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  The	 textural	 features	 and	 acidic	 properties	 of	 sulfated	mesoporous	 lanthana‐zirconia	 solid	 acids
(SO42−/meso‐La0.1Zr0.9Oδ)	were	 efficiently	 tuned	 by	modifying	 the	 conditions	 used	 to	 prepare	 the	
meso‐La0.1Zr0.9Oδ	composites,	such	as	the	molar	ratio	of	the	template	to	La	and	Zr	metal	ions	(Nt/m),	
molar	ratio	of	ammonia	to	La	and	Zr	metal	ions	(Na/m),	hydrothermal	temperature	(Thydro),	and	hy‐
drothermal	 time	 (thydro).	 The	 effect	 of	 the	 textural	 features	 and	 acidic	 properties	 on	 the	 catalytic	
performance	of	solid	acid	catalysts	 for	alkenylation	of	p‐xylene	with	phenylacetylene	was	 investi‐
gated.	Various	characterization	techniques	such	as	N2	physisorption,	X‐ray	diffraction,	NH3	temper‐
ature‐programmed	desorption,	and	thermogravimetric	analysis	were	employed	to	reveal	the	rela‐
tionship	between	the	nature	of	catalyst	and	its	catalytic	performance.	It	was	found	that	the	catalytic	
performance	 significantly	 depended	 on	 the	 textural	 features	 and	 acidic	 properties,	 which	 were	
strongly	affected	by	preparation	conditions	of	 the	meso‐La0.1Zr0.9Oδ	composite.	Appropriate	acidic	
sites	and	high	accessibility	were	required	to	obtain	satisfactory	catalytic	reactions	for	this	reaction.	
It	was	also	found	that	the	average	crystallite	size	of	t‐ZrO2	affected	by	the	preparation	conditions	
had	 significant	 influence	 on	 the	 ultrastrong	 acidic	 sites	 of	 the	 catalysts.	 The	 optimized	
SO42−/meso‐La0.1Zr0.9Oδ	catalyst	exhibited	much	superior	catalytic	activity	and	coke‐resistant	stabil‐
ity.	Moreover,	the	developed	SO42−/meso‐La0.1Zr0.9Oδ	catalyst	demonstrated	excellent	catalytic	per‐
formance	 for	 alkenylation	 of	 diverse	 aromatics	 with	 phenylacetylene	 to	 their	 corresponding	
α‐arylstyrenes.	Combining	the	previously	established	complete	regeneration	of	used	catalysts	by	a	
facile	 calcination	 process	 with	 the	 improved	 catalytic	 properties,	 the	 developed	
SO42−/meso‐La0.1Zr0.9Oδ	 solid	 acid	 could	 be	 a	 potential	 catalyst	 for	 industrial	 production	 of	
α‐arylstyrenes	through	clean	and	atom	efficient	solid‐acid‐mediated	Friedel‐Crafts	alkenylation	of	
diverse	aromatics	with	phenylacetylene.	
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1.	 	 Introduction	

Friedel‐Crafts	 alkenylation	 of	 aromatic	 compounds	 has	 at‐

tracted	 a	 lot	 of	 attention	 owing	 to	 its	 direct,	 environmentally	
benign,	and	atom	economic	characteristics	for	the	synthesis	of	
alkenyl	 aromatic	 compounds	 that	 serve	 as	 industrially	 im‐
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portant	organic	 intermediates	for	dyes,	pigments,	pharmaceu‐
ticals,	 flavors,	 agrochemicals,	 and	 natural	 products	 [1].	 The	
acid‐mediated	alkenylation	of	aromatics	has	been	considered	a	
promising	approach	for	the	synthesis	of	alkenyl	aromatics	ow‐
ing	to	its	low	cost	and	high	activity	[2–8].	

Solid	 acid	 catalysis	 presents	 a	 promising	 route	 for	 diverse	
acid‐mediated	 organic	 transformations	 owing	 to	 its	 key	 fea‐
tures	 such	 as	 clean	 reactions,	 easy	 separation,	 catalyst	 reusa‐
bility,	 and	 applicability	 in	 large	 scale	 continuous	 production.	
Recently,	zeolites	are	more	and	more	regarded	as	an	environ‐
mentally	benign	solid	acid	catalyst	for	Friedel‐Crafts	alkylation	
in	both	academic	and	industrial	fields	[9–11].	However,	in	con‐
trast	to	the	Friedel‐Crafts	alkylation,	there	are	still	many	chal‐
lenges	that	need	to	be	resolved	for	Friedel‐Crafts	alkenylation.	
The	biggest	challenge	is	to	efficiently	prevent	the	oligomeriza‐
tion	 and	 deep	 polymerization	 of	 alkynes	 resulting	 from	 the	
lower	stability	of	the	alkenyl	cation	species	compared	with	that	
of	the	alkyl	cation	intermediates	[12–16].	Until	now,	there	have	
only	 been	 a	 few	 reports	 on	 alkenylation	 over	 solid	 acid	 cata‐
lysts.	Sartori	and	co‐workers	[17]	published	a	pioneering	work	
on	 the	alkenylation	of	 aromatics	over	HSZ‐360	zeolite.	Unfor‐
tunately,	the	results	were	not	satisfactory,	and	an	irreconcilable	
contradiction	existed	between	selectivity	and	catalytic	activity:	
the	zeolite	catalysts	suffered	from	a	calcination	process	at	low‐
er	 temperature	and	exhibited	high	 catalytic	 activity,	but	 it	 re‐
sulted	 in	 the	 formation	 of	 a	 large	 amount	 of	 acetophenone	
(5%–20%);	 a	 higher	 calcination	 temperature	 efficiently	 sup‐
pressed	 the	 formation	 of	 acetophenone	 along	 with	 alkenyla‐
tion,	 but	 it	 led	 to	 a	 remarkable	 decrease	 in	 catalytic	 activity.	
Moreover,	the	enlargement	in	scope	of	substrates	is	also	desir‐
able.	 The	 catalytic	 efficiency	of	 the	 zeolite‐catalyzed	alkenyla‐
tion	was	not	high;	1.0	g	of	zeolite	was	required	for	transform‐
ing	less	than	1.0	g	of	phenylacetylene.	The	possible	reason	was	
that	the	reaction	only	took	place	on	the	external	surface	of	the	
catalyst	 because	 of	 the	 narrow	 pore	 channels	 within	 the	 HY	
zeolite	 [14,18].	 Mesoporous	 solid	 acids	 could	 be	 promising	
candidates	 for	 Friedel‐Crafts	 alkenylation.	 It	 has	 previously	
been	demonstrated	that	a	Fe‐containing	mesoporous	alumino‐
silicate	 exhibited	 very	 high	 activity	 for	 the	 Friedel‐Crafts	
alkenylation	 of	 phenols	 with	 aryl‐substituted	 alkynes	 under	
mild	conditions	[19].	However,	a	further	increase	in	selectivity	
is	desirable.	 	

