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Abstract : Ginkgo leaves are considered waste biomass and can cause problems due to the strong insecticidal actions of
ginkgolide A, B, C, and J and bilobalide. However, Ginkgo leaf biomass has high organic matter content that can be converted
into fuels and chemicals if suitable technologies can be developed. In this study, the effect of pyrolysis temperature, minimum
fluidized velocity, and Ginkgo leaf size on product yields and product properties were systematically analyzed. Fast pyrolysis was
conducted in a bubbling fluidized bed reactor at 400 to 550 C using silica sand as a bed material. The yield of pyrolysis liquids
ranged from 33.66 to 40.01 wt%. The CO, and CO contents were relatively high compared to light hydrocarbon gases because of
decarboxylation and decarbonylation during pyrolysis. The CO content increased with the pyrolysis temperature while the CO,
content decreased. When the experiment was conducted at 450 C with a 3.0x U, fluidized velocity and a 0.43 to 0.71 mm particle
size, the yield was 40.01 wt% and there was a heating value of 30.17 MJ/kg, respectively. The production of various phenol
compounds and benzene derivatives in the bio-oil, which contains the high value products, was identified using GC-MS. This
study demonstrated that fast pyrolysis is very robust and can be used for converting Ginkgo leaves into fuels and thus has the
potential of becoming a method for waste recycling.
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1. Bubbling fluidized -bed reactor 6. Sample feeder 11. Condenser
2. Furnace 7. Temperature controller 12. 1, 2 Condenser
3. 1, 2, 3 Thermo-couple 8. Heating band 13. Filter
4. 1, 2 Mass flow controller 9. Cyclone 14. Gas chromatography
5. Hopper 10. 1, 2, 3 Reservoir
Figure 1. Schematic diagram of bubbling fluidized bed reactor.
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Table 1. The effect of temperature on the product yield of ginkgo leaf in a fluidized-bed reactor, biomass feeding rate: 100 g/hr, nitrogen flow

rate: 3.0xUyy, particle size: 0.43-0.71 mm

Product analysis

Temperature (°C)

400 450 500 550
Product yield [wt%)] Gas 15.25 19.89 27.72 34.10
Char 49.49 40.10 33.82 31.24
Total liquid 35.26 40.01 38.46 34.66
Moisture[wt%] 28.07:054 29.96.05 35.99:000 35.3640.66
Organic [wt%)] 71.93 70.04 64.01 64.64
Elemental analysis of bio-oil [wt%] C 65.73 68.86 72.54 73.30
H 8.42 8.65 9.29 9.26
N 1.53 1.55 1.41 1.43
0] 24.32 20.94 16.77 16.01
HHV of bio-0il [MJ/kg] 29.17 30.17 32.10 32.86
pH of bio-oil 3.49.0.10 4.53:004 4.871008 5.0640.03
Gas selectivity [mol%)] CcO 5.10 8.50 16.44 17.27
CO, 87.50 76.59 61.51 50.51
H, 0.47 2.85 8.41 19.75
CH,4 0.89 2.56 1.25 0.04
CH,y 1.08 1.96 2.62 3.21
CHg 1.17 2.59 4.13 3.48
CsHg 0.86 1.57 2.00 2.13
C;Hg 1.88 1.68 1.50 1.19
C4Hs 0.75 1.16 1.43 1.83
C4Hyo 0.30 0.54 0.71 0.59
CO/CO, 0.06 0.11 0.27 0.34
(CO+COy)/H, 197.02 29.86 9.27 343
o JaFe ulx7] ol 3 F71SHs AL BT, ol AagFgol £E7t 3716
S-SEst S7He] net A4E vlolo- Qo] SEgkE v AW gashs A0 8| Ao Sa o] 7}
ALEA, 19 WAL, pH S BASITE B WEGo] 1 o] Sa0l20) HET} Roly o Qs WASH: A4l
AE B9k Spo] YA, SR BA Aut AF vlo] 19 A(Higher Heating Value; HHV) %% 2 &%}
Q-2 Fo|A 28.07~35.99 wi%s A[A|SH= Z O F LENGT Z7184E HHV E3F S715k= A0 & UElTh Hlo]e-Q
A% 27 2 400, 450°C9} B W5 uﬂ 500, 550°C9] && Uo] AAEA A} AATHES 24.32 wt%oll A 16.01 wt%E
ZLoflA sEeFgol A S7ske AL Fdstiey o= Hashs 32 HERL, S22 65.73 wt%eoll A 73.30
o] v IRl E= oA Z4HES(Dehydration)of W%, TATFL 8.42 wi%O4] 9.26 wi%Z SVt A& &
o3} A== Holck QIsteich. ol AL SEv} S71eo] et Sabast wrgo @ 9l
o1ol2-0909] Sibole S5 UL pil meer OB £ o Ak Fegol YA ol whef W L o] gl
3 A3 kel vlolo vhao] pH WAL B & gel  F7ka o] YeloE mepsinh
49-506 BA] S AS AASIALHII). BAA oo LwUe T4 el 5l AHSE A G A
A0F ZH2 AuHA(Q] Hio 12-20‘01 0.4 wt% oJste] Ak &3t 24351 71Al 4= F CO, CO,, Hr= TCDE &
2 7R ok AL TEEIES W 239 Hio]o-QQle sto] B4 spgloH, YA Ehﬂ»ri 7|Al= FIDE &5f &
LAL-1L5S wieo] 9919) 2 AATFE HoiFH, oz A5 A Agsisich £E7} 45Tl T O, el WgS 371
2 vlo] 0.0 ART B £& pH TS HolFl 02 B S 4TS HUoH COk MR Fadte TS Herh
% 93, WAUL WFF/) G pH gt F7HE o F AFE 450-500T FZkolA €09 Blgo] FE3ha CH gl
3ol BUEIQCHI4]. B LTIt S7hR W pH BE E 4Gk A HRASYOH, ol 23 AAY L HEUY
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ATH15,16]. CO, AA71A ¥hg-2 t}42-2] Equation ()2 EH
o] FR5SHEH(17)

