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  Various	ZSM‐5	zeolites	modified	with	alkali	metals	(Li,	Na,	K,	Rb,	and	Cs)	were	prepared	using	ion	
exchange.	The	catalysts	were	used	to	enhance	the	catalytic	dehydration	of	lactic	acid	(LA)	to	acrylic	
acid	(AA).	The	effects	of	cationic	species	on	the	structures	and	surface	acid‐base	distributions	of	the	
ZSM‐5	zeolites	were	investigated.	The	important	factors	that	affect	the	catalytic	performance	were	
also	identified.	The	modified	ZSM‐5	catalysts	were	characterized	using	X‐ray	diffraction,	tempera‐
ture‐programmed	desorptions	of	NH3	and	CO2,	pyridine	adsorption	spectroscopy,	and	N2	adsorp‐
tion	to	determine	the	crystal	phase	structures,	surface	acidities	and	basicities,	nature	of	acid	sites,	
specific	surface	areas,	and	pore	volumes.	The	results	show	that	the	acid‐base	sites	that	are	adjusted	
by	alkali‐metal	species,	particularly	weak	acid‐base	sites,	are	mainly	responsible	for	the	formation	
of	AA.	The	KZSM‐5	catalyst,	 in	particular,	significantly	improved	LA	conversion	and	AA	selectivity	
because	of	 the	synergistic	effect	of	weak	acid‐base	 sites.	The	reaction	was	conducted	at	different	
reaction	temperatures	and	liquid	hourly	space	velocities	(LHSVs)	to	understand	the	catalyst	selec‐
tivity	 for	AA	and	trends	 in	byproduct	 formation.	Approximately	98%	LA	conversion	and	77%	AA	
selectivity	were	 achieved	 using	 the	KZSM‐5	 catalyst	 under	 the	 optimum	 conditions	 (40	wt%	 LA	
aqueous	solution,	365	°C,	and	LHSV	2	h−1).	
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1.	 	 Introduction	

Biomass	conversion	has	recently	become	a	research	hotspot	
because	of	environmental	deterioration	and	shortages	of	non‐
renewable	fossil	fuel	resources	such	as	oil	and	coal	[1,2].	Lactic	
acid	(LA),	a	biomass	with	hydroxyl	and	carboxyl	groups,	can	be	
converted	 to	other	chemicals	 [3,4]	 such	as	acetaldehyde	 (AD)	
[5],	 propionic	 acid	 (PA)	 [6],	 acrylic	 acid	 (AA)	 [7],	 and	
2,3‐pentanedione	(2,3‐P)	[8].	AA	is	commonly	used	in	the	syn‐
thesis	of	functional	materials,	including	superabsorbent	resins	
[9],	and	is	produced	mainly	by	two‐step	oxidation	of	propylene	
derived	from	the	petrochemical	industry.	The	production	of	AA	
from	propylene	will	be	difficult	to	sustain	because	of	potential	

petroleum	shortages	 in	a	 few	decades,	 therefore	a	sustainable	
route,	namely	one‐step	dehydration	of	LA	(or	LA	derivatives)	to	
AA,	has	attracted	much	attention	[10].	Catalysts	such	as	sulfates	
(BaSO4)	 [11],	phosphates	 (Ca3(PO4)2‐Ca2(P2O7))	 [12],	and	NaY	
and	β	zeolites	[13–15]	have	been	reported	for	LA	dehydration;	
this	 suggests	 that	 moderate	 surface	 acid‐base	 strength	 and	
density	 are	 crucial	 for	 efficient	 catalysis	 of	 LA	dehydration	 to	
AA.	 However,	 sulfate	 and	 phosphate	 catalysts	 only	work	 effi‐
ciently	 at	 high	 temperature	 (400	 °C)	 because	 of	 the	 limited	
number	 of	 surface	 active	 sites.	 A	 high	 temperature	 promotes	
decarbonylation,	 decarboxylation,	 and	 coking	 of	 hydrocarbon	
compounds,	 resulting	 in	 feedstock	waste	[11,16].	Zeolite	cata‐
lysts	with	high	surface	acidities	and	basicities	can	catalyze	LA	
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dehydration	to	unsaturated	acids	at	low	temperatures.	KI/NaY	
gives	a	good	catalytic	performance	 in	 terms	of	LA	conversion	
(97.6%)	 and	 AA	 selectivity	 (67.9%)	 at	 325	 °C	 and	 a	 liquid	
hourly	 space	 velocity	 (LHSV)	 of	 2.25	h−1.	 Yan	 et	 al.	 [15]	 used	
alkali‐metal‐modified	β	zeolites	as	catalysts	and	obtained	an	AA	
yield	of	61	mol%	using	the	best	catalyst,	i.e.,	K0.94Na0.06β.	How‐
ever,	NaY	zeolites	have	numerous	strong	acid	surface	sites	and	
three‐dimensional	 supercages,	which	 facilitate	 carbon	deposi‐
tion,	resulting	in	fast	zeolite	deactivation	of	zeolites	[17].	

