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are	durable	and	cheap,	so	they	have	become	a	common	item	in	thousands	of	households,	which	greatly	facilitates	human	life.	It	was	once	hailed	as	one	of	the	greatest	inventions	of	the	20th	century.	Over	time,	plastic	has	gone	from	a	lauded	invention	to	one	of	the	biggest	enemies	of	environmental	pollution.	Although	the	pace	of	technological
development	continues	to	advance,	the	problem	of	plastic	pollution	has	not	yet	been	fundamentally	solved.	Microplastics,	which	have	been	widely	criticized	in	recent	years,	refer	to	plastic	particles	smaller	than	5	mm	that	cannot	be	degraded	in	a	short	period	of	time	and	thus	remain	in	the	environment,	and	are	difficult	to	be	detected	by	the	naked	eye
[1,2].	Microplastics	have	been	detected	in	the	sparsely	populated	Arctic	[3,4].	Microplastics	enter	the	diet	of	marine	organisms,	accumulate	in	the	biological	chain,	and	then	enter	the	human	table,	endangering	human	health	[5].Landfilling	plastics	in	traditional	plastic-disposal	methods	will	bring	about	secondary	pollution	problems.	Plastics	have	a
high	calorific	value	(CV)	that	matches	conventional	fuels	such	as	gasoline,	kerosene,	diesel,	etc.,	so	incinerating	plastics	to	generate	electricity,	steam	and	heat	is	also	a	major	way	of	recycling.	However,	its	economic	value	has	been	questioned	and	the	issues	of	unstable	combustion	and	the	emission	of	toxic	pollutants	such	as	dioxins	and	furans	have
not	been	resolved	[6,7].	The	above	two	methods	will	bring	about	the	problem	of	secondary	pollution,	but	most	developing	countries	are	still	using	these	two	types	of	traditional	treatment	solutions	[8].	At	present,	researchers	focus	on	two	solutions	to	plastic	pollution:	one	is	research	on	degradable	plastics,	and	the	other	is	research	on	cracking	plastics
into	high-value-added	products	[9,10,11,12].	The	research	and	development	of	degradable	plastics	is	considered	to	solve	the	problem	of	plastic	pollution	from	the	root	cause,	but	degradable	plastics	are	still	inferior	to	traditional	plastics	in	terms	of	finished-product	quality	and	performance.	Degradable	plastics	have	a	large	gap	compared	with
traditional	plastics,	with	good	performance	in	terms	of	tensile	strength	and	elongation	at	break,	and	the	cost	is	much	higher	than	traditional	plastics	[13].	As	a	degradable	plastic	as	a	packaging	material,	its	biodegradability	needs	to	be	improved,	and	it	cannot	degrade	quickly	and	completely	after	completing	the	mission	of	packaging,	and	the	residue
is	difficult	to	degrade,	causing	land	pollution	[14].	Therefore,	there	are	a	series	of	scientific	and	technological	problems	in	the	process	of	optimizing	the	performance	of	degradable	plastics,	which	cannot	fully	replace	traditional	plastic	products.It	is	currently	popular	to	recycle	plastics	into	gaseous	and	liquid	products	with	high	added	value	[15,16,17].
Methods	of	gasifying	plastic	waste	into	syngas	have	been	studied,	but	their	recycling	is	expensive	[18].	Cracking	plastic	wastes	into	fuel	(gasoline,	diesel)	is	convenient	for	transportation	and	has	practical	significance	in	rapidly	rising	oil	prices.	The	cracking	method	can	be	divided	into	pyrolysis,	catalytic	cracking,	and	a	method	combining	pyrolysis
and	catalytic	cracking	[19].	The	pyrolysis	reaction	needs	to	be	carried	out	at	a	high	temperature	of	500	to	900	C;	the	operating	temperature	is	high,	and	the	heat	demand	increases	sharply	because	the	pyrolysis	is	an	endothermic	reaction	[20].	The	carbon-number	distribution	of	the	product	after	pyrolysis	is	wide,	and	further	processing	is	required	to
improve	the	quality	of	the	oil	in	the	product.	The	catalytic-cracking	method	uses	a	catalyst,	which	can	reduce	the	activation	energy	required	for	the	reaction,	so	that	the	plastic	is	cracked	at	a	lower	reaction	temperature	[21].	The	use	of	suitable	catalysts	can	narrow	the	distribution	of	reaction	products,	improve	the	selectivity	of	target	products,	and
reduce	subsequent	separation	and	processing	procedures.The	combined	method	of	thermal	cracking	and	catalytic	cracking	can	be	divided	into	catalytic	pyrolysis,	thermal	cracking-catalytic	cracking,	and	catalytic	cracking-catalytic	upgrading	[22].	The	catalyst	in	the	catalytic-pyrolysis	process	is	mixed	with	a	plastic	sample	in	a	batch	reactor.	The
disadvantage	of	this	process	is	the	high	tendency	to	form	coke	on	the	catalyst	surface,	which	reduces	catalyst	efficiency	over	time	and	results	in	high	residue	yields.	In	addition	to	this,	the	separation	of	the	residue	from	the	catalyst	at	the	end	of	the	experiment	was	difficult.	Catalytic	cracking-catalytic	upgrading	means	adding	a	small	amount	of
catalyst	in	the	pyrolysis	stage	of	the	two-step	method,	thereby	shortening	the	cracking	time	and	reducing	the	cracking	temperature	[23].	However,	its	shortcomings	are	also	more	obvious,	the	amount	of	catalyst	is	increased,	and	there	is	no	economic	benefit.	The	difference	between	the	thermal	cracking-catalytic	cracking	upgrading	conversion	method
and	the	catalytic	cracking-catalytic	upgrading	conversion	method	is	that	there	is	no	catalyst	involved	in	the	thermal	cracking	process	[24].Molten	plastics	have	high	viscosity	and	low	thermal	conductivity,	which	will	cause	a	series	of	heat-	and	mass-transfer	problems.	Therefore,	many	scholars	have	carried	out	research	on	the	selection	of	plastic-
cracking	reactors,	so	as	to	improve	the	mass	transfer	and	heat	transfer	of	the	reaction	process.	Kaminsky	et	al.	[25]	developed	a	process	consisting	mainly	of	a	fluidized-bed	reactor,	ensuring	a	uniform	temperature	throughout	the	reactor.	Fluidized	beds	can	be	operated	with	a	continuous	plastic	feed,	which	is	beneficial	for	scaling	up	the	process,	but
when	operating	conditions	are	out	of	range,	molten	plastic-coated	particles	can	agglomerate	and	bed	deflow	occurs	[26].	The	helical	kiln	consists	of	a	tubular	reactor	and	a	screw	conveyor.	The	residence	time	of	the	polymer	can	be	controlled	by	changing	the	speed	of	the	screw,	and	the	heat-transfer	rate	and	pyrolysis	temperature	can	be	well
controlled	[27].	The	gas-solid	contact	in	the	spouted-bed	reactor	is	violent,	and	it	can	be	used	to	treat	irregular	particles,	fine	particles,	and	other	materials	that	are	difficult	to	deal	with	by	other	methods	of	gas-solid	contact	[28].	Fixed-bed	reactors	are	usually	operated	in	batch	mode	during	the	pyrolysis	of	waste	plastics	[29].	Due	to	the	poor	heat-
and	mass-transfer	efficiency	of	the	molten	plastic,	the	pyrolysis	products	initially	formed	from	the	plastic	in	the	fixed-bed	reactor	are	usually	passed	into	another	reactor	for	further	cracking	under	the	purging	of	an	inert	gas	stream.	Because	batch	or	semi-batch	reactor	parameters	are	easy	to	control,	they	are	the	best	reactors	for	obtaining	high	liquid
yields,	and	their	main	disadvantage	is	the	tendency	to	form	coke	on	the	outer	surface	of	the	catalyst,	thereby	reducing	the	overall	yield	of	liquid	product	[30].In	this	work,	the	method	of	separating	the	catalyst	from	the	cracking	raw	materials	is	adopted,	and	the	low-density	polyethylene	at	the	bottom	is	heated	to	vaporize	it	through	the	catalyst	in	the
upper	layer,	and	the	thermal	cracking	and	catalytic	cracking	are	combined:	A	one-pot	two-stage	reaction.	Compared	with	the	traditional	thermal	cracking-catalytic	upgrading	method,	this	method	is	more	convenient	and	saves	on	equipment	and	equipment	cost.	This	is	referred	to	herein	simply	as	thermal	catalytic	cracking.The	key	to	the	thermal
catalytic	cracking-catalytic	pyrolysis	process	is	the	catalyst.	Due	to	the	high	activity	of	solid	acid	catalysts	in	the	cracking	of	plastic	wastes	into	fuel	oil,	researchers	are	currently	focusing	on	this	type	of	catalysts	[31,32].	However,	its	high-strength	acidity	can	easily	lead	to	the	deactivation	of	the	catalyst.	Zeolite	molecular	sieves	with	high	Si/Al	ratio,
such	as	ZSM-5	[33,34],	HZSM-5	[24]	and	H	[35],	are	all	high-strength	acid	catalysts,	which	are	expensive	to	prepare	and	require	high-precision	preparation	technology.	The	degradation	effect	of	different	catalysts	on	plastics	has	been	investigated	by	many	researchers	and	examined	using	kinetic	parameters	determined	by	different	models.	Khan	et	al.
