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(57) Abstract: An object of the present invention is to provide a convenient method for extracting a useful organic compound from
plant biomass. According to the present invention, a method for pyrolyzing plant biomass comprising a 1st heating step in which
biomass is heated at a 1st heating temperature and a 2nd heating step in which either a gasified product or a biomass residue ob-
tained in the 1st heating step is heated at a 2nd heating temperature higher than the 1st heating temperature is provided. The method
of the present invention makes it possible to extract useful organic compounds such as phenols from plant biomass with heat treat -
ment alone.
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Description
Title of Invention: PYROLYSIS METHOD FOR PLANT

BIOMASS
Technical Field

The present invention relates to a method for obtaining a useful organic compound
by pyrolyzing plant biomass.
Background Art

Pyrolysis (thermal decomposition) of plant biomass results in the generation of many
decomposition products originating from cellulose, hemicellulose, lignin, fats and oils,
and the like contained in the plant biomass. Decomposition products contain useful
organic compounds such as phenol, in addition to many other substances with poor
usefulness. Extraction of a specific compound alone from such a miscellaneous
mixture requires significant effort and thus is inappropriate for industrial applications.
To address such a problem, cellulose alone can be extracted through pretreatment of a
raw plant biomass material and then subjected to pyrolysis, for example. However,
such pretreatment itself requires much effort and thus is inappropriate for industrial ap-
plications.

Non-patent literature 1 discloses compounds that are generated through pyrolysis of
beechwood at 600K-900K and the fact that the resulting compounds differ depending
on pyrolysis temperatures. Patent literature 1 discloses a process for extracting useful
compounds through steps of separation, condensation, hydrogenation, and the like
from pyrolyzed oil obtained from plant biomass.

Citation List

Patent Literature

PTL 1: WO 2007/128800

Non-Patent Literature

NPL 1: Ind. Eng. Chem. Res., 2003, vol. 42, pp. 3190-3202
Summary of Invention

Technical Problem

Although decomposition products of plant biomass contain many useful organic
compounds, there is no known method for conveniently and effectively extracting a
desired compound from the products. A convenient method that enables extraction of
desired organic compounds from plant biomass and is appropriate for industrial ap-
plications is required for effective use of plant biomass.

Solution to Problem
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As aresult of studies, the present inventors have found that the pyrolysis of plant
biomass via at least two heating stages makes it possible to separately extract a group
of compounds or a specific compound originating from each of the components
contained in plant biomass, such as lignin or hemicellulose, through heat treatment
alone. The gist of the present invention is as follows.

(1) A method for obtaining a useful organic compound by pyrolyzing plant biomass,
comprising:

a st heating step wherein biomass is heated at a 1st heating temperature; and

a 2nd heating step wherein either a gasified product or a biomass residue obtained in
the Ist heating step is heated at a 2nd heating temperature higher than the 1st heating
temperature.

(2) The method according to (1), wherein:

in the Ist heating step, plant biomass is heated at the 1st heating temperature of 400
degrees C or lower; and

in the 2nd heating step, the biomass residue is heated at the 2nd heating temperature
of 500 degrees C or higher to obtain a lignin-derived decomposition product.

(3) The method according to (1) or (2), wherein:

in the 2nd heating step, the biomass residue obtained in the 1st heating step is heated;
and

the method further comprises a 3rd heating step wherein the further generated
biomass residue obtained in the 2nd heating step is heated at a 3rd heating temperature
higher than the 2nd heating temperature.

(4) The method according to (3), wherein:

the 1st heating temperature is 400 degrees C or lower;

the 2nd heating temperature ranges from 500 degrees C to 600 degrees C; and

in the 3rd heating step, the biomass residue is heated at a 3rd heating temperature of
600 degrees C or higher to obtain a lignin-derived decomposition product.

(5) The method according to any one of (1) to (4), wherein the lignin-derived decom-
position product contains at least phenol or cresol.

