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Abstract.

This study focused on the penetration of adhesive into cell lumens and cell walls. Douglas-fir

samples containing an iodinated phenol-formaldehyde adhesive were analyzed using nano-X-ray computed
tomography (XCT), X-ray fluorescence microscopy, and energy-dispersive X-ray spectroscopy to observe
adhesive penetration in cell walls. A gradient of penetration was observed within the cell wall structure. In
addition, these nano-XCT datasets were indexed to previous micro-XCT datasets, which gave the ability to
link the nanoscale cell wall penetration to microscale penetration in to the porous network of cell lumens.
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INTRODUCTION

It has been hypothesized that the performance of
wood-adhesive bondlines subjected to stresses
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Nano-X-ray computed tomography, X-ray fluorescence microscopy, energy-dispersive X-ray

will depend on the micro- and nanoscale in-
teractions of the wood and adhesive in the bonded
interphase. There are two forms of adhesive
penetration—gross penetration and cell wall
penetration. Gross penetration is easily achiev-
able and refers to the adhesive flowing into
the porous wood structure (cell lumens, pits,
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intercellular voids, and cracks). This is essential
for creating a sound bond because the adhesive
fills voids, creates additional surface contact, and
promotes mechanical interlocking. Cell wall
penetration refers to infiltration of the adhesive
into the cell wall substance before polymerization.
It has been proposed that cell wall penetration can
reinforce the cells and create a bond that will be
more resistant to shrinkage/swelling due to the
mixed properties of wood substance and adhesive.
This can be particularly beneficial for improving
water resistance and can potentially transfer
stresses more efficiently from one substrate to
the other. Cell wall penetration may be partic-
ularly beneficial for improving water resistance
because adhesive polymers may block pathways
for water infiltration or preswell the cell wall,
thus reducing swelling potential on exposure to
water.

Measuring adhesive penetration into the wood
cell wall is not a trivial task attributable to the
scale and chemical similarity between common
industrial adhesives and the wood cell wall.
Analytical methods, such as differential X-ray
diffraction, that identify atomic element con-
centration in the cell wall cannot differ-
entiate between carbon and oxygen content
originating from the cell wall vs the same ele-
ment present in phenol-formaldehyde (PF).
Ultraviolet microscopy (Gindl 2001; Gindl
et al 2002), nanoindentation (Gindl et al 2004,
Stockel et al 2012), and X-ray fluorescence mi-
croscopy (XFM) (Jakes et al 2015) experiments
have successfully detected adhesive in the cell wall
molecular structure. These methods require dam-
aging the specimen to obtain a clean section or
surface and only provide information about the 2D
surface that is exposed for examination. The 3D
view of the wood-adhesive interaction provides
a measure of volume, and thus an opportunity to
observe pathways for adhesive penetration into
wood.

To accurately assess the anatomical features in
biological materials at the micron scale, X-ray
computed tomography (XCT) has been successfully
used to visualize the complex structure of natural
materials (Steppe et al 2004; Trtik et al 2007;

Mannes et al 2010; Mayo et al 2010; Standfest et al
2010; Hass et al 2012; Zauner et al 2012; Kamke
et al 2014; Paris and Kamke 2015; McKinley et al
2016). XCT is a high-resolution, 3D, nondestructive
method to analyze materials and potentially seg-
ment material phases within a dataset (Metscher
2013). Previous studies have successfully scanned
and segmented material phases within wood-
adhesive samples using micro-XCT (Evans et al
2010; Modzel et al 2011; Paris et al 2014), which
provides spatial resolution to approximately 1 pm.
To gain further information regarding penetration
of adhesive into pits and cell walls, nano-XCT
(<100 nm) must be achieved. Although gaining
resolution, the sample size must be reduced,
resulting in sample preparation complications and
a reduced scan region. Nano-XCT has been
successful in visualizing samples, such as mouse
bone (Schneider et al 2007; Khoury et al 2015),
electrodes in a battery (Létiche et al 2017; Lim et al
2016), or fuel cell (Shearing et al 2011; Cetinbas et al
2017), and the pore structure of tight sandstone from
reservoirs (Bin et al 2013). The present research was
the first to apply nano-XCT methodology to the
wood-adhesive interphase.

