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Abstract The first drying of wood cell walls from

the native state has sometimes been described as

producing irreversible structural changes which

reduce the accessibility to water, a phenomenon often

referred to as hornification. This study demonstrates

that while changes do seem to take place, these are

more complex than what has hitherto been described.

The accessibility of wood cell wall hydroxyls to

deuteration in the form of liquid water was not found

to be affected by drying, since vacuum impregnation

with liquid water restores the native cell wall acces-

sibility. Contrary to this, hydroxyl accessibility to

deuteration by water vapour was found to decrease to

different levels depending on the drying conditions.

Vacuum drying at 60 �C for 3 days reduced the

accessibility more than drying for 1 day at 103 �C
without vacuum. Drying for 3 days at 103 �C
increased the hydroxyl accessibility compared to

1 day. Moreover, the decrease in hydroxyl accessibil-

ity to deuteration by water vapour induced by the first

drying could be at least partially erased by subsequent

vacuum impregnation with liquid water, indicating

reversibility. For the drying of solid, non-degraded

wood cell walls the results challenge the often

supposed process of hornification, understood as a

permanent decrease in hydroxyl accessibility to water.

Keywords Hydroxyl accessibility � Deuterium
exchange � DVS � ATR-FTIR � Wood

Introduction

In the native state, sapwood xylem cell walls are fully

saturated with and swollen by water. By the first

drying from this state, the cell wall structure gradually

collapses as water is removed and cell walls enter a

state never experienced before. Hence, the first drying

from native state has been reported to produce

irreversible changes to the structure (Suchy et al.

2010b). As moisture is removed from cell walls during

drying, some of the constituent molecules are thought

to collapse into hydrogen-bonded configurations that

cannot be fully re-wetted by water (Kontturi and

Vuorinen 2009; Suchy 2011; Suchy et al. 2010a, b).
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This phenomenon of lower hydroxyl accessibility is

well-known for some types of wood pulps and is

termed hornification. Disagreement has been reported

over its cause (Fernandes Diniz et al. 2004), but a

possible interpretation of more recent studies is that

aggregation of cellulose fibrils due to hemicellulose

and lignin removal and/or relocation could be

involved (Laivins and Scallan 1996; Langan et al.

2014; Pönni et al. 2014a). That interactions with water

can produce structural changes which are not easily

reversed is agreed for smaller sugar molecules. For

instance, amorphous sugars such as sucrose, glucose

(Makower and Dye 1956) and lactose (Torres et al.

2011) exhibit a decreasing accessibility for water if

stored above certain threshold humidity due to crys-

tallisation. The dominant sugar-based macromolecule

of wood cell walls, cellulose is known for its ability to

form very stable aggregated structures which are only

accessible for water in harsh physical conditions of

elevated temperature and pressure (above 200 �C and

25 MPa; Deguchi et al. 2008). Although cellulose is

also thermally degraded under such conditions (Tolo-

nen et al. 2011, 2013), the crystals are seen to

completely dissolve in water under very short reaction

times (less than 10 s) forming amorphous cellulose

fragments (Deguchi et al. 2008; Tolonen et al. 2013),

which nonetheless re-crystallises upon drying (Tolo-

nen et al. 2011). From this it is seen that cellulose has

an innate tendency to form aggregated structures

which are partly inaccessible for water. Furthermore,

spectroscopic investigations by Atalla et al. (2014)

show that drying of gently isolated cellulose microfib-

rils and re-wetting with D2O gave lower hydroxyl

accessibility compared with never-dried microfibrils.

More dramatic changes were, however, observed for

cellulose isolated with commonly applied procedures

using elevated temperatures, e.g. cooking during

pulping. Similarly, hydroxyl accessibility to liquid

water in bacterial cellulose (Lee and Bismarck 2012)

and cotton cellulose (Atalla et al. 2009) have been

found to be higher in the never-dried state than after

drying and re-wetting. When situated inside wood cell

walls, however, cellulose microfibrils have hemicel-

luloses and lignin filling up the space between them

(Salmén 2015; Salmén and Burgert 2009). These

matrix polymers are amorphous, i.e. they do not form

aggregated, crystalline structures, and it can be

speculated that this limits the possibility for cellulose

aggregation inside drying cell walls. For instance, it

has been observed that the presence of hemicelluloses

in pulps significantly reduces hornification upon

drying (Laivins and Scallan 1996; Oksanen et al.

