description, we anticipate that
the fraction of water molecules in direct contact with the
solid (cellulosic) structure increases when the saturation
decreases, leading overall to a reduction in the average
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Saturation over time during the drying of oil-filled wood samples along different surfaces. This leads to transport in different

directions at ambient temperature. (a) For poplar. (b) For fir. The lines illustrate examples of the simple diffusion model specifically
fitted to poplar data with diffusion coefficient D = 1.7 x 10~° m?/s (longitudinal direction, in black) or D = 1.1 x 10~ m?/s (radial
or tangential direction, in orange) and to fir data (radial direction) with D = 2.3 x 10~° m?/s. In the latter case, a fit of the model to
the data in the other directions leads to diffusion coefficient differing by less than 20% from this value. Note that due to the effect of the
remaining voids partly balanced by the effect of tortuosity of the solid phase, the bound water diffusion coefficient D}, inside the solid
phase, is close to the value measured for D. L, longitudinal; R, radial; T, tangential.
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distance between liquid-solid interfaces. However, there
is no direct correspondence with the macroscopic mobil-
ity of water molecules through the structure: for example,
the description above would be the same and would lead
to almost the same quantitative prediction for 75 in the
case of initially enclosed (disconnected) pores and in the
case of connected pores, whereas the mobility and thus
transport of water through the porous structure in the case
of enclosed pores would be impossible for disconnected
pores. Furthermore, within the frame of the interpretation
of the origin of diffusion of bound water in such systems
(see below; i.e., an activated process) it is not clear how
the distance between liquid-solid interfaces can impact the
diffusion rate.

This slight decrease with increasing saturation men-
tioned above can be explained by the presence of some
voids (not filled with oil) in the cell wall structure.
Although these inclusions are, in principle, enclosed by
the surrounding solid matrix or by oil films, they may still
contribute to water transport, as vapor can diffuse through
them during drying. Specifically, some voids may contain
air and vapor due to the ongoing exchange between vapor
and bound water, and the vapor can be extracted from a cell
wall, then diffuse through an adjacent inclusion driven by a
concentration gradient, and then re-enter another cell wall.
In this context, the homogenization theory can be used to
estimate the impact of these inclusions on the overall water
transport within the structure (see Appendix E).

In this study, considering the fraction of voids remain-
ing unfilled after oil imbibition (see Sec. II A), the fraction
of voids in the solid matrix (including the dry solid and
the bound water) was approximately 27% for oak, 30%
for poplar, and 23% for fir. Under these conditions, at
ambient temperature, the effective diffusivity is expected
to be about 0.8 times the diffusivity in the solid matrix
for n > 0.8 and 1.4 times the diffusivity for n < 0.8 (see
Appendix E). These values provide a reasonable explana-
tion for the observed discrepancy between the constant-
diffusion model and the data at high saturation; however,
a comparison with greater precision remains infeasible.
Specifically, our analysis focused on the average satura-
tion (Fig. 8), whereas, due to the nature of diffusion, the
bound water saturation along the transport direction is not
homogeneous. Additionally, the precise spatial distribu-
tions of the residual voids across different samples were
not controlled.

This analysis supports the validity of assuming a con-
stant bound water diffusion coefficient in the solid matrix,
i.e., a value independent of saturation. It finally leads to
the conclusion that the variation of the transport diffu-
sion coefficient of bound water remains nearly constant.
However, as a corollary of the above analysis, we note
that the constant diffusion coefficient derived as described
above overestimates the actual bound water diffusivity in
the solid by a non-negligible factor, which depends on

both temperature and the diffusion coefficient in the solid
(see Appendix E). For simplicity, we retain the constant-
diffusion model fitted primarily to the low saturation range
(below 0.8). For the physical interpretation of the data,
however, we correct this value by the factor estimated from
the homogenization theory (see Appendix E and Fig. 12).
In practice, this correction involves dividing the apparent
coefficient by a factor decreasing from about 1.75 to 0.9
when the temperature increases from 10 to 50°C. This
variation in the correction factor arises from the changes
in the relative values of bound water diffusivity and vapor
diffusivity with temperature.

