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WFZER S OBEE (F53C) : Biomass gasification is a promising technology because of the high
thermal efficiency. However, a large amount of condensable organic compounds (tar) which
causes blockages and corrosion of pipes are evolved in biomass gasification.

In this study, the inhibition of the gasification rate of biomass char by Hz and tar
was investigated. At first, the reaction rate of char in steam gasification was measured
using a thermobalance reactor by varying partial pressure of He (P2 = 0, 3, 10, 25 kPa).
The rate of steam gasification was decelerated by the presence of Hz and the inhibition was
significant when the partial pressure of Hz was high (P2 = 25 kPa). It was found that
reverse oxygen exchange occurred at first period and dissociative adsorption of Hz on char
occurred at second period. The effect of levoglucosan, which is major component of pyrolysis
product from cellulose, on the reaction rate of char was also measured with a newly
developed drop-tube/fixed bed thermobalance reactor. It was found that not only Hs but
also other hydrocarbons evolved by pyrolysis of levoglucosan substantially inhibit char
gasification when the feed rate of levoglucosan was high (250 mg/min).

In addition, the effects of alkali and alkaline earth metals (AAEM), which can act
as an excellent catalyst for the gasification and combustion reactions, on the interactions
between the three major components of biomass (cellulose, xylan and lignin) were
investigated. It is found that AAEM decreased the generation of water-soluble tar derived
from cellulose. AAEM do not have significant influence on the interaction between cellulose
and xylan.



(BEAHAL - 1)
/EI\

[EL PR A RS it
200 84E 1, 700, 000 510, 000 2,210, 000
200 9FEE 1, 600, 000 480, 000 2, 080, 000
R
R
AP BE
Wt 3, 300, 000 990, 000 4, 290, 000

WFgES e - T

B DS - B : XA T%, OGLY « 7rEAT AT A
F—U— AN Fw R FAEARETRLE— KH#E, ALETE | TRLF—2f%

1. BRGSO 5

(1) HuERIERZAL R O fR IR O 7= b 47 1R
BHIBE DD REBEPFEERIM - R VX —EP & L
C.HAEFRETH—AR Ly ==2— 7L THD
NAF=ANRERENTWVWD,

KRN ZMER ST R R L KFER ED
SIREERTDIETH Y . 5L HFZERTTH
NTW5D, L, 18RO T AL TIIWREUK
JEOEJRE U TR 2 T2 T R BE 21T
STWETEOIZ, EOERTEZH TN,
T, BEEOITESREECR DY TR
—BEURFOMD T o APERE B L L
THHT D Z vl ARoOmN Ex
M2 v NVNX—FBEHTRALERE L
[1-3], 2O EATIE, FAZ—E VL
DIRIRHERS K & W 5 T TRV B AT
HT D, Flo. AR LTEKFEOBREEIR
EIXHEERAORE LY bEWdic, 2o a
TR T — bR TFE L TORE S R,
DD, Tt ABEKROT T EILX—hR
N kT 5, 207t 2B HISALTE A
I~ AH 2T a2 DEFE O R, RIEY
ZAB(873 K) Tl TERD A A~ A EIE
Fvy. Kz vt 22E0Gh=N 0
THZLENESINTWA[4], —fRKIcZ DX
IREIRTONRA, F~ ZADH 2L TiE, ¥ —
WL L ERT D720, X — VAR SR
BT D8 A7 5N X — L O F AT
AR BT D AN EE LR D,

