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Abstract In this study, different extents of acetylated and
butyrylated bamboo particle/plastic composites (BPPC)
were produced by the flat-platen pressing process. The
effect of esterification on mechanical and interfacial proper-
ties of BPPC was evaluated by a universal testing machine,
X-ray diffractometer (XRD), "C CP/MAS nuclear mag-
netic resonance (NMR) spectrometer, and scanning elec-
tron microscope (SEM). The results showed that the internal
bond (IB) and wood screw-holding strength of BPPC were
significantly increased after acetylation, even though the
weight gain of acetylated bamboo particles was only 2%.
In addition, SEM micrographs revealed that acetylated
bamboo particles were effectively trapped by the polymeric
matrix on the IB-fractured surface of BPPC. These results
indicate that the interfacial interaction between the bamboo
particle and the polymeric matrix can be enhanced through
acetylation.

Key words Bamboo particle/plastic composites - Mechani-
cal properties - Interfacial properties - Esterification - X-ray
diffraction

Introduction

In tropical areas, especially Asian countries, bamboo is a
basic natural resource and plays a great role in the people’s
daily life and culture because of its rapid growth rate, ex-
cellent flexibility, and excellent machinability."* Today,
bamboo is widely used as a raw material for construction,
furniture, pulping, and handicraft works, resulting in many
by-products (bamboo shavings and sawdust) from the
bamboo-processing industry. Therefore, one of the unprec-
edented challenges in the bamboo products industry is how
to improve the properties and performance of bamboo
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products by using the woody residues and thus recycling
them. In addition to the many uses of bamboo, manufactur-
ing of thermoplastic composites is becoming popular as
a promising value-added option.” It is forecast that the
demand for natural fiber/plastic composites will grow by
about 50% and 60% per year for automotive applications
and for building construction products, respectively.’

Using natural fibers together with plastic has many
advantages, such as low density, low equipment abrasive-
ness, high stiffness and strength, relatively low cost, and
good biodegradability.® However, in spite of these advan-
tages, the use of natural fibers in industrial practice is limited
by difficulties associated with surface interactions. The main
drawback of natural fiber/plastic composites is the incom-
patibility between the hydrophilic lignocellulosics and the
hydrophobic thermoplastic polymers. Many problems have
been identified, including poor fiber dispersion caused by
intermolecular hydrogen bonding,” and wide polarity differ-
ences of the surfaces that prevent efficient polymer/fiber
bonding.'"" Poor interfacial adhesion leads to composites
with poor mechanical properties.'>" Thus, over the past two
decades, several physical and chemical approaches have
been used to overcome these problems. One of these
approaches is chemical modification of lignocellulosic mate-
rials to both increase their hydrophobicity'* and improve
their dimensional and thermal stability.">"

Another problem is that most wood flour (or wood
fiber)/plastic composites (WPC) are currently manufac-
tured by injection molding or extrusion. However, in
general, making composites with large particles is difficult
with both processes. It is well known that the influence
of particle size on the mechanical strength, especially on
bending strength, of WPCs is great. A previous study
showed that a WPC with large wood particles could be suc-
cessfully prepared by a flat-platen pressing process, and it
showed better strength properties than that with small par-
ticles.”” Thus, in the present study, bamboo particle/high-
density polyethylene (BP/HDPE) composites were produced
by flat-platen pressing. In addition, the prepared compos-
ites with unmodified and esterified bamboo particles were
characterized in terms of their morphology and mechanical



behavior. Furthermore, the basic properties of esterified
bamboo particles were investigated by various spectromet-
ric techniques.

Experimental methods
Materials

Dried shavings of 3-year-old kei-chiku bamboo (makino
bamboo; Phyllostachys makinoi Hayata) were provided by
the local bamboo-processing factory and were chipped to
particles (16-24 mesh) without any pretreatment. HDPE
(LH901) was purchased from USI Co. (Kaohsiung, Taiwan)
with a melt index of 0.95 g/10 min and density of 0.953 g/
cm’. Acetic anhydride, butyric anhydride, and dimethylfor-
mamide (DMF) were purchased from Sigma Chemical (St.
Louis, MO, USA). The other chemicals and solvents used
in this experiment were of analytical grade.

