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Progress of research on chemical upcycling of plastic waste based on pyrolysis
XIE Wen, ZHANG Xiangkun, ZHAO Zhigang, LI Yuqing, WANG Kaige *

(State Key Laboratory of Clean Energy Utilization, Zhejiang University, Hangzhou 310027, China)
Abstract: The total production of global plastics is up to 400 million tons per year. Nearly 80% of the
used plastics are directly landfilled or dumped in the environment, leading to the generation and release
of microplastics, which poses a great threat to both environment and human health. How to recycle
plastic waste efficiently and environmentally has become a common concern worldwide. Among the plas-
tic waste recycling methods, chemical recycling such as pyrolysis can realize the transformation from
polymer to high—value products. This paper summarizes the research and industrialization progress of
four different plastic waste pyrolysis technologies, namely fast pyrolysis, catalytic pyrolysis, oxidative
pyrolysis and hydro—pyrolysis. The challenges faced by the pyrolysis of plastic waste is discussed and
the future development direction of various pyrolysis technologies is also outlooked. It is expected that
some more efficient, environmentally friendly, and economical technologies of plastic waste pyrolysis
can be explored in the future,to meet the growing demand for environmental protection and sustainable
development.

Keywords : Plasticwaste; Fast pyrolysis; Catalytic pyrolysis; Oxidative pyrolysis; Hydro —pyrolysis;
Chemical upcycling
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Fig. 1 Plastic waste recycling methods
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Fig.2 Typical reactions and representative products of fast pyrolysis of plastic waste
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Table 1 Performance index comparison between plastic waste pyrolysis oil and petrochemical diesel’*
PEBT P BXAR 1R B ik EA
e - ) B BELE RAMH
MR & — BT RN RN LN
B/
43.0 28.2 40.5 39.5 21.1 40.8 43.0 41.2~443
(MJ - kg™")
RRAY Al 46.00~52.00 / 31.05 / 34.35 / 51.00
A IRLEEE / °C. 6 / 24 / -9 -30 /
N/ C 50~52 / 24 ~48 20~41 40 20~30 26.1~32 42~46

M T JEOREIE W P o, I Rk i) Pkt
I R AE T AR D TR R ) DL A, S
] | H AR 55 [ AR T e T 1 SRORL AV A i) BV A R
RO T A0F & Fhil i iE, fldn, 5 E Agilyx 2
R — OB 70 A P2 SRR PR B Si E A  ig
i, R DR iR A B B 2R P 0 o B WA
T E RS Ml i A IR S g gk — 28 244k R
B H AR kR S A A 0 X 1 5 8 e A i
Hriathe AL B A 10 val® SEE Resynergi
OSEVIE R T I s A P SRR AR T2 A
HEG s 70% ~75% F 58 M BRI, 15% ~ 20% 7 A1
4

i, Bl B e T AR ST BCr e S, iz %
T2 S T D IR 609% Y itk = MR HETL
T, HZR APChemi 24w ¥ & T I Ak 25 %8
B Z R RE RXRE R Rl R
CIEF IR PR EOR AR T3 1.8 12 kg
PRIBELT

2 {E{L#IEE ( Catalytic pyrolysis)

T IR RO RS A, C—C B A I W
HPHOLYIMR R L 0 eIk 22, 0 H A =)
DAL R ke 3, X SO PR Ak 22 5 e



R, 4G5 A S A ok T Rk, BR ) T 1% 98
b B B AR P — 2B & RS e R YR
PSR Ik R T T 3 1 e AR T 3 AR A 5 7 3
JE TG AL BE | G PRI A VE 0

I, 7215 S8R AL R i b N B T2 1
A3 F oA (oA %) R 1 SR S ik
SRR AN [ ST B HE A 0V o 5
R (9 5 T AR 7 22—, R B o =
YEREAS R ER | 76 PR SURL IR o B 2 R M R T
MEfaE e i G b v ae RN R
A FLBR G R R RR YL 7 i B Ak 50 v A FLBR 25
P25 5 g i ] =) 5 4 A ) 2 T R R 67 05 I 45
FREE | DA A P72 98 R AL FA R 1) 7= 2 o0 A e B
Frrege B e il AL g R T L0
PIS/INr PR T= I B i A FL&GS 4 (4 77
FESHE B K Fr=W) (I35 055 ) ik e
B AR TR B R P L RE B L AR, SO R R R
SEALER I O B T OB AL B ER T R4 L
A, LR A R MR 5, P ) R R R S AR
TSR IICR IS 2 4R THY R R DA RIS A Sk
Ve A 55 by 2 B4 1 — B [ AR R A AL R, LA Ak
M5 R 43 R R 8 7 R A 1k 790 2 1 1 i %% 1)
FAG . AHACHE A1 43— 07 ff AR 700, Al - A A 5] A IR
PEFA RN, SN B v S B BN B Rk
IO R 9 R T R i B R A R R
Zr0, %5 4 @ S A AE 2 SRR A v o R B i A S
AR Ak 15 PR i, I %% B SR 0 TE A R A
ZrO, AL FHE AL 2 AT 35 98% , M FIBAH 77 0 1)
TR0 59% Fl 39% , (EARE AT 2 1 )RR 2
SO A TR 5 A AR TR A TR
A T T e RIs TR 6 55 15 b R — Bl L i
HEALF SO0 IR BH 3% PR X 1 B8R AR P B
O3 A5 B PR AR /N T B R AR
FEPE G EREEC P, Ph 54 8 Y W 3k A ik 5]
Bilan, Pr/C F1 Pd/C ]2 B 5 S8R} 4 15 34 i iy K
R JE 2 SR, 38 T DA B B Ak A 0 7 A
HE— 25 $2 v A Ak ) 09 B B R BETS L MgCoO,
CoCO, 1 CuCO, ZFfRRER L EAT R A I fiE
N B IR £ 2% 5 VAL o ) T4 B T L I
B TR SRR BT K A T AR /NG
BERR RV RO BRI B IR 76 W i N 5 2 f h
AALYIR CO, , 1 BLHEAE I ST

