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Abstract — Plastic's ease of processing drives its growing production, resulting in a surge of plastic waste. Addressing
this issue, catalytic upcycling emerges as a promising remedy. Various metals (Ru, Pt, etc.) and supports (TiO,, CeO,,
etc.) have been employed for the chemical recycling of polyolefin plastics. Strategies to enhance liquid fuel selectivity and
minimize methane include manipulating particle size, introducing heterogeneous metals, and tuning support characteristics.
Simultaneously, endeavors to optimize catalysts by reducing precious metal usage were pursued. This study explores
enhancing economic viability in hydrogenolysis and hydrocracking reactions, underscoring the potential of catalyst-

driven upcycling to tackle plastic waste.
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Fig. 1. Product lifetime distributions for the eight industrial use sectors plotted as log-normal probability distribution functions (PDF). Note
that sectors other and textiles have the same PDF. Adapted with permission from ref [22] Copyright © 2017, R. Geyer et al.

oA Aze] ML o] 3 ATA O FIEAI 7 ke vt
HEES s 77 IS Ak 0|9} A1) ghul it 71534
[

o
AU

A7) Arkas ARtste] 48] ZullE AlQkehs AT X3 E
SAEH17). 531 ke ko] ANt ol d(56%)[ 181 A8kl =
Zod A x2S 74 0 2 F3)|5k= hydrogenolysis
9l hydrocracking W80l thet A7 F3-S thE Zlo|t}.

e =

ror

N
M[H
ru
1>
Jm
TR
N
Mo
Hu
o
ot

2-1. E2IAE XMz

EoaEE Hold sy Held o Qe ko] vind St
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Table 1. Summarized plastics waste treatment per country
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7}l S7¥ekaL STk 2022'A Plastics Europe®] .14 w2 &
e A E-g-o] F /o] ool uhet AAE AdEe Sk
€] AJatato] 20180l 3,0009H=A 202110 32509 Eo 7
7VatIAAINE, o] &= A FehaE AR 39] 90707 EOo® o}
= FA3] Sh20]. 012 AlAllA s wlZ e S A4S
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Country Recycle (%) Incineration (%) Landfill (%) Year Reference
United States 10 18 69 2019 [19]
Canada 13 3 76 2019 [19]
China 24 20 31 2019 [19]
India 20 3 33 2019 [19]
OECD 16 25 53 2019 [19]
*QECD Asia 24 62 12 2019 [19]
Netherlands 45 55 0 2020 [20]
Norway 44 54 2 2020 [20]
Germany 42 57 1 2020 [20]
United Kingdom 37 44 19 2020 [20]
Greece 25 2 73 2020 [20]
Korea 57 10 31 2021 [21]

*Korea and Japan
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Fig. 2. (a) CO,-equivalent emissions of landfilling, incineration, mechanical and chemical recycling of waste plastics in different stages. (b)
Statistics on the number of studies related to plastic chemical recycling from 2000 to 2021. Adapted with permission from ref [24].

Copyright © 2022, American Chemical Society.
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e Thermal Cat.: None Oils High temperature
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| Catalytic Cat.: Zeolites Oils ___ High temperature
pyrolysis T:553-873K t:0-2 h and coke deposition
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T:523-648K t:2-6h
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T:473-648 K t:6-24 h long reaction time
: Cat.: Nb,Og Low activity and
— Photocatalysis g CH,COOH  — long reaction time
3 Cat.: FeAlO
-—  Microwave- Ll H, + MWCNTs — Small-scale
initiated method t: <1 min

Fig. 3. Schematic illustration of the chemical strategies for polyolefin degradation. Adapted with permission from ref [24]. Copyright © 2022,
American Chemical Society.
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Fig. 4. Proposed upcycling of plastic waste via hydrogenolysis to enable
a circular economy. Adapted with permission from ref [12].
Copyright © 2021, American Chemical Society.
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Fehrd S7|RE A% BIRAZ Sdeb7] 9Iske] FulE A}
3= shEekose] 4 A7} Mol T 2177} sl
oItk EehaEle) ANF 3 M B WFL A s el