To approach the effective diffusion coefficient of bound
water in the solid matrix, which is denoted as D;, an
additional correction must be applied to account for the
presence of inclusions filled with oil in the medium. This
is usually expressed in terms of the tortuosity, which rep-
resents the ratio between the average path length that
water molecules must follow through the structure (avoid-
ing inclusions) and the direct geometric distance (in the
absence of inclusions). The diffusivity found from our
tests corresponds to the effective diffusion coefficient of
the medium divided by this tortuosity factor. Although a
precise evaluation of the tortuosity requires detailed infor-
mation on the shapes and spatial distribution of these
inclusions, we can consider the estimation of the tortuosity
for a sphere packing (i.e., around /2, since the paths have
to essentially circumvent spheres) as an upper bound. In
the case of poplar, the concentration of inclusions is 43%,
which is significantly lower than for a sphere packing (i.e.,
74% in a crystalline configuration). On the basis of this,
a reasonable estimate for the tortuosity is approximately
1.3. Accordingly, the effective transport diffusion coeffi-
cient of bound water in wood cell walls can be deduced
by multiplying the measured apparent diffusivity by this
factor.

A remarkable point is that the diffusion coefficients
obtained from our measurements (see Fig. 8) are of the
same order as the self-diffusion coefficient of water in
the liquid state (2.3 x 10~? m?/s at ambient temperature),
although bound water is not in a condensed state but is
dispersed in pools containing at most a few molecules
(see Fig. 1). Furthermore, one might consider that the
mobility of bound water is restricted by the solid matrix.
Given this high diffusivity, the term “bound” appears
rather misleading. As a consequence, bound water dif-
fusion relies on a distinct but highly efficient physical
mechanism.

Another noteworthy observation is that the diffusion
of bound water in wood appears essentially independent
of the direction. In this study, drying tests were con-
ducted by application of the same dry air flux along the
different faces of the oil-filled wood samples, thereby
inducing water transport inside the sample along dif-
ferent directions—longitudinal, radial, or tangential—all
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under identical boundary conditions. The resulting satura-
tion versus time curves were found to be approximately
identical across all three transport directions (see Figs. 8
and Appendix F) for all wood types, except for poplar
in the longitudinal direction, where the diffusion coef-
ficient fitted by the model was about 1.5 times greater
than in the other directions [see Fig. 8(a)]. These three
principal directions, i.e., longitudinal, which is along the
vessel’s axis, tangential, which runs parallel to the growth
rings, and radial, which is perpendicular to the growth
rings (see Fig. 2), reflect the pronounced anisotropy of
wood. The pore morphology and connectivity vary signif-
icantly across these different directions, and some degree
of alignment of cellulose or hemicellulose fibers along
the longitudinal direction in the cell walls is expected.
This finding contrasts with the usual appreciation from
global vapor transfer measurements in wood with open
pores [55,58] and the penetration dynamics of free water
in wood [24], which typically show that moisture trans-
port is significantly dependent on the direction. However,
in those previous studies, the vapor or liquid flow through
the anisotropic porous structure significantly contributes
to the overall moisture transport, making the transport
dependent on the material anisotropy. Therefore, differ-
ences in the diffusion properties across directions are
naturally observed. In contrast with all previous studies,
the present study isolates and quantifies the bound water
transport exclusively, so that bound water strictly travels
through the solid phase, specifically through the amor-
phous regions between the microfibers. The absence of
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directional dependence indicates that, at the molecular
scale, the diffusion pathways, which are along the amor-
phous regions between microfibrils, are well-connected
and exhibit minimal variation with the direction. These
regions have been reported to be structurally disordered
and isotropic, with no preferred orientation [57,59]. This,
in particular, implies that the tortuosity of the network
of amorphous regions, which has to circumvent obsta-
cles formed by the crystalline regions and the oil or air
inclusions, remains relatively uniform across different ori-
entations. Note that this observation strongly contrasts
with a cellulose fiber stack for which the fibers are in con-
tact through only a few dispersed points so that the water
has to follow very different paths depending on the mean
transport direction [29].