1997). Furthermore, Leppänen et al. (2011) investi-

gated the behaviour of cell wall structures during first

drying from native state of birch, aspen and hybrid

aspen and found that the disorder of constituent

molecules increased. If first drying irreversibly

decreases accessibility to liquid water, an increase in

the ordering of molecules as described in (Atalla et al.

2014) would have been expected as the structure

collapses into energetically favourable (ordered) con-

figurations. In other words, the results of Leppänen

et al. (2011) would indicate that hornification under-

stood as a permanent decrease in hydroxyl accessibil-

ity due to formation of stable, aggregated,

energetically favourable molecular conformations

does not occur in solid, non-degraded wood cell walls

during drying.

When it comes to accessibility to water in the form

of vapour, previous results indicate that compete re-

wetting after drying from the native state is not

possible by exposing wood to water vapour, but can

only be obtained by vacuum impregnation with liquid

water. This is seen by the ability of liquid water to

restore desorption equilibrium moisture contents to

those of the first drying isotherm (Hoffmeyer et al.

2011). However, the difference in the number of

accessible hydroxyl groups between wood exposed to

water in liquid and vapour form have not been studied

previously.

Deuterated water has been used in a number of

studies to assess wood cell wall hydroxyl accessibility

to water (Altaner et al. 2006; Chow 1972; Fackler and

Schwanninger 2011; Fernandes et al. 2011; Kontturi

and Vuorinen 2009; Suchy 2011; Suchy et al.

2010a, b; Sumi et al. 1964; Taniguchi et al.

1966, 1978), as functional groups capable of forming

H-bonded complexes with water can have their

hydrogen exchanged with deuterium (Englander

et al. 1972). This exchange can be detected by

spectroscopic or gravimetric techniques, both of

which are employed in the current study. By wetting

a biopolymeric material with heavy water (D2O),

protium (‘‘normal’’ hydrogen, H) will be replaced by

deuterium (D) in water-interacting functional groups.

By supplying a vast amount of D2O compared to the

amount of water-interacting functional groups, all of

these will after a while contain D instead of H. Hereby,
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the material dry mass will be increased by 1 g per mol

exchanged hydrogen, and absolute hydroxyl accessi-

bility can be determined gravimetrically if the spec-

imen is dried under circumstances preventing re-

protonation, i.e. exchange of D back to H (Sepall and

Mason 1961; Wadehra and Manley 1966). In the

second approach the effect of deuterium exchange on

infrared spectroscopic fingerprints of hydrogen con-

taining molecules is utilised (Gold and Satchell 1955).

For instance, stretching vibrations of O–H, N–H, and

C–H are shifted to lower wavenumbers by roughly

1000, 900, and 800 cm-1, respectively, compared to

the same vibrations without deuterium. For wood and

its constituent polymers, the interactions with water is

dominated by hydroxyl-water bonds as seen by the

absence of a C–D stretching peak and the unchanged

nature of the C–H stretching peak after deuteration

(Hofstetter et al. 2006; Mann and Marrinan 1956a;

Schmidt et al. 2006; Taniguchi et al. 1966; Watanabe

et al. 2006). Therefore, focusing on OD and OH

stretching peaks and assuming that Beer’s law holds,

the relative hydroxyl accessibility can be determined

by the ratio of areas of OD to OD ? OH (Suchy et al.

2010b; Taniguchi et al. 1966) or alternatively by the

ratio of weighted intensities of OH and OD peaks

(Mann and Marrinan 1956b; Sepall and Mason 1961).

In this study, the state of cell walls of Norway

spruce sapwood in native state (1 in Fig. 1) and after

drying from this state (2 in Fig. 1) is examined in

terms of hydroxyl accessibility for water assessed by

deuterium exchange using both D2O vapour and liquid

D2O. The purpose is to determine how accessibility

changes with different drying procedures from native

state and by subsequent re-wetting with water vapour

(3b in Fig. 1) or re-saturation with liquid water (3a in

Fig. 1).

