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How Humans are Turning the World into
Plastic; A brief history of plastic — TED-Ed

Today, plastics are everywhere video

A linear plastics economy is bad for the environment and economy
The vision of a circular economy is that plastic never becomes waste
Chemical upcycling and catalysis will help enable a circular economy
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DOE’s 17 national laboratories tackle
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Enriching our
community through
engagement,
philanthropy, and
volunteerism is
central to our mission

This photo was taken before the COVID-19 pandemic



‘ %7  Plastics are an integral part of our global society

Pacific

Northwest they are light weight, durable, inexpensive, high performing sanitary, and
more accessible than ever

Plastics make up
nearly half a vehicle's

volume but only 10%
' of its weight.
O

Food packaging Automotive Industry
- P

Modern Medicine
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Throwaway Living

DISPOSABLE ITEMS CUT DOWN HOUSEHOLD CHORES

The objects Aying through the air in this picture
would take 40 hours to clean—except that no house-
wife need bother. They are all meant 1o be thrown
away aller use. Many are new: others, such as paper
plates and towels, have been around a long time but
are now being made more altractive.

At the bottom of the picture, to the left of a New
York City Department of Sanitation trash can, are
some throwaway vases and flowers, popeorn that

.

a checkered paper napkin, a disposable diaper (seri-
ously suggested as one reason for a rise in the U.S.
birth rate) and, behind it, a baby’s bib. At 1op
are throwaway water wings, foil pans, paper table-
cloth, guest 1ow€ls and a sectional plate. At right is
an all-purpose bucket and, seattered throughout the
picture, paper cups for beer and highballs, In the
basket are throwaway draperies, ash trays, garbage
bags, hot pads, mats and a feeding dish for dogs.

pops in it
photograp)

TIME MAGAZINE
AUGUST 1955

for hunters
uck decoys.

CONTINUED

From the golden days to today's plastic waste

Single-use plastics: primarily made from fossil-

fuel-based chemicals and are meant to be
disposed of right after use
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Throwaway Living

DISPOSABLE ITEMS CUT DOWN HOUSEHOLD CHORES

The objects Aying through the air in this picture
would take 40 hours to clean—except that no house-
wife need bother, They are all meant to be thrown
away aller use. Many are new: others, such as paper
plates and towels, have been around a long time but
are now being made more altractive.

At the bottom of the picture, to the left of a New
York City Department of Sanitation trash can, are
some throwaway vases and flowers, popeorn that

il

a checkered paper napkin, a disposable diaper (seri-
ously suggested as one reason for a rise in the U.S.
birth rate) and, behind it, a baby’s bib. At 1op
are throwaway water wings, foil pans, paper table-
cloth, guest 1ow€ls and a sectional plate. At right is
an all-purpose bucket and, seattered throughout the
picture, paper cups for beer and highballs, In the
basket are throwaway draperies, ash trays, garbage
bags, hot pads, mats and a feeding dish for dogs.

pops in it
photograp)

TIME MAGAZINE
AUGUST 1955

for hunters
uck decoys.

CONTINUED

2020, plastic bags pile-up around
the US as they wait to be processed

Plastic Wave — A documentary film on plastic pollution



\?g/ The scale of plastic production and waste

El%ﬂ:ﬂ%est 8.3 billion metric tons of plastic was produced between 1950 and 2015

more than 6.3 billion metric tons of plastic has become waste
that is 79% of all plastic ever made

1.9 NN
kilometers oSt

6.9 km? of plastic waste

Almost 3000x the volume
of the pyramid of Giza

Geyer, R.; Jambeck, J. R.; Law, K. L., Production, use, and fate of all plastics ever made. Science Advances 2017, 3 (7), e1700782.



xgg/ Plastic production relies on fossil fuel resources

[F\;%ﬂﬂsvest 8.3 billion metric tons of plastic was produced between 1950 and 2015

NATIONAL LABORATORY

Videos: Plastic Pollution: How Humans are Turning the
World into Plastic; A brief history of plastic — TED-Ed
video

Raw materials are cheap and readily available. But finite.

