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Abstract

This study aimed to investigate the relationship between moisture dynamics of sorbitol and citric acid (SorCA)
modified wood and its biological durability. Specifically, the research aimed to determine the chemical loading

needed for effective protection against wood-destroying basidiomycetes, while also improving the understanding
of the moisture behavior of SorCA-modified wood. The SorCA modification process is relatively new, and thus, there
is limited knowledge on its moisture behavior and its impact on biological durability. The research focused on Scots
pine sapwood (Pinus sylvestris L) and used the EN 113-2 standard to investigate its durability against wood-destroy-
ing basidiomycetes. Moisture behavior was analyzed through short-term water uptake and release tests, capillary
water uptake and CEN/TS 16818. Results showed a significant reduction in liquid and water vapor uptake, likely due
to a reduction in the maximum moisture capacity within the wood cell wall. The study confirmed that high chemical

loadings (i.e., weight percent gain, WPG) are necessary for adequate decay protection.
Keywords Chemical wood modification, Esterification, Fungal growth, Moisture behavior

Introduction

Wood is widely recognized as the most carbon—neutral
construction material and new political initiatives such as
the European Green Deal are highly encouraging its use
in load-bearing structures, facade claddings and terrace
deckings. However, most wood species grown in Europe
are susceptible to biological degradation and require
preventive protection. With the implementation of the
Biocidal Products Regulation [1], many biocidal agents
in wood preservatives have become restricted to certain
applications. Therefore, wood modification has gained
increasing interest as a biocide-free treatment that
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enhances the biological durability of wood [2] while also
improving other properties, such as dimensional stability
[3, 4] and hydrophobicity [5, 6].

Chemical wood modification with sorbitol and citric
acid (SorCA) has emerged as a promising alternative to
already existing treatment methods [7, 8]. In March 2022,
a commercial entity, Ciol AS, was formed as a result of
a joint collaboration between the Norwegian Institute of
Bioeconomy Research (NIBIO) and a technology transfer
office, Ard Innovation [9]. Ciol® and SorCA are the same
processes based on the same chemicals, molar ratios of
citric acid (CA) to sorbitol and reaction temperatures.
Both chemicals used for impregnation are bio-derived
and affordable, no catalyst is required for the reaction
and the only by-product is water. The modification is
based on a polyesterification reaction of citric anhydride
and sorbitol, which follows a nucleophilic addition mech-
anism [10]. As a result, a cross-linked network of SorCA
polyesters is formed inside the wood cell wall matrix.
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These newly formed esters may also react with the
hydroxyl groups of wood polymer constituents [7, 10].
Until now, only a limited number of studies have inves-
tigated the biological durability of SorCA-modified
wood, with a particular focus on its resistance to wood-
destroying basidiomycetes [8, 11-13]. Larnoy et al. [8]
conducted a mini-block [14] durability trial, in which
Scots pine sapwood was incubated with Rhodonia pla-
centa (R. placenta) and Trametes versicolor (T. versicolor).
The results showed that the amount of chemicals remain-
ing in the wood after the leaching procedure was still
sufficient for decay protection, regardless of the curing
temperature used (103 °C and 140 °C). However, fixation
was significantly higher at 140 °C. This finding was later
confirmed by Alfredsen et al. [11], who showed that a
temperature of 140 °C was necessary to prevent leaching
and provide high durability. In this study, Scots pine sap-
wood samples with a wide range of weight percent gain
(WPQ) values were tested. The results showed that to
achieve the highest durability class (DC) 1 “very durable”
according to EN 350 standard [15], WPGs of 21% and
62% were, respectively, required for an adequate protec-
tion against T. versicolor and R. placenta. Similar decay
protection thresholds were determined when sterile soil
was used as a fungal growth medium instead of malt
agar. In another study on Scots pine sapwood, Beck [12]
established the durability threshold for R. placenta at a
WPG of 46% and for T. versicolor at a WPG of 20%. Even
lower WPG values were reported for European beech
(Fagus sylvatica L., [13]), where only a WPG of 22% was
required for adequate protection against both brown rot
and white rot fungi (C. puteana and T. versicolor). How-
ever, none of the mentioned studies followed the EN
113-2 [16], as different incubation times, sample sizes
or growth media were used. Brischke et al. [17] showed
that the assessment of the DC might be incorrect if any
alternations are made in regard to the sample dimensions
or incubation times recommended in the intended stand-
ard. Considering, that the Bravery test [14] is commonly
used as a quick alternative for the standardized EN 113-2
[16] procedure, the study by Brischke et al. put into ques-
tion all studies done based on the altered test procedures.
Fungi require a nutrient source (such as wood), water
and oxygen to successfully colonize wood [18]. So far,
only one study [12] attempted to explore the relationship
between the decay protection and wood moisture behav-
ior. The study found that SorCA treatment increased
the moisture content (MC) within the cell wall, which
is contrary to other wood modification methods that
aim to lower the fiber saturation point (FSP) as a mech-
anism of wood protection against fungal degradation
[19, 20]. In general, fungal hyphae are small enough to
penetrate the cell lumen. Therefore, to create favorable
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decay conditions, the MC of wood must be above the FSP
(approx. 30% MC, [21]) so that enzymes and metabolites
secreted by fungi can diffuse to the wood cell wall. Free
water is necessary for this process [18, 20, 22]. However,
a recent study suggested that the intra-cell-wall diffu-
sion of inorganic ions in wood is a Fickian diffusion pro-
cess, occurring when the hemicellulose reaches its glass
transition temperature (at approx. 75% RH, [21]), not an
aqueous process as previously thought [23]. It increases
the hypothesis that it is a rubbery state of amorphous
polysaccharides which is required for decay, not a certain
amount of free water in lumen. The same study deter-
mined that this transition (i.e. softening) occurred when
wood reached ca. 10-15% MC and was not related to the
amount of free water in the wood cavities. That would
suggest that the brown rot and white rot decay can pro-
ceed when the MC is significantly below the FSP. Modi-
fied wood needs a higher RH for softening [24], which
can potentially delay the onset of decay.