Esterification

Bamboo particles (1.2 kg) were immersed in a DMF solu-
tion containing 20 mM acetic anhydride (acetylation) or
butyric anhydride (butyrylation) with potassium carbonate
(1.1 mM) as a catalyst. The reaction was conducted at 100°C
with stirring for 1-8 h to obtain bamboo materials esterified
in different degrees. At the end of modification, the esteri-
fied bamboo particles were washed with acetone and then
Soxhlet-extracted using acetone for 6 h to remove the resi-
dues of acetic acid or butyric acid. Finally, the esterified
bamboo particles were dried at 105°C for 12 h, and the
weight percent gain (WPG) was calculated as follows:
WPG = 100(M, — M,)/M,, where M, and M, are the oven-
dried weights of the bamboo particle before and after ester-
ification, respectively.

Composite processing

The flat-platen pressing process used for manufacturing
bamboo particle/plastic composites (BPPC) followed the
process of Chen et al.” The weight ratios of oven-dried
bamboo particle and HDPE powder were 0/100, 20/80,
30/70, 40/60, 50/50, 60/40, 70/30, and 80/20 (w/w), respec-
tively. The target density of BPPC was 0.85 + 0.05 g/cm’
with a format of 30 x 20 x 1.2 cm, and three boards were
prepared for each weight ratio. All BPPC were produced
in a two-step pressing process: first, hot pressing at 200°C
for 8 min, and then finishing by cold pressing until the tem-
perature of BPPC was down to 25°C (~12 min).

Determination of composite properties

To determine the properties of the composites, several
tests, including flexural properties [modulus of rupture
(MOR) and modulus of elasticity (MOE)], internal bond
strength, and wood screw-holding strength were carried out
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according to Chinese National Standard (CNS) 2215. A
specimen size of 23 x 5 x 1.2 cm was used to evaluate MOR
and MOE by the three-point static bending test with a
loading speed of 10 mm/min and span of 18 cm. Specimens
5 x5 x 1.2 cm were used for internal bond strength and
wood screw-holding strength at a tensile speed of 2 mm/
min. The samples were conditioned at 20°C and 65% rela-
tive humidity for 2 weeks before testing. At least five speci-
mens of each blend were tested.

X-ray diffraction measurement

X-ray diffractograms were obtained with an MAC science
MXP18 instrument (Japan), and bamboo samples were pre-
pared by powdering. The diffraction patterns were mea-
sured from 26 = 2° to 35° using CuK¢, radiation, at 40 kV
and 30 mA. The crystallinity index (CrI) of the bamboo
particle was calculated according to the following equation:
Crl (%) = 100(Lyyy — L)/ Ly, Where L, is the maximum
intensity of the 200 lattice reflection of the cellulose crystal-
lographic form at 26 = 22° and I, is the intensity of diffrac-
tion of the amorphous material at 26 = 18°.

Solid-state CP/MAS “C-NMR analysis

Solid-state samples were examined by cross-polarization
magic angle spin (CP/MAS) "“C-nuclear magnetic reso-
nance (NMR). The spectra were recorded on a Bruker
DSX-400WB FT-NMR spectrometer (Germany) at a fre-
quency of 100 MHz. Chemical shifts were calculated rela-
tive to tetramethylsilan (TMS) for NMR control.

FTIR-ATR spectral measurements

Fourier transform-infrared (FTIR)-attenuated total reflec-
tance (ATR) spectra of unmodified and esterified
bamboo samples were recorded on a Spectrum 100 FTIR
spectrometer (Perkin-Elmer, USA) equipped with a DTGS
(deuterated triglycine sulfate) detector and a MIRacle
attenuated total reflectance (ATR) accessory (Pike Tech-
nologies, USA). The spectra were collected by co-adding
64 scans at a resolution of 4 cm™ in the range from 650 to
4000 cm™.

Scanning electron microscopy

Scanning electron microscopy (SEM) was used to examine
the morphology of bamboo particles and plastics in com-
posites. After the internal bond test, the fracture surfaces
of composites were dried and then sputtered with gold. A
JEOL JSM-6330F scanning electron microscope (Japan)
with field emission gun and accelerating voltage of 2.8 kV
was used to collect SEM images for the composite speci-
men. The samples were viewed perpendicular to the frac-
tured surface.
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Analysis of variance

All results are expressed as mean = SD (standard devia-
tion). The significance of difference was calculated by
Scheffe’s test,” and values < 0.05 were considered to be
significant.

