od
=

b
K
lo

—1
=

g

s do=of i

o
=
olo
ro
H1
lo
02
0%

Ar

EHE HBE @AM
NeA Qejea

Influence of Reaction Temperature on the Pyrolytic
Product of Rice Straw by Fast Pyrolysis using a Fluidized
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2R WE HHY B AAHEY B2 AAAEY 3 FAHS gotEr] A%ty
wae g 4¥e WAHAT. YR SEES oF 466, 504, STOCAROINA AT
55 slaze A47l2E AR SReH $3E NL/ming ALART AW AR
A3 NA, 4, 24 EF& 4 F UAth 7IAERD L GC(TCD, FID)E o] &3t A&
ZAL B8t AAER L A5NH tarZ R8st BEdF, 928N, £8, GC/MSE
S HUHTHAES 2ASED. DASEL AARM 293E ARG AAELe
SerEy 2HEH ARBY olud S8 4RBAAY AEIEAS ¥ 5 AN

FAo: B, AZAAA, Hole e d, &S

Abstract

Rice straw is one of the main renewable energy sources in Korea, and bio-oil is
produced from rice straw with a lab. scale plant equipped mainly with a fluidized bed
and a char removal system. We investigated how the reaction temperature affected the
production of bio-oil and the efficiency of a char removal system. To elucidate how the
temperature depended on the production of bio-oil, experiment were conducted between
450°C and 600C with a feed rate of about 300g/h. The mass balance was established in
each experiment, and the produced gas and oil were analyzed with the aid of GCs and a
GC-MS system. The char removal system is composed of a cyclone and a hot filter. In
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the experiments, we observed that the optimum reaction temperature range for the
production of bio-oil is between 450C and 500TC.

Key words: rice straw, renewable energy, bio-oil, fluidized bed

1. A&

ZAHZ FHAUYR S 202 A% e dF AR nZZ AG R F3T
EAe] HAsAAM AN dF BAo] EolA T Utk wlolLmjaE Bl LR
ol g3te AT 2us B4 ojAgeist nFE BASEZo|s] R, vlo]mx
A% Fags I garsgToldE AL AU Adx dux AFERolgn &
Alv}."z’ olglg woleujiE AATAL &t A AGd FTuF RIdn YE F

d A9ozH, gHdaste g8 AFH T AHHY FFo| st A 4F

%H AR AE FFEt AT AREHE AFHE FFL ANz B 4
A GFANE AT 233t @ vlo)om2e FAHY Foe] FEam, o)istes )
2% AL A4 FAHA oz voloma ALF AAL £Ys}d AAFT Yo
50 nlolonj22RE Y qUR B4 L BEL AT Y 71e AL L ATE S
Aoz #f@s}n ek olEld A dAE woleujiE YA Po e Fau ohg

3tk Aglel 98 272 FF99 944 £3 & F dodE FdA g YA A5 &

Az} FEEHE %—?Tf?} EQS AT Yok B3 MH 58 Ao fdste Az FAE
Ae 37 184 AL 2 volena Ao R 4L NEA 2AANE
A7 7F 2. 28y R vl enjARAsE AN JOEH gg=do I3
Ho] glon, JAEAFTFLo2MY GFL nnjEA tFolxn gt ojd Adzn

Bl vlo]Qujx zdsto] glolA e A 34 Ao AU JleNE L A7 ey
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TE ol de WFel ANHIm glen, WRE Hul, Az, 2245 S&d P Aelse

Fd AYFH Ak B AFNAE 400CTHNH 600TAele] L2oM HZL AR o
AREe HAEY 2 2 JEEML B35 da2A B9 ol Uz e

