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CSN 64 0003 Plasty — Zhodnoceni plastového odpadu —
Nazvoslovi

Cesky anglicky
Fyziratmi~wecyklace plastu, fyzikalni Phy lin
recyklovani plastu
Chemicka recyklace plastu, Reconstitution of plastic waste,
chemické recyklovani plastu, Chemical recycling — béZné se
rekonstituce plastového odpadu pouziva, ale neni v této normé

inové zhodnoceni plastu, Transformation of
preména plastove adu na . -
suroviny surovinoveé vyuziti ~P-|i$tlc waste into raw
plastového odpadu materials

hodnoceni plastu, Transformation of

preména plastove na . -
energii, energetické vyuziti Ic waste into

plastového odpadu energy
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Zakladni schéma — chemicka X
surovinova recyklace

-~ Polymer

Y

Monomer

B

y

Feedstock L

Petroleum products,
e.g., paraffin, waxes

Figure 8.1 Chemical recycling of polymers
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MONOGRAPHS

Qﬁj CLEAN TECHNOLOGY | KNOVEL, mozna i Google Books

Feedstock Recycling of

Plastic Wastes
CHAPTER 2

Chemical Depolymerization

José Aguado
Department of Experimental Sciences and Engineering, Rey Juan
Carlos University, Mostoles, Spain

David P. Serrano
Chemical Engineering Department, Complutense University of
Madrid, Spain

ISBN 0-85404-531-7
A catalogue record for this book is available from the British Library
© The Royal Society of Chemistry 1999
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Depolymerace PMMA
CH, CH, CH,

——CHy—C—CH,—C—CH,—C—

COOCH; COOCH; COOCH;

CH, CH; CH;

A '—CHZ—C_CHz"—CH + CH2=C

COOCH; COOCH; COOCH,
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Termicka depolymerace PMMA

 Poprveé patentovano v Nemecku uz v
roce 1949

Dalsi procesy:

— Depolymerace ve dvojsnhekovem extruderu
(1998)

— Termicky rozklad drte pri 500 °C (1997)
firmy ICI & Mitsubishi Rayon
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Monomer recovery by pyrolysis of poly(methyl
methacrylate) (PMMA)

 W. Kaminsky and J. Franck

University of Hamburg, 2000 Hamburg 13, Edmund-Siemens-Allee 1 Germany
Abstract

There are many processes to recover the valuable methylmethacrylate (MMA)
of PMMA waste. The yield of MMA using melting vessels or heated screw
feeders is not sufficient and lies between 50 and 80 wt%. In a indirectly heated
fluidized bed process with a temperature of 450°C more than 97 wt% of the
PMMA could be recovered as monomer. The yield depends on the pyrolysis
temperature.

« At 590°C the gas fraction increases drastically. The main components
of the gas are methane, ethene, propene, carbon monoxide and
carbon dioxide. The main component in the liquid beside the MMA is
methyl acrylate. It is possible to polymerize the liquid to new PMMA
after distillation without any other purification. Even filled and
coloured PMMA materials like rear lights of cars could be polymerized
to a polymerization grade liquid.

 Journal of Analytical and Applied Pyrolysis

Volume 19, July 1991, Pages 311-318
8. 11. 2010 Recyklace 7 2010



http://www.sciencedirect.com/science/journal/01652370
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235247%231991%23999809999%23275349%23FLP%23&_cdi=5247&_pubType=J&view=c&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=85d16c3f33dac70f3651034a1b6aec2f

The characterization of recycled PMMA

The paper presents a study related to the possibility of obtaining
polymers through the polymerization of liquid products, consisting
mainly on methyl methacrylate (MMA), resulted from thermal
degradation of poly(methyl methacrylate) (PMMA), at 450 °C in a
laboratory scale installation. PMMA was obtained from MMA
chemically recycled without any purification. The PMMA obtained from
monomers resulted by thermal degradation of virgin PMMA is clear
transparent; while PMMA polymerized from the liquid obtained b

[depolymerization of 20 years old PMMA (PMMA waste) is opaque due

to the presence of impurities, which influence both the polymerization
process and the properties of the obtained PMMA.

