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Abstract

As a result of technical advances and industrialization, the characteristics of domestic and
industrial wastes are becoming more complex.

Accordingly, improved treatment and disposal systems are being continuously sought to take
account of complex characteristics and to comply with economic restrictions.

In this study, an application of pyrolysis to the treatment of industrial wastes, including waste
scrap rubber, waste raw material used in making the slipper bottom and waste PVC pipe, and the
effectiveness of pyrolysis in resource recovery from these wastes were investigated.

Batches of wastes were pyrolysed by external heating to a temperature of 400-800°C in a 32 mm
diameter x 0.9 m long silica tube to produce combustible gases, oils and chars. Before the start of
pyrolysis runs, the entire system was purged with nitrogen gas to exclude the air. The temperature
inside the retort was controlled by the thermocouple in the gas stream, and referred to as the pyrolysis
temperature, Under these conditions three products were separately collected and further analyzed.
The results were summarized as follows.

1. More gases and less chars were produced with higher pyrolyzing temperature and with higher rates
of heating, but the yields of oils tended downwards at temperatures above 700°C. Accordingly,
operating conditions of pyrolysis should be varied with desired material.

2. Calorific values and sulfur contents of produced oils were sufficient and suitable for fuel use.
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Chars from waste rubber had high heating values with low sulfur contents, but calorific values of
chars from waste PVC and waste slipper were as low as 3,065—4,273 kcal/kg and 942--2,545
kcal/kg, respectively. Therefore, char from these wastes are inappropriate for fuel.

Soluble contents of Pb, Cd, Cn and Zn in chars from waste rubber and waste slipper were below
the Specific Hazardous Waste Treatment Standards. However soluble contents of Pb and Cd in
chars from waste PVC were one or two times and five or seven times exceedingly the Specific
Hazardous Waste Treatment Standards, respectively.

Post high heating is desirable for treatment method of waste PVC which generates toxic hydrogen
chloride.

The proportions of hydrogen, methane and ethane in produced gases were in the range of 3.99-
35.61% V/V,18.22-32.50% V/V and 5.17-5.87% V[V, respectively.

Pyrolysis is a useful disposal method in case of waste slipper, which was hardly combustible, and
thus investigations of this kind of materials are required for effective management of industrial
waste.

Based upon the possible market development for products, overall pyrol, .s economics to take
account of treatment values of noncombustible or hazardous materials should be evaluated.
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Fig. 2. Flow sheet of laboratory-scale pyrolysis
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apparatus.

Dry ice-acetone trap

Fig. 1. Laboratory-scale pyrolysis apparatus used in this study.
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Table 1. Analyzing conditions of produced
gases for gas chromatography

Detector TCD

1. Molecular Sieve SA 60—80
meshina3.2mmex3.6m
glass column

2. Porapak Q 60—80 mesh in a

3.2mm ¢ x 3.6m glass column

Temperature Detector ; 200
(°O) Column 1 ; 150

Column 2 ; 180

Iniection port ; 200

Column

Current 75 mA
Carrier gas He, 50ml/min.
Chart speed Smm/min.

Table 2. Retention times of each component

Column Component Retention time (min)

H, 112
0, 1.66

1 N, 2.01
CH, 2.93
Cco 317
C,Hg 13.42
Air 1.03, 2.00

2 CO, 1.38
CoHq 1.82
CH, 3.01

Time band =+0.05 min



% we RERATEEE BITe W8 ©
300°C, ¢eiH @EHma MWPVCY mE 270
T2 vetgtes, e F2Bmi=E AR}
ERA dive BEE £% 350°C, 300 °C,
320°C ko= yetgch o wWe] stA BEH
HEe 4vieg, Basel sl EEHY 5
B RS e Q4o AV REMK
el EREI, BRESE B =hel #F4s)
ART B MAE KE®E oz ebd L}
747 et RAREEZ A% Bl B
259 B 350°C, ¢eIHEEHS 5B 300
Col o2 & B/Ee 7tavt B miE
A 7180l BRESZ) thtEste d®, o W BEAR
o] Wm-e 20~25cm HO 2 HiB® Aozt
ol —EsA HBEAck 28y, BEPVCY
HBe BOR7 BeERD U BWKEL
7} REERMRB B9 otz BRES Binsd
A e s REM wrez wiAvrie 3
(Knocking) B8R et gich #58EIEE 7L
| oeimstd 320°CH$EC o=, —kol £ 8
o] SWbkENAC BHNoR EEEH, of o
BHRS BE-L 40~70cm HOZ #Ejo] ol % &
Mt mEtAd, PVCe o] MRl B8
mee dolvie BEMST KBz BB T 4

