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3: separation by hand

4 : crushing
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6. Wind sorting
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The kinds of Resins and Additives in Plastic Materials (2013) €%

Resins
Thermoplastics resin
Thermosetting resin
natural macromolecule, others

Total

Additives
Plasticizer
Stabilizer
Oxidation inhibitor
Ultraviolet absorbing agent
Antistatic
Flame retardant
Organic blowing agent
Lubricant
Antifungal
Crystalline nucleus agent
Total

85
37
35
153

230
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Pyrolysis of PET and PVC, and its Issue

— Pyrolysis of PET |

C C
oc@—cﬂ:ocm} — s d OH OH clogging of pipes
O O n
PET

Terephthalic acid Benzoic
(TPA) acid (BA)
Sublimating substances for pyrolysis3)

Unsuitable material

3) Williams, E.A.; Williams, P.T. J. Chem. Tech. Biotechnol., 1997, 70, 9-20.

-| Pyrolysis of PVC ﬂ

Causing corrosion of
Cl n n

Hydrogen chloride

|\ Incineration of PVC Production of trace
organochorine
;HCHZ} + (2n41)/20, ——> 2nCO, + NHCl + NH,O e ——)
Cl n

Hydrochloric acid




Benzene is obtained selectively without producing sublimating substances4-%

benzene acetciphenone biphenile
indene naphtalene | 1,1-methylebisbenzene
/ toluene stylene Benzoic dcid
= fl / \ / Ca(OH), /PET = 0
> n ~—n N N n
g Ca(OH), /PET =1
g HL—A ~—A /\—ﬂ A M
} .
N Ca(OH), /PET= 3
~ a , =
c
3 Ca(OH), /PET=5
£ L
_2 UL A o
h Ca(OH), /PET =10
| S,
0 5 10 15 20

Retention time / min
T. Yoshioka, E. Kitagawa, T. Mizoguchi, A. Okuwaki. Chem. Lett. 2004, 33, 282.

25

CaO

+ CaCoO,

ex.) G. Grause, T. Handa, T. Kameda, T. Mizoguchi, T. Yoshioka. Chem. Eng. J. 2011, 166, 523.




Benzene recovery process from PET using calcium catalysts

org{)go-en O
O n

Benzene

Hydrolysis of PET Decomposition of TP-Ca

HQ PFormation of TP-Ca N
c— Y
d OH Q Ve
TPA //CAQ—C\ ca® CaCO,
J 0

H,O(steam) TP-Ca

Ca(OH), , > Ca0

S. Kumagai, G. Grause, T. Kameda, T. Takano, H. Horiuchi, T. Yoshioka. Ind. Eng. Chem. Res. 2011, 50, 1831.
S. Kumagai, G. Grause, T. Kameda, T. Takano, H. Horiuchi, T. Yoshioka. Ind. Eng. Chem. Res. 2011, 50, 6594. 28
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Applications using Benzene production Process from PET %.¥

TOHOKU

Selective conversion into Benzene from aromatic acids 1-3)

Fundamental resources in petrochemicals
Feedstocks of Styrene, Phenol, Aniline etc.

TPA Selective conversion into oil (benzene) from
@_ﬁ PET becomes available.
OH
Benzoic acid

Simultaneous recovery of metals and benzene from metal-containing PET 4-¢)

@7’ ~

” 1gm . CaCO, Benzene
Hydrolysis
X-ray films —=

(PET+AQ)

x 10000 - x10000
. RO

Co,

Possibility of simultaneous
Magnetic tape Magne;cic card y-Fe,0; TiO, recovery both of metals and

(PET+Fe)  (PET+Fe, Ti, Al) Al0; benzene

Ex) our published 1) Chem. Lett., 43, 637 (2014). 2) Ind. Eng. Chem. Res., 50, 1831 (2011). 3) Ind. Eng. Chem. Res., 50, 6594 (2011).
papers 4) J. Mater. Cycles and Waste Manag., 16, 282 (2014). 5) Chem. Lett., 42, 212 (2013). 6) Environ. Sci. Technol., 48, 3430 (2014).
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Metal recovery from some composite materials

2000
Ag
1600
g
B 1200
‘®
&
= 800
400 M\JL«JL \
0 ‘10 éO éO 40 50 60 %O éO 90
26/deg (CuKa)
X-ray film
Ag recovery  over 97%

