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Fuel
. Cellulose Carbohydrates - C?wir;icals
Blomas_s Hemicelluloses Aromatics Chemical/ :
Seed oil - Bioloaical/ & plastics
Lignin Glycerol iologica Heat /
Waste : . .
C Oil Fatty acids Mechanical Power
rops ; . .
Fiber Biopolymers Conversions Food, drugs
Starch & materials
Raw Extracted Processed Operations Refined
Feedstock Feed Feed Products

Fig. 1 Concept of a Sustainable Biorefinery to Manufacture Refined Products from Raw

Biomass.

12



2. 1. 2 UZ kLo —RAF (A~ AOREE

(XA F~ R EWHDIF, AR, ARRFTHELDNULOHETHY . EWBiFERE] £
FEAMIC TEWE) LARESN D, DFE D, EREENI - TERRT 288 £ 72 136EY .
WK Y ERE LA A2 TR LT D, B, BT, FEOERR EOA
REEMIL. ZO®REN DTN L, — RIS, D —EEER LTEEY 4k
e THEMEGRRART 2 ENE . BIEY - KM - i & ORI O BEMOKER
ORI S, VT AT oY« Bk - T a— LREERE 7 © OFHEMEESEFEIEY .
FIROML TR EO—E T T I - FAFIRZRE, ZHEEERICDIES>TND, N4~
A DRFEEEDK 45% ., RO AL I~ 2 ORI LA FHAR &) 8,400 (K M T, A
. AR, RIRT A DOFERMEREIZMH YT 5 &b T, HHROFER 2L F—HEE
D 80 FFICHHNY T D,

NAFZAIZHEEERTHY . TOMMED LR TH L, KHEBET, K7v
YANENDIE, ELE—R « AIBLO—REEH VBB — A%, < AT
BHb, WEK DY J ) m— AR G~ ADERAFERITHK 200%10° h o TH Y |
3 WRRENTE L LT TEORHEONTND, KRIZY 7 /B a—ARNA F v R
DREE & I OV T BIC T 5,

FEHIIEEE D E2 AR IT B e — A A3 La—2A KRR =0 THY, ZnbH0
Aoy DM G G 2 T D (Fig. 2), Kk Zefii OMIEE DSME-CHE 03 e v |
METLREEDN B SV, ENENDOEMRIE T TR EENE LS Be D, Brm—
ANIT N — AN B-LAFEE LIcESRE S+ ThH Y (Fig. 2) . = OEA Y ORI
(IR L. AP OS54 10,000 T, fRO5ERI 15,000 TH 5, F7o, BEFELORIC, K
FHGEA ¥ L O Van der Waals tHAAER %2 & Offda ik Th 5, /L — A F3KITAE TR
TN VKT B EZFF > T b, 207D, Bra—AOGMIZITE LW T
TRISZAT O MERH 5,

13



Cellulose

e Fibers

CeIlWaII Elementary Hemicelluloses
B Lignin

Plant Cell Y © © 0 0 o W ~. Macro fibril

// o0 \ "‘7.\\\,\
G 2 AN
Macro fibril W, POy g, M

Fig. 2 Structure of a Lignocellulosic Biomass Containing Cellulose, Hemicelluloses and Lignin.
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gl p2 @R'=R*=H
(b)R' =OMe R*=H
OH (c)R'=R*=0Me

Fig. 3 Primary Precursors of Lignin: (a) Trans-p-coumaryl Alcohol, (b) Trans-coniferyl Alcohol,

and (c) Trans-sinapyl Alcohol

OMez

Fig. 4 Structure of Lgnin from Beech as Proposed by Nimtz. Exmples of the least stable a-aAryl

ether bonds are identified by the dotted circles.

Kb, Fig.dic) V= iED0—flzrLlz, V=27 c=1H0DOC—-CHia.
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Cellulose —>

Medical applications:

absorbable hemostatic

v / scaffolding materials

Oligosacccharide
l Sorbitol
Glucose | —* Acrclic
l Intermediates
5-Hydroxymethylfurfural - Lubricants
(HMPF) | Coatings
Adhesives

Fig. 5 A Cellulose Utilization Tree

Hemicellulose \

Oligosacccharide
Xylose ’

l

Furfural [——

Fig. 6 A Hemicellulose Utilization Tree.

