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Abstract The water vapour sorption isotherms and

sorption kinetics of birch (Betula pendula L) acetylated to

different levels have been determined using a dynamic

vapour sorption (DVS) apparatus. A DVS instrument was

also used to determine the accessible hydroxyl content in

the wood samples using deuterium exchange. The results

are reported in terms of the reduced equilibrium moisture

content (EMCR), in which the moisture content per unit

mass of wood substance is used for the calculation. As the

level of acetylation of the wood samples increased there

was a corresponding reduction in EMCR of the wood

samples, which was accompanied by a decrease in hys-

teresis in the same order. The sorption kinetics were also

determined using the DVS and analysed using the parallel

exponential kinetics model, in which the sorption kinetics

curve is composed of two processes (labelled fast and

slow). Using this analysis, it is possible to calculate two

pseudo-isotherms associated with the two processes. The

sorption isotherm is a composite of the sorption isotherms

associated with the fast process water and the slow process

water and there are significant differences in behaviour

between the two. It is suggested in this paper that the fast

process is related to diffusion limited kinetics, whereas the

slow process is a relaxation-limited phenomenon. The

reduction in accessible OH content due to acetylation was

well correlated with the weight gain due to acetylation,

although the relationship did not exactly correspond with

that theoretically determined.

Introduction

Wood is an important natural resource, which has many

technical advantages, such as: high specific stiffness and

strength, low processing energy, high toughness, renew-

ability, aesthetic properties, etc. However, despite these

positive benefits, wood exhibits some deleterious proper-

ties, such as: dimensional instability in a changing moisture

environment and susceptibility to fungal decay. Chemical

modification (where chemical moieties are covalently

bonded to the wood cell wall polymers) is one method to

improve the dimensional stability, decay resistance, and

water sorption of wood. Different chemical modifications

[1–6] can be applied to change the properties of wood [6].

As a result, the hydroxyl groups in the cell wall are

substituted partially and the cell wall of the wood is bulked

with the bonded chemicals [7]. The substitution of the

hydroxyl groups reduces the number of primary sorption

sites (which are generally assumed to be the OH groups);

while the bulking reduces the volume in the wood cell wall

which is available to water molecules. Of the various

potential chemical modifications, acetylation using acetic

anhydride is the most studied and is also produced
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C. A. S. Hill

JCH Industrial Ecology Limited, Bangor, UK

S. Curling � G. Ormondroyd

The BioComposites Centre, Bangor University, Bangor, UK

Y. Xie

Key Laboratory of Biobased Material Science and Technology,

Ministry of Education, Northeast Forestry University, Harbin,

China

123

J Mater Sci (2014) 49:2362–2371

DOI 10.1007/s10853-013-7937-x



commercially. It is thought that acetylation reduces the

equilibrium moisture content (EMC) of the modified wood

due to bulking and/or OH blocking, although the role of the

OH groups (if any) is not clear. Analysis of the sorption

isotherm of acetylated wood requires some caution.

Chemical modification leads to an increase in the weight of

the wood sample due to the addition of non-polar acetyl

groups, which means that for a given mass of water in a

given mass of wood substance, a lower EMC is measured

due to the extra mass of the bonded acetyl groups. It is a

common practice to report the EMC of acetylated wood,

using the standard method of calculation (mass of water

divided by mass of substrate). However, it is also essential

to calculate a ‘reduced’ EMC (labelled EMCR) which takes

account of the additional mass of the bonded acetyl and

thereby reports the moisture content in terms of wood

substance only. This allows for a better understanding of

the mechanisms by which acetylation affects the sorption

behaviour (bulking of the cell wall by bonded acetyl, or

OH blocking, or a combination of the two) [8]. In a study

intended to determine the mechanism by which acetylation

reduces the moisture sorption of wood, Papadopoulos and

Hill [9] modified wood samples with a homologous series

of linear chain anhydrides. In this way at comparable

WPGs, it was possible to have a range of levels of hydroxyl

substitution. Subsequently, Hill re-evaluated this data to

remove the effect of the weight of the bonded acyl groups

[8]. The conclusion from both these studies was that the

reduction in EMC was solely due to bulking of the cell wall

by the covalently bonded groups and that degree of

hydroxyl substitution was not a factor. Until now, the OH

content of acetylated wood has always been calculated and

there has been no study where the level of accessible

hydroxyl groups has been experimentally determined. The

research reported herein was conducted to make such a

measurement and furthermore to see if there might be any

correlation between hydroxyl accessibility and EMC.

