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ABSTRACT

Impregnation modifications improve the decay resistance of wood, but the mech-
anisms behind improved resistance are not yet fully understood. In this study,
Scots pine sapwood samples were impregnation modified to investigate the rela-
tionship between moisture properties, decay resistance and chemical changes
caused by decay. The samples were modified with phenol formaldehyde (PF)
and sorbitol-citric acid (SCA) at different solids contents to study the effects of
two different types of resins. The anti-swelling efficiency (ASE) and moisture
exclusion efficiency (MEE) of the samples were measured, after which they were
exposed to the brown rot fungi Coniophora puteana and Rhodonia placenta to deter-
mine their mass losses, moisture contents and chemical changes due to decay.
The results showed that both modifications were able to increase ASE, MEE and
decay resistance, and that neither modification was appreciably degraded by the
fungi. However, no uniform relationship was found between mass loss and ASE
or MEE for the two modifications, and there was a clear increase in the moisture
contents of the decayed samples and sterile controls under decay test conditions
with increasing modification degree. Overall, the results showed that modifica-
tion with PF and SCA increases decay resistance, but the relationship between
resistance and moisture properties requires further investigation.
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Introduction

Wood is a natural composite material with many
advantageous properties. However, the presence
of abundant hydroxyl groups on the wood cell wall
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polymers renders the material hygroscopic. The
wood cell walls absorb moisture when they are in
contact with liquid water and from water vapour
in the surrounding atmosphere, which results in
swelling at the cell wall and bulk level and therefore
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dimensional instability. Furthermore, if the moisture
content is high enough, the wood material becomes
susceptible to degradation by wood decaying fungi
[1]. Susceptible wood is traditionally protected
using preservative treatments, but improved decay
resistance as well as dimensional stability can also
be achieved by the use of wood modification. Wood
modification is a term given to a range of treatments
that improves the properties of wood through a non-
toxic mode of action [2].

A large number of wood modification methods
have been developed to date [2-4], and although
the different modification processes affect the wood
material in different ways, most of them improve the
decay resistance of wood. The primary reason for the
improved decay resistance is thought to be a reduc-
tion in the moisture content of the modified wood cell
walls [5-7]. One theory is that modification reduces
the rate of diffusion in the wood cell wall, interfer-
ing with the transport of fungal degradative agents
[5, 7]. However, the exact mechanisms remain poorly
understood and may in fact vary between different
modification methods [5].

The extent of decay resistance improvement
afforded by modification is linked to the extent of
moisture content reduction. For most types of modifi-
cations, the decay resistance generally improves with
increasing modification degree, but the relationship
between decay resistance and moisture reduction
varies depending on the type of modification and the
method used to assess the moisture reduction. Thy-
bring [8] analysed data from a number of studies on
the decay resistance of modified wood and found that
moisture exclusion efficiency (MEE, decrease in equi-
librium moisture content) provided a good prediction
of resistance across different types of modifications,
while the relationship between anti-swelling efficiency
(ASE, decrease in swelling at water saturation) and
resistance was inconsistent. However, only a limited
number of modifications were considered in the analy-
sis, and it was recognised that the relationships may
differ between modifications. In addition to the extent
of moisture reduction, decay resistance is also influ-
enced by the distribution of the modification agent in
the wood and also likely by the stability of the modifi-
cation itself. Given the non-toxic nature of wood modi-
fication, wood decaying fungi can grow in modified
woods [9, 10] and degrade them over time [11-13]. The
modification itself may be degradable as exemplified
by the deacetylation of acetylated wood [11, 13].
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One group of modifications where the origins
of decay resistance warrant further investigation
is impregnation modification, which involves the
impregnation of wood with small molecular weight
chemicals that are then polymerised to fix them
within the wood structure. Impregnation modifica-
tions introduce material into wood that may itself
absorb moisture [14-16], changing the relationship
between decay resistance and moisture reduction.
Impregnation-modified woods may even absorb
more moisture than unmodified wood under some
conditions [15-20]. It has also been suggested that
the modification agents introduced by impregna-
tion modification may be more resistant to deg-
radation by fungi than modifications relying on
reaction with wood hydroxyl groups, such as acet-
ylation [13]. To investigate the decay resistance of
impregnation-modified wood, wood samples were
modified using different concentrations of phenol
formaldehyde (PF) and sorbitol-citric acid (SCA).
Both modifications are known to increase decay
resistance [17, 21-23], but the chemistries of the
impregnation resins are different. Furthermore, PF
modification is known to reduce moisture uptake
[22, 24-26], while SCA modification may have the
opposite effect under some conditions [14, 17]. The
anti-swelling and moisture exclusion efficiencies of
the PF and SCA-modified samples were determined,
after which the samples were subjected to degrada-
tion by brown rot fungi. Their mass losses, moisture
contents and chemical composition were then meas-
ured to better understand the relationships between
moisture reduction, decay resistance and modifica-
tion agent degradation in impregnation-modified
wood.

