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Abstract The hydrophilicity of wood cell walls

derives from the presence of hydroxyls, but their

accessibility is restricted by physical confinement

from the stiff, solid cell walls. This study examines

how this confinement affects water uptake of the

accessible hydroxyls by tuning their amount through

replacement with various non-hydrophilic functional

groups. Results from gravimetrically determined

hydroxyl accessibility by deuterium exchange are

shown not to correlate with moisture uptake in cell

walls under vapour conditions or at water-saturation.

Instead, spatial availability for water inside solid cell

walls is suggested as the dominant factor in controlling

cell wall moisture uptake at given climatic conditions.

Keywords Sorption � Water accessibility �
Hydrogen bonding � Chemical modification � Wood

Introduction

Cellulosic fibres are able to attract and bind water

molecules due to their high concentration of hydro-

philic functional groups, mainly hydroxyls (OH)

(Berthold et al. 1994, 1996, 1998). Several studies

on loose cellulosic fibres, e.g. cotton and regenerated
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cellulose, have shown that the amount of hydrophilic

groups accessible for water is correlated with the

moisture content of the material (Gibbons 1953;

Guthrie and Heinzelman 1974; Howsmon 1949;

Rousselle and Nelson 1971). By chemical reaction,

hydrophilic groups can be replaced with entities not

attracting water, e.g. replacing hydroxyls with methyl

or acetyl groups, hereby reducing the moisture uptake

in these materials (Gibbons 1953). When hydroxyls

are physically confined in lignified, dense cell walls of

wood, the physical environment may influence the

uptake of moisture more than the accessibility of

hydroxyls. For instance, no correlation between

accessibility and moisture content was found for

cross-linked cellulose fibres with an otherwise loose

structure (Stevens and Smith 1970). For solid wood

material, thermal modification has previously been

used to examine the relation between hydroxyl

accessibility and moisture content. No correlation

between these two parameters was found by Rautkari

et al. (2013) for thermally modified wood covering a

large span in hydroxyl accessibility. On the other

hand, Altgen et al. (2018) tuned the moisture condi-

tions during thermal modification to control the degree

of crosslinking. They found linear correlations

between hydroxyl accessibility and moisture content

depending on the degree of crosslinking in the wood.

However, thermal modification does not only change

the degree of crosslinking between wood polymers but

also changes the cell wall nano-porosity (Tjeerdsma

et al. 1998), both of which affect cell wall interactions

with water. Chemical modifications are more well-

defined than thermal modification, and a study of

wood modified by acetylation showed a linear corre-

lation between moisture content and hydroxyl acces-

sibility (Popescu et al. 2014). That study did, however,

not include other types of chemical modifications,

which can cause other patterns of spatial availability

and the results can therefore not be interpreted as a

definite proof of a general correlation between uptake

of moisture and hydroxyl accessibility. This study is

the first to describe how different chemical modifica-

tions of hydroxyls within the solid cell walls of wood

affect their moisture content. The aim is to understand

how a combination of chemical modification, physical

constraints and hydroxyl accessibility for water influ-

ences the moisture content within solid wood cell

walls.

Materials and methods

Sample material of Norway spruce (Picea abies L.)

grown in Switzerland was obtained after kiln-drying

and conditioning. Specimens were cut as cuboids with

dimensions L 9 R 9 T = 5 9 10 9 10 mm3 for

gravimetric accessibility measurements and

L 9 R 9 T = 15 9 10 9 3 mm3 for spectroscopic

accessibility measurements.

Chemical modification of wood cell walls

Three types of chemical modification of the cell wall

chemistry were conducted. These were selected based

on chemical similarities in modification approaches,

yet distinct differences in their effect on the amount of

hydroxyls in the cell walls.

Reactions with carboxylic acid anhydrides (acety-

lation and hexanoylation) were performed using two

differently sized reagents: acetic anhydride and hex-

anoic anhydride (Hill and Jones 1996; Hill et al. 2009).

Sample batches of 8 specimens were treated by

vacuum impregnation with a mixture of reagent and

pyridine (1:4 by volume) followed by heating at 80 �C
for various reaction times to yield different degrees of

treatment intensity. Treatments were terminated by

pouring off the hot reagent and quenching the reaction

in ice-cooled acetone. This was followed by one week

of washing in several steps, first several times in an

acetone–water (1:1 by volume) mixture and then in

pure water. Control specimens were heated in pure

pyridine or acetic acid up to 23 h to estimate the

maximum mass loss due to extraction of cell wall

compounds which was found to be\ 2%.