Although there is no consensus on what the mode of
protection in chemically modified wood is, existing data
suggest that the degradation mechanism of brown rot
and white rot decay follow the same path as for untreated
wood, including similar effects on water relations [25].
For the brown rot fungi, a modus operandi is presumably
the moisture exclusion via the reduction of cell wall voids
[26, 27], resulting in the reduction of maximum mois-
ture capacity of the wood cell wall [28]. The reduction in
available space for water molecules inside the wood cell
wall inhibits the diffusion of fungal reductants, hydrogen
peroxide and oxalic acid and, thereby, impeding the for-
mation of hydroxyl radicals, which are essential for the
oxidative degradation. The transport of cations in chemi-
cally modified wood is known to be restricted, depending
on the treatment level (WPG) and on the relative humid-
ity (RH) surrounding the specimen [29]. Therefore, if the
oxidation is prevented, the hydrolyzing enzymes cannot
penetrate the wood cell walls, as they are too large and
require prior depolymerization of hemicelluloses by the
hydroxyl radicals [26].

All these considered, obtaining an in-depth under-
standing of the moisture behavior of SorCA-modified
wood appears to be crucial in comprehending its protec-
tive mechanism against wood-destroying fungi. So far,
the mode of protective action of SorCA-modified wood
has been not fully explained. To address this gap, this
study examined a series of Scots pine sapwood samples
for both durability against basidiomycetes and moisture-
related properties. The study attempted to establish a
relationship between the durability and moisture dynam-
ics data. Additionally, given the discrepancies previously
described by Brischke et al. [17], this study was designed
to perform the standardized biological durability
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procedure to confirm the necessity of high chemical
loadings (i.e., WPQ) for protection against decay.

Material and methods

Wood material and treatment

Scots pine (Pinus sylvestris L.) sapwood specimens in
various dimensions (specified in Table 1) were treated
with aqueous solutions of technical grade CA mono-
hydrate (approx. 97% purity) from BUFA Chemikalien
GmbH & Co. KG (Oldenburg, Germany) and technical
grade sorbitol (approx. 98% purity) from Ecogreen Oleo-
chemicals GmbH (Dessau-Rofllau, Germany).

Prior to the treatment, all specimens were oven-dried
at 103 (£ 2) °C for 48 h to determine the initial dry mass
(MC=0%). The oven-dried specimens were impregnated
in an autoclave in a vacuum-pressure process (5 kPa for
1 h, followed by 1200 kPa for 2 h) with 10%, 20%, 30%
and 50% SorCA solutions (molar ratio of polyol to acid
was 1:3). Impregnated specimens were pre-dried under
room climate conditions (ca. 20 °C, 65% RH) for 168 h
and afterwards heat-cured at 140 °C for 24 h (“dry-cur-
ing”). However, the specimens for the CEN/TS 16818 test
[32], required a different pre-drying procedure ((room
climate conditions (168 h), 60 °C (24 h), 80 °C (24 h),
and 103 °C (24 h)), due to their bigger dimensions and to
avoid drying failures such as cracking. The latter would
most likely affect the uptake of liquid water and, thus, the
wood—water interaction studies. The amount of depos-
ited chemicals within the wood structure, expressed by
the WPG was calculated based on the dry mass before
(M,) and after (M,) the treatment, according to the Eq. 1.
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WPG = (My — My)/M; (1)

Prior testing, all specimens which were foreseen
for biological decay testing and half of each collective
for moisture behavior testes, underwent a cold-water
leaching procedure with deionized water according to
EN 84 [30]. Changes in dry mass after leaching (M) were
calculated according to Eq. 2.

WPGEgNgs = (M3 — My) /My (2)

Table 1 summarizes all wood specimens, dimensions
and treatment levels, together with the mean weight-per-
cent-gain (WPG) and standard deviation of each collec-
tive before and after leaching according to EN 84 [30].

Decay tests

Durability tests with basidiomycetes

A decay test with basidiomycete monocultures was per-
formed according to EN 113-2 [16] and durability classes
assigned according to EN 350 [15]. Used specimens of
25x15%50 (L) mm had the longitudinal faces parallel to
the direction of the grain and the growth-ring orienta-
tion was ca. 45°. For each treatment and fungus, the test
was conducted with n=30 specimens. However, for the
untreated control group, only 10 specimens per fungus
were tested. Prior incubation, sterilization of untreated
and modified wood samples was conducted in an auto-
clave at 121 °C for 20 min. After 16-week incubation,
wood specimens were cleaned from adhering mycelium,
then weighed to the nearest 1073 g directly after the test
(wet state, M,) and after step-wise drying (oven-dry
state, M,) and their MC upon incubation and mass loss

Table 1 Mean WPG values before (WPG) and after leaching (WPGgyg,) of EN 1132 [16] test specimens: 25X 15X 50 (L) mm; short-
term water uptake and release test (Meyer-Veltrup et al. [31]) specimens: 10 (R)x5 (T)x 100 (L) mm; floating (CEN/TS 16818 [32])
specimens: 25 (R) x 50 (T) x50 (L) mm and submersion tests (CEN/TS 16818 [32]) specimens: 25 (R) x 50 (T) x 150 (L) mm