Materials and methods
Sample preparation

Wood samples with dimensions approx.
8 mm x 8 mm x 12 mm (T x L x R) were prepared from
kiln-dried boards of Scots pine sapwood. The samples
were first dried at 105 °C for 24 h to record their ini-
tial dry mass (mg,y) and cross-sectional (T x R) area
(Adryo)- Modifications with PF were performed using
a low molecular weight phenol formaldehyde resin
obtained from Prefere (Prefere Resins Finland Oy).
The solids content of the supplied resin stock solution
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was determined, after which resin solutions for modi-
fication were prepared by diluting the stock solution
with deionised water to solids contents of 2.5, 5, 10,
20 and 30% (w w™"), followed by the addition of 3%
of NaOH per g of solid resin. Wood samples were
impregnated with the resin solutions under vacuum
at 100 mbar for 1 h, followed by soaking in the solu-
tion at atmospheric pressure for 2 h. The impregnated
samples were allowed to dry overnight in a fume hood
and then cured at 105 °C for 24 h. Modifications with
SCA were performed using solutions with total solid
contents of 5, 10, 20, 30 and 40% (w w"l). All solutions
contained citric acid and sorbitol at a molar ratio of
3:1 in deionised water. Wood samples were impreg-
nated with the solutions using the same process as
used for PF. The impregnated samples were allowed
to dry overnight in a fume hood and then cured at
140 °C for 24 h. The modified dry mass (mg,,;) and
cross-sectional area (Ay,y) of the PF- and SCA-mod-
ified samples were recorded after resin curing. With
both modifications, the number of replicate samples
prepared at each solids content was 25.

The samples and the flow of subsequent tests are
summarised in Fig. 1.

Leaching and conditioning

The modified samples as well as untreated references
previously dried, weighed and measured were vacuum
impregnated with deionised water and leached for
1 week with daily water changes. The dimensions of the
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samples were measured on the last day of leaching to
record their water saturated cross-sectional area (A,,.,),
after which the samples were dried overnight in a fume
hood and then at 105 °C for 24 h to record their leached
dry mass (mg,y,) and cross-sectional area (A y,y,). Finally,
the samples were conditioned in a climate chamber at
85% RH at 20 °C for 4 weeks and weighed to determine
their conditioned mass (Mmpyygs).

Modification efficiency

Weight percent gain (WPG) before and after leaching,
swelling (5), corrected swelling (5*), equilibrium mois-
ture content (EMC) and corrected EMC (EMC¥*) at 85%
RH were calculated as follows:

WPG = (mx—mdry0> /M ey X 100% 1)
5= (Awet—Adry2> /Adryz X 100% @)
5" = (Awet—Adryz) /Adryo X 100% 3)
EMC = (gy155—Mtaey2 ) /Maey2 X 100% )
EMC" = (mRHSS_mdry2>/ Mgryo X 100% 6)

Figure 1 The prepared
samples were leached and
conditioned to determine ¢
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where m, is mg,,; or my,,, to give values before and
after leaching, respectively.

