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Abstract

Phenol-formaldehyde resins can be used for wood modification through an impregnation process and subsequent curing
within the wood cell wall. Phenol is gained from non-renewable resources, and its substitution by renewable chemicals
has been a research goal. A promising example for renewable phenol substituents are lignin-derived organic chemicals.
Phenol-formaldehyde resins with such substitutions have been studied, however, knowledge of their application for wood
modification is deficient. While there are attempts to modify pine and beech wood with this method, studies on other wood
species are scarce. Considering the increasing use of different wood species in wood industry, determining the influence
of the wood species on the modification quality is an important research goal. Therefore, in this study, vacuum-pressure
impregnation of five wood species — Scots pine sapwood (Pinus sylvestris), Norway spruce (Picea abies), European beech
(Fagus sylvatica), Silver birch (Betula pendula), and European aspen sapwood (Populus tremula) — with phenol-formalde-
hyde resins is described. Here, up to 45% of the phenol in the synthetic resin is substituted by vacuum low-temperature
microwave-assisted pyrolysis cleavage products from commercial softwood kraft lignin. The solution uptake, weight%
gain, leaching, and anti-swelling efficiency of the modified wood are analyzed and compared. The results indicate that up
to 30% of the phenol can be substituted without significant decreases in the performance of the modification. The method
gives comparable results for most of the wood species described herein, with exception of beech wood, for which the
modification had a lower quality. The results could help to develop more environmentally friendly wood modification
methods for several common European wood species.

1 Introduction

The global usage of wood as a material has significantly
increased in the past years, and this trend is expected to
continue in the coming decades (Sauter and Scheiding
2023). This can be explained especially by the good carbon
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footprint and the renewable character of wood. Addition-
ally, the good strength to weight ratio, the aesthetic appear-
ance, as well as other properties make wood an excellent
material for many applications (Hill 2006; Lugt and Harsta
2020). While the use of wood has environmental benefits
over other materials, it also has challenges. As a biological
material, wood is prone to degradation by fungi or insects,
as well as weathering conditions. In addition, wood fre-
quently interacts with water, causing it to swell and shrink,
which can lead to cracks in the material and faster mechani-
cal failure (Hill 2006; Zabel and Morrell 2020). Addition-
ally, wood has to be grown and harvested in a responsible
way, since the forests are a major source of biodiversity. Cli-
mate change poses a major threat, and increasingly extreme
weather conditions already have visible effects on forests
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(Buras and Menzel 2019; Sauter and Scheiding 2023).
Hence, using wood as efficiently as possible is an important
task for the wood industry, amongst others because of mon-
etary considerations. There are different strategies on how
the efficiency of wood usage can be increased, two of which,
wood modification to extend the lifespan of the product, and
the increasing usage of a larger variety of (hardwood) spe-
cies will be described in detail below.

Forestry sectors should adapt to the impact of climate
change, particularly on mono-specific and even-aged for-
est stands. Due to this and to increase the biodiversity in
forests, the European Union has implemented a strategy for
European forests that promotes the planting of forests with
mixed tree species (EC 2021). This will change the abun-
dance of different wood species, and thus timber, in Euro-
pean forests. Currently, the most common tree species in
European forests are the Scots pine (Pinus sylvestris), and
the Norway spruce (Picea abies), which is in line with the
most traded timber (UN and FAO 2021). However, mod-
els of the future composition of forests indicate a change
in forest composition, e.g., increased occurrence of some
hardwood species (Buras and Menzel 2019). Additionally,
the growing demand in timber poses a challenge for wood
industries and companies (Schlotzhauer et al. 2017; Stolze
et al. 2022). One way to face the growing timber demand is
the establishment of plantations consisting of fast-growing
species, such as poplar (Populus) (Cheng et al. 2022; Xu
et al. 2020). Changes in timber availability affect the wood
industry as a whole. Currently, due to the high availability
of softwood, the wood industry has much less experience
on processing hardwood. Thus, new processes or method-
ologies have to be developed or tested for different timber
feedstocks (Schlotzhauer et al. 2017; Stolze et al. 2022).