[36]	used	a	commercial	LZ-Y52	molecular-sieve	catalyst	to	react	at	370	C	for	60	min,	and	the	oil	yield	exceeded	40%.	Nisar	et	al.	[37]	calculated	the	kinetic	parameters	and	found	that	the	use	of	catalysts	can	reduce	the	activation	energy	of	the	reaction.	Aguado	et	al.	[38]	found	that	mesoporous	catalysts	with	high	accessibility	of	plastic	molecules	and
catalysts	with	small	crystal	size	(high	specific	surface	area)	are	expected	to	improve	the	catalytic	activity	of	plastic	cracking.Geopolymer	is	a	three-dimensional	network	gel	with	amorphous	and	quasi-crystalline	characteristics,	which	is	formed	by	the	polymerization	of	silicon-oxygen	tetrahedron	and	aluminum-oxygen	tetrahedron,	which	is	similar	to
zeolite	in	chemical	composition	[39,40,41].	The	production-energy	consumption	of	geopolymer	is	low,	equivalent	to	only	30%	of	the	energy	consumption	of	cement	production.	Geopolymer	properties	and	formation	methods	are	similar	to	natural	zeolites.	The	zeolite	molecular-sieve	microspheres	prepared	from	geopolymers	have	suitable	acidity	and
controllable	acidity.	Microspheres	with	a	hierarchical	pore	structure	can	be	prepared	by	adding	a	suitable	foaming	agent,	which	provides	abundant	acidic	reaction	sites	and	channels	for	the	catalytic	cracking	of	plastics	[42].	Alkali-excited	geopolymers	have	high	mechanical	strength,	so	recovery	after	the	reaction	is	complete	is	convenient.At	present,
commercial	catalysts	still	have	problems	such	as	low	selectivity	of	oil	products	and	low	quality	of	oil	products,	high	cost	of	catalyst	preparation	and	easy	deactivation,	and	high	energy	consumption	caused	by	high	cracking	temperature.	The	problem	of	environmental	pollution	caused	by	plastics	is	becoming	more	and	more	serious,	and	the	price	of
crude	oil	is	rising.	Therefore,	it	is	of	practical	significance	to	develop	an	inexpensive	plastic-cracking	catalyst	with	high	catalytic	activity,	so	as	to	produce	high	value-added	oil	products	with	high	selectivity.In	this	work,	metakaolin	was	used	as	raw	material,	sodium	hydroxide	was	used	as	alkaline	activator,	and	0.1wt%	H2O2	and	0.05wt%	K12	were
added	to	prepare	geopolymer	microspheres	with	hierarchical	pore	structure	and	low	Si/Al	ratio.	It	was	hydrothermally	treated	and	successfully	converted	into	a	metakaolin-based	NaA	molecular	sieve	(NMGM),	which	was	used	in	the	thermal	catalytic	cracking	of	urban	solid	plastic	LDPE	to	make	fuel	oil.	The	changes	of	NMGM	catalyst-preparation
conditions	and	reaction	conditions	on	the	yield	and	hydrocarbon	composition	of	liquid-phase	products	from	thermal	catalytic	cracking	of	waste	LDPE	were	investigated.The	Na2O/SiO2	of	the	catalyst	was	varied	by	varying	the	amount	of	NaOH	added	during	the	preparation	of	the	NMGM	catalyst.	The	prepared	microspheres	were	all	hydrothermally
heated	at	80	C	for	1	d.	From	the	SEM	test	at	100	m,	the	microspheres	remained	spherical	after	hydrothermal	treatment	(Figure	1b,d,f,h).	When	Na2O/SiO2	was	0.2,	the	molecular-sieve	grains	obtained	by	the	transformation	of	geopolymers	could	not	be	found	(Figure	1a).	When	the	dosage	of	NaOH	was	increased	to	Na2O/SiO2	of	0.4,	a	few	polyhedral
grains	with	a	diameter	of	about	1	m	were	observed	on	the	surface	of	the	microspheres	(Figure	1c).	When	the	Na2O/SiO2	ratio	was	0.8,	a	large	number	of	cubic	molecular-sieve	grains	with	side	lengths	of	about	0.68	m	were	formed	on	the	surface	of	the	microspheres,	and	many	macropores	could	be	observed	on	the	surface	(Figure	1e).	When
Na2O/SiO2	was	1.2,	the	amount	of	alkali	activator	reached	its	peak,	and	the	surface	of	the	microspheres	was	denser	than	the	first	three	groups.	It	could	be	observed	that	the	molecular	sieves	have	different	grain	sizes	and	rough	edges	(Figure	1g).	SEM	and	XRD	tests	of	NMGM	with	different	NaOH	additions:	(a,c,e,g)	are	the	SEM	tests	of	NMGM	with
Na2O/SiO2	of	0.2,	0.4,	0.8,	1.2,	respectively;	(b,d,f,h)	SEM	of	NMGM	with	Na2O/SiO2	of	0.2,	0.4,	0.8,	1.2,	respectively;	(i)	is	the	XRD	pattern	of	different	Na2O/SiO2	ratios	(*:	characteristic	peaks	of	NaA	molecular	sieves).From	Figure	1i,	there	were	ten	main	characteristic	peaks	in	the	standard	card	spectrum	of	the	NaA	molecular	sieve.	The	2	of	ten
main	characteristic	peaks	were	the	diffraction	peaks	at	7.18,	10.16,	12.45,	16.09,	21.65,	23.96,	26.09,	27.09,	29.92,	and	34.17,	respectively.	With	the	increase	in	alkali	activator,	the	crystallinity	of	NMGM	first	increased	and	then	decreased.	The	NaA	molecular	sieve	with	higher	crystallinity	could	be	obtained	by	adding	an	appropriate	amount	of	NaOH.
When	the	amount	of	alkali	activator	was	insufficient,	the	metakaolin	could	not	be	fully	excited,	and	it	mainly	presented	an	amorphous	dispersion	peak	between	20	and	30	of	2.	If	the	alkali	activator	was	used	in	excess,	due	to	the	influence	of	the	high-alkaline	environment,	the	formed	NaA	molecular-sieve	crystal	grained	with	complete	crystal	form
would	be	dissolved	again	[43].	In	this	work,	a	Na2O/SiO2	ratio	of	0.8	was	chosen	as	the	base	activator	dosage	for	the	preparation	of	NMGM	catalysts.The	XRD	test	showed	that	the	crystallinity	of	metakaolin-based	geopolymer	converted	into	NaA	molecular	sieve	was	affected	by	hydrothermal	time.	When	the	hydrothermal	time	was	1	d,	the	XRD
diffraction	peaks	would	be	transformed	from	the	initial	amorphous	diffraction	peaks	to	the	crystalline	diffraction	peaks	of	NaA	molecular	sieves.	Among	them,	when	the	hydrothermal	time	was	2	d,	the	diffraction	peak	intensity	was	the	strongest	and	the	crystallinity	was	the	highest.	When	the	hydrothermal	time	was	extended	to	3	d,	the	intensity	of
diffraction	peaks	decreased	instead	(Figure	2a).	The	in	situ	transformation	of	geopolymers	into	molecular	sieves	could	be	divided	into	nucleation	and	growth	stages.	The	alkalinity	in	the	hydrothermal	solvent	reached	the	maximum	when	the	conversion	rate	of	molecular	sieves	reached	the	maximum.	At	this	time,	if	the	hydrothermal	treatment	was	not
stopped,	part	of	the	formed	molecular	sieve	would	dissolve	and	collapse.	Therefore,	the	long-term	hydrothermal	treatment	would	cause	the	intensity	of	the	diffraction	peak	to	weaken.	XRD	test	and	BET	test	of	NMGM	catalyst	with	Na2O/SiO2	of	0.8	at	hydrothermal	time	of	0	d,	1	d,	2	d,	3	d:	(a)	XRD	(*:	characteristic	peaks	of	NaA	molecular	sieves),	(b)
pore-size	distribution,	(c)	specific	surface	area.The	BET	test	of	the	microspheres	subjected	to	different	hydrothermal	times	clearly	showed	that	the	NMGM	catalyst	was	a	porous	structure	dominated	by	mesopores	and	macropores	from	the	pore-size-distribution	map	(Figure	2b).	The	presence	of	catalyst	mesopores	plays	a	positive	role	in	plastic
cracking,	and	Sakata	et	al.	[44]	claim	that	KFS-16	is	a	pure	silica	mesoporous	material	without	acid	sites.	However,	it	can	crack	polyethylene	as	quickly	as	silica-alumina,	thereby	producing	more	liquid.	This	is	because	mesopores	act	as	sites	for	long-term	storage	of	free-radical	species,	so	abundant	free	radicals	may	accelerate	plastic	degradation.
