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ABSTRACT: The amount of wood residue is used as a 
measurement of the extent of wood liquefaction. Characteri- 
zation of the residue from wood liquefaction provides a new 
approach to understand some fundamental aspects of the 
liquefaction reaction. Residues were characterized by wet 
chemical analyses, Fourier transform infrared (FTIR) spec- 
troscopy, X-ray diffraction (XRD), and scanning electron mi- 
croscopy (SEM). The Klason lignin content of the residues 
decreased, while the holocellulose and a-cellulose contents 
increased as the phenol to wood ratio (P/W) increased. A 
peak at 1735 cm-', which was attributed to the ester car- 
bony1 group in xylan, disappeared in the FTIR spectra of the 
residues from liquefied wood under a sealed reaction sys- 

tem, indicating significantly different effects of atmospheric 
versus sealed liquefaction. The crystallinity index of the resi- 
dues was higher than that of the untreated wood particles 
and slightly increased with an increase in the P/W ratio. The 
SEM images of the residues showed that the fiber bundles 
were reduced to small-sized bundles or even single fibers as 
the P/W ratio increased from 1/1 to 3/1, which indicated 
that the lignin in the middle lamella had been dissolved 
prior to the cellulose during liquefaction. 63 2007 Wiley Peri- 
odicals, Inc. J Appl Polym Sci 105: 3739-3746,2007 
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INTRODUCTION ciallv when a weak acid is used as a catalyst. The 

Wood liquefaction, using a reagent solvent and an 
acid catalyst, has long been studied as a novel tech- 
nique to utilize biomass as an alternative to petro- 
leum-based products. Phenol is a commonly used re- 
agent solvent for wood liquefaction. Wood liquefied 
with phenol can be developed into resol or novolac 
type phenolic A variety of general studies 
have been conducted on wood liquefaction with 
phenol.3P A model compound of lignin has been 
used to demonstrate the reaction mechanism of lig- 
nin during wood liquefaction.5r6 However, a compre- 
hensive understanding of the mechanism of wood 
liquefaction in the presence of phenol has not yet 
been clearly established, which is probably due to 
the complicated structure and composition of wood. 
Cellulose, hemicellulose, and lignin are the three 
main components of wood. The strong network of 
cellulose, hemicellulose, and lignin and the crystal 
structure of some regions of cellulose make wood 
extremely resistant to liquefaction, even under 
severe reaction conditions. Therefore, wood residue 

residue content (i.e., the amount of wood residue 
remaining after liquefaction) usually is an evaluation 
of the extent of a liquefaction reaction. A compre- 
hensive study on liquefied wood residue is still lack- 
ing. It is important to study the characteristics of the 
wood components after liquefaction. Research on 
liquefied wood residues provides a new approach to 
better understand some fundamental aspects of 
wood liquefaction. Therefore, the objective of this ar- 
ticle is to characterize liquefied wood residues from 
different liquefaction conditions. First, quantitative 
analyses of cellulose, hemicellulose, and lignin of the 
residues were conducted. The changes in the func- 
tional groups of the residues were tracked by Fou- 
rier transform infrared spectroscopy (FTIR). The 
degree of crystallinity, which indicates the crystal 
and amorphous structure change in cellulose of the 
residues, was studied by X-ray diffraction (XRD). 
Finally, the structure and the surface morphology of 
the residues were investigated by scanning electronic 
microscopy (SEM). 

is always a part of a liquefied wood mixture, espe- 
EXPERIMENTAL 

Materials 
Correspondence to: T .  F .  Shupe (TShup&agcenter.lsu.edu). 

Chinese tallow (Triadica sebifera syn. Sapium sebife- 
J O ~  of Applied Polymer Science, VO~. 105 ,3m746  (2007) rum) tree wood was sawn on a laboratory table saw 
02007 Wiley Periodicals, Inc. and the saw dust was collected. The particles were 
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TABLE I 
Liquefaction Variables and their Levels 

Cooking Liquefaction Phenol to 
method temperature wood ratio 

1 Atmospheric 150 "C 1/1 
2 Sealed 180 "C 2/1 
3 3/1 

oven dried at 105°C to a moisture content of 3 6 %  
and then reduced in a Wiley mill to fine powder of 
20-200 mesh. Liquid industrial grade phenol (90% 
concentration) was used as the liquefaction reagent. 
All other chemicals were reagent grade. 