Oxygen-barrier film
Thickeners
Adhesives

Protective colloids

Xylitol

Ethanol

Lubricants
Coatings
Adhesives

Plastics

Polvtetramethvlene
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Fig. 7 A Lignin Utilization Tree.
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Fig. 9 Preparation Procedure of Mesoporous Silica Catalyst
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Table 1 Properties of Several Commercial Solid Acidic Catalysts

Catalyst Cat-1 Cat-2 Cat-3
Acidity [eqmmol/kg] 2.55 5 4.7
Surface Area [m%/g] 36 50 53
Porous Diameter [nm] 22 30 30
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Fig. 10 Analysis Procedure for Biomass Compositions

31



DFEZ~ v TVFIZANT, 105CT 12 5frFE L, £ D% 10°C/min O F-RIEE T 250°C
FCHIR L. 30 0 fRFF L7z, 20°C/min O FIRHE T, 575°CE THIE L, 3 RpffRFFL
oo TOHTEHZLTT VI —F—NTHRB LK, BEZHE L, 20Ok, 5201F
NI > T B DEEZ K mEE L,
2. 2. 5. 2 VUVJ/=VER
DAH—F—DANSTZMEST T ARGHIEE LR Y 7 039 AL T, 72wt%FhifE 4 3ml
Mz %,
Q@O ODMEA 7 A% 30COKB T 1 RIS 5,
@ZFEIK 84ml Z T A 7 AKZHINM 2 T, 120CDA A WS AT LR T 5,
@HENCHEBEZAE L TRBWT T X Ai#E(1GP16)Z AW CRS| Al 25, Z DRE,
AiRa &> THEL, ARRO—%Z TRRO@~NBEMEY 7= DREIHEHT 5, AHD
H)—E TioFT Ty - b OREICHERT S,
® A LI T A Aigs Z & 105 CH T ClHE L 725 £ TR S E 5,
ORI, W7 AAMEGOEEZAET 5, O COHRIE L TRBW 501 EI0EELY
BL Ty y 7/VFETIKGRIER & RO 7' v 77 L THRRRT 5.
DBERR % D OO EREEZRET 5,

(FZiRfEOiEE - REORE) (9

EREMED 7 == 100
AEEY 7= T X

@B DEETH HILTZ AU DEEANEE DWW NCEE A 0.7~1.0 DFIPHIZ 72 5 K 91T, Awt%hife
T, 320.0nm TORKWSEELZRET 5, WAT, BIEtE) 7= %5H L,

FHERRE (m) x FIRE x WAEEE
ARSI < FRY S2(g) x 10

BEVEHEY 7 = 2=

32



2. 2. 5. 3 FXVIUTNVIHUVDER
QU 7= DOHEFNE@DTE LN AHRIZKARIRD CaCO3s & ANV | Wi E I 5,
@ EEHLEED, YU TN E HPLC THAMEEZ T 5,

2. 2. 6 HEHEROHEEROHT

[ RER AL 2 N T2 KB (L RG2S HAEREE L ToIRIRAE A T O Bl ZH8E
TNn7 7= KO HMF Z HPLC (Y — (Bk). #ti&s : R, %7 A @ Shodex 0806M
(BBFIEL (). F+ V7 —i&E : 05 mimin, & F LR : 80°C, v U7 —:/K)
ZHWTHRE L, BIEERD T OAKRIZOWT, HPLC (SHIMADZU, i H &
CDD-10A) . %7 7 2 : TOSOH TSK-GEL OApak-A (3 ¥ — (1) . & ¥ U 7 —¥ii & : 0.7ml/min,
A7 NS 0 40°C, F v U 7 — ¢ 10pmol il /KEHR) MW THIE L7z, £ LT, A
B E UG L o TR O AERERERE ) S| JFURHE x5 HBEERSRZ LT o

X (D) ICXVEHERERLE,

C5HE[Wt%] x132.1 CEHE[Wt%] x162.14 b S
%gom+ /ﬁmiQ“E&EEM

[R¥E =[] &

B MEHE A %) =

(C5f : Fvm—A, CofF: 7LV b—R, J/La—XR)
F2, RISBOREZ, 02um A>T L7 0V Z 2O TEIESBEZITV, o iz
By 2 L, WEREZFR L, £, IEROERZ LI TITR L,
(AR — [ EHR) [g]

WRALE %] = X100 2
ifess el R [g] @

F LT, fHABEE KNI L > TE LI AREBRIEE ) SRR R 2 RAUC L EE L
77

33



P2 O LEE < Vi1 7 Fik O] ‘)

Pl =R —
- JECR} IR [g] < (1— R 55 %2)
2. 3 HWIEHER

Rk 2L AR EIZB W T, [T T ERNRIZEIZRD 25TH S -

(1) BB DRELE - BRfFHE - TEHICRITTERNNT A —F — DB DR

U IME ) — THIRIRZREARE 2-50 nm OfifLE b HOLAMBAKTH L A VR—F A

UMM T 0 N UBEEBAT LT LU ATy RIRE A T OERBA K ZITV, EE
MBARRICBIT D — U ZHE - WE, T L TAR ) ~— DM ORETIEED/INT A —
B — DR TS CER A E ~ DB A MR UTe, Ak L7 [E R > BET 2% mifE - MfL
AFEIIE, XRD /81 K OV E LS L 2MEESE 21T, £, it —1r—2
L—7 % HWT, AR LT kA — 238 L OFR T T O K EE(CIE A 2 17
ST, AR Lo BB Z HPLC XU GPC T L7z, T b ORGSR X 0 BEIREE DG psk
14 205 [ AR P DRSO TR R M e OV BB MR I R E 35 B 2 et L 72,

