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Competitive Advantages of Plastic Materials
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Why Recycling?

Worldwide Plastics Throughput

Global Plastics Production 2,6 bilhdes 6,3 bilhdes

ainda em uso (29%) descartados (71%)

Billiions of Tons

800 milhoes
sofreram
incineragdo

4,9 bilhdes acumulam-se
em aterros sanitarios e
nanatureza
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Why Recycling?

Bio-based/
bio-attributed
plastics
1.5%
Fossil-based PP
thermosets
(excl. PUR)

7.1%
Other
fossil-based
thermoplastics'

7.1%

390.7 Mt

PE-LD, -LLD

6.2

PE-HD, -MD 12.9%
12.5%

Source: PLASTICS EUROPE, 2022.

recycled
o regulated
mE\erated landfills
19%

50%

( 22%

dumped*

*in unregulated landfills, burned in open pits
or leaked into the environment

worldwide-oecd.html
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Circular Economy
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Circular Economy

From cradle to cradle 1!l
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Recycling Methods
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In Situ Incorporation of Recycled Polystyrene
in Styrene Suspension Polymerizations

Caio K. Melo, Matheus Soares, Carlos A. Castor, Priamo A. Melo,
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Preparation of Polymer Microparticles Through Non-aqueous
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Ceiling temperatures of common monomers | edit]
T, (bond cleavage temperature)
Monomer Ceiling temperature (°C)° Structure
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Recycling technologies Quality of input
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Pyrolyse
2000 Search: August,2023 Depolymerization
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Source: https://www.dsgc.nl/publications/DSGC-Transition-Time-A-Circular-Economy-
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[ Feedstock [Temperature

C5-C20

J

Light olefins
Pyrolysis unit .H.'_ -
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Source: Lopez et al. (2017) — Themochemical routes for the valorization of waste polyolefinic plastics to produce fuels and chemicals
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Condensables
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Solid Waste

|ashes)

Coke

Waxes

solid Waste

Landfill

Waste

Transportation

Milling

Pre-Treatment

Remaovwal of H:D, Cl, O

S

T=300"C

Pyralyser

T=450"%C

Catalytic

Cracking

T=430"%C

l

Separation by

Distillation

& SE5

. [aphithia

| Gas (richin H0, HC, CO,

More complex flowsheet.
Challenges everywhere.

—~
)
GruanngePol



24° Congresso Brasileiro de Engenharia Quimica, 03 de Outubro de 2023, Salvador - BA, Brasil EIUDUKE:%O]

EngePol Pyrolysis
Capabilities & Studies

—~
)
GruanngePol



w
24° Congresso Brasileiro de Engenharia Quimica, 03 de Outubro de 2023, Salvador - BA, Brasil Emm}:éﬁpol

Bench-Scale Reactors
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PETROBRAS

1 ton / day
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EngePol Initiatives
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Feedstock Variability
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Biomass — Lignin Cake

T Mass Balance

80 mL/min 130 mL/min 105 mL/min 80 mL/min 130 mL/min
400 °C 450 °C 500 °C

m Solid m=Condensable m=Volatile

Gaseous Fraction

105 mL/min 80 mL/min 130 mL/min 105 mL/min 80 mUmin 130 mL/min 105 mL/min
350°C 400°C 450°C 500°C 550°C

m%C02 1% CO "%CH4 m%C2 u%C3 n%C4 m%C5-C8

Condensable Fraction

400 °C 500 "C
Class Area (%)
Phenols 34,72 37,92
Aldehydes 17,88 16,78
Ketones 12,82 9 46
Alcohols 9,34 12,56
Hydrocarbons 9,06 10,42
Acids 8,14 6,36
Esters 4,89 5,94
Amides 1,68 0,26
Amines 0,29 0,00
Derived from sugar 0,17 0,30
Mitrates 0,16 0,00
Others 0,84 0,00
Total 100 100
Residue Fraction
50
40 |