The compressive and flexural strength and Vickers hardness have been
determined and closed values have been found for polymers obtained
from MMA resulted through depolymerization of virgin PMMA and that
from PMMA waste.

Journal of Alloys and Compounds
Volume 483, Issues 1-2, 26 August 2009, Pages 432-436
14th International Symposium on Metastable and Nano-Materials
(ISMANAM-2007)

8. 11. 2010 Recyklace 7 2010 9



http://www.sciencedirect.com/science/journal/09258388
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235575%232009%23995169998%231477068%23FLA%23&_cdi=5575&_pubType=J&view=c&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=656a262d2fc5660971efc5e429dbcfaf
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235575%232009%23995169998%231477068%23FLA%23&_cdi=5575&_pubType=J&view=c&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=656a262d2fc5660971efc5e429dbcfaf
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235575%232009%23995169998%231477068%23FLA%23&_cdi=5575&_pubType=J&view=c&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=656a262d2fc5660971efc5e429dbcfaf

Termicka a mechanicka depolymerace
jinych polymeru

* Polystyren (PS) — priklad co se deje a
uvolnuje pfri roztrzeni kelimku

* Polyoxymetylem (POM) — priklad co se
deje pfi zpracovani ...............
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Termicka depolymerace polystyrénu

 Rozklad pouze pevné faze vede k velkému podilu
pevného uhlikového zbytku a smési plynu bez valné
ceny
 Termicka depolymerace v pritomnosti tezkych (=
vysokovroucich) olejovych frakci >
— 52 % styrénu,
— 19,5 % metyl styrénu
— 13,6 % toluénu
— 11,6 % benzénu
— 3,3 % kumenu

100 %
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Katalyzovana depolymerace polystyrénu

W CH, — CH —— CH,=CH  CH,=
CH,= :

waste EPS styrene divinyl benzene

Bazické odnéti benzylového protonu (napr. BaO)
Zipovy mechanizmus odstépovani styrénu

Teploty cca. 350 °C

Vytézky styrénu az 90 %

(Zhang Z. , et al, Ind. Eng. Chem. Res. 34, 4514, (1995))
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Které materialy jsou vhodné pro
chemickou recyklaci?

* Polymery depolymerujici termicky
(PMMA)

* Polymery maijici polarni vazby v
hlavnim retézci (PETP, PA, PUR, PC,
POM, ..)

* Polymery s vyssi mérnou cenou (PC,
POM, ..)

8. 11. 2010 Recyklace 7 2010
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Polyoxymetyléen (POM) - depolymerace

Vznika kationtovou polymeraci formaldehydu nebo
jeho cyklického trimeru — trioxanu

Vzorec: [-CH,-O-],
Rozklad pouze pevné faze se v praxi k recyklaci
nepouziva

Je vyuzivano nestability POM v pritomnosti silnych
kyselin, napr. H,SO,
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Polyoxymetyléen (POM) - depolymerace

10 g
a 13% :3.5x10 ~g/min cm?
8 . o 15% : 4.3x10 "' g/min cm?
NG x 18% : 6.7x10 '?gfmin cm?
5 6 X % 20% :9.9x10 ~G/min cm?
N
& X
=, L b X
* »*
2 | & )
W 4
* 4
0 X . o, _
0 100 200 300 400 500 600
Time [min]
A 13% O 15% X 18% * 20%
Figure 9.23. Decomposition rate of polyacetal in sulfuric acid of different concen-
trations. (Courtesy of K.-F. Miick and M. Hoffmockel of Hoechst AG, Werk Ticona,
Kelsterbach, Germany.)
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Polyoxymetyléen (POM) - depolymerace

-10

Reaction Order : 2.14
-12

In(k)

-18

K= 3.8x10° 1214 gimar 214

min ¢m

0 0.5 1
In([H+])

1.5 2

Figure 9.24. Kinetics plot of the acidolysis of polyacetal giving a reaction order

