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Abstract Ezomatsu wood blocks were impregnated with
potassium acetate (KAc) and then exposed to acetic
anhydride vapor at 25°C and 120°C. The KAc-impregnated
wood was rapidly acetylated at 120°C, and only 6 min was
needed to achieve 20% weight percent gain (WPG). The
WPG increased with increasing catalyst loading (CL), but
it turned to decrease above 20% CL probably because the
diffusion of acetic anhydride vapor was hindered by excess
KAc depositing in the cell lumina. Thus, careful control of
CL is necessary in the vapor-phase acetylation. KAc was
also effective in catalyzing the vapor-phase acetylation at
25°C: the KAc-impregnated wood attained 20% WPG
within 7 days, whereas the WPG did not exceed 10% even
after 1 month in the uncatalyzed system. Irrespective of
treatment methods, the hygroscopicity of wood was reduced
and its dimensional stability was improved with an increase
of WPG. These results confirm that the use of KAc simpli-
fies the acetylation process at room temperature with
minimal loss of acetic anhydride.
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Introduction

Acetylation is an effective method to improve the practical
performances of wood. Wood acetylation is usually per-
formed in liquid acetic anhydride at high temperatures to
assure uniform modification in shorter reaction time. This
liquid-phase treatment, however, requires the take-up of a
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large excess of reactant solution during the treatment and
removal afterward, and, as a result, vapor-phase acetylation
has been attempted by several researchers. According to
Stamm and Tarkow,' 20%-25% weight gain (weight percent
gain; WPG) is achieved within 6-12 h at 90°C using 20%
pyridine/acetic anhydride as a vapor-generating solution.
Baird® showed that the reaction time could be shortened by
elevating the temperature, and that the WPG exceeded
20% in 1-2 h at 130°C. More recently, Rowell et al.’ found
that the vapor-phase acetylation was much slower than the
liquid-phase treatment at 120°C, while both treatments
gave the same WPG after 24 h. All these results suggest the
possibility of vapor-phase acetylation, but high reaction
temperature is required in such cases.

We recently found that potassium acetate (KAc)
enables sufficient acetylation of solid wood at low tempera-
tures (20°-40°C).*” For example, 20% WPG is attained
within 24 h at 40°C when the wood is previously impreg-
nated with KAc. If KAc is also effective in vapor-phase
treatment, the reaction system could be simplified and the
loss of chemical could be minimized. In this article, we
describe the catalytic effects of KAc in vapor-phase acetyla-
tion at room temperature (25°C). In addition, the reduced
hygroscopicity and improved dimensional stability achieved
by low-temperature acetylation are compared with those
resulting from conventional treatment at high temperature
(120°C).

Materials and methods
Wood samples

Cross sections of ezomatsu (Picea jezoensis Carr.) measur-
ing 25 (radial) x 25 (tangential) x 5 mm (longitudinal) were
used. Some of the irregular specimens were excluded on the
basis of their density and volumetric swelling in water. The
density of the selected specimen was 0.37 = 0.01 g/cm’ in a
completely dry condition, and its volumetric swelling in
water was 13.2% £ 0.7%.



b) ReﬁL_l.K The};mameter

[
'] \\

[~ Wood sample

Filter paper
Glass beads

Oil bath

Acetic anhydride

Fig. 1a, b. Apparatus for vapor-phase acetylation at a 25°C and
b 120°C

Catalyst impregnation

The wood specimens were soaked in 2.5%, 5%, 10%, 20%,
and 40% aqueous solutions of KAc under reduced pressure
overnight. The specimens were air-dried at room tem-
perature for at least 2 days, and then oven-dried at 105°C
for 12 h.

KAc-catalyzed acetylation in vapor phase

Figure 1 illustrates the apparatus for vapor-phase acetyla-
tion. For room temperature treatment, six wood specimens
(ca.5 g) were putin a desiccator (inner volume: ca. 2500 cm’)
in which 100 ml of acetic anhydride (A A) was placed, and
the pressure in the desiccator was reduced by using an
aspirator to induce sufficient vaporization of AA. To
prevent rippling of the AA liquid, glass beads were placed
in the bottom of the desiccator. The desiccator was then
kept at 25° = 1°C for 1, 2, 4, 7, 12, 20, and 30 days. Similar
settings were used for treatment at 120°C, while an oil bath
and a reflux condenser were attached to a flask (inner
volume: ca. 1000 cm®) for the heating and recovery of AA.
The reaction times were 0.5, 1, 2, 3, 6, 12, and 30 min for
the KAc-catalyzed acetylation, and 6, 12, 30, 45, 60, and
120 min for the uncatalyzed acetylation.