(6) The method according to any one of (1) to (5), wherein:

in the 1st heating step, plant biomass is heated at the Ist heating temperature ranging
from 280 degrees C to 320 degrees C; and

in the 2nd heating step, the gasified product obtained in the Ist heating step is heated
at the 2nd heating temperature ranging from 600 degrees C to 800 degrees C to obtain
a hemicellulose-derived decomposition product.

(7) The method according to (6), wherein the hemicellulose-derived decomposition

product contains at least furan.
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Advantageous Effects of Invention

According to the method of the present invention, it becomes possible to separately
extract a group of compounds or a specific compound originating from each of
components such as lignin or hemicellulose contained in plant biomass through heat
treatment alone. Therefore, according to the present invention, a useful compound with
a certain level of purity can be extracted from plant biomass, and the preparation of
organic compounds such as phenols becomes possible without the use of petroleum or
the like.

This specification incorporates the content of the specification of Japanese Patent
Application No. 2010-292630, for which priority is claimed to the present application.
Brief Description of Drawings
[fig.1]Fig. 1 is a flow chart showing the outline of the method of the present invention.
[fig.2]Fig. 2 is a chart obtained by GC/MS measurement of volatile components
resulting from pyrolysis of cedar at 500 degrees C.

[fig.3]Fig. 3 is a chart showing the change in the weight reduction rate of a cedar
sample when the temperature was increased at 50 degrees C/minute and then held at
370 degrees C.

[fig.4]Fig. 4 is a chart obtained by GC/MS measurement of volatile components
resulting from pyrolysis of cedar at two temperature stages (370 degrees C and 500
degrees C).

[fig.5]Fig. 5 is a chart obtained by GC/MS measurement of volatile components
resulting from pyrolysis of Japanese cypress at 500 degrees C.

[fig.6]Fig. 6 is a chart obtained by GC/MS measurement of volatile components
resulting from pyrolysis of Japanese cypress at the two temperature stages (370
degrees C and 500 degrees C).

[fig.7]Fig. 7 is a chart obtained by GC/MS measurement of volatile components
resulting from pyrolysis of Japanese cypress at 270 degrees C or 330 degrees C.
[fig.8]Fig. 8 is a schematic view of an apparatus having two heating zones, which was
used in Example 2-2.

[fig.9]Fig. 9 is a chart obtained as a result of GPC analysis of decomposition products
that were obtained by pyrolyzing Japanese cypress at 300 degrees C and then reheating
the thus generated gasified product at 600 degrees C to 800 degrees C.

[fig.10]Fig. 10 is a chart obtained by GC-MS measurement of volatile components
resulting from pyrolysis of eucalyptus at the three temperature stages (370 degrees C,
500 degrees C and 600 degrees C).

[fig.11]Fig. 11 is a chart obtained by GC-MS measurement of volatile components

resulting from pyrolysis of palm kernel shells at the two temperature stages (500
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degrees C and 600 degrees C).

[fig.12]Fig. 12 is a chart obtained by GC-MS measurement of volatile components
resulting from pyrolysis of palm kernel shells at the three temperature stages (350
degrees C, 500 degrees C and 600 degrees C).

Description of Embodiments

Fig. 1 is a flow chart showing the outline of the present invention. The method of the
present invention will be described using this flow chart.

The method of the present invention comprises a 1st heating step (A) of heating plant
biomass at a 1st heating temperature and a 2nd heating step (B or C) of heating either a
gasified product (al) or a biomass residue (a2) obtained in the Ist heating step at a 2nd
heating temperature higher than the 1st heating temperature. Also, the method of the
present invention may comprise a 3rd heating step (D), in which a biomass residue (c2)
generated in the 2nd heating step (C) is heated at a 3rd heating temperature higher than
the 2nd heating temperature.

