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Wetting enhanced by water adsorption in hygroscopic plantlike materials
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Water inside hygroscopic porous media such as plantlike systems can be found either freely penetrating in
capillaries or absorbed into the solid phase (bound water). Here we demonstrate that the wetting properties
(contact angle) of liquid along cell walls significantly depend on the amount of bound water absorbed: a change
from poor to good wetting is observed when cell walls are saturated with bound water, which allows liquid
displacement. We further show that this process is operative in hydrogels, suggesting that this might be a
general property of porous hygroscopic systems. As a consequence, imbibition dynamics is controlled by water
adsorption and diffusion in the walls, and even if the dynamics of capillary imbibition is strongly damped (by
several orders of magnitude), water can freely climb over significant heights as long as sufficient water has been
adsorbed into cell walls or in other hygroscopic walls. Under these conditions, the imbibition process in such
systems is not described by the standard model but is analogous to the propagation of a front of solidification
in a liquid. This process might contribute to the regulation of water absorption in unsaturated wood, allowing it
to store available bound water in progressively higher depths, instead of leaving free water rapidly flow through
it. Such a mechanism may be explored to design porous materials with tunable liquid adsorption timings for

pharmaceutical or chemical engineering applications.

DOI: 10.1103/PhysRevResearch.1.033190

I. INTRODUCTION

Wood material, one of the oldest materials in human his-
tory, is being used increasingly in construction and in vari-
ous other applications thanks to its remarkable mechanical,
thermal, and hygroscopic properties. Water transfers as vapor
or liquid strongly influence such properties and the structural
alterations of the material with time, but the physical mecha-
nisms governing such processes are still not fully understood.
On the natural side, water is vital to plants. It is transported
or stored in liquid state inside capillaries or as bound water
adsorbed into cell walls [1]. These processes rely on a sub-
tle hydraulic system that could be inspirational to develop
new materials with original properties. The mechanism of
transpiration in living plants is described according to the
cohesion-tension theory, in which evaporation induces a water
loss and thus a negative pressure pulls out liquid from the soil
and moves it up in the xylem [1-4]. On the other hand, the
coexistence of both air and liquid inside the vessels is a source
of more complex behavior and problems such as cavitation
(leading to embolism), that can stop circulation of liquid in
vessels [5-7], or imbibition-drying cycles which may induce
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damages (swelling, fractures) in wooden construction [8,9].
Such transports are generally considered as being governed
by laws similar to those in a porous medium with neutral
structure. However, the permeability, although in principle an
intrinsic parameter, was found to vary with the sample length
[10-14], which suggests that some effect might affect the
basic liquid transport in wood. Moreover, it was shown that
subtle hydraulic mechanisms between adjacent vessels can
foster water refilling in embolized xylems vessels [15,16].
Recently, it was suggested that some interplay between
bound and free water could affect [17,18] the imbibition
process. More precisely, it was shown that the capillary imbi-
bition process of water in a poplar sample is strongly slowed
down with regards to the dynamics expected from the theory
relying on liquid-solid interactions and wood structure [18].
In contrast, oil imbibition is much faster (typically by three
orders of magnitude) and its dynamics well described by the
standard theory. Finally, it was shown that this extremely slow
imbibition of water is associated with the transport of water in
the form of bound water at larger distance than free water,
suggesting that this bound water could control the free water
advance [18] but the origin of this effect is not understood.
Here, we demonstrate that this effect finds its origin in
a strong modification of the wetting properties of the wood
depending on its bound water content. We start by showing
that the effect of damped imbibition dynamics described
above is general in hardwoods. Then we focus on one typ-
ical hardwood, a hornbeam, for which we check through
MRI (magnetic resonance imaging) that bound water propa-
gates farther than free water along the longitudinal (imbibi-
tion) axis. 3D Synchrotron x-ray microcomputed tomography
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images show that the wetting characteristics (contact angle)
are strongly different depending on the amount of bound
water adsorbed in cell walls. The generality of this effect
is then demonstrated by reproducing it with hydrogels, a
“synthetic tree”” mimicking material used in the study of wood
transpiration and cavitation processes [4,5]. More precisely,
placed in contact with free water, the contact angle will
differ from about 90° only when the pore walls have been
filled with bound water. As a result, spontaneous imbibition
is considerably retarded (by several orders of magnitude).
We then show that under these conditions the imbibition
is analogous to the propagation of a front of solidification
in a liquid. This process might contribute to a regulation
of water absorption in plantlike systems after some drying
period, as it allows the storage of available water molecules as
bound water in progressively higher depths, instead of leaving
free water rapidly flow through the structure. Overall, our
findings extend our understanding of water transport within
porous materials and set the foundations for the development
of bioinspired porous materials able to absorb liquid with a
tunable timing for chemical and pharmaceutical applications.

II. RESULTS

A. Paradoxical capillary Imbibition in hardwoods

Wood structure is essentially made of elongated hollow
cellular units directed along the direction of the tree trunk
(called longitudinal direction), and along which a liquid (i.e.,
free water) can move in lumens, surrounded by a solid
structure able to adsorb water (i.e., bound water) [3,10].
Hardwoods are basically made of long (hollow) dead-end
vessels whose diameter ranges from a few tens to about one
hundred of microns depending on species (see Appendix A),
in a solid structure containing elongated enclosed fibers (with
a radius around a few microns) able to store some free
water. The vessels can ensure a significant liquid transport
because of their large hydraulic radius and their length which
sometimes can reach several meters [3]. The basic experiment
for understanding liquid uptake consists of taking a wood
sample without free water (either in vessels or fibers), putting
it in contact with a liquid source and observing the imbibi-
tion process in the longitudinal direction [Fig. 1(a)]. Under
such conditions we expect an imbibition process basically
governed by capillary effects, i.e., the liquid wets the vessel
wall with some contact angle (thus forming a meniscus)
which induces a pressure drop which pulls the fluid upwards
against gravity. As already observed for other wood types with
different techniques [19-23], we can observe with MRI (see
Appendix C) a progressive penetration of water from the sam-
ple bottom, preferentially between growth rings [Fig. 1(b)].
The climbing dynamics varies with growth rings, due to the
structure heterogeneity resulting from variable growth related
to environmental condition fluctuations. A first approach to
quantify imbibition is to follow the sample mass variations
with time and compute the average characteristic height #* =
/S (with @ the absorbed liquid volume and S the sample
cross-section) as a function of time [Fig. 1(c)].

Imbibition tests have been performed on two ring-porous
woods (oak, ash), a diffuse-porous (hornbeam) and a semi-
diffuse-porous (intermediate) wood (poplar) (see properties in
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FIG. 1. (a) Principle of the imbibition experiment, showing the
orientation of the wood sample, whose vertical faces have been
sealed with paint. For all our tests the sample size was 4(R) x 2(T) x
10(L) cm?® where R and T are the radial and tangential directions and
L the longitudinal direction (vertical tree axis). (b) Typical 2D MRI
image (sample width 4 cm) taken during imbibition in a hornbeam
sample (free water in light blue, bound water and dry wood are not
visible in such an image). The yellow arrow indicates the direction
of water movement. Scale bar: 1 cm. (c) Absorbed water volume per
transversal cross-section area as a function of time for different wood
types. The continuous lines correspond to the complete Washburn
model [Eq. (1)] fitted to either the slope at short time (orange curve),
or approximately the maximum level reached for hornbeam data
(green curve). The purple dotted line (of slope %) corresponds to the
predicted water amount according to the diffusion model [Eq. (6)].
The (green) triangles correspond to the same test for a poplar sample
(data from Ref. [18]) in contact with a silicone o0il (6; = 0.02Nm™!;
@1 = 20 mPa s), whose time was normalized by oy /0 in order to
obtain imbibition data comparable to those of water within the frame
of a Washburn approach.