Moreover, to improve the efficiency of wood usage, the
service life of wood should be increased by various treat-
ments. To ensure a long service life of wood products, and
thus make the usage of wood more effective, most wood is
treated before use. This is often done by adding biocidal
wood preservatives, which is consequently decreasing the
wood degradation by fungi and insects (Hill 2006; Zabel
and Morrell 2020). However, due to leaching in the use and
waste phase, biocides can be exposed to the environment.
Hence, more and more restrictions on their application are
decided on by governments, for example the regulation (EC)
No 1907/2006 (REACH) or the Biocidal Products Regula-
tion (EU) No 528/2012 from the EU (Council of the EU
2006; Council of the EU 2012). Because of this, the mar-
ket for non-biocidal wood modification has grown, and is
expected to do so even further (Jones and Sandberg 2020).

There are various methods for non-biocidal wood modi-
fication, for example heat treatment or different chemical
treatments. One way to chemically modify wood is the
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impregnation with synthetic resins. During this treatment,
synthetic resins are deposited inside of the cell walls and
thermally cured, resulting in the permanent hardening
within the wood’s structure in swollen form (Hill 2006;
Jones and Sandberg 2020). By this, the dimensional stabil-
ity, as well as the resistance towards biological and physi-
cal decay are increased (Bicke 2019; Stamm and Baechler
1960). A well-known method is the treatment with phenol-,
urea-, or melamine-based (or mixtures of those monomers)
resins (Jones and Sandberg 2020).

Combining the exploitation of different timber sources
and wood modification to increase the efficiency of timber
usage, non-biocidal modifications on different wood species
have to be evaluated.

Trials on modification of small specimens from different
wood species by impregnation with phenol-urea-formalde-
hyde resin have been carried out, and the results indicate
that one major factor, which has an influence on the impreg-
nation, is the density of the wood. Additionally, between
different wood species with similar densities, significant dif-
ferences in the anti-swelling efficiency (ASE) were observed
(Kupfernagel et al. 2022). It has to be considered that small
specimens are easier to impregnate. For larger wood speci-
mens, species-specific properties are expected to be a bigger
factor, such as the irreversible pit closure during the drying
process of spruce, which often leads to bad impregnations
(Meints et al. 2018). This implies that wood products from
different wood species cannot be produced with the same
process parameters, but the methods have to be adjusted
accordingly. With suitable methods, pine sapwood, birch,
beech, and poplar may be modified by impregnation with
phenol-formaldehyde (PF) resins (Bicke 2019; Wang et al.
2023; Karthauser et al. 2023; Grinins et al. 2021).

The treatment of wood with PF resins significantly
improves the above-mentioned properties of wood (Biziks
et al. 2020). However, it also has several disadvantages:
monomeric phenol is highly toxic to humans and is obtained
from non-renewable resources. Hence, bio-based and less-
poisonous substitutes have been investigated for many years
(Klasnja and Kopitovi¢ 1992; Sarika et al. 2020).

Due to the high availability and the similarities in chemi-
cal structure, lignin (most prominently kraft lignin) or cleav-
age products of lignin are promising for the substitution of
phenol. Especially in the field of adhesives, many studies
on the topic have been published, indicating the high poten-
tial of the method (Sarika et al. 2020; Huang et al. 2022).
During the substitution of phenol in adhesives, the lignin
does not necessarily have to be cleaved, however, when it
comes to modifying wood with thermosetting resins, cleav-
age of lignin is inevitable. The reason for this is the size
of the lignin macromolecules, which are too big to access
the wood cell walls via the micropores. In swollen state,
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the pores have a diameter of 2—4 nm, allowing only small
molecules to enter (Furuno et al. 2004; Hill 2006; Biziks et
al. 2019). In attempts to valorize lignin, many methods to
cleave lignin were developed. One of the most promising
methods is the pyrolysis of lignin, by which often phenols
or guaiacolic substances are produced (Bu et al. 2014, 2019;
Farag et al. 2016; Nde et al. 2021; Karthauser et al. 2022).
The substitution of phenol in PF resins by lignin cleavage
products (LCP) has been studied (Feghali et al. 2018), but
trials on their application as an impregnation resin for wood
are scarce (Karthauser et al. 2021).

