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概要
ü液相：⾼温⾼圧状態の⽔の液相を活⽤する技術を表した⾔葉
ü⽔熱や亜臨界⽔：⽔の液相条件
üバイオマスやプラスチックの反応がどのように進むのか
ü⽔の状態図の理解
ü⽔の機能性に与える温度、圧⼒の影響
üバイオマスやプラスチックに関わる分⼦の反応性
ü⾼温⾼圧⽔のどのような状態がバイオマスやプラスチックの分解反応に有⽤なのか
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講演内容
1. 液相反応
2. バイオマスの反応：炭素化の観点から
3. プラスチックの反応

3.1 付加重合系
3.2 脱⽔縮合系

4. バイオマスとプラスチックを低分⼦化するには
5.まとめ

3

液相反応：⽔の状態図（⽔の三態）55

compounds (Kruse and Dinjus 2007). However, water at its critical state has a lower 
dielectric constant with the number and persistence of hydrogen bonds which is 
further reduced (Savage 1999). Therefore, water at this condition behaved similarly 
to many organic solvents with high solubility at near-critical condition and com-
plete miscibility at its critical condition.
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Fig. 4.1 Water phase diagram

Fig. 4.2 Density, dielectric constant (ε), and ionic product of water (Kw) as a function of tempera-
ture at 25 MPa (JSME steam tables, 1983)
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液相反応：⽔の状態図（液相）
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液相反応：⽔の状態図（P-r-T）
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液相反応：⽔の物性（イオン積、誘電率）

H.S.Kambo,A.Dutta,Acomparativereviewofbiocharandhydrocharintermsof production, physico-chemical properties and 
applications, Renew. Sustain. Energy Rev. 45 (2015) 359–378.
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液相反応：⽔中での反応（イオン反応）
グリセリン

W. Bühler et al. / J. of Supercritical Fluids 22 (2002) 37–53 43

protonated alcohol is suggested by Antal and
co-workers [16] to undergo dehydration (reaction
4 in Table 2) to a carbenium ion.

Keto-enol-tautomerization is an important step
during the pinakol rearrangement to pinakolone
[17]. This reaction occurs in strong acid solutions,
but also in near- and supercritical water, because

of the high autoprotolysis in this medium [17].
During autoprotolysis both, the H3O+- and the
OH−-ions are formed. Therefore, typical reac-
tions usually occurring in basic solutions are
found in neutral near- or supercritical water as
well. In the mechanism presented here, the depro-
tonation by OH−-ions (reaction 3 in Table 2) and

Table 1
Reaction types to be considered in the free radical part of the reaction mechanism

W. Bühler et al. / J. of Supercritical Fluids 22 (2002) 37–5344

Table 2
Reaction types to be considered in the ionic reaction part of the mechanism

the aldol condensation are taken into consider-
ation. The aldol condensation of butylaldehyde in
sub-critical water was found to take place without
a basic catalyst [35].

Again, some ionic reactions, formulated as an
elementary reactions in this work, are in reality a
combination of reactions or lumped reactions. The
first assignment of the kinetic and/or the thermody-
namic parameters was done by chemical assump-
tions and probabilities, because there is no
literature basis for the elementary kinetics and for

the thermodynamics of these organic ionic species
in supercritical water.

Another problem of modeling kinetics in super-
critical water is the pressure or density dependency
of the reaction rate of the elementary reactions. The
water solvent cage mainly causes this dependency.
The energy redistribution, as described, e.g., by the
RRKM-theory, is the main cause for the pressure
dependence of reaction rates in the gas phase. This
has to be considered only for small molecules and
therefore is of minor importance for degradation

W. Bühler et al. / J. of Supercritical Fluids 22 (2002) 37–5344
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ation. The aldol condensation of butylaldehyde in
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combination of reactions or lumped reactions. The
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the thermodynamics of these organic ionic species
in supercritical water.

Another problem of modeling kinetics in super-
critical water is the pressure or density dependency
of the reaction rate of the elementary reactions. The
water solvent cage mainly causes this dependency.
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RRKM-theory, is the main cause for the pressure
dependence of reaction rates in the gas phase. This
has to be considered only for small molecules and
therefore is of minor importance for degradation
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the aldol condensation are taken into consider-
ation. The aldol condensation of butylaldehyde in
sub-critical water was found to take place without
a basic catalyst [35].

Again, some ionic reactions, formulated as an
elementary reactions in this work, are in reality a
combination of reactions or lumped reactions. The
first assignment of the kinetic and/or the thermody-
namic parameters was done by chemical assump-
tions and probabilities, because there is no
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the thermodynamics of these organic ionic species
in supercritical water.

Another problem of modeling kinetics in super-
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7. Kinetic and thermodynamic parameters are
assigned.

8. Model calculation for one set of experiments
is performed.

9. Comparison with the experimental results,
flow analysis and optimization is done:
iteration.

10. Model calculation for all experimental set-ups
is completed.

11. Comparison with all experimental results, flow
analysis and optimization is done: iteration.

Model optimization was done by comparing the
experimentally measured concentrations of the
main products (glycerol, formaldehyde, acetalde-
hyde, propionaldehyde, acrolein, allyl alcohol,
methanol, CO, CO2, and H2) with the calculated

ones, by adjusting the kinetic and thermodynamic
parameters and consideration of additional reac-
tion steps [24]. The comparison was done for the
experiments at 45 MPa and all temperatures, but
the highest and lowest temperature results were
weighted most. Because, most of the kinetics
parameters are usually insensitive to fitting, we used
sensitivity calculations to get information about the
most sensitive reactions. It is a common misunder-
standing that it seems easy to fit every experimental
data with such a lot of parameters. This may be true
for polynomials, but for a system of differential
equations resulting from a chemical reaction sys-
tem, it is completely impossible to get an agreement
with experimental kinetic data, if important chem-
ical reaction steps are missing. Of course, the result

Fig. 7. Ionic reaction pathways of the model. The numbers at the arrow ends are the calculated percentage of the compound reacting
via these reaction pathways. The numbers at the arrowhead are the calculated percentage of the compound formed via these reaction
pathways. The number on an arrow is the number of the elementary reaction (calculated for 45 MPa, 621 K, 118 s).

イオン反応
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液相反応：⽔中での反応（ラジカル反応）
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protonated alcohol is suggested by Antal and
co-workers [16] to undergo dehydration (reaction
4 in Table 2) to a carbenium ion.

