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ABSTRACT 

Furfurylated wood has been used widely for exterior purposes due to its superior dimensional 
stability and biological durability, though its fire resistance is not enhanced. Here, Scots pine 
(Pinus sylvestris L.) sapwood was impregnated with a hygroscopic fire-retardant guanyl-urea 
phosphate (GUP) and furfuryl alcohol (FA) by a vacuum-pressure impregnation followed by 
curing in elevated temperature. The water-resistance of such treated material was evaluated 
according to European standard EN 84. Scanning electron microscopy coupled with energy-
dispersive X-ray spectroscopy (SEM-EDX) revealed the penetration of GUP into the cell wall. 
The hydrophobic FA polymerised in-situ within the wood structure, and this enhanced the 
water-resistance of GUP. Fourier-transform infrared spectroscopy (FTIR) showed that the 
chemical functionalities changed such as formation of methylene bridges attributed to the 
polymerised FA and ketone groups attributed to GUP. Thermal gravimetric analysis (TGA) 
showed that GUP enhanced thermal stability at elevated temperature by promoting char 
formation. Fire stability test examined by limiting oxygen index (LOI) showed the 
improvement of fire-retardancy by the incorporation of GUP. Mechanical properties examined 
by Brinell hardness and three-point bending test indicated that GUP has a low impact on the 
properties of surface hardness, modulus of elasticity (MOE) and modulus of rupture (MOR) of 
the furfurylated wood. The work suggests that GUP/FA treatment has the prospective to impart 
substantial fire-retardancy to the furfurylated wood with small reduction in other properties, 
thus increasing the potential for exterior applications.  

INTRODUCTION 

Using sustainable chemicals to substitute fossil-based chemicals has risen in attention in recent 
years (Ribé 2017). Furfuryl alcohol, as a biomass-derived chemical obtained from the 
hydrogenation of furfural, is one of the prominent chemicals for wood modification. The 
furfurylated wood has superior dimensional stability, biological resistance, and mechanical 
properties (Baysal et al. 2004, Lande et al. 2008). Nevertheless, the fire stability of the 
furfurylated wood exhibits no improvement (Kong et al. 2018). Limited research has been 
published on improving fire-retardancy of furfurylated wood due to its low compatibility with 
commercially available fire-retardant additives, i.e., nitrogen containing phosphate salt. 
Furfuryl alcohol is not like other chemicals that can easily combine with fire-retardant additives 
for wood modification, i.e., melamine-formaldehyde microspheres encapsulation of nitrogen 
containing organic phosphate salt for providing excellent leaching resistant fire-retardant wood 
(Lin et al. 2021). Herein, we report that by introducing surface-active agent triethanolamine to 
stabilise the guanyl-urea phosphate (GUP)/furfuryl alcohol solution its compatibility was 
enhanced which could prolong the solution homogeneity. The morphology, elemental 
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composition, chemical composition, fire-retardancy, thermal behaviour and mechanical 
properties have been investigated and the influence of introducing fire-retardant additive to 
furfurylated wood. 

EXPERIMENTAL 

Materials 

 Knot and crack free Scots pine (Pinus sylvestris L.) sapwood was obtained from a sawmill in 
Skellefteå, Sweden. Five specimens with dimension 10  10  150 mm (tangential (T)  radial 
(R)  longitudinal (L)) and 10 × 10 × 180 mm (T  R  L) were conditioned at 20°C and 65% 
relative humidity (RH) to reach an equilibrium moisture content (EMC) of about 12%. The 
density of the conditioned specimens was 550±50 kg/m3. 

Wood modification 

Two different formulations were prepared for the wood modification: (i) a water solution 
containing 30 wt% of furfural alcohol (FA) and 0.9 wt% of catalyst maleic anhydride. The 
modified specimen is denoted 0-30FA; (ii) a water solution containing 30 wt% of FA, 0.9 wt% 
of maleic anhydride, 5 wt% of guanyl-urea phosphate (GUP), and 1 wt% of triethanolamine. 
The modified specimen is denoted as 5-30FA. The wood modification followed a full-cell 
impregnation procedure with a vacuum stage at 20 mbar for 30 minutes in prior to a pressure 
stage at 15 bar for 1 hour. The impregnated specimens were then cured at 130°C for 1 day. The 
specimens were re-conditioned at 20°C and 65% for 1 week before further experiments and 
analysis. 

