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Abstract: The dimensional stabilisation of wood using
thermosetting resins relies on the resin uptake into the cell
walls. This study tested if a conditioning step after the
impregnation and before the final heat-curing enhances
the cell wall uptake to improve dimensional stabilisation
without increasing the chemical consumption. Small blocks
of Scots pine sapwood were vacuum-impregnated with an
aqueous melamine formaldehyde solution and conditioned
at 33, 70, or 95 % RH for up to 1week before drying and
curing the blocks at 103 °C. However, the conditioning step
decreased the cell wall bulking and the moisture exclusion
effect compared to the immediate heat curing of the
impregnated samples. Analyses of the resin-treated sam-
ples by scanning electron microscopy, IR spectroscopy and
confocal Raman microspectroscopy provided evidence of
wood hydrolysis and polycondensation of the resin within
the cell lumen during the conditioning step. Hydrolysis and
removal of wood constituents may have counterbalanced
the cell wall bulking of the resin. Polycondensation of the
resin in the lumen increased its molecule size, which could
have hindered the cell wall diffusion of the resin.
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1 Introduction

The dimensional stabilisation of wood by thermosetting
resins and other modification agents to extend the wood’s
service life relies on the chemical uptake into the wood cell
walls and cannot be achieved by lumen filling (Furuno et al.
2004; Ohmae et al 2002). The fixation of the modification
agents within the cell wall causes permanent cell wall bulking
that limits the cell wall space available for water and
improves the resistance against fungal decay (Biziks et al
2020; Thybring 2013). The uptake of modification agents by the
cell wall is mainly dependent on their molecular size (Biziks
et al. 2020; Furuno et al. 2004), their concentration within the
solution (Altgen et al. 2020b; Hu et al. 2022), and the nature of
the solvent (Jeremic et al. 2007; Thygesen et al 2020). How-
ever, the conditions during the impregnation, drying and
heat-curing steps of the modification treatment also affect the
cell wall bulking (Altgen et al. 2023; Kliippel and Mai 2013).
Therefore, careful selection of treatment conditions may
improve the cell wall bulking without increasing the chemical
consumption during the modification.

During the impregnation step of the modification, the
aqueous solution containing the modification agent flows
through the coarse wood structure driven by the applied
vacuum and/or pressure. The water (solvent) causes the
cell walls to swell, which creates space in the cell wall for
the modification agent to enter if the molecules are small
enough. The concentration of modification agent in the
swollen structure (i.e. cell wall) and the free water (i.e. cell
lumen) may be assumed to be uniform in the fully impreg-
nated wood (Kliippel and Mai 2013; Stamm 1934). Removing
free water from the lumen during the subsequent drying
increases the concentration of the modification agent in the
cell lumen, and thus promotes solute diffusion into the
cell walls (Kliippel and Mai 2013; Stamm 1956). However,
removing bound water from the cell wall reduces the free
volume and molecular motions in the polymer matrix, hin-
dering cell wall diffusion (Jakes et al. 2019).

Since diffusion is time-dependent, one may assume a
conditioning phase under suitable atmospheric conditions to
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improve the cell wall uptake in the impregnated wood.
However, the mechanism of solute diffusion becomes more
complex when using melamine-formaldehyde (MF) resin or
other thermosetting resins as modification agents and con-
trasting results have been reported. Zheng et al. (2018) found
a conditioning phase at elevated relative humidity to
improve the solute diffusion of MF resin into wood cell walls.
In contrast, Kliippel and Mai (2013) reported that condi-
tioning phenol-formaldehyde resin-impregnated samples
for 1week in a desiccator over water reduced the cell wall
bulking effect compared to the immediate drying and heat-
curing. This may be explained by the polycondensation of
the resin during the conditioning step, which may form
macromolecules in the cell lumen of impregnated wood that
are too large to enter the cell wall (Kliippel and Mai 2013).
Furthermore, the alkaline pH of the resin solution in com-
bination with the elevated temperatures during the drying
and curing of the impregnated wood could cause some
hydrolysis of cell wall constituents (Altgen et al. 2020b).