Results and discussion

Effects of the bamboo particle content on mechanical
properties of BPPC

The various mechanical properties present in the different
composites are shown in Table 1. The MOR of all samples
ranged from 9.9 to 25.6 MPa. The highest bending strength
was found in the BPPC with 20% or 30% bamboo particle
(BP), and both composites were not significantly different
from the neat plastic (25.6 MPa). However, when the
amount of BP was changed from 30% to 60%, the MOR
slightly decreased from 23.1 to 17.6 MPa. This decline in
MOR at more than 30 wt% BP may be attributable to
aggregation of the woody materials, as reported by previous
authors.”®* Moreover, a drastic decrease in bending strength
was observed when the BP content was more than 60% (see
Table 1). A possible explanation for this could be related
to the lack of adequate interfacial adhesion between the
bamboo particle and the plastic at a high BP loading.” Thus,
the strength decreased significantly with increased content
of bamboo material at 60%-80% in the BPPC. Similarly,
the internal bond and the wood screw-holding strengths
exhibited the same trend for the tested formulations in
Table 1. With the MOE, the modulus increased as the
amount of BP was increased up to 30% and then leveled
off or remained constant up to 60% (~1.5 GPa). Once the
BP loading exceeded 60%, however, a significant decrease
in the modulus was observed. A similar effect has also been
shown in wood particle-HDPE composite."” Accordingly,
for mechanical and bamboo residue utilization consider-
ations, the BPPC with 60 wt% of bamboo particles should
be a suitable formulation.

Effects of acetylation on mechanical properties of BPPC

The static bending properties of BPPC with 60 wt% of
acetylated or untreated bamboo particles are shown in Fig.
1. No significant differences in MOR were found among all
the tested samples. The MOR of all acetylated BPPC (WPG
2-17) is around 19 MPa, which is similar to that of the
unmodified one. However, the MOE of BPPC with acety-
lated BP is slightly lower than that of an unmodified sample,
especially at the highest WPG. The modulus decreases sig-
nificantly, from 1.8 to 1.6 GPa, when increasing the WPG
of acetylated BP from 4 to 17. Similar results were reported
by Pasquini et al.” This phenomenon should be influenced
by the nature of lignocelluloses after acetylation. Figure 2
shows the evolution of X-ray diffraction patterns of acety-
lated bamboo particles. The results showed two diffraction
peaks for 20 = 22° and 15° before treatment, by which the
crystallinity index (Crl) calculated is 58.5%. The former
peak is attributed to the 200 plane of the crystal lattice and
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Fig. 1. Effect of acetylation on modulus of rupture (MOR) (white bars)
and modulus of elasticity (MOE) (black bars) of bamboo particle/
plastic composites (BPPC) [bamboo particle (BP)/high-density poly-
ethylene (HDPE) = 60/40]. Error bar is SD (n = 5). Bars with different
capital and lowercase letters indicate significant differences in MOE
and MOR values, respectively (P < 0.05). WPG, weight percent gain

Table 1. Effect of mixture ratio of bamboo particle (BP) and high-density polyethylene (HDPE) on mechanical properties of bamboo particle/

plastic composites (BPPC)

BP/HDPE (wt%) Density (g/cm’) MOR (MPa) MOE (GPa) Internal bond Wood screw-holding
strength (MPa) strength (N)

0/100 0.74 + 0.06° 25.6+0.7 0.9 £0.2% >5% 913.4 + 60.4°

20/80 0.76 £ 0.01° 23.7+0.8" 1.2 +0.0" >5% 813.2 + 44.1*

30/70 0.82 £ 0.01™ 23.1+04%® 1.5+0.0® >5% 823.8 +43.8"

40/60 0.85 £ 0.00° 221 +0.8" 1.5+0.1" 2.7+01° 850.8 + 34.3*

50/50 0.86 + 0.01° 19.9 +1.1¢ 1.5+0.1° 2.7+0.1° 838.2 +20.6°

60/40 0.89 + 0.02° 17.6 + 0.3 1.4 401" 20+03° 833.1 £59.2°

70/30 0.85 +0.03" 13.5+1.5° 1.0 +0.2¢ 0.7 +0.1° 642.4 +128.9"

80/20 0.81 + 0.05® 9.9+ 1.9 0.8+0.2" 03£0.1° 442.0 +£120.2°

*Over maximum limitation (5 MPa)
Values are mean = SD (n = 5)

Means in each column with different superscript letter are significantly different (P < 0.05)



Intensity
| O%

Wood screw-holding strength (kN)