- 16231773

gt 2-mir \“‘1,. pnter
(oo dgtion)  seneration

Lo
ez, — =

| H. 338 turbing

1
ereathermic  / #5ate hes

1. =7 — 4T 2K
—J7, AT, WRENE SRR K D8R DEL
iR« B AL EBRIZIBWN T, Bk LRy
(F—NRoRAGKEHT R) EF v —EDR
FEERIZE Y, F v —OH AMEEEN
LT 5 Z EnlEEni56)., 2o
DOWMETIX, F ¥ —DOEMITKELHEIR S D
R X DALF AR, 2— 7 OHTHNT ¥
— DA ELETDHZ L EREB LTS,
LR T, XA A~ 2D T AIcB T
[IRO I AL & FIFEIC, 35 & T v —DF
BEERIZEIVF v —D T AR BESIND
AREMNSH S, TAL7Tav 208 E2 [ E
SHDHITIE, BHEERETHDLF v —D T AL
NEE EFHEIRERDD, Lo T, K
27T A 25T 5 BT, HREYEICK
5F ¥ —DOH AEREE EENICERET S
ZLENEETHD.
FHSIXBEONGE T, KL THm LT
BREL « Z0#7 23 C & 2+ B B fE s o
OGS Z BT L, A A~ ZADEG R « T A
BIZBIT % % — IV OFEM T 21T\, 2D
BN - T ZAVARREIZ SOV T 502 LT=[7].
I BT, NS A~ ADFRHR KT THDH 'L
g—R«~Ikla—RA- 7= ORICH
HEARHD ., 22X ¥ — O AERRSCHE
RENEELZITTTWAZEEHLMNI L
8], LrL. Z4L5 DR A4 S oo FH A
F7Z00 Tl Z — O AR S EhH I &
THZLIITE RN b, N A< AT
EENLZTAHDIIBLOT ALY HEER
(AAEM) b Z — /L DA RY « I F BB %
52D EMWmREIND, IEOLHETD.,
800 CTDO/NA I~ ADESFRIZIBNT, AN
A A~ AFROEEFIZLY, ¥ —VDOERE
DD LT v —OUENREINT 5 2 & nH
HEENTWA9), L, &#— ARk - %
F~D AAEM DEEBT DT, F 723



ENTVRNT ERZEL,

2. WHEOHEM

INA T REGHR « IKRFRK T AN T,
1) AR LIRSy ETF v —& O RMAENE
FIZE DT ¥ —H ALK & # — NV KFEK
ST x T %

2 ) AAEM D5y DAL & it % 3 2 28
WCEHL, 2NGEBE LIERISET VO
ERIORIGHEOHAILZ B ET 5,
Ry E LTI, KBRLRICET VY —
LNELTARAFTADERSD—>TH D
o —2NnHL L ERTAHLRIT LY
VIZFEHE Lz,

3. WD ITE
(1) KENF v —DH AU RIETHE

BORMERIGEE (TN y 7 BT
TG9000HC) % H\\T He ODFEZFH 7=,
FEFIEEXZK 2 1T, RISEITNE 25
mm DA T AT, EANICHEE LR
EVEE R CRUBHEEE O I E K ONHIE 21T - 72,
NAF<w AR L L C=ma—Y—F 0 NEE
Z T —H 34 2 (hifk 250 pm LA F) 10 mg
EHEAL. 7 Iyt (B 10 mm,
mE 10 mm) ICARELZ, Ar X 150
Nem3/min % v U 7 AL LTHE L., s
WNOMFE LBV LT, 0%, KIbd%z
WROBREA A =T CREFIR (50 Kis) L
1073 K CEMREAT o1z, £, KERB
J O H2 % Bio=50kPa, Fi2=0, 3, 10, 25
kPa &7 X HICHEALTH ALEITo T2,
BRI C RO e 0 R0 B B D R IRF 28 A1 2
E L. WA E BRI T D RIS R D7)
b, TX¥—DOHAMEHEZ RO, LT A
(CHy4, CO, H2,CO2) iZvA /AT B~
k275 7 (Agilent, M-200H) % F\CHREE
EALZWE LT, HoloTF vy —I3REL. A
BEORGHEZ RO T=,

. Balance sensor
. Quartz thermobalancereactor

. Carrier gas (Ar)
. Hydrogen

1
2
3
4
5. Water
1 6 6. Infrared gold image furnace
1 7. Cooling jacket
8. CaCl2 column

iy <0 e

s

H | . N | mm "