Wood modification with partial or complete substitu-
tion of phenol in PF resins for wood modification by LCP
was first described by Fleckenstein et al. (2018). Trials with
model LCP compounds indicated a high potential of result-
ing resins. A substitution of 40% of phenol by base-catalyst,
pyrolytic or microwave cleaved lignin was performed, with
base-catalyst and pyrolytic LCP not performing worse,
while the microwave cleaved lignin led to slightly reduced
resin uptake (Fleckenstein 2018; Fleckenstein et al. 2018).
While this work indicated the potential of the method, it left
questions unanswered, especially because the LCP were not
chemically analyzed, and only 40 and 100% of the phenol
were substituted.

In a recent study, the properties of PF resins with dif-
ferent substitution levels of phenol by LCP obtained by
vacuum low-temperature microwave-assisted pyrolysis of
softwood kraft lignin (SKL) were investigated. In addition,
experiments were carried out to determine if decreasing the
amount of formaldehyde used in the formulation, consid-
ering the reduced free reactive sites of the LCP compared
to pure phenol, would produce good wood modification.
To study the suitability of the resins for wood modification,
Scots pine sapwood was treated with the different resins.
The results indicated that 30% substitution of phenol by
LCP only results in slightly decreased performance of the
modified wood. Reduction of formaldehyde led to less uni-
form results particularly at higher phenol substitution levels
of 45% (Karthéuser et al. 2023).

While the results described above are promising, they
were carried out on easily impregnatable pine sapwood.
However, the treatment of other wood species, which are
going to be increasingly abundant in the future, with the

Table 1 Resin abbreviation, phenol to lignin cleavage product (LCP)
mass ratio, molar ratio of the resin components, and measured solid
content

Resin Mass ratio Phe- Molar ratio Phenol Solid
nol: LCP/%  (+LCP): Formaldehyde con-
: NaOH tent /
(+£0.01) %
100 PF 1 1.00:1.50:0.10 534
70/30 1IF 0.7 1.00:1.38:0.10 54.7
55/45 hF 0.55 1.00:1.50:0.10 53.3

resin has not been studied, and their interaction with the
resin might be different than that of pine sapwood. Hence,
in this study, five common European wood species — Scots
pine sapwood (Pinus sylvestris), Norway spruce (Picea
abies), European beech (Fagus sylvatica), Silver birch
(Betula pendula), and European aspen sapwood (Populus
tremula) — were treated with pure PF resin, as well as PF
resin, in which 30% of the phenol was substituted by vac-
uum low-temperature microwave-assisted pyrolysis LCP,
and in which the formaldehyde content was decreased. In
addition, a resin with 45% substitution of phenol by LCP,
and a high formaldehyde content was selected. The resins
were selected based on the results in Karthduser et al. (2023),
where easily impregnatable Scots pine sapwood (Pinus syl-
vestris) was treated with the different resins. While the resin
treatment with 45% substitution gave worse results in the
study mentioned above for impregnation of pine sapwood,
because an as high as possible substitution of phenol is the
ideal scenario, this mixture was selected. The resin uptake,
weight and volume increase, leaching, as well as ASE of the
modified wood specimens were studied.

2 Materials and methods
2.1 Lignin cleavage products

Commercial SKL (“Lineo™” from Stora Enso Oyj, Hel-
sinki, Finland) obtained by kraft pulping using the Lig-
noBoost™ process on spruce and pine wood was used to
produce the LCP. SKL derived vacuum low-temperature
microwave-assisted pyrolysis cleavage products were
obtained as described in Karthduser et al. (2023). The main
components are 4-methylguaiacol (13.8+0.8%), guaiacol
(8.1+0.9%), and 4-ethylguaiacol (6.8 +0.5%), as well as
several other guaiacolic substances at lower concentrations.

2.2 Resin synthesis

Synthesized resins were a pure PF resin, in which the molar
ratio between phenol and formaldehyde was 1:1.5 (100 PF),
a resin in which 30% of the phenol was substituted by LCP
with a molar ratio of phenol and LCP to formaldehyde of
1:1.38 (70/30 IF; IF for low formaldehyde content), as well
as a resin in which 45% of the phenol was substituted by
LCP with a molar ratio of phenol and LCP to formaldehyde
of 1:1.5 (55/45 hF; hF for high formaldehyde content). The
molar ratio of phenol (and LCP) to NaOH was 1:0.10 in all
resins. The described composition and measured solid con-
tent of the resins are listed in Table 1.

