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Abstract Scots pine (Pinus sylvestris L.) sapwood was impregnated with aqueous
solutions of phenol formaldehyde and methylated melamine formaldehyde resins
and subsequently cured in an oven. One set of specimens was cured in plastic bags
to avoid drying (wet curing) while another set of samples was heated and water was
allowed to freely evaporate (dry curing). Macroscopic resin distribution was
investigated using X-ray densitometry and infrared spectroscopy (FTIR-ATR).
During dry curing, the resins migrated to the wood surface resulting in a gradient.
Wet curing resulted in even distribution of the resins because it was immobilized
due to condensation and precipitation in the wood. Neither densitometry nor FTIR-
ATR was found to be generally applicable for investigating resin distribution in
modified wood. Wet curing resulted in low cell wall bulking as compared to dry
curing, probably because resin precipitated before drying. Storing impregnated
wood prior to curing under non-drying conditions (“diffusion phase”) also reduced
cell wall penetration and bulking.

Introduction

Wood treatment with thermosetting resins, such as phenol formaldehyde (PF) or
methylated melamine formaldehyde (MMF), belongs to a group of modifications
summarized by Hill (2006) as impregnation modification. Generally, impregnation
modification encompasses all methods where the wood substance is filled with the
modification agent. Most methods, however, are primarily aimed at filling the cell
wall micropores, because most wood properties can only be efficiently changed with
the material located in the cell wall rather than in the lumens.
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Generally, an impregnation modification is performed with monomer (or
oligomers) solutions, which penetrate into the cell wall and undergo subsequent
polymerization (mainly polycondensation) to form the resin. Covalent bonds
between modification agent and cell wall constituents might exist, though this is not
essential for stable fixation. Treatments usually involve impregnation with an
aqueous solution of the resin molecules followed by high-temperature drying
including resin curing. When wood is impregnated using a vacuum-pressure
process, the solution flows into the coarse wood structure driven by pressure
gradients. Differences in concentration between the modification solution and the
wood moisture are equalized by diffusion. The higher the initial moisture content,
the more the diffusion contributes to distributing the solute within the wood (Stamm
1964). Especially cell wall penetration is a primarily diffusion-controlled process, as
most cell wall pores are only accessible in a swollen state (Hill et al. 2004). Many
researchers, therefore, include a so-called “diffusion phase” into the process.
During this phase, the impregnated wood is stored under non-drying conditions,
wrapped in foil or kept in the impregnation solution, in order to allow the resin to
diffuse into the cell wall (Stamm and Seborg 1942; Schneider 1995; Rapp et al.
1999; Gindl et al. 2003; Furuno et al. 2004).

Both wood drying and resin curing require heat and therefore interact strongly.
Usually, they are combined in a single step. In laboratory-scale experiments,
impregnated specimens are usually dried and cured in an oven. Starting at low
temperatures so as not to induce drying failures, the temperature is gradually
increased to ensure complete condensation of the resin (Galperin et al. 1995;
Lukowsky et al. 1998; Rapp et al. 1999; Furuno et al. 2004). In commercial
processes for the production of resin-treated plywood, veneers are pre-dried after
impregnation. Afterwards, they are either cured at higher temperatures in the veneer
dryer (Stamm and Seborg 1942) or in a combined step in the hot press
simultaneously with curing the glue (Wepner 2006; Dieste et al. 2009; Trinh
et al. 2012). Varying a number of manufacturing variables, Millett et al. (1943)
found that drastic drying (>ca. 75 °C) severely reduced the impact resistance of
PF-treated plywood as compared to mild drying (<ca. 75 °C), while curing
conditions had a minor effect.