Treatment  Leaching” 25x15x50 (L) 10 (R) x5 (T)x 100 (L) 25 (R) x50 (T) x50 (L) 25 (R) x50 (T)x 150 (L)
wt% SorCA
WPG (%)  WPGgyg, (%)  WPG (%) WPGgpgs (%)  WPG (%) WPGgpg, (%)  WPG (%) WPGgyg, (%)

0 + n/a n/a n/a -0.79+0.14 n/a -1.19+0.09 n/a -035+0.15
- n/a n/a n/a n/a n/a n/a n/a n/a

10 + 11.02£06 99+05 11.01+£1.02 948+1.02 12.82+037 11.92+031 1240066  12.04+067
- n/a n/a 11.07+152 n/a 12.85+050 n/a 11.59+096 n/a

20 + 226+10 21.7+1.1 24174261 2329+244 2690+0.72 2639+0.63 2606+145 2585+143
- n/a n/a 2405+£297 n/a 28.13£254 n/a 28.73£162 n/a

30 + 330+16 318+16 3752+266 36.81+264 41.74+£105 4133+097 41374221 41794221
- n/a n/a 39.10£353 n/a 4198+201 n/a 42314277 n/a

50 + 5814238 570+27 64.28+6.04 63.71+572 7376+189 7346+1.79 77194585 79.84+5.78
- n/a n/a 67.09£6.80 n/a 7385375 n/a 79.00+£3.00 n/a

The number of specimens can be found in the test descriptions; n/a—not applicable

! +leached according to EN 84 [30];—not leached
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(ML) caused by a fungal decay calculated according to
Eqgs. 3—4.

MC = (M,, — My)/Ma (3)

ML = (M3 — My)/Ms (4)

The following basidiomycete monocultures were used:

o Coniophora puteana (Cp)=(Schum.:Fr.) Karst. BAM
Ebw.

o Rhodonia placenta (Rp) = (Fr.) Niemeld, K.H. Larsson
& Schigel 229.

o Trametes versicolor (Tv) = (L.:Fr.) Pilat CTB 863a.

Moisture behavior

Short-term water uptake and release tests (according to
Meyer-Veltrup et al. [31])

For each treatment level, 10 non-leached and 10 leached
specimens according to the EN 84 standard [30] of 10
(R)x5 (T)x100 (L) mm with growth-rings parallel to
the specimens’ edges were dried at 103 *C until constant
mass (m,,;). Then, oven-dry specimens were submerged
in a plastic container with deionized water, separated
from each other with a metal grid, and placed in a con-
ditioned surrounding (20 °C, 65% RH). After 24 h of
submersion, the specimens were weighted (m
and their liquid water uptake (W24
according to:

submerged)

<ubmersion) de€termined

W24'submersion = (msubmerged - mO)/mO (5)

After submersion, the specimens were oven-dried until
constant mass again (m,;) at 103 °C. Dried specimens
were then placed above water surface with distance to
each other on stainless-steel plates in a sealed plastic box
filled with deionized water. After 24 h storage in the cli-
mate room the specimens were weighted (m1;gqp};) and
the water vapor uptake in water-saturated atmosphere
(W24 09rp) calculated, as in Eq. 6.

25 mm
25 mm

50 mm 50 mm

Floating test

Submersion test
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W24100%RH = (M100%RH — 7101) /01 (6)

After the water vapor uptake test the specimens were
put back to the boxes and stored above deionized water
(approx. 100% RH) until constant mass and reaching
almost cell wall saturation (m1cy). Then the specimens
were placed on freshly activated silica gel (moisture
absorbent, approx. 0% RH) on the 10X 100 mm surface in
sealed boxes and weighted after 24 h (#1y4pyy).

Water vapor release (W24y,ry) was calculated based
on the Eq. 7.

W24oyrH = (Mcws — Mo%RH) /MCwWs (7)

Capillary water uptake test

The capillary water uptake (CWU) was measured using
a tailor-made device (CWU-meter). For each treatment
level, 20 specimens of 10x5x 100 (ax.) mm were con-
ditioned at 20 “C 65% RH until constant mass (#¢5erp)-
Half of each collective was leached prior to CWU meas-
urement according to the standard EN 84 [30]. Subse-
quently, the specimens were fixed in the tensiometer
and their cross-section submerged in water. The speci-
men’s mass was recorded to the nearest 1073 g after 200 s
(m15005). The CWU was related to the cross-sectional area
in the conditioned state (A):

CWU = (m200s — Me5%RH) /A (8)

Liquid water uptake and water vapor release—CEN/TS 16818
(2018)

Specimens from 3 different boards were used for the
CEN/TS 16818 standard [32] test. Overall, 18 specimens
(6 from each board) were used per treatment level, of
which half were leached according to the EN 84 standard
[30]. As a sealing agent, polyurethane sealant Sikaflex®
221i (Sika Austria GmbH) was used to seal the edges of
the specimens (see Fig. 1). The moisture performance
was tested during a water uptake (absorption) and release
(desorption) cycle following the CEN/TS 16818 standard

W24 and CWU tests

Fig. 1 Test specimens for the moisture behavior tests: floating 25 (R) x50 (T) x50 (L) mm and submersion test 25 (R) x50 (T)x 150 (L) mm
according to the CEN/TS 16818 standard [32], short-term water uptake and release tests and capillary water uptake test 10 (R)x5 (T)x 100 (L) mm.
The sides of floating and submersion specimens (grey) were sealed with polyurethane sealant Sikaflex.® 221i from Sika Austria GmbH (Austria)
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[32]. All measured mass values were registered to the
nearest 1072 g.