Accelerating ageing test. 

Water leaching tests were carried out in five replicates of 10  10  150 mm (T  R  L) 
specimens following European standard EN 84:2020 (CEN 2020), i.e., all specimens were fully 
immersed in a polypropylene container with five times more volume of deionised (DI) water, 
applying 20 minutes vacuum at a reduced pressure of 20 mbar. The water was replaced ten 
times during the 14-day leaching period. The specimens were then conditioned at 20°C and 
65% RH before further analysis. 

Characterisation 

The morphology and elemental composition of the specimens were characterised by scanning 
electron microscopy (SEM) Jeol JSM-IT300LV coupled with an energy dispersive X-ray 
spectrometer (EDX). The spectrometer was controlled through the software Oxford Instrument 
ZAtec V3.1. The clear-cut without coating specimens were examined by secondary electron 
(SE) under a low-vacuum mode at 100 Pa. The electron beam acceleration voltage was set at 
10 kV and 15 kV for SEM and EDX analysis, respectively. Fourier transform infrared 
spectroscopy (FTIR) was recorded by PerkinElmer FT-IR spectrometer Frontier equipped with 
UATR Diamond/ZnSe ATR (Single Reflection) over the wavenumber range of 4000-650 cm−1 
with 4 scans at a resolution of 4 cm−1. Thermal gravimetric analysis (TGA) was recorded by 
PerkinElmer TGA 4000. A total of 4±1 mg of each specimen was loaded in an alumina crucible 
with a heating rate of 10°C min−1 from 30 to 800°C under a N2 flow rate of 20 ml min−1. At 
least three replicates were performed. The first-order derivative of TGA curve (DTG curve) 
was smoothed by a 20-point-smooth algorithm through the software Metter Toledo STARe 
Evaluation V16.20. The fire behaviour was characterised by limiting oxygen index (LOI) (Fire 
Testing Technology Ltd., UK) following the ISO 4589-2: 2017 standard (ISO 2017) on 10  
10  150 mm (T  R  L) specimen. A universal testing machine Criterion Model 43 (MTS 
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Systems Corporation, France) was used for the static three-point bending test. Modulus of 
elasticity (MOE) and modulus of rupture (MOR) was measured following a modified ISO 
13061-3:2014 and ISO 13061-4:2014 standards  (ISO 2014a.b) due to the smaller dimension of 
the specimens. Five replicates with dimension 10 × 10 × 180 mm (T × R × L) were conditioned 
at 20°C, 65% RH before performing the experiment. The length of the span was 140 mm, and 
a 10 kN force cell was loaded to the mid-span. The calculation of MOE and MOR was described 
in Eq. 1 and Eq. 2, where P is the load (N), l is the span length of the specimen (mm), b is the 
width of the specimen (mm), h is the height of the specimen (mm) and f is the deflection (mm), 
and Pmax is the maximum load (N). Brinell hardness was performed on a Zwick Roell 
ZwickiLine 2.5 TS universal testing machine equipped with a 2.5 kN load cell and a 10 mm 
diameter steel ball. The measurement followed a modified version of the EN 1534 standard due 
to the absence of a clear indentation in the tested wood (Niemz and Stübi 2000). Therefore, the 
indentation depth was measured instead. The load was gradually increased to 1 kN over 15 
seconds and kept at 1 kN over 25 seconds. Then, the force was released within 15 seconds and 
the indentation depth was measured. Brinell hardness was calculated following Eq. 3, where F 
is the maximum loaded force (N), D is the diameter of the steel ball (mm), and h is the 
indentation depth (mm). Each treatment had 30 replicates over the tangential surface of the 
wood.  