(2) b b OFELRtER & UHEb b ORISR DO FiEf
RENAT = — 7 RIOSE K O A — =27 =7 2 T, filRME VG R L 72 [

REERREEC X D FRdo & OEEKBNE L 21T o 72, SOSIREIE 120~180°C, SUGKHIE 10
I~ KT o 7o, OSBRI T OHEBELZIHA, 7V 3 — VER AR ©
ALZH HPLC - GC-MASS % Tl - iEf L7z, £72. NREL /%, CHN Ff, TOC &% H
WTBUSHETE OB L T Lz, & BIZHGD O OB ST I 7 [E AP fid 5 oD Fl g <0
BOGIREE S5 D OSSR 2t L. fao & DR ERHEIZIS U7 feii 22 Kk Bk 2k o

R EIT o T2,

34



SRk 22 FEEIZBW T, AT ERNRFIZEICRD 2O5TH D -

(1) FrHE BRI D & itk DB %
H21 FEBIR LA VYR —T AL ) BHEROFREIZ ANV KR IEE A Uil oA ks

IZBWT, =& /) — Vg CHM 2 RET 2 7EORD 0 IZEFFH - = 2~ OBERR
EiEEZBE Lic, £70. BRSO X OMAMZ R LT 2720, N1 08—
W O BARNE Z et UTc, ARk L7z BERERfitIE > BET RKibfg - AIFLARHIE
XRD 37 B O EVE B K DM EF 21T 72, £, WA — 7 L—7%
T, B LIEMBENC L 28 m — 2B LU Y 7 OKRBBHUIEMRIHE 21T > 72, 245
DR L0 [EREE 0O G RS B A S O Ol R 1 K OVK BBE (LI MR M E e B

et L7z,

(2) b b D EEBKERE{LIEDRR
H21 “FJERES LT-Fad O O BERERAKBWELIEZ VT, IR T = — 7RIS L Y

WA A — h 7 L—T7 & T, 150~220°C. 10 53 ~8 WefH] Tl & OVE pl L 7[5 (A2
I K DG & OEHEKEWE L 21TV BOGTR AR 1 O HEES 2B M O #E It
% AL AU HPLC » GC-MASS %5 Ttk - B8 L. FEARERIC X D faio b D/KEWE LSO
R &R AT, £, 3 B OO b LR DD b OO BRI KEWE S
ATV, fitdo b OKBWECRREZ IR L7, S BIZERERARE DR LRI H 2470, [H]
KEE DM AMEZ MG LTc, ZAUD OFRERAEE 2. @iEMED D @it A o & ARk o
AREEMENL L, 2D O FEIRERREE 2 72 FG o © OB ERFE I U 72 B 72 /K 2

LRI DIRE E1T > 72,

35



2. 3. 1 [FEUAIAREORE - BREHE - THIEICKIZTT AT A —F —DRE
2. 3. 1. 1 ==Y 7D¥E

A R OBE, = —  F#f % 12~36h |2, =— Y VR A 90~100CIZ L T,
fib B Bl 24T o 72, Fig. 11 ICARL L 72 filifld XRD 2227 kL ZoR Lz, W ofilifii ¢
H.116°D & ZAIZRA VY AKR—T ATV 1T % SBA-15 DRHEMI 72 B — 7 BEIE S vz,
Fio, KEED XPS A7 MLAEAPIE LT-FER, W oOMBHZ s, SH ERIZE AL
I, ANVEENBEINTZZ ERNbrols, ZTNHORER, T XTOER L7l
SBA-15 ORHIZANKRIELZEALIZ LD THDL I ERbhoTz, S HIT, Ak L7 il
? BET Kifif X OHIALIATEDRIE 21TV, 40 BET Kififg & MFLIAFE % Table 3
(R LT, ==Y ZREE 90°C, =— U ZHRIAN 12, 24, 36h T, £ ZFND BET #
s &M FLIATE X, 652 & 0.26. 680 & 0.58 K TX& 713m?g & 0.65mllg Tdh-7-, ——
VU UK 240 T, =— U U ZIREED 90 & 100°C T, EFEND BET R ifg & LA
IZ. 680 & 0.26 &1} 673m¥g & 0.32mllg Th -7z, TN HDOFER, =—2  JHENE
K213 L, REMEMILAELE BICKRE QDD ==V 7REREGS 2D L. M
AR KR EL 2D —0, REBEINNEL 8D 2 ERnbhotz, Fio, MEEICL - T,
FRBEORFEEAZRE L, Table3 2k iz, =— V0 V&M OREICH BEE
H25HZ ENRbhrolz,

