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1. INTRODUCTION 
 

1.1 Backround  

 

Wood is a hygroscopic material with inherent properties to uptake (absorb) and release 

(desorb) water with the surroundings. In wood research, water has a central role affecting 

all material properties (Thybring et al. 2017). Water enters into the wood's complex 

structure through three different channels: fluid through the cell lumens via capillary 

tension, vapour through the cell lumens, and molecular diffusion through the cell wall. 

Wood has a sorption behaviour to reach equilibrium with the surroundings. Wood reaches 

the constant moisture content (MC) in an environment with stable relative humidity (RH). 

The absorption behaviour causes dimensional instability, swelling and degradation, 

which reduces the structural and mechanical properties of wood in many service 

applications (Hill 2006 and Egelund et al. 2012). 

 

Despite several valuable properties, there are weaknesses in wood as a structural material, 

such as dimensional instability at different moisture conditions and susceptibility to 

fungal decay. These properties can be controlled by modifying the cell wall polymeric 

components. The hydroxyl groups (OH) in the cell wall can be chemically modified or 

replaced with external chemical agents, which causes bulking in the cell wall. Chemical 

modification primarily occupies the available sorption sites and limits the free sites for 

water to interact (Popescu 2013, Thybring et al. 2017, Altgen et al. 2020). 

 

The number of OH groups correlates with the ability of wood to interact with water (Hill 

2006). In our modification methods, acetyl or methyl groups are replaced with OH groups 

which lead to wood behave as a slightly hydrophobic material. Overall, moisture uptake 

of the wood cell wall decreases, and the dimensional stability improves with the 

replacement of the OH group. In order to reduce swelling, the goal of this study was to 

concentrate on chemical modification, especially acetylated and formaldehyde-treated 

wood.  

 

Acetylation is a chemical treatment, in which neat acetic anhydride, flows into the cell 

wall and leads to the formation of ester bonds with OH groups of wood, causing cell wall 
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bulking (Figure 1a). Acetylation degree is measured with its weight percent gain (WPG) 

(Himmel and Mai 2014). Formalization with paraformaldehyde is a vapor phase reaction, 

in which the reagent, methyl and two OH groups react within the cell wall, causing cross-

linking (Figure 1b) and leading to the swelling of the cell wall. (Himmel and Mai 2014). 

The formed chemical bonds between the wood and the reagent have a major importance 

for permanence (Rowell 2005). 

 

 
Figure 1. Acetylation causes cell wall bulking (a) and formalization causes cross-linking 

(b) in the cell wall.  

 

The hydrophilic nature of wood affects its sorption properties. Wood is uptaking 

(absorption) or releasing (desorption) water, depending on the conditions. Wood is 

anisotropic, which means the properties exhibit along with different directions. Wood 

occurs its greatest swelling in a tangential direction. In changing climate conditions, it is 

important to determine the dynamic sample dimensions for swelling and shrinking in 

order to characterize wood behavior (Nopens et al. 2019). The high concentration of 

hydrophilic functional groups, mainly hydroxyls (OH), correlates with wood’s ability to 

attract and absorb water. Replacing hydrophilic groups with methyl or acetyl groups, 

which do not attract water, reduces moisture uptake. (Thybring et al. 2020). 

 

The materials used in some applications in the construction industry are significant to be 

durable and water-resistant. Hill (2006) summarized that the purpose of a wood 

Acetic
anhydride

Cell wall

Cross-linking

OH

a b
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modification is to improve the material properties. Changes in wood properties make it a 

more useable and durable material. The modification of wood is an old and widely used 

wood treatment (Altun and Tokdemir 2016). 

 

Many studies and models have been proposed to understand the wood—water interaction 

at macro- and microscopic levels, but the accessibility of sorption (OH) sites has not been 

fully understood in natural and modified wood. Therefore, it originates the need to study 

the effects of cross-linking and cell wall bulking. 

 

Understanding of the properties and structure relationship of modified and unmodified 

wood has mostly come from macroscopic scale analyses. Few studies have been 

conducted on wood at microscopic and cellular levels (Altgen and Rautkari 2020). 

Understanding of wood—water interactions in modified wood is important to research 

changes at the cellular level. 

 

1.2 Summary of previous research on the topic  

 
Acetylation has the lengthiest history of all the chemical modification methods. The 

beginning of the acetylation experiments leads to the year 1928, according to Rowell 

(1983). In researches, acetylation is quite popular due to its properties and the fact that it 

is also produced commercially (Hill 2006). In previous research, acetylation has been 

found to substitute the most hydroxyls per mass gain compared to other researched 

methods, such as formaldehyde modifications. Thus, acetylation is a commonly used 

method to improve the hygroscopic properties of wood (Thybring et al. 2020, Mäkelä et 

al. 2020). Although acetylation has been widely used for several decades, there is little 

knowledge about its effects on the hierarchical structures and the role of OH groups of 

wood. 

 

Formaldehyde treatment of wood has a briefer research and usage history than acetylation 

has. The methods with an aldehyde (paraformaldehyde) require an acid catalyst to 

degrade the substitute. Otherwise, the wood does not react with an aldehyde. In previous 

research, the mechanical properties of formaldehyde-treated wood have increased by 

Lewis acid catalyst. Although, formaldehyde -treated wood sample does not reduce the 

mechanical properties as much as the other treatments (Hill 2006). 
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Both modification methods used in this thesis reduce the amount of moisture at the 

cellular level. The reaction with hydroxyls and the modification substance inhibits water 

penetration. In acetylation the reaction with acetic anhydride causes cell wall bulking 

(Mäkelä et al. 2020). Whereas, in formalization the reaction causes cross-linking between 

the reagent and two hydroxyl groups (Hill 2006).  

 

The volume of modification is determined by the weight per cent gain (WPG). The 

maximum determined WPG in acetylation is 28%, and in formalization, about 18-20%, 

according to previous studies. The values of WPG reveal the number of mass gain of 

samples after treatments. (Popescu et al. 2013, Thybring et al. 2020). 

 

WPG is also connected to accessible OH-sites. Increasing WPG replaces the amount of 

hydroxyl accessibility. Previous studies indicate that chemical modification of wood 

reduces the number of accessible hydroxyl groups in the cell wall. This is caused by the 

substitution of the OH with the reagent. The accessible OH sites have been studied with 

a dynamic vapour sorption (DVS) apparatus before, replacing OH with the D2O 

(deuterium oxide) (Popescu et al. 2013, Thybring et al. 2020, Altgen and Rautkari 2020). 

This has not been studied before in comparing acetylation and formalization. 

 

Acetylation occupies the H of hydroxyl site with acetyl groups in the cell wall, which can 

swell and undergo relaxation in between only cell wall bulking and maximum water 

swelling. Formaldehyde treatment limits the time of stress relaxation during sorption. Due 

to increasing MC and swelling, sorption is more predominant (Himmel and Mai 2014). 

 

Due to bulking of acetylation modified wood, the mass of water relative to the dry mass 

(equilibrium moisture content, EMC) reduces. Himmel and Mai (2014) studied, that the 

EMC values revealed the real moisture sorption by the cell wall. The added weight of the 

chemical was not influenced. The higher the EMC values were, the higher were levels of 

accessible sorption sites in Popescu et al.’s (2013) research. In the absorption and 

desorption run, EMC values were lowered in both methods (Himmel and Mai 2014). 

