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DIMENSIONAL STABILITY AND FLAME RESISTANCE OF SILICATE-
ACETYLATED AND -PROPIONYLATED WOOD COMPOSITES

Jian-Zhang Li, Takeshi Furuno and Sadanobu Katoh
Shimane University, Faculty of Science and Engineering
Matsue 690-8504, Japan

ABSTRACT

Silicate-acetylated wood (SAW) and silicate-propionylated wood (SPW)
composites were prepared, and the dimensional stability and flame resistance of
these composites were evaluated. The silicate gels had insignificant effects on the
rate of acetylation or propionylation of wood. In the presence of silicate gels, the
SAW and SPW composites showed slightly lower anti-swelling efficiency (ASE)
during water or moisture absorption and a lower moisture excluding efficiency
(MEE) than the corresponding acetylated wood and propionylated wood, but the
SAW and SPW composites still retained fairly good dimensional stability. The
oxygen indices (OlIs) of the SAW and SPW composites were higher than those of
untreated wood specimens and increased with an increase in the weight percent
gains (WPGgs) of silicate gel fixation. The silicate gel fixation endowed the
composites with flame resistance.

TRODUCTION

Many treatments have been developed that improve the properties of wood
and its usefulness as well as prolong its useful life. Acetylation of wood has been
extensively studied by many researchers,”® while the propionylation of wood has
only been the subject of limited studies. It has been established that the acetylated
wood, which retains the inherent advantages of wood, exhibits improved
dimensional stability and biodegradation resistance.
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Methods of combination of wood and inorganic substances have been
developed to enhance the properties, particularly the flame-resistance of wood.”"
Silicate compounds, which are cheap and negligibly harmful to the environment,
are suggested to be promising chemical agents for impregnation and fixation in

1415 Byt generally, wood-inorganic composites do not

wood by forming gels.
exhibit significant dimensional stability.'®

In this study, silicate-acetylated wood (SAW) and silicate-propionylated
wood (SPW) composites were prepared by combining acetylation or
propionylation with silicate fixation in wood. The dimensional stability and the

flame-resistance of the wood composites were then evaluated to assess the level

of improvement.
MATERIALS AND METHODS
Wood Specimens

Sapwood of hinoki (Chamaecyparis obtusa Endl.) was used for producing
the wood-based composites. The sizes of specimens were 30 (R) x 30 (T) x 5 (L)
mm and 3.0 (R) x 6.5 (T) x 10 (L) mm. The specimens were extracted with a
mixture of ethanol and benzene (1:2, vol) for 12h using a Soxhiet apparatus, and
with acetone for another 12h. The extracted wood specimens were then dried at
105°C for 24h, weighed and measured. Three specimens were used for each
reaction condition.

Chemicsal Agents
Sodium  silicate  (SiOy/Na;0=2.06~2.31), propionic  anhydride

[(CH3CH,C0),0], acetic anhydride [(CH3;CO),0}, and all the other chemicals
chemical grade (Wako Pure Chemical Industries, Ltd.).

Preparation of Wood-Silicate Composite
The water-saturated specimens were immersed in aqueous sodium silicate
solutions of different concentrations and placed in a desiccator. The desiccator
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was evacuated for 30 min and then brought back to atmospheric pressure. The
specimens were held in the desiccator for 12 h, immersed in 5% aqueous acetic
acid for 24 h, leached in flowing water for 48 h, and oven-dried at 105°C for 24 h.

The weights and sizes of the specimens were then determined.

Preparation of Silicate-Acetylated Wood (SAW) and Silicate-Propionylated

Wood (SPW) Composites
The wood-silicate composites were impregnated with acetic anhydride (or

propionic anhydride) at reduced pressure for 30 min. and then at atmospheric
pressure for 24 h. The impregnated specimens were then wrapped with
polyvinylidene chloride film and aluminum foil and placed in an oven to be
acetylated (or propionylated) at 120°C for different times (1-8 h). After extraction
with acetone for 12 h in a Soxhlet apparatus, the specimens were oven-dried at
105°C for 24 h, and their weights and sizes were measured.

