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Introduction

CAF

Aviation Industry Goals
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Climate impact @ 100% reduction' T5%-00% reduction 50%=T5% reduction 30%-60% raduction® @_ﬁ:_}‘_:/'- ' = mm“"”{"“'" T pommiamii
; ARBUS =
Aircraft design D&F‘ Low-battery density limits Feasible only for commuter | Feasible for all segmeants Only minor changes ) P N bt iader? &
2 | ranges to 500km-1,000km | to shor-range sagments except for fights =10,000km E? S ‘
i ¢ \\_tﬁ{wf
Aircraft operations Same or shorter 1-2x longer refusaling 2-3x longer refusling times | Same turnaround times IhHme a mi'::‘ G AT EEE
Qy Turnansund times timas for up to short range | for madium and long range L
Alrport infrastructure Fast-charging or battary LH, distribution and storage required Exdsting Infrastructure
exchange systam redquired can be usad

Mzjor sdvanteges Major challenges

Clean Skies for Tomorrow Sustainable Aviation Fuels as a Pathway to Net-Zero Aviation, INSIGHT REPORT NOVEMBER 2020
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SAF Approved Pathways

Summary of technical progress since 2014

Alcohol-to-Jet 1. Mone 2. Several at pilot scale”

3. Ekobenz® plant in commissioning
[23 kthyear)

4. Several other companies including
Lanzatech and Gevo planning
commercial-scale plant®

Gasification + F1 5. 1 plant operational {TR| plant processing 7. TRl black liquor gasifier shut down
black liguor ~20 kt/year) 8. Fulcrum®® and Red Rock®* have plant
6. 1 plant planned (UPM, since cancelled) under construction (combined 75 kthvear
capacity)
Pyrolysis 9. Mone focusing on aviation fuels 10. 5tll no pyrolysis plant upgrading
to jet

11. Ensyn/Envergent have ability to produce
‘green diesel™?, but no plant focussing
on this

12, |R* pilot plant in India™

Sugars to hydrocarbons 13. Amyris had operating commercial-scale 15. Amyris plant has since been sold to
aerobic fermentation plant (33 ktfyear) D5M*; Construction of two other aerobic
fermentation plant i1s ongoing but these
are not focused on aviation fuel. *

Qil-based processes 15. Many plant globally 17. Owver 4.5 mt capacity in dedicated
16. 2.5 mt/year of HEFA, capacity hydro-treating plant
worldwide, and 1.3 mt more planned 18. Over 2 mt co-processing at refineries
Power-to-liquids: Fischer-Tropsch 19. None 20. Sunfire planning a demonstration facility

in Norway (8 kthyear)'®
SUSTAINABLE AVIATION FUELS ROAD-MAP, Fueling the future of UK aviation
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SAF Approved Pathways

7 Technical pathways to date [SAF Approved]

Year Technology Blend Key

approved pathway limit players

2009 FT E—'r_l_srf:g?;l-{limpsh Synthesized Paraffinic Kerosene 50% ( Fule rum @VELDC‘I’S ;ﬁm ROCK
2011 HEFA g;l:}l{:iljmeEEEEd Esters and Fatty Acids (HEFA- 50% nesTe world a ToraL
2014 S|P :ﬁr:gr;ﬁﬁeg;g:g}emm Sugars Synthesized 10% ;‘ :) S

2015 FT-A ST SPK with Aromatics (FT-SPK/A) 50%

201618 ATY e outanal and Eanol 50% %t gevo Llanzalech®

2020 CHJ Eﬁ:ﬂ; :g:;l::émulyms jet fuel (CHJ), a type of 50% +ARA E

00 o [HOSPCimrorErAe ool g [H]

2018/20 Co processing of renewable content with crude oil- 59 E {:} ‘j' ——— {‘ Fulcrum

HANYANG UNIVERSITY
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Commercialization of SAF

Successful commercial flights since 2014

\ A N
=

Obtained ASTM approval
Famesane (made in Brazil)

2014 2015 2016 2019

Lab-Line

F Toulouse — Paris

/ﬁ 1%t US Commercial Flight
/,-. Orlando - Sao Paulo

Boeing 737-800

AF/

a ToTaL e gevo
Normandie Offtake agreement
Test Coprocessing | 3-year contract w/ATI
/[ —e >
Cannes Festival Planes deliveries
Nice — Paris From Toulouse platform
24 flights =50 flights since 2016

wiss 1% Transconti. Flight
KLM Amsterdam — Rio de Janeiro

1 flight/week during 1 year Airbus A350

1% EU Commercial Flight
Frankfurt — Berlin
Airbus 320

T [ [

Fischer-Tropsch - Synthetic paraffinic kerosene 2009 50%
(FT-5PK)

Hydroprocessed Esters & Fatty Acids (HEFA) - 2011 50%
Synthetic paraffinic kerosene (SPK)

Synthetic Iso-Paraffinic fuels [5IF) 2014 10%
Fischer-Tropsch - Synthetic paraffinic kerosene 2015 50%
with added aromatics (FT-SPK/A)

Alcohol-to-jet 2016 (updated 2018 to include more 50%

feedstocks and higher blend %)

Sustainable Aviation Fuel Review of Technical Pathways
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SAF in D4054 Qualification Process

Phase 2 Testing

Hydro-deooygenation

S S S TR

Synthetic Aromatic Kerosene
(HDO-54AK)

sugars and cellulosics Virent

Synthetic Kerosene (HDO-5K) =ug
Catalvtic Hydrothermolysis Renewable fats oils and ARA
Synthetic Kerosene (CH-SK) greases FOG