MATERIALS AND METHODS

Douglas-fir (Pseudotsuga menziesii) sapwood at
12% MC was used for this study. Solid sawn
samples were cut to 64 mm x 100 mm x 6 mm
(T x L x R), freshly planed, and parallel bonded
with a PF adhesive tagged with iodine. The iodine
tag was needed to create X-ray attenuation
contrast between the adhesive and cell wall
substance. Details on the adhesive formulations
and sample preparation were previously reported
(Paris et al 2014). The nano-XCT samples dis-
cussed in this article were bonded with iodinated
PF (I-PF). All phenol used to formulate the PF
resin was iodophenol. To insure that iodine did
not separate from the PF and independently
migrate into the wood, ion chromatography and
energy-dispersive spectroscopy were used to
analyze the liquid resin and cured bondlines,
respectively. Results confirmed that any io-
dine detected in the sample was associated
with PF resin (Paris et al 2014). To achieve
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potential differences in penetration, high and
low-molecular-weight PF were prepared. The
high-molecular-weight PF was achieved by
extending the time of the resin cook procedure.
Gel permeation and ion chromatography ana-
lyses were used to measure the molecular weight
and polydispersity of each adhesive. The high-
molecular-weight PF for this study had a weight
average molecular weight of 28,050 g/mol and
a polydispersity index of 1.135. The low-molecular-
weight PF was formulated with a weight average
molecular weight of 18,110 g/mol and a poly-
dispersity index of 1.097 (Paris et al 2014). Both
PF formulations have a broad distribution of
molecular weight. It is assumed that only the low
end of the distribution is capable of penetrating
the cell wall.

Nano-XCT Sample Preparation

Nano-XCT samples were cut from previously
scanned micro-XCT samples. The micro-XCT
samples were scanned at the Advanced Photon
Source (APS), Argonne National Laboratory, on
the 2 bending magnet (BM) beamline, with
a resolution of 1.3 um?/voxel. The micro-XCT
datasets were used to locate areas within the
sample that appeared to have adhesive pene-
tration into the cell wall. Only scans from
earlywood cells are reported because the late-
wood scans had insufficient quality in the
reconstructed images. These sub-datasets were
indexed and compared with the physical micro-
XCT sample. The area of interest (AOI) within
the physical sample was located using ana-
tomical features observed on the surface using
an epifluorescence microscope. This became the
AOI for the nano-XCT study.

The AOI was excised from the micro-XCT
samples using a hand-held razorblade and a stereo
microscope. The nano-XCT sample dimensions
were approximately 40 um x 40 um x 120 ym.
The nano-XCT samples were then mounted on
the tip of a metal pin (sewing needle) with quick-
setting epoxy (Clear Weld; JB Weld Company,
Sulphur Springs, TX). The mounting procedure
began by placing the sample flat on a glass slide.

The extreme tip of the metal pin was dipped in
epoxy and then held upside down for 3 min so
that the epoxy partially cured. Using forceps, the
epoxy on the tip of the pin was gently placed in
contact with the specimen. The vertical alignment
of the sample on the pin was crucial so that the
sample stayed within the 50 pm x 50 pm field of
view (FOV) of the XCT beamline. With the
sample attached, the pin was held upside down
until the epoxy fully cured (Fig 1, right). Each
specimen was carefully identified and the orien-
tation was indexed from the original micro-XCT
sample for reference after nano-XCT scanning.
The pin was then mounted on the nano-XCT
sample holder (Fig 1, left).

