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封面: 李斐等以 2,2’联吡啶 6,6’二羧酸为骨架,	合成了一系列轴向吡啶

配体中含有不同对位取代基团的单核钌水氧化催化剂,	并考察了这类催化

剂化学催化和光催化水氧化反应活性.		催化剂轴向配体的吸电子基团能明

显提高这类催化剂催化水氧化反应活性.		见本期第 1489–1495 页.   

Cover: Li and coworkers in their Article on pages 1489–1495 reported a 
series of mononuclear Ru complexes based on the bipyridine-dicarboxylate 
ligand with different substituents on the para position of the pyridine ligand as 
water oxidation catalysts, and investigated their catalytic activities towards both 
chemical and photochemical water oxidation. The more electron-withdrawing 
substituents on the axial ligands of the catalysts lead to higher activities towards 
water oxidation. 
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Pt	nanowire	electrocatalysts	for	proton	exchange	membrane	fuel	cells	

Zeyu	Yan,	Bing	Li	*,	Daijun	Yang,	Jianxin	Ma	
Tongji	University	
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This	 review	presents	 the	 research	 progress	 of	 different	 preparation	methods	 of	 Pt	 nanowire	 catalyst	 and	 its	 electrochemical	 perfor‐
mance,	durability,	and	CO	tolerance	applying	to	proton	exchange	membrane	fuel	cells.	

Communication	
Chin.	J.	Catal.,	2013,	34:	1482–1488	 	 	 doi:	10.1016/S1872‐2067(12)60637‐8

Selective	hydrogenation	of	benzene	to	cyclohexene	in	continuous	
reaction	device	with	two	reaction	reactors	in	serie	over	
Ru‐Co‐B/ZrO2	catalysts	

Haijie	Sun,	Shuaihui	Li,	Yuanxin	Zhang,	Houbing	Jiang,	Lianglong	Qu,	
Shouchang	Liu,	Zhongyi	Liu	*	
Zhengzhou	University;	 	
Zhengzhou	Normal	University;	 	
Beijing	Energy	Engineering	Technologies	Co.,	Ltd	

	
	
	
	

The	selectivity	 for	cyclohexene	and	the	cyclohexene	yield	were	stabi‐
lized	 at	 around	 73%	 and	 30%,	 respectively,	 in	 419	 h	 over	 a	
Ru‐Co‐B/ZrO2	 catalyst	 in	 a	 continuous	 device	 with	 two	 reactors	 in	
series.	

SC
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Chin.	J.	Catal.,	2013,	34:	1489–1495	 	 	 doi:	10.1016/S1872‐2067(12)60600‐7	

Chemical	and	photocatalytic	water	oxidation	by	mononuclear	
Ru	catalysts	

Yi	Jiang,	Fei	Li	*,	Fang	Huang,	Biaobiao	Zhang,	Licheng	Sun	*	
Dalian	University	of	Technology,	China;	 	
KTH	Royal	Institute	of	Technology,	Sweden	

	
	
	

Mononuclear	 ruthenium	 complexes	 based	 on	 the	 bipyri‐
dine‐dicarboxylate	 (bda)	 ligand	were	 prepared	 and	 showed	 high	
catalytic	efficiencies	for	chemical	and	photochemical	water	oxida‐
tion,	 a	 key	 challenge	 for	 solar	 energy	 conversion	 into	 fuels.	 The	
more	electron‐withdrawing	substituents	on	the	axial	ligands	of	the	
catalysts	lead	to	higher	activities	towards	water	oxidation.	

-

-

Chin.	J.	Catal.,	2013,	34:	1496–1503	 	 	 doi:	10.1016/S1872‐2067(12)60607‐X	
Coking	on	micrometer‐	and	nanometer‐sized	mordenite	during	dimethyl	ether	carbonylation	to	methyl	acetate	 	

Huifu	Xue,	Xiumin	Huang,	Evert	Ditzel,	Ensheng	Zhan,	Meng	Ma,	Wenjie	Shen	*	
Dalian	Institute	of	Chemical	Physics,	Chinese	Academy	of	Sciences,	China;	BP	Chemicals	Limited,	UK	
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Nanometer‐sized	H‐mordenite	(HMOR)	showed	a	much	higher	reaction	rate	and	stability	than	micrometer‐sized	HMOR,	resulting	from	
the	improvement	of	molecule	transportation	efficiency	by	reducing	the	crystalline	size.	

