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Abstract: Tire and raw material of tire, i.e, SBR were degraded using pyrolysis process. The yield of pyrolytic oil was increased and that of gas
was decreased with increase of operating temperature in pyrolysis. And the yield of pyrolytic oil was increased and that of gas and char was
decreased with increase of heating rate. The maximum oil yields of SBR and tire were 8% and 55% each at 700 C with a heating rate of 20 C
/min. The number average molecular weight ranges of SBR and tire were 740~2486, 740~1719, and the calorific value of SBR and tire was 39~40
kJ/g. The oil components were consisted of mostly 50 aromatic compounds. The particle size was decreased and the surface area was increased
with increase of operating temperature, and the BET surface area was 47~63 m’/g. The optimum condition of pyrolysis was the temperature of 700
C with heating rate of 20 C, and the reactor was continuously purged with inert gas to sweep the evolved gases from the reaction zone.
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1. Cylinder 2. Forward pressure regulator
3. Metering valve 4. Ceramic boat

5. Furnace 6. Temperature controller

7. Cooling trap 8. Vessel

9. Wet gas meter

Figure 1. The schematic diagram of pyrolysis apparatus.
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Figure 2. Vield of pyrolytic products with final temperature in
SBR #1502 pyrolysis.

7 400 C ool A chard) AAel A flE Aoz Yeue
g o]ZxE FH &%=7 400 T oldolx SBR #15029 £3H7t
oj2olAg & & Utk EF AR 2%t Fs meh 4%
AREe] g0 AMAoR Frkshe AFE AL ¢ F UG
2% 700 TAMN A QAR F&ol Huzke Holtr} 700
T olAelXE A4 AHEBY Fgo] 2t F2EE Bojed
£ AYHo2 ALME detsart 448 EHA ws—_ﬂ— %rﬂ
Jog neoME Ea7t gus AyHo] 44 BPEe &0l
Aashe gA 71 AREY FEo] FobA] HE &49.:1 At
29T o|ZHE Elolojo dRs o) lojA dEd =& AAe
e ez A3 200 EATES ¢ & Y

Elolo] #a]e] 3% Figure 3004 BE wps} o] G238 &=
7300 TY o Ag3 714 AREY F8E o 10% AER o}
Z wston olo] ¥ chard $&& 433 A dehh=d of

SBR #1502¢] "8 A%s vsge ¢ 5 ok =2 &3
L5} Zuhe) e A4 BAESY F&& FUeta V1 B4
B &L pAdE HEE 7 } 12 & 4 gloy, AR 227t
700 TY AL A WREY F82 55%2 71 =A e
o chard &L d&d £E°ﬂ 3 G ZAde A0E
4&%4

9 £ w& SBR #1502
s} EMOH B, ﬂ* 71*& AES +& AIE Figure 4, 59
yell it Figure 4f SBR #1502¢ €& HaE Yehd 180
7 A BHEL 76~89%9 FE2 EEx 7Y AEES 11~
6% AEe 782 Yehien chare] 4L A9 AN =
3t &x7t FAETE A ARNEY &2 FkEaL 7 /&
AREY FEe B2dE AFE HAE & 5 Ath Elolo E
#12] Z¢ Figure 59014 & § %ol chard} 714 RAEY +
€ 71g &57t FAge weh ZAshe FEE Holn o= %
rﬂi A} ANEY F&& TS AFE Btk 7HE =5
Z718ol whet A AN EY F&E 51-60%ReH, 71 4R E
& 11~16%, chare 30~33%9 $&2 uehlgich ol 2o
char®] #&& 714 &7 F715] wet ZAshed ole char
&9 1 @3learl Hwsy) gEolh tA #stH chart §

ﬂﬁlo i

Fdste, 41109 Al 7 5, 199

100
—@— Liquid
» —#@-— Char
80 |- ! A G
\ as
\
= 60} h
S
=
.2
> 40 |-
20
0 | | ] | I ! l

300 400 500 600 700 800 900

Final temperature [°C]