A(PE), 9 Z2] X AN (PP)A| A ] FehE 0 2N E]
NA ARE Aok A7 ohFabA W= L Qe 4 7
el WES2 HhE-2] HIAYFL] folo| w5 BN g8k
hydrogenolysis W8, 557} 2k /74 257 285 hydmcracklng
W0 % ‘/]’TOVLE}. %E] offdzl 9 2 2H 39 Hydrocracking
JES wlIAUF] Fig. 5l vk Sl

b e

Metal Brensted Acid Metal

Fig. 5. Proposed Scheme for Ideal Hydrocracking of PE (Top) and
PP (Bottom) over Ruthenium Nanoparticles Supported on
Bronsted-Acidic Supports. Adapted with permission from
ref [31]. Copyright © 2022, American Chemical Society.

3-1. Hydrogenolysis

Hydrogenolysis HF-5~> Z2F~E& 200~260 C Z7oA 118+e]
F22(10~60baryE AHE-3to] TH-7171x] 9] A A5 R ASAT )=
HhS-olth, u)= wjAEA = F )3 Yuriy Romén-Leshkov 1L

2 =7 VERETH11]. £38] Ru/CE ©]8-38F91 200 C, 30 bar 54
T ATEE ohFst FuE AREsto] B shgHE]l SEHAR] Z2330lA 14713F ZEFAIAIRLE] hydrogenolysis RE-6-& 218ekl&
(Octadecane, C gHsg)e H-alloh= A5 A 33IATH11]. ¥4 <A u AgkEo] 92%E T O}Oﬂ TH11]. B8k, A7 Ru/C FlE
Toll A Coy0,, v-ALO;, 1% Pty-ALO;, RuO,, 5% RWALO;, 5% Rh/ o]-gato] theFel FetAE S Eellehs A8 S It A
C, 5% Ru/C, NiO ! 5% Ni/C Z 1|7} AF&-% 31t} Co, Pt, Rh % Ni 4,000 Da2 zH= 29 LDPE WH-E-3 A5 thokst &5 (200~

A ZFrfjof| A SEFH|AIQ1 2] hydrogenolysis HH-5-2] 32 0~46% 250 C) ¥ = (15~30 bar)ellA] ¥H-&AIZ] A3 257} dsdr=
ul-9- SEokTH11]. WhA RuAl FiE ARS-SE 739 A 8HEo] 65~100% 71A A =E3] Wighe] o] ol om, ko] SrteE
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ArdeFo] F7FskTH 11]. o133t AT AFE vl o2 7P # o
W ASS B Ru/C FullE o] &ato] |2 (PP)] 23
HEg-of] tsh 34 A5 XIH3IITH32]. FAFF 340,000 Dasr 24+
9 pp HES-E-& o] 4310 250 C, 40 bar H,, 16417+ 73014
90%2] AgH-S A5k 01, PPe} HDPES] E3HE-9] H-afjof =
Ru/C F1l7} ol A5 BAH32].