CH,(g) + CO,(g) — 2CO(g) + 2H,(g), A]-[re(298 K) = 247k]/mol

Q)

GE 2% 500~550T F7HA CoHg, C3Hy 2 CaH 0] Al
Ko gasha 440 Aol FESE AL BHlshel
O|ALZ G4t BREO R RIs] CHe CsHs, 1731 CiH, 0t
-2 7H(Alkane) Q.2 R E| 47} BE|E]o] C,H,, CH 18]
I CH2] LAl(Alkene)o] BAEE Ao g WLt CH,,
C3Hs, C4HS] B5:438} W30 tfst Equation (5), (6), (7)< o
<3 Zo] dojih= Ao HAEQITHI5-17).

i)

C3Hg(g) — C3Hg(g) + H,(g), AH,®(298 K) = 124 kJ/mol
©)
C4Hio(g) — C4Hg(g) + Hy(g), AH,(298 K) = 125 k]/mol
(7

& dEIE B3 AAE 72 F CO/CO, H[E AAE 2
0.06~0.34%2 L7} /}]"‘01-0]] wal coQl gro|l AA 278}
7tE AL g H]s) 22 R

‘OMEP% A& 9ulgitt. Co, COo,
st 2 S0 AeA

o] A3 F7tstlen, =7t —7}0}‘34*1 %#iﬁ} whgo] &

b Yo AL FAT 4 Urk

8.

3.2 2% 37| Halof| M=

CoHe(g) ~ CoHy(®) + Ha(g) AHL(298K) = 137K)/mol 93] WM&
SRNCER e

:?% rlo

H}

P o] QujA0] 7] E}E dHg EAS

= 450, 500C, &3S 3.0xUne

gotE 7|
FZ0A AR}

1.21~0.71, 0.71~0.43, 12]3l 0.25~0.43 mmE

Table 2. The effect of particle size on the product yield of ginkgo leaf in a fluidized-bed reactor, biomass feeding rate: 100 g/hr, nitrogen flow

rate: 3.0XUp¢
. Particle size (mm) (0.25-0.43) (0.43-0.71) (0.71-1.21)

Product analysis
Temperature (°C) 450 500 450 500 450 500

Product yield [wt%] Gas 27.04 28.41 19.89 27.72 22.32 30.31
Char 37.61 36.34 40.10 33.82 41.99 34.48
Total liquid 35.35 35.25 40.01 38.46 35.69 35.21
Moisture [wt%)] 31.67:028  38.80.033 29.96.028  35.99:000 2431016 31.00:043
Organic [wt%)] 68.33 61.20 70.04 64.01 75.69 69.00

Elemental analysis of bio-oil [wt%] C 68.88 75.31 68.86 72.54 67.39 70.32
H 8.66 9.22 8.65 9.29 8.46 8.80
N 1.61 1.78 1.55 1.41 1.48 1.52
(¢} 20.85 13.69 20.94 16.77 22.68 19.36

