
  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

BOOK OF PROCEEDINGS 

 

 

 
 



Proceedings of the Tenth European Conference on Wood Modification 

2 
 

 

The 10th European Conference on 
Wood Modification 

- 
ECWM10 

 

 

BOOK OF PROCEEDINGS 
 
 
 
 

Prouvé Congress Centre 

Nancy, France 

April 25 - 26, 2022 
 

 

 

 

In association with: 

 

 

 

 

 

 

 



Proceedings of the Tenth European Conference on Wood Modification 

3 
 

The 10th European Conference on Wood Modification 

BOOK OF PROCEEDINGS 

Prouvé Congress Centre, Nancy, France, 25-26 April 2022 

 

Editors: Kévin Candelier, Karine Collet, Stéphane Dumarçay, Emmanuel Fredon, Christine 
Gérardin, Philippe Gérardin, Eric Masson, Holger Militz, Mathilde Montibus, 
Marie-France Thévenon, Edmond Wozniak. 

Publisher:  University of Lorraine, Faculty of Science and Technology, Laboratory of Study 
and Research on the Wood Material (LERMaB). 

Print:  University of Lorraine. 

Edition: 150 copies 

ISBN:    

 

Legal notice 

Although all reasonable efforts were made by the editorial team to ensure the scientific quality of 
the contents of these conference proceedings, the final responsibility for the contents of individual 
articles therein remains with the respective authors. The editors accept no responsibility for the 
information contained herein. The inclusion of information in this publication does not constitute 
any form of endorsement by the editors. The editorial team is not responsible for the contents of 
external websites referred to in this publication. 

No permission is required to reproduce or utilize the contents of these proceedings other than in 
the case of diagrams, images, or other material from other copyright holders. In such cases, the 
permission of the original copyright holder must be obtained. The proceedings may be sited as 
Proceedings of the 10th European Conference on Wood Modification 2022, Nancy, France. 

 

Scientific Committee 
Dr. Julia Milne e Carmo   Carmo Group, Portugal 
Pr. Philippe Gérardin    Lorraine University, France 
Pr. Callum Hill    JCH Industrial Ecology Ltd., UK 
Dr. Dennis Jones    Luleå University of Technology, Sweden  
Pr. Holger Militz    Göttingen University, Germany 
Mr. Bôke Tjeerdsma    SHR, The Netherlands  
Pr. Joris Van Acker    Ghent University, Belgium 
 
Local Organizing Committee 
Dr. Kévin Candelier    CIRAD, France 
Mrs. Karine Collet    Lorraine University, France 
Pr. Stéphane Dumarçay   Lorraine University, France 
Dr. Emmanuel Fredon   Lorraine University, France 
Pr. Christine Gérardin   Lorraine University, France  
Pr. Philippe Gérardin    Lorraine University, France 
Dr. Eric Masson    CRITT BOIS, France 
Dr. Mathilde Montibus   FCBA, France 
Dr. Marie-France Thévenon   CIRAD, France 



Proceedings of the Tenth European Conference on Wood Modification 

226 
 

Recent Advances in Wood Modification Through the Use of Maleic 
Anhydride and Sodium Hypophosphite 

Injeong Kim1, Olov Karlsson1, Emil Engelund Thybring2, Dick Sandberg1,3 
and Dennis Jones1,3 

1 Wood Science and Engineering Department, Luleå University of Technology, Forskargatan 1, 931 87 
Skellefteå, Sweden [email: injeong.kim@ltu.se; olov.karlsson@ltu.se; dick.sandberg@ltu.se; 

dennis.jones@ltu.s] 

2 University of Copenhagen, Dept. Geosciences and Natural Resource Management, Rolighedsvej 23, 
1958 Frederiksberg C, Denmark [email: eet@ign.ku.dk] 

3 Department of Forestry and Biomaterials, Czech University of Life Sciences Prague, Prague, Czech 
Republic 

Keywords: characterisation, cross-linking, dimensional stability, esterification, low field 
nuclear magnetic resonance, maleic anhydride 