ST R, 1 BR R P S ™= ) A o3 A 35
BE(Cy~Cyy ) FE T4 HE 450 1 O 4 5, R IR

RFRRS I AR I A AR T S R D L R R
Ahmad FE' LR 208 B9 1R OK 208 hy i
B, 78 R R 43 i 5 T b A
TE HZSM-5 AL A1 I3, 2 BIPRL 44 i
SR b/ Wl PR R A 81% ~ 97% , AL 414
T R AR R 41% ~51% , Santella 2% Hf
GE T TH L 4 v SRR Y PR A i S HUSY/HZSM
-5 AL, 45 R BoR R AL RIAF R AT,
PRSI L 53 0T e BOR FETEAIR, BT IR MR B 5

E AT, P9 A1 7 15 B8R Ak 2 A B2 AR 1 7 L
R T AL AT TRIRER . £ E Pyrowave 24
R T — i B X SRR 20 2 S Ak 1) i A
TR % 25, TEIVR L R TP A &N 0.5% ~
50% ( J i 5340 ) FoL R T AT R SRR 2 0 i 2R
R, H LA ] 3k A iR AR LR BK
SiFE Y 99.8%, AL, B & W B AR AT A
1 000 t25R 2K &0 2 2Rk, AH LE T DD g v AR 7 o
LW EFAR AT 82% Wi SARHER M 73%
FIRE R FE T . LAM, IS KA GreenMantra 2%
AR A AR AR 0 A5 A AL K SR 20 R I
TR L0 55 IR BB RL G Ak Ry /N o3 AR ]
R Bk T e Nl T BN | = M /N
(AT 2 AR A T R AR %) P2 SR I i i v SR T
WSS TR R R B R A PR F A B R
— oI AT A Ak S )2 F R R T R
SRR AL L AN B R R SIRAR (Cs ~ Cyy ) HIOR
AL 3K 80% ~90% , i/ VI BEAF (1) 2 3R b P £ 1T 5K
4 ﬁ t[69] 5

3 S {k ##E ( Oxidative pyrolysis/Auto-
thermal pyrolysis)

132 SR 1) PR R 2 — A RGBS
PSSR RE R, PUd i P AL R e
SN s T AR AT 5%, T 5 e A 27 3 3 19 3l g 2 [N
ERSVEANE LA ARE P VIAA 5 PN |
Pl e N R E AR A 2 A RE R X Rh
REFE 7 SR A 8 A0 G R T RE i A 3ok 1 9 K e
RN FR A 1 5 B PR A A T 25 B0 R ol A 1
FITO o TR, 2 R A B I, {52 PR A
AL VT HE R — iR 5 i B  [R) L, A P 5EA
B, v e o) A A G5 R v 4 R S B A
PRI R S, T DA SN SR AR B A (3
SRR T 77 3R it 57 1) ] P 920 BA i e 7R
YSMERAE S AT S A A i

S



Hh i R B BE B T DASE B A L4 DR i R PR REREAR, RIBEHE W ALY, B A
FIAE W) SRR AL ) 45 R R, L2 A ) o SR Ak P
LS TE AN BE T4 W T 2R SRR b A IR 0
TE— A B BT e S 1 SR S A AR A = ) 1) A
PR

G WA e A i R o AR, AT A
o R O ) R P B [ P TS AT B BT 4 AR
fE. Sun S HRIET I E PRELN # o ROK LR 1Y
HEALSE AL PR B 50 4 BLIZ R A R SRR B0 FA St

PP SN A5 PF (RO B/ 4 i e R RS )
PR AT SR PR 2 BRI

PRI AR SASCEIR

e
R
FLyEEsl
0 R Gebyi

|
| Senbibuiiie et Mot

HNJR
777777 | 400~600°C
I

JEE BJR R R
B3 PRERGEEENABNLER
Fig. 3 The characteristics of fast pyrolysis versus
oxidative pyrolysis
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Fig. 4 Mechanism of hydro—pyrolysis of plastic waste