HHV of bio-oil [Ml/kg] 32.75 32.20 30.17 32.10 30.49 30.88

pH of bio-oil 4105004 4775005 445004  4.87.008 375001 4.25:007

Gas selectivity [mol%] CO 9.86 16.58 8.50 16.44 7.82 12.82
CO;, 75.34 57.93 76.59 61.51 78.92 67.73
H, 3.95 11.09 2.85 8.41 2.83 7.40
CH., 0.41 1.10 2.56 1.25 2.33 1.72
CH, 222 3.01 1.96 2.62 1.67 2.29
C,He 3.07 425 2.59 4.13 242 3.29
CsHe 1.74 2.18 1.57 2.00 1.30 1.64
C,Hg 1.49 1.47 1.68 1.50 1.13 1.16
C4Hg 1.32 1.69 1.16 1.43 1.15 1.43
CsHjo 0.61 0.71 0.54 0.71 0.44 0.51
CO/CO, 0.13 0.29 0.11 0.27 0.10 0.19
(CO+CO,)/H, 21.57 6.72 29.86 9.27 30.65 10.89
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Table 3. The effect of fluidized velocity on the product yield of ginkgo leaf in a fluidized-bed reactor, biomass feeding rate: 100 g/hr,

temperature: 450 C, particle size: 0.43-0.71 mm

. Fluidization velocity (Upnf) 2.0 2.5 3.0 35 4.0
Product analysis ; ;
Residence time (s) 1.80 1.44 1.20 1.03 0.89
Product yield [wt%)] Gas 19.28 21.89 19.89 17.86 20.73
Char 45.19 44.92 40.10 41.51 42.84
Total liquid 35.53 33.20 40.01 40.63 36.43
Moisture [wt%) 37144023 40.25.135 29.96.08, 3335076  29.49.079
Organic [wt%] 62.86 59.75 70.04 66.65 70.51
Elemental analysis of bio-oil [wt%] C 70.40 71.04 68.86 70.85 73.04
H 8.78 8.84 8.65 8.59 9.12
N 1.54 1.57 1.55 1.84 1.52
(¢ 19.28 18.55 20.94 18.71 16.32
HHV of bio-0il [MJ/kg] 29.46 28.61 30.17 30.83 32.76
pH of bio-oil 3.55.0.15 4.37:003 4.5310.04 4.23.00 4.360.07
Gas selectivity [mol%] CO 8.10 11.06 8.50 10.11 11.74
CO, 78.09 75.26 76.59 76.70 71.99
H, 3.12 2.01 2.85 2.46 323
CH,4 1.14 0.73 2.56 0.27 0.81
C,H, 1.65 2.15 1.96 2.18 2.60
C,Hs 247 2.90 2.59 3.09 3.67
CsHe 1.35 1.67 1.57 1.79 2.10
CsHg 221 1.70 1.68 1.35 1.54
C,Hg 1.18 1.63 1.16 1.40 1.57
CsHyo 0.70 0.88 0.54 0.65 0.75
CO/CO, 0.10 0.15 0.11 0.13 0.16
(CO+CO,)/H, 27.63 42.95 29.86 35.29 25.92
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Figure 2. "C-NMR spectra of bio-oil produced from fast pyrolysis of ginkgo leaf at 450 °C and 550 C (0.43-0.71 mm and 3.0XUpy).
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Figure 3. "C-NMR spectra of bio-oil produced from fast pyrolysis of ginkgo leaf at 3.0xUy, and 4.0x Uy (0.43-0.71 mm and 450 C).

Table 4. Carbon number distribution of bio-oil by simulated distillation

Exper'imental Temperature VFelluOi Cdiiéed Particle size Gasoline Di?szots:;ci’ion Ht:cr ZZZOEH
variation (§©) (Uni) (mm) fraction (Wt%) (Wi%) (Wi%)
Temperature 400 3.0 0.43-0.71 39.96 37.70 22.35
450 3.0 0.43-0.71 46.47 35.63 17.90
500 3.0 0.43-0.71 51.43 35.75 12.82
550 3.0 0.43-0.71 48.95 38.78 12.28
Particle size 450 3.0 0.25-0.43 43.73 44.29 11.98
500 3.0 0.25-0.43 50.60 38.06 11.34
450 3.0 0.43-0.71 46.47 35.63 17.90
500 3.0 0.43-0.71 51.43 35.75 12.82
450 3.0 0.71-1.21 42.72 34.69 18.09
500 3.0 0.71-1.21 49.74 38.48 11.78
Fluidized velocity 450 2.0 0.43-0.71 51.76 36.24 12.00
450 2.5 0.43-0.71 55.10 35.38 9.52
450 3.0 0.43-0.71 46.47 35.63 17.90
450 3.5 0.43-0.71 46.91 38.92 14.17
450 4.0 0.43-0.71 42.33 40.98 16.69
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4. Carbon number distribution of bio-oil from simulated
distillation (0.43-0.71 mm, 400-550C, and 3.0%U,yy).
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Figure 5. Carbon number distribution of bio-oil from simulated distillation (0.25-1.21 mm, 450-500 C, and 3.0xU ).
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Figure 6. Carbon number distribution of bio-oil from simulated
distillation (0.43-0.71 mm, 450 C and 2.0-4.0xU,y).
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Appendices