Anti-swelling efficiency (ASE), corrected ASE (ASE¥),
moisture exclusion efficiency (MEE), and corrected
MEE (MEE*) were then calculated as follows:

ASE = (Sunmod_s mod )/Sunmod X 100% (6)
ASE” = (Suand_S*mod )/ Sunmod X 100% (7)

MEE = (EMC1mod—EMC nod ) /EMCnmoq X 100%
(8)
MEE* = (EMC,1mod—EMC # 104 ) /EMCnmod X 100%
©)
where the subscripts unmod and mod stand for
unmodified and modified, respectively.

Decay test

After conditioning at 85% RH, the modified samples
and untreated references were wrapped in aluminium
foil and sterilised in an autoclave (2 x 30 min at 121 °C).
The decay test was conducted in 112-cm-diameter
plastic dishes containing 70 ml of 2% malt extract agar.
A 2-cm hole was drilled into the screw-top lid of every
dish and plugged with cotton to allow gas exchange.
Each dish was inoculated with one plug of Coniophora
puteana (strain BAM Ebw. 15) or Rhodonia placenta
(strain BAM 113) mycelium excised from the grow-
ing edges of stock cultures maintained on 2% malt
extract agar. After 16 days of growth, the sterilised
wood samples were added to the inoculated dishes,
with each dish receiving 8 differently treated samples.
The samples were placed on plastic mesh supports to
avoid direct contact with the agar medium. A total
of 10 samples from every treatment group as well as
the untreated references were exposed to each fun-
gus. An additional five samples from every treatment
group were also added to uninoculated agar medium
dishes on supports to act as sterile controls. The dishes
were incubated at 85% RH at room temperature for
6.5 weeks, after which the samples were removed
from the dishes and cleaned of adhering mycelium.
The samples were weighed immediately after they
were removed from the dishes and cleaned to deter-
mine their wet decaying mass (m,,.;) and then dried
overnight in a fume hood and then at 105 °C for 24 h
to determine their decayed dry mass (mg,ys3). Their

13681

moisture content (MC), corrected moisture content
(MC¥), mass loss due to decay (ML) and corrected ML
(ML,) were calculated as follows:

MC = (mwet—mdry3) /4y X 100% (10)
MC* = (mwet—mdry3> /M 4ry0 X 100% (11)
ML = (mdryz—mdryg,) [Mgry2 X 100% (12)
ML, = MLgecayed = MLcontrol (13)

where ML gecayeq is the mass loss of the decayed sam-
ples and ML, the mass loss of the sterile controls.

Fluorescence microscopy

After the decay test, one decayed sample and sterile
control from every sample group were selected for
microscopy. Samples from every group were selected
so that their mass losses were as close as possible
to the average of the sample group. Radial sections
approx. 25 um in thickness were cut from every sam-
ple using a rotary microtome, embedded in water on
objective slides, covered with coverslips and sealed
with nail polish to prevent evaporation. Fluorescence
images were collected using an Olympus BX53 micro-
scope equipped with a 4x (NA 0.13) air objective, and
a QImaging Micropublisher RTV 3.3 camera. Images
from PF-modified wood were collected using both UV
excitation (330-385 nm excitation, 420-nm emission)
and green excitation (545-580 nm excitation, 610-nm
emission), while images from SCA-modified wood
were collected using UV excitation only. For PF-mod-
ified samples, composite images combining the UV
and green excitation images were generated in Image].

