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Abstract
Wood modification is an excellent way to improve material properties, prolong service life, and pave the way for new 
applications for timber in the built environment. The aim of this study is to establish the influence of wood species in the 
modification process with phenol urea formaldehyde resin. Seven hardwoods and four softwoods were compared in an 
identical treatment. Since the wood species is the main variable, the study provides a clear insight as to its influence on 
modification—something not previously investigated. Small wood blocks of all eleven species were impregnated with low-
molecular weight phenol urea formaldehyde resin and were subsequently heat-cured at 150 °C. Mass and dimensions of 
specimens were carefully monitored throughout three cycles of oven-drying and water-soaking to determine anti-swelling 
efficiency, bulking coefficient, and swelling coefficient. The results showed a clear relationship between density, bulking-, and 
swelling coefficients. Beyond this well-known relationship it was observed that species with similar density (e.g., lime and 
sycamore) had significantly different bulking coefficients and anti-swelling efficiencies. Reasons for these differences, which 
are independent of density, are discussed. The soaking solution was analysed to determine the nature of leached substances 
showing a correlation between the amount of leachate and the UV-absorbance (272 nm) of the solution.

1  Introduction

Commercial wood modification with thermosetting resins 
relies on an impregnation step, during which the liquid resin 
is forced into the bulk structure of the wood. The sapwood of 
Radiata pine (Pinus radiata) is currently the preferred spe-
cies of solid wood modified in commercial processes requir-
ing impregnation, such as Accoya and Kebony (Jones et al. 
2019). Despite its availability in clear (knot-free) lengths and 
fast growth, the main reason for use is the excellent treatabil-
ity of its sapwood, which enables a high and uniform resin 

uptake. This overreliance on Radiata pine and the grow-
ing demand of the wood modifying sector for such a highly 
permeable material have contributed to a considerable price 
increase in recent years.

Liquid flow during impregnation is influenced signifi-
cantly by wood anatomy. Limiting factors in both softwoods 
and hardwoods are the pit diameter and the degree of pit 
aspiration (Siau 1984). Sufficient permeability is prerequi-
site for any wood species used for resin modification. How-
ever, permeability of solid wood can be improved by various 
techniques (Tarmian et al. 2020; Nath et al. 2022). In other 
applications, like the impregnation of veneers, permeabil-
ity ceases to be a limiting factor as the dimensions through 
which fluid is required to flow have been radically reduced. 
This led to the adoption of plywood-based systems by Mil-
lett et al. (1943) in Compreg and to more recent advances 
in this re-emerging field (Fleckenstein et al. 2018; Bliem 
et al. 2020; Wascher et al. 2020). Aspects other than the 
permeability and availability of timber are rarely consid-
ered in the choice of wood species, and the literature lacks a 
comparative study that investigates how wood species with 
different chemical compositions and cell structures behave 
in the same treatment. The current study addresses this topic 
by focussing on the wood species as the main variable.
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How can the quality of resin modification be ensured? 
This question must be answered on multiple levels. In 
the following, a list with relevant criteria is provided and 
subsequently discussed in more detail. Quality criteria for 
the impregnation modification process with thermosetting 
resin include:

•	 Gross uptake due to resin-treatment, evaluated by:

–	 weight-percent gain (WPG) of laboratory samples 
(requires oven-dry weight of specimen)

–	 resin weight uptake in commercial sized pieces (in 
kg/m3)

•	 Uniformity of resin distribution throughout the sample

–	 at macroscopic level, evaluated by:

visual inspection (of liquid front after 
impregnation or drying)
metric information (mass and volume change 
in different regions of a specimen) (Millett and 
Stamm 1954)

–	 at microscopic level, evaluated by:

microscopy (light-, electron-, spectroscopy-) to 
detect distribution and morphology of resin in 
wood cells (Behr et al. 2018)

–	 at submicroscopic level, evaluated by:

spectroscopy (NMR, FTIR, or pyrolysis-GC–MS) 
to detect molecular incorporation and interactions 
of resin molecules in the cell wall polymers (He 
and Riedl 2004; Nishida et al. 2019; Kurkowiak 
et al. 2022)

•	 Effectiveness of the resin within the wood

–	 degree of cell wall penetration, evaluated by:

physical measurement of bulking coefficient 
(Tanaka et al. 2015)
inverse relation between safranin stain-uptake 
and cell wall penetration using light microscopy 
(Biziks et al. 2019)
spectroscopy-microscopic information that 
relates to the resin content in cell wall and 
lumen (Huang et al. 2014)

–	 reduction of water-induced swelling (Hill 2006), 
evaluated by:

anti-swelling efficiency (ASE)
moisture-exclusion efficiency (MEE)

•	 Longevity and retention of resin during service life, 
evaluated by:

quantity of leaching products (mass loss and solid 
residue in leachate)
chemical analysis of leaching solution (Kurkowiak 
et al. 2022)