Appendix 1. Compounds identified by GC-MS from ginkgo leaf bio-oil through fast pyrolysis at 0.43-0.71 mm, 3.0xU,,, and 400-550C

Area (%)
Bio-oil composition Structure
400 °C 450 °C 500 °C 550 °C

2-Cyclopenten-1-one 0.69 0.42 0.21 0.07 on
4-hydroxy-4-methyl-2-Pentanone 0.67 ‘C
p-Xylene 0.29 0.44 0.36 0.25 L
2-methyl-2-Cyclopenten-1-one 0.38 0.44 0.59 0.22 \&O
5-methyl-2-Furancarboxaldehyde 0.56 0.33 ~J
Phenol 7.12 5.43 8.41 5.82 © Q
Phenyl-B-D-glucoside 0.46 Ylj
1,2-Cyclohexanedione 0.81 g;\l\o
1-methyl-4-(1-methylethyl)-Cyclohexene 0.37 >—<:>—
2,3-dimethyl-2-Cyclopenten-1-one 0.34 0.47 Oﬁ/
p-Cresol 2.60 2.72 3.86 3.00 ©
5,7-Dodecadiyn-1,12-diol 0.16 =
2-methoxy-Phenol 3.12 224 181 0.95 \V\@ :
OH
3-ethyl-2-hydroxy-2-Cyclopenten-1-one 0.36 /\@
4-ethyl-Phenol 3.19 3.80 6.39 4.12 o /©/\
OH
Creosol 1.11 0.82 /@ﬁ P
OH
OH
Catechol 3.39 1.82 0.95
HO
4-Vinylphenol 5.71 5.28 3.25 3.55 Q
4-ethyl-2-methoxy-Phenol 1.34 1.35 1.31 v@
\
Debrisoquine 0.83 0.43 ©©« NH

I

23

2-Methoxy-4-vinylphenol 2.41 1.99
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Appendix 1. Continued
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2-(7-heptadecynyloxy)tetrahydro-2H-Pyran

Cumanin

Solstitialin A

3,7,11-trimethyl-1-Dodecanol

Tetradecanoic acid

13-Heptadecyn-1-ol

Estra-1,3,5(10)-trien-17p-ol

3-Tridecylphenol

B-Sitosterol

(Z)-3-(pentadec-8-en-1-yl)phenol

3-pentadecyl-Phenol

(E)-3,3'-Dimethoxy-4,4'-dihydroxystilbene

2-hydroxy-5,6-epoxy-15-methyl-Pregan-20-one

(Z)-3-(Heptadec-10-en-1-yl)phenol

y-Tocopherol

1.04

1.60

7.13

8.82

1.23

0.21

0.83

13.38

0.31

1.05

1.52

5.68

0.88

7.15

0.89

0.76

10.43

0.37

6.01

1.47

7.22

0.91

10.73

0.48

0.49

0.30

0.75

0.61

3.92

5.02

0.62

6.86
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Appendix 2. Compounds identified by GC-MS from ginkgo leaf bio-oil through fast pyrolysis at 3.0xU. nitrogen flow, 450-500C and

0.25-1.21 mm
Area (%)
Bio-oil composition 0.25-0.43 mm 0.43-0.71 mm 0.71-1.21 mm Structure
450°C  500°C  450°C 500°C  450°C 500 °C

2-Cyclopenten-1-one 0.33 0.21 0.42 0.21 0.36 0.31 E>=°
p-Xylene 0.37 0.36 0.44 0.36 @\
2-methyl-2-Cyclopenten-1-one 0.45 0.58 0.44 0.59 0.47 \Q:c
5-methyl-2-Furancarboxaldehyde 0.33 0.16 7\
Phenol 537 5.79 5.43 8.41 5.67 6.06 @