30 4 Potencial use for

agriculture
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Biomass

Mass Balance

[o0]
0
— o
N~ Lo
© N~
< L0
N
<
" Lignin Cake Coffee Grounds
0
<
(90
50
& 20 - GC/MS
N <
~ %30 T
3 G!_J 20 +
) I
10 -+ I
0 - II II I_-I-I- - . _
SOLID CONDENSABLE VOLATILE F K F ¥ L LS Qf& &2
. ] \\QJ(\ Y \060 é(& (Q\ (b{o Q/‘b 00 @Q @0 O®
mLignin Cake mCoffee Grounds R v Y& & &
% S @
&\
00

Pyrolysis conditions: 400 °C; 80 mL/min and 30 min. o
mLignin Cake mCoffee Grounds
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Virgin Polymers and Blends (Sorting)

Polymers and Mixtures

100.00
90.00
—. 80.00
= 70.00
L. 60.00
g 50.00
g 40.00
5 30.00
2 20.00
10.00 ' |
\>~ Q\Q < \g,OQ \qu \@Q}‘Q 3¢
B Condensables ™ Volatiles Residue
Mass Balance ICP Analyses
7.E+05 7.E+03
100.00 6.E+05 6.E403
X 8000 5.E+05 5.E403
S 60.00 a 4E+05 o 4.E+03
5 o Q
= 4000 Q3 E+05 Q 3.E+03
E 20.00 2.E+05 2.E+03
= - ] ] 1.E+05 1.E+03 I I
0.00 0.E+00 I 0.E+00
HDP A HDPE pell PP pow PP pell : :
DPE powder  HDPE pellet powder peliet Na Si Fe Cu As Hg Pb Fe Cu As Hg Pb

" Condensables W Volatiles  ® Residue mPP P (500 °C) = PP Pellet (500 °C) mPP PG (500°C) = PP Pellet (500 °C)
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Effect of Contaminants

SEG °
500000 |
BES ® PEBDL u
B PEAD
50000 ‘é 50000 ¢ ..
% [ °
5000 i’ | u
g 5000 | ° .
a = s
a e
500 + g)’
g 500 | u 5 i
50 | E .
5 ° 0 ° H
a | |
500 5000 50000 5E5 5E6 5 50 500 5000 50000 500000
ESTRE Averages (PS, ppb)
All tested pyrolysis oils were cleaner Contamination levels were different,
than the original PCRs but correlated
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)
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Effect of Contaminants (Phosphorus and Fluorine)

ICP Analyses of condensables Mass Balance
5000 i CONDENSABLES (%)|VOLATILES (%)| SOLIDS (%)
4500 HDPE 83.33 16.19 0.47
gggg 5 % Phosphorus 78.97 20.89 0.14
0
3000 10% Phosphorus 71.14 27.14 1.71
2500
2000
1888 : - Phosphorus contaminants became
500 ; II distributed between the gas and liquid;
0 S -
F NaMg Al Si P CI K Ca Ti V Cr Mn Fe Co Ni Cu Zn As Cd Sn Sb Hg Pb
HDPE 5% Phosphorus 10% Phosphorus
2000 I VOLATILES | SOLID WASTE
1800 CONDENSABLES (%) (%) (%)
1600 HDPE 83.33 16.19 0.47
:;gg I 5 9% FLUORINE 82.91 16.81 0.28
1000 10% FLUORINE 89.08 9.79 1.13
800
600
400
200 et .. - - - - Most of the fluorine contaminants
F MaMg Al Si P Cl K CaTi V CriMnFe Co Ni CuZn As Cd Sn SbHg Pb . .
remained in the gas phase;
m HDFE HDPE + 5% F R-02-06-21-1 HDFE + 10%F R-02-06-21-2
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Pre-Treatment for Removal of Contaminants

FPPW - Flexible Packaging Plastic Waste

20,00 CO, Content

18,00

16,00

14,00

$ 12,00
;g'; 10,00
$ 800
6,00
4,00
2,00
0,00 _—

m Virgin HDPE
FPPW without pre-treatment_2
FPPW_Temp 1_2
FPPW _Temp 2_2
FPPW _Temp 3_2

FPPW without pre-treatment_ 1
FPPW _Temp 1_1
FPPW _Temp 2_1
FPPW _Temp 3_1

Higher pre-treatment temperatures lead to
lower CO, levels in the gas phase .