Preparation of liquefied wood and liquefied 
wood residues 

Wood powder, phenol, and oxalic acid were mixed 
in a container until a uniform mixture was obtained. 
The mixture was then transferred to a 1-L three-neck 
glass reactor equipped with a condenser and a stir- 
ring system. The liquefaction procedure was also 
conducted in a 1-L Parr reactor. The experimental 
variables and their levels are listed in Table I. Oxalic 
acid was used as a catalyst and its content was 5% 
based on the amount of phenol. The liquefied mix- 
ture was diluted with methanol and filtered with 
Whattrnan medium flow filter paper. The insoluble 
residues were oven dried at 105°C overnight and 
stored in a desiccator. The residue content of the 
liquefied wood was calculated by eq. (1): 

Residue Content(O/~) = (W, - W,) x 100 (1) 

where W, is the oven-dried weight of the solid wood 
residue after the filtration, and W, is the weight of 
the original wood powder. 

X-ray diffraction analysis 

The degree of crystallinity of the residues was mea- 
sured by XRD. The liquefied wood residues from 
different liquefaction conditions were pressed into 
disks and analyzed with a PANalybcal X1PERTPR0Super 
X-ray diffractometer. The X-ray diffractograms were 
recorded from 0" to 40" at a scanning speed of 1°/s 
and sampling rate of 2 data/s. The crystallinity 
index (CrI) of the liquefied wood residue was calcu- 
lated using the Segal method" per the following 
equation: 

where lorn is the intensity of the diffraction from the 
(002) plane at 28 = 22.6", and I,, is the intensity of 
the background scatter measured at 26' = 18.5". 

Scanning electron microscopy 

A SEI Qanta 200HV SEM was used to observe the 
structure and the surface morphology of the lique- 
fied wood residues from different liquefaction condi- 
tions. The samples were coated with gold, using a 
vacuum sputter coater before subjected to the SEM. 

RESULTS AND DISCUSSION 

Residue content 

The average residue content of liquefied wood from 
different liquefaction conditions is shown in Figure 1. 
The residue content consistently decreased as the 
phenol to wood ratio (P/W) increased from 1/1 to 
3/1. The liquefied wood reacted in the sealed system 
had a substantially lower residue content than from 

Chemical analyses 

The liquefied wood residues were first extracted in a 
Soxhlet apparatus to yield extractive-free materials 
in accordance with ASTM ~1105-967 Klason lignin 
ASTM ~1106-96; holocellulose ASTM ~1104-56: 
and a-cellulose ASTM ~1103-60'' were determined 
based on the extractive-free residues. 

FTIR spectroscopy 
111 

The FTIR analysis of the liquefied wood residues was ~henol/d&xJ ratio 
performed by a Nicolet Nexus 670 spectrometer 

Figure 1 Average residue content of liquefied wood resi- 
a Nicolet Gate MKH dues. (Note AT1 = 15OoC, atmospheric system; AT2 = 

Single Reflection ATR accessory. A small amount of 18o0c, atmospheric system; P T ~  = 150°C, sealed system; 
residues was applied directly on the diamond crystal. PT2 = 180"~,'sealed system. 

Journal of Applied Polymer Science DO1 70.1002/app 
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TABLE I1 
Mean Chemical Composition Value of Liquefied Wood Residues 

Klason Lignin (%) Holocellulose (%) a-cellulose (%) 

P/W 150°C 180°C 150°C 180°C 150°C 180°C 

Atmospheric cooking 
1/1 17.65 (0.57) 15.44 (0.29) 69.78 (0.41) 71.65 (0.43) 42.80 (1.09) 47.06 (0.25) 
2/1 13.25 (0.91) 9.16 (0.20) 73.68 (0.89) 81.25 (0.13) 49.38 (0.05) 54.09 (0.12) 
3/1 10.04 (0.34) 7.41 (0.36) 79.68 (0.36) 82.05 (0.19) 52.46 (0.17) 51.48 (0.49) 
Sealed cooking 
1/1 26.67 (0.45) 40.35 (0.59) 63.93 (0.16) 53.76 (1.57) 39.42 (0.32) 30.09 (0.15) 
2/1 10.63 (0.16) 18.98 (0.60) 83.56 (0.41) 75.86 (0.33) 54.63 (2.41) 48.33 (0.78) 
3/1 2.92 (0.21) 1.42 (0.49) 92.85 (0.17) 92.17 (0.48) 60.39 (0.73) 53.74 (0.11) 

