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Abstract

For the utilization of silver birch (Betula pendula RoTH) in load-bearing engineered
wood products (EWPs), reliable bonding in production is a prerequisite. The current
knowledge regarding the bonding of birch in EWP applications is limited. Extrac-
tives are considered a general factor of attention when securing bonding quality.
Thus, in this study, the effects of hydrophilic extractives on several adhesion-related
bulk and surface properties of silver birch wood were studied, e.g., vapor sorp-
tion, swelling behavior, microstructure, wettability, and mechanical properties. The
extraction procedure slightly affected vapor sorption causing a reduction in swell-
ing pressure. The extraction also led to a lower Young’s modulus, as seen by com-
pression tests. Control experiments with vapor-treated specimens, however, indi-
cated that the effects were originating from the water imbibition and not due to the
removal of extractives per se. This was supported by X-ray diffraction results, which
were similarly affected by both vapor and extraction treatment. Therefore, the results
indicate that the hygric history of the specimens was affecting the wood due to plas-
ticization, increasing mobility, and thereby likely allowing biopolymer reconfigura-
tion and subsequent quenching during re-drying, even though surface-free energy
and wettability were not considerably affected. The extent to which these changes
appear permanently or temporarily remains an open research question.
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Introduction

The birch species (Betula spp.) are regarded to have considerable potential to
facilitate climate-smart forestry targets (e.g., increase diversity in mixed-stand
silviculture, quick reforestation after forest disturbances) and wood industry
(Dubois et al. 2020) in northern and central Europe, where birch is native. Sil-
ver birch (B. pendula) has a widespread transcontinental distribution from North
America and Eurasia’s boreal to subtropical and temperate regions (Ashburner
et al. 2013). It shows a sufficient tolerance regarding soil conditions and water
availability (Roloff and Grundmann 2008). In terms of industrial use, it can gen-
erate competitive round wood yields, especially for rotary-cut veneers (Cakiro-
glu et al. 2019). While its wood does not possess high natural durability (Ander-
sons et al. 2009; Grinins et al. 2021), the diffuse-porous hardwood has valuable
mechanical properties regarding strength and stiffness (Schlotzhauer et al. 2017;
Baumann et al. 2020; Senalik and Farber 2021), also under rolling shear loading
(Ehrhart et al. 2015), which makes it a potential candidate for engineered wood
products (EWPs) in structural building applications (Jeitler and Augustin 2016;
Fleer 2019).

In engineered wood flooring (EWF), birch plywood is already an established
core layer material (Bouffard et al. 2010). However, birch wood lacks extensive
research on bondability in EWPs and their use in load-bearing constructions.
Recent research focused on the factor of extractives on birch bonding and identi-
fied the influence of hydrophilic birch extractives on the adhesive properties, their
curing behavior, and the resulting bond line performance (Engelhardt et al. 2023).
With this study, the exploration of the role of hydrophilic birch wood extractives
on structural bonding is extended to their potential of modifying the adherend’s
properties, i.e., physical bulk and wood surface properties.

The water relations of the substrate are of general importance in wood bond-
ing since most adhesives used are water-based and, when curing, water needs to
be adsorbed by the substrate. On the other hand, water-free adhesives are mostly
isocyanate-based reactive adhesives, which need to be given water from the sub-
strate to cure. Therefore, the wood’s moisture interaction characteristics are con-
nected to the dynamic bonding process and it has been shown to be affected by
extractives. Extractives can affect adsorption levels (Choong and Achmadi 1991;
Hernandez 2007) in the multilayer domain due to bulking effects (Wangaard and
Granados 1967; Popper et al. 20006) or in the case of hydrophilic extractives (e.g.,
simple sugars or glycosides) also the physisorption at lower RH levels (Zhou
et al. 2016). The effects are specific to the chemical nature of the extractives
occurring in a particular wood.

The extent and the resulting stresses of wood swelling or shrinking are rel-
evant factors for reliable wood bonding (Hofferber et al. 2006; Frihart 2007)
since EWPs are subject to changing environmental conditions during service
life. Although some studies exist on the swelling behavior of birch wood (Kumar
1957; Noack et al. 1973; Giebeler 1983), whether the hydrophilic extraction treat-
ment can affect the swelling properties is unknown.
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Theoretically, low molecular mass extractives can act as plasticizers. On the other
hand, reinforces the structure due to the bulking action by pore filling, as claimed
by Grabner et al. (2005), where it was shown that the hydrophilic extraction of larch
wood led to reduced transversal strength and modulus of elasticity. However, studies
on the effect of extractive concentration or extraction treatments on basic mechani-
cal wood properties are scarce and were not found for birch wood.

As one of the adhesion mechanisms, the molecular attraction due to the sur-
face free energy of the substrate, which promotes wetting and bond line formation,
has also been found to be affected by wood extraction, including water extraction
(Nzokou and Kamdem 2004). However, mostly softwood species, such as spruce
(Walinder and Gardner 2000) or pine (Tshabalala 1997; Liu et al. 1998), were stud-
ied in this regard.

Within this study, the moisture interactions, the hygroscopic swelling behav-
ior, and mechanical stiffness shall be understood in terms of their sensitivity to a
hydrophilic extraction treatment. Thus, it encompasses an experimental screening
of bondability-related bulk properties, which were investigated as the water-based
extraction treatment procedure possibly modifies them. These modifications can
be due to the removal of the extractives per se but can also be concomitant effects
due to the phase of high-water uptake (imbibition), the swelling of amorphous pol-
ymer domains in the wood, which might allow for relaxation and reconfiguration
processes. Hence, additional control experiments on specimens using an alterna-
tive treatment—storage in close-to-saturated vapor conditions—should discern,
whether water imbibition is responsible for those changes or the actual removal and
consequent absence of extractives. The study further aims to understand, via X-ray
diffraction (XRD) analysis, whether microstructural characteristics changes took
place after treatments with water, which are in agreement with the observed effects.
Finally, since an extraction results in an altered chemical composition of wood, the
study additionally aims to characterize surface properties (i.e., adhesive wettability,
surface free energy, and surface acidity) of birch wood and identify whether they are
subject to change due to the removal of hydrophilic extractives.