N
N
N
N
N
w
N

Fig. 2. X-ray diffraction diagrams of different extent of acetylated
bamboo particles: unmodified (4); WPG 2 (B); WPG 4 (C); WPG 17
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Fig. 3. Effect of acetylation on internal bond strength of BPPC (BP/
HDPE = 60/40). Error bar is SD (n = 5). Bars with different letters
indicate significant differences among groups (P < 0.05)

the latter peak corresponds to the reflection of planes 110
and 110 of the native cellulose lattice. After acetylation,
however, both peaks vanish gradually (Fig. 2B-D). These
results are similar to the diagram obtained by Thiebaud et
al.” In addition, the extent of decrystallization is a function
of ester content (or WPG). In other words, the extent of
acetylation greatly influenced crystallinity index, so with a
higher extent of acetylation there was a lower crystallinity
index. When the WPG of acetylated bamboo particles
achieved 2, 4, and 17, their CrI were calculated as 56.6%,
54.2%, and 48.3%, respectively. This reduction trend is
completely congruent with the MOE changes seen in Fig.
1. Therefore, it is evident that the MOE of BPPC is greatly
influenced by the crystallinity of lignocelluloses.
Furthermore, the internal bond is the best single measure
of the quality of lignocellulosic composites because it indi-
cates the strength of the bonds between particles. Figure 3
shows that acetylation can improve the internal bond
strength of BPPC. However, it can be seen that, regardless
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Fig. 4. Effect of acetylation on wood screw-holding strength of BPPC
(BP/HDPE = 60/40). Error bar is SD (n =5). Bars with different letters
indicate significant differences among groups (P < 0.05)
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Fig. 5. "°C cross-polarization magic angle spin (CP/MAS) nuclear mag-
netic resonance (NMR) spectra of bamboo particles acetylated to dif-
ferent extents

of the WPG of acetylated bamboo particles, the strength of
BPPC increased from the original 1.2 MPa to ~2.5 MPa
after acetylation. Similar results were also observed in the
wood screw-holding strength of BPPC (Fig. 4). These results
indicate that even though the weight gain of acetylated
bamboo particles was only 2%, acetylation also provides
sufficient interfacial adhesion with the plastic matrix. Com-
pared with unmodified composites, the internal bond and
wood screw-holding strengths of acetylated composites
were improved by 94% and 25%, respectively.

Reactive characteristics of acetylation of bamboo particles

In this study, solid-state CP/MAS “"C-NMR was used to
elucidate the characteristics of BP before and after acetyla-
tion. Figure 5 shows a characteristic carbohydrate pattern,
namely C1 (105.3 ppm), C4 (88.7 and 84.3 ppm), C2
(74.8 ppm), C3, C5 (72.8 ppm), and C6 (64.6 and 62.8 ppm)
for unmodified BP.” Hemicellulose carbons also resonated



Fig. 6. Scanning electron microscopy (SEM) micrographs of different
extents of acetylated BPPC (BP/HDPE = 60/40): unmodified (A);
WPG 2 (B); WPG 4 (C); WPG 17 (D). Arrows, BP

in the same field as cellulose ones, so they could not be
precisely identified. The chemical shift at 56.5 ppm corre-
sponded to lignin methoxy groups and the broad signal
between 125 and 160 ppm to aromatic rings of lignin.
However, after acetylation, the intensities of peaks at 74.8
(C2) and 62.8 (amorphous C6) ppm decreased and shifted
downfield, and the decrease in signal intensity was more
pronounced in C2, while no significant change was observed
at 72.8 ppm (C3). In addition, peaks at 170.1 ppm
(CH;COO-) and 20.7 ppm (CH,COO-), assigned to the
acetyl group, were also found in Fig. 5 (WPG 2 and WPG
17). These results indicate that the order of reactivity of
cellulose hydroxyl groups was C2-OH > C6-OH > C3-OH
when the bamboo particles were modified by acetic anhy-
dride in DMF. This result is similar to those reported by
Dicke” and Jebrane and Sebe.”

Morphology of acetylated bamboo particles and
HDPE composites

SEM micrographs of the fractured surface for the compos-
ite samples (Fig. 6), correspond to the surface of fractured
BPPC with 60 wt% of unmodified BP (Fig. 6A), acetylated
BP of 2 WPG (Fig. 6B), acetylated BP of 4 WPG (Fig. 6C),
and acetylated BP of 17 WPG (Fig. 6D). Although only
selected parts of the BPPC are shown in the figures, they
are assumed to be as representative of the sample as possi-
ble. Accordingly, the unmodified bamboo particles (Fig.
6A) are pulled out practically completely from the poly-
meric matrix; i.e., the fracture of the BPPC did not lead to
the bamboo particles breaking. This result clearly indicates
that the interfacial adhesion between the bamboo particle
and the plastic was very weak. However, as shown in Fig.
6B-D, the SEM micrographs reveal that acetylated bamboo
particles are well trapped by the polymeric matrix, regard-
less of the extent of acetylation. Thus, a better stress trans-
fer from the weaker plastic phase to the bamboo particle
through the interface could be expected; this is believed to
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Fig. 7. Effects of different esterifications on mechanical properties of
BPPC (BP/HDPE = 60/40). Error bar is SD (n =5). Bars with different
letters indicate significant differences among groups (P < 0.05)

be caused by improved interfacial interaction, resulting in
high internal bond strength (see Fig. 3).