The resin synthesis as well as characterization is
described in Karthduser et al. (2023). In short, the phenol
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(99.5%, Th. Geyer GmbH & Co. KG, Renningen, Germany)
and LCP were weighed into a three-neck flask and melted
at about 55 °C. Nitrogen atmosphere was applied and the
NaOH (50% solution, AppliChem GmbH, Darmstadt, Ger-
many) was added. Finally, the formaldehyde (37% solu-
tion, Th. Geyer GmbH & Co. KG, Renningen, Germany)
was carefully added, and the temperature was increased to
65 °C. The temperature was kept at 65 °C, and the reaction
was stopped after 4 h. Considering the measured solid con-
tent, the resins were diluted to a solid content of 12.5% with
demineralized water prior to impregnation.

2.3 Specimen preparation for leaching and anti-
swelling efficiency tests

Ten specimens with dimensions of 25x25 x 10 mm® were
cut from Scots pine sapwood (Pinus sylvestris from Bavaria,
Germany), Norway spruce (Picea abies from Bavaria, Ger-
many), European beech (Fagus sylvatica from Thuringia,
Germany), Silver birch (Betula pendula from Aizkraukle
Municipality, Latvia) and European aspen sapwood (Pop-
ulus tremula from Latvia). The specimens were dried at
103 °C, and their weight and dimensions were determined.
The density of the specimens was calculated. The speci-
mens were submerged in the resins in separate containers,
and treated by reduced pressure (1 h, 80-100 mbar) fol-
lowed by increased pressure (2 h, 12 bar). The resin on the
surface of the specimens was wiped off, and the weight and
dimensions of the specimens in wet state were determined.
The solution uptake (SU) was determined using Eq. 1
with the dry mass before impregnation m, and the wet mass
after impregnation my,.
my —

SU = "D 100% (1)

mp

After drying with gradually increasing temperature, the
specimens were cured at 140 °C for two days inside of a
furnace. The dry weight and dimensions of the specimens
were measured.

The weight% gain (WPG) was calculated with the dry
weight before impregnation mp, and the dry weight of the
treated wood specimens my (Eq. 2).

wpG =" 100% )
mp

To obtain the bulking value of the wood specimens, the dry
volume before impregnation V', and the dry volume of the
treated specimen V7 are needed (Eq. 3).
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P 100% 3)

Bulking = VT‘; Y

D

2.4 Leaching of resin

The leaching of resin after curing was determined accord-
ing to EN 84 (1997), with the difference that the drying was
done at 103 °C in a furnace instead of a climate chamber.
The specimens were impregnated with demineralized water
under reduced pressure (30 min, 100 mbar). Two hours after
impregnation, the water was exchanged for the first time.
Afterwards, the water was exchanged twelve times in the
following 14 days. The dry weight of the wood specimens
was determined before and after the tests. The mass loss as
a function of the weight of the wood specimens MLy, 4 by
leaching was calculated as described in Eq. 4, with the dry
mass of the treated wood specimens m and the dry mass
after leaching m .

mr —

MLwood = M 100% 4)

mr

To better understand the influence of the resin on the leach-
ing, the mass loss per resin mass MLy, in the specimen
was calculated according to Eq. 5.

mrt —

MLResin = " 00% (5)

mrt — mp

2.5 Anti-swelling efficiency tests

The ASE is a value, which represents the dimensional stabil-
ity of specimens. It was determined based on the methodol-
ogy described in Hill (2006). Ten untreated wood specimens
were prepared as a reference material. The treated specimens
after EN 84 were used. The dry specimens were measured
and weighed. All specimens were submerged and impreg-
nated in demineralized water (30 min, 100 mbar). After
leaving the specimens submerged in the water for 24 h, the
dimensions and weight of the wet specimens were deter-
mined. The ASE was calculated (Eq. 6) with the swell rate
of untreated reference wood specimens SW, ¢ and the swell
rate of the treated wood specimens SW+. The swell rate of
the wood specimens was calculated as follows (Eq. 7) with
the area of the wet specimen A4y, and the area of the dry
specimen Ay, (the area is calculated by radial width x tan-
gential width).