Chemical composition of wood

After decay, 3-6 decayed and control samples from
every sample group were pooled and ground to a
fine powder in a laboratory mill. Samples from every
group were selected so that their mass losses were as
close as possible to the average of the sample group.
To remove solvent extractable material from the sam-
ples, approx. 1 g of each wood powder was extracted
with 95:5 acetone:water in an accelerated solvent
extractor (Dionex ASE 350) using 3 x 5 min extraction
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cycles at 90 °C. After extraction, the powders were
acid hydrolysed according to NREL/TP-510-42618
[27] to determine their lignin content and carbohy-
drate monomer composition. Briefly, 0.3 g of each
powder was pre-hydrolysed with 72% (w w™') sul-
phuric acid for 60 min at 30 °C, followed by dilu-
tion to 4% (w w') acid content and hydrolysis in
an autoclave at 121 °C for 60 min. The hydrolysates
were filtered and the solid residues dried at 105 °C
and weighed to determine Klason lignin content. To
quantify carbohydrate monomers, the filtered hydro-
lysates were diluted and then analysed by High Per-
formance Anion Exchange Chromatography with
Pulsed Amperometric Detection (Thermo Scientific
Dionex ICS-5000 +) using a CarboPac PA20 column
and water as eluent at 0.37 ml min™'. The concen-
trations of glucose, mannose, xylose, galactose,
arabinose, and rhamnose were determined against
external calibration standards. Acid-soluble lignin
content was analysed by spectrophotometry (Shi-
madzu UV-2550) using a wavelength of 205 nm and
an absorptivity constant of 110 g 1" cm™. Chemical
composition analyses were performed in duplicate.

Chemical composition of droplets

At the end of the decay test, droplets of fluid were
often observed on, under or around the modified
samples exposed to C. puteana and R. placenta (see
Fig. S1). Droplets substantial enough in size were
collected using a pipette and pooled according to
sample type. To analyse their chemical composition,
100 pl (PF-modified samples) or 50 pl (SCA-mod-
ified samples) of each type of fluid was combined
with 1 ml of internal standard solution (30 pg ml™
heptadecanoic acid in methanol) and evaporated to
dryness under N, flow. The samples were trimethyl-
silylated using 100 ul of N,O-Bis(trimethylsilyl)trif-
luoroacetamide, 50 pl of chlorotrimethylsilane and
20 pl of pyridine at 70 °C for 20 min and then ana-
lysed by GC-MS (HP 6890/HP 5973) using a HP-5
column (30 m; 0.25 inner diameter, 0.25 um film
thickness). Helium was used as the carrier gas at
1.5 ml min!, and the oven temperature programme
was 7 °C min”! from 75 to 310 °C, followed by 10 min
at 310 °C. Mass spectra (30-700 m/z) were recorded
at 70 eV. No replicate analyses were performed.
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Results
Modification efficiency

Scots pine sapwood samples were modified with dif-
ferent concentrations of PF and SCA to achieve a range
of modification intensities. The effects of modification
on sample properties are summarised in Fig. 2. The
unleached WPGs (Fig. 2a) of the PF-modified samples
increased from 4.8 to 43.8% when the solids content
of the treatment solution was increased from 2.5 to
30%, while the WPGs of the SCA-modified samples
increased from 4.7 to 52.9% when the solids content
increased from 5 to 40%. Both the PF- and SCA-mod-
ified samples lost mass on leaching, and the maxi-
mum WPGs decreased to 39.5 and 50.0% for PF and
SCA, respectively. However, most of the added mass
remained fixated in the samples. The incorporation
of the modification agent into the samples increased
their dry dimensions (Fig. 2b), which shows that the
modification agents successfully penetrated the wood
cell wall and caused bulking. PF modification at the
highest solids content increased the dry dimensions
after leaching by 5.8%. SCA had a stronger effect on
the dry dimensions than PF, with a 12.5% increase in
post-leaching dry dimensions at 40% solids content.
PF modification had little effect on the water-swollen
dimensions of the samples (Fig. 2b), which resulted in
a decrease in the quantity of water in the cell wall and
an increase in the anti-swelling efficiency with treat-
ment intensity (Fig. 2c). However, due to the mod-
est cell wall bulking caused by the treatments, the
recorded ASE/ASE* values were also modest, with
the highest treatment intensity samples reaching an
ASE of 32.3% and an ASE* of 28.3%. SCA on the other
hand caused an increase in the water-swollen dimen-
sions in addition to an increase in the dry dimensions
(Fig. 2b). ASE and ASE* reached values of 40.7 and
34.1%, respectively, at a solids content of 30%, then
decreased at 40% solids content (Fig. 2c). In addition
to the incorporation of modification agent into the cell
walls as demonstrated by the increase in dimensions,
fluorescence microscopy showed that deposits of resin
were also present in the cell lumens in both PF- and
SCA-modified wood (see Figs. S2 and S3).