In the present study, Scots pine sapwood was treated
with low molecular weight MF resin and the effect of con-
ditioning resin-impregnated samples at different relative
humidity (RH) levels (33, 70, and 95% RH) and durations
(0, 72 and 168 h) on the cell wall bulking and water vapour
sorption was tested. It was hypothesized that the dimen-
sional stabilisation of resin-treated wood is affected by two
mechanisms that take place during the conditioning phase:
(a) alkaline hydrolysis removes cell wall polymers and
counterbalances the cell wall bulking effect of the resin;
and/or (b) self-condensation of the resin within the lumen
increases the molecule size during the conditioning, which
hinders its cell wall diffusion.

2 Materials and methods
2.1 Materials

Samples with dimensions of ca. 20 x 20 x 10mm (radial x tangen-
tial x longitudinal) were prepared from commercially kiln-dried boards
of Scots pine (Pinus sylvestris L.) originating from Southeast Finland.
Knots, visible defects, juvenile wood, and heartwood were avoided. All
samples were cut from the same annual rings to limit raw material-
based variation, especially in bulk density.

Low molecular weight melamine formaldehyde (MF, Madurit MW
840, Prefere Resins, Finland) was obtained as a stock solution with a
solid resin content of ca. 68 %, which was determined as the non-volatile
dry matter remaining after drying at 103 °C. The received MF resin was
partially methylated to limit self-condensation during storage and
improve miscibility with water. The stock solution was stored at 6 °C for
several weeks before the experiments.

Polyethylene glycol (PEG; CAS 25322-68-3) with an average molec-
ular mass of 1900-2200 (PEG-2000) was obtained from Sigma-Aldrich.
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2.2 Impregnation treatments

The wood samples were treated with MF resin or PEG. PEG-treated
wood samples served as references to resin-treated samples because
an aqueous PEG solution is unlikely to cause wood hydrolysis during
the treatment and the molecular size of PEG does not change through
self-condensation.

Aqueous solutions with 20 % solid content were prepared from the
PEG and the MF stock solution. The wood samples were impregnated
with either the PEG or the MF solution at 0.004 MPa for 1h. After
removing the samples from the solution, excess solution at the wood
surface was removed and the different sample groups (n = 10) were
conditioned at 20 °C in desiccators at three relative humidity levels
(33, 70, and 95 % RH) and two durations (72 and 168 h). Different RH
levels were achieved by the addition of aqueous, supersaturated salt
solutions of either magnesium chloride, potassium iodide, or potassium
nitrate to the desiccators (Greenspan 1977). One sample group per
impregnation solution was immediately heat-cured without any inter-
mediate conditioning step. Drying and heat-curing were performed ina
convection oven in two temperature steps at 40 and 103 °C, with each
temperature held for ca. 24 h.

2.3 Changes in sample mass and dimensions

Mass and dimensions were recorded for all samples in the oven-dry
state (103 °C for ca. 24 h) before and after the impregnation treatment.
Changes in dry mass and dimensions were calculated as weight
percent gain (WPG) and cell wall bulking (CWB), respectively, as
described previously (Kliippel and Mai 2013). Only the cross-sectional
area was considered because the changes in longitudinal direction
were negligible. WPG and CWB of the resin-treated samples were
determined again after a waterleaching protocol This involved
vacuum-impregnating the samples with deionized water for 1h at
0.004 MPa and storage of the submerged samples with ca. five volumes of
water per one volume of wood for 1 week with daily water changes. The
water-leached samples were re-dried at 20, 60, and finally 103 °C for 24 h,
respectively. All analyses were performed on water-leached samples.