Rh/Nb, O AL 300 °C .3 MPa & &AF T B4
fife , G RI] TR T RIGIE kA T C—C W
S4 AR HESE N N TS B T R ke i A AL
S T AR AS S B H B B R A (R AR T
Ru/C & —Fhi UL A i S B fr AL 350 Ak ™=
DI 32, R T R2%1 Yuriy Roman-—
Leshkov (4% A BARGE T 7 200~250 °C .2~5 MPa
A Ru/C LA T R INIR IR, =9 C
~ Cp, 305 L N I R AR RN 3 SO S e R TR B W 7= 2%
BT 68%" ! o Sa’nchez—Rivera R VE YR >
JEURE X HAE 225 9C (2.2 MPa &S B Bl
5% Ru/C HEALFINE T i S 0 64T T4
5%, IR N E B RS (C ~ Cy) RS
B (Cy~Cyy) o BEAN, Pt KAL) 5 R BRI
PR AT BRI AL PERE . 38 ERFRI R 2= X
W KRR T PUWO,/Zr0, W BIR & HY
T 53T A Ak 700 0T 3R R M 1) In SRR a2 AT T R
5%, 9E 250 °C |3 MPa ZUSUAAMF T SO AT 3145 i ik
85% M) Cs~C, TR BHRIE =™ | 45 1Pk,
X B 4 A AR TR P SRR i S A S iy L e R
TS ER B4 Jw A A M R AR R
FRL ) T AR I SR I S B T2 B RSN H

PINi Cu.,Fe Co W % AR IER 4 E A
AR AR T E A R H T 5
SIEMEARERRE ™Y, em¥EtERL)R
PEACTRITE H Il AT A BT 3R A5 A A AL i =
A 55— B R R AT TR A AT
AT, BT A AR5 48 H T 28 SR i & # i (h)
PRI, (H IS PR A A 3 22 AL SR AN RN
B, HARRET KB Tomishige 1B\ & B0 1Y
Co B(# Ni FEAEALFIZE 260 °C .6 MPa FIESA T
R R 0 I AR T AR A, BN B
VAR 0.1%, 5ZHXS I, Pt . Ru %51 4
JE AL FE AR R T 00 T ST IR IR O 1) 5
SREART AR N7 K AR R S A

FE R W], B Cu, Fe F1 Ni JE i 1L 5 7
220 °C 3 MPa SO0 X i 5 B 3R L0 Y ik 2R
JLF-BAT RS E M TAEAR R 276 T, Ru Rh 45 5%
GIRMELRI LI T RO e 2, X F 22
PR AE St R AEAR IR T X C—C B A W7 405 M 4%
7 T ERTHE BB A AL o, T AR AY
S ] A L T A A T S — b A A R 5
W Ao i 2 I P I ) P68 7 X T b1 2
U RRIAR Y FL 00T, AT T S R T 3
2K SN ) 73 6 R B R A R e, T R i
FUREATR PEANREFEE  (HUR HATC T 0 e R AL
BT R AR AR Y B A AR RN =
BB, R 5 R A S AR A 14 A 8RR A
PLBERG AN, DRI, £ R R O F 53 Hh 7 2060 XL
IR AT T 0B 2RI S A HEAT TR AR
FE, IS 2 SR | e 25 A i AL A4 R DA T 422
TSR N S AR B 2855 I AT

B T AEAL TR B2 R, RO 2R v B R 2
SN SRR I S ) 0 A R S
SRR 2 R U s 0 RT 48 T 5] 26 T 4
AR T B2, A T F TR0 40 6 o U H R 8 3 i
7 AR T 2 T S R, DAL T A i B Rz JE R 1
e BN A 25 Tl Ao B A SR 1) K 2R R 22718 o3 1 U4
(AR PR PR T HY 1 4 Jon e A e
FE N ARSI T I 1A 2 T Y
i TR T #i R, TEC ke b b
JEAE Rh Pt Ru SEAEALTAIAE AR B0 3 S
R BE A AR T B, A R B R
FHET RO RN EAE Ru AL LAY
iR ST SE LRI, B T B TH s A2 1
7= RAR BN T, 07 P g S MR 2 7 W 114 A i
SEENT AT AT U e SR D Re g
PRI I PR 1) S35 P A B F bR A 2
PRI EREE SR R S T, AN
O A IS 1 1T, 45 1 SR I SR i T2

7



WARIBITH R T R, B e L4148,
5% Veba Oil £ Kohleol Anlage Bottrop % il 4k
PR SRR e T O AR T, 1Rk
W41 BB 75 (29 10 MPa) F1% 400 ~ 450 C 4%
PEF SR I B, AT S B — o SR R i A A
FMTEE =5 7= Wy i de e k. BEAl T i T %
SRR L B T 3K 40 000 t, {H i Tl = 285 K4t
LRI, T FE 1999 4F422 11 i % i
2 b, I SRR B4 o S A T A B o B R 0
Yy, R R R WA R T AR P A 13 R RE R
THFERK, A e el B, i & g B R
T B — B R A, DL i LA BRI
LePERE,