Keto-enol-tautomerization is an important step
during the pinakol rearrangement to pinakolone
[17]. This reaction occurs in strong acid solutions,
but also in near- and supercritical water, because

of the high autoprotolysis in this medium [17].
During autoprotolysis both, the H3O+- and the
OH−-ions are formed. Therefore, typical reac-
tions usually occurring in basic solutions are
found in neutral near- or supercritical water as
well. In the mechanism presented here, the depro-
tonation by OH−-ions (reaction 3 in Table 2) and

Table 1
Reaction types to be considered in the free radical part of the reaction mechanism
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the aldol condensation are taken into consider-
ation. The aldol condensation of butylaldehyde in
sub-critical water was found to take place without
a basic catalyst [35].

Again, some ionic reactions, formulated as an
elementary reactions in this work, are in reality a
combination of reactions or lumped reactions. The
first assignment of the kinetic and/or the thermody-
namic parameters was done by chemical assump-
tions and probabilities, because there is no
literature basis for the elementary kinetics and for

the thermodynamics of these organic ionic species
in supercritical water.

Another problem of modeling kinetics in super-
critical water is the pressure or density dependency
of the reaction rate of the elementary reactions. The
water solvent cage mainly causes this dependency.
The energy redistribution, as described, e.g., by the
RRKM-theory, is the main cause for the pressure
dependence of reaction rates in the gas phase. This
has to be considered only for small molecules and
therefore is of minor importance for degradation
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4 in Table 2) to a carbenium ion.

Keto-enol-tautomerization is an important step
during the pinakol rearrangement to pinakolone
[17]. This reaction occurs in strong acid solutions,
but also in near- and supercritical water, because

of the high autoprotolysis in this medium [17].
During autoprotolysis both, the H3O+- and the
OH−-ions are formed. Therefore, typical reac-
tions usually occurring in basic solutions are
found in neutral near- or supercritical water as
well. In the mechanism presented here, the depro-
tonation by OH−-ions (reaction 3 in Table 2) and
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Reaction types to be considered in the free radical part of the reaction mechanism
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Table 2
Reaction types to be considered in the ionic reaction part of the mechanism

the aldol condensation are taken into consider-
ation. The aldol condensation of butylaldehyde in
sub-critical water was found to take place without
a basic catalyst [35].

Again, some ionic reactions, formulated as an
elementary reactions in this work, are in reality a
combination of reactions or lumped reactions. The
first assignment of the kinetic and/or the thermody-
namic parameters was done by chemical assump-
tions and probabilities, because there is no
literature basis for the elementary kinetics and for

the thermodynamics of these organic ionic species
in supercritical water.

Another problem of modeling kinetics in super-
critical water is the pressure or density dependency
of the reaction rate of the elementary reactions. The
water solvent cage mainly causes this dependency.
The energy redistribution, as described, e.g., by the
RRKM-theory, is the main cause for the pressure
dependence of reaction rates in the gas phase. This
has to be considered only for small molecules and
therefore is of minor importance for degradation
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Fig. 11. Free radical reaction pathways of the model. The numbers at the arrow ends are the calculated percentage of the compound
reacting via this reaction pathway. The numbers at the arrowhead are the calculated percentage of compound formed via this
reaction pathway. The number on an arrow is the number of the elementary reaction (calculated for 45 MPa, 744 K, 110 s).
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protonated alcohol is suggested by Antal and
co-workers [16] to undergo dehydration (reaction
4 in Table 2) to a carbenium ion.

Keto-enol-tautomerization is an important step
during the pinakol rearrangement to pinakolone
[17]. This reaction occurs in strong acid solutions,
but also in near- and supercritical water, because

of the high autoprotolysis in this medium [17].
During autoprotolysis both, the H3O+- and the
OH−-ions are formed. Therefore, typical reac-
tions usually occurring in basic solutions are
found in neutral near- or supercritical water as
well. In the mechanism presented here, the depro-
tonation by OH−-ions (reaction 3 in Table 2) and
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Reaction types to be considered in the free radical part of the reaction mechanism
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Fig. 6. Arrhenius plot of the global rate constant of glycerol degradation (first order kinetic, 45 MPa, water/glycerol ratio: 199) from
experimental results and from model calculations. In addition, the ionic product for water at 45 MPa is given [27].

reactions, radical isomerizations, radical addi-
tions, radical dehydratizations, radical substitu-
tions, and radical termination reactions (Table 1).

For most of the elementary reactions involving
free radicals formed in the decomposition of glyc-
erol, no investigations are reported in the litera-
ture. On the other hand, similar or analogous
elementary reactions can be found in the litera-
ture. There are for examples studies of the ther-
mal decomposition [29,30], and the combustion of
smaller molecules [31,32], and also investigations
of specific elementary reactions [33,34]. Some of
the reactions used may be considered as a combi-
nation of elementary reactions or as elementary
reactions lumped into a single step reaction. The
primary assignment of the kinetic parameter to
the elementary reactions was done in analogy to
known reactions of the same type or, if known,
from the literature. In addition, some rules of
thumb for adjusting the reaction rates at normal
pressures to supercritical water conditions were
used like: reaction rates for bond breaking reac-
tions are slower; radical isomerization and radical
substitution are favored. The back reactions of
the explicitly formulated elementary reactions are
usually calculated using the thermodynamics for
the involved substances and the calculation of the
equilibrium. Therefore, we had to estimate the

thermodynamics of a lot of the species for the
implicit back reactions. Alternatively, we have to
formulate the back reaction explicitly within the
mechanism or the back reaction may be omitted,
if it seems unnecessary from a chemical point of
view.

The ionic part of the reaction mechanism is
totally based on assumptions. There is no litera-
ture known to us, which has treated similar reac-
tion systems on the basis of elementary reactions.
The self-dissociation equilibrium of water is
known in dependence of temperature and pressure
[9,27]. Therefore, if we assume the self-dissocia-
tion forward and backward reaction to be very
fast, the concentrations of protons and OH−-ions
are known. We considered the following ionic
reaction classes (including their back reactions):
protonations, deprotonations by OH− ion, hydra-
tions, keto-enol-tautomerizations, acetalizations,
and aldol condensations (Table 2).