FPhase 1 OEM Rewview High Freeze Point Henewable fats oils and Boeing
Hydroprocessed Esters greases
and Fatty Acids Synithetic
Kerosene (HFF HEFA-SK)

Fhase 1 Research Report Hydro-deoxygenation Sugars and cellulosics Virent

Fhase 1 Testing

Alcohol-to-Jet synthetic
Kerosene with Aromatics
(ATI-SEA)

Integrated Hydropyrolysis and
Hydroconwversion [IH<)

Hydroprocessed Esters
and Fatty Acids Synthetic
Faraffinic Kerosene
(HEFA-SPE]

Sugars and lignocellulosics

Multiple

Hydrocarbon-rich algae oil

Byogy, Swedish Biofuels

Shell

ol
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Hydrocarbons for SAF

Summary of four classes of SAF hydrocarbons

=l
n-alkanes iso-alkanes
let A contains 55%-680% n- and iso-alkanes
High specific energy, poor low temp High spe cific energy, good m’_""'_
fluidity, good DCN, good stability temp, variable DCN, good stability
E Annex Al Annex A2 Annex AT Annex A3 Annex A5
HEFA diesel , . ,
ASTM (50% blend) (50% blend) IHI algae oil farnasane (50% blend)
approved (10% blend) (10% blend)

ATJ-
= M $
Under ;&IHQE; Md:l Arnex AB "ri-:h in cyclohexanes, decalins
consideration ' e (50% blend)

Good blend of energdy density and specific enerdy, low
Good energy density, poor combustion, temp, variable DCN, good stability for those studied
Meeded for seals in some olderaircraft fuel systems

Cannot generalize properties for esoteric or strained rings

Jet A on average contains 20% (cap 25%) Jet A contains 20%-25% cycloalkanes

et e naphthalene limit 3%
aromatics P | cyclo-alkanes

Can be obtained from
1. Biomass

2. Carbon dioxide
3. Waste Plastic

Sustainable Aviation Fuel Review of Technical Pathways
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Aromatics and Cyclo-alkanes for SAF

————————————————————— Blomass \——————————————————: :—————————————————————— COZ -—————————————————————:
H, 2231 kg H ! H
I 1 I b 11, 90~136 kg 1
] 1 ]
1 P J i
1
I 1 f— 1
Cellulose, 561 kg s : 1 :
g CO, light alkanes C|-C, er al 1 : 1
5 I I g 1
S I I £ 1
Hemicellulose 193 kg =z Total arenes: 207~344 kg, 1 1 5 1
= Carbon yield: 40-63% : : CO, 1000 kg 20 :
= 1=
Lignin 198 S Toluee, bylbensen,propylbenzen, 9-60ke L 2 i
E a 1 1 = 1
Ash and unknowns 48 kg : : :
' ] 1 ]
1 1 Carbon yield: 33~-53% — |
. 1 1 1
C,H, 58~87 kg I I I
_________________________________________________ I S ——
i Plastic LZ}_@_{A
1 o]
1 H, ~38 kg n
: Polyethylene terephthalate (PET)
. 0
: 0
1 PET 250 kg g n
o
: E Polyphenylene oxide (PPO)
H o PPO 250 kg 3 /@k@\
1 e K ’FL ‘ }'
H = S Other arenes 87 kg @ “In
! 2 ES250kg o CO,, light alkanes C,-C,, et. Polycarbonate (PC)
=
i :
i PC 250 kg S
1
: Polystyrene (PS)
! Aromatic plastics
1

Compared to biomass and CO,, aromatic plastic waste has prominent advantages
Simpler molecular structure contrasting the complexity of biomass
Much lower oxygen contents

Abundant aromatic functionality

%

%

)
L X4

%

%

R/
L X4
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Solving Two Problems at One

1060-2018 Data on Plastics in MSW by Weight (in thousands of U.S. tons)

Management

1960 1970 1980 1990 2000 2005 2010 2015 2017 2018
Pathway
Generation 390 2,000 | 6,830 | 17,130 | 25,550 | 29,380 | 231,400 | 34,480 | 35,410 | 35,680
Recycled - - 20 370 1,480 1,780 2,500 3,120 3,000 3,090
Composted - - - - - - - - - -
Combustion
with Energy - - 140 2,980 4,120 4,330 4,530 5,330 5,590 5,620
Recovery
Landfilled 390 2,900 | 6,670 | 13,780 | 19,950 | 23270 | 24,370 | 26,030 | 26,820 | 26,970

=  Only~7 % of the generated plastics are being recycled to date

= |ncineration: combustion of organic substances contained in waste materials; converts the waste into
ash, flue gas, and heat

= Landfill: plastic wastes are buried under the ground

= Mechanical Recycling: processing of plastic waste into secondary raw material or products without
significantly changing the chemical structure of the material

HANYANG UNIVERSITY
SEQUL, KOREA
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Plastic to SAF Technologies

Existing pathways for plastic waste recycling
Products

Hydrogenolysis LB Olicomers, CHa, alkanes, % Chemical degradation =>» pyrolysis = allows to
p— olefin, aromatics handle relatively mixed plastic waste streams =» poor
hotocatalyss . . . .
- U“;;_ % Alternative strategies =» hydrolysis, alcoholysis,
_—> Ff'a"l‘mab': Bases;"‘!“;d hydrogenation and aminolysis =» have been
uels, carbon materiais
Monomers’ cyc“c