2+ ##i(Commercial scale)o] #MOMBERE
PIER Ol &, WLAE? LA KT BA Rhkol
U REAASNAY ARRE HEME A
o] o},

2. Yol B

7b BATY BOR KR

Baeg 7Hxa £ BEHE 1REET #&
SfRsle A L] [BligEe Table 3w
Fig, 3ol 4 R & ulepzro], ZFEM#A (rapid he-
ating) o} il BRHMBEEZL 400°C A 790°C
2 emetd, BERRSS 4THNA 34%=2
BAse, 7tAe) [EiRES KH=2 0.05% oA
0.78 = HWMstE tHEE RAgEch 28y 7
Eo [ElE-e 400°CoA 46%, 600~700°C
A BT%E BMAREEST BN =e}t Bk
EE wmstclsl, 858EEZE 790°C7H =
55 %% ozt R4S HEE nASch DY
HEEZ BASREEZH700°CU Lol =4, B
BRIk Bl &e MqEBEERE —FT T v
et A Hd, Z1E Bl Hd=EEA 7tA
o] gl MYtk EWE 4 Al 6, &
SRBEZE T00°C Didu: BSREERL
of #Y EHERMIHEL 7L gl e}

Table 3. Results of pyrolysis of waste rubber with a laboratory-scale pyrolysis apparatus

pyrolysis Time to reach Recovery rate (% W/W)  Electricity used _lnitial
temperature pyrolysis - temperature
(°C) temperature (min) char  oil Gas  Total (KW) of retort ( °C)
400, R* 10 47 46 005  93.05 0.73 111
500, R 19 39 54 030 9330 0.62 182
600, R 18 35 57 058 9258 0.90 32
700, R 20 34 57 074 9374 0.88 232
790, R 19 34 55 078  90.78 0.91 269
400, S* 31 50 47 0.01 92.01 0.85 21
49, S 43 42 51 012 9312 0.59 262
560, S 40 40 54 018  94.18 0.76 242
650, S 41 38 54 021 9221 0.80 216
750, S 47 38 52 032 91.32 0.95 280

# R and S represent rapid and slow heating, respectively.
Rapid heating (100V, 25 A), slow heating (50 V, 17 A).
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Fig. 3. The effect of pyrolysis temperature
and heating rate on products of waste
rubber pyrolysed.
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Table 4. Results pyrolysis of waste raw material used in making the slipper bottom
Pyrolysis Time to reach Electricit Initial temper
T . Recovery rate (% W/W) ctnaty bera
temperature pyrolysis used ture of retort
temperature (min) Char  Oil Gas Total (KW) (°0)
400 14 59 24 1.03 84.03 0.76 24
500 20 50 32 1.40 83.40 0.86 36
600 15 45 35 2.45 82.45 0.62 254
700 14 42 35 2.25 79.55 0.73 264
790 25 4] 34 2.67 77.67 1.46 21
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Table 5. Results of pyrolysis of waste PVC pipe by the treatment of post high heating

Pyrolysis temp- Time to reach pyr- Recovery rate (% W/W) Electricity Initial tempera-
erature olysis temp. from used ture of retort
(°0) 350°C (min.) Char  OQil Gas  Total (KW) (°C)
350 — 450 5 46 19 0.32 65 32 0.82 46
550 9 40 20 0.62 60.62 0.53 227
650 12 38 20 0.90 58.90 0.71 262
750 17 37 18 0.96 55.96 0.99 140
Note 1: These experiments were performed by two step heating. At the first step, the tem-
perature was elevated and kept to 35 0°C for 40 minutes to collect hydrogen chloride
gas as a hydrochloric acid with water. In the next step, the temperature was elevated
and k¢ )t to the pyrolysis temperature for 30 minutes.
Note 2: The . ' was condensed by use of Allihn condenser to lessen gas pressure, but this
kind c. - sndenser decreased the collection efficiency of oils because of short residence

