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Abstract
Deuterium exchange was used to measure accessible hydroxyl (OH) groups in furfurylated wood at different weigh percent 
gains (WPGs) and at different levels of mass loss caused by exposure to the brown-rot fungus Rhodonia placenta. The results 
from the deuterium exchange method showed that OH accessibility in furfurylated samples did not change with increasing 
WPGs. However, OH accessibility in furfurylated samples increased significantly after initiation of decay at commercial 
treatment level (mean WPG 32%), which is attributed to degradation of crystalline cellulose regions and formation of new 
OH groups in lignin and the furfuryl alcohol polymer.

1  Introduction

Chemical wood modification imparts dimensional stability 
and decay resistance to the material. The mechanisms by 
which this occurs are thought to be related to the bulking of 
the wood cell wall and subsequent moisture exclusion. The 
volume occupied by the reagent in the cell wall reduces the 
cell wall moisture content below the optimum level for decay 
and, at the same time, holds the cell wall in a swollen state, 
imparting dimensional stability. The reaction of wood with 
furfuryl alcohol is classed as an impregnation modification 
because the reagent polymerises, to some extent, inside the 
cell wall. Furfuryl alchohol may also react with the wood 
cell wall OH groups, although this has yet to be definitively 
demonstrated. It is possible to determine whether the cell 
wall OH groups are involved in a reaction with a modify-
ing agent by using deuterium exchange to determine acces-
sible OH content. Although furfuryl alcohol contains OH 
groups, these are removed in the condensation reaction 
during polymerization, and OH groups will only occur at 
the chain ends. Deuterium exchange was used to determine 
reduction in OH content due to reaction with acetic anhy-
dride (Popescu et al. 2014). Beck et al. (2017) showed that 

deuterium exchange can be successfully performed in an 
instrument designed for thermogravimetric analyses; the 
results for untreated and acetylated Pinus radiata agreed 
with literature data obtained in a DVS apparatus. The aim 
of this study was to use the deuterium exchange method 
provided by Beck et al. (2017) to investigate changes in OH 
content in sound, furfurylated wood and at different stages 
of brown-rot decay by Rhodonia placenta.

2 � Materials and methods

2.1 � Wood material

Pinus radiata (D. Don) sapwood boards were used to make 
cylindrical earlywood samples (0.6  cm diameter, 1  cm 
height) according to Beck et al. (2018).

A proprietary furfuryl alcohol stock solution was supplied 
by Kebony ASA (Skien, Norway) and diluted to contain 10, 
25 or 40% furfuryl alchohol. The samples were soaked in 
the solutions for 15 days, then wrapped in aluminium foil 
and cured at 120 °C for 17 hours. The samples were leached 
according to EN 84 (1997) prior to decay testing.

2.2 � Fungal test

Rhodonia placenta FPRL 280 (Fr.) Niemelä, K.H. Larss. 
& Schigel was used for the decay test. For details about 
the decay test see Beck et al. (2018). The only deviation 
from the method provided in Beck et al. (2018) was that the 
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samples were harvested every 3 weeks until week 42 (not 
every 2 weeks until week 28).

2.3 � Deuterium exchange method

The deuterium exchange method was performed according 
to Beck et al. (2017) but using the altered drying steps pro-
vided in Beck et al. (2018). Non-decayed samples included 
the following treatment levels: low = WPG 3.5 ± 0.1, 
medium = WPG 22.2 ± 0.3, high = WPG 30.4 ± 0.5 and 
unmodified radiata pine (n = 5). The data are presented in 
terms of OH content per unit cell wall mass, which requires 
a correction to be made to account for the extra mass due to 
the presence of the furfuryl polymer (Eq. 1):

where OHcorr is the corrected OH content based upon 
number of OH groups per unit cell wall mass, OHmeas is the 
OH content based upon total sample mass, and WPG is the 
weight percentage gain of the sample due to reaction with 
furfuryl alcohol. Twenty-two samples of high treatment level 
(WPG 32.1 ± 2.0) were analysed with different decay mass 
loss after exposure to R. placenta together with five non-
decayed samples of the same treatment level.

3 � Results and discussion

3.1 � Non‑decayed, different levels of FA

The hydroxyl accessibility of the non-decayed samples var-
ied between 5.7 and 7.4 mmol/g (Fig. 1). No statistically 
significant differences in hydroxyl group accessibility were 
found between the treatment levels nor compared to the 
radiata pine control. The lack of variation in OH content at 

(1)OH
corr

= OH
meas

(1 +WPG∕100)

different WPG levels and unmodified wood strongly sug-
gests that there is no direct substitution of cell wall poly-
mers and that retention of polymer in the cell wall is due to 
entanglement of the furfuryl polymers within the cell wall 
matrix. However, this does not definitely rule out grafting 
reactions with the lignin. Since addition of furfuryl alco-
hol to the wood did not increase the OH content, this is 
an indication that the polymer chains are relatively long, 
with a low proportion of terminal OH groups. There also 
is little evidence of masking of cell wall OH groups, which 
has previously benn reported for anhydride modified wood 
(Beck et al. 2017). According to the data presented here, 
there appears to be little effect upon cell wall accessible OH 
content due to modification with furfuryl alcohol.