Experimental section

The study investigated silver birch wood (Betula pendula RotH), of which boards
were used as raw material for various specimens. Unless stated otherwise, sapwood
(no discoloration) from Lieska (Finland) and Eberswalde (Germany) regions was
used to produce the various specimens in equal amounts for the experiments.

Specimen preparation and treatment

The green sawn boards were kiln-dried to a final moisture content of 10-11%. The
boards were stored after drying in constant conditions of 20 °C and 65% RH. This state
is further referred to as the untreated state, i.e., pristine condition. Small-scale spec-
imens (dimensions and numbers n in the method sections below) were prepared for
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measurement in pristine condition as well as after extraction treatment or control treat-
ment (vapor).

The extraction treatment was conducted at 20+0.5 °C by placing the setup and used
solvent in a climate chamber. The setup consisted of a closed glass container filled with
solvent to submerge the specimens. As a solvent, deionized water (Milli-Q®) was used
with a volume ratio of 1:100. The solvent water was exchanged daily during the 7-d
extraction period.

The vapor treatment was equally conducted at 20+0.5 °C by storage in a sealed
glass container containing a basin of deionized water for 7 d. Quick saturation of the
gas phase was facilitated with an air pump, circulating air bubbles through the water
basin. An equivalent saturation in the range of 95% <RH < 100% is achieved with this
treatment.

Both treated specimens—after water extraction and vapor treatment—were (re-)con-
ditioned to 20 °C/65% RH after prior conditioning to 20 °C/50% RH, to avoid desorp-
tion hysteresis effects.

Moisture sorption analysis

Thin birch sapwood discs of 11 mm diameter and~0.3 mm thickness were produced
with the fiber direction along the disc plane and tangential cut surfaces (earlywood
region).

Dynamic vapor sorption (DVS) experiments were conducted from 0 to 90% in steps
of ~10% RH (Figure SI-1) using a DVS Elevated Temperature device (Surface Meas-
urement Systems, Wembley, UK). Dry and water-saturated nitrogen gas was mixed
with a total flow rate of 3.3x 107 L/s. Each step was held until a constant mass crite-
rion of 0.001%/min was reached. The step response of mass change was recorded every
minute by a high-precision electronic balance with 0.1 pg sensitivity.

The adsorption and desorption sequence on the pristine specimens (n = 6) was
conducted at 23 °C, 30 °C, 40 °C, and 50 °C. The specimens were then subjected to
extraction or vapor treatment (n = 3, each). After reconditioning the specimens were
remeasured at all four temperatures. Finally, in the case of the extracted specimens the
measurement at 23 °C was repeated, to be compared to the initial measurement after
extraction.

Finally, the DVS sequence was conducted at 23 °C on 12 mg (dry mass) of hydro-
philic extractives powder, isolated from wood shavings of the same boards (detailed
isolation procedure can be found in Engelhardt et al. 2023).

The specimen mass data of each step were evaluated by fitting to a double-stretched
exponential (DSE) function for regression (Eq. 1), as demonstrated in Sanchez-Ferrer
et al. (2023):

m(t) = mg + (Mg, —my) - [P : (1 — )" ) +(1-P)- (1 — (k) )] M
where k; and k, are the kinetic constants and f,, and S, the stretching exponents of

the exponential decay terms 1 and 2, weighted by 0 < P < 1. The initial mass at step
time =0 is m,. The estimated equilibrium mass m, and the dry mass m,,, were
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used to calculate the equilibrium moisture content EMC = (m, /my,,,) — 1 of each
step.

The EMC step data were then used to generate the corresponding isotherm curves
using a modified GAB model by Viollaz and Rovedo (1999), shown (Eq. 2) as a
function of water activity (a,,=RH/100%).

M,CKa,, M,CKNa?,
+
(1-Ka,)(1+(C-DKa,) (1-Ka,)(l-a,)

EMC(a,) = 2)

Based on this curve, the monolayer water sorption capacity Mgso based on Wil-
lems’ (2014, 2015) sorption site occupancy (SSO) model was estimated, applying
the fitting procedure in Sanchez-Ferrer et al. (2023). The concentration of availa-
ble sorption sites cgg then can be calculated from the estimated monolayer capacity

(Eq. 3):
css = Myg, /mwy o 3)

The equivalent kinetic constant k,, for the DSE function was calculated numeri-
cally by solving the function to m(t = keq_l) =mg + (moo - mo) -(1-¢7"). Based
on the assumption of unidirectional diffusion model (Eq. 4) with the geometrical
factor (Neogi 1996) of G = 0.25 - V* - A=2, the apparent diffusion coefficient Dy
with the driving potential of moisture concentration C (in kg/m?), was estimated for
the thin disc specimens of volume V and total exposed area A for each sorption step:

Do (RH) =7 - G - koq(RH) 4)
The activation energy of diffusion E, was determined for adsorption steps (Eq. 5)

based on the temperature dependence of the diffusivity D, (T), which exhibits an
Arrhenius-like behavior:

app

EU
D, (T) =Dy - ¢ & 5)

Here, D, is a pre-exponential factor, R the molar gas constant, and 7 the absolute
temperature.

Finally, the fitted isotherms (modified GAB model) of each sample at vary-
ing temperatures (23 °C—40 °C) were used to calculate the net isosteric heat g, in
adsorption, which describes the average binding energy of water to the substrate at a
specific concentration. To determine g, the relation derived from the Clausius—Cla-
peyron equation (Hill 1949; Iglesias and Chirife 1976) was used (Eq. 6), with the
universal gas constant R and the correlation of water activity a,, and absolute tem-
perature T at constant EMC, which was determined by serial linear regressions.

dlna,

qst(EMC) =—R- F

(6)
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An integration of g,, over EMC gives the total binding energy capacity per wood
mass Q,,, while the asymptotical value toward EMC=0% (W/W) gives the isosteric
heat of the dry substrate g, o, without any water—water interaction.