A final noteworthy characteristic of bound water trans-
port in wood is the variation of diffusivity with tempera-
ture. By integrating a heat control system inside the NMR
spectrometer (see Fig. 4 and Sec. I1C) and imposing a
dry air flux at the same temperature as the sample, we
were able to directly monitor the diffusion process during
drying. For each temperature, a single diffusion coeffi-
cient was found to properly describe the process across
the whole range of saturation. It was observed that dry-
ing at different temperatures can be effectively described
by a simple diffusion process, with the process acceler-
ating as temperature increases [see Fig. 9(a)], leading to
an increase in diffusivity with temperature. This increase
is rapid, approximately a factor of 6 over a tempera-
ture range of 30°C, which is considerably larger than
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Bound water diffusion during drying at different temperatures. (a) Saturation vs time curves during poplar drying along the

longitudinal direction at different temperatures. The continuous lines correspond to the diffusion model fitted to the data. (b) Bound
water diffusion coefficients in the solid phase as a function of the inverse of the temperature for wood (after corrections indicated in the
text) and cellulose. For cellulose, we present the diffusion coefficient within the fibers, derived from data for the cellulose fiber stack,
obtained with the model in Ref. [29]; therefore, these data are a priori intrinsic to cellulose fibers, i.e., they are independent of the
porosity or structure of the fiber stack. The inset illustrates the same data as a function of the temperature. The dashed line corresponds
to the self-diffusion coefficient of pure water according to a semiempirical model fitted to reference data (see Ref. [64]). The dotted

line is a straight line fitted to data for wood.
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the increase of the self-diffusion (typically by a factor of
about 2 [see Fig. 9(b)]) over the same temperature range.
This finding further underscores the specificity of bound
water transport in wood, which differs significantly from
the flow or diffusion in a standard liquid phase. Note that
the increase of the diffusion coefficient with temperature
may be well described by an Arrhenius law [see Fig. 9(b)],
i.e., Dp = Dy exp (—w/kgT), where T is the temperature,
kg = 1.38 x 10723 J/K is the Boltzmann constant, Do, =
2.8 m?/s , and w/kz = 6400 K is a characteristic acti-
vation energy. Such an Arrhenius variation has generally
been assumed or observed in the characterization of the
global diffusion of vapor through wood with open poros-
ity [60—63]. However, unlike to all previous studies, our
value corresponds solely to the transport diffusion of bound
water.

The generality of these transport characteristics of
bound water in cellulosic materials is confirmed by sim-
ilar experiments conducted on cellulose fiber stacks. A
single diffusion coefficient is sufficient to rather well rep-
resent the saturation versus time curve (see Appendix G),
with a diffusivity depending on the geometry of the fiber
network [29]. Nevertheless, it must be noted that some
discrepancies emerge at saturation above 0.9, indicating a
slight decrease in the bound water diffusion coefficient at
very high saturation, which might be superimposed on the
effect observed with wood samples. This diffusion coeffi-
cient varies roughly with the temperature in the same way
as in wood [see Fig. 9(b)].

The diffusion behavior of bound water in wood and cel-
lulosic materials suggests that it is an activated process as
for diffusion in solids [65] or in liquids [66]. Given that
bound water is adsorbed within the nanoporous structure
of the cellulosic fibers, it is reasonable to describe the dif-
fusion process as an interstitial diffusion [67] where the
molecules move from one adsorption site to another by
successive adsorption and relocation steps. In this context,
a simple description is an intermittent Brownian motion as
follows. We assume that, per unit time, a water molecule
has a probability p of escaping from their position. When
it escapes it makes an elementary jump of average length
€. The escape probability is then p = vexp (—w/kgT) ~
1/6, in which v is the vibration frequency of the adsorbed
molecules and w is an activation energy barrier that the
molecule has to overcome to escape from the adsorption
site. In general, a water molecule will jump from one site
to another without escaping from the fiber as vapor, imply-
ing that @ should be less than the energy of sorption or
desorption though likely of the same order of magnitude.
Consider the transport along a given direction x. At each
time, the molecules can escape from their position and
move in either direction along the x axis with equal proba-
bility. Consequently, when the concentration of molecules
(number of molecules per unit volume) c(x) is uniform, an
equal number of molecules cross a given surface in the two

opposite directions at each instant, resulting in no net trans-
port. However, when a concentration gradient is present,
the situation changes. The flux through a surface of area
S and situated between x and x + € arises from molecules
escaping from a layer of thickness € around x, and mov-
ing toward larger x, as well as from molecules escaping
from a similar layer around x + €, and moving toward
smaller x, both with equal probability. Thus, the net flux
is Se(c(x) — ¢(x + €))p, which can also be written as

O =—-Dy—,
bax

where D;, = pe?.

