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Supercritical Fluid

A pure substance may be changed into 3 phases such as gas, liquid and
solid. Among these, the critical point exists between the gas and liquid.

Above the critical point, there exists the high-density fluid which cannot be

condensed any more, even if temperature and/or pressure are increased.
Such a substance is called “supercritical fluid”.
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Supercritical Fluid Biomass Conversion Systems
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Phase Changes of Water in a Vicinity

of Its Critical Point
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Supercritical Methanol Treatment
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Ref: Minami and Saka, 2003
J Wood Sci 49:73-78.




Study by Dimeric Lignin Model Compounds
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Decomposition of Cellulose in

Supercritical Methanol
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Various Alcohols Available from Biomass

—»  WOOQOD

—> STARCH

—>ORANGE OIL

—» COPRA OIL

—>{GASIFICATION

» METHANOL

.I METHANOL
SYNTHESIS

ALCOHOL | |
FERMENTATION

» ETHANOL
» 1-PROPANOL

» ISO-BUTANOL

» 1-PENTANOL

—» FUSEL OIL

» L-2-METHYL-1-BUTANOL

» ISO-PENTANOL

ACETONE/
BUTANOL
FERMENTATION

» 2-PROPANOL

_[: ACETONE
1-BUTANOL —

» 1-BUTANOL

» 2-ETHYL-1-HEXANOL

—> CASTOR OIL—PI ALKALINE

> 1-NONANOL

IGH-PRESSUR

» 2-OCTANOL

» 1-OCTANOL

HYDROGEN

» 1-DODECANOL

» 1-DECANOL




Changes in the composition of the alcohol-insoluble

residue under the condition of 350°C
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Ref: Yamazaki, Minami and Saka, 2006

J Wood Sci 52:527-532.
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Various Alcohol-Soluble Portions of wood
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Ref: Yamazaki, Minami and Saka, 2006
J Wood Sci 52:527-532.




Molecular Weight Distribution of Alcohol-Soluble

Portions after 30 min Treatment at 350°C
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Ref: Yamazaki, Minami and Saka, 2006
J Wood Sci 52:527-532.




Octanol-Treated Sample (350 /19MPa/5Min) for Hot-

Compressed Treatment at 200 . for 3S

Residue Precipitated Mixture
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Various Production Types of Bioethanol
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Chemical Composition of Lignocellulose
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Hemicelluloses, Amorphous 2001300
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The Separation Scheme of Lignocellulosics

Treated in Supercritical Water

|| Lignocellulosics |
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Ref: Saka and Ehara, 2002
International Symposium on “Highl
Efficient Use of Energy and Reduction of
its Environmental Impact” :17-26.




Water-Soluble Portion




HPLC Chromatograms of Water-Soluble Portions from

Cellulose as Treated in Supercritical Water (380 °C, 40 MPa)
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Ref: Ehara and Saka, 2002 . . .
Cellulose 9:301-311. Retention time (min)




MALDI-TOFMS analyses of the water-soluble portion

(Flow-type system, 380 °( 1, 40 MPa, 0.24 s)
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The Separation Scheme of Lignocellulosics

Treated in Supercritical Water

|| Lignocellulosics |
SC—Water .5800C, 40MPa, 0.1.0.3sec.

v
Treated Sample

Filtration
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Washing with methanol
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Water—Soluble WO%H\DSO“UW Methanol=5oluble Water— Insoluble
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Ref: Saka and Ehara, 2002 ]
International Symposium on “Highl
Efficient Use of Energy and Reduction of
its Environmental Impact” :17-26.




Precipitates from Supercritical Water-soluble Portion

SC water-soluble Precipitates

After 12 h

>

SC water Ordinary water

Dielectric constant; 10 Dielectric constant; 80

Hydrophobic Hydrophilic



X-ray Diffractograms of Dried Precipitates after

Supercritical Water Treatment at 380 °C for 0.24 s

Cellulose i Dried Precipitates

Intensity

Cellulose |

Cellulose
(avicel)

5 15

Ref: Ehara and Saka, 2002
Cellulose 9:301-311.



Chemical Composition of Cellulose Treated
in Supercritical Water (3801, 40MPa)
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Ref: Ehara and Saka, 2002
Cellulose 9:301-311.
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The Proposed Pathway of Cellulose
Decomposition in Flow-Type Supercritical Water
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The Separation Scheme of Lignocellulosics

Treated in Supercritical Water

|| Lignocellulosics |
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Ref: Saka and Ehara, 2002
International Symposium on “Highl
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Oily Substances (Methanol-soluble Portion)

Oily substances

Methanol
extraction
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GC-MS Analysis of the Monomeric Compounds in

the MeOH-Soluble Portion
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Ref: Takada, Ehara and Saka, 2004
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Study of Lignin Model Compounds

Supsgreriiical werige (210026 515 =z))
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Ref: Takada, Ehara and Saka, 2004
J Wood Sci 50:253-259.