Chemical upcycling

Solvent, catalysts

erestmosphere developed to handle specific aromatic plastics in
rticular PET = sortin rerequisi
Heating carbonates, and pa ticula sort g as a prerequis te
hydrocarbons, liquid fuels

—— Energy density of plastics and conventional fuels ———  __ Reaction temperature and pressure of different methods —
Ene Content from Fuels 100 5feqy |
s | Energy Content from Plastic Waste - 3 Sol-
465 . 47 ] vcn{
1 : 419 a‘"ﬂ Hydrothermal
=401 ” 1(?;; Processing
= ®
£ 30 s Chemolysis
5 g (PET, PU) Pyrolysis
520 1 g Gasification
T a
i

10 -
0.1 -

Coal | Diesed | Ethamol [Gasoling| Jet Fuel
Plast: Wasle Comentional Fuel

HANYANG UNIVERSITY
SEQUL, KOREA

1 = L] = T . T L] » L = L] - T _ T - 1
200 300 400 500 800 700 800 800 1000 1100
Temperature (°C)

Energy Conversion and Management 254 (2022) 115243
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Pyrolysis

= Pyrolysis generally refers to the thermal processes to degrade polymers at relatively high temperatures under an
inert atmosphere into gases, liquid products, and solid chars.

Catalytic pyrolysis

Zeolites — v Towards
e Base catalysts, Clays S
Pyrolysis Ex-situ catalysts : High-Value Products
\ Tandem catalysts Cn‘c\flar Ecoriomy
Thermal Bi-functional catalysts v Plastic-Closed-Loop
pyrolysis / Multi-modalpore catalysts Economy
—_— N
Catalysts ). Petrochemical
Catalytic '\ fuel
pyrolysis  /
Monomers
CNTs
Catalytic pyrolysis H,
t t Carbon black
l Residence | Fluidizing g
. Temperature || Pressure i
Thermal pyrolysis Sl

Short residence time Waxes
Polyolefins m T =650 - 800 °C
n Moderate residence time BTA I:x
Thermal

pyrolysis T>800 °C Light ol %
Very short residence time olefins %
C. Kassargy,S. Awad,G. Burnens,K. Kahine,M. Tazerout,Fuel2018,224, 764-77
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Pyrolysis Reactors and Product Yield

[—> Light olefins 75.3 wt. %
Gases 93 wt. %

HZSM-5 Light olefins ) 5
e :,—q: € - ;’;;;
44 acidity N >
n >
Hp Light olefins pe ¥, ] Nitrogen

+ liquidefuel

ttacidity
>
n
W Pyrolysis Catalytic cracking

Liquid fuel

HY /USY/FCC

acidity N
n

Gases 75.6 wt. %

Pl P

SRR R —
Nitrogen

MCM-41 Liquid fuel

acidity W Polzoleﬁns Pyrolysis Thermal cracking
et

Waxes

AR NS I
LESEEL e Lol

Light olefins
77 wt. %

SiO,/Al,0, Liquid fuel s 5 D s e
acidity m amorphous W X wt
n Structure e NN e Nitrogen

Renewable and Sustainable Energy Reviews 73 (2017) 346-368354
HANYANG UNIVERSITY
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Catalytic Pyrolysis of Mixed Plastic

» Quartz wool

Flow Furnace
Indicator I I
2 | |Feedstock] |cataiyst] | Flare
S ?
21% 5 ' : - A
=l 0 imemee- . 1
Thermocouple : Cooling I
| Section
1
! —l—
Heater
0 Gas
9% g% sampling
2 /O location
PID Controller
32%
45 , ——— % —
[ mMzeolite Y| [T=400°C 1B [ Mzeolite Y| 7450 © 2% MZeolite Y| [r_c0070
40 4 B zcolite Y (@) 40 ! Bl zeolite Y I~150 ¢ (b) 45 | Il Zeolite Y ()
351 31 40-
30 " 30 - 35 -
2 25 K25 =30- .
3 ) T o5 §
<20 a £205 .22 :
3.l 5 20 g
P S 3 15| H
| § 10 3
10 § 5 10 [ L LR <
o - g
5 =2 'i 5 '§ 5 4 B
SA 0 6 12 18 24 SA 0 6 12 18 24 SA 0 6 12 18 24
Crystallization time (h) Crystallization time (h) Crystallization time (h)

pyrolysis of municipal polymer waste at (a) 400 °C, (b) 450 °C, and (c) 500 °C for different catalysts and their comparison

with thermal pyrolysis.
HANYANG UNIVERSITY
SEQUL, KOREA

Process Safety and Environmental Protection 164 (2022) 449-467
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Co-Pyrolysis

= The co-pyrolysis of plastic furnishes a beneficial strategy to possibly improve the quality of gas or liquid fuels,
attenuate carbon emissions, and aid the waste management

= The synergistic effect has enabled fast heating rate and rapid process time.

o Light olefins
yrolysis unit :Hi“ e
Liquid fuels

N — Thermal pyrolysis Catalytic cracking > M
n

Polyolefins

P :

olyolefins - — Ga§ollne
h 4 Diesel

mﬂ Fluid catalytic cracking Blending Jet fuel

Oil products Hydroprocessing

Alkylation
Polymerization ; W
Hydrotreating W

Steam cracking

Limitations of pyrolysis
= Energy-intensive process
= Low selectivity to SAF
= Environment problem (environmental emission standard)

HANYANG UNIVERSITY
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Solvolysis

= Chemical depolymerization (solvolysis) involves using a reagent to decompose the polymer matrix.
= The name of the technique depends on the reagent used: hydrolysis when the reagent is water, alcoholysis when

it is an alcohol, and glycolysis when glycol is used.

