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The aim of this paper was to determine the fire performance of wood panels (Araucaria angustifolia)

impregnated in a pressure vessel with post-cured alkaline silicates (water glasses). Several commercial

silicates based on sodium ions and potassium ions with 3.0/1.0 and 3.5/1.0 silica/alkali molar ratios

were selected. Various treatments for curing were applied for polymerization, creating metal silicate

polymers of high water insolubility.

Experimental panels were tested in a limiting oxygen chamber (limiting oxygen index) and in a two-

foot tunnel (flame-spread index and panel consumption). Test results displayed a high fire-retardant

efficiency of some post-cured alkaline silicates.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The use of soluble alkaline silicates is varied and it goes back
many years (detergents, water purification, adhesives, zinc-rich
coatings, etc.); in the field of fire retardation, the alkaline silicates
were also used in the formulation of non-flammable coatings and
varnishes.

To make wood flame-resistant, soluble alkaline silicates were
also used with a subsequent treatment with solutions of metallic
salts to produce insoluble silicates [1]; later, on the basis of the
previous method, other patents were developed [2–5]. However,
in all of these cases, the silicate-based treatment compositions
can be leached from the wood by exposure to environmental
water and moisture, which eventually causes that the treated
wood loses its resistance against fire action.

In a previous unpublished paper by Giudice et al., the flame-
retardant performance of a low-density wood (Araucaria angusti-

folia) impregnated with sodium silicates and potassium silicates
(2.5/1.0 and 3.0/1.0 silica/alkali molar ratios) was studied. To
facilitate silicate polymerization inside pores of the wood,
different treatments were considered. The results indicated that
heating at 90 1C for 24 h and acid treatment were insufficient to
make the silicates insoluble or at least of reduced solubility.
Consequently, in use the silicates can be leached by steam
condensation on the surface, during continuous immersion, etc.
and the desired performance against fire is not achieved.
ll rights reserved.

ce).
Experiments with the named alkaline silicate solutions spread
on glass allowed the inference to be made that with higher silica
content in their composition, the films show a higher curing rate
as well as a smaller water dissolution rate.

In the present paper, the silicates used were of higher silica/
alkali ratio than in the previous experiment developed by the
same authors; an acid treatment was used to form, in the first
stage, a silicic polymer of increased molecular weight and then, in
the second stage, a treatment with cations to form a metal silicate
polymers of high insolubility. For reference, the same treatments
were used separately. Concerning the acid treatment, this was
carried out with the dibutyl amine salt of phosphoric acid (dibutyl
amine phosphate), which in contact with an alkaline medium
hydrolyzes slowly to release phosphoric acid. For the other
treatment, soluble salts of several metals such as aluminum,
copper, zinc, magnesium and calcium were used.
2. Methods

The experimental part included (i) the selection of commercial
soluble alkaline silicates and the curing methods to fulfill the
polymerization of soluble alkaline silicates impregnated under
pressure in low-density wood panels of Araucaria angustifolia,
(ii) the determination of some characteristics of inorganic
polymers formed by precipitation with some cations, (iii) the
operative conditions of the impregnation process and finally
(iv) laboratory tests to establish the behavior of the treated wood
panels when exposed to fire.

www.sciencedirect.com/science/journal/fisj
www.elsevier.com/locate/firesaf
dx.doi.org/10.1016/j.firesaf.2008.10.004
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2.1. Soluble alkaline silicates and curing agents

Since impregnated soluble alkaline silicates could be leached
from the interior of the wood during use, three methods for curing
were used to reduce the solubility of the impregnants.

The four commercial soluble silicates used in the experiments
included ones based on sodium ions and ones based on potassium
ions; for each type, silicates with 3.0/1.0 and 3.5/1.0 molar ratios
were used. Table 1 shows some characteristics of the colloidal
alkaline solutions which were determined in laboratory tests.