Floating test

Specimens of 25 (R)x50 (T)x50 (L) mm were dried at
103 °C until constant mass (m1,). Prior testing, specimens
were conditioned at 20 °C (65% RH). After conditioning,
four sides (excluding the tangential sections) were sealed
with a polyurethane sealant, the weight of the sealant
and the initial specimen mass (m,;) recorded. Afterwards,
sealed specimens were placed in plastic containers filled
with deionized water and stored at 20 "C and 65% RH.
One of the 50% 50 surfaces of the specimens was placed
under water at approx. 10 mm. Tested specimens were
removed from the boxes and weighted after 1, 4, 8, 24,
48, 72 and 144 h. The excess water was removed from
the wooden surface with a paper tissue prior weighing.
After the absorption cycle, the samples were put on the
drying grids on their sealed sides, with sufficient distance
between them, and left to dry at 20 °C, 65% RH. During
the desorption cycle, the specimens were weighted after
1,4, 8,24, 48,72,96 and 168 h.

Submersion test

Specimens of 25 (R) x50 (T)x 150 (L) mm were dried at
103 °C until constant mass (#1,). Prior testing, specimens
were conditioned at 20 °C and 65% RH. After condition-
ing, specimens were sealed as for the floating test and the
respective masses (m, and m,) recorded. Sealed speci-
mens were placed in the containers filled with deionized
water and fully submerged throughout the absorption
cycle, by covering them with stainless steel meshes to
prevent them from emerging onto the surface. Tested
specimens were removed from the boxes and weighted
after 1, 4, 8, 24, 48, 72 and 144 h. After the absorption
cycle, a desorption cycle was performed for 168 h, as
described for the floating test procedure.

Parameters calculated based on the CEN/TS 16818 standard
(CEN, 2018)

The conditioned mass of each specimen before the test
(m;) and after each time interval (m,), was registered and
used for calculating the MC at certain point of the test
based on the oven-dry weight (1,) of the specimen, as in
the Eq. 9:

MC; = (m; — mg)/mg 9)

where: m is the mass of the specimen before floating test
(oven-dry) with sealant, m; is the mass of the conditioned
specimen before floating test with sealant and MC; is the
moisture content of the conditioned specimen before the
test. The MC of each specimen after x hours of exposure
(e.g., after 72 h, where x=72), was calculated as follows:

Page 5 of 13

MCy = (m, — mgp)/mg (10)

where: m,, is the mass of the specimen after x hours dur-
ing test with sealant and MC, is the MC of the specimen
after x hours of exposure.

For the SorCA-modified specimens, the corrected MC
(MC,,,» %) after 144 h and 312 h of test duration was cal-
culated, to exclude the mass added by the impregnation
chemicals:

MCeor = MCy x (1 + WPG) 11)

The amount of absorbed moisture after 144 h (a;,,) and
released moisture after 168 h of desorption (d,45) was cal-
culated as in the following equations:

ajg4 = MCyyq — MC; (12)

dies = MCz12 — MCias (13)

Also, the remaining moisture after water uptake and
release test (rm;qg) after 144 h of uptake and 168 h of
release (312 h of testing) was calculated:

rmieg = aj44 — dies (14)

And contributed to determining the residue as a per-
centage of the absorbed moisture (ress;,) after 144 h of
uptake and 168 h of release (312 h of testing):

rmjes

res3iy = (15)

a144

The illustration of the MC upon absorption and des-

orption phase of the non-leached Scots pine sapwood
reference sample, together with other parameters calcu-
lated based on CEN/TS 16818 [32] is presented in Fig. 2.

Results and discussion

Decay test

Durability tests with basidiomycetes

Overall, the results from this study confirmed that the
WPG is a crucial parameter which correlates with the
decay resistance of chemically modified wood. As shown
in Fig. 3, each of the registered ML values were assigned
to a corresponding DC according to the durability clas-
sification against basidiomycetes following EN 350 [15]
and EN 113-2 [16]. Maximum ML registered for all
three tested fungi species was selected as a measure of
DC for each treatment level. In this study, the untreated
Scots pine sapwood control registered 27% and 43% ML
for tested brown rot fungi (R. placenta and C. puteana,
respectively) and 17% ML for investigated white rot
fungi (T versicolor). For treated specimens, the ML due
to incubation with R. placenta was in a range of 21-24%
and only the highest treatment experienced a reduced
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Fig. 2 Moisture content (MC) development over 144 h absorption
and 168 h desorption of water determined in a floating test
with the characteristic values: the initial moisture content (MC),
the MC after 144 of water absorption (MC, ,,) and after 168 h
of desorption (MCs,,), amount of absorbed moisture (a;,)
and released moisture (d;4g), as well as the remaining MC
after the floating test (rm, ) of the non-leached Scots pine sapwood
sample (Emmerich et al. [45], adapted)

fungal degradation in comparison to untreated control
with merely 5% ML. For the second type of tested brown
rot fungi the ML decreased as the WPG increased, from
26% (10% WPQG) to barely 2% ML (57% WPG). The ML
upon exposure to white rot fungi was overall low and
amounted to 6% (the lowest treatment level) and 3% for
all higher treatments.

The decay protection threshold required to achieve
the highest durability class (DC 1) against both studied
brown rot fungi (R. placenta and C. puteana) and white
rot fungi (T. versicolor) was 57% WPG. All other treat-
ments (WPG < 57%) were assigned to DC 4, due to a high
ML upon the exposure to R. placenta (Fig. 3). The other
type of tested brown rot, C. puteana, experienced more
pronounced correlation between the WPG value and
measured ML.