Materials and method

Materials and drying/wetting methods

Sample material of Norway spruce (Picea abies L.)

grown at a trial site in Palsgård, Denmark (Holmsgaard

andBang 1977)was used. The trial site was established

in 1964–1965 by the Danish Forest and Landscape

Research Institute, and the trees used in the current

study were felled in 2013. From the tree stems, discs at

a height of 1.30 m from the ground were cut out and

stored in liquid water with 0.5% sodium azide (fungi-

cide) in a refrigerator. Material from the sapwood zone

were cut out and thoroughly washed in demineralised

water before further treatment. The drying techniques

involved both conventional oven-drying at 103 �C for

1–3 days and vacuum-drying in a vacuum-oven at

60 �C (0 mbar) for 3 days. Water saturation after first

drying was achieved by vacuum impregnation where

samples were put under vacuum in a reaction flask for

5 min followed by injection of liquid water into the

flask. Hereafter, the saturation pressure was kept for

15 min before atmospheric pressure was restored and

samples left to soak overnight.

Spectroscopically determined hydroxyl

accessibility to liquid D2O

Infrared spectroscopy was employed to determine

hydroxyl accessibility in the wet, native state (1 in

Fig. 1) and in the re-saturated state after first drying (3a

in Fig. 1) using a Bruker Tensor 27 ATR-FTIR (Bruker

Optik GmbH, Fällanden, Switzerland). Batches of 5

replicate samples of app. 20 9 10 9 2 mm3 (L 9

T 9 R) were deuterated in flasks with 50 mL liquid

D2O (99.9%-atom, Sigma Aldrich Chemie GmbH,

Buchs, Switzerland) and were either stirred for 4 h

(GREEN batch) orwere subjected to three� h cycles of

vacuum (2.0–2.5 mbar) interrupted by � h at atmo-

spheric pressure, reinstated with dry nitrogen gas

(GREENVAC, VACDRY, and OVENDRY batches).

Hereafter, the solventwas exchanged for a fresh batch of

50 mL D2O, each flask was purged with dry nitrogen

and left for 24 h to push the equilibrium as far as

possible toward full deuteration. After this, all speci-

mens were dried in a vacuum oven at 60 �C, 0 mbar for

24 h. To avoid re-protonation by exchange with mois-

ture in the air, dry nitrogen gas was used to reinstate

atmospheric pressure in the oven after drying. For

sample batches not subject to re-protonation, each

specimen was put into a glass container with molecular

sieves 3Å (Sigma Aldrich Chemie GmbH, Buchs,

Switzerland) to avoid re-protonation by interactionwith

moist air. The relative amount of inaccessible hydroxyls

after dryingwas determined for sub-batches ofGREEN,

GREENVAC, VACDRY, and OVENDRY samples

which were re-protonated after being exposed to

laboratory climate conditions for 2–3 weeks. This was

donebyputting eachbatch into50 mLofH2Oand either

sporadically stirred or vacuum saturated, resembling the
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reverse processes employed for deuteration. Thus, after

4–5 h of re-protonation the liquid was replaced by a

fresh batch of 50 mL H2O and left for another 24 h.

Hereafter, the same vacuum drying and transportation

procedures as before were employed before infrared

spectroscopic investigations.

For determination of hydroxyl accessibility, sam-

ples were taken out of their glass container, cut along

the grain approximately in the middle of the shortest

dimension and the freshly cut surface put quickly onto

the diamond ATR crystal. It took around 10–20 s

between cutting of specimens and measuring the

infrared spectrum (400–4000 cm-1, 64 scans, 60 s in

total). All acquired spectra were analysed using OPUS

Version 7.2 (Bruker Optik GmbH, Fällanden, Switzer-

land). Spectra were baseline corrected using the

concave rubberbandmethod (10 iterations, 64 baseline

points) and max–min normalised. Areas under OH and

OD stretching peaks were determined by numerical

integration. The OH peak area was calculated in the

interval 3000–3700 cm-1, while the OD area was

found as double the area between 2700 cm-1 and peak

height (around 2510 cm-1), see Fig. 2. The latter was

done to avoid contributions fromCO2 vibrations found

around 2300–2400 cm-1. Finally, relative hydroxyl

accessibility was calculated as OD/(OH ? OD).