Evaluation of Modified Wood Composites

Weight percent gain and bulking coefficient

The weight percent gains of the silicate-acetylated or propionylated wood
composites (WPG, or WPG;) were calculated by the following formulas:

WPG, = WPG, - WPGy;
or
WPG, = WPG, - WPG,;

where WPG, or WPG;, are the weight percent gain of the silicate-acetylated or
silicate-propionylated wood combosite from acetylation or propionylation,
respectively; WPG, is the total weight percent gain of silicate-acetylated or
propionylated wood composite; and WPGy; is the weight percent gain of the
corresponding wood-silicate composite.
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Water Absorption and Leaching Test

The specimens were immersed in distilled water in a desiccator. The
desiccator was evacuated 30 min and then returned to atmospheric pressure for 24
h at room temperature. After this treatment, the dimensions of the water-swollen
specimens were measured. The specimens were then oven-dried at 105°C for 24
h, and the dimensions were again measured. From the changes in volumetric
dimensions, the antiswelling efficiency (ASE,) and antishrink efficiency (ASEs)
were calculated. In order to test the stability of the ASE, and the leaching
resistance of WPG;, the specimens were subjected to the water-swelling and oven-

drying procedure three more times.

Moisture Absorption Test

The specimens were placed in a desiccator containing saturated sodium
chloride (75% relative humidity) at 23°C for 4 weeks. The weights and sizes of
the specimens were measured and the moisture excluding efficiency (MEE) and
the antiswelling efficiency (ASEn,) of specimens during moisture absorption were
calculated.

Oxygen Index Test

The oxygen index method was applied to test the flame resistance of the
composite specimens, according to the Japanese Industrial Standard JIS K 7201.
The oven-dried specimens [3.0 (R) x 6.5 (T) x 10 (L) mm] were burned in an
oxygen-nitrogen gas mixture, where the volume percent ratio was controlled. The
critical oxygen index (OI) was the minimum volume percent concentration of

oxygen that would just support the flaming combustion of the specimens.

RESULTS AND DISCUSSION

Dimensional Stability in Water Absorption

Weight Percent Gain
Figure 1 shows the relationship between the reaction time and weight
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FIGURE 1.  The relationship between reaction time and weight percent gain of
silicate-acetylated or propionylated wood composite from
acetylation or propionylation (WPG, or WPG,).

percent gain of silicate-impregnated wood for reaction with acetic (WPG,) or
propionic (WPG,) anhydride. It is evident that the WPG, and WPG;, increased
with reaction time, and acquired values close to those of specimens free of silicate
compounds,

Figure 2 shows the effect of weight percent gain of silicate gels (WPG,:) on
the weight percent gain following acetylation or propionylation (WPG, or WPG,)
in silicate-acetylated or propionylated wood (SAW or SPW) composite. There
were no very obvious differences manifested in WPG,s and in WPG,s with the
change of WPG,; of SAW of SPW composite as compared with WPGs of the
specimens free of silicate compounds (WPG,=0%).

From Fig. 1 and Fig. 2, it is evident that the presence of silicate gels in
wood has little or no effect on the rates of acetylation or propionylation of wood.

Antiswelling Efficiency
The relationship between the weight percent gain of the wood-silicate
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FIGURE 2. The effect of weight percent gain of silicate gels (WPG,) on
weight percent gain from acetylation of propionylation (WPG, or
WPG,;) in silicate-acetylated or propionylated wood (SWA or
SWP) composite.

composites (WPGy) and the antiswelling efficiency (ASE,) of SAW and SPW
composites during water absorption is shown in Fig, 3.