When wood impregnated with a solution is dried, the outward movement of the
solvent results in migration of the solute to the surface. The uneven distribution
established during drying can cause inaccuracies at testing the effectiveness against
fungi and insects of both conventional preservatives and modifications (Becker
1952; Smith and Cockcroft 1961; Brooks et al. 1973; Kliippel and Mai 2011). Most
resin treatments, however, do not only improve durability but also affect the dry
volume of the wood (bulking), dimensional stability and sorption behaviour as well
as strength and elastic properties (Hill 2006). Concentration gradients reportedly
cause strains inside the wood, which can lead to checks and deformation (Ashaari
et al. 1990). Krause (2006), for example, reported on bone-shaped boards due to
longitudinal migration of the resin from the board centre to the end face. Gradients
also formed in wood treated with furfuryl alcohol (Schneider 1995) and MMF resin
(Rapp 1999), respectively, but were ascribed to incomplete impregnation.
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In the textile industry, not only dry curing but also wet curing processes are used
to cure fabrics treated with the thermosetting resin DMDHEU (dimethylol-
dihydroxy-ethylene-urea). For wet curing, the resin is cured in wet state under non-
drying conditions followed by drying. Nicholas and Williams (1987) and Krause
(2006) transferred this process to DMDHEU-treated wood and achieved a
macroscopically uniform distribution, because the resin is immobilized before
drying starts. Krause (2006), however, also found a smaller increase in dimensional
stability, hardness and durability as compared to dry curing. Curing of urea—resin
treated wood at 70 °C and 75 % RH resulted in considerable lower anti-shrink
efficiency (ASE; percentage decrease in maximum swelling) than curing at 70 °C
and 2 % RH (Millett and Stamm 1946). The authors assumed that resin molecules
diffused from the cell wall into the lumens under humid conditions.

While it should be generally possible to transfer a wet curing process to industrial
scale, this is unfeasible for pure dry curing. Drying commercially sized timber under
absolute dry conditions would lead to steep moisture gradients inside the wood and,
thus, cause drying failures like checks, cracks and warp. To efficiently dry timber in
a kiln, the wood is usually heated up under moist conditions, so that water
movement inside the wood is accelerated while evaporation from the surface is
limited. Consequently, resin treatments utilizing kiln drying necessarily involve, at
least, a short wet curing phase.

Only few studies on the upscaling of resin treatments are published. Millett and
Stamm (1954) transferred the process for the production of PF-treated plywood to
solid wood. Using a kiln for drying and a hot press for curing, they found that the
treatment of the solid wood specimens showed appreciably less improvement in
hardness and moisture resistance than that of panels made from individually treated
veneers.

In most studies, macroscopic distribution of wood preservatives and modification
agents was assessed by taking subsamples from different parts of a specimen
followed by determining either the chemical content of the subsamples or related
properties like swelling behaviour (Nicholas and Williams 1987; Ashaari et al.
1990). This is a relatively laborious and time-consuming method where the spatial
resolution is confined to the size of the subsamples. Jensen et al. (1992) monitored
the penetration of resins into wood by means of infrared spectra on thin slices cut
perpendicular to the direction of penetration using the ATR-technique (attenuated
total reflection). Additional sample preparation was not required, and resolution was
increased to the thickness of the slices. However, the method still involved the
preparation of subsamples. Without this step, ATR-FTIR would be a convenient
method to rapidly assess resin distribution in modified wood. As impregnation
modification adds a considerable amount of material to the wood, densitometry
should provide another simple method to record chemical distribution in modified
wood with relatively high resolution (Rapp 1999; Olsson et al. 2001). In wood
science, it is routinely used for measuring the vertical density profile of wood-based
panels (Wang and Dai 2004) or the year-ring structure of solid wood (Polge 1978)
and it is, therefore, readily available at many research sites.

It is assumed that curing conditions crucially affect not only macroscopic
chemical distribution but also intrinsic properties of resin-treated wood. Besides
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total resin content, cell wall penetration is the main factor affecting these properties.
In this study, the effects of curing conditions on resin distribution and cell wall
penetration of wood treated with MMF and PF were investigated. Macroscopic resin
distribution was investigated by means of densitometry and ATR-FTIR. These
methods were supposed to offer a faster and more convenient alternative to
procedures that involve the cutting of subsamples.

Experimental
Treatments

For all experiments, Scots pine (Pinus sylvestris L.) sapwood was treated with a low
molecular weight resol (M,, = ca. 400 g/mol) with sodium hydroxide (NaOH) as a
catalyst or a low molecular weight methylated melamine formaldehyde resin
(pH = 9.6). Unless otherwise stated, conditioned (20 °C, 65 % RH) specimens were
treated in a vacuum-pressure process (0.5 h, 100 mbar followed by 2 h, 12 bar) with
aqueous solutions exhibiting a solid content of 30 % (m/m). After impregnation, all
specimens were exposed to the same temperature cycle: 20, 40, 75, 40 and 103 °C.
The duration of each step was 24 h. For wet curing, the specimens were packed in
polyethylene terephthalate (PET) bags during the first three steps.