Effects of different esterifications on mechanical
properties of BPPC

To understand the influence of acyl chain length of esteri-
fied bamboo particles on mechanical properties, MOR,
MOE, internal bond strength, and wood screw-holding
strength of BPPC with WPG = 2 of acetylated and butyry-
lated bamboo particles were further investigated in this
study. Except for the internal bond strength, there were no
significant differences between acetylation and butyrylation
(Fig. 7). Compared with the acetylated composite, there
was a twofold decrease in the internal bond strength of the
butyrylated composite. In other words, the effect of butyry-
lation on increasing the strength of composites was not
significant. This phenomenon might be attributed to the
relatively hydrophobic butyryl group being not sufficient to
substitute for the hydroxyl group of the bamboo particle by
butyrylation at 2 WPG, which does not efficiently improve
the interfacial adhesion between the polymeric matrix and
lignocellulosic material. In addition, FTIR spectra (Fig. 8)
also clearly confirmed that the intensity of the C= O stretch-
ing band of the butyrylated bamboo particle at 1735 cm™
was obviously lower than that of an acetylated one. The
effect of different esterifications with higher WPG samples
on properties of BPPC should be the subject of future sys-
temic and detailed investigation.

Conclusions

Bamboo particle/plastic composites with high bamboo par-
ticle loading (60 wt% of bamboo particles) were success-
fully prepared by the manufacturing method of forming and
flat presses similar to particleboard production. Addition-
ally, it was shown that the acetylation of bamboo particles
is a useful method to improve the interfacial interaction of
BPPC. When the degree of acetylation had achieved only
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Fig. 8. Fourier transform-infrared (FTIR) spectra of different esteri-
fied bamboo particles (WPG 2): unmodified (A); acetylated (B); buty-
rylated (C)

2 WPG, the composites exhibited an excellent interfacial
adhesion between the acetylated bamboo particle and poly-
meric matrix. Compared with the unmodified composites,
the acetylated composites improved the internal bond
strength by 94% and the screw-holding strength by 25%.
To our knowledge, this is the first report to address the
properties of acetylated BPPC made by the flat-platen
pressing process. Furthermore, as it is known that the
hydroxyl groups of bamboo are most often the reactive
sites, the evidence of occurrence of the chemical modifica-
tion was checked by solid-state "C-NMR. The results
revealed that the order of reactivity of bamboo cellulose
was C2-OH > C6-OH > C3-OH when it was modified by
acetic anhydride in DMF. Moreover, according to XRD
analysis, the crystallinity of cellulose in bamboo particles
decreased with increasing WPG. In addition, it is well
known that acetylation not only improves the dimensional
stability of lignocellulosic materials but also increases their
decay resistance. Thus, future studies should focus on the
durability and mildew resistance of the acetylated BPPC
during natural weathering, and the physicochemical proper-
ties of weathered specimens also should be evaluated.

Acknowledgments We thank the National Science Council for finan-
cial support (NSC97-2313-B-005-044-MY3).

References

1. Zhang J, Wang R, Ma N, Zhang W (1995) Fibre morphology and
main physical and chemical properties of some bamboo wood of
Phyllostachys. For Res 8:54-61

2. Obataya E, Kitin P, Yamauchi H (2007) Bending characteristics of
bamboo (Phyllostachys pubescens) with respect to its fiber—foam
composite structure. Wood Sci Technol 41:385-400

3. Deshpande AP, Rao MB, Rao CL (2000) Extraction of bamboo
fibers and their use as reinforcement in polymeric composites.
J Appl Polym Sci 76:83-92

4. Thwe MM, Liao K (2003) Durability of bamboo-glass fiber rein-
forced polymer matrix hybrid composites. Compos Sci Technol
63:375-387

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

221

. Okubo K, Fujii T, Yamamoto Y (2004) Development of bamboo-

based polymer composites and their mechanical properties. Com-
posites A 35:377-383