Residue composition Ag: 3%

Carbon:97%

Ag concentrated from

the initial 0.4 wt% to 3 wt%

Intensity/cps

1000

800

600

400

200

» °
y-Fe,0,
: U /JLLA
00
0 10 20 30 40 50 60 70 80 90

26/deg (CuKa)

Video tape

y-Fe,O; recovery

over 98%

No transformation to a type

Residue composition

y-Fe,0,:66% (Fe:46%)

Carbon:34%

Hydrolysis temp. 450 °C, steam 88 vol%

1000 oV-Fe0;
TiO, (Anatase)

800
[%2]
S
> 600
i
g
y= 400

200 °

M o o

0 10 20 30 40 50 60 70 80 90
26/deg (CuKa)

Preld card

y-Fe,O; recovery over 98%
TiO, recovery over 97%
No transformation was observed

Al,O, recovery 100%

Residue composition

y-Fe,0,:37% It might become

an ilmenite
TiO,:35% substitute
Al,0;:2% (TiO,: 45~60%)



Comparison of the composition of residues with ilmenite ©3

TOHOKU

[ ] Tio, [ ] Fe,0, [_] others
Ilmenite ore 50.0 43.5 6.5
0 residues . —
G 1100 62.0 31.0 6.7 1cm
()
Y
3
©® 1000 61.8 31.0 |,
© :
)
Q
c]E) .,
F 900 59.7 30.2 |,
0.2 ™ :
|:|carbon N
800 56.8 29.8 ||,,,
' ' | , __ 2.4
0 20 40 60 80 100

Content (%)
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Recovery of TiO, by Manufacturing process (Sulfate process)

Solution
FeTiO; + 2H,SO,
(ilumenite)
— TiI0SO, + FeSO, + 2H,0
Hydrolysis
Ti0osoO, + 2H,0
— TiO(OH), | +H,SO,
Calcination
TiO(OH), — TIO, + H,O

Anatase or Rutile

Table Degree of TiO, leached from residues

Temperature (°C) 800 900 | 1000 | 1100 | illumenite

Leaching ratio of TiO, (%) | 100.0 | 100.0 | 96.4 | 72.3 46.4

conc.-H,SO, at 220 °C

from prepaid card from ilmenite



Recycling of PVC
PVC

Low cost, good machinability, Chemical resistance, good durability

Production (Japan) 1.5 million ton (in 2013)
Domestic disposal (Japan) 0.82 million ton (in 2012)

0.23 million ton (28%) was recycled by mechanical recycling?)

Floo|; Cable covering Medical tube

material
Stable component Complex with other materials

K Easy to recycle J \ Difficult to recycle J

33

1) Plastic Waste Management Institute, Plastic Products, Plastic Waste and Resource Recovery (2012).



Alkali Industry (Electrolysis of table salt process)

Alkali industry = Chlorine production

2NaCl + 2H,0 — 2NaOH + Cl, + H,

34



Treatment (Dehydrochlorination) of PVC

Thermal decomposition

{CHCHZ} > {CH=CH}, + nHCl
Cl :

Incineration

{QHCHZ} +(2n+1)/2 02 - 2nCO2 + NHCI + NH20
Cl n

35
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Weight/ %
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40 |

PVC
PE
ps|\ |PP
HCl —
nubd L ) wdue
-¢-C-C-C- > _C=G-C=C-
HCIH Cl
1 L\ 1
100 200 300 400 500

Temperature / °C

T.Yoshioka, T.Akama, M.Uchida, A.Okuwaki, Chemistry Letters 2000, 322 - 323
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PVCRRIZE{EKZEDimE KT 1%

Temperature /°C
400 300 200 160 100 80
0 1 | 1 1 I |
5 17.1 kJ/mol _
This work
~ -10 | -
i
-15 - -
20 L -
] ] | ] ] ] |

14 16 18 20 22 24 26 28 30
1000/T /K1

T.Yoshioka, N.Saitoh, A.Okuwaki, Chemistry Letters, 34, No.1 (2005), 70-71 38



kmixed graphite / kPVC

1.8

1.6

1.4

1.2

1.0

0.8

a3

2 4 6 8 10 12

Graphite / PVC mixed ratio

T.Yoshioka, N.Saitoh, A.Okuwaki, Chemistry Letters, 34, No.1 (2005), 70-71
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Gas washing by neutralization