5 REFRE

ARG TR R AR AR
TN AR 25 22 T B 1) B SRR AL 2 I AR
BT SE L= AL BIAR o 1 BB (A R A A
I A 7 B FEEAL TR B R AR T R 1
e 3R A SR T (L BT v ) XS T T A R 2
FEM, SR AT AR B 22 | R]— Rl AL 7R XA
[Fi) o 21 SR R AT O B2 AN SR AR ], 30 75 B
XA TREAC IR 2T B B2 SR A A T O R4 T R et
Fto IRl FRT BB TE 2 LA SR — S I SR D F 5
X5, A b E DX SRS R IER IR
T R R IR AT T R IR AT I, M
T Oy 5 B 114 R SR A S M AR Sl

BEA IR SRk AR R b A 1S FH S T ATS Tl AT
DRI . RS 73 A7 73 B, 15 2 R AR AT IR TR R
— B BRLE 2R 7 i AR I A B AR N R S )
JR A AR 15 22 BEAL A 2 AL, A [R] b 2K B8R X L
HEAT A B 70 RG2S 5 2 SR ik il A A
AR R AT LA 5 00 AR B 3 58 90 2 A7 7
b, TR I B D R f L 5 S AL s TR
EEARE B Jm A AP BUR S AR R
Forpspeh i oy 8 AL FRAN mDSCHERE K, 25 b 7RSS
Je BYBIEFE Fp i 7 BE— A5 T K SN Ak B B i
AT, IR TR AL TR 05 A [R] b 24 1 R AR i
7 A R, A B b ) R R T A
it B A T AR BT, 7R A I =
TET , T AR R R RO A T o X Y [ L, DA
B i PR BRH DR AR

2% 3K ( References) :

[1] JEHANNO C, ALTY J] W, ROOSEN M, et al. Critical advances
8

(2]

(3]

[4]

(6]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

and future opportunities in upcycling commodity polymers [ J].
Nature, 2022, 603(7903) : 803-814.

Plastic production worldwide 2021 | Statista| EB/OL]. (2022-
12-01) [ 2023-03-16]. htips://www. statista. com/ statistics/
282732/ global —production—of—plastics—since— 1950/

gl v SR PR 28 T kR SE 3L WL H bR 5 RS YL ih
FEAYAURL[ EB/OL]. (2022-9-20) [ 2023-04-06]. http://
www.sdg—china.net/NewsList/info.aspx? itemid = 68108.

SRR — A= Q0] i S8 A _HE R [ EB/OL]. (2020-5-
25)[ 2023 -04-14]. https://www. sohu. com/a/www. sohu.
com/a/397631039_100235747.

GEYER R, JAMBECK J R, LAW K L. Production, use, and
fate of all plastics ever made[ J]. Science Advances, 2017, 3
(7): e1700782.

KOELMANS A A, REDONDO HASSELERHARM P E, NOR
N H M, et al. Risk assessment of microplastic particles[ J]. Na-
ture Reviews Materials, 2022, 7(2) . 138-152.

125 questions; Exploration and discovery | Science | AAAS
[EB/OL]. (2021-5-14) [ 2023-04-04]. https://www.sci-
ence. org/ content/resource/ 125 — questions — exploration — and —
discovery.

ELLIS L D, RORRER N A, SULLIVAN K P, et al. Chemical
and biological catalysis for plastics recycling and upcycling[ J].
Nature Catalysis, 2021, 4(7) : 539-556.

SINGH N, HUI D, SINGH R, et al. Recycling of plastic solid
waste: A state of art review and future applications[J]. Com-
posites Part B: Engineering, 2017, 115; 409-422.

THIOUNN T, SMITH R C. Advances and approaches for che-

mical recycling of plastic waste [ J ]. Journal of Polymer

Science, 2020, 58(10) : 1347-1364.

DOGU O, PELUCCHI M, VAN DE VIJVER R, et al. The

chemistry of chemical recycling of solid plastic waste via pyrol-

ysis and gasification; State—of—the—art, challenges, and future
directions[ J ]. Progress in Energy and Combustion Science,

2021, 84. 100901.

RAHIMI A, GARCIA J M. Chemical recycling of waste pla-

stics for new materials production[ J]. Nature Reviews Chemis-

try, 2017, 1(6) : 0046.

AMINU I, NAHIL M A, WILLIAMS P T. Hydrogen from wa-

ste plastics by two —stage pyrolysis/low — temperature plasma

catalytic processing [ J]. Energy & Fuels, 2020, 34 (9) .

11679-11689.