Reaction with caprolactone (polycaprolactone

(PCL) modification) was performed by pre-swelling

a batch of 22 specimens in anhydrous dimethylfor-

mamide (DMF) for 24 h under a nitrogen atmosphere.

Hereafter, a mixture of caprolactone monomers with

tin(III) octoate catalyst (2% by weight) were added to

the reaction flask and left to equilibrate for 23 h

followed by heating at 95 �C for 24 h. Treatment was

stopped by pouring off hot reagent and washing in

several steps in acetone. (Ermeydan et al. 2014b).

Before and after all treatments, dry masses and

mass gains, i.e. R in gram added mass per gram dry

wood (often referred to as weight percent gain orWPG

in literature), of specimens were determined after

vacuum drying (65 �C, 0 mbar) for 24 h. Based on the
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mass loss seen for control specimens and the largest

mass gain from modification, the uncertainty of R is

estimated to max. 10%. All chemicals were purchased

from Sigma Aldrich Chemie GmbH (Buchs,

Switzerland).

For each modification, the effect on hydroxyl

accessibility and water within cell walls was theoret-

ically assessed by calculation of the hydroxyl substi-

tution and the added molecular volume. The latter was

determined based on the dry mass gain from modifi-

cation R, i.e. gram added per gram dry wood (WPG).

Following the methodology of Slonimskii et al.

(1970), the molar volume of each modification was

calculated, see Table 1. From this, the added molec-

ular volume for each modified batch was found by

multiplying mass gain R with molecular volume and

dividing with molar mass.

The effect of modification on the hydroxyl acces-

sibility is expected to be caused by both hydroxyl

substitution and hydroxyl shielding, see Fig. 1. The

previous is caused by the substitution of hydroxyls

with another type of functional group as a result of

modification. Shielding of remaining hydroxyls within

the wood cell walls may arise due to the added

functional groups being bulkier than the original

hydroxyls. This effect is difficult to theoretically

assess, and therefore only the effect of hydroxyl

substitution was determined theoretically in this study

by

Dcsub ¼
1

Msub

ð1Þ

where Dcsub (mol g-1) is the expected change in

accessibility from hydroxyl substitution per gram

mass gain R (g g-1), Msub (g mol-1) is the added

molar mass of the functional group substituting

hydroxyls, which also takes into account mass loss

from removal of atom(s). Table 1 clearly illustrates the

distinct differences in hydroxyl substitution between

the three types of chemical modification.

Characterisation of modification distribution

within cell walls

Wood specimens were prepared for Raman imaging

according to Gierlinger et al. (2012). Briefly, cross-

sections of 15 lm thickness of both untreated and

modified wood were cut with a Leica microtome

(Leica RM2255). The modified specimens were those

with the highest R of the gravimetric specimens in

Table 2. The cross-sections were put on glass micro-

scope slides, a couple of water drops were added, glass

cover slips were placed on top of the cuts and sealed

with nail polish before measurements. Confocal

Table 1 Molar mass, molecular volume and hydroxyl substitution per mass gain, R (g g-1) for added functional groups by

modification

Modification Added

functional group

Molar mass added,

Msub (g mol-1)

Molecular volume,

Vsub (cm
3 mol-1)

Added volume, Vsub/

Msub (cm
3 g-1)

Hydroxyl substitution,

Dcsub (mmol g-1)

Acetylation –COCH3 42.04 26.0 0.618 23.8

Hexanoylation –CO(CH2)4CH3 98.14 67.2 0.685 10.2

PCL

modification

–(CH2)4COOH 114.14 66.1 0.579 0.0

Volumes based on methodology by Slonimskii et al. (1970). Each treatment removes a hydrogen atom (H) from the hydroxyl with

which the modification reacts

Fig. 1 Schematic illustration of the effects of modification on

hydroxyl accessibility: some hydroxyls are substituted by the

added functional groups, while others are shielded by these
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Raman imaging was performed on both early- and

latewood portions of the sample cross-sections. The

measurements were performed using a WITec alpha

300 R confocal Raman microscope (WITec Wis-

senschaftliche Instrumente und Technologie GmbH,

Ulm, Germany) equipped with a 532 nm laser, an oil

immersion 1009 objective (NA 1.4, Carl Zeiss, Jena,

Germany). All Raman images were taken with a

lateral resolution of 0.3 lm by acquiring at every pixel

one spectrum with an integration time of 0.1 s and a

laser power of 10 mW.