 

The moisture sorption has been decreased over the whole RH (relative humidity) range 

in acetylation. Relative humidity is the amount of water vapour presented in an air/water 
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vapour mixture. Whereas with formaldehyde treatment, the reduction of the RH was 

approximately 20% in Himmel and Mai’s (2014) research. In formaldehyde treatment, 

the reduction of EMC is significant even with low levels of WPG. This is caused by cross-

linking within the cell wall, which inhibits swelling. Thus, the swelling has been found 

to be significantly greater in acetylated than in formaldehyde modified wood. 

 

The hysteresis between adsorption and desorption loops is studied much because of its 

connection to the history of moisture dependence. Previous studies have created a large 

number of models to describe the cause of sorption hysteresis. The EMC is dependent on 

the history of the wood sample. Since the moisture absorbed from lower to higher RH, 

the EMC at a given RH is lower. In turn, the desorption of moisture causes higher EMC 

at a given RH (Hill et al. 2010). 

 

1.3 Defining the research topic 

 

The purpose of this work was to investigate the interaction of water with acetic anhydride 

and paraformaldehyde-treated wood and analyze the effect on wood cell wall bulking and 

cross-linking. The differences in modification methods played an important role in the 

moisture uptake properties of wood.  

 

Aforementioned methods are two active chemical modification ways to enhance wood 

properties. In acetylation, acetic anhydride reacts with the cell wall polymeric hydroxyl 

groups forming ester bonds and producing acetic acid as a byproduct. In formaldehyde 

treatment, paraformaldehyde can be a potential reagent to react with the OH sites within 

the cell wall developed cross-linking. According to Himmel and Mai (2015), both 

methods change the wood structure, forming new bonds within the chemical reagents and 

with the cell wall polymeric components which in turn will occupy the available sorption 

sites at cell wall and limit the accessibility towards moisture interaction. We used 

dynamic vapor sorption apparatus to measure the accessibility of OH sites with the 

designed protocol of deuterium exchange to better understand the fundamentals of 

moisture behaviour. Moreover, its effect on cell wall bulking and cross-linking caused by 

the modification agents had also been investigated.   
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The accessible sorption sites (OH) in acetylated and formaldehyde modified wood with 

the aid of dynamic vapour sorption were investigated. The primary focus was to 

understand the fundamental moisture behaviour and its effect on cell wall bulking and 

cross-linking caused by the modification agents. Characterization of the comparison of 

the methods is a novel process that is going to be investigated in this research. 

 

The moisture content (MC) obtained from dynamic vapour sorption (DVS). Moisture 

content is related to the interaction of the water at the cellular level of wood. The MC-

values presented in sorption isotherms, which is a range that shows the hygroscopicity of 

wood at the different RH levels. Accessible sorption sites also obtained from dynamic 

vapour sorption with OH replacement by OD (deuterium). Investigating the accessibility 

of OH groups with this method, compared with different modification methods, is the 

novel area in this study.   

 

1.4 Aim of the thesis and research questions  

 

The main aim of this work was to compare the two modification methods to understand 

the water interaction with the help of equilibrium moisture, accessible sorption sites and 

dimensional changes. Moreover, the aim was to investigate wood – water interaction at 

the cellular level and characterize the structural chemical changes of acetylated and 

formaldehyde modified wood with water interaction. At last, the purpose was to find how 

the physical characteristics affect cell wall bulking and the MC and what happens in the 

cellular levels. 

 
Research questions 

 

1. How does the modification methods in relation to moisture changes affect the wood 

material?  

 

2. What chemical changes can be observed in the cell wall with modification methods?  

 

3. How will modification agents and its cross-linking effect the accessibility of OH 

sites?   

 



  
 

 
 

13 

1.5 Hypotheses  

 

Wood itself is a hygroscopic material which absorbs moisture from its surroundings in 

many service applications and causes dimensional instability and non-durability. This 

mechanism severely compromises on the structural and mechanical properties of wood. 

However, there is a need to fully understand the moisture uptake capabilities of wood 

material and its sorption kinetics. It has been found previously that chemical modification 

methods such as by acetylation reduces the moisture uptake occupying accessible 

sorption sites (Mäkelä et al. 2020).  

 

Our aim in this research is to compare two fundamental modification methods and 

investigate their effects on the sorption properties of wood. We modified wood with acetic 

anhydride (acetylation) and paraformaldehyde in the presence of acidic catalyst ZnCl2.  

In acetylation, the heavy anhydride molecules attached to the hydroxyl sites, cause 

hindrance to water molecules toward the free OH sites. Whereas, in formalization, the 

methyl molecules not only attached to the hydroxyl sites but also developed a cross-

linking within the molecules. We developed a standard protocol of deuterium (OD) 

exchange to measure the accessibility of OH sites in both treatments. It has been found 

that formalization significantly reduces the accessible sorption sites compare to 

acetylated wood. Formalization reduces accessible sorption sites to approximately 3mmol 

g-1 in its highest WPG. Whereas, in acetylation, the reduction of accessible OH sites will 

be smoother and slower. It will reach the maximum reduced accessible sorption sites in 

its WPG 16-18%, which is approx. 6mmol g-1. Thus, formalization reduces more 

accessible sorption sites in lower WPG values. 
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Figure 2. Swelling of wood material and its water sorption in the used methods.  

 

There will be the highest increase in volume after water soaking in untreated and Lewis-

acid treated wood, which is because of the presence of accessible OH sites, with which 

the H2O can attract. In modified samples, the volume changes are minor due to water 

resistance properties caused by the modification. Thus, decrease the moisture uptake and 

cell wall swelling. The proposed trend of volume change can be seen in Figure 2. 

 

The EMC values are connected with the moisture sorption through the cell wall.  

Acetylation reduces moisture sorption throughout the RH range. The reduction of 

formaldehyde-modified wood will be lower, approximately 20% (Himmel and Mai 

2014). Both methods reduce the time taken for wood to reach EMC at specific RH (E-

time). Acetylation will decrease the water sorption at each relative humidity stage from 

0-95%, while in formaldehyde-treated samples, the water sorption decrease is only from 

20-95%. The EMC values are connected to the accessible OH groups and the WPG values 

(Popescu et al. 2013, Himmel and Mai 2014). All wood samples exhibit hysteresis 

common for wood. Acetylation tends to decrease in hysteresis behavior compared to the 

normal wood, which was presented by Hill 2006, Himmel and Mai 2014.   
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2. MATERIALS AND METHODS 
 

Scots pine (Pinus sylvestris L.) sapwood section has been used for the modifications. 

Sapwood has the capability to uptake reagent easily through the opening of the pores. 

Whereas, the heartwood contains extracts and no resin canals, and its ring pores are partly 

closed. However, the annual rings are prominent in sapwood section, it is easy to 

differentiate the earlywood and latewood sections. Due to the moisture-related swelling, 

it causes asymmetrical dimensional changes in all principal direction (anisotropy) 

(Gruyter 2015).  

 

 

 
Figure 3. The structure of the wood. 

