Wood Science and Technology (2021) 55:1531-1554
https://doi.org/10.1007/500226-021-01303-8

ORIGINAL

®

Check for
updates

Comparative studies on the durability and moisture
performance of wood modified with cyclic N-methylol
and N-methyl compounds

Lukas Emmerich'® . Alexander Ehrmann' - Christian Brischke - Holger Militz'

Received: 26 February 2021 / Accepted: 15 May 2021 / Published online: 8 June 2021
© The Author(s) 2021

Abstract

Glyoxal-based condensation resins like 1,3-dimethylol-4,5-dihydroxyethyleneurea
(DMDHEU) have been used to modify wood and improve its resistance against
decaying fungi. High biological durability of DMDHEU-treated wood has already
been confirmed in laboratory and field tests in the past. However, the modes of pro-
tective action behind an improved decay resistance are not fully understood yet.
Furthermore, it is questionable how the use of formaldehyde-poor N-methylol and
formaldehyde-free N-methyl compounds instead of DMDHEU affects the mois-
ture behavior and durability, respectively. In this study, wood blocks were treated
with N-methylol (DMDHEU, methylated DMDHEU) and N-methyl compounds
(1,3-dimethyl-4,5-dihydroxyethyleneurea; DMeDHEU). Untreated and modified
specimens were exposed to different moisture regimes and wood-destroying fungi
in order to study the indicators that control changes in the wetting ability and decay
resistance. Both N-methylol and N-methyl compounds decreased the water uptake
and release and increased the durability of Scots pine sapwood from ‘not durable’
(DC 5) to ‘very durable to durable’ (DC 1-2). However, high fluctuations were
observed in water uptake and release as well as mass loss (ML) caused by fungal
decay, when modified specimens were tested without passing through a cold-water
leaching. Consequently, a significant effect of the leaching procedure according
to EN 84 on the durability classification could be established. The latter appeared
more pronounced for treatments with N-methyl compounds compared to N-methylol
compounds. Finally, wetting ability (k,,) and resistance indicating factors (k;,,) ena-
bled a forecast of high biological durability for both treatments with N-methylol and
N-methyl compounds under real service life conditions.
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Introduction

Non-biocidal, reactive chemicals have been used to modify wooden cell walls (Hill
2011; Gérardin 2016; Sandberg et al. 2017; Jones and Sandberg 2020) and improve
its resistance against wood-destroying organisms (Brelid and Westin 2007; Rowell
2012, 2014; Meyer et al. 2012; Alfredsen et al. 2013; Emmerich et al. 2020a). In
this field of ‘chemical wood modification’, glyoxal-based condensation resins such
as 1,3-dimethylol-4,5-dihydroxyethyleneurea (DMDHEU, Fig. 1) were also used
to modify wood and improve its dimensional stability and decay resistance (Militz
1993; Krause 2006; Bollmus 2011). The latter has been demonstrated during labora-
tory (Ritschkoff et al. 1999; Krause 2006; Schaffert 2006; Verma et al. 2009; Boll-
mus 2011) and field decay tests (Emmerich et al. 2020a). The modes of protective
action of DMDHEU treatments, which render an improved decay resistance, are not
fully understood, yet. However, the decay resistance of modified wood is expected to
be influenced by a number of determinants, such as the fixation and location of the
chemical within the hierarchical structure of wood and its effect on moisture uptake
and moisture distribution within the impregnated xylem. In particular, the fixation
and location of the glyoxal resins appear to be influenced by the amount of formal-
dehyde and the type of catalyst (Krause 2006). To which extent the formaldehyde
content of the resin and the added catalyst affect the decay resistance and moisture
performance has not yet been clarified and has to be demonstrated.

Besides its original application in textile finishing (Tomasino 1992; Schindler
and Hauser 2004; Naderpour et al. 2009), DMDHEU and its derivates have been
used for impregnation modification of wood (Emmerich et al. 2019). DMDHEU
monomers are manufactured during the synthesis of urea, glyoxal and formalde-
hyde, with two hydroxymethyl groups (~CH,—OH) being the reactive functional
groups of this water-soluble molecule. In padded fabrics, the reaction of the hydrox-
ymethyl groups with hydroxyl (OH) groups of adjacent DMDHEU monomers (self-
condensation) or OH groups of cellulose via ether bonds (co-condensation) were
reported as reaction mechanisms during curing at elevated temperatures (Dhiman
and Chakraborty 2017). Ether-modified DMDHEU (mDMDHEU, Fig. 1) mono-
mers can be created by reaction with methanol (CHj;) or diethylene glycol (C,H,,05)
and were presented to reduce formaldehyde release (Holme 1993). Compared to
DMDHEU, mDMDHEU molecules exhibit lower monomer reactivity (Andrews
and Trask-Morrell 1997). Beyond that, zero-formaldehyde N-methyl compounds
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Fig. 1 Structural formula of DMDHEU (a), methylated DMDHEU with R=H or R=CHj; (b) and
DMeDHEU (¢, Schindler and Hauser 2004, adapted)
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(N,N'-dimethyl-4,5-dihydroxyethyleneurea (DMeDHEU, Fig. 1) can be synthesized
from glyoxal and N,N’-dimethylurea. In comparison with the N-methylol compounds
(DMDHEU, mDMDHEU), formaldehyde emissions can be eliminated by the use of
DMeDHEU. However, a lower fixation of the DMeDHEU molecules is expected,
resulting from steric hindrance and lower reactivity of the ring hydroxyl groups
(-OH) in the 4,5 position, compared to the hydroxymethyl groups (~CH,—OH) of
the N-methylol compounds, which makes the reaction with the OH groups of cel-
lulose less likely (Jung et al. 1969; Frick 1985, 1986; Bajaj 2002). Nevertheless,
an appropriate catalyst may boost the reactivity, thus fixation of zero-formaldehyde
DMeDHEU (Paul 2014).