The numbers in the parentheses are standard deviations. 

the atmospheric system. The reason for this phenom- 
enon can be attributed to the more thorough pene- 
tration of phenol into the wood powder in the sealed 
liquefaction system than in the atmospheric system. 
Therefore, more reaction sites in the wood powder 
can be reached by phenol in the former situation. It 
can also be seen in Figure 1 that liquefaction temper- 
ature has a significant effect on residue content of 
the liquefied wood. Liquefied wood reacted at 180°C 
had a lower residue content than that from 150°C. 

Chemical analyses 

Table I1 presents the mean values of Klason lignin, 
holocellulose, and a-cellulose contents of the lique- 
fied wood residues from different liquefaction condi- 
tions. In general, the Klason lignin contents of the 
liquefied wood residue consistently decreased as P/W 
ratio increased and were lower than that of the origi- 
nal Chinese tallow tree wood (20.3%)~' except for 
the residue from P/W ratio 1/1 in the sealed system. 
The liquefied wood residue yielded a lower Klason 
lignin content at the higher temperature in the 
atmospheric system. These results were consistent 
with the residue content of the liquefied wood (Fig. 
1) because the high temperature and P/W ratio were 
expected to promote the extent of wood liquefaction 
reaction13 and lignin is the most reactive wood com- 
ponent in the liquefaction reaction.14 However, the 
liquefied wood residue in the sealed system yielded 
extremely high Klason lignin contents at P/W ratio 
1/1. A possible explanation to this phenomenon 
might be the recondensation reaction of the decom- 
posed lignin units. Several studies reported that the 
monomeric units of lignin have a tendency to 
undergo secondary condensation  reaction^.'".'^ Pu 
and shiraishi14 found that the Klason lignin content 
of the residue gradually increased at lower P/W 
ratios with an increase in reaction time. Furthermore, 
 in'^ reported that guaiacol, an intermediate of the 
liquefaction reaction of lignin model compound 

guaiacylglycerol-p-guaiacyl ether (GG), mostly 
remained intact in the reaction because of the exis- 
tence of an excess amount of phenol, which com- 
peted with it in the nucleophilic reaction. Therefore, 
with an increase in P/W ratio, the excess amount of 
phenol can also retard the tendency of the lignin 
recondensation reaction. However, in the process of 
solvolysis during wood liquefaction, it is also possi- 
ble that the phenol reacted with the dissolved lignin 
to form an intermediate insoluble new substance 
that was retained in the residue, which in turn 
effected the Klason lignin determination. 

Holocellulose consists of hemicellulose and cellu- 
lose. As listed in Table 11, the average holocellulose 
content in the residue increased as the P/W ratio 
increased. The residues from the higher liquefaction 
temperature (e.g., 180°C) had a higher mean holocel- 
lulose content than from the lower temperature (e.g., 
150°C) in the atmospheric liquefaction system. The 
result is the opposite in the sealed liquefaction sys- 
tem. As mentioned earlier, lignin is the most suscep- 
tible component in wood that reacts with phenol 
during liquefaction.14 The higher the reaction tem- 
perature, the more lignin that was removed from the 
wood and dissolved into the solvent, and thus the 
relatively higher amount of residual holocellulose. 
Several studies have reported that the thermal 
degradation of wood occurs at around 2 0 0 " ~ . ' ~ ~ ' ~  
However, the effect of temperature on thermal deg- 
radation of wood differs between wood species, and 
the characteristics of thermal degradation of the 
three wood components is different from each other. 
In general, the thermal degradation of lignin, hemi- 
cellulose, and cellulose occurs at around 100, 200, 
and 300°C, respectively.'7 However, with the addi- 
tional factor of pressure associated with temperature 
in the reaction, thermal de adation in wood can be F observed as low as 1 0 0 " ~ . ~  The research of stamrnlg 
showed that heating in a sealed system causes more 
rapid degradation than heating in an open system. 
Therefore, the severe thermal degradation of holocel- 

Journal of Applied Polymer Science DO1 lO.I002/app 



3742 PAN, SHUPE, AND HSE 

lulose at 180°C in a sealed reaction system could be 
the reason for the lower holocellulose content when 
compared with that of the atmospheric system. 