 

2.1 The cell wall of wood  

 

The cell wall of wood is separated into the primary (P) and three secondary (S) layers 

such as S1, S2 and S3. The primary layer is the first layer and composed of microfibrils 

(Figure 4). Microfibrils are in different directions and effect on the expansion of the cell, 

that make the structure of the wood complex and hierarchical. The S2 layer has the 

greatest volume compared to S1 and S3 layers, therefore it has the higher capability to 

react because of the large surface area and diffusion pathways. S2 layer has the greatest 

Earlywood

Latewood

Heartwood

Sapwood

Growth ring
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influence on many properties such as moisture content and dimensional changes of the 

cell. S2 layer is also the only layer with definite microfibrillar orientation (Hill 2006, 

Arzola-Villegas et al. 2019).  

 

 
Figure 4. The structure of the cell wall of wood. 

(Source: Arzola-Villegas et al. 2019) 

 

During the chemical modification of wood blocks, the cell wall is swollen which open 

the micropores. The entities smaller than the micropores enters inside the cell wall. On 

the other hand, drying causes the collapse of micropores, shrinking and loss in moisture. 

The swelling of the wood is caused by the water absorption.  

 

Primary sorption sites, OH groups are associated with the cell wall polymeric 

components; cellulose, hemicellulose and lignin by hydrogen bonding. Several material 

properties of wood such as dimensional stability and durability are dependent of the OH 

groups hydrogen bonding interactions of the cell wall (Figure 5). The absorption of 

moisture is also dependent on OH groups. The OH groups of the cell wall, are the 

principal components, influencing the performance of wood. Hydroxyl groups that can 

interact with sobbed water are called accessible OH groups. Accessible OH groups 

indicate a significant role in this investigation. Our preliminary goal of the thesis work is 

to investigate the number of OH groups per unit mass of dry wood, estimated of the 

number of the OH groups, associated with the cell wall polymers. Due to the OH groups 
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of the cell wall, wood is a hygroscopic material. Hemicelluloses contain the most of the 

OH groups because their amorphous nature (Hill 2006, Thybring and Fredriksson 2021). 

 

 
Figure 5. Water interaction in the cell wall, with hydroxyl groups.  

(Source: Michael Altgen)  

 

The effect of hydroxyl substitution is the cause of hydroxyl accessibility in chemical 

modifications, according to Thybring et al. (2020). The amount of accessible hydroxyl 

groups is correlated with the moisture uptake of the material. Moisture absorption initiates 

the cell wall swelling. The swelling is more significant in the radial and tangential angle, 

in contrast to the longitudinal angle of wood, due to the microfibrils winding angle in the 

S2 layer which is low. When wood reaches the fiber saturation point (FSP), the limit at 

which its moisture content cannot be increased, and dimensional changes cannot be 

observed at the cell wall level any further (Hill 2008). 
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2.2 Test samples and chemical reactions 

 
 

 
Figure 6. Different chemical reactions with reagent and OH-groups in the cell wall. 

(Source: Michael Altgen) 

 

The wood blocks of 20x20x5mm (radial × tangential × longitudinal) were cut from the 

kiln dried sapwood board. In total, there were 70 thin pieces to investigate. Thin piece 

might enable homogenous distribution inside the wood block. The samples were marked 

clearly and in order. The extractives were removed from all of the 70 samples using 

Soxhlet extraction technique before modifications. That is a significant part of the proper 

functioning of a chemical reaction (Figure 6). 

 

2.3 Soxhlet extraction 

 

Wood blocks were first extracted with acetone. At first, the samples were impregnated 

with acetone at room temperature, under pressure at 40kPa in a vacuum chamber, for 1.5 

hour. Then process continues with the Soxhlet extraction, where the samples were set into 

the extractor, under the 150mL -sign (Figure 7). Then glass bottle was filled with 200mL 

of acetone and few antifoaming agents were added to avoid bubbles. The extractor 
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containing samples, was attached to the flask filled with acetone. The upper end was 

connected to the condenser.  

 

The magnetic heating sieves were used to heat the acetone to 24oC. Acetone vapors 

follows through the vapor path. Boiling acetone started flowing through the vapor path 

of the extractor to the condenser. The condenser cooled down the vapors with chilled 

flowing water. The acetone cycle was ongoing until the bend of extractant path, from 

where acetone moves through extractant path revert down to the flask. This close cycle 

continued for six hours, for the samples to be fully extracted with acetone. 

 

 
Figure 7. Soxhlet-extraction process.  

(Source: Dabbs and Norbert 2005) 

 
2.4 Acetylation 

 

Acetylation is a chemical liquid-phase treatment method with neat acetic anhydride. 

Anhydride diffuses into the cell walls in which the single-addition reaction occurs with 

the polymeric hydroxyl groups.  In the process (Formula 1), one acetyl group is on one 

hydroxyl group, forming ester bond with no polymerization. Acetic acid is formed as a 

by-product (Hill 2006, Rowell 2014, Awais et al. 2020). 

 

𝑂𝐻	 + 	𝐶𝐻!𝑂𝐻−> 	𝑂𝐻	 +	𝐶𝐻!𝐶𝑂𝑂𝐻     (1) 
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To determine the initial dry weight of wood, the samples were dried under the fume hood 

overnight and dried in the oven at 103oC. After oven drying the samples were cooled 

down for about one hour and the initial weight of samples was determined with a 

weighting scale of precision 0.0001mg. Two reading were recorded to maintain the 

accuracy of the measurement.  

 

After the acetone extraction and oven drying, 25 wood samples were acetylated. First, the 

samples were impregnated in the vacuum with acetic anhydride for two hours at room 

temperature with 40kPa pressure (Figure 9). The samples absorbed the substance and no 

longer floated. 

 

Samples were cooked under the flux with acetic anhydride for mention times, to acquire 

different acetylation degrees. A simple setup was developed which comprises of magnetic 

plate, an oil bath, three mouth flask and water coil (Figure 8). Silicon oil was heated with 

magnetic heater at 120oC. The magnet regulated the rotations to 430 rounds/minute, to 

activate the acetylation reaction. A temperature sensitive probe was used to monitor 

changes in oil temperature. Extraction was implemented in the fume hood.   

 

 
Figure 8. Acetylation apparatus.  
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Samples were inserted to the reaction flask in five series for 10, 20, 50, 100 or 360min. 

At the end of the treatment, the flask with the samples inside, was removed from the 

apparatus and quenched to stop the reaction. The anhydride was replaced with acetone, 

in which the samples were rinsed. Acetone was removed and replaced again with clean 

acetone and the reaction flask was put into the fume hood for overnight to absorb acetone 

(Mäkelä et al. 2020).  

 

After acetylation reaction, the samples were rinsed with acetone followed by the Soxhlet 

extraction. The unreacted anhydride was removed with Soxhlet extraction producing 

citric acid as a byproduct. Samples were dried under the fume hood for overnight, and 

then, in the oven at 103oC for 24 hours. The dry weights from the samples were measured 

again after samples were dried, to obtain the final dry weights of the samples after 

modification. 

 

 

 
Figure 9. Process chart of the acetylation method. 
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2.5 Formalization 

 

Formalization is a vapor phase reaction with the reagent agent and two OH groups within 

the cell wall, forming cross-linking and leading to the swelling of the cell wall, which 

influences overall water uptake. Formaldehyde reaction with two OH groups is a two-

step reaction, where one OH group forms an unstable hemi-acetal group, and then the 

second OH group reacts, forming a stable acetal group (Formula 2). The 

paraformaldehyde has higher mobility in the gaseous state because its low molecular 

weight, leading the homogeneous distribution in a rapid fashion. The catalyzation is the 

most important phase in this process, because it turns to the hydrolysis of the cell wall 

polymers is leaded to (Rowell 2005, Himmel and Mai 2014).  