2.4 Dynamic vapour sorption

Sorption isotherms of wood samples were measured with an automated
sorption balance (DVS intrinsic, Surface Measurement Systems, UK). In
addition to an untreated reference sample, resin-treated samples that
were either not conditioned before curing or conditioned for 168 h were
measured. For the measurement, a thin section containing early- and
latewood weighing approximately 15 mg was cut from the centre of the
corresponding wood sample using a razor blade. Absorption isotherms
were measured using a RH sequence of 0, 5, 15, 25, 35, 45, 55, 65, 75, 85, and
95 %. Desorption isotherms were measured using the same RH sequence
in the reverse order. The temperature and the nitrogen flow rate were
maintained at 25°C and 200 sccm, respectively. Each RH step was
maintained until the rate of sample mass change over time remained
below 0.0005 % min™" for 10 min. This rate was determined in a ten-
minute regression window. The moisture content (MC) was calculated
by relating the mass of absorbed water to the dry sample mass. From the
MCs at the end of each RH step, the MC ratio was calculated by relating
the MC of a treated sample to the MC of the untreated reference sample
at each RH step.
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2.5 Scanning electron microscopy

Forscanning electron microscopy (SEM), small cubes with approx. 5 mm
edge lengths were cut from the centre of each sample using a razor
blade. The cubes were soaked in deionized water and one radial surface
was smoothened with a sledge microtome (WSL Lab-Microtome, Swiss
Federal Research Institute WSL, Switzerland). The smoothened cubes
were dried and coated with gold-palladium before analysis was per-
formed with a scanning electron microscope (Zeiss, Sigma VP, Ger-
many). Images were taken using a beam acceleration voltage of 2 kV and
a detector for secondary electrons.

2.6 Infrared spectroscopy

Selected samples were split in half and thin sections were cut from the
longitudinal-radial surface using a razor blade. The sections were stored
at ambient laboratory conditions before the measurements. Mid-
infrared spectra were collected on a Fourier-transform infrared
(FTIR) spectrometer (Spectrum Two, PerkinElmer, USA) using an
attenuated total reflectance (ATR) unit with a diamond crystal. Spectra
were collected from random positions within the sections within the
wavenumber regions 4000-600 cm™ using a resolution of 4 cm™ and 10
accumulations. Each spectrum was first baseline corrected and then
vector normalized by calculating the sum of the squared absorbance
values of the spectrum and using the squared root of this sum as the
normalization constant. For each sample group, six baseline corrected
and normalized spectra were averaged.

2.7 Confocal Raman microspectroscopy

Transversal sections with a thickness of ca. 20 pm were cut with a rotary
microtome (Nahita ZFP011, Auxilab, Spain). The sections were placed on
glass slides in a droplet of deionized water, covered with a glass
coverslip (0.17 mm thickness), and sealed with nail polish. Images were
collected with a confocal Raman microscope (Renishaw InVia Qontor)
equipped with a 532 nm diode laser and a Centrus 05T]55 CCD detector
behind an 830 lines/mm grating. The measurements were conducted
within the spectral range between 97 and 3667 cm™ ' using an integration
time of 0.2s and a 63x water objective (numerical aperture 1.2). Raman
spectra from resin deposits within the cell lumens were acquired with
20 accumulations. Spectra from three different spots within each sample
were baseline corrected, normalized to the Raman signal at ca. 974 cm ™,
and averaged. Raman images of latewood tracheids were measured
with 220 lines per image and 220 points per line at a step size of 0.2 pm.

Confocal Raman images obtained from three different samples
(untreated, resin-treated without conditioning, and resin-treated with
168 h conditioning at 33% RH) were combined into an image mosaic.
This mosaic was converted into a two-dimensional array, with the pixels
as row objects and the corresponding wavenumbers in columns.
Wavenumbers outside the range of 300-3600 cm™ were excluded. The
spectral data underwent preprocessing procedures, which included
removing cosmic rays using an intensity threshold, correcting the
baseline by fitting a polynomial over the selected wavenumber range,
and vector normalization (Afseth et al. 2006). The intensity of the Raman
band at ca. 974 cm™ was quantified by integration within the range of
950-990 cm, The resulting area values were then folded back into the
image dimensions.
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Furthermore, a new image mosaic was created, which included
only the Raman images of the two resin-treated samples (without con-
ditioning and 168 h conditioning at 33% RH). This mosaic was pre-
processed as described before and then mean-centered. Principal
component analysis (PCA) was applied to the preprocessed, mean-
centered data within the wavenumber range 0f300-3600 cm™ (Bro and
Smilde 2014). The score values of the first principal component were
used as a threshold to exclude pixels associated with strong Raman signals
from water within the cell lumens. The remaining dataset was mean-
centered, and the PCA was recalculated. The score values were then folded
back to the image dimensions and interpreted using their corresponding
loading vectors. The data analysis was conducted using a combination of
custom MATLAB R2022b scripts (MathWorks, Inc.) and commercial func-
tions from the PLS Toolbox 8.7 (Eigenvector Research, Inc)).