We	 have	 previously	 developed	H3PW12O40	 (HPA)	 catalysts	
supported	on	MCM‐41	for	the	alkenylation	of	diverse	aromatics	
[13].	However,	further	improvement	in	catalytic	activity,	selec‐
tivity,	and	expansion	in	the	scope	of	the	reactants	is	indispen‐
sable.	Moreover,	 the	complexity	and	high	cost	of	 the	prepara‐
tion	process	of	mesoporous	silica	limits	its	potential	application	
in	 the	 production	 of	 α‐arylstyrenes	 using	 solid	 acid‐catalyzed	
alkenylation.	The	supported	HPA	catalyst	on	activated	carbon	
was	developed	 to	address	 the	high	 cost	 issue	 associated	with	
HPA/MCM‐41	[15].	The	efficient	regeneration	of	the	deactivat‐
ed	 catalyst	 by	 washing	 with	 a	 polar	 solvent	 might	 require	 a	
large	amount	of	evaporable	solvent,	which	would	consequently	
produce	 an	 environmental	 issue	 in	 addition	 to	 the	 possible	
leaching	of	HPA	by	the	polar	solvent.	Owing	to	their	relatively	
high	 thermal	 stability	 and	 strong	 acidic	 sites,	 sulfated	 solid	

super	acids	have	been	investigated	and	used	in	diverse	organic	
transformations	[19–34].	There	have	only	been	a	few	reports	of	
alkenylation	 over	 solid	 superacids.	 We	 previously	 demon‐
strated	that	SO42−/meso‐La2O3‐ZrO2	could	be	a	promising	solid	
acid	 catalyst	 for	 the	 alkenylation	 of	 p‐xylene	 [16].	 However,	
although	the	catalyst	could	be	regenerated	by	calcination,	 fur‐
ther	 improvement	 in	both	catalytic	activity	and	stability	 is	re‐
quired.	On	the	whole,	the	Friedel‐Crafts	alkenylation	reactions	
over	solid	acid	catalysts	have	been	scarcely	reported,	although	
this	strategy	could	be	a	promising	approach	for	the	synthesis	of	
1,1‐diarylalkenes	 with	 easy	 separation,	 green,	 and	 atom	 effi‐
cient	 features.	 Therefore,	 the	 development	 of	 novel,	 low‐cost,	
and	robust	solid	acid	catalysts	for	Friedel‐Crafts	alkenylation	is	
highly	desirable,	but	still	remains	a	challenge.	 	

Based	on	our	previously	developed	SO42−/meso‐La0.1Zr0.9Oδ	
solid	acid	catalyst,	the	tuning	of	the	acidic	sites	and	their	acces‐
sibility	was	investigated	by	regulating	the	textural	features	and	
acidic	properties	of	SO42−/meso‐La0.1Zr0.9Oδ	solid	acids.	Various	
characterization	 techniques	 including	 N2	 physisorption,	 X‐ray	
diffraction	 (XRD),	 NH3	 temperature‐programmed	 desorption	
(NH3‐TPD),	 and	 thermogravimetric	 analysis	 (TGA)	 were	 em‐
ployed	 to	 explore	 the	 relationship	 between	 the	 nature	 of	 the	
catalyst	and	its	catalytic	performance	in	Friedel‐Crafts	alkenyl‐
ation.	It	was	found	that	the	textural	features	and	acidic	proper‐
ties	 of	 SO42−/meso‐La0.1Zr0.9Oδ	 solid	 acids	 can	 be	 efficiently	
modulated	by	changing	 the	preparation	conditions	of	 the	me‐
so‐La0.1Zr0.9Oδ	 composite.	As	 a	 consequence,	 the	 catalytic	per‐
formance	 of	 the	 SO42−/meso‐La0.1Zr0.9Oδ	 solid	 acid	 catalyst	 in	
Friedel‐Crafts	alkenylation	was	significantly	improved.	Moreo‐
ver,	 the	 developed	 SO42−/meso‐La0.1Zr0.9Oδ	 catalyst	 demon‐
strated	 excellent	 catalytic	 performance	 in	 the	 alkenylation	 of	
diverse	aromatics	with	phenylacetylene	to	their	corresponding	
α‐arylstyrenes.	In	combination	with	the	previously	established	
complete	 regeneration	of	 the	used	catalyst	by	a	 facile	calcina‐
tion	 treatment	 and	 the	 improved	 catalytic	 performance	 re‐
ported	in	this	work,	the	optimized	SO42−/meso‐La0.1Zr0.9Oδ	solid	
acid	could	be	a	potential	catalyst	for	the	alkenylation	of	diverse	
aromatics	 with	 phenylacetylene	 to	 their	 corresponding	
α‐arylstyrenes.	 	

2.	 	 Experimental	

2.1.	 	 Catalyst	preparation	

Mesoporous	La0.1Zr0.9Oδ	composite	oxides	were	synthesized	
by	 the	 previously	 reported	 surfactant‐assisted	 hydrothermal	
crystallization	 method	 [16].	 Typically,	 the	 zirconium	 nitrate	
(AR,	 Sinopharm	 Group,	 China)	 and	 lanthanum	 nitrate	 (AR,	
Tianjin	Guangfu	Institute,	China)	with	a	9:1	molar	ratio	of	Zr	to	
La	 were	 dissolved	 in	 deionized	 water.	 A	 certain	 amount	 of	
CTAB	(AR,	Kermel,	China)	with	various	molar	ratios	of	CTAB	to	
metal	 ions	 (Nt/m	 =	 0.10,	 0.13,	 0.15,	 0.18,	 and	 0.20)	 was	 dis‐
solved	 in	 deionized	water	 to	 give	 a	 clear	 homogeneous	 solu‐
tion.	 The	 two	 solutions	 were	 then	 mixed	 under	 continuous	
stirring.	Subsequently,	various	amounts	of	an	ammonium	solu‐
tion	(Na/m	=	14,	16,	18,	20)	were	added	dropwise	into	the	mix‐
ture.	 After	 precipitation,	 the	 gelatinous	 pale	 mixture	 was	
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stirred	for	another	4	h	followed	by	a	hydrothermal	crystalliza‐
tion	process	at	various	hydrothermal	temperatures	(Thydro	=	75,	
90,	105,	 and	120	 °C)	 for	different	hydrothermal	 time	 (thydro	 =	
36,	60,	and	84	h)	in	a	sealed	Teflon	autoclave.	The	solid	product	
was	 filtered,	washed,	dried,	and	 then	calcined	 in	a	muffle	 fur‐
nace	 at	 550	 °C	 for	 6	 h	 to	 obtain	 a	 series	 of	 mesoporous	
La0.1Zr0.9Oδ	 composite	 oxides.	 The	 various	 SO42−/meso‐	

La0.1Zr0.9Oδ	solid	acid	catalyst	samples	with	different	Nt/m,	Na/m,	
Thydro,	 and	 thydro	 were	 prepared	 by	 the	 impregnation	 method	
with	H2SO4	(1	mol/L)	as	impregnant	and	a	subsequent	drying	
and	calcination	process.	 	

2.2.	 	 Catalyst	characterization	

Nitrogen	 physisorption	 experiments	 were	 performed	 at	
−196	°C	on	a	BeiShiDe	3H‐2000PS1	surface	area	porosity	ana‐
lyzer.	 The	 specific	 surface	 area	 was	 calculated	 by	 the	 BET	
method	 and	 the	 pore	 size	 distribution	 was	 calculated	 by	 the	
Barrett‐Joyner‐Halenda	 (BJH)	 model	 from	 the	 desorption	
branch	 of	 the	 isotherms.	 The	 coke	 amount	 deposited	 on	 the	
spent	 catalysts	 was	 obtained	 by	 TGA	 analysis	 using	 a	 Perki‐
nElmer	STA	6000	with	a	heating	rate	of	10	°C	min−1	from	30	to	
800	°C	in	an	air	stream.	XRD	patterns	of	the	samples	were	rec‐
orded	from	0°	to	10°	and	10°	to	80°	with	a	step	width	of	0.02°	
using	a	Rigaku	D/max‐2400	apparatus	using	Cu	Kα	radiation.	