EANG C, NIM B, OPAPRAKASIT M, et al. Polyester—based

polyurethanes derived from alcoholysis of polylactide as toughe-

ning agents for blends with shape—memory properties[ J]. RSC

Advances, 2022, 12(54) . 35328-35340.

WANG T, SHEN C, YU G, et al. Fabrication of magnetic bi-

metallic Co = Zn based zeolitic imidazolate frameworks com-

posites as catalyst of glycolysis of mixed plastic [ J]. Fuel,

2021, 304. 121397.

STUYCK W, JANSSENS K, DENAYER M, et al. A sustain-

able way of recycling polyamides; dissolution and ammonolysis

of polyamides to diamines and diamides using ammonia and



[19]

[20]

[21]

[22]

[23]

[27]

[28]

[29]

[30]

[31]

biosourced glycerol [ J]. Green Chemistry, 2022, 24 (18):
6923-6930.

SALAUDEEN S A, ARKU P, DUTTA A. Plastics to energy
[M]. New York; William Andrew Publishing, 2019.
BHATTACHARJEE S, RAHAMAN M, ANDREI V, et al.
Photoelectrochemical CO, - to — fuel conversion with
simultaneous plastic reforming[ J]. Nature Synthesis, 2023, 2
(2): 182-192.

ANUAR SHARUDDIN S D, ABNISA F, WAN DAUD W M
A, et al. A review on pyrolysis of plastic wastes[ J]. Energy
Conversion and Management, 2016, 115; 308-326.

ABBAS ABADI M S, UREEL Y, ESCHENBACHER A, et al.
Challenges and opportunities of light olefin production via ther-
mal and catalytic pyrolysis of end—of=life polyolefins: Towards
full recyclability[ J]. Progress in Energy and Combustion Sci-
ence, 2023, 96 101046.

WALL L. A, MADORSKY S L, BROWN D W, et al. The de-
polymerization of polymethylene and polyethylene[ J]. Journal
of the American Chemical Society, 1954, 76 (13): 3430
-3437.

ZHAO D, WANG X, MILLER J B, et al. The chemistry and
kinetics of polyethylene pyrolysis: A process to produce fuels
and chemicals [ J ]. ChemSusChem, 2020, 13 (7). 1764
-1774.

YANBORISOV V M, BORISEVICH 8 S. Quantum-chemical
modeling of the mechanism of autocatalytic dehydrochlorination
of PVC[ J]. Theoretical and Experimental Chemistry, 2005,
41(6): 352-358.

GUYOT A. Recent developments in the thermal degradation of
polystyrene—A review[ J ]. Polymer Degradation and Stability ,
1986, 15(3): 219-235.

BUXBAUM L H. The degradation of poly ( ethylene tereph-
thalate) [J]. Angewandte Chemie International Edition in
English, 1968, 7(3) : 182-190.

LOPEZ A, DE MARCO I, CABALLERO B M, et al. Influ-
ence of time and temperature on pyrolysis of plastic wastes in a
semi—batch reactor[ J]. Chemical Engineering Journal, 2011,
173(1) : 62-71.

DAI L, ZHOU N, LV Y, et al. Pyrolysis technology for plastic
waste recycling: A state—of —the —art review [ J]. Progress in
Energy and Combustion Science, 2022, 93 101021.

SINGH R K, RUJ B. Time and temperature depended fuel gas
generation from pyrolysis of real world municipal plastic waste
[J]. Fuel, 2016, 174 164-171.

PUTRA P H M, ROZALL S, PATAHM F A, et al. A review
of microwave pyrolysis as a sustainable plastic waste manage-
ment technique [ J]. Journal of Environmental Management,
2022, 303. 114240.

HARUSSANI M M, SAPUAN S M, RASHID U, et al. Pyroly-
sis of polypropylene plastic waste into carbonaceous char; Pri-
ority of plastic waste management amidst COVID—19 pandemic
[J]. Science of the Total Environment, 2022, 803. 149911.
MIANDAD R, NIZAMI A S, REHAN M, et al. Influence of

[32]

[33]

[34]

[35]

[36]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

temperature and reaction time on the conversion of polystyrene
waste to pyrolysis liquid oil [ J]. Waste Management, 2016,
58: 250-259.

ONWUDILI J A, INSURA N, WILLIAMS P T. Composition of
products from the pyrolysis of polyethylene and polystyrene in a
closed batch reactor; Effects of temperature and residence time
[J]. Journal of Analytical and Applied Pyrolysis, 2009, 86
(2):293-303.

MENENDEZ J A, ARENILLAS A, FIDALGO B, et al. Micro-
wave heating processes involving carbon materials [ J]. Fuel
Processing Technology, 2010, 91(1); 1-8.

ZHANG Y, CUL'Y, LIU S, et al. Fast microwave—assisted py-
rolysis of wastes for biofuels production - A review[ ] ]. Biore-
source Technology, 2020, 297 122480.