This model aligns with the various diffusion character-
istics observed in the experiments: (1) diffusion coefficient
independent of the saturation, (2) diffusion process inde-
pendent of the organization of the sites (and thus of the
material structure), only the gradient of concentration play-
ing a role, and (3) diffusion coefficient following a model
close to an Arrhenius law. Remarkably, it was found that
the energy barrier o of this model (i.e., w &~ 6400kg) cor-
responds to an energy of 53 kJ/mol, close to the heat of
vaporization of water 45 kJ/mol, which is expected to be
slightly smaller than the heat of desorption [9,68]. Along
their path, the molecules encounter energy barriers of var-
ious levels; however, the limiting ones for a collective
transport are the largest barrier. Consequently, this similar-
ity between the activation energy and the sorption energy
suggests that, somewhere along the path of diffusion, the
water molecules nearly return to the vapor state, possibly
by jumping in an empty void.

It is worth noting that the simple model described above
ignores collective effects, i.e., the self-diffusivity Dy and
collective diffusivity D, are identical. More specifically,
for self-diffusion, the path of a molecule is a random walk
of successive steps of length € with frequency p, so the
mean square displacement covered after time #, associated
with the number of steps pt, is equal to €,/pf. This again
leads to a self-diffusion coefficient Dy = €%p. Collective
effects arise from the mutual interaction between neighbor-
ing adsorbed molecules, leading to a distinction between
self-diffusivity and collective diffusivity.

Collective diffusivity D, is closely related to the trans-
port diffusivity we estimate by NMR measurements and
MRI: D, =I'D,, with I' = (3 In(n)/0 In(s)); the Darken
factor [67] (I' =1 for a linear adsorption isotherm).
Although self-diffusivity and collective diffusivity in
nanoporous media are sometimes similar [69], this does
not appear to be the case for bound water in wood or
cellulose. The limited available data obtained by NMR
measurements with the use of a pulsed field gradient
sequence that directly characterizes self-diffusion [56,70—
72], or from quasielastic neutron scattering [1] provide
self-diffusivity estimates much lower than the transport
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diffusivity observed in this study, typically on the order
of 107! m?/s at saturation and ambient temperature.
Even smaller values were obtained from molecular sim-
ulations [57], and a significant reduction of this coefficient
as saturation decreases was observed [56,57,68], an effect
assumed to be due to a variation of the activation energy
with water content [68]. Accordingly, our results suggest
that the collective contribution to the transport diffusivity is
significant in the case of bound water in wood or cellulose.

Collective effects for diffusion remain little explored in
comparison with self-diffusion mechanisms. In particular,
the Arrhenius-type temperature dependence and the inde-
pendence from saturation are notable. Bound water self-
diffusivity in biopolymers exhibits a similar temperature
dependence, with activation energies of a few tens of kilo-
joules per mole, but varies strongly with water content
[68]. Given that the magnitude of the transport diffusivity
observed in this study is at least several times higher than
the existing estimates of self-diffusivity, collective effects
are dominant, which could be attributed to the existence of
percolating bound water pathways within the nanoporous
structure, facilitated by the deformability of the polymer
matrix [68]. Direct microscopic observations of the geo-
metric structure that could confirm this hypothesis and
further elaborate on the origin of water mobility remain
unavailable; nevertheless, structural insights can poten-
tially be accessed through molecular simulations [3,73].
Alternatively, the transport diffusion of bound water can be
measured via neutron scattering using coherent scattering,
while self-diffusion can be assessed through incoherent
neutron scattering [67,74]. To the best of our knowledge,
this approach has not yet been applied to investigate bound
water diffusion in wood.

IV. CONCLUSIONS

The observations reveal that the diffusion coefficient
of bound water is independent of its concentration and
direction, despite the pronounced anisotropy of wood, and
varies exponentially with the inverse of the temperature.
These findings demonstrate that bound water transport is
an activated process, analogous to the diffusion in solids,
with an activation energy comparable to the latent heat of
liquid water evaporation, having notable practical implica-
tions. It is noteworthy that, at first glance, the diffusion of
bound water appears paradoxical, exhibiting both a solid-
like character and a relatively high diffusion coefficient.
However, this apparent contradiction reflects the unique
characteristics of bound water: (1) the diffusion of water
molecules embedded within the solid matrix formed by the
cellulose molecules, where their motion is thermally acti-
vated and governed by the interactions (hydrogen bonds)
between the water molecules and the solid matrix; (2)
a network of water molecules in the amorphous regions
(see Refs. [3,73]) that is significantly denser and more

interconnected than in typical solids, enabling a relatively
rapid transport diffusion.