80

70

60

50

30

20

10

]

Chlorine Content

B Virgin HDPE_1
W Virgin PEAD 2
W FPPW without pre-treatment_1
W FPPW_without pre-treatment_2
FPPW Temp1 1
FPPW Temp1 2
FPPW Temp2_ 1
FPPW Temp 2 2
BFPPW Temp3 1
mFPPW Temp3 2

Higher pre-treatment temperatures lead to lower
clhorine levels in the condensable phase .
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Catalyst Effect

Grupo EngePol

Mass Balance | | GC-FID

50
100,00 45
90,00 40
80,00 35
__ 70,00 30
£ 60,00 225
4§ 50,00 £ 20
2 15
§ 40,00
30,00 10
20,00 5
0
13:83 ’_. — Methane  Ethane  Ethylene Propane Propylene 2245: C5, C4- CS;bCéB-,
Condensable (%) Volatile (%) Coke (%) Solid residue (%)
OHDPE Thermal @HDPE Catalytic
OHDPE Thermal ®HDPE Catalytic

GC/MS

20
. L ]
0 ]

Paraffin Iso-Paraffin Olefin Naphthene Aromatic Others

. OHDPE Thermal @HDPE Catalytic
Thermal Catalytic : g
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Extrusion Pre-treatment

40
= 9
'§ 0,25 X 35
= o 30

o &
s %2 g
r- & @ ?
5 0,15 seeee®’ w20 ) )
g oo® e®? o0 ®® =
8 ° eo® ...... . = 15 ®
[ ]
- 0,1 .... ...... g 10 [ ]
Eo ® L @ o ¢ uE .
o °* T 5
c 0,05 P g o U]
L e ® ° '. e®
{ y o o ® .0 0
0 doe 250 300 350 400 450 500
0 100 200 300 400 500 600
Extruder Temperature (°C)
Temperature (°C)
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Extrusion Pre-treatment
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50
.40
=
(1]
o 30
<L
20
10
O L il

Paraffin Iso-Paraffin Olefin Naphthene  Aromatic Others

B PEAD_Res.NExt. ™ PEAD_Res.Ext.

15

1

nmhhnl I
O ] []

Area (%)
[en]

Methane Ethane Ethylene Propane Propylene (C4,C3-,C4- (5,C4- (5., C6, C6-,

>C6

B PEAD_Res.NExt. M PEAD_Res.Ext.

Condensables {%)

100
90
80
70
60
50
40
30
20
10

o

450 °C- 15 min 450 °C- 30 min 475 °C- 30 min

B PEAD Res.NExt. ™ PEAD Res.Ext.

)
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Effect of Reflux

Grupo EngePol

GC MS Simulated Distillation
70,0% 600
60,0% 500 3
50,0% O 400 ' .0'
o | L
< . - °.,
5 40,0% & 300 ....... o® [
< ) XA *
x £ '... o0 ® . ° : .:
= = ; 0@ [ ] 'y ] °
'&30,[}% Lg 200 ° .Q':.'..'.’ : [ ] ° .. ] o
e .:.‘ ~' . ° L ¢
tesds, b L,
20,0% 100 w
10,0% 0
0 10 20 30 40 50 60 70 80 90
0.0% l I . ™ Accumulated Mass (%)
C7-C12 C13-C20 (21-C38

500/500 cond e 500/400 cond e 500/300 cond e 500/200 cond e 500/100 cond @ 500/amb cond
B500/500°C  m500/400°C  ®500/300°C  W500/200°C  m500/100°C  W500/0FF  m500/0FF (150min)

N
)
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Adsorbents

Fillexs
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Composition of condensable phases

0
&0 57,71
=0 46,1 459,16
a0 37,49
&
Mass Balance 30
100 -
o 10 4,74 4.8
o I
Styrens Others Mon-armmatics
&0
&
40
20 [l
w
a
H Condensable ® Volatile m 5olid Toluena Etl‘glbenzene vy

