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3l 400~550 °C2] 2= 9]olA F55 GitslNks S &S, o Hlo] -2 0] 52 36.98~39.14 wi%, 7}
29) 5 33.40~36.96 Wi%eo] S LERISITE. vlo]2-2de] WAREE 500 °C, 3.0xU,, ZAMA 20.18 MikgS
FERIQITE. A e ko] 3 ABEL CO,, CO Bl CHRIH CO,00 AEe] 37.16~50.94 mol%. 71 3
Stk vle] 2-9 U FEF HisT o] 59 FEAIR] 1-hydroxy-2-propanone, 2-methoxy-phenol, 1,2-benzendiol, 2,6-
dimethoxy-phenol°l] tigt & ME/d-S 7Ex| a1 9ISt

AR A7 TeFHA

Abstract — Biomass has been concerned as one of the alternative energy resources because it is renewable, abundant
worldwide, eco-friendly, and carbon neutral. Quercus variabilis has been studied to understand pyrolysis reaction charac-
teristics, and to evaluate the efficiency of bio-energy production from fast pyrolysis. Quercus variabilis were fast pyrolyzed in
a bubbling fluidized bed reactor at various reaction conditions. The effects of pyrolysis temperature between 400 °C and
550 °C on product yields were investigated. The yield of bio-oil was changed between 36.98 wt% and 39.14 wt%, and
those of gas yield was 33.40 and 36.96 wt% with increasing reaction temperature. The higher heating value (HHV) of
bio-oil at 500 °C (3.0xU,,) was 20.18 MJ/kg. The gas compositions were similar for all reaction conditions such as CO,
CO, and CH,, and CO, selectivity was the highest (37.16~50.94 mol%). The bio-oil has high selectivities for furfural,
phenol and their derivatives such as 1-hydroxy-2-propanone, 2-methoxy-phenol, 1,2-benzendiol, 2,6-dimethoxy-phenol.
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U AA 2 AAA o] w2 A AR A F AR 9L
2 ddd AblE o 6] 2 TH6). A3l (Pyrolysis)= HA AR
ito] 7P—6P PO A ﬂodie 217 AHsAV A A &
Z3to] =2 oA E T Alol A g R R WEkAZ
‘E}[4
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E(BIO-OII), A AAES] F(char)o} Hghs O FE S
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2-1. HO|@OHA AlZ2| M= & &AM

7132 53 W 710l ARESE] §13F Al 852 Culatti*K(Cullati
MFC grinder CZ 13)2] Knife mill& AFE3F 2.0 mme] 712
et AlRE E0lekith SR R SR dES A
317] 9184l ASTM E 1756, ASTM E 17555 o] €31tH10].

Al 72 P42 Thermo Fisher ScientificAh(FlashEA 1112)2]
A2 7] (Elemental Analyzer)E AM8-510] C, H, N % 09] &%
S A3 o, V)& ehetA)2 Varian (Ultramass-700)AF2]
f=dgrEek=vt A 22337 (Inductively coupled Plasma-Mass

Table 1. Condition of thermochemical conversion for the production of bio-fuels

Pyrolysis

Directliquefaction

Low-temp. gasification Gasification

Pressure atmospheric pressure high pressure (7~10 MPa) high pressure (10~20 MPa) atmospheric pressure
Reaction conditions 500~600 °C 250~350°C 350~450°C 800~1200 °C
Dry necessity unnecessity unnecessity necessity
Product liquid (heavyoilandchar) liquid (heavyoil) gas (H,, CH, etc.) gas (CO+H,etc.)
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Fig. 1. Schematic diagram of bubbling fluidized bed reactor.
1. Bubbling fluidized bed reactor
2. Furnace
3. Thermocouple
4. Mass flow controller
5. Hopper

9. Cyclone
10. Reservoir
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6. Sample feeder
7. Temperature controller
8. Heating band

11. Condenser

12. Electrostatic precipitator
13. AC power supply

14. Filter

15. Gas chromatography
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Spectrometer)E AF-31] Ca, K, Mg, P 2! Na®] &5 #-49313tH11].