ABSTRACT 

Maleic anhydride (MA) is a cyclic anhydride capable of forming an ester bond with wood 
constituents, providing enhanced dimensional stability and fungal resistance of wood. 
However, the weight gain through treatment was lost during wet-dry cycle, which indicates that 
the ester bonds in maleated wood is susceptible to hydrolysis. This study focuses on improving 
the stability of the maleated product through the use of sodium hypophosphite. Studies have 
shown the combined treatment resulted in improved anti-swelling efficiency (ASE), lower 
weight loss and smaller saturated volumes than untreated or specimens treated with maleic 
anhydride along. In order to better understand the relationship between the modified wood and 
water, low-field nuclear magnetic resonance (LFNMR) spectroscopy was used to determine the 
influence of moisture in wood. The modification process resulted in a weak wood–water 
interaction using LFNMR, suggesting an increased T2 relaxation time of capillary water. 
However, the weak wood–water interaction did not seem to be related to the accessible 
hydroxyl groups because the modification reaction resulted in a similar number of hydroxyl 
groups as present in unmodified wood. This finding would appear to agree with the concept of 
MA modification resulting in the “ring opening” of the anhydride, creating a carboxylic acid 
group for each hydroxyl group modified within the wood. 

INTRODUCTION 

The increase in bio-based solutions within our Built Society provides considerable 
opportunities for increasing the amount of wood in construction. The majority of commercially-
available timber species are based on softwood species (e.g. various pines, spruces, firs), mainly 
due to their suitability to be grown in a range of conditions and their speed of growth. However, 
these species tend to have relatively low natural durabilities, which necessitates additional 
treatment schedules to improve service lives. Scots pine (Pinus sylvestris L.) is an example of 
such a commercial softwood species. Its good permeability (Terziev 2002; Terziev and Daniel 
2002) allows full or partial impregnation with preservatives to improve its durability. Whilst 
modern preservatives are less toxic than their historic analogues (Kamden et al. 2020), there is 
still a desire to undertake wood protection without any toxic materials, which has led to the 
emergence of wood modification, with several methods in commercial production (Sandberg 
et al. 2021).  
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The esterification of wood has been dominated by acetylation, but esterification reactions are 
possible with a range of other organic anhydrides. The use of cyclic anhydrides has attracted 
attention due to their reaction not involving the cleavage of part of the anhydride, which has to 
be removed from the wood substrate. The reaction of wood with maleic anhydride is one such 
example, with several studies investigating resulting properties over the past 3 decades 
(Iwamoto and Ito 2005, Iwamoto et al. 2005, Teacă et al. 2014). However, further studies 
subsequently showed that some of the weight gained through treatment was lost during 
subsequent cyclic wet-dry measurements (Iwamoto and Ito 2005; Essoua Essoua et al. 2015), 
indicating that the bond between MA and wood was susceptible to hydrolysis. In order to 
overcome this hydrolytic instability, the use of sodium hypophosphite (SHP) was postulated a 
means of stabilising maleated cotton cellulose, by creating a cross-linked product (Figure 1), 
resulting in improved properties in terms of wrinkle resistance and fire properties after laundry 
cycles (Wu and Yang 2008; Hameed et al. 2016). The treatment with SHP improved breaking 
strength and tearing strength of cotton esterified with maleic acid (Peng et al. 2012). Subsequent 
evaluation of cellulose nanofibril aerogels treated with MA and SHP showed improved stability 
in wet conditions, through the formation of the crosslink (Kim et al. 2015). 
 