During a vacuum-pressure impregnation with an aqueous solution of DMDHEU
and its derivates, the resin molecules enter the water-swollen wood cell wall (Krause
et al. 2003; Emmerich and Militz 2020). A subsequent curing at elevated tempera-
tures (> 100 °C) removes the solvent (water) and fixates the resin inside the wooden
matrix (Schaffert 2006). The reaction mechanisms, which lead to an irreversible fix-
ation in wood, were suggested to be similar to cellulose-based fabrics (Krause et al.
2003; Emmerich et al. 2020b). Wood specimens experience an increase in dry mass
(‘weight percent gain,” WPG) and dry dimension, which is commonly denoted as
‘cell wall bulking’ (CWB) and an indicator for deposition of resin molecules inside
the cell wall, filling the space between cell wall matrix polymers (Krause 2006;
Emmerich and Militz 2020). At high chemical loading (WPG), resins may also be
deposited in the cell lumen (Krause et al. 2003; Emmerich et al. 2020b).

DMDHEU and mDMDHEU treatments of wood can significantly improve the
resistance against wood-destroying fungi (Militz 1993; Krause 2006; Schaffert
2006; Verma et al. 2009; Bollmus 2011). A variety of decay tests with small clear
and homogeneously treated specimens confirmed that N-methylol compounds have
potential to improve the durability of non-durable wood species (durability class
5, DC 5) to a level which corresponds to DC 1-2, i.e., ‘very durable’ to ‘durable’
(EN 350, 2016). Furthermore, field tests with larger DMDHEU-treated wood speci-
mens revealed a significantly improved decay resistance under different exposure
conditions (Emmerich et al. 2020a). However, the effect of a DMDHEU treatment
varied between different wood species. While DMDHEU-treated Scots pine sap-
wood appeared sound after nine years of exposure, an interior rot (decay rating 4,
EN 252, 2015) was detected in DMDHEU-treated beech specimens, while outer
regions of the specimens appeared sound. This was attributed to an inhomogene-
ous penetration and uneven distribution of reacted DMDHEU after curing, rather
than minor potential of the DMDHEU treatment to improve the decay resistance of
wood. Emmerich et al. (2021) showed that hyphae of wood-destroying fungi were
able to grow through a protected zone (i.e., through modified wood) and keep their
ability to degrade adjacent untreated wood.

Recent studies discussed different modes of protective action against wood-
destroying fungi in chemically modified wood, as they are expected to be neither
of toxic nature for the fungus nor to affect the decay mechanisms of the fungus irre-
versibly. Rowell et al. (2009) suggested that the reduced cell wall moisture content
(MC) in modified wood is inhibiting fungal decay. Further analysis of the brown
rot decay resistance in DMDHEU-treated wood indicated that moisture exclusion
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caused by reductions in the wood cell wall void volume is a key parameter, which
delays the start of wood decay (Ringman et al. 2014). Hence, micropore blocking
and a reduced number of accessible OH groups may affect the degradation rate of
decay fungi, after decay is initiated (Hill 2009; Ringman et al. 2014). Alfredsen et al.
(2015) analyzed MC levels in modified wood during decay testing. Although MC
was high enough to allow fungal infestation, no mass loss (ML), respectively decay,
occurred. Hence, it was concluded that the moisture distribution in the wood cell
wall and the accessibility of water around fungal hyphae were the decisive param-
eter affecting fungal decay. Fungal decay might decrease with increase in chemical
deposits inside the cell walls. For DMDHEU and its derivatives, higher cell wall
deposits had been reported with decreasing formaldehyde content of the resin mole-
cules (DMeDHEU > mDMDHEU > DMDHEU; Krause et al. 2003). However, zero-
formaldehyde DMeDHEU had not yet been tested to improve the decay resistance of
wood, as the fixation was found to be significantly lower compared to the N-meth-
ylol compounds DMDHEU and mDMDHEU.

The present study aimed to investigate how cell wall modification with DMDHEU
and its derivatives affects the wetting ability and decay resistance of wood. In par-
ticular, the impact of (1) the formaldehyde content and (2) the type and amount of
catalyst on the biological durability of wood was analyzed after treatment with gly-
oxal-based resins. Durability test data were collected from tests with treated speci-
mens before and after a cold-water leaching, to quantify the effect of mass changes
by non-fixated chemicals on the durability assessment. Laboratory indicators were
used to predict the performance of the tested materials outdoors on the basis of a
dose-response resistance model according to Meyer-Veltrup et al. (2017).

Materials and methods
Wood material and treatment process

Scots pine sapwood (Pinus sylvestris L.) with an average density of
0.46 (+0.03) g cm™ was used for the experiments. Prior to the treatments, speci-
mens of 25X 15x50 mm® and 10x5x 100 mm® (radial x tangential x longitudi-
nal) were oven-dried at 103+2 °C for 48 h. The initial dry mass and dimensions
were measured before oven-dry specimens were treated with aqueous solutions of
1,3-dimethylol-4,5-dihydroxyethyleneurea (DMDHEU), methylated DMDHEU
(mDMDHEU) and 1,3-dimethyl-4,5-dihydroxyethyleneurea (DMeDHEU, Fig. 1).
Treatments were performed in order to analyze the effect of (1) the modifying agent
and its ring hydroxymethyl (-CH,~OH) and hydroxyl (~OH) groups’ reactivity and
(2) of the catalyst added to the modifying agent on the moisture behavior and bio-
logical durability of wood.

For testing the impact of the different formaldehyde containing agents,
DMDHEU, mDMDHEU (ultra-low formaldehyde) and DMeDHEU (formaldehyde-
free) solutions were diluted with water to solid contents of 20%.