Overall, the study confirmed that the results for R. pla-
centa are in line with the previous durability studies on
SorCA-modified wood [11, 12], in which the WPG above
50% was claimed to provide a full protection against
this fungal strain (DC 1). In this particular case, both
EN 113-2 [16] (this study) and Bravery tests [14] (stud-
ies by [11, 12]) indicated the necessity of assuring high
WPG values (>50%) for reaching the DC 1. Neverthe-
less, despite the fact that this study found that different
specimen sizes and incubation times resulted in the same
durability class, it is important to consider that variations
in these parameters could yield different durability clas-
sifications [17].
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Fig. 3 Mean mass loss (ML) after 16-week incubation with the brown
rot fungi Rhodonia placenta (a) and Coniophora puteana (b)

and the white rot fungus Trametes versicolor (c) on a malt

substrate, after leaching according to the EN 84 standard [30]. The
following concentrations of the impregnation solution (in wt%)

were tested and are given on the x-axis: 10%, 20%, 30%, 50% and 0%
for the untreated reference. Beech and pine—virulence controls. The
number of specimens can be found in the test descriptions

According to the most widely accepted mode of decay
protection of chemically modified wood (moisture exclu-
sion via reduction of cell wall voids [26]), the enhanced
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durability of SorCA-treated wood is attributed to two key
factors: the cell wall bulking (CWB) and the cross-linking
of SorCA polyesters with wood polymers [7]. These pro-
cesses significantly limit the spatial availability for water
molecules in the wood cell wall, thereby impending the
diffusion of low molecular weight compounds, enzymes
and ions from hyphae in lumen. On the other hand, the
glass transition of hemicelluloses might have been altered
as a result of the modification, which could have contrib-
uted to the decay resistance. Furthermore, biopolyesters
like cutin and suberin, which are composed of long car-
bon-chains, are recognized as natural decay-protection
agents in plants [33, 34]. It is possible that SorCA poly-
esters may also function in a similar capacity, as they
might consist of very long carbon chains under favorable
conditions.

Based on the results of ML after 16 weeks of incuba-
tion, there is a clear indication of a difference in the
wood degradation mechanism by various types of brown
rot fungi. While brown rot fungi typically modify lignin
structure via depolymerization and rearrangements with-
out degrading it [35], the decay pattern of C. puteana has
some similarities to white rot fungi, as it erodes and thins
the cell wall and produces laccase, a lignin-degrading
enzyme [36]. However, since the activity of laccase has
also been noted for R. placenta [37], the presence of this
enzyme cannot solely explain the different degradation
mechanisms of R. placenta and C. puteana. Addition-
ally, and in contrast to the majority of brown rot fungi,
C. puteana produces cellobiose dehydrogenases, which
enhance the degradation of cellulose. This unique charac-
teristic introduces some uncertainty regarding its mode
of action and positions it at the boundary between brown
rot and white rot fungi related to its degradation mecha-
nism [38]. It has been also shown that certain secondary
metabolites may act as extracellular ferric ion reductants
in R. placenta. As this fungi species has an extensive set
of secondary metabolic genes, it may also facilitate the
enzymatic stage of decay [38] and lead to ML differences
between C. puteana and R. placenta.

On the other hand, it is worth considering that the
chemicals used for wood modification are not toxic in
use and do not inhibit fungal growth, allowing the colo-
nization of the timber under fungal attack [27, 39, 40].
Although the decay might be significantly delayed, the
fungus may eventually modify the environment and be
able to degrade wood [41]. The creation of such favora-
ble growth conditions may differ between fungal types or
strains, which could explain the less severe degradation
by C. puteana. However, this only holds true for higher
treatment levels (WPG>20%). In either way, further
investigations are needed to understand the difference in
decay rate among various types of brown rot fungi.
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It is interesting to note that yellow droplets were
observed in the Petri dishes of C. puteana and T. versi-
color for the collectives from high WPG values after the
basidiomycetes trial. Also, Beck [12] noted a presence
of such droplets for R. placenta. He suggested that this
droplet formation might be attributed to the “transloca-
tion of the hydrolysis products out of the wood sample”.
It appears, however, that these are the guttation droplets,
caused by a removal of water and dissolved substances
from the fungal tissue [42].

Moisture behavior

Short-term water uptake and release tests (according to
Meyer-Veltrup et al. [31])

As stated by Van Acker et al. [43]: “Additional to the
material resistance parameter ‘biological durability,
there is a need for a [service life prediction] classifica-
tion based on moisture dynamics” Therefore, this study
aimed to investigate the moisture behavior of identi-
cally treated specimens which underwent a biological
decay test according to EN 113-2 standard [16] and use
it to discuss the effect of wood—water interactions on the
biological durability. The short-term water uptake and
release test [31] showed an overall decrease of the lig-
uid water uptake (W24 ;- ion) @and water vapor uptake
(W24y) for all treated specimens in comparison to
the untreated controls, whereas the water vapor release
(W24,) increased for all tested collectives (Table 2).
After being stored above water for three weeks (before
the water vapor release stage), the MC of the untreated
collective was approx. 27%, while that of all treated col-
lectives was approx. 20%. This suggests a reduction in the
ESP of SorCA-modified specimens.

Corresponding studies on Scots pine sapwood modi-
fied with cyclic N-methylol (DMDHEU, mDMDHEU)
and N-methyl (DMeDHEU) compounds indicated a
decrease of all three W24 parameters [44] in compari-
son to the untreated reference samples. Similar to the
improved resistance against wood-destroying basidi-
omycetes, a decreased water uptake of treated speci-
mens might be attributed to a reduced spatial availability
for water molecules due to CWB and cross-linking. On
the other hand, the increased water vapor desorption
after SorCA-treatment might be related to the reaction
of SorCA polyesters with wood polymer constituents,
which modified the cell wall and, therefore, facilitated the
transport of water vapor outside the wood structure.