The ASE,s of SAW and SPW composites were lower than those of the
corresponding acetylated wood and propionylated wood specimens (WPG;=0%),
and they decreased slightly in proportion to the loading of silicate gels. The
ASE,s of SAW and SPW composites indicate that the silicate gels mainly exist in
the cell lumina. Thus, the silicate gels would not be expected to contribute to the
dimensional stabilization of the composites. It was thought'? that shrinkage of the
silicate gels in SAW or SPW composites resulted when the specimens was dried,
resulting in lower values of ASE,s of SAW of SPW composite in comparison
with the comresponding acetylated wood or propionylated wood. Although the
ASE,s of both the SAW and SPW composites decreased with an increase in the
loading of silicate gels, the decrease in the ASE,, was quite small and the
composites still retained a high level of ASE,, values, as is obvious from Fig. 3.
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FIGURE 3. The relationship between weight percent gain of wood-silicate
composite (WPGy;) and antiswelling efficiency (ASE.) of SWA
and SWP composites during water absorption.

Resistance to Water Leaching of SAW and SPW Composites

The changes in the anti-shrink efficiency (ASEg) and the total weight
percent gain (WPG) in the SAW and SPW composites with the wet-dry cycles
are shown in Fig. 4. The WPGss of the SAW and SPW composites decreased
only slightly afier the leaching test of four wet-dry cycles. Also, there were little
or no changes of ASEs in the SAW and SPW composites after the leaching test.
This suggests that not only the acetylated or propionylated wood, where the acetyl
(propionyl) groups were bonded to wood components, had a high resistance to
leaching, but also that the silicate gels existing in wood possessed a high
resistance to leaching by water.

Antiswelling Efficiency (ASE,,) and Moisture Excluding Efficiency (MEE)
The relationship between the weight percent gain of the wood-silicate

composite (WPGy;) and the antiswelling efficiency (ASEy,) of the SAW and SPW
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FIGURE 4. The changes of antishrink efficiency (ASEq4) and the total weight
percent gain (WPGy) in the SWA and SWP composites with the
wet-dry cycles.

composites toward moisture absorption is shown in Fig. 5. The trend of the
ASE,s , a very slight decrease with increasing WPG;, was similar to that of the
ASE,s of the SAW and SPW composites (Fig. 3), probably for the same reason.
Figure 6 shows the relationship between the weight percent gain of wood-
silicate composite (WPGy;) and the moisture excluding efficiency (MEE) of SAW
and SPW composites during moisture absorption. It is evident that the MEE
decreased with increasing WPG,; because of the high hygroscopicity of the
silicate gels. Probably when SAW and SPW composites are used for
construction, it will be advantageous to control the relative humidity of the
surrounding environment, in the same way as for untreated wood to maintain

dimensional stability.

QOxygen Index
The oxygen index (Ol) test with the advantages of good repeatability and

very small specimen size is a good test method for evaluating the effectiveness of
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FIGURE 5.

FIGURE 6.
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The relationship between weight percent gain of wood-silicate
composite (WPG,) and the antiswelling efficiency (ASEm) of
SWA and SWP composites during moisture absorption.
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FIGURE7. The relationships between oxygen index (OI) and WPG of
acetylated wood and propionylated wood.

fire retardants on materials. It was originally developed for polymers, but it can
be also used for wood, in particular fire retardant-treated wood.'”"  The
relationships between the oxygen index (OI) and WPG of acetylated and
propionylated wood are shown in Fig. 7. The acetylated wood and the
propionylated wood showed little or not change of Ol compared with the
untreated specimens. This indicates that wood is not endowed with flame
resistance through the agency of acetylation or propionylation.

Fig. 8 shows the effect of the weight percent gain of silicate gel (WPG,;)
on the oxygen index (OI) of SAW and SPW composites. The SAW and SPW
composites showed a fairly good flame resistance, and the OI increased with an
increase in WPG,;. This shows clearly that the silicate gel can effectively reduce
the combustibility of wood, thus acting as a fire retardant.