NH3‐TPD	 measurements	 were	 performed	 to	 characterize	
the	acidic	properties	of	the	samples.	After	pre‐treatment	of	50	
mg	 samples	 in	 Ar	 (heating	 to	 450	 °C	with	 a	 ramp	 rate	 of	 10	
°C/min,	 then	kept	 at	450	 °C	 for	0.5	h	under	 an	Ar	 flow	of	30	
mL/min),	 the	 samples	 were	 saturated	 with	 ammonia	 (10%	
NH3‐90%	Ar)	at	100	°C	using	the	pulse	injection	method.	Final‐
ly,	the	NH3	desorption	step	was	performed	from	100	to	850	°C	
at	 a	 ramp	rate	of	10	 °C/min	under	an	Ar	 flow	of	30	mL/min.	
The	 NH3‐TPD	 profiles	 were	 obtained	 by	 monitoring	 the	 de‐
sorbed	ammonia	with	a	thermal	conductivity	detector.	 	

The	XPS	experiments	of	the	fresh	and	spent	solid	acid	cata‐
lysts	were	performed	on	an	ESCALAB	250	XPS	 system	with	a	
monochromatized	Al	Kα	X‐ray	source	 (15	kV,	150	W,	500	µm,	
pass	 energy	 =	 50	 eV).	 The	 binding	 energy	was	 calibrated	 ac‐
cording	 to	 the	 C	 1s	 photoelectron	 peak	 at	 284.6	 eV,	 and	 the	
binding	energy	of	S	2p	was	analyzed	at	152–175	eV,	using	the	
Shirley	baseline‐correction	method.	 	

The	type	of	acid	sites	(Brönsted	(B)	and	Lewis	(L))	and	rela‐
tive	amount	(B/L)	were	measured	by	Py‐IR.	The	Py‐IR	spectra	
were	recorded	at	room	temperature	in	the	wavenumber	range	
of	 1590–1410	 cm−1	 on	 an	EQUINOX‐55	Fourier	 transform	 in‐
frared	 spectrometer	 (BRUKER).	 The	 as‐prepared	 solid	 acid	
catalysts	 were	 pressed	 into	 a	 self‐supporting	 wafer	 (ca.	 15	
mg/cm),	 and	 introduced	 into	 a	 quartz	 IR	 cell	 with	 CaF2	win‐
dows.	 The	 samples	 were	 pretreated	 in	 situ	 by	 heating	 in	 a	
stream	of	helium	at	30	mL/min	from	room	temperature	to	450	
°C	and	5	×	10−3	Pa	for	30	min.	The	cell	was	subsequently	cooled	
to	room	temperature	and	pyridine	vapor	was	passed	 into	 the	
cell	 and	 adsorbed	 onto	 the	 optimized	 (in	 this	 work)	 and	 the	
unoptimized	 (previously	 developed)	 SO42−/meso‐La0.1Zr0.9Oδ	
solid	acid	catalysts	for	a	period	of	30	min.	After	removal	of	the	
excess	 pyridine,	 the	 spectrum	was	 recorded.	 The	 sample	was	

then	 evacuated	 at	 150	 and	 450	 °C	 for	 30	 min	 and	 a	 corre‐
sponding	 spectrum	was	 recorded	 to	 distinguish	 the	 acid	 site.	
The	 relative	 intensities	 of	 the	 vibration	 bands	 at	 1540	 	 and	
1450	cm−1	were	assigned	to	the	B	and	L	acid	sites,	respectively.	

2.3.	 	 Catalyst	performance	test	

The	catalytic	performance	measurements	 for	 the	 alkenyla‐
tion	 of	 p‐xylene	 with	 phenylacetylene	 was	 performed	 in	 a	
stainless	steel	fixed‐bed	continuous‐flow	reactor.	In	total,	1.0	g	
of	catalyst	pressed	into	tablets	and	sieved	into	20‒60	mesh	was	
loaded	 into	 the	 reactor	 for	 all	 the	 reaction	 tests,	 and	 the	 re‐
maining	space	of	the	reactor	tube	was	filled	with	20‒60	mesh	
quartz	granules.	Before	the	introduction	of	feedstock,	the	cata‐
lyst	 was	 pre‐activated	 in	 situ	 for	 1	 h	 under	 a	 N2	 flow	 at	 30	
mL/min.	The	 liquid	 stream	was	 introduced	 into	 the	 fixed‐bed	
reactor	 by	 a	 syringe	 pump.	N2	 (99.999%	purity)	was	used	 to	
maintain	system	pressure.	Quantitative	analysis	of	the	collected	
reaction	mixture	from	the	fixed‐bed	reactor	was	performed	on	
a	FULI	9790	II	GC	equipped	with	an	HP‐5	column	(30	m	×	0.32	
mm	×	0.25	μm),	and	an	FID	detector.	As	an	evaluation	standard	
of	 the	 alkenylation	 reaction,	 the	 phenylacetylene	 conversion	
was	 calculated	 by	 mass	 percentage	 of	 the	 transformed	 phe‐
nylacetylene	 from	 the	 total	 amount	 of	 phenylacetylene	 intro‐
duced	 in	the	 feed.	Based	on	the	GC‐MS	data	and	our	previous	
work	 [13–16],	 besides	 the	 main	 product	 α‐arylstyrene	 (I),	 a	
series	 of	 byproducts	 such	 as	 acetophenone	 (II),	
β‐(2,5‐dimethylphenyl)	 styrene	 (III),	 α‐(2,5‐dimethylphenyl)	
ethylbenzene	(IV),	and	oligomers	(V)	were	detected,	indicating	
the	alkenylation	reaction	of	p‐xylene	with	phenylacetylene	is	a	
quite	 complex	 competition	 process.	 Besides	 the	 alkenylation,	
many	 side	 reactions,	 such	 as	 hydration	 of	 phenylacetylene,	
hydrogenation	 of	 α‐arylstyrene,	 thermodynamic	 control	
alkenylation,	and	the	oligomerization	reactions	take	place	sim‐
ultaneously.	 The	 scope	of	 the	 substrates	 that	 can	be	used	 for	
the	 developed	 solid	 superacid	 catalyst‐mediated	 alkenylation	
was	investigated	by	employing	a	diverse	range	of	aromatics	as	
substrates.	

3.	 	 Results	and	discussion	

3.1.	 	 Effect	of	the	molar	ratio	of	template	to	metal	ions	

Table	1	presents	the	results	of	alkenylation	of	p‐xylene	with	

Table	1	
Effect	 of	 the	 Nt/m	 value	 on	 the	 catalytic	 performance	 of	
SO42−/meso‐La0.1Zr0.9Oδ	 solid	 acid	 catalysts	 for	 the	 alkenylation	 of	
p‐xylene	with	phenylacetylene.	

Nt/m	
Conv.	
(%)	

Product	distribution	(%)	
I	 II	 III	 IV	 V	

0.10	 80.2	 93.5	 0.1	 5.0	 0.1	 1.3	
0.13	 82.7	 93.6	 0.2	 4.6	 0.1	 1.5	
0.15	 85.1	 93.1	 0.2	 4.0	 0.1	 2.6	
0.18	 91.6	 93.7	 0.1	 3.0	 0.2	 3.0	
0.20	 91.7	 92.3	 0.2	 4.6	 0.1	 2.8	
Reaction	conditions:	 catalyst	1.0	g,	nAr/nPhen	=	25,	Tr	=	150	°C,	Ps	=	1.0	
MPa,	VHSV	=	6	mL/(gcat·h),	TOS	=	8	h.	
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phenylacetylene	 over	 the	 SO42−/meso‐La0.1Zr0.9Oδ	 solid	 acids	
prepared	with	various	molar	ratios	of	 the	template	(CTAB)	to	
the	total	metal	ions	containing	La	and	Zr	(Nt/m).	For	this	prepa‐
ration	process,	the	18	of	Na/m,	105	°C	of	Thydro,	and	60	h	of	thydro	
were	used.	It	can	be	observed	that	the	conversion	of	phenyla‐
cetylene	increases	with	the	increase	of	Nt/m	from	0.10	to	0.18.	
As	 the	Nt/m	 increases	 further	 the	 conversion	 remains	 almost	
unchanged.	 91.6%	of	 phenylacetylene	 conversion	with	93.1%	
of	 the	 selectivity	 towards	 the	 main	 product	
α‐(2,5‐dimethylphenyl)‐styrene	 can	 be	 obtained	when	Nt/m	 is	
0.18.	 Furthermore,	 the	Nt/m	 increases	 up	 to	 0.18	 leads	 to	 an	
increase	 in	 oligomers	 but	 a	 decrease	 in	 isomer	
(β‐(2,5‐dimethylphenyl)	 styrene).	 However,	 interestingly,	 the	
further	increase	of	Nt/m	from	0.18	to	0.2	results	in	a	decrease	in	
oligomers	but	an	increase	in	isomers.	Considering	the	reaction	
results	and	the	economic	efficiency,	the	optimum	Nt/m	is	0.18.	 	