CHEN G, TU X, HOMM G, et al. Plasma pyrolysis for a sus-
tainable hydrogen economy [ J].
2022, 7(5) : 333-334.

TANG L, HUANG H, HAO H, et al. Development of plasma

Nature Reviews Materials,

pyrolysis/ gasification systems for energy efficient and environ-
mentally sound waste disposal [ J]. Journal of Electrostatics,
2013, 71(5) : 839-847.

BHATT K P, PATEL S, UPADHYAY D S, et al. A critical
review on solid waste treatment using plasma pyrolysis technol-
ogy[ J]. Chemical Engineering and Processing — Process In-
tensification, 2022, 177, 108989.

DHARMARAJ S, ASHOKKUMAR V, PANDIYAN R, et al.
Pyrolysis: An effective technique for degradation of COVID-19
medical wastes[ J]. Chemosphere, 2021, 275 130092.
KIRAN CILIZ N, EKINCI E, SNAPE C E. Pyrolysis of virgin
and waste polypropylene and its mixtures with waste polyethy-
lene and polystyrene[ J]. Waste Management, 2004, 24(2) .
173-181.

JINZ, YIN L, CHEN D, et al. Co—pyrolysis characteristics of
typical components of waste plastics in a falling film pyrolysis
reactor[ J ]. Chinese Journal of Chemical Engineering, 2018,
26(10) : 2176-2184.

XIS, Tl PRIERS 25, IR SR AL 7 L BRI
Keglh o[ 1], b E AL CR 4R, 2010(23) :56-61.
LIU Yibin, MA Xiaobo, CHEN Dezhen, et al. Copyrolysis
characteristics and kinetic analysis of typical constituents of
plastic wastes[ J]. Zhongguo Dianji Gongcheng Xuebao ( Pro-
ceedings of the Chinese Society of Electrical Engineering) ,
2010, 30(23) : 56-61.

ALBANO C, DE FREITAS E. Thermogravimetric evaluation of
the kinetics of decomposition of polyolefin blends[ J]. Polymer
Degradation and Stability, 1998, 61(2) . 289-295.
MANGESH V L., PADMANABHAN S, TAMIZHDURAI P, et
al. Experimental investigation to identify the type of waste plas-
tic pyrolysis oil suitable for conversion to diesel engine fuel
[J]. Journal of Cleaner Production, 2020, 246 119066.
JAHIRUL M I, RASUL M G, SCHALLER D, et al. Transport
fuel from waste plastics pyrolysis — A review on technologies,

challenges and opportunities[ J]. Energy Conversion and Man-

9



[47]

[51]

[54]

[55]

[56]

[58]

[59]

10

agement, 2022, 258, 115451.

HOWARD M. TruStyrenyx | Agilyx[ EB/OL]. (2022-08-
25)[2023-03-20] .https ; //www.agilyx.com/ trustyrenyx/ .
This Rohnert Park company wants microwaved plastics to power
your truck fleet] EB/OL]. (2022-07-28) [ 2023-03-20].
https : //www. pressdemocrat. com/ article/north — bay/rohnert -
park—company—wants —microwaved —plastics —to—power —your—
truck—fleet/.

APChemi. APChemi celebrates grant of third patent in pyro-
lysis and pyrolysis oil purification[ EB/OL]. (2023-03-15)
[2023-05-04]. hitps://www. apchemi. com/post/apchemi —
celebrates—grant—of—third—patent—in—pyrolysis—and - pyrolysis
—oil—purification.

QURESHI M S, OASMAA A, PIHKOLA H, et al. Pyrolysis
of plastic waste; Opportunities and challenges[ J]. Journal of
Analytical and Applied Pyrolysis, 2020, 152, 104804.

AL SALEM S M, YANG Y, WANG J, et al. Pyro—oil and wax
recovery from reclaimed plastic waste in a continuous auger py-
rolysis reactor [ J]. Energies, 2020, 13(8) ; 2040.

DEL REMEDIO HERNANDEZ M, GARCIA A N, MARCI-
LLA A. Catalytic flash pyrolysis of HDPE in a fluidized bed re-
actor for recovery of fuel-like hydrocarbons[ J . Journal of An-
alytical and Applied Pyrolysis, 2007, 78(2) . 272-281.
PENG Y, WANG Y, KE L, et al. A review on catalytic pyrol-
ysis of plastic wastes to high—value products[ J]. Energy Con-
version and Management, 2022, 254, 115243.

PATTIYA A. Direct thermochemical liquefaction for energy ap-
plications[ M]. Amsterdam; Elsevier, 2018.

CARMO N, AFONSO D, SANTOS E, et al. Coprocessing of
waste plastic and hydrocarbons over MFI (HZSM=-5)[J]. In-
ternational Journal of Chemical Kinetics, 2016, 48(6): 329
-336.

LOPEZ A, DE MARCO I, CABALLERO B M, et al. Catalytic
pyrolysis of plastic wastes with two different types of catalysts
7ZSM=5 zeolite and red mud[ J]. Applied Catalysis B: Envi-
ronmental, 2011, 104(3-4) . 211-219.