2-2. 85 HIS7IE 0|88t SELIFL| 25 Y=ol

ZFAT9 F8749 vl -9 RS flato] A& F o] 9
3 Alg2] a7t AsHA o] Fo] A = UEF BRilE 5T
EAZ o] 83 7| 55 715 ARSIt Fig. 19 713 &
&% HF&7](Bubbling fluidized bed reactor)®] 7NEFEE UYER| AT

=T QRS E S e REe AR A v
Zth(Fig. 1). 755 5719 49o7 3 kw B8 W2, 55
HES-7], RS-0l AR5 & A 571 B3k S5 (Hopper), Al 2E
&2 07 I8P $lgk ~3R/IE (Screw feeder), A= & =
3|48i= Ao EE(Cyclone), 245 3]53H= -5-%7](Condenser)
o} HE (Filten)= T =00t 35 GaslinbeS 53l A9=+=
H]-5-54J 7F~(Non-condensable gases)yi= 7+~ Zr}E 129 (Gas
chromatography)& ©]-838to] Ao 7 A4S +43150 0. 28
HEg-ol o] 85 & Alfe AARIUE FalA A SEE 5
S WES71ell 8lo] 7Fasl shSlaL, FUEE Alsel agAo®
A& AGAAE T AU 155 E2 (Bed materia) = AHG-H EH|E
Bt A&=7] 224 um, 100 g& ARE3FATT

E27) vjo] Qe 0] T4 AR ZHE A E= vlo] -2 9
T NSRS} WHE-EO] W] Ulel] A5k Algtel] & F3e

=0 S T4 AR o 21 E Hlo] -9 kS

FH A MRS dolry] ko] sl st 7538 S
SA7IEA NESE3S st
A, &5 Wgle] upZE 9k 548 oty 98t f55 ik
o] £5E 400~550 °CE WH3}A]
(Fluidization velocity)ol] & @3-S dofrr] 9Jst AL 4
53 £ 10.5 LiminS 71522 2.0~4.08 714 WH3}E A5
=, olul] AAHE F712) AFAITRS 1.29~0.64 o sFstct. &
E8} IRl HAE ARl 59 U 2R o|dy] o] v TR
FASIATE W A SEAR B E 100 g FUE] 5 U4F
S FA18E F Al 5] FUE R 100 ghe 13T, WS- 2 hr
FF WS, AE| wkgo] ehaw Fukg A5 Zkzke ukey),
API1EE, $57], e W HE o] FFARTE vlo] -2}
20 85 AR BEE 7140 82 FFE A 50 FkolA
FAE nlo) 22 A v) 25 Wl FEFo 2 AXRISITE.
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Table 2. Characteristics of Quercus Variabilis : Contents of moisture, ash, elements and HHV (Higher heating value)

&5 W71 F5h o] GRS 54 A7 689

(Agilent technologies)& ©]-&-3l Z-413}{ct. 2418 HH 2 HP-
5MS (30 m x 250 pm x 0.25 um)E AT 22255 40 °C
of| A 1821 F18 & 10 °C/min] 5= 200 °C7HA] 4238 F 1
B 6ASH 15 °C/mine] £5 7 280 °C7HA] 53k & 187k &
25tk A E vlo] 2-2-L AR 7S AR C, H, N,
9 09 ks WAlekloH, pHE 57437 $13l Orion 3 Star
pH Benchtop meter (Thermo Scientific), 3% 572> 7+ A
S5-=47](Titroline 7500KF, SI Analytics)S AR&-slIT). BEdk &
& ARFREE O E A ¥SFY 7iaE RV rtaa R
WEHE 12 7] (6500GC System)E ©]-&-3to] AATEO R A4S 5131
t}. o] wf F291719] L= 120 °C, QE-& 5= 35°CoA] 557
Z&F T 10 °C/min®] £EZ 100 °C 7H4] &3k & 18-7F §-A81
3L 5°C/min®] HER 150 °C7HA] 528t 5 521 {Askeick 7
220l E 183 9] 7% 7] FID (Flame ionized detector) 2 TCD
(Thermal conductivity detector)E ARg-stod A H 7kA~2] 2495

At
3. Zn 3 o

3-1. A9 ME BN

2L RS, SR e, AT A 9 1 oEgw
(Higher heating value)S Table 261 YERNSITH &350 43¢
Fa} 3RS 27} 9.98%, 4.36%= E8SFL UTH B (0),
FAaM), BAN), 183 A (0)2] $HE2 7M7) 49.34%, 6.69%,
0.49% 9 43.48%% X33} QUT}. Demirbas7} 17152 i
A& ZAR 1938 (Higher heating value; HHV)S AlAeH=
WS AT 12]. Dermirbas?F AIFgE 2] T3 2t