Nitrogen	 physisorption,	 NH3‐TPD,	 and	 XRD	 experiments	
were	performed	to	reveal	the	relationship	between	the	nature	
of	the	catalyst	and	its	catalytic	performance.	Fig.	1	presents	the	
adsorption‐desorption	 isotherms,	 pore	 size	 distributions	 (Fig.	
1(a)),	 and	 NH3‐TPD	 profiles	 (Fig.	 1(b))	 of	 the	 SO42−/meso‐	
La0.1Zr0.9Oδ	 solid	 acids	 prepared	 with	 various	Nt/m	 values.	 As	
shown	in	Fig.	1(a),	the	type	IV	isotherm	with	a	hysteresis	loop	
is	a	typical	feature	of	mesoporous	materials	[35,36],	indicating	
the	 existence	 of	 a	 mesoporous	 structure	 in	 the	 as‐prepared	
solid	 superacids.	 From	 the	 inset	 in	 Fig.	 1(a)	 and	 Table	 2,	 the	
increase	of	Nt/m	 from	0.15	 to	 0.18	 leads	 to	 an	 increase	 in	 the	
surface	area	from	76	to	81	m2/g	and	to	a	slight	decrease	in	the	
total	pore	volume	(Vtotal)	from	0.36	to	0.35	cm3/g,	as	well	as	an	
increase	 in	 the	 amount	of	mesopores.	The	 further	 increase	of	
Nt/m	from	0.18	to	0.20	leads	to	an	increase	in	the	surface	area	
but	 to	 a	 decrease	 in	 the	 pore	 volume	 and	 a	 decrease	 in	 the	
amount	of	mesopores.	The	increase	in	mesopores	with	the	in‐
crease	of	Nt/m	from	0.15	to	0.18	can	enhance	the	diffusion	of	the	
formed	 main	 product	 α‐(2,5‐dimethylphenyl)‐styrene.	 As	 a	
result,	 the	 amount	 of	 thermodynamically	 stable	 side	 product	
β‐(2,5‐dimethylphenyl)‐styrene	formed	by	isomerization	of	the	
main	product	decreases	owing	to	the	decreased	staying	time	as	
a	result	of	quick	diffusion.	The	decreased	amount	of	mesopores	
and	pore	volume	by	 the	 further	 increase	of	Nt/m	 from	0.18	 to	

0.20	leads	to	an	increase	in	isomers	owing	to	a	worse	diffusion	
of	the	main	product.	From	Fig.	1(b),	 the	NH3‐TPD	profiles	can	
be	divided	into	four	regions	(150–300,	300–450,	450–600,	and	
above	600	°C),	which	can	be	assigned	as	weak,	medium,	strong,	
and	super	acidic	sites,	respectively.	The	acidic	properties	of	the	
sulfated	metal	 oxides	 are	 dependent	 on	 the	 textural	 features	
and	the	crystalline	phase,	besides	the	component	of	the	oxides	
[19–34].	The	 increase	of	 the	 surface	area	 as	Nt/m	 is	 increased	
from	0.15	to	0.18	leads	to	an	increase	in	the	amount	of	acidic	
sites,	which	results	in	the	increased	conversion	shown	in	Table	
1.	No	obvious	change	in	weak	and	medium	acidic	sites	can	be	
observed	 as	 the	Nt/m	 is	 increased	 further	 from	 0.18	 to	 0.20,	
whereas	 there	 is	 an	 obvious	 decrease	 in	 strong	 acidic	 sites.	
From	the	reaction	results	in	Table	1,	the	two	samples	with	Nt/m	
of	 0.18	 and	 0.20	 demonstrate	 similar	 catalytic	 activity,	 sug‐
gesting	 that	 the	weak	 and	medium	 acidic	 sites	 are	 the	 active	
sites	for	alkenylation.	 	

From	Fig.	2,	the	peaks	in	the	XRD	patterns	of	the	three	sam‐
ples	at	30.1°,	34.7°,	50.1°,	59.5°,	and	73.7°	can	be	well‐resolved,	
indexed	as	the	(011),	 (110),	 (112),	 (121),	and	(123)	planes	of	
tetragonal	 phase	 of	 ZrO2,	 respectively	 [35,37–39].	 No	 diffrac‐
tion	peaks	corresponding	 to	La2O3	phase	or	 to	m‐ZrO2	can	be	
observed,	which	is	ascribed	to	the	insertion	of	La	into	the	ZrO2	
lattice	and	 the	 led	stabilization	effect	on	 t‐ZrO2	phase	 [16,35].	
The	increase	in	CTAB	concentration	results	in	a	decrease	in	the	
average	 crystallite	 size	 (CSZr)	 shown	 in	 Table	 2	 owing	 to	 the	
inhibiting	 effect	 of	 surface	 micelles	 on	 the	 agglomeration	 of	
ZrO2	 particles	 [40].	 The	 interaction	 between	 SO42−	 and	 ZrO2	
would	be	strengthened	as	the	average	crystallite	size	decreas‐
es.	 As	 a	 result,	 the	 peak	 towards	 the	 super	 acid	 centered	 at	
above	600	°C	can	be	seen	on	the	SO42−/meso‐La0.1Zr0.9Oδ	solid	
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Fig.	1.	N2	adsorption‐desorption	isotherms	(a)	and	NH3‐TPD	profiles	(b)	of	the	as‐prepared	SO42−/meso‐La0.1Zr0.9Oδ	solid	acid	catalysts	with	various
Nt/m	values.	Insets	in	Fig.	1(a)	are	the	specific	surface	area	and	BJH	pore	diameter	distribution	from	the	desorption	branch.	

Table	2	
Effect	 of	 Nt/m	 value	 on	 the	 CSZr	 and	 Vtotal	 of	 the	 as‐synthesized	
SO42−/meso‐La0.1Zr0.9O2	solid	acid	catalyst.	

Nt/m	 CSZr	a	(nm)	 Vtotal	b	(cm3/g)	
0.15	
0.18	
0.20	

6.1	
5.9	
5.8	

0.36	
0.35	
0.34	

a	Estimated	by	 Scherrer	 equation	 from	XRD	patterns;	 b	 From	N2	phy‐
sisorption.	
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acids	with	0.18	and	0.20	of	Nt/m,	but	a	visible	peak	can	be	seen	
towards	 super	 acid	 on	 the	 SO42−/meso‐La0.1Zr0.9Oδ	 solid	 acid	
with	 0.15	 of	Nt/m.	 The	 SO42−/meso‐La0.1Zr0.9Oδ	 solid	 acid	with	
0.18	of	Nt/m	has	similar	strong	acidic	sites	to	that	with	0.15	of	
Nt/m,	 but	 the	 former	 has	 super	 acidic	 sites.	 As	 a	 result,	more	
oligomers	 were	 observed	 on	 the	 former	 (Table	 1).	 Although	
there	 are	 more	 super	 acidic	 sites	 on	 SO42−/meso‐La0.1Zr0.9Oδ	
solid	acid	with	of	0.20	Nt/m	than	the	one	with	0.18	of	Nt/m,	much	
less	 strong	 acidic	 sites	 can	 be	 observed	 on	 the	 former.	 As	
shown	in	Table	1,	less	oligomers	were	observed	on	the	former.	
Correlating	 the	 oligomerization	 results	 to	 acidic	 properties,	 it	
can	be	proposed	that	the	strong	and	super	acidic	sites	are	the	
main	active	sites	for	oligomerization.	