Gravimetrically determined hydroxyl accessibility

to D2O vapour

Dynamic Vapour Sorption equipment (DVS-ET1, Sur-

face Measurement Systems, London, UK) was used to

measure hydroxyl accessibility gravimetrically after

initial drying and re-wetting with water vapour (3b in

Fig. 1). This was done by cutting specimens (5–10 mg)

into very thin sections with a razor blade and condi-

tioning them for 10 h at 95%RH using D2O (99.9%-

atom, Sigma Aldrich Chemie GmbH, Buchs, Switzer-

land). Specimenswere air-dried (7 replicates) or dried in

conventional (3 replicates) or vacuum oven (3 repli-

cates). The specimens were either of pure earlywood or

latewood, since working with the gravimetrical method

made clear that these tissues have dissimilar hydroxyl

accessibilities. Thus, chips (20 mm length, *10 mm

width, and various thicknesses) of pure earlywood and

pure latewood were produced before the initial drying

Fig. 1 Schematic illustration of water molecules confined

within the wood cell wall polymers. The accessibility for water

to wood hydroxyls is determined by the ATR-FTIR method in

states 1 and 3a and by the DVS method in state 3b. In the ATR-

FTIRmethod, hydroxyl accessibility is given relative to the total

amount of hydroxyls, whereas the DVS method provides the

absolute amount of accessible hydroxyls (exposed to D2O

vapour at 95% relative humidity). Three different drying

protocols are employed: air-drying, vacuum drying at 60 �C,
and oven drying at 103 �C
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fromnative statewas commenced.Before and after each

conditioning period, the dry sample mass was deter-

mined by using the built-in heating coil for increasing

the temperature locally to 60 �C for 6 h followed by a

1 h thermal stabilisation period, bothwhile purgingwith

dry nitrogen gas. Only one conditioning step was

applied since it was found that the determined acces-

sibility depends on time of exposure and not on the

number of repeated conditioning cycles as has also been

reported by others (Pönni et al. 2013). Furthermore,

previous experiments using longer timesof conditioning

had shown that the employed conditioning durationwas

sufficient for providing full deuteration of the accessible

hydroxyls.

Results and discussion

Hydroxyl accessibility to liquid D2O

The change in hydroxyl vibrations due to deuteration

is illustrated in Fig. 2 average spectra for the GREEN

and GREENVAC batches (black lines). Based on the

individual spectra, the native state relative hydroxyl

accessibility is calculated and is shown in Fig. 3 to be

about 40–45% of hydroxyls accessible to liquid water

in line with other studies on wood (Altaner et al. 2006;

Chow 1972; Fackler and Schwanninger 2011; Fer-

nandes et al. 2011; Taniguchi et al. 1966). This is,

however, lower than the theoretically estimated

accessibility which includes all hydroxyls in lignin

and hemicelluloses as well as those cellulose microfib-

ril surface hydroxyls accessible for deuteration, see

electronic supplementary material.

The true relative accessibility might, however,

differ from both results of the present study and

theoretical estimations (electronic supplementary

material) because of inherent problems with the

spectroscopic method caused by dissimilar molar

absorptivities of OH and OD stretching vibrations

(Crawford 1952; Mann and Marrinan 1956b). For

instance, the OD stretching vibrations in cellulose and

starch were found to be about 10% more intense than

OH stretching vibrations (Mann and Marrinan 1956b;

Nara et al. 1981) which would increase the spectro-

scopically determined accessibility. On the other

hand, OD vibrations are theoretically expected to be

Fig. 2 Average ATR-FTIR spectra in the range

2000–3800 cm-1 of deuterated (black lines) and protonated

(grey lines) Norway spruce sample batches. Spectra showing

hydroxyls accessible for deuteration (O–D peak) are made after

exposure to liquid D2O and vacuum dried, while those showing

inaccessible hydroxyls (O–D peak) are made subsequently on

deuterated batches exposed to liquid H2O and vacuum dried.