The autoprotolysis of water (reaction 1 in Table
2) is the basis of a lot of suggested mechanisms
for hydrolysis [12–14] and elimination [16] reac-
tions, especially in near-critical water. The pri-
mary step for these reactions is the protonation
(reaction 2 in Table 2) of an oxygen-containing
group like a carbonyl group [13], an ether linkage
[12] or a hydroxyl group [16]. In the last case, the
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the aldol condensation are taken into consider-
ation. The aldol condensation of butylaldehyde in
sub-critical water was found to take place without
a basic catalyst [35].

Again, some ionic reactions, formulated as an
elementary reactions in this work, are in reality a
combination of reactions or lumped reactions. The
first assignment of the kinetic and/or the thermody-
namic parameters was done by chemical assump-
tions and probabilities, because there is no
literature basis for the elementary kinetics and for

the thermodynamics of these organic ionic species
in supercritical water.

Another problem of modeling kinetics in super-
critical water is the pressure or density dependency
of the reaction rate of the elementary reactions. The
water solvent cage mainly causes this dependency.
The energy redistribution, as described, e.g., by the
RRKM-theory, is the main cause for the pressure
dependence of reaction rates in the gas phase. This
has to be considered only for small molecules and
therefore is of minor importance for degradation
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液相反応：⽔の物性（イオン積、誘電率）
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protonated alcohol is suggested by Antal and
co-workers [16] to undergo dehydration (reaction
4 in Table 2) to a carbenium ion.

Keto-enol-tautomerization is an important step
during the pinakol rearrangement to pinakolone
[17]. This reaction occurs in strong acid solutions,
but also in near- and supercritical water, because

of the high autoprotolysis in this medium [17].
During autoprotolysis both, the H3O+- and the
OH−-ions are formed. Therefore, typical reac-
tions usually occurring in basic solutions are
found in neutral near- or supercritical water as
well. In the mechanism presented here, the depro-
tonation by OH−-ions (reaction 3 in Table 2) and

Table 1
Reaction types to be considered in the free radical part of the reaction mechanism
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7. Kinetic and thermodynamic parameters are
assigned.

8. Model calculation for one set of experiments
is performed.

9. Comparison with the experimental results,
flow analysis and optimization is done:
iteration.

10. Model calculation for all experimental set-ups
is completed.

11. Comparison with all experimental results, flow
analysis and optimization is done: iteration.

Model optimization was done by comparing the
experimentally measured concentrations of the
main products (glycerol, formaldehyde, acetalde-
hyde, propionaldehyde, acrolein, allyl alcohol,
methanol, CO, CO2, and H2) with the calculated

ones, by adjusting the kinetic and thermodynamic
parameters and consideration of additional reac-
tion steps [24]. The comparison was done for the
experiments at 45 MPa and all temperatures, but
the highest and lowest temperature results were
weighted most. Because, most of the kinetics
parameters are usually insensitive to fitting, we used
sensitivity calculations to get information about the
most sensitive reactions. It is a common misunder-
standing that it seems easy to fit every experimental
data with such a lot of parameters. This may be true
for polynomials, but for a system of differential
equations resulting from a chemical reaction sys-
tem, it is completely impossible to get an agreement
with experimental kinetic data, if important chem-
ical reaction steps are missing. Of course, the result

Fig. 7. Ionic reaction pathways of the model. The numbers at the arrow ends are the calculated percentage of the compound reacting
via these reaction pathways. The numbers at the arrowhead are the calculated percentage of the compound formed via these reaction
pathways. The number on an arrow is the number of the elementary reaction (calculated for 45 MPa, 621 K, 118 s).
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Fig. 11. Free radical reaction pathways of the model. The numbers at the arrow ends are the calculated percentage of the compound
reacting via this reaction pathway. The numbers at the arrowhead are the calculated percentage of compound formed via this
reaction pathway. The number on an arrow is the number of the elementary reaction (calculated for 45 MPa, 744 K, 110 s).
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7. Kinetic and thermodynamic parameters are
assigned.

8. Model calculation for one set of experiments
is performed.

9. Comparison with the experimental results,
flow analysis and optimization is done:
iteration.

10. Model calculation for all experimental set-ups
is completed.

11. Comparison with all experimental results, flow
analysis and optimization is done: iteration.

Model optimization was done by comparing the
experimentally measured concentrations of the
main products (glycerol, formaldehyde, acetalde-
hyde, propionaldehyde, acrolein, allyl alcohol,
methanol, CO, CO2, and H2) with the calculated

ones, by adjusting the kinetic and thermodynamic
parameters and consideration of additional reac-
tion steps [24]. The comparison was done for the
experiments at 45 MPa and all temperatures, but
the highest and lowest temperature results were
weighted most. Because, most of the kinetics
parameters are usually insensitive to fitting, we used
sensitivity calculations to get information about the
most sensitive reactions. It is a common misunder-
standing that it seems easy to fit every experimental
data with such a lot of parameters. This may be true
for polynomials, but for a system of differential
equations resulting from a chemical reaction sys-
tem, it is completely impossible to get an agreement
with experimental kinetic data, if important chem-
ical reaction steps are missing. Of course, the result

Fig. 7. Ionic reaction pathways of the model. The numbers at the arrow ends are the calculated percentage of the compound reacting
via these reaction pathways. The numbers at the arrowhead are the calculated percentage of the compound formed via these reaction
pathways. The number on an arrow is the number of the elementary reaction (calculated for 45 MPa, 621 K, 118 s).
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Fig. 11. Free radical reaction pathways of the model. The numbers at the arrow ends are the calculated percentage of the compound
reacting via this reaction pathway. The numbers at the arrowhead are the calculated percentage of compound formed via this
reaction pathway. The number on an arrow is the number of the elementary reaction (calculated for 45 MPa, 744 K, 110 s).
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7. Kinetic and thermodynamic parameters are
assigned.

