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Catalysis Made Plastics. Can Catalysis Unmake Them Too?

Production of industrial polymers is impossible without catalysis. In many cases, catalysts
exert exquisite control over formation of molecular architecture and composition, yielding
polymers with remarkable properties. Some applications release polymers into the
environment both through unintended loss and through use profiles that create release. We
must find solutions that eliminate persistent plastic in the environment. Desire to make
plastics reusable faces many challenges. Polymers tend to degrade in processing, have the
potential to carry contaminants through physical recycling, and improved physical properties
of virgin polymers loom large, making infinite recycling of polymer problematic. “Chemical
recycling” even wrinkles faces with confusion at an ACS meeting. “Monomerization” is
actually already a word describing what we want to do; controlled decomposition of
polymers to form monomers. Returning polymer to monomers is appealing, but technically
difficult. Catalysis will surely be part of the solution as we are asked to use less, recycle more
and to make those polymers that are released to the environment more degradable. We are
entering a new era where catalysis is being asked to undo, to disassemble what it assembled.
Creative solutions and new approaches are needed, turning waste into opportunity.



Challenges facing the chemical industry (which is really the
plastics industry).

Incumbency is a hurdle.

Creative solutions are needed.
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MODERN CHEMICAL INDUSTRY
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ROUGH INDUSTRY MASS BALANCE
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CHEMICAL TRANSFORMATION




US PETROLEUM FLOw, 2016

IN MILLION BARRELS PER DAY
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ROUGH MASS BALANCE
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IMPLICATIONS

EPA 2.59 Ib CO2/Ib black

~5 carbons out of ground
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OPTIONS FOR CO,

Make Less
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ALTERNATIVES COST MORE

$98 Billion $139Billion $533Billion

More Sustainable Plastic Business as Usual Plastic Alternatives to Plastic

The cost of using alternative materials is approximately four times that of using plastic (in a
business as usual scenario). We're producing more and more consumer goods, so choosing the
material that creates the least impact is important.

Source: Trucost

Source: American Chemistry Council TRUCOST report
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ALTERNATIVES HAVE HIGHER ENVIRONMENTAL COSTS

Climate change Damage to the health of
humans and ecosystems

Ou

Business as Altematives Business as Allernatives
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GROWING >GDP
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THREE KINDS OF POLYETHYLENE

Polyethylene
LDPE ‘ LLDPE HDPE‘
high-pressure radical catalytic co- organometallic
polymerization polymerization of catalysis
ethylene and a-olefin
lots of branching controlled branching limited branching
low density linear low density high density
polyethylene polyethylene polyethylene
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Global Polyethylene Market .
Size, by Type, 2023-2033 (USD Billion)
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Global HDPE: 2000-2022 actual and 2023-2030 ICIS base case forecasts
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Average annual capacity exceeding demand was 4m tonnes in 2000-2015 with the
operating rate at 88%. But annual average annual capacity exceeding demand is
forecast to be 12m tonnes in 2020-2030 with the operating rate at 79%.

ICIS Supply & Demand Database
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WHERE DOES PLASTIC GO?

Global polymer flows, millions of metric tons per annum, 2018’
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U.S. TRASH
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Millions of Pounds
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Table 1. U.S. Sourced Post-consumer Plastic Recovered for Recyeling by Category

Total Recovered for

Total Percent Change % Acquired by North American

dhsaidd el R Since 2020 Reclaimers
PET Bottles 1,931.5 9.3% 96.9%
HDPE Bottles 927.2 i, 99.2%
PP & Other Bottles 28.1 15.8 96.9%
Non-bottle Rigids 1,071.0 1.3% 88.5%
Film 1,106.2 12.2% 83.1%
Other Plastics (excluding foam) 20.2 22.4% 37.2%
Total 5,084.1 5.8% 92.3%