Swelling and swelling pressure determination

Cubic specimens of 10X 10x 10 mm® birch sapwood (n = 16) were prepared with
side faces cut along the principal directions of the wood. The specimens with a den-
sity distribution of 618+23 kg/m> (average +standard deviation) were separated
into three groups subjected to (i) no treatment (pristine), (ii) vapor treatment, and
(iii) water extraction treatment. By water extraction, an average of 0.64% (W/W) of
extractives was removed, corresponding to a degree of extraction of ~50% compared
to the extractive content results of wood flour samples.

After initial conditioning at 0% RH at 20 °C, each cube was fixed between two
parallel polished metal surfaces—a stainless steel bottom plate and a flat aluminum
adapter top plate connected to a 500-N load transducer (accuracy <0.02% F.S.)—at
an initial contact force of ~ 1-2 N. The RH was increased in~ 10% RH steps, held for
24 h each, until reaching ~90% RH, and the evolving increases in compressive stress
were recorded. For both restricted swelling in the radial and tangential direction,
measurements on 12 specimens in a pristine state and after each treatment condition
were performed.

In addition to conducting the swelling pressure experiments, the linear swelling
coefficients of all specimens and tangential and radial wood direction were deter-
mined by comparing the cube dimensions in the dry state (equilibration in silica gel
at room temperature) and at the fiber saturation point (FSP). The specimens were
conditioned to reach the FSP by repeatedly dipping them in water and storing them
in closed containers (~95% < RH < 100%) until dimensions stabilized.

Microstructural analysis

The X-ray diffraction (XRD) measurements were taken to observe changes in the
amorphous content, i.e., lignin, hemicelluloses, and some cellulose amorphous
domains, and in the crystalline cellulose of pristine birch wood specimens and
specimens exposed to water extraction. Again, as a control experiment, specimens
subjected to vapor treatment were included to differentiate water-based effects from
effects of extractives concentration. Before measuring, the specimens were condi-
tioned to 20 °C, 50% RH, and then to 20 °C, 65% RH.

Scattering patterns from XRD on radial cut wood slices (24 x24x 1 mm?) were
determined using a D8 Advance Eco diffractometer (Bruker AXS GmbH, Karlsruhe,
DE) equipped with a 1-kW Ak, X-ray source. The incident beam was collimated
with an automatic divergence slit to 15-mm irradiated sample length and a 2.5°
primary soller. The scattering intensity was detected in a scattering angle 2 6 of
2°—40° with 100 steps per degree by a Lynxeye XE-T detector positioned behind
a motorized anti-air scatter screen and a 2.5° secondary soller. The exposure time
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was set to 0.2 s and increased to 1.0 s in the range 2 8 > 30° to improve the signal-
to-noise ratio. With this experiment, a scattering wave vector (4 - sinf/A¢, g,) of
1.4 nm~'<¢<27.9 nm~! was covered. Thus, the main lattice planes for the crystal-
line cellulose domains can be calculated by deconvoluting the signal and obtaining
the diffraction peaks g9, q,70 9020 a0d Go4- In Figure SI-2 a graphical representa-
tion of the cellulose crystalline unit cell (left) and the cellulose crystallites within
the elementary (nano-)fibrils (right) is shown.

Pseudo-Voigt functions (Eq. 5) were fitted to the diffraction pattern via a Lev-
enberg—Marquardt algorithm using Firyk (v.1.3.2, GNU GPL 2.0) for peak
deconvolution.

(=9 Vi@ [wer(=)] s
a)\/; ﬂ-a)-[1+<%>2]

g =A-

@)

The unit cell parameters of a monoclinic lattice—the spacings a, b, c, and angle
y—were calculated using Egs. (8)—(11), following the procedure in Zabler et al.
(2010).

0= 4r g
siny - g ®)
. 2

-+ - sin
b= < (qllo i]::) ' ]/> —a? ©)
c=3Z 10
o004 (10)

_1 (qlTo_qIIO)’ Va* + b2

y = coth e (11)

The characteristic correlation lengths &, and &;,, corresponding to the length
and width of the cellulose microfibrils, respectively, could be estimated from the
respective wave vector peak’s full-width-at-half-maximum @ using the equation
& =27 /w (Arcari et al. 2019; Bertsch et al. 2019).

Surface property analysis
Contact angle measurements via the sessile drop technique were taken on a Kriiss

Easy Drop with drop shape analysis software Kriiss DSA4. Alternatively, to using
test liquids, which pose various difficulties to use for surface energy evaluations on
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porous substrates, wood adhesives were applied directly for simple comparative rea-
sons. A melamine-urea—formaldehyde (MUF) adhesive BASF Kauramin 683/688
(Tiirmerleim GmbH 2008) (mixing ratio resin/hardener: 100/50 (W/W)) and a one-
component polyurethane (PUR) adhesive Loctite HB S709 PURBOND (Henkel and
Cie. AG 2015) were applied (15 pL per drop with 18 gauge needles) on newly pre-
pared knife-cut radial surfaces of pristine and extracted wood. In the case of MUF,
a new syringe was prepared every 5 measurements to limit viscosity increases due
to curing. The contact angles were evaluated using a simple dynamic wetting model
(Eq. 12) by Shi and Gardener (2001), to estimate initial and final contact angles 6;
and 6, as well as a kinetic factor K, which is a combined measure for the speed of
adhesive spreading and penetration.

9.

o = l ” 12
0, + (6, - 6,) LK) 12

-0

e

Inverse gas chromatography (IGC) was performed at 25 °C in Henry’s law region
(infinite dilution method) on both untreated and extracted wood shavings (1-2 g
of fraction with mesh size>300 pum) using a neuronIC (Adscientis, Wittelsheim,
FR) with a 4-mm column, measuring the retention volume V; on a series of probe
gases. A series of linear alkanes C6—C9 was used to determine the dispersive part
of the surface energy yf (Eq. 13) using the regression procedure by Dorris and Gray

(1980).
2
—R-T-Aln(Vg)
d_ -1 .
ys - }/CH2 < 2.N- acy ) (13)
2

There, ycy, is the surface energy of a CH, surface (polyethylene) and acy, is the
area covered by the adsorption per CH, motif (6 A2) Isooctane (2,2,4-trimethylpen-
tane) and cyclooctane were used to estimate the nano-roughness and solubility of
the wood surfaces as described by Brendlé and Papirer (1997). Specific (polar) inter-
actions (Igp) were determined with a series of probe gases of known acceptor and
donor numbers (Gutmann 1978) to quantify acidic and basic surface interactions.