GREEN native state flushed with liquid D2O and H2O,

GREENVAC native state, vacuum impregnated with liquid

D2O and H2O, CONTROL native state in liquid H2O. Average

spectra based on five replicates except for ‘‘GREEN accessible’’

and ‘‘GREENVAC accessible’’ with four replicates. The black

part of the O–H and O–D peaks illustrate the areas used in

calculating the relative hydroxyl accessibility. Only the area

between 2700 cm-1 and O–D peak height wavenumber (around

2510 cm-1) was determined to avoid contributions from CO2

vibrations in the 2300–2400 cm-1 range. The determined half

O–Dpeak areawas then doubled for accessibility determinations

Fig. 3 Relative hydroxyl accessibility in the native state of

Norway spruce and after vacuum and oven drying determined

spectroscopically with ATR-FTIR after exposure to liquid D2O

and subsequent vacuum drying (white bars). Also shown is the

relative inaccessible hydroxyl content (grey bars) after first

drying and re-protonation with liquid H2O. Letters indicate

statistical significant (a = 95%) different sample populations.

Thus, similar letters indicate non-significantly different popu-

lations. GREEN native state flushed with liquid D2O and H2O,

GREENVAC native state, vacuum impregnated with liquid D2O

and H2O, VACDRY vacuum dried at 60 �C for 3 days and then

vacuum impregnated with liquid D2O and H2O, OVENDRY

oven dried at 103 �C for 3 days and then vacuum impregnated

with liquid D2O and H2O, CONTROL native state in liquid H2O
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less intense (Crawford 1952; Swenson 1965) which is

in line with studies on liquid H2O and D2O showing

that the OD stretching vibrations are 29% less intense

than OH stretching vibrations (Venyaminov and

Prendergast 1997), hereby lowering the spectroscop-

ically determined accessibility. Based on the areas of

OH and OD stretching vibrations of all deuterated and

protonated specimens, the data of the current study

suggests that the latter vibrations are about 13% more

intense, but the result is not statistically significant due

variability of the determined areas. Therefore, it is

uncertain if the spectroscopic method can yield

quantitative results. Nonetheless, the method can

show if hydroxyls become inaccessible to liquid water

by drying as it detects remaining OD vibrations after

subsequent re-wetting protocols. As shown in Figs. 2

and 3, it is clear that more or less all deuterium was

removed after re-saturation with liquid water as both

GREEN, GREENVAC, VACDRY and OVENDRY

samples only had 1–2% hydroxyls not re-protonated.

Two further GREEN and GREENVAC sub-batches

were never dried out between deuteration and re-

protonated procedures, yet showed hydroxyl accessi-

bilities in the range 0.4–1.2%. These results should be

compared with the hydroxyl accessibility determined

for never-deuterated controls yielding 0.7%, simply

due to noise in the band region of the OD stretching

vibration. Moreover, the VACDRY samples show

similar hydroxyl accessibility to liquid water as

GREEN samples, i.e. accessibility similar to the

native state can be reestablished after vacuum-drying

by use of vacuum impregnation with liquid water.

Thus, contrary to previous reports in literature, e.g.

(Suchy et al. 2010a), this study finds that no or close to

no hydroxyls are made inaccessible upon vacuum-

drying at 60 �C if re-protonation is done with liquid

water. Reversibility has previously been reported for

cellulosic pulps, but only for alkaline conditions

(Pönni et al. 2013, 2014b). Therefore, this is the first

study to report nearly full reversibility of deuteration

after first drying of native state wood. The reason for

the discrepancy between results of this study and those

of previous studies might be differences in duration of

the deuteration and re-protonation procedures. Thus,

while Suchy et al. (2010a) deuterated native state

wood for 60 min in excess liquid D2O and similar time

in liquid H2O for re-protonation of dried samples, the

deuteration and re-protonation durations employed in

this study are 20 times longer. In both experiments,

specimens are water-saturated when exposed to liquid

D2O and dry when exposed to liquid H2O, and this

may lead to markedly different dynamics in the

approach to equilibrium in the two situations. Thus,

in the first case D2O molecules interdiffuse with H2O

in the macro-void wood structure before interdiffusing

with cell wall H2O molecules. In the last case, D2O

molecules are diffusing directly into dry cell walls,

however, the rate of transport in this step is signifi-

cantly lower than when D2O interdiffuse with cell wall

H2O molecules during deuteration (Engelund et al.

2013). Whether interdiffusion of D2O with H2O in the

macro-void wood structure or D2O transport into cell

walls is the rate limiting step depends on sample size.

However, by comparing the results of Suchy et al.

(2010a) with the current study, it appears likely that

deuteration and re-protonation durations longer than

60 min are necessary to ensure equilibrium. The

slightly lower hydroxyl accessibility in OVENDRY

samples might be due to thermal degradation of the

hemicelluloses after 3 days’ exposure to 103 �C, and
will be further discussed later.