ZSM‐5	 zeolites	 have	 been	 used	 in	 alcohol	 dehydration	 be‐
cause	of	their	adjustable	surface	acidities	and	basicities	and	the	
absence	of	supercages	[18,19].	There	has	as	yet	been	no	report	
of	the	catalytic	dehydration	of	LA	using	ZSM‐5	zeolites.	In	this	
study,	 ZSM‐5	 zeolites	 modified	 with	 alkali	 metals	 using	 an	
ion‐exchange	method	 to	 adjust	 the	 strengths	 and	densities	 of	
the	surface	acidity	and	basicity	were	used	to	catalyze	LA	dehy‐
dration	 to	AA.	Coking	 inhibition	and	 improved	catalytic	 selec‐
tivity	were	expected.	

2.	 	 Experimental	

2.1.	 	 Materials	

LA	 (analytical	 grade)	 was	 purchased	 from	 the	 Hangzhou	
Shuanglin	Chemical	Reagent	Co.	Alkali	metal	(Li,	Na,	K,	Rb,	and	
Cs)	nitrates,	AA,	AD,	PA,	2,3‐P,	and	isopropanol	were	obtained	
from	the	Aladdin	Reagent	Co.	

2.2.	 	 Catalyst	preparation	

ZSM‐5	zeolite	(Si/Al	molar	ratio	=	75;	Shanghai	Shentan	En‐
vironmental	New	Materials	 Co.,	 Ltd.,	 China)	was	preheated	 at	
550	°C	for	6	h	and	treated	with	an	aqueous	solution	of	MNO3	(1	
mol/L;	M	=	NH4,	Li,	Na,	K,	Rb,	or	Cs;	14	g	of	ZSM‐5	zeolite	in	140	
mL	of	MNO3)	at	80	°C	 for	6	h	to	obtain	 ion‐exchanged	ZSM‐5.	
The	 treated	 ZSM‐5	 zeolites	were	 filtered	 and	washed	 at	 least	
three	 times	with	distilled	water	 to	 remove	 excess	MNO3.	 The	
catalysts	were	dried	at	110	°C	for	12	h	and	calcined	at	550	°C	
for	4	h	to	obtain	the	catalysts	MxNa1−xZSM‐5	(x	is	the	exchange	
degree	of	M+,	 i.e.,	 the	molar	ratio	of	M+/(Na++M+),	determined	
using	 X‐ray	 fluorescence),	 which	 are	 denoted	 by	 HZSM‐5,	
LiZSM‐5,	 NaZSM‐5,	 KZSM‐5,	 RbZSM‐5,	 and	 CsZSM‐5.	 All	 the	
modified	ZSM‐5	catalysts	were	prepared	under	identical	condi‐
tions.	