The incorporation of the modification agents into
the cell wall also reduced the EMC at 85% RH (see
Fig. 54) and therefore increased MEE/MEE* (Fig. 2d).
However, the obtained improvements were modest
at best. The highest MEE and MEE* values reached by
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PF-modified wood were 32.0% (at 30% solids content)
and 12.3% (at 10% solids content), respectively, while
SCA-modified wood reached a MEE value of 30.6%
at 30% solids content and a MEE* value of 15.0% at
10% solids content. With both modifications, the MEE*
values showed an initial increase with increasing treat-
ment intensity, followed by a decrease with further
increases in intensity. The decrease in MEE* values
indicates that the addition of further modification
agent increased the absolute amount of water in the
wood material. The decrease was particularly strong
in the case of SCA, and the MEE* values became nega-
tive at 40% solids content, which means that the modi-
fied samples contained more water relative to their
initial weight than the unmodified references.

Degradation by brown rot fungi

The modified wood samples as well as unmodified
references were exposed to C. puteana and R. placenta
for 6.5 weeks. Additional modified sterile control sam-
ples were exposed under the same conditions in the
absence of fungi. The mass losses of the decayed and

control samples are shown in Fig. 3a, while their mois-
ture contents (corrected for WPG and mass loss) are
presented in Fig. 3b. As expected, the highest mass
losses were seen in the unmodified reference samples.
PF modification proved highly effective at reducing
mass loss by both fungi even at low modification
intensities, with mass losses by C. puteana decreas-
ing to 17.4% and 5.3% at 2.5% and 5% solids content,
respectively, and by R. placenta to 21.5% and 7.6%,
respectively. No mass loss was recorded in samples
treated with higher concentrations of PF resin. SCA
modification also reduced mass loss due to brown rot
fungi, but the effect was less pronounced than with
PF, particularly in the case of R. placenta. Modifica-
tion using a 30% solids content solution reduced the
average mass loss due to R. placenta to 8.7%, while
treatment with 40% solids content reduced the mass
loss to 7.7%. Mass loss due to C. puteana decreased
more rapidly with increasing modification intensity,
reaching 5.7% at 20% solids content with no further
decrease with increasing modification intensity. The
PF-modified control samples lost less than 1% of
their mass when incubated in the absence of fungi,
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Figure 3 Mass losses (ML)
(a) and corrected moisture
contents (MC*) (b) of sam-
ples modified with phenol
formaldehyde (PF) and sorbi-
tol-citric acid (SCA) at differ-
ent resin solids contents after
exposure to R. placenta and
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than exposure to R. placenta. In SCA-modified wood,
the moisture contents of the sterile controls increased
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rapidly with increasing modification intensity, reach-
ing a final value of 130.3% at 40% solids content. The
moisture contents of the decayed samples were gener-
ally similar to those of the controls, with no consistent
differences observable between the two fungi.