It is widely accepted that resin should be distributed 
uniformly throughout the sample, primarily as it has a 
swelling effect on the wood, so stresses would develop 
if areas remained unmodified, while adjacent tissue 
was modified. This distribution can be considered at 
different levels of scale. Macroscopic effects such as poor 
impregnation or migration of resin during drying stages 
can be detected visually to some extent, and in commercial 
processes, visual inspection of a cross-section is used to 
monitor the location of the liquid front after impregnation, 
or areas of poor uptake, such as heartwood (Pitman 2020). 
At laboratory scale, this is often not necessary because all 
regions of the specimens are impregnated equally. However, 
small-scale effects are frequently studied in laboratory 
specimens such as the distribution of the resin in cell lumen 
or detection of resin within cell walls (Rapp et al. 1999; 
Behr et al. 2018; Biziks et al. 2019). Metrics such as weight 
percent gain (WPG) describe the overall gravimetric uptake 
of resin but make almost no statement about the quality of 
modification in terms of location or its effectiveness within 
the wood. It is well known that resin in the cell walls is 
more effective than in the cell lumen (Furuno et al. 2004). 
The bulking coefficient (BU) is an indicator for the amount 
of resin located in the cell walls, quantified in terms of the 
swelling caused by resin access into pore spaces usually 
accessed by water on wetting (Tanaka et al. 2015). However, 
some agents that bulk the cell wall initially are not fixed 
and may leach upon water exposure (Meints et al. 2018). 
Similarly, some resins polymerise but certain fractions, 
which remain unreacted due to steric hindrances in the cell 
wall, do leach over multiple cycles (Laborie et al. 2006). For 
this reason, it is useful to include longer term cyclic testing.

In terms of performance, improved dimensional stability 
is a defining characteristic of many modified woods (Ellis 
and Rowell 1982; Ormondroyd et al. 2015). A commonly 
adopted test for this is the anti-swelling efficiency (ASE) 
method during which small wood samples are subjected to 
cyclic water soaking and oven drying (Hill 2006). During 
an ASE test, the swelling of a modified group of samples 
is compared against unmodified controls over several 
wetting and drying cycles. The modified and unmodified 
sets should be matched where possible—i.e., from the 
same plank of timber or at least a plank of similar growth 
rate and the same species. The inability to use matched 
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samples, for example where systems move out of the 
laboratory onto production scale, can cause substantial 
errors within the calculated results (Sargent 2022). Both 
the control and the modified set are soaked with deionized 
water for several days and then dried again. This procedure 
can be repeated multiple times and the swelling and water 
uptake of both groups are compared. Some authors reject 
the data of the first swelling cycle, because it may generate 
artificially high ASE values (Hill 2006). Information about 
the nature of leaching substances can also be obtained from 
an ASE test, by analysis of the soaking solution. Typically, 
the solid residue in the soaking solution is measured by 
simply evaporating the water from an aliquot (Grinins 
et al. 2019). However, chemical analytical techniques like 
ultraviolet spectroscopy (UV), and liquid chromatography 
mass spectroscopy (LC–MS) can provide more insight into 
the nature of leaching substances (Kurkowiak et al. 2022).

Using the ASE method, many authors have studied the 
dimensional stability of different wood species modified 
with thermosetting resins (Millett and Stamm 1954; 
Epmeier et  al. 2004; Furuno et  al. 2004; Grinins et  al. 
2019; Altgen et al. 2020). However, it is often difficult to 
compare results due to variations in resin type (melamine 
formaldehyde, phenol formaldehyde, urea formaldehyde 
etc.), resin properties (molecular weight, solids content, pH) 
or variations in the method (sample dimensions, soaking 
time, use of high relative humidity instead of soaking). 
Consequently, the effect that species differences have in the 
treatment cannot be derived from the existing literature. The 
present study examines the behaviour of seven hardwoods 
and four softwoods in this modification process. Species 
were chosen on the basis of different anatomy, chemistry, 
and density. A comparison of selected studies is provided 
in Table 1. Two studies in this table investigated multiple 
species (Shams et  al. 2006; Millett and Stamm 1954). 
Shams et al. (2006) compared intermediate sized specimens 
of eight hardwoods and softwoods that were impregnated 
with PF-resin and subsequently densified. It was noted 
that the swelling capacity of the cell wall, resulting from 
PF-modification, differed between species. Since this study 
focussed on densification the authors did not conduct ASE 
tests. Millett and Stamm (1954) compared plank sized 
sapwood specimens of nine, mainly North American, 
wood species. Due to the specimen dimensions, the study 
investigated the treatability of different wood species rather 
than the influence of their anatomy and chemistry on the 
treatment. Accordingly, the quality of modification was 
assessed through the uniformity of the treatment comparing 
the swelling coefficient, density, and surface hardness in 
different locations along the plank. Yellow birch (Betula 
alleghaniensis), sweetgum (Liquidambar styraciflua), 
and tulipwood (Liriodendron tulipifera) showed uniform 
swelling coefficients across the whole length of the plank. 

Tulipwood also displayed a uniform density after treatment 
and consistent ball indentation hardness across the whole 
length.