8. Model calculation for one set of experiments
is performed.

9. Comparison with the experimental results,
flow analysis and optimization is done:
iteration.

10. Model calculation for all experimental set-ups
is completed.

11. Comparison with all experimental results, flow
analysis and optimization is done: iteration.

Model optimization was done by comparing the
experimentally measured concentrations of the
main products (glycerol, formaldehyde, acetalde-
hyde, propionaldehyde, acrolein, allyl alcohol,
methanol, CO, CO2, and H2) with the calculated

ones, by adjusting the kinetic and thermodynamic
parameters and consideration of additional reac-
tion steps [24]. The comparison was done for the
experiments at 45 MPa and all temperatures, but
the highest and lowest temperature results were
weighted most. Because, most of the kinetics
parameters are usually insensitive to fitting, we used
sensitivity calculations to get information about the
most sensitive reactions. It is a common misunder-
standing that it seems easy to fit every experimental
data with such a lot of parameters. This may be true
for polynomials, but for a system of differential
equations resulting from a chemical reaction sys-
tem, it is completely impossible to get an agreement
with experimental kinetic data, if important chem-
ical reaction steps are missing. Of course, the result

Fig. 7. Ionic reaction pathways of the model. The numbers at the arrow ends are the calculated percentage of the compound reacting
via these reaction pathways. The numbers at the arrowhead are the calculated percentage of the compound formed via these reaction
pathways. The number on an arrow is the number of the elementary reaction (calculated for 45 MPa, 621 K, 118 s).
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Fig. 11. Free radical reaction pathways of the model. The numbers at the arrow ends are the calculated percentage of the compound
reacting via this reaction pathway. The numbers at the arrowhead are the calculated percentage of compound formed via this
reaction pathway. The number on an arrow is the number of the elementary reaction (calculated for 45 MPa, 744 K, 110 s).
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同じ反応は進まない

同じ温度、圧⼒
ü 気相ではラジカル反

応が主
ü 低温では結合解離が

⽣じず速度が遅い
ü 表⾯が焦げる
ü 低分⼦化が進まない

ü 液相ではイオン反応が主
ü 低温でも、酸などのイオ

ンの存在割合に応じて反
応速度が⾼くなる

ü 全体的に反応が⽣じる
ü 低分⼦化と炭素化が進む
ü 全てを加⽔分解できるわ

けではない
ü 気体の発⽣はそれほど期

待できない
ü プラスチックは溶融する

ため⼩さくなる
ü プラスチックの分解・低

分⼦化は250℃以上で有
意に進⾏

ü ⾦属は液相に溶解するも
のもあるが、全てが溶解
するわけではない

バイオマスとプラスチックの反応

プラスチック

溶融
溶融プラスチック

変性・重合物

低分⼦化合物
（モノマー含む）

23

バイオマス 褐変化・炭素化

低分⼦化合物
（糖類、有機酸類、脂質、アミノ酸...）

バイオマスの反応性：植物系
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Sample T Time P Ash Yield
(solid) C H N O S O/C H/C HHV HHV 

(cal.) Ref.

ºC MPa % % wt% wt% wt% wt% wt% MJ/kg MJ/kg
Bark of the fruit of Magonia
pubescens (MP) 43.04 5.46 0.54 50.9 0.88 1.55 14.81 16.2 

[1]MP-HT1 170 5 h 46.25 64.1 4.6 0.7 30.4 0.35 0.87 23.95 24.6 

MP-HT2 180 5 h ~37.5 61.8 4.3 0.6 33.2 0.4 0.83 22.14 23.2 

MP-HT3 190 5 h 27.43 52.1 5 0.4 42.3 0.6 1.16 18.33 19.7 

Corn stover (CS1) 6.6 46.5 5.7 1.3 39.3 0.63 1.46 19 18.7 

[2]

CS1-HT 260 6h ~3.5 9.4 21.1 66.2 5.2 2.3 15.9 0.18 0.94 27 27.4 
Corn leaves (CL) 2.8 46.8 6.3 1.5 44.4 0.71 1.60 19 19.1 
CL-HT 260 6h ~3.5 1.6 28.7 72.2 5.3 2.5 15.8 0.16 0.87 30 29.7 
Scots pine bark (SPB) 2.4 53 5.9 0.3 41.7 0.59 1.33 21 21.1 
SPB-HT 260 6h ~3.5 1.3 49.9 70.1 4.9 0.3 21.8 0.23 0.83 28 28.0 
Wheat straw (WS) 8.6 45.6 5.8 0.3 42.9 0.71 1.52 18 18.1 
WS-HT 260 6h ~3.5 6.3 24.2 67.3 5 0.7 19 0.21 0.89 27 27.3 
Willow 1.9 49.3 6 0.4 45.3 0.69 1.45 19 19.6 
WL-HT 260 6h ~3.5 0.7 40.3 69.5 5 0.6 21.4 0.23 0.86 28 27.9 
Waste eucalyptus bark (EB) 3.6 45.22 6.38 48.4 0.8 1.69 18.5 18.2 

[3]

EB-HT1 220 2h 4.4 2.7 46.4 49.5 5.59 44.91 0.68 1.36 20.2 19.2 
EB-HT2 240 2h 5.5 41.2 68.42 5.07 26.51 0.29 0.89 27 27.0 
EB-HT3 275 2h 5.7 42.2 69.73 5.04 25.23 0.27 0.87 27.3 27.6 
EB-HT4 300 2h 6 5.9 40 72.72 5.05 22.23 0.23 0.83 29.2 28.9 
EB-HT5 240 4h 5.6 41.5 69.22 5.07 25.71 0.28 0.88 28.2 27.4 
EB-HT6 240 6h 6 40.9 68.92 5.07 26.01 0.28 0.88 28 27.2 
EB-HT7 240 8h 10.9 40.1 69.58 4.93 25.49 0.27 0.85 27.1 27.2 

EB-HT8 240 10h 9.8 40.3 68.89 5.13 25.98 0.28 0.89 26.7 27.2 
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[4] X. Y. Cao, K. S. Ro, J. A. Libra, C. I.
Kammann, I. Lima, N. Berge, L. Li, Y. Li, N.
Chen, J. Yang, B. L. Deng and J. D. Mao, J. Agric.
Food Chem., 2013, 61, 9401-9411.
[5] Y. Lin, X. Ma, X. Peng and Z. Yu, Bioresource
Technology, 2017, 243, 539-547.
[6] M. Sevilla, J. A. Maciá-Agulló and A. B.
Fuertes, Biomass and Bioenergy, 2011, 35, 3152-
3159.
[7] A. B. Fuertes, M. C. Arbestain, M. Sevilla, J. A.
Maciá-Agulló, S. Fiol, R. López, R. J. Smernik, W.
P. Aitkenhead, F. Arce and F. Macías, Australian
Journal of Soil Research, 2010, 48, 618-626.
[8] Q.-V. Bach, K.-Q. Tran, R. A. Khalil, Ø.
Skreiberg and G. Seisenbaeva, Energy & Fuels,
2013, 27, 6743-6753. 25

Sample T Time P Ash Yield
(solid) C H N O S O/C H/C HHV HHV 

(cal.) Ref.