Densitometry

A board with a cross section of 20 x 50 mm® (r x ) was cut into sections of
20 mm length, and the end faces of the specimens were sealed with tape to avoid
axial flow. In this way, impregnation and drying conditions in the middle of a board
were simulated. A densitometer for measuring the density distribution of wood-
based panels was used to record the density profiles of the oven-dry blocks (DAX,
Grecon, Alfeld, Germany) before and after modification. The specimens were
inserted in such a way that the X-ray ran longitudinally through the sample and the
profile displayed the density distribution in radial direction, that is, the thickness of
the board (Fig. 1). Density was recorded at a resolution of 0.02 mm.

Infrared spectroscopy

Fourier transform infrared (FTIR) spectra of conditioned (20 °C, 65 % RH)
specimens were recorded by means of the attenuated total reflection (ATR)
technique (DuraSamplIRII, SensIR Technologies, Warrington, UK), using a Vektor
22 spectrophotometer (Bruker, Bremen, Germany) (64 scans, 4 cm ™! resolution).
Background spectra were collected with the empty ATR unit. The baseline
correction was made using the rubber band method in the OPUS software (64
points, Bruker, Bremen, Germany). All spectra were Min—-Max normalized in the
region 1800...800 cm ™', with the highest peak (at approximately 1,030 cm™")
being set to an absorption of 2 AU. Two spectra of the centre and the edge region,
respectively, were recorded on the cross section of each of the five specimens
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Fig. 1 Positioning of specimens for the density profile measurement; circles show locations for FTIR
measurements

(Fig. 1), resulting in ten spectra per treatment and region. Absorption at 1,275 and
813 cm ™' was used to relatively quantify the PF and MMF content, respectively, on
the cross sections.

Cell wall bulking, weight percent gain and total swelling

Blocks measuring 25 x 25 x 10 mm® (r x 1 x [) were treated together with the
specimens for the density profile determination in order to assess the effect on
dimensional stabilization. To investigate the swelling behaviour, the modified
specimens were vacuum-impregnated with water, kept submerged for 24 h and
mass and dimension of the water-saturated specimens were recorded (Cycle 1).
Then, the specimens were carefully oven-dried, and mass and dimensions were
determined again. Finally, the respective data were recorded after vacuum
impregnation followed by storing for 2 weeks under water (Cycle 2). Mass and
cross-sectional dimensions were determined before and after modification as well as
after each soaking and drying step. The longitudinal length was not taken into
account. Weight percent gain (WPG) was calculated as percentage change in oven-
dry mass due to modification based on mass of the untreated specimen. Cross-
sectional bulking (B) and total swelling (S’) were defined according to Ohmae et al.
(2002):

p="9 "R 00 9 (1)

Aud

where A4 is the area of the treated specimen in dry condition; A4 is the area of the
untreated specimen in dry condition.

A — A

S = 2 % 100 [%) (2)

ud

where Ay, is the area of the treated specimen in water-saturated condition.
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Data in dry state were recorded at the beginning of each cycle, so that WPG in
the second cycle was calculated based on the specimens’ mass prior to the second
soaking phase. Five replicates were used for both density profile and swelling
measurements.

Diffusion phase

Specimens measuring 25 x 25 x 10 mm® (r x t x [) were impregnated with PF-
resin (1 h, 100 mbar), to assess the effect of a diffusion phase between impregnation
and curing. One group of specimens (10 replicates) was oven-dried before
impregnation, while the other one was stored over water in a desiccator at ca. 100 %
RH for a week. After impregnation, one half of each group (5 replicates) was
immediately dried at 20, 40 and 103 °C for 24 h each. The other half was stored in
polyethylene (PE) bags for 48 h before it was subjected to the same drying
procedure. Mass and dimensions were recorded after each phase.