Appendix A), which cover the three typical types of vessel
structure of hardwood. For all tested species we observe an
imbibition process at first sight consistent with a standard
Washburn process [24,25] since the imbibition curves roughly
tend to follow a square root of time variation [Fig. 1(c)].
This conclusion is in line with previous observations from
imbibition tests on wood, generally carried out in a much
narrower range of times [22,26].

A quantitative analysis of the data with the help of the
Washburn model is nevertheless possible. The capillary ascent
of a liquid in a cylindrical conduit (of radius R) is driven by
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the capillary pressure defined as p = —20 cos6/R, where o
is the surface tension (we use o = 0.07Nm~"' for water) and
0 the contact angle [27], damped by gravity effects leading
to a pressure gradient pg, where p is the fluid density and
g the gravity. Assuming a laminar flow in the vessel, the
pressure drop (A p) over the height % of liquid in the conduit is
also related to the flow characteristics via the Poiseuille law,
which is expressed by Ap/h = 8uV /R?, where  is the liquid
viscosity (10~3Pas for water) and V = dh/dt is the mean
flow velocity through the vessel. Finally, the liquid ascent in
the conduit is described by

8V /R* = 20 cosO/hR — pg. (D

According to this equation, in a first regime (short times)
controlled by capillary effects the height of liquid # is defined
by

h =Kt )

with a coefficient K = o R cos 6 /2. In a second regime (long
times) controlled by gravity effects, & tends to a plateau
determined by

imax = 20 cos6/pgR = 4K/ pgR*. 3)

If we assume that the wood samples are essentially made
of simple straight conduits (vessels) dispersed in a solid phase
(leading to an apparent porosity ¢) and parallel to the lon-
gitudinal direction, this model applies with 7 = h*/¢. Then,
since we know the main geometrical characteristics of the
hydraulic system, the fundamental unknown of the problem is
the contact angle, which may be fitted to either the dynamics
or the maximum height of ascent. However, no consistent
fitting, even approximate, may be found.

Indeed, let us consider the observed coefficient for the
dynamics in the first (square-root) regime in our experi-
ments (i.e., K ~ 7 x 1078m? s~!). The above expression for
hmax implies that the maximum height of ascent should be,
e.g. for hornbeam, about 30um (which implies 6 &~ 90°), in
strong contradiction with our data showing that water goes
on climbing beyond one centimeter [Fig. 1(c)]. Conversely,
if we assume wetting properties in agreement with the (ap-
proximate) observed A, value, which implies 6 & 82° for
hornbeam, the model predicts a much larger K value, and
consequently a much faster penetration dynamics than ob-
served [see Fig. 1(c)], typically by a factor 1000 for hornbeam
and even larger for the other species which have larger av-
erage vessel diameters (see Appendix A). Thus, we observe
a much too slow or, conversely, a much too high imbibition
than expected from a simple capillary (Washburn) imbibition
dynamics. Note that here the maximum height was roughly
estimated from the maximum height observed within the
duration of the tests in Fig. 1(c). Such value constitutes a lower
bound of the effective maximum height, which is sufficient for
the demonstration of the paradox.

A previous quantitative physical analysis already empha-
sized a time of imbibition several orders of magnitude larger
than expected from the permeability deduced from the wood
structure [14]. On the one hand, to explain these results,
structures made of a network of channels with connections
with a probability of passage [28,29], or with a double perme-
ability [14], were suggested, which are nevertheless not fully

consistent with the effective structure of hardwood. On the
other hand, a dynamics differing from that expected from the
standard Washburn process has been observed for bi-porous
systems [30-33] and other peculiar effects were observed
with specific pore shapes [25,34,35]. Among these materials
were cellulose sponges [31,32] made of macropores (few
millimeters) connected by micropores (few micrometers), and
a solid structure formed of sheets able to adsorb water so that
the structure swells when in contact with water. The late stage
of water imbibition dynamics is slowed down by micropore
deformation and merging, resulting from deformations of
the hygroscopic structure [32]. However, this effect is much
weaker (less than one order of magnitude) than that observed
here, and hardwoods are a priori simpler systems (straight
continuous vessels). In addition, this paradox cannot simply
be explained by some loss of water amount in the walls and
fiber lumens, which surround the vessels. Since the material
can absorb up to typically 1.5 times the vessel volume, a water
loss in this structure cannot induce a rate of imbibition slower
than expected by a factor of three orders of magnitude.

Alternatively, we could suspect that, due to some structure
features not apparent from microscopy, the pressure loss
is much larger than assumed above considering vessels as
straight cylindrical conduits. However, the good agreement of
the data for oil with the Washburn prediction (see Fig. 1(c)
and Ref. [18] for other oil viscosities) demonstrates that such
extra pressure loss is negligible (as it would act in the same
way for any liquid type). More generally, the consistency of
oil data with the standard Washburn model predictions, which
contrasts with the paradoxical results for water, confirms our
appreciation of the main structure trends of the hydraulic
network from microscopy, which suggests that the observed
effect is specifically due to the affinity of water with wood.
More precisely, this implies that the presence of bound water
should have an impact on the wetting properties.

B. Imbibition by propagation of planar air-liquid interfaces

In order to find out the origin of this phenomenon, we
need to clarify the wetting properties of wood which play a
fundamental role in a standard capillary imbibition process.
A simple measurement of the contact angle from the shape
of a water droplet lying over the external sample surface is
hardly relevant as it may be significantly affected by liquid
penetration through the porosity or by the roughness of the
surface. The most straightforward measurement consists to
look directly at the wetting characteristics inside the wood
vessels. In that aim we observe the water distribution at the
micron-scale, from 3D Synchrotron X-ray microcomputed to-
mography images of the hornbeam sample (see Appendix B).
From a detailed inspection of the transitions of grey level,
resulting from different signal attenuations, along the different
directions inside the vessels, we can clearly identify the
position and shape of the air-liquid interfaces.

A small wood piece [1.75(R) x 1.75(T) x 6(L) mm?] ini-
tially conditioned at 54% RH is placed in contact with a
water bath, i.e., its bottom is plunged in water. After about
ten minutes we look at the water distribution in the vicinity
of the sample (vertical) L edges in contact with water, where
bound or free water could rather easily penetrate from almost
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FIG. 2. Air-liquid interfaces in different directions inside vessels,
along the vertical edges of a wood sample immersed in water.
(a) Micrograph of a tangential-longitudinal (TL) section (at a dis-
tance of 100 wm from the vertical edge) in a hornbeam sample after
about 10 min in contact with water (without paint). Fibers are filled
(green arrows) or partially filled (red arrows) with free water. (b)
Aspect of a typical interface formed between air bubbles and water
inside hornbeam wood vessels imaged at the transversal plane (RT
slice) at the point where the radial, tangential and longitudinal planes
intersect perpendicularly [see Fig. 1(a) for details]. The water/air
meniscus is indicated by dotted lines and the vessel wall by dashed
lines. (c) Tangential-longitudinal (TL) and radial-longitudinal (RL)
cross-sectional images of an air-liquid interface formed in these
samples. Scale bars are (a) 200 and [(b) and (c)] 50 pm.

all sides. Trapped air bubbles (Fig. 2) then allow to see that the
air-liquid interfaces are significantly curved with a contact an-
gle around 30°. Such a shape is consistent with the observation
of menisci in leave vessels [15,16]. The point is that with such
wetting properties, we would expect an imbibition dynamics
much faster than observed for the standard (longitudinal)
imbibition tests (cf. Fig. 1). This confirms that some specific
effect damping the dynamics occurs in that case.