SWier — SWop

ASE = SW.s

- 100% (6)
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Table 2 Density (py,) and solution uptake (SU) of the specimens from different wood species treated with pure PF resin (100 PF), resin with 30%
substitution of phenol by lignin cleavage products (70/30 IF), and resin with 45% substitution (55/45 hF)

Wood species 100 PF 70/30 IF 55/45 hF
py | glem’ SU/ % py | glem’ SU/ % Py | glem’ SU/ %
Beech 0.65+0.01 1253+24 0.65+0.02 124.8+3.8 0.65+0.01 1249422
Birch 0.54+0.01 162.3+4.8 0.54+0.01 160.0+6.8 0.54+0.01 160.5+4.0
Pine 0.48+0.02 178.7+11.4 0.47+0.02 182.4+8.9 0.48+0.02 179.1+7.3
Poplar 0.52+0.01 167.8+2.7 0.52+0.01 166.9+3.4 0.52+0.01 166.1+4.2
Spruce 0.38+0.01 238.4+9.7 0.38+0.01 231.3+124 0.38+0.01 240.8+5.1
a b
0.70 0.04 -
R-squared (COD) = 0.962 ..
065 Wi * Beech 0034 .
" e Birch iy
+  Pine we
0.60 - 5 Papier 0.024
o Spruce -
2 055 4 . Linear Fit w 0014 " .
e . ©
L =) .
> T 0.00 —*
~ 0.50 @ AN
o} . ¥,
< Y RAS.4
-0.01 TN 2
0.45 - M
A‘ “ -
-0.02 4 X T
0.40 "
-0.03 4 :
0.35

T x T X T s T 4 T * T ¥ T
120 140 160 180 200 220 240
SU/ %

Fig. 1 Linear fit of the density (p) as a function of the solution uptake
(SU) (a), and the residuals to the linear fit (b) of the different wood
species treated with pure PF resin (100 PF), resin with 30% substitu-

Aw — Ap

/] —
SW = Ap

- 100% 7

This procedure was repeated five times, after which a con-
stant ASE was reached.

3 Results and discussion
3.1 Wood treatment

As a first indicator on the quality of the impregnation, the
SU should be considered (Table 2). For each individual spe-
cies, the SU was independent of the resin, as indicated by
similar uptakes for each resin treatment. As expected, the
SU varies between the different wood species. While the
birch, pine and poplar wood exhibited a roughly similar
SU, it was much lower for beech wood and much higher
for spruce wood. Generally, the maximum SU of lighter
wood species is expected to be higher due to more pore vol-
ume. However, an important factor is the wood anatomy,

T v T ~ T x T ¥ T ¥ T x T
120 140 160 180 200 220 240
SU/ %

tion of phenol by lignin cleavage products (70/30 IF), and resin with
45% substitution (55/45 hF), for tested specimen dimensions

because pits, tyloses, reaction tissue etc. will strongly influ-
ence the uptake, especially in wood specimens with larger
dimensions.

The results are in accordance with the literature, where
the main influence on the SU of small wood specimens was
attributed to the density, with additional effects for wood
species (Kupfernagel et al. 2022). For the specimens mea-
sured in this work, the density also seems to be the main
influence on the SU, likely due to their small size (Table 2).
To confirm this, the density was depicted as a function of the
SU (Fig. 1a). For this, the individual measurements, and not
the average, were evaluated. The different resins were not
separated herein, because the results above indicated that
the resin does not have a significant influence on the SU;
additional information can be found below. A linear fit was
applied, and an R>-factor of 0.962 was determined.

The good fit and the high R? value confirm that the main
impact on the SU is the density of the specimens. The resid-
uals to the linear fit are depicted in Fig. 1b. The residuals
are not statistically distributed; clear separations between
the different wood species can be observed. This indicates
that the wood species indeed had an influence, not only due
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Table 3 ANOVA of the solution uptake (SU) to the factors wood spe-
cies and resin

SU ANOVA

f-value p-value
Wood species 956.8 430107102
Resin 0.56 0.57

to the density but also due to other species specific proper-
ties, such as anatomical structure or chemical composition.
However, the residuals are minor, and the main influence
can be attributed to the density of the specimens.