Based on experiences from previous studies (e.g. Krause et al. 2003; Krause 2006),
metal salt catalysts were considered for the treatments solely. This was done to avoid
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an undesired decrease in the pH of the treatment solutions, as observed with acidic
catalysts, which resulted in a remarkable degradation and depolymerization of the cell
wall polymers when impregnated wood blocks were exposed to elevated temperature
during the fixation phase (Xie et al. 2005). Magnesium chloride (MgCl,) has been rec-
ommended and intensively analyzed as catalyst for the DMDHEU treatment process
(Krause 2006). However, chlorides may trigger dioxin production during the combus-
tion process of modified wood at the end of life cycle. Thus, this study investigated
magnesium and copper nitrate as alternative catalysts. Magnesium nitrate (Mg(NO5),),
magnesium chloride (MgCl,) and copper nitrate (Cu(NO;),) were added to the treat-
ment solution, in a concentration of 1% related to the added stock solution of the
N-methylol and N-methyl compounds. The effect of the catalyst concentration was
tested with DMDHEU, which was further mixed with all three catalysts at 2 and 5%
related to the added stock solution (Table 1).

Oven-dry specimens were impregnated with the treatment solutions (Table 1) by
applying a vacuum (5 kPa) for 1 h, followed by an over-pressure phase at 1200 kPa for
2 h. Fully impregnated specimens were removed from the treatment solution and stored
at room climate for 168 h, followed by a subsequent curing at 120 °C for 48 h. The dry
mass and dimensions of the treated specimens were recorded after heat curing. Weight
percent gain (WPG [%]) and cell wall bulking (CWB [%]) were calculated according to
Egs. 1 and 2.

(Mg — minitial)l
m

WPG 00 (1)

initial

WPG weight percent gain after impregnation and heat curing at 120 °C [%]; m
initial dry mass of untreated wood; mg,, dry mass after treatment [g].

(Aﬁnal - Ainitial) 1

initial

initial

CWB = 00 @)

CWB cell wall bulking after impregnation and curing at 120 °C [%]; A;;, initial dry
cross-sectional area (radial x tangential) of untreated wood [mm?]; A, dry cross-
sectional area (radial X tangential) after treatment [mm?].

Half of the specimens per treatment collective (n=24 (25x15x50 mm’,
radial X tangential X longitudinal); n=10 (10x5x100 mm?, radial x tangential x lon-
gitudinal)) underwent a cold-water leaching with deionized water according to EN 84
(2020). Leached specimens were dried at ambient conditions for 168 h followed by
drying at 103 °C until constant mass (moisture content (MC)=0%). The dry mass and
dimensions after leaching were measured, and WPG and CWB after leaching were cal-
culated according to Egs. 1 and 2.
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Table1 Weight percent gain (WPG) and cell wall bulking (CWB) of the modified specimens
(25% 1550 mm?, radial x tangential x longitudinal) after heat curing and cold-water leaching according
to EN 84 (2020)

Catalyst WPG (%) CWB (%)

Type Conc. (%) After curing After leaching After curing After leaching

Untreated reference

- - - -0.9(x0.2) - 0.3 (+£0.2)
DMDHEU
Mg(NO;), 1.0 33.6 (£2.0)° 324 (+3.4) 5.4 (£0.5)° 5.3 (+0.6)
2.0 37.9 (£2.1)*° 35.4 (£3.7) 5.0 (£0.3) 52 (+0.7)
5.0 36.7 (£2.2)° 34.2 (£2.3)° 4.7 (£0.6) 4.9 (+0.4)
MgCl, 1.0 34.9 (£2.7)° 332 (x2.4) 5.4 (x0.4)° 5.7 (£0.4)°
2.0 31.8 (£ 1.1)*° 32.3 (£2.7) 4.5 (£0.4)*° 5.1 (£0.6)°
5.0 34.8 (£1.8)° 31.6 (£2.5) 4.7 (£0.3)° 4.7 (£0.4)°
Cu(NO;), 1.0 35.1 (£2.9) 33.7 (£2.0) 5.0 (+0.3) 5.5 (+0.3)°
2.0 35.9 (£2.7) 34.0 (£2.3) 4.8 (£0.6) 49 (£0.3)°
5.0 34.9 (£2.8) 34.9 (+1.8) 5.0 (+0.6) 5.0 (+0.8)
mDMDHEU
Mg(NO;), 1.0 342 (£2.1) 32.1 (£3.0) 6.6 (£0.8)° 5.6 (+0.5)
MgCl, 34.0 (+1.6) 30.8 (+1.0)° 6.4 (£0.4)° 6.0 (+0.4)
Cu(NO;), 37.0 (+4.1) 31.8 (£2.7) 6.2 (£0.4)° 5.6 (+0.7)
DMeDHEU
Mg(NO5), 1.0 33.6 (£2.8) 15.2 (£ 1.3)*¢ 9.7 (£0.6)*¢ 5.8 (£0.5)
MgCl, 26.2 (+1.0)%° 11.6 (£0.4)*¢ 9.8 (+£0.3)*¢ 5.1 (£0.4)*¢
Cu(NO3), 31.7 (£2.1)%¢ 12.7 (£ 1.0)* 8.9 (£0.4)*¢ 5.0 (£0.4)*¢

Average values based on 24 replicates are displayed and standard deviations are shown in parentheses.
Letters indicate significant differences (significance level: p<0.001) with ‘a’: significant differences
between different catalysts at identic concentration level for one specific modification chemical, ‘b’: sig-
nificant differences between different catalyst” concentrations for one specific catalyst and modification
chemical and ‘c’: significant differences between mDMDHEU or DMeDHEU treatments to DMDHEU,
combined with identic catalyst systems and concentrations

W24-tests (24 h water uptake and release tests)
Liquid water uptake by submersion

Specimens of 10x5x100 mm?® (radial X tangential X longitudinal) were oven-
dried at 103 °C until constant mass (MC=0%). The dry mass was determined
to the nearest 10~ g. Oven-dry specimens were submerged in a sealed plastic
container with deionized water. The plastic containers were placed in a climate
chamber at 20 °C, 65% relative humidity (RH; ‘normal climate’). During sub-
mersion, specimens were separated from each other by square-shaped stainless-
steel meshes. The specimens were removed after 24 h of submersion and weighed
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again. The liquid water uptake of the specimens (W24
and the resulting MC was calculated following Eq. 3.

submersion) Was determined,

(msu merged — 1% )
w24 -~ submerged 707400 3)

submersion
m

W24 pmersion 1iquid water uptake during 24 h submersion [%]; m, oven-dry mass

before submersion [g]; Mg pmergeq Mass after 24 h of submersion [g].