Plastic waste {H HC|

N EASARASSAREAN SRR R R AR AR AR RS RAN RS SRARA AR

B T
oy iy iy ey iy by by m
/ | h

Fig. Counter-rotating twin-screw extruder .
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HCIZ{E->1-& &[N

-

kg REBEYIOFSR <EBEEYI0FS

® MEFIZRMELTEIFARNL YN HE

o B EENAEMEEEEIN
B A :
B EY ~Lwk £

ER, i, SR, FR IBILEH R

PbO(l) + CaCl,(I) — PbCl,(g) + CaO(s)
ZnO(l) + CaCl,(l) — ZnCl,(g) + CaO(s)
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S0 358 BN 26 1) D 1

BRI SY Y BC#RA I 5Y I HERY
Component Content[wt%] Component Content[wt%]
C 42.92 Cl 14.57
H 5.71 N 0.37
Ca 3.85 Mg 1.31
Cu 1.08 Al 0.58
Pb 0.26 Zn 0.23
Fe 0.13 Sn 0.07
Pb 0.05 Ba 0.02

Others 28.83

CRTHSR : I5u> &L Eosow sl FCIm (EEMRE)

Component Content [wt. %]

JERILHS X SiO2 544 mEpvTHEER% (0.3 mg/L)
\ PbO 27.9 Z LE3inatHE*)
K20 6.07 ) BiEE, [J59 85 Ly k
CaO 3.78 DEHHERIER ], (2010).
RYIHSR MgO 2.89
1 Al,O4 2.38
. Na,O 0.350
1y |\j35177>*)l/j371 (FG) oz

Others 2.12 43




Component Content[wt%]

Component Content[wt%]

C 42.92
Cl 14.57
N 0.37

Phiaisthing

Others 28.83

H 5.71

| 528
Sn 0.07
Bal i 002




[%]

Recovery rate

BCHRAD SV DS DIE(LIEFRE(C L B D [EUR

100
90 HCI
80
70
60
50 /A}ﬁﬁﬁ%ﬁ%
40
I
20
10 (/é/ N, 7118 KB
0 » . o
400 500 600 700 800 900 1000
Temperature[°C]

AiritE3EER:1/(2b) MO, (s) + HCI(g) — al(2b) MCl,,,.(g) *+ 1/2 H,0(g)

HCIR 8 R ER
N, 77t 8 EER

T.Kameda, S.Fukushima, G.Grause, T.Yoshioka, Thermochimica Acta, 562, 65-69 (2013).

l al(2b) M(s) + HCI(g) — al/(2b) MCl,,,.(g) + 1/2 H,(g)




Pb removal from Funnel Glass using Pyrolysis of PVC

PbCl,

(PbFSci;O ) K}Q + Pb removal : 1.47 %
’ residue

pvCc —» HCl

PVI‘O'VSiS Int. J. Environ. Sci. Tec., 11, 959-966, (2014).
(250-350 °C)

Pb removal : 99.9 %

PbClZ Ca/Cl molar ratio =1

FG n 100 ——& Y ¢ 100,000

(PbSiO;) — 0 < 5

residue g8 S

70T 1 10,0005

CaC|2 §60 - é

550 Ju

840 | g

Capture 230 | 1 1,000 §

S %0 g

10 | —

pvc —» Hcl~ Ca(OH), i R
Pvrolysis 0O 20 40 60 80 100 120
- Time [min]

(250-350 °C) me [min .

Thermochimica Acta, 596, 49-55 (2014).



77 > HIHS AN DM EE R DL D

TOHOKU

FGH SIS gEax PR gy BESE gppe  HAESE
[W] [h] [%]
IKEAINIRES (T D 5400 USD 2200 HNO, 18-22 3;%% 2,% ((:i_57 :]')) 93.0
R—)L=) VAL (Ch 2 2700 USD 750 HNO, 3 95 °C (1 h) 92.5
BERIHTE ¥ 1000 USD 800 HNO, 1 =0 91.0
L S o o S e
RER T CTORTIERE ¥ 1200USD 4200 C 4 1000 °C 98.6
IRESAT T CTOIR{LIESE © 1200 USD 4200 CaCl, 2 1000 °C 99.1

1) H. Miyoshi, D. P. Chen, T. Akai, Chem. Lett., 33, 956-957 (2004).

2) P.G.Yot, F. O. Mear, J. Hazard. Mater., 172, 117-123 (2009).

3) A.J. Saterlay, S. J. Wilkins, R. G. Compton, Green Chemistry, 3, 149-155 (2001).