2 � Material and methods

2.1 � Wood samples and PUF‑resin

Seven hardwoods and four softwoods were selected for 
this study. The hardwoods were European beech (Fagus 
sylvatica), silver birch (Betula pendula), sycamore (Acer 
pseudoplatanus), willow (Salix alba), common poplar 
(Populus tremula), European lime (Tilia x europaea) and 
tulipwood (Liriodendron tulipifera). The softwoods included 
Southern yellow pine or SYP (this is a commercial mix of 
four pine species: Pinus palustris, P. elliottii, P. taeda and 
P. echinata), Scots pine (Pinus sylvestris), Radiata pine 
(Pinus radiata) and Pinus taeda. The Pinus taeda timber 
was procured from a single species plantation in Brazil 
for comparison with the mixed species SYP from North 
America. All timbers were sourced commercially, with 
requirement for low heartwood content. Visual examination 
on receipt and use of heartwood indicator solutions where 
relevant confirmed that sapwood was used in this study. 
Sapwood specimens from each species were cut with good 
alignment of the grain and growth rings to the edges of 
the specimen, the dimensions were 20 (r) × 20 (t) × 5 (l) 
mm. These were stored at ambient conditions until further 
processing. Every unmodified and modified test group in 
this study consisted of 10 specimens from the same board.

Commercial PUF-resin (Prefere 5K600M) was provided 
by Prefere GmbH, Germany. Prior to impregnation, the 
resin was diluted with deionized water to a solids content 
of 30% and pH 9.2. The molecular weight information as 
reported by Prefere is Mn = 406 (g/mol) and Mw 484 (g/
mol). Potassium hydroxide (KOH) is present as an alkaline 
catalyst.

2.2 � Resin treatment

The sample mass was measured with a 4 d.p. balance (Ohaus 
Explorer Analytical) and the surface area was measured with 
a digital calliper (2 d.p.) at the radial, tangential, and longitu-
dinal edge of the specimen. The oven dry mass and dimen-
sions of unmodified test blocks were determined after drying 
at 105 °C for 24 h (OD 0). Subsequently, samples were con-
ditioned at ambient moisture and room temperature for 24 h 
prior to use. For the resin impregnation, samples were placed 
in a 250 ml beaker in a desiccator attached to a vacuum line. A 
vacuum was drawn for 20 min prior to impregnation. Then, the 
resin was injected through a dropping funnel until all samples 
were fully submerged. Ballast was used above the samples to 
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ensure they remained below the level of the fluid throughout 
the procedure. A volume of 100 ml resin was used for each 
impregnation. Still under vacuum, the samples were immersed 
for 20 min, before the vacuum was released. Subsequently, the 
treatment solution was drained off and samples were removed 
from the beaker, excess resin was blotted with tissue and the 
mass and dimensions were noted (Imp). The samples were now 
carefully dried at 50 °C for 16 h to reduce the moisture content 
before cure. Heat curing took place at 150 °C for a duration of 
8 h. The mass and dimensions after cure were noted (OD 1).

2.3 � Cyclic swelling and drying

Sets of 10 modified and 10 unmodified control specimens were 
subjected to cyclic water soaking and oven drying. Oven dry 
mass and dimensions of control (OD 0) and modified groups 
(OD 1) were determined, as described previously. The water 
soaking was carried out by vacuum impregnating each test 
group with 100 ml deionized water, using a similar procedure 
to that described for resin treatment, within a beaker in a 
desiccator. The soaked samples remained submerged in water 
for 5 days at room temperature. Subsequently, excess water 
was removed with a tissue before mass and dimensions were 
noted (WS 1). Water-soaked samples were then dried at 50 °C 
for 16 h to eliminate moisture without initiating stresses in the 
samples, and then at 105 °C for 24 h. The mass and dimensions 
were noted (OD 2) and the procedure was repeated until three 
wetting and drying cycles were completed.

2.4 � ASE soaking solution analysis

After each soaking cycle, the amount of leached substances 
was estimated by measuring the solid residue in solution by 
evaporation. The nature of leached substances was investigated 
by measuring the pH and UV absorbance at 272 nm of the 
leachate.

The soaking solution was transferred to a volumetric flask 
and diluted to a volume of 1 l, to ensure the concentration and 
UV data could be used for quantitative comparison. The high 
level of dilution was necessary to obtain meaningful results in 
the UV measurements within the range of the UV spectrometer 
used. Approximately 20 ml of the diluted solution was poured 
in a glass vial of known dry mass for evaporation at 105 °C. 
The solid residue SR[%] was determined by dividing the dry 
mass with the liquid mass. The solid residue in percent was 
then converted to a volumetric concentration SR
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A small aliquot of the diluted soaking solution 
was transferred to a quartz cuvette for UV absorption 
measurement at 272 nm. This wavelength is characteristic for 
aromatic compounds and displays the maximum absorption 
peak for phenolics (Pretsch et al. 2000). Approximately 
50 ml diluted soaking solution was transferred to a small 
beaker for pH measurement. The pH meter was calibrated 
with standard buffer solution at pH 4 and 7 prior to use. The 
procedure was performed for every test and control group of 
every investigated species.