As the curing of reactive adhesives is affected by acidic or basic compounds in
the adherend, the surface pH value of pristine and extracted birch wood was com-
pared to investigate the acidity of the wetted wooden surface. Blocks of 50x30x 10
mm? with horizontal annual rings were produced. A drop of 100 pL deionized water
was placed on the slice surface with a pipette, and the pH was measured using a
QpH 70 m with a Mettler Toledo Inlab surface probe. The measurements were taken
on aged surfaces (exposed 20 to 30 days in 20 °C/65% RH) and fresh-cut surfaces.
Results were evaluated based on the estimated equilibrium by a simple exponential
fitting of the development of pH measurement values over 10 min.
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Mechanical analysis

The effects of water extraction treatment on mechanical behavior were investigated
by measurements of modulus of elasticity £ in quasi-static compression experi-
ments. Prismatic specimens of birch wood were cut along the three principal/ana-
tomical directions of wood with the dimensions of 45 (L)x 15 (W)x 15 (T) mm®.
All specimens (n = 10 per principal direction) were measured subsequently in pris-
tine condition, after vapor treatment and finally after water extraction treatment.

For strain measurement, a speckle pattern (15 x 10 mm?) was applied to the mid-
dle of one-side face of the specimens. The deformation of the surface in this region
was tracked using a 3D digital-image-correlation system (Aramis 12 MP variable
base, Carl Zeiss GOM Metrology GmbH, Braunschweig, Germany), giving the
average strain in the loading direction (L). Specimen geometry and strain measure-
ment are based on the works of Ozyhar et al. (2013).

The compression experiment was conducted with a universal testing machine
(ZwickRoell GmbH & Co0.KG, Ulm, Germany) with a 20-kN force transducer (ISO
7500-1 accuracy class 1). The measurement was restricted to the linear visco-elastic
regime of the specimens to allow non-destructive, repeatable measurement. Speci-
mens oriented in the longitudinal direction were loaded until 2 kN, and specimens
oriented in radial and tangential direction until 0.5 kN and 0.3 kN, respectively. The
loading rate was set constant to reach the load limit within 60 s. The evaluation of
E was performed via linear regression of the stress—strain data in the interval from
50% to 100% of the respective maximum load.

Results and discussion
Moisture interaction

When using common wood adhesives for structural bonding, the curing process is
affected by the adherend’s ability to adsorb moisture from the (water-based) adhe-
sive or to provide water to the (e.g., isocyanate-based) adhesive. Therefore, changes
in the moisture-sorption behavior of wood will affect the curing dynamics, which
can lead to altered bond line formation and adhesion properties. Thus, the moisture
interactions of birch wood were studied using dynamic vapor sorption experiments.
The averaged isotherms at 23 °C of 3 specimens, measured in the 23 °C-50 °C
temperature range, both in pristine condition (green in Fig. 1A) and after extraction
treatment (black curve in Fig. 1A), were analyzed. The extracted specimens’ iso-
therm after a repeated measurement at 23 °C was compared (blue curve in Fig. 1A).
A theoretical isotherm was calculated based on mass fractions of extracted wood
and extractives, resulting in the hypothetical behavior of a non-interactive mixture
of the pristine wood specimens’ components (violet dashed line in Fig. 1A). The
extractive mass fraction was calculated by the dry mass weight loss by extraction.
The equilibrium moisture content EMC* was calculated per dry mass of the
extracted wood for both the measurements in pristine and extracted specimen condi-
tions. By using the extracted wood mass as a reference for the isotherms, the mass
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Fig.1 A Moisture adsorption isotherms (axis cutoff at 22%) of birch wood—pristine and after extraction;
EMC per dry mass of extracted wood as a function of RH. B Moisture adsorption isotherm of the iso-
lated birch extractives sample. C Apparent diffusion coefficient D,,, during the adsorption process for
birch wood—pristine, after extraction and vapor treatment

loss due to extraction does not offset the calculated moisture content in the treated
specimens. While all wood isotherms showed typical S-shaped curves, the extrac-
tives sample’s isotherm (Fig. 1B) is dominantly convex in the entire RH range, sug-
gesting it is a Type III isotherm (Sing et al. 1985).

An initial increase in moisture uptake resulted from the extraction treatment
when first measured (Fig. 1A, black curve). This difference appeared predomi-
nantly in the 70-90% RH (Fig. 1A, right graph) region but not at monolayer
sorption levels below 40% RH, as seen in extracted poplar wood by Zhou et al.
(2016). A similar multilayer adsorption increase was observed, e.g., by Popper
et al. (2006), suggesting a physical bulking action of some pore spaces rather than
from hydrogen bonding of extractives to binding sites of wood.

However, the effect of blocked binding sites from hydrogen bonds with extrac-
tives in the pristine state on monolayer water concentration could be offset by the
additional binding sites of the extractives themselves. Multilayer adsorption might
primarily be elevated due to structural changes, e.g., increased nanoporosity or a
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local decrease in cellulose crystallinity initially after extraction. This is supported
by control experiments with vapor treatment, which observed a similar increase
in multilayer absorption, without removing extractives (Figure SI-3). However, a
repetition of the isotherm cycle on the extracted specimens showed that the ele-
vated hygroscopicity was only temporary and EMC* during repetition was partly
lower than in the pristine state, as seen by Hernandez (2007) in the case of the
highly hygroscopic acetone extracts from the wood of mahogany and the genus
Copaifera spp.

The calculated curve of a non-interactive mixture (assuming simple addi-
tive behavior of sorption action, purple dashed line in Fig. 1A) of extracted wood
(repeated measurement) and extractives does not follow the isotherm of pristine
wood but exhibits higher sorption values with an estimated increase twice as high
as measured between extracted wood and pristine wood. This is explainable by the
affinity of extractives to wood OH groups and clustering of extractives. An alterna-
tive version of Fig. 1 can be found in the supporting information in Figure SI4,
where EMC is shown per individual sample dry mass, not dry mass in extracted
condition.