Nano-XCT Scanning at the APS

The samples were scanned at the APS on beamline
32 insertion device (ID) using a full-field trans-
mission X-ray microscope (De Andrade et al
2016). The scanning parameters are listed in
Table 1. To prevent shrinking and swelling at-
tributable to moisture sorption, the samples were
allowed to equilibrate to the laboratory conditions
overnight. During scanning, sample movement
will corrupt the image reconstruction as com-
puted tomography algorithms require the recon-
structed object to stay perfectly immobile in
respect to the rotating plate referential. The first
set of specimens experienced movement dur-
ing the scans. A second attempt encapsulated
the sample inside a polyimide (Kapton®) capil-
lary tube, which was sealed with epoxy, but
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Figure 1. Nano-X-ray computed tomography specimen
held in a microchuck on the left; sample mounted on the top
of the pin with epoxy on the right.
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Table 1. Scanning parameters for nano-X-ray computed
tomography samples on Advanced Photon Source beamline
32ID.

Beam energy (KeV) 8
Exposure time (ms) 500
Scan time (min) 10
Number of projections 361
Step size (°) 2
Distance to scintillator film (m) 3
Voxel size (nm?) 60

Field of view (um) 100 x 100

movement still occurred because of radiation
damage that is common on soft tissues. These
damages caused a slow rotation as the micro-
structure unwound. Subsequently, a “precooking”
procedure was used. The remaining specimens
were exposed to the X-ray beam and rotated for
20 min, before capturing the XCT data. The 20-min
beam exposure allowed the deformation to dissi-
pate. In addition, the number of projections was
reduced to 361, thus reducing the total time of
exposure. Comparison of radiograms before and
after the precooking procedure showed very little
movement. The measured 2D spatial resolution,
using a 30-nm Siemens star as a reference, was
60 nm. The voxel size of the 3D reconstructions
was 60 x 60 x 60 nm”.

Image reconstruction was performed using algo-
rithms prepared by the APS and implemented in
TomoPy (De Carlo et al 2014; Giirsoy et al 2014;
Miqueles et al 2014; Pelt and Batenburg 2015).

Adhesive Penetration in Cell Walls

The resulting tomograms were analyzed us-
ing the image analysis software package FIJI
(Schindelin et al 2012), in particular the 3D
Analyzer plug-in and the orthogonal view tools.
Even with the efforts to reduce sample move-
ment, only three datasets were of adequate
quality to use for adhesive penetration analysis.
All of the usable datasets were bonded with the
low-molecular-weight I-PF; therefore, a com-
parison of adhesive penetration into the cell
wall based on molecular weight could not be
completed. Despite the difference in the FOV
(2 x 2 x 2mm’ vs 0.05 x 0.05 x 0.05 mm?),

bordered pits, ray cells, and detailed preanalysis
note-taking allowed for successful identification
of the nano-XCT samples within the micro-XCT
dataset.

Measurement of adhesive penetration into the cell
wall was based on voxel grayscale value of the
reconstructed images. The reconstructed 32-bit
image stacks were examined to find cell lumens
that were filled with adhesive and free from voids
and XCT scanning artifacts. A cross-section view
was chosen, and the analysis was performed on an
individual slice (thickness of one voxel) within
the stack. An AOI was then defined by a rectangle
that was five voxels wide and length of vari-
ous dimensions depending on the sample. The
AOI was oriented such that width (y-coordinate)
was parallel to the cell wall and the length
(x-coordinate) extended through the cell wall. A
grayscale profile plot was then created, where the
average grayscale value of the five voxels in the
y-direction was calculated and then plotted as
a function of the x-coordinate. The assumption
was that increasing grayscale value corresponds
to increasing adhesive concentration. The anal-
ysis was performed on different cell walls and
on different regions of the same cell wall. The
selection of five voxels for the width of the
AOI reduced the influence of cell wall curva-
ture. X-ray diffraction did not appear to be an
issue at the interface between the cell wall and
the adhesive-filled lumen. Nevertheless, com-
plementary analysis techniques were conducted
for comparison.