HHV =33.5[C] + 142.3[H] - 15.4 [0] — 145 [N] x 102 (1)

A (el 2lal] vlo] @22 whodake: ghagl 248kl 2ulE Q]
FEFS T A o otk 2 Aol AFE R SR
19.28 M/kg®] & YERNQITE =ufloll 38k Q= A4(19.21
Ml/kg), 217 1EFLH-(19.37 MI/kg), AlAVNE-(17.46 MI/kg)2} vl
S W U= AYFEA A5 kv v)sest
WARkS VR AL, 2 B459) AU RO 98 Al
7 AL Qar, FE-EEFe = T UE(11.35~11.70%) 5]l 18]
A& ks ekl Atk

Table 30ll&= =7 7-2] 77145 $HE 415 A oE YeRdglt).
Zr5(Ca)2t ZHE(K)S gl ZHF 17300.40 ppm, 2097.10 ppm 2.
= v7dlerMg), QL(P), HFEFE(Na)ell B13kd A vEhd o, <

[11]

Moisture o/ 1b Elements [%] HHV
sample (%] Ash %l H N 55 [MJ/kg]!!1
Quercus Variabilis 9.98 4.36 49.34 6.69 0.49 43.48 19.28

“ASTM E1756, standard test methods for determination of total solid in biomass

bASTM E1755, standard test method for ash in biomass
“By difference

Table 3. Inorganic compositions of Quercus Variabilis!'!

Inorganic compositions [ppm]

Sampl
ample Ca

Mg K Na

Quercus Variabilis

17300.40 466.60

550.30 2097.10 17.90
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= th(4335.40 ppm, 3015.00 ppm)$} Bl W 3F3-S ) Zr(Ca))
6Lako] ok 4HH7H1: UJ—7\] =3 71— (K)/] fein= _‘C_L 8
o] o 7L

Jﬁﬁ}tﬂ] w}t %%%4 3% "’é#oﬁ‘i% E4& ghotatr]
9al w-S-7]oll A k2 400, 450, 500 2 550 °CE W3 Z}. o]
FE A S5 100 ghr?] 52 2 hre 59 FAAAL 55
EA 8= A7) Z17171 224 um?! RS ARgEIGl o,
AR BHE 538k A1717] f18te] Ha e st S0 3.0xU,,9
sk A 7kE ARl AIFAIRRS 0.86 23 11k

ARSI 2ol uhE A ES] 5 A E TR =S
Table 4o YERSITE ¥H-8-=%7F 22 400, 450, 500 2L 550 °Cell
X A ulo] 9.9 o] FE-E 37.35~39.14 wi%eS oH, 2] 4=
2 26.06~29.25 wWtv, 71 -2 33, 40~36 96 wt% % LFEFL

o} 2T A2 A% e JRGUES 2 RT 28 Ry
Rl iE"ﬂH Hlo] 29229 4=§o| ¢ —‘58 78 Bola 2= g}g}

=, ol AubARl who] e o] FrEART S A} YA E = vfe]
L-2. 0] S8 g} AABATH4]. o2 7 o] f= v 2 IollA
el A] ¢ —E— o] 12 2Pl F714 el el = s Ht
0]2-24Y % AFHE= F o R Wl sl 2EE 500 °coﬂA1
550 °C7HA S7HAIRE B Hle] -2 8] 8-S B EolE
o}, ole 3 F/d2 ArekS 257} 550 °CE ke A, *@*é
¥ vto] 99 9lo] 2344 Q1 el oF) rhaw e, o] %
Ol Wpo] 2-@ A O] &2 oA a1 7410 82 T
molth Ho] @9 Q1 0] FHE St AR AA| Y ol 47
nlo] @ 0] AR ag ol A E RO i HrH14,15].
=T o] 2.2 O] RS 14.13~19.39 wi%E LERE O
1, o]3= ARAILHE(18.9% wt%), ok~ Z 8l0F~(17.84~19.87 wt%),
£ 2eA A st S (7.5~27.2 wi%) vlo] -9 ] &
ekt & afol& Kol ¢kokrh8,15,16]. pHE| -5 AHHA Q1
E47) vjo] Qufj2 1jo] 2.9 A2 Zul S ARSIV AN S| U9k
u BE 4R 2], e Aol 3.63~4.62 Aol ] ak
ERlor, AnbzQl 73--0F F 2jo] & Kol ekgkrh4,17].