—~
)
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Kinetic Modeling

500°C
T—Tyer ( k 20
A+B T eogoececeg
k=e — L = e ®
— k k k S 15 .
Ea—BRTref A—)B—)C{_)G 5 .
k S 10 “
— v e
k, = exp(4 + B) = S 2
\ g s e
=
g o
6 5 o8
= © Deoeceeoeoe 80
= 0 5 10 15 20 25 30
5
E Time (min)
g
& 4 @ Theoretical Experimental
5,
=} 25 o
£ 500°C
22 2000000,
k] ®
=a ®
3 w 15
a o )
0 S °
= 10
20 30 40 50 60
. . ®
Time (min) g
-
450°C —e—475°C —e—500°C 525°C —e—550°C P
0 LN W v oo o000 00
0 5 10 15 20 25 30
Time (min)

@® Polymer Lump 1 Lump 2 Products (Cond + Vaol)
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Modeling

Without Catalyst

. GAS

m,

PLASTI TR — PLASTIC OIL (CS - C12)
HWith Catalyst =

WAX (C13+)

= GAS
— WAX (C13+) OIL (Cs5 - C12)
COKE

d(M{;at _ Mi) N Rint Mcat

dt — [ € Mcat

g)pcat -

Contents lists available at

Journal of Analytical and Applied Pyrolysis

Sy
Pl T
&osibe

journal homepage: v

.
.
A short-cut method for analysis of catalyst performances in ‘
pyrolytic reactor '

CON DEN SER Laura P. da M. Costa ", Débora M. Vaz de Miranda ", Cristiano Cardoso ’, José Carlos Pinto
* Programs de Engenhoria Quimsce/ COPPE. Centro de Tecnologe. Cidede Universitiria do Universidade Federal do Rio de Jeneiro, Ris de Janeiro, Rio de Joneiro CP

e Giupo EngePol




24° Congresso Brasileiro de Engenharia Quimica, 03 de Outubro de 2023, Salvador - BA, Brasil Empu\E:éﬁpol

Modeling

s Tr =450 °C == == Tr=500°C == Tr=600 °C = Tcat =400 °C == == Tcat =450 °C == Tcat =500 °C

25 Tcat =600 °C @ Tcat =700 °C

2,0 >
= 10 5 3
© ’ \%
05 g 2

0,0 S 1

450 500 550 600 650 700 0
400 500 600 700
Tcat (°C) Tr (°C)
150
— 100 e With the mass balances, it is possible to obtain the catalyst
® . .
§ 'o.. mass needed to convert the wax into lighter products
; 50 ‘M according to the pyrolysis temperature or to the catalytic
bed temperature.

. PN
400 500 600 700 C")
\ 4
T (°C) Grupo EngePol
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Modeling

Journal of Analytical and Applied Pyrolysis 167 (2022) 105683

Contents lists available at ScienceDirect

] . . 120
Journal of Analytical and Applied Pyrolysis s Thermal initiation (Sty/1)
100+ 714 @ Thermal initiation (Sty/2)
Fl SEVIER journal homapage: www.alsevier.comfocatajaap 80 65‘25 0 Thermal initiation (Sty/4)
41.3 lane¢ Without thermal initiation
~
Modeling of polystyrene degradation using kinetic Monte Carlo 40 N D 209 12.0
6.2 0.0 & 3 10.5 2%1
Laura Pires da Mata Costa, Amanda L.T. Brandao ™, José Carlos Pinto” 20 9.4, 33 0-(;32' ™ S 95 K\lg’io 2y X
® Programa de Fngenhorin Quimica, COPPE, Universidade Federal do Rio de Janeiro, Cidode Universitdria, 68502 Rio de Jansiro, Brasil O A—A ];E,_ . & 0'—-4, —0—-5 &v-—*q M
® Departamentn de Engenharia Quimica e de Moteriais, Ponfificia Universidode Coolica do Rio de Janeiro (PUC-Ria), Gavea, 38097 Rio de Joneiro, Brosil (7] < (] 2] A Q’ﬂ
& & & N < &
N A ~\(\ > Q\ 4\
40 & of
N
&
<’

Fig. 11. Product distribution for PS thermal degradation performed
at 500 °C considering thermal initiation of styrene.