3.2 � Rhodonia placenta decayed FA modified wood

Rhodonia placenta is a frequently used model of brown-rot 
fungus in scientific research. The exact mechanisms regulat-
ing brown-rot decay are still not fully understood, but it is 
generally agreed that: 1) brown-rot fungi utilise a two-step 
system including initial non-enzymatic oxidation to depol-
ymerise the cell wall components followed by enzymatic 
degradation, and 2) hydroxyl radicals produced via extra-
cellular Fenton chemistry are important during incipient 
decay (Arantes and Goodell 2014). This early stage decay 
during brown rot causes significant strength loss (Winandy 
and Morrell 1993), which creates challenges for wood in 
service. In the non-decayed furfurylated samples, the mean 
accessibility was 6.4 ± 0.3 mmol/g (Fig. 2), similar to the 
data in Fig. 1. Interestingly, the hydroxyl accessibility in the 
furfurylated samples (mean WPG 32.1%) increases to levels 
around 10–12 mmol/g at 1–2% mass loss. After this initial 
increase, the hydroxyl accessibility was around 10 mmol/g 
for mass losses up to 20%. It is reasonable to assume that 
the decay mass loss is occurring in the wood cell wall 

Fig. 1   Hydroxyl accessibility reported per unit cell wall mass for fur-
furylated wood at different WPGs and unmodified radiata pine

Fig. 2   Hydroxyl accessibility reported per unit cell wall mass for fur-
furylated samples (WPG 32.1 ± 2.0) at different stages of R. placenta 
mass loss
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components, rather than the furfuryl alcohol-based polymer, 
since furfurylation does provide decay protection and the 
carbon-carbon bonds of the furfuryl polymer are likely to be 
inert to fungal decay processes. Beck et al. (2018) found that 
OH accessibility for unmodified wood was relatively stable 
during R. placenta degradation up to 50% mass loss, ranging 
from 6.5-8 mmol/g. Removal of hydrophilic hemicellulose 
and amorphous cellulose during brown rot decay (Winandy 
and Morrell 1993) would suggest a decrease in OH acces-
sibility during degradation. Beck et al. (2018) attributed the 
observed stable OH accessibility to the counterbalancing 
effects of accessibility decrease due to amorphous poly-
saccharide removal and accessibility increases due to two 
mechanisms: 1) opening of cellulose microfibrils and 2) the 
formation of new OH groups caused by oxidative alteration 
of lignin. The same OH accessibility increasing mechanisms 
may also occur in the furfurylated samples. The opening 
of cellulose microfibrils would cause crystalline OH con-
tent to become accessible to deuterated water. However, it 
seems unlikely that this loss of crystallinity would be more 
pronounced in furfurylated wood than in unmodified wood. 
Instead, the second mechanism of new OH group formation 
may be responsible for the large OH accessibility increase. 
The hydroxyl radicals produced by Fenton chemistry during 
initial brown rot decay depolymerise wood polysaccharides 
and modify lignin (Arantes and Goodell 2014). This altered 
lignin is demethylated (Filley et al. 2002), which increases 
OH content. Moreover, the inter-monomer ether linkages in 
brown rot modified lignin are reduced by more than half and 
potentially converted to OH containing residues (Yelle et al. 
2011). The monomeric unit in the furfuryl polymer contains 
an ether linkage in the furan ring. If these ether bonds are 
cleaved by hydroxyl radicals produced by Fenton chemistry, 
the residues may contain OH groups and thus increase the 
OH content. Since the cleavage of these bonds would occur 
only within the monomers and not between the polymeric 
linkages, the polymer itself would remain intact. Thus, the 
modified furfuryl polymer would remain entangled within 
the cell wall matrix.

4 � Conclusion

The use of deuterium exchange to measure accessible OH 
groups in furfurylated wood at different WPGs and at differ-
ent levels of mass loss caused by exposure to the brown-rot 
fungus Rhodonia placenta showed that:

•	 OH accessibility in sound, furfurylated samples did 
not change with increasing WPGs, suggesting little 
crosslinking occurs between the furfuryl polymer and 
the wood cell wall.

•	 OH accessibility in furfurylated samples at commercial 
treatment level increased significantly after initiation of 
decay. This increase is attributed to opening of crystal-
line cellulose regions and formation of new OH groups 
in lignin and the furfural polymer due to oxidative altera-
tion.
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