]

e L
X 2 BNKFES S B S X

(2) B—IRF ¥ —DH AT ] T3 5
ETFNH =)L LTS I~ RAZ—)LDE
K4y THDH LRI aY s (Futisk T ¥4
) ZEH L, £/, LR vatrnTs

. Micro GC
0.Biomass sample

¥ — DRI R THELZTH 572D, B
KOG EEZ W R L B2 R L
7oo IGER ERARL % TR IS gs. T ElA
[ EEEVKFE G E & 7o T D, 7B,
VARV 3t o ERIGEICHHET 2720, K
Jhgs EE O BICT 4 —2— (77 7,
HARNT 4R —F ¥ —a) ZRE L,
BOFIBRHEBLERBICLAR I VaY B2 K
Jige EERIZ 20, 250 mg/min T L7Z, &
S OMBUC LY LRV oV o & Kk es
b S TRIGE FE~ED . T A1k
HOF v — il sz, 20L& DF v —
DI ACHEE~ DB Z AT, Ik, o
W AR T He ORBOSGE L
FLCTHD,

(3) AAEM D 5%

AAEM O EAEH~D 2% | i+ 5
BEER B ROG s O TRz, HEEO
BENE % X 3 1" d, ZOHE@EIX, 74 —F—
NHME ST RER VY 77 Ao~ L
A RTIZE > THIES L, 6 DD
— h A2 MY SN MR O i a
HaECEE LN s T A bshd, Zhic
XV, TAOHZI BT 2 — )V ORIGREREIZ X
DOENFIREIC 72D, 2 /X— R AV RMZ
1T Ar (400 Nem3/min) & 7k 785%(0.13
cm?¥min) ZRA LEHET 5, AR LT 2B
JFOF—FEa = XA FOERN
HHUHIZ RN T 5, 207D, KFEF
BT DX =D 2WGRITIFEAERZ 5
2, H AT bT oy T E @R L7212 micro
GC (M200H. Hewlett Packard) & TH#r
L72o AENEBUGTEEE 400 °C, 422 73— |k
A2 N ORERH R % 6.4 s, MG %A 2
R & U CEBREIT- 72, MG T4, ik
BLOTE M T RX—F AV FBX
WEZICERDEE 2T L, P REED
2 — &R LT, FNENORIGRIZE E
NDH— N KEMES — v, KRB — v
& L. WEiH A 110 °C TR S &, 8%
MOE &N X —VEERD-, e L
Thtrnr—2A (Avicel, Merck), ~It/1 1
—Z & L TF 7 (Xylan from birch wood,
Sigma Aldrich), V7= (/57 Y 7=
v BB 2RV, 2 FEORER LY
DIREGREZ 5 AR — L I — L TLIRS
SH=HE, 110 CT 12 FEEBFRE L2 5

Ar—[ECET Ar, HO

m——tt -+t 3

rﬁlulqmlugwul
E§E><DX<DXG><3§%

+ l" +

=N+ T T-~A47uGC

(1) FOMNREA A—TIF (2) )V by
(3) AL (4) 74— —

X 3 i BhE Ay BOG A




0.1 mol/L OFRERIZIED LTz, 155 7z EiE
Z S OICHEET R Y U A (10wt%) (DL
110 ‘CT 12 Wil A A v Sz 1T -7, 155
NIz ER ORI % 300 um LA RIS L 72,

AP S

u>m$@%y DT AN J A E T 28
24y E% 0, 3, 10, 25 kPa k Sz TH AL

%%%ﬁotk%@ T —DOHEAERE (1

—Xgchar) DORFHZELEX 4 12779, 728,

FREIE T v — B 2B L T B ORFRE

Tho, T¥—DOH AR Xychar (EEIL)

EUTFO XY ITER LT,

X,-X,

X, , =—t -
g, char 1 _ X , (1)

(Xp: A A~ ADOBGEC I T D SR
Xoo A I~ 2D T 2B T 5 RER)