In this paper, to achieve the polymerization of soluble alkaline
silicates impregnated in low-density wood panels of Araucaria

angustifolia the following methods were selected:

Fig. 3. Structure of metal silicate polymer.
�
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Series I. Acid treatment: As above mentioned, the acid treatment
involved the use of dibutyl amine salt of phosphoric acid
(dibutyl amine phosphate).
Soluble alkaline silicates contain some silanols and alkoxy
groups; these silanols chemically react with hydrogen ions
liberated from phosphoric acid protonating the oxygen of the
silanol. This intermediate reacts with the silanol forming a
siloxane bond, Fig. 1. When the pH of the system is very low,
reaction rate is slow due to the repulsion between two
positively charged groups (protonated oxygens). Consequently,
the pH of the system defines the dehydration rate for forming
polymeric silicic acid.
In this experiment, a 10% dibutyl amine phosphate alcoholic
solution was used for acid treatment.

�
 Series II. Reaction with cations: The silanol groups of alkaline

silicates react with di- and tri-valent cations forming metal
silanol heterobridge, which then react to give metal silicate
polymers liberating hydrogen gas, Fig. 2.
Solutions at 10% of aluminum, copper, zinc and magnesium
sulfate (0.29, 0.63, 0.62 and 0.83 M, respectively) as well as
calcium hydroxide (1.35 M) were used.

�
 Series III. Acid treatment/reaction with cations: The first stage

involves the reaction of the phosphoric acid with the soluble
le 1
e properties of the alkaline silicate solutions at 20 1C.

cate type Silica/alkali molar ratio Density (1Be) Viscosity (cP) pH

2/Na2O 3.0/1.0 24.0 12.0 11.3

2/Na2O 3.5/1.0 25.2 12.5 11.0

2/K2O 3.0/1.0 17.2 10.2 11.3

2/K2O 3.5/1.0 18.3 10.7 11.1

Fig. 1. Formation of siloxane bond.

Fig. 2. Reaction to give metal silicate polymers liberating hydrogen gas.
alkaline silicates for allowing polymerization to form silicic
acid of high molecular weight. The second stage includes the
reaction between silicic acid and metal cations to generate a
metal silicate polymer, Fig. 3. A secondary reaction is the
formation of insoluble metal phosphates that would be
randomly located in the structure of the glass. Table 2 shows
the identification of the samples.

2.2. Formation and thermal stability of metal silicate polymers

To gain an understanding of some aspects of the inorganic
polymer formation, water-soluble salts of the selected metals
were added to the soluble silicate solutions (aluminum, copper,
zinc and magnesium as sulfate solutions; calcium as hydroxide
solution); in addition, coefficients of thermal expansion were
measured to estimate the stability of the impregnated wood to
changes of temperature.
2.3. Operative conditions of the impregnation process

Test panels for these experiments were prepared on
A. angustifolia since it is a porous wood, which is of low density
(497 kg m�3) and easily penetrable. To obtain good impregnation
[6–8], the test panels were kept under laboratory conditions until
the moisture content ranged from 15% to 18% [9].

The impregnations were carried out at 20 1C in a vertical
pressure vessel of 25 l capacity, provided with a vacuum pump
and an air compressor. In all the cases, the vessel was loaded with
the test panels to be impregnated; then the pressure was reduced
by 400 mm Hg for 30 min to remove air and vapor from the wood
cells.

The impregnants were added at the reduced pressure until
ratio of wood/solution was 1/3rd by volume; in all cases, the
surface tension of the solution was reduced to 40 dyne cm�1 by
adding a tensioactive agent (sodium dodecyl sulfate).

Later on, the pressure was gradually increased until a final
value of 4781 mm Hg (6.5 kg cm�2) to facilitate the penetration;
this stage lasted for 120 min (Series I–III). The wood/solution ratio
that was selected ensured that in all the cases the test panels were
completely submerged in the solution of the impregnant for the
duration of the process.