 

𝑂𝐻 + 𝐶𝐻"𝑂 → 𝑂 − 𝐶(𝑂𝐻) − 𝐻" 	→ 	𝑂 − 𝐶𝐻" − 𝑂   (2) 

      

The treatment for 35 wood samples with an aqueous solution of 1.5% ZnCl2 was prepared 

which act as a catalyst (Bodachivskyi et al. 2019).  Acid catalyst leads to degradation of 

the substrate, which makes catalysis an important part in formaldehyde modifications. 

Acid lead the hydrolysis of the polysaccharides which reduces polysaccharides of wood. 

The Lewis acid activating the OH sites for the vapor phase reaction decreasing accessible 

OH groups (Stevens and Parameswaran 1981, Hill 2006). A Lewis acid of 15g of ZnCl2 

was dissolve into deionized water of 1000mL. The solution was stirred for three hours in 

order to make a saturated solution.  

 

Samples were oven-dried overnight before catalyst treatment. The initial dry dimensions 

of unmodified wood in the tangential and radial directions were also measured with 

Vernier caliper. Tangential directions were slightly longer than radial directions.  

 

Afterwords, the samples were submerged into the aqueous solution of ZnCl2 in vacuum 

at 40kPa for 1 hour. 35 samples were soaked into the Lewis acid for two hours under the 

fume hood followed by overnight drying. The Lewis acid treated samples were oven dried 

at 103oC for 24 hours. In drying, the impregnated leftover aqueous solution of ZnCl2 leave 

the surface at this elevated temperature causing the dark edges, because the acid 

accumulates most at the edges. Furthermore, the samples were cooled down in a steady 

manner in a close desiccator.  
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Paraformaldehyde treatment executed with 25 of the catalyzed samples (Figure 10). The 

samples divided into five intervals about the time and sequence. Each five timeseries of 

sample were place in a separate desiccator with 20g of paraformaldehyde. The desiccators 

were sealed carefully and placed in oven at 100oC. The maximum time was 2880min 

followed by 1800min, 1440min, 720min and 360min. Formalization trend was calculated 

and curve fit was drawn. This section had to be executed with a special caution as PF is 

toxic chemical.  

 

Paraformaldehyde HO(CH2O)nH is formed from a polymer of formaldehyde by 

condensation from the methanediol. The resulted substance is solid. Formaldehyde is 

toxic, extremely cytoxic, mutagenic and carcinogenic and the vapour must not be 

inhalated (Darvell 2018). 

 

After formaldehyde modification reaction, the samples were rinsed with acetone and 

merged into the fresh acetone for overnight. The similar protocol for Soxhlet extraction 

was followed to remove the unreacted agents from substrate. Then, the samples were 

placed into a new acetone solution to impregnate overnight. On the next day, the Soxhlet 

extraction was performed again to remove leftover acids. This was followed by fume 

hood drying overnight and oven-drying at 103 Celsius degrees for 24 hours. The final 

weights and dimensions were determined after drying.  

 

 
Figure 10. Process chart of the paraformaldehyde-treatment method. 

Lewis acid
treatment

Fume hood drying
overnight and oven 

drying 24h

Separating
samples into 

glass desiccators
with 20g 

paraformaldehyde

Glass
desiccators

into the oven 100°C
Cooling the samples
at room conditions

Determining mass
and dimensions
of the samples

PARAFORMALDEHYDE
TREATMENT



  
 

 
 

24 

 

2.6 Weight percent gain 

 

Weight percent gain (WPG) has a correlation to the properties of wood after acetylation. 

Awais et al. (2020) explain in their article that WPG measures the acetylation degree and 

indicates how significantly anhydride has been reacted to wood polymeric components. 

The WPG of acetylated and formaldehyde-modified samples was determined according 

to the following formula: 

 

𝑊𝑃𝐺	(%) 	= 	!"#!$
!$

	𝑥	100    (3), 

 

where W0 is the initial dry weight of the sample before modification and Wfinal is the dry 

weight of the sample after modification (Propescu et al. 2014). WPG-values are 

determined after there is the weight of unmodified dry mass and modified dry mass. 

 

2.7 Water soaking cycles 

 

Treated series were exposed to water cycles to analyze the wood-water interaction and 

their absorption rate. This test gives us bulk dimensional changes within the samples. 

Before starting water soaking cycles, the dimensions with normal wood samples 

determined. At first, the samples were separated into acetylated, normal wood, PH-treated 

wood and Lewis acid wood into their beakers full of deionized water. The beakers with 

samples were put into the vacuum chambers with 40kPa pressure and removed after one 

hour. The samples were left in the beakers to impregnate more. 

 

After 24 hours, the wet dimensions and weights determined. Next, the samples moved 

into the fume hood for drying (Figure 11). They were fume hood-dried for 24 hours. Then, 

the samples were placed into the oven at 40 Celsius degrees for 24 hours. On the next 

day, the temperature was raised to 103 Celsius degrees. 
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Figure 11. Wood samples treated with ZnCl2 catalyst (a) and after drying 103oC, the 

edges turn dark. Acetylated samples (b). 

 

The maximum cross-sectional swelling coefficient (SW) of the sample determined from 

the values of dimensions before and after water soakings and wet dimensions. 

	

𝑆𝑊#$%&(%) = 100 ∗ '%('&
'&

    (4)	

 

𝑆𝑊#$%"(%) = 100 ∗ '%('$
'$

    (5),

       

 

Where V0 is the volume of the oven-dried sample before water soaking, V1 is the volume 

of the oven-dried sample after water soaking, and V2 is the volume of a wet sample after 

modification (Hill 2006, Himmel and Mai 2014). 

  

a b
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2.8 Dynamic water vapor sorption (DVS) 

 

2.8.1 Sorption isotherms  

 

A sorption isotherm shows equilibrium moisture states at different relative humidity 

levels at constant air temperature and water vapour pressure (Thybring et al. 2012). 

Dynamic vapour sorption (DVS intrinsic, Surface Measurement Systems, UK) apparatus 

was used to analyse the moisture uptake at various levels with the woodblocks. The 

samples were grounded into a homogeneous powder with a Wiley mill through a 30-mesh 

screen (Altgen et al. 2020). 

 

The sample was placed on the sample pan with a microbalance connection to a hanging 

wire (Figure 12). The sample holder is in a thermostatically controlled chamber with a 

constant dry nitrogen flow (grade 5.0, ≤ 3 ppm H2O) and 200 standard cubic centimeters 

per minute (sccm) (Popescu et al. 2014, Altgen and Rautkari 2020). For the DVS test, 

four samples were selected: one with the maximum WPG of acetylated and PF-treated 

wood, one unmodified and one Lewis acid-treated. 

 

 
Figure 12. Smaller DVS apparatus outside on the left, and inside on the right, where is 

the sample pan connected to a hanging wire.  