  
Figure 1: Crosslinking of maleated cellulose with sodium hypophosphite 

 
The amount, state and the location of water molecules and their interaction with wood 
components are important in helping understand the nature of moisture in wood and wood 
properties, as well as determining subsequent chemical processes such as hydrolysis. It is 
known that water molecules can exist in wood in the macro-voids, e.g., lumen or pit chambers, 
or in the cell walls interacting with the cell wall constituents (Thybring and Fredriksson 2021). 
One method for determining the effects of moisture is through the use of low-field nuclear 
magnetic resonance (LFNMR) spectroscopy. LFNMR can assess the spin relaxation of 
hydrogen nuclei in water molecules in a magnetic field after excitation by a radio frequency 
pulse and characterise how water is bound in wood by its spin-lattice relaxation time (T1) and 
the spin-spin relaxation time (T2) (Menon et al. 1987; Labbé et al. 2002). The T2 relaxation 
time value of water depends on the degree of physical confinement and chemical attraction of 
a confining surface. Thus, the T2 for water in a porous material depends on the size of pores 
and the interaction between the water and the wall of pores (Fredriksson and Thygesen 2017). 

EXPERIMENTAL 

Materials 

Scots pine (Pinus sylvestris L.) sapwood samples of dimension 20 × 20 × 10 (R × T × L) mm 
were prepared and extracted with acetone:water (4:1) using a Soxhlet apparatus for 6 h and 
oven-dried at 103 °C for 16 h. Five replicates per each treatment (along with reference samples) 
were used for each experiment. Specimens were stored in a desiccator over silica gel prior to 
modification. Maleic anhydride (MA) (CAS No. 108-31-6) for synthesis was purchased from 
Sigma Aldrich and sodium hypophosphite monohydrate 98% (CAS No. 7681-53-0) from Alfa 
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Aesar. Distilled water was purchased from Brenntag Nordic AB and technical grade acetone 
from VWR Chemicals. 
 

Methods 

Esterification of wood with MA 
To investigate the optimum conditions for MA treatment, Scots pine specimens dried at 103 °C 
were treated with MA at various concentrations, curing temperatures and time periods to 
produce maleated wood. For each condition, five specimens were pressure-impregnated in MA 
solution in acetone at 12 bar for 2 h, ensuring samples remained immersed throughout the 
impregnation period. Impregnated specimens were heated in the oven for the reaction between 
MA and wood and allowed to cool at room temperature. All MA treated specimens were soxhlet 
extracted with acetone for 6 h to remove any excess MA, followed by oven drying at 103 °C 
for 16 h. Oven-dried dimensions of specimens were measured using a calliper to calculate 
bulking coefficient (BC), and oven dried weights were measured to calculate weight percentage 
gain (WPG) caused by the treatment. WPG and BC were calculated according to well-known 
formulae (Mohtar et al. 2014) as shown in Eqs. 1 and 2. Thus, WPG was calculated according 
to: 

WPG = (Wt − W0) / W0       (1) 
 
where W0 is the oven-dried weight of specimens before treatment and Wt is the oven-dried 
weight of specimens after treatment. Similarly, BC was calculated using: 
 

BC = (Vt − V0) / V0        (2) 
 
where V0 is the oven-dried volume of specimens before treatment and Vt is the oven-dried 
volume of specimens after treatment. 
 
Reaction of MA-treated with sodium hypophosphite (SHP) 
Specimens that had previously been treated with MA were further treated with SHP at different 
concentrations, curing temperatures and time periods. Prior to SHP treatment, all specimens 
were impregnated with 3.5 M MA solution, heated at 115 °C for 2 h, allowed to cool to room 
temperature and soxhlet extracted with acetone.  Specimens were impregnated in aqueous 
solution of SHP for 30 min under pressure, followed by heating in the oven for the reaction 
between MA-treated wood and SHP. To remove excess SHP, specimens were treated with 
distilled water for 40 min under reduced pressure, followed by soaking under water for 72 h, 
with the water replaced every 24 h. Afterwards, all specimens were air-dried in a fume hood 
for a period of 48 h, followed by heating at 103 °C for a further 24 h. The oven-dried weights 
and dimensions of treated wood specimens were measured to calculate WPG and BC. All 
treated specimens were placed in a vacuum desiccator with silica to minimise moisture uptake 
from air prior to wet-dry cycles. 
 
Dimensional stability testing and FTIR spectroscopic analysis 
Methods used in these tests were as previously reported (Kim et al. 2021a). 
 