The gravimetric method [9, 10] is a suitable way to

determine the EMC by conditioning of wood samples over

different saturated salt solutions to reach a certain RH, and

continues to be a popular approach, even though in the last

few years the dynamic vapour sorption (DVS) technique

has been increasingly used [7, 11, 12]. The DVS technique

gives highly reproducible data and is able to supply precise

sorption isotherms over a wide RH range. Additionally, the

DVS technique allows for the determination of sorption

kinetics.

The sorption kinetics data of wood are often interpreted

in terms of Fickian diffusion [13, 14]. A more detailed

description is given by Engelund and co-workers [15] in

their review paper. More recently, the parallel exponential

kinetic (PEK) model has been introduced to the wood

science literature by Hill and co-workers [16–20]. For

small wood samples, the PEK model gives exceptionally

accurate and reproducible fits of the sorption kinetic data

[16–20]. This model has a double exponential form, as

described in the equation below:

MC ¼ MC0 þ MC1 1� exp � t

t1

� �� �

þ MC2 1� exp � t

t2

� �� � ð1Þ

where MC—is the moisture content at time t of the sample

exposed to a constant relative humidity (RH%), MC0—is

the moisture content of the sample at the time 0.

The equation contains two exponential terms:

1� exp � t
t1

� �h i
and 1� exp � t

t2

� �h i
, representing fast

and slow kinetic processes, taking place simultaneously,

with the characteristic times t1 and t2 respectively. The

moisture contents, MC1 and MC2, are defined at infinite

time being also associated with the fast and slow processes.

A summation of MC0, MC1 and MC2 gives the EMC.

The water sorption/desorption properties of chemically

modified wood and the accessibility of the primary sorption

sites evaluated by hydrogen–deuterium exchange can be

determined by the DVS technique in separate experiments.

It is well known that the chemical modification of wood

reduces the number of accessible hydroxyl groups in the

wood cell wall by substitution, although this has never been

measured directly. This study reports the evaluation of the

equilibrium moisture content of the unmodified and

chemically modified (acetylated) birch wood samples and

an investigation of the potential influence of the hydroxyl

group accessibility on the sorption properties.

Experimental

Materials

Birch wood (Betula pendula L) samples of dimension

20 9 20 9 5 mm3 (radial 9 tangential 9 longitudinal) were

cut and the faces lightly sanded to remove loose adhering fibres.

The samples were labelled using a pencil, placed in a Soxhlet

apparatus and subjected to solvent extraction for 24 h using a

mixture of toluene:methanol:acetone (4:1:1, by volume). The

samples were air dried in a fume hood for 6 and then placed in

an oven set at 105 �C for 24 h. After drying, the samples were

removed from the oven in batches of five and transferred to a

vacuum desiccator containing silica gel to cool to ambient

temperature. The samples were then weighed on a four figure

balance. A flanged reaction flask of 5 l capacity with a two neck

lid was charged with 2 l of acetic anhydride (Aldrich, 99 %?)

to one neck was fitted to a condenser and the other (used for
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periodically adding wood samples) was stoppered. The flask

was suspended in an oil bath set at 110 �C and the system

allowed to reach equilibrium. Meanwhile, batches of labelled

wood samples were vacuum impregnated at ambient temper-

ature with acetic anhydride in a vacuum desiccator attached to a

diaphragm pump. Acetic anhydride impregnated samples were

then periodically added to the reaction flask (in batches of five)

to allow for a distribution of levels of acetylation. At the end of

the reaction period, the still hot acetic anhydride was decanted

from the flask, the flask placed in an ice bath and acetone added

to quench the reaction. Once the flask and contents had cooled,

the top of the flask was removed and the samples were placed in

a Soxhlet apparatus. The samples were then extracted with a

mixture of toluene:ethanol:acetone (2:1:1, by volume) for 24 h,

with one change of solvent. At the end of the extraction period,

the samples were removed and allowed to air dry in a fume

cupboard for 6 h. Subsequently, the samples were then trans-

ferred to an oven set at 105 �C for 24 h and then weighed as

before to determine the weight gain due to acetylation.