2.8 Statistical analysis

WPG and CWB values were tested by using one-way analysis of variance
(ANOVA) to determine statistical differences between the means. Resin-
and PEG-treated samples were analyzed separately, using the condi-
tioning duration (0, 72, and 168 h) and the conditioning RH (33, 70, and
95%) as grouping variables. Equality of variances was assumed when
the p-value of Levene’s test was >0.05. Multiple pairwise comparisons
between sample groups were performed using the Tukey-Kramer
honestly significant differences (HSD) test. All comparisons were made
at a 95 % confidence level. The statistical analyses were performed using
JMP Pro 16.

3 Results and discussion
3.1 Weight percent gain

All wood samples used for the analyses were cut from the
same annual rings to prevent raw material-based variation
from influencing the results. Thereby, a homogeneous initial
dry density was achieved with little to no difference in
average density between the sample groups (Table 1). With
such homogeneous samples, the solid content of the treat-
ment solution is the most important factor for the WPG in
impregnation-modified wood (Altgen et al. 2020b, 2023).
Therefore, the WPG measured after curing was in the nar-
row range between 20 and 23 % for resin- and PEG-treated
samples (Table 1). ANOVA indicated no significant differ-
ences between the sample groups (separated by condition-
ing RH and duration) for resin-treated (p-value 0.76) and
PEG-treated samples (p-value 0.96). For the resin treatment,
however, there was a tendency toward slightly lower WPGs
when the impregnated samples were conditioned before the
heat-curing and this effect became more noticeable with
increasing conditioning RH, independent of the duration.
After water leaching, this trend diminished due to a stronger
loss in the WPG of samples without the conditioning step.
PEG-treated samples did not show such a trend.
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Table 1: Average initial dry density and weight percent gain (WPG) for each sample group (n = 10).

Storage Storage Initial dry density WPG (%)
RH (%) duration (h) (kgm3)
MF PEG MF, after curing MF, after leaching PEG, after curing
- 0 538 (48) 542 (46) 23.0(3.8) 20.3(3.3) 21.1(3.0)
33 72 539 (45) 539 (43) 21.7(3.1) 20.3(3.1) 21.2(3.2)
168 537 (50) 538 (46) 21.7(2.7) 20.6(3.0) 21.3(3.1)
70 72 537 (47) 535 (45) 21.3(3.3) 19.8(3.1) 21.5(3.4)
168 535 (43) 534 (47) 21.3(3.2) 20.1(3.3) 20.9 (3.3)
95 72 541 (47) 536 (47) 20.9(3.5) 19.8 (3.5) 216 (3.7)
168 539 (46) 536 (45) 20.6(3.0) 19.8 (2.9) 20.0 (2.8)

The standard deviation is shown in parentheses.

3.2 Cell wall bulking and water vapour
sorption

In contrast to the WPG, which is dependent on the uptake of
chemical agents into the wood bulk irrespective of their
location, the CWB only increases when chemical agents
enter the wood cell walls to produce permanent swelling
(Altgen et al. 2023). All treatments caused a CWB but there
was a difference between resin- and PEG-treated samples
(Figure 1). This difference was presumably size-related, but
the actual molecular size distribution within the aqueous
solutions was unknown. More importantly, the conditioning
of the impregnated samples before the curing had different
effects on the CWB for the MF and PEG solutions. For
PEG-treated wood, the CWB was slightly higher when the
samples were conditioned at 33 and 69 %, but this effect
was not statistically significant (ANOVA, p-value >0.9). In
contrast, there was an adverse effect of the conditioning
before the drying and curing step on the CWB of resin-
treated samples. Without the conditioning step, the CWB was
significantly higher compared to all other sample groups
(Tukey-Kramer, p-value <0.05). The CWB decreased with
increasing storage duration, without a significant effect of
the conditioning RH after 72 or 168 h. Water-leaching
diminished the effect of storage on the CWB, but the

% without —4—33% RH —=—70% RH —e—95% RH

tendency of a higher CWB without additional storage was
still observed. Overall, the CWB results obtained on resin-
treated samples coincided with the study by Kliippel and Mai
(2013). They found lower CWB in wood treated with phenol-
formaldehyde resin when the impregnated samples were
stored in a desiccator over water for 1 week compared to the
immediate drying and heat-curing.