Sample
pan

Hanging
wire
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The DVS measures the mass of the sample at each RH levels for determining the moisture 

content. The relative humidity was increased in 10 distinct steps (0, 5, 15, 25, 35, 45, 55, 

65, 75, 85 and 95). The RH lowered back from 95% to 0% with the same steps to measure 

the desorption behaviour. The process is cyclic, which means, the absorption and 

desorption were measured in one cycle. Maximum RH is 95% since it is impossible to 

reach 100% RH (Hill 2006). The sorption isotherm was calculated in approx. 720 mins 

(Hill et al. 2010, Emmerich et al. 2020). 

 

Before starting the measurement, the dt/df and the weight altered. The mass of a holder 

tared before adding substance. First, the 19mg powder of acetylated sample with the 

average of the maximum WPG samples, which was 16.026%, placed on the sample pan. 

The sample pan was into the closed chamber, with the added instant N2 flow to prevent 

oxygen from entering. Then, the process continued with the maximum formalized sample 

and with Lewis acid- and untreated wood samples.  

 

Moisture content was measured using the equation below. 

 

𝑀𝐶 = '%#'()(*(+,
'()(*(+,

∗ 100     (6), 

where Minitial is the initial mass of the sample and M2 is the mass at the correct RH. The 

correction factor for the moisture content calculated with the formula 7. 

 

𝑀𝐶) = '-∗&/!01
&$$       (7), 

 

 (Thybring et al. 2018). 

 

2.8.2 Sorption hysteresis 

 

Wood exhibits the sorption hysteresis, in which the moisture content is dependent on 

relative humidity and temperature but also the moisture history. Sorption hysteresis 

reflects the time moisture take to approach equilibrium moisture. The reaching of 

equilibrium moisture content is higher by desorption than with the absorption at the same 

conditions. Thus, sorption hysteresis indicates the dependence of sorption isotherms 
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history (Hill et al. 2010, Fredriksson and Thybring 2019, Thybring and Fredriksson 

2021). 

 

In the hygroscopic moisture range, the softening of hemicelluloses associated with 

sorption hysteresis. That is due to the decreasing hysteresis with increasing temperature 

at dominant moisture content in cell walls. Softening of the hemicelluloses causes 

flexibility of cell walls.  

 

𝐻𝑦𝑠𝑡𝑒𝑟𝑒𝑠𝑖𝑠	(%) 	= 	𝑑𝑚" − 𝑑𝑚&    (8),  

 

where dm2 is the percentage mass change of desorption and dm1 is the mass change (%) 

of absorption at each RH levels. 

 

2.8.2 Hydroxyl accessibility  

 

Accessible OH groups determined with the replacement of OH groups with OD in the 

DVS apparatus (DVS ET, Surface Measurement Systems, UK). A hydrogen-deuterium 

exchange protocol was used, in which deuterium oxide (D2O) formed bonds with OH 

groups and H in hydroxyls replaced by D (deutrium). This caused an increase in mass, 

which played a key role in determining the accessible OH groups (Rautkari et al. 2013, 

Thybring et al. 2017, Thybring et al. 2020, Altgen and Rautkari 2020). 

 

Powder of the sample was placed into the sample pan (Figure 13) in DVS with constant 

nitrogen flow (grade 6.0, ≤ 0.5 ppm H2O) 25 Celsius degrees and 200sccm (Altgen and 

Rautkari 2020). The design protocol is comprised of the following sequence: (1) drying 

with pre-heater 8h; (2) cooling and deuteration for 14h, (3) drying with pre-heater 8hand 

(4) final cooling for 2h. 
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Figure 13. Bigger DVS apparatus inside.  

The samples from different acetylation degrees and the same amount of the powder to 

access the reliable and comparable value for each different modification level. The 

identical measurement was executed with five formalization samples with 7.49%, 6.36%, 

5.9%, 2.53%, and 1.62% WPG, and one Lewis acid treated sample and unmodified 

sample. 

 

The DVS measured dry masses of the samples, whereas the hydroxyl accessibility 

calculated following: 

 

𝑂𝐻$** =
+2(+&
+&∗&.../

∗ 1000 ∗ (1 + (𝑊𝑃𝐺/100)   (9), 

 

where M3 is the average mass of last ten minutes from the final cooling step from 

sequence step 4. M1 is the average mass of last ten minutes from the cooling + deuteration 

step of sequence step 1, and 1.006 is the mass difference between hydrogen and deuterium 

(Figure 14). (1+(WPG/100) is the correction factor (Altgen and Rautkari 2020). 
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Figure 14. Change in sample mass over time.  

 

The concentration of absorbed D2O molecules during the deuteration step were calculated 

by the following formula: 

 

𝐷2𝑂$01 	= 	 (𝑀"–𝑀!)/(𝑀&	𝑥	20.0276) ∗ 1000 ∗ (1 + (𝑊𝑃𝐺/100) (10), 

 

where M2 is the average mass of the last ten minutes from the deuteration step of sequence 

step 2 and 20.0276 is the molecular mass of D2O (Altgen and Rautkari 2020). 
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3. RESULTS  
 

3.1 Weight percent gain 

 

The reaction with acetic anhydride and wood was determined by gravimetric method of 

weight percentage gain (WPG). Initial dry mass and modified mass was measured and 

percentage differences were calculated. It was observed that WPG varies within range of 

4-16% as a function of time (Figure 15). The reaction rate was faster/robust within the 

period of 0 to 100 mins. It tends to reach to more stable curve after 120 mins. It is 

interpreted that at 120oC, acetyl group readily capturing the available OH sites. With time, 

it reaches to equilibrium where additional accessible sites cannot be accessed. However, 

the curve leads to constant trend. 
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Figure 15. Change in the WPG of acetylated samples over time. Each point is an average 

of five samples. Arrows shows standard deviations of WPG of each the five samples. 

 

Different time intervals were used to design the formalization reaction, see Figure 16. 

The reaction arrogates more time than the reaction in acetylation. Nevertheless, the 

formation of rigid cross-linking within the cell wall matrix prevents swelling of the cell 

wall in the atmospheric moisture. Thus, the growth of WPG was observed to vary only 

within the range of 1.5-8% as a function of time, and the reaction rate was smooth through 

the whole treatment time. With time, the formalization rate reaches an equilibrium where 

additional accessible sites cannot be accessed. However, the curve leads to a constant 

trend (Himmel and Mai 2014). 
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Figure 16. Change in the WPG of formaldehyde-treated samples over time. Each point 

is an average of five samples. Arrows shows standard deviations of WPG of each five 

samples. 

 

3.2 Bulk volume changes 

 

Bulk volume changes defined the swelling of the wood sample during water soaking 

cycles (Equation 4 and 5). The dimensional changes were small in all the samples 

compared to the weight changes. However, there was a change, especially in radial 

directions, in which the changes were more efficiently than in tangential and cross-

sectional directions. However, since the volumes were determined by dimensions, the 

differences increased. 
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Figure 17. Volume changes in different WPG levels in water soaking cycles (a) 1 and (b) 

2. Error bars show standard deviations of each sample levels.  

 

The volume change was grand and steady with unmodified and Lewis acid-treated 

samples. The volume change of the acetylated samples was excessive. The volume 

change was uniformly in all the formalized samples. The volume values of the PF samples 

were lower than the values of other samples attributed to the cross-linking of the cell wall 

polymers (Figure 17). As a result of inflexible cross-linking, the extension of the cell wall 

matrix was confined (Himmel and Mai 2014). 