time of gases in condenser and caused a problem that scrubbed water was mixed
with oils. Therefore data on oil are only approximate.
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Table 6. Elemental analysis and calorific value for raw materials
Samol Content (% by weight (wet basis) Calorific value (kcal/kg)
ampie —_ - Bomb calor-  Dulang-Berthelot
C H 0 N S Ash  Total imeter results calculated results
Waste rubber 86.42 7.45 2.27 0.52 1.84 1.49 99.99 9,408 9,566
Waste slipper 5504 L50 6.42 1. 1o 161 2560 9L27 6,326 4,751
\gia;;e PVC 33.49 4.21 4.66 0.11 0.95 37.06 80.48 3,965 4,036
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Table 7. Elemental analysis and calorific value for chars and coal briguet
Content {% by weight (wet basis) ] Calorific value (K cal/kg)
sample Bomb calorim Dulong-berthelot
C H (0] N S Ash Total eter results calculated results
waste 400, R 79.36 L19 0.76 0.52 1.46 17.29 99.95 7,087 6,562
790, R 81.82 0.94 - 0.57 191 1473 99.97 7,762 7,173
rubber 400, S 81.01 1.42 - 0.59 199 1400 9910 7,180 7,144
750, S 86.53 0.69 - 0.38 2.63 9.78 100.01 7,966 7,364
waste 400 2217 221 1155 0.44 044 5063 87.44 2,545 2,102
slipper 790 11.28 0.34 17.88 0.22 0.36 61.46 9154 942 306
Waste PVC 450 39.30 254 221 022 058 3992 84.77 4,273 4,205
pipe 750 34.40 1.45 9.60 0.40 0.48 44.78 9111 3,065 655
Cocal briquet 53.5. L4 0.1 0.3 15 432 1000 4,540 4,895
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Table 8. Elemental analysis and calorific value for produced oils and Bunker C oil
Content (% by weight (wet basis) ) Calorific value (Kcal/kg)
Sample Bomb Calori-  Dulong Berthelot
C H (6] N S Ash Total meter results calculated results

Waste 400,R 8206 1218 310 003 26l - 9998 9,899 10,998

790,R 8772 1150 218 016 261 018  99.35 11,023 10,699
rubber 400,S 8252 1145 346 015 2.28 - 9986 9,801 10,629

750,S 8281 1144 259 028 259 017  99.88 10,543 10,669
waste 400 80.79 1253 3.78 2.71 - 9981 9,865 10,883
Slipper 790 8292 1010 194 2.88 021  99.05 9,779 10,215
Waste PVC 450 8291 10,46 295 - 2.90 - 99.22 9,774 10,338
pipe 750 8582 878 Lol - 322 0.24 99.07 9,813 9,988
Bunker C oil 846 103 13 0.3 3.4 0.1 100.00 10,327 10,487
v oupepgrol, pFipksrol 82 %A, K BRSOl eicosane, docosane, catechol% 9] 11 7F2] #'H <t
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ghsd, Hpge] WSL % (Warren Spring Labo-
ratory) ol 4| Fol& BsrEstel & EmE(di-
stillate)oll = Aolx 1697}x Plte HET
KN o) fefEdkcka shed oo, methano, fu-
rfuraldehyde naphtalene, n-heptadecane, n-octad-

o] ¥ S

=0

3L LT

o]

ecane, o-cresol, n-nonadecane, m-and p-cresol,
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B PVC o @A £% 7.36~9.43ppm,

2306~2606ppm o2 EEITV ERHBEEY
o] EEmHmEch % A GHE A,
e EHte BT MEm{kimel 1.01~288