The resin-treated and water-leached samples were
further tested for their water sorption within the hygro-
scopic range (0-95 % RH) atroom temperature. From the MC
at the end of each RH step, the MC ratio was calculated,
which related the MC of eachresin-treated sample to the MC
of the untreated reference sample (Figure 2). For most data
points, MC ratios below 1 were calculated, which indicated
an MC below the reference MC. The MC ratios decreased
with rising RH during absorption and increased when the
RH was lowered during desorption. While this seems to
suggest a reduction in wood MC by the treatment, these
trends should instead be assigned to the different sorption
behaviour of the MF resin itself. The RH-dependent MC up-
take of fully cured MF resin is lower compared to untreated
wood (Altgen et al. 2020a). Thereby, the MC of resin-treated
wood decreased because the resin in cell walls and lumens
resulted only in a small increase in absorbed water mass but
a large increase in the dry sample mass, which was the

-f\tﬁ% MF

Figure 1: Cell wall bulking (CWB) of samples
treated with PEG or MF resin as a function of
the storage duration measured (a) after heat-
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reference mass for the MC calculation. This effect became
stronger at elevated RH as the MC difference between wood
and MF resin increased, which led to the RH-dependent
change in the MC ratio.

However, there were also differences in MC ratio
between the sample groups despite no differences in WPG
after water leaching. In particular, the MC ratio of samples
without additional storage was shifted toward lower values
at each RH step during ab- and desorption compared to the
other resin-treated samples. A similar difference was previ-
ously observed between resin-treated samples cured under
dry or non-drying (wet) conditions (Altgen et al. 2020a). A
stronger reduction in the water-available cell wall space was
identified as the main cause for the shift toward stronger
moisture exclusion in dry-cured wood. The same effect may
have applied to the present results, and this was in line with
the higher CWB of samples that were immediately heat-cured
without a conditioning phase.

The results showed that conditioning of impregnated
samples before oven-drying and curing had either no sig-
nificant effect (PEG treatment) or an adverse effect (resin
treatment) on dimensional stabilization and moisture sorp-
tion. This stands in contrast to the results of Tanaka et al.
(2015), who showed that conditioning solution-impregnated
wood at elevated RH facilitated the diffusion of PEG into the
cell walls, resulting in increased wood block dimensions
even after vacuum-drying. They explained this effect by the
higher solute diffusivity when more water was presentin the
cell wall. Several experimental details differ from the work
by Tanaka et al., and one important factor maybe the shorter
conditioning in the present study (168h versus 900 h).
Thereby, the cell wall diffusion of PEG may have been
dominated by the increase in solute concentration between
the cell wall and lumen when water was removed during
conditioning and/or the subsequent drying/curing (Stamm
1956).

The adverse effect of conditioning resin-treated sam-
ples, in contrast to PEG-treated samples, was in line with

Relative humidity (%)

humidity steps (n=1).

the presumed effect of the MF resin solution to form mac-
romolecules that are too large to enter the cell wall, and/or
to promote alkaline hydrolysis of cell wall polymers to
counterbalance cell wall bulking. Both effects were tested
by further analyses of the resin-treated samples.