2 TIEDREUVIE E T ¥ — D H AL EE I
{Tpnlz, o, T —0OH AMEEE & F
DOEEINT 5 Z ENghoTc, Paz = 0 kPa
DOFE, F ¥ —OMREEN 0.4 (t =750 s {7
IT) LAFCH AL ENEEML ., P =3, 10
kPad & X b ToctinL cuns, Lol
Pas = 25 kPa @ & &30 AL E o BN
Ronhotz, Lo T, Halo kv H 2{tiE
ERMOBGELHEIND Z ERSoT,

X 4 F v —fHRE EORFZA b

(P12 =0. 3. 10. 25 kPa)

WIZ, XA F~ ADF ¥ —D T ZAVEE %
RO, Fx—DOHAUIXTFT ¥ —HDORFEE
WL 1RO SOGERECTH A3 #7325 &
Ezohb, EoT, Fry—DOH AL
K@D X izEIND,

dX char
#:k(l_)(g,char) (2)
ek, kI AMEDROSHEE EE A F LT
%, 12720, ERROFERMERID . KISHE
DERANSEMT D EWVWHIBENASNT-
o8, H AL % RIOGHIE & RSB 5y

O SO E A k., KIIS% %
kb Lz, TRENOKESFIZBNT, F
Y — DX EBEDOEEMZ{EN RO k7 &
ke 3R VTS, KFEHSEOEIMZEN,
L ]g@fﬁﬁx?}i&‘bft\é EWNPIND
RIZ, IZEDF v —DH AULED K s
%%_owf%&bto%zanéﬁmﬁﬁ
ELLFD 3o (K(3)-(5) »nd5[10],
() DH 2AEIER L) - B)DFHLER S
NE ., H AL CO DARGEE & LT
@ XricFzREshs, =72L, K1, K2, K3
ITHHIESTH D, n OfEIL. HA{EHAED
FOCHERERXB) D & & n=0.5, K@), B)D
LtEn=1%¢7%%,

Ce+1/2 He & C(H) (F ¥ —~D/KFfiEBE ) (3)

C(O)+Hz « CrtH20 (WA HEFR DIE L)

CetHz & C(Ha) (F v —~DKFEn WA (5)

K3PH20
1+ K Py + K, P,
#£ 1 ONEETEE E He iy

6

Tco =

Pw2[kPa] k4[s'] ko[s]
0 259%10%  6.19x10°
3 1.36x10°  3.21x10°
10 8.05x10*  2.56x10°
25 3.42x10% -
3 T T T
2.5 -
x"1.5 .
".’2 1 ]
0.5 -1
0

0o 5 10 15 20 25 30
PH2

4 5 KFEDEL ki OBIFR

w

2

2
10 1k [s]

N

0 0.5 1 1.5 2 2.5 3 3.5

1/2
PH2

6 KFEDEDFTIR E ke DBALR

2T, ROFISHEEDOH S L He iy B
LN H2 % F@$ﬁm@%%%7m/bbt
A Uk He EWIZHBIL (K 5), 1k
X Ho 73 E D5 AR H:WJL?’: (X 6), =(5)



DKy OB, WEH 1000 KBLED | (|

LEXERIIMETAZ Lo TWA[11] E ~ o008 | expectation mixture impr.e,cfnated
7”1?5?)\ 1073 K Tﬂi:@ﬁlﬁ%&iﬂ%fb\iﬁb\ 3 % . | B water—insoluble mixture
LEZD, XoT, KISHIHITIEA AEO ééﬁﬁ, O water—soluble

ST hH 2 WAHADBLE Gi@) 718 | gh ] H H Hﬂ
ZHZLETF v —DHAEBHES L, Kk g2 o Ll “‘mnﬂﬂ“nﬂnﬂn

BRI TIEF ¥ —DOREITAKFED RIS L

F v —OEEY A FEHODL2DF ¥ —D 32 16 288 3.2

Elapsed time [ s ]