Modulus of elasticity (MOE) = Pl3/4bh3f    (1) 
Modulus of rupture (MOR) = 3Pmaxl/2bh2    (2) 
Brinell hardness = F/D𝜋h      (3) 

RESULTS AND DISCUSSION 

The cellular structure of the cross-section of Scots pine sapwood observed by SEM is presented 
in Fig. 1(a). SEM images showed that FA modified wood had a similar cellular structure as the 
unmodified wood with additional lumens filled with polymerised FA as shown in Fig. 1(b). The 
introduction of GUP showed no change in the morphology of the FA modified wood, the natural 
cellular structure with some lumens was filled with polymerised FA.  
To investigate the elemental composition within the specimen, energy-dispersive X-ray 
spectrometry (EDX) was performed. The EDX analysis showed that the elements C and O were 
present in the unmodified wood, which is attributed to the wood main components cellulose, 
hemicellulose and lignin. The conventionally furfurylated wood, 0-30FA, showed a higher C/O 
ratio than the unmodified wood, which was attributed to the high carbon content of the FA in 
the wood (Fig. 1(a) and (b)). The incorporation of GUP into the furfuryl alcohol was concluded 
based on the presence of the elemental P in the specimens. It was also observed that the 
elemental P was situated both within the cell wall as well as in the lumen filled polymer (Fig. 
1(c)). From the results, it is suggested that the penetration of GUP into cell wall as well as 
forming composite material with the FA polymer in the porous wood occurred.  
Moreover, to validate the water stability of GUP/FA modified wood, the specimen was 
subjected to a water leaching test and its elemental composition was analysed by SEM-EDX. 
The result of EDX analysis of water-leached 5-30FA indicated that elemental P remains both 
in the cell wall and as polymerised FA in the porous wood (Fig. 1(d)). This strongly suggests 
that the hygroscopic GUP became entrapped within the wood structure by the hydrophobic 
polymerised FA matrix, thus increasing its water leaching stability. The results imply that the 
potential of using furfuryl alcohol to improve the water stability of the hygroscopic additives 
as GUP itself cannot bond firmly within the wood structure and would be eventually washed 
away during the water-leaching test (Lin et al. 2021).  
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Figure 1: Low-vacuum SEM cross-section micrographs of earlywood: (a) unmodified, (b) 0-30FA, (c) 5-

30FA, and (d) water-leached 5-30FA 

The chemical functionalities of the specimens analysed by FTIR are shown in Fig. 2. The 
spectrum of the unmodified wood is assigned to the typical wood components cellulose, 
hemicellulose and lignin (Lin et al. 2021). The furfurylated wood, 0-30FA, revealed a new band 
at 2900 cm−1 due to the introduction of saturated C–H stretching methylene bridges and 
methylol groups from poly FA (Tondi et al. 2015). The unconjugated C=O at 1714 cm−1 was 
related to the γ-diketones formed from the hydrolytic opening of furan rings along the poly FA 
chain (Fu et al. 2017). The bands assigned to lignin C=C aromatic skeletal vibration at 1509 
cm−1 and C–H vibration at 1462, 1452 and 1422 cm−1 showed no significant peak shifting after 
the furfurylation. This might imply no substantial covalent bond formation between lignin and 
FA (Faix 1992, Kong et al. 2018) as has been observed from studied on model compounds 
(Nordstierna et al. 2008). As the amount of methylene bridges between polymerised FA are 
likely to be considerably higher than between FA and lignin in furfurylated wood more detailed 
studies is needed to confirm existence of the latter bond type. 
In the fire-retardant furfurylated wood, 5-30FA, a new band at 1667 cm−1 assigned to the C=O 
groups from GUP was found (Lin et al. 2021). The rest of the bands show no clear difference 
compared to the conventional furfurylated wood. The intensity of the band at 1667 cm−1 become 
less visible after the water leaching test due to the partial loss of GUP.  
 

 
Figure 2: FTIR spectra of the unmodified, 0-30FA and 5-30FA specimens. The solid curves in 5-30FA 

