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ABSTRACT

In this study, we investigated the decayed behavior of waste woody samples caused by three kinds of
white-rot fungi known as Coriolus consors, Coriolus hirsutus and Ischnoderma resinosum, which were
selected to prepare and develop the decayed woody samples from original woody biomasses. After 8
weeks of decaying, the weights of all decayed woody samples had decreased. From the results of
analysis of the major woody holocellulose and lignin, the same ratios of weight decrement in all
decayed woody samples were found when compared with their original woody sample. It seemed that
these components had degraded simultaneously. The crystallinities of woody samples had increased
even though woody samples were decayed. It was thought that the amorphous parts of cellulose and
hemicellulose were decomposed preferentially. We tried to use these decayed woody samples as
samples for the liquefaction experiment. It is observed that the decayed woody samples may be
liquefied to be the same as their original woody samples basing on the molecular weight distribution,
chemical structure and other chemical parameters of the liquefied contents.
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1 INTRODUCTION
The consumption and depletion of fossil fuel is an important social issue. Considering the
increasing trend of population and the rising use of resources, the development of new
alternative resources such as fossil fuel is necessary. As a renewable resource, the use of
biomass has been developed in considering a clean environment and renewable circular
resources. Biomass is separated into three types: waste biomass [1], [2], unused biomass,
and crop resources. For considering woody material, thinned woody biomass and industrial
waste woody biomass have lower utility values and cannot be utilized. Furthermore, such
woody biomasses often decay due to degradation by wood-rot fungus, making the materials
less suitable for use. But those unused woody biomasses can have high added values when
liquefied. Wood liquefaction is one of the most effective technologies for biomass utilization
[3]. When a woody powder is mixed with an organic solvent in the presence of an acid
catalyst and heated, a black viscous liquid material is formed. This material is called liquefied
wood and can form resin by adding chemical reagents [4]-[6]. Actually, although there are
some samples that can provide an alternative to traditional resin, most of these are used as
organic solvents above twice as much as woody biomasses. One of the merits of liquefaction
is saving oil resources; therefore, a higher rate of biomass is preferred. One of the reasons for
this is the effect of condensation [7]-[9]; pre-treatment is used to inhibit it [10]-[12]. In this
way, liquefaction is the decomposition of the main component using a solvent and catalyst,
and decay is much the same process, but by wood-rot fungus. This means that decay can be
considered as a pre-treatment process. The woody samples that had decayed by brown-rot
fungus — one classification in three large groups — were liquefied better than their original
woody sample because of a relatively large amount of lignin following the decomposition of
cellulose and the destruction of crystallinities of cellulose [13]. Additionally, in previous
work the waste woody samples that had decayed by white-rot fungus had separated from
their non-decayed parts and liquefied, which indicated that the decayed wood can liquefy in
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the same way as the non-decayed wood [14]. Since there is less information about white-rot
fungus, in this study, for the preparation of liquefying the decayed wood, the woody samples
were decayed by white-rot fungus, and the weight loss and morphologic changes were
measured.

2 MATERIAL AND METHODS
2.1 Preparation of decayed woody samples

Three species of white rot fungus, Coriolus consors, Coriolus hirsutus and Ischnoderma
resinosum (C. consors, C. hirsutus and I. resinosum, from the Institute of Wood Technology,
Akita Prefectural University, Japan) were prepared for wood-decay examination and cultured
by using potato dextrose agars (PDA). The beech wood (Fagus crenata) was crushed and
classified to <250 pm through a sieve. Then, 20 g of this woody powder and 40 mL of pure
water were set in a culturing bottle. Then the cap of this bottle was closed loosely and
autoclaved at 121°C for 15 minutes. After autoclaving, four pieces of hyphae of the cultivated
white-rot fungus were put into the culturing bottle together with the PDA. The culturing
bottles were used for culturing the white-rot fungus (C. consors, C. hirsutus and I. resinosum)
and the control samples were only wood without any white-rot fungus. Each sample had four
replicates. These culturing bottles were left to rest in a plant growth chamber (Biotron LPH-
350SP, Nippon Medical and Chemical Instruments Co. Ltd., Japan) configured at 25°C and
90% relative humidity for 8 weeks. After decay examination, the grown hyphae were
removed carefully. The woody powder samples were rinsed with pure water and dried at
105°C overnight, then their weights were measured.

2.2 Analysis of components of decayed woody samples

First, to analyze the holocellulose (cellulose and hemicellulose) and lignin of the woody
samples, the samples were defatted using Soxhlet extraction. A total of S0 mL of ethanol and
100 mL of benzene were used for making the defatted woody samples.

To analyze the content ratio of holocellulose, we conducted examinations using the
following method: 2.5 g of the defatted woody samples were put in a 300 mL flask with 150
mL of pure water, 1.0 g of sodium chlorite and 0.20 mL of acetic acid, which were heated at
75°C in a water bath; with occasional stirring, 1.0 g of sodium chlorite and 0.2 mL of acetic
acid were added hour after hour, three times; then these contents were filtered used a glass
filter (1GP100, AS ONE Co. Ltd., Japan) and rinsed with pure water and acetone. The
residual solid was holocellulose.

