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Abstract. This work aimed at finding ways to improve the leaching resistance
of Scots pine (Pinus sylvestris L.) wood impregnated with water soluble fire
retardant (FR). Sapwood specimens of Scots pine (10 � 10 � 50 mm) were
impregnated with aqueous solution of guanyl-urea phosphate (GUP)/boric acid
(BA). Limiting oxygen index (LOI) revealed that treatment could improve the
fire performance. At the same time, thermogravimetric analysis (TGA) illus-
trated increased thermal stability after the treatment. However, since the FR
itself was not fixed within the wood cell wall, it was extracted during water
leaching (EN 84), and the wood lost its fire retarding property. The resistance to
leaching of FR from the treated wood can be primarily improved while main-
taining high fire retarding performance and thermal stability of treated wood by
mixing melamine-formaldehyde (MF) resin with GUP/BA before impregnation
to the wood. To mix GUP/BA to MF solution, due to the acidic nature of
GUP/BA, the condensation/polymerisation reaction would be accelerated in an
undesired way even if the solution was adjusted to non-acidic by NaOH. The
resulting solution would not penetrate deeply into the wood structure, whilst it
would be difficult to re-use the FR solution. In order to avoid the reaction
proceeding in an undesired way, introducing 0.5 wt% of pentaerythritol to the
GUP/BA/MF solution can decrease the reaction rate. Additionally, it improved
the weight percentage gain (WPG) and fire retarding performance, without
significantly influencing the leaching resistance and thermal stability. Overall, it
is suggested that such a treatment could be a suitable methodology for pro-
ducing exterior-use fire-retardant pine wood.
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1 Introduction

Fire-retardant treated (FRT) wood can be produced by impregnation under high
pressure with an aqueous solution containing guanyl-urea phosphate (GUP) and boric
acid (BA) [1]. However, neither GUP nor BA bond strongly to the wood polymers and
normally leach out during weathering; thus, such FRT wood is limited for interior-use
if no further protection is applied. One simple method that can reduce the loss of water-
soluble fire retardants (FRs) during weathering is through surface treatment, such as
painting. However, a recent study revealed that this type of FRT wood is not suitable
for long-term exterior use, due to the FR migrating to the surface because of water
movement within the wood, so reducing fire retarding property [2]. However, if the
FRs can be fixed within the wood such as by in-situ polymerisation, fire-retarding
property is likely to be preserved during weathering. It has been found that melamine
formaldehyde (MF) resin modified wood provided better dimensional stability [3],
thermal stability [4], and to some extent, improved fire performance [5], but there have
only been limited studies to date.

Therefore, this study aimed to reduce the leachability of FRs by treating the wood
with MF resin/GUP/BA solution. The hydrophobic property of the cured MF resin is
possible to microencapsulate FRs [6], so preventing leaching of FRs out of wood.
Nevertheless, the acidity of FRs may inhibit blending into the alkaline MF resin
solution. The acidity of FRs would accelerate the polymerisation of MF resin, which
could cause processing problems in the way that the solution cannot penetrate deeply
into the wood during impregnation as well as being difficult to recycle. Consequently,
another aim of the study was to mitigate the undesired polymerisation.

Pentaerythritol acts as a charring reagent (carbonisation agent) and, together with a
nitrogen phosphate salt, can be microencapsulated by MF resin [9] and enhance
compatibility in other polymers [6]. Additionally, pentaerythritol with melamine
phosphate [7] or ammonium polyphosphate [8] can enhance fire retardant performance
better than nitrogen phosphate salt itself.

To study the treated samples’ water leaching resistance, the European standard EN
84 for accelerated ageing was selected. The standard was originally developed in
connection to studies on the durability of preservative-treated timber. The wood
becomes more or less filled with water, with new water cycled 10 times within 14 days,
allowing the chemicals to be in contact with pure water, facilitating diffusion. The fire
performance, thermal property and chemical functionalities of the samples before and
after water leaching (EN 84) were examined by limiting oxygen index (LOI), TGA and
FTIR, respectively. LOI is the minimum concentration of oxygen (expressed as a
percentage) that will support combustion of a polymer, e.g. wood. It is typically
measured by passing a mixture of oxygen and nitrogen over a burning sample until a
critical level is reached, which corresponds to LOI value. A higher LOI value indicates
enhanced fire retarding performance.
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2 Experimental Section

Materials. Guanyl-urea phosphate (GUP) was obtained from Fisher Scientific Sweden.
Pentaerythritol, 98+ % was bought from Thermo Fisher Scientific, USA. ACS-grade
boric acid (BA) and analysis-grade sodium hydroxide (NaOH) pellets were purchased
from Merck, Germany. Melamine formaldehyde (MF) resin powder Prefere 4866 was
provided by Dynea AS, Norway. The MF resin powder was dissolved entirely in
deionized (DI) water before use. All chemicals were used as received without further
purification.