The mechanism of silicate gel as a fire retardant may be explained by a
barrier theory.’’ The fire-retardant chemicals prevent the escape of volatile
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FIGURE 8. The effect of weight percent gain of silicate gels (WPGy) on
oxygen index (OI) of SWA and SWP composites.

products by forming a glassy barrier. At the same time the barrier also prevents
oxygen from reaching the substrate and insulates the wood surface from high

temperatures.

CONCLUSION
Silicate-acetylated wood (SAW) and the silicate-propionylated wood (SPW)

composites could be prepared by combining the fixation of silicate gels with
acetylation or propionylation of the wood.

Although the of ASE,,, ASE,, and MEE values of the SAW (or SPW) composite
were slightly less than those of the corresponding acetylated or propionylated
wood and decreased with increasing silicate gel content, the SAW and SPW
composites still retained fairly good dimensional stability. The OI of these
composites increased with increasing silicate gel content, indicating a reduction in
the flammability of the wood.
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ABBREVIATION

silicate-acetylated wood

silicate-propionylated wood

antiswelling efficiency during water absorption
antiswelling efficiency during moisture absorption
antishrink efficiency

moisture excluding efficiency

oxygen index

weight percent gain of silicate-acetylated wood composite from
acetylation

weight percent gain of silicate-propionylated wood composite from
propionylation

weight percent gain of silicate gel fixation in wood composite
total weight percent gain of silicate-acetylated or propionylated wood

composite .

REFERENCES

1. LS. Goldstein, E.B. Jeroski, AE. Lund, J.F. Nielson and JM. Weaver,
Forest Prod. J., 11, 363 (1961).

» =2

2. RM. Rowell, A. Tillman and R. Simonson, J. Wood Chem. Tech., 6, 427
(1986).

3. M. Sadachi, Wood Industry, 44 (11), 28 (1989).

4. RM. Rowell, R. Simonson, S. Hess, D.V. Plackett, D. Cronshaw and E.
Dunningham, Wood and Fiber Sci., 26 (1), 11 (1994).

5. C.A.S.Hill and D. Jones, J. Wood Chem. Tech. 16 (3), 235 (1996).

6. C.AS Hill and D. Jones, Holzforschung, 33 (3), 267 (1999).



12: 20 25 January 2011

Downl oaded At:

SAW AND SPW COMPOSITES 453

7. S. Hirao, Wood Industry 44 (11), 628 (1989).

8. T.Furuno, T. Uehara and S. Jodai, Mokuzai Gakkaishi 37, 462 (1991).

9. T. Furuno, T. Uehara and S. Jodai, Mokuzai Gakkaishi 38, 448 (1992).

10. T. Furuno, T. Uehara and S. Jodai, Mokuzai Gakkaishi 39, 561 (1993).

11. 8. Saka, M. Sasaki and M. Tanahashi, Mokuzai Gakkaishi 38, 1043 (1992).
12. K Ogiso and S. Saka, Mokuzai Gakkaishi 39, 301 (1993).

13. S. Sakaand Y. Yakake, Mokuzai Gakkaishi 39, 308 (1993).

14. H. Yamaguchi, Mokuzai Gakkaishi 40, 830 (1994).

13. H. Yamaguchi, Mokuzai Gakkaishi 40, 838 (1994).

16. M. Norimoto and J. Gril, Current Japanese Materials Research 11, 135
(1993).

17. R.H. White, Wood Sci., 12, 113 (1979).
18. M. Yoshimura and K. Umemura, Mokuzai Gakkaishi 26, 209 (1980).
19. M. Yoshimura and K. Umemura, Mokuzai Gakkaishi 26, 287 (1980).

20. R.M. Rowell, In The Chemistry of Solid Wood, Chap. 14, p. 542-543, S L.
LeVan (ed), American Chemical Society, Washington, D.C., 1984.