Chin.	J.	Catal.,	2013,	34:	1504–1512	 	 	 doi:	10.1016/S1872‐2067(12)60638‐X	

Synthesis	and	catalytic	cracking	performance	of	Fe/Ti‐ZSM‐5	zeolite	from	attapulgite	mineral	

Xiaozhao	Zhou,	Yan	Liu,	Xiangju	Meng,	Baojian	Shen,	Feng‐Shou	Xiao	*	
Zhejiang	University;	China	University	of	Petroleum	

 

Attapulgite clay 

Hydrothermal

synthesis 

Fe/Ti-ZSM-5 	

Fe/Ti‐ZSM‐5	zeolite	was	synthesized	from	treated	attapulgite	(ATP)	mineral.	Compared	with	conventional	ZSM‐5	zeolite,	Fe/Ti‐ZSM‐5	
exhibits	relatively	high	yields	of	light	olefins	in	the	catalytic	cracking	of	Canadian	light	gas	oil.	
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Magnetically	recoverable,	nanoscale‐supported	heteropoly	acid	catalyst	for	green	synthesis	of	biologically	active	compounds	in	
water	

Ezzat	Rafiee	*,	Sara	Eavani,	Maryam	Khodayari	
Razi	University,	Iran	
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12‐Tungstophosphoric	 acid	 (PW)	 catalysts	 supported	on	 aerosil	 silica	 and	 silica‐coated	γ‐Fe2O3	nanoparticles	 (Fe2O3@SiO2‐PW)	were	
prepared	and	characterized.	These	catalysts	were	used	for	the	aqueous	syntheses	of	1,8‐dioxo‐9,10‐diaryldecahydroacridines	and	xan‐
thene	derivatives,	which	are	biologically	interesting	compounds.	

Chin.	J.	Catal.,	2013,	34:	1519–1526	 	 	 doi:	10.1016/S1872‐2067(12)60603‐2	

Immobilization	of	highly	active	Pd	nano‐catalysts	on	functionalized	
mesoporous	silica	supports	using	mercapto	groups	as	anchoring	
sites	and	their	catalytic	performance	for	phenol	hydrogenation	 	

Jiaxi	Zhang,	Gaowei	Huang,	Cheng	Zhang,	Qunhua	He,	Chao	Huang,	 	
Xu	Yang,	Huiyu	Song,	Zhenxing	Liang,	Li	Du	*,	Shijun	Liao	*	
South	China	University	of	Technology;	 	
Guangdong	Environmental	Monitoring	Center;	 	
Guangzhou	Institute	of	Energy	Conversion,	Chinese	Academy	of	Sciences	

	

Highly	 dispersed	Pd	nanoparticle	 catalyst	 on	 –SH‐functionalized	meso‐
porous	 silica	 (Pd‐SH‐MCM‐41)	 was	 prepared	 by	 anchoring	 interaction	
between	–SH	groups	and	Pd	cations.	This	catalyst	showed	very	high	cat‐
alytic	activity	(>99%)	for	the	hydrogenation	of	phenol.	

Pd agglomeration

Pd high-dispersion

0

20

40

60

80

100

Pd-SH-MCM-41Pd/MCM-41Pd/C

C
on

ve
rs

io
n 

(%
) 

of
 h

yd
ro

ge
na

tio
n 

of
 p

he
no

l

Chin.	J.	Catal.,	2013,	34:	1527–1533	 	 	 doi:	10.1016/S1872‐2067(12)60611‐1	

Enhanced	visible	light	photocatalytic	activity	of	Ag2S‐graphene/TiO2	nanocomposites	made	by	sonochemical	synthesis	

Ze‐Da	Meng,	Lei	Zhu,	Kefayat	Ullah,	Shu	Ye,	Qian	Sun,	Won‐Chun	Oh	*	
Hanseo	University,	Korea	
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This	paper	presents	 the	research	of	 synthesized	Ag2S‐graphene/TiO2	by	 the	sonochemical	method.	The	generation	of	reactive	oxygen	
species	was	detected	through	the	oxidation	reaction	from	1,5‐diphenyl	carbazide	to	1,5‐diphenyl	carbazone. 
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Effect	of	alumina	support	on	catalytic	performance	of	Pt‐Sn/Al2O3	catalysts	in	one‐step	synthesis	of	N‐phenylbenzylamine	from	
aniline	and	benzyl	alcohol	

Mengyao	Yin,	Songbo	He	*,	Zhengkun	Yu,	Kaikai	Wu,	Liandi	Wang,	Chenglin	Sun	*	
Dalian	Institute	of	Chemical	Physics,	Chinese	Academy	of	Sciences;	University	of	Chinese	Academy	of	Sciences	
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Pt‐Sn/Al2O3	catalysts	with	highly	dispersed	Pt	particles,	weak	acid	sites,	acid	distributions,	and	large	pore	volumes	and	pore	size	distribu‐
tions	have	excellent	catalytic	performance	in	the	synthesis	of	secondary	amines.	