As expected, the wood—water interactions in treated
specimens were affected by cold-water leaching. Pre-
vious study of the DMDHEU modification system has
shown that non-fixed chemical components provide
additional sorption sites for water and increase water
sorption at certain RH levels [45]. In the present study,
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Table 2 Moisture content of tested specimens [(10x 5 X 100 (ax.)], after exposure to different moistening regimes and water release
during drying in the short-term water uptake and release test (according to Meyer-Veltrup et al. [31]) and capillary water uptake (CWU)

test

Treatment wt% Leaching’ W24, 4 ersion (%) W24, 000, gt (%) W24, ey (%) CWU (g/cm?)

SorCA

0 + 723+6.6 14110 2.73+0.30 0.201£0.060
- 69.5+7.7 146+1.0 2.75+0.34 0.199+0.034

10% + 615+3.8 10.8+0.6 3.02+0.08 0.050+0.014
- 558+24 93+05 3.03+0.12 0.023£0.006

20 + 520+17 102£0.7 3.38+0.10 0.050+0.014
- 475+19 94+05 342+0.11 0.016£0.008

30 + 41.2+38 7.7£05 3.70+0.11 0.023+£0.013
- 355436 7.1+0.7 3.75£0.13 0.007 +0.005

50 + 225+6.0 6.4+0.7 4.60+£0.11 0.021+£0.012
- 15.2+4.1 54+08 4.65+0.08 0.003+0.002

! +leached according to EN 84 [30]; —not leached

water uptake increased after leaching, presumably due to
the greater availability of space for water molecules in cell
wall matrix and lumen. Surprisingly, however, the leach-
ing did not affect the water vapor release (W24,,), which
cannot be explained based on our current knowledge.

Capillary water uptake (CWU) test

As wood macropores are open in the cross-section [46],
the easiest way to measure CWU of wood is by sub-
merging the end-grains in water. In the present study, all
tested collectives experienced a considerable decrease
in the CWU in comparison to the untreated refer-
ence (Table 2). Similar decreases in the CWU were also
observed in wood modified with cyclic N-methylol and
N-methyl compounds [44]. Although the leaching pro-
cedure caused higher uptake of liquid water, it was still
lower than that of the untreated control. This is because
the SorCA-modification process fills the wood cell wall
matrix with polyesters and creates a dimensionally con-
fined, cross-linked network that reduces water uptake,
even in the capillaries along the cross-section. Fur-
thermore, the CWU decreased with increasing chemi-
cal loading (WPG@), as seen in both liquid water uptake
(W24 mersion) and vapor water uptake (W24 qo). This is
presumably due to the higher content of SorCA polyes-
ters and their denser, cross-linked network in the wood
macro-voids at higher treatment levels.

Liquid water uptake and water vapor release—CEN/TS 16818
[32]

Liquid water uptake and water vapor release were further
tested in a standardized test procedure CEN/TS 16818
[32]. This test was initially designed to be used together
with fungal decay test data and as a procedure for service

life predictions for certain wooden substrates [43]. The
MC development upon the water absorption and des-
orption can be followed in Fig. 4 (a and b for floating;
¢ and d for submersion test). In general, it can be seen
that SorCA-modification critically decreased an average
MC of each collective and this decrease was more pro-
nounced for the higher WPG values. A decrease in MC
(at high RH values) in comparison to untreated reference
was already reported for SorCA-treated wood measured
in the dynamic vapor sorption (DVS, [7]). After leaching,
as expected based on the W24 and CWU tests, the mean
MC increased, but was still considerably reduced when
compared to untreated control.

The standard parameters according to the CEN/TS
16818 [32] were calculated and summarized in Tables 3
(floating test) and Table 4 (submersion test). For both
tests, a decrease in remaining moisture after 144 h water
uptake (a;,,) and 168 h of water vapor release (d;4g), as
well as after 144 h uptake and 168 h release (rm,qg) was
observed after the SorCA-treatment. Only the residue as
a percentage of the absorbed moisture (res;;,) increased
after the SorCA treatment. This decrease (or increase) of
the mentioned parameters was overall proportional to the
WPG value of the collective. The determined parameters
(21440 digg M, eg) Were still lower than those of untreated
reference after the cold-water leaching, though, the
decrease was less pronounced. Even when the additional
mass of the impregnation chemicals was considered and
the corrected MC (MC, 44, and MCj,5..,) calculated, the
advantage of the modification was still significant. Never-
theless, due to a very low water desorption in comparison
to absorption for both tests, the residue as a percentage
of the absorbed moisture (res;;,) was significantly higher
for treated specimens than for untreated reference.
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Fig. 4 Moisture content (MC) development over 144 h absorption and 168 h desorption of water determined in a floating (a, b) and submersion (c,
d) tests of non-leached (a, €) and leached (b, d) specimens

Table 3 Moisture content at the end of absorption (MC,,,, %) and desorption cycle (MCs;,, %), amount of absorbed moisture after
144 h (a144 %), amount of desorbed moisture after 168 h (d; ¢ %), residual moisture content (rm; g, %), residue (ress;,, %) in floating
tests [(25x 50 x 50 (ax.)] according to the CEN/TS 16818 standard [32]; n/a—not applicable