To make sure that the resin type does not have an influ-
ence on the SU, an analysis of variance (ANOVA) was car-
ried out (Table 3). The factors considered were the wood
species (representing the density) and the resin. The signifi-
cance value was set to 0.05.

The ANOVA underlines that the wood species, and thus
the density, plays a significant role for the SU, while the
resin only slightly influences it. Thus, the substitution of
phenol by LCP did not negatively affect the SU.

In general, spruce is difficult to impregnate, due to irre-
versible pit closure during the drying process (Meints et
al. 2018). Nevertheless, herein the SU for spruce is by far
the highest. Reason for this is that the specimens are small
(making thorough impregnation easier to achieve), and that
the vacuum-pressure-impregnation process used herein is
more harsh than necessary for such small specimens (the
long exposure to resin under vacuum and pressure condi-
tions may lead to slow diffusion over time). The process
parameters were selected to ensure that a good impregna-
tion is achieved. With larger scale specimens, however,

a
30 $
25-
i{i $ $ 3
X20{ =& i¥ }
o i L)
o 154
= i
10+ m Beech
e Birch
5 A Pine
] v Poplar
¢ Spruce
0 T T T
100 PF 70/30 IF 55/45 hF
Resin

the known impregnation difficulties for spruce, as well as
additional influences of anatomical differences between the
different wood species, are expected to occur also with the
resins described herein.

While the SU is a good first indicator for a successful
impregnation, it does not give further insights into the loca-
tion of the resin inside the specimen. Some information on
this can be obtained by the WPG and the bulking. The WPG
outlines the overall weight gain of the cured resin, while the
bulking is attributed to resin inside of the cell wall. The WPG
of the specimens is depicted in Fig. 2a and listed in Table S1
in the supplementary information. For the birch and poplar
specimens, the WPG did not change a lot depending on the
level of phenol substitution. For spruce, pine, and beech, the
WPG decreased with substitution of phenol. This indicates
that the wood species had an influence on the WPG, which
is not only caused by the density of the specimens. For the
birch specimens impregnated with 55/45 hF a high standard
deviation was observed.

The bulking values of the specimens are depicted in
Fig. 2b and listed in Table S1 in the supplementary informa-
tion. Almost no decrease in bulking for the pine specimens
with substitution of phenol was measured. Similarly, the
bulking of the spruce and poplar specimens are relatively
constant, independent of the resin used. In contrast, both
the birch and the beech specimens had decreasing bulking
with substitution of phenol. Even for the specimens with
decreasing bulking upon phenol substitution, no significant
differences between the 30% substitution and the 45% sub-
stitution were measured.

b 10-

Jd T
Bk ﬁ} f

2
2 6] {
g) J
£ 0]
>
@ 47
34 m Beech
1 e Birch
2- A Pine
1] v Poplar
] ¢ Spruce
0 T T )
100 PF 70/30 IF 55/45 hF
Resin

Fig.2 Weight% gain (WPG) (a) and bulking (b) of the different wood specimens treated with pure PF resin (100 PF), resin with 30% substitution
of phenol by lignin cleavage products (70/30 IF), and resin with 45% substitution (55/45 hF)
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For birch no decrease in WPG because of the phenol sub-
stitution was measured, while a decrease in bulking could
be observed. This indicates that while the overall uptake
of resin was similar, less resin was deposited into the cell
walls. The high standard deviation of the WPG of the birch
specimens treated with 55/45 hF could be because of resin
heterogeneity (while all the specimens were treated with
the same resin, it could be that during the pouring of the
resin into the impregnation containers a phase separation
in the remaining resin began). This heterogeneity at high
phenol substitution levels was described in recent literature
(Karthéuser et al. 2023), with the reason most likely being
a phase separation of the highly viscous and non-water-sol-
uble LCP phase. This highly viscous phase could remain in
the lumen, and thus contribute to the WPG while not con-
tributing to the bulking. The resin composition and the solu-
bility of the components in the resin could also influence the
WPG, because upon taking the specimens out of the solvent,
different amounts of solid content could be leached. While
the WPG of the spruce and the pine specimens decreased
with increasing phenol substitution, the bulking remained
similar, indicating that for the PF100 specimen more resin
remained in the lumen, while the resin uptake into the cell
walls was similar. Both the beech and the poplar exhibit
roughly similar trends for both the WPG and the bulking,
indicating that most of the resin uptake is also responsible
for the bulking, hence, that the resin is deposited in the cell
walls. It has to be mentioned that due to the heterogeneous
nature of bio-materials, a high deviation due to different
specimen properties could influence the obtained results.