Chin.	J.	Catal.,	2013,	34:	1543–1550	 	 	 doi:	10.1016/S1872‐2067(12)60609‐3	

Ru/Al2O3‐ZrO2‐NiO/cordierite	monolithic	catalysts	for	selective	hydrogenation	of	benzene	

Minghao	Wang,	Hongjiu	Su,	Jin	Zhou,	Shudong	Wang	*	
Dalian	Institute	of	Chemical	Physics,	Chinese	Academy	of	Sciences;	University	of	Chinese	Academy	of	Sciences	
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Novel	egg‐shell‐like	Ru/Al2O3‐ZrO2‐NiO/cordierite	monolithic	catalysts	with	tailored	pore	structure	are	fabricated.	Mesopores	and	low	
pore	volume	are	needed	to	obtain	a	reasonable	yield	of	cyclohexene	using	the	monolithic	catalysts	with	a	 low	concentration	of	ZnSO4	
solution.	

Chin.	J.	Catal.,	2013,	34:	1551–1559	 	 	 doi:	10.1016/S1872‐2067(12)60612‐3	

Photocatalytic	decomposition	of	perfluorooctanoic	acid	in	pure	water	and	wastewater	by	needle‐like	nanostructured	gallium	
oxide	

Tian	Shao,	Pengyi	Zhang	*,	Zhenmin	Li,	Ling	Jin	
Tsinghua	University	
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In	combination	with	185	nm	vacuum	UV	irradiation,	needle‐like	Ga2O3	showed	high	efficiency	for	the	removal	of	trace	perfluorooctanoic	
acid	(PFOA)	in	wastewater	where	the	decomposition	of	PFOA	by	other	catalysts	is	usually	inhibited	by	coexisting	natural	organic	matters.
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Highly	active	and	cis‐1,4	selective	polymerization	of	1,3‐butadiene	catalyzed	by	cobalt(II)	complexes	bearing	α‐diimine	ligands	
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A	series	of	 cobalt(II)	 complexes	 ligated	by	α‐diimine	have	been	synthesized	and	characterized.	The	catalyst	 system	[α‐diimine]CoCl2/	
EASC	shows	high	catalytic	activity	and	cis‐1,4	selectivity	(up	to	98%)	for	1,3‐butadiene	polymerization.	
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Temperature‐programmed	desorption	and	surface	reaction	studies	of	CO	on	Co2C	 	
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Co2C	was	prepared	by	carburizing	Co	with	CO.	The	prepared	Co2C	samples	were	composed	of	a	bulk	Co2C	phase	and	an	outer	CoO	pas‐
sivation	layer.	Co2C	could	adsorb	CO,	which	was	hydrogenated	into	alcohol.	

Chin.	J.	Catal.,	2013,	34:	1576–1582	 	 	 doi:	10.1016/S1872‐2067(12)60621‐4

Hierarchical	mesoporous	ZSM‐5	for	the	dehydration	of	methanol	to	dimethyl	ether	
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The	synthesized	hierarchical	mesoporous	HZSM‐5	zeolites	exhibited	better	catalytic	activity	than	conventional	HZSM‐5,	indicating	that	
hierarchical	mesopores	play	an	important	role	in	the	methanol	to	dimethyl	ether	process. 
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Preparation,	characterization	and	catalytic	activity	of	amphiphilic	cyclopalladated	aryl	imines	and	their	Langmuir‐Blodgett	
films	
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The	amphiphilic	cyclopalladated	aryl	imine	catalysts	were	successfully	transferred	on	the	solid	slides	and	can	be	used	for	the	Suzuki	reac‐
tions.	