The a-cellulose content of the residue showed a 
very similar trend with the holocellulose content. 
The influence of P/W ratio, liquefaction temperature, 
and cooking method on a-cellulose content of the 
residue are also similar with those of the holo- 
cellulose and have been discussed in the previous 
paragraph. The only difference between these two 
contents is that the residues from the higher lique- 
faction temperature (e.g., 180°C) consistently had a 
lower a-cellulose content than those from a liquefac- 
tion temperature of 150"C, which could also be due 
to the degradation of cellulose at higher temperature. 

FTIR spectroscopy 

FTIR spectra of woody materials are complex 
because of the various functional groups that exist in 
wood components and the complicated chemical 
environment of the wood components. Many peaks 
in wood IR spectra are broad and often overlap with 
neighboring peaks. However, the JTIR spectra of the 
residues from atmospheric and sealed cooking sys- 
tems did show some differences between each other 
and to that of the original wood (Fig. 2). A broad 
peak at around 3328 cm-' is due to the -OH roups 
either from wood carbohydrates or lignin.'~" The 
peak at 2900 cm-' represents the C-H stretch in 
methyl and methylene groups?2 These two peaks 
were displayed in every individual spectrum of the 
residue from the different liquefaction conditions. 

An intense absorbance at 1735 cm-' occurred in 
both spectra of original wood and residues from the 

Figure 2 FTIR spectra of residues from atmospheric 
(Spectrum a), sealed cooking (Spectrum b), and untreated 
wood (Spectrum c). The P/W ratio was 1/1 and liquefac- 
tion temperature was 150°C. 

atmospheric liquefaction systems, while it became a 
small shoulder or even disappeared (spectra not 
shown) in the spectra of residues from the sealed 
liquefaction systems, indicating different liquefaction 
reactions under pressurized metal reactor versus 
atmospheric glass reactor. It is known that the 
absorption bands from 1710 to 1740 an-' mainly 
arose from the carbonyl (C=O) stretch in unconju- 
gated ketone, ester, or carbox lic groups in carbohy- 

20& drates and not from lignin. It is also shown that 
carbonyl groups occur abundantly with the methyl 
and acetyl ester groups in pectin, the ace* ester 
groups in xylan, and in the oxidative products of 
c e l l ~ l o s e . ~ ~ - ~ ~  However, the wood species used in 
this experiment, Chinese tallow tree (Triadica sebifera 
syn. Sapium sebiferum), is not rich in pectin:2 and the 
most profound effects of cellulose oxidation occurred 
at 2 5 ~ C : ~  which is far beyond the temperature 
used in this experiment. Consequently, the absorb- 
ance band at 1735 cm-' in the spectra in this experi- 
ment is most likely attributed to the ester carbonyl 
group in xylan. The phenomenon of the absence of 
the 1735 cm-' band in the spectra of the residue 
from the sealed liquefaction system is very similar to 
that of the wood or other natural cellulosic fiber 
treated with sodium hydroxide ( N ~ O H ) ? ~ , ~ ~  This 
phenomenon of alkali treated natural fibers has been 
interpreted as the hydrolysis of the ester linkages in 
the xylan." Xylans are closely associated with other 
plant cell wall constituents, such as lignin and pectic 
polysaccharides, by femlic acid or uronic acid 
through ester linkages.303' In the presence of alkalis, 
the hydroxyl ions cause the saponification of these 
ester linkages and peel off the hemicellulose from 
their neighboring lignin or cellulose into solu- 
ti0r-1.~'~~ Although the mechanism of the reaction to 
cause the disappearance of the peak at 1735 cm-' in 
the spectra of the residues from the sealed liquefac- 
tion system is not quiet clear yet, it can be postu- 
lated that the hemicellulose in the sealed liquefaction 
system undergoes a similar deesterification process 
like the alkali treatment. 

The absorbance at 1592 and 1506 cm-' correspond 
to aromatic skeletal (lignin)  vibration^.^^ In general, 
the intensities of this peak diminished in the spectra 
of the liquefied wood residue from the atmospheric 
conditions and almost disappeared in that of the 
sealed condition, suggesting that the lignin might 
react to a greater extent under the sealed liquefaction 
conditions than the atmospheric condition. 