Evaluations of sorption site density using the SSO model showed an aver-
age sorption site concentration cgq of 7.23 mmol/g in pristine condition. A mostly
identical result of 7.24 mmol/g was obtained from the initial measurements after
extraction. However, from repeated measurements, 7.07 mmol/g was found on aver-
age, corresponding to a 2% decrease in accessible sorption sites after extraction.
The isotherms from repeated measurements as well as cgg results are in accordance
with the assumption that the moisture uptake capacity reduces when removing a
highly hygroscopic fraction. The results also reinforce the hypothesis that the ini-
tial increase of moisture content and higher then expected cgg values were due to
temporary changes in the wood amorphous polymer conformation caused by water
imbibition. The final reduction of c indicates a reasonable loss in hydroxyl group
concentration by extraction.

Apart from the sorption capacity of the substrate, the kinetics of moisture trans-
port through the adherend’s structure can be relevant to the curing behavior of bond
lines. Hygroscopic substances present in the extractives can affect the retention of
water vapor while diffusing through the wood. Therefore, the dynamic vapor sorp-
tion experiments were analyzed to estimate the apparent water diffusivity of the
untreated and extracted birch wood specimens. The apparent diffusivity D,,,, reduces
strongly with higher RH due to changing cell wall rheology but also increasing
latent heat effects (Willems 2020). In adsorption, at 23 °C (Fig. 1C), the highest dif-
fusivity was calculated at the step from 10 to 20% RH with 15-1072 m%/s for pristine
wood and 18-107'2 m%s for extracted wood. At 50% RH, values of Dapp converge
to similar values of 6-107'> um?/s, further reducing at higher RH levels. Therefore,
only minor changes in diffusion kinetics were observed after extraction. Besides, the
evaluations showed no significant differences to pristine state specimens at higher
temperatures as well as the comparative measurements of vapor-treated specimens.
The calculated diffusivity D,,, profiles for all measured temperatures are shown in
adsorption and desorption steps in Figure SI-5.
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The activation energy of diffusion E, was similar for extracted and pristine
birch wood, with no significant differences between treatment groups. At low rela-
tive humidity levels (evaluated from O to 10% RH adsorption step), E, was highest
with~40 kJ/mol, decreasing toward higher relative humidity and trending toward
the value for self-diffusion of water of ~ 18 kJ/mol (Mills 1973; Fripiat et al. 1984),
as shown in Figure SI-7. These results are in good accordance with the estima-
tions of Skaar (1988) for E, of 40.2 kJ/mol in dry state, based on data of longitu-
dinal cell wall diffusion experiments (Stamm 1959) of Sitka spruce, suggesting lit-
tle inter-specific variation. Other studies, however, found clear differences between
wood species, e.g., between poplar and oak (Kang and Hart 1997). As E, calcula-
tion approaches differ (Hunter 1992) and are derived from diffusivity values, the
calculation of which is also manifold (Higuchi 1961; Choong and Skaar 1972; Rit-
ger and Peppas 1987; Peleg 1988; Wadso 1994; Avramidis et al. 1994; Olek and
Weres 2007; Thybring et al. 2019), comparing these study results with existing data
in more detail would be challenging.

The net isosteric heat was evaluated using the isotherm data of sorption experi-
ments at 23 °C (repetition measurement), 30 °C, and 40 °C. In dry conditions, for
pristine and extracted specimens, the sorption enthalpy g, (Figure SI-8A) was on
average 8.1 kJ/mol and 6.9 kJ/mol (—15%), and the average total isosteric heat of
wetting Q,, (Figure SI-8B) was 24 J/g and 17 J/g (—29%), respectively. Therefore,
the evaluations suggest that pristine specimens exhibit stronger hydrogen bonds
between water and the extractives fraction compared to the wooden biopolymer
substrate, which can result from the higher mobility of extractives, allowing better
alignment of the directional hydrogen bonds (g, under optimal conditions, i.e., in
vapor phase for O—H---O bonds can reach 21 kJ/mol (David et al. 2017)). While vari-
ation of g, , results was high, with largely overlapping distributions for the pristine
and extracted treatment groups, O, was significantly lowered (p <0.003) in the case
of extracted specimens. The obtained results are generally in good agreement with
literature data on multiple coniferous woods (Koumoutsakos and Avramidis 1999),
suggesting limited inter-specific variation. Significantly lower results were obtained
for tropical wood species by Simo-Tagne et al. (2019), which can, however, also be
a result of the isotherm model (Nelson Jr 1983) applied there. As sorption enthalpy
falls to near-zero levels at moisture contents above equilibrium moisture contents of
9%(W/W) (Figure SI-8C), the additional isosteric heat in practical gluing applica-
tions is negligibly small.

In summary, the observed changes in sorptive capacity are small in terms of
their practical relevance regarding the glueability of the wood. The effect size is
well within the typical intra-specific variances of vapor sorption, which are to be
expected in industrial wood assortments.

Swelling behavior
In environments of varying humidity, wood adhesive bonds are subject to additional

stresses due to the swelling and shrinking of wood and the resulting stresses due
to the restricting action of the adhesive. Both removing a hygroscopic extractives
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fraction from the cell walls and effects from water imbibition itself were suspected
to potentially change the swelling properties of birch wood. Therefore, the swelling
pressure exerted on cubic specimens, restricted in the radial and tangential direc-
tions upon stepwise relative humidity increase, was measured and analyzed. Addi-
tionally, the dimensional increase at the fiber saturation point due to free swelling,
compared to the dimension in the dry state, was determined.

At levels above 90% RH, significant yielding and plasticization behavior showed,
so the swelling pressure experiments were evaluated in the <85% RH range. There,
the swelling pressures reached within the 24-h periods correlated fairly linearly with
RH (R2>0.97 for all specimens). The equilibrium swelling pressure as a function
of RH is shown for the control group (pristine) and the treatment groups (vapor and
extraction) in Fig. 2A and B for restriction in radial and tangential direction, respec-
tively. The distributions of the linear swelling pressure coefficient LSPC, as the
gradient of swelling pressure as a function of water activity a,,, estimated by linear
regression, are summarized in Fig. 2C.