Data treatment of the Raman imaging data con-

sisted of two consecutive steps: (1) pre-processing of

the image spectra to correct fluorescence contribution,

and (2) analysis by Multivariate Curve Resolution-

Alternating Least Squares (MCR-ALS) to obtain pure

spectra of the image constituents and their related

distribution maps. The first step consisted in baseline

correction by the algorithm Asymmetric Least

Squares (Eilers 2004) which has been demonstrated

to cope well with fluorescence contribution (Piqueras

et al. 2011). Once Raman images are pre-processed,

MCR-ALS analysis was performed individually on the

untreated, acetylated, hexanoylated and PCL modified

Norway spruce wood following the MCR-ALS steps

described in the literature (Jaumot et al. 2005). Five

and four contributions were needed to describe the

variation in the untreated and modified wood, respec-

tively. Each of the MCR-ALS analysis were carried

out under the non-negativity constraint in both the

concentration and the spectral profiles (Bro and De

Jong 1997) and normalization of pure spectra in the ST

matrix (using 2-norm, i.e., the Euclidean norm).

Water accessibility to hydroxyl groups

Accessibility of hydroxyl groups to water was exper-

imentally probed by deuterium exchange using heavy

water (deuterium oxide, D2O). By supplying vast

amounts of D2O compared with the amount of

hydroxyls in cell walls, those interacting with heavy

water exchanged their normal hydrogen (protium) for

the heavier isotope (deuterium). Hereby, cell wall dry

masses increased with 1 mg per mmol exchanged

(Sepall and Mason 1961; Wadehra and Manley 1966)

and infrared vibrations of the exchanged hydroxyls

shifted by roughly 1000 cm-1 (Gold and Satchell

1955; Hofstetter et al. 2006;Mann andMarrinan 1956;

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

et al. 2006). However, about one-third of the hydrox-

yls on the surface of cellulose microfibrils cannot be

deuterium exchanged (Lindh et al. 2016), which

corresponds to about 1.3 mmol per gram cellulose

(Thybring et al. 2017). Since cellulose makes up

roughly half of the composite cell wall, the underes-

timation of the true hydroxyl accessibility is about

0.7 mmol g-1 for untreated wood.

Determination of hydroxyl accessibility by dry

mass increase was done gravimetrically using

Dynamic Vapour Sorption equipment (DVS-ET1,

Surface Measurement Systems, London, UK) at

ETH Zürich. Specimens were cut into thin slivers of

earlywood and latewood, separately, (mass 5–10 mg,

3 replicates) using a razor blade and exposed to 95%

vapour pressure D2O (99.9%-atom purity, Sigma

Aldrich Chemie GmbH Buchs, Switzerland) for 10 h

which initial experiments had shown was sufficient for

full deuteration of the water-accessible hydroxyls.

Before and after D2O exposure, each specimen was

dried at 60 �C for 6 h using the built-in heating coil

followed by a 1 h thermal stabilisation period, all the

while purging with dry nitrogen gas. From the

measured dry mass increases, the hydroxyl accessi-

bility was calculated as

cacc ¼
Dmdry

m0 MD �MHð Þ 1þ Rð Þ ð2Þ

Table 2 Overview of modification mass gain, R (g g-1) for the specimens used for gravimetric and spectroscopic measurements

Modification R (g g-1) for gravimetric specimens R (g g-1) for spectroscopy specimens

Acetylation 0.126, 0.184, 0.239 0.128, 0.204

Hexanoylation 0.100, 0.143a, 0.200 0.079, 0.176

PCL modification 0.163 0.181

aOnly used for cell wall moisture capacity measurement
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where Dmdry (g) is the dry mass increase, m0 (g) is the

initial dry mass,MD–MH (g mol-1) is the difference in

molar mass between normal (protium) and heavy

hydrogen (deuterium), and R (g g-1) is the relative

mass gain in the modification step. R is often referred

to as the weight percent gain (WPG) in literature. The

correction (1 ? R) is needed to compare variously

modified specimens (Thybring 2013). The uncertainty

in R yields an uncertainty in cacc of the modified

specimens of less than 2%.