© OH
Phenyl-B-D-glucoside 0.46

2%

1-methyl-4-(1-methylethyl)-
Cyclohexene 0.57 : C
3-methyl-1,2-Cyclopentanedione 0.27 0.66 0.46 ”ﬁ/
3-methyl-Phenol 3.31 1.47 @\
2,3-dimethyl-2-Cyclopenten-1-one 0.32 0.34 0.47 0.42 Oﬁ/
p-Cresol 2.74 2.72 3.86 2.87 2.89 ©
2-methoxy-Phenol 1.76 1.02 2.24 1.81 2.67 1.61 \V\@
3-ethyl-2-hydroxy-2-Cyclopenten-1-one 0.49 /\@
4-ethyl-Phenol 4.21 4.56 3.8 6.39 3.73 4.28 Ho ©/\
4-(2,5-Dihydro-3- 0.96
methoxyphenyl)butylamine : W
Creosol 0.6 082 121 076 /@ .
oH

Catechol 1.90 0.79 1.82 241 1.37 @/OH
4-Vinylphenol 4.76 2.70 5.28 3.25 4.20 3.77 Q
4-ethyl-2-methoxy-Phenol 1.15 135 131 166 137 v@[’”

f
Debrisoquine 0.83

T

N

N *

2-Methoxy-4-vinylphenol 1.82 1.02 1.99 2.34 1.43
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Appendix 2. Continued
3,7,11-trimethyl-1-Dodecanol 1.05 0.92
Tetradecanoic acid 1.52
Estra-1,3,5(10)-trien-178-ol 0.59 1.40
3-Tridecylphenol 5.29 4.16 5.68 6.01 5.70 4.67
B-Sitosterol 0.88 1.47 1.60
(Z)-3-(pentadec-8-en-1-yl)phenol 7.25 5.34 7.15 7.22 7.58 6.42
3-pentadecyl-Phenol 0.90 0.68 0.83 0.70
(Z)-3-(Heptadec-10-en-1-yl)phenol 10.71 6.76 0.37 9.99 9.36
y-Tocopherol 0.37 0.31

Appendix 3. Compounds identified by GC-MS from ginkgo leaf bio-oil through fast pyrolysis at 450 C, 0.43-0.71 mm and 2.0-4.0xU ¢

Area (%)
Bio-oil composition Structure
2.0 Upr 2.5 Upr 3.0 Ut 3.5 Upr 4.0 Uy

2-Cyclopenten-1-one 0.37 0.42 0.49 0.38 Q:O
p-Xylene 0.39 0.43 0.44 0.49 0.30 \©\
2-methyl-2-Cyclopenten-1-one 0.35 0.35 0.44 0.49 0.48 D:O
5-methyl-2-Furancarboxaldehyde 0.26 0.47 0.33 W/
Phenol 5.50 5.65 5.43 5.05 5.86 Q

@ ~ on
Phenyl-B-D-glucoside 0.46 7? ‘
1-methyl-4-(1-methylethyl)-Cyclohexene 0.46 0.37 > < >
3-methyl-1,2-Cyclopentanedione 0.59 0.61 °%/

OH

3-methyl-Phenol 0.96 0.94 1.06 1.10 @\
2,3-dimethyl-2-Cyclopenten-1-one 0.34 0.33 0.33 Oéé/




Appendix 3. Continued

p-Cresol 2.46 227 272 2.44 2.59 @
2-methoxy-Phenol 223 220 224 1.92 1.83 \V\@
4-cthyl-Phenol 3.20 3.03 3.80 3.61 418 o
Creosol 0.86 0.79 0.82 0.81 0.84 L.
OH
Catechol 2.73 2.70 1.82 1.73 1.68 @("“

4-Vinylphenol 3.89 4.41 5.28 3.96 4.40

4-ethyl-2-methoxy-Phenol 1.35 1.50 1.35 1.73 1.83 v@i

—d

2-Methoxy-4-vinylphenol 1.78 1.9 1.99 1.86 1.89 L u
Cumanin 0.59 0.59 0.29 0.74 \/:\
Tetradecanoic acid 1.38 1.37

Estra-1,3,5(10)-trien-17p-ol 2.54

3,7,11-trimethyl-1-Dodecanol 1.18 1.05 1.05 1.05

13-Heptadecyn-1-ol 1.50

3-Tridecylphenol 5.39 4.88 5.68 4.97 4.24

B-Sitosterol 1.66 0.88 0.53 0.78

(Z)-3-(pentadec-8-en-1-yl)phenol 6.52 6.09 6.46 6.46 5.39

3-pentadecyl-Phenol 0.73 0.72 0.73 0.73 0.65

2-hydroxy-5,6-epoxy-15-methyl-

Pregan-20-one 0.30 0.42 0.76 0.30

(Z)-3-(Heptadec-10-en-1-yl)phenol 8.87 8.74 9.65 9.65 8.70

y-Tocopherol 0.37 0.34 0.48 0.48 0.41