spectra represented pre-leaching, while the dot curve represented the post-leaching 
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Thermal gravimetric analysis (TGA) and differential thermal gravimetric (DTG) curves of the 
specimens are presented in Fig. 3(a). The unmodified wood showed three stages of 
decomposition. The first stage from 30°C to 105°C corresponded to the removal of absorbed 
water within the wood structure. The second stage from 250°C to 380°C with the main 
decomposition temperature at 366.9°C was mainly due to the thermal degradation of cellulose 
and hemicellulose. The third stage above 380°C corresponded to the further thermal 
degradation of the more thermal stable wood component, i.e. lignin (Lin et al. 2021).  
For the furfurylated wood, 0-30FA, the incorporation of polymerised FA influenced the thermal 
behaviour of the wood. The mass loss started earlier at 200°C, relating to the cleavage of the 
weaker chemical bonds in polymerised FA (Guigo et al. 2009). The furfurylated wood had a 
similar main decomposition as the unmodified wood, at about 370°C. This might be because 
the main decomposition of polymerised FA was similar to the decomposition temperature of 
cellulose (Guigo et al. 2009). The furfurylated wood gave a slightly larger amount of char 
residue at elevated temperature than the unmodified wood, which is probably attributed to the 
more thermal stable aromatic furan structure of the furfurylated wood.  
The introduction of GUP into the furfurylated wood significantly changed the thermal 
behaviour of the specimen. The GUP caused earlier thermal degradation by lowering the main 
decomposition temperature to 315°C. The earlier thermal degradation caused by fire-retardant 
additive is due to promotion of char formation at elevated temperature (Wang et al. 2004). 
Therefore, the carbon-rich char residue at 800°C was significantly enhanced to 17.5 wt%.  
To investigate the thermal behaviour of the water-leached 5-30FA, 5-30FA-EN84 was also 
subjected to the analysis. The result showed a similar main decomposition temperature before 
and after leaching of the specimens. A slightly higher mass loss above 500°C could be referred 
to as the partial loss of GUP during the leaching test. The result showed that the leached 
specimen had still higher char residue than the conventionally furfurylated wood at elevated 
temperature. This further confirms that the hygroscopic GUP was entrapped by the hydrophobic 
polymerised FA.  
LOI determines the minimum oxygen concentration that supported the combustion behaviour, 
distinguishing the relative flammability of wood specimens. A higher LOI value indicates lower 
flammability of the specimens. The results in Fig. 3(b) showed the improvement of fire 
performance with the incorporation of GUP. The water-leached 5-30FA (5-30FA-EN84) still 
showed superior LOI as compared to 0-30FA. This indicated that fire-retardancy contributed 
from GUP was entrapped by the hydrophobic poly FA. The results of SEM-EDX, FTIR, TGA, 
and LOI confirm the retention of GUP in the modified materials after the severe water leaching 
test EN84. 
 

 
Figure 3: (a) TGA, and (b) LOI value of the unmodified, 0-30FA, 5-30FA and 5-30FA after leaching of 

specimens 
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The wood mechanical properties of Brinell hardness, modulus of elasticity (MOE) and modulus 
of rupture (MOR) are shown in Fig. 4. Brinell hardness describes the resistance of a material 
against surface deformation. Results showed that furfurylated wood increased the surface 
hardness of the specimen (Fig. 4(a)), which was related to the rigid poly FA (Lande et al. 2004). 
The incorporation of GUP into furfurylation modification also enhanced the surface hardness 
of the wood, although not as significant as for the furfurylated wood. This might be caused by 
the lower degree of FA polymerisation due to the change of pH. The GUP is a weak acidic and 
triethanolamine is a weak base, addition of these increased the pH of the FA solution from 1 to 
4.  
The static bending strength MOE and MOR present in Figs. 4(b) and 4(c) showed that the 
furfurylation had small influences on the solid wood. The introduction of GUP into 
furfurylation shows a slightly increased MOE and MOR. 
 

 
Figure 4: (a) Brinell hardness, (b) MOE, and (c) MOR of the unmodified, 0-30FA and 5-30FA specimens 

CONCLUSIONS 

A leach-resistant fire-retardant furfurylated wood was successfully developed by incorporating 
GUP into the furfurylated wood. The result of SEM-EDX, TGA, FTIR and LOI affirms the 
remaining of GUP after the water leaching test. The fire-retardant furfurylated wood had still 
superior fire-retardancy than the conventional furfurylated wood after the water-leaching test. 
This study reveals the potential method of improving the fire-retardancy of furfurylated wood 
through the incorporation of a fire-retardant additive into the wood modification. Further 
studies on dimensional stability and detailed fire-retardancy through cone calorimeter are 
currently under investigation.  
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