We now look at the water transport inside the sample, i.e.,
at a distance larger than 200 um from the vertical edges in
contact with water. Now we systematically observe an upward
motion of water, basically in the vessels (see Fig. 3), but we
can also observe that fibers progressively fill upwards (see Fig.
4). However, in strong contrast with the curved shapes around
trapped bubbles observed above, during such a longitudinal
water imbibition the air-liquid interfaces in the vessels are
almost planar (see Fig. 3). Another original observation is

(b)

RL slice

TL slice

RT slice

FIG. 3. Air-liquid interface dynamics and shapes (in different
directions) inside vessels during longitudinal imbibition. (a) Time se-
quence micrographs of water imbibition of a tangential-longitudinal
section of a hornbeam sample showing a few interface movements
(from bottom to top). Colored circles (red, green, yellow) show
different planar interfaces advancing in vessels with different ve-
locities, while blue rectangle indicates an inclined interface stopped
during the observation time by a perforation plate (visible on the
first image, before interface arrival). (b) Aspect of a typical air-liquid
interface formed during imbibition of hornbeam wood imaged at the
transversal plane (RT slice) at the point where the radial, tangential
and longitudinal planes intersect perpendicularly [see Fig. 1(a) for
details]. The water/air meniscus is indicated by dotted lines and the
vessel wall by dashed lines. (c) Tangential-longitudinal (TL) and
radial-longitudinal (RL) cross-sectional images of a planar air-liquid
interface formed in these samples. Scale bars are (a) 200 and [(b) and
(©)] 50 pm.

that these planar interfaces do not necessarily intersect the
vessel walls with an angle close to 90°. They may exhibit a
significant apparent inclination (up to about 30°) with regards
to the vessel axis (see Fig. 3). This suggests that they may be
pinned to the wall by some unevenness of the wall, such as
the perforation plates or the helical thickenings in the vessel
elements.

From the successive images (scans at four times) in a
given longitudinal section we can study the dynamics of these
interfaces. For each scan, 30 TL slices, separated regularly
by 50 pixels in the radial direction across the sample, are
selected and used for analysis. This allows the observation of
44 interfaces in vessels during the four serial scans. It may
be noticed that despite the relatively long duration of the scan
(see Appendix B) the phase-contrast x-ray imaging allowed
to enhance the water-air interface distinction. Also note that
this distinction of such interfaces was certainly facilitated by
the fact that they advance by steps, so that each interface
remains in a given position a sufficient time with regards to
our measurement time to induce a sufficient contrast in the
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Vessel
Cell wall

{ Fiber

FIG. 4. (Left) Image sequence at different times during imbibi-
tion, showing how water invades the fibers around a vessel beneath
the water/air interface (situated much above this region). V: vessel
filled with water. f1: fiber close to vessel V, f2: fiber farther from ves-
sel V. (a) (953 s) f1 already partially filled with water, f2 apparently
free of water; (b) (1436 s) f1 goes on filling with water, first liquid
interface appear in 2; (c) (2058 s) fl and {2 go on filling. (Right)
Schematic of the proposed mechanism of water penetration in wood.
The liquid in the vessel can advance only when a sufficient amount of
bound water has diffused in the cell walls ahead, but on average the
interface keeps a planar shape. Bound water diffuses transversally
and finally reaches fibers. Then due to capillary effects, free water
films and blobs develop at the fiber walls, and grow in time until the
corresponding free water has fully invaded the fibers.

final picture resulting from reconstruction. Following their
longitudinal position in the successive images, we can com-
pute their average velocity at each of the three steps (see
Fig. 5). The order of magnitude of the average velocity, i.e.,
10°ms~!, is similar to that of the velocity of ascent in
the vessels deduced from macroscopic measurements after
2000 s of imbibition [cf. Fig. 1(c)]. However, we observe
that their dynamics is erratic (Fig. 5). Some interfaces remain
fixed over the duration of our observation, others move at
an approximately constant velocity, others appear to pause
during some time (i.e., they keep the same position in several
images) but may then advance rapidly in the next step. This
suggests that there exists an effect which controls both the
wetting characteristics and the motion of the interfaces.

C. Bound water in cell walls control air-liquid interfaces

It may be suggested that deformations undergone by the
sample during imbibition will have some contributions to this
process. For example, the development of deformations in
the tangential direction, where these changes are larger, take
the form of a wave propagating towards the sample top (see
Fig. 13), with a dynamics roughly similar to that of water im-
bibition. However, as appears from the micrographs presented
in Fig. 3(a), this does not induce a significant change in the
vessel size or structure, so that another, more subtle, effect,
must be active.

Deformations of dry wood during water imbibition result
from the adsorption of bound water in the cell walls, which
might have an impact on wetting. This adsorption is also
indirectly observed through its impact on imbibition in fibers,

12
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"
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©
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10 20 30 40
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FIG. 5. Stack columns showing the distribution of apparent ve-
locities of the 44 interfaces followed along the four scans between
two successive images (Vi-j for image i to image j =i+ 1, same
successive times as in Fig. 4). The velocity value corresponds to
the height of the corresponding colored column. A small negative
value (black step) for V1-2 mentions a case for which the velocity
was not measurable because the interface was out of the volume of
observations in image 1. Note that in a few cases (marked by a dot
at the top) V3-4 is a lower bound of the real velocity because the
interface was out of the VOI in image 4.

which are dead hollow cells closed at their ends. We can effec-
tively observe that fiber lumens are progressively filled with
water in the form of liquid water patches dispersed along their
walls. The patches grow and finally gather to fill fiber lumens
(see Fig. 4). Moreover, we remark that the proportion of fibers
filled with water decreases when their distance from vessels
increases, which confirms that water reaches the interior of
fibers by moving as bound water from the vessels through
the cell walls. Fibers and vessels may also be connected by
pores (called pits), but free water flow through the radial
nanometric pits is likely negligible within our test duration.
This is supported by the fact that silicone oil, which has a
smaller surface tension than water, does not adsorb to walls
and has a negligible penetration into fibers during a similar
period of experiment (see Fig. 6). Thus cell walls between
fibers and vessels may be seen as a plain solid phase through
which water can only be transported as bound water [36].
Nonetheless, bound water is also transported longitudinally
in cell walls. MRI measurements specifically developed to
distinguish average distribution of bound and free water in
time along the longitudinal axis (see Appendix C), show that,
in hornbeam, bound water advances well beyond free water,
as already observed for other wood species [17,18]: the bound
water profiles extend significantly farther and faster than the
free water profiles (see Fig. 13). Note that these profiles
correspond to the average water signal over the whole sam-
ple including heterogeneous longitudinal progression of free
water interfaces in the different vessels [see Fig. 1(b)], along
with possible gradients of bound water in the longitudinal
direction. In order to better appreciate the dynamics of bound
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FIG. 6. Laboratory XRuCT images (see details in Appendix B)
of a hornbeam sample put in contact with oil (at its bottom) during
a few minutes then removed and set up for imaging. (a) RT slice
of the sample. (b) TL slice showing a vessel penetrated by oil with
a small contact angle (30°), surrounded by empty fibers. It appears
that in contrast to water imbibition, oil penetration occurs principally
in vessels. Fibers are rarely filled with oil within the duration of
the scan (18.5 h), while water appears in fibers only a few minutes
after the imbibition begins. Since water has a stronger surface tension
suggesting that water-air interfaces should be more difficult to pass
through small pores, this observation confirms a negligible role of
the vessel-fiber pits in transversal water transfers. Moreover, the
air-liquid interfaces in the vessels exhibit the standard expected shape
associated with a low contact angle.

and free water despite this problem, we integrate the signal
over the whole sample length and deduce the equivalent height
of sample whose free water porosity would be fully saturated
with the current volume of free water if the sample was
homogeneous. In the same way we compute the equivalent
height of sample whose bound water “porosity” would be
fully saturated with the current additional amount of bound
water (from the beginning of the test). Under these conditions
we see that the average height of bound water is significantly
above that of the height of free water (see Fig. 7), indicating
that bound water progresses faster, along the longitudinal axis
of the wood sample, than free water.