This implies that water can climb up to considerable
heights in the form of bound water, as the gravitational
potential energy is significantly smaller than the acti-
vation energy. Specifically, the activation energy of a
molecule, w &~ 21kpT, exceeds the gravitational potential
energy of a water molecule, u = M,,gh/N,, with M,, =
0.018 kg/mol representing the molar mass of water, g
the gravity acceleration, and N, = 6.022 x 10?* mol™"
representing Avogadro’s constant. As long as the height
h reached remains below 21RT/M,,g ~ 3 x 10° m (with
R = kN, = 8.31 J/Kmol), bound water transport is not
constrained by gravitational forces relative to the actual
length of the cellulosic material or plant.

The results imply that moisture transport in the form of
bound water can occur spontaneously over long distances
in any direction within wood or other plant structure,
regardless of whether the voids are closed, empty, or filled
with a nonaqueous liquid, provided a local bound water
deficit exists. This indicates that in plants or trees with a
water deficit, where the pores (vessels, fibers, tracheids)
are partially empty, and thereby capillary water transport is
hindered, bound water transport continues to supply water
throughout the entire plant system, albeit at a slow rate.

Conversely, a drying process generally does not lead to
the complete removal of moisture of all regions. Because
of the diffusion of bound water, a small residual amount of
water remains throughout the material until the final stage,
when the sample is fully dry. This also implies that the
only effective way to prevent bound water penetration in
wood, thus limiting the swelling or shrinkage, is to cover
the wood surface with an impermeable layer. Simply filling
the pores with oil or polymeric material is insufficient.

Given that wood species from various climates share
the same fundamental components, i.e., a porous structure
with the solid phase (cell walls) composed of cellulose,
hemicellulose, and lignin, in differing proportions, similar
qualitative transport by diffusion within the cell walls can
be expected. However, the variations in diffusivity among
different wood types, such as those observed in the current
study for oak, poplar, and fir, are not readily explained. A
more systematic investigation is required to elucidate the
underlying causes of these differences.

In practice, the detailed characterization of the specific
diffusion of bound water inside the solid network enables
a comprehensive description of moisture transport under
hygroscopic conditions in wood (with air-filled pores). In
this scenario, vapor diffusion occurs through the porous
structure and bound water diffusion occurs within the
solid network, with exchanges occurring between the two
phases through sorption and desorption processes. Once
the diffusion coefficient of bound water is determined, the
vapor diffusion coefficient can be derived from steady-state
transfer experiments (as demonstrated for cellulose fiber
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stacks [31], facilitating a complete description of the trans-
port behavior under diverse conditions. Ultimately, this
approach will enable predictions of the drying characteris-
tics of wood based on independent physical measurements.
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APPENDIX A: BOUNDARY LAYER THICKNESS
DETERMINATION

The boundary layer induced by air flow induces a
boundary layer for vapor diffusion. This boundary layer
thus depends only on the flow characteristics along the
solid surface, i.e., and not on some properties of the mate-
rial (see Ref. [45]). A complete similarity analysis of the
fluid mechanical problem shows that the total vapor flux
perpendicular to the sample surface can be expressed as
j = poDo(ns — ns)/8, where no, is the relative humid-
ity of the incoming dry air flux, i.e., ne, = 0, n; is the
relative humidity along the sample surface, and § is a func-
tion of several dimensionless quantities characterizing the
dynamics and thermal properties of the air flux [75]. To
determine the value of §, we used the same setup as that
used in our drying experiments, under the same condi-
tions, but replaced the sample with a cellulose fiber stack
filled with water (free and bound) of identical height. Then
a linear relationship between the saturation and time is
obtained, with the slope of the curve —ds/dt. The total
vapor flux (per unit area) along the sample surface is given

byj = —mqr(0s/0t) /A, where A4 is the area of the sample
or water surface and mqyy, is the dry mass of the sample.
In this case, with a wet porous medium, the humidity at
the sample surface remains at its maximum value (i.e.,
ngs = 1) because the water continuously moves toward the
free surface, where it evaporates, which induces a constant
drying rate. Thus, we can also write j = pgDg(1 — 140) /8.
Finally, the characteristic thickness of the boundary layer
under such conditions can be deduced from the equality of
the two vapor flux expressions above, leading to

5 — ,O()D()A ds
o Mry at )’
Note that in this expression the variations of Dy with tem-
perature (typically DyT ox n''®) can be taken into account.
However, in the range of temperatures covered in this
study, they induce a maximum variation of § by a factor
1.17, which has a negligible impact on the diffusion char-

acteristics under our relatively high air flux intensity (i.e.,
5 on the order of 1 mm).