Water vapor uptake in water-saturated atmosphere

Specimens of 10x5x 100 mm? (radial x tangential x longitudinal) from liquid
water uptake testing (W24 pmersion) Were again oven-dried at 103 °C until con-
stant mass. The oven-dry mass was determined to the nearest 10~> g. The bottom
of a miniature climate chamber (sealed plastic container with stainless-steel per-
forated plates) was filled with 5 1 deionized water. Wood specimens were placed
on stainless-steel plates above the water, with a distance of ca. 5 mm between
them. The containers were stored in a climate chamber at 20 °C, 65% RH, and
specimens were removed and weighed again after 24 h. The water vapor uptake
of the specimens (W24gyc-100%rn) Was determined and the resulting MC was cal-
culated according to Eq. 4.

(Mgycio0%rE = o)
W24gvc~100%rE = 100 “)
My
W245mc-1009ru Water—vapor uptake during 24 h exposure above water [%]; my
oven-dry mass before exposure [g]; mgyc.jgoery Mass after 24 h exposure above

water [g].

Desorption

After the water vapor uptake test, specimens of 10x5x 100 mm?® (radial X tangen-
tial X longitudinal) were stored in sealed containers above water at 20 °C (approxi-
mately 100% RH) until constant mass. The mass at approx. cell wall saturation
(CWS) was determined to the nearest 107> g. Specimens were placed with the
10x 100 mm? surface on freshly activated silica gel in sealed boxes (approx. 0%
RH) and weighed again after 24 h. The water vapor release (desorption) of the speci-
mens during 24 h was determined and expressed as a relative value of the mass at
CWS according to Eq. 5.

(Mews — Myic~ozru) 100

(&)

W24y ooru = m
CWS

W24 \ic_oqru Water—vapor release during 24 h exposure at nearly 0% RH [%]; mcws
mass at CWS [g]; myc-gqry Mass after 24 h exposure over silica gel [g].
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Capillary water uptake tests (CWU)

Short-term water absorption was measured according to a modified EN 1609 (2013)
procedure using a hydraulic lifting unit. Specimens of 10x5x20 mm?® (radial X tan-
gential X longitudinal) were conditioned at 20 °C, 65% RH until constant mass was
achieved. The axial specimen surfaces were positioned to be in contact with water and
fixed. After 200 s, specimens and liquid surface water were removed and the specimens
weighed to the nearest 10~ g. The capillary water uptake was determined over time in
g/em? according to Eq. 6.

CWU = M0 s _Am()s% RH ©)

CWU capillary water uptake during 200 s [g/cm?]; My ¢ mass after 200 s in contact
with water [g]; mgs5, g Mass at 20 °C/65% RH [g]; A cross section of specimens at
20 °C/65% RH [cm®].

Durability tests according to EN 113-2 (2021)

Untreated and modified specimens were subjected to decay tests with basidiomycete
monocultures according to EN 113-2 (2021). Prior to incubation, the oven-dry mass of
the specimens was determined. Scots pine sapwood and European beech (Fagus syl-
vatica L.) specimens of 25x 15x50 mm?® (radial X tangential X longitudinal) served as
virulence control. After steam sterilization at 121 °C for 20 min, two specimens of the
same material were placed on fungal mycelium in a culture vessel (polyethylene jars).
For each material n=12 replicate specimens (6 plastic cups) were incubated corre-
sponding to the WPG levels shown in Table 1. The specimens were placed on stainless-
steel washers to avoid direct contact to the overgrown malt agar (4%). The incubation
period was 16 weeks. The following test fungi were used:

e Coniophora puteana (Schum.:Fr.) P. Karsten BAM Ebw.
o Trametes versicolor (L.:Fr.) Pilat CTB 863A

After incubation, specimens were cleaned from adhering mycelium. Specimens
were weighed to the nearest 10~ g immediately after harvest and after oven drying at
103+2.0 °C until constant mass (MC=0%). Mass loss (ML) and MC of the materials
were determined according to Eqgs. 7 and 8.

my — m;
ML = ( 0 1,0) 100 (7)
Mg
MC = M]OO (8)
My

ML mass loss after decay testing [%]; MC moisture content after 16 weeks incuba-
tion [%]; my initial oven-dry mass before incubation [g]; m; mass after incubation
[g]; m; oven-dry mass after incubation [g].
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Durability assessment

The durability of modified specimens against white rot and brown rot fungi was cal-
culated as the quotient (x-value, CEN/TS 15083-2, 2005) of the median ML of the
modified specimens and the median ML of the untreated Scots pine sapwood speci-
mens (Eq. 9).

ML
X =

‘med, mod. specimens

ML ©)

‘med, reference

ML;e4. mod. specimens Median mass loss of modified specimens after decay testing [%];
ML, 4. reference Median mass loss of untreated Scots pine sapwood specimens after
decay testing [%].

Durability classes were assigned either on the basis of median and mean ML (%)
or on the basis of the corresponding x-values according to the scheme shown in
Table 2.

Predicting the field performance based on a factor approach

To predict the field performance of the tested materials, a model approach has been
applied according to Meyer-Veltrup et al. (2017) and Isaksson et al. (2014). The
model describes the climatic exposure on the one hand and the resistance of the
material on the other hand. Thereby, a selected design solution and choice of mate-
rial is accepted if Eq. 10 is satisfied.

Exposure < Resistance (10)

For wooden constructions, this condition is expressed as a dose, which is
expressed in days [d] with optimum moisture and temperature conditions for fungal
decay (Eq. 11, Isaksson et al. 2013).