The term "plant biomass" as used herein refers to a plant-derived raw material
containing cellulose, hemicellulose, lignin, and the like, including both woody biomass
and herbaceous biomass. Examples of woody biomass include materials originating
from plants having lignified stem tissues such as Japanese timbers, North American
timbers, Russian timbers (North Pacific timbers), South Pacific timbers, African
timbers, South American timbers, Oceanian timbers, Chinese timbers, and European
timbers (e.g., cedar, cypress, pine, sawtooth oak, cherry, Japanese ash, zelkova, beech,
oak (nara), maple, ginkgo, empress tree, oak (kashi), the trees of the genus Castanea of
the family Fagaceae (kuri), eucalyptus, teak, mahogany, Hinoki cypress or Sawara
cypress (hiba), poplar, acacia, Abies firma (momi), birch, lavan, walnut, Sawara
cypress, Torreya nucifera (kaya), Japanese Yew, oak, Cercidiphyllum japonicum
(katsura), Abies firma (momi), and barbados nut. Examples of herbaceous biomass
include materials originating from plants lacking lignified stem tissues, such as rice,
the cereals of the family Gramineae including barley and wheat (mugi), sugarcane,
corn, rapeseed, soybean, palm, reed, bamboo grass, bamboo, sugarbeet, potates,
legumes (plants of the family Leguminosae), and algaes. Naturally, examples of plant
biomass also include residues of the above woody biomass and herbaceous biomass,
such as bagasse (sugarcane residue after squeezing) and residues obtained by oil
squeezing of soybean, rapeseed, palm tree, and the like. As plant biomass to be used in
the method of the present invention, lignin-rich woody biomass is more preferable for
the production of large amounts of phenols, as described later.

The term "useful organic compound" in the method of the present invention refers to

an organic compound useful as a raw material in chemical industry or as a fuel for
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engines or fuel cells, for example. Specific examples of a useful organic compound
include monohydric phenols, dihydric phenols, trihydric phenols, furans, levoglucosan,
and cellobiose. Examples of a useful organic compound that is obtained by pyrolyzing
plant biomass include particularly phenol, cresol, and furan.

In each of the heating steps (A to D) of the method of the present invention, a raw
material to be heated (biomass, a gasified product, or a biomass residue) is pyrolyzed.
Accordingly, excessive water should be absent in the system when heating is
performed, in order to suppress the hydrolysis reaction as far as possible and to cause
the pyrolysis reaction to proceed. Each heating step is preferably performed under
conditions where an inert gas is present but water other than the one originally
contained in the raw material is absent, for example. If necessary, a raw material may
be dried before the heating step so as to remove water in advance.

The method of the present invention comprises separating a gasified product
resulting from pyrolysis from a residue that has remained ungasified, following each of
the heating steps (A to D). Separation is performed by a general method known by
persons skilled in the art such as a method that involves installing a condenser in an
exhaust system of a furnace for heating, liquefying and collecting a gasified product
contained in exhaust gas, and separately collecting residues remaining in the furnace
after heating.

In the 1st heating step (A), plant biomass is preferably heated at a temperature of 400
degrees C or lower and particularly at a temperature of 380 degrees C or lower. This is
based on the finding that cellulose and hemicellulose, among the components
contained in plant biomass, are pyrolyzed even at relatively low temperatures. At such
temperatures, among components composing plant biomass, lignin is almost never
pyrolyzed, but rather, only cellulose and hemicellulose are pyrolyzed to be converted
to gasified products (al). If the temperature is too low, pyrolysis does not proceed.
Hence, plant biomass is heated preferably at a temperature of 275 degrees C or higher
and particularly preferably at temperatures of 280 degrees C or higher.

Optimum heating temperature in the 1st heating step (A) (1st heating temperature)
differs depending on plant biomass type, and it is generally 400 degrees C or lower.
For example, when plant biomass originates from woody biomass, such as cedar or
cypress, the 1st heating temperature is preferably 380 degrees C or lower, more
preferably 375 degrees C or lower, and particularly preferably 370 degrees C or lower.
Also, for the purpose of mainly obtaining a hemicellulose-derived gasified product, the
Ist heating temperature preferably ranges from 275 degrees C to 325 degrees C and
particularly preferably ranges from 280 degrees C to 320 degrees C, for example, since
hemicellulose starts to be pyrolyzed at a lower temperature than cellulose.