4-6% of petroleum worldwide is currently used to produce plastic

we will end up utilizing 20% of our petroleum resources on an annual basis by 2050

The New Plastics Economy: Rethinking the future of plastics & catalyzing action. Ellen MacArthur Foundation 11
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[E]?)ﬂ;ﬂsvest 8.3 billion metric tons of plastic was produced between 1950 and 2015
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2014 2050

6% 20%

........ | ¢ P ol P ol T

Raw materials are cheap and readily available. But finite.

4-6% of petroleum worldwide is currently used to produce plastic

we will end up utilizing 20% of our petroleum resources on an annual basis by 2050

The New Plastics Economy: Rethinking the future of plastics & catalyzing action. Ellen MacArthur Foundation
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but applying the three R’s effectively toward single-use plastic is difficult
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bans on different plastic items (plastic bags, straws) aim to minimize single-use plastic

straws, lids, wrappers — are among the most common packaging items found in litter

L0

MAN, WE HAD SOME GooD ) |
TIMES. DIDN'T WE 7 £

DON'T GET SUCKED N
INTO PLASTIC
STRAW USE
-

The Breeze, OpEd. Kat Ellis
April 2018
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se 3) Recyc

the Covid-19 pandemic reinforced our reliance on single-use plastic
At the same time...

* bans on plastic grocery bags were lifted

« coffee shops stopped accepting reusable mugs

- take-out and online businesses boom

d cp " personal protective equipment
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MAN, WE HAD SOmME GooD
TIMES, DIDN'T WE ? 2

% m
hES

DON'T GET SUCKED N
INTO PLASTIC
STRAW USE
—

The Breeze, OpEd. Kat Ellis
April 2018

vaccine distribution
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resin identification codes provide a guide to recyclability

& & S &

PETE HDPE v LDPE
POLYETHYLENE HIGH DENSITY POLYVINYL LOW DENSITY
TEREPHTHALATE POLYETHYLENE CHLORIDE POLYETHLYENE

Cosmetic containers Detergent bottles Garden hose 6 pack rings
Plastic bottles Crocery Bags Window frames Cling film

Mouthwash bottles Milk Bottles Blood bags Bread bags

Prepared food trays Shampoo bottles Blister packs Squeezable bottles

A AV AN
95% of plastic packaging material c?p-’ cgs-‘ Cb

USD 80—120 billi I S
value, or - I Ion annua y, POLYPROPLYENME POLYSTYRENE POLYCARBONATE
= = Bottle caps Disposable coffee cups Baby bottles
is lost to the economy after a short first use. s g O ek R
Cereal liners Plastic cutlery Fiberglass
Straws Foam packaging Tupperware

Plastics that do get reused/recycled are

mostly downcycled Single-use plastics are better targeted through
initiatives that reduce rather than recycle

Video: Plastic Pollution: How Humans are Turning the World into Plastic
The New Plastics Economy: Rethinking the future of plastics & catalyzing action. Ellen MacArthur Foundation
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Only 9% of all plastic waste
has ever been recycled

12% was incinerated for
energy recovery

The New Plastics Economy: Rethinking the future of plastics & catalyzing action. Ellen MacArthur Foundation
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By 2050 there could be more plastic than fish in
the ocean

In the environment, plastics break down into
microplastics

The Great Pacific Garbage Patch is a collection
of microplastics floating in the Pacific Ocean
with est. 1.8 trillion pieces

trillion

Plankton eat the microplastics, fish eat the
plankton, we eat the fish

Impact on human health is unknown

The rest ends up in the

Iandflll§ and in our Lebreton, L.; et. al.; Evidence that the Great Pacific Garbage Patch is rapidly
environment accumulating plastic. Scientific Reports 2018, 8 (1).
Video: Are you eating plastic for dinner?