Hydroxyl accessibility to D2O vapour

This study confirms that exposing dried wood cell

walls to water vapour does not lead to a re-opening of

the cell wall structure in the same way as with liquid

water. This can be seen from the gravimetrically

determined hydroxyl accessibility to deuteration in

Fig. 4. Depending on the drying protocol, the acces-

sibility at 95%RH varies significantly. Thus, vacuum-

drying gives around 15% lower accessibility than

oven-drying and 12% lower than air-drying. Oven-

drying furthermore appears to increase the amount of

hydroxyls accessible to deuteration with drying time

contrary to common belief that oven-drying reduces

hydroxyl accessibility.

Overall, the results are well in line with the upper

limit of the theoretically estimated amount of hydrox-

yls accessible for deuteration in wood, see electronic

supplementary material. This suggests that more or

less all hydroxyls on microfibrils surfaces and in the

amorphous hemicelluloses and lignin are accessible to

water vapour after air-drying. However, of those on

microfibril surfaces, recent results suggests that only

two-thirds of water-interacting hydroxyls are accessi-

ble for deuteration as the O(3)H hydroxyl acts solely

as hydrogen bond acceptor, i.e. interacting exclusively
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with water by the O(3) (Lindh et al. 2016). The results

for oven-dried material are slightly higher than the

theoretical upper limit, which could be due to partial

thermal degradation creating more hydroxyls accessi-

ble for deuteration, even though assumingly the

degradation of hemicellulose would result in fewer

available hydroxyls within this biopolymer. Another

possibility is uncertainty in the theoretical estimates.

Subsequent re-wetting by water vacuum impregnation

and change of drying protocol showed that the

hydroxyl accessibility was not locked by the first

drying from native state as seen from Fig. 5. This

figure illustrates that the air-dried material had a

higher accessibility after the second drying step when

this was done in a conventional oven, but the

accessibility was again reduced to air-dry-level after

a third drying step using a vacuum oven. On the other

hand, vacuum-dried tissue had a higher accessibility

after a second air-drying step.

Suggested mechanism

An important factor controlling hydroxyl accessibility

after a given drying protocol is very likely the state of

constituent biopolymers as the structure collapses.

Amorphous polymers such as hemicelluloses and

lignin can soften if water content and temperature are

high enough. Literature data for the softening of

hemicelluloses and lignin (Becker and Noack 1968;

Irvine 1984; Kelley et al. 1987; Olsson and Salmén

2004; Stevens et al. 1983) as compiled by Engelund

et al. (2013) shows that at water saturation, hemicel-

luloses are above their softening point at room

temperature, while water saturated lignin needs tem-

peratures above 60–70 �C to soften. For decreasing

temperatures, more and more water is needed for the

polymer to soften, most pronounced for hemicellu-

loses. For a given temperature, the polymer becomes

rigid when the water content drops below the softening

threshold corresponding to that temperature. Follow-

ing the review of Engelund et al. (2013), at 103 �C the

threshold water content is 5–7% for both hemicellu-

loses and lignin, while it is 13–15% and 18–20% for

hemicelluloses at 60 �C and room temperature,

respectively. For lignin, softening does not take place

at room temperature, even for water saturated samples

as lignin softens at around 60 �C. For the exposure

conditions in this study these effects imply that

specimens dried at 103 �C is at high enough temper-

ature and water content for both lignin and hemicel-

luloses to definitely be in a softened state even until the

material reaches low water contents, whereas the

hemicelluloses are softened down to intermediate

water contents at 60 �C where the lignin is just around

Fig. 4 Absolute hydroxyl accessibility at 95%RH in isolated

earlywood tissues of Norway spruce determined gravimetrically

with DVS-ET1 after different first drying protocols. Averages

and standard deviations (in brackets) calculated based on 7

replicates for the AIRDRY samples and 3 replicates for the

others. Letters indicate statistical significant (a = 95%) differ-

ent sample populations. Thus, similar letters indicate non-

significantly different populations. AIRDRY dried under labo-

ratory conditions, VACDRY dried in vacuum oven at 60 �C for

3 days, OVENDRY dried in conventional oven at 103 �C for 1,

2, or 3 days

Fig. 5 Changes in absolute hydroxyl accessibility at 95%RH in

isolated earlywood tissues of Norway spruce determined

gravimetrically with DVS-ET1 after different subsequent

drying-wetting protocols. Wetting was done by vacuum

impregnation with liquid H2O. Letters indicate statistical

significant (a = 95%) different sample populations. Thus,

similar letters indicate non-significantly different populations.