In the 2nd heating step (B or C), either a gasified product (al) or a biomass residue
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(a2) generated in the Ist heating step is heated at a 2nd heating temperature that is
higher than the Ist heating temperature. Here, the term "biomass residue” refers to a
residue remaining after liberation of the gasified product that has been generated via
pyrolysis from a heated material. The 2nd heating temperature is preferably set at 450
degrees C or higher and particularly preferably set at 500 degrees C or higher.

When plant biomass is heated at a 1st heating temperature of 400 degrees C or lower
in the 1st heating step (A) and then a biomass residue (a2) is heated at a 2nd heating
temperature of 500 degrees C or higher in the 2nd heating step (C), a lignin-derived de-
composition product is obtained as a gasified product (c1). A lignin-derived decom-
position product contains phenols such as phenol, cresol, guaiacol, hydroxy methoxy
toluene, hydroxy methoxy ethyl benzene, hydroxy methoxyvinyl benzene, hydroxy
methoxy propyl benzene, dimethoxy phenol, hydroxy dimethoxy toluene, hydroxy
dimethoxy ethyl benzene, hydroxy dimethoxy propyl benzene, pyrocatechol,
benzofuran, dibenzofuran, and vanillin. Of these phenols, phenol and cresol are par-
ticularly industrially important compounds. The lignin-derived decomposition product
to be obtained herein contains at least phenol or cresol. The phenol and/or cresol
content in the lignin-derived decomposition product to be obtained herein is preferably
20% by weight or more with respect to the total weight of the obtained gasified
product (c1) after condensation. More preferably, the lignin-derived decomposition
product to be obtained herein substantially consists of phenol and/or cresol. Here, the
expression "substantially consist(s) of" means that impurities other than a target
substance contained in a subject account for less than 5% by weight, preferably less
than 3% by weight, and particularly preferably less than 1% by weight.

A biomass residue (c2) further generated after heating of the biomass residue (a2) in
the 2nd heating step (C) and the following liberation of the gasified product (c1) may
be subjected to a 3rd heating step (D). In the 3rd heating step (D), the biomass residue
(c2) 1s heated at a 3rd heating temperature that is higher than the 2nd heating tem-
perature in the 2nd heating step (C). The 3rd heating temperature is preferably set at
550 degrees C or higher, and it is particularly preferably set at 600 degrees C or higher,
for example. However, if the 3rd heating temperature is set at an excessively high tem-
perature, the biomass residue (a2) becomes carbonized. Hence, the 3rd heating tem-
perature is preferably set at 650 degrees C or lower.

In the case where plant biomass is heated at a 1st heating temperature of 400 degrees
C or lower (more preferably 380 degrees C or lower and particularly preferably 370
degrees C or lower) in the Ist heating step (A), the biomass residue (a2) is heated at a
2nd heating temperature ranging from 500 degrees C to 600 degrees C (more
preferably ranging from 500 degrees C to 550 degrees C) in the 2nd heating step (C),

and subsequently the biomass residue (c2) is heated at a 3rd heating temperature of 600
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degrees C or higher (more preferably 620 degrees C or higher) in the 3rd heating step
(D), lignin that has remained undegraded is pyrolyzed and then a lignin-derived de-
composition product can be obtained as a gasified product (d1). The lignin-derived de-
composition product to be obtained herein is similar to the one described above and
contains at least phenol or cresol. The phenol and/or cresol content in the lignin-
derived decomposition product to be obtained herein is preferably 50% by weight or
more with respect to the total weight of the thus obtained gasified product (d1) after
condensation. More preferably, the lignin-derived decomposition product to be
obtained herein substantially consists of phenol and/or cresol. A biomass residue (d2)
generated in the 3rd heating step (D) contains no useful compounds anymore and thus
is generally used as a raw material serving as a heat source.

