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Abstract: Diffusion of chemicals and ions through the
wood cell wall plays an important role in wood damage
mechanisms. In the present work, free diffusion of ions
through wood secondary walls and middle lamellae has
been investigated as a function of moisture content (MC)
and anatomical direction. Various ions (K, Cl, Zn, Cu) were
injected into selected regions of 2 um thick wood sections
with a microinjector and then the ion distribution was
mapped by means of X-ray fluorescence microscopy with
submicron spatial resolution. The MC of the wood was
controlled in situ by means of climatic chamber with con-
trolled relative humidity (RH). For all ions investigated,
there was a threshold RH below which the concentra-
tion profiles did not change. The threshold RH depended
upon ionic species, cell wall layer, and wood anatomical
orientation. Above the threshold RH, differences in mobil-
ity among ions were observed and the mobility depended
upon anatomical direction and cell wall layer. These
observations support a recently proposed percolation
model of electrical conduction in wood. The results con-
tribute to understanding the mechanisms of fungal decay
and fastener corrosion that occur below the fiber satura-
tion point.
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Introduction

Moisture is the root cause of nearly all wood failures. Wood
decay, mold growth, and fastener corrosion occur only
when moisture is in abundance. Fluctuations in moisture
content (MC) of wood cause large internal stresses, which
lead to dimensional instability, warping, and splitting
(checking) of the wood. Traditionally, water is believed to
exist in one of two states in wood: “bound water”, where
water molecules are hydrogen bonded with cell wall pol-
ymers, or “free water”, where water behaves similarly
to bulk water and exists in void space within the wood
structure (Stamm 1971; Berry and Roderick 2005). The
fiber saturation point (FSP) would seem a logical thresh-
old for chemical transport through wood because free
water would be able to solvate ions or other chemicals.
However, the thresholds for these damage mechanisms
are much lower than the FSP, ranging between 15% and
25% MC (Griffin 1977; Baker 1988; Viitanen and Paajanen
1988; Dennis et al. 1995; Short and Dennis 1997; Carll and
Highley 1999; Wang and Morris 2010; Jakes et al. 2013).

Recently, Jakes et al. (2013) proposed that damage
mechanisms and chemical transport below the FSP are
related to changes in the hemicelluloses with MC. As the
cell wall absorbs moisture from the environment, local
regions of hemicelluloses soften through a glass transition.
The number and size of the softened regions increase with
increasing MC until finally a percolating network of softened
hemicelluloses form diffusion channels that transport ions
and other chemicals. At room temperature, the hemicellu-
loses pass through their glass transition between 60% and
80% relative humidity (RH) (Cousins 1978; Kelley et al. 1987;
Olsson and Salmen 2004), which corresponds to approxi-
mately 15% MC and the lower MC threshold observed for
damage. This MC is also close to the percolation threshold
for ionic conduction found by Zelinka et al. (2008).

The only measurements to examine ion movement as a
function of MC in wood were conducted by Lin in the 1960s
and, to our knowledge, were never published beyond his
PhD dissertation (Lin 1965). Lin implanted radioactive ions
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into blocks of wood, stacked the blocks of wood together,
applied a bias voltage, and measured the net change in
radioactivity in each block. The key findings of Lin are
plotted in Figure 1. For low MCs, the ratio of counting rates
before and after the experiment was the same, indicating
no net movement of ions. At high MCs, the ratio of counts
before and after the voltage showed fewer Na-22 and more
I131 in the block nearest the cathode. The lowest MC
showing net migration of tagged ions appears to be 16%.

While the data in Figure 1 suggest a 16% MC threshold
for ionic conduction, the actual threshold could be vastly
different depending on the measurement’s details. Migra-
tion was observed only by a change in radioactivity of an
individual block. Because the blocks were 3 mm thick,
ions needed to migrate from one tracheid to another to
even be observed. Furthermore, developing a mechanistic
interpretation of how the ions moved through the wood
is impossible because only net migration of charge was
studied. The measurements are also limited in MC space
because only four MCs (5%, 13%, 16%, and 28%) were
tested.