When	the	hydrothermal	time	was	1	d,	the	specific	surface	area	of	NMGM	reached	the	maximum,	which	was	38.49	m2/g	(Figure	2c).	At	this	time,	the	NaA	molecular	sieve	had	experienced	a	period	of	growth,	and	the	larger	NaA	molecular-sieve	crystals	grew	in	a	staggered	manner,	resulting	in	numerous	pores.	The	hydrothermal	time	continued	to
extend	to	2	d,	and	the	specific	surface	area	decreased	to	23.11	m2/g.	At	this	time,	the	growth	of	NaA	molecular-sieve	crystals	reached	saturation,	and	the	formation	of	excessive	molecular-sieve	crystals	blocked	some	of	the	pores,	resulting	in	a	decrease	in	the	specific	surface	area.	When	the	hydrothermal	time	was	3	d,	some	of	the	formed	NaA
molecular-sieve	grains	were	dissolved	and	collapsed	under	strong	alkaline	conditions,	resulting	in	blockage	and	collapse	of	some	of	the	pores	of	NMGM,	and	the	specific	surface	area	and	pore	size	were	reduced.	The	increase	in	specific	surface	area	and	the	existence	of	mesopores	had	a	positive	effect	on	the	thermal	catalytic	cracking	of	LDPE.	The
NMGM	catalyst	prepared	in	this	work	selects	1	d	as	the	optimal	hydrothermal	modification	time	for	the	conversion	of	metakaolin-based	geopolymers	into	NaA	molecular	sieves.NH3-TPD	tests	were	performed	on	NMGM	that	were	not	hydrothermally	and	hydrothermally	modified	for	1	d	at	80	C	(Figure	3).	The	changes	in	acid	properties	of	NMGM	after
hydrothermal	modification	were	significant,	and	the	total	acid	content	increased	from	45.01	mol/g	to	951.09	mol/g.	The	total	acid	content	and	pore	structure	of	the	catalyst	determine	its	catalytic	activity	in	acid-catalyzed	reactions	[31].	After	hydrothermal	treatment	for	1	d,	the	NMGM	catalyst	was	converted	from	an	amorphous	structure	to	a	NaA
molecular	sieve,	resulting	in	a	significant	increase	in	the	total	acid	content	and	abundant	pores,	thereby	improving	the	reactivity	of	the	catalyst.	The	total	acid	content	of	the	catalyst	was	related	to	the	specific	surface	area	of	the	catalyst	and	the	density	of	acid	sites	on	the	catalyst	surface.	NH3-TPD	tests	of	NMGM	before	and	after	hydrothermal	1
d.After	hydrothermal	treatment	for	1	d,	NMGM	had	three	desorption	peaks:	the	low-temperature	peak	corresponded	to	the	weak	acid	site,	the	high-temperature	peak	corresponded	to	the	strong-acid	site,	and	the	middle	peak	was	the	medium	strong-acid	site.	After	hydrothermal	modification,	the	strong-acid	center	of	NMGM	did	not	shift	greatly
compared	with	that	before	hydrothermal	modification,	and	the	overall	acidic-reaction	site	was	composed	of	weak	acid	and	medium	strong	acid,	which	is	a	catalyst	of	non-high-strength	acid	type.	Sakata	et	al.	[44]	explored	the	effect	of	catalyst	acidity	on	the	distribution	of	HDPE	pyrolysis	products.	The	results	of	the	acidity-strength	test	of	the	catalyst
showed	that	SA-1	>	ZSM-5	>	SA-2.	The	results	showed	that	SA-2	catalyst	with	lower	acidity	was	observed	to	produce	the	highest	amount	of	liquid	oil,	and	ZSM-5	with	strong-acid	sites	tended	to	produce	more	gaseous	products	with	very	low	liquid	yield.	Appropriate	acidity	is	beneficial	to	inhibit	excessive	cracking	of	liquid	products	and	prepare	liquid
products	with	high	selectivity.	The	molten	LDPE	has	strong	viscosity.	If	the	waste	LDPE	plastic	was	directly	mixed	with	the	catalyst,	it	would	easily	adhere	to	the	surface	and	block	the	catalyst	pores,	increasing	the	occurrence	of	coking	reaction.	In	this	experiment,	the	solid-plastic	waste	LDPE	raw	materials	were	first	pyrolyzed	and	vaporized	at	the
bottom	of	the	quartz	cup	glass,	and	then	catalytically	cracked	with	the	NMGM	catalyst	on	the	upper	layer	of	quartz	wool	under	the	purging	of	N2.Used	NMGM	before	and	after	hydrothermal	modification	at	80	C	for	1	d,	the	results	of	catalytic	thermal	cracking	of	waste	LDPE	at	400	C	for	1	h	are	shown	in	Figure	4.	The	yield	of	liquid	oil	in	the	cracked
product	increased	from	23.51	wt%	to	88.45	wt%,	and	the	solid	yield	decreased	from	38.59	wt%	to	3.48	wt%	(Figure	4a).	The	yield	of	aromatic	products	in	the	liquid	fraction	increased	from	1.18%	to	6.79%.	After	hydrothermal	treatment,	the	content	of	hydroxyl	groups	in	the	pores	of	the	NMGM	microspheres	and	on	the	surface	of	the	microspheres
decreased,	so	the	hydroxyl	groups	involved	in	the	replacement	reaction	decreased,	and	the	yield	of	alcohol	products	decreased	significantly,	from	47.88%	to	20.33%	(Figure	4b).	Product	test	of	NMGM	before	and	after	hydrothermal	thermal	catalytic	cracking	of	waste	LDPE	for	1	h	(a)	yield,	(b)	hydrocarbon	composition	distribution	of	liquid	product,
(c)	liquid	product	composition	distribution,	(d)	FTIR	test.Figure	4d	shows	the	FTIR	test	results	of	the	liquid-phase	products	after	NMGM	cracking	waste	LDPE	before	and	after	hydrothermal	treatment.	The	stretching	vibration	peaks	of	the	C-H	bond	at	2925.51	cm1	and	the	shear	and	bending	vibration	peaks	of	the	C-H	bond	at	1469.87	cm1	confirmed
the	existence	of	alkanes	in	the	liquid	product,	and	their	peak	intensity	was	enhanced.	In	the	infrared	test	results	of	the	liquid-phase	product	after	hydrothermal	NMGM-cracking	waste	LDPE,	the	strength	of	the	stretching	vibration	peak	of	the	C=C	bond	at	1639.46	cm1	and	the	C-H	bending	vibration	peak	at	967.74	cm1	of	the	olefin	were	weakened.
The	appearance	of	the	C-H	bending	vibration	peak	at	721.69	cm1	indicates	the	presence	of	olefinic	and	aromatic	compounds	in	the	product.Figure	5	shows	when	the	reaction	time	of	1	h	at	350	C,	400	C	and	450	C	in	a	100	mL	micro-autoclave	reactor	system	with	a	feed/catalyst	ratio	of	5,	the	activity	test	results	of	NMGM	catalyst	for	thermal	catalytic
cracking	of	LDPE	plastic	into	fuel	oil.	Product	tests	after	thermal	catalytic	cracking	of	waste	LDPE	with	NMGM	at	different	reaction	temperatures	for	1	h	(a)	yield,	(b)	hydrocarbon	composition	distribution	of	liquid	products,	(c)	liquid	product-composition	distribution,	(d)	FTIR	test.As	the	reaction	temperature	increased	from	350	C	to	450	C,	the	yield
of	solid	components	gradually	decreased.	The	yield	of	liquid-oil	products	was	the	highest	at	400	C,	the	yield	of	gas-phase	components	was	the	lowest	at	this	time,	and	the	yield	of	gas-phase	products	reached	its	highest	at	450	C.	A	low	reaction	temperature	could	not	fully	crack	LDPE,	and	the	increase	in	temperature	had	a	positive	effect	on	the
formation	of	gas-phase	products	(Figure	5a).	Onwudili	et	al.	studied	the	effect	of	temperature	and	residence	time	on	the	degradation	of	LDPE.	It	has	been	observed	that	long	residence	times	and	excessively	high	reaction	temperatures	provide	opportunities	for	secondary	reactions	and	cracking	of	oil	to	produce	gas	and	char	[45].The	GC-MS	test	of	the
liquid	oil	of	NMGM	thermal	catalytic	cracking	of	LDPE	showed	that	the	main	hydrocarbons	were	alkanes	and	alcohols,	and	the	olefins	and	aromatics	were	relatively	few.	Among	them,	the	octane	number	of	aromatic	hydrocarbons	was	higher,	so	they	were	good	components	of	gasoline.	If	the	reaction	temperature	was	too	high,	it	was	not	conducive	to
the	formation	of	aromatic	hydrocarbon	products,	and	the	aromatic	hydrocarbon	products	were	the	highest	at	400	C,	reaching	6.79%	(Figure	5b).	The	content	of	gasoline	components	(C5-C12)	was	the	highest	when	the	reaction	temperature	was	450	C,	and	the	total	content	of	gasoline	and	diesel	components	(C5-C22)	reached	the	highest	value	of
91.10%	at	400	C.	Among	them,	the	decrease	in	diesel	components	(C13-C22)	at	450	C	was	presumed	to	be	due	to	the	higher	temperature	promoting	the	further	cracking	of	diesel	components	(Figure	5c).The	FTIR	test	results	of	the	liquid-phase	products	are	shown	in	Figure	5d.	The	stretching	vibration	peak	of	the	alkane	C-H	bond	at	2925.51	cm1	and
the	shear	and	bending	vibration	peak	of	C-H	bond	at	1469.87	cm1	increased	and	then	weakened	after	the	reaction	temperature	increased.	This	was	corroborated	with	the	GC-MS	test	results	in	Figure	4b.	The	olefins	in	the	liquid	phase	were	the	stretching	vibration	peak	of	C=C	bond	at	1639.46	cm1	and	the	C-H	bending	vibration	peak	at	967.74	cm1
gradually	weakened.	The	C-H	bending	vibration	peak	at	721.69	cm1	indicates	the	presence	of	olefin	and	aromatic	compounds	in	the	product.	3440.12	cm1	was	the	bending	vibration	peak	of	alcohols.Figure	6	shows	the	reaction	temperatures	of	0.5	h,	1	h,	2	h,	and	4	h	at	400	C	in	a	100	mL	micro-autoclave	reactor	system	with	a	feed/catalyst	ratio	of	5,
and	the	activity	test	results	of	the	NMGM	catalyst	for	thermal	catalytic	cracking	of	waste	LDPE	plastics	into	fuel	oil.	Product	tests	of	NMGM	thermal	catalytic	cracking	of	waste	LDPE	at	400	C	after	different	reaction	times:	(a)	yield,	(b)	hydrocarbon-composition	distribution	of	liquid	products,	(c)	liquid	product-composition	distribution,	(d)	FTIR
test.The	longer	the	reaction	time,	the	higher	yield	of	gas-phase	products.	The	highest	yield	of	gas-phase	products	was	48.22%	under	the	reaction	time	of	4	h,	and	the	highest	solid	yield	was	30.50%	under	the	reaction	time	of	0.5	h.	The	yield	of	liquid	oil	was	up	to	88.45%	under	the	reaction	conditions	of	1	h	(Figure	6a).When	the	reaction	time	was
extended	to	4	h,	the	content	of	alcohol	compounds	in	the	liquid	product	reached	its	highest,	61.79%.	The	reason	was	deduced	that	the	surface	of	the	base-excited	NMGM	catalyst	prepared	by	geopolymer	contained	abundant	hydroxyl	groups,	the	reaction	time	was	long,	and	the	reaction	products	tended	to	generate	relatively	stable	alcohol	compounds
in	the	reaction	system.	The	content	of	olefins	in	the	liquid	oil	gradually	decreased	with	the	prolongation	of	the	reaction	time,	and	the	olefin	products	were	unstable,	and	tended	to	generate	more	stable	alcohols	and	alkanes	in	the	progress	of	the	reaction	(Figure	6b).	When	the	reaction	time	is	1	h,	the	reaction	had	the	best	selectivity	to	diesel
components,	and	the	content	of	diesel	components	accounted	for	80.97%	of	the	liquid	oil	(Figure	6c).The	preparation	of	NMGM	catalyst	can	be	seen	in	Figure	7a.	First,	a	certain	amount	of	metakaolin	was	taken,	an	appropriate	dosage	of	NaOH	solution	of	11	mol/L	was	added	according	to	the	required	sodium-silicon	ratio	(Na2O/SiO2),	and	the	amount
of	distilled	water	added	was	controlled	according	to	the	water-sodium	ratio	(H2O/Na2O)	of	20.	The	above	slurry	was	stirred	at	a	speed	of	1000	r/min	for	5	min	under	a	mechanical	stirring	paddle	to	a	uniform	state.	Then,	0.05	wt%	H2O2	and	0.1	wt%	K12	(sodium	dodecyl	sulfate)	were	added;	the	purpose	was	to	increase	the	porosity	in	the	geopolymer
slurry,	and	the	slurry	was	stirred	at	1000	r/min	for	2	min	to	foam	status.	Flow	chart	of	NMGM	thermal	catalytic	cracking	of	waste	LDPE:	(a)	Microsphere	preparation	process,	(b)	NMGM	thermal	catalytic	cracking	of	LDPE	waste.In	this	experiment,	the	suspension-dispersion	polymerization	method	was	used	to	prepare	the	geopolymer-catalyst
microspheres,	and	the	prepared	alkali-excited	geopolymer	slurry	was	sheared	into	small	segments	by	the	shearing	force	during	the	rotating	operation	of	the	stirring	paddle,	then	dispersed	into	spheres	under	the	action	of	surface	tension	of	silicone	oil.	The	prepared	slurry	was	put	into	a	20	mL	syringe	and	injected	into	simethicone	at	80	C.	The	speed
of	the	stirring	paddle	was	adjusted	to	600	r/min,	and	the	microspheres	were	rapidly	solidified	and	formed.	The	microspheres	were	placed	in	an	oven	at	60	C	for	12	h	in	dimethyl	silicone	oil	to	make	them	completely	cured.The	cured	microspheres	were	separated	from	the	silicone	oil	with	a	rotary-vane	vacuum	pump.	The	filtrate	was	dimethyl	silicone
oil,	which	could	be	collected	for	recycling.	The	separated	microspheres	were	washed	three	times	with	hot	distilled	water	to	remove	the	dimethyl	silicone	oil	remaining	on	the	surface	of	the	microspheres	and	the	inner	pores.	Next,	the	cleaned	microspheres	were	dried	in	an	oven	at	60	C,	and	then	calcined	at	450	C	for	6	h	to	remove	residual	silicone	oil.