From	the	above	analysis,	 it	can	be	concluded	that	the	cata‐
lytic	performance	including	activity	and	product	distribution	is	
significantly	 dependent	 on	 the	 acidic	 properties	 and	 pore	
structure	of	 the	 solid	 acid	 catalysts.	The	 acidic	properties	 are	
affected	 by	 textural	 features	 and	 crystal	 phase	 of	 the	 me‐
so‐La0.1Zr0.9Oδ	 composite	 oxides.	 The	Nt/m	 value	 has	 an	 influ‐
ence	on	the	textural	nature,	acidic	sites,	and	crystalline	phase	of	
the	catalyst.	The	increase	in	weak	and	medium	acidic	sites	is	of	
benefit	 for	 the	 alkenylation	 reaction,	 but	 strong	 and	 super	
acidic	sites	would	 lead	to	oligomerization	and	deep	polymeri‐
zation.	 Therefore,	 the	 0.18	 of	Nt/m	 is	 ideal	 for	 obtaining	 solid	
acid	catalysts	with	excellent	alkenylation	properties.	

3.2.	 	 Effect	of	molar	ratio	of	ammonia	to	metal	ions	

The	 ammonia	 concentration	would	 affect	 the	 formation	 of	
surfactant	micelles,	 the	 nucleation	 and	 growth	 of	 Zr(OH)4,	 as	
well	as	the	assembly	process	for	mesoporous	Zr–O	sol	and	gel.	
As	 a	 consequence,	 the	 tuning	 of	 the	Na/m	 values	 by	 fixing	 the	
other	parameters	(Nt/m	=	0.18,	Thydro	=	105	°C,	and	thydro	=	60	h)	
may	 efficiently	 regulate	 the	 textural	 features	 and	 the	 ZrO2	
crystal	of	the	meso‐La0.1Zr0.9Oδ	composite	oxides,	which	in	turn	
affects	the	catalytic	performance.	The	catalytic	performance	of	
the	 SO42−/meso‐La0.1Zr0.9Oδ	 solid	 acids	 prepared	with	 various	
Na/m	values	 for	 the	alkenylation	of	p‐xylene	with	phenylacety‐
lene	was	 investigated.	 From	 the	 results	 presented	 in	Table	 3,	

the	conversion	 increases	with	the	 increase	of	Na/m	 from	14	 to	
16.	No	visible	change	takes	place	as	Na/m	is	increased	from	16	
to	18.	However,	further	increase	of	Na/m	from	18	to	20	leads	to	
an	 obvious	 decrease	 in	 catalytic	 activity.	 The	 opposite	 odder	
towards	 isomers	 can	 be	 observed.	 Moreover,	 a	 monotonous	
decrease	in	oligomer	percentage	with	the	increase	of	Na/m	from	
14	to	20	can	be	seen.	From	the	results,	the	16	of	Na/m	is	optimal.	

N2	physisorption,	NH3‐TPD,	and	XRD	were	employed	to	in‐
vestigate	 the	 structure‐performance	 relationships	 of	 the	 cata‐
lysts.	N2	adsorption‐desorption	isotherms	and	the	correspond‐
ing	BJH	pore	size	distributions	using	the	desorption	branch	of	
the	 isotherm,	 as	 well	 as	 NH3‐TPD	 profiles	 of	
SO42−/meso‐La0.1Zr0.9Oδ	with	various	Na/m	values	are	shown	in	
Fig.	 3.	The	 type	 IV	 isotherms	with	a	hysteresis	 loop	at	 a	high	
relative	 pressure	 indicates	 that	 the	 SO42−/meso‐La0.1Zr0.9Oδ	
solid	 acid	 catalysts	belong	 to	 the	mesoporous	material	 family	
[41].	From	Fig.	3(a)	and	Table	4,	the	increase	in	the	Na/m	value	
from	 14	 to	 16	 leads	 to	 an	 increase	 in	 pore	 volume	 and	 the	
amount	 of	 larger	 mesopores,	 but	 it	 does	 not	 result	 in	 an	 in‐
crease	in	surface	area.	From	the	average	crystallite	size	listed	in	
Table	4,	the	increased	Na/m	value	can	lead	to	larger	ZrO2	crys‐
tals.	 The	 increased	 pore	 volume	 and	 amount	 of	 larger	meso‐
pores	 of	 the	 SO42−/meso‐La0.1Zr0.9Oδ	 prepared	with	 the	 16	 of	
Na/m	allow	it	to	have	more	weak	and	medium	acidic	sites	than	
those	with	14	of	Na/m,	which	 favors	 the	alkenylation	 reaction.	
The	 increased	 pore	 volume	 and	 amount	 of	 larger	mesopores	
also	strengthens	the	diffusion	of	the	main	product,	which	sup‐
presses	the	 formation	of	 the	 isomers.	From	the	results	 in	sec‐
tion	3.1,	the	oligomer	percentage	is	strongly	dependent	on	the	
strong	and	super	acidic	sites.	Herein,	the	solid	acid	with	16	of	
Na/m	produces	less	oligomers	than	the	one	with	14	of	Na/m,	alt‐
hough	the	former	has	more	strong	and	super	acidic	sites.	This	
may	 be	 ascribed	 to	 the	 existence	 of	 larger	mesopores	 on	 the	
former.	The	further	increase	of	the	Na/m	from	16	to	20	leads	to	a	
decrease	 in	 the	surface	area	and	pore	volume.	This	 leads	 to	a	
decrease	in	weak	and	medium	acidic	sites,	which	subsequently	
results	 in	 the	 lowering	 of	 the	 catalytic	 activity	 (Table	 3).	 Alt‐
hough	the	peak	centered	at	549	°C	for	the	solid	acid	with	20	of	
Na/m	is	slightly	higher	than	that	of	the	one	with	16	of	Na/m,	the	
former	has	a	lower	number	of	strong	acidic	sites.	Moreover,	the	
larger	crystallite	size	of	ZrO2	for	the	solid	acid	with	20	of	Na/m	is	
higher	 than	 that	 for	 the	solid	acid	with	16	of	Na/m.	The	 larger	
ZrO2	crystal	size	of	the	sample	with	20	of	Na/m	suppresses	the	
interaction	of	SO42−	and	ZrO2.	As	a	result,	no	super	acidic	sites	
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Fig.	2.	XRD	patterns	of	 the	SO42−/meso‐La0.1Zr0.9O2	solid	acid	catalysts
with	various	Nt/m	values.	(1)	Nt/m	=	0.15;	(2)	Nt/m	=	0.18;	(3)	Nt/m	=	0.20.

Table	3	
Effect	 of	 the	 Na/m	 value	 on	 the	 catalytic	 performance	 of	
SO42−/meso‐La0.1Zr0.9Oδ	 solid	 acid	 catalysts	 for	 the	 alkenylation	 of	
p‐xylene	with	phenylacetylene.	