2.5 � Calculations of resin treatment and cyclic 
swelling results

The liquid resin uptake describes the mass change between 
the oven dry and the freshly impregnated state. The WPG 
describes the dry weight gain achieved after cure. The BU 
describes the dry volume gain after cure. They are calculated 
as follows:

The water-induced swelling coefficient of unmodified 
control groups Scontrol relates to the swelling of oven dry 
unmodified data (OD 0) and the swelling coefficient of the 
modified groups Smod uses the oven dry treated data (OD 1). 
Within this study, the swelling coefficient was calculated on 
an area basis, to minimise error arising from longitudinal 
dimension data. They are calculated as follows (Ohmae et al. 
2002; Hill 2006):

The resin-induced swelling coefficient Sresin of modified 
groups described the volume gain during impregnation and 
relates to OD 0. It is calculated as follows:

SR
[g

l

]

= SR[%] ∗ 10

[g

l

]

Liquid resin uptake =
mImp − mOD0

mOD0

∗ 100%

WPG =
mOD1 − mOD0

mOD0

∗ 100%

BU =
(r ∗ t)OD1 − (r ∗ t)OD0

(r ∗ t)OD0
∗ 100%

Scontrol =
(r ∗ t)WS1 − (r ∗ t)OD0

(r ∗ t)OD0
∗ 100%

Smod =
(r ∗ t)WS1 − (r ∗ t)OD1

(r ∗ t)OD1
∗ 100%

ASE =
mean(SControl) − mean(Smod)

mean(SControl)
∗ 100%

The total water-induced swelling coefficient TS describes 
the volume change from the state OD 0 to WS 1 for both 
modified and unmodified groups. In modified groups, 
this coefficient includes the permanent volume change by 
bulking. In unmodified control groups TS is identical with 
Scontrol.

The relative volume Vrel in the cyclic swelling experiments 
refers to OD 0 in the control groups and to OD 1 in the 
modified groups. As mentioned previously, the changes 
in longitudinal direction are negligible in the displayed 
calculation of Vrel . Therefore, the relative area calculation is 
assumed to yield values equivalent to the relative volume, 
while excluding the longitudinal direction as a source of 
error. It is calculated as follows:

The water uptake WUi describes the mass gain from each 
oven dry state OD i to the following water-soaked state WS 
i as a percentage. It is calculated as follows:

The mass loss during ASE tests MLtotal compares the oven 
dry mass of the last cycle with first one. In modified groups, 
the first cycle starts at OD 0 and in modified groups it starts 
at OD 1. It is calculated as follows:

2.6 � Statistical analysis

The experimental set-up consists of two variables. 
Variable one describes whether a test group is modified or 
unmodified. Variable two is the wood species. Every wood 
species was tested in a modified and unmodified state giving 
a total of 22 test groups each containing 10 specimens.

All analyses were performed using R Statistical Software 
(v4.1.2; R Core Team 2021). Boxplots used in several 
figures show the median value, standard deviation, as 
well as maximum and minimum values in each test group. 
Linear regression models have been calculated using the R 
functions stat_regline_equation() and stat_cor(). Two-way 
analysis of variance (ANOVA) was carried out to discern 

Sresin =
(r ∗ t)Imp − (r ∗ t)OD0

(r ∗ t)OD0
∗ 100%

TS =
(r ∗ t)WS1 − (r ∗ t)OD0

(r ∗ t)OD0
∗ 100%

Vreli =
(r ∗ t)i

(r ∗ t)OD0or1
i = OD0,OD1,WS1,OD2,WS2,OD3,WS3

WU
i
=

m
WSi

− m
ODi

m
ODi

∗ 100% i = 0, 1, 2, 3

MLtotal =
mOD3 − mOD0or1

mOD0or1

∗ 100%
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significant differences at a 95% level of confidence between 
swelling, total swelling, and total mass loss of modified and 
unmodified wood. Extreme outliers have been removed from 
the data sets prior to ANOVA analysis using the R function 
identify_outliers(). ANOVA was performed using the R 
functions aov(). A Tukey Honest Significance Difference 
(HSD) test was performed on the same data to identify 
significant differences within each wood species. The R 
function TukeyHSD() was used.

3 � Results and discussion

3.1 � Resin treatment

Figure 1 shows the percentage liquid resin uptake in every 
species. There is an inverse linear relationship between 
the oven dry density of the unmodified wood and its liquid 
uptake during impregnation. This relationship is governed 
by the available void volume, which decreases with increas-
ing density (Siau 1984). Figure 1 suggests that hardwoods 
are more variable in this relation. Certain wood species like 
tulipwood and beech lie above the apparent trendline that is 
connecting the majority of hardwood samples. These spe-
cies take up more resin than their density alone suggests. 
The higher uptake could be linked to a higher affinity of 
their cell wall ultrastructure to the resin, or to a more rapid 
swelling behaviour during the brief immersion period. Hard-
wood species lying below the trendline (poplar, birch) take 
up less than expected for their density. Softwoods consist 
of only two major cell types (tracheids and parenchyma), 
whereas hardwoods contain additional cell types (e.g., 

vessels, libriform fibres etc.) which may take up dissimi-
lar amounts of resin during the impregnation. Therefore, 
within the softwoods, the gradient is more clearly defined 
for the whole group of species studied and the liquid uptake 
is almost exclusively dependent on the density. Moreover, 
the gradient of trendline in the softwoods is steeper than in 
the hardwoods.