After	the	temperature	of	the	microspheres	dropped	to	room	temperature,	the	microspheres	were	placed	in	a	100	mL	conical	flask,	50	mL	of	distilled	water	was	added,	and	the	solution	was	heated	at	80	C	for	1	d.	Finally,	the	microspheres	were	dried	in	an	electric	blast-drying	oven	at	60	C.In	this	work,	a	two-stage	method	was	adopted.	The	reactor	was
lined	with	a	quartz	glass	cup	(254	mm	in	height	and	21	mm	in	inner	diameter);	LDPE	was	placed	at	the	bottom,	the	middle	layer	was	quartz	wool,	and	the	catalyst	was	placed	on	the	upper	layer	of	quartz	wool.	The	LDPE	was	heated	and	vaporized	at	400	C	and	reacted	through	the	upper	catalyst,	as	shown	in	Figure	7b.The	quartz	glass	was	placed	in	a
programmable	and	temperature-controlled	100	mL	micro-autoclave,	and	the	four	knobs	were	tightened	above	the	reactor	in	a	clockwise	direction	to	ensure	that	the	inside	of	the	reactor	was	airtight.	Before	the	heating	program	of	the	reaction	kettle	started,	N2	was	fed	with	a	flow	rate	of	100	mL/min,	and	the	air	was	purged	for	10	min	to	remove	the
air	in	the	reactor.	Then,	the	valves	on	both	sides	of	the	reaction	kettle	were	tightened	so	that	the	kettle	was	in	a	closed	state	filled	with	N2.	The	K-type	WRNT-042	m	open-probe	thermocouple	produced	by	ELECALL,	which	was	equipped	with	the	reactor,	was	placed	near	the	center	of	the	reactor	to	monitor	the	real-time	temperature	in	the	reactor	at
all	times.	The	heating	rate	was	set	as	4	C/min.	When	the	temperature	in	the	reaction	kettle	reached	the	reaction	temperature,	the	valves	on	both	sides	of	the	reaction	kettle	were	slowly	twisted,	and	the	flow	meter	was	adjusted	to	control	the	flow	rate	of	N2	at	50	mL/min.	Driven	by	nitrogen,	the	product	outlet	was	connected	to	a	U-shaped	tube	placed
in	a	constant-temperature	circulating	condensing	pool	at	0	C,	and	the	condensed-liquid	products	were	recovered.	The	uncondensed	product	was	connected	to	the	gas	outlet,	and	the	gas	was	collected	with	a	3L	aluminum-foil	air	bag	with	single	valve	from	Beekman	Bio.	After	the	reaction,	the	reaction	kettle	was	cooled	down	to	room	temperature	by
natural	cooling	before	the	next	set	of	experiments	could	be	carried	out.The	total	yield	of	LDPE	degradation	(wt%)	and	the	conversion	rate	of	liquid,	gas,	coke,	or	residue	(wt%)	were	calculated	as	follows:TotalYieled(T)=MpMrMp100%(1)LiquidYieled(L)=MlMp100%(2)GasYieled(G)=MpMlMwMcMp100%(3)SolidYieled(S)=MwMp100%(4)In	the	above
formulas,	Mo	represents	the	mass	of	the	MGM	catalyst	added	before	the	reaction,	Mp	is	the	mass	of	LDPE,	Mc	is	the	mass	of	coke	on	the	catalyst	after	the	reaction,	Mw	is	the	mass	of	solid	in	the	quartz	tube	after	the	reaction,	and	Ml	is	the	mass	of	the	liquid-phase	product	in	the	U-shaped	tube	after	the	reaction.	According	to	the	law	of	conservation	of
mass,	the	gas-product	conversion	rate	was	determined	by	subtracting	the	yield	of	the	liquid-phase	products	and	coke	or	residue.The	waste	LDPE	used	in	this	experiment	comes	from	plastic	waste	bottles,	and	the	results	obtained	from	the	test	showed	that	its	density	is	0.921	g/cm3.	The	melt	mass-flow	rate	(mass	of	polymer	extruded	through	a	1	mm
die	after	10	min	use	at	190	C	with	a	nominal	load	of	2.16	kg)	was	2.00	g/10	min.	The	collected	waste	LDPE	plastic	bottles	were	cleaned,	cut	into	small	squares	of	1	mm	1	mm,	and	dried	in	a	blast-drying	oven	at	60	C	for	12	h.	The	metakaolin	used	in	the	experiment	is	the	product	of	kaolin	calcined	at	a	high	temperature	of	800	C	for	2	h,	and	its	supplier
is	Chaopai	Company	in	Inner	Mongolia.	The	main	components	of	metakaolin	are	SiO2	and	Al2O3,	of	which	the	mass	fraction	of	SiO2	is	56.91%	and	the	mass	fraction	of	Al2O3	is	42.35%.Various	methods	were	used	to	characterize	the	catalyst.	Under	a	voltage	of	10	kV,	a	scanning	electron	microscope	(SEM,	Thermo	Fisher	Scientific,	FEI	Quattro	S,
Waltham,	MA,	USA)	was	used	to	observe	the	morphology	of	the	catalyst.X-ray	diffractometer	(XRD,	Rigaku,	MiniFlex	600,	Kyoto,	Japan)	was	used	to	investigate	the	change	in	the	crystal	form	of	the	catalyst.	A	Cu-K	target	with	a	wavelength	of	0.154	nm	was	used	for	testing	at	a	working	voltage	of	40	kV	and	a	working	current	of	15	mA.	The	scanning
range	of	the	test	data	was	0	to	80,	2	degrees,	and	the	scanning	speed	was	5/min.	Continuous	sampling	was	selected	as	the	sampling	method.The	pore-size	distribution	and	specific	surface	area	of	the	catalyst	were	analyzed	on	a	Brunauer-Emmett-Teller	analyzer	(BET,	Micromeritics,	Gemini	VII	2390,	Norcross,	GA,	USA).	The	BET	equation	was	used	to
calculate	the	surface	area	of	the	sample,	and	the	Barret-Joyner-Halenda	(BJH)	equation	was	used	to	calculate	the	pore-size	distribution.The	liquid	product	was	qualitatively	and	quantitatively	analyzed	using	a	gas	chromatography-mass	spectrometer	(GC-MS,	Agilent	Technologies,	7890A-5975C,	Santa	Clara,	CA,	USA).	Chromatographic	conditions:
Chromatographic	column	is	HP-5MS	(60	m	250	m	0.25	m);	He	was	selected	as	carrier	gas	and	the	flow	rate	was	1.5	mL/min;	split	ratio	20:1,	sample	injection	volume	1	L,	inlet	temperature	280	C.	The	test	conditions	of	the	mass	spectrometry	were	an	EI	source;	electron	energy	70	eV;	ion	source	temperature	230	C;	quadrupole	150	C;	scan	mode	was
Scan;	scan	mass	range	was	50550	u;	solvent	delay	4.0	min.Ammonia	temperature-programmed	desorption	(NH3-TPD,	Altamira	Instruments,	AMI-300lite,	Pittsburgh,	PA,	USA)	experiment	was	performed	to	obtain	the	acidic-site	type	and	concentration	information	of	the	catalyst.	A	total	of	100	mg	of	sample	were	activated	in	an	Ar	flow	at	550	C	for	0.5
h	and	then	cooled	to	100	C.	A	gaseous	ammonia	flow	(8	vol%	in	He,	30	mL/min)	was	introduced	for	40	min	to	saturate	the	sample	adsorption.	Then,	the	sample	was	flushed	with	Ar	(30	mL/min)	for	40	min.	The	sample	was	heated	from	100	C	to	600	C	in	a	He	flow	(20	mL/min)	at	a	rate	of	10	C/min;	the	absorbed	NH3	started	to	desorb	from	the	sample,
and	the	desorbed	NH3	was	monitored	using	a	thermal	conductivity	detector.Fourier	transform	infrared	spectroscopy	(FT-IR,	Thermo	Nicolet,	iS50,	Waltham,	MA,	USA)	was	performed	in	order	to	obtain	the	changes	in	the	hydrocarbon	composition	of	the	liquid-phase	products.	The	prepared	samples	were	dried	in	a	blast	drying	oven	at	60	C	for	12	h,
mixed	with	KBr	powder	and	ground	them	into	powder,	then	made	it	into	tablets	and	tested	in	the	range	of	4004000	cm1.In	order	to	investigate	the	effect	of	the	amount	of	alkali	activator	on	the	properties	of	the	microspheres,	metakaolin	was	used	as	the	raw	material;	the	alkali	activator	was	sodium	hydroxide;	the	molar	ratio	of	H2O/Na2O	was	20;	the
molar	ratios	of	Na2O/SiO2	were	0.2,	0.4,	0.8,	and	1.2,	respectively.	The	dosages	of	sodium	oxide	were	1.36	g,	2.72	g,	5.43	g,	and	8.15	g,	respectively.	A	total	of	1	g	of	microspheres	were	taken	and	put	in	a	100	mL	beaker,	and	80	mL	of	deionized	water	was	added.	The	beaker	was	sealed	with	plastic	wrap	and	placed	in	a	constant-temperature	water
bath;	the	water-bath	temperature	was	80	C	and	the	water-bath	time	was	3	d.	The	prepared	microspheres	were	tested	by	XRD,	and	the	optimal	dosage	of	the	alkali	activator	was	determined	according	to	the	conversion	of	the	molecular	sieve	of	microspheres.In	order	to	explore	the	effect	of	hydrothermal	modification	time	on	the	properties	of
microspheres,	NMGM	catalysts	were	prepared	under	the	optimal	dosage	of	alkali	activator.	Under	the	determined	optimal	water-bath	temperature,	the	hydrothermal	conversion	times	were	0.5	d,	1.0	d,	1.5	d,	2.0	d,	and	2.5	d,	respectively.	The	specific	surface	area	and	crystal-form	changes	of	NMGM	prepared	with	different	hydrothermal	times	were