After the prescribed reaction time, the specimens were
picked up and immediately soaked in ice-water to stop the
reaction. The specimens were then leached in running water
for at least 3 days to remove the remaining acetic anhydride,
acetic acid, and KAc. The leached specimens were air-dried
for 2 days and then oven-dried at 105°C for 12 h before the
oven-dry weights and dimensions were measured.

Moisture sorption and dimensional stability tests

The unmodified and acetylated wood specimens were
conditioned at 20°C and 57% relative humidity (RH) for
1 month and then the equilibrium moisture contents (M)
were determined. The specimens were then soaked in water
at room temperature for 24 h under reduced pressure and
were subsequently boiled at 95°-100°C for 15 min. The
boiled specimens were cooled to room temperature and the
water-swollen volumes were measured.
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Fig. 2. Volumetric swelling due to catalyst impregnation (AV,,) as a
function of catalyst loading (CL). Straight line depicts the calculated
value

Results and discussion
Effect of catalyst loading

The WPG due to the introduction of KAc, namely, the
catalyst loading (CL), was in proportion to the KAc con-
centration (x) of the aqueous solution used for the impreg-
nation treatment:

CL=259x (R*=1.00) (1)

Figure 2 shows the volumetric swelling due to the KAc
impregnation (AV,,) as a function of CL. Significant swell-
ing due to the KAc impregnation indicated the introduction
of KAc into the wood cell wall. When we assume that the
density of KAc in the wood cell wall is identical to its bulk
density (p., = 1.57 g/lcm’) and that the lumina volume
remains unchanged through the treatment, AV can be
calculated from CL, p,,, and the oven-dry density of wood
(p,) according to the following equation:

AV,,(%)=CLx 22 2)
cat

The calculated values are shown in Fig. 2 as a straight line.
The experimental value of AV, deviated from the calcu-
lated value above 20% CL, probably because some excess
KAc deposited in the cell lumina. Thus 20% is a critical
CL value reflecting the introduction of KAc into the wood
cell wall.

Figure 3 shows the effects of CL on the WPG due to the
KAc-catalyzed acetylation at 120°C. It should be mentioned
that WPG does not include the amount of catalyst because
itis calculated on the basis of wood weight after the removal
of KAc by sufficient leaching in water. WPG increased with
increasing CL, but then tended to decrease above 20% CL.
Presumably, the diffusion of AA vapor was hindered by the
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Fig. 3. Effects of CL on the weight percent gain (WPG) due to acetyla-
tion at 120°C. Circles, 3-min reaction time; squares, 12-min reaction
time
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Fig. 4. WPG due to acetylation at 120°C as a function of reaction time.
Open circles, uncatalyzed; filled circles, KAc-catalyzed

deposition of excess KAcin the cell lumina. Such an adverse
effect has been observed in the KAc-catalyzed acetylation
of rayon,’ but not in the liquid-phase acetylation of wood.”
These results suggest that CL should be carefully controlled
in vapor-phase acetylation. Hereafter, we describe the
KAc-catalyzed acetylation at 23% CL where the catalytic
effect of KAc is maximized.

Reaction profile of vapor-phase acetylation

Figure 4 shows the WPG due to the vapor-phase acetylation
at 120°C as a function of reaction time. The acetylation
reaction was extraordinarily accelerated in the presence
of KAc as in the liquid-phase acetylation, and only 6 min
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Fig. 5. Reaction profile at 25°C. Open squares, uncatalyzed; filled
squares, KAc-catalyzed

was needed to attain a 20% WPG. This reaction time
was much shorter than that in the uncatalyzed system and
comparable with that in the liquid-phase KAc-catalyzed
acetylation.’

It should be noted that the reaction in the uncatalyzed
system (20% WPG at 120 min) was slightly faster than that
in the liquid-phase acetylation of ezomatsu wood’ and Sitka
spruce wood.”® This fact seemed contradictory to previous
studies that suggested slower reaction in vapor-phase modi-
fication.” It was considered that the actual temperature
within the wood specimen may have been higher than the
prescribed temperature because the reaction heat could not
be immediately diffused in gaseous media having lower
thermal conductivity.