The spectra of the liquefied wood residue from 
different P/W ratios are shown in Figure 3. It can be 
seen that the spectra were very similar except that 
the intensities at peak 1203 an-' increased as the P/W 
ratio increased. Meanwhile, this peak was absent in 
the spectra of the original wood and the residue 
from the atmospheric system (Fig. 2). The absorb- 

Journal of Applied Polymer Science DO1 10.1002/app 
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Figure 3 FTIR spectra of residues from P/W ratio of 1/1 
(Spectrum a), 2/1 (Spectrum b), and 3/1 (Spectrum c) in a 
sealed liquefaction system at temperature of 150°C. 

ance at 1203 cm-' is due to the -OH plane defor- 
mation:' indicating that this peak might be related 
to the phenol-lignin complex retained at the residue. 

It is interesting to note that the FTIR analysis of 
the lignin component of the residue has led to some 
indications that the spectra changes in the regions 
1592, 1506, and 1203 cm-' were related to the mech- 
anism and characteristic of wood licluefaction. As 
discussed earlier, however, the determination of lig- 
nin content of the liquefied wood residue was 
related to the amount of the lignin dissolved into the 
liquefied wood, the extent of the recondensation 
reaction among the decomposed lignin, and the for- 
mation of the insoluble intermediate compounds 
from the reaction of the phenol and the dissolved 
lignin. Therefore, the extents of the effects of these 
reactions on the FTIR spectra are rather complex and 
difficult to thoroughly understand. To clarify and 
characterize the possible formation of phenol-lignin 
compounds and/or recondensation of the decom- 
posed lignin, it is necessary to apply qualitative and 
quantitative analysis by classical chemical methods 
together with HPLC and GC-MS. Such experimenta- 
tion is under consideration. 

No significant difference in the spectra of the resi- 
dues from different temperature was observed 
(spectra not shown). 

X-ray diffraction 

The liquefied wood residue displayed a typical X- 
ray diffractogram pattern as that of cellulose I (Fig. 
4). In particular, the major diffraction planes of cellu- 
lose, namely 101, 10i, 002, and 040 are present at dif- 
fraction angles 20 around 14.9, 16.3, 22.5, and 34.6", 
respectively.34 However, unlike a pure cellulose sam- 
ple, the peaks of 101 and 107 diffraction planes in 

the X-ray diffractograms of liquefied wood residue 
overlapped each other and formed one broad peak. 
This phenomenon was also reported by other 
researchers3536 and is likely caused by the existence 
of a small amount of hemicellulose and lignin in the 
liquefied wood residue. 

The X-ray crystallinity index (CrI) of the liquefied 
wood residues from different liquefaction conditions 
are listed in Table 111. In general, the CrI of the lique- 
fied wood residue is higher than that of the original 
wood powder and increased as the P/W ratio 
increased from 1/1 to 3/1 except for the CrI values 
of the residue at P/W ratio 2/1 and 3/1 were very 
close in the atmospheric system. This result was 
expected because of the increasing amount of lignin 
that was removed from the amorphous region of the 
liquefied wood residue as the P/W ratio increased 
during the liquefaction process (Table 11). It is im- 
portant to note that the CrI is used to indicate the 
relative rather than the absolute amount of the crys- 
talline region in ce l l~ lose .~~  Therefore, when the lig- 
nin in the amorphous region decreased, the relative 
portion of the crystalline region of cellulose 
increased. A similar result was also found by other 
 researcher^.^^ It is also noted that the residue from 
the Parr reactor with a P/W ratio of 1/1 had the 
lowest crystallinity index (CrI) and the highest lignin 
content. The recondensed lignin should still be a 
highly branched amorphous polymer. Therefore, the 
low CrI of the residues from the Parr reactor at P/W 
ratio 1/1 might be due to the high amount of recon- 
densed lignin left in the residue, indicating more 
severe lignin recondensation reaction in the Parr re- 
actor than the three neck flask. Apparently, the CrI 
result of the liquefied wood residue is very consist- 
ent with the a-cellulose content of the liquefied 
wood residue (Table 11). The higher the a-cellulose 
content in the liquefied wood residue, the higher the 
CrI value of the liquefied wood residue. In addition, 

Figure 4 Typical XRD diffractogram of the liquefied 
wood residue. 