742 A E BT Aakstek A (COo), ol hketEA (COo,) L H
EHCH,)°o] A HFg-ollA = A4 Eoar, 72t }M*v‘i—ﬁl
ol Qe e Z 0% YElsth co, A EC] BE
ol 7Fg WA N 39.35~50.94 mol% = H}«—icﬂ =
7} g#% A3 Aaskieh v el CH,2) A B 5.66~12.56

4 A B2 1.63~7.00 mol%E Z7}ali T 244
o%)xoﬁlﬂql H]Ei__ oﬂu]/ﬂlui__ g]ll/] [e] oﬂ
el 7}*2 B 7 A EF COZE 7P B ool A
ZE AR el 527} 375 °CRUF oS CO, 7hAS] A4S
A2 FrasAl |k, gd o] s 7hae] A sl 2o
webA] CH= 375 °CollA Hye 450 °COl F-E] & 57 27 hakrs
Z1ze] 7k ARE & Sk As E1E £ glglon o] et
A= =] Addatel A2 Ax|sk3iTH 18]

Table 5= GE-8l =55 500 °CE 13}l 53} S5 (Fluidization
velocity) 315 F3ll A/3E2] 54 et ARAIREe] Wsh=
A4 FESHEEE 2.0,3.0,35 W 4.0<U,, 2 WA AT 00,
7)) sk ko] AFAIZR 1.29, 0.86, 0.73 2 0.64 = ST}
A FAIZES] W 3fof| whE uho] 2@ A 2] =& 34.60~39.14 wt% =
YeRdTh 2o 7l 82 717 26.07~26.78 wt% 2} 34.43~
39.34 wt%E VFEFSITE A FAIo] gAY A5 npo] 9.0 9
?%01 she Ao] dehd o, o= AlFAIRte] HAgrs

-&3F 7k 9] f-5o] 17}3‘01] upeba] F7173e] nlol -2 &

Vﬂﬂ PAkEo] W77] 8 FEol| F3s] 2R WA Fakar 7k
A &3} o] vjEo] H& Z o7 dckdth M2 A FAI7to]
AAAFE JEE7] UlF-ellA] 221 9E-g-0] WAYsto] Hlo] 2.-2 ¢l 9

Tl FEA HaL 7kAS] &2 T8I wlEeltt [4]. vt
0]9-9 9] FHITEL 14.73~19.76 wt%E YEFE O AFAIZE
o] grobd s 9] ghefo] Folu= AEE Vb=, RESA
7ro] Aol ASE ARs| g ollA] v E F Eol AdE = Rt
So] FA 31 7] ufEel Ao F ettt Sanchez-silva er al. 9
ol eahd, JA A vpo] Qui Aol Gl Al A H = VAR
= CO0,, CO, H,0 181 72 &3}4(CH,, C,Hy):!ul, Al

AIZES] AR Q1% 22REE-2] H AR QlE] H,02 A= H*
3} Ho] AxpA oz Z=Rnaleto) Eop:b Aow ,‘L_}\;JEL];} 18].
Fhbr 345 aalladells A9 vleSA4 7k A= *@ﬂr

Table 4. Effect of reaction temperature on product yields in a bubbling fluidized bed for Quercus Variabilis: feeding rate = 100 g/h, 3.0 x U,

Temperature (°C)
400 °C 450°C 500 °C 550°C
Total liquid 3735 38.60 39.14 36.98
_ organics 23.20 23.66 19.74 19.20
Product yield water 14.13 14.92 19.39 17.77
(Wt%)
char 29.25 27.15 2643 26.06
gas 33.40 3426 34.43 36.96
pH 3.6340.03 4.4620.05 4.62+0.05 4.52+0.02
CO 39.67 38.00 3829 3491
o, 50.94 50.33 43.01 39.35
H, 1.63 2.06 3.84 7.00
Gas selectivity CH, 5.66 6.99 10.54 12.56
(mol%) CH, 043 0.56 097 0.92
C,H, 0.67 0.84 1.17 136
C,H, 0.52 0.55 1.35 1.05
C,Hy, 0.50 0.67 0.82 2.84
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Table 5. Effect of fluidization velocity on product yields in a bubbling fluidized bed for Quercus Variabilis: 500 °C, 100 g/h