To analyse the chemical changes behind mass loss
caused by C. puteana and R. placenta, decayed samples
and sterile controls were pooled, ground to powder
and acid hydrolysed according to NREL/TP-510-42618
[27] to determine their chemical composition (Fig. 4,
see Table S1 for full composition information from
duplicate measurements). Both fungi were found to
cause compositional changes typical of brown rot
in both types of modified wood: both cellulose and
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Figure 4 Chemical composition of samples modified with phe-
nol formaldehyde (a) and sorbitol-citric acid (b) at different resin
solids contents after decay. C=sterile control, Cp=decayed by
C. puteana, Rp=decayed by R. placenta. Lignin= gravimetri-
cally determined Klason lignin+acid soluble lignin, Glu=glu-
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cose, Non-glu=sugars other than glucose, Other=difference
between 100% and sum total of all measured components in
SCA-modified wood, Extractable =components soluble in 95:5
acetone:water, Mass loss=mass loss due to decay. Chemical
composition was determined using pooled replicate samples.
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hemicelluloses were consumed while the gravimet-
ric lignin content remained largely unchanged (with
the exception of SCA at 5% and 10% solids content,
both of which showed a loss of lignin). The analy-
sis indicated that neither fungus caused substantial
removal of either modification agent from the sam-
ples. In the case of PF modification, the undecayed
samples showed that the modification agent was not
acid hydrolysable and remained in the solid residue,
causing an increase in the measured Klason lignin con-
tent. The samples exposed to C. puteana and R. placenta
showed no decrease in lignin content, which suggests
that the fungi were unable to remove the resin from
the wood material. In the case of SCA, the modifica-
tion agent was mostly acid hydrolysable and dissolved
into the liquid fraction, remaining undetected in both
the lignin and sugar analyses. Substantial amounts of
material could also be recovered from the undecayed
samples by solvent extraction. Fungal exposure did
not cause notable changes in the amount of undetected
material, which points towards a lack of resin removal
from the wood. Fluorescence imaging showed no
changes in the abundance of resin deposits in the cell
lumens in PF- or SCA-modified wood (see Figs. S2 and
S3), providing further evidence supporting the lack of
resin removal. However, at the end of the decay test
droplets of fluid were found around the modified sam-
ples (see Fig. S1), particularly those modified using
20 and 30% solids content PF and 30 and 40% solids
content SCA. GC-MS analysis of the exuded fluids
showed that the droplets around PF-modified sam-
ples consisted mostly of oxalic acid, sugars and sugar
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alcohols (Fig. S5); no potential PF-derived degrada-
tion products were detected by GC-MS. The droplets
around the SCA-modified samples on the other hand
contained a large number of different compounds,
including free sorbitol and very large amounts of free
citric acid (Figs. S6 and S7). The droplets also con-
tained several compounds whose mass spectra shared
many features in common with citric acid (Figs. S8
and 59), suggesting that the compounds may be citric
acid-derived.

Relationship between moisture properties
and decay resistance

To investigate the relationship between mass loss and
moisture properties in PF- and SCA-modified wood,
the mass losses (corrected by subtracting the mass
losses of the sterile controls) due to C. puteana and R.
placenta were plotted against ASE* and MEE* (Fig. 5).
No uniform relationship was found between mass loss
by the two fungi and ASE* for the two modifications.
Mass loss due to both fungi decreased with increas-
ing ASE/ASE* at seemingly similar rates for both
modifications, but zero mass loss under the current
experimental conditions was reached at much lower
ASE* values by PF-modified wood than SCA-modi-
fied wood. In the case of MEE¥, no consistent relation-
ship was seen with mass loss due to the decrease in
MEE* at higher modification intensities. In addition
to mass loss, the corrected moisture contents of the
decayed and control samples were also plotted against
ASE* and MEE* to study the relationship between the
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Figure 5 Corrected mass losses (ML) of samples modified with
phenol formaldehyde (PF) and sorbitol-citric acid (SCA) due to
R. placenta (Rp) and C. puteana (Cp) as a function of anti-swell-

MEE* (%)

ing efficiency with correction for dimensional changes caused by
modification (ASE*) (a) and moisture exclusion efficiency with
correction for weight gain due to modification (MEE*) (b).
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measured moisture properties and moisture perfor-
mance during decay (Fig. 6). The results showed that
the moisture contents of all samples increased with
increasing ASE*, while no consistent trend was found
with MEE* due to the decrease in MEE* at higher
modification intensities. The relationships between
moisture content and ASE* and moisture content and
MEE* were similar for both modifications and for the
decayed and control samples.

