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New strategies for fire retardancy of pine and beech woods.
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ABSTRACT
Different treatments have been applied to pine and beech samples in order to evaluate their fire
behavior. Boron and phosphorous flame retardants have been tested, as well as the synergic
effect between boron salts and alkaline silicates. Boron acid and salts act releasing water and
forming a protective an insulating glaze on the wood surface. However, boron compounds are
easily leached by water and their use is limited to indoor applications. Therefore in this work two
non-water soluble phosphates: bisphenol diphenyl phosphate and triphenyl phosphate have been
also considered. After this first evaluation, the optimal flame retardant formulation has been mixed
with an alkaline silicate in order to investigate possible synergisms to improve fire properties of
wood. In both cases fire behavior has been tested by the dripping test, using a radiator device, and
by the limiting oxygen index (LOI). Morphology of the samples after impregnation and presence of
the treatment agents have been evaluated in an electron scanning microscope.

1. Introduction
The use of wood in the building industry has numerous advantages: sustainable material life
cycle provided that its origin was carefully controlled, together with the achievement of good
mechanical properties with low density. However, as a natural and organic material, wood can be
attacked by biotic agents and also by fire. Wood fire behavior can be improved incorporating flame
retardants (FR) by impregnation of a liquid solution or applying an intumescent coating on the
product surface (O. Grexa et al., 2003). This last solution is easier to perform and can be used
both for new and in-use wood. Nevertheless, it has an evident effect on the external aspect of
wood products which can be undesirable in the case of open structures. Impregnation of flame
retardant solutions is usually done in an autoclave with pressure and temperature cycles. The
boron salts and acids and the ammonium phosphate salts can be found among the most used
flame retardants (Baysal E. et al., 2006 and 2007). Boron compounds act releasing water and
forming a protective an insulating glaze on the wood surface and catalyzing dehydration and
esterification (Stevens R, 2006). However, these substances are easily leached by water and their
use is limited to indoor applications. For this reason in this work both water soluble boron
compounds and non-water soluble phosphates have been considered. Some authors have used
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inorganic silicates to improve fire properties of wood (Pereyra A.M. et al., 2009). In this work we
have evaluated the combination and possible synergism between sodium borate and sodium
silicate.
2. Experimental
2.1. Materials
Wood samples have been obtained from pine (Pinus Sylvestris) and beech (Fagus Sylvatica)
boards and manufactured to obtain 10cm x 10cm x 1.5 cm specimens. Samples were kept at
controlled laboratory conditions to reach homogeneous moisture levels.
In a first stage several flame retardants based on phosphorous and on boron salts have been
tested. Table 1 summarizes the names, producers and chemical formulas of the flame retardants.
Table 1. Flame retardants characteristics
Flame retardant

Formula

Concentration

Solvent

Bisphenol diphenyl phosphate (BDP)

C39H34O8P2

Liquid

Liquid at rt.

Triphenyl phosphate (TriP)

C18H15O4P

20%wt

Toluene

Boric acid–borax (70-30%wt) (BAc-Bx)

H3BO3-Na2B4O7·10H2O

25%wt

Water

Disodium Octaborate Tetrahydrate (DOT)

Na2B8O13·4H2O

28%wt

Water

After this evaluation, we have selected the optimal formulation to investigate possible synergic
effects adding sodium silicate. In this case we have used only pine samples with the same
dimensions and previous conditioning.
2.2. Methods
Impregnation has been performed under vacuum placing the wood samples in a glass receptacle
connected to an air pump. The impregnant flame retardant solutions have been added after
performing the vacuum on the wood samples to extract the air and ease penetration of the
solutions in the wood vessels. The air pump has been maintained during 3 hours and, after this
time, samples have been kept in contact with the solution for 24 hours.
Water used to make the solution of the products containing boron was first heated in order to
increase their solubility. Triphenyl phosphate (TriP) was solved in an organic solvent (toluene) and
BDP was heated to reduce its viscosity and applied directly as a liquid. Concentrations of the flame
retardants in the solutions are indicated in table 1. After impregnation all samples have been dried
in an oven at 60ºC for 24 hours.
Fire testing of the samples has been performed by means of the dripping test and the limiting
oxygen index (LOI):
- Dripping test: Consists of a radiator device described in the Spanish standard UNE 23.725-90
and it is illustrated in figure 1. The assay method has been employed to measure the degree of
extinguishability of combustion. Wood samples were placed on a metallic grid below a heat
source of 500W, which was removed and replaced after each ignition and extinguishing. Three
samples for each composition were tested and the parameters determined were the time and
temperature of ignition, the number of ignitions and the average value of combustion extent
during the first 5 minutes of assay.
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- Limiting oxygen index (LOI) test : LOI corresponds to the minimum percentage of oxygen needed
for the combustion of specimens measuring 80x10x1 mm in an oxygen nitrogen atmosphere in
accordance with ISO 4589 standard.
Morphology of the impregnated wood samples as well as verification of the successful
impregnation of the flame retardants has been done by electronic scanning electron microscopy
(SEM) coupled with an energy dispersive X-ray detector (EDX).