Table  2 displays the average results of modification 
related properties for each test group. The WPG is inversely 
correlated to bulking and swelling coefficients. The bulking 
coefficient can be influenced by resin properties, such as 
molecular weight and solids content, and initial liquid 
uptake of resin (Furuno et al. 2004; Grinins et al. 2019). It 
is known from these studies that higher bulking causes better 
dimensional stability. For the current study, we distinguish 
the bulking within a single species and between species. 
Within a single species, the bulking coefficient is an indicator 
for effective modification because it relates to effective cell 
wall penetration of resin (Fig. S1 in Supplemental Material). 
Across multiple species, the bulking coefficient is influenced 
by density, and to a smaller extent by wood anatomy. The 
swelling coefficient post-modification is a common indicator 
for the performance of modified wood. It varies between 4.5 
and 9.4% (regardless of all other parameters) indicating the 
limit of achievable swelling reduction with this treatment. 
The efficiency of a treatment is expressed by the ASE, 
which ranges between 44.2 and 68.8% in the first cycle but 
decreases to 34.6 and 59.5% in the second cycle.

As indicated by anomalies in the liquid uptake in Fig. 1, 
there are certain trends in Table 2 that cannot be explained 
by density effects alone. One case study is the comparison 
of sycamore and lime. Sycamore has a higher density but a 

Fig. 1   Relationship between liquid resin uptake during impregnation with PUF-resin and the oven dry density of the wood samples before the 
treatment
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significantly lower bulking coefficient and ASE than lime. 
Therefore, the treatment was more efficient (higher ASE) in 
lime although modified sycamore had a better performance 
(lower swelling coefficient post-modification). The different 
behaviour of lime and sycamore may relate to differences 
in anatomy or chemical composition, and further study is 
intended. An anomaly in the softwoods is SYP and Scots 
pine. The SYP is denser than Scots pine but has a lower BU 
and ASE than the latter. This may be related to the different 
annual ring width in the samples used (Fig. S2 in Supple-
mental Material). A third case study is the comparison of 
birch and SYP, which have similar densities but different 
characteristics. Birch is a diffuse porous hardwood and SYP 
a softwood with pronounced differences between early and 
late wood. The treatment is more efficient in birch (ASE 
59.3%) than in SYP (ASE 50.9%), but the swelling coef-
ficients after modification are similar. The same trend was 
observed for lime (more efficient) and Scots pine (less effi-
cient). Apparently, the swelling of hardwoods can initially 
be decreased more efficiently than in softwoods with similar 

density. However, Table 2 shows a trend that the ASE is 
more stable over repeated soaking cycles in the softwoods 
than in the hardwoods. The decrease from ASE1 to ASE2 in 
the softwoods ranges between 4.2% for Scots pine and 9.5% 
for Pinus taeda. The decrease in the hardwoods is higher 
ranging from 6.3% for beech to 14.1% for birch. This indi-
cates that the resin may be better fixed in the softwood cell 
walls.

3.2 � Cyclic swelling and drying

The swelling of modified and unmodified test groups is illus-
trated in Fig. 2. Note that the wood species on the y-axis are 
arranged by density. In unmodified wood, the water-induced 
swelling depends strongly on the wood density (Siau 1984). 
After modification, this relationship is still present, but the 
difference between species becomes smaller. The horizontal 
distance between boxplots in Fig. 2 illustrates the efficiency 
of the same treatment in different timbers. Low-density spe-
cies like willow are relatively dimensionally stable in the 

Table 2   Average values for modified test groups

Density refers to the OD density before modification. Swelling modified refers to the 1st swelling cycle. Standard deviations are in parenthesis

Species Density (g/cm3) WPG (%) Bulking coefficient (%) Swelling 
coefficient (%)

ASE 1st (%) ASE 2nd (%)

Beech 0.734 (0.01) 25.9 (1.47) 18.50 (0.81) 9.42 (0.87) 64.8 58.5
Birch 0.639 (0.03) 24.0 (2.67) 13.93 (2.50) 8.18 (1.64) 59.3 45.2
Sycamore 0.600 (0.02) 24.3 (2.15) 9.36 (0.89) 5.74 (0.18) 56.8 46.3
Lime 0.552 (0.01) 33.7 (1.41) 15.00 (0.44) 6.71 (0.59) 68.7 59.5
Tulipwood 0.444 (0.01) 47.8 (1.04) 10.24 (0.34) 6.11 (0.40) 56.5 45.2
Poplar 0.436 (0.02) 36.6 (10.12) 8.64 (1.27) 7.31 (0.74) 44.2 34.6
Willow 0.356 (0.02) 51.4 (3.59) 6.52 (0.93) 4.46 (0.30) 48.8 35.1
SYP 0.635 (0.01) 31.1 (0.96) 10.46 (0.38) 8.08 (0.52) 50.9 44.8
Scots Pine 0.529 (0.01) 45.8 (1.33) 12.03 (0.31) 7.45 (0.32) 57.9 53.4
Pinus taeda 0.459 (0.03) 54.1 (5.45) 8.69 (0.39) 6.04 (0.39) 53.4 43.9
Radiata Pine 0.448 (0.01) 53.8 (1.19) 8.90 (0.43) 5.75 (0.17) 52.8 44.2