Haz A7E Ao

mlo -im -l> e e lo

2. As R 2389

FU HEARAEL sdUIEy 2EE A vid Fotste Aoz JEyt B A
AHEE AEE IUdA M Bel A ¥ 53 Jdd3dd. 48 d AEY 293
EA47 3iatd EA& B en A FES Fol7] st FUdd dxEHAG. AE
Azl o °‘“’J—% Zol7l 95t A5 Z7]E Smmeolsdte ¥y F}m FUIF AV|Z
Adetgich Table 1. & A E8, 383 4L &4 Aot #4247 & vlo
QA8 U}iU}Z] hE 2 cellulose$t hemicellulose, lignine. 2 FAHS gon o 86%
g At Aoz YEwt. 94FH o8 #HAFdAY C H, N, O, So &FE& A
Aok H@e EAL GE vlolemzd B i HJt Fon F2 FUEQ HES H
Ao g FAHAA BAHEY FAS 433 WHHAIY. £ RIS ANH O R A4
EFo] vluA gon e WIS IR U
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Table 1. Analysis of rice straw

AL B (wt%) o¢Ze &4 (ppm)

Fi 6.62 Na 250
L 64.34 Mg 1876

1R 1S 17.88 Ca 2946
3% 11.16 K 25261
LA2EA(wt%) Si 23534
C 39.20 T ZF(MJ/kg) 12.85

H 4.84 33743 A B (wt)

N 1.60 Cellulose 54.64
0] 53.69 Hemicellulose 32.53
S 0.67 Lignin 12.83

2.1. a&HZA

Fig. 1 & £ 4ddd Al8d dEZA FAHTolt whgrle Alslel] 73 stainlessZ
AF FAh Wer) WRZ H58 start FsA FFE S UASE gy shtd 2a
H& AP B2 RE 10mm Eold ARFUYTE AN feeder2st AR
AEE RS FAHLE FYSEE AAAT. &4% side ¥4d #%3 7l22 9
€719 &7 dAEE AES WA H8 AdF FE Fo FEI MEHEES e
N 2% AME HdAEY 2T xHo] JFIEE s werY stde R spdy o]
B ZtEAAE HA72 7hsdr ARTEFAE 1000C oY 7Mde] Ztest=sd AAFA
o gl & 2HY Fa4E AL BAS o 37, dEe 14 § 4y 2=
AME Faste 94X B8 2= 2XE < & & AEEF e & 37 FAYG 4
Aste] Wgrie =& 2E ¥ F UEE AFHAT g0 YEE AR FFS AT
A gFYF A esilo, feeder 122 TAHFHAJT Siot AEE W72 FAS7] Mol A%
3 RoB of 2L §FoE AU AEE silod FHA FYE IVl FAE F
A FAFL2ZA AA AT AR 48F FFS Y39 T screw feederE A
3o A MA screw feeders silo 3t@dol FA=Hojglom AEE dASA THIE G
&S 3rp. F WA screw feedere A WHA screw feederdiA AASA FFHE AEE
gl WRE FYete 75 E ok T WA screw feederdl® & £@FX7F oM
S7IZREY 8 550 o AR HIYE 4L F UERE A R F 2R
B f&se stzodle vAE f-5F YA, coke, dust 5°] £ olgd JAES
AAs7] A3 aero-cyclone® hot filter& AME-3t% Tt aero-cyclonedl A& ¢ 10vtelz
E ol AAE AANEEZ AAsHSH hot filterdl N 2vlo)aE e YAAA A A
T2 AAsY hot filters 800C o]Ate JL2ME &AHA ge Ay HEHE ALE
At Hot filters EE£3 7t Fol LY FEAH Rl filterE THANUA $F5H
A FEE 30T o] FAHEE 97 72 dHdoz MA . dRAEIZANE AA
U2 Ztx 3 EZo R EA5e AFEHEL $EHAII7] 9% FAZ heat exchange,
intensive coolerg AF&3}%th. Heat exchangere 4¥F FEEE WZAF=2 Algstd 422