In the case of specimens restricted in the radial direction, the average LSPC of
specimens in pristine condition was 1.7 MPa. For specimens subjected to vapor or
extraction treatment, LSPC was reduced to 1.5 MPa. When restricted in the tangen-
tial direction, the average LSPC of specimens in pristine condition was 1.9 MPa
and reduced to 1.6 MPa and 1.5 MPa after vapor and extraction treatment, respec-
tively. Since both treatments reduced swelling pressure, it can be attributed only
to a fractional extent to the removal of extractives. The imbibition of water and its
well-known plasticization effect seems to allow for a reorganization of the glassy
polymers within the cell walls, leading to the observed effects. However, added free
volumes due to extractives removal can additionally lower swelling pressure. In the
supplementary information, swelling pressure p, and density-specific swelling pres-
sure p,/p as functions of RH and EMC are shown (Figure SI-9). When extrapolat-
ing the pressure data of pristine birch wood (linear regressions in Fig. 2) to 100%
RH, average tangential and radial pressures of 1.9 MPa and 1.8 MPa are obtained.
The observed pressures in the tangential direction achieved similar levels as found
for pine sapwood with 1.3 MPa (Rybarczyk and Ganowicz 1974). Swelling pressure
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Fig.2 Equilibrium swelling pressure p, as a function of RH for steps in the range of 10-90% RH for
uniaxial restriction in A radial and B tangential direction, separated by treatment type. The dashed lines
indicate linear regression results and the confidence bands (¢=0.05). C The distributions of linear swell-
ing pressure coefficients (LSPC) are shown in boxplots for each direction and treatment type
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from dry to submerged state was found to have a more distinct anisotropy in the
case of pine softwood with 1.6 MPa and 1.0 MPa when specimens were restricted
in tangential or radial direction, respectively (Raczkowski 1962, 1970). For hard-
woods, high tangential swelling pressures of 3—4 MPa—and even higher values—
were measured (Perkitny et al. 1959; Perkitny and Helinska 1963). Immersion
experiments are difficult for comparison since strong stress relaxation phases after
reaching a swelling pressure maximum can occur, as seen also for birch wood by
Keylwerth (1962). Moreover, comparisons between studies of swelling pressure can
be impractical due to methodological differences like specimen geometry, which
was rather small in this study, allowing high degrees of lateral expansion. This can
explain lower results of swelling pressure in unidirectional restricted setups. Other
factors affecting measurement results are, e.g., specimen shape, applied initial pres-
sure, force measurements and compensation of transducer strain, and parameters
like temperature.

The dimensional change from dry condition to fiber saturation point was com-
pared in both radial and tangential directions. In the tangential direction, the aver-
age dimensional increase was 11.4% for pristine wood specimens. The tangential
swelling after vapor and extraction treatment was 11.1% and 11.6% on average,
respectively. Therefore, the tangential swelling behavior was mostly unaffected by
both treatments. In the radial direction, however, the average expansion was 5.3% for
pristine wood specimens but increased to 5.9% after vapor treatment and 6.7% after
extraction treatment, which constitutes a relative increase of 25%. Individual results
are shown as boxplots in Figure SI-10. No verification data from the literature were
available regarding the effects of extractives. Regarding the maximum swelling for
silver birch in general, Schwab (2000) cited higher results of 12.4% and 7.1% for
maximum tangential and radial swelling of birch wood, respectively, while Giebeler
(1983) determined somewhat lower tangential swelling of 9% and in the radial direc-
tion of 6%, corresponding to a swelling ratio (tangential/radial) of 1.5. While other
authors found this ratio was higher as 1.9 (Kumar 1957) or lower as 1.4 (Noack et al.
1973), in this study, it was 2.2 in pristine condition but reduced to 1.9 and 1.7 after
vapor and extraction treatment, respectively.

Microstructural characteristics

The observed variations of sorption and swelling behavior, also occurring after
vapor treatment without extraction, were suspected to be connected to modifica-
tions of the biopolymer conformation. To test this hypothesis, pristine and treated
specimens of birch wood were characterized via X-ray diffraction for a comparative
analysis.

After applying a baseline correction and the pseudo-Voigt peak deconvolution on
the corrected diffraction patterns, the following peaks associated with amorphous
and crystalline domains and the respective peak parameters were evaluated. For
pristine birch wood specimens, the two peaks related to amorphous domains (large
peak area and w-to-height ratio >?20) centered at the scattering vector values g4, =
13.9 nm™" and ¢,, = 24.5 nm™' (red peaks in Fig. 3A), while in the case of peaks
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Fig. 3 Evaluation results of X-ray diffraction measurements. A exemplary XRD pattern (intensity as a
function of the scattering vector ¢) and peak deconvolution for pristine silver birch wood. Distributions
by treatment type of B lattice parameters a, b, ¢, and y; C degree of crystallinity y; D correlation length
&y along b-axis (nanofibril width estimate); E correlation length &, along c-axis (cristallite length)

associated with cellulose crystallites (blue peaks in Fig. 3A) at g;;o = 11.6 nm™,
4,5, = 10.4 nm™", gppp = 15.7 nm™" and gy, = 24.3 nm™', on average. The average
full-width-at-half-maximum @, and @y, were 1.91 nm™' and 0.25 nm™" for pris-
tine wood, respectively. The calculated monoclinic lattice parameters from the peak
fittings (Fig. 3A) for pristine birch wood were a = 8.1 A, b=82A,c=103A, and
y = 96.4°. These values are in reasonable accordance with measurements of crys-
talline cellulose domains in recent literature (Bertsch et al. 2019; Lee et al. 2019;
Penttild et al. 2020; Viljanen et al. 2020) and were very similar for the treated wood
specimens. The degree of crystallinity y, as the fraction of crystalline peak areas
to the total signal area after baseline correction, was subject to high variance (+3%
standard deviation within groups). The absolute values of y are also affected by
the method of baseline correction and, therefore, higher than expected (Fengel and
Wegener 1983; Andersson et al. 2003) and considered preferably for contrasting jux-
taposition of treatments only. The distributions (Fig. 3B) indicate a minor reduction
in crystallinity from an average of 61% in pristine conditions to 58% after vapor and
59% after extraction treatment, corresponding to a 3—5% lower crystallinity in rela-
tive terms.