Fig. 2   Water-induced swelling of modified and unmodified groups. 
Swelling in modified groups refers to the OD 1 and swelling of con-
trol groups refers to OD 0. Dashed lines represent mean values of the 

modified and control populations. Species on the y-axis are arranged 
by decreasing density
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unmodified state, the modification only adds little to that, 
and the resulting ASE is low, but performance excellent. 
The dashed lines represent the mean values of the whole 
modified and control population providing another reference 
point in the data set. Unmodified lime wood swells far above 
this average. Modified lime, however, is situated directly 
on the average line of the modified population. Hence, the 
modification was especially efficient in lime. Vice versa, 
unmodified poplar swells less than the average of the whole 
unmodified population; once modified the boxplot is located 
clearly above the average line and records the lowest ASE 
on first cycle (Table 2). This relationship is merely another 
illustration for the ASE, shown in Table 2. It highlights the 
effects of variable wood species attributes such as density 
and anatomy on the modification quality with PUF-resin.

Figure 3 compares the swelling of wood blocks in differ-
ent fluids. The water-induced swelling was measured in the 
control groups after the first soak cycle. The resin-induced 
swelling was recorded directly after the impregnation step, 
but before heat curing. Two-way ANOVA was used to show 
that there is no significant correlation (p > 0.05) between 
fluid in which the wood is soaked and the swelling coefficient 
overall (Table S1 in Supplemental Material). The Tukey test 
showed that there is a significant difference in certain groups 
such as sycamore, tulipwood, and Radiata pine (Table S2 in 

Supplemental Material). In the eight remaining species, the 
difference is not statically significant, as indicated by the 
overlapping boxplots in Fig. 3. This observation was not 
necessarily expected, because the resin-induced swelling 
was measured after 20 min impregnation time, whereas the 
water-induced swelling was measured after 5 days. Further-
more, resin and water possess very different chemical prop-
erties in terms of polarity, average molecular weight, and pH 
value. These properties were expected to affect the swelling 
of wood blocks, which is not the case in most wood species.

Figure 4 shows the total water-induced swelling from the 
state OD 0 to WS 1 in modified and control groups. The total 
swelling is of minor importance for commercial applica-
tions of modified wood because it includes the permanent 
volume gain introduced by bulking, however, it also reveals 
information about the modification mechanism. Boxplots in 
Fig. 4, as well as ANOVA and Tukey tests (Table S3 and S4 
in Supplemental Material) show without exception, that the 
total swelling of modified wood is significantly higher than 
in unmodified wood, although most species showed similar 
swelling coefficients during impregnation with water and 
resin (Fig. 3). Once the modified wood is cured, it swells 
beyond the point that is reached in the control groups just 
by soaking in water. This suggests certain alterations of the 
cell wall structure during the heat curing step. The resin 

Fig. 3   Comparison of water-induced swelling (first soak cycle) in control groups and resin-induced swelling (during impregnation) of modified 
groups. Species on the y-axis are arranged by decreasing density

Fig. 4   Comparison of total water-induced swelling (first soak cycle) in control and modified groups (after heat curing). Species on the y-axis are 
arranged by decreasing density
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is known to occupy free volumes in the cell wall that are 
usually filled by water (Hill et al. 2005; Hosseinpourpia 
et al. 2016). Generally, this is a beneficial effect because it 
decreases the total amount of water that can be accommo-
dated in the cell wall. Figure 4, however, suggests that cured 
resin plus water swells the cell wall more than water alone. 
This strongly suggests that the resin curing creates new free 
volumes that were not previously accessible. These volumes 
may be found within the cured resin network, or they are 
created by the removal of hemicelluloses.

Figure 5 shows the relative volume in selected wood spe-
cies for the modified and control groups. The relative vol-
ume changes of the remaining wood species are shown in 
the supplementary information (Figure S3). Note that the 
y-axis in Fig. 5 is customised for every species to illustrate 
relative trends rather than absolute numbers. The oven dry 
volume decreases in all modified test groups but remains 
largely constant in the control groups. Only unmodified wil-
low shows a clearly decreasing oven dry volume. The water-
soaked volume of modified wood is either increasing slightly 
(beech, lime, willow) or remains relatively constant. Unmod-
ified wood largely retains the same water-soaked volume 

(except willow). As outlined by Hill (2006), a decreasing 
dry volume in combination with an increasing water-soaked 
volume indicates the loss of bulking agent. The only cases 
in which such a behaviour was observed are modified beech, 
lime, and willow. This can be due to the presence of non-
bound resin molecules that bulk the cell walls initially, but 
are later washed out. Supposedly, these non-bound poly-
mers have failed to crosslink in the cell wall and are hence 
not fixed (Laborie et al. 2006). If both the water-soaked 
and the dry volume decrease over cycles, this indicates the 
loss of thermally unstable componds (e.g., hemicelluloses) 
which have been degraded during the heating stage required 
for curing. Figure 4 suggests that following a depletion of 
hemicelluloses, new free volumes have been created during 
heat cure (Yelle and Ralph 2016; Nishida et al. 2017). The 
decreasing dry volume in Fig. 5 is therefore caused by the 
sucessive leaching of degradation products. In some cases 
this may be combined with a loss of bulking agent; however, 
the total mass loss and ASE soaking solution analysis sug-
gest that leaching of resin is kept at a minimum.