Figure 3. Yield of pyrolytic products with final temperature in
tire pyrolysis.
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Figure 4. Yield of pyrolytic products with heating rate in SBR
#1502 pyrolysis.
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Figure 5. Yield of pyrolytic products with heating rate in tire
pyrolysis.
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Table 1. Molecular Weight and Polydispersity of Pyrolytic Oil
with Final Temperature at a Heating Rate of 20 C/min

Material 300 C (400 T [500 T |600 C|700 C {800 T [900 C

M | 2342 | 740 | 2057 | 2486 | 1644 | 2220 | 712

SBR #1502 | My | 2874 | 1473 | 2280 | 2768 | 2372 | 2529 | 1307

Pd« | 123 | 199 | 111 | 111 | 144 | 114 | 1.4

Mo | 1644 | 1719 | 689 | 740 | 770 | 916 | 717

Tire Mw | 2121 | 2219 | 1087 | 1193 | 1249 | 1430 | 114

Pd+ | 129 | 129 | 158 | 161 | 162 | 156 | 167

*Pd: Polydispersity

Table 2. Molecular Weight and Polydispersity of Pyrolytic Oil
with Various Heating Rate up to 700 C

Material 10 C/min | 20 CT/min | 40 T/min | 80 C/min
M, 1455 1644 1144 1
SBR #1502 | Mw 2047 2372 2258 2358
Pdx 141 14 197 1.33
M, 1707 770 757 785
Tire My 3180 1249 1337 1405
Pd* 1.8 162 17 179

*Pd: Polydispersity
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Figure 6. Total ion chromatogram of SBR #1502 pyrolytic
products with 20 C/min up to 700 C.
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Figure 7. Total ion chromatogram of tire pyrolytic products
with 20 C/min up to 700 T.
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Figure 8. Diels-Alder reaction for the formation of polycyclic
aromatic hydrocarbons in tire pyrolysis[19].
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Table 3. Composition of Pyrolytic oil from SBR #1502 Analyzed
by GC-MSD

Heating Rate [C/min]

Compound
10 20 40 80
benzene 8 0287 0.798
toluene 92 17247 17815 7.139 12711
ethyl-benzene 106 13688 11339 8754 8.083
styrene 14 258% 29.374 28.444 31.772
propyl-benzene 120 369 3481 2798 2162
1-propenyl-benzene 118 2837 1761 1754 1460
1-propynyl-benzene 116 0942 ‘ 264
butyl-benzene 134 20900 2041 1392
pentyl-benzene 148 2.798
6-phenyl-2-hexyne 158 0436 1921
(1-methylethyl)-benzene 120 0636
(1-methylethenyl)-benzene 118 6205 5270 5557 4.280
(2-methyl-1-propenyl)-benzene 132 0510 0956
1-ethenyl-2-methyl-benzene 118 1441 0643 3611 153%
1-methyl-2-(2-propenyl)-benzene 132 0.348
1,1'-(1-ethenyl-1,3-propanediyl)bis-benzene 222 1622 1453
2-ethenyl-1,3-dimethyl-benzene 132 0829 094
1,1’ -biphenyl 14 3592 3463
4-pentenyl-benzene 146 0.381
2-methyl-1,1'-biphenyl 168 1047 099 1206
2,4-di(1-phenylethyl)phenol 302 0556 2263 2394 0518
cyclopropyl-benzene 118 2057
cyclopentyl-benzene 146 0.667 0.732
1-cyclopenten-1-yl-benzene 144 4405 2768 4693
3-cyclohexene-1-yl-benzene 158 2296 2296 4169 2693
1-methyl-2-phenyl-cyclopropane 132 0.750
indene 116 0932 2460
2,3-dihydro-indene 118 1203 0.7%4
1-methyl-indene 130 3501 3583 252
2,3-dihydro-2-methyl-indene 132 0.422
1-methylene-indene 128 4170
azulene 128
1,2,3 3'-tetrahydro-azulene 132 0313
naphthalene 128 3077 1719 5.343
1-methyl-naphthalene 142 5012 5202 4178
1-(2-propenyl)-naphthalene 168 0918
1,2,34-tetrahydro-1,5,7-trimethyl-naphthalene 174 0408
1,4,58-tetrahydro-4,8-ethenonaphthalene 158 0.869 0.364
1,277 -tetrahydro-1-cyclopropalb] naphthalene 144
1,3-dimethyl-naphthalene 156
2,5-dimethyl-1,3-hexadiene 110 0463
2-methyl-3-methylene-1-hepten-5-yne 120
2,4-dimethyl-2,3-heptadiene-5-yne 120 087 0.39%
1,5-diethenyl-3-methyl-2-methylene-cyclohexane 162 034
4-ethenyl-cyclohexene 108 3257 6221 3709 5768
cis—5,6-diethenyl-cyclooctene 162 0324 0509
Total 100 100 100 100