Treatment  Leaching' MC,,, (%) MCiscor (%) MGCs4, (%) MGC;1500r (%) @144 (%) dygg (%) rm; g (%) res;;, (%)
wt% SorCA
0 + 6933+465 n/a 22.12+045 n/a 58451459 4722+453 11.24+£053 1931+154
- 5929+692 n/a 20.88+147 n/a 49.06+6.99 3841£571 1064£159 21.77+£1.76
10 + 4720+£760 52.82+848 2391+£345 26761384 3827+7.63 23281467 1499+£346 39.02+357
- 30.04+£444  33.85+£491 1549+£220 1746%243 2233+£438 1455£240 7.78+2.14  3443+£354
20 + 3233+486 40.85+6.12 19.10+£320 24134403 2422+475 1323£178 1099+£3.10 44.83+3.76
- 2247+146  2870+1.83 1348+096 17.23+£1.18 15.56+1.34 8.98+£0.60 6.58+0.85 42.15+233
30 + 23.83+£405 33.66+5.64 1544£259 21.81+3.61 15.71£4.10 839+1.54 732+265 4543+552
- 1683+£291  2381+4.15 1090+£1.39 15424197 10.64+2.90 593+1.53 471£139  4407+154
50 + 19.00£4.19  3293+7.19 1435£291  24.87+499 11.0+£4.17 465+£133 635+2.89 56.07+6.30

- 10.63+£0.79  1852+1.46 890+045 2550+085 3.80+0.68 1.73+0.36 207+034 5460+279

' +leached according to EN 84 [30]; —not leached



Kurkowiak et al. Journal of Wood Science (2023) 69:34

Page 10 of 13

Table 4 Moisture content at the end of absorption (MC,,,, %) and desorption cycle (MCs;,, %), amount of absorbed moisture
after 144 h (a;44, %), amount of desorbed moisture after 168 h (d;¢g %), residual moisture content (rm,4g, %), residue (ress;,, %) in
submersion tests [(25x 50 % 150 (ax.)] according to the CEN/TS 16818 standard [32]; n/a—not applicable

Treatment  Leaching' MC,,, (%) MC, 4ac0r (%) MC5,4, (%) MGC;1o00r (%) @144 (%) d;gs (%) rm;¢s (%) res;;, (%)
wt% SorCA
0 + 64.29+2.08 n/a 2763+£297 n/a 5587£2.17 3666+358 19.21£3.04 3441+550
- 69.75+1.80 n/a 23524530 n/a 5960£1.79 4623+521 1337£529 2240+8.71
10 + 4992+871 56.07+952 2482+497  27.79+546 42.17+852  2510+484 17.07+477 40.10£6.65
- 3941£347 43.95+352 17.24+£228 19231245 3237+£344 2217+£241 1020£223 31.37+£535
20 + 4158+570 5238+6.83 2405£451  30.22+5.37 3432550 1754+478 16781427 49.14+932
- 2740£1.81 3526+2.25 13.60£1.07 1751+£1.28 2134£162 13.79+0.85 755094 3528+2.14
30 + 33.81+£436 47.80+6.00 2139+161 30.28+2.21 2858+273 1361+£1.09 1497+189 5226+2.50
- 19.73+153  28.06+2.08 11.23+1.11  1596+143 1350127  850+065 500+0.88 36.88+3.61
50 + 1955+£275 3475+5.76 13.00£1.87 2343+3.89 15.02+237 6.56+£0.92 846+153 56.15+241
- 13.74+1.74  2461£322 9.70£1.68 17.37+3.03 949+1.73 4.04+0.89 546+£167 56.71+£10.51

! +leached according to EN 84 [30]; —not leached

Emmerich et al. [45] reported a decrease in several
tested parameters, except for rm;qg for submersion and
resy;, for floating and submersion, in DMDHEU-treated
Scots pine sapwood. They also found that overall, sub-
mersion resulted in higher water uptake than the float-
ing test. This was also observed in our study and can
be explained by the test setup, as previously noted by
Brischke et al. [47]. During absorption, water uptake is
higher in the submersion test as the sample is in direct
contact with water on both non-sealed surfaces. Then,
during the desorption stage, water is released from both
sides exposed to water, whereas for floating specimens,
water can only be released from the one submerged side.
As a result, moisture gradually moves from the sub-
merged to the dry side, becoming located in the inner
part of the specimen instead of evaporating.

Mode of protective action against decay

Several studies (e.g., [18, 27, 48]) have demonstrated a
correlation between moisture behavior and decay resist-
ance of wood, particularly when it is subjected to a
modification treatment. In chemically modified wood,
reducing the MC of the cell wall is the primary factor
contributing to increased decay resistance. To increase
biological durability against wood-destroying basidiomy-
cetes, bulking agents must be introduced into the wood
cell wall. Once the bulking threshold is reached (which
varies depending on the wood and fungi species), the
moisture exclusion level rises to a point where the wood
is protected against decay [49]. Papadopoulos and Hill
[50] also indicated that decay protection is based on the
degree of the CWB; however, they did not mention a
specific CWB threshold. In the present study, we found
that a WPG of 57% was necessary to achieve the highest

decay protection. Based on previous investigations [51],
this corresponds to a CWB of approximately 11%. This
high value is reflected by a substantial reduction in liquid
and vapor water uptake. Predicted on the same publica-
tion [51], the following CWB values were obtained for
the treatment with lower concentrations of the impreg-
nation solutions (expressed as wt%): 3.5% (10%), 6.5%
(20%) and 8.5% (30%).

It is important to emphasize that only filling the cell
wall with chemicals may result in long-term decay pro-
tection. Wax-based treatments, which only fill the lumen
and do not change wood chemistry, have been shown to
delay decay onset but eventually fail to provide long-term
decay protection during outdoor exposure [52]. This is
because the wax treatment creates a firm barrier in the
lumen and on the surface of wood specimens, which
can temporarily act as a moisture repellent and hinder
the diffusion of wood-degrading enzymes from fungal
hyphae to the cell wall matrix [52].