Fig. 5   Evolution of the relative volume over the course of the ASE 
experiment. Top row shows the modified test groups and bottom row 
the unmodified control groups. Boxplots at top of each sub-plot rep-
resent the water-soaked volume and boxplots at the bottom represent 

the oven dry volume. Note that the y-axes are customised for every 
sub-plot. The observed trends are therefore relative and not absolute
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3.3 � Water uptake and mass loss during cyclic 
swelling and drying

Figure 6 (left) shows the water uptake in modified and con-
trol groups during the second soak cycle. The water uptake 
in all wood species is lowered significantly by modification. 
This observation is exclusively due to the effect of resin 
weight within the calculated value for the treated wood. 
When resin weight is excluded, the water uptake in modi-
fied groups is higher (Figure S4 in Supplemental Material). 
Moreover, in both the control and the modified groups, it 
can be observed that the water uptake decreases with higher 
oven dry density of the wood species. In modified groups 
right of Pinus taeda, the water uptake has reached a pla-
teau despite different densities. This may be explained by 
the fact that denser species take up relatively less resin, so 
that there is a similar volume of pore spaces available to 
water as in lower density species that took up more resin. 
Figure 6 (right) shows that in modified wood the water 
uptake increases with every soak cycle. This suggests that 
over the course of the ASE experiment water molecules find 
and access new pores in the modified wood which they can 

infiltrate (corresponding to results presented in Figs. 4, 5). 
In control groups, the water uptake over multiple cycles is 
relatively constant.

Table 3 shows the total mass loss from the first to the 
last oven dry state for every test group. The mass loss in 
control groups ranges from − 0.61% in Pinus taeda to 
2.51% in sycamore relating to the percentage of water-
soluble extractives. The average mass loss of modified 
groups is slightly higher in some cases (e.g., tulipwood, 
Radiata pine) and slightly lower in others (e.g., lime, syca-
more). Two-way ANOVA tests have shown that there is a 
significant difference (p < 0.05) between the mass loss of 
modified and unmodified specimens (Table S5 in Supple-
mental Material). A pairwise comparison using the Tukey 
test showed the significance of this difference in most 
wood species (Table S6). This relatively small difference 
between modified and unmodified groups may arise from 
incomplete resin cure due to steric hindrances in the cell 
wall or from alkaline hemicellulose degradation (Laborie 
et al. 2006; Nishida et al. 2017). Table 3 suggests that 
these mechanisms are even more pronounced in the modi-
fied softwoods as the differenece between modified groups 
and controls is often higher. This might indicate the effect 

Fig. 6   On the left: water uptake in modified and unmodified control groups during the second soak cycle. On the right: water uptake in modified 
groups is increasing over cycles. Species on the x-axis are arranged by increasing density

Table 3   Total mass loss in % over the course of the ASE experiment

Average values of ten. Standard deviation in parenthesis

MLtotal in % Willow Poplar Tulip-wood Radiata pine Pinus taeda Scots pine Lime Sycamore SYP Birch Beech

Control − 2.08 − 1.5 − 1.01 − 0.93 − 0.61 − 1.83 − 1.49 − 2.51 − 1.13 − 1.03 − 1.06
(st.-dev.) (− 0.22) (− 8.33) (− 0.07) (− 0.37) (− 0.07) (− 0.09) (− 0.11) (− 1.94) (− 0.07) (− 0.09) (− 0.14)
Modified − 1.99 − 2.34 − 2.47 − 2.08 − 2.14 − 2.47 − 1.43 − 2.07 − 1.44 − 1.79 − 1.07
(st.-dev.) (− 0.07) (− 0.12) (− 0.17) (− 0.33) (− 0.1) (− 0.04) (− 0.09) (− 0.12) (− 0.07) (− 0.09) (− 1.08)
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of different hemicellulose composition in softwoods and 
hardwoods (Wang et al. 2015). In certain hardwoods (wil-
low, poplar, lime, sycamore), however, the total mass loss 
of modified groups and controls is not significantly differ-
ent. Within these timbers, the resin seems to be especially 
well-fixed so that leaching is kept at a minimum.

3.4 � ASE soaking solution analysis

Both the dimensional change on successive wetting cycles 
and the mass loss indicate that certain substances in the 
wood are degraded and dissolved in the soaking solution. 
Analysis of this solution can help to understand which 
processes cause the mass loss, through considering the 
leached products. Data tables showing the pH, the UV 
absorbance at 272 nm, and the solid residue of the soaking 
solution after dilution to constant volume (1 l) are provided 
in the supplementary information (Table S7).