Impregnation. Scots pine (Pinus sylvestris L.) sapwood samples measuring 10 mm �
10 mm � 150 mm (TxRxL) with a density of approx. 450 kg m−3 were oven dried at
103 °C for 48 h, then conditioned at 20 °C/65% relative humidity (RH),until the final
moisture content (MC) was around 11%.

Preparation of the FR solution was made by dissolving GUP/BA (weight ratio 7:3)
in deionised water, before mixing it with the MF resin solution. The mixed solutions’
pH was then adjusted by 10 M NaOH to pH of 7.0 to prevent the immediate con-
densation. The naming of the FR solutions is shown in Table 1.

Fully immersed samples (10 replicates) were impregnated using a full-cell vacuum-
pressure procedure (30 min. of reduced pressure at 20 mbar followed by 15 bar
pressure for 1 h).The resulting samples were then heated at 40 °C for 1 day followed
by heating at 120 °C for 1 day before measuring the dried mass. These were condi-
tioned at 20 °C/65% RH in a conditioning chamber for 1 week before further analysis.

Accelerating Ageing EN 84. Leaching tests were performed on 5 replicates according
to standard EN 84 (1997), i.e. immersing the samples in a container with 5 times more
volume of deionized water and replacing the water 10 times during the 14-day leaching
period. The samples were then oven-dried at 103 °C to dried mass.

Limiting Oxygen Index (LOI). Fire tests were carried out on 5 replicates, using the
limiting oxygen index (LOI) according to ISO 4589-2:2006. LOI on samples before
and after EN84 water leaching was performed on conditioned specimens.

Fourier Transform Infrared Spectroscopy (FT-IR). PerkinElmer FT-IR spectrom-
eter 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 was
utilised to analyse the chemical functionalities of the samples. Each sample was ground
and sieved through a 0.25 mm mesh before analysis.

Table 1. The naming of the solution for impregnation.

Solution 10%
GUP/BA

10%
GUP/BA + 30%
MF
resin

10%GUP/BA + 30%MF resin + 0.5%
Pentaerythritol

Naming 7G3B 10-30MF 10-30MF-0.5P
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Thermal Gravimetric Analysis (TGA). PerkinElmer TGA 4000 was utilised for the
thermal gravimetric analysis (TGA) of the specimens. Each specimen was firstly
ground and sieved through a 0.25 mm mesh. A total of 15 ± 2 mg sample of each
specimen was loaded into an alumina crucible. The sample was then heated at a rate of
10 °C min−1 from 30 to 800 °C with N2 flow rate of 20 ml min−1. Three replicates
were performed for each specimen, with curves smoothed using a 10-Point-Adjacent-
Averaging algorithm.

3 Results and Discussion

Figure 1 shows the measurement of weight percentage gain (WPG), WPG loss and LOI
of the specimens. GUP/BA treated wood (7G3B in Fig. 1c) could achieve excellent fire
retardant performance, though its poor bonding with wood led to its loss after water
leaching. LOI was found to be similar to untreated wood, and the WPG implied that
GUP/BA was almost all lost. As a comparison, MF resin/GUP/BA treated wood (10-
30MF in Fig. 1) had lower WPG loss and better LOI after water leaching than without
resin. From the results, it is suggested that MF resin might encapsulate FRs and
improve the resistance to leaching.

A difficulty of preparing MF resin/GUP/BA solution was that the resin polymeri-
sation resin was accelerated due to the acidity of GUP/BA solution. The undesired
reaction would cause problems, limiting penetration into the wood and hindering
subsequent recycling of the used solution. To alleviate the undesired reaction, pen-
taerythritol (10-30MF-0.5P) was mixed with the other chemicals before impregnation.
Figure 1b shows that by adding 0.5 wt% of pentaerythritol to the mixture, transparency
after impregnation was dramatically improved. By adding pentaerythritol, the weight
percent gain (WPG) was increased from 53.8 wt% to 58.6 wt%, and LOI was slightly
increased both before and after water leaching (Fig. 1c).