2.14. {Courtesy of K-F. Muck and M. Hotfmockel of Hoechst AG, Werk Ticona,
Kelsterbach, Germany.)
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Polyoxymetyléen (POM) - depolymerace

I£—-— METAL REMOVAL DEVICE

GRINDER E i i
QFFGAS

T T TG SCRUBBER—

TO HECT!FICATIDN,-I_—:}

I
STORAGE WATER
WATER
FEEDER
BALANCE
STEAM
H,SO, HOT WATER
= ® 1 =
o
REACTOR
M~
=:-//

Figure 9.22. Schematic of process for the chemical recycling of polyacetals by acidolysis. (Courtesy of K.-F. Mick and
M. Hoffmockel of Hoechst AG, Werk Ticona, Kelsterbach, Germany |
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Polyuretany

I i
O0=C=N—-R—-N=C=0 + HO—R-0OH —m78» +C—NH—R—NH—C—0—R'—O}
n

Diisocyanate Diol Polyurethane

Scheme 2.2 Polyurethane synthesis by polymerization of a diisocyanate and a diol.

O
9 H,0

I
R=0—C~NH-R—NH-C—~0-R —> 2ROH+2C0p+ HN-R'—NH,

Polyurethane Diamine

Scheme 2.4  Polyurethane hydrolysis.
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HYDROLYZA PUR

NH
(|:|) 2
POLYOL + wwC—NH CHa + COy
H,0
TDA
Polyurethane
( polyether-toluenediisocyanate)
AT NCO NH
? 2 j
ww. C=—NH CHz + =«C—NH CH,
Diisocyanate TDA
H,0
NH
C") 2
wea C—NH CH4 + COy
TDA

Scheme 2.5 Mechanism for the hydrolysis of a polyether-based toluene diisocyanate.”’
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GLYKOLYZA PUR

0O

Il
NH—C~0—~CH2—© @_CH ks
2

Benzyl-phenyl-carbamate o,
0
@—‘NH—C—O—CHz—CHon

2-Hydroxyethylphenylcarbamate
NH
2

Scheme 2.3  Glycolysis of benzyl-phenyl-carbamate and diphenylurea.®

i
O ®)

Diphenylurea
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Alkoholyse von PU — Abfallen

; 0 0 |
i
| | > ] i '
~M7>~0 —— C-HN{FNH- [ —— 0 <>
: Polyurethan :
H——OMOH  HOAM0——H
| Uiol E
| s .
Ak > - HN A NH T i
W70 C-IN{ZENH-C 0w
' H 0 0 H
3 3
0-H H-0
flussiges homogenes Polyolgemisch | \
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AMINOLYZA PUR
Reakce s amoniakem nebo aminy
Po rozkladu je pridavkem
propylénoxidu vytvaren polyol a tim
posunovana rovnovaha

(l)H
I :CHZHCH”CHa
~NH + 2 CHy—CH-CH, —» R-N,
ik R 3 CHy=CH-CH,
OH
Amine Propylene oxide Polyol

i _— 92
Scheme 2.6 Conversion of primary amines into polyols by reaction with propylene oxide.
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0 0 0 0
il ] Il i
we0~C~NH CH, NH~C-0FCH,T0-C—NH CH, NH=C =0 s
4
Polyetherurethane
20 NH,

o
4 OH+CHa+OH + 10HN-c NH + HOm=
QO+ ot wracb,

Diamine Diol Urea Polyether polyol

Scheme 2.7  Stoichiometry of the ammonolysis of a polyether urethane.”
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s

@ ~ Aqu. solution

1. Ammonolysis | EXtract | 2 Extraction of urea
+ Extraction ( water )

\ >
Polyurethane ¢
- 3

Residue: Amine +

L B axidus: L Chain extender 4
Polyetherpolyol l
Separation
of Diol
\ E >
< Diisocyanate l
Phosgenation l
of Amine
Diol
< ( Chain é:(c’tender )

Figure 2.6 Flow diagram of a process for polyurethane ammonolysis by treatment with
supercritical ammonia.
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SLYCOL /
WATER-

WASTE FOAM
CATALYST
nz,_ REACTOR
HEXADECANE
SEP'N.
MIXER TANK
HEATER
GLYCOL COOLER
POL YOL
TO
PURIFICATION
SER'N
TANK
I
AMINES eg—i VACLIUM STILL

WASTE

Figure 2.7 Flow diagram of the Ford hydroglycolysis process for the degradation of
polyurethanes.”