ºC MPa % % wt% wt% wt% wt% wt% MJ/kg MJ/kg
Bark mulch (BM) 7.7 59.8 6.3 1.2 32.6 0.1 0.41 1.26 24.8 

[4]BM-HT1 200 3h 4.7 64.4 6.6 1.4 27.5 0.1 0.32 1.22 27.3 

BM-HT2 250 3h 6.2 70.8 6.1 0.1 21.3 0.6 0.23 1.03 29.6 

BM-HT3 250 20h 7.9 72.2 6 0.4 17.7 0.7 0.18 0.99 30.3 

Waste wood (WW) 8.53 38.36 6.34 3.56 43.22 0.85 1.97 16.2 

[5]
WW-HT1 210 30 min 7.43 73 45.02 6.33 1.5 39.72 0.66 1.68 18.9 

WW-HT2 210 1h 7.12 65 46.14 6.25 1.82 38.67 0.63 1.61 19.3 

WW-HT3 250 30 min 8.14 55 51.08 5.99 2.78 32.02 0.47 1.40 21.4 

WW-HT4 250 1h 9.49 50 55.36 5.71 3.72 25.72 0.35 1.23 23.1 

Eucalyptus sawdust (ES) 0.62 0.71 1.47 16.69

[6]ES-HT 250 2h 0.54 40 0.27 0.81 26.19

Barley straw (BS) 4.3 0.66 1.45 17.34

BS-1 250 2h 0.43 37 0.21 0.86 27.49

Corn stover-2 (CS2) 2.8 0.73 1.62 16.2
[7]

CS2-HT 250 4h 2.1 0.36 0.18 0.94 27.76

Spruce (SP) 0.23 0.65 1.49 19.94

[8]

SP-HT1 175 30 min 0.11 88 0.62 1.44 20.4

SP-HT2 200 30 min 0.12 80 0.59 1.4 21

SP-HT3 225 30 min 0.14 70 0.49 1.24 22.5

Birch (BR) 0.28 0.68 1.56 20.42

BR-HT1 175 30 min 0.09 0.67 1.55 20.5

BR-HT2 200 30 min 0.09 0.62 1.45 20.6

BR-HT3 225 30 min 0.13 0.49 1.24 22.5

バイオマスの反応性：植物系

[9] J. Mumme, L. Eckervogt, J. Pielert, M. Diakité,
F. Rupp and J. Kern, Bioresource Technology,
2011, 102, 9255-9260.
[10] Z. Liu, A. Quek, S. Kent Hoekman and R.
Balasubramanian, Fuel, 2013, 103, 943-949.
[11] L.-P. Xiao, Z.-J. Shi, F. Xu and R.-C. Sun,
Bioresource Technology, 2012, 118, 619-623.26

Sample T Time P Ash Yield
(solid) C H N O S O/C H/C HHV HHV 

(cal.) Ref.

ºC MPa % % wt% wt% wt% wt% wt% MJ/kg MJ/kg
Maize silage (MS) 11.45 0.55 1.58 22.3

[9]

MS-HT1 190 2h 11.65 71.8 0.39 1.37 25.4
MS-HT2 190 6h 8.71 55.7 0.34 1.29 26.4
MS-HT3 190 10h 10.41 65 0.33 1.33 27
MS-HT4 230 2h 12.38 60.4 0.24 1.26 29.7
MS-HT5 230 6h 13.29 49.5 0.16 1.2 32.6
MS-HT6 230 10h 13.21 49.3 0.14 1.18 33.3
MS-HT7 270 2h 13.1 41.3 0.12 1.13 33.8
MS-HT8 270 6h 14.57 43.4 0.1 1.16 35.2
MS-HT9 270 10h 14.26 40.2 0.09 1.13 35.7
Coconut fiber (CF) 8.1 0.71 1.41 18.4

[10]

CF-HT1 220 30 min 6.2 76.6 0.37 1.01 24.7
CF-HT2 250 30 min 5 65.7 0.3 0.93 26.7
CF-HT3 300 30 min 4.3 65 0.21 0.97 29.4
CF-HT4 350 30 min 4.9 55.78 0.21 0.74 28.7
CF-HT5 375 30 min 8.6 59 0.15 0.66 30.6
Eucalyptus leaves (EL) 10.5 0.72 1.59 18.9
EL-HT1 220 30 min 7.3 87.34 0.38 1.2 25.3
EL-HT2 250 30 min 6.9 61.12 0.37 1.05 25
EL-HT3 300 30 min 7.1 61.32 0.25 1.05 28.7
EL-HT4 350 30 min 9.9 47.84 0.22 1.01 29.4
EL-HT5 375 30 min 14.2 42.78 0.21 0.8 28.7
Corn stalk (CS3) 4.64 0.65 1.58 17.51

[11]CS3-HT 250 4h 3.36 35.48 0.17 0.94 29.21
Wood 1.31 0.68 1.65 17.93
Wood-HT 250 4h 0.41 38.1 0.22 0.9 28.38

植物系バイオマスの反応性
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Reaction severity 

Yield

C content
HHV

O content

240oC for 6h or 
350oC for 30 min 

227oC for 30 min
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[5] Y. Lin, X. Ma, X. Peng and Z. Yu,
Bioresource Technology, 2017, 243, 539-547.
[12] D. Gupta, S. M. Mahajani and A. Garg,
Bioresource Technology, 2019, 285, 121329.
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Sample T Time P Ash Yield
(solid) C H N O S O/C H/C HHV HHV 

(cal.) Ref.