Weight percent gain (WPG) of the wood samples due to

acetylation was determined according to the following

equation:

WPG% ¼ Wf �W0

W0

� 100 ð2Þ

where W0 is the oven dry weight of the sample before

modification and Wf is the oven dry weight of the sample

after modification.

The different values of the WPG for the acetylated birch

wood samples are listed in Table 1.

For all the DVS tests, small microtomed slices

(approximately 100 lm thick) of wood samples in the

transverse direction relative to the fibres were used.

Method: dynamic water vapour sorption

Analyses of the wood samples were performed using a

DVS apparatus (DVS Intrinsic, Surface Measurement

Systems Ltd., London, UK). The wood samples were

placed on the sample holder which was connected to a

microbalance by a hanging wire. This is located in a

thermostatically controlled chamber through which there

was a constant flow of dry nitrogen gas and into which is

precisely mixed another flow of nitrogen containing water

vapour. For the deuterium exchange experiment, D2O

(Aldrich 99 %?) was used instead of water.

The sorption/desorption RH was changed in steps of

5 % RH from 0 to 95 % RH and then again in reverse to

0 % RH. The temperature was constant (25 �C) during the

entire experiment. The instrument maintained the sample at

a constant RH until the rate change in mass (dm/dt) was

less than 0.002 % per minute over a 10 min period. Data

on mass change was acquired every 20 s. The running

time, target RH, actual RH and sample weight were

recorded throughout the isotherm run.

By plotting percentage mass gain/loss against time,

with time zero corresponding to the point, at which a RH

step change occurs, and the kinetic curves were obtained.

The sorption/desorption curves were fitted with the

Exponential Association function in Origin 8.5 software

(OriginLab Corporation, Northampton, MA, USA).

Because the RH for each step (i.e. from 0 to 5 %) does

not take place instantly, there being a finite time during

which the RH is moving from one stable value to the

next, during this period, the moisture content (MC) of the

sample is not initially moving towards a static equilibrium

point. Therefore, the first three data points were elimi-

nated from the fit. This work was performed under the

same experimental conditions as reported previously [11,

17–20]. The data was recorded as EMC which is calcu-

lated on the basis of the sample mass, and also as the

reduced equilibrium moisture content (EMCR) which is

calculated on the basis of the mass of the wood substance

only

EMCR ¼ EMC � 1þWPG

100

� �
ð3Þ

For the deuterium exchange experiment, the DVS

reservoir was filled with D2O and the instrument

programed to conduct six sorption cycles (0–90 % RH),

with the same sorption parameters as before. In practice,

the actual upper RH achieved by the DVS apparatus was

stable at 84 %. The final dry mass of the sample after the

sixth sorption cycle was used to calculate the accessible

hydroxyl content. The process uses a minimum of six

sorption/desorption cycles to ensure that full exchange of

the accessible OH groups has occurred, as determined by a

stable and positive mass gain due to exchange of the

protons by deuterons. In fact, the sample mass became

stable after the second cycle, showing that full exchange of

the accessible OH content had occurred. In order to

calculate the accessible OH content, it is necessary to make

a correction for the added mass due to the bonded acetyl

groups, since it is necessary to know the change in

accessible hydroxyl content on a dry wood mass basis and

Table 1 Reference and acetylated birch wood sample

Samples WPG % Notation

Reference (non-acetylated) 0 R

Acetylated 3 Ac1

7 Ac2

10 Ac3

16 Ac4
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the same correction factor was therefore applied as for the

calculation of EMCR. Accessible OH content in mol/g of

dry wood mass is determined directly from the mass

increase of the sample.

Accessible OH content mol/gð Þ ¼ Mex�Morð Þ=Mred
ð4Þ

where Mex is the dry mass of the sample after the deuterium

exchange process, Mor is the original dry mass of the wood

sample prior to the exchange process and Mred is the

reduced mass of the sample (i.e. the mass of wood

material).

The theoretical OH content (mol/g of dry wood mass)

was determined by dividing the mass change due to acet-

ylation by 42 (MW of acetyl group—1) and subtracting this

value from the average accessible OH content of the

unmodified wood sample, as determined from deuterium

exchange.