Determination of hydroxyl accessibility by spec-

troscopy was done using a Bruker Tensor 27 ATR-

FTIR spectrometer (Bruker Optik GmbH, Fällanden,

Switzerland) at ETH Zürich. Vacuum-dried (65 �C,
0 mbar, 24 h) specimens were put in reaction flasks in

batches of 7 specimens and vacuum applied for

30 min. Hereafter, 40 mL liquid D2O (99.9%-atom

purity, Sigma Aldrich Chemie GmbH Buchs, Switzer-

land) were injected with a syringe and vacuum

pumping continued for 60 min before pressure equi-

libration with dry nitrogen gas. After 120 min at

atmospheric pressure, the D2O was exchanged for a

fresh batch of 40 mL for overnight soaking followed

by vacuum-drying (65 �C, 0 mbar, 24 h). After pres-

sure equilibration with dry nitrogen gas, specimens

were transported in glass containers with desiccant

(molecular sieves 3 Å, Sigma Aldrich Chemie GmbH,

Buchs, Switzerland) to the ATR-FTIR. Here, speci-

mens were split in the middle with a razor blade and

swiftly transferred to the ATR crystal for data

acquisition (64 scans, range 400–4000 cm-1, 60 s

duration). Although the handling of specimens after

cutting was swift some of the deuterium exchanged

hydroxyls may be re-protonated by contact with air

humidity. Tarmian et al. (2017) examined this re-

protonation and their results show that the relative

hydroxyl accessibility initially decreases in laboratory

climate by about 1% per minute after cutting. All

acquired IR 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. Hydroxyl accessi-

bility was determined as peak area ratio of deuterated

hydroxyl stretching in modified specimens to that in

untreated specimens. This was done in order to

compare the various modifications, since the total

hydroxyl content was reduced to different degrees.

The peak area was calculated as twice the area

between 2700 cm-1 and the wavenumber of the

maximum peak height (around 2510 cm-1). This

was done to avoid contributions from CO2 vibrations

found around 2300–2400 cm-1.

Water within wood cell walls

The uptake of moisture under water vapour conditions

was experimentally characterised using the same

DVS-ET1 equipment and sample preparation method

used for hydroxyl accessibility determination. Ini-

tially, each specimen (5–10 mg) of either earlywood

or latewood was dried at 60 �C for 6 h followed by a

1 h thermal stabilisation period. Hereafter, the spec-

imen was exposed to increasing levels of H2O vapour

pressure in steps of 10% relative humidity. During

each step, the change in mass was recorded until a

selected quasi-equilibrium condition of

0.0005% min-1 for 10 min. (5 lg g-1 min-1) was

met. This may produce a deviation from the true

equilibrium of about 1% moisture content (Glass et al.

2018), which corresponds with 0.56 mmol g-1 water.

Additionally, the cell wall moisture capacity was

analysed by differential scanning calorimetry (DSC

Q2000, TA instruments, Germany) (Zauer et al. 2014).

Specimens were first water-saturated using vacuum

impregnation (0–1 mbar for 5 min. followed by

injection of water while pumping for 1 min.). Here-

after, specimens were left to soak for 60 min at

saturation pressure and overnight soaking at atmo-

spheric pressure. From this saturated material, small

specimens (1–7 mg) were cut with a razor blade, put

into Tzero aluminium pans (TA Instruments) and

hermetically sealed. All pans were weighed to a

resolution of 0.01 mg before and after specimens were

inserted. The cell wall moisture capacity was deter-

mined by equilibrating the sealed specimens at

- 20 �C for 5 min. and then increasing the temper-

ature to 20 �C at a rate of 2 �C min-1. This cycle was

run two times for each specimen followed by deter-

mination of dry masses after drying specimen and pans

in vacuum oven (65 �C, 0 mbar) for 24 h. From

measured total energy of melting (Q) in a temperature

interval visually picked from the heating curves, dry

wood mass (m0) and the total specimenmass (mtot), the

cell wall moisture capacity, ucw,max was calculated as:
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ucw;max ¼
mtot � m0 � Q

Hf

� �

m0

ð3Þ

where Hf is the enthalpy of fusion of water of

333.7 J g-1 (Lide 2013). The first two terms in the

numerator of Eq. (3) represent the total water mass in

the specimen, while the last term in brackets calculates

the freezable water which is found outside cell walls

(Fredriksson and Thybring 2019). Calibration of the

DSC Q2000 for enthalpy of fusion was done with

deionised water (melting point 0 �C, enthalpy of

fusion 333.7 J g-1).