Feedstock Particle  Solvent Reaction Solid Plastic/ Yield or Major product
size conditions  content'™  water conv.
o OH [mm] (7. P, 1 [wt %] [%]
polyolefins
Hydrolysis PE, PP MN/A water A50°C k] 057 (1:2) &7 (PP) Ca s
> 2 MPa 50 (PP/PE)
H,0 HO o 45 min
TA HDPE, PP N/A water A50°C 8 057 a7 GG
1.55- (1:1.75)
23 MPa 235 (1:2)
A5-60 min
0 OCHjz HDPE + sugarcane bagasse N/A ethanol 280°C 15 0.05 69.54 hydrocarbons
Methanolysis 75 min (1:20) phenols
PET — - ’, PP MN/A water 380- 3 025 (1:4) 9 naphtha
j i ; ;.: 500°C
CH;0H HaCO DMT 'O
PET, PC, PET, PLA, PMMA, POM, PPO, PVA, SB 3 distilled water 400°C 4 0.1 (1:10) 95 (PC) toluene
R 25 MPa isopropyl phenol
\ 15 min isopropenyl
(o) NH phenol
Aminolysis PP, PC, P5, PET 0.02 pure water 350- 3 035(1:3) 86(P5) terephthalic acid
= A450°C 60 (PC) ethylene glycol
R——NH, 25 MPa bisphenol
HN bs) 05-1h methylene
\ TA ABS, HDPE, LDPE, PAG, PAGSG, PET, PC, PP, P5, 2 water 350°C 3 0.058 80 (PC) bisphenol-A
diamines PU, PVC 14-20 min (1:17) ethylene glycol
R benzoic acid
Ps 2-5 ethanol 250- 2 4 (10.25) 85 (at o methyl-styrene
375°C 025(1:4) 05:1 aromatics
15-75 min alkenes
S. Ugdiiler,K. M. Van Geem,R. Denolf,M. Roosen,N. Mys, K. Ragaert,S.De Meester,GreenChem.2020,22, 5376-5394

Limitations of Solvolysis
= Developed to handle specific aromatic plastics in a particular PET
= Sorting as a prerequisite

= Not applicable for aliphatic plastics

HANYANG UNIVERSITY
SEQUL, KOREA

J Polym Sc¢i.2020;58:1347-1364.
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Hydrogenolysis

= Hydrogenolysis is a catalytic chemical method to break down the CC bond or C heteroatom bonds such as
CO(hydrodeoxygenation, HDO) in the feedstock by using H,.

= Although thermochemical conversion is promising for handling mixed plastic waste, it typically occurs at high
temperatures (300-800°C).

Advantages
=  Mild reaction temperature

= Highly selective
= Ease of product separation
= Adaptable to a number of plastics

= Wide range of C atalyst selection and design

—200"-250'C— Melt hydroconversion

m

Pt/WO3/ZrO;: + HY zeolite
300'-450'C——> Hydrogenolysis .
J Pt/SrTiO; Plastic
_L 400'C —» Pyrolysis — Hydroreforming
Ni/BEA
Plastic Waste o e o
waste —500'-600'C— High-temperature pyrolysis to fuel —
Thermal, catalytic Fuel

Molecular Catalysis & Reaction Engineering Lab
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Solvent-assisted Hydrogenolysis

Effect of solvent

Table 2. Performance of the screened catalysts in the depolymerization of HDPE

| Il c23-c3s Temperature CaCi1s6 C17-C22 C23-C38
oL =g;?$13§2 Entry Feedstock (Catalyst [°C) Time {hl  fwt %) fwit %) it %)
L 1 HDPE 5% Cu/C 220 1 0 0 0
% B0 = 2 HDFE 5% Fe/C 220 1 i o o
5 ., 3 HDPE 5% NVC 220 1 0 o 0
E i 4 HDFE 5% PLAC 220 1 i o o
;E 40 k- 5 HDPE 5% PdiC 220 1 i o o
o & HDFPE 5% RhiC 220 1 u] o o
'E 30 - i HDPE 5% RufC 220 1 &0.8 14.1 o
"g B B HDFE 5% PLAC 250 & 0z 014 0.23
a 0F 9 HDPE 5% Pd/C 280 1 0.29 0.01 0.1
ok 10 HDFE 5% PLAC 280 1 0.28 0.37 0.42
I 11 HDPE 5% Rh/C 280 1 77 20.2 334
8] ‘“,313‘- = #ﬁe #ﬂe \‘; Reaction conditions: L1 g HDPE, 005 g catalyst, 25 ml n-hesane, pdHz) 30 bar, 700 npm.
ﬁge“ I Qe"::a
e
_— Internal Dissociation Effect of Hydrogen Pressure
X Preferred 100
Pressure . . C23-C38 c17-c22
— R'-CH,<“CH,-R? = R'-CH, + CH,-R! ] = CE-C16 -
it _‘-\:}\ = 80
., S— - — _f b — ‘E -
Ml ek . =1
|f"iJ‘r "j"a £ 60
=z
T 3 1, + =
Solvation Process Low H, R“CHy~CH, = R"-CH,*CH, a
Pressure Terminal Dissociation g
Preferred ]
- 20
= Ru/C was a highly active catalyst for the liquid-phase hydrogenolysis of HDPE )
. Solvent effects were prominent in the depolymerization of HDPE oo
0 10 20 30 40 50 60
= H, partial pressure played a significant role in the HDPE depolymerization pathway _ Hydrogen pressure (bar)
Chem Catalysis 1, 437—455, July 15, 2021 I.__________f
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Degradation/Hydrogenation