WIZ, ZTNHOMEEZHNT, ET /UEEW TH DL r— A K OFGD b O B A
R KBV I 24T - 72, Fig. 12 & Fig. 13 \2&/Lm— A Fig. 14 & Fig. 15 2 5D
KB LIZ BT 2 BB OILE R L OVEHI AR 2 ThZIuR Lz, e —2% A
A, A, B, CROND OEBHNEITZN N 57.1, 112, 121 X1 84.2 g/kg TH
olz, F£7z. 90°C24h Tx—D 0 7 U [ERERAREE T3 b &\ O BRI B & A BERR I &
P HILD Z ENbhoTe, T—V U ZIRE 100°C L 90C & 5 & 100°C TO KT

RMLIARE T L TliRE2 N & < SR IR >, —F50 WL 9CT, =—v 7

36



Table 3 Characterization results of Cat-A to Cat-D Catalysts

Catalyst Surface Area Pore volume [ml/g] | Acid Amount [mmol/g]
[m?/g]
Cat-A (100°C/24h) 673 0.32 1.9
Cat-B (90°C/12h) 652 0.26 1.3
Cat-C (90°C/24h) 680 0.58 2.2
Cat-D (90°C/36h) 713 0.65 2.8
)000
i
% SBA-15
e 2000001 — 4
100000 e
2
N 1

100 2.000

1.1%E

4 Cat-D 90°C/36hr Aging
Cat-C 90°C/24hr Aging

2 Cat-B 90°C/12hrAging

1 Cat-A 100°C/24hr Aging

000

Fig. 11 XRD Patterns of Several Synthesized Mesoporous Silica-based Solid Acidic Catalysts.
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Fig. 12 Monosaccharide Yields in Hydrolysis of Cellulose at 180°C for 3h.
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Fig. 13 Organic Acid Yields in Hydrolysis of Cellulose at 180°C for 3h.
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Fig. 14 Monosaccharide Yields in Hydrolysis of Rice Straw at 180°C for 1h.
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Fig. 15 Organic Acid Yields in Hydrolysis of Rice Straw at 180°C for 1h.
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2. 3. 1. 2 BbEbowE

A R DBR . MPTMS % Z /LA FEIZIRE T 5 72 D DR bk F KO H & D& %
FHRBD 728, MPTMS:H,0, DE/VEEA 1:9~1:16 IZZfE L, 1000C24h Cx=—T 7
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biroic, E6IT, AL BET Rk OCMILIKREORIEZ1TV, £ Eho BET
KEFE & AFLIATEZ Table 4 128 LTz, @R AKFEKDENR L 0D & AR FLIAHT

ERREITE BITNE L o2 A, MPTMSH0, DB /VEES 1:13 DG, R ITR H K

Xholz,
Table 4 Characterization of Synthesized Catalysts
Catalyst Surface Pore volume Acid Amount
Area [m?/g] [ml/g] [mmol/g]
Cat. A(MPTMS10%) 673 1.9 0.32
Cat. E(MPTMS8.33%) 769 1.8 0.27
Cat. F(MPTMS6.86%) 660 1.6 0.22
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Fig. 16 XRD Patterns of Several Synthesized Mesoporous Silica-based Solid Acidic Catalysts.
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Fig. 17 Monosaccharide Yields in Hydrolysis of Cellulose at 180°C for 3h.

41



O Citric acid B Glycolicacid M Lactic acid
O Formicacid B Acetic acid O Lewulinic acid
M Propionic acid

90.0
=800 }
700 | _
60.0 |
50.0
400 |
30.0 | m
200 | m

100 } l_
0.0 M. -

A E F
Type of catalyst

Organic acid Yield (g/K

Fig. 18 Organic Acid Yields in Hydrolysis of Cellulose at 180°C for 3h.
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Fig. 19 Charts of TGA and DTG of MPS, MPS-A1 and MPS-A2 Catalysts, and a Precursor of
MPS Catalyst Containing Template.
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Fig. 20 Charts of TGA and DTG of Several MPS Catalysts Obtained under Various Calcination
Conditions.
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Table 5 Acidic Amounts and Monosaccharide Yields of Various MPS Catalysts

= PR R
[mmol/g] [%]
MPS 1.76 29
MPS-A1 0.66 27
MPS-A2 1.31 17
MPS-A3 1.80 31
MPS-N1 1.55 32
MPS-N2 1.63 31
x 105
o @' |
# S
L 1
MPS-N1
MPS-S1 -
1 MPS-AI1
) MPS-AI2
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Fig. 21 XRD Spectra of Several MPS Catalysts.
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Table 6 Relative Strength of Peaks for Mesoporous Silica Obtained by XRD

i i K14 20 [° ] | #E[cps] | XMPSLE,
MPS 1.16 287726 1
MPS—-N1 1.15 286982 1.00
MPS-ST1 1.15 285736 0.99
MPS-S2 1.15 284217 0.99
MPS-Al1 1.15 284466 0.99
MPS-AI2 1.15 282654 0.98
40
_ 30
4 20
H
10
0 1 1 1 1 1
o N N 9 N 9
@Q %’é %/% %/% g’\ "o/\
¥ N N ¥ N