\-s-g/ So how can we incorporate plastics into
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R est society more responsibly*
aw production retailer user waste
materials

-o—0—0—0——0

1. Today, plastics are everywhere
2. Alinear plastics economy is bad for the environment and economy
3. The vision of a circular economy is that plastic never becomes waste
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sourcing Recycle, reuse,
redesign
production user

retailer

1. Today, plastics are everywhere
2. Alinear plastics economy is bad for the environment and economy
3. The vision of a circular economy is that plastic never becomes waste




\-s-g/ So how can we incorporate plastics into

Pacific ' iblv?
R est society more responsibly*
Chemical Upcycling:
The process of selectively converting
discarded plastics into chemicals, fuels, or
materials with higher value, ideally using a
to minimize energy input and
consumption
1. Today, plastics are everywhere
2. Alinear plastics economy is bad for the environment and economy
3. The vision of a circular economy is that plastic never becomes waste :
4. Chemical upcycling and catalysis will help enable a circular economy
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Grew up in the PNW

BS Chemistry, WWU, 2011
Undergraduate research - introduction
into the world of catalysis

PhD in Inorganic
Chemistry/Catalysis, 2018
University of Michigan

Postdoctoral Research
Industrial Catalysis, 2018-2020
UC Berkeley w/ DOW chemicals

Postdoctoral Research, 2020 - today

Ruthenium

Catalyst design for Plastic Upcycling, N2 g L
PNNL

Dr. Julie Rorrer/Color me PhD
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\-s-g/ What is a catalyst?
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a catalyst speeds up a
Northwest yst speeds up
NATIONAL LABORATORY Chemlcal reactlon

lowers the energy required for
a reaction to occur

provides an alternative
pathway for the reaction

remains unchanged - is not
used up in the reaction




\gg/ Without catalysis we would not have...
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Catalysts are used to upgrade crude oil and fossil fuel-based
chemicals into the products and materials we rely on

A B

fertilizer

plastics

fuels

25
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Catalytic upcycling could enable production of these
high value products directly from plastic waste,
creating a closed looped process

fertilizer

plastics

We can use the tools of synthetic
chemistry, material science, analysis,

theory, and engineering to desigh new
more efficient catalysts

fuels

26
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Plastic
materials are : i < .
made to last . =  conens
II ' T A Disposable Diaper
Why are plastics so ) & _
difficult to break . | {E;((;g
d own ? l --n.ﬁ‘_\x" \ ' | th'ﬂ:;adﬂblr

Beverage Holder

How do we design a
catalyst that can
break them down

\ Siepiamtip \ Glass Bottle
fast and into A 50 years ,.. : undetermined
products that we |

want?

https://futurism.com/plastic-decomposition
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Plastic
materials are
made to last

Why are plastics so
difficult to break
down?

How do we design a
catalyst that can
break them down
fast and into
products that we
want?