All moisture contents and cell wall moisture uptake

capacities were corrected for mass gain during the

modification step by multiplication with (1 ? R)

(Thybring 2013). The uncertainty in R yields an

uncertainty in moisture content and capacity for the

modified specimens of less than 2%. From the

moisture content and capacity results, the moisture

exclusion efficiency was determined as the reduction

in moisture content in modified specimens relative to

that in unmodified control specimens. For the vapour

conditioned wood, the deviation from true equilibrium

results in an error in absolute moisture exclusion of

less than 5% on average over the hygroscopic range.

Results and discussion

Chemistry in untreated and modified cell walls

While previous studies in literature have applied

Raman spectroscopy to investigate various chemical

wood modifications, it is only within the last decade

that Raman imaging has been used to obtain both

spectral and spatial information on modified wood

(Cabane et al. 2014, 2016; Ermeydan et al.

2012, 2014a; Frey et al. 2018; Keplinger et al. 2015;

Olaniran et al. 2019).

In Fig. 2, the distribution of bond stretching

vibrations of C=O and C–H in the untreated and

variously modified wood is shown based on identifi-

cation of these Raman vibrations in literature (Agar-

wal 1999; Larkin 2011). These two chemical bonds are

characteristic for all three modifications. The intensity

scale is similar across the different wood specimens

for each bond vibration, and it is therefore clear that

the modifications increase the vibrational intensity of

C=O and C–H stretching vibrations throughout the

cell wall thickness. In both the untreated and modified

wood, the intensity is lower in the lignin-rich cell

corners and middle lamellae, but modification is seen

to be present also in these regions. At the lumen-cell

wall surfaces the vibrational intensity of both C=O and

C–H bonds appears slightly increased, indicating a

more intense modification of these surfaces than the

internal parts of the cell walls. Overall, Fig. 2 shows

that the major part of the cell walls has been modified.

See more details in the Supplementary Material.

Effect of modification on hydroxyl accessibility

Figure 3a shows the gravimetrically determined

hydroxyl accessibility in earlywood as function of

mass gain of the various modifications. Fewer levels of

modification in latewood were examined, however,

the results show the same trend although latewood has

a higher hydroxyl accessibility in the untreated state

(Thybring et al. 2017), see Supplementary Material.

The trends in the gravimetrically determined data are

confirmed by the spectroscopically determined acces-

sibilities in Fig. 3b, although the uncertainty in this

method is larger (Tarmian et al. 2017). A large

variability between modifications in their effect on the

hydroxyl accessibility is seen. By linear regression of

the accessibilities for acetylated and hexanoylated

specimens in Fig. 3a, crossing the ordinate at the value

Fig. 2 Distribution of the intensity in the integration bands of

C=O stretching vibrations (1720–1740 cm-1) and C-H stretch-

ing vibrations (2934–2943 cm-1) in untreated and modified

Norway spruce latewood and earlywood. The scale bar is 10 lm
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for untreated wood, the decrease in accessibility per

gram added mass is found for the two modifications,

see Table 3.

At the same time, PCL modification to R = 0.163

decreases the hydroxyl accessibility by 1.0 mmol g-1

corresponding to a reduction of 6.2 mmol per gram

mass gain. The uncertainty in R causes an uncertainty

of 10% on the inclination of the linear regression lines.

This is taken into account in the values reported in

Table 3.

Acetylation exhibits the highest reduction in

hydroxyl accessibility per mass gain, which is not

surprising given that acetylation substitutes the most

hydroxyls per mass gain of the three modifications.

Thus, hexanoylation reduces the hydroxyl accessibil-

ity by about half as much as acetylation for similar

mass gain. While PCL modification does not change

the amount of hydroxyls due to the carboxyl func-

tionality at the end of each functional group, it

nevertheless reduces the accessibility by about half

as much as hexanoylation.

All three modifications were found to decrease the

accessibility more than theoretically estimated from

the substitution of hydroxyls within cell walls, see

Table 3. This additional reduction could very well be

from shielding of remaining hydroxyls within the cell

walls as indicated by the reduction in hydroxyl

accessibility from PCL modification even though no

hydroxyl functionality is lost from this modification.