2 Yz+2 A7e 98¢ 3l Heat exchanger® A3 7}A % intensive cooler& A F
&yzie] Hed ¥AFRE 43S AMRIY WYALEE Ho -20CT7HA ¥74E A E
F UEE YAFAE AFddt. $FFA HoE gas FoAAN $FH HES & F
AEE oil-tankE A XY} cooler E&ol electrofilter® A X&) LA &5z &
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Fig.l Pyrolysis system
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Fig.2 TGA curves of rice straw at 5, 10, and 20C/min
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Fig.3 DTG curves of rice straw at 5,
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Table 2. Conditions

of lab. scale experiments

RUN1 RUNZ RUN3
2E(T) 466 504 579
A &5%(g) 200 200 200
Al &3 7)(mm) 50] 8} 50]8f 50] 3}
& A A ZHmin) 40 40 40
553271 (m) 380 380 380
% &% (L/min) 30 30 30
3. 4% % 313
3.1 Mass balance
R dEs AP AEE] BXEE BHE2E, WEAZ, WAS S 2AS

d &M gkt 2 AgdAe 224 W u} Ae Bz 5Qc @
Aol dvs) 4¥AH Fig 4. 9 2& AAE AU FEH L= EoldSE gase A
*m—ol St e 2d chardl ¥ FAdAo AU oil BHFL o 43%E ey
oo dEs 27 BobdSsE shad B4 Frlste AL £718H 2% Bl o
Rol ‘33%‘2 dEs AA @° bio-oil& FAE E&3 & AET HA LYPom o

r 2hRg & ash 4&o B ¥4 S$EHS
Z3teta A7) WEolth HF Y FEAAEL Fo B8 &S 3 A€ bio-oilE 7t~
2 B&3y] dgEo bio-oil AL 7:} Azt
Mass Balance
450 r 42.8
40.0 | 2.2 38.0 38.2
350 r 35.7
35.0
2 30.0
3250 27.0 — 26.1
T 200 |
9@
> 150 + 5.1
10.0
50 r
0.0 : ; '
RUN1 RUN2 RUNS3
—+— Gas —#—Qil —a—Char

Fig. 4 Product distribution with temperature
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CHs, CO, CO29t ethene® ethane Z< hydrocarbon2 2 TAH At Fig. 594 &x7F 4
&2 CHeet COY LA Fo] F718td . 29 Wl COxe A FL AAsHT

700
63.1
60.0 54.6
50.0
- 439
§S 400 392
3 308
° L 27.9
s 300
>
200
100 | , 9.0 —4 10.2
gl —— —9 6.8
0.0 3.9 : : '
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Fig. 5 Gas composition with respect to reaction temperature.
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APAAT LA bio-oile A5AHY tarZ FEY7E AU Tard] HF-EL bio-oil 2
ZA NN A 35 st Ao Bresd IR E AHANA FFd 42
sk Z AYPoA BB bio-oilel EAHL Table 39 YetWlth F5de FEF
8lwt%ol A 88wt%7k x| EMgtTh ol AL tardEol ¢33 Ee syl wEolrh. Bio-oild]
wdete NS tarE FREGOH, 4 BA ZAFRE o] 439 Dulong o2 ALt}
Ao, A4 AF ASAE 3MJ/kgllA 46MJ/kge LEF S HAoH tare 92MJ/kgdl
A 95MJ/kgel E%EL Bt AT @& SdIFE Hole AL bio-oild] A&
Aoy} B fRo] S o] Bxgoz Mae ko] TA Jeyy] wioe|th

)b].

oL
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Table 3. Characteristics of the bio-oil

RUN1 RUN2 RUN3
e R tar 359 tar 45 tar
C(wt%6) 934 60.89 6.61 65.22 484 68.05
H(wt%) 9.57 7.43 10.28 6.98 2.81 6.9
N(wt2) 0.26 2.32 0.25 2.39 1.05 3.65
O(wt%) 68.45 24.05 771.27 21.28 71.10 20.37
S(wt%) 0 0 0 0 0 0
o ZF(MJ/kg) 4,624 26.980 3.128 92.620 - 95.739
FE(wt%) 81.6 - 88 - 86.8 -
pH 4,08 - 4.44 - 440 -
Bio-oil®] #4-& 3 GC-MSHAE o]§3t3tt. Table 49 Table 5& bio-oil9