Fig. 22 Monosaccharide Yields in Hydrolysis of Cellulose on Several Solid Acid Catalysts
(180, 3h)
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Fig. 23 BET Surface Area of MPS-N1 and MPS-S1 Catalysts.
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Fig. 24 Comparison of Glucose Yields in Hydrolysis of Cellulose and Recovery Ratio of

Catalysts with or without Binders
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Fig. 25 Relationship between Acid Amounts of Various Solid Acidic Catalysts and Catalytic

Activities in Hydrolysis of Cellulose.
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Fig 26 Monosaccharide Yield in Hydrolysis of Rice Straw Saccharification Using Solid Acidic

Catalysts.
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Fig. 27 Charts of Oligosaccharide, Monosaccharides Furfural and HMF by HPLC Analysis.

1-Oligosaccharide, 2-Glucose, 3-Xylose, 4-Mannose, 5-Fructose, 6-HMF, 7- Furfural

T.
min

Fig. 28 Organic Acids chart of HPLC Analysis. 1- Gluconic acid, 2- Glyoxylic acid, 3- Citric acid,
4- Glycolic acid, 5- Lactic acid, 6- Formic acid, 7- Acetic acid, 8- Levulinic acid, 9-Propionic

acid.
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Table 7 Yields of Various Products in Hydrolysis Using MPS Catalyst at 180°C

FOGHRH BRI CHREINR  CeMEIN=R AU hF ARG FHINE

(Fo7v  (Inhr

(h) (%) (g/kg) (g/kg) (g/kg)
HAE) HHE)

05 221 13.4 24.1 271.6 17.1 1415
075 295 43.0 26.3 216.5 41.2 189.0
1 331 46.7 30.0 140.5 74.6 212.2

2 239 20.2 24.7 64.6 139.9 152.9

3 149 8.5 16.4 56.6 145.7 95.4

5 6.5 2.4 7.4 63.5 145.2 41.4

2. 3. 2. 2 TWDOLOKEWHLIZI T D RIGRE D

fb b O « ML O OB BRRITIER ICEMETH D, Hix RIUG/ST A—
—. BRI MooV X fffiE, FEARERAGOFRE & OWReE, SOSRE KT
BRI 1L, KBS C O BUFEICR K ORI I B C R & B e 52 5 &5
bbb,

2T, ETHEDICEREE KBV LRSS T DIRE DR R mE L, T LV RAT
v RBUBRERM: SA-2 % T, SUSIRE % 110, 135 N 150°C & LC, fiido & Ok EE L
% 3 B§[#4T > 7=, Table 8 & TN Fig. 29 (2R L7= X 912, BOGERE O _EFITE BRRIR |
WAL R VAR EN & I Le, £/, CEHETHLIF v r—ANT La—A L
%<, BN LTV UiRE D £ ERES N, —F, Table2 IR LK 912, fgb b

L —20OEHE (34.9%) 1Z~IB/LE—Z (201%) LV 35 LZV, ZDOfEE.
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IREBEACSOSIRIE D ERAZEN RISTESNTZEESF oL — 20 H &R LT

NI T DR L ~I v —20GHENE L HD L, 150°CTIEEriZiRo 7,

~ 180 ~ 250
3\0/ 16.0 g
i) 14.0 2 200 ¢t
o ' o
= 120 Total ] 50 T
S 100 monosaccharids _;\ .
— —
s 80 S 100 | e
3 6.0 o B |evulinic acid
§ 4.0 A Glucose G 5.0
= 2.0 2
E 00 1 1 1 O OO 1 1 1
110 120 130 140 150 110 120 130 140 150
Reaction temperature (°C) Reaction temperature (°C)
(@) (b)

Fig. 29 Yields of monosaccharide (a) and organic acid (b) in rice straw saccharification at

different reaction temperature.