Discussion

Modification of Scots pine sapwood samples with
PF and SCA resulted in the uptake of resin, as evi-
denced by the increase in sample mass (Fig. 2a) and
the appearance of resin deposits in cell lumens (Figs.
52 and S3). PF modification increased the dry dimen-
sions of the samples but had little effect on the wet
dimensions (Fig. 1b), which resulted in increased ASE/
ASE* (Fig. 2c). However, the increases were modest
at best and lower than the improvements obtained by
previous researchers at comparable WPGs [21, 22, 24,
26, 28]. SCA modification on the other hand increased

Figure 6 Corrected moisture
contents (MC*) of sam-

ples modified with phenol
formaldehyde (PF) and
sorbitol-citric acid (SCA) at
different resin solids contents
after exposure to R. placenta
(Rp) and C. puteana (Cp) (a, { =
b) or use as sterile controls
(C) (¢, d) as a function of
anti-swelling efficiency with
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both the dry and wet dimensions of the samples
(Fig. 2b); ASE/ASE* increased until a solids content of
30% and then decreased at 40% solids content (Fig. 2c).
Increasing water-swollen dimensions and decreasing
ASE values have been previously recorded for SCA
treated wood [14, 17, 23]. The increased swelling is
thought to be caused by the high acidity of the treat-
ment solution, which causes degradation of cell wall
carbohydrates and increased swelling [14, 17]. The
samples are then cured in this condition, which allows
them to swell excessively upon saturation.

PF and SCA modification also affected the EMC
at 85% RH (Fig. 54) and therefore the MEE/MEE*
(Fig. 2d). However, with both modifications the
obtained improvements were modest at best. In the
case of PF, the reductions in EMC were lower than
in previous reports [24, 25], while in the case of SCA
the results were in line with previous findings [14].
With both modifications, the highest MEE* values
were reached at relative low modification intensities,
with further increases in modification resulting in a
decrease in MEE*. The effect was particularly strong
in the case of SCA, where negative MEE* values were
found at 40% solids content. The decreasing MEE*
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values are likely related to the absorption of water by
the modification resin, which was present not only in
the cell walls but also in the cell lumens (Figs. S2 and
S3). Pure polymerised SCA is highly hygroscopic [14],
and while PF is likely to be less hygroscopic, the poly-
mer contains free OH groups which can be expected to
participate in sorption. Increased water absorption in
the hygroscopic range has also been documented for
other resin impregnated woods under certain condi-
tions [15, 16, 19, 20].

The decay resistance of the PF- and SCA-modified
samples was tested against the brown rot fungi C.
puteana and R. placenta. PF modification was highly
effective against both fungi, and the mass losses
(Fig. 3a) became negative at 10% resin solids content.
The effectiveness of PF modification is consistent with
previous findings, which revealed strong reductions
in mass loss due to brown rot fungi at low resin load-
ings [21, 22]. SCA-modification also reduced mass loss
due to both fungi (Fig. 3a), but the effect was stronger
against C. puteana than R. placenta. The mass losses of
the SCA modified samples were not reduced to 0 even
at the highest resin solids contents, where substan-
tial mass losses were seen also in the sterile controls.
Substantial mass losses in sterile controls were also
reported by Beck [17] for Scots pine modified using a
similar procedure as in this experiment. This suggests
that the modification may not be entirely stable under
high moisture conditions. Good decay resistance (<5%
mass loss due to decay) has been previously obtained
by SCA modification at around 30-50% WPG [17, 23].

The results from the chemical composition analy-
sis (Fig. 4) indicated that fungal degradation did not
cause substantial removal of the modification resin
in PF- or SCA-modified wood. Recent studies on the
decay of modified wood have shown that R. placenta
can deacetylate acetylated wood [11, 13] but was found
incapable of removing the resin polymer introduced
by furfurylation [13], which led Thygesen et al. [13]
to propose that impregnation modifications may be
less degradable than modifications relying on reaction
with wood hydroxyl groups. The lack of resin removal
is in agreement with this hypothesis, although the
composition of the droplets found around the SCA-
modified samples (Fig. S6-59) suggests that some deg-
radation of the resin polymer may still take place. It
is not clear whether the presence of SCA fragments in
the droplets is due to fungal degradation of the resin
or to hydrolysis of the resin under high moisture
load. The formation of droplets around SCA-modified
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samples exposed to R. placenta has been previously
observed by Beck [17] for Scots pine modified using a
similar procedure as in this experiment.