2.3.	 	 Catalyst	characterization	

Powder	X‐ray	diffraction	(XRD)	was	performed	using	an	X’	
Pert	PRO	instrument	operated	at	40	kV	and	30	mA,	with	Cu	Kα	
radiation;	 the	patterns	were	 recorded	 at	2θ	=	10°	 to	 60°	 at	 a	
rate	 of	 5°/min.	 The	 surface	 acidity	 and	 basicity	were	 investi‐
gated	 using	 NH3/CO2	 temperature‐programmed	 desorption	
(TPD;	 Chem‐Adsorption	 Finesor‐30102).	 The	 nature	 of	 the	
surface	 acid	 sites	 (Brønsted	 or	 Lewis	 acid)	 was	 determined	
using	 pyridine	 adsorption	 Fourier‐transform	 infrared	 (Py‐IR)	
spectroscopy	in	the	range	of	600–4000	cm−1	(2	cm−1	resolution;	
Vertex	 70	 spectrometer).	 Thermogravimetric	 analysis	 (TGA)	
was	performed	using	a	thermal	analyzer	(STA409PC,	Netzsch)	
at	 20–650	 °C	 with	 a	 heating	 rate	 of	 10	 °C/min	 in	 air.	 The	
Brunauer‐Emmett‐Teller	(BET)	specific	surface	areas	and	pore	
volumes	 of	 the	 samples	 were	 determined	 by	 N2	 adsorption	
(3Flex,	Micromeritics).	Elemental	analysis	was	performed	using	
a	Shimadzu	XRF‐1800	spectrometer.	

2.4.	 	 Catalytic	reaction	

The	 catalytic	 dehydration	of	 LA	 to	AA	was	performed	 in	 a	
continuous‐flow	 fixed‐bed	 reactor	 (inner	 diameter	 8	 mm)	 at	
atmospheric	 pressure.	 The	 pelletized	 catalysts	 (0.8–1.2	 g,	
20–40	mesh)	were	 placed	 in	 a	 quartz	 reactor	 and	 pretreated	
for	 30	min	under	N2	 flow.	The	 reactant	 (40	wt%	LA	aqueous	
solution)	was	pumped	into	a	vaporizer	using	a	micro‐injection	
pump,	and	 the	vapor	was	carried	 through	the	catalyst	bed	by	
N2	 (30	 mL/min,	 LHSV	 =	 2–4	 h−1).	 The	 outlet	 products	 were	
condensed	and	then	analyzed	using	a	gas	chromatography	sys‐
tem	 (Agilent	 6890)	 with	 an	 Innowax	 capillary	 column	 and	
flame	ionization	detector.	Isopropanol	was	used	as	the	internal	
standard	for	liquid	product	analysis.	 	

3.	 	 Results	and	discussion	

3.1.	 	 Catalyst	performance	

3.1.1.	 	 Catalytic	reaction	results	
Alkali‐metal‐modified	ZSM‐5	zeolites	were	used	to	catalyze	

LA	dehydration.	The	products	and	selectivity	data	are	listed	in	
Table	1.	The	main	product	was	AA,	with	AD,	2,3‐P,	and	PA	as	
the	main	byproducts;	other	byproducts	 included	pyruvic	acid,	
acetic	 acid,	 and	 gaseous	 products.	 The	modified	 zeolites	 gave	

Table	1	
Performance	of	different	ion‐exchanged	ZSM‐5	catalysts	for	LA	dehydration.	

Catalyst	
LA	conversion	

(%)	
Selectivity	(%)	 AA	formtion	rate	

(mmol	g−1cat	min−1)	
Carbon	deposits	b

(mg	g−1cat	h−1)	AA	 AD	 2,3‐P	 PA	 Others	a	
HZSM‐5	 99.88	 	 1.43	 40.13	 0.02	 0.48	 57.94	 0.011	 	 27.50	
LiZSM‐5	 97.69	 38.20	 31.56	 0.74	 0.56	 28.94	 0.141	 	 10.04	
NaZSM‐5	 94.47	 51.69	 17.33	 0.45	 0.82	 29.71	 0.180	 	 	 8.63	
KZSM‐5	 91.24	 70.29	 15.17	 0.66	 0.64	 13.24	 0.231	 	 	 8.75	
RbZSM‐5	 91.86	 56.22	 15.40	 3.42	 1.92	 23.04	 0.175	 	 11.25	
CsZSM‐5	 85.33	 62.01	 15.15	 0.45	 0.82	 21.57	 0.189	 	 	 7.78	