In the case where plant biomass is heated at a 1st heating temperature ranging from
280 degrees C to 320 degrees C (more preferably ranging from 300 degrees C to 320
degrees C) in the 1st heating step (A) and then a gasified product (al) is heated at a
2nd heating temperature ranging from 600 degrees C to 800 degrees C (more
preferably ranging from 630 degrees C to 660 degrees C) in the 2nd heating step (B), a
hemicellulose-derived decomposition product is obtained as a product (b1). Such a
hemicellulose-derived decomposition product contains furans such as furan and
furfural. A hemicellulose-derived decomposition product to be obtained herein
contains at least furan. The furan content in such a hemicellulose-derived decom-
position product to be obtained herein is preferably 30% by weight or more with
respect to the total weight of the thus obtained product (b1) after condensation. More
preferably, a hemicellulose-derived decomposition product to be obtained herein sub-
stantially consists of furan alone.

Incidentally, for the purpose of obtaining furan with higher purity, the 2nd heating
temperature is preferably set at 700 degrees C or higher and particularly preferably 750
degrees C or higher. In this case, the furan content in a hemicellulose-derived decom-
position product to be obtained herein is preferably 50% by weight or more with
respect to the total weight of the thus obtained product (b1) after condensation. Also,
for the purpose of obtaining a high yield of furan with somewhat lower purity, the 2nd
heating temperature preferably ranges from 630 degrees C to 660 degrees C and par-
ticularly preferably ranges from 640 degrees C to 660 degrees C.

To obtain a cellulose-derived decomposition product in addition to the above hemi-
cellulose-derived decomposition product, the 1st heating temperature in the 1st heating
step (A) may be 320 degrees C or higher and may range from 320 degrees C to 400
degrees C (more preferably may range from 350 degrees C to 380 degrees C), for
example. A cellulose-derived decomposition product contains hydroxymethyl furfural,

levoglucosan, and cellobiose.
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The above described procedures:

(i) a procedure in which a biomass residue (a2) is obtained from plant biomass via the
Ist heating step (A) and then a gasified product (c1) is obtained by subjecting the
biomass residue (a2) to the 2nd heating step (C);

(i1) a procedure in which a biomass residue (a2) is obtained from plant biomass via the
Ist heating step (A), and a gasified product (d1) is obtained by subjecting the biomass
residue (a2) to the 2nd heating step (C) followed by the 3rd heating step (D) in which
the further generated biomass residue (c2) is subjected to the 3rd heating step (D); and
(ii1) a procedure in which a gasified product (al) is obtained from plant biomass via the
Ist heating step (A) and then the gasified product (al) is subjected to the 2nd heating
step (B) to obtain a product (b1);

may be performed in parallel or only one or two specific procedures thereof may be

performed.
The expression, "all of these procedures are performed in parallel” means that while

the gasified product (al) generated in the 1st heating step (A) is used for the procedure
(iii) above, the biomass residue (a2) is used for the procedure (i) above and the thus
generated biomass residue (c2) is also used for the procedure (ii) above. By performing
all of these procedures in parallel in such a manner, a useful organic compound
contained in biomass can be extracted without loss.

On the other hand, the expression "only one of these procedures is performed" means
that only the procedure (i) above is performed, a gasified product (al) generated in the
Ist heating step (A) and a biomass residue (c2) generated in the 2nd heating step (C)
are not further treated, but are used as fuels in the form of miscellaneous mixtures or
discarded, for example. Similarly, the expression "only two procedures are performed”
means that only the procedures (i) and (iii) above are performed, and a biomass residue
(c2) generated in the 2nd heating step (C) is not further treated, for example. By
performing specific procedures only, it becomes possible to select conditions (e.g.,
heating temperature) under which a desired organic compound (e.g., phenol or cresol)
can be obtained with good purity and/or the maximum yield.