AIRDRY dried under laboratory conditions, VACDRY dried in

vacuum oven at 60 �C for 3 days, OVENDRY dried in

conventional oven at 103 �C for 1 day
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the softening point if water saturated. While deuter-

ation of material vacuum dried at 60 �C is nearly

completely reversible with liquid water (Fig. 3), the

re-wetting with water vapour produces a lower

accessibility (Fig. 4) than for samples air-dried at

room temperature. Oven drying at 103 �C for 3 days

on the other hand slightly reduces the accessibility to

liquid water (Fig. 3) but results in a higher accessibil-

ity to water vapour (Fig. 4). These effects are also seen

when dry material is re-saturated with liquid water and

exposed to vacuum or oven drying (Fig. 5). If matrix

polymers are softened at both levels of elevated

temperature, it would appear that polymer mobility is

high enough in both cases to allow formation of an

ordered, aggregated structure with low accessibility

upon drying, conflicting with the results for oven-

drying at 103 �C. One important factor in drying

which may explain these results could be the rate of

water removal from the drying material relative to the

rate of re-organisation of the collapsing polymeric

structure. The drying kinetics are much faster at

elevated temperatures, which means that at lower

temperatures more time is available for re-organisa-

tion and collapsing the cell wall structure in an ordered

way. However, if the temperature is too low, e.g. room

temperature conditions as for the air-dried material,

the evaporation rate is slow, but the hemicelluloses are

only softened in the initial moisture state and only

until the water content reaches 18–20%. Thus, only a

small fraction of the matrix polymers are capable of

re-arranging themselves in an ordered way and only so

when the water content is high. Another factor

relevant at least for longer oven drying at 103 �C is

thermal degradation of the cell wall polymers of which

hemicelluloses are most sensitive to elevated temper-

atures (Ramiah 1970). Hemicelluloses have a high

concentration of hydroxyls and their thermal degra-

dation would explain the slight decrease in accessi-

bility to liquid water (Fig. 4). With infrared

spectroscopy thermal degradation can be seen as a

decrease in the vibrational peak around 1730 cm-1

(Chow 1971). This is also found in this study for oven

dried material, but the decrease is not statistically

significant. Nonetheless, oven drying appears to

increase hydroxyl accessibility to water vapour

(Figs. 4 and 5) compared with the other drying

protocols. No matter the drying procedure, the expo-

sure to liquid water is seen to re-open the collapsed

cell wall structure to give a hydroxyl accessibility

closely similar to that in the native state, hereby

reversing any previous deuteration (Fig. 3). This

explains why re-saturation and drying in the second

and third cycle can increase or decrease accessibility

depending on the drying protocol (Fig. 5). The effect

of liquid water is, however, in contrast with that of

water vapour which does not fully re-open the

structure. A similar difference in the effect of liquid

and vapour was seen by Hoffmeyer et al. (2011) who

showed that exposure to water vapour is an insufficient

re-saturation method for dried wood. This points to

crucial differences in the interaction between wood

and water in either liquid or gaseous form, which

needs to be explored further in future studies.

Conclusion

The hydroxyl accessibility of Norway spruce to liquid

water was found not to be affected by drying from the

native state. Vacuum saturation with liquid water

between different drying protocols was able to erase

changes in accessibility produced by the previous

drying process, which contradicts the often supposed

hornification upon first drying. Contrary, a water

vapour treatment did not fully re-open the structure

and the hydroxyl accessibility was affected by the

drying protocol. Drying at 103 �C resulted in a higher

accessibility to water vapour than vacuum drying at

60 �C which yielded the lowest accessibility of the

protocols employed. By air-drying under laboratory

conditions, an intermediate hydroxyl accessibility was

found. This is suggested to be explained by a specific

interplay of drying rates and humidity levels in

combination with the respective glass-transition tem-

peratures of the matrix polymers.
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