Table 8 Reaction condition and reacted data of rice straw saccharification (14mesh)

Distilled SA-2 Rice straw  Reaction Liquefaction  Total Total yield of
water (9) (9) condition yield (Wt%) acid yield monosaccharide
(9) (9/kg) (9/kg)

30 1 3 110°C/3h 26.33 20.29 66.98

30 1 3 135°C/3h 37.12 31.01 114.36

30 1 3 150°C/3h 39.27 35.26 148.66
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Table 9 Chemical compositions of untreated and reacted rice straw (<14mesh)

Content (Wt%) Untreated rice Reacted rice Reacted rice Reacted rice

straw straw straw straw
(110°C/3h) (135°C/3h) (150°C/3h)
Hemicelluloses  14.52 9.45 5.28 0
Cellulose 34.92 32.33 32.07 30.64
Lignin AV 14.43 22.90 22.08 26.46
Lignin B? 1.56 0.79 0.66 0.21
Ash 19.42 17.93 20.29 20.74

1) Acid insoluble lignin, 2) Acid soluble lignin

—J7. WREOMMSRE D AEBEAERSND EBEZ LR, %< ORFBOAERITZ <
R SNIeF e —2DOWBHHRICL Db DEEZBND,

WIZFBD B OO LR EDE N ERGET 2B, ED X D UGS TIT 9
R 5 T2 DI BRUSRIFDOEE 21T > T2, RUSIRE Z 150°C, 180°C, 200°C. 220CD
458 L, ZNENOIREIZIHVTRIGKRH Z 10 min~8 h O & T [E /AR K EWE L i
BiTo7=, ZORER%E Fig. 30 IR L7, WINOMIGEEIZBWTH, 180°CHgGE &
[FER I SO OB BBEINEN — B EH-3 5208, £ D% L=, Table 10
WCHRE TH ORI RPN R 2R Lz, BOSIREAY 150°C D & & [USRFH 5 Kfi] T
e K EEBEIN R 31.1% T SUSTREE DS 220°C D & & KSR 0.25h T K BEBEIL R 13 35.6%
Tholce DEVISREZ®m < T 5 LR ARPENRIZET 5 TORFMMAE R K
BRE LS MBEES N TWD Z bbb, —J7, ROISREZ &< 5 & O ITRE S
AWTHBERN AR SN LD, £ e & bICHEBEOWSHLAELTND EEXBID,
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Fig. 30 Effect of Reaction Temperature and Time on Yields of Monosaccharides in Hydrolysis

Using Solid Acid Catalyst Cat. A

Table 10 Maximum Yield of Monosaccharides at Different Hydrolysis Temperatures

PO FUNE L BEDCR CEHEIR  C6 MR
() (h) (%) (%) (%)
150°C 5 311 47.1 275
180°C 1 33.1 46.7 30.0
200°C 0.5 34.4 52.3 303
220°C 0.25 35.6 49.9 323
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Fig. 31 Effect of Reaction Time on Yields of Furfural, HMF, and Organic Acids in Hydrolysis

Using Solid Acid Catalyst Cat. A.
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DI TRRHPRER PG SN 7%, ARERTE OIERMNBE IS D23 5 - 7o,

2. 3. 2. 3 fWbbOKEWHLIZIT D RS D52

DA KBBEAC BOGTREE 2 150°CIZ—F L. BUGK#Z 1—3h Z2{bSH, fiido b DKE
FEACES & AT o T B LRIT 5 2 2 508 % Kt L7z, Fig. 32 ) UF Table 11 |Z [E{AF# SA-2
OER LA 2 Rr Lic, BUSKERI OB Fiid & ORI K OV HER I 223 1Y
32 2 LIkt L, REBERCER — BT 523, 0% Lz, £z, C5 I
SR A HPEIER OB LE I & —Bd 523, C6 FEILER, BRRRILEKR 'L 7 ) LRI R H
AFCHIIN L=, ZOfER, 150°C, 3h £ TOKRBWELEIG TIX, ~2 B r—20Hk
SRIZE Dy a—AOAEREE T, ¥ —AORNMRIC X 5 EERE~O ARG E LY
mWA, 3h BL BT, 2O ODOEREEITER L2720, Fm— XYL

LT, — . FOSEBNEL A L, B a— A0 SHEERED Hil, —HDE L

Table 11 Reaction conditions and reacted results in rice straw saccharificaion (<14mesh)

Distilled SA-2 Rice Reaction Liquefaction  Total Total yield of
water (9) straw  condition yield (%) acid yield monosaccharide
(9) (9) (9/kg) (9/kg)

30 1 3 150°C/1h 22.61 16.03 138.04

30 1 3 150°C/3h 39.27 35.26 148.66

30 1 3 150°C/6h 42.27 43.22 109.76

57



Monosaccharide yield (%)

o Total monosaccharide ® Xylose a Glucose # Acetic acid = Levulinic acid

20.0 30.0
e §
BN S 250
150 ¢—— T T——— <
T~ >
\ S 200 }
P o
10.0 2 150 /_/"—’“_ﬁ'
— >
— 2 w00 ¥
o
£ 5.0 T/
0.0 2 00
2 3 4 5 6 O 1 2 3 4 5 6
Reaction time (h) Reaction time (h)
(a) (b)

Fig. 32 Yields of Monosaccharide (a) and Organic acid (b) of Saccharification of Rice Straw at
150°C for Different Reaction Time (SA-2 Catalyst).
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Fig. 33 Effect of Reaction Time on Yields of Monosaccharides, Oligosaccharides, and Other