ºC MPa % % wt% wt% wt% wt% wt% MJ/kg MJ/kg

Waste paper (WP) 8.4 36.03 5.86 0.01 49.7 1.04 1.94 14.2 

[5]
WP-HT1 230 30 min 13.2 84 35.01 5.32 0 46.47 1.00 1.81 13.4

WP-HT2 250 30 min 22.27 58 37.53 4.08 0.02 36.11 0.72 1.30 13.7

WP-HT3 250 1h 29.13 54 38.3 3.69 0.03 28.85 0.57 1.15 14.1 

WP-HT4 250 2h 31.23 45 39.32 3.02 0.02 26.41 0.50 0.92 13.9 

Office paper (OP1) 15.8 36.9 5.3 42 0.85 1.71 12.6 14.5 

[12]

OP1-HT 200 5h 1 14.2 83 36.4 5.1 44.3 0.91 1.67 13.6 13.8

Office paper (OP2)

OP2-HT 200 5h 1.4 13.6 76 38.2 3.6 44.7 0.88 1.12 12.9 12.7 

Newspaper (NP) 7 42.7 5.7 44.6 0.78 1.59 16.4 16.9 

NP-HT 200 5h 1.4~1.6 3.4 70 50 5.6 41 0.62 1.33 19.3 19.7 

Mixed paper (MP) 12.4 35.3 4.7 47.6 1.01 1.59 13.4 12.7 

MP-HT 200 5h 1.4~1.6 11 70 39.2 6.4 44.4 0.85 1.95 15 16.4 

Mixed paper recycled (MPR)

MPR-HT 200 5h 1.4~1.6 11 73 39.6 5.1 45.3 0.86 1.53 14.8 14.9 
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Reaction severity 

Yield

C content

O content

HHV

230oC for 30 min

227oC for 30 min
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[2] H. Wikberg, S. Gronqvist, P. Niemi, A.
Mikkelson, M. Siika-Aho, H. Kanerva, A.
Kasper and T. Tamminen, Bioresource
Technology, 2017, 235, 70-78.
[4] X. Y. Cao, K. S. Ro, J. A. Libra, C. I.
Kammann, I. Lima, N. Berge, L. Li, Y. Li, N.
Chen, J. Yang, B. L. Deng and J. D. Mao, J.
Agric. Food Chem., 2013, 61, 9401-9411.
[5] Y. Lin, X. Ma, X. Peng and Z. Yu,
Bioresource Technology, 2017, 243, 539-547.
[12] D. Gupta, S. M. Mahajani and A. Garg,
Bioresource Technology, 2019, 285, 121329.
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Sample T Time P Ash Yield
(solid) C H N O S O/C H/C HHV HHV 

(cal.) Ref.

ºC MPa % % wt% wt% wt% wt% wt% MJ/kg MJ/kg

Grape pomace (GP) 4 54 6.1 1.9 35.5 0.49 1.35 22 22.3 

[2]

GP-HT 260 6h ~3.5 3.1 47.7 68 5.6 1.9 18.6 0.21 0.98 28 28.3 

Coffee cake (CC) 0.4 60 7.7 2.3 31.9 0.40 1.53 27 26.7 

CC-HT 260 6h ~3.5 0.3 54.7 73.4 7.2 3.1 15.6 0.16 1.17 32 32.4 

Brewer's spent grain (SG) 4.1 50 6.6 3.9 39.1 0.59 1.57 21 21.0 

SG-HT 260 6h ~3.5 3.7 34.5 69.3 6.7 3.8 15.4 0.17 1.15 30 30.4 

Greenhouse residues (GR) 26 39.1 4.7 1.4 30.8 0.59 1.43 15 15.4 

GR-HT 260 6h ~3.5 23.4 28.4 55.5 4.8 1.7 16.1 0.22 1.03 23 22.8 

Sugar beet pulp (SB) 6.2 51.1 6.7 3.4 38.7 0.2 0.57 1.56 21.6 

[4]SB-HT1 200 3h 12.6 61.3 5.4 5.3 27.8 0.1 0.34 1.05 24.6 

SB-HT2 250 3h 12.5 71.1 7.6 1.7 17.1 0.9 0.18 1.27 31.8 

SB-HT3 250 20h 12 72.2 7.1 2.7 18 1.2 0.19 1.17 31.5

Waste food (WF) 4.65 43.02 6.98 2.8 42.56 0.74 1.93 18.7 

[5]WF-HT1 210 30 min 4.57 70 61.63 6.6 4.14 23.06 0.28 1.28 26.7 

WF-HT2 210 90 min 4.21 60 61.51 6.41 3.99 23.9 0.29 1.24 26.4

WF-HT3 250 30 min 4.44 55 65.38 6.45 4.07 19.66 0.23 1.18 28.2

Food waste (FW) 1.8 50.6 6.6 2.3 39 0.58 1.55 18.8 21.3 
[12]

FW-HT 200 5h 1.8~2 1 61 71.6 8.5 2.8 15.8 0.17 1.41 29.6 33.3 
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Reaction severity 

Yield

C content

HHV

O content

230oC for 30 min

227oC for 30 min

古紙系
240oC for 6h or 

350oC for 30 min 

227oC for 30 min

植物系／
⾷品系
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Sample T Time P Ash Yield

(solid) C H N O S Cl O/C H/C HHV HHV 
(cal.) Ref.

ºC MPa % % wt% wt% wt% wt% wt% wt% MJ/kg MJ/kg

Polyethylene (PE) 0.05 84.22 11.32 0 3.85 0.61 0.03 1.60 42.4 

[1]PE-HT (almost no change) 280 2h ~100

Polypropylene (PP) 0.12 82.23 11.01 0 6.63 0.13 0.06 1.60 41.0 

PP-HT (almost no change) 280 2h ~100

Polyvinyl chloride (PVC) 38.6 4.7 0.1 56.8 0.00 1.45 19.0 

[2]

PVC-HT1 180 15h 92 43.3 4.71 0 54 0.00 1.3 20.7 

PVC-HT2 190 15h 85 46.3 4.83 3.9 45 0.06 1.25 21.5 

PVC-HT3 200 15h 64 59.1 4.93 5 31 0.06 1.01 25.9 

PVC-HT4 210 15h 52 65.5 4.43 13 19 0.15 0.82 26.7 

PVC-HT5 220 15h 45 72.4 4.51 12.1 6.5 0.13 0.75 29.3 

PVC-HT6 230 15h 39 75.8 5.09 15 4.1 0.15 0.8 30.9 

PVC-HT7 240 15h 35 80.7 5.25 12.5 1.6 0.12 0.75 33.1 

PVC-HT8 245 15h 33 84 5.14 10.1 0.78 0.09 0.73 34.3 

PVC-HT9 250 15h 33 85.2 5.3 9.1 0.5 0.08 0.74 35.0 

PVC-HT10 260 15h 32 84.5 5.02 10 0.43 0.09 0.71 34.4

A mixture of the four waste 
polymers in the sea (PE, PP, 
PET and Nylon) (MPS)