At Autdez 7+ Aguisd m2 A AP ngTZ
542 v A% dehided, Figure 9o d¥3 A4 o
@ SBR# Efolole] FT-IR spectraZ YERHAT 2¥AA (a):
£3) A SBR #15029] spectrumo] i (b)$} ()= ZZ SBR #1502
g golo] d&s T AND A4 AAHEY spectrumolt}. ()
2Y 9% 1(3000~3100 cm )3 2(1425~1600 cm )N styrene
9} peak7} YERIT 3(970 cm™) 2249 butadiene® peakS
galg 4 gl




FEH FAL o4 92079 Hojola i EX 1057

Table 4. Composition of Pyrolytic Oil from Tire Analyzed by
GC-MSD

Heating Rate[C/min]

Compound
10 20 40 80

1,3,5-cycloheptatriene R 0.211 0.607
4~ethyl-cyclohexene 108 0506 0.705 0.701
ethylbenzene 106 1.002 2559 1.382
styrene 104 3550 4621 0958 9388
(1-bromoethyl)-benzene 184 0687 1352 1845 019
propylbenzene 120 1532 1541
1-ethyl-4-methylbenzene 120 0.226 0.367 0.207
(1-methylethenyl)-benzene 118 0.298 0964 0308 1.6%
2-propenylbenzene 118 0.204 0.757
@ -methylbenzenemethanol 122 0.336
2-propenylbenzene 118 1326 1.025 035 0631
1-ethenyl-2-methylbenzene 118 0.287 0.264 0.165
1H-indene 116 098 0534 0352 1614
benzenepropanal 134 0.229 0659 0691
(2-methyl-1-propenyl)benzene 132 0298 1.023 0575 0364
1-methyl-2-(2~propenyl)-benzene 132 0302 0425 0331

2-ethenyl-1,4-dimethylbenzene 132 0687 0663 083% 0592
(1-methyl-1-propenyl)benzene 132 0559 0606 0614
(2-methyl-2-propenyl)benzene 132 0985 1.205 0.813

57-dimethyltetracyclo[330024) 036)oct-T-ene 132 1223010953 5961 13.073
2-butyltetrahydro—furan 132 8457 5623 6643

cis—5,6-diethenylcyclooctene 162 0668 0558 1829 1.0M4
azulene 128 15609 8553 10.002 11.651
1-methylene~-1H-indene 128 5834 8163 13.775

cyclopentylbenzene 146 5219 2916 7406 1340
cyclohexylbenzene 160 2674 2465 5142 3547
benzenepentanal 162 2514 0673 3348

1-ethyl-3H-indene 144 6953 3332 7187 3762
1,1-dimethyl-1H-indene 144 2.582 3184 29%
2-methylnaphthalene 142 6.349 7468 5805 8679
1-methylnaphthalene 142 5190 499 5137
3-cyclohexen-1-yl-benzene 158 555310493 88M 8%l
2-ethenylnaphthalene 154 2649 1326 4166 4.839
1,1’ -biphenyl 154 5539 7725 4110 7715
1,3-dimethylnaphthalene 156 2526 4.29 2.397
1,3a,6,8a-tetrahydro-1,6-ethenoazulene 156 0.275 0.15%5
1,1'-(1,3-propanediyl)bis-benzene 196 1126 0.7%
1,2,3,32,49,10,10a-octahydro-benz(flazulene 186 0.359 014
56-dimethyl-bicyclo[8 2. 2tetradeca-510,12,13-tetraene 214 0.336 2658 0.317
pentacyclof86.0.0(1,15).02.4) 29 hexadeca-711-diene 212 0.260
1I-[3-(2-phenylethylidene)-15-pentanediyllbis-benzene. 326 0.159 0570
6-heptynylbenzene 172 0.298 0.930
2-(methylamino)-benzoic acid, methyl ester 165 0.119 0.150