Total Fecovered for Recycling in 2021 includes all destinations, inchuding Morth Arperica s well 2z Expont Crrersess.
True to rounding, sorme totals may not comespond with the zum of the separate figures.

https://circularityinaction.com/2021PlasticRecyclingData
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POSSIBLE SOLUTIONS

Use Less
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LINEAR ECONOMY
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CIRCULAR ECONOMY
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RECYCLING
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DEGRADATION DURING MECHANICAL RECYCLING
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WASTE REDUCTION HIERARCHY
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DowNcCYCLED PET

6 BOTTLES
RECYCLED TO
MAKE THIS VEST
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RECYCLED
BOTTLES!

30inx45in (76 cm x 114 cm)

durable * luxurious softness
stain and fade resistant




MORE DOWNCYCLED CONTENT
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This road contains
recycled plastic
made possible by

Midland County
Road Commission




RECOVER

NON-RECYCLED PLASTICS
COLLECTION PROGRAM
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X Plastics Europe The Plastics Transition
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McKinsey
&Company How plastics waste recycling could transform the chemical industry

By 2050, nearly 60 percent of plastics production could be based on
plastics reuse and recycling.

Global polymer demand 2016-50 and how it CAGR
could be covered, millions of metric tons' 2016-50,7 %
1,200

1,000 Projected demand growth?®
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'Scenario based on a multi-stakeholder push to boost recycling, regulatory measures to encourage recycling, consis-

tent progress on technologies, and $75-per-barrel oil price.

2Compound annual growth rate. Mechanical recycling limited by downcycling and applicable materials, monomerization
Mj PI'I D limited by applicability to condensation polymers only, pyrolysis limited by likely rise in input costs.

3After demand reduction, assuming annual global GDP growth of 3.1%. Derember 2018



PYROLYSIS
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PYROLYSIS PROBLEMS

* Yield
- only ~50% to pyrolysis oll
- yield to prime olefins is <25%
- yield to ethylene from PE <15%

* Oil unsuitable without treatment
- formation of aromatics and olefins

e Cost

* Emissions
- NGOs use “incineration”
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SYNGAS FERMENTATION

LanzaTechQ
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SYNGAS FERMENTATION IMPROVEMENTS/PROBLEMS

* Yield
- ~75% to ethanol (molar)
- near 75% to ethylene (ethanol near 100% to ethylene)

 Flexible for C2= and C3=

* Cost
- gasification capital is high

* Emissions
- still high

e Scales down well
MJPLD



SUPERCRITICAL PYROLYSIS

Supercritical Pyrolysis

" Uses high-temperature, high-pressure water vapors
to decompose waste plastics and extract the initial material, naphtha

" Extracted naphtha is put back into a petrochemical process

Yield to oil ~80%
Also:

Q@MURA

s~ o § ; >+ LG ChemBlog
ground broken on 20,000 tonnes per year in 2023
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MAKING POLYPROPYLENE

LIKE NEW AGAIN
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High-quality PP waste PP is downcycled into Low-value resin is only fit for
packaging goes to a a gray, low-value resin. utilitarian applications.

recycling facility.

TOMORROW:
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High-quality PP waste The PureCycle process removes PureCycle resin completes the cycle
packaging goes to the dyes, odors and contaminants and is ready to make product
PureCycle facility. from PP, transforming it into packaging again and again.

virgin-like resin

= PURECYCLE
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The PureCycle process:

NoOUTAWN A

Melting & Filtering
Extraction

Mixing & Settling
Filtering
Purification

. Separation

Extruding & Pelletizing
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Good News Bad News
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PET RECYCLING
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PET RECYCLING
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PET RECYCLING
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BAD NEWS

over 20% of recycle bin material is rejected
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just a handful of crackers and polymer plants

MJPhKD



hundreds to thousands of converte
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placed in millions of hands A
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hub and spoke processing
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Challenges facing the chemical industry (which is really the
plastics industry).

Incumbency is a hurdle.

Creative solutions are needed.
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