Byproducts in Hydrolysis Using Solid Acid Catalyst Cat. A.
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Fig. 34 Changes in Yields of Monosaccharides in Hydrolysis of Several Rice Straws Using Solid

Acid Catalyst with Reaction Time (Cat. A).
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Fig. 35 Comparison of Monosaccharides Yields in Hydrolysis of Several Rice Straws (Cat. A,

180°C, 1h).
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Fig. 36 Yields of Furfural, HMF and Organic Acids
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Fig. 37 Comparison of Monosaccharides Yields in Hydrolysis of Stalk, Leaf, and Spike of Rice

Straw (Cat. A, 180°C).
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Fig. 38 Comparison of Yields of Byproducts in Hydrolysis of Stalk, Leaf, and Spike of Rice

Straw (Cat. A, 180°Ch).
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Table 12 Chemical Components of Different Lignocellulosic Biomass

Content (Wt%) Leaf Star Koshihikari  Takanari Akamatsu
Xylan 11.2 13.8 12.6 9.9
Glucan 46.7 34.6 35.1 31.4

Acid insoluble lignin  12.9 18.0 13.1 35.8

Acid soluble lignin 1.8 1.8 1.7 9.1

Ash 13.2 18.9 14.3 0.5
Extractives 34 3.3 35 9.9
Others 11.7 9.5 17.7 3.5
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Table 13 Chemical Components of Different Parts of Rice Straw

Content (Wt%) Leaf Stalk Husk
Xylan 13.3 9.8 18.8
Glucan 32.6 51.0 37.1
Acid insoluble lignin  15.8 11.5 18.2
Acid soluble lignin 2.1 1.8 1.7
Ash 19.8 13.7 13.8
Extractives ND ND ND
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Fig. 39 Relationship between Monosaccharides Yields and Amounts of Holocellulose in Several

Rice Straws (Cat. A, 180°C, 1h).
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Fig. 40 Relationship between Monosaccharides Yields and Amounts of Ash in Several Rice

Straws (Cat. A, 180°C, 1h).
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Fig. 41 Relationship between Monosaccharides Yields and Amounts of Lignin in Several Rice

Straws (Cat. A, 180°C, 1h)
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Fig. 42 Monosaccharide Yields in Hydrolysis of Rice Straw at 180°C for Different Reaction Time

(SA-1 Catalyst).
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Fig. 43 Monosaccharide Yields in Hydrolysis of Rice Straw at Different Reaction Temperatures

(SA-1 Catalyst).
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Fig. 45 Monosaccharide Yields in Hydrolysis of Rice Straw at Different Reaction Temperatures

(SA-4 Catalyst).
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Fig. 46 Monosaccharide Yield in Hydrolysis of Rice Straw Using Different Solid Acidic Catalyst.

Table 14 Reaction Conditions and Results

Catalyst Rice Distillated Reactor Reaction Ligquefaction yield
(10) straw(g) water(g) condition (%)
SA-1 3 30 TU 180°C/30min 37.2%
SA-3 3 30 TU 120°C/6h 46.0%
SA-4 3 30 TU 120°C/6h 43.0%

WA, e B ERERARE 2 -V T figd & O BEBEIRIZ KT SO EEE - BREfi o 2%
Fig. 43~45 27k L7z, R SA-1 DG ROSIRE 120°C/6 RfE], 150°C/1 RFf K&
N 180°C/30 43 TENENDIRE TOR KD BN R NG LTz, [EIARERAEE SA-3 D

A BOSTREE 120°C/6 FifE] & O 150°C/1 B[] TENF N DIRSE T O KO BFFINRIE 5
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Fig. 47 Effect of Reaction Time on Yields of Various Products in Hydrolysis of Rice Straw Using

Cat. B Catalyst at 150°C.
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Fig. 48 Effect of Reaction Time on Conversions of Xylan and Glucan Present in Rice Straw in

Hydrolysis Using Cat. B Catalyst at 150°C.
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Table 15 Results Obtained in Hydrolysis of Rice Straw Using Several Solid Acid Catalysts

Catalyst Reaction Yield of C5  Yield of C6 Yield of
Conditions Sugur (%) Sugur (%) Monosaccharide (g/kg)
MPS-1? 200°C/0.5h 47.7 29.4 214.1
Cat.C? 150°C/3h 43.7 22.4 1435
Cat. B? 120°/6h 61.2 36.4 268.1
Cat. D? 180°/0.5h 62.7 38.2 278.9
Cat. B 150°/1h 76.7 54.6 353.0

Note: The yield of C5 and C6 is calculated on the basis of xylan and glucan in rice straw,

respectively, and the yield of total monosaccharide is calculated on the basis of rice straw.

a) Shake-type tube reactor; b) 300mL autoclave

30%;EEIET
22%5EMIET |

RERTRRRRE
T
By

Saccharo-yield [%]