However, it may be argued that the faster bound water
progression can be explained solely by vapor diffusion from
the liquid-air interfaces inside the vessels, then sorption in cell
walls above this interface. The impact of this effect on bound
water content may be estimated by assuming a steady-state va-
por diffusion process from the (quasistatic) liquid-air interface
to the sample to (which leads to a uniform RH gradient), and
using independent adsorption measurements (see Appendix
D). Finally we see that the amount of bound water obtained
under these assumptions is not negligible, but after one hour
there is a significantly larger amount of bound water present
in the wood which cannot result from vapor adsorption (see
Fig. 7). Instead this phenomenon can be explained by the
longitudinal diffusion, inside the cell walls, of bound water
from the saturated regions in contact with free water towards
low saturation regions.

This suggests that the presence of bound water in the cell
walls would play a major role on the wetting properties.
Indeed, such notion is supported by the distinct shape of

Bl Free water M

1 [L_]Bound water as measured by MRI o
Bound water as deduced from deformation 1
= Bound water (level) adsorbed from vapor | |

La L

10” 10° Time (h) 10" 102

FIG. 7. Average heights of ascent of free and bound water during
imbibition of hornbeam wood. The height reached by free water
(dark blue) and bound water (light blue) in the sample as a function
of time is estimated from MRI measurements of hornbeam wood
samples. Also shown are the estimated bound water heights resulting
solely from vapor adsorption (squares) and those retrieved from
deformation measurements (open red) (see text).

the air-liquid interface in vessels whose surrounding fibers
are partially or fully filled with water in the vicinity of the
interface (i.e., cell walls are likely saturated with bound water)
(see Fig. 2) and that observed in vessels where fibers above
this interface are essentially empty (i.e., cell walls are likely
only partially saturated with bound water) (see Fig. 3). Thus
it seems that as long as the cell walls are not saturated with
bound water, capillary forces are unable to induce interface
displacement (contact angle close to 90° or pinning), but good
wetting conditions are recovered when the cell walls are sat-
urated. This contrasts with the good wetting observed for oil
[small contact angle in Fig. 6(b)] along intact cell walls, which
is consistent with the macroscopic measurements (see Fig. 1).

Finally, the whole process can be qualitatively described
in a relatively simple scheme: capillary uptake of water is
possible only after sufficient adsorption of bound water in the
cell walls; this bound water progressively invades the fibers
as free water; when the cell walls are saturated with bound
water capillary motion can start again but soon stops when
the contact line meets a region nonsaturated with bound water.
Actually this advance should be in general very slow and
continuous since we expect the longitudinal profile of bound
water concentration to vary continuously in time and space.
However, it is likely that the material heterogeneity induces
some more chaotic variations and motions of the interface,
in agreement with our observations (Figs. 3 and 5). The above
description also relies on a definition of the condition of bound
water saturation, which is in fact critical as this is the criterion
which determines the further progression of the interface.
Strictly speaking we cannot have to wait for full saturation as
it can be obtained only from the contact of free liquid with the
cell wall. Indeed, with such a condition, the interface would
never advance: the wood just above it would never reach this
saturation level because each of the above processes for bound
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FIG. 8. (a) Water height of ascent through a templated channel inside hydrogel samples that are saturated (black and white symbols)
or partially saturated (coloured symbols). Three independent measurements are shown for the saturated samples (distinct black and white
symbols, channel diameter 500 pm). The continuous line corresponds to the Washburn model [Eq. (1)] fitted to these data. For partially
saturated samples, the coloured symbols represent samples with distinct channel diameter (d) and prepared at different relative humidity (RH):
black squares, d = 253 um, RH 85%; blue squares, d = 287 um, RH 55%; green squares, d = 505 um, RH 55%, red squares, d = 716 um,
RH 85%. The dashed line (of slope %) corresponds to the predicted water according to the diffusion model [Eq. (5)]. Time sequence images
of water climbing through a central channel inside a hydrogel fully saturated (b) or nonsaturated (c). In the saturated case the first interface
is situated at 1.5 cm from the sample bottom. Note that optical effects make the real diameter appear larger when looking from exterior. The
channel diameters are (a) 500 and (b) 716 wm and scale bars are 1000 pm.

water transport results from a gradient of concentration, which
implies that the maximum value is reached for an infinite
time. More likely there exists a critical value of saturation,
slightly smaller than the full saturation, which allows a further
advance of the interface. This means that the rate of advance
may be somewhat difficult to predict exactly as it could
significantly vary with local heterogeneities of the material
inducing heterogeneities of the bound water concentration,
with some unevenness of the wall surface shape affecting the
capillary effects (pinning), or with some variation of the wall
surface components. This explains that the planar interface
may form various angles with regards to the longitudinal axis,
instead of being exactly perpendicular, due to some uneven
advance at different positions of the vessel walls (see Fig. 3).
Moreover, this explains the erratic advance of the interfaces,
which has its origin in the sudden unpinning of the interface,
after some period of pinning (see Fig. 3), then displacement
along the wall region which has been saturated with bound
water during the blockage period due to pinning.

1. Imbibition is also damped by bound water in hydrogels

We can check the validity of this physical interpretation
and support the generality of this phenomenon by looking
at a model system—a thin channel, representing a typical
hardwood vessel, inside a solid structure able to absorb water,
representing the cell-wall structure. Thus, this is not a “model
wood”, but just a system reproducing qualitatively the geo-
metrical and wetting or adsorption properties in and around a
wood vessel. In that aim we use a polyethylene glycol (PEG)-
based hydrogel block, a solid cross-linked polymer network
able to absorb water where a cylindrical channel has been
templated from top to bottom (see Appendix E). Immersed

in water for a sufficient time the hydrogel sample swells and
finally reaches an equilibrium state that we associate with full
(bound) water saturation. If we put the bottom of this fully
saturated hollowed hydrogel piece in contact with water, the
liquid rapidly climbs along the channel [Fig. 8(a)], forming
a curved air-liquid interface of constant shape [Fig. 8(b)],
then it stops at a critical height. This imbibition dynamics
is consistent with the Washburn model [Fig. 8(a)] using 8 =
73°. On the other hand, image analysis of the interface in
the channel suggests a value around 15°. This discrepancy
has already been described for similar (saturated) material
and explained as a localized deformation of the channel wall
around the contact line [37]. Note that unlike previous works
here we do not consider the interplay between capillary effects
and induced deformations of the structure [37,38].