Results and discussion

Dynamic water vapour sorption

Sorption isotherms for the acetylated wood samples

reported as EMC and EMCR against RH are shown in

Fig. 1. It can be seen that as the level of acetylation

increases, there is a commensurate reduction in EMC when

calculated based on the weight of the whole sample (wood

mass plus weight of bonded acetyl) versus RH. Nonethe-

less, when the effect of the mass of bonded acetyl is

removed, there is still a real reduction in the EMCR, which

has to be due to other physical effects.

The sorption isotherms of the reference (R) compared

with the acetylated wood samples and the hysteresis

(obtained by subtracting the adsorption from desorption

isotherm loop for EMC) are presented in Figs. 2 and 3,

respectively (black square symbols—R). The isotherm

curves for adsorption and desorption show the typical

sigmoidal shape commonly observed for wood.

When compared to the reference birch wood sorption

curves, the increase of the WPG reduces the EMCR of the

samples from 23.2 % for R to 20.5 % for Ac1, 18.8 % for

Ac2, 15.7 % for Ac3 and 12.4 % for Ac4 at a RH of 95 %

(see Fig. 1). Since, it is EMCR that is being plotted, this

represents a real reduction in moisture content and not an

artefact due to increased sample mass.

This large decrease of the reduced EMC has been

attributed to the presence of the covalently bonded acetyl

groups in the nanopores in the cell wall matrix [6, 9]. Since

the acetyl groups occupy space within the cell wall, this is

consequently not available to the sorbed water molecules

and hence a reduction in moisture content is observed (i.e. a

bulking mechanism). This has been shown in the previous

publications, where it was found that the reduction in EMCR

was solely a function of WPG, when the wood was modified

with a range of different chain length anhydrides [6, 9].

Fig. 1 Comparison of the

sorption isotherms for the

acetylated wood samples

reported as equilibrium

moisture content (EMC) and

reduced equilibrium moisture

content (EMCR) against RH.

This allows equilibrium

moisture content to be directly

compared on a dry wood mass

basis
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Sorption hysteresis of acetylated wood

All reference and acetylated birch wood samples exhibit the

hysteresis phenomenon common for wood (Fig. 3), but with

a reduction in hysteresis as the level of acetylation is

increased. The change in hysteresis is quite regular, although

the sample Ac2 is somewhat anomalous. However, given the

relatively small differences between the Ac2 and the other

samples, no significance is attributed to this.

Sorption kinetic analysis using the parallel exponential

(PEK) model

The difference between sorption and desorption cycles may

be reflected in the kinetic processes taking place as the

sample attains equilibrium. The PEK model has been used

extensively in studies of the sorption kinetics behaviour

with different wood samples [12, 16, 17]. As seen before,

Fig. 2 Sorption isotherms

showing reduced equilibrium

moisture content plotted as a

function of sample relative

humidity of the reference

(R) and acetylated (Ac1, Ac2,

Ac3 and Ac4) birch wood

samples

Fig. 3 Hysteresis plotted as a function of relative humidity of the

reference (R) and acetylated (Ac1, Ac2, Ac3 and Ac4) birch wood

samples

Fig. 4 Breakdown of 25–30 % RH step curve into fast and slow

processes showing experimental and PEK calculated curves for

acetylated (Ac3) birch wood sample
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the PEK model gave an excellent fit to the experimental

values, independent of the relative humidity range.

An example of sorption kinetics curve with the PEK fit

to the experimental data measured at the 10–15 % RH step

for reference birch wood sample is given in Fig. 4. The

open symbols represent the experimental data, while the

line represents the PEK calculated values. The fitted curve

is composed from the fast and slow processes associated

with the moisture contents, MC1 and MC2 according to

Eq. 1.

Two types of assignments have previously been pro-

posed in the literature for these two processes. The fast

kinetic process was associated to the moisture sorption at

the sites of most accessible internal surfaces and amor-

phous regions [21] or to the monolayer formation or

strongly bounded water to the polar groups within the cell

wall (so called non-freezing water) [22]. At the same time,

the slow kinetic process was associated with the water

sorption into the inner surfaces and crystalline regions [21]

or to the multilayer or weakly bound water in the substrate

or in the larger water clusters (so called freezing water)

[22]. However, there is no evidence to show that sorbed

water can be assigned to these two states in wood [15].