compared.At	present,	the	plastic-cracking	mechanisms	that	have	been	widely	recognized	are	mainly	the	free-chain	scission	mechanism	and	the	carbocation	mechanism	[46].	The	thermal	catalytic-cracking	method	adopted	in	this	work	mainly	follows	the	free-chain	scission	mechanism,	and	the	catalytic-cracking	process	mainly	follows	the	carbocation
mechanism.	The	cleavage	of	plastic	was	divided	into	three	stages:	chain	initiation,	propagation	stage,	and	chain	termination	(Figure	8).	In	the	chain-initiation	step,	the	free	chains	of	long-chain	LDPE	molecules	were	cleaved	into	macromolecular	fragments	with	radicals	at	one	or	both	ends.	The	macromolecular	LDPE	fragments	underwent	a	hydrogen-
transfer	reaction	with	the	SiO2-Al2O3	framework	to	generate	smaller	LDPE	fragments	with	carbocations.	In	the	propagation	stage	of	step	2,	the	free	radical-bearing	LDPE	fragments	are	brought	into	contact	with	acidic	sites	on	the	surface	and	in	the	pores	of	the	NMGM	catalyst.	In	this	step,	the	LDPE	fragments	tend	to	undergo	a	hydrogen	transfer
reaction,	thereby	abstracting	hydrogen	atoms	from	the	LDPE	macromolecular	chain	to	restore	the	structure.	Image	of	the	NMGM	thermal	catalytic-cracking	LDPE	mechanism.According	to	the	compounds	obtained	in	this	work,	it	was	inferred	that	the	chain	termination	step	in	step	three	can	be	divided	into	four	categories.	NMGM	were	less	acidic	and
therefore	dominated	by	free-chain	scission,	in	which	a	large	number	of	LDPE-cracked	fragments	generated	more	stable	alkanes	through	hydrogenation	((3-4)	in	Figure	8).	The	alkane	products	further	reacted	with	the	abundant	hydroxyl	groups	on	the	surface	of	NMGM	to	generate	a	large	number	of	alcohols	((3-3)	in	Figure	8).	Fragments	containing
free	radicals	in	the	reaction	underwent	a	hydrogen-transfer	reaction	to	generate	alkenes	((3-2)	in	Figure	8).	Conjugated	dienes	reacted	with	olefins	to	undergo	a	Diels-Alder	reaction	to	form	cycloalkenes,	and	cycloalkenes	further	underwent	a	hydrogen-transfer	reaction	to	form	aromatic	hydrocarbons	((3-1)	in	Figure	8)	[47].In	this	work,	LDPE	waste
rich	in	municipal	solid-plastic	waste	was	catalytically	pyrolyzed	using	a	low-Si/Al-ratio	NaA	molecular-sieve	NMGM	catalyst	with	a	SiO2/Al2O3	molar	ratio	of	1.	NMGM	was	transformed	into	NaA	molecular-sieve	microspheres	in	a	water	bath	at	80	C	under	normal	pressure	for	1	d.	The	acid-enhanced	geopolymer-based	NaA	molecular-sieve	porous
microspheres	NMGM	after	hydrothermal	treatment	were	confirmed	to	have	potential	significance	in	the	thermal	catalytic	cracking	of	solid-plastic	waste	LDPE.	The	results	of	this	study	confirmed	this	idea,	as	NMGM	catalyst	actively	participated	in	the	thermal	catalytic	cracking	of	waste	LDPE	into	fuel	oil,	and	its	liquid-phase	yield	reached	88.45%	at
400	C	for	1	h.	The	total	content	of	gasoline	and	diesel	components	accounted	for	91.10%	of	the	liquid	product	after	the	reaction.	NMGM	exhibits	high	catalytic	activity	and	high	selectivity	for	cracking	waste	LDPE	into	fuel	oil.	Given	these	facts,	NMGM	is	considered	as	a	promising	catalyst	for	the	degradation	of	municipal	solid-waste
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waste	in	open-batch	reactors	using	zeolite	beta	with	controlled	intrinsic	properties	Environmental	problems	are	worsening	due	to	the	complexity	in	managing	plastic	waste.	Chemical	recycling	emerges	as	a	pivotal	technology	that	can	suppress	carbon	introduction	into	the	carbon	cycle	and	provide	petroleum	alternatives	for	current	petrochemical
processes.	The	utilization	of	zeolites	can	reduce	energy	consumption	by	lowering	the	operation	temperature	for	pyrolysis.	Here,	we	demonstrate	low-temperature	catalytic	cracking	of	polyethylene	(PE)	utilizing	an	open-batch	reactor	configuration	and	*BEA-type	zeolite	catalysts.	With	the	optimized	open-batch	setup	and	zeolites,	high	PE	conversion
(~80%)	and	liquid	selectivity	(~70%)	were	achieved	at	330C.	We	systematically	explored	the	effects	of	aluminum	(Al)	site	density	and	crystal	size,	revealing	that	zeolite	crystal	size	is	another	critical	factor	determining	the	liquid	production.	This	work	not	only	demonstrates	that	an	effective	combination	and	optimization	of	reactor	and	catalysts	can
enhance	the	overall	catalytic	activity	but	also	offers	insights	into	designing	catalysis	systems	for	effective	recycling	of	polyolefin	wastes.	Article	Open	access	05	July	2024	Article	Open	access	26	March	2025	Article	Open	access	29	November	2024	Plastics	have	emerged	as	pivotal	materials	that	buttress	current	human	civilizations,	assuming	an
irreplaceable	role	in	maintaining	human	well-being.	Consequently,	the	production	of	plastics	has	been	experiencing	substantial	global	growth,	primarily	driven	by	the	versatility	and	extensive	applicability	of	polymer-based	products	across	various	sectors	of	industry,	encompassing	automotive,	construction,	electronics,	aerospace,	and	packaging1.	As	a
result,	in	2015,	an	estimated	6300	MT	of	plastic	waste	had	been	generated,	posing	a	formidable	environmental	challenge	these	days2,3,4.	Additionally,	the	utilization	and	subsequent	disposal	of	single-use	plastics	contribute	to	the	prospection	of	additional	carbons	for	make-up	inputs,	primarily	from	oil	reserves.	Within	this	context,	plastic	recycling
assumes	considerable	importance,	as	it	serves	not	only	to	mitigate	immediate	environmental	threats	but	also	plays	a	crucial	role	in	achieving	carbon	neutrality	by	curbing	additional	fossils	into	the	carbon	cycle.	Chemical	recycling,	comprising	both	conventional	and	innovative	technologies	aimed	at	converting	plastic	waste	into	value-added	chemicals,
encompassing	monomers,	aromatics,	and	olefins,	has	attracted	substantial	interest	from	the	scientific	and	engineering	communities.	This	interest	majorly	stems	from	its	capability	to	leverage	existing	chemical	processes,	keeping	the	carbon	quantity	in	circulation5,6,7.Polyolefin	wastes,	including	polyethylene	(PE)	and	polypropylene	(PP),	have	gained
substantial	attention	in	the	field	of	chemical	recycling	of	plastic	waste	due	to	their	prevalence,	comprising	over	50%	of	the	global	plastic	waste	stream8.	The	polyolefin	polymer	backbone	comprises	of	C-C	bonds,	necessitating	controlled	cleavage	to	yield	liquid	hydrocarbons	suitable	for	use	as	feedstocks	in	downstream	processes.	These	subsequent
processes	may	encompass	traditional	processes,	such	as	the	fluidized	catalytic	cracking	preceded	by	hydrotreatment,	as	well	as	innovative	technologies	such	as	the	plasma	gasification,	which	yields	ethylene	and	acetylene	under	arc	discharge9.	In	this	context,	it	is	essential	to	prioritize	the	optimization	of	liquid	hydrocarbon	yield	with	controlled
selectivity	distribution	to	meet	the	downstream	process	requirements,	thereby	enhancing	overall	operational	efficiency.	Many	technologies	have	been	developed	and	utilized	for	the	conversion	of	polyolefin	waste	into	a	spectrum	of	hydrocarbons,	spanning	from	light	olefins	to	wax10,11,12.	Pyrolysis,	conducted	at	high	temperatures	ranging	from	450
to	600C	in	an	inert	atmosphere,	entails	thermal	cleavage	of	the	main	backbone	of	polyolefins13.	Although	the	pyrolysis	process	has	the	highest	technological	maturity,	it	presents	several	challenges,	including	high	energy	consumption	resulting	from	high	temperature	conditions14,15,16.	To	tackle	these	challenges,	hydrogenolysis17,18,19,20	and