APPENDIX B: NMR RELAXOMETRY DATA FOR
OAK

Typical NMR relaxometry data for oak, i.e., the PDF
evolution over time during a drying test with an oil-filled
sample, are presented Fig. 10.

APPENDIX C: SORPTION CURVES

Sorption data for the different materials are shown in
Fig. 11. In all cases, the desorption curves are shown,

60
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%
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FIG. 10. Probability density function of the transverse relax-
ation time of bound water and oil in oak during drying at ambient
temperature. The thick black line corresponds to the initial state.
The distributions (from top to bottom) are shown at different suc-
cessive times: 0, 0.25, 0.9, 2.2, 3.5, 4.9, 6.8, 9.4, 12.5, 18, 24.5,
30.9,39.4,51,61.4,75, and 88 h.
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FIG. 11. Sorption data used in this study. Cellulose fiber data
are from Ref. [31], oak desorption data are our own data, poplar
data are from Ref. [77] (desorption curve for unmodified wood,
rescaled with our maximum moisture content for bound water),
and fir sorption data are from Ref. [78].

except for fir. For cellulose, long times at each humidity
level allowed us to obtain similar sorption and desorption
curves [76]. For oak and cellulose, the data align along a
slope that goes through zero moisture content for relative
humidity tending to 0%, and they can be represented by a
straight line up to relative humidity of 80%. For relative
humidity greater than 80%, the data are well represented
by a slope of 1. Although the shapes of the sorption curves
for fir and poplar are somewhat more complex, the slope
of the experimental curve can still be well represented by
a slope of 0.13 over most of the range of relative humidity
between 0% and 80%, and approximately by a slope of 1
beyond this range.

The sorption and desorption curves change when the
temperature varies, but in a rather limited way in the range
from 10 to 50 °C (see the data in Refs. [4,79]). Finally, the
representation of the slope of the desorption curve by the
model described above seems to be a good approximation.

APPENDIX D: NUMERICAL SIMULATION

To solve the one-dimensional diffusion equation, an
explicit finite-difference method is implemented. Specifi-
cally, the forward-time, central-space (FTCS) scheme was
applied, with the use of a forward difference for the time
derivative and a second-order central difference for the spa-
tial derivative. The stability of this explicit FTCS scheme
is governed by the Courant-Friedrichs-Lewy condition,
i.e., @ = DAt/Ax* < 0.5, where D is the diffusion coeffi-
cient, At is the time step, and As is the spatial step. In our
cases, the values chosen for A¢, Ax, and D ensure numer-
ical stability. The initial condition along the whole wood
sample is assumed as fully saturated, i.e., S = 1. The left

boundary (the bottom surface of wood, i.e., x = 0) is con-
sidered impermeable, and is set as the no-flux boundary,
dS/0x = 0, and the right boundary (the wood-air interface,
x = H) is set as a Fourier-type boundary [Eq. (2)]. The rel-
ative humidity distribution n(x, ) along the thickness of the
boundary layer § for vapor diffusion is firstly computed,
and afterwards, at the exchange interface of vapor with
wood (x = H), this relative humidity is converted to the
distribution of moisture content s(x, ) at each time step,
on the basis of the desorption isotherm curve s = f'(n).

APPENDIX E: IMPACT OF THE PRESENCE OF
VOID INCLUSIONS IN THE SOLID MATRIX

Although the void inclusions are, in principle, enclosed
by the surrounding solid matrix or the oil, they can partici-
pate in the water transport during our drying tests. Indeed,
they contain air and vapor, due to the constant exchange
between vapor and bound water. Following continuum
homogenization, the effective diffusivity D of a heteroge-
neous medium is related to the diffusivities of its constitut-
ing phases depending on its microstructure. For a medium
made of a matrix of diffusivity D, (bound water) contain-
ing disconnected inclusions of diffusivity D, (vapor), a
reasonable homogenization model is the Maxwell-Eucken
estimation [80]:

DD 2Dy + D, — 2(Dp — D,) x ®
~ "\ 2Dy + Do+ Dy —Dyy x @ )’

in which & is the volume fraction of inclusions. This
estimate is not applicable directly to the transport diffu-
sion coefficient, as the driving force (gradient of density
Vp) is not the same for the matrix and the inclusions
(bound water density is very different from vapor den-
sity). An appropriate common driving force is the gradient

4
n<0.8
Q% 2
Db
n>0.38
0 T
0.0 0.5 1.0

Void fraction

FIG. 12. Typical impact of the presence of voids on the dif-
fusivity of the matrix for a temperature of 20 °C and a diffusion
coefficient in the solid phase of 10~ m?/s.
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FIG. 13. Saturation over time during the drying of oil-filled
poplar samples along different surfaces, resulting in transport
in the main directions of wood at 28 °C. For each direction,
the results of several tests conducted under the same conditions
with different samples are presented. L, longitudinal direction; R,
radial direction; T, tangential direction.

of humidity Vn, and the corresponding diffusivity D, is
related to the transport diffusivity according to D,Vn =
DyVp = D, = Dy(dp/on)r. The partial derivative for the
vapor is the saturation density, (0p/0n)r = pst(T); for the
matrix, it is given by the slope of the adsorption isotherm,
o = (dp/dn)r. The water density may be approximated
by p = sp,, in which p, = 1500 kg/m> is the density of
the solid phase (essentially cellulosic). Since the adsorp-
tion isotherm is roughly piecewise linear (see Fig. 11), we
can approximate it by two straight lines, i.e., s = 0.13n for
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FIG. 14. Saturation over time during the drying of oil-filled

oak samples along different surfaces, leading to transport in the
main directions of wood at 28 °C. The dotted line corresponds
to the simple diffusion model fitted to oak data (longitudinal
direction) with diffusion coefficient D = 0.75 x 10~° m?/s. L,
longitudinal; R, radial; T, tangential.
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FIG. 15. Saturation vs time curves during the drying of cellu-
lose fiber composites at different temperatures.The dotted lines
correspond to model fitting with a constant diffusion coefficient.
The values of the resulting diffusion coefficient are presented in
Fig. 9(b).

n < 0.8ands = n — 0.74 for n > 0.8, as proposed for cel-
lulose [31], so « is represented by two constant values in
these two ranges of n. These values remain fairly constant
over the temperature range in this study (see Fig. 15). It
is important to note that in this description we ignored
porosity changes resulting from bound water absorption.
Actually, it was observed that water absorption induces
a global volume change of a poplar sample larger than
the volume change strictly associated with the absorbed
water volume (by a factor of 1/0.7; see Ref. [22]). Con-
sidering the porosity of poplar [about 67%, as deduced
from our data (see Sec. II A)], this indicates that the pore
size also increases when the solid phase swells, and finally
the porosity only decreases to 62.5% when the medium
is saturated with bound water. Since the mass of water
vapor is negligible in the effective medium, (dp/dn)S" ~
(dp/ dn)l} = «. Therefore, the effective transport diffusion
coefficient is given by

D= Db (Zan + psatDv + 2(psatDv - an) X CD) )

zan + /OsatDv - (psatDv - an) x @

On the basis of this relation, one can estimate the trans-
port diffusivity D, of bound water in the matrix using
the known vapor diffusivity as a function of temperature
[811: Dy(T) = Dyres (T/Tp)"¥!, where D, or = 2.178 x
107> m?/s and T, = 273.15 K.

APPENDIX F: IMPACT OF WOOD DIRECTION
AND REPRODUCIBILITY

Saturation versus time data from drying tests under sim-
ilar conditions on poplar samples along different directions
are presented in Fig. 13. Data corresponding to several

044002-16



WATER DIFFUSION IN WOOD AND PLANT CELL WALLS...

PHYS. REV. APPLIED 24, 044002 (2025)

tests with different samples under the same conditions are
rather well superimposed, say, within about 10%, which
illustrates the good reproducibility of the data. Note that
here for poplar, in contrast with our findings for oak and
fir, there exists a noticeable difference between the data
in the longitudinal direction and the data in the other two
directions. Specifically, the diffusion coefficient is about
1.5 times larger in the longitudinal direction. Data for oak
samples in the different directions are presented in Fig. 14.

APPENDIX G: DIFFUSION DATA FOR
CELLULOSE

The saturation versus time curves for cellulose samples
at different temperatures are presented in Fig. 15.
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