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ABSTRACT 

The formation of crosslinked bonds between wood constituents is believed to be an effective way 

to stabilize wood against wet conditions. The possibility to use maleic anhydride (MA) combined 

with sodium hypophosphite (SHP) as crosslinking agents was studied, using Scots pine sapwood 

and a model compound. The modified wood showed weight gain and bulking effect after treatment 

and subsequent Soxhlet extractions, which indicated penetration into the wood cell wall and 

reaction of the chemicals with the wood constituents. The FTIR spectra confirmed the formation 

of an ester bond between the wood and MA. Furthermore, a decrease of intensity of band at 1635 

cm-1 indicated a reduction of the double bond between carbons in MA after further treatment with 

SHP, especially at 170 ̊C. Such reactions were studied using monomethyl maleate (MMM) and 

SHP. The 13C NMR spectra of the reaction product confirmed a reduction of the double bond 

between carbons. This paper outlines studies undertaken to date, along with outlining aims of 

ongoing and future work. 

Keywords:  modification, Scots pine, maleic anhydride, sodium hypophosphite. 

1. INTRODUCTION 

The chemical modification of wood is well established as a means of improving certain properties 

of timber species, particularly in terms of moisture resistance and decay resistance. Whilst the 

reaction with acetic anhydride has reached commercial production, the reaction of wood with other 

anhydrides has so far remained a laboratory-based study. It has often been suggested that the 

reaction with cyclic anhydrides could provide additional benefit, as there are no side chains 

released as part of the esterification process, making post-reaction clean-up processes easier to 

manage, as well as providing an opportunity to cross link via the formation of diester bridges, 

though this tends to occur at reaction temperatures greater than 120 oC (Matsuda 1987).    

 

Maleic (MA), succinic (SA), and phthalic anhydride (PA) have mainly been used in previous 

studies on wood modification with cyclic anhydrides. The chemicals are solids at room 

temperature and therefore require organic solvents as solvent and swelling agent to penetrate the 

wood cell wall. In most studies, pyridine, dimethyl-formamide (DMF), or xylene has been used 

(Evans 1998; Hill and Mallon 1998; Suttie et al. 1998; Marchetti et al. 2000; Yildiz et al. 2005). 

In addition to modifying solid wood, compounds such as maleic anhydride have been used in the 
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modification of wood fibres in the production of modified composite panels (Hundhausen et al 

2015), whilst Mahlberg et al. (2001) investigated the properties of differently bonded boards made 

from fibres modified with maleic anhydride, succinic anhydride, or acetic anhydride. The 

modification processes with maleic anhydride and succinic anhydride were shown to be possible 

as a result of mixing the solid anhydride with the wood fibre without the need for solvents or 

catalysts. 

 

As indicated earlier, the modification with cyclic anhydrides at lower temperatures forms a 

monoester bond with the wood components, leaving the remaining bound carboxylic moieties, 

which are capable of undergoing further reaction (Matsuda 1993, Hill and Mallon 1998), such as 

with other polymeric matrices. Attempts to promote the reaction of this attached carboxylic acid 

group have suggested the use of catalysts. The catalysts for this purpose include sodium salts of 

fumaric, maleic, and itaconic acids (Choi et al. 1994), carbodiimide (Choi et al. 1995), aromatic 

N-heterocyclic compounds (Choi et al. 1993), sodium carbonate and tertiary amines (Rowland 

et al. 1967), and alkali metal salts of phosphorus-containing inorganic acids, such as SHP, and 

disodium phosphate (Yang and Wang 2000). 

 

Sodium hypophosphite (SHP) has been commonly accepted as the most efficient catalyst as it 

enhances the formation rate of anhydride intermediates and minimizes cellulose degradation 

during curing. Furthermore, the temperature required for reaction can be decreased (Morris et al. 

1995; Zhou et al. 2004; Nazari et al. 2009). The catalytic role of SHP, however, is a matter of 

discussion. It was found that SHP may competitively react with anhydride and the formed stable 

acylphosphinates decrease the degree of esterification. Morris et al. (1996) concluded that 

“whether hypophosphite catalyses the reaction of an anhydride with cellulose remains in 

question”. The use of SHP as a catalyst in the modification of wood with citric acid has attracted 

several studies in recent years (Despot et al. 2008, Feng et al. 2014), whilst the combined use of 

citric acid and sorbitol as a modification system by Larnøy et al. (2018) referred to an earlier patent 

(Kiljunen et al. 2011) which used 2% SHP to catalyse the reaction process of citric acid/sorbitol. 