To analyze the content ratio of lignin, we examined by the Klason lignin method. Some
1.00 g of the defatted woody samples and 15 mL of 72% sulfuric acid were mixed with 50 mL
in a beaker for 4 hours, with occasional stirring. These contents were poured into a 1 L
Erlenmeyer flask which was filled with 560 mL of extra-pure water, little by little. This flask
was fitted with a condenser and heated at 110°C in an oil bath for 4 hours. Then, these
contents were filtered using a glass filter (1GP16, AS ONE Co. Ltd., Japan) and rinsed with
hot water and pure water. The residual solid was lignin.

2.3 Measurement of crystallinity of woody samples using X-ray diffraction
Cellulose is known to have a crystal-like structure. It is possible to decrease the crystallinity

of cellulose with the degradation by wood-rot fungus. Therefore, using X-ray diffraction
(XRD) (Rint Ultimalll, Rigaku Corporation, Japan), the crystallinity results of the woody
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samples were measured. The holocellulose of woody samples was used for the XRD sample.
Additionally, a baseline was pulled between the intensity values of 10° and 30° of the
diffraction angle, and the crystallinity was calculated as shown in the following eqn (1), as
the area above baseline was the crystalline region and the area under the baseline was the
amorphous region 10° and 30° of diffraction angle.

Crystallinity (%) :Scs_csa x100, (1)

Sc: the area of crystal region;
Sa: the area of amorphous region.

2.4 Measurement of chemical structure of woody samples using a Fourier transform
infrared spectroscopy (FT-IR)

By measuring Fourier transform infrared spectroscopy (FT-IR JASCO Co. Ltd., Japan), it is
possible to know which functional group changed because of white-rot fungus. The woody
samples were mixed with KBr powder (5:95, w/w). A small amount of the mixed powder
sample was stuffed in a special pellet and then pressed. The pellet was set in FT-IR and the
functional groups of woody samples were measured.

3 RESULTS AND DISCUSSION
3.1 Decay examination

3.1.1 Decay of woody samples

Photos of the sample of I. resinosum before and after decay are shown in Fig. 1. In the initial
step of the examination, the hypha existed only on the PDA fragments. Afterwards, in
the final step of the examination, the hypha entirely outspread in the woody powder and the
woody powder turned slightly white. The sample of C. hirsutus also showed similar results.
Although the hypha of the sample of C. consors did not outspread on the surface of the woody
powder, the hyphae reached near the bottom of the bottle.

3.1.2 Decrease ration of decay woody

Fig. 2 shows the rate of weight change between the before and after examination by
measuring the cleaning and drying weight of powder after examination and removing hypha.
Weights decreased in the control treatment, which might be caused by the inadequate drying
before the examination, where the total samples would be in consideration of this decreasing
trend. The weight of all samples of white-rot fungus decreased and the difference is nearly
10%. It shows the hypha of C. consors also reached the interior of the woody powder and the
samples of C. consors, C. hirsutus and I. resinosum were rotten.

3.2 Decay examination

3.2.1 Decay of woody samples

Fig. 3 shows the results of component analysis. Although holocellulose seemed to be similar
with the sample of the control (Control), lignin had decreased a little. The absolute weight
including the weight decreased by the decay examination have to considered because the
result of this investigation concerns the content of a component. Fig. 4 shows the results
reflected as the absolute weight. However, this way, both holocellulose and ligunin decreased
in the samples of C. consors, C. hirsutus and I. resinosum because of the decrease of the
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weight when they were compared with the Control. The reason why the rate of the component
did not change, in spite of the decrease of weight, is that white-rot fungus rotted each
component at the same time. Kirk and Highley [15] suggested that the main components of
wood are decomposed at the same time by white-rot fungus. Similarly, each component can
be decomposed at the same time, and weight was obviously decreased. The lignin
components were decreased because lignin was amorphous or low crystalline. Therefore, the
decomposition rate was relatively fast.

Figure 1:  Photos of before (left) and after (right) decay examination; decayed by
Ischnoderma resinosum.
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Figure 2:  The ratios of the weight of the woody samples after decay examination (original
control woody sample, C. consors, C. hirsutus and I. resinosum).
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Control C.consors  C. hirsutus . resinosum

Figure 3: The ratios of wood samples (original control woody sample, C. consors, C.
hirsutus and 1. resinosum).

Control C.consors  C. hirsutus l. resinosum

Figure 4: The absolute weight of the woody samples (original control woody sample, C.
consors, C. hirsutus and I. resinosum).