Chin.	J.	Catal.,	2013,	34:	1589–1598	 	 	 doi:	10.1016/S1872‐2067(12)60624‐X	

Molecularly	imprinted	polymer	containing	Fe(III)	catalysts	
for	specific	substrate	recognition	
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A	 series	 of	 molecularly	 imprinted	 polymers	 (MIPs)	 containing	
the	equal	amount	of	iron(III)	were	found	to	be	the	specific	sub‐
strate	recognition	catalysts	in	the	oxidation	of	substituted	benzyl	
alcohol	in	water.	
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Chin.	J.	Catal.,	2013,	34:	1599–1607	 	 	 doi:	10.1016/S1872‐2067(12)60622‐6	

Cation	location	and	migration	in	lanthanum‐exchanged	NaY	zeolite	
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Lanthanum	cations	are	initially	distributed	in	supercages	and	then	migrate	to	SI'	located	inside	sodalite	cages	during	heating	and	dehy‐
dration.	
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Synthesis	of	vitamin	E	succinate	by	interfacial	activated	Candida	rugosa	lipase	encapsulated	in	sol‐gel	materials	
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Interfacial	activated	Candida	rugosa	lipase	encapsulated	in	sol‐gel	materials	was	prepared	and	used	to	synthesize	vitamin	E	succinate.	
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Effect	of	sulfur	doping	on	the	photocatalytic	performance	of	BiVO4	under	visible	light	illumination	
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Porous	BiVO4	and	BiVO4S	are	fabricated	using	dodecylamine‐assisted	alcohol‐hydrothermal	strategy.	The	higher	Oads	concentration	
and	lower	bandgap	energy	account	for	excellent	photocatalytic	performance	of	BiVO4S0.08	for	methylene	blue	and	formaldehyde	degra‐
dation.	
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Biomimetic	preparation	of	organic‐inorganic	composite	microcapsules	for	glucose	oxidase	immobilization	

Qian	Xin,	Yanjun	jiang	*,	Jing	Gao	*,	Liya	Zhou,	Li	Ma,	Ying	He,	Fei	Jia	
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Glucose	oxidase	(GOD)	was	immobilized	in	organic‐inorganic	composite	microcapsules	using	a	combination	of	layer‐by‐layer	assembly	
and	biomimetic	mineralization.	The	encapsulated	GOD	exhibited	distinct	advantages	in	terms	of	thermal,	pH,	and	operational	stabilities.	
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  The	effect	of	alumina	on	the	catalytic	performance	of	Pt‐Sn/Al2O3	catalysts	in	the	green	synthesis	of	
secondary	amines	by	N‐alkylation	of	amines	with	alcohols	based	on	the	borrowing	hydrogen	strat‐
egy	was	investigated.	N‐alkylation	of	aniline	with	benzyl	alcohol	to	produce	N‐phenylbenzylamine	
was	used	as	a	model	reaction.	Three	different	alumina	supports	were	selected,	and	the	correspond‐
ing	catalysts	were	prepared	by	complex	 impregnation	under	vacuum.	The	supports	and	catalysts	
were	characterized	using	N2	adsorption‐desorption,	mercury	 intrusion	porosimetry,	X‐ray	diffrac‐
tion,	 transmission	 electron	 and	 scanning	 electron	 microscopies,	 CO	 chemisorption,	 H2	 tempera‐
ture‐programmed	reduction,	and	NH3	temperature‐programmed	desorption.	The	results	show	that	
the	catalysts	with	small	Pt	particles	that	were	highly	dispersed	on	the	alumina	supports	and	inter‐
acted	weakly	with	the	supports	had	high	catalytic	activities.	The	large	pore	volumes	and	pore	size	
distributions	of	the	alumina	supports	helped	diffusion	and	adsorption	of	the	reactants	on	the	cata‐
lyst	surface	and	increased	the	catalytic	activity;	they	also	promoted	removal	of	the	products	from	
the	catalyst	surface	and	enhanced	the	catalytic	stability.	However,	strong	acidity	and	acid	distribu‐
tion	of	the	alumina	supports	decreased	the	selectivity	for	secondary	amines	and	reduced	the	cata‐
lyst	stability.	