The study by Brischke and Melcher [53] investigated
the limited durability of wax-treated wood when exposed
to outdoor conditions. They conducted tests in lap-joint
(UC 3.1, no water accumulation) and double-layer (UC
3.2, water may accumulate) configurations to compare
the above-ground performance according to the EN 335
standard [54]. Their findings indicated that wax-treated
wood had lower durability in the double-layer test due to
moisture trapping. While filling wood macropores inhib-
ited decay, it was not sufficient to inhibit fungal degrada-
tion when water accumulated over time.

Further investigation showed that fungi could colonize
and degrade wood below the FSP if a moisture source
was present in the vicinity [55], or even in the absence of
available liquid water [56]. This raises questions about the
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mechanism of intra-cell-wall diffusion of fungal metabo-
lites. Recent research demonstrated that when the MC
of wood reached 10-15%, hemicelluloses passed their
glass transition, facilitating Fickian diffusion between
fungal hyphae and the wood cell wall matrix, even in the
absence of liquid water [23]. This could explain why fun-
gal degradation of SorCA-modified wood could still pro-
ceed despite a high moisture exclusion and a significant
decrease of the FSP. Furthermore, the diffusion constant
varies depending on the type of ion, which could explain
the difference in decay rate for different fungal species
that release slightly different ions.

The findings presented in this study clearly demon-
strate variations in the rate of biological degradation, not
only between white rot and brown rot, but also within
different species of brown rot fungi. It has previously
been suggested that these differences could be attributed
to variations in the enzymes and secondary metabolites
produced by the fungi. Riley et al. [38] emphasized that
the traditional classification into brown rot and white rot
does not align with how fungi degrade wood and acquire
nutrients. Moreover, there is a scarcity of research on
the precise progression of the CMF (chelator-mediated
Fenton) stage during brown rot decay in different fun-
gal species. Recent studies have shed light on the forma-
tion of CMF constituents in Gloeophyllum trabeum and
their interaction with lytic polysaccharide monooxy-
genase (LPMO), a type of carbohydrate-active enzyme
[57]. Interestingly, Umezewa et al. [58] investigated gene
expression patterns in Gloeophyllum trabeum exposed
to different lignocellulosic media, such as cellulose and
untreated wood. It was observed that the expression lev-
els of genes varied depending on the growth substrate.
Furthermore, specific gene expression pathways must
be active to facilitate the CMF reaction in this particular
fungal species [58]. SorCA-modified wood, being a dis-
tinct growth substrate for fungi, could potentially impact
gene expression in the tested Basidiomycetes, impeding
the non-enzymatic stage of brown rot decay. It should be
also considered that both citric acid and sorbitol, as well
as citric acid- and sorbitol-based compounds are highly
effective chelating agents [59, 60]. Consequently, they
may compete with oxalate (also a potent chelating agent)
for iron at the non-enzymatic decay stage [35]. In theory,
the chelation of iron by impregnation chemicals or their
esters could potentially stimulate excessive production
of oxalate by fungi. The impact of this phenomenon on
the decay rate cannot be definitively determined with
our current understanding. However, a recent study [61]
demonstrated the binding of oxalate to p-glucan, a com-
ponent of the fungal extracellular matrix, and revealed
the formation of a hydrogel with varying viscosity. The
study further revealed that the concentration of oxalate
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affects the diffusion of fungal metabolites with higher
molecular weights. If an excessive amount of oxalate is
formed, e.g., when it competes with impregnation chemi-
cals and their esters, it could potentially impede decay.

The present study emphasizes the dynamic nature
of wood MC, which is influenced by processes such as
adsorption, diffusion, capillary condensation and desorp-
tion [62]. Impregnation chemicals deposited in the cell
wall matrix cause bulking and reduce the space available
for water molecules. Thus, a decrease in liquid and vapor
water uptake was observed in this study, which delayed
or even inhibited decay. Moreover, the SorCA treatment
might have changed the glass transition of hemicellu-
loses, inhibiting the diffusion of ions to the cell wall at the
exposure conditions [23].

Conclusions

In this study, the effect of a sorbitol and citric acid
(SorCA) modification on the biological durability of
Scots pine sapwood specimens exposed to brown rot (C.
puteana, R. placenta) and white rot (T. versicolor) fungi
according to the EN 113-2 standard [16] was investigated.
In general, only the highest treatment level (WPG=57%)
provided a decay protection corresponding to DC 1 [15].
It confirmed the findings of the previous studies stating
that high SorCA loadings are required for a full decay
protection. The observed differences in the correlation
between WPG and ML caused by C. puteana and R. pla-
centa were attributed to variations in the enzymatic decay
mechanisms plus the enzymes themselves and secondary
metabolites produced, to changes in gene expression or
to fluctuations in oxalate concentration. The moisture
dynamics investigation revealed that increasing treat-
ment levels (higher WPG values) led to decreased liquid
and water vapor uptake of wood, resulting in lower MLs
upon fungal exposure. This increased decay protection of
SorCA-modified wood might be explained by the com-
bined effect of CWB and cross-linking of SorCA polyes-
ters within the wood matrix. These processes ultimately
reduce the spatial availability for water, inhibiting fungal
degradation, even if fungal hyphae successfully colonize
the cell lumina. We discuss these phenomena in terms
of protection against decay in modified wood, based on
recent literature studies.

Abbreviations

SorCA  Sorbitol and citric acid

NIBIO  The Norwegian Institute of Bioeconomy Research
CA Citric acid

WPG Weight percent gain
DC Durability class

MC Moisture content
FSP Fiber saturation point
RH Relative humidity

ML Mass loss
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