This paper explores the MC threshold for ion move-
ment in wood by using synchrotron-based X-ray fluores-
cence microscopy (XFM) to observe the effects of MC, ion
species, and anatomic direction on ion mobility in sec-
ondary cell walls (S2) and middle lamellae (ML) in loblolly
pine (Pinus taeda L.). XFM allows the quantification of
element concentration down to trace quantities at sub-
micron spatial resolutions and it can therefore be used to
differentiate diffusion in the S2 from ML. A custom-built
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Figure1 lonic conduction data of Lin (1965) after 5 h under an
applied electric field. The y-axis effectively plots the ratio of
the concentration of sodium/iodide ions before and after the
measurement.

DE GRUYTER

climatic chamber and RH generator for the beamline
allows for the MC of the samples to be changed in situ.

Materials and methods

Wood sections (2 pm thick) were cut from latewood loblolly pine
(Pinus taeda) with a diamond knife in combination with a Sorvall
(Norwalk, CT, USA) MT-2 ultramicrotome. The knife boat was filled
with deionized water. Rectangular sections (100-300 um wide and
2-3 mm long) of both transverse (Tr) and tangential-longitudinal (L)
orientations were prepared. The sections were lifted from the water
and held flat while drying. The dried sections were then clamped
spanning the hole of a copper StrateTek™ 1/1 mm double folding TEM
grid (Ted Pella Inc., Redding, CA, USA).

Ions were injected into small regions of the wood sections by
means of borosilicate glass micropipettes made by a P-2000 laser
pipette puller (Sutter, Novato, CA, USA). The pipettes were con-
nected to a XenoWorks™ Digital Microinjector (Sutter, Novato, CA,
USA), which allowed for generation of small (<100 um in diameter)
droplets of KCl, CuSO, and ZnSO, saturated salt solutions. Filling the
pipettes and ejecting the salt solution onto the dry wood was chal-
lenging because of the small pipette openings and the large surface
tension of the salt solutions. Surface tension was lowered by dilut-
ing the salt solutions to 50% (by vol.) ethanol. Pipettes were partially
filled from the back end by a hand syringe, which left an air bubble
near the tip. The pipette was then connected to the microinjector and
immersed in the salt solution. The pressure was then cycled through
pressure and vacuum until the air bubble disappeared.

The micropipette and droplet position was observed with an
inverted microscope (Leica, Wetzlar, Germany) and positioned with
a micromanipulator (Sutter, Novato, CA, USA). The fixed dry wood
section was placed on a microscope slide and observed at 100x mag-
nification. After positioning the pipette with the micromanipulator,
1.0-1.2 kPa of pressure was applied through the microinjector in
continuous mode until a droplet was visible in the microscope, at
which point the injection was stopped and the droplet imaged so that
the injected area could be located in the XFM experiment (Figure 2).
Because of the heat produced by the light microscope, the droplets
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Figure 2 Optical microscopy image of the implantation process

on a 2 um thick L section of latewood loblolly pine; note that most
droplets were smaller in size than the one shown. The region
mapped with X-ray fluorescence microscopy in Figure 3a is indicated
with a white box.
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dried almost instantaneously, resulting in a steep concentration gra-
dient around the droplet-positioning place.

High-resolution XFM at beamline 2-ID-E at the Advanced Pho-
ton Source at Argonne National Laboratory (Argonne, IL, USA) was
applied. The RH was controlled in a custom RH chamber during XFM.
The RH chamber (constructed of an Al frame covered by Kapton™
film; DuPont, Wilmington, DE, USA) was integrated into the beam-
line and had an inlet and outlet hose for continuous purging with a
gas (in this case N,). The RH of N, was controlled with a HumiSys™ RH
generator (Instruquest, Coconut Creek, FL, USA) capable of an out-
put of 21 min. The temperature (31°C-33°C) and RH inside the cham-
ber was continuously monitored by a Sensirion (Staefa, Switzerland)
SHT1x sensor. In some experiments, the humidity was maintained
throughout the time needed for collecting the XFM image (1-3 h); in
other experiments, the specimen was conditioned for 10-30 min at
higher RH and the XFM maps were collected under dry conditions.
The incident X-ray beam energy was 10.2 keV, and spot size was
approximately 0.8 um in the horizontal and 0.5 pm in the vertical.
Elemental maps were built in 0.3 pm step sizes with 5 ms dwell times
at each step. Data analysis was carried out by the MAPS software
package (Vogt 2003). In brief, the full spectra were fit to modified
Gaussian peaks, the background was iteratively calculated and sub-
tracted, and the results were compared to standard reference mate-
rials (RF4-100-S1749, AXO DRESDEN GmbH, Heidenau, Germany).
A 3 by 3 median filter was applied to all XFM maps below.