JE =5 )8 Keiichi Tomishige 788 thoksl 4
A A A& ©]431°] LDPE (M,, 4000 Da)2] Hydrogenolysis 5§
2183+ TH10]. Ru, Ir, Rh, Pt, Pd, Cu, Co, Ni 5%°] Ce0,°l &
|5]o] ARS-EIS 01 RuE Al2]gt ThE F4504 5% ©l&ke] v
9 Go A gkgo] AoJFU10]. Ru B450] 7H 322 248 A7)
wol] TheFet A A Aol @A sto] Whg-o] 84S Bl skl C,
TiO,, MgO, Z10,, Si0,, Ce0,E ©]-&3}] nk-go] AP ow
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18A1%F, 221 50,000 Dagl 73 244]7k0] 2 QESITH10]. ©]&= 7]
< Catalytic cracking RES-o1A4 A 335 A7l 2555 ¢
T.o} Sl Afol €] Eld o] ofH A7) wjiel Wh3/do] stolxl
th= o A2 12e u[33,34], EARE0] ARGFE W&o
A W B0 Aot 7] wiel] 93] whshs l Al7te] )
AUch= 218 4 5 ATH10]. AT AFHS $5 A5 5
hydrogenolysis RH-&-014 Ru 542 Y=} 71l tist FaaAE
TSI TR 24 259k A A A (Zr0,, y-ALO;, SiO,,
CeOyE ©]&-3te] Rua:2] Z171& Alofak3i om, F 2.5 nm2] 1A}
715 2= FullelA] 71 2 AEES 2lvkal Buskgic13].
T ATHE AFAAE PO E Ru w504 doju=
hydrogenolysis §H8-2] MIAUEE A3t C-CAE o] Runss
oA sfg] F2E & c-CAde] Ru #5504 slgl= k07t
F43} Ho] 22 = 399 MAYUSS Agteion, c-c A
go] dljg)7} whe-o] Ay eAlzlal B skt 10].

Ru =59 &) rh= A7 A2 HE a84dS F7H o=
FIA717] S18t oheket A7 K= Qi )= dEkelo] dishaw
Dionisios G. Vlachos 1788 Rw/Ti0, Z|E o] §-3l0] Zajz 7
A et A5 AT 2] PRV R thefst 55
(Pd, Rh, Ir, Ni, Pt, Ru) @ #] %] #|(Si0,, C, AlLO,, CeO,, TiO,)=
o]-g-ato] Wk A aEIITH12]. Ru 49 BAo] 7P H9kon
1 FoNAME Tio, AR A QA 780 65.6%= 71 FUTH12].
ATEE FIPRR7F A o & W2 7)) A ES] S Eol7] $
st A5 zskelt) 71Ee E4do] =il B aE RuwCH R
CeO, 2] - 714 B E2] &0 22} 100%2} 97.8%2 vl
G =ob A AnE Aol AjkskAl 9k R, RwTio,2l
A5 1 A wallehE wEo] 7] witell vk Suljrct A A
7} =0ktH12]. o2 ¢t 58S ey fleto] A ok HkE-
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Fig. 6. Time-dependent isotactic polypropylene (i-PP) hydrogenoly-
sis over Ru/TiO,. Yields vs reaction time of major products
with polymer/catalyst weight ratio of 20 (a) and 40 (b) over
Ru/TiO,. Adapted with permission from ref [12]. Copyright
© 2021, American Chemical Society.

@ 'Heaw'ol (D M, 1.208x103
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>
M,, 250x10° @ M,, decrease
O]
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Fig. 7. Reaction Network of Successive Polypropylene Hydrogeno-
lysis over Ru/TiO,. Adapted with permission from ref [12].
Copyright © 2021, American Chemical Society.