alkane	tandem	metathesis21,22	at	low	temperature	(200250C)	have	been	suggested	and	widely	studied	as	alternative	processes.	However,	the	cost	viability	of	these	approaches	is	hindered	by	the	requirement	for	high-pressure	hydrogen	and/or	the	utilization	of	platinum	group	metal	catalysts	like	Pt	or	Ru.Catalytic	cracking	process	efficiently
decomposes	polyolefins	at	lower	temperatures	than	pyrolysis,	employing	a	solid	acid	catalyst.	Extensive	research	has	focused	on	reducing	energy	consumption	and	carbon	deposition	in	the	reactor23,24,25,26,27.	Zeolites,	common	microporous	solid	acid	catalysts,	reduce	the	activation	energy	necessary	for	breaking	C-C	bond	chains	of	polyolefins
through	mechanisms	such	as	the	-scission	and	protonolysis	over	their	Brnsted	acid	sites28.	The	final	distribution	of	products	is	primarily	determined	by	the	shape	selectivity	of	the	micropore	structures	of	zeolites28,29,30,31.	Among	various	commercialized	zeolites,	zeolite	beta,	with	12-membered-ring	(12MR)	micropores	measuring	78	in	pore	opening
and	interconnected	channels	in	three	dimensions,	is	recognized	for	its	high	selectivity	in	producing	liquid	products	(C530)	in	the	catalytic	cracking	of	polyolefin32,33,34.	Furthermore,	zeolite	beta	serves	as	an	ideal	platform	for	investigating	the	correlation	between	catalytic	performance	and	intrinsic	properties	of	zeolites,	including	crystal	sizes	and
Si/Al	ratios,	as	modification	of	these	properties	through	hydrothermal	synthesis	has	extensively	studied35,36.While	zeolite	have	been	commonly	considered	as	capable	of	reducing	the	operation	temperature	of	pyrolysis	under	non-hydrogen	conditions,	the	catalytic	cracking	of	polyolefins	using	zeolites	has	primarily	been	investigated	within	a
temperature	range	exceeding	380C8,33,37,38.	Although	there	is	a	systematic	study	reporting	the	decomposition	behavior	of	PE	by	ZSM-5	zeolite	at	temperatures	below	300C39,	it	indicates	that	the	liquid	products,	which	are	of	primary	interest	in	the	polyolefins	valorization	processes,	are	scarcely	produced.	Furthermore,	existing	studies	using	zeolite
have	rarely	reported	optimization	from	the	perspective	of	process	variables	rather	than	zeolite	structures	and	properties8,37,38.	In	this	study,	we	demonstrate	the	potential	to	further	reduce	the	operating	temperature	of	catalytic	cracking	of	PE	(namely,	330C)	while	maintaining	polyolefin	conversion	above	80%	and	liquid	selectivity	exceeding	70%,
through	appropriate	control	of	the	intrinsic	properties	of	zeolite	beta,	in	conjunction	with	the	optimization	of	reactor	design	and	associated	process	parameters.	A	series	of	zeolite	beta	catalyst	samples	were	synthesized,	with	independent	control	over	parameters	including	Si/Al	ratio	and	crystal	size,	specifically	the	external	surface	area.	Under	the
optimized	condition	at	330C,	the	correlation	between	catalytic	performance	and	intrinsic	properties	of	zeolites	were	established,	demonstrating	that	decreased	particle	size	and	increased	external	surface	area	enhances	liquid	selectivity,	thereby	providing	a	direction	for	catalyst	design	for	polyolefin	conversion	processes.	Figure1	presents	schematic
illustrations	that	encapsulate	the	central	concept	of	this	study.Fig.	1:	Schematic	summary	of	the	reactor	design	and	mechanism	in	this	work.a	*BEA-type	zeolites	with	varying	Al	contents	and	crystal	sizes	in	an	open-batch	reactor	setup	and	b	the	open-batch	configuration	with	an	inert	gas	flow	facilitating	liquid	product	recovery	and	preventing	over-
cracking	and	coke	formation	that	reduce	liquid	selectivity	through	reactive	distillation.The	structure	and	operation	modes	of	batch	reactors	containing	a	PE/catalyst	slurry	during	catalytic	contact	are	crucial	for	improving	the	conversion	and	product	distribution	in	low-temperature	PE	catalytic	cracking.	The	reactor	used	for	this	work	could	operate	in
either	closed-batch	or	open-batch	mode	by	simply	closing	or	opening	the	downstream	valve	that	connects	to	the	condenser/collector	units	as	shown	in	Fig.1a	and	Supplementary	Fig.3.	The	primary	purpose	of	catalytic	decomposition	of	PE	is	to	obtain	liquid	hydrocarbon	products	suitable	for	further	processing	in	downstream	processes.	Typically,	an
improved	liquid	selectivity	can	be	achieved	by	minimizing	excessive	contact	between	zeolite	and	hydrocarbon	species	(Fig.1b).	This	approach	helps	to	prevent	irreversible	coke	formation	and	evolution	of	gas	species	from	over-cracking,	as	demonstrated	by	a	recent	hydrogenolysis	study	using	a	supported	Pt	catalyst40.	Indeed,	employing	a	selected
*BEA-type	zeolite	catalyst	(S-BEA-30,	see	below	for	the	sample	information),	an	open-batch	configuration	at	330C	resulted	in	higher	conversion	and	liquid	selectivity	(45.1%	and	62.3%,	respectively)	than	the	conventional	closed-batch	configuration	(38.3%	and	44.9%,	respectively),	by	allowing	the	evaporated	products	to	escape	the	reactor	(Fig.2a).
The	formation	of	uncrackable	solid	phase	that	deactivates	the	catalysis,	is	considerably	reduced	in	an	open-batch	configuration	compared	to	a	closed-batch	configuration	as	shown	in	Supplementary	Fig.4.Fig.	2:	Optimization	of	the	open-batch	reactor	configuration	and	types	of	zeolite	catalysts	for	the	low-temperature	open-batch	catalytic	cracking	of
polyethylene	(PE).a	PE	conversion,	liquid	selectivity,	and	b	liquid	product	selectivity	distributions	with	varied	open-batch	reactor	configurations.	c	PE	conversion,	liquid	selectivity,	and	d	liquid	product	selectivity	distributions	with	varied	operation	temperatures.	e	PE	conversion,	liquid	selectivity,	and	f	liquid	product	selectivity	distributions	from
various	commercial	zeolites.	Polyethylene	to	catalyst	ratio	denoted	as	PE/Cat	ratio.The	inert-gas	flow	rate	is	a	crucial	parameter	influencing	the	conversion	and	liquid	selectivity	in	the	open-batch	catalytic	cracking	of	PE.	Figure	2b	demonstrates	that	increasing	the	inert-gas	flow	rate	shifts	the	selectivity	distribution	towards	heavier	products,
suggesting	fewer	catalytic	scissions	in	PE	chains	due	to	reduced	contact	time.	The	PE	conversion	increases	monotonously	with	the	inert-gas	flow	rate,	while	liquid	selectivity	showed	an	optimum	at	10mL/min	in	our	reactor	setup,	which	was	adopted	as	the	standard	reaction	condition	for	subsequent	experiments.	Increasing	the	flow	rate	up	to
30mL/min	decreased	the	liquid	selectivity,	presumably	due	to	insufficient	condensation	in	the	condenser	assembly,	an	issue	that	could	be	mitigated	with	improved	design.	These	results	highlight	the	significance	of	the	reactor	design	and	operation	modes	in	the	catalytic	PE	decomposition	into	liquid	hydrocarbons.	Obviously,	temperature	is	a	key
parameter	affecting	the	rate	of	catalytic	scissions	of	the	main	backbone	of	PE	chains.	At	the	optimized	inert-gas	flow	rate	of	10mL/min	with	the	selected	zeolite	catalyst	(S-BEA-30),	the	conversion	of	PE	is	dramatically	influenced	by	the	operation	temperature	as	depicted	in	Fig.2c.	A	high	conversion	of	98.3%	was	observed	at	390C,	near	the	typical
temperature	range	of	the	conventional	pyrolysis	process.	Conversely,	at	the	low	limit	of	260C,	the	conversion	was	low,	under	20%,	even	with	the	zeolite	catalyst.	The	selectivity	towards	light	C5	and	C6	liquid	hydrocarbons	was	noticeably	low	at	260C,	implying	sluggish	scission	of	C-C	backbones	of	linear	hydrocarbons	(Fig.2d).	In	this	work,	we



evaluated	various	zeolite	catalysts	at	330C,	achieving	acceptably	high	conversion	and	high	liquid	selectivity,	highlighting	disparities	among	samples.The	use	of	zeolites	greatly	enhances	the	conversion	of	PE	at	low	temperatures	by	accelerating	C-C	bond	scission,	catalyzed	by	Brnsted	acid	sites	that	promote	the	carbenium	or	carbonium	mechanisms28.