Results and discussion

XFM maps of implanted Cu ions in wood cell walls con-
ditioned at different RH are shown in Figure 3. For the
Cu experiments, the RH was maintained during the
imaging. Also included at the top of Figure 3a and the left
of Figure 3b are maps of Zn, a naturally occurring trace
element in wood that has a higher concentration in the
ML than the S2 (Saka and Goring 1983). The Zn map was
useful for visualizing the ML, which appear as areas of
higher Zn concentration. The S from the sulfate counter-
ion did not have a strong signal in the XFM, but appeared
to be similar to the Cu maps, as would be expected from
charge neutrality arguments. The S maps are excluded
to save space. For the L section, XFM maps were col-
lected at 11 target RH conditions (50%-95%) and the first
changes indicative of ion movements were observed in
the 65% RH image (Figure 3a). However, an 80% RH spike
occurred while the image was being taken, and therefore
the threshold for initial ion movement could be between
65% and 80% RH. At higher RH levels, the Cu diffusion
front continued to progress through both the S2 and ML at
approximately the same rate with a higher concentration
in the ML than the S2.

Ten different RH levels (40%-90%) were investigated
for Cuion movement in the Tr section. The first movement
was observed after 70% RH conditioning, when a small
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finger of Cu was seen extending along a ML (see arrow in
70% RH image of Figure 3b). Because of a moisture fluc-
tuation during the imaging, the actual threshold for ion
movement could have been between 65% and 80% RH.
As the RH increases, more diffusion through the intercon-
necting ML was observed (see arrow in 85% RH image
of Figure 3b) in addition to increased concentrations in
the S2 near the initial Cu concentration front. Three suc-
cessive images were also collected at 90% RH as a time
series (Figure 3c) showing extensive diffusion through the
neighboring cells, with the diffusion front moving faster
through the ML than the S2.

The results of the ZnSO, experiments are shown in
Figure 4. In these measurements, specimens were pre-
conditioned at the respective RH for 10 min, and imaged
under dry air to minimize problems caused by fluctuations
in the RH chamber during imaging. The L section was con-
ditioned twice at 70% RH and then at four additional RH
levels (75%-90%). Two fronts were visible: an extremely
bright region of high concentration in the upper right-
hand corner and a less bright region that was higher con-
centration than the naturally occurring Zn and initially
extended approximately 20 um out from the bright region.
This less bright region was implanted Zn in the cell walls.
The brighter region may have been a region of supersatu-
ration or Zn residing at the surface. The first movement
in the implanted Zn was observed between 85% and 90%
RH. Further measurements were performed, where the
RH was brought to 90% and held there for several hours
during successive scans (Figure 4b). The less bright Zn
concentration front moved downward in both the S2 and
ML at approximately the same rate and it was observed
to travel downward about 60 um within 190 min. The
brighter region did not move very far, but instead exhib-
ited a coalescence of supersaturated regions, first visible
in the image taken at 190 min, and the front remained in
approximately the same place for the remainder of the
experiments.

Figure 4c shows the concentration of implanted Zn
ions as a function of position in the Tr section after 10 min
preconditioning steps at target RHs between 50% and 85%,
with an additional 30 min conditioning at 85% RH. Trans-
port was observed in the ML after conditioning at 74% RH,
suggesting a threshold for Zn ion diffusion between 67%
and 74% RH (see arrows in 67% and 74% RH images of
Figure 4c). Although less obvious, small changes in the
concentration of Zn in the S2 could also be observed. This
could be most clearly observed in the second cell from the
bottom in the leftmost row where there was a high concen-
tration of Zn around the right side of the lumen at 50% RH,
but at 74% RH and above this high concentration region
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Figure 3 X-ray fluorescence microscopy maps of Cu concentration as a function of relative humidity in the L (a) and Tr directions (b and c).
The Zn maps are included to highlight the middle lamellae. Relative humidity (RH) values denoted by * experienced a spike in RH during the

imaging. Scale bar=20 um.

softened as Zn gradually diffused into the surrounding
cell wall material.