Since the results gave no indication of substantial
resin degradation in PF- or SCA-modified wood, their
decay resistance can be assumed to be a function of a
reduction in moisture content [5-8]. When mass losses
due to C. puteana and R. placenta were plotted against
ASE* and MEE* (Fig. 5), no uniform relationship was
found between mass loss and ASE*, which is in agree-
ment with previous results [8]. However, in contrast
to previous results [8], no consistent relationship was
seen between mass loss and MEE* either. When the
moisture contents of the decayed and control samples
were plotted against ASE* and MEE* (Fig. 6), the mois-
ture contents of all samples increased with increasing
ASE* and showed no consistent trend with MEE* due
to the decrease in MEE* at higher modification intensi-
ties (Fig. 2).

The lack of consistent relationships between mass
loss and moisture properties (ASE*, MEE*, MC¥) is
likely to be due to their inability to represent quali-
ties that are relevant for moisture performance dur-
ing decay. ASE* is beneficial because it is measured at
saturation and because it measures changes in volume,
which should represent the amount of water in the
cell wall. However, the changes in external dimen-
sions may not be representative of changes in actual
cell wall volume, as has been found for acetylated
wood [29, 30]. Changes in cell shape and thickness
have also been detected in furfurylated wood [31].
MEE* and MC* on the other hand measure changes in
bulk mass, which means that they respond to moisture
uptake both in and outside the cell walls. Deposits of
resin were found in the cell lumens in both PF- and
SCA-modified wood (Figs. S2 and S3); these deposits
may absorb moisture, increasing the moisture con-
tent of the bulk sample even if the cell walls them-
selves absorb no further moisture. It is clear from the
moisture content data (Fig. 6) that moisture absorp-
tion and bulk swelling are not directly connected in
resin impregnated wood, and that the moisture con-
tents measured under hygroscopic conditions do not
accurately reflect moisture uptake under decay con-
ditions. Although moisture absorption under decay
conditions increases in both PF- and SCA-modified
wood with increasing modification intensity, it is not
clear from the data how much of the water is absorbed
into the wood cell walls and how much is found in
the cell lumens. An increase in moisture uptake under
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overhygroscopic conditions has been recorded in fur-
furylated wood, where it was attributed to capillary
condensation in cracks and microvoids caused by the
modification [18]. Similar effects may be active in PF-
and SCA-modified wood, which would allow for an
increase in bulk moisture content without an increase
in cell wall moisture content.

The lack of consistent relationships between mass
loss and moisture properties may also be due to the
involvement of factors other than simple moisture
content reduction in decay resistance. The increased
moisture uptake in the impregnation-modified sam-
ples may be due to moisture uptake and condensation
outside the cell walls as discussed above, but previ-
ous research has indicated that the cell wall moisture
content of SCA-modified wood at saturation may in
fact increase, most likely due to the super swelling of
the cell walls caused by the acidic treatment solution
[17]. Therefore, to understand the decay resistance
of impregnation-modified wood, it is important to
determine the actual amount of cell wall water under
decay-relevant conditions. The samples studied in
this experiment and by Beck [17] still have improved
decay resistance, which means that if cell wall mois-
ture content actually increases, then factors other than
moisture reduction are likely to be involved in decay
resistance.

Conclusions

To understand the decay resistance of impregnation-
modified wood, pine sapwood samples were treated
with PF and SCA at different solids contents to create
a range of modification intensities using two different
types of resin. Both modifications provided improved
decay resistance, but no consistent relationships were
seen amongst mass loss, ASE*, MEE* and MC* that
would explain the improvement in resistance. Neither
resin appeared to be degraded by the wood decay-
ing fungi to a substantial extent, which shows that the
modifications are resistant to fungal degradation and
that the improvements in resistance are related to sta-
ble changes in wood properties. However, it is clear
from the results that the origins of decay resistance
in resin-modified wood require further investigation.
To study the link between moisture performance and
decay resistance, the uptake of moisture by the wood
cell walls should be determined under decay-relevant
conditions.
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