If we now immerse a hydrogel piece that has been
previously dried and stabilized at some given RH (different
from 100%), the interface ascent is about ten thousand times
slower than that measured for a saturated hydrogel, regardless
of the channel size [Fig. 8(a)]. Moreover, the hydrogel swells
around and beyond the interface [Fig. 8(c)]. A rounded front
appears, which approximately marks the frontier between the
deformed and nondeformed regions. Moreover, the air-water
interface has now a planar aspect with a contact angle near
90° [Fig. 8(c)]. In similarity with hardwood, even if the ascent
evolves with the square root of time [Fig. 8(a)], the Washburn
model does not fit to the data without a very large discrepancy
on either the dynamics or the maximum height of ascent.

In this context it is reasonable to assume that the distinct
wetting behaviour of saturated and nonsaturated hydrogels
results from different concentrations of water absorbed in the
gel. This would not be so surprising since it has been shown
that water poorly wets a dry hydrophilic polymer material
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FIG. 9. (a) Air-liquid interface formed by water injection by a syringe in a 2-mm-diameter channel of a hydrogel sample pre-stored at 55%
RH. Note that similar results were observed for samples stored at 85% RH. (b) Air-liquid interface formed by air injection in the same channel
filled with water in (a). The direction of injection is from left to right for both (a) and (b). Aspect of the interface during spontaneous imbibition
(c) and (d) immediately after a slight extraction of water from the previous situation. Note that this process leads to a minor lowering of the

interface level, inducing a strong change of the interface shape.

surface, likely because a hydrophobic —CH structure covers
this surface [39], and wetting is increased when a higher
amount of water is adsorbed in a polymer layer [40,41]. To
confirm this assumption, we inject liquid in the channel of a
nonsaturated sample, at a velocity (typically about 1 mm s~")
much larger than spontaneous imbibition or sorption (con-
firmed by the absence of visible sample deformation). The ob-
served contact angle is close to 90° [Fig. 9(a)], which clearly
corresponds to the wetting characteristics of a nonsaturated
wall vessel. We then saturate the same sample with water
and inject air inside the filled channel at the same velocity as
above. In this case, the liquid withdraws with a contact angle
around 15° [Fig. 9(b)]. This clearly shows that the contact
angle of liquid with the surface of a saturated sample strongly
differs from that with a nonsaturated sample. A possible
explanation is that near the saturation point, a molecular layer
of water forms, covering the free surface of the sample thus
resulting in good wetting. Note that if, at some time during
the spontaneous imbibition, we withdraw a very small amount
of water, inducing a very slight lowering of the water level in
the channel, the initially rather straight interface [Fig. 9(c)]
turns immediately to a rounded shape [Fig. 9(d)], as that
observed during imbibition of a saturated sample [Fig. 8(b)].
This shows that the critical water saturation that leads to good
wetting has been reached below the interface. We can thus
now explain the slowing down of imbibition in nonsaturated
gels. The motion of the air-liquid interface in the channel is
negligible as long as the wall is not saturated. It only moves
forward when the walls ahead become saturated with water
over some short distance, which causes a change in the contact
angle and allows the interface to move forward along such dis-
tance. After this, the interface becomes arrested again until the
walls ahead are saturated and this dynamic cycle is repeated.

2. Similarity with solidification front in a liquid

Considering that water transport is governed by water
sorption into the porous walls suggests at first sight, that water
ascension time is uniquely determined by the dynamics of
longitudinal water diffusion into the vessel walls. However,
such dynamics is more complex. Since the area of contact of
liquid with the wall increases continuously as the interface
progresses along the channel, the boundary conditions for
water sorption change continuously, which induces a coupling

between the sorption and the interface displacement. Neglect-
ing 2D effects (i.e., assuming a wall of small thickness), the
mechanism at the origin of the liquid-gas interface progres-
sion can be described by a diffusion process between two
regions from higher concentrations (region in contact with
liquid water) to low concentrations (dry region), separated
by the liquid-gas interface. This leads to a simple model
mathematically analogous to the progressive freezing of a
liquid due to heat transfer [42].

To describe the mechanism at the origin of the liquid-gas
interface progression, we can restrict our attention to the
longitudinal process in a thin layer of hydrogel along the wall.
This allows to assume that the concentration variations along
the radial direction are negligible compared to those along the
channel axis. Thus the problem may be described as a diffu-
sion process between two regions from higher concentrations
(region in contact with liquid water) to low concentrations
(dry hydrogel region) separated by the liquid-gas interface.
We consider the one-dimensional diffusion direction along the
x (i.e., the channel axis), associated with a diffusion coeffi-
cient D. The position of the interface is noted as X. At the ini-
tial time #( the wetted height of the channel is Xy = 0. For any
x > X, the water concentration is ¢, (initial water content in
the dry gel, coo < 1); for x < Xj, in the hydrogel layer just in
contact with the liquid, the concentration is co = 1. Then the
longitudinal diffusion starts in the hydrogel, leading to an in-
crease of the water concentration for x > 0; when the concen-
tration just above the interface reaches the critical value ¢y <
1, the contact angle changes abruptly and allows some incre-
ment of capillary ascent, which places the liquid in direct con-
tact with some new nonsaturated hydrogel surface; then the
concentration in this increment newly covered by the liquid
immediately turns to ¢, (0 < ¢y < ¢, < 1) so that the concen-
tration profile is discontinuous at X . Afterwards, the diffusion
of water towards larger x goes on, eventually leading the
concentration to reach ¢y in higher regions, then allowing a
further advance of the liquid interface X and so on.

The process is in fact continuous, and corresponds to a
specific problem of diffusion with moving boundaries (see
Ref. [42]). Note that it is mathematically analogous to the
progressive freezing of a liquid due to heat transfer: the
current (frozen) “solid” region is that directly in contact with
liquid in channel, the “liquid” region is the hydrogel situated
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FIG. 10. Example of distribution of water concentration in hy-
drogel wall as a function of the dimensionless distance x/X ac-
cording to the model, and (left) scheme of the channel with the
liquid-air interface (thick line) displacement. The liquid-gas interface
is situated at x/X = 1.

above; the concentration is equivalent to the heat content in
the material; as the heat loss propagates upwards, more liquid
is frozen. The solution of this problem expresses as [42]

c(x,1) = Coo + (¢ — cm)%z(k)m for x> X
and
erf (x/2+/Dt)

cx,t) =1—(1 —cy) for O0<x<X 4

erf (k)

with k a constant which depends on the values of cy, ¢,
and coo, erf(z) = (2//7) [, exp(—u?)du and erfe(z) = 1 —
erf(z). The position of the interface in time is given as X =
2k~/Drt. Note that in this simplified description we assumed
that the diffusion coefficient D is independent of water con-
centration and we neglected the impact of density difference,
all aspects which could be taken into account in a more refined
modelling. A typical aspect of the concentration distribution
according to this model is shown in Fig. 10.

This model predicts the progression of the interface as a
square root of time, which is consistent with our observations
(see Fig. 1). It also obviously predicts the independence of
the imbibition dynamics on the capillary force associated to
the channel size (see Fig. 8). Moreover, this model predicts a
square root variation with time of the distance at which some
specific concentration is reached ahead of the interface, as this
corresponds to a constant value of x/2+/Dr in the equation for
x > X. We can hardly check this experimentally as this would
require a precise measure of the distribution of water concen-
tration over relatively short times. However, we can follow
the position of the front of deformation [top of the white
region in Fig. 8(c)], which may be assumed to correspond to
a constant concentration value (e.g., ¢, in Fig. 10), and see
that it effectively increases with the square root of time [see
Fig. 8(a)]. On the other side, we did not observe any impact
of the initial concentration c, in our range of tests, whereas
the diffusion is influenced by this concentration through k

(see above). Note that the water content at equilibrium for the
hydrogel samples previously stored at 54% and 85% RH is 8
and 25 wt%, respectively, compared to 87 wt% when the gel
is fully saturated. One possible explanation is that the critical
value ¢y is very close to saturation and rather large compared
t0 ¢, SO that the solution of the equation for k does not vary
much as long as ¢, remains small with respect to ¢;. Finally,
it should be noticed that the above model does not take into
account gravity effects, but we expect that at some point the
imbibition curve (for the free water) will deviate from this
prediction and finally stabilize at a height x, = 20 cos8/pgR
with 6 the contact angle in saturated hydrogels.