3.3 Scanning electron microscopy

Morphological changes were observed on longitudinal-
radial wood surfaces using SEM. There was no obvious dif-
ference compared to untreated wood when the impregnated
samples were immediately cured (Figure 3a), but deposits of
cured MF resin within the cell lumens were observed
frequently in samples that were conditioned for 168 h before
the curing step (Figure 3b and c). These deposits appeared in
the form of small droplets on the cell walls, as reported
previously (Behr et al. 2018; Mahnert et al. 2012). Previous
studies on treatments with phenol-formaldehyde resin
found more resin deposits in the cell lumens when there was
less cell wall penetration by the resin due to higher molecule
size (Biziks et al. 2020; Furuno et al. 2004;). However, MF
resin deposits in cell lumens can also form a thin film
covering the cell wall surfaces (Altgen et al. 2020a; Nishida
et al. 2019). Since such aresin filmis harder to detect by SEM,
samples that were immediately cured after impregnation
may have also contained resin within the cell lumens. Altgen
et al. (2020b) speculated that a MF resin film covering the cell
wall surfaces is formed when water is quickly removed from
the cell lumens, which first results in the precipitation of
the resin on the surfaces before it hardens. In contrast, the
formation of droplet-shaped deposits was explained by the
polycondensation of the resin in the presence of free water
(Altgen et al. 2020b). Thereby, the formation of resin droplets
in the conditioned samples may support the assumption that
polycondensation of the resin occurred before the removal
of water increased the concentration gradient to facilitate
the cell wall diffusion of the resin.
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Figure 3: Scanning electron microscopy images taken from the radial surfaces of MF-treated samples that were immediately heat-cured after
impregnation (a) or conditioned for 1week at 33 % (b) or 95 % RH (c) before heat-curing (scale bars = 50 pm).

3.4 FT-IR spectroscopy

The samples were further analyzed by FTIR spectroscopy,
and an assignment of important FTIR bands is listed in
Supplementary Table S.1. Normalized mid-IR spectra
showed a strong overlap between bands from wood and
cured MF resin (Figure 4). Spectral differences between
samples were particularly observed in the fingerprint region
from 1800 to 600 cm™. The resin treatments resulted in an
increase in absorbance at 813 and 896 cm™ and within the
range between 1600 and 1300 cm ™", as well as in a decrease
for the wood-related bands at 1733, 1232, 1102, 1051 and
1026 cm ™. The latter band changes were in line with the
potential alkaline hydrolysis of wood constituents. The
decrease in absorbance at 1733 and 1232 cm™' indicated
the hydrolytic cleavage of acetyl groups in wood hemi-
celluloses (Pandey and Pitman 2003; Pandey and Theagar-
ajan1997; Zanuttini et al. 1998). The absorbance at 1102, 1051
and 1026 cm™' were assigned to O-H and C-O vibrations in
hemicelluloses and cellulose (Harrington et al. 1964;

Pandey and Pitman 2003; Pandey and Theagarajan 1997),
thus, the decrease at these bands was in line with the
possible alkaline hydrolysis of amorphous wood carbohy-
drates. However, there were no clear differences in these
bands between the different resin-treated samples.

There was little difference in the band at 813 cm™
except for the general increase for the resin-treated sam-
ples compared to the untreated sample. This increase was
attributed to the vibration of the triazine ring in melamine,
which was observed at 810 cm™ for pure MF resin and
found to be insensitive to the polycondensation of the resin
during heat curing (Weiss et al. 2019). The resin treatment
also caused an increase in absorbance in the spectral range
between 1600 and 1300 cm™. This increase was the highest
for samples conditioned at 33% RH and the lowest for
samples that were immediately cured after impregnation.
Presumably, these differences were not only caused by
quantitative variations in the resin concentration, because
this wavenumber region contains several bands that
are sensitive to the curing reaction of MF resins (Merline

2600 1600 600+,

Wavenumber (cm™)

3600

untreated
no conditioning

33% RH 1051
= ——70% RH
s ——95% RH
S 1102
8 1555 coan 70
3 1580"_\ | /335*1264 son-
< / \ A 17133 Y ‘1232 ; 813

1026

1800 1600

T + +

1400 1200 1000
Wavenumber (cm-)