GC-MSE4Z#E veld Rolt. =7t 455 F Phenol¥} alkylated phenol# 9 &%
o] F7tatArh.
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Table 4. Compound identified by GC-MS in bio-o0il(1)

RUNI1 RUN2 RUN3

Compound A5 d| tar | A5H | tar (&5 B tar
Phenol 348 |1.19]| 763 |4.21] 812 |5.36
2-ethyl-Phenol - - 041 {043 044 | -
2-methoxy-Phenol 336 | - 234 086| 035 | -
2-methoxy-4-methyl-Phenol 092 | - 069 079 - -
2,6—dimethoxy-Phenol 218 + - 1.1 1391 - -
2-methyl-Phenol 126 1052 18 (191 1.82 [1.78
2,5-dimethyl-Phenol - - 0.39 - - -
2,4-dimethyl~ Phenol 061 | - - 0.72] 063 | -
4-methyl-Phenol - 1.13 - - - -
3-methyi-Phenol 264 | - 431 |4.48| 396 (649
3,5-dimethyl-Phenol - - 0.4 - - -
4~ethyl-Phenol 09 |086| 132 (444 089 |5.71
2,3-dimethyl-Phenol - - 024 1079 024 | -
2,4,6-trimethyl-Phenol - - - 034 - -
2,6-dimethyl-Phenol - - 018 1032} 022 | -
3-Ethylphenol 061 | - 062 |[1.37]| 046 |2.28
3-Methyl-5-ethylphenol - - - 019 - -
4-ethyl-3-methyl-Phenol - - - 058 - -
2-Methoxy-5-methylphenol - - - - 013 | -
4-ethyl-2-methoxy-Phenol 117 | - - - - -
2-methoxy-4-(1-propenyl)-(E)-Phenol - - - 041 - -
2,6—-dimethoxy—-4-(2-propenyl)-Phenol 006 | - 0.02 - - -
2-Methoxy-4-vinylphenol 188 1068 059 (283} - -
2-methoxy-Benzeneethanol - - 094 127 - -
2-hydroxy-3-methyl-2-Cyclopenten-1-one 6.05 | - 5.2 043} 266 | -
2-Cyclopenten—-1-one 225 1 - - - 1.7 -
2-methyl-2-Cyclopenten-1-one 237 | - 257 1037 254 | -
2,3—dimethy1-2~Cyclopenteh~1—one - - - 054 115 | -
3-methyl-2-Cyclopenten—-1-one 253 | - 2.6 0861 1.11 | -
3-Ethyl-2-hydroxy-2-cyclopenten-1-one 1.38 1 - 1.08 j0.19| 087 | -
2-methyl-1,4-Benzenediol - - 059 062! 1.03 16.86
1,2-Benzenediol 313 | - 332 1059 32 (875
4-methyl-1,2-Benzenediol - - 147 |055] 16 [|5.69
3-methyl-1,2-Benzenediol - - - - | 097 1395 °
2,6-dimethyl-1,4~Benzenediol 023 | - 0.21 - 1039 ]| -
4-ethyl-1,3-Benzenediol - - 014 ;064 - (953
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Table 5. Compound identified by GC~-MS in bio-0il(2)