In	absence	of	zeolites,	just	a	0.2	%	PE	conversion	was	observed	at	330C.	To	evaluate	the	effect	of	zeolite	topologies,	several	commercially	available	zeolites,	including	ZSM-5	(MFI),	zeolite	beta	(*BEA),	and	zeolite	Y	(FAU)	were	examined	(Supplementary	Fig.5).	These	zeolites	achieved	PE	conversions	ranging	from	20%	to	80%	at	the	same	temperature.
Details	on	the	tested	commercial	zeolites	are	provided	in	the	Supplementary	Figs.1,	2	and	Supplementary	Table1.	All	zeolites	demonstrated	notable	isomerization,	as	indicated	by	the	complexity	of	the	resulting	gas	chromatograph	(GC)	profiles	(see	Supplementary	Figs.6,	7).	Among	the	tested	commercial	zeolites,	ZSM-5	having	micropores	limited	by
10MR	pore	openings,	exhibited	the	highest	conversion,	but	its	liquid	selectivity	was	lower	than	that	of	zeolite	beta	due	to	its	high	gas	selectivity	as	depicted	in	Fig.2e,	which	originated	from	its	narrow	pore	system.	ZSM-5	also	tended	to	produce	lighter	liquid	products	than	the	other	two	frameworks	(Fig.2f).	The	1H	and	13C	NMR	spectra	for	the	same
liquid	product	mixtures	are	also	presented	in	Supplementary	Fig.8.	The	1H	NMR	spectra	indicate	that	the	products	contain	the	most	olefinic	sp2	C-H	in	the	order	of	ZSM-5>zeolite	beta>zeolite	Y.	This	matches	the	order	of	PE	conversion	(Fig.2e),	presumably	due	to	the	high	frequency	of	chain	scission	via	the	-scission	occurred	over	ZSM-5.
Conversely,	the	lowest	PE	conversion	and	olefinic	proton	content	observed	in	the	zeolite	Y	samples	are	likely	due	to	their	relatively	weak	acid	sites41.	The	zeolite	beta	sample	of	12MR	pore	openings	achieved	a	PE	conversion	comparable	to	ZSM-5	with	the	highest	liquid	selectivity.	In	this	work,	the	effects	of	the	intrinsic	properties	of	zeolite	on	the
*BEA	framework	were	investigated.	The	synthesis	of	*BEA-type	zeolites,	which	has	been	extensively	studied	for	decades35,42,43,	offers	great	synthetic	flexibility	in	terms	of	Si/Al	ratios	and	crystal	sizes.Intrinsic	properties-controlled	beta	zeolite	catalytic	cracking	of	LDPE*BEA-type	zeolites	can	be	crystallized	with	a	wide	synthetic	window	of
hydrothermal	synthesis	using	tetraethylammonium	hydroxide	(TEAOH)	as	the	organic	structure-directing	agent	(OSDA)35.	It	has	been	observed	that	the	crystal	size	of	the	resulting	*BEA-type	zeolite	crystals	is	strongly	correlated	with	the	Al	content	in	the	hydrothermal	*BEA-crystallizing	systems35.	As	the	Si/Al	ratio	of	the	system	increases,	the
crystal	size	also	increases,	thereby	reducing	the	relative	contribution	of	acid	sites	in	on	external	surfaces	compared	to	those	within	micropores.	To	decouple	the	Si/Al	ratio	from	the	crystal	size,	we	employed	three	different	hydrothermal	methods	from	the	literature	and	modified	them	to	prepare	three	series	of	*BEA-type	zeolites,	denoted	as	L-,	M-,	and
S-series.	For	the	preparation	of	large	crystals	(L-series,	0.651.7m),	fluoride	was	used	as	the	mineralizer,	known	to	stabilize	small	composite	building	unites	of	the	*BEA	framework42,44.	The	medium-	and	small-sized	*BEA-type	zeolites	(M-	and	S-series,	130170nm	and	30140nm,	respectively)	were	obtained	using	conventional	hydroxide	media36,43.
The	S-series	were	synthesized	at	a	low	crystallization	temperature	of	100C,	much	below	the	conventional	temperature	(140C)	for	*BEA	synthesis.	As	noted	above,	trends	observed	here	indicate	that	reducing	the	Al	content	generally	led	to	larger	crystal	sizes	(Fig.3a).	The	scanning	electron	micrographs	(SEMs)	of	three	representative	samples	from	the
three	series	are	shown	in	Fig.3bd.	In	this	work,	samples	are	denoted	as	X-BEA-y,	where	X	represents	the	series	code	(L,	M,	or	S)	and	y	indicates	the	approximate	Si/Al	ratio	of	the	zeolites,	as	characterized	by	the	energy	dispersive	spectroscopy	(EDS).	The	sample	information	is	summarized	in	Table1.	Their	synthetic	details	and	additional
characterization	results	are	provided	in	the	Supplementary	Table2	and	Supplementary	Figs.912.Fig.	3:	Relation	between	the	Al	content	and	crystal	size	of	the	resulting	*BEA-type	zeolite.a	Schematic	summary	of	intrinsic	properties-controlled	beta	zeolite,	scanning	electron	microscope	images	of	synthesized	beta	zeolite	with	Si/Al	10:	b	L-BEA-10,	c	M-
BEA-10,	and	d	S-BEA-10.	Each	data	was	provided	with	an	error	bar	which	was	calculated	via	standard	deviation	of	10	parallel	data.	Large,	Medium,	Small	crystal	sized	zeolite	beta	with	y	(Si/Al)	denoted	as	L-,	M-,	S-BEA-y.Table	1	Physical	properties	of	the	intrinsic	properties-controlled	beta	zeolitesThe	catalytic	cracking	of	PE	using	the	prepared
*BEA-type	zeolites	was	tested	in	an	open-batch	configuration	under	optimal	conditions	(10mL	N2/min,	330C,	2h)	as	previously	discussed.	Figure4ac	show	the	conversion	and	liquid	selectivity,	achieved	with	the	*BEA-type	zeolites	listed	in	Table1.	The	justification	for	comparing	the	cracking	behavior	of	zeolite	beta	sample	series	synthesized	through
different	methods	is	supported	by	the	independent	1,3,5-triisopropylbenzene	(TIPB)	cracking	results	provided	in	Supplementary	Fig.14.	The	framework	Al	sites	primarily	act	as	Brnsted	acid	sites	in	zeolites,	serving	as	active	sites	for	the	catalytic	cracking	of	long-chain	hydrocarbons28.	Thus,	the	decrease	in	Si/Al	ratios	led	to	an	increase	in	the	PE
conversion	across	all	sample	series,	indicating	enhanced	apparent	catalytic	activity.	Crystal	size	also	played	a	crucial	role	in	the	PE	conversion.	The	S-series	samples,	with	higher	specific	external	surface	area	values	(Table1),	showed	higher	PE	conversions	than	the	L-series	samples.	A	similar	trend	was	observed	in	liquid	selectivity	(Fig.4b).	Al	sites
can	be	located	within	either	the	micropores	or	external	surfaces	of	the	zeolite	samples.	The	catalytic	conversion	of	PE	over	*BEA-type	zeolites	may	occur	in	two	steps:	bulky	molecule	scission	at	the	external	surface	acid	sites,	followed	by	additional	scission	of	smaller	molecules	within	the	micropores.	We	think	that	the	molecular	weight	distribution	of
liquid	products	primarily	depends	on	the	spatial	distributions	of	these	acid	sites	as	shown	in	Fig.4e.	The	S-BEA-10	sample	having	the	most	Al	sites	and	the	highest	external	surface	area	showed	a	high	PE	conversion	(~80%)	and	liquid	selectivity	(~70%)	at	a	low	temperature	of	330C.	This	result	offers	experimental	evidence	that	reducing	crystal	size
also	meaningfully	enhances	the	PE	conversion	and	liquid	selectivity	by	facilitating	the	external	scission	process	of	polymer	chains.	Moreover,	the	increase	in	mesopore	volume	associated	with	decreasing	crystal	size	suggests	an	improvement	in	mass	transfer	efficiency,	which	may	contribute	to	the	observed	enhancement	in	catalytic	performance.