Peak width comparisons revealed stable average widths of the nanofibrils with
a of 3.1 nm-3.2 nm (Fig. 3C) for all specimen groups. However, the nanofibril
length evaluation (Fig. 3D) gave an average value of % of 25.2 nm for specimens
in pristine condition but lower values of 19.9 nm and 19.5 nm after vapor treatment
and extraction treatment, respectively, indicating that water converts the edges along
the fiber direction of the crystalline domains into amorphous cellulose or increases
the disorder in the transition phase between crystalline and amorphous domains. The
change of correlation length corresponds to a reduction of the average characteristic
number of glucose units in cellulose crystallites Any, .., = A&y, - 2/c of 10-11,
i.e., areduction from 49 in pristine condition to 39 and 38 after vapor and extraction
treatment, respectively. The evaluation suggests that both the vapor treatment and
the extraction treatment with water led to a measurable increase in the disorder of
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cellulose microfibrils. The peak parameters from fitting and the lattice parameters
are summarized in Table SI-1 and Table SI-2.

Bonham and Barnett (2001) performed X-ray diffraction measurements on birch
wood to measure microfibril angle (MFA) using Evans’ (1999) method, which is not
possible with the data in this study due to the azimuthal integration during measure-
ment. In Peura et al. (2008), lattice parameters of cellulose in birch wood were also
determined; however, only changes due to mechanical stresses were published, with
no absolute values. There, in dry condition, a lower microfibril width &y, of 2.8
nm and length &y, of 20 nm were found. In Leppénen et al. (2011), &y, of 3.2 nm
and 2.9 nm was found for green and air-dried birch wood, respectively. Generally,
a reasonable agreement with the available literature data on silver birch wood was
obtained.

Surface properties

Since the wetting behavior is a glueability-related quality of the adherend and chang-
ing the chemical composition by extraction can result in its modification, a series
of measurements were conducted to evaluate the surface properties of birch wood
in the context of extractives presence. As opposed to determining surface energy
characteristics by contact angles with test liquids, a direct approach using MUF and
PUR wood adhesives for contact angle measurements was conducted on pristine
and extracted wood specimens to evaluate how wetting with the liquid adhesives is
affected. Due to the adhesive’s viscous nature, the contact angle’s development was
observed over time and analyzed with a simple model (Eq. 12) by Shi and Gardner
(2001). The final contact angle of sessile MUF adhesive drops was 57°+6° (aver-
age + standard deviation) on untreated birch wood substrate. On extracted wood, the
final contact angle was slightly higher with a value of 62°+4°. In the case of PUR
adhesive drops, the final contact angle was 60°+3° and 63°+2° on pristine wood
substrate surfaces and extracted surfaces, respectively. Interestingly, the change after
extraction was very similar in the cases of both the hydrophilic, water-based MUF
and the hydrophobic PUR drops. However, given the variance of the results within
measurement groups, the raises of average contact angles by 4° (MUF) and 3°
(PUR) after extraction are small. More detailed contact angle measurement results
and evaluation results can be found in the supplementary information (Table SI-3
and Figure SI-11).

Since wetting is considered an integral part of the wood bonding process, the
affinity of solids to be wetted by liquids is further analyzed by determination of the
surface energy properties using inverse gas chromatography (IGC). Only minor
differences in surface energy characteristics between samples were observed. The
calculated dispersive surface energy y;’ of the pristine and extracted birch sample
was 39.3+0.2 and 38.4+0.2 mJ/m?, respectively. The absolute values of yf should
be interpreted cautiously, as probing with isooctane and cyclooctane revealed
both soft domains and solubility effects with these samples. The extracted wood
sample was more extreme in this regard, showing higher solubility effects and
stronger size exclusion effects. This was quantified based on the morphological
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indices IM¢ycooctane @0d RIM, which were 1.4 and 2.2 for the pristine wood, while
for extracted wood were 1.5 and 2.7, respectively. The extracted wood also showed
slightly more polar characteristics with a sum of specific interactions Y, I, of 84.2
kJ/mol vs. 82.6 kJ/mol for pristine wood. Detailed results are found in the supporting
information (Table SI-4 and Figure SI-12). The determined yf was slightly lower
than older data of white birch by Kamdem et al. (1993) with similar /g, results. As
opposed to spruce and pine softwoods, where extraction led to significantly higher
yf (Tshabalala 1997; Liu et al. 1998; Walinder and Gardner 2000) because of the
nonpolar nature of the removed resins, the hydrophilic birch extractives are of more
similar polarity and present in small quantities, thus not affecting surface energy sig-
nificantly. Increased Y} Igp and a slightly higher y¢ of 39 mJ/m? vs. 37 mJ/m? after
hot-water extraction was found by Oporto et al. (2011), although based on measure-
ments on an undefined hardwood mixture. In summary, similar morphology, disper-
sive surface energy, and specific interaction characteristics were observed for both
specimens. The variations are not expected to affect the glueability of the wood in
terms of wettability with the adhesives to a degree of any practical relevance.

For most reaction adhesives, the acidity during curing affects the reaction rate or
even the occurring reaction types. To observe the change in acidity of the wooden
substrate due to extraction, pH measurements on freshly cut surfaces showed an
increase from 5.4 on average in pristine conditions to 6.3 after extraction treatment.
This corresponds to a decline of H" concentration by 87%. After an aging period
of 20-30 d, the average pH of pristine and extracted wood surfaces was slightly
reduced to 5.1 and 6.1, respectively. This aging effect was, therefore, independent of
extractive concentration. The results are also shown as boxplots in the supplemen-
tary information (Figure SI-13). These results show the acidic nature of the hydro-
philic extractives in birch wood and, therefore, the neutralizing effect of the extrac-
tion procedure. The acidity can affect the curing behavior of reactive adhesives such
as phenol—-formaldehyde formulations or MUF adhesives (Engelhardt et al. 2023) by
accelerating or retarding the reaction.