5.84 77.4 12.6 2.99 1.22 0.01 1.94 35.6 41.6 

[3]MPS-HT1 200 3h 6.95 66.7 79 11.9 0.6 1.45 0.01 1.80 38.3 41.3 

MPS-HT2 250 3h 6.2 40.1 80.1 12.6 1.14 0.01 1.87 38.9 42.6 

MPS-HT3 300 3h 5.27 37.4 80.9 13 0.77 0.01 1.92 39.1 43.4 

[1] R. V. P. Antero, M. Domingos, L. L. Suzuki, S.
B. de Oliveira, S. A. Ojala, A. R. V. Mendonca
and S. S. Brum, Materia, 2019, 24, 19.
[2] J. Poerschmann, B. Weiner, S. Woszidlo, R.
Koehler and F. D. Kopinke, Chemosphere, 2015,
119, 682-689.
[3] M. E. Iniguez, J. A. Conesa and A. Fullana,
Fuel, 2019, 257, 7.

付加重合系プラスチック

付加重合系プラスチック

付加重合系＋脱⽔縮合
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[4] X. Y. Zhao, L. Zhan, B. Xie and B. Gao,
Chemosphere, 2018, 207, 742-752.

Sample T Time P Ash Yield
(solid) C H N O S Cl O/C H/C HHV HHV 

(cal.) Ref.

ºC MPa % % wt% wt% wt% wt% wt% wt% MJ/kg MJ/kg

Polycarbonate (PC) 74.25 8.56 0.02 17.17 0.17 1.37 34.2 

[4]

PC-HT1 250 1h 18 79.41 7.94 0.08 12.57 0.12 1.19 35.8 

PC-HT2 300 1h 9 79.14 7.74 0.2 12.92 0.12 1.17 35.4

PC-HT3 350 1h 8 82.12 7.18 0.12 10.58 0.10 1.04 36.0 
High impact polystyrene 
(HIPS) 87.39 7.63 1.04 39.5 

HIPS-HT1 250 1h 96 87.78 7.45 1.01 39.4 

HIPS-HT2 300 1h 66 87.42 6.37 0.87 38.0 

HIPS-HT3 350 1h 11 80.45 5.89 0.87 35.0 
Acrylonitrile butadiene 
styrene (ABS) 80.35 7.29 5.2 0.21 1.08 36.6 

ABS-HT1 250 1h 94 82.5 7.49 5.15 0.26 1.08 37.6 

ABS-HT2 300 1h 61 79.08 6.34 0.4 0.96 35.1

ABS-HT3 350 1h 2

Polypropylene (PP) 83.95 13.82 1.96 45.6 

PP-HT1 250 1h 91 83.82 13.8 1.96 45.5

PP-HT2 300 1h 88 84.67 13.83 1.95 45.9 

PP-HT3 350 1h 64 84.17 13.22 1.87 45.0 

Polyamide 6 (PA6) 41.67 6.47 7.97 1.85 22.1 

PA6-HT1 250 1h 27 2.08 0.26 0.22 1.49 1.0 

PA6-HT2 300 1h 21 1.51 0.16 0.06 1.26 0.7 

PA6-HT3 350 1h 20 1.23 0.17 0.07 1.65 0.6 

付加重合系プラスチック

付加重合系プラスチック

脱⽔縮合系プラスチック

脱⽔縮合系プラスチック

付加重合系プラスチック
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PE     =      PP     ＜ PS     ＜ PVC

üラジカル反応が主反応となり反応が進⾏
üイオン反応が期待できない場合、結合が解離するための熱エネルギーが必要
ü 350℃以上で有意に反応が進む

プラスチックの反応性１：PVC
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Sample T Time P Ash Yield
(solid) C H N O S Cl O/C H/C HHV HHV 

(cal.) Ref.

ºC MPa % % wt% wt% wt% wt% wt% wt% MJ/kg MJ/kg

Polyvinyl 
chloride (PVC)

38.6 4.7 0.1 56.8 0.00 1.45 19.0 [1]

PVC-HT 210 30 min 2.2 0 45.36 3.82 21.29 29.53 0.35 1.01 26.15 18.1 

[2]

PVC/cellulose-
HT

210 30 min 2.2 1.25 53.28 5.26 27.21 14.25 0.38 1.18 30.43 22.0

PVC/lignin-HT 210 30 min 2.2 4.36 59.5 6.33 28.19 5.98 0.35 1.28 31.8 25.2 

PVC/xylan-HT 210 30 min 2.2 2.85 51.8 4.93 25.03 18.24 0.36 1.14 29.08 21.2 

[1] J. Poerschmann, B. Weiner, S. Woszidlo, R.
Koehler and F. D. Kopinke, Chemosphere, 2015,
119, 682-689.
[2] Y. Shen, Ind. Eng. Chem. Res., 2016, 55,
11638-11644.

double bonds could be created by a “‘zipper’” mechanism:29

once a double bond has formed, the allylic Cl atom on the C
atom adjacent to the double bond splits off from HCl, forming
two double bonds during the HTC process, which, in turn,
activates an adjacent chlorine to propagate the dehydrochlori-
nation process. In aqueous suspensions, PVC degradation could
be assumed by ionic chain reactions and cracking. Beyond that,
nucleophilic substitution with water as the nucleophile
proceeds to generate alcohols, diols, and polyols. Reactive
polyenes with the diol/polyol structures are regarded as the
precursors of aromatic compounds and oxygen-functionalized
low-molecular-weight compounds. It is emphasized that
temperatures below 450 °C and high water densities favor
OH nucleophilic substitution, with water acting as a
nucleophilic agent (as illustrated in Figure 6).15

In the HTC process, the lignin fragments can be
decomposed to phenolics via hydrolysis and further form the
phenolic hydrochar via polymerization. The phenolic hydro-

chars derived from the surface fragments of nondissolved lignin
can locate on the surface of nondissolved lignin or polyaromatic
char, and then the formed holes are stuffed or covered. The
formation of lignin hydrochar is illustrated in Figure 7A.30,31

However, cellulose can keep the fiber skeleton with the
microsphere produced after HTC.30 As a phenolic polymer,
both fragmentation and condensation reactions occur in the
lignin degradation under the HTC process.32,33 During the
molecular transformation of lignin, the macromolecular bulk of
lignin is selectively fragmented by ether bounds splitting
through hydrolysis reactions (Figure 7B). Lignin conversion
produces mainly an oligomeric residue by a preferential
oxygen−carbon linkage splitting. Meanwhile, the oxygenated
hydrocarbons with 2−6 carbon atoms and substituted phenols
accumulate in the reaction medium, contributing to large
amounts of hydroxyl radical generation.32

These results can also explain the increase of the
dechlorination efficiency in the presence of lignin. The aromatic

Figure 6. Possible reaction pathway of PVC decomposition in the HTC process. Reprinted with the permission from ref 15. Copyright Elsevier
2015.