Total 100 - 100 100 100

Figure 99 (b))%} (0ol & 4 90| SBR #1502 Eolo] o
3 ¥ 449 44 AHEY spectrum? B|EH BE A9 wls
#S & 5 glem, SBR #15029) 4$ 7005 760 e ATs)
2 peak’t YEFIEE Blolojol & peak7l 2HA UYERES o 4
AT} 3000~3100 em'el A =C-H] 1% E(stretching vibration)
of & peakE LAY 4 &y o] 2RE W) &S 8
A& = dnk 2800~3000 cm A C-HY AEA%50 93 peak
9} 1350~1475 cm o] C-H¢) ¥ 825 (deformation vibration)d]
¥ peakE AT & A& o)ZRH alkaneo] EAGS Bl
Z T Utk EF 1650~1750 cm'IH C=09 A=A 9§
peak Z7E] ketoneolU aldehyde’t EAj3g &org 2 deoH,
1575~1675 cm™'9} 875~950 cm ) 9] peak= C=Ce AZ2AE
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Figure 9. FT-IR spectra of SBR #1502 (a) and pyrolytic oil of
SBR #1502 (b) and tire (c) at 700 C.

of & Yehh=s o] 2R akeneo] EAFL BAY & At
675~900 cm'9} 1575~1625 cm ') peaks alkane, alkene, T4l
19 B 0 $8E0) EAYL oua,

3.5. ZaHE2| olix| ExyA

SBR3} Eloloje] AXaol HAE A4 YA B woddg =
A% 2% 39~40 kJ/gd) 2EFL YEIAEH kerosene, diesel,
Bf, 9 BEFRGE B JehdA e ARz 280 7}
% Aoz A=A EE A8 LX(flash point)e] AL
kerosene2 40 T, diesel& 75 T, ZfE 79 T olo] H)3| 9
¥ AHEL 14~18 TY U3} L28 200 71 ojg= A4 4
BEY 240l Y& FF Lk H9Es 2= JPET FAY 9
7] wj&olt},

3.6. Pyroblacke] 22
3.6.1. 82 24

SEAZRE YAHE JHE BYe AN QB 2 2y
(pyrolysis carbon black) %% pyroblackold} EH5x gon 7t
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Table 5. Elemental Composition of Pyroblack with Final
Temperature

Final Temperature C H N S Ash
{TC] (%) (%) (%) (%) (%)
300 77640 | 5817 | 0.001 1.204 15248
400 76260 | 0524 | 0057 | 2.032 21.127

76617 | 0353 | 0031 | 2.073 20.926

78733 ) 0320 | 0064 | 2014 18.869

81907 | 0262 | 0052 | 2259 | 15520

82074 | 0241 | 018 | 2240 15.260

500
600
700 78936 | 0343 | 0058 | 1959 18.704
800
900

Table 6. Elemental Composition of Pyroblack with Various
Heating Rates

Heating Rate C H N S Ash
['C/min] (%) (%) (%) (%) (%)
10 79500 | 0330 | 0005 | 2064 18081
20 78936 | 0343 | 0058 | 1959 18704
40 79755 | 0332 | 0043 | 2101 17769
80 77941 | 0397 | 0040 | 2.061 19561

€ 28 AzdY T dA7ted FEH2YE A4HE thermal
black 3} %{?‘5] TEEY 279 RAAEA 7MY g Role
7HE 29 gsed 7Y 249 dRde o8 gHEE o
Aol Aol W A2 vl gARTEA 2 AFAEY B
BA, HdEY d3 FA4A4 Foz FWHsA AsdHx e
3otk AT o] 90% F =7 Etelol 9] modulustt FFE
542 FINe FAARA AHEL Qo AA Bolojole
% 3L7% A= 72 EYo] FHAZA ALgHAAY oG 7}
292 Q8 344 o8 5 + Ao

Table 5= %3 2% w2} A4 pyroblackd 9424 2 .