©	2013,	Dalian	Institute	of	Chemical	Physics,	Chinese	Academy	of	Sciences.
Published	by	Elsevier	B.V.	All	rights	reserved.
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1.	 	 Introduction	

Secondary	and	tertiary	amines	are	important	organic	mate‐
rials	 and	 intermediates	 and	 are	 extensively	 used	 in	 the	 phar‐
maceutical,	 pesticide,	 and	 chemical	 industries	 [1].	 Generally,	
secondary	and	tertiary	amines	can	be	synthesized	by	(1)	ami‐
nation	of	primary	or	secondary	amines	with	organic	halides	[2],	
(2)	 reduction	 of	 imines	 [3],	 (3)	 reductive	 amination	 of	 alde‐
hydes	 or	 ketones	with	 amines	 under	 high‐pressure‐hydrogen	
reaction	 conditions	 [4],	 and	 (4)	 hydrogenating	 amination	 of	

alkynes	 or	 alkenes	 with	 primary	 or	 secondary	 amines	 [5].	
Amination	 uses	 expensive	 raw	materials	 such	 as	 iodides	 and	
bromides,	exhibits	low	selectivities	for	and	yields	of	the	desired	
products,	 and	may	 produce	many	 halide	 salt	 wastes.	 The	 re‐
duction	of	imines	uses	NaBH4	or	H2	as	the	reducing	agent.	Re‐
ductive	 amination	 of	 amines	 with	 aldehydes	 or	 ketones	 re‐
quires	 high‐pressure	 H2.	 The	 harsh	 reaction	 conditions	 pose	
safety	 risks,	 and	 careful	 operation	 and	 special	 equipment	 are	
needed.	 Hydrogenating	 amination	 uses	 metal	 complexes	 as	
catalysts.	 The	 complex	 operating	 conditions	 and	 low	 product	
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selectivity	and	yield	are	not	suitable	for	industrial	applications.	
Recently,	 N‐alkylation	 of	 amines	 with	 alcohols	 catalyzed	 by	
transition‐metal	 complexes	 through	 a	 borrowing	 hydrogen	
(BH)	 strategy,	 in	which	 the	 only	 by‐product	 is	water,	 has	 at‐
tracted	wide	attention	and	could	be	an	alternative	to	the	tradi‐
tional	 syntheses	 of	 secondary	 and	 tertiary	 amines	 [6–8].	 This	
method	 meets	 the	 requirements	 of	 cleaner	 production	 and	
might	 have	 potential	 industrial	 applications.	 However,	 transi‐
tion‐metal	complex	catalysts,	such	as	Ru	[9],	Rh	[10],	Ir	[11],	Ni	
[12],	and	Cu	[13]	complexes,	are	relatively	expensive	and	diffi‐
cult	 to	 separate	 and	 recover.	 Research	 on	 the	 heterogeneous	
catalysts	 for	 N‐alkylation	 of	 amines	 with	 alcohols	 has	 been	
performed	and	reported	[14].	

In	our	previous	work	[15,16],	we	reported	for	the	first	time	
that	 heterogeneous	 bimetallic	 Pt‐Sn/Al2O3	 catalysts	 can	 cata‐
lyze	 N‐alkylation	 of	 amines	 with	 alcohols	 to	 give	 the	 corre‐
sponding	secondary	and	tertiary	amines	through	the	BH	strat‐
egy.	The	 effects	of	 Pt	 loading	 and	 reaction	 conditions	 such	 as	
solvent,	temperature,	and	substituent	were	also	reported	[14].	
The	 carriers	are	very	 important	 for	 supported	heterogeneous	
catalysts	in	terms	of	active	component	loading	and	dispersion.	
The	 pore	 structure,	 physicochemical	 adsorption	 properties,	
and	acid‐base	characteristics	of	the	supports	can	also	affect	the	
heterogeneous	catalytic	reaction.	 In	 this	study,	N‐alkylation	of	
aniline	 with	 benzyl	 alcohol	 to	 produce	N‐phenylbenzylamine	
over	three	different	types	of	alumina‐supported	Pt‐Sn	catalysts	
was	 used	 as	 a	 model	 heterogeneous	 catalytic	 reaction.	 The	
main	object	is	to	investigate	the	effect	of	alumina	on	the	cata‐
lytic	performance	of	 the	 green	 synthesis	of	 secondary	 amines	
by	N‐alkylation	of	amines	with	alcohols	based	on	the	BH	Strat‐
egy	over	supported	Pt‐Sn/Al2O3	catalysts.	