Results and discussion
Densitometry and FTIR

Macroscopic (radial) resin distribution was investigated by means of densitometry
and ATR-FTIR. All density profiles of each treatment displayed similar patterns
(Fig. 2): treated specimens throughout exhibited higher density, with no radial
gradient in wet-cured specimens. After dry curing, however, there were narrow but
distinct peaks on the surface of specimens impregnated with MMF resin but there
was no radial slope in PF-treated wood. Infrared spectra of PF and MMF resins
exhibit distinctive absorption at 1,475 cm™' (aromatic C=C of phenol, Poljansek
and Krajnc 2005) and 813 cm ™! (triazine ring of melamine, Gindl et al. 2004),
respectively (Fig. 3). Absorbance at these wavenumbers was used to quantify the
resin content. Based on these measurements, significant differences between the
specimens’ centre and edge region (Wilcoxon test: p < 0.05) were found only for
PF-modified boards after dry curing (Fig. 4). The cross sections of the PF-treated
samples showed large radial cracks (dry curing) or slight cell collapse (wet curing)
while there were no cracks in the MMF-treated wood irrespective of the curing
(Fig. 5).

Both methods employed here indicate that there was no radial gradient in resin
content after wet curing, but on dry-cured specimens, the FTIR and densitometry
gave contradictory results revealing the shortcomings of both methods: although
density profiles showed that the MMF resin accumulated within a narrow surface
layer of about one millimetre in thickness, there was no difference in the respective
FTIR absorption. The spatial resolution of the FTIR measurements is limited by the
size of the ATR crystal (ca. 1 mm)—the penetration depth of the IR radiation of
approximately 1 pum—and because the specimen is only manually positioned on the
crystal. The authors, therefore, suggest that the resolution of this measurement was
insufficient to detect the narrow peak. In PF-treated and dry-cured specimens, FTIR
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Fig. 2 Density profiles of wood samples before and after resin treatments; PF phenol formaldehyde,
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Fig. 4 Infrared absorbance of resin-treated wood at 1,475 cem™! (left side) and 813 cem™! (right side)
recorded in the specimen’s centre and edge regions

Fig. 5 Cross sections of wood specimens after resin treatments. From left to right: PF (dry curing), PF
(wet curing), MMF (dry curing), MMF (wet curing)

measurements, conversely, suggest higher resin concentration in the edge region as
compared to the centre, while density profiles do not display any gradient. This
difference might be attributed to the fact that the resin does not only increase mass
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but also the dry volume of the wood, because resin deposited in the cell wall causes
bulking (see below). As a consequence, volume due to bulking partly compensates
for the increase in mass resulting in lower density changes. Because of the radial
gradient, bulking was higher near the surface than in the centre. As a consequence,
tensile stresses evolved in the core might have caused the cracks shown in Fig. 5. In
summary, wet curing seemed to immobilize the resin, so that migration did not
occur during drying, while dry curing resulted in an uneven resin distribution of
both resins. Neither densitometry nor FTIR-ATR measurements, however, detected
the gradients of both resins.

Cell wall bulking

PF-treatment resulted in a higher WPG (ca. 50 %) than MMF-treatment (ca. 40 %).
In spite of similar concentrations of the impregnation solution, the WPG of MMF-
treated specimens was lower, because methanol is split off and evaporates when
MMF polycondenses. Leaching during the first soaking phase reduced mass and
bulking (Fig. 6). These changes were only small for most treatments, but noticeably
higher in dry-cured MMF-treated wood. After dry curing, PF caused higher bulking
than MMF, with tangential bulking being higher than radial bulking. As compared
to dry curing, wet curing resulted in considerably lower tangential bulking and even
negative radial bulking. Total swelling in water was reduced by the wet-cured PF-
treatment, while it was slightly increased by the other treatments.

Generally, modification can affect the dry dimensions of wood in two ways:
when the cell wall is filled with the modification agent, it is kept in a swollen state
under dry conditions so that dry dimensions increase (bulking). Degradation and
leaching of cell wall polymers, on the other hand, result in “negative bulking”
(Ohmae et al. 2002). The actual bulking caused by a resin treatment can be assumed
to be a combination of both effects. In the present study, type of resin, anatomical
direction and curing conditions affected bulking. PF probably caused higher bulking
as compared to the MMF due to, smaller molecule size, a wider molecular size
distribution and a higher WPG. As the resin is deposited in pores made accessible
through swelling in water, it is obvious that bulking correlates with maximum water
swelling and, thus, tangential bulking exceeds radial bulking. The effect of curing
conditions can be explained as follows.