: ; ; :
Random scission | NoSAAA PagSeplaplan :
N . T i i
= ! ENANANANNNS
Catalytic cracking 1 SNNAANA NG NN
NN S ' !
1 NN NN
LDPE NP2 ; i
i ! ' ‘
Degradation | i Hydrotreatment R :
—{-CH—CH,) Degradation | : : - R |
Catalytic microwave- , o B ; i ;
isted d dati Chain-end scission | R : R R
assiste egra ation > | */ \/ ! : ;
Cyclization P NF Z I :
: : i :
_. 100
A - = Decalin = Hexahydroindan u Propylcyclohexane = 1,2,4-trimethylcyclohexane
= 90 u Others u Ethylcyclohexane = 1,2-dimethylcyclohexane s 1,3-dimethylcyclohexane u 1,4-dimethylcyclohexane
0 ® Hexadecane m Pentadecane m Tetradecane u Tridecane
§ 80 u Dodecane m Undecane u Decane = Nonane
S
3 70 . ® Aromatic hydrocarbons " 1
i . =
£ 60 _ 60
2 g —
T 50 4 S p—
s » Hydro-aromaitc £ 50
c hydrocarbons (&)
S 40 -
N
Q = 40 - Cyclicalkanes
2 40 >
£ =
S m Cycloalkanes 8
5 20 El 30
£ 2
§ 10 o .g 20
5 = Aliphatic alkanes 8
Raw 500 600 700 800 900 10
organics . 3
Initial pressure (psi) - - Aliphatic alkanes
0 —_— J— pS— [ —
Reactant: raw organics from catalytic microwave degradation of LDPE over 20 500 600 700 800 900
wt% ZSM-5 catalyst; reaction temperature, 200 °C; Raney Ni 4200 catalyst, 10 Initial pressure (psi)
wt% with respect to reactant mass; reaction time, 2 h. X. Zhang et al. / Fuel 188 (2017) 28-38 29
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Tandem Hydrogenolysis/Aromatization

E
polyethylene aromatics 22 mal % 168 mol % & mol%

alkylbenzenes alkyltetralins H, generation
h A 1,6-ring closure
END BlID

B: Dehydroaromatization

l::

H. consumption
l C: Hydrogenalysis
C i naphthenes ) D: Hydrogenation
\ alkylcycloalkanes E: ring opening
.\/’\\/\/\. - O/. =
q —"_—
E
12 mol% 17 mol% 10 mol%
A bﬁ“ E | . high malecular |
volall gases I ow molecular weight PE weight PE.
100~ " HOPE]
I g LDPE |6
CHC|3-GD|UME [ 9 6 monoalkylbenzenes dlalkyibenzenes
hydrocarbons s ] chR cHa

00 Q.

HofHar =

CHy

trialkylbenzenes
CHR

| : HFAC/@CH R H C/@CH A H. C/©\ ]
m insoluble hydrocerbons - R
Experiment number

Solvent-free disassembly of polyethylene catalyzed by Pt/g-Al,O; in an unstirred mini-autoclave reactor at 280°C. Zhang et al., Science 370, 437-441 (2020)

s
=

T T T
|

Mass of recovered hydrocarbons (witih)
=) @
= =
T 7
|

=
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Upgrading of Mixed Plastic in Octane

PET, Total yield: 83.6%* PPO, Total yield:85.0%" PS, Total yield: 75.9%¢
14% 10%
Arenes
45% 5%
100% 11% 65%

1%

41% ®
1 =2 =3 i 47 @] w2 w5 6 m7 mOther arenes

Yield: 75-85%

PC, Total yield: 83.3%¢ Mixture, Total yield: 78.9%¢ ©
21% L © ¢
” o 18% 1 2 3 4

56 &
5 6 7

Functionalized
Arenes

Aromatic
polymers

9%

ml 2 m6 1 m2 w345 6 m7 mOther arenes
Among many

others

Among others

Reaction conditions: 15 mg PET, 15 mg PC, 15 mg PS, 15 mg PPO, 60 mg Ru/Nb,0O.,
100 - : 4 g octane, 0.5 MPa H,, 320 ¢C, 16 h.

80 - " " ' ) ) = They reported one-pot hydrogenation of mixed plastic

rJ

waste to arenes
2 6l -

s~ 3

= = Ru/Nb,O: catalyst plays two roles in the selective cleavage
]

=40 A 4 of C—0/C—C bonds in aromatic plastic waste into arenes:

N

= (a) 60 mg Ru/Nb,O., 4 g octane, (b) 60 mg Ru/Nb,O., 2 g
20 - F
octane; (c) 30 mg Ru/Nb,Os, 4 g octane.
6
0 - |
a b C

Angew. Chem. Int. Ed. 10.1002/anie.202011063
HANYANG UNIVERSITY
SEQUL, KOREA
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Conversion or yield (%)

Conversion or yield (%)

Alcoholysis/Solvent-free Hydrogenation

Alcoholysis of PET waste

100 - Il Conversion of PET waste
I Yield of terephthalate
80 -
0 0
o o]
n
40 - Poly(ethyleneterephthalate) (PET)
20 1
0 .
Methanol Ethanol Butanol
453 K, 3.5 h; 1 g PET waste and 40 mL alcohol
100 -
80
60
—u— Conversion of PET waste
—e— Yield of DMT
40
20
0 T T T
420 440 460
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Hydrogenation of DMT