The difference between theoretically estimated hydro-

xyl substitution and determined hydroxyl reduction

increases in the order: acetylation, hexanoylation,

PCL modification, see Table 3. Both hexanoylation

and PCL modification add functional groups with a

molecular volume, Vsub which is more than 2.5 times

larger than that added by acetylation, see Table 1. It is

therefore tempting to ascribe the larger shielding

effect of the previous modifications to molecular size.

However, the added volume per mass gain does not

correlate with the supposed shielding effect, since

PCL modification adds the smallest volume and

hexanoylation the largest for similar mass gain of the

three modifications as seen in Table 1. The underlying

cause for the effect of modification on hydroxyl

Fig. 3 Hydroxyl accessibility in modified earlywood of

Norway spruce as function of mass gain given by a gravimet-

rically determined hydroxyl accessibility (in mmol g-1) and

b normalised with the accessibility measured for untreated wood

where unfilled diamonds mark spectroscopically determined

accessibilities and filled diamonds mark gravimetrically deter-

mined accessibilities

Table 3 Theoretically estimated hydroxyl substitution from Table 1 along with measured change in hydroxyl accessibility per gram

added mass of the various modifications

Modification Theoretical Dcsub
(mmol g-1)

Determined Dcsub ? Dcshield
(mmol g-1)

Difference Dcshield
(mmol g-1)

Rel. difference Dcshield/
(Dcsub ? Dcshield) (mmol g-1)

Acetylation 23.8 24.1–26.5 0.3–2.7 app. 1–10%

Hexanoylation 10.2 12.4–13.6 2.2–3.4 app. 18–25%

PCL

modification

0.0 5.6–6.2 5.6–6.2 100%

For the determined Dcsub ? Dcshield the interval corresponds to an underestimation in of R of 10%
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accessibility beyond substitution remains therefore

unknown.

Effect of modification on cell wall moisture

Figure 4 shows the cell wall moisture content in the

untreated and modified earlywood under both hygro-

scopic (water vapour) conditions and at water-satura-

tion. The moisture content in the modified wood has

been corrected for mass gain due to the modification as

described in Materials and Methods. Traditionally,

wood moisture content is reported in literature as

water mass per dry wood mass, i.e. g g-1. However, in

this study the moisture content is given in mmol water

molecules per gram dry wood mass to illustrate

potential correlations with the hydroxyl accessibility,

which has the same unit.

All three modifications are seen in Fig. 4 to reduce

the amount of moisture within the cell walls. From

these data, the moisture exclusion efficiency of each

modification at each mass gain is determined. This

efficiency is shown in Fig. 5a as function of the

hydroxyl accessibility. From this it is clear that the

accessibility of water to hydroxyls confined in solid

cell walls do not control the moisture content, since

similar moisture exclusion efficiencies can be found in

modified materials with a large disparity in hydroxyl

accessibility. This contradicts the hypothesis of

Papadopoulos and Hill (2003) that reaction with

differently sized anhydrides to the same degree results

in similar moisture exclusion efficiencies because of

equal reductions in hydroxyl accessibility by com-

bined substitution and shielding. Instead, Fig. 5b

points to another mechanism behind moisture uptake

in solid wood cell walls, which is spatial confinement.

It is well-known that dimensional changes of wood as

a result of moisture changes involve the built-up or

release of internal stresses within the material (Tarkow

and Turner 1958). Thus, moisture uptake is accompa-

nied by swelling of the solid cell walls which is

restrained by the build-up of mechanical energy

Fig. 4 Moisture content (in mmol g-1) within cell walls of

untreated and modified earlywood as function of modification

mass gain under a hygroscopic conditions (upper data points at

80% RH, lower data points at 30% RH), b fully water-saturated

conditions

Fig. 5 a Moisture exclusion efficiency of modified earlywood

cell walls of Norway spruce, i.e. relative reduction in cell wall

moisture content compared with untreated wood, as function of

a gravimetrically determined hydroxyl accessibility, b added

molecular volume. Results are shown both for hygroscopic

moisture content (filled diamonds) and at water-saturation (open

diamonds)
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(Bertinetti et al. 2013, 2016). Reacting bulky mole-