BE vebd Holth Bl & F URo] Ba o] T6~0%E
AAL lom dEd xrt Fr% e ga FFo] 2t
e g ;JU} BRE M Edg A2 24 nse 2 o
Y8 FHE EQ e da o) 98%E AR Slol pyroblack
o g ‘E}%“] %‘ﬁ% 7HE B v} AL AL 4 + YEd
ol AulAoz Fr83 ashE Ho] Tt y] fFo|d)
Table 6 7td &%o] @& pyroblackd 94 AL Jehigls
U AR da gl 749 x5 dd RS e 2= A
S Yy

T A4S 8 254 ug AY 94 e % ]
Ta7t A ’Eﬂi EAste A2z Agdr. 53
44 7HE 2dn v ws o 3] ko] Fua F
=0 ol AR FiE 3o pyroblackOﬂ 1R 7] o
. o8& C-S9 surface groupe #3l 7}29) 712 Beo)
Te T¢ FEE 7 e, F2 g4 7z FHoy
7198 Aog AlgHT & oo AxA J3E 3
AR T AEEHY AW FA R0 RHT 512 2Y
BHE ROZ pyroblack® C-S ZFL T2ME oA

2 AR 3 Eolo] AxA HUEE A 7 )
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Figure 10. SEM morphology of pyroblack with final temperature
(Heating Rate = 20 C/min).

of j§- & Roz JEyt) ol AF F/EEL dus it
S0 ANE ds5hFY AgE Rt AF FIEE

5o} pyroblack®] EWHA crack® cokeE HA A HI, coke
e Ao zA e 428 BaA7I

3.6.2. BE=ZX|

Elojo] d#3 ¥ MYAE pyroblackd EAAHE FALAAEN

A (SEM)& ?5}01 I8t Rk} Figure 10& Elojojo] Q&3
259 w2 SEMeZ2 #ZH pyroblackd ZEZ Aot} 1
A Yehtse] €88 2%} *—7}@"1] L I P O b Ed £
3}“1 QA7 FLES & Aok R 71 300 T Aol

+ Eololo] FAEQ SBR| %ﬁﬁl E3=A @ol SBRo] 357
fé}a & gon i SRt ZUIESE 7|29 @A Ao
dRE7E oyt A Ane Fadte Aoz et et
A 2=t F4EO et QA A7)E Faste B EUA )
F7kehe Ao] Yehued B AFolxE BET £4 02 RE o
He Ags #3A% 5 AU

Figure 112 4E3 252 700 C2 ZA}YL o /1dL 0
& pyroblacke] EE2A ot} aYelN YER] 7tY £
daiMs ZUAE A dAFE & 5 YU GEHA o
o]7l pyroblack® IHlZ A8 HEME A4S AU wE
HHo] $8F WL FALsEd 4 211 IEHA QoA
FHE B A-9471 AE oM ARy 7|2 A HHA
29 FHE 24 & 4+ Joa ‘32"36]' vl e, ole A-9
7l A8E B3 pyroblackd]l EAstE /|27 ashE 111710}71
W& Ao Algd

3.6.3. HEH 54

FHE S¥] EHAL BRAY ZaAe E4L A= £0
T QAL Ehojo] AFEA FHE BEL AR untEA ] 7
AR B0l 27HH, od HAL HFHAAo| /142 27}
3t7] wj&olt}. watA pyroblacke JHE B0 g o|Ldm A
oz AL 7b5AE Bkl g8 B EEA 2442 A}
&3ko] HIEUAE A5 9en 1 AAE Figure 1201 YERIY
o Figure 12914 YelURo] G838 L5271 27139 wie} u g
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Figure 11. SEM morphology of pyroblack with various heating
rates at 700 C of final temperature. Figure 12. Surface area of pyroblack with final temperature,
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