Fig. 49 Recycling of Solid acid catalyst SA-5 in hydrolysis of pulp at 180°C.
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Table 16 Reaction Condition and Data of Rice Straw Saccharification (14mesh)

Distilled SA-2 Rice Reaction Liquefaction Total Total
water (9) straw condition yield (%) acid monosaccharide
) ) (9/Kg) (9/K9)
30 1(run 1) 3 150°C/3h 39.27 35.26 148.66
30 1(run 2) 3 150°C/3h 30.67 16.56 119.81
30 1(run 3) 3 150°C/3h 26.13 15.42 101.22
30 1(run 4) 3 150°C/3h 22.87 13.50 35.68
30 blank 3 150°C/3h 21.31 18.76 33.93

O Total monosaccharide B Xylose @ Glucose
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Fig. 49 Yields of Monosaccharide (a) and Organic Acid (b) in Rice Straw Saccharification for

Reusing of SA-2.
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Fig. 50 Monosaccharides Yields in Hydrolysis of Rice Straw Using Cat. B Catalyst.
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Fig. 51 Conversion of Xylan and Glucan, and Liquefaction Ratios in Hydrolysis of Rice Straw

Using Cat. B catalyst.
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Table 17 Reaction Conditions and Results

Catalyst Rice straw Distillated water  Reactor Reaction Liquefaction yield
(19) 9) 9) condition (%)
SA-3 3 30 TU 180°C/10min 20.00
SA-3 3 30 TU 180°C/30min 40.67
SA-3 3 30 TU 180°C/40min 41.67
SA-3 3 30 TU 180°C/1h 41.33
SA-3 3 30 TU 180°C/3h 45.33
SA-3 3 30 TU 180°C/6h 51.33
90.0
80.0 =—&— Citric acid »
—#— Glycolic acid
70.0 Lactic acid
g Acetic acid
% 60.0 =¥ Formic acid
3 =@ Levulinicacid
§ 50.0
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Fig. 52 Organic Acid Yields in Hydrolysis of Rice Straw Using SA-3 Catalyst.
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Fig. 53 Carbon Balance in Hydrolysis of Rice Straw Using SA-3 Catalyst.
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Fig. 54 Organic Acid Yields in Hydrolysis of Rice Straw Using SA-4 Catalyst.
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Fig. 55 Carbon Balance in Hydrolysis of Rice Straw Using SA-4 Catalyst.
Table 18 Reaction Conditions and Results
Catalyst  Rice straw Distillated Reactor Reaction Liquefaction yield
(19) (9) water (g) condition (%)
SA-1 3 30 TU 180°C/10min 17.00
SA-1 3 30 TU 180°C/20min 30.67
SA-1 3 30 TU 180°C/30min 37.21
SA-1 3 30 TU 180°C/40min 41.67
SA-1 3 30 TU 180°C/1h 42.67
SA-1 3 30 TU 180°C/1.5h 43.67
SA-1 3 30 TU 180°C/2h 44.85
SA-1 3 30 TU 180°C/3h 44.99
SA-1 3 30 TU 180°C/6h 46.86
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Fig. 56 Organic Acid Yieldx in Hydrolysis of Rice Straw Using SA-1 Catalyst.
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Scheme 1 Mechanism of Hydrolysis of Cellulose
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Fig. 57 Carbon Balance in Hydrolysis of Glucose Using SA-4 Catalyst.
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Fig. 58 Carbon Balance in Hydrolysis of Xylose Using SA-4 Catalyst.

1 g
% | CH.-C-OH

53 / (3775
o}

\ HOJ\/ o
Xylose(Cb5)

CHa-CHz<H Fya— LB

b D
TnEF B
H)J\DH

Glucose(C6) LIV Bk

Scheme 2 Mechanism of Hydrolysis of Rice Straw Using Solid Acidic Catalyst

85



INEY . E6RDEINREFFDOITIE, P L DB Ak 2Rt L, oM &
2 HE DD 1IN T 2 VO EBRIRPE AR N LB T D Z L SRR ST,
WD X DN, AR TIE, 7L 2Ty FRIDEEREIMER Sh e, BRI
[E AR AR b oD 2V AR HED BOKESIRIC 7 m b 2 i U SRR At 2 72356 L[
Hic7a b, MboFotin—20 b a—ADNKSIRBIGITEIT LT
WHEEZBID, —J7, Scheme 31T R L7 L 912, ~I =208/ =)D

DMK T 5 F 1 — AR )L a— A D— Wit D 1 E T A X 0

> Co
Jo\ @]
\OL{
TN ?ti*ll/ \ ’ .7 HME
R | »
\A ‘
o
9]
o L
HO CHs-C-OH H OH
(8]
V7Y VR 3173 e

Scheme 3 Mechanism of Hydrolysis of Rice Straw Using Solid Acid Catalyst.
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