Reaction	conditions:	RT,	350	°C;	40	wt%	LA	aqueous	solution,	0.8	mL/h;	carrier	gas,	50	mL/min;	catalyst,	2	mL	(0.9	g);	time	on	stream	(TOS)	=	8	h.	
a	Others:	pyruvic	acid,	acetic	acid,	carbon	deposit,	gaseous	products	(CO/CO2	and	H2).	Selectivity	 for	others	=	100%	–	the	total	selectivity	 for	each
listed	products.	b	Accumulated	in	8	h	reaction	time.	
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enhanced	 catalytic	 performance	 in	 LA	 dehydration	 to	 AA.	 LA	
conversion	decreased	in	the	following	order	H‐	>	Li‐	>	Na‐	>	K‐	
>	 	Rb‐	>	Cs‐modified	ZSM‐5;	 the	AD	selectivity	decreased	 from	
HZSM‐5	 to	 CsZSM‐5.	 The	 highest	 AA	 selectivity	was	 obtained	
using	 the	 KZSM‐5	 catalyst	 (K0.84Na0.16ZSM‐5).	 The	 same	 phe‐
nomenon	was	 observed	 in	 the	 catalysis	 of	 LA	 dehydration	 to	
AA	by	a	K+‐modified	NaY	catalyst	[17,20].	These	results	suggest	
that	 the	 introduction	of	 an	 alkali	metal	 efficiently	 inhibits	 de‐
carbonylation	and	decarboxylation	of	LA	to	AD.	Low	selectivi‐
ties	for	the	other	side	products	such	as	2,3‐P	and	PA	were	ob‐
served	 because	 the	 ZSM‐5	 micropores	 efficiently	 suppressed	
the	 formation	 of	 large	 molecules.	 The	 NH3/CO2‐TPD	 results	
(Figs.	1	and	2)	suggest	that	the	high	AA	selectivity	and	the	low	
selectivity	for	side	products	over	KZSM‐5	are	caused	by	surface	
synergistic	 effects	 between	weak	 acid	 and	 base	 sites	 and	 the	
shape	 selectivity	 of	 ZSM‐5.	 KZSM‐5	was	 therefore	 selected	 as	
the	catalyst	 for	 further	 studies	because	of	 its	 superior	perfor‐
mance.	

The	influence	of	reaction	temperature	was	investigated	us‐
ing	 KZSM‐5.	 The	 results	 (Table	 2)	 show	 that	 LA	 conversion	
increased	with	increasing	temperature	from	350	to	400	°C,	and	
the	highest	AA	selectivity	was	observed	at	365	°C.	The	catalytic	
performance	 of	 the	 alkali‐metal‐modified	 ZSM‐5	 zeolites	 was	
better	than	those	of	sulfate	and	phosphate	catalysts	reported	in	
the	literature	[11,16].	The	byproduct	selectivity	also	increased	
with	 increasing	 temperature,	 which	 indicates	 that	 more	 side	

reactions	occurred	at	high	temperature.	Zeolite‐catalyzed	reac‐
tions	 should	 therefore	 be	 performed	 at	 low	 temperature	 to	
suppress	formation	of	side	products.	 	

The	effect	of	the	LHSV	on	LA	dehydration	was	investigated	
at	2–4	h−1	using	the	KZSM‐5	catalyst.	LA	conversion	decreased	
from	98.49%	to	90.59%	with	increasing	LHSV	(Table	3).	How‐
ever,	 the	AA	selectivity	 increased	slightly	 to	78.88%	and	then	
decreased	to	74.44%,	which	suggests	that	a	higher	LHSV	gave	
high	selectivity	for	AA	but	low	LA	conversion.	High	LA	conver‐
sion	and	AA	selectivity	were	achieved	at	an	LHSV	of	2	h−1.	