AGUADO J, SERRANO D P, ESCOLA J M, et al. Catalytic
conversion of polyolefins into fuels over zeolite beta [ J].
Polymer Degradation and Stability, 2000, 69(1) . 11-16.
MUNIR D, AMER H, ASLAM R, et al. Composite zeolite
beta catalysts for catalytic hydrocracking of plastic waste to lig-
uid fuels[ J]. Materials for Renewable and Sustainable Energy,
2020, 9. 1-13.

OHKITA H, NISHIYAMA R, TOCHIHARA Y, et al. Acid
properties of silica—alumina catalysts and catalytic degradation
of polyethylene [ J]. Industrial & Engineering Chemistry Re-
search, 1993, 32(12) . 3112-3116.

XUE Y, JOHNSTON P, BAI X. Effect of catalyst contact
mode and gas atmosphere during catalytic pyrolysis of waste
plastics[ J]. Energy Conversion and Management, 2017, 142,
441-451.

MANOS G, YUSOF 1Y, PAPAYANNAKOS N, et al. Cat-

alytic cracking of polyethylene over clay catalysts. Comparison

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

with an ultrastable Y zeolite [ J].
Chemistry Research, 2001, 40(10) ; 2220-2225.
SIDDIQUI M N, ANTONAKOU E V, REDHWI H H, et al.

Industrial & Engineering

Kinetic analysis of thermal and catalytic degradation of
polymers found in waste electric and electronic equipment[ J].
Thermochimica Acta, 2019, 675 69-76.

ALMUSTAPHA M N, FAROOQ M, MOHAMMED M L, et al.
Modification of acidic and textural properties of a sulphated zir-
conia catalyst for efficient conversion of high—density polyethy-
lene into liquid fuel[ J]. Environmental Science and Pollution
Research, 2020, 27(1): 55-65.

SUN K, HUANG Q, MENG X, et al. Catalytic pyrolysis of
waste polyethylene into aromatics by H;PO,—Activated carbon
[J]. Energy & Fuels, 2018, 32(9): 9772-9781.

KIM S, PARK C, LEE J. Reduction of polycyclic compounds
and biphenyls generated by pyrolysis of industrial plastic waste
by using supported metal catalysts; A case study of
polyethylene terephthalate treatment[ J ]. Journal of Hazardous
Materials, 2020, 392; 122464.

KUNWAR B, MOSER B R, CHANDRASEKARAN S R, et
al. Catalytic and thermal depolymerization of low value post—
consumer high density polyethylene plastic[ J]. Energy, 2016,
111 884-892.

AHMAD I, KHAN M I, KHAN H, et al. Pyrolysis study of
polypropylene and polyethylene into premium oil products[ J].
International Journal of Green Energy, 2015, 12 (7). 663
-671.

SANTELLA C, CAFIERO L, DE ANGELIS D, et al. Thermal
and catalytic pyrolysis of a mixture of plastics from small waste
electrical and electronic equipment (WEEE) [J]. Waste Man-
agement, 2016, 54. 143-152.

PYROWAVE. Pyrowave successfully demonstrates the carbon
footprint reduction of it’s michelin plastic recycling project in
France — News — Blog[ EB/OL]. (2023-4-16) [ 2023-04-
20 ]. https://www. pyrowave. com/en/blog/news/pyrowave —
successfully—demonstrates—the—carbon—footprint—reduction —of
—its—michelin—plastic—recycling—project—in—france.

WEBER D. GreenMantra 3@ i 142 [IWCHT 38 5 19 90 6} 7 3
- GreenMantra Technologies [ EB/OL]. (2021 -02-22)
[2023 - 04 - 10 ]. https://greenmantra. com/greenmantra —
forges—new—plastics—markets—via—chemical -recycling/.
COMY Oil. J& ¥ 4k il $A fifk e ——F% % I 98 R AL 27 1 26
[EB/OL]. [2023-04-19]. https://www.comyplastic. com/
comy—oil.html.

BROWN R C. Process intensification through directly coupled
autothermal operation of chemical reactors[ J]. Joule, 2020, 4
(11): 2268-2289.

PETERSON C A, LINDSTROM J K, POLIN J P, et al. Oxi-
dation of phenolic compounds during autothermal pyrolysis of
lignocellulose [ J]. Journal of Analytical and Applied Pyrolysis,
2020, 149. 104853.

LI D, BERRUTI F, BRIENS C. Autothermal fast pyrolysis of

birch bark with partial oxidation in a fluidized bed reactor[ J].



[75]

[76]

[77]

[79]

[80]

[81]

[82]

Fuel, 2014, 121, 27-38.

LI D, BRIENS C, BERRUTI F. Oxidative pyrolysis of kraft
lignin in a bubbling fluidized bed reactor with air[ J|. Biomass
and Bioenergy, 2015, 76 96-107.