XFM was performed at the APS on beamline
2ID-E. A full description of how XFM can be
used to map adhesive penetration into wood cell
walls was reported by Jakes et al (2015), and
similar procedures were used in this work.
Bonded samples containing the high-molecular-
weight I-PF were used. These samples had been
previously scanned with micro-XCT. A 2-um-
thick cross section of the bondline was cut dry
with a diamond knife fit into a Leica EM UC7
ultramicrotome (Wetzlar, Germany). The section
was secured and held flat between two Norcada
200-nm-thick silicon nitride windows (Edmonton,
AB, Canada). The incident X-ray beam was
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focused to a spot approximately 0.5 pm in di-
ameter at full width at half maximum. The beam
energy was 10.2 keV. XFM elemental maps of
iodine were built by raster-scanning imaging,
using 0.3-pm step sizes with 5-ms dwell times at
each step. XFM data analysis was performed
using MAPS software (Vogt 2003). In brief, the
full spectra were fit to modified Gaussian peaks,
the background was iteratively calculated and
subtracted, and the results were compared with
standard reference materials (RF8-200-S2453;
AXO GmbH, Dresden). Image analysis was
carried out using FIJI (Schindelin et al 2012),
and 32-bit tiff images were exported from
the MAPS software. A Gaussian blur (sigma
(radius) = 1) filter was applied to the XFM map.
Measurement of adhesive penetration into the
cell wall was based on measured iodine in-
tensity. An intensity profile across a cell wall
was measured from the XFM iodine map using
an AOI defined by a rectangle that was 5 pixels
wide.

The I-PF-bonded samples were also examined by
scanning electron microscopy (SEM), along with
energy-dispersive X-ray spectroscopy (EDS).
Areas within the sample that had lumens filled
with adhesive were selected. EDS line mapping
was then used to detect relative concentration
of iodine in the cell wall. Because iodine was
covalently bonded to all phenol groups in the
PF resin, the presence of iodine confirmed the
presence of PF resin.

RESULTS AND DISCUSSION

The nano-XCT specimen was identified within
the master micro-XCT dataset for all three
datasets (Figs 2 and 3). Some aspects of the nano-
XCT sample preparation could have been im-
proved. The micro-XCT samples did not contain
a point of reference within the dataset to match
with the physical sample. A fiducial marker
would have saved time when matching the
micro-XCT dataset to the sample to locate
the AOL

With the exception of ring removal during image
reconstruction, the nano-XCT image slices were

Figure 2. Locating nano-X-ray computed tomography
(XCT) specimen within the micro-XCT dataset; (a) original
micro-XCT dataset with crosshairs and orthogonal views
showing the location of the nano-XCT sample; (b) 3D view of
the location within the micro-XCT dataset with the arrow
emphasizing the elongated, crushed, earlywood cell in the
nano-XCT sample; (c) the nano-XCT sample with orthogonal
views showing bordered pits filled with adhesive; (d) 3D view
of the nano-XCT sample with the arrow emphasizing bordered
pits; right corner of 3D view shows crushed ray lumens.

not processed, and the 32-bit images were used
for the final analysis. At 60 x 60 x 60 nm*/voxel,
every adhesive molecule cannot be distinguished.
However, with double cell wall thickness in the
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Figure 3. Locating the nano-X-ray computed tomography
(XCT) specimen within the master micro-XCT dataset; this
sample is located 40 um above the nano-XCT sample in Fig.
2; (a) original micro-XCT dataset with crosshairs and or-
thogonal views showing location of the nano-XCT sample;
(b) 3D view of location within micro-XCT dataset with arrow
emphasizing the crushed ray; (c) the nano-XCT sample ro-
tated CW 315° with orthogonal views showing voids in
crushed ray and complex microstructure of the cell wall; (d)
3D view of the nano-XCT sample with the arrow empha-
sizing the end of crushed rays on side between two cell
lumens filled with adhesive.

earlywood region of 2-4 um, a gradient can be
detected. Figures 46 illustrate the gradient in
grayscale in the cell wall, which is proposed to
be associated with a gradient of adhesive

penetration. If no adhesive penetration was
present, the difference in grayscale values would
be abrupt, resulting in a vertical line in the
grayscale profile at the surface of the lumen.
Other grayscale profiles were created between
adhesive and void, and cell wall and void,
resulting in an abrupt transition of 3-4 voxels.
Adhesive penetration into the cell wall varied
between 0.8 um (Fig 3) and 2.5 pm (Fig 5),
which corresponded to 13 and 42 voxels,
respectively.