After impregnation, all lumens and micropores are assumed to be filled with the
impregnation solution (see below). Because the ionization of the cell wall polymers
is relatively low, the Donnan effect is negligible and the concentration of the
modification chemicals in the bound water (cell wall) and free water (lumens) is
virtually uniform (Stamm 1934). During drying, free water from the lumens
evaporates first, so that the chemical concentration in the lumens increases. The
concentration gradient between lumen and cell wall, then, results in diffusion of
dissolved molecules into the cell wall micropores. If polycondensation is not taken
into account, this process continues until the solution is saturated and the resin
precipitates (Stamm 1964). Consequently, the amount of chemical deposited in the
cell wall strongly depends on its solubility.
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Fig. 6 WPG (a), radial (b) and tangential (¢) changes and cell wall bulking of specimens during two
drying—soaking cycles: first cycle: dry specimens (after modification; bulking, WPG) were vacuum-
impregnated with water and soaked for 24 h (S’). Second cycle: specimens were carefully dried (bulking,
WPG), water impregnated and soaked for 2 weeks (S’). Bars: mean values; error bars: total range
(minimum to maximum)

During wet curing, the resin molecules undergo polycondensation while they are
solubilized. As molecular size increases, solubility decreases, so that the resin
finally precipitates and, therefore, does not migrate during subsequent drying. For
the same reason, diffusion into the cell wall is confined to the initial impregnation
process. It is suggested that this is the main reason for the low bulking attained with
wet curing. Additionally, negative bulking and reduced total swelling (PF) is
indicative for the degradation of cell wall polymers (Seborg et al. 1953; Kamdem
et al. 2002). It seems to be likely that degradation is more severe under wet curing
conditions, because the degree of hydrolysis is higher (particularly because of the
high pH of the impregnation solution).
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Diffusion phase

In an additional experiment, the effect of a diffusion phase between impregnation
and dry curing was investigated on oven-dry and fibre-saturated wood (Fig. 7).
Some of the specimens stored over water showed moisture contents up to 65 %,
which was probably caused by condensed water at the lid of the desiccators that
dripped onto the wood. During impregnation, the conditioned specimens swelled
slightly, and the dimensions of oven-dried samples increased to the same degree of
swelling. Within the first 24 h after impregnation, the dimensions of all specimens
slightly increased further, although without diffusion phase the moisture content of
specimens decreased to about 30 % (based on mass of treated wood). WPG was
lower (Fig. 8) in previously fibre-saturated specimens resulting in higher moisture
contents (based on mass of treated wood) and lower bulking (Fig. 7). Taking into
account the WPG, a diffusion phase decreased bulking (Fig. 8).
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Fig. 7 Dimensional increment (a) and moisture content (b) of PF-treated specimens stored under drying
and non-drying conditions after impregnation. The dimensional increment and moisture before
impregnation are based on untreated, oven-dry conditions. Moisture after impregnation is based on
treated, oven-dry mass. OD/FS: oven-dried and fibre-saturated before treatment
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Fig. 8 Effect of a diffusion phase and moisture content prior to treatment on cross-sectional bulking and
WPG of PF-treated specimens

When pine sapwood is impregnated using a full cell process, all voids available
are filled with the impregnation solution. In wood above fibre saturation point
(FSP), the solute then diffuses into the water already present in the wood. At
moisture contents below FSP, the cell wall additionally swells when the solution
enters the cell wall (which can also be considered a diffusion process). To allow for
cell wall penetration, it has been frequently suggested to store the impregnated
specimens under non-drying condition or in the impregnation solution before
drying. The recommended duration ranged from a day to some weeks (Hill 2006). A
diffusion phase would increase cell wall penetration, if at least one of the underlying
processes, that is, swelling and diffusion, requires more time than already available
during or after impregnation and instead takes place under the conditions prevailing
during additional storing.

In this experiment, most of the swelling occurred during the impregnation time of
1 h. As a consequence, oven-dried wood prior to treatment exhibited higher bulking
than fibre-saturated wood: by occupying voids, the bound water obviously reduced
solution uptake by the cell wall, while in the oven-dried wood, the respective voids
were made accessible through swelling by the chemical solution. Irrespective of
being dried, swelling continued during the first 24 h after impregnation but not
afterwards. This is in accordance with Mantanis et al. (1994), who found that the
rate of swelling, following first-order kinetic, is extremely high in the beginning and
decreases exponentially.