The next stage consisted of creating a slight vacuum (approxi-
mately 50 mm Hg for 10 min) to eliminate the excess of soluble
silicates. Then, to promote the formation of the inorganic polymer,
the samples in Series I and II were immersed in the 10% dibutyl
amine phosphate alcoholic solution and the 10% solution of
above-mentioned cations, respectively. In every case, the wood/
solution ratio was 1/3rd by volume. The pressure was gradually
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Table 2
Identification of samples.

Treatment Silicate Aa/Bb

Series I (Acid treatment) 1. SiO2/Na2O 3.0/1.0 I.1

2. SiO2/Na2O 3.5/1.0 I.2

3. SiO2/K2O 3.0/1.0 I.3

4. SiO2/K2O 3.5/1.0 I.4

Series II (Reaction with cations) 1. SiO2/Na2O 3.0/1.0 II.1.Al; II.1.Cu; II.1.Zn; II.1.Mg; II.1.Ca

2. SiO2/Na2O 3.5/1.0 II.2.Al; II.2.Cu; II.2.Zn; II.2.Mg; II.2.Ca

3. SiO2/K2O 3.0/1.0 II.3.Al; II.3.Cu; II.3.Zn; II.3.Mg; II.3.Ca

4. SiO2/K2O 3.5/1.0 II.4.Al; II.4.Cu; II.4.Zn; II.4.Mg; II.4.Ca

Series III (Combined treatment) 1. SiO2/Na2O 3.0/1.0 III.1.Al; III.1.Cu; III.1.Zn; III.1.Mg; III.1.Ca

2. SiO2/Na2O 3.5/1.0 III.2.Al; III.2.Cu; III.2.Zn; III.2.Mg; III.2.Ca

3. SiO2/K2O 3.0/1.0 III.3.Al; III.3.Cu; III.3.Zn; III.3.Mg; III.3.Ca

4. SiO2/K2O 3.5/1.0 III.4.Al; III.4.Cu; III.4.Zn; III.4.Mg; III.4.Ca

Reference No silicate R

a Air-dried panels in laboratory conditions.
b Air-dried panels in laboratory conditions and then immersed in distilled water for 48 h.
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increased to 2942 mm Hg (4.0 kg cm�2) and the test panels
remained in these conditions for 20 min.

For Series III, the procedure described above for Series I was
followed, a slight vacuum was created to eliminate the excess of
the alcoholic solution (approximately 50 mm Hg for 10 min) and
the solution of corresponding cations was added. A pressure of
2942 mm Hg (4.0 kg cm�2) was held for 10 min.

Finally, after reducing the pressure, the test panels were
removed and rinsed with distilled water. Before starting the tests
to establish their behavior in fire, a set of panels was air-dried
under laboratory conditions (20–22 1C; 50–55% relative humidity)
until reaching constant weight. These were designated ‘‘Group A’’.

‘‘Group B’’ consisted of another set of panels, also air-dried
under the same laboratory conditions, then submerged in distilled
water for 48 h and finally air-dried until reaching the equilibrium
moisture content.

For reference, wood panels (Araucaria angustifolia) without any
treatment were also tested.

2.4. Flame-retardant tests

Two fire test equipments were used to provide comparative
measurements of the fire performance of the untreated and
treated wood samples. These were the two-foot tunnel (ASTM D
3806) and the limiting oxygen chamber (ASTM D 2863). It is
important to emphasize that the methods employed in these tests
are not representative of the real behavior of a material exposed to
fire.