One major prediction of this model is that the liquid-air
interface propagates following a square root of time law with
a factor independent of the contact angle, the permeability and
the viscosity, but proportional to the diffusion coefficient of
bound water in the walls. This result is in strong contrast with
the standard Washburn approach. With our natural systems
we cannot expect to be fully predictive of the process as we
can hardly, ab initio, predict the exact value of the factor (k),
which would require a deep insight in the wetting properties
of these systems, and it would also be necessary to take into
account the impact of the complexity and heterogeneity of
such systems.

However this model already allows to explain two fun-
damental aspects of our data for these systems: (i) a gen-
eral square root dependence of imbibition as a function of
time, even if some late regime also tends to develop with a
slightly smaller exponent (say, around 0.4) [see Fig. 1(b)];
(ii) a diffusion coefficient, much lower by several orders of
magnitude than expected from Washburn process, and here
observed to be of the order of the typical values measured for
diffusion of bound water in wood, i.e., about D = 10~ *m?2 s~!
[10,14,43,44], a value which is of the same order as the self-
diffusion coefficient of confined water [45]. More precisely,
for the hydrogel, using the same diffusion coefficient, we find
(experimentally) that the height vs time curve follows a model

h = 2k~/Dt (5)

with k & 1.5 [see dotted line in Fig. 8(a)], in good agreement
with the above theory. For wood the comparison of theory
with (macroscopic) imbibition data is slightly more complex
since we should now describe the dynamics of the total
amount of water, including free and bound water. As a first
approximation, assuming that the dynamics of bound water
uptake is finally roughly similar to that of free water, we can
expect a law of the type

n* = 2e(1 4+ a)k/Dt (6)

for the apparent height of water having penetrated the sample,
in which o & (.25 is the fraction of bound water with regards
to the free water amount (estimated from NMR relaxation
time distribution). Here this model fits the data for hornbeam
with k = 3 [see dotted line in Fig. 1(c)].

To sum up, this “diffusion” model predicts that the air-
liquid interface propagates as a square root of time law with
a factor independent of the contact angle, the permeability
(channel diameter) and the viscosity, but proportional to the
diffusion coefficient of bound water in the walls, which
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strongly contrasts with a capillarity-driven process. Finally,
the resulting diffusion coefficient (for imbibition) can be much
lower by several orders of magnitude than expected from
Washburn process (i.e., K), in agreement with our experimen-
tal data [Figs. 1(c) and 8(a)].

III. CONCLUSION

The fact that the motion of liquid in vessels through wood
is controlled by bound water adsorption in cell walls means
that if some empty wood vessel is placed in contact with
water, it will let it penetrate farther only when its surrounding
structure has been filled with bound water. The relevance
of the process for plant materials, able to store bound wa-
ter, was demonstrated with a model material. This process
might contribute to a regulation of water absorption for these
materials after some drying period, allowing them to first
progressively store available water as bound water, instead of
leaving it rapidly flow through the structure and move out for
example by evaporation. This kind of interplay between bound
and liquid water might also play some role in the recovery
of plants from cavitation. Finally, it also might aid in the
development of bio-inspired porous materials able to absorb
liquid with a tunable timing. The exact physical origin of
the strong contact angle change with the amount of adsorbed
bound water in the walls is a physicochemical mechanism
which remains to be explained. We can suggest that it comes
from the adsorption of the extremely thin liquid film close
to the line of contact (when the wall is not saturated), which
scales as the square root of time, which can be faster than the
expected interface displacement due to capillary effects.
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APPENDIX A: HARDWOOD STRUCTURE

The structure of hardwood can be considered basically
made of very long parallel vessels (typical radius from several
tens to several hundreds of microns) in a matrix containing
elongated closed fibers (with a radius around a few microns)
of limited length and cell walls (see Ref. [3]). A vessel is
in fact composed by a series of individual cells, whose end
walls are partially or completely dissolved during the period
of cell maturation, thus leaving the structure called perforation
plates (simple or scalariform) between each unit and forming a
long capillary [3]. Vessels may appear as clusters: two vessels

share a cell wall along which small openings (intervessel
pits) are distributed allowing some communication between
them. Fibers have a reduced number of pits to allow direct
flow between vessels and fibers (simple or bordered pits,
etc.). There are also some independent cells oriented in the
radial direction (ray cells) and representing about 5%—10%
of the wood volume; in principle they play a negligible
role within the frame of our study of the liquid transport in
the longitudinal direction. Tracheids may be present in some
species, but their contribution in the water transport may be
considered as negligible.

The different wood types we tested allow to cover the
different types of hardwoods, i.e., including semidiffuse,
diffuse-porous, and ring-porous hardwoods. The size and the
distribution of the vessels in diffuse-porous species are fairly
homogenous across a growth-ring while in ring-porous ones,
vessels are much larger and numerous in earlywood than
in latewood. Estimations of their geometrical characteristics
are provided in Table 1. Imbibition tests as shown in Fig. 1
are performed on the four species but only hornbeam was
analyzed through x-ray microcomputed tomography imaging
and Magnetic Resonance Imaging. In this case, the vessels
are distributed fairly evenly across the earlywood (EW) and
latewood (LW). For all the experiments, wood materials were
collected from planks which had been left drying naturally
under ambient conditions, the samples were cut along the
anisotropic directions of wood: the longitudinal (L) direction
(vertical axis of the tree), which is parallel to the imbibition
axis, and the radial (R) and tangential (T) directions. They
were then stored at 54% RH before experiments.

APPENDIX B: X-RAY MICROCOMPUTED
TOMOGRAPHY IMAGING

XRuCT consists in recording many x-ray absorption radio-
graphies of a sample taken from different viewpoints, usually
obtained by rotating the sample. A reconstruction algorithm
produces a 3D image of the sample, discretized in cubic
voxels with a size depending on the geometry of the setup.
The grey levels of the voxels essentially depend on the density
and the atomic number of the sample constituents.

Synchrotron XRuCT was carried out at the Psiché
beamline of the French national synchrotron facility Soleil
[46] which allows phase-contrast x-ray imaging. 1000
projections equally distributed over a rotation angle of
180° were acquired. Monochromatic beam illumination
was used with an energy of 24.9 keV. The detector system
uses a 90-um-thick LuAG scintillator to convert x rays to a
visible light image. This image is relayed to a Hamamatsu
ORCA Flash4.0 sCMOS camera using a Mitutoyo 5x
microscope objective, giving an effective pixel size of
1.3 um. Volumes were reconstructed with the software
pyHST2 [47] using Paganin filter and their dimensions were
2048 x 2048 x 1800 voxels®. For the Synchrotron XRuCT
one reference image of the sample before water imbibition
and 4 serial scans were obtained for the in situ analysis.
The measurement time was slightly less than 7 min and the
interval between each scan beginning was 8 min.
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TABLE 1. Estimates of the geometrical characteristics of the tested specimens.