3.1.2.	 	 Catalyst	stability	 	
The	catalytic	effect	of	KZSM‐5	with	time	on	stream	(TOS)	at	

365	 °C	 is	 shown	 in	 Fig.	 3.	 LA	 conversion	 decreased	 from	
97.18%	to	90.59%,	whereas	the	AA	selectivity	 increased	from	

Table	2	
Effect	of	reaction	temperature	on	LA	dehydration	using	KZSM‐5.	

t/°C	
LA	conversion	

(%)	
Selectivity	(%)	 AA	formation	rate	

(mmol	g−1cat	min−1)	
Carbon	deposits	
(mg	g−1cat	h−1)	AA	 AD	 2,3‐P	 PA	 Others	

350	 91.24	 70.29	 15.17	 0.66	 0.64	 13.24	 0.23	 	 8.75	
365	 95.21	 76.47	 13.61	 0.85	 0.91	 	 8.16	 0.36	 	 9.38	
375	 97.70	 68.74	 15.16	 1.07	 0.57	 14.46	 0.33	 10.52	
400	 98.82	 61.29	 16.12	 1.77	 2.00	 18.82	 0.29	 11.25	

Reaction	conditions:	40	wt%	LA	aqueous	solution,	0.8	mL/h;	carrier	gas,	50	mL/min;	catalyst,	2	mL	(0.9	g);	TOS	=	8	h.	

Table	3	
Effect	of	LHSV	on	LA	dehydration	using	KZSM‐5.	

LHSV	
(h−1)

LA	conversion	
(%)	

Selectivity	(%)	
AA	 AD	 2,3‐P	 PA	 Others

2.0	 98.49	 77.13 17.28	 0.96	 0.78	 3.85	
2.4	 95.21	 76.47 13.61	 0.85	 0.91	 8.16	
3.0	 92.83	 78.88 16.23	 0.69	 0.68	 3.52	
4.0	 90.59	 74.44 15.53	 0.63	 0.67	 9.03	

Reaction	conditions:	reaction	temperature,	365	°C;	40	wt%	lactic	acid	
aqueous	solution,	0.8	mL/h;	carrier	gas,	50	mL/min.	
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64.92%	to	79.37%	for	TOS	=	60	h.	TGA	showed	that	mass	loss	
of	the	used	catalyst	was	6%,	which	suggests	that	KZSM‐5	gives	
an	 excellent	 anti‐coking	 performance.	 It	 was	 reported	 in	 the	
literature	 that	 for	 modified	 NaY	 zeolites,	 the	 LA	 conversion	
decreased	from	80%	to	65%	and	the	AA	selectivity	decreased	
from	74%	to	55%	for	TOS	=	5	h.	This	may	be	because	NaY	zeo‐
lites	 have	 strong	 surface	 acid	 sites	 and	 a	 three‐dimensional	
supercage	structure,	which	facilitates	hydrocarbon	coking	and	
results	in	fast	deactivation	of	the	catalyst	[21].	However,	ZSM‐5	
zeolites	 give	 high	 anti‐coking	 performance	 because	 of	 their	
moderate	acid	sites	and	the	absence	of	supercages	[22,23].	The	
modified	ZSM‐5	zeolites,	in	particular	KZSM‐5,	only	have	weak	
acid	and	base	sites	(Figs.	1	and	2),	which	are	favorable	for	high	
AA	selectivity	and	restriction	of	hydrocarbon	coking,	therefore	
they	are	stable	and	their	activities	can	be	recovered	by	regen‐
eration.	

3.2.	 	 Catalyst	characterization	

3.2.1.	 	 Physicochemical	properties	of	catalysts	
The	physicochemical	properties	of	 the	catalysts	are	shown	

in	Table	4.	The	modified	ZSM‐5	catalysts	had	high	surface	are‐
as.	The	 surface	 areas	 and	pore	volumes	of	 these	 catalysts	de‐
creased	 after	 ion	 exchange.	 The	 reductions	 were	 high	 for	
HZSM‐5	and	LiZSM‐5,	but	the	introduction	of	other	alkali‐metal	
cations	only	slightly	affected	the	ZSM‐5	structure.	The	physical	

properties	 of	 KZSM‐5,	 in	 particular,	 hardly	 changed.	 The	 sur‐
face	acidities	and	densities	decreased	in	the	order	H‐	>	Li‐	>	Na‐	
>	 	K‐	 >	 Cs‐modified	 ZSM‐5.	 The	 same	 trend	was	 observed	 for	
surface	 basicity	 and	 density.	 The	 introduction	 of	 alkali‐metal	
cations	decreased	the	total	acid‐base	number,	which	improved	
AA	selectivity.	