Comparing the results with the literature, the WPG
achieved for all specimens are similar or higher to published
results with PF resins with similar solid content (note that

14 {
12-

2 } % = Beech
-~ 8- e Birch
£ E A Pine
& 6 v Poplar
EI 7 i ¢ Spruce

a1 |3

24

0 T T T

100 PF 70/30 IF 55/45 hF
Resin

Fig.3 Mass loss in relation to resin mass (MLy.;,) of the wood speci-
mens treated with pure PF resin (100 PF), resin with 30% substitution
of phenol by lignin cleavage products (70/30 IF), and resin with 45%
substitution (55/45 hF)

the spruce wood in the reference is in the form of veneers, as
no similar impregnation methodology to the one described
herein was found for wood blocks) (Fleckenstein 2018; Yue
et al. 2018; Bliem et al. 2020; Grinins et al. 2021; Altgen et
al. 2023).

3.2 Leaching of resin

The results from the leaching trials according to EN 84
(1997) are depicted in Fig. 3 and listed in Table S2 in the
supplementary information. For most wood species, the
mass loss was higher for the specimens treated with LCP
containing resins, however, between the 70/30 1F and
the 55/45 hF specimen, no significant differences were
observed. Exceptions are the birch specimens, where the
mass loss was almost similar for all resins, and the beech
specimens, for which an increasing mass loss from 30 to
45% substitution was measured. Overall, the beech speci-
mens are the specimens with highest mass loss.

The similar results obtained for 70/30 IF and 55/45 hF
with different wood species are surprising, considering that
in previous measurements on pine specimens higher substi-
tution level led to higher leaching. Despite this, problems
with heterogeneous resins at 45% substitution level may
occur, as described above and in Karthduser et al. (2023).
The birch specimens had no differences in MLy, for all
three resins. The similar leaching implies that the resin was
fixated well inside of the wood specimens, even with the
treatment with phenol substitution.

In general, the increasing mass loss with substitution of
phenol observed for most species was expected, due to sev-
eral reasons. First, the LCP contains substances with lower
number of available reactive sites than pure phenol, due to
already occupied ortho- and para-positions, leading to less
interconnections in the molecular network during curing,
and thus smaller macromolecules. In addition, the LCP may
contain chemicals that do not react with the formaldehyde
at all, and can be washed out easily. Second, the average
molecular size of the chemicals in the LCP is larger than
phenol, making the diffusion into the cell walls more dif-
ficult. Because of this, and because of the higher viscosity,
it is expected that more resin remains in the lumen, where it
is more susceptible to leaching.

3.3 Anti-swelling efficiency tests

The ASE is a representative for the dimensional stability
and thus an important value for the quality assessment of
a wood modification. In all specimens, the substitution of
phenol by LCP led to a decrease of the ASE value at 45%
phenol substitution (Fig. 4; Table S3 in supplementary
information; the ASE values are the average values of the
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Fig. 4 Anti-swelling efficiency (ASE) of the wood specimens treated
with pure PF resin (100 PF), resin with 30% substitution of phenol by
lignin cleavage products (70/30 IF), and resin with 45% substitution
(55/45 hF)

ASE measured in the five cycles). For the pine, poplar, and
spruce specimens, the treatment with 70/30 IF led to simi-
lar ASE values, indicating similar modification qualities.
Even the 55/45 hF specimens of pine and poplar were in
similar ranges, while for spruce the ASE with this treatment
decreased significantly. Both birch and beech had decreas-
ing ASE values with increasing LCP content; especially for
beech a drastic decrease was measured, while the decrease
for the birch specimens is much less pronounced. Overall,
the ASE values of the birch specimens are by far the high-
est — even those treated with 55/45 hF are higher than the
ASE measured for the other wood species with pure PF
resin. The lowest ASE values were measured for the beech
specimens treated with LCP containing resins. The spruce
specimens treated with 100 PF and 70/30 IF have a high
standard deviation.