Figure 4: Baselinecorrected and vector-normalized infrared spectra of untreated and MF resin-treated wood samples in the wavenumber region 600-
1800 ¢cm™". The solid lines represent the mean (n = 6) and the shaded areas are the standard deviation of each sample group. Bands with contributions

from the MF resin are marked by asterisks.
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et al. 2012; Weiss et al. 2019). The transition of methylol
groups in MF resin to methylene ether or methylene
bridges shifts the absorption at 1355 cm™ towards lower
wavenumbers (Weiss et al. 2019). This band shift due to the
resin cross-linking seems to have been stronger for samples
that were conditioned before the curing step. MF resins
contain further bands within the 1600-1300 cm™ region,
for example, C-NH- stretching of melamine at 1556 cm™
(Kandelbauer et al. 2007), or methylene C-H bending
vibrations at 1456 cm™ (Merline et al. 2012). However,
strong overlapping with wood-related bands made an
interpretation of the spectral differences between the
resin-treated samples difficult. Furthermore, the IR absor-
bance may have been affected by thelocation of the resin in
the cell wall or lumens, since embedding of the resin in the
cell wall structure and interaction with wood polymers
potentially affected the bond vibrations.

3.5 Confocal Raman microspectroscopy

Further analyses were performed by confocal Raman
microspectroscopy (Figure 5), and an assignment of impor-
tant Raman bands is listed in Supplementary Table S.2.
Confocal Raman microspectroscopy allowed the collection of
Raman spectra from resin deposits in cell lumens without
interference from Raman signals of wood (Figure 5a). The
resin spectra were normalized to the intense band at
974 cm™", which was assigned to the triazine-ring nitrogen
radial in-phase vibration of melamine (Larkin et al. 1999).
This band has been shown to remain unaffected by the
curing of MF resin (Scheepers et al. 1993, 1995). All obtained
spectra showed the typical features of cured MF resin, as
reported previously (Altgen et al. 2020b). Nonetheless,
spectral variations indicating differences in the cross-linked
resin structure between the treated samples were observed.
The biggest differences in the resin spectra were observed
between the sample that was conditioned at 33% and the
resin-treated samples without the conditioning step. The
resin spectrum obtained from the non-conditioned samples
had a lower Raman signal within the region from 550 to
800 cm ™ that contains in-plane (677 cm™) and out-of-plane
bending vibrations of the triazine ring (745cm™) that are
sensitive to the resin cross-linking (Altgen et al. 2020a;
Scheepers et al. 1993). This sample also showed a lower signal
at 1559 cm™, which may be attributed to C-H bending (Lar-
kin et al. 1999). In contrast, the sample that was conditioned
at 33 % RH showed stronger band changes that are typically
associated with the cleavage of methyl ether groups in
the partially methylated MF resin or the transformation of
ether linkages to methylene bridges by elimination of
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formaldehyde. This was observed by the lower Raman signal
for the band at 907 cm™ and for the shoulder at around
1000 cm ™, as well as the stronger broadening of the band at
1448 cm™ (methylol groups) toward smaller wavenumbers.

Conditioning the resin-impregnated samples for several
days may have affected the MF resin cure. Although the
cross-linking reactions of MF resins progress slowly at room
temperature, they are catalyzed by mixing with acidic wood
(Bergmann et al. 2006). The conditioning mayhave promoted
the cleavage of methyl ether groups in the partially meth-
ylated resin, which would have increased the amount of
methylol groups available for cross-linking during the sub-
sequent curing step. Furthermore, some methylene bridges
may have been formed already during the conditioning
phase before the actual curing step. However, the Raman
spectra of the resin deposits also showed variation between
the conditioned samples. This variation did not follow any
clear trend that could be related to the conditioning RH;
hence, there remains uncertainty about the exact effects of
the conditioning step on the MF resin cure.