3.2.2.	 	 XRD	 	
XRD	 was	 performed	 to	 investigate	 the	 structures	 of	 the	

modified	ZSM‐5	zeolites;	the	patterns	are	shown	in	Fig.	4.	The	
powder	XRD	profiles	showed	a	pure	MFI	crystal	phase,	which	
implies	that	metal‐ion	exchange	did	not	affect	the	crystal	phas‐
es	of	 the	ZSM‐5	 zeolite.	 The	 same	peaks	were	observed	 from	
HZSM‐5	 to	KZSM‐5,	but	 the	peak	 intensity	of	 the	Cs‐modified	
ZSM‐5	was	 slightly	 lower.	This	 result	 indicates	 that	 the	 intro‐
duction	 of	 Cs+	 destroyed	 the	 crystal	 phase;	 this	 explains	why	
the	 LA	 conversion	 achieved	 using	 CsZSM‐5	 was	 lower	 than	
those	achieved	with	the	other	catalysts.	 	

3.2.3.	 	 Surface	acidity	and	basicity	
In	 Figs.	 1	 and	 2,	 the	 temperature	 ranges	 of	 regions	 I	

(100–200	°C),	II	(200–400	°C),	and	III	(400–600	°C)	represent	
weak,	 medium,	 and	 strong	 acid/bases,	 respectively.	 Previous	
studies	have	shown	that	 the	surface	acidities	and	basicities	of	
catalysts	play	key	roles	in	LA	dehydration	[12].	Table	3	and	Fig.	
1	show	that	the	strengths	and	amounts	of	the	acid	sites	in	the	
metal‐modified	zeolites	decreased	in	the	order	H‐	>	Li‐	>	Na‐	>	
K‐	>	Cs‐ZSM‐5.	Strong	acid	sites	were	eliminated	from	the	sur‐
faces	of	Li‐,	Na‐,	K‐,	and	Cs‐ZSM‐5,	whereas	medium	acid	sites	
were	 eliminated	 by	 introduction	 of	 K+	 and	 Cs+.	 These	 results	
suggest	that	the	introduction	of	alkali	metals	reduced	the	sur‐
face	acidity	of	 the	ZSM‐5	zeolites	 to	varying	degrees.	The	sur‐
face	basicities	are	shown	in	Fig.	2.	Only	one	peak	was	observed	
for	 all	 the	modified	 ZSM‐5	 zeolites.	 The	 peak	 for	 the	 KZSM‐5	
and	CsZSM‐5	catalysts	 appeared	at	 around	200	 °C	 and	 repre‐
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Fig.	3.	Stability	of	KZSM‐5	catalyst.	(1)	LA	conversion;	(2)	AA	selectivity.
Reaction	conditions:	365	°C;	40	wt%	LA	aqueous	solution,	0.8	mL/min;	
carrier	gas,	50	mL/min;	catalyst,	2	mL	(0.9	g).	

Table	4	
Physicochemical	properties	of	catalysts.	

Catalyst	
Surface	
area	
(m²/g)	

Pore	 	
volume	
(cm³/g)	

Amount	 	
(mmol/g)	