Na/m	
Con.	
(%)	

Production	distribution	(%)	
I	 II	 III	 IV	 V	

14	 83.7	 92.1	 0.3	 4.0	 0.1	 3.5	
16	 91.8	 93.9	 0.3	 2.5	 0.2	 3.2	
18	 91.6	 93.7	 0.1	 3.0	 0.2	 3.0	
20	 84.4	 93.3	 0.2	 3.9	 0.1	 2.5	
Reaction	conditions:	 catalyst	1.0	g,	nAr/nPhen	=	25,	Tr	=	150	°C,	Ps	=	1.0	
MPa,	VHSV	=	6	mL/(gcat·h),	TOS	=	8	h.	
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on	 this	 sample	 can	 be	 observed.	 The	 lower	 amount	 of	 strong	
acidic	sites	and	the	absence	of	super	acidic	sites	results	in	less	
oligomers.	 Furthermore,	 the	 decrease	 in	 mesopores	 of	 the	
sample	with	20	of	Na/m	in	comparison	with	the	one	with	16	of	
Na/m	 leads	 to	 worse	 diffusion	 of	 the	 formed	 main	 product,	
which	 is	 of	 benefit	 for	 the	 formation	 of	 thermodynamically	
stable	isomers.	As	a	result,	a	higher	isomer	percentage	can	be	
observed	for	the	catalyst	prepared	using	20	of	Na/m	compared	
with	 16	 of	Na/m,	 as	 shown	 in	 Table	 3.	 The	 presence	 of	more	
weak	and	medium	acidic	sites,	 larger	pore	volume,	and	larger	
mesopores	make	 the	solid	acid	catalyst	exhibit	excellent	cata‐
lytic	performance.	Based	on	the	established	template	and	am‐
monia	 dosage,	 the	 effect	 of	 the	 hydrothermal	 conditions	 in‐
cluding	the	Thydro	and	thydro	on	the	nature	of	the	catalyst	and	its	
catalytic	performance	in	the	alkenylation	reaction	was	investi‐
gated.	 	

3.3.	 	 Effect	of	hydrothermal	temperature	

Table	5	presents	the	effect	of	Thydro	on	the	catalytic	perfor‐
mance	of	the	as‐synthesized	solid	acid	catalysts	in	the	alkenyla‐
tion	of	p‐xylene	with	phenylacetylene	by	fixing	the	other	condi‐
tions	including	the	0.18	of	Nt/m,	16	of	Na/m,	and	60	h	of	thydro.	As	
shown	in	Table	5,	the	conversion	increases	with	the	increase	of	
Thydro	up	to	90	°C,	at	which	the	conversion	reaches	a	maximum	
(93.5%).	Further	 increase	of	Thydro	 leads	 to	a	decrease	 in	con‐
version.	A	lower	isomer	percentage	can	be	observed	as	Thydro	is	
increased	 from	75	 to	105	 °C,	 however	 the	 isomer	percentage	
rises	as	Thydro	is	further	increased	to	120	°C.	Moreover,	the	oli‐
gomer	percentage	monotonously	rises	as	the	Thydro	is	increased	

in	the	whole	investigated	range.	
From	Fig.	4	and	Table	6,	an	increase	in	the	surface	area	from	

57	to	79	m2/g	and	an	enlarged	pore	volume	from	0.28	to	0.37	
cm3/g	 can	 be	 obtained	 as	 Thydro	 increases	 from	 75	 to	 90	 °C,	
which	leads	to	an	increase	in	acidic	sites.	It	is	estimated	by	the	
Scherrer	 equation	 based	 on	 XRD	 patterns	 that	 the	 average	
crystal	 size	 decreases	 from	 6.9	 to	 5.5	 nm	 as	 Thydro	 increases	
from	75	 to	90	 °C.	The	 smaller	 ZrO2	 crystallite	 size	may	 allow	
stronger	 interaction	between	the	SO42−	and	Zr,	which	 leads	to	
the	formation	of	super	acidic	sites.	Besides	the	improved	acces‐
sibility	of	the	acidic	sites	by	the	increased	surface	area	and	pore	
volume,	the	increase	in	acidic	sites	is	of	benefit	for	the	alkenyl‐
ation	reaction.	As	a	result,	the	solid	acid	with	the	90	°C	of	Thydro	
exhibits	higher	activity,	as	shown	in	Table	5.	The	super	acidic	
sites	on	the	catalyst	with	the	90	°C	of	Thydro	promote	oligomeri‐
zation,	 leading	 to	 the	 formation	 of	more	 oligomers.	 The	 solid	
acid	with	the	90	°C	of	Thydro	has	a	larger	pore	volume	than	the	
one	with	the	75	°C	of	Thydro,	which	is	of	benefit	for	the	diffusion	
of	 the	 formed	 α‐arylstyrene.	 This	 reduces	 the	 chance	 of	 its	
isomerization.	 As	 a	 result,	 a	 decreased	 amount	 of	 the	
β‐arylstyrene	isomer	can	be	obtained.	Further	increase	of	Thydro	
up	to	120	°C	leads	to	a	decrease	in	surface	area	and	pore	vol‐
ume,	which	 results	 in	 a	decrease	 in	 the	 active	 sites,	 the	weak	
and	medium	acidic	sites,	for	alkenylation.	As	a	consequence,	the	
conversion	decreases	from	91.8%	to	84.1%,	as	shown	in	Table	
5.	 Moreover,	 the	 further	 decreased	 ZrO2	 crystal	 size	 leads	 to	
more	 super	acidic	 sites,	 as	 shown	 in	Fig.	4(b).	 It	was	also	ob‐
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Fig.	3.	N2	adsorption‐desorption	isotherms	(a)	and	NH3‐TPD	profiles	(b)	of	the	as‐prepared	SO42−/meso‐La0.1Zr0.9Oδ	solid	acid	catalysts	with	various	
molar	ratios	of	ammonia	 to	metal	 (Na/m).	 Insets	 in	Fig.	3(a)	are	 the	 specific	 surface	area	and	BJH	pore	diameter	distribution	 from	the	desorption	
branch.	

Table	4	
Effect	 of	 Na/m	 value	 on	 the	 CSZr	 and	 Vtotal	 of	 the	 as‐synthesized	
SO42−/meso‐La0.1Zr0.9O2	solid	acid	catalyst.	

Na/m	 CSZr	a	(nm)	 Vtotal	b	(cm3/g)	
14	
16	
20	

5.3	
5.5	
6.0	

0.36	
0.41	
0.35	

a	Estimated	 by	 Scherrer	 equation	 from	 XRD	 patterns;	 b	From	N2	 phy‐
sisorption.	

Table	5	
Effect	 of	 the	 Thydro	 value	 on	 the	 catalytic	 performance	 of	
SO42−/meso‐La0.1Zr0.9Oδ	 solid	 acid	 catalysts	 for	 the	 alkenylation	 of	
p‐xylene	with	phenylacetylene.	

Thydro	
(°C)	

Conv.	
(%)	

Product	distribution	(%)	
I	 II	 III	 IV	 V	

75	 80.2	 92.5	 0.1	 5.0	 0.1	 2.2	
90	 93.5	 93.8	 0.3	 3.4	 0.1	 2.4	
105	 91.8	 93.9	 0.3	 2.5	 0.2	 3.2	
120	 84.1	 93.1	 0.4	 3.7	 0.2	 3.5	

Reaction	conditions:	 catalyst	1.0	g,	nAr/nPhen	=	25,	Tr	=	150	°C,	Ps	=	1.0	
MPa,	VHSV	=	6	mL/(gcat·h),	TOS	=	8	h.	
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served	 that	 the	m‐ZrO2	phase	exists	 in	 the	solid	acid	with	 the	
120	°C	of	Thydro	[37–39],	which	might	affect	the	acidic	proper‐
ties.	The	formation	of	more	strong	and	super	acidic	sites	would	
promote	the	formation	of	more	oligomers.	The	decrease	in	the	
amount	 of	 larger	 mesopores	 on	 the	 SO42−/meso‐La0.1Zr0.9Oδ	
prepared	with	the	120	°C	of	Thydro	in	comparison	with	the	one	
with	 the	 90	 °C	 of	Thydro	 leads	 to	 a	 decrease	 in	 the	 amount	 of	
isomers.	The	 solid	acid	prepared	with	 the	75	 °C	of	Thydro	pro‐
duces	 the	 most	 isomers	 among	 the	 three	 samples,	 which	 is	
ascribed	to	the	smallest	pore	volume	and	lowest	surface	area.	 	