3.2.2 Crystallinity

Fig. 5 shows the result of the XRD spectra of the woody samples. The strength of peak of
decayed wood seems to be increased rather than decreased by calculating from the peak XRD
used. Table 1 shows the crystallinity calculated from the peak.
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Figure 5:  The XRD spectra of the woody samples (original control woody sample, C.
consors, C. hirsutus and I. resinosum).

Table 1: The crystallinity of the decayed woody and original control woody samples.

Woody sample | Crystallinity (%)
Control 51.3
C. consors 56.2
C. hirsutus 55.3
I. resinosum 47.0

The crystallinity of C. consors and C. hirsutus is better than that of the original control
woody sample. The crystallinity increased, against the expectation that it would decrease by
the breaking of the crystal structure of cellulose as a result of a wood-rotting fungus such as
I. resinosum. This occurred because non-crystalline cellulose has also decayed as a priority.
Howell et al. [16] show crystallinity increased at the initial step in a term of decay using
brown-decay fungus when compared with that of another type of decay. Hastrup et al. [17]
showed that in the case of white-rot fungus. there was also an increase in crystallinity and
they suggested that occurred because they decomposed non-crystalline as a priority. It is
suggested that crystallinity increases because of the shorter term of decay in this study.

3.2.3 Chemical structure of the decayed woody samples

Fig. 6 shows the results of the chemical structure of the decayed woody samples measured
using FT-IR. All decayed woody samples show the same peak when compared with the
Control; the reason for this slight deference was considered to be the decomposition of wood
composition, which occurred at the same time. Pandey and Pitman [18] analyzed decayed
wood by brown-decay fungus and white-decay fungus using FT-IR and revealed that the
decayed wood changed when exposed to brown-decay fungus, but did not change when it
was exposed to white-decay fungus — the reason for this is the same time for decay was used
for the white-decay fungus. No changes were observed in this study for the reason.
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Figure 6: The FT-IR spectra of the decayed woody samples (original Control woody
sample, C. consors, C. hirsutus and I. resinosum).

3.3 Examination of large particle sizes of the woody samples

3.3.1 Decay examination

The photos of the before and after decay examination (the sample of C. hirsutus) are shown
in Fig. 7. The fungal thread grew and became larger than the samples examined for 2 months
which could be found in the woody powder. Fig. 8 shows the rate of weight change by taking
measurements after removing the fungal thread, cleaning with pure water and drying for one
night. There is almost no change in the Control sample because it was adequately dried. We
found three differences in the conditions of the large and small particle sizes of the woody
samples: the size is larger, the decay term is one-month longer, liquid culture medium is used
for kindling fungus, and the result is a decrease of more than 20% in this examination, in
contrast to the net 10% decrease. By using these wood-powder samples, the study of more
decayed wood can be carried out.

3.3.2 Analysis of components

Fig. 9 shows the results of our analysis of the components. In spite of large sizes and high
rations of decay, the results of the analysis of the components found no significant difference
between the decayed wood and control wood samples. This result suggests that the decaying
of each component is carried in the same time as the above examination. The results of
holocellulose in decayed wood are a little higher and lignin is a little lower than those of the
Control because of the little difference between cellulose having crystallinity and lignin not
having crystallinity. Fig. 10 shows the absolute weight. Considering weight loss, the main
components of the wood, holocellulose and lignin, decrease and this means these components
are converted by liquefaction and disappear. This has to be considered for other examinations
of pre-processing.
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Figure 7:  The decay examination of the woody samples of large particle size. (a) On the
first day; (b) On the last day.
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Figure 8: The ratios of weight of the woody samples of large particle sizes after decay.

Figure 9: The ratios of wood components of large particle sizes.
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3.3.3 Crystallinity

Fig. 11 shows the XRD measuring results and Table 2 shows the calculated results of
crystallinity. In this examination, the peak of the decayed wood is lower than the original
Control woody sample in contrast to the small size. The crystallinity of decayed wood was
lower than the original Control woody sample, as shown in the Table 2, as the peak shows.
It was thought that, because of sufficient long-term decay, it would be easier to grow larger
sizes of particle size and with the addition of liquid culture medium, the crystallinity would
decrease beyond term of increases, relatively.

Figure 10: The absolute weight of the woody samples of large particle sizes.

Figure 11: The XRD spectra of the woody samples of large particle sizes.

Table 2: The crystallinity of the woody samples of large particle sizes.

Woody sample Crystallinity (%)
Control 63.8
Decayed wood 57.6
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4 CONCLUSION

Three kinds of white-decay fungi (Coriolus consors, Coriolus hirsutus and Ischnoderma
resinosum) were used for this study. The weight reduction of all decayed wood samples was
determined after eight weeks of decay examination. The content rate of holocellulose and
lignin, the main components of wood, were almost the same as original Control woody
sample because decomposition and absorption occurred simultaneously by white-decay
fungus. Compared with the crystallinity, the group with the fungus showed higher levels than
the original Control woody sample. This result might be caused by the amorphous part. These
results show that decayed wood by white-decay fungus may be liquefied in the same way as
the original wood.
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