%s e BEY [@%b‘zk%/] 0.20~0.23
% 9 & PVCe RfERAk#e 42~1,201ppm
woh EA vhebgteh oehzre] B PVC o] [Ef iR
{t#go] Ft=Folvt #& %ol aFsix d= A
2, PVC s iEmsol LeMias ghol v st g, Hl
BhMe] REmY Kb ke, s, Ta % &
&l SHS = KEH s FERE
7] W, #3 EEe PVCatelze] Hi#
3~5%¢° SEREMEMAEM(3PLO - PbSO,-
H,0), %9 ZghREikAs obalfEsn( 2PbO- (
Ci7HiCO0), Pb), 15%9 AdHolzslEzdsa

B3

|_



((C:H 4 CO0),Ca) %o BEH 7t BEEE
7] WEole, B ERRMkY ol Hepd B
ol AL Ut AL LFHIER MIKKE
€ BEA717] B B#ESEnO)E mEkE
YA EHs wEolch oeta BEPVCeY
BRI ol FEEHSEE aFstL Y&
EER/LHE BiERSE BRAs WA BES
Bl k3t EWE ERHF ¥ Aok

2) Bl b S8

Table 10 ol A B wjelzlo], BEmT v €8
HBEEYS BoEAA 4 Bkme 5RB B
#8e BT # Jted, #) SR BRY B
Eol Bl §F=d Ao, MPVCE #45
e A A BlgEhel B8 FERReH vha
7HA R Ftogolvt #ie] el BuFu €=

HEEY HmBEc XA Jebdrh oEbA B
PVC & #48A A2 EWHE BB £H
sk BBl B ERC kY ESMERH e
of B HE LTSI ¥ Aotk

V. BHARER

B t-e pH58~629 ZFE#MA(1:10,
W/ V)= 685 k¥ (shaking) A|A EHE& M
HT BHARE & HRe Table 1114 B
upelzho], Bafu S| HEEY BERMLY
o il @, =&, 6, #H 25 el
EEEXRBEMRBEREE DTR vegou
BPVCe BER/tH HB St 1~2145
e 5~T15 ARERREVRBEEEYC &7
vetgtos, pHE 100~1142 H#EE 918
o} =A4 Ve, BPVCE s mimol K

Table 9. Total contents of heavy metals in chars
Total content (ppm)
Sample
Cu Cd Pb Zn

400, R 1.56 5.22 54.94 25,862

Waste rubber 790, R 2.13 4.99 -40,80 10,099
400, S 1.56 2.33 15.00 28,811

750, S 2.34 478 51.45 15,760

Waste slipper 400 9.12 156 15.83 2,277
790 7.45 247 21.20 1,994

Waste PVC bi 450 5.47 9.43 2,606.25 42
aste pipe 750 29167 7.36 2,306.25 1,201

Table 10. Total contents of heavy metals in produced oils
Total content (ppm)

Sample
Cu Cd Pb Zn
400, R 1.98 Trace Trace 0.71
790, R 0.74 0.21 1.59 132.01

Waste rubber ’

aste T 400, S Trace Trac Trace 278
750, S 18.01' 0.31 1.56 54.09
. 400 0.89 Trace 7.59
Waste slipper Trace 5
790 0.32 0.14 Trace 12.84
450 Trace 0.49 1.23 12.08

Waste PVC pipe
P pip 750 172 112.76 36.23 24.01
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& Hkem HMRAEANA By ¥ de LsA
Eouol kY LBEAHRE ZRNF & Aolrh

5. E£BItA2| AR

Table 1 = Table 2 2] fe#koll A #E SIS
EIRE AR slAzzoleadHE ST &
#e Table 12 oo, Fig 63 Fig 7¢&

#IRW'E (packing material) o] tt & 2 #
BAde FHs AT gas chromatogram

oj tf,

HAE 4vind, kR7tae £REe B
& 790°Col A REMMA HIB7 3561 4=
H— gz, BiTE& BORY WAJ €A

BEHI BMPVCE ROBYT SBR

Table 11. Soluble contents of heavy metals in chars

soluble content (mg/l)