3.4.	 	 Effect	of	hydrothermal	time	

Herein,	the	effect	of	thydro	value	(thydro	=	36,	60,	and	84	h)	on	
the	nature	of	the	catalyst	and	the	catalytic	performance	in	the	
alkenylation	was	further	investigated	by	fixing	the	other	condi‐
tions	including	the	0.18	of	Nt/m,	16	of	Na/m,	and	90	°C	of	Thydro.	
From	Table	 7,	 the	 phenylacetylene	 conversion	 increases	with	
the	increase	of	thydro,	and	as	thydro	reaches	60	h,	the	conversion	
reaches	a	maximum	(93.5%).	Further	increase	of	thydro	leads	to	
a	decrease	in	conversion.	Moreover,	from	the	product	distribu‐
tion,	the	extended	hydrothermal	time	leads	to	a	decrease	in	the	
percentage	of	isomers,	but	the	solid	acid	with	the	60	h	of	thydro	
has	slightly	higher	formation	of	oligomers.	Various	characteri‐
zation	 experiments	 were	 performed	 to	 explore	 the	 struc‐
ture‐performance	relationship.	

From	Fig.	5	and	Table	8,	the	increase	of	thydro	from	36	to	60	h	
leads	 to	 an	 increase	 in	 the	 surface	 area,	 pore	 volume,	 the	
amount	of	weak	and	medium	acidic	sites,	and	the	amount	of	the	
larger	mesopores,	which	enhances	the	alkenylation	reaction.	As	
a	 result,	 there	 is	 an	 increase	 in	 the	 conversion,	 as	 shown	 in	

Table	7,	and	the	percentage	of	oligomers	increases	slightly.	The	
increased	 thydro	 leads	 to	 a	 relatively	 smaller	 ZrO2	 crystal	 size,	
which	 possess	 super	 acidic	 sites	 owing	 to	 a	 strengthened	 in‐
teraction	between	SO42−	and	ZrO2.	The	further	increase	of	thydro	
from	60	to	84	h	leads	to	a	decrease	in	the	surface	area,	resulting	
in	 a	 decrease	 in	 weak,	medium,	 and	 strong	 acidic	 sites.	 As	 a	
result,	a	much	lower	conversion	with	slightly	lower	oligomers	
can	 be	 observed.	 Furthermore,	 the	 pore	 volume	 and	 the	
amount	of	larger	mesopores	monotonously	rises	as	the	thydro	is	
extended,	which	results	in	the	monotonous	decrease	in	isomers	
owing	 to	 the	 suppression	 of	 the	 isomerization	 of	 the	 formed	
α‐arylstyrene.	 	

From	 above,	 it	 can	 be	 concluded	 that	 the	
SO42−/meso‐La0.1Zr0.9Oδ	 with	 appropriate	 preparation	 condi‐
tions	for	meso‐La0.1Zr0.9Oδ	composite	oxides	exhibited	excellent	
catalytic	performance	in	the	alkenylation	reaction.	Correlating	
of	 the	 reaction	 results	 to	 the	nature	of	 the	 catalyst,	we	 found	
that	the	catalytic	activity	and	product	distribution	are	strongly	
dependent	 on	 the	 acidic	 properties	 and	 the	 accessibility	 of	
acidic	 sites,	 which	 depend	 on	 the	 preparation	 conditions	 of	
meso‐La0.1Zr0.9Oδ	 composite	 oxides.	 The	 developed	
SO42−/meso‐La0.1Zr0.9Oδ	with	the	0.18	of	Nt/m,	16	of	Na/m,	90	°C	
of	Thydro,	and	60	h	of	thydro	exhibits	great	potential	 for	produc‐
tion	of	α‐arylstyrene	through	Friedel‐Crafts	alkenylation.	 	

3.5.	 	 Catalytic	stability	

The	catalytic	stability	and	 the	scope	of	 the	substrates	over	
the	developed	 solid	 acid	 catalyst	were	 investigated.	The	 cata‐
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Fig.	4.	N2	adsorption‐desorption	 isotherms	(a)	and	NH3‐TPD	profiles	 (b)	of	 the	as‐prepared	SO42−/meso‐La0.1Zr0.9Oδ	 solid	acid	catalysts	at	various	
hydrothermal	temperatures	(Thydro).	Insets	in	Fig.	4(a)	are	the	specific	surface	area	and	BJH	pore	diameter	distribution	from	the	desorption	branch.	

Table	6	
Effect	 of	 Thydro	 value	 on	 the	 CSZr	 and	 Vtotal	 of	 the	 as‐synthesized	
SO42−/meso‐La0.1Zr0.9O2	solid	acid	catalyst.	

Thydro	(°C)	 CSZr	a	(nm)	 Vtotal	b	(cm3/g)	
75	
90	
120	

6.9	
5.5	
5.2	

0.28	
0.37	
0.30	

a	 Estimated	 by	 Scherrer	 equation	 from	 XRD	 patterns;	 b	 From	
N2physisorption.	

Table	7	
Effect	 of	 the	 thydro	 value	 on	 the	 catalytic	 performance	 of	
SO42−/meso‐La0.1Zr0.9Oδ	 solid	 acid	 catalysts	 for	 the	 alkenylation	 of	
p‐xylene	with	phenylacetylene.	

Thydro	(h)
Conv.	
(%)	

Product	distribution	(%)	
I	 II	 III	 IV	 V	

36	 84.1	 93.4 0.4	 3.9	 0.1	 2.2	
60	 93.5	 93.8 0.3	 3.4	 0.1	 2.4	
84	 86.9	 94.3 0.3	 3.2	 0.1	 2.2	
Reaction	 conditions:	 catalyst	 1.0	 g,	nAr/nPhen	=	 25,	Tr	=	 150	 °C,	Ps	=	 1.0	
MPa,	VHSV	=	6	mL/(gcat·h),	TOS	=	8	h.	
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lytic	stability	plays	an	important	role	in	practical	application	of	
a	 solid	 acid	 catalyst.	 Therefore,	 the	 stability	 of	 the	 developed	
SO42−/meso‐La0.1Zr0.9O2	 solid	 acid	 in	 the	 alkenylation	 reaction	
of	p‐xylene	with	phenylacetylene	was	 investigated.	Fig.	6	pre‐
sents	 the	 conversion	 and	 selectivity	 as	 a	 function	 of	 time	 on	
stream	for	the	alkenylation	over	the	optimized	solid	acid	cata‐
lyst;	 the	 unoptimized	 catalyst	 (previously	 developed	
SO42−/meso‐La0.1Zr0.9O2	solid	acid	[16])	is	included	for	compar‐
ison.	From	Fig.	6,	the	optimized	SO42−/meso‐La0.1Zr0.9Oδ	in	this	
work	 exhibits	 much	 higher	 stability	 in	 comparison	 with	 the	
unoptimized	 one,	 and	 more	 than	 62.5%	 conversion	 can	 be	
maintained	 for	 up	 to	 31	 h	 of	 time	 on	 stream	 compared	with	
only	45.4%	conversion	obtained	 for	 the	unoptimized	catalyst.	
From	TGA	experiments,	the	15.1%	and	25.6%	of	mass	loss	for	
the	 optimized	 and	 unoptimized	 solid	 acids,	 respectively,	 sug‐

gests	a	higher	coke‐resistant	stability	of	the	optimized	catalyst.	
Therefore,	 the	 developed	 SO42−/meso‐La0.1Zr0.9Oδ	 prepared	
under	 appropriate	 conditions	 could	be	 a	promising	 solid	 acid	
catalyst	for	the	alkenylation	reaction.	 	