In most cases, the substitution of 30% of phenol by LCP
leads to comparable dimensional stabilities. The exception
to this is the beech wood, which had worse performance at
30% substitution. This indicates that the high density and
resulting low SU of the beech wood has a negative impact
on the final set resin, when phenol is substituted. The results
outline that especially birch wood could be an interesting
candidate for modification with bio-based resins. In addi-
tion, considering the results, even the substitution of 45%
of the phenol may result in sufficiently good treatments for
some wood species. The high deviation for the spruce speci-
mens can be explained by the difficult treatability of spruce
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wood, leading to some specimens where the resin was only
partially deposited in the cell walls.

The ASE is directly dependent of the bulking of the cell
wall by resin. To confirm this, the ASE was depicted as a
function of the bulking (both during the fifth ASE cycle),
and a linear fit was applied (Fig. 5). The linear fit had a
RZ2-value of 0.82, confirming the proportionality of the ASE
and bulking.

Furuno et al. (2004) classified an ASE value of 60% as
a high dimensional stability. Considering the low WPG,
low resin SC, and the ASE values that are close to 60%, the
modification herein can be considered to be effective for all
resins, with slight exception to the beech specimens with
phenol substitution.

The repeated leaching of the specimens during the ASE
tests can be used as a first indicator of the long-term stability
of the cured resin inside the wood specimens. The bulking
after the ASE was calculated, and compared to the original
bulking of the specimens (Fig. 6; Table S4 in supplementary
information). The highest bulking losses were measured
for the specimens treated with 55/45 hF for all wood spe-
cies. However, the overall amount of bulking reduction and
the trends differ between the wood species. As such, the
modified beech and the spruce wood exhibited a significant
increase in bulking loss with 30% substitution of phenol,
followed by a more similar value between the 70/30 IF and
the 55/45 hF treated specimens. For all other wood species,
the bulking loss of the 100 PF and the 70/30 IF was similar,
followed by an increase with the 55/45 hF specimens. The
beech wood is the wood species with the highest bulking
losses upon substitution of phenol.
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The results confirm that the modification method
described herein works least good for beech, likely due to
the high density and anatomical features.

4 Conclusion

The purpose of this study was to investigate if the par-
tial substitution of phenol by softwood kraft lignin cleav-
age products in PF resins used for wood modification by
impregnation is suitable for different wood species. Up
to 45% of phenol were substituted by LCP obtained with
vacuum low-temperature microwave-assisted pyrolysis.
The results indicate that PF resins with different substitution
levels of non-renewable phenol by LCP are promising to be
used for wood modification of different wood species. With
exception of beech, the bulking of the wood after modifica-
tion was in similar ranges for pure PF resin and resin with
substitution of phenol by LCP. In case of beech, a signifi-
cant reduction of bulking was measured with increasing
LCP content. After the modification, all modified wood spe-
cies had on average about 50% ASE. The level of the ASE
was dependent on the resin and wood species used. In case
of beech wood, the quality of the modification decreased
already at 30% substitution of phenol, while in case of the
other wood species tested the performance was similar.
With substitution of phenol by LCP, the leaching of the resin
from the modified wood increased, with exception of the
modified birch. The highest leaching was observed for the
beech specimens. It can be concluded that for most wood
species tested herein, the substitution of 30% of the phenol,
for some specimens even 45% substitution, does not have
a big influence on the quality of modification (with excep-
tion of the beech wood). Thus, the method could be a good

approach to reduce the use of non-renewable resources,
while at the same time providing an additional application
for kraft lignin. It could be an interesting method for exte-
rior applications where the wood is exposed to water, such
as claddings. In future work, the fungal resistance of the
modified wood, which is important for exterior applications,
will be determined.
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