2.	 	 Experimental	 	 	 	 	 	 	 	 	 	

2.1.	 	 Catalyst	preparation	

Three	types	of	Al2O3	supports	(denoted	by	Al2O3‐A,	Al2O3‐B,	
and	 Al2O3‐C)	 with	 different	 surface	 structures	 and	 physico‐
chemical	 properties	 were	 used	 to	 prepare	 the	 catalysts.	
Pt‐Sn/Al2O3	catalysts	were	prepared	using	the	vacuum	complex	
impregnation	 technique	 [17].	The	weighed	Al2O3	 support	was	
placed	 in	 a	 vacuum	 impregnation	 flask	 and	 continuously	 de‐
gassed	for	30	min	to	remove	the	physically	adsorbed	gases	and	
impurities	 on	 the	 surface	 and	 in	 the	 pores	 of	 the	 carriers.	
H2PtCl6,	SnCl2,	HCl,	and	H2O	in	certain	proportions	were	stirred	
and	mixed	in	a	separating	funnel	by	a	N2	flow	of	purity	greater	
than	99.995%,	and	 then	 sprayed	onto	 the	alumina	 support	 in	
the	 impregnation	 flask.	 After	 impregnation	 for	 30	 min,	 the	
samples	were	kept	under	vacuum	at	60–70	°C	for	30	min,	and	
then	dried	at	120	°C	for	12	h	and	calcined	at	520	°C	for	8	h	in	
air.	The	calcined	samples	were	finally	reduced	at	470	°C	for	4	h	
in	a	tube	 furnace	using	H2	of	purity	greater	than	99.99%.	The	
corresponding	 Pt‐Sn/Al2O3	 catalysts	 were	 denoted	 by	 Cat‐A,	
Cat‐B,	 and	 Cat‐C.	 Because	 the	 densities	 of	 the	 Al2O3	 supports	
were	different,	the	Pt	contents	of	the	catalysts	were	adjusted	to	
ensure	that	catalysts	of	the	same	volume	loaded	into	the	reac‐
tor	 had	 the	 same	 total	 amount	 of	 Pt.	 The	 components	 of	 the	

catalysts	are	listed	in	Table	1.	

2.2.	 	 Catalyst	characterization	

The	specific	surface	areas	of	the	alumina	supports	were	de‐
termined	using	a	Micromeritics	ASAP	2010	physical	adsorption	
instrument.	Samples	were	degassed	for	2	h	at	200	°C	in	a	volu‐
metric	 adsorption	 system.	 N2	 adsorption	 was	 undertaken	 at	
–196	 °C.	 The	 specific	 surface	 areas	were	 calculated	 using	 the	
BET	equation.	

The	total	pore	volumes	of	the	alumina	supports	were	meas‐
ured	using	a	Micromeritics	Autopore	9520	mercury	porosime‐
ter.	A	mercury	contact	angle	of	130°	and	a	mercury	interfacial	
tension	of	485	dyne/cm	were	used	 to	 calculate	pore	 size	dis‐
tribution	data	from	the	mercury	intrusion‐extrusion	curves.	

The	crystallinities	of	the	alumina	supports	were	determined	
by	 X‐ray	 diffraction	 (XRD)	 using	 a	 Rigaku	 D/max‐γB	 powder	
diffractometer	with	Cu	Kα	radiation	at	40	kV	and	40	mA	in	the	
2θ	scanning	range	10°–80°.	 	

The	morphologies	of	 the	alumina	supports	were	examined	
by	 transmission	 electron	 microscopy	 (TEM)	 using	 a	 JEOL	
JEM‐2000	EX	transmission	electron	microscope.	The	accelera‐
tion	voltage	was	200	kV.	

Scanning	 electron	 microscopy	 (SEM)	 of	 the	 alumina	 sup‐
ports	 was	 performed	 using	 a	 Quanta	 200F	 scanning	 electron	
microscope.	The	acceleration	voltage	was	20	kV.	

The	Pt	dispersions	of	 the	catalysts	were	measured	using	a	
Micromeritics	 AutoChem	 II	 2920	 chemical	 adsorption	 instru‐
ment.	The	samples	were	reduced	under	H2	at	500	°C	for	1	h	and	
then	purged	under	He	at	520	 °C	 for	1	h.	 CO	pulse	 adsorption	
experiments	were	performed	at	50	°C.	A	5%	CO/He	mixed	gas	
(0.1	ml)	was	sent	to	the	reactor;	the	pulse	interval	time	was	4	
min.	Pt	dispersion	was	calculated	based	on	the	amount	of	ad‐
sorbed	CO.	