EA 2 v]E-& 2= 790l Whg ATl ke RESASS Blwetlal
(Fig. 6)[12], Fig. 77} 2 wIAUSS ARFSFATH12]. Fig. 62 a, b
£ vlwshd 7 2RI o] 35 A Re] S48 571
el o] S7FEE 27] AEA} oFd heavy oil 2FE A H 22F
APEDES & 5 QUi 12]. &, &2 AR AR 71AE 7+
% heavy oil 258 4% o] 31 WHEAIRE B v W=/
ol v]& 5 & S| ol BE 71A= T light oil ZHF-E]
AR AQE ok = qlH12]. RES HIAYUSE sk 7] 1
A= AEH 0 Z c-CAF 4 E9E AR FZ heavy oilS A
Sei12]. ©] g el A heavy oil2] W C-C A light oil 2
3l =™ heavy oil & light oil 27 WE-&- 5 & (methane) 2 ol &+
(ethane) .= 7}23) FTH12]. o E4o] oty B Ru/C 2
Ru/Ce0,%] 73-F- C-C Ao 4l $ A% vk 21 E Bk
Aol W& 35 Zh= B3 0 7 Q& S| 223 H%] ¢kal Al
&34 EalHhg-o] dojubr] wiEel & 71 MM EE 2ttt
[12]. RWTi0,9] =& HA| Aed o2 sl AA| ] Z2214l H)
d 2 oM E & A &S 4 7 vk Busiivi{12].
F T RWTIO, FUIE T35kl Sl Tio, AXIA| 2] A7 del whe
HH-E-7d xfolel st AT A7}t BaE i 14]. s Aol A
TiO, 42 T79 8 5o wet st 55 A A A deaE-
(strong metal-support interaction, SMSI)®] 4 =7} @24 2= PE
T 3] Fufjel] JEE v RIvh= A& AARIITH 14]. Fig. 82
w A E Eul) F e (rutile) S 2HE Rw/TiOLE 500 Coll
A 12 3 F 7P =2 Sl 2438 R ]ITH14]. ©]= PE 7
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Fig. 8. HRTEM images of the Ru/TiO,-A and Ru/TiO,-R catalyst, and LDPE conversion over Ru/TiO, catalysts with different phase of TiO,.

Reprinted from ref [14], with permission from Elsevier.

2ol A = B 5, =2 WAl &5 7] S8l A Je
SMSI7} & 2 -5 A|AFSHTH14]. ©] S o] 4-5lo] LDPE W3} &
ZaxE g7 8] A4 Bl ALE T 74.7%2] =S g
2 71 Q= 318 E2S ARSIt 14].

N AR FES Fo|7] flek Alme} HES] SO R Ru
TE5E o]83 ZEHAE 9 hydrogenolysis RES-2] AAI-& =0]7]
$8te] Hgk el g Zol7] £k thefst A %=7} 91SITt. Dionisios
G. Vlachos 178l Ru 750l B AElX| 2 71 o}E XX A| 2 9]
S35 (Ru-WZr) B2 w19 ghege)) uhE 93738 HIAE 313{Th35].
728 HkS- oA wgke] Melni= Bl AEl 9] Slato] S)slol| ulet
16%14 4.6%% AR TH35]. ©15-2 543} 4] W DFT 74k
£ Fto] MAUSTS FEsIGith 4 RS EElshs Rue] &
2 @Al HY &l ol Bk (Wo,), E8AE7F 9 &)
o|==2A7]0 HE Ash= 2 02 FE I t}H35]. WO = RuzE 9]
reverse spillovers 53l = A2 AW AP EE A Sl Foff
Z A28 e 2N 71 A S SIS AR
o] BEARI Fulf 74 A S-S STRA7IH, ol AEsHA|
3l|=]7] Heof Tk 2] @zho =z o]ojzIth35]. o|Z A B ~Hlo] =33
 RuAl Fujo] vl AE s ZQlomM A &5 S7HIA
th3s]. o] 52 dF 7Hd-E F7EE B7EEH] 218 Nb, Ce, W, V,
Mo, Fe FE $d5ka vk8-9S A131TH15]. W, V, Mot H|&
TS ZEaA 71X RE Nb, Ce, Fet= Mg ABIES 7H0A]7]4] 5
SIATH15]. o] Aa ATk flete] S=ulZlR] (Dodecane, CpoHyg)e
5 HbS-ER ARgsle] 71 Aee Wasl 1, w Bl o
g7} ek A e olo] AR AlE T ERATHIS). ol 5 T

4

rl

e S-S Zhs Abskant Iiksha-5 WAl viE PAS
Faslel] Pl Tdt FaE AR AR S g sIsitH15).
wgke] A o] 7]ofgh= 218 Ruf] 4714 Zr0,8F 22 A
A A7F F8 QRl0] ofr ozt S & = Atghzo] ek 9
& oAlSaL BarskltH15].