The results of implanted KCI diffusion are presented
in Figure 5. In contrast to the sulfate, the Cl could be
clearly imaged with XFM, and these maps are included.
For these experiments both the L and Tr sections were
placed in the RH chamber at the same time and XFM
maps were obtained after conditioning for 10 min at eight
target RH conditions (40%-75%). The brightest regions
were salt crystals on the section surfaces. In the L section
(Figure 5a) diffusion of both implanted K and Cl was first
observed in the 67% RH image, thus bounding the RH
threshold for ion movement between 60% and 67% RH.

As RH increases, both the K and Cl ion fronts move similar
distances. However, in contrast to the Zn and Cu, both
ions have lower concentrations in ML than the S2 as diffu-
sion progresses, suggesting a lower diffusion coefficient in
the ML for these ions.

Moisture-induced transport of K and Cl ions in the
Tr orientation are shown in Figure 5b. Diffusion was first
observed in both the ML and S2 after 67% RH condition-
ing, which bounded the RH threshold between 60% and
67% RH. In contrast to Zn and Cu, as RH increases, the
K and CI concentration fronts appeared to move faster
through the S2 than the ML and the concentration in the
ML was lower in the ML as diffusion progressed. These
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Figure 4 Zn X-ray fluorescence microscopy maps as a function of relative humidity in the L (a and b) and Tr directions (c).

Scale bar=20 um.

observations support the observation from the L section
that diffusion was slower in the ML than S2 for K and CI.
A summary of the observed moisture thresholds
for Cu, Zn, K, and Cl ion movements is given in Table 1.
These ions were chosen because they are important in
wood processes. The diffusion of Cu and Zn is important
for fastener corrosion in treated wood (Zelinka and Stone
2011). K and Cl are two of the most common ions in wood,
and their concentrations have a strong effect on electri-
cal properties of wood (Simons et al. 1998; Zelinka et al.
2008). A potential concern is whether the observed ion
transport is diffusion through the wood or flow across

the section surface through salt deliquescence. Deliques-
cence is the process by which hygroscopic salts form a
solution phase from moisture in the air when the activity
of water in the vapor phase is less than one. At 25°C, KCl
salt deliquesces at 84% RH (Greenspan 1977) and ZnSO A
and CuSO, salts deliquesce at 90% RH and 98% RH,
respectively (Greenland and Hayes 1978). In experiments
not shown, deliquescence of a KCI salt was observed
above 84% RH. The deliquescence was obvious because
large regions with concentration nearly as high as the
original salt crystals appeared up to 100 um from the
original salt crystals. Presumably, the KCl deliquesced
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Figure 5 X-ray fluorescence microscopy maps of concentration of Cl (bottom) and K (top) ions as a function of relative humidity in the L (a)

and Tr directions (b).
Scale bar=20 um.

Table1 Summary of observed relative humidity (RH) ranges for the
onset of ion diffusion.

RH for diffusion RH during
lon Orientation onset (%) imaging Figure
Cu L 65-80 @RH 3
Cu Tr 65-80 @RH 3
Zn L 85-90 Dry 4
Zn Tr 67-74 Dry 4
K L 60-67 Dry 5
K Tr 60-67 Dry 5
Cl L 60-67 Dry 5
Cl Tr 60-67 Dry 5

“@RH” means the RH was maintained during the imaging and “Dry”
means the specimen was preconditioned for 10 min before imaging
under dry N,. L, longitudinal; Tr, transversal.

and flowed across the sample surface. The observed RH
ranges for K and Cl transport were 60%-65% RH, much
lower than the KCl 84% RH deliquescence point, and
therefore, the observed transport onset was diffusion
through the wood and not deliquescence. Similarly, the
observed RH ranges for Cu transport and Zn transport in
the Tr section were much lower than their respective salt
deliquescence RHs. However, the observed 85%-90%
RH range for Zn transport in the L section was approach-
ing the 90% ZnSO, deliquescence RH. The movement
appeared to be diffusion through the wood because
the observed movement was similar to the movement
observed for other ions far below their deliquescence
points, and not flow of high concentration regions over
the surface.
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Insights to how ions move through wood cell walls can
be gained from the XFM maps above the onset threshold
RH for diffusion. Ion mobility was dependent on the ion
type. Movements of Zn, K, and Cl ions were the easiest to
compare because they were all tested with the same well-
defined 10 min preconditioning steps. In both L and Tr
orientations, K and Cl concentration fronts moved faster
than that of Zn for a given RH. Diffusion fluxes of K and Cl
appeared to be higher than that of Zn, but differences in
initial concentrations precluded a direct comparison.