2 o 80 Il Conversion of DMT
e, I Yield of DMCD

453K, 35h 0—
Dimethyl terephthalate (DMT)
60 -
o] o] ’
Ethanol > < > /<
— —
453K,3.5h Et—O O—Et
Diethyl terephthalate (DET) . 40
o} (o]
Butanol >_©_<
E453 K,35h Bu—O O—Bu 20+
Dibutyl terephthalate (DBT)
0
Pt/C

Conversion or yield (%)

Ru/C PdiC
373 K, 5 MPa H,, 7 h; 30 g DMT and 1 g catalyst

Settling or

Cooling down to | filtration
room temperature l
PET wastes o) o

(Drink water bottle, (}_@_{3

worn out terylene clothes, etc.)
Dimethyl terephthalate (DMT)

Methanol phase
Methanol- P

v

Alcoholysis

\J

Green Chem., 2019, 21, 2709-2719



Alcoholysis/Solvent-free Hydrogenation

Poly(ethyleneterephthalate) (PET) H,

—_—
Hydrogenation

O~

Alcoholysis :
-CO y‘drogenat[on.-'
Hz ?arbonylatlon
1
Hydrogenatlon : y—
Dimethyl terephthalate (DMT) 0
' Hyd}'ogenatlonr —o‘\: < > \DH
"""""""""""" T Dehydration/

Final products hydrogenation

Gasoline and jet fuel range
C;-C; cyclic hydrocarbons

\o--0|

HANYANG UNIVERSITY
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Dehydrogenation || Hydrogenation
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H,
=
Dehydration/ Q_
hydrogenation
Dehydrogenation || Hydrogenation
H,
-
Dehydration/ <:>_

hydrogenation

- CO| Hydrogenation/decarbonylation

H,

Dehydration/
hydrogenation

=

Dehydrogenation||Hydrogenation Dehydrogenation ||Hydrogenation

Q H2 Hz
—0 Hydrogenation HO Dehydration/
hydrogenation

Detailed reaction pathways



MCREL Approach

One-pot catalytic conversion of aromatic plastic waste back to arenes for aviation fuels

__________________________ » The selective degradation of
e 8 LIS = B (5ar aromatic plastic waste into

A
CTH - i i
L] \J\@l ;ZS Catalyﬁcreacﬁon target arenes is exceedingly
? ] /| ‘ é ‘ rare
ﬁ 06\ &9 B S
One -pot reactlon @ é ¢
Size-reduction

STEP1: Elemental analysis STEP2: High hydrogenation property STEP3: Product separatlon
Impurity characterization Selectively to cleave C-O and/or C-C bonds Qualification and Quantification

4

Mixed

= |dentify a catalyst that enables the selective cleavage of C—O and/or C—C bonds while preserving the
aromatic rings

From C-0/C—C activation chemistry,

= Combination of metal sites with high hydrogenation property and acidic sites with the strong

ability to activate C—O/C—-C bonds is required

HANYANG UNIVERSITY
SEQUL, KOREA
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Raw Material

o) o)
Il [I
G C—O0—CH, —CH, —0
—t e O__ ——
n

B CH3 In ]
Why?
Constructed from aromatic monomers by interunit C—O and/or C—C linkages
Many widely used plastics They comprise all common types of linkages in aromatic plastics
* Polyethylene terephthalate (PET) = Esterlinkage
=  Polystyrene (PS) = Ether linkage,
= Polycarbonate (PC) = C-C
= Polyphenylene oxide (PPO) = combinations of C—0 and C—C linkages

HANYANG UNIVERSITY
SEQUL, KOREA
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Reaction Mechanism

Polyethylene terephthalate (PET)

Polyphenylene oxide (PPO) |

0 é\o‘\ e‘:
O Ol Qg’b\) »""X

Polycarbonate (PC) du £L
};-~~ [V Molecular H, ~°

~ |

\, |

- Ketones

Polystyrene (PS)

Active sites for reaction

For C-O bond cleavage,

\ Hydrogenolysis (A)
Hydrodeoxygenation (M)
Decarboxylation (MA)

C6-C9 SAF(Arenes and Cycloalkanes)

| CTH assisted catalytic
! hydrogenolysis

Plastic waste
(PET,PPO,PS,PC) |

t C6-C9 SAF
i (Arenes and
' Cycloalkanes)

Metal Site 1

Metal Site 2 ! Yield
‘ i
1 4 1
Metal-acid © Selectivity
Site '
| . .
Acid sites i ' Conversion
(Improved) |
. Efficiency
CTH ! :

i
i
solvent !
i
i

=  Lewis acid sites (support) enable the selective adsorption and activation of C-O bond

= Then, with the help of dissociated H species over Ru, the cleavage of C-O bonds in aromatic plastics is efficiently

achieved

For C-C bond cleavage,

= The benzene ring is first adsorbed on Lewis acid sites

= Then the adsorbed benzene ring is protonated by Brgnsted acid sites to proceed the activation of the C-C bond

= Following that, the dissociated H species on metal clusters attack the weakened C-C bond to break it

HANYANG UNIVERSITY
SEQUL, KOREA
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Reaction Results

Recycled Sizer ,r
plastic mixture preparation

Product separation using ethyl acetate as organic
solvent

Water as a solvent

» Polar solvent that binds reasonably strongly with polar functionalities in PET thus, weakening the inter-chain
interactions

» Does not react with hydrogen over metal-solid acid catalysts at the reaction temperature

HANYANG UNIVERSITY
SEQUL, KOREA
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Reaction Results