(Reprinted with permission from J. Braslaw and J.L. Gerlock, Ind. Eng.
Chem. Process Des. Dev., 23, 552. @© 1984 ACS)
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PETP

0 0 . 0 0
2 HO-CH,-CH.-0OH il li
Hﬂ‘“g I"’ﬂH b - HE'.'-EHE“'I:HE-ﬂ-ﬂ—@ﬂ-ﬂ-ﬂHz—ﬂHz-ﬂH
-1H,0
BHET
nH,0
Y
[ ¢ A\ §
DR, 7 P
n
PET

Scheme 2.1 Routes of PET preparation.
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Figure 2.2

8.11.2010

400
Teplota cca. 240 °C
3904 i :
e Khatalyza solemi
< 180+ i
S zinku
% 3704
ol
E
s J60 *
E 3504
= &
€ 140 -
E 330+ 190 °C
< o clear recycled PET
= o @ green recycled PET
3104
3004
L
>
T

0 1 2 3 4 5 6 7 8 9 10
Glycolysis time (hour)

Hydroxyl number evolution during the glycolysis of clear and green recycled
PET.®

(From S. Baliga and W.T. Wong, J. Polym. Sci. Polym. Chem., 1989, 27,
2071. Reprinted with permission from John Wiley & Sons Ltd.)
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100 2 o 100

Teplota cca.
150 °C 80
Katalyza
kysela

..IBU

60

40

Degradation of PET / %

20

B
o
Yields of TPA and EG / unit %

0 2 4 6 8 10 12
H,SO, concentration / M

Figure 2.3 Effect of the sulfuric acid concentration in PET hydrolysis (150°C, 5 h):
@ PET conversion, A\ TPA yield, (] ethylene giycol yield.>
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Teplota cca. 50 °C
Katalyza
Alkalicka
(bazicka)

Yield of TPA-K, (mol/mol PET)

Reaction time (mun)

Figure 2.4 TPA-K; yield versus time during PET decomposition by treatment at 50°C
with KOH in a mixed solvent of ethanol and ethers ( 80;’205;01%}: O no ether,
@ dioxane, A tetrahvdrofuran, /\ 1,2-dimethoxyethane.
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20,000 - 30,000+

PET
Mw
600 psi WYDROLYSIS
800 psi HYDROLYSIS
EXTRUDER
 PRE - GLYCOLYSIS
5,000
ARBITRARY POINT
OF TRANSFER
OLIGOMERS

A 600 psi
| HYD%‘LYSIS
(BHET) 2544

MONOMERS |
(TAS EG} Jtrrrrr—T T T
o 5 W B 2

30 a5 '
REACTION TIME TO COMPLETION (MIN) —o
Figure 2.5 Change of the PET molecular weight along the time for different degradation
treatments.”
(© M.L. Doerr, US Patent, 4620032, 1986)
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Priklad chemickeé recyklace PETP

Cesky patent 296 280 ze dne 29.12.2005

Zpusob chemické recyklace odpadniho
polyetylentereftalatu

TRENDY V PATENTECH NA CHEMICKOU
RECYKLACI PETP

« Zameéreni na ziskavani kyseliny tereftaloveé

« Vytvorit a izolovat jeji sul

« Kyselinou (Napr. HCI) premeénit zpét na kyselinu
tereftalovou
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Priklad chemickeé recyklace PETP

SPOLCHEMIE Usti nad Labem

— Slozka do polyesterovych termosetickych
pryskyric
— Slozka do polyuretanu

PROBLEM
Firmeé hrozi konkurz!
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Polyamidy

Polyamidy dnes tvofi mimoradne
rozsahlou skupinu termoplastu s
mnoha aplikacemi

- PAG

- PA 6,6
* PA 6,12,
 PA 6,10
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Polyamidy — chemicka recyklace