Type Vessel diameter (um)  Vessels per mm?  Fibers diameter (um)  Fibers, tracheids, etc. per mm?
Hornbeam  Diffuse-porous 60 110 4-30 2000-2100
Poplar Semidiffuse-porous 110 50 5-40 1300-1400
. 200-250 EW 1-2EW 3800
Oak Ring-porous 40-60 LW 20250 LW 10-20
. 200-250 EW 3-8 EW 2000-2500
Ash Ring-porous 20-80 LW 20-30 LW 5-20

The sample size was 1.75(R) x 1.75(T) x 6(L) mm?. To
reduce the volumes of data treated, observations were not
made on the whole height of the specimen, but instead a vol-
ume of interest (VOI) with dimensions 1600(R) x 1500(T) x
1024(L) voxels was used. Figure 11 shows a reconstructed 3D
image for a smaller volume (300 x 300 x 300 voxels) inside
the sample.

Besides, images for oil imbibition were acquired with a
conical beam laboratory RX-Solutions x-ray microtomograph
(model Ultratom). It was equipped with a Hamamatsu 160 kV
x-ray tube (model L10711-23) and a Photonic Science sensor
(model VHR). The intensity and voltage in the x-ray tube were
respectively 100 A and 70 kV. Every image was the result
of averaging 6 frames, which individual exposure time was
0.25s. Voxel size was set at 1.7 um. 1536 projections were
recorded during a helicoidal scan. Slices were reconstructed
using x-act reconstruction software, and their dimensions
were 1186 x 1518 pixels. The procedure for observing oil
imbibition in hornbeam is as follows: the sample bottom is put
in contact with an oil bath during 2 min, so that the average
imbibition height is around the mi-height of sample, then it is
removed from the oil bath and placed in the x-ray tomograph
for imaging (see above). The oil used here is the silicone oil
47V350, obtained from Chimie Plus (viscosity and surface
tension at 25°C : 0.35Pas, 0.021 0m™"). The absence of im-
age blurring proves that the oil negligibly moves in the sample
during this period. For the laboratory XRuCT test with oil the
measurement times was 18.5 hours to allow a full scan of the
17 high sample to be measured. The sample size was about
2(R) x 2(T) x 17(L) mm? for experiments with oil.

water-filled vessels

(a) fibers

ray cells Jf (b)

air-filled vessels
vessels

FIG. 11. 3D rendering of synchrotron XRuCT images. (a) Cellu-
lar structure of a hornbeam sample before imbibition. (b) Hornbeam
sample imbibed with water. Water-filled vessels show lighter gray-
levels than those without water. Some planar water-air interfaces in
vessels are visible and indicated by red arrows. Scale bars, 100 pm.

APPENDIX C: MAGNETIC RESONANCE IMAGING
1. Setup

The distribution of liquid content along the sample axis
(see Fig. 12) was measured by a vertical MRI spectrometer
(DBX 24/80 Bruker) operating at 0.5 T (20-MHz proton
frequency) and equipped with a 'H birdcage radio frequency
coil of 20 cm inner diameter. In our working conditions, the
measurements are principally sensitive to water molecules
contained in the sample. The water content was studied as
either projected profiles along the vertical axis, or 2D pictures
in a vertical slice.

2. 1D Imaging sequence

The NMR profiling sequence utilized in this study was a
1D spin-echo sequence using a space encoding gradient in the
vertical direction, where the echo is actually repeated 16 times
as a series following m/2 — grad — (w — grad);s with a
regular inter-echo delay TE. The NMR signal owing to each
echo was recorded by means of a 32 steps duplex cogwheel
phase cycling scheme [48]. For each measurement, a time
series of NMR profiles was then obtained for a series of
recording times TE, ...,16TE. The experiment was performed
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FIG. 12. (a) Projection of transverse signal for 1D profiles along
sample axis and (b) slice selection for 2D NMR imaging. For 1D
profiles, every point corresponds to the integrated signal in the
horizontal slice (showed as the light gray cuboid) with 1.25 mm of
thickness. The 2D imaging is realized as a vertical slice with 2 mm
of thickness (in the tangential direction) parallel to the RL plane.
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at the magnetic center of our gradient coil (a BGA26 by
Bruker, 26 cm inner diameter) with a field of view of 16 cm.
The resolution along the vertical axis was 1.25 mm. Slight
profile distortion due to possible gradient nonlinearity was
observed. In order to eliminate this, all the profiles were nor-
malized by a referential profile of a cylinder glass tube with
known dimensions containing the same liquid. Our measure-
ments were not subjected to any spin-lattice NMR relaxation
(Ty) weighting, because the recycling delay between scans
was set to 5 times of the longest 77 of water found in our
sample. The gradient strength was about 0.035Tm™! with
500 ws stabilizing time and freshly tuned pre-emphasis which
removed eddy effects at the end of this stabilizing time. The
echo time was TE = 3.47 ms. A Gaussian filtering was used
to reduce spurious Gibbs oscillations due to the high signal
contrast at the interface between the water reservoir and the
bottom of the sample.

The successive echoes permitted the local analysis of spin-
spin (T,) relaxation times of water at short times. A separate
study of the full T, distribution of the sample containing
bound and free water showed that three water pools can
actually be identified, exhibiting three different relaxation
times. The fast relaxing component was attributed to bound
water, whereas the two slower components were attributed to
possibly two types of free water. However, we are still unable
to understand the origin of these two populations. It would be
natural to consider that they correspond to the two types of
structural elements according to pore sizes: the medium peak
would correspond to free water in fibers while the other one
to free water in vessels. However, the ratio of the intensity of
the two peaks did not correspond to the volume ratio of fibers
and vessels as measured by image analysis of microscopic
observations, so that we could not definitely conclude on that
point. As a consequence, we thought it preferable to speak
of free water as a whole and avoid trying to distinguish two
populations without clear physical interpretations.

At the time scale of the NMR sequence, the two pools of
free water actually appeared as one single pool with slow re-
laxation, so that a biexponential analysis of the signal intensity
was used, following that previously introduced in Ref. [49].
MRI data were regarded as if each layer of our sample would
contain two water pools with local relaxation 7,,(z) and
T, £(z) (corresponding to relaxation of bound and free water
seen as a whole). Denoting myg ,(z) and mg¢(z) the actual
spin density profile of bound and free water, respectively, the
profiles obtained from each n echo were then modelled as

nTE
prof,(z, n) = mg ;(z) exp <_ T b(Z))

nTE ) 1)
D(z))

On some numerical tests, it was checked that the use of a
biexponential instead of a triexponential analysis was of little
quantitative influence on the determination of the total amount
of free water, and also greatly improved the stability of the
fitting procedure.

The quantification of bound and free water pools was
expected to be correct at high RH %. Bound water indeed has
a T, value close to 4 ms, which makes it correctly detectable
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FIG. 13. Aspect of some of the concentration profiles obtained
for free water (continuous lines), bound water (dotted lines) through
MRI, and the equivalent amount of water associated with the sample
deformation (symbols + continuous lines).

by the NMR sequence. At low RH % however, this T, value
can get shorter than 1 ms, and lead to underestimation. As
far as data interpretation is concerned, in the regions of lower
bound water content, and even if the NMR signal is no longer
proportional to the bound water content, we was seen that
it is still possible to appreciate quantitatively the dynamics
of bound water from the evolution of the shape of the NMR
signal distribution along the sample height.