PET conversion (%) P-xylene S (%) Toluene S (%) m-Cyclohexane S (%) m

Ru/SNb,0, 2.0 3.2 9.2 4.10 (MCH+CH)
Pd/SNb,O 57.1 6.3 4.5 8.7 (MCH+CH) 80.4
Ru/ZSM-5 81.0 5.7 7.1 32.1 (MCH+CH) 55.1
Pd/ZSM-5 62.0 1.9 1.6 24.9 (MCH+CH) 71.5
Ru/zZrO 56.3 11.1 13.2 16.8 (MCH+CH) 58.9
Pd/zrO 37.3 4.2 2.7 20.5 (MCH+CH) 72.6
Reaction conditions: 0.2 g PET, 0.2 g catalyst, 20 g H,0, 240 °C, 12 h, 40 bar H,
Desiredroute  Decarboxylation  Hydrodeoxygenation Hydrogenation of aromatic ring
N [,L] [:i] ["f‘] = 1. Lewis acid sites (NbOx species) enable the selective adsorption and
o G G activation of C-O bond
1
2. For C-C bond cleavage, benzene ring is first adsorbed on Lewis acid
C;j)*—iﬁf:::}—{o_,,—olln i) i) 1) sites (NbOx species) of Nb,O.
PET waste 1 — ! o [ . . . .
A ; 3. Then the adsorbed benzene ring is protonated by Brgnsted acid sites
ra
HO_ O >
. L A [‘l\] ------ - ['/LI on Nb,0s
(=0 _ T T
g e 4. Following that, the dissociated H species on Ru attack the weakened
HO ;,o a) " .
* T /_L\1 Csp2-Csp3 bond to break it.
(=) -

HANYANG UNIVERSITY
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HPLC Chromatogram of the Product Mixture

104

19.555
C

CHs
& CHg
=2
: o4
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‘ CHg
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| || S 3
'. | | o 3
I' | | | | f I
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Detector B Channel 1
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Reaction Results

= Theoretical contents in ~ Elemental analysis
Substrates Structures pure plastic (wt %) (wt %)
C H C H
Coca-Cola — ~
L?—f ‘z—x’o_r} 62.50 4.17 61.94 4.16
bottle
CCB conversion (%) P-xylene S (%) Toluene S (%) m-Cyclohexane S (%) m
Ru/SNb,O, 6.2 7.2 1.3 10.2 (MCH+CH)
Pd/SNb,O, 70.1 8.9 9.7 18.1(MCH+CH) 63.3
Ru/ZSM-5 94.0 7.5 7.1 36.2 (MCH+CH) 49.2
Pd/ZSM-5 77.0 3.8 4.9 31.9 (MCH+CH) 594
Ru/zZrO 71.3 15.3 14.6 20.0 (MCH+CH) 50.1
Pd/ZrO 52.3 6.7 9.1 19.7 (MCH+CH) 64.5

Reaction conditions: U.2 g CCB, U.Z g catalyst, 20 g H,0, 240 °C, 10 h, 40 bar H,
Water as a solvent

= |s a polar solvent that binds strongly with polar functionalities in PET thus, weakening the inter-chain interactions

= Does not react with hydrogen over metal-solid acid catalysts at the reaction temperature

=  Poor performance of Pd catalysts was due to the fast hydrogenation of aromatic rings leading to ring opening and resulting
in the formation of chemically more robust C-0 linkages

HANYANG UNIVERSITY
SEQUL, KOREA
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Reaction Results

CCB conversion (%) P-xylene S (%) Toluene S (%) m-Cyclohexane S (%) “

1.2 (MCH+CH)

240 86.2 47.2 213 10.2 (MCH+CH) 213
260 91.3 41.7 28.1 7.2 (MCH+CH) 23.0
280 97.1 36.0 29.3 9.1 (MCH+CH) 25.6

Reaction conditions: 0.2 g CCB, 0.2 g catalyst Ru/Nb,O., 20 g H,0, Varying T, 8 h, 30 bar H,

m CCB conversion (%) P-xylene S (%) Toluene S (%) m-Cyclohexane S (%) m

1.6 (MCH+CH)

40 86.2 47.2 21.3 10.2 (MCH+CH) 21.3
50 88.3 37.0 17.3 27.3 (MCH+CH) 18.4
60 90.1 24.6 12.0 35.6 (MCH+CH) 27.8

Reaction conditions: 0.2 g CCB, 0.2 g Ru/Nb,Os, 20 g H,0, 220 °C, 8 h, varying P.
The plastic conversion increased monotonically as a function of temperature

Lower temperature led to low reaction rates, higher temperature favored the undesirable decarboxylation

Higher pressure favored the hydrogenation of aromatic ring, lower pressure was not able to complete