Products to be obtained in each procedure (b1, c1, d1) may be further purified if
necessary. According to the method of the present invention, the number of types of
compound contained in these products is very few compared with decomposition
products obtained when plant biomass is simply pyrolyzed in a single stage. Therefore,
the resulting compounds can be purified without particular difficulties. Purification can

be performed by a conventionally known method such as distillation.
Examples

The present invention will be specifically described in the following examples.
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However, the examples are not intended to limit the present invention.
[0029]  1-1. Analysis of volatile components resulting from pyrolysis of cedar (500 degrees
©

Cedar was pyrolyzed at 500 degrees C and then the resulting volatile components
were subjected to GC/MS measurement. Measuring apparatuses used herein are as
follows.

Pyrolyzer: PY-2020iD (Frontier Laboratories)

GC/MS: GCMS-QP2010 (Shimadzu Corporation)

Column: DB-17 (Agilent Technologies)

A cedar sample was placed in a heating furnace (helium atmosphere) of a pyrolyzer
set at 500 degrees C for 5 minutes. The thus generated volatile components were
measured by GC/MS (1.5 minutes to 30 minutes after the start of pyrolysis). Fig. 2
shows a chart obtained by the measurement. As shown in Fig. 2, volatile components
obtained by pyrolysis at 500 degrees C included many decomposition products
originating from cellulose, hemicellulose, and lignin, respectively.

[0030]  In addition, the retention times for major compounds in GC/MS measurement
performed using apparatuses and measurement conditions used herein are as listed in
Table 1 below. (The same applies to the following GC/MS measurements.)

[0031] [Table 1]

Retention time (minute) Compound
3.9 Furfural
6.4 Phenol
7.3-8.9 Creso] "
9.8 Guaiacol
15.7 Hydroxymehylfurfural
18.5 Syringol
20.6 Vanillin
234 Levoglucosan

*#1 Ortho-, meta-, and para-cresol are included.

[0032]  1-2. Analysis of pyrolysis behavior of cedar (370 degrees C)
Thermogravimetric analysis (TG analysis) was conducted in order to analyze the

pyrolysis behavior of cedar. Fig. 3 shows the change in the weight reduction rate of a
cedar sample when the temperature was increased at 50 degrees C/minute and then
held at 370 degrees C. The weight of the cedar sample started to decrease at around
about 280 degrees C. The weight reduction rate had decreased within about 2 minutes
after the temperature had reached 370 degrees C. The weight of the residue at this time
point accounted for about 30% of the initial weight. This suggested that most volatile

components are volatilized within about 5 minutes when a cedar sample is pyrolyzed.
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1-3. Analysis of volatile components resulting from pyrolysis of cedar (370 degrees
C and 500 degrees C)

Pyrolysis of cedar was conducted at two temperature stages, and the thus generated
volatile components were subjected to GC/MS measurement. Measuring apparatuses
used herein are the same as those in 1-1 above. A cedar sample was placed in a heating
furnace (helium atmosphere) of a pyrolyzer set at 370 degrees C for 5 minutes. Sub-
sequently, the cedar sample was removed once from the heating furnace and then left
to stand to room temperature. The heating furnace was set at 500 degrees C and the
sample was again placed in the heating furnace and then maintained therein for 5
minutes. Volatile components generated at each temperature were measured by GC/
MS. Fig. 4 shows the thus obtained chart. Components volatilized at 370 degrees C
were found to include high levels of hemicellulose-derived and cellulose-derived de-
composition products. On the other hand, components volatilized at 500 degrees C
were found to include high levels of lignin-derived decomposition products (phenols).
When the chart of Fig. 4 is compared with the chart of Fig. 2, unlike the case in which
the sample had been directly heated at 500 degrees C, the levels of the hemicellulose-
derived and cellulose-derived decomposition products were found to decrease when
the sample had been kept at 370 degrees C and then heated at 500 degrees C. (In Fig.
4, see regions A and B enclosed with broken lines.)

1-4. Analysis of volatile components resulting from pyrolysis of Japanese cypress
(500 degrees C)

Generated volatile components were measured by GC/MS in a manner similar to that
in 1-1 above except that a Japanese cypress sample was used. Fig. 5 shows the thus
obtained chart. As in the case of the cedar sample, many decomposition products
originating from cellulose, hemicellulose, and lignin were included.