Low field nuclear magnetic resonance (LFNMR) spectroscopy 
From each treatment group, ten samples that had undergone EN84 leaching were analysed with 
LFNMR to distinguish between moisture in the cell wall and macro-voids, respectively, 
according to the method previously described (Thybring et al. 2020). Prior to measurement, all 
samples were vacuum-impregnated in water for 1 hour and kept in a closed Eppendorf cup 
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filled with water at a temperature of 20oC until the measurement. Excess surface water from 
each sample was removed with a wet cloth. A water saturated sample was inserted in the 
LFNMR probe (mq20-Minispec, Bruker, USA) held at constant temperature of 25°C. The spin-
spin relaxation time (T2) was determined using 1D-Carr-Purcell-Meiboom-Gill (CPMG) pulse 
sequence (Carr and Purcell 1954; Meiboom and Gil 1958). For each sample, 32 scans were 
made with pulse separation of 0.1 ms, 8000 echoes and a recycle delay of 30 seconds. The 
measurement time was sufficient to ensure full relaxation of the signal for all samples. The 
signals measured were analysed with Prospa 3.1 (Magritek, New Zealand).  

Corresponding moisture content for each peak can be calculated by using total moisture content 
of the sample and the ratio of size of the peak to total peak area. The maximum moisture content 
of cell wall (ωcw) is represented by the peak with shortest T2 relaxation time. Therefore, the ωcw 
was calculated according to Eqn. 3: 

 ω = ω        (3)  

where ωt is total moisture content in the sample, Scw is the integral of the cell wall water peak 
(the peak with the shortest T2) and St is the total integral of all the peaks. The total moisture 
content was calculated as a reduced moisture content, as shown in Eqn. 4: 

 ω =         (4) 

where, ms is the mass of sample in water-saturated state and mu is the initial oven-dried mass 
(103℃, 16 hours) before treatment (modification). Additional details on the determination of 
hydroxyl group accessibility can be found in a recent publication (Kim et al. 2021b). 

RESULTS AND DISCUSSION 

Treatment with varying molarities of maleic anhydride in acetone was found to give optimum 
results in terms of WPG when using a 3.5M solution (Kim et al. 2021a), whilst evaluation of 
the concentration of SHP suggested the use of 0.5M solutions gave the most stable product. 
Thus, the inclusion of 0.5M SHP in a subsequent modification process using samples pre-
maleated with a 3.5M solution gave slightly reduced WPGs, as indicated in Figure 2. 
 

 
Figure 2: Weight percent gains (WPG) and bulking coefficients (BC) for samples treated with 0.5M SHP 

after treatment with 3.5M MA 
 
The resulting stability of MA-SHP treated wood is shown in Figure 3, whereby the 0.5M SHP 
treatment provides a more dimensionally-stable material over five wet-dry cycles. The FTIR 
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spectra of maleated specimens (Figure 4) showed an increased band around 1730 cm−1 
compared to untreated specimens, which indicated the formation of an ester bond. The decrease 
in the peak at 1640 cm−1, which was formed after treatment with MA, was observed after 
treatment with SHP, which might be due to a reaction with C=C bond in the maleated wood. A 
similar tendency was observed in the study by Yang et al. (2010), where cotton cellulose 
reacting with MA and SHP was studied. Differences at 1200–1300 cm−1 for treatment with 
0.5% and other concentrations of SHP were also observed. 

 

 
Figure 3: Volumetric changes of specimens 
untreated and treated with MA and different 

concentrations of SHP during wet-dry cycle; Dn, 
oven-dried in the nth cycle; Wn, wet in the nth 

cycle 

Figure 4: FTIR spectra of specimens, untreated 
and maleated specimens treated with different 
molar concentrations of SHP solution (0–3 M) 

 
Subsequent analysis of relative mass gain (A) and moisture content (𝜔 ) prior to LFNMR is 
shown in Table 1. The difference in mass gain between sample groups maleated (M) and 
leached maleated (ML) appeared to indicate a loss of treated chemicals as a result of EN 84 
treatment. However, the mass gain of M and ML did not show any statistically significant 
difference, whilst gravimetrical determination showed that 𝜔  of modified specimens were 
lower than for reference specimens and the maximum moisture content of the cell wall (ωcw) of 
modified specimens was lower by 10% (Table 1). 
 