Fig. 1. (a) WPG and WPG loss of GUP/BA (7G3B), GUP/BA/MF resin (10-30MF) and
GUP/BA/MF resin/Pentaerythritol (10-30MF-0.5P) treated samples, (b) images of 10-30MF
(Left) and 10-30MF-0.5P (Right) solution. Both images were made after impregnation, (c) LOI of
untreated sample, 7G3B, 10-30MF and 10-30MF-0.5P.
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The thermal stability of samples was performed by thermogravimetry (TGA), with
first derivative of thermogravimetry (DTG) curves shown in Fig. 2. TGA measured the
mass loss as the temperature increased while DTG curve displays distinct different
thermal degradation steps. All samples had approx. 4% mass loss from 30 °C to around
110 °C, assumed to be related to loss of physical bonded water. FR treatment influ-
enced the thermal property of the wood, with the main decomposition peak of 7G3B
shifting to a lower temperature compared to the untreated sample. This was due to
GUP/BA accelerating the thermal degradation and formation of char at the lower
temperature. Furthermore, inorganic phosphate and boron element from GUP/BA
could provide a protective layer at higher temperatures, as demonstrated with the mass
loss at up 800 °C [10].

Introducing MF resin and pentaerythritol to the FR treatment also changed the
thermal property of the wood. Two degradation peaks around 210 °C and 290 °C could
be attributed to the decomposition of GUP [10], but these were not observed when the
resin was introduced (10-30MF and 10-30MF-0.5P). The main thermal decomposition
peaks of 10-30MF and 10-30MF-0.5P were noted at around 340 °C (between those for
7G3B and the untreated wood). Additionally, a new degradation peak located at
approx. 370 °C could be assigned to the degradation of the MF resin polymeric net-
work [11]. Both 7G3B and 10-30MF had almost the same mass residues at 800 °C,
while10-30MF-0.5P had slightly lower mass residue at 800 °C due to an extra thermal
degradation step occurring around 690 °C.

TGA was also used to investigate the impact of water leaching on the thermal
property of the samples. TGA result of 7G3B after water leaching was not included
since the LOI result was almost the same as the untreated sample. The main decom-
position peaks of 10-30MF and 10-30MF-0.5P after EN 84 to before EN 84 were all
located at the same temperature, around 340 °C, though peak intensities decreased after
water leaching. Simultaneously, the peak at around 370 °C related to MF resin
degradation was slightly enhanced by the water leaching. The results indicated that the
relative percentage of MF resin increased whilst that of other material decreased upon
water leaching of samples. More materials such as FR and/or wood than MF resin
might be removed during water leaching.

Fig. 2. (a) TGA curve of untreated wood, 7G3B, 10-30MF and 10-30MF-0.5P, (b) Deriva-
tive TG curves of the Fig. 2a.

Fire Retardancy and Leaching Resistance of Pine Wood Impregnated 87



FTIR analysis was undertaken to identify the chemical functionalities of the
samples. Figure 3a shows the FTIR spectra of untreated wood, 7G3B, 10-30MF and
10-30MF-0.5P respectively. The peak located at 1698 cm−1 corresponding to GUP
[12] was noted in the spectra of 7G3B, while with MF resin treatment (10-30MF and
10-30MF-0.5P) the peak was not clearly revealed. A wavenumber of 810 cm−1 cor-
responding to triazine ring bending vibration of MF resin [13] was noted in the spectra
of 10-30MF and 10-30MF-0.5P, whilst 10-30MF-0.5P showed a slightly different
spectrum compared to 10-30MF. Some difference related to the presence of sharper
peaks at 3000–2900 cm−1 (possibly due to sp3 C-H stretching vibrations) and two
small new peaks at 1393 cm−1 (due to methylene C-H bending vibrations) and
1035 cm−1 (due to C-O stretching vibrations) were observed in samples with pen-
taerythritol. The results implied that either (a) pentaerythritol reacted with other
compounds to form new bonds, or (b) extractives such as fatty acids migrated to the
surface of samples [14]. Figure 3b compared the FTIR spectra of before and after water
leaching according to EN 84, showing little variation, implying the water leaching has
small impact on the resin treated wood’s chemical functionalities.

4 Conclusion

A novel method for improving leaching resistance of the water-soluble fire retardant
chemicals was demonstrated in this study. From analysis by LOI, TGA and FTIR
results, it is suggested that the cured MF resin help retain the chemicals within the wood
and provide good fire retardant performance, even after water leaching according to EN
84. Furthermore, the addition of low concentration of pentaerythritol could improve the
impregnating liquid stability, WPG of treated wood and its fire retarding performance,
whilst having a negligible influence on the thermal stability of the product.
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Fig. 3. FTIR spectrum of (a) untreated wood, 7G3B, 10-30MF and 10-30MF-0.5P, (b) com-
paring before and after water leaching EN 84 of 10-30MF and 10-30MF-0.5P.
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