It was recently demonstrated that there is no evidence

supporting the idea of assigning the two processes to spe-

cific sites or water types [23, 24], although it is not yet

conclusively known what these two processes represent.

The most recent work in this area has suggested that the

fast one can be attributed to a diffusion process according

to the linear driving force mass transfer model, whereas the

slow process is linked to relaxation-limited kinetics [20]. It

has also been recently reported that the contribution from

the slow process disappears in samples when the isotherm

is determined above the glass transition temperature of the

material [25]. Hence, the most likely interpretation is one

where the slow process is attributed to relaxation limited

diffusion and the fast process to the linear driving force

mass transfer model. The response times for the fast and

slow process for sorption onto and desorption from

unmodified and acetylated (WPG = 16 %) woods are

shown in Fig. 5.

In most cases, the response times for the acetylated

wood sample are faster, except for the upper and lower

regions of the hygroscopic range under adsorption condi-

tions. Interpretation of this data requires caution. A number

of variables affect the response times (mass of sample, RH

step, MC step, temperature) apart from physical or chem-

ical composition of the sample, and it is essential that

comparisons of the characteristic times are not influenced

by these variables. In the case of the acetylated wood

samples, the MC step change is not the same between the

unmodified and acetylated wood samples, when identical

RH steps are used. By visual inspection of the kinetic

curves, it is observed that the acetylated wood sample does

respond faster than the unmodified wood, but this is simply

due to the lower MC change.

Fig. 5 Response times for the

fast and slow process for

sorption onto and desorption

from reference (R) and

acetylated (Ac4) birch wood

samples
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By cumulatively adding the MC1 or MC2 values for

adsorption and desorption cycles from the PEK fitting, it is

possible to create pseudo-isotherms associated with the fast

and slow processes and consequently to determine what is

the contribution of these two processes to the hysteresis

effect. The pseudo-isotherm curves for the reference and

acetylated birch wood samples are presented in Fig. 6. The

sorption isotherm is a classic IUPAC type II isotherm,

whilst the sorption pseudo-isotherms for the fast process of

IUPAC type I and for the slow process are of type III [22,

26]. This may be supporting evidence that the fast process

can be associated with the diffusion of water molecules in

the cell wall, whereas the slow process is linked to relax-

ation processes associated with cell wall expansion or

contraction. As the WPG increases, both the adsorption and

desorption curves for the fast process change in shape, the

ones of the Ac4 sample being almost linear, whereas the

other samples exhibit an upturn in the curve at the highest

part of the RH range. According to van der Wel and Adan

[26], a linear isotherm implies that the interactions between

sorbate molecules and the polymer molecules of the sub-

strate are insignificant, whereas deviations from linearity

indicate interactions between sorbate and sorbent, such as

dissolution, plasticisation, etc.

The non-acetylated wood sample shows a much greater

allocation of water associated with the fast process in the

adsorption region below 50 % RH, after which the slow

adsorption process begins to dominate (Fig. 6—R). At

95 % RH, this sample displays a moisture content associ-

ated with the fast process of 10.5 and 13.8 % with the slow

process.

Modification of wood by acetylation reduced the values

of the cumulative MC with the increase of the WPG

(Fig. 6—Ac1–Ac4), but with a much larger influence on

the moisture content associated with the slow process. The

mass gain associated with the fast adsorption process is

higher than the one for slow adsorption process in the

region below 70–75 % RH for the samples Ac1–Ac3,

while for the Ac4 sample the fast process dominates up to

the 90 % RH region.

There is a minor difference between fast process for the

R and treated sample, with a low WPG (Ac1), while the

slow process is more affected. With a further increase of

the WPG, the fast process starts to be affected, too; the

values being lower than those of the reference (non-acet-

ylated) sample. The slow processes for Ac2–Ac4 samples

are strongly affected by the acetylation process.