The plastics we are looking at are the toughest to break down

https://futurism.com/plastic-decomposition
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Pnictogens Chalcogens Halogens
1 Atomic
1H Symbol ! Solid [ Metals | = | Nonmetals ]
Hydrogen Name 5
2008 Weight L Z 3 Z lanthanoids 3 2 § S § § =
3 4 Hg| Liquid gl 58 2. 87 & 33 £ 5 6 7 8 9
2 |Li Be 3 73 5| s 85 « B C N (0] F
Lithium Beryllium @, ® S 2 o o Boron Carbon Nitrogen Oxygen Fluorine
6.94 9.0122 Gas 33 g o 3 = @ o 1081 12011 1400 15999 | 18.998
@ = Actinoids = o n
11 12 s S 13 14 15 16 17
Na M . & Al Si P S Cl
3 Sodium Mag%esium Rf Unknown Aluminium Silicon Phosphorus ' Sulfur Chlorine
22.990 24.305 26.982 28.085 30.974 32.06 3545
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
4 K Ca Sc Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br
Potassium| Calcium  Scandium Titanium Vanadium Chromium Manganese Iron Cobalt Nickel Copper  Zinc Gallium  |Germanium Arsenic Selenium  Bromine
40.078 44.956 47.867 50.942 51.996 54.938 55.845 58.933 58.693 63.546 65.38 69.723 72.630 74.922 78.971 79.904
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53
5 Rb |'Sr Y Zr Nb Mo Tc Ru Rh Pd Ag dd In Sn Sb Te I
Rubidium | Strontium Yttrium Zirconium Niobium Mozbdenum Technetium |Ruthenium Rhodium  Palladium Silver Cadmium  |Indium Tin Antimony Tellurium |lodine
85.468 87.62 88.906 91.224 92.906 95.95 (98) 101.07 102.91 106.42 107.87 112.41 114.82 118.71 121.76 127.60 126.90
55 56 72 73 74 75 76 77 78 79 80 81 82 83 84 85
6 Cs Ba s7-71 | Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At
Caesium  Barium Hafnium  Tantalum Tungsten Rhenium Osmium Iridium Platinum = Gold Mercury | Thallium  Lead Bismuth  Polonium Astatine
13291 137.33 178.49 180.95 183.84 186.21 190.23 192.22 195.08 196.97 200.59 204.38 207.2 208.98 (209) (210)
87 88 104 105 106 107 108 109 110 111 112 113 114 115 116 117
7 |Fr Ra 89-103 | Rf Db S%O Bh Hs Mt Ds Rg Cn Nh FI Mc Lv Ts
Francium | Radium Rutherfordium 'Dubnium ' Seaborgium| 'Bohrium | Hassium | Meitnerium Damstadtum Roentgenium Cogemidum Nihonium  Flerovium Moscovium Livermorium Tennessine
(223) (226) (267) (268) (269) (270) 277) (278) (281) (282) (285) (286) (289) (290) (293) (294)
1. Fan For elements with no stable isotopes, the mass number of the isotope with the longest half-life is in parentheses.
2. Compressor
3T t,F 57 58 59 60 61 62 63 64 65 66 67 68 69 70
] ks 6 La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tn Yb
4. |Jet Exhaust Lanthanum Cerium Praseodymium ' Neodymium ' Promethium 'Samarium Europium  Gadolinium Terbium Dysprosium 'Holmium | Erbium Thulium  Ytterbium
138.91 140.12 14091 144.24 (145) 150.36 151.96 157.25 158.93 162.50 164.93 167.26 168.93 173.05
89 90 91 92 93 94 95 96 97 98 99 100 101 102

7 Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No

Actinium = Thorium  Protactinium Uranium | Neptunium Plutonium /Americium Curium Berkelium | Californium Einsteinium Fermium = Mendelevium Nobelium
(227) 232.04 231.04 238.03 (237) (244) (243) (247) (247) (251) (252) (257) (258) (259)

Just as engineers fit together parts to build a complex machine...
Chemists use the periodic table to combine elements into a working catalyst

18

2
He

Helium
4.0026

10
Ne

Neon
20.180

18
Ar

Argon
39.9948

36

Kr
Krypton
8?9)98

54
Xe

Xenon
131.29
86
Rn

Radon
(222)
118
Og

O%anesson
(294)

71
Lu

Lutetium
174.97
103

Lr

Lawrencium
(266)
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\?f/ We are pioneering low-temperature catalytic
Nerhwest  processes for upcycling plastic packaging

P A MM
AR AR

uncatalyzed
process

AR RS

« Our catalyst works at temperatures
3x lower than current catalytic
technologies

 The catalyst can be recycled up to 7x

« Selective product distribution
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What does it look like?

How does it bind to plastics and How fast does it go under

break the chemical bonds? various conditions?
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If we can understand, improve, and build on the chemistry behind plastic
upcycling catalysis we will help to:

Take plastic waste out of the landfill
and out of the ocean

Decouple the production of plastics

with the use of fossil fuels

Recover the material value lost from
single-use packaging by creating
higher value products
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Sungmin Kim, Wenda Hu, Jian Zhi Hu // PNNL
Wei Zhang, Yue Liu, Lennart Wahl // TUM
Advisors: Johannes Lercher, Abhi Karkamkar, Oliver Gutierrez

BATTELLE TUTI

TECHNISCHE

UNIVERSITAT
U.S. DEPARTMENT OF CHEN
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Questions?

Lily Hale

Post Doctorate Researcher

Phone: (509) 375-4592

lily.hale@pnnl.gov

902 Battelle Boulevard
P.O. Box 999, MSIN K2-01
Richland, WA 99352

www.pnnl.gov

EEEEEEEEEEEE

PNNL is operated by Battelle for the U.S. Department of Energy
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