Table 2 Durability classes (DC, EN 350, 2016) based on median or mean ML according to EN 113-2
(2021) and based on relative median ML (x-values) according to CEN/TS 15083-2 (2005)

Durability class Description EN 113-2 (2021) CEN/TS 15083-2 (2005)
(DC) Median/Mean ML (%) x-value

1 Very durable <5 <0.10

2 Durable >5t0<10 0.10< x <0.20

3 Moderately durable >10to<15 0.20< x <0.45

4 Slightly durable >15t0<30 0.45< % <0.80

5 Not durable >30 >0.80
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Dgy < Dgy (1D

Dygy exposure dose determined by daily averages of temperature and MC [d]; Dgy
resistance dose as a material property [d].

The exposure dose (Dgy) depends on an annual dose at a specific geographical
site (Dg,) and various factors considering the effect of local climate conditions,
driving rain, sheltering, distance from ground and design details. Isaksson et al.
(2014) provided a detailed description of the corresponding exposure model.

In this study, the resistance dose (Dg4) Was considered as the counter part
of the Dgy. The Dy, was considered to be the product of a critical dose D,
(325 days, Isaksson et al. 2013), which corresponds to decay rating 1 according
to EN 252 (2015), and the wetting ability (k,,,) and inherent durability (k;,,) of a
specific material. According to Isaksson et al. (2014), the resistance dose (Dgy)
was calculated following Eq. 12.

DRd = Dcrit X kwa X kinh (12)

Dpgq resistance dose [d]; D, critical dose corresponding to decay rating 1 (slight
decay) according to EN 252 (2015) [d]; &, factor accounting for the wetting abil-
ity of the tested materials, relative to the untreated reference Norway spruce (Picea
abies (L.) H. Karst.) [ —]; k;,;, factor accounting for the inherent protective proper-
ties of the tested materials against decay, relative to the untreated reference Norway
spruce [—].

On the basis of the results from moisture uptake and release tests, the wet-
ting ability factor k, was calculated. The inherent resistance factor k;,, was cal-
culated based on results from durability tests. Both factors were first calculated
relative to the untreated reference Scots pine sapwood and afterward converted
to ky, and k;,, relative to Norway spruce via forway spruce/Scots pine sw factors follow-
ing Table 3. According to Brischke et al. (2021) and to avoid unrealistically high
relative values, a threshold was set for both factors in the range: 0 <k, <18 and
0 < k;,, < 18. Both factors were used to determine the resistance dose Dy, of the
differently modified materials.

Table 3 Conversion factors for &, and k;;, from Scots pine (Pinus sylvestris L.) sapwood (sw) to Nor-
way spruce (Picea abies (L.) H. Karst.) according to Alfredsen et al. (2021)

Factor Test procedure Norway spruce Scots pine sw ji\lorway spruce/Scots pine sw
kya W24 pmersion (%) 1.00 1.01 0.99

W24gyic-100%rn (%) 1.00 0.87 1.15

W24yic_ogru (%) 1.00 0.83 1.20

CWU (g/cm?) 1.00 1.03 0.97
Kinn MLy ror (%) 1.00 0.86 1.16

ML o ror (%) 1.00 0.89 1.13
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Results and discussion

Macroscopic changes by the treatments with N-methylol and N-methyl
compounds

Small, clear wood blocks experienced an increase in dry mass and dry dimen-
sions by the treatments with DMDHEU, methylated DMDHEU (mDMDHEU) and
DMeDHEU. The increase in dry mass was measured as weight percent gain (WPG,
Table 1) and appeared to be independent of the type of catalyst used in combination
with the N-methylol compounds DMDHEU and mDMDHEU, apart from MgCl,
which resulted in a lower WPG compared to Mg(NO;), and Cu(NO3), at certain con-
centration levels and when added to an aqueous DMDHEU or DMeDHEU solution.
Furthermore, treatments with the N-methylol and N-methyl compounds caused an
increase in dry dimensions of the wood blocks, which was measured as cell wall bulk-
ing (CWB, Table 1) and adduced as an indicator for resin deposits within the cell wall
(Rowell and Dickerson 2014). At the same solid content level, the CWB was almost
unaffected by the type of catalyst and did not increase with increase in catalyst con-
centration, which was shown for both treated wood blocks after heat curing and after
cold-water leaching. However, the CWB increased in the order of DMDHEU (CWB,..,
4.9%), mDMDHEU (CWB,,.,, 6.4%) and DMeDHEU (CWB,.,, 9.5%, Table 1).
Thus, the N-methyl compound DMeDHEU appeared to penetrate the wood cell wall
more effectively. Here, differences in the molar mass and polarity of N-methylol and
N-methyl compounds might be determining for an increased cell wall penetration of
the N-methyl compounds, as molar mass and polarity were suggested to be crucial for
a cell wall diffusion of chemicals during an impregnation process (Stamm and Seborg
1936).

Slightly reduced WPG (< 14%) after cold-water leaching (EN 84, 2020) indicated
good fixation of the N-methylol compounds. In contrast, the WPG of DMeDHEU-treated
specimens decreased by up to 60% after a leaching procedure, which corresponded to
earlier studies from textile finishing (Ziifle et al. 1968; Vanneste 2014) and indicated a
low fixation of the N-methyl compound. The lower fixation was attributed to a lower
cross-linking density of the N-methyl compounds in wood, which most probably origi-
nates from the lower reactivity of the ring hydroxyl groups (—OH) in the 4,5 position,
compared to the hydroxymethyl groups (-CH,—OH) in DMDHEU and mDMDHEU
molecules (Jung et al. 1969). The decrease in WPG was accompanied by a loss in CWB,
which was most pronounced in DMeDHEU-treated specimens. After the leaching pro-
cedure, DMDHEU (CWB,, .., 5-2%), mDMDHEU (CWB,,..,., 5.7%) and DMeDHEU
(CWB ean 5-3%) -treated specimens exhibited similar CWB levels. Negative WPGs
were detected in water-leached reference specimens, which were attributed to leaching
of water-soluble extractives (Table 1).