Since the biggest differences in the FTIR and Raman
spectra were observed between samples conditioned at 33 %
and samples that were immediately cured without condi-
tioning, these two samples were selected for confocal Raman
mapping of latewood cell walls at sub-micron resolution.
Average spectra collected from the secondary cell walls
showed an increased signal at 631, 974, 1330 and 1451 em™
compared to the Raman spectrum of untreated wood
(Figure 5b), which coincided with Raman bands found in
pure MF resin. The spatial distribution of the MF resin was
visualized by band integration in the spectral region from
950 to 990 cm ' in each pixel of the Raman images (Figure 5c).
Untreated cell walls only had a small Raman signal in this
spectral region, and this was increased in the treated sam-
ples due to the presence of MF resin. The effect of the resin
treatment was also visible as a shift of the main peak in the
pixel histograms toward higher band areas (Figure 5d). The
increase in Raman signal at 974 cm ™" within the cell walls
was slightly higher when the treatment was done without
the conditioning step. This increase in Raman signal was
evident across the entire cell walls (Figure 5c). The Raman
signal of the cell walls was slightly lower when a condi-
tioning step was done before the curing, but the cell wall
regions near the lumens showed high Raman signals. While
this indicated a hindered diffusion of MF resin through the
cell walls, it may have also been related to potential within-
sample variation, which is difficult to consider with Raman
mapping at sub-micron resolution. In any case, the Raman
images based on the signal at 974cm™ did not show an
improvement in the resin uptake of the cell wall caused by a
1week conditioning step, in line with the CWB results.
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Further variation in the Raman spectra between the two
resin-treated samples was investigated by PCA which
considered the entire spectral range. After removing pixels
associated with water within the cell lumens, the first five
principal components (PCs) explained ca. 64 % of the varia-
tion within the image mosaic. The first three PCs explained
within-sample variation, which was related to residual
pixels near the lumen with large spectral contributions from
water, or to the natural variation in lignin and carbohydrate
contents between compound middle lamella and the sec-
ondary cell wall (Supplementary Figure S.1). However, PCs
four and five also showed an inter-sample variation that
could be due to different treatment conditions (Figure 6).

The loadings of PC four (Figure 6a) contained positive
bands that were assigned to MF resin (647 and 974 cm™)
(Altgen et al. 2020b; Scheepers et al. 1993) and to lignin
(1607cm™) (Agarwal and Ralph 1997). The loadings also
showed a positive band at 2955 cm™ and a negative band at

2882cm™ Presumably, this separated the broad CH/CH,
stretching band from wood at 2800-3000 cm™ based on
the contributions from lignin at higher wavenumbers
(2845-3075 cm™) and wood carbohydrates at lower wave-
numbers (2820-2970 cm™) (Agarwal and Ralph 1997; Agar-
wal et al. 2011; Blackwell et al. 1970; Edwards et al. 1994). In
line with these assignments, the corresponding score image
showed high scores in the lignin-rich middle lamella and cell
corners and some resin-rich regions of the cell walls near the
lumen. In contrast, the loadings of PC five (Figure 6b) showed
a positive lignin band at ca. 1604 cm ™' and negative bands
at 970, 1444, and 1552 cm™, which were assigned to the MF
resin. Thereby, the corresponding score image showed
positive scores in the lignin-rich regions and negative scores
in cell wall regions with high resin content.

PCs four and five showed variation between the two
resin-treated samples based on the scores of the secondary
cell walls. For both PCs, lower scores were observed within
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the cell walls of the conditioned sample. This is presumably
unrelated to differences in resin content because the
triazine ring vibration in the MF resin near 974 cm™' was
positive in the loading vector of PC four and negative for PC
five. However, in PC four, the triazine ring vibration at
974cm™" was accompanied by a band at 647cm™’, which
belonged to the broad band structure in MF resin at
550-800 cm ™. In PC five, the triazine ring vibration shifted
to 970 cm™ and was accompanied by bands at 1444 and
1552 cm™', which belonged to the MF resin band structure in
the 1300-1700 cm™ region. Although it is difficult to link
these differences to specific curing reactions, the results
indicated that the conditioning step may have not only
affected the resin cure within the cell lumen but also in the
wood cell wall.

4 Conclusions

Applying a conditioning step at room temperature to
impregnated wood samples had an adverse effect on the
dimensional stabilisation achieved with a melamine
formaldehyde resin, irrespective of the conditioning RH.
The results supported the hypothesis that this adverse
effect was related to the alkaline hydrolysis of wood com-
ponents and the resin polycondensation in the cell lumens
during the conditioning step. However, the present study
did not consider the treatment of larger wood dimensions,
during which the translocation of the resin solution
through the capillary network of wood becomes important.
Future studies may determine if a conditioning step helps
in controlling this resin translocation.
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