 

Volume change in formalized samples were surprisingly equal with the difference of dry 

volume after water soaking and wet volume (Figure 17). The differences are larger with 

the dry volume before water soaking and wet volume. In untreated and Lewis acid treated 

samples the volumes are almost identical in volume change after, whereas in volume 

change before, there is significant difference. 

 

Standard deviations in both bulk volume changes were high. Especially in volume change 

after, the differences between five samples of one WPG level were considerable. That 

affects the results, thereby that the volume did not decrease and or even increased (Figure 

17). 
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3.3 Sorption isotherms  

 

Sorption isotherms describe the relationship between the equilibrium moisture content 

and the relative humidity at given times and temperature (Appendix 1 and 2, Equation 6 

and 7). Sorption isotherms formed a typical sigmoidal shape for wood, especially in 

acetylated, untreated and ZnCl2-treated samples. Due to the softening of amorphous 

polymers, such as hemicelluloses, the slope bends upward at above 60-70% relative 

humidities in all samples, expect formalized (Figure 18). That decreased the viscosity and 

rigidity of the polymer matrix, allowing the accommodation of multiple water molecules 

in the cell wall (Himmel and Mai 2014). 

 

 
Figure 18. Sorption isotherms of acetylated (a),  formalized (b), Lewis acid -treated (c), 

and unmodified wood (d). 
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In acetylation, the adsorption and desorption run reduced the MC values. In maximum 

acetylated samples (16%), the results of the MC were predicted. The moisture sorption 

reduced throughout the RH range, and the slope remained almost constant (Figure 18a). 

The effect to water vapour sorption in the RH below 20% was due to prevent monolayer 

formation by the cell wall bulking and by OH blocking. In addition, the cell wall bulking 

caused the contribution of acetyl groups to the reduction in MC. Cell wall bulking reduces 

the possibility for water to be accommodated in the cell wall, due to its volume reduction 

of the nanopores (Himmel and Mai 2014). 

 

The slope was slightly upward in formalization. The sorption remained almost constant 

through the RH sorption in the 15-95% MC (Figure 18b). RH started to decrease steadily 

above approx. 15% RH by controlling the increasing degree of swelling in the 

formaldehyde-treated sample. The cross-linking caused hindrance of the swelling by a 

restriction of the extension of the cell wall matrix. Thus, the new associable sorption sites 

were reduced (Himmel and Mai 2015). 
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Figure 19. Sorption isotherms of all the four different sample. 
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whole RH range creating the main slope. (Popescu et al. 2013, Himmel and Mai 2014, 
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content highly at each RH step. The difference is minor with these samples (Figure 19). 

However, treatment with ZnCL2 caused a slightly lower upward bend above 80% RH 

(Himmel and Mai 2015). 
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Figure 20. Adsorption isotherms of acetylated and Lewis acid treated samples (a), 

formalized and Lewis acid treated samples (b) acetylated and normal wood samples (c), 

and formalized and normal wood samples (d).  
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acetylation, whereas in the ZnCl2 -treatment, the bend is minor significant. ZnCl2 -

treatment caused a smoother decrease in MC through the RH range compared to 

acetylation. 

 

The MC difference between formalized wood and Lewis acid treated wood began above 

15% RH (Figure 20b). Above that, the moisture content increased considerably faster 

with ZnCl2-samples than with formalized samples. In addition, the bend upwards is 

sharper with ZnCl2-samples. The shape difference sharpens intensely above 80% RH 

(Figure 20b).  

 

In untreated wood, the difference with modified wood samples followed with ZnCl2-

treatment. However, in the formalized woodblocks, the difference in the curve began 

from the beginning as in acetylation (Figure 20c). In addition, the moisture content was 

higher in all RH levels of untreated wood than with modified samples 

 

3.3.2 Sorption hysteresis 

 

The sorption hysteresis is common for wood. It describes nanopores in terms of sorption 

into and out of wood in proportion to a glassy solid matrix below the glass transition 

temperature. Acetylated wood reached its maximum hysteresis point at approx. 65% RH. 

Acetylation caused minor hysteresis due to its reduced swelling by acetic anhydride. That 

affect by no increased cell wall stiffness. 

 

Formalization began to decrease hysteresis at the lower relative humidity than other 

samples (Figure 21). It reached the maximum value of hysteresis only approx. at 55% 

RH. According to Himmel and Mai (2014), this is caused by cross-linking, which 

increased the deformation resistance of the cell wall at high RH. In addition, that caused 

a low hysteresis ratio above 40% RH (Figure 21). 

 

The Lewis acid-treated wood had the major hysteresis throughout the RH range. The 

normal wood and Lewis acid-treated wood reached the maximum hysteresis at around 

75% RH (Figure 21). At lower RH stages, below the 30% RH, the normal wood has 

similar hysteresis as acetylation. However, the hysteresis of normal wood increased and 
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separated from acetylation above 30% RH. The hysteresis of normal wood continued to 

increase faster until it reached its maximum hysteresis. In unmodified samples, there is a 

grander difference between the physical state at adsorption and desorption. That is due to 

the enhanced flexibility of the cell wall matrix by the swelling. 

 

Modification decreased the highest point of hysteresis to the 55-65% RH, from which it 

began to reduce. The modified samples had lower sorption hysteresis over the complete 

RH range compared to the unmodified samples. At around 40-50% RH of modified 

samples is almost similar. There is a significant difference between modified and 

untreated samples at the hysteresis, principally above 50% RH. 

Figure 21. Sorption hysteresis of the samples.    
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3.4 Hydroxyl accessibility  

 

Hydroxyl accessibility is the number of OH groups that remained after deuterated with 

D2O vapour quantified with the dynamic vapour apparatus (Equation 9). The results were 

calculated from the changed dry mass compared to the initial dry mass. The modified 

samples were re-measured to obtained more reliable results (Altgen and Rautkari 2020). 

 

As expected, acetylation occupies maximum number of accessible hydroxyl groups per 

mass gain, see Figure 22. The occupation of OH groups is uniform through the 

acetylation’s WPG range. Nevertheless, the accessibility of hydroxyl groups increased 

slightly faster with WPG growing by more than 10%. 

 

Whereas formalization replaces proportionally more hydroxyls, with minor values of 

WPG. The OH accessibility of formalization decreases faster as WPG increases. 

However, OH accessibility does not decrease linearly between WPG values of 4-6%.  
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Figure 22. Hydroxyl accessibility of acetylated and formalized wood at different WPG 

degree. 
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3.4.1 Absorbed D2O molecules 

 

The absorbed D2O molecules are related to the results of OH accessibility. Acetylation 

decreased the absorbed D2O smoothly through the WPG range (Figure 23).   

The decline of absorbed D2O is quite large and linear. Thus, the amount of absorbed D2O 

is significant in acetylated samples, due to the great increase in WPG. 

 

The amount of absorbed D2O was small at four higher WPG levels in formalization. Thus, 

the reduction of absorbed D2O was not potentially significant. However, from the first 

WPG level to the second, the absorption of D2O is effective.  