GC-MS Chromatogram of Dimeric Compounds

in the MeOH-Soluble Portion
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Various aromatic compounds by the GC-MS in the methanol-
soluble portion from J:io:111252 9=/ treated

in supercritical water
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Ref: Ehara, Takada and Saka, 2005
J Wood Sci 51:256-261.




Analogous Model of a Biobased Product

Flow-chart for Biomass Feedstocks
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SC Water Process for Ethanol Production

from Lignocellulosics
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Ref: Saka and Ehara, 2003
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Anaerobic Ethanol Fermentation by Yeast

CeH1206 . 2 CH3CH20H + 2 CO:z2

D-Glucose Ethanol Carbon Dioxide

Indirect Ethanol Fermentation by Acetic Acid

Fermentation
CeH1206 + H2 . 3 CH3CH20H +  H20

D-Glucose Hydrogen Ethanol water

AcOH Fermentation— Esterification— Hydrogenolysis
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Ethanol Production by Acetic Acid Fermenation with
Hydrogenolysis from Lignocellulosics

Acetic Acid

e

A0 E 287K N7k 5> 2 EFER S Ex TATIVE KFAL7 B
Hot-Compressed Acetic acid Esterification  Hydrogenolysis
Water Hydrolysis Fermentation

Hot-Compressed Acetic Acid Esterification/

Water Hydrolysis Fermentation Hydrogenolysis
Ref: NEDO Pamphlet, p.20 (Oct 12,2007) i iversi




Hardwood Xylan (Hemicellulose)

and Cellulose

Hardwood Xylan [1 90%!
O-Acetyl-4-O-methylglucuronoxylan

0-.OH

HaCO o 4-O-Methyl-D-glucuronic acid
"o HO | (2—1) o .
OH 3 o 0 0
/Bwa%&wisﬁsm\ﬁ%jw;?%&w
0

CH3 CHs

Cellulose —

HCI?OH OH H
H

Ref: Wood Chemistry, Kyoritsu Publisher,1968. M



Buna Wood Hydrolysis as Treated by Two-Step Hot-

Compressed (235001-27 001/ O Z=1/10 01 r1)1x))
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Substrates for Acetic Acid Fermentation

CH,OH CH,OH OH
OH o OH_oH Ho Yot
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Acetic Acid Fermentation for sugars

— Clostridium thermoaceticum —

(a) Glucose (b) Xylose
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Ethanol Production by Acetic Acid Fermenation

with Hydrogenolysis from Lignocellulosics

g

Fermentation. CeH:1,06 —> 3 CH,COH

° A

Esterification 3CH3%OH + 3ROH —> 3 CH,COR + 3H,0

Hydrogenolysis. 3 CH,COR * 6H, ——> 3CH,CH,OH + 3ROH

Ref: NEDO Pamphlet, p.20 (Oct 12,2007) i




Biofuels by Supercritical Fluid Technologies

Bioplastics

Liquid Biofuel

Biochemicals

e ——

Bioethanol

Organic Acids
Biomethane

< Biodiesel >

Biodiesel from Oils/Fats by Supercritical
Methanol Technology




A Variety of Vegetable QOils and Animal Fats

Sunflower Rapeseed Soybean Cottonseed Olive Peanut Palm Copra Beef tallow




Oils/Fats as Feedstocks for Biodiesel

&®Triglyceride mmmsd> major component

CH, - OCOCH,CH,CH,CH,CH,CH,CH,CH=CHCH,CH,CH,CH,CH,CH,CH,CH,
|
CH - OCOCH,CH,CH,CH,CH,CH,CH,CH=CHCH,CH,CH,CH,CH,CH,CH,CH,

|
CH, - OCOCH,CH,CH,CH,CH,CH,CH,CH=CHCH,CH,CH,CH,CH,CH,CH,CH,

Triolein

®Free fatty acid =) minor component (2-5%)
Waste oil 25%

HOOCCH,CH,CH,CH,CH,CH,CH,CH=CHCH,CH,CH,CH,CH,CH,CH,CH,

Oleic acid




Alkali-catalyzed Method

for Commercial Biodiesel Production

& Transesterification

CH, - OCOR! camlst R'COOCH, CH, — OH

| |
CH-OCOR2 + 3CH,OH C——> R2COOCH, + CH-OH

| |
CH, - OCORS R3COOCH, CH, - OH

Triglyceride Biodiesel

& Saponification
R‘COOH  + KOH —> CcO + H,O

Free fatty acid Alkaline Saponifed
catalyst produc




Catalyst-free

Supercritical Methanol (SC MeOH) Methods

€ One-Step SC MeOH Method :
(Saka Method)

Transesterification

Ref: Saka and Kusdiana, 2001,
Fuel 80:225-231.