Hydrolyza v prostredi kyselém, neutralnim
nebo zasaditém

Kde se uplatinuje nebo kde ma sanci se
uplatnit?
* Vyrobek, kde je PA ve smeési s jinymi
polymery, napr. koberce
« BRIMROSE Corporation of America
(www.brimrose.com): Application Report
Polymer 11: Classifying N6, N66, and PP

carpet Pieces Using AOTF- NIR
Spectroscopy
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[ NYLON—G]
O O

—NH-fCH5 El—sd.!."; —NH-fCH- }ng—-NH —“+chHi, {l—sé —

l H,,O™"

Ho>N FCHS . COOH

Aminocarboxylic acid

!

C=C>
I:CHZ%:I + H5O
5 N—H

Caprolilactam

NYLON-6.6 ]
O

—-——m!_l,—Ew:_‘,H2 -3:(':', —NH—+‘tCH- f[—ar-tl—l e

l NaOH

NaoOoC-fCH; 1 COONa =+ NHZ—ECHZ—:{;NHZ

Sodium Adipate Hexamethyleme diamine

l HCI

HOOC+CH5;}+ COOH + 2 Nacl
A dapic acid

Scheme 2.8 Iy drolysis of rnyviori-6 arid riylorn-6.,6.7
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NYLON-6

O
i -.u
we C —_ -
TCHaFNH— c-[CHZ}SNH
+NH3
C=0 0
-H,0
CH " 2 =
[ ZEI!IH H2N——C{CH2]—5NH2 = N-C-ECH;_,}SNHz
Aminocaproamide Aminocapronitrile
NYLON-6,6
. H 1]
mHN-ECHthH—{.—-C-ECHz}Cm
+NHy
0O
i I -2H,0
HaNFCH TNH, H2N-C{CH2]-40~—NH2 - p NEC-ECthCEN
Hexamethylene diamine Adipamide Adiponitrile

Scheme 2.9 Mechanism of the ammonolysis of nylon-6 and nylon-6,6."%*
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CHEMICKA RECYKLACE polymerniho
odpadu - OBECNE PROBLEMY

* Oproti fyzikalni recyklaci je moc chemie
a moc procesu a aparatu > vysSi naroky
na investice a na kvalifikaci obsluhy

* Co se zbytkem po procesu? Obvykle
,Nebezpecny odpad” >
— Rozumne vyuziti zadne
— Skladkovani problematicke
— Spalovani drahe
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Ambiciézni mlady chemik a CHEMICKA
RECYKLACE polymerniho odpadu

« Analyza vstupu a vystupu jednotky

» Kinetika a katalyza procesu

. Cisténi produkt

* Procesy likvidace zbytku po recyklaci
(plasma?)

* Procesy a aparaty — spise véc pro
strojare a chemické inzenyry
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Paradox chemicke recyklace versus
fyzikalni recyklace PETP

CHEMICKA RECYKLACE

* Chemicky to vypada jednoduse

» Spousta ¢lanku a patentu

 Minimum Uspé&3snych realizaci (ZATIM)
FYZIKALNI RECYKLACE

« Zdanlivé malo chemie

* Minimum technicky prinosnych ¢lanku

 Hodné uspesnych realizaci
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K premysleni

* Proc se chemicky nerecykluji PE a PP?
* ProC se chemicky nerecykluje PVC?

* ProcC Ize chemicky recyklovat PS,
PMMA a POM?

* ProcC Ize chemicky recyklovat PETP,
PUR, PA, PBTP?
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100% recyklovatelny obal. Pridejte se k nam a recyklujte.

Aby Dyla recyklace uspesna, musime
58 rapojit vaichni. Laney Mattoni ja
100% recyklovateing a obsah plastu
¥ jeadne lakyl jgme v prubeéhu |e)iho
viywvope sniZih o 20 . Pokud ale
ahev nebude vhorena do spravnsha
Kontenery, Zwveinimu  prostred
repamuiems. Racyklujte

MA];LO NI
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