Py‐IR	is	a	powerful	tool	for	investigating	the	acidic	proper‐
ties	 of	 the	 catalysts.	 The	 Py‐IR	 spectra	 of	 the	 optimized	 solid	
catalyst	in	this	work	and	the	unoptimized	solid	acid	catalysts	at	
150,	300,	and	450	°C	of	desorption	temperature,	corresponding	
to	total	acidic	sites,	medium	plus	strong	acidic	sites,	and	strong	
acidic	 sites,	 respectively,	were	 collected	 and	 are	 presented	 in	
Fig.	7.	The	optimized	solid	acid	has	more	acidic	sites,	including	
B	and	L	acids,	 in	comparison	with	the	unoptimized	one.	More	
interestingly,	the	remarkable	increase	in	L	acidic	sites	over	the	
optimized	 solid	 acid	 catalyst	 can	 be	 seen	 in	 comparison	with	
the	increase	in	B	acidic	sites.	The	interaction	of	SO42−	and	ZrO2	
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Fig.	5.	N2	adsorption‐desorption	isotherms	(a)	and	NH3‐TPD	profiles	(b)	of	the	as‐prepared	SO42−/meso‐La0.1Zr0.9Oδ	solid	acid	catalysts	with	various	
hydrothermal	times	(thydro).	Insets	in	Fig.	5a	are	the	specific	surface	area	and	BJH	pore	diameter	distribution	from	the	desorption	branch.	

Table	8	
Summary	of	the	alkenylation	of	different	aromatics	with	phenylacetylene	over	the	developed	SO42−/meso‐La0.1Zr0.9Oδ	solid	acid	catalyst.	

Entry	 Substrate	 Product	
Con.	
(%)	

Sel.	
(%)	

Yield	a

(%)
Entry Substrate	 Product	

Con.	
(%)	

Sel.	
(%)	

Yield	a	

(%)	

1	
	

91.7	 62.6	 57.4 7	
S 	

S
92.9	 76.6	 71.2	

2	

	

93.5	 93.8	 87.7 8	c	 O
O

94.8	 95.1	 90.2	

3	

	 	

99.0	 97.6	 96.6 9	
	 	

97.1	 91.0	 88.4	

4	 O

O 	

98.6	 91.0	 89.7

10	

	

	
96.9	 97.9	 94.9	

5	b	 OH

OH

	

95.4	 77.6	 74.0

	

6	b	

	

86.5	 72.5	 62.7 11	
	 	

98.6	 85.2	 84.0	

Reaction	conditions:	catalyst	1.0	g,	nAr/nPhen	=	25,	Tr	=	150	°C,	Ps	=	1.0	MPa,	VHSV	=	6	mL/(gcat·h);	a	GC	yield;	b	The	cyclohexane	or	dioxane	was	intro‐
duced	into	the	feed	for	easy	material	transfer	in	the	fixed‐bed	reactor. 
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leads	to	the	production	of	L	acid	sites,	and	subsequently	the	B	
acidic	sites	can	be	formed	by	the	incorporation	of	H2O	in	the	L	
acid	 sites.	 From	references	 [13–16],	 both	B	 and	L	 acidic	 sites	
can	enhance	the	alkenylation	reaction,	and	therefore,	the	solid	
acid	 catalyst	 developed	 in	 this	 work	 exhibits	 a	 much	 higher	
catalytic	activity	for	alkenylation	in	comparison	with	the	unop‐
timized	one.	Moreover,	 the	strong	B	acidic	 sites	may	enhance	
the	 polymerization	 side	 reactions.	 The	 notably	 increased	
amount	of	total	acidic	sites	on	the	optimized	catalyst	dramati‐
cally	 increases	 the	 conversion	of	phenylacetylene	 in	 the	main	
reaction,	 which	 decreases	 the	 concentration	 of	 phenylacety‐
lene.	This	may	weaken	the	polymerization	and	the	subsequent	
coke	 deposition	 on	 the	 optimized	 catalyst.	 Furthermore,	 we	
investigated	S‐leaching	in	the	reaction	process	by	XPS	analysis	
(S	2p)	of	the	fresh	and	spent	SO42−/meso‐La0.1Zr0.9Oδ.	The	XPS	
results	demonstrate	that	the	surface	atomic	ratio	of	S	to	Zr	de‐
creases	from	0.24	to	0.20	after	the	catalyst	is	used	in	the	above	
reaction	process,	implying	that	S‐leaching	is	another	reason	for	
the	decrease	 in	conversion.	More	stable	solid	catalysts	will	be	
explored	in	the	future.	

3.6.	 	 Scope	of	substrates	

Herein,	the	scope	of	the	substrates	for	the	alkenylation	over	
the	 developed	 SO42−/meso‐La0.1Zr0.9Oδ	 catalyst	was	 investigat‐
ed,	and	the	reaction	results	are	listed	in	Table	5.	The	developed	
solid	 acid	 catalyst	 demonstrates	 excellent	 catalytic	 perfor‐
mance	with	more	than	90%	conversion	and	high	selectivity	for	
the	alkenylation	of	diverse	aromatics,	suggesting	a	broad	scope	
of	aromatics	for	the	alkenylation	for	the	production	of	different	
α‐arylstyrenes.	 Together	 with	 the	 facile	 regeneration	 of	 the	
used	solid	acid	catalyst	established	in	our	previous	paper	[16],	
the	developed	SO42−/meso‐La0.1Zr0.9Oδ	could	be	considered	as	a	
potential	 candidate	 for	 clean	and	atom	efficient	production	of	
diverse	 α‐arylstyrenes	 and	 industrially	 important	 intermedi‐
ates	 through	 the	 Friedel‐Crafts	 alkenylation	 of	 different	 aro‐
matics	with	phenylacetylene.	 	

4.	 	 Conclusions	

The	textural	features	and	acidic	properties	of	sulfated	mes‐
oporous	 lanthana‐zirconia	 solid	 acid	 catalysts	were	 efficiently	
tuned	 by	 adjusting	 the	 preparation	 conditions,	 including	 the	
molar	ratio	of	the	template	to	metal	ions,	molar	ratio	of	ammo‐
nia	 to	metal	 ions,	 hydrothermal	 temperature,	 and	 hydrother‐
mal	time,	which	significantly	affected	the	acidic	sites	and	their	
accessibility.	 As	 a	 consequence,	 the	 conversion	 and	 product	
distribution	could	be	regulated.	The	optimized	sulfated	meso‐
porous	 lanthana‐zirconia	 solid	 acid	 catalysts	 demonstrated	
much	superior	catalytic	activity	and	stability	and	similar	selec‐
tivity	towards	α‐arylstyrene	to	the	unoptimized	one.	Combing	
the	excellent	catalytic	activity,	selectivity,	and	stability,	as	well	
as	 the	broad	scope	of	substrates	and	easy	regeneration	of	 the	
used	 catalyst,	 the	 developed	 sulfated	 mesoporous	 lantha‐
na‐zirconia	 solid	 acid	 catalysts	 could	 have	 great	 potential	 for	
industrial	production	of	α‐arylstyrene	through	clean	and	atom	
efficient	 solid‐acid‐mediated	 Friedel‐Crafts	 alkenylation	 of	 di‐
verse	aromatics	with	phenylacetylene.	
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