RUNI1 RUN2 RUN3
Compound A5 | tar | AT A | tar |[F5A| tar
2-ethyl-Pyridine 018 | - 0.22 - | 019 -
Pyridine 0.51 - 0.7 - 1087 -
2,4-dimethyl-Pyridine 029 | - - - {051 -
2,6-dimethyl-Pyridine - - 0.68 - | 026 -
2,4,6-trimethyl-Pyridine - - 0.06 - | 0.03 -
4-methyl-Pyridine - - 0.35 - - -
3-methyl-Pyridine 045 | - - - | 074 -
2-methyl-Pyridine - - 0.8 - 1 -
2,3-dimethyl-Pyridine 0.17 - 0.24 - - -
3,5-dimethyl-Pyridine - - 054 - - -
2,3,6-Trimethylpyridine - - 0.09 - - -
4-hydroxy-3-methoxy-Benzaldehyde 0.55 - 0.32 - 0.1 -
4-hydroxy-3,5-dimethoxy-Benzaldehyde 0.04 - - - - -
2,3,5-trimethyl-Furan - - - - | 037 -
5-methyl-2(5H)-Furanone 043 | - 044 | - [ 014 | -
5-methyl-2(3H)-Furanone 054 | - - - - -
2-Furanmethanol - - 0.83 - | 023 -
5-methyl-2-Furancarboxaldehyde 2.83 - 3.35 - 32 -
1-(4-hydroxy-3-methoxyphenyl)-Ethanone 0.23 - 0.07 - - -
1-(2-furanyl)-Ethanone 0.85 - 1.31 {0.16] 1.46 -
1-(4-hydroxy-3,5-dimethoxyphenyl)-Ethanone| 0.15 | - 0.1 - - -
5-(hydroxymethyl)-2-Furancarboxaldehyde 0.56 - - = - -
4,4’ -(1-methylethylidene)bis- - 1049 - ~ - -
2,3-dihydro-1H~Inden-1-one - - - - | 072 -
3-Hydroxy-2-methyl-4h-pyran-4-one 0.35 - 0.25 - - -
Cyclopentanone - - - - 0.9 -
3-methylphenyl ester Acetic acid - - - - | 0.08 -
Hydroquinone - - - - - 397
Azulene - - - 037 - -
4-(1-methylethyl)-2-Cyclohexen-1-one - - 0.16 - | 016 -
2H-Pyran-2-one - - 0.1 - | 024 -
2,3-Dimethylhydroquinone 0.34 - 0.16 - - -
Pyrocatechol diacetate - - - - | 016 -
4-Ethylcatechol 075 | - 0.71 - | 1.08 -
2,5-Dimethylhydroquinone - - - - 0.09 -
3-Ethyl-3-hexene - - 0.27 - - -
1,4-Dihydrophenanthrene 0.23 - - - - -
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3.3char
Charel 94ENARE ol§stel BAFe AT A% A=A We} 17MJ/kgol A
19MJ/kge] &&d o] eyttt Table 62 chard 94X A58 Jed Aot}
Table 6. Characteristics of the char

RUN1 RUNZ RUN3
C(wt%) 44.54 53.22 51.21
H(wt%) 1.95 1.81 2.16
N(wt%) 0.79 0.89 0.87
O(wt%) 2.94 7.11 9.33
S(wt%%) 0 0 0
T FMI/kg) 17.351 19.334 18.749
4. A&

TEFZY bio-oil& A7 Y3t £ AFMAME F5F WHE7E AHEFA e char AA
A3t cyclone® hot filter& AFE-3t9Th 2 A3} bic-oilg HYZ AL 4 Y= 2%
450C oA 500CAFe] Q1 A& & & U & A ¥HAA dolz bio-oil2 diesel F&
Abgo]l 7hsdith AFARZ ARgo] 7bEdty & dREHY RS AEdSE Ax
7bs 3ttt Bio-oilole & Aol §17] ®iEe] SOxZ S #H2gdEd viE g HE +
2. GC-MS E4& &3 bio-oily AEL X% A phenol® alkylated phenol#,

cyclopenten® 3¢ 3 82 el YAHYL 257t A4 $4F  phenolF alkylated

phenol¥, cyclopenten®] ##o] F718lAth ol& AAY F&& T3 F§EF YFEA

Abgo] 7tEdltte RAE HAgFEo, AA 7t2s diiE CO, CO:¢t CHyE FAH 3T} CO,

CHs¢ thE 7[2AEL G&3 257 2old4E A Fo) F7te A22 vebyt Char
o] Y dELS 1M /kgol A 19MJ/kg2A iR gee A& A $ gt

Meorlr

e 2
o] £FE 20044E ALAYYFT FEATFZA ot ATHAE
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