chars pH
Cu Cd Pb Zn
400, R Trace Trace Trace 0.341 8.1
400, S ” ” ” 0.375 8.3
500, R ” ” 0.110 Trace 7.8
490, S ” ” Trace ” 9.0
600, R ” 0.005 0.128 ” 8.8
waste rubber 560, S ” 0.005 Trace ” 8.5
700, R ” Trace #” ” 8.7
650, S ” 0.005 0.037 0.227 9.4
790, R ” Trace 0.110 0.341 9.5
750, S ” ” Trace 0.284 9.3
400 0.012 0.014 0.037 Trace 8.8
500 0.024 0.009 0.073 ” 8.6
waste slipper 600 Trace 0.009 0.073 ” 88
700 0.012 0.007 0.220 ” 9.2
790 0.024 0,007 0.201 ” 9.3
450 0.024 0.224 0.787 0.114 6.8
550 0,060 0.089 5.148 0.080 10.0
Waste PVC pipe ¢ 0.083 0.113 6.089 0.125 1.3
750 0.071 0.082 6.085 0,080 11.4
Coal briguet Trace Trace Trace 0.045 7.6
Specific hazardous waste 3 01 ) 5 5-9
treatment standards
Table 12. Composition of produced gases analyzed by gas chromatograph
Concentration (%)
Sample
H, CH, C,Hg co CO,
Waste rubber 790, R 3561 28.03 5.76 1.86 24.41
750, S 32.13 32.50 587 - 14.51
Waste slipper 790 3.99 18.22 5.26 - 32.48
Waste PVC pipe 750 7.35 28.36 5.17 - 4.97
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e Bol K#EI/LE ERE AT B3, 2 #a CO+H,0-CO,+H,~4H, C+0,-CO,~
BEHE T90°CAAN B BB AF7H 399 4H, C+2H, - CH,~ 4dH %& 2 RBSEK
%, vlstel 18.22%2 7t4 Yty ZREMLIKRE oz B REE™ X o, olzztx] A
£ 3248%= HF— A UEkedH, o+ EHY Kol #3t »E EEmSeol HastA &=

B ORI AU KERSC Hn RKEMAe 9l AL opuetm mch
BEE T2 BrEsA 2o Bifbol k3 B

Kfeol doivk —MefupiFel BEs A e 6. P42l BOD, COD, pH#f #%
¢ Ao® fERch Ey, BRTE AN Table 132 KEEMS #opal A A% 7}
& BHBIL BENBE HEER o kFe BES peepal Jgel BODw COD, pHE #lE

_Ur W ghe] @B WA dEe, ole 2 t& %mkz, BEno i+ pH 13492 01N
Hm#ae il st ZEmasel i EEal A K KBV EBBEH(100m] ) S S| BEY I B
WERERE ol Ao &pRkE sl®rtAS KFEE HiE PVC = #@K(100m/) & HBEoZ FH3IA
= 2 BRI (secondary  pyrolysis oh #HE 4sind, 2E kel COD ghol
reaction), Bl CH,+ H,0 = CO+ 3H,+ 4H¢] BOD gtucl "4 &4 el Broz Hol o]
B CO+H,0=CO, +H,— 4He KK T RBRES £PBNece S Asle B
o] dojut Ao HERTh v RSBKE < Hol AFsn e Aor fHET oE
o #a e wmKmEL C+HO—-HO0+CO+ BAREY Wt 4£9FNA EEIcoe (L
4H C+2H,0-CO,+ 2H,+ 4H, C+ CO, — e BHEE dor & Aol &H, BPVCY
2CO0+4H %& 1MASHRE™ o2, FRN @EkpH L 0 UITR vEhd A2 AR

wﬁ o M

Table 13. BOD, COD and pH values of scrubbed solution

Sample COD (mg/]) COD (mg/l) pH

400, R 285 5,135 9.1

"500, R 336 4,978 9.8

600, R 375 6,586 10.3

700, R 420 5,286 10.1

790, R 405 6,194 9.5

Waste rubber 400, S 165 6,899 9.3

490, S 330 4,626 8.7

560, S 165 5,057 8.8

650, S 195 4.704 8.8

750, S 255 4,360 8.7

400 180 5,960 8.3

500 210 5,680 8.1

Waste Slipper 600 263 5,080 8.3
700 210 7,000 8.1

790 225 3,640 7.7

450 270 6,664 Below o

Waste PVC 550 420 7.605 ”
pipe 650 270 7,213 ”
750 145 6,429 ”
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BER BKENAT EEAo) Hol W
Wis AT Aolsl WSL¥®'0)p Kammins-
ky ™o 4kstH, BAY WILARITLE A
717] #lel WA WEL K (T2 RAL
KE)E BES Kol KO HAEAYITE B