Fluidization velocity, U,

2.0xU,, 3.0xU,, 3.5xU,, 4.0xU,,
Total liquid 36.37 39.14 36.65 34.60
. Organics 16.61 19.74 21.37 19.85
Pr"?;‘:;)y)‘eld Water 19.76 19.39 15.28 14.73
Char 26.78 26.43 26.60 26.07
Gas 36.85 3443 36.74 39.37
pH 4.91+0.03 4.62+0.05 4.45+0.02 4.35+0.03
(6[0) 41.53 38.29 37.16 3837
CO, 41.37 43.01 46.40 43.26
H, 4.11 3.84 342 4.34
Gas selectivity CH, 10.11 10.54 10.30 10.07
(mol%) C,H, 0.88 0.97 0.73 0.87
C,Hg 1.11 1.17 1.03 1.15
C;Hg 0.68 1.35 0.61 1.04
C,H,, 0.22 0.82 0.34 0.90
Table 6. Characteristics of Quercus Variabilis bio-oil : Contents of elements and HHV (500 °C, 3.0xU,,,)
Sample Elements [%] HHV [MY/kg]""
C H N 0O°
Quercus Variabilis bio-oil 50.96 6.75 0.35 41.92 20.18
Table 7. Compounds identified in bio-oil obtained through the pyrolysis
Residence time Peak Area (%)
. Components
[min] 400 °C 450°C 500 °C 550 °C
2.27 1-hydroxy-2-Propanone 8.65 9.18 7.69 5.28
3.40 Butanedial 1.68 2.05 1.31 1.17
4.12 Furfural 5.98 5.92 6.70 7.83
4.46 2-Furanmethanol 331 2.88 2.85 2.20
4.63 1-(acetyloxy)-2-Propanone 1.06 0.72 1.30 1.16
5.53 2-hydroxy-2-Cyclopenten-1-one 3.68 3.13 2.06 1.41
6.45 Phenol 0.18 0.63 0.90 1.68
7.60 2-methyl-Phenol 0.51 0.84 0.92 1.43
8.14 2-methoxy-Phenol 1.95 2.23 2.74 3.57
9.70 2-methoxy-4-methyl-Phenol 1.62 1.93 2.95 395
9.82 1,2-Benzenediol 1.80 1.02 1.53 1.28
10.70 3-methoxy-1,2-Benzenediol 2.28 1.73 241 293
11.10 4-methyl-1,2-Benzenediol 0.73 0.52 0.89 1.28
11.43 2-Methoxy-4-vinylphenol 0.93 1.04 1.20 0.94
11.91 2,6-dimethoxy-Phenol 457 5.12 5.40 5.18
CO, CO, ¥ CH/} 5 A& ¢1%l 1, CH, Y 745 3.0xU,, 2] =71 YERATH4,15].

oA 10.54 mol%® 7} =& Aule = ekt

3-3. H[OIQ-EOI _,_A-I del_|.

&5 W71 A E ol - o] A A 9 A
A& 2kl Y718 GC-MSE ol &sto] F45 AAsIGiTh
Table 6> 500 °C, 3.0xU,,-2] Zx10lM /3% Hjo] 2-2U ] 214
-4 A3}o|t}. Higher heating value (HHV)= 2] (1)°] 2]3l 20.18
Ml/kg o9, ©] Fh2 AAd ¥ vlo] 2-2d el §71E7} 49.54%2]
o] ok 3k glolth EFh e w5 QiR E e
Ho] Q- @ 9 o] FaEL APALF(22.3 MIkg), SHILH-(22 MIkg)2}
22 247 vlo] QUi A ulo] -9 ) HHV #ty} v]S=3t A=

FEPE A S Z1Z}o] &5 odofa] AlE B 5|3k Hlo] -0
9] GC-MS #2414 37} 1-hydroxy-2-propanone, furfural, 2-methoxy-phenol,
1,2-benzendiol, 2 6-d1meth0xy-phenol./1 ARo] FE O 7 Ighr|o]

UUTH. Table 7 B LSRG Aolx BE5 0= E3E ] Q=4
$ES tehigleh 217} F7bka o)y Baahgela] Wy
Sh= Ao ® AHA furfuralS S7F8h= A 02 YR o T, Hi=
(Phenol)¥} ol FEA| oF 22 L Alge] Abshrr|sheka e 7t
S, ol W Wt wele] A LESH: e AL

PShES P AFH AR vlo] -0 EHF sht
OJTH15].
Choi et al. 2] AT oJ&td &4
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(Fagus sylvatica)2} H G5 EFAE 47045 °C2] L8} AFAIZE
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