16 288 32 16 288

HAENHE SHD 2 & BT, 8 EAE—R LY 7= DEAREB0 : 27)
(2) Z—INF ¥ —DH AT RIE T N D H — VAR

VARZ v at oGS 0, 20, 250 5 0.1 expectamon—0.015 . .
mg/min & A X THAMEFERZATT2LED, | L7008 | oor2 | M E 1m£]r;%lr]1:;ed
T ¥ —OMRNEEORMZECEXK T I2RT, g ch-‘ 006 | 0.009 |- Iwater—msoluble
Lm’*nﬁr S 20 mg/min DL x N LR 7Lz A 1S |8 0.04 | 0.006 |- O water— soluble
VOFEIT/NZ VD, 250 mg/min D & X F 2900 | H H 0.003 EH
v —o A fumEs Rk x <, gsaigg | 3= o LT, nsonellnne s
TIFIE LT, £72, LR Zbad oot 32 16 288 32 16 288 32 16 288

JE 2N 250 mg/min O & & EIC LV ARk Elapsed time [ s ]
% He D4y EN 3kPa & 7257272, Piz=3 M9 Bl —REXLT LDl
kPa TH AL LG E ERRA KT D &
VAR ath el gLz 2k, B =3

Akl (27 :23)
DR — VR

kPa D& x XV b, RSO, ROSTHEIIELC 0.015 ; :
F ¥ —DOHT AL ERER DI RET N LN D 0012 | expectation | mixture ! impregnated
| M water-soluble | mixture

N5, LoT, VLRI vay itk rFv—
OMRERKIL. SR Ak LTz He 7207

0.009

O water-insoluble! i

0.006 n : ,
0.003 | n n ' E

0 \H\H\H\H\H: Lo A

TliEe <, OB RAERDIZE L5 2 &N
Lo iz,

Relative Mass of Tar
[g/g-sample]

32 16 288 32 16 288 3.2 16 2838
Elapsed time [s]
10 V7=t 7 v oRARE (27 :23)

H DA — LR

Tra—2 YT s T URBEMT
H AL LT D 7 — VAR B A R O
RENEG TH —VAEKEERAEDLETTHX
ﬂé&_WEﬁi\\ Bkl & - 325RE
DH—VAERE, BEREHZT NI v aE2E
&éﬁtSﬁﬁ_owT IRERME - FEkTATE
2o CHRIE Lz, fER%2X 8 I1TRd, 'L
o—2R LY 7= oRARENI, BERAaED
THME & BT, KEEMESY — VO EDKIEIZ
BT enbnd, V7= EFFvy—
DHALENE W=, BE L& E—
Xm%@*ﬁ%&~»@97:ym%@%
DI R R ORI {0 Hl R o B
bND, ZDd, Z—LOAEKENKIEIC
WALt lBbns, —FH, FhU DA
ZERTHILE T, IBRAEWREOR R L i L
T, KIEMES —VOAEREN D L, FFEKE
PEZ — L DARRHEE 2 77,

F-. BHERDO LRV aY &, 383wt%is
L 50wt% DEE THHIEA L T A 4~
ADKELH A atT o728 ZH, LRIV
o 50wWt% D R LR L3 33wt%
DGE LV KFZEORAENIE END Z LN
ot B2k —ALXT T OMEER

Holckre—REFXF T U DRERICH

(3) AAEM 75)/\4’ A~ ARy TR OFE BAE
HIZ5- 2 55
(3—1)-E1w1~x LU = OfMEFEH

T — VAEKEE ERT, Blrue—RLXx
T U DOREREITIX., ERESDEOTHIE
(AR TH =V OERD R Lz, F



7. T rIUvLAEEGRLEZESRE T, &
U DA LORAREE LB LT, BHER
EWIR N7,

(3-3) Vr=vbxv I 0MAEER

B 10 1TV F=r % T 0 DIRERICH
THH—NVOERFEIERT, V7= EF
VIUERETAHAILIZED 96s & 165 KL
AT & — VDA R 2. R, X
JERHYETOX —VAERBENKESHEX D 2
Embnd, TRV UAEEGRTAZEICK
0. KM A — VO S KA LT,
REREOLGE & ¥ — VARO[ IX
BEhREbEOHEIZE, 20 Ehb, F
M) O LADIFEILED, V=R T
OMEERNMIZbNTZEEZBND,