Mechanical properties

The observed effects of water imbibition, especially the increased amorphous scat-
tering and reduced correlation lengths of microfibril crystallite regions via X-ray dif-
fraction measurements, justify an assumption of changes in mechanical properties.
To check and quantify this, the effects of water treatments on mechanical properties
were investigated by determination of the modulus of elasticity E in compression at
a constant stress rate in the linear-viscoelastic (LVE) regime. Prismatic specimens in
all principal directions (each n = 10) were measured subsequently in untreated con-
dition (pristine), after vapor treatment and reconditioning (vapor), and after water
extraction treatment and reconditioning (extracted).

E; in the longitudinal direction (Fig. 4A) showed an average of 19.3 GPa, 18.2
GPa, and 17.2 GPa for pristine, vapor-treated and extracted specimens, respectively.
In the radial loading direction (Fig. 4B), the average E; was 1.24 GPa, 1.16 GPa,
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Fig. 4 Distribution of elastic moduli E in compression mode on birch wood specimens loaded in A lon-
gitudinal, B radial, and C tangential direction in pristine condition, after vapor treatment, and after water
extraction treatment, respectively

and 1.09 GPa, while in tangential loading direction (Fig. 4C) E; was 0.64 GPa, 0.59
GPa, and 0.57 GPa for pristine, vapor-treated, and extracted specimens, respectively.

Since identical specimens were measured before and after treatment, the resulting
data set was statistically analyzed using the paired ¢ test to estimate the significance
p of mean differences. In summary, both the vapor treatment and the water extrac-
tion treatment resulted in very similar effects on the stiffness of birch wood, with
an average decrease of E; of 10-11% in the fiber direction (p < 0.05) after both
water treatments. In radial and tangential directions, the average reduction of Ey
and E; after extraction treatment was 11-12%, while vapor treatment caused only
a~7% reduction (p < 0.05 for tangential and p < 0.005 for radial loaded specimens,
respectively). The median levels of E, however, show very similar behavior with
a decrease of 8% in both of the perpendicular directions. The results of individual
measurements are listed in the supplementary information (Table SI-5).

Considering simple comparisons of E for pristine birch wood, a good agreement
was observed with the available literature data, e.g., by Horig (1935), where E; was
given with 16.4 GPa, E; was 1.11 GPa, and E; 0.62 GPa. In Grabner et al. (2005),
a lower E in transverse compression after extraction of larch wood was associated
with the then missing bulking action of extract depositions in the porous structure.
The slightly increased effect on E after extraction compared to the vapor-treated
wood could stem from added free volume and loss of non-covalent crosslinking
via hydrogen bonding of extractives. However, this might also be related to the fact
that the extraction likely achieves a higher cell wall saturation than the vapor treat-
ment. Considering the similar results of vapor-treated and extracted specimens, the
measurements suggest that the cause of the softening effect seen in this study was—
besides the removal of water-extractable compounds—to a large degree due to the
high-water adsorption phase.
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Conclusion

This study performed a broad screening of selected adhesion-related properties of
silver birch wood. A focus was placed on the comparative analysis of the charac-
teristics in untreated (pristine) conditions vs. following water extraction treatments.
Where appropriate, control experiments following a vapor treatment were conducted
to differentiate between extractives-related effects and effects due to the extraction
procedure, i.e., the water imbibition.

The extraction treatment of birch wood with water resulted in an initially
increased multilayer sorption, which after repeating sorption cycles reversed
to a reduction of moisture sorption in the multilayer domain and slightly in the
monolayer domain. While the effect on the multilayer is expected to result from
the increase in free volume, the monolayer is influenced by a positive net effect
of extractives on binding sites by providing more OH groups compared to their
occupancy. Therefore, the hydrophilic extraction resulted in a decrease in sorp-
tion site concentration ¢, of 2.2%. Both factors are also suspected to be attrib-
uted to the observed increase in moisture diffusivity at room temperature and low
RH. Given their increased mobility, extractives can align better and with higher
denticity (number of binding sites for water molecule) and, therefore, establish
stronger hydrogen bonding, which was reflected in a calculated loss of isosteric
heat g, , of 15% after extraction.

The free swelling slightly increased while swelling pressure was reduced
after extraction. Measurements after vapor treatment indicate the effect is mostly
related to the water imbibition, namely a change in polymer configuration and
lowered crystallinity, allowed by the plasticization of water, instead of the
removal of extractives, which has a minor effect, possibly due to the creation of
additional free volume.

The structural investigation via X-ray diffraction analysis showed a 5% decrease
in the degree of crystallinity y, likely related to the reduction of the characteristic
length of cellulose crystallites &y,,. These results can also indicate that the wood
biopolymers shifted toward a higher disordered state after both water treatments.
The changes in the X-ray diffraction patterns, as well as the reduced swelling pres-
sure, are likely connected to the mechanical properties, as a reduction in the average
modulus of elasticity £ by 10% to 12%, depending on the loading direction, was
determined using compression tests.

The wetting behavior was only marginally affected by hydrophilic birch wood
extractives. Both contact angle measurements and inverse gas chromatography did
not reveal significant differences in surface energy properties due to extraction. Only
a lowered acidity was detected with surface pH measurements.

In summary, water as a plasticizer allows a reconfiguration of the glassy poly-
mer backbone of wood and may disorder the ends of crystallites in cellulose nanofi-
bril chains. The removal of extractives might enhance some of the observed effects
(mechanical softening, swelling pressure reduction, structural changes), physically
due to additional free volume and missing bulking action and chemically due to
extractives hydrogen bonding.
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In practical terms, the variation of the investigated bulk and surface properties
due to the presence of extractives is assessed as small with regard to the implications
on usability for bonded wood products. None of the performed comparative stud-
ies indicate problematic moisture sorption-related property changes, dimensional
stability issues, surface energy deterioration, or considerable changes in mechanical
properties due to the presence of hydrophilic extractives in birch wood. In contrast
to more problematic wood species, with higher property variations due to extrac-
tives, silver birch wood thus offers relatively stable bulk and surface properties in
this regard.

Further research could consider the permanence of the observed effects.
Wood, in constant interaction with environments of varying humidity, is never in
an equilibrium state, and the effects seen due to water or vapor exposure can be
assumed to be subject to change over time.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s00226-023-01526-x.
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