deoxygenation

Hm Molecular Catalysis & Reaction Engineering Lab




Hydrogenolysis Summary

Substrate Catalyst Reaction conditions Products Yield [%] Solvent
PE, PP silica-supported Zr-H 150-190°C, 1 barH, 5-15 h short-chain alkanes 40-84 noneg
HDPE Mi and MiMo sulfides/HZSM-5 375°C, =T0 barH.. 1h gasoline-range fuels  42-65 noneg
|- Si-Al support
PE Pt/HZSM-5; PL/HY: PYHMCM-41  120-340°C, H, flow paraffins, olefins, and M.A. ngne
alkyl
aromatics
PS5, LDPE, PEP PtRa/5i0, 170°C, =235 bar D, 17 h paly =G0 isooctane
{cyclohaxylethylena);
low-M,, oligomers
squalana Ru/Cal, 240°C, 35 bar H;, 2-48 h branched, short- =70 noneg
chain
alkanes
squalana Ru—\/5i0; 240°C, 35 barH;, 96 h branched short-chain = =70 noneg
alkanes
PEs, FP Ru/Cal, 200-240 =C, 20-35 bar H,, 8-144 h liguid fuels and 83-92 noneg
waxes
PEs PL/SITIOy 300°C, =12 barH, 96 h narrow-range lubri- 42-99 noneg
cant-like
products
PET hydrogenation: Pt/C; methanolysis: 140-200°C, 3.5-14 h C,/C, cycloalkanes overall methanaol
HDO: RuCuw/Si0, hydrogenation: 80-160°C, 50 bar H,, 1-  and == O
10h aromatics
HDO: 350-400°C, 40 barH,, 822 h
PC HDO: PL/C + H-B methanolysis: 140-200°C, 3 h; HDO: polycycloalkanas overall methanol
100°C,30barH;: 1 h =72
PiC Ranay Mi4 USY 1st step: 190°C, Raney Ni, 1 h C—Cys cyclic hydro- =75 isopropanol
2nd stap: 190°C, USY added, 1-5h carbons
{H.-free for the two steps)
PiC Rh/C 4 H-LISY 200°C, 35 barH;, 12h propane-2, 2-diyldicy- =295 watar
clohexane
PEs Ru/'C 200-225°C, 20-20 bar H;, 2-16 h gasecus and liguid alkanes: none
alkanes, CH, = B2
CHy:
= 100
PE SnPtf-Aly0y + ReyOqfy-Al05 200°C, 20-40 bar He, 15 h low-My, oligomers M.A. n-pentang
PET. P5, PC, PPO, and  Ru/Nb, 0, 280-320°C, 3 barH, 8-16 h aranes 75-85 H,0/octane
mixturas
PET Ru/Mb,0; 220°C, 20 bar N5, 12 h BTX =91 water
LDPE/HDPE Ptiy-AlOy 280°C, Hy-frag, 24 h alkylaromatics and 55-80 noneg
alkylnaphthenes
PET single-sita MoO,/C 260°C, 1 bar H;, 24-96 h TPA and ethylene 85-90 nonga
PS Ru/SNb,0, 320 °c, 40 bar H,, 20h ~72
Ru/SNb,0 240 °c, 40 bar H,,12h Arenes and ~76
PET 22 < art, cyclic-alkanes water MCREL
CCB Ru/SNb,O. 240 °c, 40 bar H,,8h ~ 86

oL, fores Molecular Catalysis & Reaction Engineering Lab




Challenges

Challenges

Raw Material @ 0

1. The solid-solid contact problem between plastic and solid catalyst remains a challenge

2. Designing an advanced solvent system to increase plastic swelling and solubility is highly desirable
3. Establish hydrogen transfer systems using renewable alcohols and acids as hydrogen sources

4. Economical and advanced catalysts with higher activity need to be explored

5. Improving plastic waste conversion efficiency and selectivity to SAF for mixed plastic

6. Systematic experimental process development and condition optimization

HANYANG UNIVERSITY
SEQUL, KOREA
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Plastic waste

Estimated global plastic waste by waste management
category (in million tonnes)"

Recycled M Incinerated M Landfilled M Mismanaged
1,200

1,000
800

600

2019 2030 2040 2050 2060

SAF

Global aviation energy demand projection (million of tons of jet fusl per year)

Equivalent glabal
CO, emissions™

assuming 100% 0.7 1.1 1.3 14 1.5 1.6 1.7
fossil jet (billons
of tong)

503 520
Demanddrop  _ _ _ _ _
compared to '

2019 progaction

2020 2025 2030 2035 2040 2045 2050

Given a policy framework, SAF is perhaps on the cusp of rapid expansion and replication

=  Many members of entire supply chains are working towards SAF development (academia, national labs,
entrepreneurs, big oil, fuel suppliers, pipeline companies, aviation partners)

o8B wa—F

Feedstock

Conversian Certific.ation B!ending. Certification
to SAF According to Withfossil  According to
ASTM D7566 let fuel

ASTM D1655

This is exactly the
same standard used
to certify fossil jet
fuel

awy i =y >
Current
Transport Dedicated Intq wing End-use situation
to airport storage fueling by
truck
\
ol GAFON
i w3
.?I * ‘y .~ Desired
Co-mingled Co-mingled Into wing End use 5'tU:TID
Transport to Storage fueling using
airport the existing
hydrant
system

Clean Skies for Tomorrow Sustainable Aviation Fuels as a Pathway to Net-Zero Aviation, INSIGHT REPORT NOVEMBER 2020
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Conclusion

= Various chemical methods including hydrogenolysis, pyrolysis, solvolysis, and others have been
employed to convert a single or mixture of plastic wastes into valuable chemicals.

= The hydrogenolysis reaction of waste plastic can be combined with other reactions such as
solvolysis and thermal degradation to increase the selectivity to SAF.

= Ru has shown significant results for most plastic to SAF hydrogenolysis reactions.

= Nb,O; catalyst support plays two roles in the selective cleavage of C—O/C—C bonds in aromatic
plastic waste into arenes.

* Ru/Nb,O: does not only catalyze the selective conversion of single-component plastic waste
into bulk chemicals (PET to p-xylene and PPO to m-xylene), but also enables the conversion of
mixed aromatic plastics into arenes.

= |nnovative transformation routes are anticipated in the future to generate more diversified and

high-value products from plastic wastes.
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