4) W. Yuan, J. Li, Q. Zhang, F. Saito, B. Yang, J. Air Waste Manage. Assoc., 632, 2—10 (2013).
5) M. Chen, F.-S. Zhang, J. Zhu, J. Hazard. Mater., 161, 1109-1113 (2009).

6) A. Erzat, F.-S. Zhang, Environ. Technol., 35, 2774-2780 (2014).
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Dechlorination (# Dehydrochlorination) of PVC

E2 elimination

nNaOH + PVC —{CH=CH} +nNaCl+nH,0

Sn2 substitution

nNaOH + PVC — {CHCH, |, + nNaCl
OH

48



NaOHKBRPICH I BUERDBHEIZNE—- O

TOHOKU

1M NaOH ]

LN k

1
HAN

46.0 kcal/mol

6: 1 1 1 1 1
1.85 190 195 200 205 210 215

1000/T/K1

EHHEEH. LHEDW. JIIFF5. 'fZEH?’*/)\TE BERRERD . BAEFERES, 1992,534-541

EREHA. EUE—. SRIBHA. BER. EIZMI:TT*—E.:., 1997. 64-68

EREHA. HEEEA. ERFIERT. F%aﬁ%i‘f—%aﬁ i5, 1998, vol. 9, 141-148

S.M.Shin, T. Yoshioka, A. Okuwaki, Polymer Degradat/on and Stability, 1998, vol. 61, p349 - 353

Shun-Myung Shin, T. Yoshioka, A. Okuwaki, Journal of Applied Polymer Science, 1998, vol.67, p2171 - 2177

T. YOSHIOKA, K. FURUKAWA, T. SATO, A. OKUWAKI, Journal of Applied Polymer Science, 1998, vol. 70, p129 - 135 49



TOHOKU

uNIVERSITY

Dechlorination plant by wet processing
Stigsaes Industrimiljg A/S Full-scale Test

250°C, NaOH
solutions

Capacity: 20,000 t/y
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Dechlorination in NaOH/diols

0.1mm

1.5 Triethylene glycol
\ Diethylene glycol
—_ n-CioH210H ;
Q\C:OIS PVC Resin NaOH/EG
> (De-Cl = 87%)
3
-0.5 Ethylene glycol,
N H20
-1.5 ‘ ‘ | /// l LA e N
ASP  (=SPsolvent—SPpvc) NaOH/H20 (17%) NaOH/H20 (89%)

Fig. Effect of solvent SP on dechlorination of PVC
in 0.05M NaOH solution at 170°C

T.Yoshioka, T.Kameda, S.Imai, A.Okuwaki, Polymer Degradation and Stability, 2008, vol.93, 1138-1141. 51



Dechlorination of other chlorine containing materials %~

TOHOKU

Poly(vinylidene chloride)®

100
—— ;—____—__"
2 80 -
e
5
= L o—=<
= 60 o~ o
= @ 1.0 M NaOH/EG 190°C
o) ¥ 1.0 M NaOH/H,0 190 °C
e 40 < Thermal 300 °C*
O <? Thermal 200 °C*
a
-
20 —
: |
0
0 60 120 180

Reaction time/min

Dehydrochlorination of PVDC (thermal) 19
€ HO H

ClHCH - w
L) Dt
R a0 HQ H
CCH CH
A H
c HC H . a Ha H
crosslink (.—l [.l HCI
» OIS dic H_ZA , H
| )
Ad H . .

9) Kameda, Yoshioka et al., Polym. Degrad. Stab., 93, 1979 (2008).

£%

Automobile Shredder Dust!1)

100
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o\o
<
8
= 60 F
©
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O 40 L
G W 150°C
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(@] 20 ® 19%°C
€ 190 °C, without balls
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100

< 80 |

=

2 60

(4]

£

g 40 |

8 0O 21507°C

QO 20 | A 170°C
QO 190°C

0 G L 1 :
0 60 120 180 240

Reaction time/min
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10) Shun et al., Polym.Sci. Polym. Chem. Ed., 23, 1193 (1985). 11) Kameda, Yoshioka et al., Chemosphere, 74, 287 (2009).
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Flexible PVC

loo __With balls Rigid PVC
/./’ with balls
/ /y,'M(out baII>/
60

D
o

/ without balls
I ¢

N
o

Dechlorination [%]