Many species in the control group show an initially acidic 
pH, which increased over successive cycles (e.g., beech, 
SYP, lime, willow). This is related to the removal of acidic 
water-soluble extractives from the wood (Niazi and Johns 
1980; Wang et al. 2010). The modified groups start with 
a pH in the neutral or mildly alkaline range and become 
more acidic with every cycle. This can be explained by the 
alkalinity of the PUF-resin (pH 9.2). The decreasing pH 
suggests that KOH is initially present in the wood and it 
is successively washed out with every cycle. Its presence 
may contribute to scission of labile groups within the wood 
cell wall as commented earlier; these could include acetate 
moieties of hemicellulose or monomer sugars through 
peeling reactions (Wang et al. 2015).

The solid residue within the soaking solution gradually 
decreases with every cycle in both control and the modified 
groups. Modified groups often show a higher solid residue 

than the corresponding control groups, similar to the total 
mass loss (Table 3). Most of the softwoods (Radiata pine, 
Scots pine, Pinus taeda) show a greater disparity between 
modified and control groups than most of the hardwoods 
(beech, birch, willow, sycamore) confirming another trend 
seen in the total mass loss. The total mass of one group 
should correspond to the solid residue in the soaking solu-
tion. This was the case in some groups, e.g., beech. After 
the second cycle, the soaking solution of the beech con-
trol group had a concentration of 0.029 g/l. In the modified 
groups, it was 0.1 g/l. These numbers correspond well with 
a mass loss of 0.034 g and 0.086 g, respectively (Table S7). 
This shows that substances degraded in the sample are dis-
solved in the soaking solution. However, a linear correlation 
between mass loss and solid residue could not be detected, 
due to deviation in the data.

Aromatic compounds in solution absorb UV light at 
a wavelength of 272 nm. The analysis of UV absorbance 
therefore helps to interpret the nature of substances leach-
ing from the modified and unmodified samples. In most 
cases, the UV absorbance values decrease with each soak 
cycle. The UV absorbance in the modified groups is usu-
ally slightly higher than in the control groups, but as with 
previous data, this was not a consistent trend throughout all 
species. Figure 7 shows the relationship between the solid 
residue and the UV absorbance of the soaking solution in 
each soaking cycle. In the cycles 1 and 2, a moderate degree 
of correlation can be detected with R squared values of 0.46 
and 0.38, respectively. This shows that leaching substances 
are UV active at wavelength 272 nm. No notable correlation 
can be observed in the third soak cycle.

The UV absorbance in the unmodified control groups may 
be explained by the leaching of aromatic wood extractives 
such as stilbenes, lignans and flavonoids (Sjöström 1994), 
but also by carbohydrate extractives that may absorb UV 

Fig. 7   Relationship between solid residue of the ASE soaking solution and UV absorbance at 272 nm. In cycles 1 and 2, a moderate linear rela-
tionship can be observed
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light in a similar region (Kaar and Brink 1991). In modified 
wood, an additional source of aromatics may leach into the 
soaking solution since the UV-absorbance is often higher. 
As mentioned earlier, these additional aromatic substances 
may involve a small fraction of PUF molecules that have 
failed to crosslink, due to steric hindrance. It is also pos-
sible in modified groups that aromatic compounds from 
Lignin-Carbohydrate-Complexes (LCCs) were degraded in 
the presence of the alkali and dissolved into solution during 
the ASE tests. The authors suggest that only trace amounts 
of non-cured resin are washed out.

4 � Conclusion

This study provides a detailed comparison of a selection 
of timber species chosen on the basis of promising wood 
anatomical features or density, including both hardwoods 
and softwoods. Within this study, it was found that:

•	 All timbers showed a reduction in swelling coefficient 
after modification. The ASE values obtained after the 
first soak cycle ranged from 44.2% in poplar to 68.7% in 
lime.

•	 The liquid resin uptake is governed by the available void 
volume in wood (hence density), but certain species 
take up more (beech) or less (poplar) than their density 
suggests.

•	 The weight percentage gain, bulking-, and swelling 
coefficients of different species correlate to the density 
of these species.

•	 However, several case studies have been described in 
which the density cannot be made accountable for the 
observed differences. In these cases, we suggest that 
wood chemistry and ultrastructure of the cell wall played 
a significant role, and these effects will be investigated 
further.

•	 Upon initial impregnation, water and PUF resin swell the 
cell wall to a similar extent.

•	 After heat curing, the permanent swelling by bulking plus 
the water-induced swelling on soaking (total swelling) in 
modified groups is significantly greater than the water-
induced swelling in unmodified controls alone. This 
effect was related to the creation of free volumes in the 
heat-curing step.

•	 PUF resin is well-fixed in the wood structure as shown 
by comparing the total mass loss of modified and control 
groups and by analysis of the soaking solution.

•	 However, effects that cause leaching, such as incomplete 
resin cure or alkaline degradation of hemicelluloses, 

seem to be more pronounced in softwoods than in hard-
woods.

The thorough investigation of different wood species and 
their dimensional stability resulting from resin modification 
provides data to support companies and researchers in 
seeking alternative species for wood modification processes.
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