3. 2D imaging

Five simultaneous 2D MRI vertical slices of 2-mm thick
with 2-mm interval between them (parallel to RL plane, see
Fig. 12) passing through the wood sample with space reso-
lution equal to 0.47 (radial) x 2.19 (longitudinal) mm, were
taken at different times during wood imbibition. A multi-spin
multi-echo (MSME) pulse sequence acquiring 8 echoes was
used with an echo time of 10 ms and a recycle delay of
600 ms. A short recycle delay value and multiecho addition
were chosen so as to obtain an acceptable signal-to-noise
ratio and to keep measurement time under 30 minutes. It
however induced both 77 and 7, weighting, thus preventing
here direct quantification. Moreover, they did not show bound
water as its 7, value is of the order of 4 ms. 2D images were
thus essential to appreciate the distribution of liquid in the
transversal direction but could only be qualitatively compared
with 1D profiles of free water.

The distribution profiles for free and bound water at dif-
ferent times along the hornbeam sample longitudinal axis
(see Fig. 13) were measured with the help of MRI. Note
that the bound water profiles cannot readily be quantitatively
interpreted in terms of the total bound water amount stored
at some position from the beginning of the test. Indeed, the
bound water being initially present in the sample (at 54% RH)
does not provide a visible NMR signal with our sequence as its
relaxation time is too small. This is only when sufficient water
is added in the cell walls that all the bound water (i.e., initial 4
added) present may become visible. More precisely, beyond
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that critical value of bound water amount, the NMR signal
increases first much faster than the concentration increase, and
then increases more or less proportionally to it. This effect
nevertheless does not affect our analysis of the dynamics of
bound water since, for our sample initially at 54% RH, we
can consider as a first approximation that a signal appears just
when new bound water has been formed, and then the signal
increases with the bound water amount. Under such condi-
tions the recorded amount of bound water should represent a
lower bound of the effective additional bound water amount
formed in the structure.

We can see that both profiles (bound and free water)
exhibit gradients, i.e., the front of the profile is not vertical
as for a progressive full imbibition process, and this is due to
the heterogeneity of the material: depending on the detailed
characteristics of the wood, the liquid progresses at different
speeds in the different vessels [see Fig. 1(b)]. Despite this
effect, we clearly see that the bound water progresses more
rapidly upward than the liquid water: for each time step, the
front of bound water is far ahead of the corresponding front of
liquid water.

This observation is confirmed by measurements of volu-
metric deformation at each height at these different times with
an outside micrometer Mitsutoyo with 0.01 mm precision in
the transversal plane every 5 mm along the sample axis (only
radial and tangential deformations are measured; longitudinal
deformations are considered negligible). It is expected that
these deformations find their origin in the bound water ad-
sorbed in the solid structure. We can thus interpret the cor-
responding volume gain as an amount of bound water newly
adsorbed. Doing that we see that the deformation profiles are
rather close to the bound water profiles (see Fig. 13) (in fact
they are just above, in agreement with the fact that the bound
water profiles are underestimations of the effective bound
water amount).

APPENDIX D: IMPACT OF WATER SORPTION IN WALLS

Since diffusion in wood can occur either as bound water or
as vapor [1] there are two possible origins for the increase of
bound water concentration in the region situated beyond the
water-air interface in the vessel: (1) the bound water resulting
from transversal adsorption tends to diffuse longitudinally
upwards towards lower concentration regions, (2) bound water
is adsorbed from vapor in the air, whose concentration is large
around the liquid-air interface. In order to discuss these effects
we can observe the dynamics of bound water and its correla-
tion with that of the free water, from MRI measurements (see
above).

Let us now examine the possible contribution of vapor
adsorption to this bound water dynamics. Due to evaporation,
vapor diffuses from each liquid-air interface (above which
the relative humidity is RH,, = 100%) to the top sample exit,
where the relative humidity is RHy. Assuming steady state the
diffusion equation predicts a linear vapor gradient between
these two points situated at a distance L. As a consequence,
the vertical vessel wall situated at the level x above the liquid-
air interface will be in contact with an air at a relative humid-
ity RH(x) = RHy + (RH,, — RHy)(1 — x/L). Besides, from
independent adsorption tests with 2(R) x 2(T) x 0.5(L) cm?
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FIG. 14. Adsorption curves for small cubic samples (initially
in stable state at 54% RH) placed in different RH (see displayed
caption): ratio of the moisture gain to the maximum expected gain
as a function of time (see text). The continuous line is the equation
f(t) = 0.0135¢%32 with ¢ in hours. The inset shows the MG values in
the range 54%—-98%.

samples (see Adsorption measurements below), it appears that
in presence of air at a fixed RH, the wood moisture content
variation can be well represented by the simple equation
MC(x,t) =MCy+ f(t)(MC(RH (x)) — MCy) in which MCy
is the initial moisture content, M C(RH ) the equilibrium mois-
ture content at RH, and f(¢) is a function independent of the
moisture content.

We can then a priori compute the amount of bound water
which would be adsorbed over a given time in the cell walls
in the absence of any other effect. With this aim we integrate
the adsorbed moisture content over the sample length above
the interface, and we assume that the sample is immediately
saturated with bound water along the region saturated with
free water.

The adsorption measurements were carried out by first
placing small cubic 2(R) x 2(T) x 0.5(L)cm?® samples for
several weeks in a 54%RH, so that the moisture content is
MCy (and the mass is Mj). After that they were placed in
a (new) RH of either 65%, 83%, or 98% and their mass
was followed in time. Experiments were carried out at room
temperature (around 20 °C). We can then compute the relative
mass gain, i.e., the relative difference of mass between the
sample in its current state and it initial mass when it was just
placed in the new RH. Here we will call this relative mass gain
the moisture gain (M G). It is related to the moisture content
via: MG = (MC — MCy)(My/M,), in which M, is the dry
mass.

The maximum gains MG(RH) were here estimated
roughly from extrapolation at long times. The corresponding
values appear to be well represented by the function
0.012(RH — 54)%. Remark that the exact values do not play
a significant role in our approach. Indeed, the critical point
within the frame of our calculation of the adsorbed vapor
during our imbibition tests (see text), is that the representation
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of the adsorption be relevant within the duration of these
imbibition tests (a few days only), which is the case as soon as
a proper function is fitted to the data in this range. Finally we
find that MG/M G(RH) may be represented by the function
f (@) (see Fig. 14), so that we get

MC(x,t) =~ MCy+ f(t)(MC(RH (x)) — MCp). D1)

APPENDIX E: HYDROGEL PREPARATION

The PEG-based hydrogel was prepared from a solution of
cross-linkers [poly(ethylene glycol) methyl ether methacry-
late (average Mn 500) and poly(ethylene glycol) diacrylate
(average Mn 700) in deionized water (72 wt%)].

The polymer solution was gently mixed and then deaerated
under vacuum for approximately 30 min to avoid trapped

air bubbles. An aqueous solution containing 5 wt% ammo-
nium persulfate as radical initiator (1 wt% to the polymer
solution) and an aqueous solution with 5 wt% N,N,N’,N’-
tetramethylethylenediamine as catalyzer (1 wt% to the poly-
mer solution) were added to the deaerated solution. The
hydrogel would be formed in several minutes. In order to
form straight capillaries inside hydrogels, the solution was
immediately suctioned into 1-mL syringes with a 400-pm-
diameter nylon string inside to form a circular cross-sectional
channel. After standing 2 h at room temperature, the gel was
ready to be removed from syringes and rinsed with de-ionized
water at least three times to remove unreacted chemical com-
pounds. The nylon string was carefully discarded leaving an
empty channel inside the gel. The hydrogels were stored in
de-ionized water no less than 12 h before being conditioned at
54% RH.
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