Moisture dynamics

Four different laboratory test procedures were conducted in order to cover differ-
ent mechanisms representing the moisture dynamics of wood under real service
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conditions. The results for untreated and modified specimens plus corresponding
factors describing the wetting ability (k,,) are summarized in Table 4. Accord-
ing to Meyer-Veltrup et al. (2017) and Emmerich et al. (2020c), test results meas-
ured during exposure to different moisture regimes differed between both treat-
ments and applied test procedures. Scots pine sapwood specimens treated with
N-methylol and N-methyl compounds experienced a decrease in water vapor
(W24 gpic-1002r) and liquid water uptake (W24 pmersion CWU) as well as water
vapor release (W24y,c_oqrpy)- This corresponded to earlier studies on the water
uptake of DMDHEU-treated solid wood and plywood using various test methods
(Krause 2006; Wepner 2006; Xie et al. 2008; Bollmus 2011). Irrespective of the
test procedure and type of resin, the data are most scattered for specimens which
were heat-cured but not subjected to cold-water leaching (EN 84, 2020). This was
attributed to the additional weight of non-fixated chemicals, providing additional
sorption sites (—OH) for water inside the matrix of modified specimens (Emmer-
ich et al. 2020b). Clear differences between the effects of N-methylol and N-methyl
compounds on the moisture behavior were only evident after subsequent cold-water
leaching (EN 84, 2020), which aimed to exclude the effect of non-fixated chemical.
On average, the water uptake and release decreased by the modifications in the order
of DMeDHEU, mDMDHEU and DMDHEU, but was almost unaffected by the cata-
lyst (Table 4).

Durability against brown and white rot causing basidiomycetes

Treatments with N-methylol and N-methyl compounds decreased fungal decay by
white rot (7. versicolor) and brown rot fungi (C. puteana) significantly. While bio-
degradation caused significant changes in the morphology of untreated control spec-
imens (i.e. die-breaks (brown rot)), the modified wood blocks retained their shape
after incubation with fungal monocultures. This coincided with previous studies with
DMDHEU-treated wood (Verma et al. 2009; Bollmus et al. 2019) and mDMDHEU-
treated wood (Krause 2006). Mean ML of virulence control specimens after incu-
bation with T. versicolor and C. puteana was 30.0% and 44.0% in untreated Scots
pine sapwood and 30.1% and 38.9% in European beech, respectively. Therefore,
both fungi were highly virulent and decay tests were valid according to EN 113-2
(2021). Independent of the type of resin, the type and concentration of the cata-
lyst and whether specimens underwent a cold-water leaching or not, ML caused
by T. versicolor and C. puteana decreased from 26.7 to 43.6% in untreated speci-
mens to 1.2-15.5% and 0.7-14.5% in modified specimens, respectively (Fig. 2).
However, absolute ML values were higher and varied more, when modified speci-
mens were tested without performing a leaching (EN 84, 2020) prior to the decay
tests. This effect was more prominent in specimens treated with the N-methyl
compound DMeDHEU, in comparison with the N-methylol compounds, and was
attributed to ML by non-fixated chemicals. The latter was included in the measured
ML as an add on to the ML caused by fungi. When modified specimens underwent
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Table 4 Moisture content of untreated and modified specimens (10x5x 100 (longitudinal) mm?) after
exposure to different moistening regimes, water release during drying and capillary water uptake (CWU)
plus the resulting factors accounting for the wetting ability (k,,) of the tested materials. (W24=24 h
water uptake and release tests)

Catalyst W24, bmersion W24gyic-1000rm W24yic-osru cwu

Type Conc. (%) Mean (%) ky, (=) Mean (%) ky, (=) Mean (%) ky, (—) Mean(g/cmz) kya (=)

Before leaching EN 84 (2020)

Untreated reference

- - 82.9 0.99 14.8 115 293 1.20 0.19 0.97
DMDHEU
Mg(NOy), 1.0 52.8 1.55 20.0 171 167 1.10 0.16 1.10
2.0 49.9 1.64 9.4 182 299 1.98 0.13 141
5.0 50.6 1.62 9.6 178 195 1.29 0.18 0.99
MgCl, 1.0 52.5 1.56 114 150 107 0.71 0.14 1.26
2.0 50.9 1.61 8.8 193 169 111 0.17 1.06
5.0 52.7 1.55 11.9 143 266 1.76 0.26 0.69
Cu(NOy), 1.0 57.0 1.44 8.5 200 127 0.84 0.06 2.87
2.0 56.6 145 8.2 208 119 0.79 0.05 3.40
5.0 58.3 1.40 8.6 198 107 0.71 0.04 431
mDMDHEU
Mg(NO;), 1.0 64.0 1.28 10.7 159 160 1.06 0.20 0.90
MgCl, 60.8 1.35 115 148 161 1.06 0.23 0.79
Cu(NO5), 60.6 1.35 9.4 181 209 1.38 0.14 1.24
DMeDHEU
Mg(NOy), 1.0 60.6 1.35 13.4 127 171 1.13 0.38 0.48
MgCl, 59.2 1.38 10.1 168 250 1.65 0.36 0.49
Cu(NO5), 58.1 141 105 1.63 269 1.78 0.28 0.64

After leaching EN 84 (2020)