Figure 1. Dripping test
3. Results and discussion
Table 2 shows the results obtained in the dripping and LOI tests for pine samples. Non treated
pine exhibited an ignition time of 77 seconds at approximately 390ºC. Phosphorous products
increased the ignition time, but showed a similar trend with regard to combustion extent and
number of ignitions. Sample treated with the mixture of boric acid and borax presented a higher
delay in the first ignition (109s) and a higher capability of autoextinguishability when the heat
source was removed. Pine-DOT displayed the best behavior since it did not ignite during the five
minutes of assay.
LOI values also increased for all treated samples, but again the higher improvement was obtained
for samples treated with boron salts: Pine-DOT (34%O2) and Pine-BAc-Bx (50%O2).
Table 2. Fire characterization of pine samples
Sample

FR (%)
tign (s)

Pine
Pine-BDP
Pine-TriP
Pine-BAc-Bx
Pine-DOT

0
8
33
11
13

77
92
85
109
0

Dripping test
Nr ignitions
Avg. combustion
extent (s)
5
30
4
28
4
34
6
14
0
0

LOI
(O2%)
23
24
27
34
50

In the case of beech samples, BDP and TriP decrease the time and temperature of ignition,
although the extent of combustion was shorter than for the non-treated sample. On the contrary,
flame retardants containing boron improved remarkably the fire behavior and no ignition was
observed in the dripping test.
In figures 2 and 3 it can be observed the presence of deposited flame retardant on the cell walls.
EDX spectra revealed the presence of phosphorous in the samples Pine-BDP and Pine-TriP and
sodium in the samples Pine-DOT and Pine-BAc-Bx. Identification of these elements confirmed
the success of the impregnation process.
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Figure 2. SEM image and EDX spectra of Pine-BDP

Figure 3. SEM image and EDX spectra of Pine-DOT

Fire characterization demonstrated that in both cases (pine and beech) DOT and BAc-Bx
treatment improved fire behavior of wood and gave rise to better fire properties than BDP and TriP.
For this reason disodium octaborate tetrahydrate (DOT) was chosen to evaluate its synergism with
sodium silicate. Impregnation has been done following the same procedure previously described,
although in this case the percentages of DOT have been reduced to aprox. 5%. In table 3 are
summarized the characteristics of the prepared samples.
Table 3. Nomenclature and sample composition
Sample
Pine
Pine-DOT2
Pine-NaSil
Pine-DOT-NaSil

FR
DOT
NaSil
DOT / NaSil

FR (%)
5
5
DOT: 5 / NaSil: 14

Solvent
Water
Water
Water

Figure 4 shows the aspect of the Pine, Pine-DOT2 and Pine-DOT-NaSil samples after dripping
test. In all cases samples ignited, although FR treated wood delayed both time and temperature of
ignition. NaSil suffered a significant expansion with temperature which protected wood trough the
formation of an intumescent coating, as can be seen in the image of a specimen tested in the LOI
displayed in figure 5. Table 4 shows LOI values, Pine-DOT2 has a lower value than Pine-DOT due
to the lower FR concentration present in the wood sample. The combination of sodium borate and
sodium silicate produced a successful synergic effect confirmed by the dripping test and LOI
results.
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a)
b)
c)
Figure 4. Aspect of the pine samples after dripping test. a) Pine b) Pine-DOT2 c) Pine-DOT-NaSil
Table 4. LOI results of pine stage 2 samples.
Sample

FR (%)

LOI (%O2)

Pine

0

24

Pine-DOT2

5

28

Pine-NaSil

5

31

5 – 14

37

Pine-DOT-NaSil

Figure 5. LOI test Pine-DOT-NaSil samples.

4. Conclusions
Different types of flame retardants have been tested in pine and beech by means of the dripping
test apparatus and the LOI technique. In both wood species the improvement is more significant
for the boron products: disodium octaborate tetrahydrate and boric acid–borax mixture. The ignition
times measured in the dripping test are increased and in the case of octoborate no ignition is
observed in any case. LOI values of pine samples increase for all the flame retardants evaluated,
obtaining the best performance for Pine-DOT sample.
Preliminary results show that addition of sodium silicate together with disodium octoborate
produces a synergic effect which leads to a LOI increment and therefore a better fire behavior.
Further investigation in this line should be done to optimize the flame retardant formulation.
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