2.4.1. Two-foot tunnel [10,11]

Results from this test included a flame-spread index (FSI) and a
panel consumption (PC) value. The top of the apparatus is a
600 mm�100 mm section constructed of angle iron and inclined
281 from the horizontal. The 610 mm long, 100 mm wide, 10 mm
thick test panels of Araucaria angustifolia were prepared and
placed in the opening. A 215 mm high, 40 mm diameter natural
gas burner inserted in the enclosed space below the specimen to
provide the fire exposure for 4 min. Based on measurements taken
every 15 s in the first 4 min, the average of the three highest
consecutive readings of the flame advance in millimeters was
calculated. In addition, the samples were weighed before and after
the test. An asbestos-cement board (zero flame-spread) is also
tested. For this study, the FSI of the panels was computed using
the equation FSI ¼ (Ls�L0)/(Lb�L0), where Ls is the average of the
three flame-advance readings for the test specimen, L0 the average
of three flame-advance readings for the zero flame-spread board
and Lb the average of three flame-advance readings for the
untreated wood panels of Araucaria angustifolia. In ASTM D 3806,
Lb is the result for a known standard material and this ratio is
multiplied by the ASTM E 84 FSI of the standard material. ASTM E
84 is the regulatory flame spread in the US. The weight loss in
grams was reported as the panel consumption.
2.4.2. Limiting oxygen index (LOI)

Testing according to ASTM D 2863 determines the minimum
oxygen concentration that just support combustion of a material
under equilibrium conditions as candle-like burning. It is one of
the favorite tests in the assessment of the fire-retardant
treatments of polymeric materials because it gives reproducible
numerical results [12]. The LOI chamber consists of a glass tube
with a perforated plate and glass beads at the bottom that
facilitates the mixing of the oxygen and the nitrogen, a clip to
support the sample of test panel, devices for controlling and
measuring the gases (filters, gauges, micro valves, flow meters,
etc.) and a propane flame ignition system. A 150�10�10 mm
specimen was clamped vertically on the approximate centerline of
the column with the upper edge of the sample at least 100 mm
below the top of the open glass column. Then, the flow valves
were set so that the desired concentration of oxygen flows
through the glass column. The total flow rate was 3.2 cm s�1. After
purging the system with the oxygen–nitrogen flow for 30 s, the
top of the specimen was ignited with the propane flame so that
the top of the test specimen was well alight. If the specimen
continued to burn after the igniter flame was removed, a new
specimen was inserted and the oxygen concentration was
adjusted to a lower level. If the specimen did not continue to
burn, the oxygen concentration was increased to an intermediate
value for the subsequent specimen. Testing continued until the
minimum oxygen concentration was established. The determina-
tion of the LOI was done in triplicate.
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Table 3
Results of Series Ia.

FSI PC (%) LOI (%)

Group Ab

I.1 0.30 2.80 36

I.2 0.32 2.73 38

I.3 0.28 3.53 37

I.4 0.27 3.48 38

Group Bc

I.1 0.44 4.43 27

I.2 0.41 4.12 28

I.3 0.43 3.95 30

I.4 0.39 3.79 31

R 1.00 7.38 16

a Average of three determinations.
b Un-leached panels.
c Leached panels.
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3. Results and discussion

3.1. Formation and thermal stability of metal silicate polymers

Formation of inorganic polymers starting from soluble silicates
and aluminum, copper, zinc, magnesium and calcium cations
(water-soluble salts of above-mentioned cations were added to
the soluble silicate solutions) indicated a quick formation of gel at
the interface followed by propagation of the reaction into the
aqueous phase. In the most cases, a coagulated mass separated
out. The precipitates were predominantly amorphous and their
composition depended on the silicate type, the pH of the solution,
the concentration of reactants and the temperature [13,14].

At the lower temperatures, expansion increased almost
linearly with temperature, whereas a faster rate of rise was noted
at higher temperatures. The volumetric coefficients, in total
correspondence with those of linear dilation, showed a reduced
expansion inclusive at temperatures between 25 and 800 1C
(approx. those registered in a fire): the values ranged from 3.2%
to 3.4%. This would favor the stability and resistance of the treated
wood during a conflagration. The melting point of metal silicate
polymers is greater than 1000 1C in all cases.

3.2. Retentions and penetrations

After completing the treatment, the retentions were calculated
gravimetrically while the penetrations were carried out through
visual and microscopic observations of cuts on the test panels
[15].