1-5. Analysis of pyrolysis behavior of Japanese cypress (370 degrees C and 500
degrees C)

GC/MS measurement was performed in a manner similar to that in 1-3 above except
that a Japanese cypress sample was used. Volatile components generated at 370
degrees C and 500 degrees C were measured by GC/MS. Fig. 6 shows the thus
obtained chart. As in the case of the cedar sample, components volatilized at 370
degrees C were found to include high levels of hemicellulose-derived and cellulose-
derived decomposition products. On the other hand, components volatilized at 500
degrees C were found to include high levels of lignin-derived decomposition products
(phenols). When the chart of Fig. 6 is compared with the chart of Fig. 5, unlike the
case in which the sample had been directly heated at 500 degrees C, the levels of the
hemicellulose-derived and cellulose-derived decomposition products were found to

decrease in the case in which the sample had been kept at 370 degrees C and then
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heated at 500 degrees C (in Fig. 6, see regions A and B enclosed with broken lines).

2-1. Pyrolysis test for Japanese cypress (270 degrees C or 330 degrees C)

Japanese cypress was pyrolyzed at 270 degrees C or 330 degrees C and then the thus
generated volatile components were subjected to GC/MS measurement. Measurement
conditions and the like employed herein were similar to those of 1-1 above. Fig. 7
shows the chart obtained by measurement. The temperature of 270 degrees C was too
low, so that no peak was observed for decomposition products. On the other hand, at
330 degrees C, not only hemicellulose-derived decomposition products but also
cellulose-derived hydroxymethylfurfural were found to be generated. It was revealed
that the appropriate temperature range for obtaining hemicellulose-derived decom-
position products is between 280 degrees C and 320 degrees C.

2-2. Reheating of gasified product by pyrolysis of Japanese cypress (300 degrees C,
and 600 degrees C to 800 degrees C)

A Japanese cypress sample (about 0.1 g) was set in a first stage portion of a tubular
furnace having two heating zones (see Fig. 8), and then it was heated at 300 degrees C
in a helium atmosphere. The thus generated gasified product was further heated (600
degrees C, 650 degrees C, 670 degrees C, or 800 degrees C) at a heating part
(secondary pyrolysis reactor) of the second stage portion for pyrolysis. The thus
obtained decomposition products were analyzed by GPC. Fig. 9 shows the chart
obtained by GPC analysis. The indication "300-600" in the chart means that heating at
the first stage portion was performed at 300 degrees C and heating at the second stage
portion was performed at 600 degrees C (and the same applies to the other indications).
In the chart, peaks corresponding to furan and water, respectively, appeared at
positions indicated with arrows in the "300-800." The furan collection rate with respect

to stoichiometric furan production is as shown in Table 2 below.

[Table 2]
Secondary pyrolysis temperature (°C) 600 650 670 800
Furan collection rate {%6) 29.2 62.3 35.2 39.6

Furan was generated even at a secondary pyrolysis temperature of 600 degrees C,
and peak furan production was observed when the secondary pyrolysis temperature
was set at 650 degrees C. Also, when the secondary pyrolysis temperature was set at
800 degrees C, products obtained by condensation of decomposition products were
found to contain only furan and water. These results demonstrated that the best
secondary pyrolysis temperature for the furan collection rate is 650 degrees C and the
best secondary pyrolysis temperature for the selective collection of furan is 800

degrees C.
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[0039]

[0040]

[0041]

3-1. Analysis of volatile components resulting from pyrolysis of eucalyptus (370
degrees C, 500 degrees C and 600 degrees C)