 

Given that SHP appears to have catalytic properties in the reaction of cellulose and wood with 

citric acid, it would seem logical that a similar catalytic property may be observed with other 

reagents for cellulose and wood modification. Studies with cotton cellulose (Yang et al. 2010, 

2011) suggested that sodium hypophosphite (SHP) not only acted as such a catalyst, but also 

seemed to react with the unsaturated carbon of maleic acid to realise a crosslinked maleic acid 

modified cellulose (Figure 1), resulting in better properties such as wrinkle resistance and fire 

properties after laundry (Wu and Yang 2007). As wood has a lower crystallinity, such reactions 

with hemicelluloses and other constituents have the potential to improve the performance of wood 

products at various conditions such as dimensional stability, durability etc. This, for this study, the 

possibility of modifying wood using maleic anhydride (MA) combined with SHP was investigated. 
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Figure 1: Reaction of maleic anhydride/sodium hypophosphite with cellulose 

2. EXPERIMENTAL METHODS 

2.1 Modification of solid wood 

Scots pine (Pinus sylvestris L.) sapwood blocks with dimensions of 20×20×10 mm (R×T×L) and 

a oven-dried density of 583±7 kg/m3) were subjected to Soxhlet extraction using a mixture of 

acetone: water (4:1, v:v) prior to impregnation with solution of MA in acetone at 15 bar for 1 h. 

Treated specimens were placed in oven at a range of temperatures, followed by Soxhlet extraction 

using acetone for 6 h to remove excess MA. Weights and dimensions of extracted specimens were 

measured to calculate weight percentage gain (WPG) and bulking effect (BE) by MA treatment as 

defined according to Eq. (1) and (2) respectively.  

 

WPG = 100×(Wc−Wi)/Wi        (1) 

 

where Wc is the oven-dried weight of specimens after impregnation while Wi is the oven-dried 

weight of specimen before treatment. 

 

BE = 100×(Sc−Si)/Si          (2) 

 

where Sc is the cross-sectional area of specimens after impregnation while Si is the cross-sectional 

area of oven-dried specimen before treatment. 

 

MA treated specimens were vacuum impregnated with aqueous solution of SHP for 0.5 h. For the 

reaction of SHP and wood-MA complex, impregnated specimens were placed at the corresponding 

temperature for 6 h.  

 

To remove unreacted chemicals, all specimens were vacuum impregnated with water for 0.5 h and 

kept immersed under water for 72 h. Water was changed every 24 h. Weights and dimensions of 

specimens were measured to calculate WPG and BE.  

 

To investigate the formation of the ester bond by MA treatment and reaction of unsaturated carbon 

after SHP treatment, specimens were analysed with Fourier-transform infrared spectroscopy (FT-
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IR) with an attenuated total reflectance (ATR, Perkin Elmer). IR spectra over the range of 4000 to 

450 cm-1 were collected using ten scans with a resolution of 4 cm-1. Peaks at 1725 cm-1 and 1640 

cm-1 were observed. All spectra were rescaled against the strongest absorption band (1023-1030 

cm-1). 

 

2.1 Model compound studies 

Since wood is a heterogeneous material, it was decided to synthesise a compound to study the 

possible reaction between wood-MA and SHP by substituting wood with methanol. To synthesize 

monomethyl maleate (MMM), 0.01 mol of MA was dissolved and reacted in 0.03 mol of methanol 

at 70 ̊C for 1h. 1mL of product was mixed with 0.05 mol of SHP‧H2O and reacted at 170 ̊C for 30 

min in a ventilated chamber. A solid foam was formed by this reaction. The product of this reaction 

will be referred as “PR” in results and discussion. 

 

To investigate the reaction between synthesized MMM and SHP, the products were analysed with 

phosphorus nuclear magnetic resonance (31P NMR) and 13C NMR (Bruker spectrometer, 400 

MHz). SHP was dissolved in D2O, while others were dissolved in deuterated dimethyl sulfoxide 

(d6-DMSO). 

3. RESULTS AND DISCUSSION 

3.1 Modification of wood 

Based on bulking effect and FT-IR spectra, MA seemed to penetrate into the cell wall and form an 

ester bond with cell-wall components (Table 1 and Figure 2). The decrease of peak at 1640 cm-1 

was observed after treating wood with SHP, which might be due to the reaction with C=C in MA. 

The similar tendency was observed in previous study of cotton treated with maleic acid and SHP 

(Yang et al. 2010). Treating specimens with SHP at low temperature brought not only lower WPG 

compared to only MA treated specimens (Table 1), but also a decrease of peak at 1725 cm-1 in FT-

IR spectra, which indicated a decrease of ester bond present. On the other hand, spectrum of 

specimens treated with SHP at higher temperature showed a similar intensity of peak at 1725 cm-

1. It is possible that the hydrolysis of the ester bond was preferred at lower temperature compared 

to crosslinking reaction between MA and SHP (Figure 2). 