The retention, which is the quantity of solids from the
impregnant solution absorbed by unit of volume of wood, was
in the narrow margin between 122 and 126 kg m�3; the average
value for all treated woods was 123 kg m�3 while the standard
deviation was 1.28. Concerning penetration (the depth reached by
the impregnant solution), this was full thickness for 85% of the
cases while in the remaining 15%, the penetration was slightly
irregular. Final average density of the test panels after impregna-
tion was 542 kg m�3 with a standard deviation of 3.55.

3.3. Performance in the fire tests

The experimental results are in Tables 3–5. With the purpose of
determining the value of each variable, in the first stage the values
of FSI, PC and LOI were established on a scale that varied between
0 and 10. Therefore, values 0 and 10, respectively, were assigned to
1.00 and 0.00 (FSI), to 7.38% and 0.00% (PC) and to 16% and 455%
(LOI); it is important to note that in all the cases, the 0
corresponded to the lowest value obtained whereas the 10 was
the best registered performance in each test.

For the interpretation of results, the average of each variable
was calculated, Table 6. The best performance corresponds to the
highest average value.

Results of Tables 3 and 4 show a better performance of all
panels treated in comparison with the reference R (without
treatment) as well as a marked difference between the perfor-
mances of the designed treatments (Series I–III). In addition,
panels for the ‘‘Group A’’ (impregnated panels and air-dried to
reach equilibrium moisture) showed generally higher perfor-
mances than those of ‘‘Group B’’ (panels air-dried, then immersed
in distilled water for 48 h and finally air-dried again to reach
equilibrium moisture).

As for the type of treatment, the Series III was the best,
followed by the Series II and the Series I in this order; it is
important to mention that in the case of the Series III, the panels
with and without immersion in distilled water after impregnation
(‘‘Group A’’ and ‘‘Group B’’, respectively) showed the same
performance in the fire tests.

The impregnation with alkaline silicates (Series I, acid treat-
ment) improved the performance compared with untreated
wood; however, this treatment led to reduced efficiency for the
panels immersed in distilled water. This behavior could be
attributed to the high solubility of those alkaline silicates
polymerized by acid treatment; the high solubility was corrobo-
rated by the significant concentration of the above-mentioned
alkaline cations, which was evaluated by atomic absorption in the
solution where the panels were submerged.

The application of catalyst (Series II, reaction with cations)
would have favored the formation by dehydration of polymeric
silicates of high molecular weight. In consequence, glasses of
higher melting point, with the previously mentioned reduced
thermal expansion, could be responsible for the improved
performance against fire. However, also in this case, when panels
were immersed in distilled water before starting the fire tests the
efficiency in general decreased. The degree of polymerization was
not enough to keep the whole of the impregnants into the panels
after immersion; the level of alkaline cations found in the distilled
water in which the panels had been submerged also demonstrated
the high solubility of polymeric silicates formed by application of
catalyst.

The partial leaching of soluble silicates being the ‘‘Group B’’
(Series I and II) was also verified by low values of retention and
penetration of the impregnated materials after immersion of the
panels in distilled water. In both series, the value of retention
decreased by about 10% as maximum in the panels for LOI test and
6% also as maximum in the panels used in the two-foot tunnel
test. The depth of the distribution observed by microscopy
indicated a very small presence on the surface (up to 1 mm,
depending on the type of treatment) and an increasing profile
towards the interior: greater than 2 or 3 mm depth homogeneous
retention similar to that at the core of the panel was detected.

On the other hand, the panels of the Series III (acid treatment/
reaction with cations) showed no significant differences in the
values of retention and penetration after immersion in distilled
water for 48 h, which explains the similar performance in fire tests
demonstrated in experimental trials (‘‘Group A’’ and ‘‘Group B’’).

The results also reveal that the sodium silicates and the
potassium silicates showed no appreciable difference in perfor-
mance, but the variable silica/alkali molar ratio showed that the
highest value of improved performance against fire.
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Table 4
Results of Series IIa.