€ Two-Step SC MeOH Method :
(Saka-Dadan Method)

Hydrolysis + Esterification

Ref: Kusdiana and Saka, 2004
Appl Biochem Biotech 115:781-791.




One-Step SC MeOH Method

(Saka Process)

MeOH recovery

I |
— ;_.._‘._,;!‘

3]

F-_'*';j'-llll';l'l_u]naf' |
i ] 3

v ‘
MeOH
Biodiesel
Oils/fats (BDF)
SC MeOH Separation
(350°C/20MPa) Glycerol
Transesterification
C|2H2DOCOR1 RICOOCH, ?HZDOH
CHIOCOR? + 3CH,OH C——> R?’COOCH, + ?HDOH
| No catalyst Rs3 CH. IOH
CH, JOCOR? R*COOCH, 2
Triglyceride Biodiesel

Esterification

R‘COOH + CH,OH C——> R‘COOCH; + H,0
Free fatty acid No catalyst ~ Blodiesel

Ref: Saka and Kusdiana, 2001, Fuel 80:225-231.



Two-Step SCMeOH Method

Purification

Oil layer

‘ = | ' Sub-C Water SC MeOH
(270°C/7MPa) (270°C/7MPa) Biodiesel
: Oils/fats Waste water .BDF.
Water
layer »  Glycerol
Step I: Hydrolysis
CH, — OCOR! RICOOH CH, - OH
| |
_ 2 2 —
C|3H OCOR i 3H,0 — R*COOH i CllH OH
CH, — OCORS3 R3COOH CH, - OH
Triglyceride Fatty acids
Step Il Esterification
R4COOH + CH,OH [C—> R*COOCH, + H,O
Fatty acid Biodiesel

Ref: Kusdiana and Saka, 2004, Appl Biochem Biotech 115:781-791.



Reactions Involved in SC MeOH Methods

Oils/fats

I—I_I

Triglycerides Fatty acids

I_I

Transesterification

Fatty acids

- One-Step (Saka) Methyl esters
- TWO-Step (Saka-Dadan)

Ref: Kusdiana and Saka, 2004
Appl Biochem Biotech 115:781-791.




Direct Observation through Sapphire Window

MeOH
Oill
240. 280.

Wat

Transesterification

2 Phase . 1 Phase
(Low Temp) (High Temp)

Hydrolysis
Oil 2 Phase . 2 Phase
(Low Temp) (High Temp)
280.
MeOH Esterification
+
Fatty
Acid 1 Phase . 1 Phase

(Low Temp) (High Temp)
160. 260. 340.

Ref: Kusdiana and Saka, 2004
Appl Biochem Biotech 115:781-791.




Arrhenius Plots for Transesterification,

Hydrolysis and Esterification of Rapeseed Qil

0 350 300 250 200 (°C)
Ty F T [ . [

o ; : 7. (Water) : T. (MeOH)

< ; ;

Z

c 1072tk 270°C

E 104 : :

C _ : Estetification

8 : Hydrolysis :

O 103l :

4§ 10 "¢

c - :

2 Transesterificatign

% 10'4 , = ] ; ] ; E ] ;

e 1.4 1.6 1.8 2.0 2.2

Temperature (1000/K)

Ref: Kusdiana and Saka, 2004
Appl Biochem Biotech 115:781-791.




Applicable Range of Methods for Various Qils/Fats
with different Water and Fatty Acid Contents

100

SC MeOH Methodg

‘k il

Waste Oll .
Waste palm ol

Acid-catalyzed

Fatty acids (wt%)
H
o

Used frying oil

Alkali-catalyzed

1 10 100

Water (wt%)

Ref: Saka, 2005
Japan Inst Energy 84:413-419.




Worldwide Glycerol Production

1,500
5 [ BDF
S [ Fatty acid
=Y B Faity alcohol
(] [ Soap
T:/ 1,000 - | others
-9 ......................................... . ----------
.'6 ...........................................................................................
= I ——
O
O
O 500
S
Q
O
P
O
0
1995 2003 2005 2008
(forecast)

Ref: 2006, Yushi 59:24-25.