 

Considering the low WPG of these specimens (Table 1), it might indicate that the ester bond 

between wood and MA was not stable during heat treatment. The presence of water and acid 

groups during the heat treatment could also catalyse the hydrolysis of the ester bond. However, 

results seemed to suggest that the cleaved maleic acid reacted again with the wood at higher 

temperature in presence of the SHP catalyst.  

 
Table 1:  Overview of Weight percentage gain (WPG) and bulking effect (BE) before and after leaching 

in water. 

 

Treatment Without Leaching After leaching 

MA  SHP  WPG  

[%] 

BE 

[%] 

WPG  

[%] 

BE 

[%] 

3.5M/103˚C — 16.4±0.39 5.9±0.11 11.7±0.37 5.2±0.23 

3.5M/115˚C — 19.0±0.28 7.5±0.41 13.9±0.29 6.2±0.57 

3.5M/115˚C 2M/130˚C _ _ 10.0±2.08 3.4±0.72 

3.5M/115˚C 2M/170˚C _ _ 17.0±0.54 7.0±0.32 
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Figure 2. FT-IR spectra of specimens without treatment (untreated), treated with maleic anhydride (MA) 

and treated with maleic anhydride and sodium hypophosphite (SHP). 

3.2 Model compound experiments 

To unravel the reaction mechanisms, reactions using model systems instead of wood were studied. 

Thus, methanol, which is a primary alcohol, was used, with resultant reactions analysed using 

NMR and FTIR.  

 

The chemical shift of CH3 group bonded in the formed ester was observed at 3.6 ppm in 1H NMR 

spectra of synthesized MMM. It was also observed at 51.8 ppm in 13C NMR spectra of both 

synthesized MMM and PR (Figure 3). The chemical shift of methanol at 48.9 ppm was present in 
13C NMR spectra of MMM but not in the spectra of PR. The peaks between 128 and 132 ppm, 

which indicate C=C, were present in the 13C NMR spectra of synthesized MMM, but not in the 

spectra of PR. However, new chemical shifts around 29 ppm were observed in the spectra of PR, 

which suggested the formation of saturated hydrocarbons (Figure 3). The chemical shifts of 

carboxylic acid and ester were observed around 166 ppm in 13C NMR spectra of MMM, while 

they were found around 174 ppm in the spectra of PR. When comparing chemical shifts of carbonyl 

group in monomethyl maleate and corresponding ester of succinic acid, a similar tendency was 

observed. 

 

When studying the 31P NMR spectra, the signal of SHP observed at 7.2 ppm was not present in 

the spectra of PR, however, new chemical shifts were present in PR that were not observed in SHP. 

However, a chemical shift around 0 ppm might indicate that SHP was also prone to decomposition 

in the reaction solution (Fig. 4). 
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Figure 3: 13C NMR spectra of synthesized monomethyl maleate (MMM) (top) and MMM reacted with 

sodium hypophosphite (PR) dissolved in dimethyl sulfoxide (bottom) 

 

 
Figure 4: 31P NMR spectra of monomethyl maleate reacted with SHP (PR) in DMSO 

 

The FTIR spectra of PR showed a decreased peak at 1635 cm-1 compared to MMM (Fig. 5), which 

indicated reduction of C=C. This was also observed in 13C NMR spectra (Fig. 3). The spectra of 

PR had a new peak at 1780 cm-1, which might be attributed to the C=O stretching of conjugated 

anhydride, possibly resulting from the formation of anhydride from maleic acid in MMM solution 

by SHP (Fig. 5). It could explain the higher WPG and BE of wood treated with SHP at 170 ̊C 

compared to those treated at 130 ̊C, whereby SHP turned maleic acid into the respective anhydride, 

which further reacted with wood constituents. 
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Figure 5: FTIR spectra of monomethyl maleate synthesized (MMM) and MMM reacted with sodium 

hypophosphite (PR) 

 

3. CONCLUSIONS 

From the studies of weight gain and bulking of wood treated with MA and SHP, there appears to 

be penetration and reaction of chemicals with wood constituents in the cell wall, which suggest 

the possibility of achieving dimensional stability and potentially more durable wooden products. 

Further studies on the properties of treated material are needed to justify the importance of 

treatment with the catalyst. 

 

The model compound study using NMR confirmed the reaction of double bonds between carbons 

in MA. However, to confirm the crosslinking of esterified MA with phosphorus in SHP, further 

studies on 31P NMR are needed, possibly using other model compounds than methanol. 
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