In addition to being ion dependent, the mobility of
ions also depended upon RH, orientation, and cell wall
layer. For all ions, the rate of diffusion increased with
increasing RH. Concentration fronts generally moved
faster in the L direction than in the Tr direction, as was
readily observed comparing the distance traveled by
K and ClI fronts during the 10 min 70% RH conditioning
steps in Figure 5. This was not surprising, because in bulk
wood specimens, electrical conductivity of wood is known
to be roughly twice as fast in the L direction as in the Tr
direction (Glass and Zelinka 2010). Interestingly, different
ions were transported differently in the S2 and ML. These
differences were most easily observed in the Tr sections.
Initial concentrations of Cu and Zn were higher in the ML
and Cu and Zn appeared to transport faster through the
ML than in the S2.

Results of the diffusion experiments performed in this
paper were consistent with a mechanism where hemicel-
luloses softening forms diffusion channels, resulting in
percolative electrical properties. The ions embedded in
the wood did not move until a threshold MC was reached,
which occurred between 60% and 90% RH, depending on
the ion, cell wall layer, and orientation. Correspondingly,
softening of hemicelluloses has been observed at room
temperature in the range of 60%-80% RH (Cousins 1978;
Kelley et al. 1987; Olsson and Salmen 2004). However, in
contrast to the percolation model, which predicts a con-
ductivity of zero below the percolation threshold, wood
actually exhibits a small but finite conductivity below
the percolation threshold that could not previously be
explained. These XFM measurements show that the dif-
fusion threshold depends upon ionic species, and instead
of a single percolation threshold, there may be different
thresholds for different ions, which could explain the con-
ductivity below the percolation threshold of 16% MC sug-
gested by Zelinka et al. (2008).

Thresholds for ion movement presented in this paper
have implications for wood damage mechanisms and
biorefinery pretreatments. Wood damage mechanisms
such as fungal decay and fastener corrosion also occur
below FSP, and Jakes et al. (2013) hypothesized that the
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underlying mechanism responsible for the onset of these
wood degradative processes is controlled by the onset
of chemical transport through wood cell walls. If true,
wood treatments that raise the glass transition of hemi-
celluloses should be effective in protecting forest products
from decay and minimizing fastener corrosion. Simi-
larly, transition metal catalysts are being proposed for
biorefinery pretreatments (Wei et al. 2011; Yu et al. 2011).
Understanding and quantifying diffusion of the metal
through cell walls is critical to improving these processes.
Further exploration of subcellular transport and mechani-
cal properties as a function of MC in both unmodified
and modified wood known to provide protection would
further substantiate the relationship between softening of
hemicelluloses, onset of chemical transport, and the role
chemical transport plays in wood degradation and biore-
finery pretreatments.

Conclusions

Diffusion of Zn, Cu, K, and Cl ions implanted into wood cell
walls was observed by XFM mapping as a function of MC
and anatomical orientation. The high spatial resolution
of XFM allowed differentiation of ions in the ML and S2.
In all ions studied, a threshold MC was identified below
which ion transport did not occur. The threshold for ion
transport depended upon ion species, cell wall layer, and
wood anatomical direction. Observed thresholds were as
low as 60% RH for K and Cl ions and as high as 90% RH for
Zn ions. Above the threshold, ion mobility could also be
observed to depend on the type of ion, cell wall layer, and
anatomical orientation. The threshold for ion movement in
wood, confirmed in this paper, has implications for electri-
cal properties in wood and sets a lower MC bound on wood
degradation processes that require ion movement, such as
fastener corrosion and wood decay fungi. This mechanism
for ion transport below FSP is consistent with the mecha-
nism of softened hemicelluloses previously proposed.
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