POLIN J P, CARR H D, WHITMER L E, et al. Conventional
and autothermal pyrolysis of corn stover; Overcoming the pro-
cessing challenges of high — ash agricultural residues [ J ].
Journal of Analytical and Applied Pyrolysis, 2019,
143, 104679.

ZHAO S, ZHANG Y, SU Y. Experimental investigation of rice
straw oxidative pyrolysis process in a hot—rod reactor[ J |. Jour-
nal of Analytical and Applied Pyrolysis, 2019, 142, 104646.
KIM K H, BAI X, ROVER M, et al. The effect of low—con-
centration oxygen in sweep gas during pyrolysis of red oak
using a fluidized bed reactor[ J]. Fuel, 2014, 124, 49-56.
SAAB R, POLYCHRONOPOULOU K, ZHENG L, et al. Syn-
thesis and performance evaluation of hydrocracking catalysts
A review[ J]. Journal of Industrial and Engineering Chemistry ,
2020, 89: 83-103.

SUN H, ROSENTHAL C, SCHMIDT L D. Oxidative pyrolysis
of polystyrene into styrene monomers in an autothermal fixed—
bed catalytic reactor[ J]. ChemSusChem, 2012, 5(10) : 1883
-1887.

OROZCO HERNANDEZ S, LOPEZ ZABALBEITIA G, SUA-
REZ CARDONA M A, et al. Oxidative fast pyrolysis of high—
density polyethylene on a spent fluid catalytic cracking catalyst
in a fountain confined conical spouted bed reactor[ J]. ACS
Sustainable Chemistry & Engineering, 2022,10(48) . 15791
-15801.

DU B, CHEN X, LING Y, et al. Hydrogenolysis - isomeriza-
tion of waste polyolefin plastics to multibranched liquid alkanes
[J]. ChemSusChem, 2023, 16(3) : 2022-2035.

RORRER J E, TROYANO VALLS C, BECKHAM G T, et al.
Hydrogenolysis of polypropylene and mixed polyolefin plastic
waste over Ru/C to produce liquid alkanes [ J ]. ACS
Sustainable Chemistry & Engineering, 2021, 9(35) . 11661
-11666.

SANCHEZ RIVERA K L, HUBER G W. Catalytic hydrogenol-
ysis of polyolefins into alkanes [ J]. ACS Central Science,
2021, 7(1) . 17-19.

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

KOTS P A, LIU S, VANCE B C, et al. Polypropylene plastic
waste conversion to lubricants over Ru/TiO, catalysts[ J]. ACS
Catalysis, 2021, 11(13) . 8104-8115.

ALEJANDRO MARTIN S, PUENTES B, VALLEJO F. Study
of operational parameters on co—hydropyrolysis of chilean oak
and polyethylene ; Synergistic effect and mechanistic approach
[J]. Available at SSRN 4251449.

WANG J, JIANG J, ZHANG Z, et al. Converting polyisoprene
rubbers into bio —jet fuels via a cascade hydropyrolysis and
vapor — phase hydrogenation process [ J ]. Energy Conversion
and Management, 2022, 270, 116250.

NAKAJI'Y, TAMURA M, MIYAOKA S, et al. Low—tempera-
ture catalytic upgrading of waste polyolefinic plastics into liquid
fuels and waxes [ J |. Applied Catalysis B: Environmental,
2021, 285: 119805.

JIA C, XIE S, ZHANG W, et al. Deconstruction of high—den-
sity polyethylene into liquid hydrocarbon fuels and lubricants
by hydrogenolysis over Ru catalyst[ J]. Chem Catalysis, 2021,
1(2): 437-455.

PENG X, CHENG K, KANG ], et al. Impact of hydr-ogenoly-
sis on the selectivity of the fischer — tropsch synthesis: Diesel
fuel production over mesoporous zeolite =Y —supported cobalt
nanoparticles[ J ]. Angewandte Chemie International Edition,
2015, 54(15) : 4553-4556.

FLAHERTY D W, HIBBITTS D D, IGLESIA E. Metal-cata-
lyzed C - C bond cleavage in alkanes: Effects of methyl sub-
stitution on transition—state structures and stability[ J]. Journal
of the American Chemical Society, 2014, 136 (27). 9664
-9676.

LI'Y, LIU Z, CROSSLEY S P, et al. Effect of hydrogen cov-
erage on hydrogenation of o—cresol on Pt(111) [J]. Applied
Surface Science, 2018, 443 . 575-580.

RORRER J E, BECKHAM G T, ROMAN LESHKOV Y. Con-
version of polyolefin waste to liquid alkanes with Ru—based
catalysts under mild conditions[ J]. JACS Au, 2021, 1(1): 8
-12.

NOTO A. Veba Oil Bottrop Germany — Feedstock recycling
[EB/OL]. (2023-01-27) [2023-03-20]. https://www.
benefits — of — recycling. com/plastics/veba — oil = bottrop —

germany.html.

11