Table 1. Relative mass gain (A), moisture content (𝝎𝒕) determined gravimetrically and maximum moisture 
content of cell wall (ωcw) calculated based on the LFNMR results of Scots pine sapwood modified (M), 
modified and leached (ML), untreated (R) and untreated and leached (RL) at the water-saturated state. 

Values in parentheses are standard deviation 
Sample Group A (%) 𝝎𝒕 (%) ωcw (%) 

M 11.8 ±1.0 125.9 (7.1) 23.6 (1.8) 
ML 9.4±1.3 126.5 (7.1) 26.1 (2.1) 
R - 150.5 (8.6) 34.6 (1.7) 

RL -1.6±0.4 150.8 (7.6) 35.4 (2.2) 

 
Determination of the average continuous T₂ relaxation time distributions for wood untreated 
(R), leached (RL), modified (M) and leached after modification (ML) by LFNMR are shown 
in Figure 5, whereby three peaks were found in the spectra. The modification with MA and 
SHP decreased the T2 relaxation time for the cell wall water peak but increased the T2 relaxation 
times of the other two peaks. This means that the behavior of not only water in the wood cell 
wall, but also capillary water, was influenced by the modification.  
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(a) (b) 

Figure 5: Continuous T₂ distributions of Scots pine sapwood (a) modified and (b) untreated averaged. The 
dashed line shows EN84 leached samples while the solid line shows samples without leaching 

 
Furthermore, the amount of calculated deuterated and non-deuterated hydroxyl groups from 
analysis with FTIR, as well as accessible hydroxyl groups of the specimens was determined 
(Table 2). The aromatic group of lignin is believed to be unaffected by the modification 
treatments, with the ratio of the hydroxyl group to characteristic aromatic absorption of lignin 
at 1509 cm−1 (OH/lignin) being similar for all groups studied. The average amount of accessible 
OH groups calculated in unmodified samples (R) was similar to the result obtained by Tarmian 
et al. (2017). Accessible OH groups seemed not to be altered that much by the modification 
process, which may be attributed to the introduction of the carboxylic group during the 
maleation process. The small increase in the amount of accessible OH groups indicated after 
modification in the Table 2 could not be significantly confirmed in this study.  
 

Table 2. Ratio of peak amplitude of hydroxyl group to lignin (OH/lignin) and percentage of accessible 
hydroxyl group (%) calculated from FTIR data. Values in parenthesis are standard deviation 

Sample Group 
OH/lignin 

Accessible OH (%) 
Undeuterated Deuterated 

M 2.14 (0.81) 0.99 (0.51) 47.3 (5.8) 
ML 1.77 (0.75) 0.97 (0.24) 47.8 (3.5) 
R 2.22 (1.30) 2.02 (1.00) 41.5 (4.6) 

RL 2.42 (0.40) 1.44 (0.39) 42.5 (8.9) 

CONCLUSIONS 

Wood treated with MA and SHP showed better anti-swelling efficiency (ASE), lower weight 
loss and smaller saturated volumes than untreated or MA-treated specimens during wet-dry 
cycling. Results suggest that treatments with relatively low amounts of SHP can be used to 
achieve good stability of the modified wood product. LFNMR showed there was a weak wood–
water interaction, which was demonstrated by an increased T2 relaxation time of the capillary 
water present. However, the weak wood–water interaction did not seem to be related to the 
accessible hydroxyl groups because the modification reaction resulted in a similar number of 
hydroxyl groups as present in unmodified wood, due to the replacement of a hydroxyl group 
with a carboxylic hydroxyl moiety. The T2 relaxation time of cell wall water was found to 
decrease, which suggested any physical confinement being overruled by the effect of weaker 
interactions between cell wall water and wood components. 
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