Eucalyptus was pyrolyzed at three temperature stages and the thus generated volatile
components were subjected to GC/MS measurement. Measuring apparatuses used
herein were the same as those in 1-1 above. An eucalyptus sample was placed in a
heating furnace (helium atmosphere) of a pyrolyzer set at 370 degrees C for 5 minutes.
Subsequently, the eucalyptus sample was removed once from the heating furnace and
left to stand to room temperature. The heating furnace was set at 500 degrees C and the
sample was again placed in the heating furnace and then maintained therein for 5
minutes. Similarly, after the eucalyptus sample was removed once, the heating furnace
was set at 600 degrees C, and then the sample was placed again in the heating furnace
and maintained therein for 5 minutes. Volatile components generated at each tem-
perature were measured by GC/MS. Fig. 10 shows the thus obtained chart. It was
demonstrated when pyrolysis was performed at three temperature stages (370 degrees
C, 500 degrees C and 600 degrees C), a decomposition product containing phenol and
cresol as major components was generated at 600 degrees C.

3-2. Analysis of volatile components resulting from pyrolysis of palm kernel shells
(500 degrees C and 600 degrees C; or 350 degrees C, 500 degrees C and 600 degrees
©

Palm kernel shells were pyrolyzed at two temperature stages (500 degrees C and 600
degrees C) or three temperature stages (350 degrees C, 500 degrees C and 600 degrees
C) and the thus generated volatile components were subjected to GC/MS measurement.
Measuring apparatuses used herein are the same as those in 1-1 above. Procedures for
pyrolysis at two temperature stages or three temperature stages were similar to those in
1-3 and 3-1 above. Fig. 11 and Fig. 12 show the thus obtained charts. When pyrolysis
was performed at two temperature stages (500 degrees C and 600 degrees C) without a
pyrolysis step with a low temperature, almost no phenol peak and almost no cresol
peak were observed by pyrolysis at 600 degrees C. On the other hand, when pyrolysis
was performed at three temperature stages (350 degrees C, 500 degrees C and 600
degrees C) including pyrolysis at a relatively low temperature of 350 degrees C, both
phenol peak and cresol peak were observed as a result of pyrolysis at 600 degrees C.

All references, including any publications, patents or patent applications cited in this

specification are hereby incorporated by reference in their entirely.
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[Claim 3]

[Claim 4]

[Claim 5]

[Claim 6]
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Claims

A method for obtaining a useful organic compound by pyrolyzing plant
biomass, comprising:

a st heating step wherein biomass is heated at a 1st heating tem-
perature; and

a 2nd heating step wherein either a gasified product or a biomass
residue obtained in the 1st heating step is heated at a 2nd heating tem-
perature higher than the 1st heating temperature.

The method according to claim 1, wherein:

in the 1st heating step, plant biomass is heated at the 1st heating tem-
perature of 400 degrees C or lower; and

in the 2nd heating step, the biomass residue is heated at the 2nd heating
temperature of 500 degrees C or higher to obtain a lignin-derived de-
composition product.

The method according to claim 1 or 2, wherein:

in the 2nd heating step, the biomass residue obtained in the 1st heating
step is heated; and

the method further comprises a 3rd heating step wherein the further
generated biomass residue obtained in the 2nd heating step is heated at
a 3rd heating temperature higher than the 2nd heating temperature.
The method according to claim 3, wherein:

the 1st heating temperature is 400 degrees C or lower;

the 2nd heating temperature ranges from 500 degrees C to 600 degrees
C; and

in the 3rd heating step, the biomass residue is heated at the 3rd heating
temperature of 600 degrees C or higher to obtain a lignin-derived de-
composition product.

The method according to any one of claims 1 to 4, wherein the lignin-
derived decomposition product contains at least phenol or cresol.

The method according to any one of claims 1 to 5, wherein:

in the 1st heating step, plant biomass is heated at the 1st heating tem-
perature ranging from 280 degrees C to 320 degrees C; and

in the 2nd heating step, the gasified product obtained in the 1st heating
step is heated at the 2nd heating temperature ranging from 600 degrees
C to 800 degrees C to obtain a hemicellulose-derived decomposition
product.

The method according to claim 6, wherein the hemicellulose-derived
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decomposition product contains at least furan.
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[Fig. 6]
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[Fig. 12]
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