Journal of Applied Polymer Science DO1 10.1002/app 
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TABLE 111 
The X-Ray Crystallinity Index (CrI, %) of the LWR from Different Liquefaction Conditions 

At 150°C At l8O"C Original wood 
1/1 2/1 3/1 1/1 2/1 3/1 particle 

Atmospheric system 55.11 (1.37) 60.18 (0.67) 59.59 (1.58) 58.14 (1.77) 62.60 (2.01) 61.09 (0.21) 45.85 (1.73) 
Sealed system 54.86 (0.89) 62.43 (0.71) 63.72 (0.90) 48.44 (1.01) 60.98 (1.24) 65.87 (1.04) 

The values within parentheses are the standard deviations of the CrI values. 
150 and 180°C are the Liquefaction temperatures. 
1/1,2/1, and 3/1 are the Phenol/wood ratios (w/w). 

the XRD result of the liquefied wood residue also liquefaction rate of hernicellulose. However, the lig- 
gives a piece of supporting evidence for an explana- nin did undergo a faster liquefaction rate than the 
tion to the result in our previous Namely, cellulose, thus leaving the crystalline cellulose almost 
the liquefaction rate of the three wood components intact in the liquefied wood residue since the crystal 
is in a decreasing order of hemicellulose, lignin, structure in cellulose greatly limits the access to P- 
amorphous cellulose, and crystalline cellulose. There 1,4-glycosidic bonds by reactants and catalysts.39 In 
is no obvious evidence in this experiment of the fact, water is almost completely excluded from the 

Figure 5 SEM micrographs of the original Chinese tallow tree wood (a), the liquefied wood residue at P/W ratio 1/1 (b), 
2/1 (c), and 3/1 (d). 

lournal of Applied Polymer Science DO1 10.1002/app 
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crystalline region in cellulose.39 Conversely, the 
amorphous part of cellulose is more readily accessi- 
ble by water and other  reactant^.^' 

Scanning electron microscopy 

The SEM images of original wood powder and the 
liquefied wood residues from P/W ratio 1/1 to 3/1 
are shown in Figure 5(a-d). The surface of the origi- 
nal wood powder is rough and many small frag- 
ments of cell wall components are present due to the 
mechanical processing procedures [Fig. 5(a)]. As 
seen from Figure 5@), most small fragments attached 
on the surface of the wood powder have been 
removed at the P/W ratio 1/1, but the liquefied 
wood residue mostly remained in its original fiber 
bundles. As the P/W ratio increased to 211 and 3/1, 
the fiber bundles started to break down from the 
two ends to reduce the size of the fiber bundles 
mainly because the chemical penetration in the lon- 
gitudinal direction is known to be several times 
greater than that across the grain of the fiber bun- 
dles. As the P/W ratio increased, eventually, the 
bundles were broken down to individual fibers 
because the lignin, which works as the binding and 
supporting materials in the middle lamella in wood 
tissue, had been gradually removed by a peeling 
effect starting from the outer layer and progressing 
to inside of the fiber bundles [Fig. 5(c,d)]. These 
results also correspond well with that of the chemi- 
cal analyses and XRD. 

CONCLUSIONS 

All three experimental variables (e.g., P/W ratio, 
liquefaction temperature, and cooking method) had 
significant effects on the characteristics of the lique- 
fied wood residues. Higher P/W ratio and tempera- 
ture resulted in lower residue content in the sealed 
liquefaction system. Lignin is the most susceptible 
wood component to the liquefaction reaction among 
the three main wood compbnents and can be mostly 
removed from wood at a P/W ratio of 3/1 in a 
sealed reaction system. However, lignin also under- 
goes a recondensation reaction when there is in- 
sufficient reagent solvent (i.e., phenol) in the sealed 
reaction system. The holocellulose and cr-cellulose 
contents of the residues increased with the increase 
of P/W ratio, which is consistent with the decrease 
of Klason lignin content. The difference in the JTIR 
spectra of the residues from atmospheric and sealed 
cooking also confirms the significant effects of these 
two cooking methods on wood liquefaction and the 
characteristics of the residues. The CrI of liquefied 
wood residue is higher than original wood powder 
and slightly increased as the P/W ratio increased, 

indicating that lignin undergoes a faster liquefaction 
rate thancrystall& cellulose. 

The authors gratefully acknowledge the International Bam- 
boo and Rattan Center in Beijing, China for kindly provid- 
ing the XRD and SEM equipments in this study. 
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