	
Density	

(µmol/m2)	
Acid	 	
site	

Base	 	
site	

	
Acid	
site	

Base	
site	

ZSM‐5	 287	 0.293	 —	 —	 	 —	 —	
HZSM‐5	 231	 0.133	 0.144 0.278	 	 0.625 1.204	
LiZSM‐5	 170	 0.105	 0.074 0.668	 	 0.439 3.933	
NaZSM‐5	 275	 0.241	 0.094 0.454	 	 0.345 1.656	
KZSM‐5	 263	 0.262	 0.037 0.295	 	 0.142 1.125	
RbZSM‐5	 249	 0.235	 —	 —	 	 —	 —	
CsZSM‐5	 255	 0.241	 0.007 0.031	 	 0.027 0.124	
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Fig.	4. XRD	patterns	of	ion‐exchanged	ZSM‐5.
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sented	weak	base	sites.	The	acid	and	base	sites	of	KZSM‐5	and	
CsZSM‐5	were	weak.	The	NH3/CO2‐TPD	results	 show	 that	 the	
strengths	of	the	weak	acid‐base	sites	matched	each	other	well,	
which	could	enhance	the	acid‐base	synergistic	effect.	Previous	
studies	have	also	shown	that	moderate	acid	and	base	sites	fa‐
vor	 LA	 dehydration	 to	 AA	 [24,25].	 The	 highest	 AA	 selectivity	
was	obtained	over	the	KZSM‐5	and	CsZSM‐5	catalysts.	

Py‐IR	was	used	to	study	the	nature	of	the	acid	sites;	the	re‐
sults	are	shown	in	Fig.	5.	The	peaks	at	1450	and	1549	cm−1	are	
ascribed	 to	 pyridine	 adsorbed	 on	 Lewis	 acid	 and	 Brønsted	
sites,	 respectively.	 The	 results	 show	 that	 the	 Brønsted	 acid	
peak	intensity	decreased	significantly	from	HZSM‐5	to	KZSM‐5.	
In	particular,	 the	Brønsted	acid	peak	was	 almost	 absent	 from	
the	KZSM‐5	spectrum.	However,	the	Lewis	acid	peak	intensity	
increased	with	 the	 introduction	 of	metal	 cations;	 this	 is	 con‐
sistent	with	 a	 previous	 report	 that	 cations	 in	 alkali‐metal‐	ex‐
changed	 zeolites	 behave	 as	 Lewis	 acid	 centers,	 whereas	 the	
framework	 oxygens	 behave	 as	 Lewis	 base	 centers	 [26].	 De‐
creases	 in	 the	number	of	Brønsted	acid	sites	and	 increases	 in	
the	number	of	Lewis	acid	sites	on	NaZSM‐5	and	KZSM‐5	were	
confirmed	 by	 NH3‐TPD,	 which	 showed	 elimination	 of	 strong	
acid	 sites	 and	 an	 increase	 in	 weak	 acid	 sites.	 Although	 there	
was	no	direct	experimental	evidence,	it	can	be	inferred	that	the	

Lewis	acid	centers	are	mainly	weak	acid	sites	 in	 the	modified	
ZSM‐5	zeolites.	An	increase	in	the	number	of	Lewis	acid	centers	
can	increase	the	number	of	weak	acid	sites,	thereby	promoting	
LA	dehydration	to	AA.	

4.	 	 Conclusions	

Alkali‐metal‐cation‐modified	 ZSM‐5	 zeolites	 were	 used	 to	
catalyze	 the	 dehydration	 of	 LA	 to	 AA	 under	 various	 reaction	
conditions.	The	modified	ZSM‐5	zeolites	showed	excellent	cat‐
alytic	activity	and	high	AA	selectivity.	Among	the	studied	cata‐
lysts,	 the	KZSM‐5	catalyst	gave	the	best	catalytic	performance	
because	 of	 the	 synergistic	 effect	 of	 weak	 acid‐base	 sites.	 An	
increase	 in	 the	number	of	Lewis	acid	sites,	which	was	caused	
by	 metal‐cation	 modification	 of	 ZSM‐5,	 was	 beneficial	 to	 LA	
dehydration	to	AA.	The	KZSM‐5	zeolite	had	excellent	stability	in	
catalytic	LA	dehydration	because	of	its	shape	selectivity	and	the	
absence	 of	 strong	 acidity	 and	 three‐dimensional	 supercages.	
The	 KZSM‐5	 catalyst	 gave	 98%	 LA	 conversion	 and	 77%	 AA	
selectivity	 under	 the	 optimum	 conditions	 (i.e.,	 40	 wt%	 LA	
aqueous	solution,	365	°C,	and	LHSV	2	h−1).	
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