Untreated reference

- - 95.4 0.99 172 L15 176 1.20 0.16 0.97
DMDHEU
Mg(NO3), 1.0 56.8 1.66 144 138 139 0.95 0.11 143
2.0 55.9 1.68 112 176 136 0.93 0.10 1.47
5.0 54.6 173 10.9 181 122 0.84 0.11 1.45
MeCl, 1.0 50.3 1.87 102 1.93 96 0.66 0.13 121
2.0 497 1.89 104 190 118 0.81 0.10 1.59
5.0 53.7 1.75 11.1 178 138 0.95 0.12 1.25
CuNOy), 1.0 55.9 1.68 113 175 115 0.78 0.01 15.04
2.0 533 1.77 112 177 111 0.76 0.02 6.19
5.0 534 1.77 10.9 182 128 0.88 0.01 18.00
mDMDHEU
Mg(NOy), 1.0 63.1 1.49 11.8 1.68 138 0.94 0.12 1.24
MgCl, 60.8 1.55 122 1.62 113 0.77 0.12 1.29
Cu(NO,), 62.7 1.50 133 148 163 111 0.06 255
DMeDHEU
Mg(NO;), 1.0 83.9 L12 15.1 131 17.0 1.16 0.21 0.73
MeCl, 82.8 1.14 16.6 119 150 1.03 0.19 0.80
Cu(NO,), 834 1.13 143 139 172 1.18 0.07 2.20
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a leaching (EN 84, 2020) prior to the decay test, absolute ML values and fluctua-
tions detected over all treatments decreased significantly to 1.2-5.5% (T. versicolor)
and 0.2-4.1% (C. puteana). Surprisingly, ML detected for DMeDHEU modified and
leached specimens was in a similar range compared to treatments with the N-meth-
ylol compounds (Fig. 2), although the WPG was less than half of the specimens’
WPG treated with DMDHEU and mDMDHEU (Table 1). Furthermore, CWB levels
were almost identic in DMDHEU, mDMDHEU and DMeDHEU-treated specimens
after cold-water leaching, which indicated that similar amounts of the N-methylol
and N-methyl compounds were fixated in the wood cell wall. It was hypothesized
that the deposition of the resin molecules, and most probably the co-condensation of
the N-methylol and N-methyl compounds with the cell wall polymers, is the domi-
nant factor in reducing the spatial availability for water inside the cell wall (Thy-
bring et al. 2020; Emmerich et al. 2020b), thereby affecting white and brown rot
decay (Alfredsen et al. 2015).

Durability classification

Mass loss data from decay tests were used to classify the biological durability of
the differently treated material. Durability classes (DC) according to EN 350 (2016)
were assigned on the basis of the mean ML (%), median ML (%) and x-values cal-
culated according to CEN/TS 15083-2 (2005) (Table 5). Regardless of the calcu-
lation basis, modified specimens were classified between ‘very durable’ (DC 1)
and ‘slightly durable’ (DC 4) without pre-ageing according to EN 84 (2020).
Significantly less variations in the DCs appeared, when a cold-water leaching
(EN 84, 2020) was performed prior to the decay test. Both, treatments with N-meth-
ylol and N-methyl compounds increased the durability from ‘not durable’ (DC 5,
untreated reference) to ‘very durable’ (DC 1) to ‘durable’ (DC 2), but DC 1 was
predominant (Table 5). As expected, the negative effect of leaching on durability
increased with increasing amounts of non-fixated chemicals.

Predicting above ground field performance

Based on the various wetting ability and decay tests, the factors k,, and k;,, were
calculated for untreated and modified wood with Norway spruce as reference mate-
rial. Both factors showed variations, which were different for the wetting ability fac-
tors (k,,) and the resistance indicating factors (k;,,). Moderate differences between
treatments with N-methylol and N-methyl compounds appeared when k,, and k;,,
factors of respectively treated specimens were compared, but differences were even
higher, when non-leached and leached modified specimens of the same treatment
were compared (Table 6). In the following, only leached specimens were considered
for service life prediction.

The material resistance dose D4 was calculated according to Eq. 12 and based on
the procedure described by Meyer-Veltrup et al. (2017) and Brischke et al. (2021).
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Fig.2 Mass loss (ML) of untreated (Reference) and modified wood samples after 16 weeks of incuba-
tion with Trametes versicolor (a, ¢, e, g, i) and Coniophora puteana (b, d, £, h, j) according to EN 113-2
(2021) and durability class (DC, colored areas) according to EN 113-2 (2021) based on ML values. Spec-
imens were incubated before (n.1.) and after (1.) cold-water leaching according to EN 84 (2020)
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The materials were expected to resist a wood-species independent critical dose D,
of 325 days of optimum conditions for fungal decay. The highest Dy, was observed
for specimens treated with DMDHEU and Cu(NOs), as catalyst (Table 6). In con-
trast to the standardized durability classification system (Table 5, Fig. 2), the applied
resistance model allowed to differentiate between durability of different types and
concentrations of catalysts that had been used in combination with the N-methylol
compound DMDHEU. For instance, the Dy4 in DMDHEU-treated wood was almost
threefold, when Cu(NO;), was used as catalyst instead of Mg(NO;), or MgCl,.

In the following, the relative resistance dose Dgq . Was calculated following
Eq. 13, with Norway spruce as reference material.

DRd, specimen x

DRy rer. = (13)

D Rd, reference
Dy, o1, relative resistance dose [ —]; Dy specimen x, FeSistance dose of tested untreated
and modified specimens [d]; Dgy reference T€SiStance dose of the reference material
(here: Norway spruce) [d].

Afterward, Dpy ;. was used to predict the relative decay rate vyp . (Eq. 14,
Brischke et al. 2021), which is the predicted decay rate of the tested material relative
to the predicted decay rate of the reference material. In this specific case, the decay
rate expected in a horizontal double-layer design element was considered, which
mimics a badly designed terrace decking with high potential for trapping water (e.g.,
Meyer et al. 2016).

VipL, rel. = 1.0882 X Dgy 1. — 0.85 (14)

VHDL, rel, T€lative decay rate [—]; Dgy, . relative resistance dose [—].