FSI PC (%) LOI (%)

Group Ab

II.1.Al 0.24 2.46 40

II.1.Cu 0.24 2.51 39

II.1.Zn 0.25 2.54 38

II.1.Mg 0.26 2.53 38

II.1.Ca 0.26 2.51 37

II.2.Al 0.23 2.36 41

II.2.Cu 0.24 2.43 37

II.2.Zn 0.25 2.51 38

II.2.Mg 0.26 2.51 37

II.2.Ca 0.26 2.51 36

II.3.Al 0.22 3.25 40

II.3.Cu 0.22 3.25 41

II.3.Zn 0.23 3.24 40

II.3.Mg 0.23 3.31 40

II.3.Ca 0.24 3.39 38

II.4.Al 0.20 3.10 42

II.4.Cu 0.21 3.17 41

II.4.Zn 0.21 3.18 42

II.4.Mg 0.22 3.25 40

II.4.Ca 0.22 3.32 39

R 1.00 7.38 16

Group Bc

II.1.Al 0.32 3.37 36

II.1.Cu 0.31 3.39 35

II.1.Zn 0.34 3.48 34

II.1.Mg 0.36 3.62 33

II.1.Ca 0.36 3.65 32

II.2.Al 0.30 3.08 37

II.2.Cu 0.30 3.15 36

II.2.Zn 0.32 3.38 35

II.2.Mg 0.3 3.45 35

II.2.Ca 0.34 3.57 34

II.3.Al 0.29 2.92 37

II.3.Cu 0.29 3.00 37

II.3.Zn 0.30 3.12 36

II.3.Mg 0.31 3.25 36

II.3.Ca 0.32 3.39 35

II.4.Al 0.27 2.61 40

II.4.Cu 0.28 2.71 39

II.4.Zn 0.28 2.82 37

II.4.Mg 0.29 2.93 36

II.4.Ca 0.30 3.07 35

R 1.00 7.38 16

a Average of three determinations.
b Un-leached panels.
c Leached panels.

Table 5
Results of Series IIIa.

FSI PC (%) LOI (%)

Group Ab

III.1.Al 0.16 1.96 48

III.1.Cu 0.17 2.26 46

III.1.Zn 0.17 2.11 45

III.1.Mg 0.18 1.96 46

III.1.Ca 0.18 2.18 44

III.2.Al 0.15 1.77 50

III.2.Cu 0.16 1.85 49

III.2.Zn 0.17 1.91 47

III.2.Mg 0.17 2.00 47

III.2.Ca 0.17 2.00 48

III.3.Al 0.13 2.65 52

III.3.Cu 0.14 2.66 50

III.3.Zn 0.13 2.74 50

III.3.Mg 0.14 2.79 49

III.3.Ca 0.15 2.95 48

III.4.Al 0.10 2.42 455

III.4.Cu 0.11 2.51 455

III.4.Zn 0.11 2.57 455

III.4.Mg 0.11 2.58 455

III.4.Ca 0.13 2.65 54

R 1.00 7.38 16

Group Bc

III.1.Al 0.16 2.37 48

III.1.Cu 0.17 2.50 47

III.1.Zn 0.18 2.50 45

III.1.Mg 0.18 2.61 45

III.1.Ca 0.19 2.62 44

III.2.Al 0.15 2.27 50

III.2.Cu 0.17 2.29 48

III.2.Zn 0.17 2.37 47

III.2.Mg 0.17 2.44 47

III.2.Ca 0.18 2.53 46

III.3.Al 0.14 2.21 51

III.3.Cu 0.14 2.25 50

III.3.Zn 0.14 2.33 50

III.3.Mg 0.14 2.43 50

III.3.Ca 0.15 2.55 49

III.4.Al 0.10 2.00 455

III.4.Cu 0.11 2.11 455

III.4.Zn 0.12 2.17 455

III.4.Mg 0.13 2.23 54

III.4.Ca 0.14 2.35 51

R 1.00 7.38 16

a Average of three determinations.
b Un-leached panels.
c Leached panels.
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Taking into account the effect of cation type, a clear difference
in performance was observed; an increase in efficiency in the
order calcium, magnesium, zinc, copper and aluminum was found.