Figure 7. (A) Formation pathways of lignin hydrochar. (B) HTC conversion of lignin.

Industrial & Engineering Chemistry Research Article

DOI: 10.1021/acs.iecr.6b03365
Ind. Eng. Chem. Res. 2016, 55, 11638−11644

11641

Re
tra
cte
d

double bonds could be created by a “‘zipper’” mechanism:29

once a double bond has formed, the allylic Cl atom on the C
atom adjacent to the double bond splits off from HCl, forming
two double bonds during the HTC process, which, in turn,
activates an adjacent chlorine to propagate the dehydrochlori-
nation process. In aqueous suspensions, PVC degradation could
be assumed by ionic chain reactions and cracking. Beyond that,
nucleophilic substitution with water as the nucleophile
proceeds to generate alcohols, diols, and polyols. Reactive
polyenes with the diol/polyol structures are regarded as the
precursors of aromatic compounds and oxygen-functionalized
low-molecular-weight compounds. It is emphasized that
temperatures below 450 °C and high water densities favor
OH nucleophilic substitution, with water acting as a
nucleophilic agent (as illustrated in Figure 6).15

In the HTC process, the lignin fragments can be
decomposed to phenolics via hydrolysis and further form the
phenolic hydrochar via polymerization. The phenolic hydro-

chars derived from the surface fragments of nondissolved lignin
can locate on the surface of nondissolved lignin or polyaromatic
char, and then the formed holes are stuffed or covered. The
formation of lignin hydrochar is illustrated in Figure 7A.30,31

However, cellulose can keep the fiber skeleton with the
microsphere produced after HTC.30 As a phenolic polymer,
both fragmentation and condensation reactions occur in the
lignin degradation under the HTC process.32,33 During the
molecular transformation of lignin, the macromolecular bulk of
lignin is selectively fragmented by ether bounds splitting
through hydrolysis reactions (Figure 7B). Lignin conversion
produces mainly an oligomeric residue by a preferential
oxygen−carbon linkage splitting. Meanwhile, the oxygenated
hydrocarbons with 2−6 carbon atoms and substituted phenols
accumulate in the reaction medium, contributing to large
amounts of hydroxyl radical generation.32

These results can also explain the increase of the
dechlorination efficiency in the presence of lignin. The aromatic

Figure 6. Possible reaction pathway of PVC decomposition in the HTC process. Reprinted with the permission from ref 15. Copyright Elsevier
2015.

Figure 7. (A) Formation pathways of lignin hydrochar. (B) HTC conversion of lignin.

Industrial & Engineering Chemistry Research Article

DOI: 10.1021/acs.iecr.6b03365
Ind. Eng. Chem. Res. 2016, 55, 11638−11644

11641

Re
tra
cte
d

バイオマス＋プラスチックの反応性

[1] S. Hongthong, S. Raikova, H. S. Leese and
C. J. Chuck, Waste Management, 2020, 102,
351-361..
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Sample T Time P Ash Yield
(solid) C H N O S Cl O/C H/C HHV HHV 

(cal.) Ref.

ºC MPa % % wt% wt% wt% wt% wt% wt% MJ/kg MJ/kg

Pistachio hull (PH) 49.3 6.8 1.78 46.1 0.70 1.64 17.46 20.4 

[1]

PE 84.9 12.2 0.1 2.9 0.03 1.71 45.6 43.7 

PP 85.1 13.3 0.1 1.5 0.01 1.86 47.4 45.2 

Polyethylene 
terephthalate (PET)

43.7 4 0.41 52 0.89 1.09 11.2 14.6 

Nylon-6 (NY) 60.8 8.1 12 19.1 0.24 1.59 28.6 28.6 

PH-HT 350 15 22.1 61.2 5.1 3.5 31.1 0.38 0.99 21.8 24.1 

PH90/PE10-HT 350 15 35.6 73.1 8.6 2.8 15.8 0.16 1.41 34 34.0 

PH80/PE20-HT 350 15 40.7 75.4 9.8 1.8 13.1 0.13 1.55 37.1 36.5 

PH90/PP10-HT 350 15 30.1 71.5 9.2 2.3 16.5 0.17 1.54 34.6 34.1 

PH80/PP20-HT 350 15 40.3 72.0 9.0 2.1 16.3 0.17 1.48 34.3 34.0 

PH90/PET10-HT 350 15 24.2 58.6 4.3 3.5 33.6 0.43 0.87 19.7 21.9 

PH80/PET20-HT 350 15 37.8 50.4 3.8 2.1 43.5 0.65 0.90 18.8 17.5 

PH90/NY10-HT 350 15 24.1 60.9 5.5 3.9 29.3 0.36 1.08 23.1 24.7 

PH80/NY20-HT 350 15 23.8 58.5 4.3 3.9 32.9 0.42 0.87 20.1 22.0 

PH90/Mix10-HT 350 15 30.6 61.7 6.2 2.8 29.6 0.36 1.20 25.8 

PH80/Mix20-HT 350 15 33.9 64.9 5.1 2.1 28.1 0.32 0.93 25.7 

バイオマス＋プラスチックの反応性
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回収した固体⽣成物の発熱量

付加重合系プラスチック

脱⽔縮合系プラスチック
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1. 液相反応
⽔を活⽤してバイオマスやプラスチックは改質・低分⼦化することができる

2. バイオマスの反応：炭素化の観点から
3. プラスチックの反応

プラスチックの反応性1：付加重合系
（付加重合系プラスチックの反応⽣はラジカルの発⽣のしやすさに依存）
プラスチックの反応性2：脱⽔縮合系
（イオン反応のため低温でも進⾏）

4. バイオマスとプラスチックを低分⼦化するには
イオン反応が鍵
液相か気相か理解しながら反応を解析する必要性