 

There is a smaller amount of absorbed D2O originally in formalized samples compared 

to acetylated samples. However, a linear fit can be plotted against the data points which 

reveal that the results of the modified samples are relatively in line through the WPG 

range. Results of unmodified and Lewis acid-treated wood were equal to the results of 

OH accessibility. 
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Figure 23. Concentration of absorbed D2O during the deuteration step of acetylated and 

formalized wood. 
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4. DISCUSSION 

 
In the Soxhlet extraction, the vacuum extraction had to be performed first that the wooden 

blocks were fully submerged in acetone. The running cold water in the condenser prevents 

acetone evaporation. 200mL of acetone was sufficient to exceed the limit of 150 

milliliters. Besides, a certain amount of acetone remained in the flask after the limit 

exceeded. 

 

Fume hood drying evaporate acetone out of the samples. The blocks were oven-dried at 

103oC for 24 hours to remove leftover water. A slightly higher temperature was used than 

the boiling point of water.  Samples were cool down in a close desiccator with silica gel 

to abstain from surrounding moisture.   

 

Acetic anhydride molecules are bigger in size; therefore, wood blocks were not fully 

impregnated with in 2 hours. Additional vacuum pressure was applied to fully 

impregnated the samples. Temperature was nearly constant during the whole process 

within range of 119-121 Celsius degree.  

 

Before catalyst treatment, the samples were oven-dried overnight to remove the adsorbed 

water. Samples were stored in storage at constant conditions for two weeks. As 

formalization is vapor phase reaction, the treatment time was longer compared to 

acetylation. Paraformaldehyde power was placed in a close system around the samples at 

constant temperature, no direct contact was formed with samples. 

 

4.1 Mass and volume changes 

 

The achieved results complement our hypothesis in term of WPG variations. The cross-

linking of PF-treated wood prevented swelling with slight increase in WPG values. Our 

approach achieves the expected values of WPGs as distinct treatment times, see Figure 

16. The behavior is a straight which explains the decreases in WPG. Our treatment times 

with formalization acted well, as the graph is more linear. No previous studies with this 

type of modification were available for comparison, so the treatment times were 

estimated. Our estimates were decent (Figure 16).  
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The values gradually decrease compare to acetylation where the differences were more 

consistent. It can be perceived from WPG values that the weight of acetylated samples 

varies more after the treatment than in formaldehyde-treated samples. As reference, the 

average WPG of Lewis acid-treated samples was calculated which was approx 0.9%. 

 

Dimensions were determined before catalyst treatment to obtain dry dimensions from 

unmodified samples. Dimensions were estimated after cutting with saw which was 

15mm. Samples were randomly picked from the batch and average was calculated. The 

similar approach was used from thickness measurement. The results are then incomplete. 

Also, the thickness forgot to define before the catalysis treatment of formaldehyde and 

Lewis acid -treated samples. 

 

Bulk volume change was slightly lower in the formalized sample compared to the other 

sample. Due to cross-linking that prevents water uptake. The volume change of modified 

samples decreased as expected in the hypothesis as the amount of the reagent increased. 

Thus, it indicated that the volume change decreases whilst the WPG increases (Himmel 

and Mai 2014). Acid catalyst reduces the effective amount of free water. 

 

However, the difference in volume changes with different WPG was as low, that the 

volume change was not decreased steadily in formalized samples. At first, the bars tend 

to decrease and increase at the last set of samples, since volume started growing again 

above at 5% WPG level. The standard deviation was large in all the samples. Thus, the 

measurements with dimensions should have repeated to obtain more reliable results.  

 

Bulk volume changes with untreated wood and Lewis acid-treated wood differed in water 

soaking cycle 1, which can be due that the samples were not dry. Water might have been 

absorbed during sample transfer. In water soaking cycle 2, the dimensions and masses of 

the blocks were determined immediately taking out of the oven. Hence, water sorption 

has not occurred. According to Hill (2006), oven drying after modifications can be a cause 

in swelling caused by solvent extraction, compared to oven-dried wood blocks after water 

soaking.  
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Default in results can be due to determining the wet samples. The weight results were 

inaccurate because the block dries when it is out of the water, reducing the mass. Due to 

this, the number of the scale was dropping continuously. It will change the results of bulk 

dimensional changes, especially when the changes are not that large, with different 

modifications. 

 

The dimensional stability of acetylated wood is higher than with unmodified wood (Hill 

2006). In this study, this result was corrected. The dimensional stability was also 

improved with formaldehyde-treated wood. However, according to the hypothesis, the 

acetylated wood samples has the highest dimensional stability. The dimensional changes 

caused by moisture change, are greatest in the tangential direction, caused low microfibril 

angle in the S2 layer. Longitudinal changes are the most minor (Hill 2006). 

 

4.2 Sorption isotherms 

 

Sorption isotherms formed the slope bend upwards at above 60-70% relative humidities 

since the hemicelluloses started softening. Acetylation affected the water vapour sorption 

by blocking OH groups. The OH bonding with water prevented the formation of a 

monolayer, increasing the MC ratio for adsorption from 0 to 20%. Thus, acetyl groups 

affected constantly by the reduction of MC. Increasing WPG reduced the MC (Popescu 

et al. 2013, Himmel and Mai 2014).  

 

In formalization, the slope of positive and no bend in curve can be found. That is due to 

increased viscosity and stiffness of the cell wall by cross-linking. Hindered swelling due 

to cross-linking reduced new associable sorption sites. Furthermore, acetylation did not 

hinder swelling as formalization. The cell wall bulking caused a reduction of the volume 

of nanopores. That affected by reducing of water molecules. A reduction of the moisture 

content was attributed since the acetyl and methyl groups bonded with OH groups within 

the cell wall. There was no available space for water. The difference between acetylated 

and formalized samples is not excessive but important (Himmel and Mai 2014). 

 

The difference in shapes (Figure 18, 19) resulted from the amount of water in a wood 

sample. There were no decreased OH groups in Lewis-acid sample compared to the 

formalized sample.  ZnCL2 caused a slightly lower upward bend by hemicellulose 
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reduction in the cell wall. In acetylated samples related to Lewis acid-treated samples, the 

shape is more similar through the RH range than in formalized and Lewis acid-treated 

samples (Figure 20ab). However, in acetylation, the moisture content is much lower 

through the RH range than in the Lewis acid-treated sample. That is due to the high WPG 

increase and decrease in OH accessibility in acetylated samples (Hill 2006, Himmel and 

Mai 2014). 

 

Acetylation and normal wood had the highest difference of all four samples. Thus, 

untreated wood has the highest moisture content of all four samples since it was untreated. 

Acid catalyst reaction caused a minor reduction of accessible OH, therefore there is also 

a slight reduction in moisture content (Hill 2006). Still, untreated wood differed from 

modified wood quite similar to Lewis acid treatment. 

 

The difference of sample mass in DVS differs approx 1-2mg. Such a small difference can 

be ignored. However, the change in mass with different relative humidities is same. 

Therefore, the results can be compared with each other. 

 

4.2.2 Sorption hysteresis  

 

A reduction of the moisture content caused the small hysteresis in modified wood. That 

resulted a minor difference between in absorption and desorption isotherms. (Thybring 

and Fredriksson 2021). Formalization reduced the amount of moisture most by cross-

linking. The cross-linking might have caused a low level of maximum hydrolysis. 