. Liu H, Wu Q, Han G, Yao F, Kojima Y, Suzuki S (2008) Compati-

bilizing and toughening bamboo flour-filled HDPE composites:
mechanical properties and morphologies. Composites A
39:1891-1990

. Jiang H, Kamdem DP (2004) Development of poly(vinyl chloride)/

wood composites. A literature review. J Vinyl Addit Technol
10:59-69

. Bledzki AK, Reihmane S, Gassan J (1998) Thermoplastics rein-

forced with wood fillers: a literature review. Polym-Plast Technol
Eng 37:451-468

. Raj RG, Kokta BV, Maldas D, Daneault C (1989) Use of wood

fibers in thermoplastics. VII. The effect of coupling agents in poly-
ethylene-wood fiber composites. J Appl Polym Sci 37:1089-
1103

Maldas D, Kokta BV, Daneault C (1989) Influence of coupling
agents and treatments on the mechanical properties of cellulose
fiber—polystyrene composites. J Appl Polym Sci 37:751-775
Harper D, Wolcott M (2004) Interaction between coupling agent
and lubricants in wood—polypropylene composites. Composites A
35:385-394

Najafi SK, Hamidinia E, Tajvidi M (2006) Mechanical properties
of composites from sawdust and recycled plastics. J Appl Polym
Sci 100:3641-3645

Mansour SH, Asaad JN, Iskander BA, Tawfik SY (2008) Influence
of some additives on the performance of wood flour/polyolefin
composites. J Appl Polym Sci 109:2243-2249

Tronc E, Herndndez-Escobar CA, Ibarra-Gémez R, Estrada-
Monje A, Navarrete-Bolaios J, Zaragoza-Contreras EA (2007)
Blue agave fiber esterification for the reinforcement of thermoplas-
tic composites. Carbohydr Polym 67:245-255

Rowell RM (1983) Chemical modification of wood. For Prod Abstr
6:363-382

Gardea-Herniandez G, Ibarra-Gomez R, Flores-Gallardo SG,
Hernandez-Escobar CA, Pérez-Romo P, Zaragoza-Contreras EA
(2008) Fast wood fiber esterification. I. Reaction with oxalic acid
and cetyl alcohol. Carbohydr Polym 71:1-8

Chen HC, Chen TY, Hsu CH (2006) Effects of wood particle size
and mixing ratios of HDPE on the properties of the composites.
Holz Roh Werkst 64(3):172-177

Tserki V, Zafeiropoulos NE, Simon F, Panayiotou C (2005) A
study of the effect of acetylation and propionylation surface treat-
ments on natural fibers. Composites A 36:1110-1118

Neter J, Kutner MH, Nachtsheim CJ, Wasserman W (1996)
Applied linear statistical models. McGraw-Hill, Boston, pp
756-791

Bouza R, Lasagabaster A, Abad MJ, Barral L (2008) Effects of
vinyltrimethoxy silane on thermal properties and dynamic mechan-
ical properties of polypropylene-wood flour composites. J Appl
Polym Sci 109:1197-1204

Bengtsson M, Gatenholm P, Oksman K (2005) The effect of cross-
linking on the properties of polyethylene/wood flour composites.
Compos Sci Technol 65:1468-1479

Balasuriya PW, Ye L, Mai YW, WuJ (2002) Mechanical properties
of wood flake—polyethylene composites. I1. Interface modification.
J Appl Polym Sci 83:2505-2521

Pasquini D, Teixeira EM, Curvelo AAS, Belgacem MN, Dufresne
A (2008) Surface esterification of cellulose fibres: processing and
characterisation of low-density polyethylene/cellulose fibres com-
posites. Compos Sci Technol 68:193-201

Thiebaud S, Borredon ME, Baziard G, Senocq F (1997) Properties
of wood esterified by fatty-acid chlorides. Bioresour Technol
59:103-107

Boonstra MG, Pizzi A, Tekely P, Pendlebury J (1996) Chemical
modification of Norway spruce and Scots pine. A °C NMR CP-
MAS study of the reactivity and reactions of polymeric wood com-
ponents with acetic anhydride. Holzforschung 50:215-220

Dicke R (2004) A straight way to regioselectively functionalized
polysaccharide esters. Cellulose 11:255-263

Jebrane M, Sebe G (2007) A novel simple route to wood acetyla-
tion by transesterification with vinyl acetate. Holzforschung
61:143-147




<<
  /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 0.0000
  /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 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /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 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