In the micro-XCT datasets, it was noticed
that the compound middle lamella (CML) had
a higher X-ray attenuation value than the rest
of the cell wall. For the micro-XCT study, this
did not hinder the analysis; however, on the
nano scale, the distinction between adhesive and
cell wall is more critical. Because the CML is
rich in lignin, a delignification treatment using
peracetic acid was attempted, but the resulting
samples were too fragile, and the adhesive was
degraded from the acid. These samples were not
used in the analysis.

Some datasets showed a gradient in X-ray at-
tenuation in lumens filled with adhesive, in the
region adjacent to the cell wall (Fig 6). Because
all phenol was covalently bonded to iodine, this
observation may be caused by lower density of
the cured PF near the cell wall. Similar behavior
was found in analyses using XFM and EDS. One
cannot rule out the possibility of X-ray diffraction
causing a gradient of grayscale at the interface of
adhesive and cell wall, but XFM and EDS results
are consistent with grayscale profile. Previous
research supports some inhomogeneity of PF in
the close proximity of the cell wall. A report by
Jeremic et al (2007) describes an EDS experiment
measuring penetration of bromine-tagged PEG
into wood cell walls. Microtomed specimens
(0.2 um thick) were embedded with Spurr’s resin
containing epichlorohydrin-polyglycol, which
contains chlorine. The subsequent EDS scans
revealed a low concentration of chlorine within
aregion of 1 um of the cell wall. According to the
authors, this was due to the separation of the
embedding media from the cell wall. Yet visual
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Figure 4. Adhesive penetration analysis of the nano-X-ray computed tomography (XCT) sample in Fig. 2; (a) nano-XCT
cross-sectional grayscale slice; line indicates box scan; (b) grayscale box analysis across line in (a); vertical lines represent the

location of cell wall edges.

inspection of the SEM images in the region
of the EDS line scan showed no evidence of
separation. Xu et al (2016) demonstrated a
gradient in PF concentration close to the cell
wall using scanning thermal microscopy. The
authors made no comment on the cause of the
gradient, but the results showed a region of
approximately 1 pm within a PF-filled lumen
where the signal was consistent with a lower PF
concentration.

Figure 7 shows an example of an EDS line scan
for iodine in the region of an adhesive-filled lu-
men. The high-molecular-weight I-PF is shown in
Fig 7(a) and the low-molecular-weight I-PF is
shown in Fig 7(b). The relative net intensity of
iodine is overlaid on the SEM image. The light
areas are adhesive, gray areas are cell wall, and
black area is void. The black line indicates the
scan line. In Fig 7(a), at the left is cell wall, then

progressing to the right is void, adhesive in lu-
men, double cell wall, adhesive in lumen, and cell
wall. There is clear evidence of an iodine gradient
in the adhesive-filled lumens. Iodine in the cell
wall, if present, is near the detection limit. Figure
7(b) shows an adhesive-filled lumen at left, then
progressing to the right is a double cell wall and
another adhesive-filled lumen. The iodine line
scan shows evidence that iodine associated with
the low-molecular-weight I-PF is in the cell wall.
A gradient of iodine in the adhesive-filled lu-
mens is also shown. EDS results indicate de-
tection of iodine in the cell wall at a depth of
0.5-1 pum.

An XFM iodine map is shown in Fig 8(a) for the
high-molecular-weight I-PF in a sample of
Douglas-fir latewood. No XFM analysis was
performed on the low-molecular-weight I-PF.
The white areas are regions of high iodine
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Adhesive penetration analysis of the nano-X-ray computed tomography (XCT) sample in Fig. 3; (a) nano-XCT

cross-sectional grayscale slice; the line indicates box scan; (b) grayscale box analysis across line in (a); the vertical line

represents the location of cell wall edge.