The fast and slow sorption curves for the untreated

(R) and low WPG acetylated (Ac1) birch wood samples

exhibit closed pseudo-isotherm loops; whereas, the Ac2–

Ac4 acetylated birch wood samples show open fast pseudo-

isotherm loops. The open pseudo-isotherm loop of the fast

process is accompanied by a crossover in the slow process

pseudo-isotherm, where the desorption EMCR value is

Fig. 6 Sorption isotherms associated with the fast and slow kinetic processes as a function of relative humidity of the reference (R) and

acetylated (Ac1, Ac2, Ac3 and Ac4) birch wood samples

2368 J Mater Sci (2014) 49:2362–2371
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higher than the adsorption at the upper end of the hygro-

scopic range. This crossover was referred to as ‘extra

water’ by Kohler et al. [21] who assigned the water to

different sites leading to the conclusion that water was

transferred from ‘fast sites’ to ‘slow sites’.

According to a recent study [20], the fast sorption pro-

cess is associated with the physical diffusion of water

molecules in the cell wall, and the slow process is linked to

relaxation processes associated with the cell wall matrix.

Therefore, it can be considered that after acetylation, the

matrix becomes stiffer and the relaxation process is less

significant with an increasing influence of the diffusion

process, with more limited penetrant–polymer interaction.

The hysteresis for both fast and slow sorption isotherms

were calculated and are presented in Fig. 7.

All samples exhibited different behaviour for the hys-

teresis associated with the fast and slow kinetic processes.

As can be seen, the hysteresis obtained from the experi-

mental data is mostly influenced by the slow process; the

curve associated with the fast process did not affect the

hysteresis of the sorption curves at low values of the RH,

this starting to contribute over 30 % RH. At the same time,

a decrease of the hysteresis for both fast and slow processes

can be observed as the WPG increases. An interesting

observation is that at low RH (up to about 15 %) the

hysteresis associated with the fast process has negative

values for three of the samples.

Accessibility of hydroxyl groups

The accessibility of the hydroxyl groups of untreated and

acetylated birch wood samples is shown in Fig. 8. For the

reference (non-acetylated) birch wood sample, the value

for the accessible OH groups is about 8.1 mmol/g. The

chemical modification, as was expected, decreased the

number of accessible OH groups with increasing values of

Fig. 7 Hysteresis associated with the fast and slow kinetic processes as a function of relative humidity for the reference (R) and acetylated (Ac1,

Ac2, Ac3 and Ac4) birch wood samples

Fig. 8 Accessible OH groups as function of the weight percentage

gain, determined experimentally using the deuterium exchange

experiment and also calculated theoretically (upper line)
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WPG. However, the relationship between the OH acces-

sibility does not follow that predicted theoretically (shown

by the upper line). The reason for this is not known, but

may point to a loss of thermally labile cell wall substances

as the reaction proceeds. Work is underway to understand

this relationship further. This will involve the saponifica-

tion of bonded ester in the wood and measurement of the

released acetyl using HPLC.

When plotting the EMCR values at 95 % RH for the

reference and acetylated birch wood samples as a function

of the accessible hydroxyl groups an approximately linear

correlation is obtained (Fig. 9a). A similar relationship is

found if WPG is plotted against EMCR (Fig. 9b). Based on

this evidence alone, it is not possible to determine if OH

substitution or bulking, or a combination thereof is

responsible for the reduction in the EMCR.

Conclusions

Acetylation results in a reduction in both the equilibrium

moisture content and the reduced equilibrium moisture

content of the birch wood samples. Using a PEK analysis

of the sorption kinetics, it is possible to produce two

pseudo-isotherms associated with the fast and slow kinetic

processes. The pseudo-isotherm of the fast process has a

shape which can be attributed to an IUPAC Type I iso-

therm, whereas that associated with the slow process is

more akin to a Type III. It is suggested that the fast process

is linked to a diffusion process in which there is no or

limited sorbate–polymer interaction, whereas the slow

process is linked to relaxation-limited kinetics. Evaluation

of the accessible hydroxyl content using deuterium

exchange has shown that there is a reduction in this

property as the level of acetylation is increased, although

the relationship does not follow that theoretically pre-

dicted. Based upon this study it is not possible to determine

the mechanism responsible for the reduction in the

equilibrium moisture content of acetylated wood. This

requires modification with two different anhydrides,

whereby different levels of OH substitution can be

achieved at comparable levels of bulking.
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