Bel e ENE 4 Ax, ol WA AW
e FAEBEBNA G Eyel KEE At B

# ke (pickling acid)e. =2 @#HT 4 Urvta #H
&g vk olvh aey, ol EALsiEd WA
ESMEE Y EHEY o) KRSl ¥ Ao
2 £

7
L]

V. #

i

oy, se|H@EY o FPVC ooz %o
BEXBENS HEor HBEHM EHRHB
FREER FREWEFAA ANmMAS 5t &
SHERE stx, ArldlA AREe BRI
Y, Bl o slae [ElREI} THEERKS,
FaB BEeBSER Ao BEYE & £
e R e e #Re 2ok

1. B3 EEsL 400°ColA T00°CE ®mst
W, BT, sHEEY 9 BPVC oz
BRI/ BREe 2% 47 %A 34BR,
50 %ol A 41 B2, 46%IAH 37T %R WS
I, 7t49) EKRERE &% 0.05%A4 0.78% =,
103%°A 267%2, 032%14 096%=
wingch 23u, 71E BkEL BaTe s
2 BEE el il 400 CAA &% 46 %, 24
%, 600~700°CAA &% 57%, 35%2 B
SRBEECL Binshd BikERs H#inskebsk, 790
C/t HE &% 55%, 34%2 o EAE
wif e vErles, B PVC o HBE 450 Col
A 19%, 550~650°CalA 20%, 750CHA
18%2 MIvu €sBEEY] S8 MR
g O e vod Fooh 27, BT &
B AaBmso) el ha EERLH [k
WL 3~4 %iEE Yu, 7149 7§ [l
#e BE 004~046%, 3 HEE FA 4B
sl ol BEsle GE BB o BoR

-3]_

BREGH-S Belder & Aojrh

2. & E EHER/ L EE#E TR
T MR, Bt BEER/MAHS HEt B8R
1.46~263 %= A3, HHRS 7,087~
7,966 Kcal /kg 2 2 ¥ol KXEHBREZA &
B oagEde RdFa glo), seHEEHS
BEPVCel Ekitel HBE HERL &%
0.36~0.44%, 0.48~058% 2 o}, HHE
o] %#& 942~2545Kcal kg, 3,0656~4,273Kc-
a/kg o2 ol of-F MEE HRAKd: BH
gol ®o RiH KA FHMSHE Aol &4
gl £33 BiHme HSRS BT BB
7t 3.28~261% <= EEH] BES 271
~288%, BEPVCY @7 290~322%%8 Al
BiE n5 H4ACH 343t ¥, HRE
o /& §800~11,020Kcal ~kg, 9,780~9,870
Kcal kg, 9,770 ~9,810Kcal kg 22 H#C #h
¢] 10,330Kcal /kg 3t vjxste] (EERBAE
2 ER TEEHte 2o F3; oglont HI A
&ikol AAE W) Wil olE BEIE HiE
olul, ERWEE, BN KEHRYU g
%ol BEE HEE obgEl olFoAof ATk

3. 4% ERRIHET BHEART BR, B
2o eeHBEEYe = Cd, Cu, Pb,Zn
S Sevele) FEELRBEYVERBEEELNTE
vEtgte vy, BEPVCe BEERMAHE BHT 5
Be Cd3t Pbo) B FEEEBEDRER
#Rch ££ 1~2% 5~THEEE, A JE
U, olE HEAY e ESMARMEE ER
MoF & Zojrh

4, BEPVC: 300~400°C MiEel B RIEE
ol 4 2043 msst ESMFEe 90 L Lo
WiLkENAE HH=Ez, 1BEAA 300
~400°CE Mm#st HLAKENLXE BEstw,
2 BrfEol A EmERer AR RERERS
ol whakz| shoh

5. £RE A BRHES ST KR K
#7} 399~3561%, ®lwo] 18.22~32.509%,
o &e] 517~5.87 %= JERytTh

6 BHEE R Se|=BEHNS HAS
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