Therefore, it increased the cell wall resistance to deformation at high humidity. In 

addition, the degradation of the hemicelluloses by Lewis acid treatment might be affected 

slightly (Himmel and Mai 2015). However, the acetylation reduced the moisture content 

also, as the difference of hysteresis in modified samples with normal and Lewis-acid 

wood is remarkably high. 

 

In untreated samples, the difference between adsorption and desorption caused by the 

flexibility of the cell wall, which is due to increased swelling. Lewis acid treatment caused 

the greatest hysteresis due to catalyst activated sorption sites towards the water. The larger 

the hysteresis is, there is still more leftover water inside the sample. Thus, there is leftover 
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water in lumen and cell wall regions. The hydrolysis of the catalyst indicated a reduction 

of the swelling of the Lewis acid sample (Hill 2006, Himmel and Mai 2015). 

 

4.3 OH accessibility 

 

In the DVS, we provide N2 to create an inert bubble around the samples. No oxygen 

should be there which will react with OH sites and occupy the site. The possible absorbed 

water after drying might have been distorted estimations of OH accessibility. As in bulk 

volume changes, the residual water increased the dry mass of wood, which affects the 

results (Altgen et al. 2018). Thus, part of the results was slightly small and incorrect. 

According to Altgen and Rautkari (2020) can be assumed that the changes in dry mass 

during the DVS measurement was caused by deuteration of accessible OH groups. 

 

First, the sample mass decreased during the first step with drying and pre-heating. Then 

was the turn of step 2, cooling and deuteration, in which the sample exposed to OD 

vapour, which caused mass growth. Determining the OH accessibility, the mass of the 

last ten minutes of step 2 needed. Then was the turn of step 3; drying and pre-heating. At 

the fourth step, the sample got its final cooling, in which the mass decreased back to the 

entry level. The mass 3 in calculations received from the end of this last step. 

 

According to hypotheses, acetylation caused the highest reduction in accessible hydroxyl 

groups per mass gain as a result of its highest WPG (Popescu et al. 2013, Himmel and 

Mai 2014, Thybring et al. 2020). However, the reduction of accessible OH groups is 

sizeable with both modification methods compared to unmodified samples due to 

chemical agents reacted with accessible OH groups, reducing the number of accessible 

OH. 

 

The results from absorbed D2O were more similar together compared to OH accessibility. 

This similarity caused by the difference in the amount of D2O at the smallest level of 

WPG. While the first amount of D2 was smaller in formalization, the differences to other 

WPG levels were not that high as the accessibility of hydroxyl groups.  
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However, have to take into account that the reduction of OH accessibility and especially 

reduction of absorbed D2O was giant between the first and second WPG levels of 

formalization. After that, the reduction levels were smooth and remarkably small. 

 

 

5. CONCLUSIONS  
 

The moisture absorption of wood causes dimensional instability and non-durability, and, 

the main aim in this thesis was to improve these properties. The moisture uptake was 

difficult to measure accurately. With the advancement of gravimetric methods such as 

dynamic vapor sorption with improved deuterium exchange protocol, the accessibility of 

untreated wood and many other modified woods can be investigated precisely. 

  

We observed that anhydride molecules are bulky and causes resist to water molecules, 

therefore they provide hindrance to OD exchange of hydroxyl sites. With the increase in 

WPGs, a noticeable decrease in OH accessibility can be observed. But OD exchange is 

more drastic in formalized wood which validates our hypothesis that cross-linking 

effectively reduces OH accessibility. It has been proven by our aforementioned results. 

 

In future, other chemical modification methods such as impregnation and 

thermomechanical modified wood can be investigated. Our analytical approaches can be 

used to find a reliable method. There is a need to study how differently modified wood 

effects to cellular properties of wood. Thus, there is more knowledge of using existing 

wood and how to take advantage of the wood—water interactions. Modification methods 

can be improved since there is more knowledge about OH accessibility.  

 

Our designed approach can be used in the future, planning new applications in which the 

wood–water interaction must be accurately known. In particular, formalization can be 

utilized if the accessible OH sites of the wood product need to be minimal, though the 

weight does not increase much. Acetylation, on the other hand, is an ecological and also 

a modification method that increases the durability of wood. Thus, designed approach 

can be used on wood in roof structures and terraces due to their dimensional stability and 

moisture resistance.  
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APPENDICES 

 

Appendix 1.  Moisture content (%), correction factor MCr (%) and mass (mg) of the 

acetylated sample at each RH-step. 

 

Time               

(min) 

   Mass      

 (mg) 

Target 

RH (%) 

Actual  

RH (%) 

  MC  

(%) 

   MCr          

  (%) 

43,95 19,41 0 0,47 0,00 0,00 

93,64 19,50 5 4,08 0,49 0,57 

173,74 19,66 15 14,4 1,31 1,52 

290,69 19,81 25 25,16 2,07 2,40 

456,65 19,96 35 36,29 2,86 3,31 

706,43 20,13 45 46,6 3,75 4,35 

1048,16 20,33 55 56,65 4,77 5,54 

1450,40 20,57 65 66,53 5,99 6,95 

1932,05 20,87 75 76,43 7,52 8,73 

2533,02 21,28 85 85,76 9,65 11,20 

3259,39 22,02 95 94,65 13,47 15,63 

3725,84 21,60 85 85,95 11,32 13,14 

4240,28 21,24 75 76,59 9,47 10,98 

4640,13 20,95 65 66,72 7,97 9,25 

5012,27 20,69 55 56,85 6,63 7,69 

5372,25 20,46 45 46,78 5,44 6,31 

5640,96 20,26 35 36,51 4,37 5,08 

5846,47 20,05 25 25,36 3,33 3,87 

6002,63 19,85 15 14,52 2,27 2,63 

6122,96 19,62 5 4,31 1,11 1,28 

6207,46 19,49 0 0,46 0,42 0,48 
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Appendix 2. Moisture content (%), correction factor MCr (%) and mass (mg) of the 

formalized sample at each RH-step. 

 

Time               

(min) 

 Mass      

 (mg) 

Target  

RH (%) 

Actual  

RH (%) 

MC   

(%) 

 MCr          

 (%) 

71,67 18,54 0 0,47 0,00 0,00 

135,21 18,68 5 4,3 0,77 0,83 

204,17 18,93 15 14,47 2,13 2,29 

313,68 19,14 25 25,19 3,24 3,48 

451,25 19,33 35 36,22 4,25 4,57 

631,06 19,52 45 46,54 5,28 5,67 

880,85 19,73 55 56,63 6,44 6,92 

1227,98 19,99 65 66,53 7,85 8,43 

1613,64 20,29 75 76,49 9,46 10,16 

2050 20,66 85 85,74 11,43 12,27 

2525,57 21,14 95 94,57 14,05 15,09 

2784,82 20,87 85 85,83 12,58 13,51 

3216,12 20,59 75 76,6 11,04 11,86 

3615,3 20,32 65 66,66 9,61 10,32 

3944,85 20,06 55 56,79 8,23 8,83 

4260,55 19,82 45 46,7 6,89 7,40 

4571,85 19,57 35 36,36 5,55 5,97 

4798,31 19,32 25 25,27 4,23 4,54 

5002,12 19,04 15 14,51 2,71 2,91 

5139,35 18,70 5 4,26 0,89 0,96 

5308,01 18,50 0 0,47 -0,20 -0,22 

 

 