oo AF7E A 0 & g E S wi%)S] B AHEE
A} ] FT FEego] WhgAlel nXE PES g e A7 A
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Table 2. Summarized hydrogenolysis reaction results

A~
s Rl

Catalyst Reactant Reaction condition (Temperature, Pressure, time) Liquid yield (%) Reference
5% Ru/C LDPE (Mw 4,000) 200 C, 30 bar, 16 h 45 [11]
5% Ru/C PP (Mw 340,000) 225 C, 20 bar, 16 h 68 [32]
5% Ru/CeO, LDPE (Mw 4,000) 240 C, 38 bar, 8 h 84 [10]
5% Ru/CeO, LDPE (Mw 35,000) 240 C, 38 bar, 18 h 82 [10]
5% Ru/CeO, LDPE (Mw 50,000) 240 C, 38 bar, 24 h 80 [10]
5.9% Ru/TiO, PP (Mw 250,000) 250 C, 30 bar, 16 h 65.6 [12]
5% Ru/TiO, LDPE (Mw 4,000) 250 C,30bar,3 h 55.5 [14]
5% Ru-15WZr LDPE (Mw 76,000) 250 C,50bar,2 h 60 [35]
0.2% Ru/CeO, LDPE 250 C, 20 bar, 6 h 94.5 [17]
Pt/SrTiO, HDPE 300 C, 11.7 bar, 96 h 97 [36]

A B
——200°-250'C—— Melt hydroconversion
Pt/WO:/ZrO: + HY zeolite |
300'-450'Cc— Hydrogenolysis —
J Pt/SrTiOs Plastic

Plastic
waste

—l— 400'C — Pyrolysis — Hydroreforming

Ni/BEA

——500"-600'C— High-temperature pyrolysis
Thermal, catalytic

Waste
to fuel

Fig. 11. Current and proposed chemical conversion of plastic-waste to fuels. Reprinted from ref [39], Copyright © 2021 Sibao Liu et al.
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Fig. 12. Influence of HY zeolite acidity on product yields in LDPE
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Reprinted from ref [39], Copyright © 2021 Sibao Liu et al.
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Fig. 15. (a) Liquid yield as a function of the quantity of acid sites estimated by NH;-TPD (umol NH;/g) for PE (avg. Mw 4000 Da) deconstruction
at 200 C, 30 bar H,, 16 h, 700 mg PE, 600 RPM, over 5 wt% Ru-based catalysts on various supports (50 mg) at hydrogen conversions
between 20 and 35%; (b) liquid yield as a function of Ru dispersion (%) for the reaction conditions given in panel (a); (c) liquid yield as a
function of the quantity of acid sites estimated by NH;-TPD (umol NH,/g) for PP (avg. Mw 12,000 Da) deconstruction at 215 C, 30 bar H,,
16 h, 700 mg PP, 600 RPM, over 5 wt% Ru-based catalysts on various supports (50 mg) at hydrogen conversions between 6 and 14%; (d)
liquid yield as a function of Ru dispersion (%) for the reaction conditions given in panel (c). Adapted with permission from ref [31].

Copyright © 2022, American Chemical Society.

Table 3. Summarized hydrocracking reaction results.

Catalyst Reactant Reaction condition (Temperature, Pressure, time) Liquid yield (%) Reference

0.5% Pt/WO,/ZrO, + HY LDPE 250 °C, 30 bar, 2 h 93 [39]
0.5% PYWO4/ZrO, + HY PP 250 C,30bar,2 h 81 [39]
0.5% Pt/WO,/ZrO, + HY HDPE 250 °C, 30 bar, 2 h 73 [39]
5% Ru/H-BEA LDPE 200 C, 30 bar, 16 h 60 [31]

5% RwH-BEA PP 215 C,30bar, 16 h 57 B31]

5% RW/FAU LDPE 200 C, 30 bar, 16 h 52 311

5% RW/FAU PP 215 C,30bar, 16 h 58 E|
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