5. ERRERLE
(BFFEAREEE . WFZE 0 $03 M ONHLEERFZE 3 1
X THR)

GEREams) (B2 1)

(D Chihiro Fushimi, Tomoko Wada,
Atsushi Tsutsumi, Inhibition of Steam
Gasification of Biomass Char by
Hydrogen and Tar, Biomass and
Bioenergy, #riifT (T HRR AR +)

@ Chihiro Fushimi, Shingo Katayama,
and Atsushi Tsutsumi, Elucidation of
Interaction among Cellulose, Lignin
and Xylan during Tar and Gas
Evolution in Steam Gasification, J.
Analytical and Applied Pyrolysis, &7t
H, vol. 86, 2009, pp. 82-89

(FaFER) Grafr)

@O *C. Fushimi, T. Wada, A. Tsutsumi,
“Effects of Hydrogen and Levoglucosan on
the Char Reactivity in the Biomass
Gasification”

International Conference on
Polygeneration Strategies 2009 (ICPS09),
Sept. 1-4, 2009, Vienna, Austria
@ Tomoko Wada, *Chihiro
Atsushi Tsutsumi

“Interactive Effect of Char and Volatiles
on the Char Reactivity in the Biomass
Gasification”
World Congress on Chemical Engineering
2009, Aug. 23-27, 2009, Montreal, Canada
@ *Tomoko Wada, Chihiro Fushimi and
Atsushi Tsutsumi

“Effects of Volatile-Char Interaction on
the Char Reactivity In the Biomass
Gasification”

2008 Annual Meeting of American
Institute of Chemical Engineers (AIChE),

Fushimi,

Nov.16-21, 2008, Philadelphia, PA, USA
@OOFH AT - RE T - 1 HF
CONA A~ AKBERI A BT DR ME
DT v — DI R IFE T A
%40 PbF TRk RS, 2008 42 9 A
24-26 H({lI#&)

(XE) Gtofh)

(PESERA PERE]
OiiRdL Gt o)
Offsikdt (Gt o)

(Z Dfth)

6. HWFFTHLAR

(D7 FE

KA T (FUSHIMI CHIHIRO)
B RS - AEFERARFZERT - Bh#
Wge &5 « 50451886

HFFE s

L

(B)E I IEH

L

23 3CHK

1) Fushimi, C., M. Goto, A. Tsutsumi, J.-1.
Hayashi and T. Chiba, /. Anal Appl. Pyrol,
70, 185-197, 2003

2) Fushimi, C., K. Araki, Y. Yamaguchi and
A. Tsutsumi, Ind FEng. Chem. Res., 42,
3922-3928, 2003

3) Fushimi, C., K. Araki, Y. Yamaguchi and
A. Tsutsumi, Ind FEng. Chem. Res., 42,
3929-3936, 2003

4) Kuchonthara, P., A. Tsutsumi, J. Chem.
Eng. Jpn., 36, 846-851, 2003

5) Yamaguchi, Y., C. Fushimi, K. Tasaka, T.
Furusawa and A. Tsutsumi, Energy Fuels,
20, 2681-2685, 2006

6) Bayarsaikhan, B., J.-i. Hayashi, T
Shimada, C. Sathe, C.-Z. Li, A. Tsutsumi
and T. Chiba, Fuel, 84, 1612-1621, 2005

7) Bazardorj, B., N. Sonoyama, S. Hosokai,
T. Shimada, J.-i. Hayashi, C.-Z. Li and T.
Chiba, Fuel, 85, 340-349, 2006

8) Fushimi, C., S. Katayama, K. Tasaka, M.
Suzuki, A. Tsutsumi, AIChE J. 55, 529-537,
2009

9) Hosoya, T., H. Kawamoto and S. Saka, /.
Wood. Sci. 53, 351-357, 2007

10) Huttinger, K. J., Carbon, 26, 79-88,
1988

11) Lussier, M. G., Z. Zhang, D. J. Miller,
Carbon, 36, 1361-1369, 1998