Further	analysis	on	the	conversion	and	liquid	selectivity	is	provided	in	the	Supplementary	Figs.1321.Fig.	4:	Intrinsic	properties-controlled	beta	zeolite	catalytic	cracking	of	low-density	polyethylene	(LDPE)	at	330C,	2h,	10ml	N2/min.a	Conversion,	b	liquid	selectivity,	c	liquid	selectivity	by	conversion,	d	hydrocarbon	distribution	in	liquid	products,	and	e
schematic	description	for	the	relation	between	acid	site	distribution	and	liquid	product	molecular	weight.	Large,	Medium,	Small	crystal	sized	zeolite	beta	with	y	(Si/Al)	denoted	as	L-,	M-,	S-BEA-y.The	simulated	distillation	(SIMDIS)	results	confirmed	that	over	99%	of	the	liquid	portion	comprises	hydrocarbons	in	the	range	from	C5	to	C30
(Supplementary	Figs.22,	23	and	Table3).	Figure4d	illustrates	the	hydrocarbon	distribution	in	liquid	products	from	the	catalytic	cracking	of	PE	over	L-BEA-10,	M-BEA-10,	and	S-BEA-10,	which	have	similar	Si/Al	ratios	but	vary	in	crystal	sizes.	L-BEA-10	and	M-BEA-10	predominantly	yielded	hydrocarbons	in	the	gasoline	(C510)	range,	whereas	S-BEA-10
yielded	heavier	products	under	the	same	reaction	conditions.	Considering	the	total	number	of	Al	sites	is	similar	across	the	three	samples,	it	suggests	that	L-BEA-10	and	M-BEA-10	have	more	micropore	Al	sites	than	S-BEA-10,	providing	a	greater	extent	of	secondary	scission	to	lighter	products.	This	serves	as	an	example	of	the	reactant	shape
selectivity.The	spent	catalysts	were	recovered	as	entangled	chunks	mixed	with	residues,	including	deposited	coke	species.	The	SIMDIS	analysis	of	the	Soxhlet	extract,	using	toluene	as	the	solvent,	revealed	a	minimal	composition	of	remaining	product-range	(C5C30)	hydrocarbons	in	the	solid	phase	(Supplementary	Fig.15	and	Table3).	The	spent
catalysts	should	be	recoverable	and	reusable	from	the	remaining	solid	phase.	However,	mechanical	separation	of	inorganic	catalyst	components	from	the	mixture	was	unsuccessful	due	to	the	polymeric	organic	components	remaining	in	the	solid	phase,	showing	a	sturdy	texture	at	room	temperature.	To	assess	catalyst	reusability,	a	new	PE	feed	of	the
same	amount	was	directly	added	to	the	spent	mixture	for	a	second	run.	The	conversion	and	liquid	selectivity	in	the	second	run	decreased	compared	to	the	first,	from	78%	to	67%	and	from	68%	to	54%,	respectively	(Fig.5a).	However,	the	product	distribution	of	the	liquid	product	within	the	range	from	C5	to	C15	remained	almost	unchanged,	as	shown
in	Fig.5b,	indicating	that	coke-induced	deactivation	primarily	influenced	the	external	surfaces	of	zeolite	rather	than	the	micropores.	The	zeolite	catalysts	could	be	separated	by	removing	the	residue	through	air	calcination	at	580C	for	6h.	The	regenerated	catalyst	was	found	to	have	physical	properties	very	similar	to	those	of	the	virgin	catalyst,	as
confirmed	by	PXRD,	SEM,	EDS,	and	BET	analyses	(Supplementary	Fig.24).	Consequently,	in	the	catalytic	cracking	of	PE	using	the	regenerated	catalyst,	both	the	conversion	and	liquid	selectivity	were	almost	identical	(Fig.5c,	d).	Finally,	the	optimized	330C	open-batch	reaction	conditions	were	applied	to	an	actual	post-consumer	PE	waste	sample
collected	from	a	local	recycling	center,	and	it	was	compared	to	two	model	virgin	PEs	with	different	molecular	weights	(4kDa	and	204kDa),	confirming	that	the	resulting	PE	conversion	and	liquid	selectivity	were	similar	to	those	observed	with	the	virgin	PE	model	feed	with	heavier	molecular	weight,	as	illustrated	in	Supplementary	Fig.25.Fig.	5:
Catalytic	cracking	to	evaluate	reusability	and	regenerability	of	deactivated	zeolite	beta	(S-BEA-10)	at	330C,	2h,	10ml	N2/min.	Continuous	secondary	reaction	compared	to	the	first	reaction.a	Conversion	and	liquid	selectivity,	b	hydrocarbon	distribution	in	liquid	products;	show	the	regenerated	zeolite	beta	catalytic	cracking	compared	to	the	virgin
zeolite	beta,	namely	c	conversion,	d	hydrocarbon	distribution	in	liquid	products.	Small	crystal	sized	zeolite	beta	with	y	(Si/Al)	denoted	as	S-BEA-y.Conventionally,	the	catalytic	cracking	of	polyolefins	using	zeolite	catalysts	have	adopted	operation	temperatures	higher	than	380C	(Supplementary	Fig.26)33,45,46.	This	work	demonstrates	the	temperature
can	be	greatly	reduced	to	330C	while	maintaining	high	PE	conversion	and	liquid	selectivity,	provided	the	reactor	configuration	and	catalysts	are	adequately	optimized.	The	open-batch	configuration	effectively	prevents	over-cracking	or	excess	coke	formation	by	properly	regulating	the	contact	between	the	feed	molecules	and	the	zeolites,	removing	the
distillates	to	the	gas	phase.	Proper	selection	of	inert-gas	flow	rate,	which	further	regulates	the	contact	time,	can	further	enhance	the	PE	conversion	and	liquid	selectivity.	Among	the	tested	commercial	zeolites,	zeolite	beta	having	the	*BEA	topology	exhibited	excellent	acid	site	strength,	ensuring	high	conversion	of	PE	even	at	low	temperature	and	an
adequate	shape	selectivity	towards	aliphatic	liquid	products.	Along	with	the	Al	content	of	zeolites,	the	crystal	size	was	confirmed	as	a	crucial	factor	determining	the	PE	conversion	and	liquid	phase	selectivity.	Reducing	the	crystal	size	ensures	high	liquid	selectivity	regardless	of	the	Al	content	by	enhancing	the	chain	scission	on	the	external	surfaces	of
zeolites.	This	work	not	only	highlights	the	potential	for	the	low-temperature	catalytic	cracking	of	PE	using	zeolite	catalysts	but	also	provides	insights	into	other	plastic	waste	chemical	recycling	technologies	in	terms	of	selection	of	catalysts47.All	*BEA-type	zeolites	presented	in	this	work	were	synthesized	using	conventional	hydrothermal	methods,
recipes	that	are	modifications	of	the	previously	reported	methods	in	the	literature36,42,43.	Initially,	Al	sources,	OSDA(TEAOH),	mineralizers,	and	water	were	mixed	to	achieve	a	desired	gel	composition	in	40mL	PTFE	liners.	Subsequently,	Si	sources	were	added,	ensuring	complete	dispersion	and	homogenization	by	subsequent	stirring.	The	general
gel	composition	can	described	as	1.0	SiO2:	x	Al:	y	TEAOH:	z	(NH4F	or	NaOH):	w	H2O.	x	determines	the	Al	content,	while	y,	z,	and	w	depend	on	the	different	sample	series	yielding	different	crystal	sizes.	Additional	aging	steps	can	be	added	depending	on	the	sample	series.	The	PTFE	liners	charged	with	gels	were	clad	in	steel	autoclaves	and
transferred	to	a	convection	oven	preheated	to	the	desired	temperature,	which	could	be	rotating	or	static.	The	progress	of	crystallization	was	tracked	by	analyzing	PXRD	patterns	of	aliquots	collected	every	37	days.	Following	crystallization,	the	products	were	thoroughly	rinsed	with	distilled	water	and	acetone	and	calcined	at	580C	for	6h.	The	resultant
*BEA-type	zeolites	were	then	converted	into	their	H-forms	through	ion	exchange	with	ammonium	nitrate	(NH4NO3)	and	subsequent	calcination	at	580C	for	6h.	The	details	of	the	preparations	of	the	three	series	of	samples	(L-,	M-,	and	S-series),	including	specified	gel	compositions,	are	provided	in	the	Supplementary	Information,	together	with	the
characterizations	of	the	resulting	zeolites.Open-batch	catalytic	cracking	process	of	PEPolyolefin	catalytic	cracking	was	conducted	using	open-batch	reactive	distillation	setup	in	a	stirring	batch	reactor	(CheMReSys,	R-201)	with	custom	modifications	to	allow	an	inert	gas	flow.	Initially,	1g	of	zeolite	catalyst	and	10g	of	model	feed	PE	(LDPE,	melt	index
25g/10min	at	190C/2.16kg,	average	Mw	~204kDa	by	GPC,	Sigma-Aldrich)	were	placed	in	a	75mL	stainless	steel	liner	and	sealed	within	the	stirring	reactor.	The	stainless	tubing	and	fitting	connected	to	the	reactor	were	heated	to	330C	during	the	operation	with	heating	tapes	to	minimize	condensation	and	residue	within	the	tubing	and	fitting.	The
reaction	was	performed	for	2h	at	a	bulk	temperature	of	330C	with	stirring	at	200rpm	using	an	impeller-type	stirrer.	Simultaneously,	inert	gas	(N2)	flowed	at	a	desired	rate.	The	liquid	product	was	collected	via	a	condensation	device	connected	to	a	cold	constant-temperature	circulation	column	set	at	15C,	comprising	two	stages	to	minimize	the	process
loss.	The	gaseous	product	was	collected	in	a	gas	sampling	bag	connected	to	the	end	of	the	reactive	distillation	setup	and	analyzed	using	a	GC-FID.	The	details	of	quantification	methods	and	reactor	structure/operation	modes	are	provided	in	the	Supplementary	Information.CharacterizationsPowder	X-ray	diffraction	(XRD)	patterns	were	obtained	with	a
SMARTLAB	instrument	(Rigaku,	Japan).	Scanning	electron	microscopy	(SEM)	images	and	elemental	compositions	of	the	zeolites	were	analyzed	using	a	JSM-7800F	Prime	microscope	equipped	with	an	energy-dispersive	spectroscopy	(EDS)	unit,	specifically	SDD	type	with	active	area	of	80mm2.	EDS	was	standardized	using	Certified	Reference	Materials
(CRMs)	to	ensure	accuracy	by	JEOL	Ltd.	N2	physisorption	(77K)	isotherms	were	measured	using	a	BELSORP	MINI	X	sorption	analyzer.	Prior	to	measurements,	samples	underwent	a	3-h	degassing	step	at	300C	using	a	BELPREP	VAC	II	instrument	(MicrotracBEL,	Japan).	Raman	spectra	of	solid	samples	were	recorded	with	a	DXR2xi	instrument
(Thermo	Fisher	Scientific,	USA).	The	selectivity	distributions	of	liquid	products	were	determined	using	a	ChroZen	gas	chromatography-flame	ionization	detector	(GC-FID,	Youngin,	Korea),	and	product	identification	was	carried	out	with	a	TSQ	3000	Evo	gas	chromatography-mass	spectrometry	(GC-MS)	system	(Thermo	Fisher	Scientific,	USA)	based	on
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