The different solubility of the metal silicate polymers could
explain these results: a decrease in the solubility of those
polymers was determined by analyzing the content of cations in
distilled water after the immersion of the panels. The inorganic
polymers formed by precipitation with aluminum were the most
insoluble, since a negligible Al+3 level was leached from the
treated wood into the distilled water. In addition, the values of
retention and penetration after immersion were consistent with
the other results described here.

The charge of the alkaline ions would affect the water
dissolution of metal silicate polymers: cations of higher valence
are more firmly placed into the glass structure since their mobility
is less than the ions with smaller bonding capacity.
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Table 6
Statistical results.

Condition after impregnation Average value

Group A 7.7

Group B 7.0

Treatment type Series I Series II Series III

Group A 6.6 7.2 8.4

Group B 4.9 6.1 8.4

Silicate type Sodium silicate Potassium silicate

Group A 7.7 7.7

Group B 7.0 7.1

Silica/alkali ratio 3.0/1.0 3.5/1.0

Group A 7.6 7.8

Group B 6.8 7.3

Cations Al Cu Zn Mg Ca

Series II/III

Groups A/B 7.8 7.7 7.6 7.5 7.4

Series II

Group A 7.4 7.2 7.2 7.1 6.9

Group B 6.7 6.6 6.4 6.2 6.0

Series III

Group A 8.6 8.5 8.4 8.4 8.3

Group B 8.6 8.5 8.4 8.4 8.3

Note: Group A, un-leached panels; Group B, leached panels.
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On the other hand, the larger ions would be held more strongly
within the structure of the metal silicate polymers than the
smaller ones. Copper, zinc, magnesium and calcium have in that
order an increasing ionic volume; nevertheless, the small size of
single ions generates a strong electrostatic field in their surround-
ings and therefore they attract a higher number of water dipoles
than the ions of large size. This would explain why the copper
cation forms metal silicate polymers that are more insoluble than
those formed with the calcium cation.

In summary, the best performance of all the panels was
reached with samples III.2.Al and III.4.Al: combined treatment
(acid catalyst and aluminum-like cation for the polymerization of
silicates) and 3.5/1.0 silica/alkali molar ratio, with the two types of
soluble alkaline silicates (as mentioned, this variable did not exert
a significant influence on performance).

For example, panel B.III.4.Al displayed the highest average
value in this experiment: 8.77. The latter was attained with a FSI
of 0.10 (only 57 mm beyond the flame advancement registered in
the panel of reference of asbestos-cement), a PC of 2.00% (a very
low consumption of panel) in two-foot tunnel and a LOI greater
than 55% (self-extinguishing behavior, indicating that requires
greater concentration of oxygen in a mixture with nitrogen than
the available in the air to maintain the combustion under
equilibrium conditions in limiting oxygen chamber) [16].
4. Conclusions

In the fire tests, the performance of all the panels of Araucaria

angustifolia impregnated with alkaline silicates was improved in
relation to those untreated (the average value of the retention of
impregnants was about 123 kg m�3).
The results also allow to conclude that the wood panels
previously treated with soluble alkaline silicates, then with an
acid and finally with cations lead to formation of the metal silicate
polymers that show low water solubility; the latter avoids the
leaching of impregnants in contact with water and in addition it
assures the maintenance of the performance against fire.

Finally, it is very important to mention a significant advantage
of alkaline silicates for the wood treatment, beyond those
previously mentioned like the high efficiency against fire and
the low thermal expansion: the generation of smoke of low
toxicity during a conflagration and their low-cost constitutes
other excellent factors. Of the disadvantages, it must be
mentioned that the high alkalinity of the solutions demands
special attention for their handling.
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