TN
)
mqungePol

» Polystyrene chemical recycling via pyrolysis constitutes an appropriate route for disposal of post-consumption material;
» High styrene amounts can be obtained and used for production of recycled styrene-based materials, avoiding the use of

virgin fossil feedstocks.
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Mass Balance
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Lids and labels

Blue Virgin

100% E—
90% \ivnt i
200, FRX: Virgin HDPE x Blue Bottle Lids
70%
60% " | |
0 ®HDPE Condensed  mBlue Lids Condensed #HDPE Pellet mBlue Lids
50% 0 - - -
40%
30% 0
20%
10%
0% 2 40
@
& 4@*“00 @'\\b% \@.\\gs f&(\?a Q@Qﬂ} Q\WO @‘\"6 K 2 2 Pl % EEE' 5 ::EE
B N Z (s) & :
K o iﬁii 5§
10 i lﬁil i %
mCondensables mVolaties = Residue . I ' ' T B
¢ T & 8 3 g 8z o+ g o9 F g oA

Chemical elements
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Life Cycle Analyses

M) Check for updates
‘[M}demlcr
Rl

www.mre-journal.de

RESEARCH ARTICLE

Life Cycle Assessment of the Catalytic Pyrolysis of
High-Density Polyethylene (HDPE) and High-Impact
Polystyrene (HIPS)

Alessandra da R. Duailibe Monteiro,* Débora Micheline Vaz de Miranda,
José Carlos Costa da Silva Pinto, and Jorge Juan Soto

Abiatic depletion Ablotic dephetion
100 Glabal warming 100k Global warming > Pollution b lastics constitutes an urgent problem that
Water use, _.apnes (GWPL00a) Water consumplian, SO0 (EWEL00 ) y p_ ) ! ) g p o
o &% g 19 ] demands immediate actions, including development of efficient
_ 0% b i dﬁ _ polymer recycling technologies;
Land transformation g% =l I". Ozone layer depletion Land transformation i -As0% Ozang I';EE:F'EI"'N'“"’“
i [ k i _gﬂ'-'ﬁ » Chemical recycling through pyrolysis is competitive and leads to
. -lo0% - 4 300% - E lower environmental impacts than plastic disposal in landfills.
Land occupation 5 Qg Human toxicity Land occupation § - F [ Human toxicity » Environmental impacts depend on the selected process
! -' = 3 operation conditions.
= - 1 ]
. o [}
. ) . . Ecotaxicity [fresh o W Ecotoxicity (fresh
Eutrophication i waater and terrestrial) Eutrophication . wiater and terrestrial)
Phatachemical o Phatochemical
Acidificat coddid
Hedicanan oxidation Aelciication caidation

—~
)
GruanngePol

Fig7. Radar chart of the LCA for non-catalytic and catalytic pyrolysis of HIPS and HDPE.
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Life Cycle Analyses

Sustalnable

Chemistry Engineering
pubs.acs.org/fjourmnal fascecg

Critical Evaluation of Life Cycle Assessment Analyses of Plastic
Waste Pyrolysis

Laura Pires Costa, Débora Micheline Vaz de Miranda, and José Carlos Pinto*

Cite This: ACS Sustainable Chem. Eng. 2022, 10, 3799-3807 E Read Online

ACCESS | liil Metrics & More | Article Recommendations | o Supporting Information

ABSTRACT: Pyrolysis is a chemical recycling technology that is experiencing ._ T:

fast development, is complementary to mechanical recycling, and is used to

N
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Concluding Remarks

1. Plastic business is at risk, despite the many competitive advantages
of these materials;

2. Principles of circular economy are changing paradigms in the
chemical chain.

3. Plastic materials are extremely well-suited for recycling and
circular strategies;

4. Chemical recycling constitutes an important technological challenge
for the 215 century;

5. Chemical recycling is still in its infancy and demands fundamental
research in many areas;

6. Research must be supported by fundamental LCA investigations. 4. C‘ )

Grupp EngePol
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