cules with the constituent cell wall polymers pre-

swells the cell walls and at the same time reduces the

available space for water. This leads to a lower

moisture content at specific environmental conditions,

i.e. moisture exclusion, which is correlated with the

total molecular volume of added functional groups

within cell walls as seen in Fig. 5b. However, some

differences are seen between water-saturated and

hygroscopic conditions between acetylated and hex-

anoylated wood. Acetylation excludes moisture from

cell walls relative to untreated wood to a similar

degree at saturation and under hygroscopic conditions,

while hexanoylation appears to exclude moisture

better at water-saturation. This is opposite to the

results by Papadopoulos et al. (2004) on Corsican pine

which indicate that hexanoylation creates a larger void

volume within cell walls than acetylation. The void

volume is supposedly mostly available for moisture in

the saturated state, which would decrease moisture

exclusion compared with hygroscopic conditions.

This is, however, not what the results in Fig. 5 show.

For Scots pine, however, no significant difference

between acetylation and hexanoylation was found

(Papadopouls 2001), pointing to differences between

wood species in how they react to modification. The

correlation between moisture exclusion under hygro-

scopic conditions and the added molecular volume in

Fig. 5b is in line with results for wood reacted with

various sizes of carboxylic acid anhydrides (Hill and

Jones 1996; Papadopoulos and Hill 2003) as seen in

the literature data depicted in the Supplementary

Material. For the first time, however, this study shows

that moisture exclusion cannot predominantly depend

on shielding of hydroxyls as large differences in

hydroxyl accessibility to water may exist in modified

wood cell walls.

Conclusion

Norway spruce wood was treated by three different

chemical modifications: acetylation, hexanoylation,

and polycaprolactone (PCL) modification. All modi-

fications were found to modify the cell wall chemistry

across the cell wall thickness. The modifications

reduced the hydroxyl accessibility of the wood for

water which could only be partly explained by

hydroxyl substitution, and additional contributions

from shielding of hydroxyl were speculated. The

moisture content of the wood was reduced by mod-

ification. However, the reduction in moisture was

clearly shown not to correlate with the hydroxyl

accessibility of the material. Instead, the molecular

volume of the added functional groups by modifica-

tion was shown to control the reduction in moisture

content, pointing to spatial confinement as the under-

lying mechanism for moisture uptake in wood.
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(2014) Analysis of the pore-size distribution and fiber

saturation point of native and thermally modified wood

using differential scanning calorimetry. Wood Sci Technol

48:177–193. https://doi.org/10.1007/s00226-013-0597-9

Publisher’s Note Springer Nature remains neutral with

regard to jurisdictional claims in published maps and

institutional affiliations.

123

Cellulose (2020) 27:5617–5627 5627

https://doi.org/10.1007/s10853-013-7434-2
https://doi.org/10.1007/s10853-013-7434-2
https://doi.org/10.1177/004051757104100708
https://doi.org/10.1002/bip.20585
https://doi.org/10.1139/v61-260
https://doi.org/10.1016/0032-3950(70)90345-X
https://doi.org/10.1016/0032-3950(70)90345-X
https://doi.org/10.1002/app.1970.070140704
https://doi.org/10.1002/app.1970.070140704
https://doi.org/10.1007/s00226-017-0922-9
https://doi.org/10.1007/s00226-017-0922-9
https://doi.org/10.1016/j.ibiod.2013.02.004
https://doi.org/10.1016/j.ibiod.2013.02.004
https://doi.org/10.1007/s10570-017-1278-x
https://doi.org/10.1007/s10570-017-1278-x
https://doi.org/10.1007/s001070050287
https://doi.org/10.1007/s001070050287
https://doi.org/10.1002/macp.1966.020940105
https://doi.org/10.1002/macp.1966.020940105
https://doi.org/10.1016/j.molstruc.2006.03.018
https://doi.org/10.1016/j.molstruc.2006.03.018
https://doi.org/10.1007/s00226-013-0597-9

	Water accessibility to hydroxyls confined in solid wood cell walls
	Abstract
	Introduction
	Materials and methods
	Chemical modification of wood cell walls
	Characterisation of modification distribution within cell walls
	Water accessibility to hydroxyl groups
	Water within wood cell walls

	Results and discussion
	Chemistry in untreated and modified cell walls
	Effect of modification on hydroxyl accessibility
	Effect of modification on cell wall moisture

	Conclusion
	Funding
	References