concentration, where black areas have no de-
tectable iodine. The iodine intensity is directly
proportional to the amount of adhesive, and the
gray color of the cell walls in the iodine XFM
map definitively shows that adhesive penetrates
into the cell walls. However, an adhesive gradient
is less straightforward to observe because the
distribution of X-rays in the focused spot can
cause distortions that look like gradients, es-
pecially near sharp interfaces with a strongly
fluorescing material such as I-PF. To determine
whether an adhesive gradient existed in the
wood cell walls, a tracheid with a partially filled
lumen was chosen for further analysis (inset of
Fig 8b). This partially filled tracheid was in
a different region of the same section shown in
Fig 8(a). The concentration profiles in Fig 8(b)
compare the gradients across the I-PF—empty

lumen interface and the I[-PF-cell wall in-
terface. We assume the I-PF-empty lumen in-
terface is sharp, and the observed gradient at this
interface is a result of the distribution of X-rays in
the focused spot. Comparing the two profiles
shows that most of the gradient at the cell wall
interface arises from the sharp edge of the I-PF at
this interface. However, as an approximation, the
cell wall gradient can be corrected by sub-
tracting the gradient at the empty lumen in-
terface from the gradient at the cell wall
interface. In Fig 8(c), the corrected gradient of
iodine intensity inside the cell wall is plotted,
revealing a gradient with the iodine intensity
decreasing from about 1.5 to 4 pm into the cell
wall. An uncertainty in the corrected gradient is
the proper alignment in the distance of the
empty lumen and cell wall gradients. However,
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Figure 6. Adhesive penetration analysis of the nano-X-ray computed tomography (XCT) sample in Fig. 2; (a) original nano-
XCT cross-sectional grayscale slice with pink line indicating box scan; (b) grayscale box analysis across line in (a); vertical

lines represent the location of cell wall edges.

the observed gradient in iodine from 1.5 to 4 um
into the cell wall can be observed even if the
interface locations are misaligned by 0.2 um

Figure 7. Energy-dispersive X-ray spectroscopy line
scan for iodine in sample bonded with high-molecular-
weight iodinated phenol-formaldehyde (I-PF) (a) and
low-molecular-weight I-PF (b).

(data not shown). To observe adhesive gradi-
ents closer than 1.5 pm from the interface,
either a more detailed analysis would be needed
or imaging performed with an X-ray beam focused
to a smaller probe size.

CONCLUSIONS

Nano-XCT was employed to observe fea-
tures in a wood-adhesive bondline using a
spatial resolution of 60 nm. Companion analy-
sis using micro-XCT permitted locating the
nano-XCT sample within the micro-XCT sample.
The FOV of the nano-XCT datasets was
50 um X 50 pm X 50 um, which permitted only
1-2 Douglas-fir cells to be observed. Sample
movement during the XCT scan was difficult to
control. Some successful scans were obtained by
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Figure 8. X-ray fluorescence microscopy mapping of high-
molecular-weight iodinated phenol-formaldehyde (I-PF) ad-
hesive in a wood-adhesive bondline; (a) Iodine map showing
I-PF in bondline; (b, inset) Iodine map of a partially filled
lumen with an area of interest showing where the intensity
profiles were taken. From the top to the bottom, the line goes from
the empty part of the lumen, to the I-PF coating the lumen surface,
to the cell wall. (b) lodine intensity profile plots across the I-
PF—cell wall and I-PF—empty lumen interfaces. The distances in
the profile plots were defined such that the I-PF was at negative
values, and the middle of the gradient was used to define 0. The
positive distances are either cell wall or air. (c) Profile plots of the
empty lumen interface, cell wall interface, and corrected gradient.
The corrected gradient is the difference between the cell wall
interface and empty lumen interface gradients.

pretreating the sample with the X-ray beam
before data collection. Using XCT at a resolution
of 60 nm>/voxel, evidence of penetration for the

low-molecular-weight I-PF adhesive into the cell
wall was obtained. Complimentary analysis using
EDS and XFM revealed a similar penetration
depth of 0.5-1 pm. With improvements on sample
preparation, scanning conditions, and image re-
construction, future nano-XCT studies may yield
more usable datasets.
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