Biodiesel Production from Qils and Fats without Producing

Glycerol by Carcoxylate Esters

-One-Step Supercritical Methyl Acetate Method-

R
9330 ¥
;ﬁfggﬁp& Methyl Acetate—— Tc¢=233°C Separation( | Purification
Pc=4.69MPa
: BDF
Oils e " (FAME+Triacetin)
Supercritical Cond.
(350°C/20MPa)
Interesterification
C|)H2DOCOR7 R'COOCH, CH, IOCOCH;,
CHIOCOR? + 3CH,COOCH, —/—> R2COOCH, + &DHDOCOCH3
&HZDOCOR’” No catalyst R3COOCH, H,[1OCOCH,
Triglyceride Methyl Acetate FAME(BDF) Triacetin
L (BDF)
Esterification

Fatty Acid ~ Methyl Acetate No catalyst FAME(BDF)

R‘COOH + CH,COOCH, ——> R‘COOCH, + CH,COOH

Acetic Acid

Ref: NEDO Pamphlet, p.21 (Oct 12,2007), Fuel in Press (2009)




Fuel Properties of Model Fuel and BDF Standards

Model

Properties | Unit | FAME | TA BDFa Kyoto | JASOP EU US
Density 0.86 0.86 0.86
Kinematic mm?2
viscosity /s 4.4 7.3 4.5 3.5-5.0 | 3.5-5.0 | 3.5-5.0 | 1.9-6.0
(40°C)
cetane . | 8.3 |<15| 645 51 51 51 47
Carbon

: .0.30 .0.30 .0.30
Residue wt% | 0.02 | 0.01 0.03 0 o 0 0.05
(100%) (10%) (10% (10%)
Pour point °c | -16.0 | -40.0 -18.0 .—7.5 - - -
Cold filter
plugging °c | -16.0 | 135 -17.0 =5 - - -
point
Flash point
(closed °c | 170.5|158.5 154.5 . 100 . 120 .101 > 130
cup)

a Methyl Oleate/Triacetin13:1 (mol/mol)

b Japan Automobile Standards Organization1JASOStandard(Later JISStandard 1JIS K23901]
Fuel in Press (2009)




Biodiesel Production by Transesterification

with Supercritical Dimethyl Carbonate

DMC Recycle

Separation/Purification

350°C/20MPa. Biodiesel
: : FAME .
Triglyceride —
(Rapeseed Oil) Lower
+
Supercritical Dimethyl Carbonate e gz;gx;;f%%e
Tc=274.9°C/Pc=4.6 MPa
) 10:DMC= 1:42 (mol)
Non-Catalyst No—
/
CHOCOR? + 3CH;0COOCH; —» R°COOCH; + CH—O + CsHgOs
R3COOCH,; CH,OH
CH,OCOR?®
Triglyceride Dimethyl Fatty acid Glycerol Citramalic
carbonate methyl ester carbonate Acid

Ref: llham and Ehara, 2009
Biores Technol 100:1793-1796.




By-Products of Biodiesel Produced by
Supercritical Dimethyl Carbonate

CH,OH |

O OH
Glycerol Citramalic Acid Glyoxal
Carbonate
 Solvents for paints, dyes » Pharmaceutical applications. * Printing.
and adhesives. * Textile dyeing.
» New source of polymeric * Rust and scale
materials. removal.

« Cosmetic and dermatologic.

* Emulsifier (Cheol et al., 2003,2004; Rolf et al., 2000; Joerg et al., 1999;

Ruey et al., 1997; Kiyoura and Kogure, 1997)

Ref: llham and Ehara, 2009
Biores Technol 100:1793-1796.




Biofuels and Biochemicals from lignocellulosics

by Supercritical Fluid Technologies

Biomass(Lignocellulosics!'] Oils/Fats
Super/Subcritical
water Supercritical Methanol
Supercritical Carboxylate
v v Esters
CelluloseIHemicellulose-Derived | |Lignin-Derived products| Supercritical Dimethyl
Products arbonate
Sugars Organic Acids
Alcoholic
Fermtn | Anaerobic
Acetic Acid Fermtn
< l _ | Methane Formic Acid
Hydrogenolysis l l
Bio- Bio- Bio- Value-Added Fatty Acid Methyl Esters
ethanol methanol hydrogen Aromatic Products Biodiesel]

Ref: Saka, 2007 Glycerol/Triacin
Ad Tech for Chem from Wood Res G
p.56, CMC Publisher. i iversi




Zero-Emission Type Biorefinery for Chemicals and

Bioenergy and its Utilization System

Paper Waste
Garbage

-
Bioplastics

Gasoline Car

Oil Factory

‘ MTBE(JETBE
Woody Waste Z : -
Agr. Waste . : -
““¢ E B ...."eth Value_added
~, Biofethano| /O IANE L_Products
Waste st — * Diesel Car
Oils/Fats Biodiesel [-%--»{ss) v =
Gly'caerol = CNG Car 3
Sludge V Home Gas
s¥¥y EXxcresions ———|Biomethane
g ’ Kitchen Waste Heat \ Local

Forest Residues Heatmg AR



Members of Saka’s Laboratory

Limx !lﬁﬂ ﬂm_u@u ¥
N L JJME'% 1
ot o >um.
oy & \ 8 w
H‘ 1 Jkg? 7

-f -
t.ﬂ u ]
L g
£
: 1,
‘
| '

e '

s

-




Acknowledgements

U_iwp \ @
o-y ac]'ﬁf
SN O