Figure 3 shows the correlation between the Dgy . and the resulting
VHDL, rel» Which is expected during outdoor exposure above ground (use class
(UC) 3 conditions, EN 335, 2013). By the modifications, DRy, rel. increased from
1.2 (untreated reference) to 14.6 (DMeDHEU+1% Mg(NO;),) up to 87.1
(DMDHEU +5% Cu(NOs3),). Therefore, the Dy, of resin-treated Scots pine sap-
wood is at least eleven times higher compared to an untreated reference of the same
species. Transferred to a wooden construction such as a fagade cladding or terrace
decking, one can expect eleven times higher service life, if it is made from resin-
treated Scots pine sapwood compared to the same untreated wood at given expo-
sure conditions (Meyer-Veltrup et al. 2017). Finally, wetting ability (k,,,) and resist-
ance indicating factors (k;,,) from laboratory tests enabled the prediction of high
biological durability for DMDHEU, mDMDHEU and DMeDHEU treated wood
outdoors, which were in the range of tropical hardwoods (i.e., bongossi, teak, mer-
bau) with a high natural durability (Fig. 3). The latter had been tested and confirmed
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Table 6 Factors accounting for the wetting ability (k,,) and for the inherent protective material prop-
erties (k;,,) calculated with untreated Norway spruce (Picea abies (L.) H. Karst) as reference and the
resulting resistance dose Dy4 according to Meyer-Veltrup et al. (2017)

Catalyst kya Kinh Dyy

Type Cone. (%) W24gmersion W24emc-100rn - W24yc-onrn CWU - Tv. Cp.

Before leaching EN 84 (2020)

Untreated reference

- - 0.99 1.15 1.20 097 116 1.13 401
DMDHEU
Mg(NO3), 1.0 1.55 1.71 1.10 1.10 523 6.77 2661
2.0 1.64 1.82 1.98 1.41 553 7.01 3488
5.0 1.62 1.78 1.29 099 354 583 2159
MgCl, 1.0 1.56 1.50 0.71 126 6.65 752 3114
2.0 1.61 1.93 1.11 1.06 6.56 7.23 3203
5.0 1.55 1.43 1.76 0.69 385 4.88 1926
Cu(NO3), 1.0 1.44 2.00 0.84 2.87 457 8.09 3677
2.0 1.45 2.08 0.79 340 7.63 9.26 5289
5.0 1.40 1.98 0.71 431 790 18.00 8839
mDMDHEU
Mg(NO;), 1.0 1.28 1.59 1.06 090 873 9.19 3518
MgCl, 1.35 1.48 1.06 0.79 630 7.34 2595
Cu(NOy), 1.35 1.81 1.38 1.24 359 6.02 2260
DMeDHEU
Mg(NO;), 1.0 1.35 1.27 1.13 048 195 336 0911
MgCl, 1.38 1.68 1.65 049 273 478 1589
Cu(NOs), 1.41 1.63 1.78 0.64 211 374 1295

After leaching EN 84 (2020)

Untreated reference

- - 0.99 1.15 1.20 097 113 1.16 401
DMDHEU
Mg(NO;), 1.0 1.66 1.38 0.95 1.43 18.00 12.06 6616
2.0 1.68 1.76 0.93 1.47 1520 18.00 7890
5.0 1.73 1.81 0.84 1.45 13.07 18.00 7348
MgCl, 1.0 1.87 1.93 0.66 1.21 18.00 18.00 8303
2.0 1.89 1.90 0.81 1.59 17.04 18.00 8820
5.0 1.75 1.78 0.95 1.25 18.00 18.00 8388
Cu(NO3), 1.0 1.68 1.75 0.78 15.04 6.35 17.41 18,109
2.0 1.77 1.77 0.76 6.19 8.07 18.00 10,895
5.0 1.77 1.82 0.88 18.00 13.03 18.00 28,318
mDMDHEU
Mg(NO3), 1.0 1.49 1.68 0.94 1.24 18.00 18.00 7844
MgCl, 1.55 1.62 0.77 1.29 18.00 18.00 7653
Cu(NO;), 1.50 1.48 1.11 255 5.68 14.12 5350
DMeDHEU
Mg(NO;), 1.0 1.12 1.31 1.16 0.73  9.03 18.00 4761
MgCl, 1.14 1.19 1.03 0.80 12.04 18.00 5078
Cu(NO;), 1.13 1.39 1.18 220 8.53 18.00 6355
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Fig.3 Relationship between calculated relative Dy and predicted relative decay rate (v, yp) for the
modified and leached materials tested based on the model proposed by Meyer-Veltrup et al. (2017) and
optimized by Brischke et al. (2021). Reference species was Norway spruce and Dy, values for further
untreated wood species (squares) were taken from Meyer-Veltrup et al. (2017) and Alfredsen et al. (2021)

under real-life conditions for treatments with the N-methylol compound DMDHEU
(Emmerich et al. 2020a), but not yet for treatments with ultra-low formaldehyde
containing mDMDHEU or even formaldehyde-free DMeDHEU.

Conclusion

Treatments of wood with cyclic N-methylol (DMDHEU, mDMDHEU) and
N-methyl (DMeDHEU) compounds decreased the water uptake and release and
increased the resistance against decay by white (here: T. versicolor) and brown rot
fungi (here: C. puteana) remarkably. However, high fluctuations were observed in
water uptake and release as well as ML caused by fungal decay, when modified
specimens were tested without passing through a cold-water leaching. Consequently,
a significant effect of the leaching procedure according to EN 84 (2020) on the dura-
bility classification could be established, which showed opposite effects compared
to biocidal treatments (wood preservatives), normally showing lower durability after
cold-water leaching. The effects of leaching were even more pronounced for treat-
ments with low-fixating N-methyl compounds in comparison with high-fixating
N-methylol compounds. Thus, in contrast to untreated wood testing, the leaching
procedure appeared essential for a reliable durability classification of resin-treated
wood, which partly contains non-fixated chemicals. Based on test data with modi-
fied and leached specimens, both N-methylol and N-methyl compounds increased
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the durability of Scots pine sapwood from ‘not durable’ (DC 5) to ‘very durable to
durable’ (DC 1-2). It was hypothesized that the deposition of the resin molecules,
and most probably the co-condensation with the cell wall polymers, was the domi-
nant factor in reducing the availability for water within the cell wall, thereby affect-
ing decay by fungi. Finally, wetting ability (k,) and resistance indicating factors
(k) allowed the prediction of high biological durability for the tested materials
outdoors above ground. However, further field test studies are required to prove the
performance of mDMDHEU and DMeDHEU modified specimens under real-life
conditions.
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