Storing the impregnated wood under non-drying conditions before drying, that is,
wrapped in polyethylene sheet or a similar material in order to maintain high

@ Springer



Wood Sci Technol (2013) 47:643-658 655

moisture content, resulted in less resin diffusing into the cell wall and, thus, lowered
bulking. This finding confirms the assumption that a crucial part of the resin enters
the cell wall only during drying. Accordingly, considerable amount of resin did not
enter the cell wall during the diffusion phase. In fact, the resin seemed to condense
in the lumens so that either molecules became too big to enter the cell wall pores or
solubility of the resin decreased, reducing the (saturation) concentration and leading
to precipitation of the resin during drying. This means that the “diffusion phase”
has an effect comparable to a mild wet curing.

The experimental setup of studies revealing higher resin contents in the cell
wall after a diffusion phase, usually differed from the one used in this study in
one of two respects. If wood is treated by mere soaking rather than a vacuum-
pressure process or if the moisture content before impregnation is far above fibre
saturation point, the wood is only partly and inhomogeneously filled with the
impregnation solution. In this case, the resin would not primarily diffuse from the
lumens into the cell wall, but from treated to non-treated areas on a macroscopic
scale. Due to the longer distances, this takes more time than cell wall penetration;
in the poorly treated areas, it increases the final chemical concentration.
Accordingly, Seborg et al. (1962) stated that diffusion time before drying will
depend upon how uniformly the resin is distributed during the treating process. A
second detail that may influence the effect of a diffusion phase is whether the
wood is stored outside the impregnation solution or kept submerged. Treating
large dimensions, only the former method is conceivable and has been described
above. In laboratory-scale experiments, however, specimens are sometimes soaked
for days or weeks. Then, resins like PF and MMF condense faster inside the wood
(and especially in the cell wall) than in the surrounding solution, because the
acidic wood constituents catalyse polycondensation. As a consequence, the
osmotic potential in the wood decreases and low molecular compounds continue
to diffuse into the specimen during the diffusion phase and, thus, increase cell
wall penetration (Lukowsky and Peek 1998).

Wood modification with thermosetting resins usually aims at both even
distribution and maximum cell wall penetration. The results of this study suggest
that these objectives are conflicting. If the resin is immobilized before drying to
avoid migration, it is concomitantly prevented from diffusing into the cell wall. The
larger the dimensions of wood, the more crucial this contradiction. Therefore, it
states a particular problem in upscaling modification processes. When kiln drying is
required (e.g. for curing), the drying schedule is restricted by the demand to avoid
drying failures. Achievable cell wall penetration in commercially sized timber is
necessarily lower because it has to be dried more carefully than laboratory-scale
specimens. This seems to be a crucial factor for the relatively poor performance of
wood treated in large dimensions. One way to enhance diffusion into the cell wall
might be vacuum drying. Under vacuum, the resin condenses more slowly because a
lower drying temperature is required. This method is employed, for example, in the
commercial process of furfurylating timber, at which impregnated wood is vacuum-
dried prior to steam curing and kiln drying (Hill 2006; Lande 2008).
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Conclusion

ATR-FTIR spectroscopy and densitometry can be principally used to determine
resin distribution in modified wood without the laborious procedure of cutting
subsamples. Both methods, however, show important drawbacks: density is an
imprecise indicator for the chemical content because density changes due to
modification with cell wall-penetrating resins are affected by an increase in both
mass (WPG) and volume (bulking). In fact, different WPGs can result in a very
similar density. If ATR-FTIR measurements are conducted directly on the cross
section of the wood samples, that is, without cutting slices, resolution is limited to a
few millimetres and quantitative measurements require laborious calibration (e.g.
partial least squares regression; PLS) (Stefke et al. 2008).

Generally, wet curing, slow drying and a diffusion phase enhance polyconden-
sation of resins in the lumens. As a consequence, resin migration, cell wall
penetration and bulking are reduced. Drying at low relative humidity favours cell
wall penetration and the improvement of water-related properties such as
dimensional stability. It should be considered that wood properties obtained from
modification methods on laboratory scale are often different from those obtained for
treating commercially sized timber in industrial processes, because drying
conditions may be crucial for cell wall penetration of chemicals.
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