1M NaOH/EG,

190°C

2
Time [h]

4 6

T.Kameda, M.Ono, G.Grause, T.Mizoguchi, T. Yoshioka,

Industrial & Engineering Chemistry Research, vol.47, p8619-8624, 2008

Flexible
PVC

" -:;',_-:_';' ' ..’

without balls

- = o _:: —_
without balls with balls
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Particle size wt.%

>2.80mm 8.4

1.00 ~ 2.80 mm 39.9

500 ~ 1000um 22.6

250 ~ 500um 18.8

150 ~ 250um 5.9

<150um 4.4
Organic wt.% Inorganic wt.%
C 45.62 Fe 4.67
H 5.42 Ca 1.49
N 1.45 Cu 0.82
S 0.19 Al 1.15
Cl 2.49 Pb 0.14

Br 0.87
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ASRIRIEZR(CIT T HNaOHIREDFE

190°C, NaOH/EG

100
RIB&EBEDOIN\OTEBEXK
~ 80 Cl Br
D (wWt.%) | (Wt.%)
C
o 60 oM | 1.65 | 0.30
@®
=
%’ 40 025M| 022 | 0.01
§ 05M | 0.06 | <0.01
20 x yas
OM 0.75M| 0.08 | <0.01
0: 1M | 018 | <0.01
0 30 60 90 120

Time (min)

T.Kameda, Y.Fukuda, K.S.Park, G.Grause, T.Yoshioka, Chemosphere, 2009, vol.74, p287-292. 55
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IEFRFECKDPVCITHIT AR Z IS5 L. SMIMIMEZH D
MR E U TR

B IEC KD PVCDILF St

. _Base . _[ _ _ _
—fcH, cle}n— + Nu [ CH, ?H}E{cm cle}—n_m+ mCl
Cl

Nu Cl

ex)
T.Kameda, K.Imai, G.Grause, T.Mizoguchi, T.Yoshioka, Polym. Degrad. Stab., vol.94, p1595-1597, 2009.

Y.Fukuda, G.Grause, T.Yoshioka., Polym. Eng. Sci., 51, 1108 (2011).
G. Grause, T. Hosoya, K. Hashimoto, T. Kameda, T. Yoshioka, J. Mater. Cycles. Waste. Manag., 16, 519, (2014).

{IINRZIE(C &K D PVCDILFIEEFY

—t cH=cH}ten—cHi- e C\HO—/CH Jfen—eni
I I

ex)
T. Szakacs, B. Ivan, Polym. Degrad. Stab., 85, 1035, (2004). 56



{EFEMICKDIFEINDIZHR

IERFEIC & D 2 DR ST ) FIIRIREDPVC

EZE RikFH 2 HKE ITRFESE ey SCNE 2)

. 2R L
MEE  mIEEME EkE BRISE %gmgﬁ M

. _Base . _[ _ _ _
_E CH, (IIH Jn_ + Nu > — CH, (IIH }EE CH, (IIH }_n-m + mCl
Cl Nu Cl

1) M. Hidalgo, H. Reinecke, C. Mijangos, Polymer, 40, 3535, (1999).
2) T. Kameda, M. Ono, G. Grause, T. Mizoguchi, T. Yoshioka, J Polym Res., 18, 945, (2011).
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Upgrading Recycling of PVC S

Introduction of function group by S\2 reaction

200

< 160
e
X

3 120
Qe
o
@©
0

5 80
©
QO
5

2 40

0

SCN"- _

A

v
Substitution (Sy2) {CHZ—CH] — {CH:,—CH} + €F
InNIn | n

SCN

——

—

——

(@) (b) (€) (d)

Table Samples used for bacterial adhesion study

FT-IR spectra

sample  substitution[%] elimination[%] thiocyanate isothiocyanate reaction condition

(@) PVC

(b) SCN-PVC
(c) SCN-PVC
(d) SCN-PVC

3.8
18.7
3.8

0.4
10.2
1.0

X X —

X O KSCN/THF-DMSO

O 0] KSCN/DMF

@) @) KSCN/H,0+TBAB 58




each basic industry plants in JW.
® Power plant - B s
> o

® Steel industry
0 L oo
° N
® Paper & Pulp industry . ';‘\\
‘1
] .r‘ e %o
50km radius aNy
7 L

100km radius

T. Yoshioka, A. Okuwaki, Transactions of the Materials Research Society of Japan, vol .29[5], p1807-1811 (2004)
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Thank you for your attention
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