Figure 5 shows the reaction profile at 25°C. Although the
WPG in the uncatalyzed system did not exceed 10% even
after 1 month, the KAc-catalyzed acetylation attained 20%
WPG within 7 days. One week is too long as an industrial
process, but it is realistic for property enhancement of valu-
able wooden parts such as musical instruments. For such
small-scale treatment in workshops or studios, low reaction
temperature and the vapor-phase process are quite advan-
tageous because it can be completed with simple equipment
and the least loss of chemicals.

Hygroscopicity and dimensional stability

Figure 6 exhibits the equilibrium moisture content (M) of
acetylated wood as a function of WPG. The M value lin-
early decreased with increasing WPG, and no significant
difference was recognized among the treatment methods
and temperatures.

To evaluate the dimensional stability of acetylated wood,
we calculated the antiswelling efficiency (ASE) from the
volumetric swelling in water for unmodified (S,) and modi-
fied (S,) wood according to the following equation:
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Fig. 6. Equilibrium moisture content (M) at 57% relative humidity as
a function of WPG. Open symbols, uncatalyzed,; filled symbols, KAc-
catalyzed; circles, 120°C; squares, 25°
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Fig. 7. Plots of WPG against antiswelling efficiency (ASE). Open
symbols, uncatalyzed; filled symbols, KAc-catalyzed; circles, 120°C;
squares, 25°

ASE (%) =100 x % (3)

The ASE is plotted against WPG in Fig. 7. At small WPGs,
the acetylated wood showed ASE values less than 0. Such

degradation was explained in terms of the slight shrinkage
caused by loss of extractives during the leaching process.
However, the ASE increased with increasing WPG as a
whole, irrespective of treatment methods. From these
results, it was proved that KAc had no adverse effects on
the reduced hygroscopicity and improved dimensional sta-
bility of acetylated wood.

Conclusions

KAc-impregnated wood was exposed to acetic anhydride
vapor at 25°C and 120°C. Irrespective of temperature, the
acetylation reaction was effectively accelerated in the pres-
ence of KAc. At 25°C, a 20% WPG was achieved within 7
days after prior impregnation of KAc, whereas the WPG in
the uncatalyzed system did not exceed 10% even after
1 month. The hygroscopicity and dimensional stability of
the acetylated wood depended on the WPG regardless of
treatment methods. These results suggest that the KAc-
catalyzed vapor-phase acetylation is a useful method that
allows simplified treatment at room temperature with
minimum loss of reagents.

Acknowledgments The authors are grateful to the Sound Technology
Promotion Foundation and the Tostem Foundation for Construction
Materials Industry Promotion for their financial support.

References

1. Stamm AJ, Tarkow H (1947) Dimensional stabilization of wood.
J Phys Colloid Chem 51:493-505

2. Baird BR (1969) Dimensional stabilization of wood by vapor phase
chemical treatments. Wood Fiber 1:54-63

3. Rowell RM, Simonson R, Tillman AM (1986) Dimensional stability
of particleboard made from vapor phase acetylated pine wood
chips. Nordic Pulp Pap Res J 1:11-17

4. Obataya E, Minato K (2008) Potassium acetate-catalyzed acetyla-
tion of wood: reaction rates at low temperatures. Wood Sci Technol
DOI 10.1007/s00226-008-0212-7

5. Obataya E, Minato K (2008) Potassium acetate-catalyzed acetyla-
tion of wood at low temperatures I. Simplified method using a mixed
reagent. ] Wood Sci DOI 10.1007/s10086-008-0995-z

6. Saito M, Kasai T, Nagai K (1962) Rapid acetylation of rayons IIL.
Acetylation rate and rate formula (in Japanese). Sen-i Gakkaishi
18:879-884

7. Obataya E, Minato K (2008) Potassium acetate-catalyzed acetyla-
tion of wood: extraordinarily rapid acetylation at 120°C. Wood Sci
Technol DOI 10.1007/s00226-008-0179-4

8. Minato K, Ogura K (2003) Dependence of reaction kinetics and
physical and mechanical properties on the reaction systems of acety-
lation I: reaction kinetic aspects. J Wood Sci 49:418-422

9. Minato K, Naruo N, Konishi J (2004) How far does a gaseous
reagent penetrate into wood. Holz Roh Werkst 62:120-125




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