H2	 temperature‐programmed	 reduction	 (TPR)	 of	 the	 cata‐
lysts	was	performed	using	a	Micromeritics	AutoChem	II	2920	
apparatus.	The	samples	were	pretreated	in	Ar	at	120	°C	for	2	h.	
After	cooling	to	room	temperature,	the	gas	flow	was	switched	
to	a	10%	H2/Ar	mixed	gas.	The	 samples	were	 then	heated	 to	
500	°C	with	a	temperature	ramp	rate	of	10	°C/min.	A	TCD	was	
used	to	determine	H2	consumption.	

NH3	 temperature‐programmed	 desorption	 (TPD)	 experi‐
ments	 were	 performed	 using	 a	 Micromeritics	 AutoChem	 II	
2920	apparatus.	The	samples	were	pretreated	under	He	at	500	
°C	for	1	h.	After	cooling	to	100	°C,	NH3	was	adsorbed.	The	pulse	
volume	was	0.2	ml	and	the	pulse	interval	time	was	4	min,	until	
saturation	of	NH3	adsorption.	The	samples	were	then	heated	to	
600	 °C	 with	 a	 temperature	 ramp	 rate	 of	 10	 °C/min.	 The	 de‐

Table	1	 	
Pt‐Sn/Al2O3	catalyst	characterization.	

Catalyst	
Catalyst	nominal	 	
composition	(wt%)	

Packed	density	
(g/cm3)	

Pt	dispersion
(%)	

Pt	 Sn	
Cat‐A	 0.2	 0.36	 0.79	 71.7	
Cat‐B	 0.2	 0.36	 0.79	 	 38.0	
Cat‐C	 0.5	 0.90	 0.32	 93.9	 	
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sorbed	NH3	was	detected	by	online	quadruple	mass	spectrom‐
etry.	

2.3.	 	 Catalytic	activity	tests	

The	 catalytic	N‐alkylation	of	 aniline	with	benzyl	 alcohol	 to	
produce	N‐phenylbenzylamine	 was	 performed	 in	 a	 fixed‐bed	
micro‐reactor.	The	weighed	catalysts	(3	ml),	with	particle	sizes	
of	12–18	mesh,	were	charged	into	the	reactor.	The	reactor	was	
filled	with	small	silica	balls	on	top	of	the	catalyst	bed.	A	mixture	
of	benzyl	alcohol	and	aniline	in	a	molar	ratio	of	1:1	and	with	a	
total	 flow	rate	of	3	ml/h,	and	pure	H2	with	a	 flow	rate	of	100	
ml/min,	were	mixed	and	sent	to	the	reactor.	The	reaction	tem‐
perature	and	 the	reaction	pressure	were	 controlled	at	240	 °C	
and	0.1	MPa,	respectively.	The	products	were	cooled	by	passing	
them	 through	 a	 condenser	 and	 they	 were	 collected	 in	 a	
gas‐liquid	separator.	The	liquid	products	were	removed	every	
4	h	and	analyzed	using	an	Agilent	7890A	gas	 chromatograph.	
The	 selectivity	 for	 N‐phenylbenzylamine	 was	 defined	 as	 the	
percentage	of	N‐phenylbenzylamine	in	the	total	products.	 	

3.	 	 Results	and	discussion	

3.1.	 	 Characterization	of	alumina	supports	

The	XRD	patterns	of	the	three	types	of	alumina	supports	are	
shown	in	Fig.	1.	The	peaks	at	2θ	=	19.2°,	37.36°,	39.48°,	45.84°,	
and	66.96°,	with	d	values	of	0.4599,	0.2392,	0.2279,	0.1975,	and	
0.1396	nm,	are	assigned	to	the	(111),	(311),	(222),	(400),	and	
(440)	 planes	 of	 cubic	 γ‐Al2O3,	 respectively	 (JCPD	 04‐0858).	

This	 indicates	 that	 the	 three	 types	 of	 alumina	 supports	 are	
γ‐Al2O3.	

The	TEM	images	of	the	three	types	of	alumina	supports	are	
presented	 in	 Fig.	 2.	 The	 ordered	 channels	 of	 Al2O3‐A	 and	 the	
disordered	structures	of	Al2O3‐B	and	Al2O3‐C	can	be	observed	
in	 the	TEM	images.	Al2O3‐B	 is	 composed	of	random	stack‐like	
or	 cotton‐like	 particles,	 and	Al2O3‐C	 is	mainly	 built	 from	nee‐
dle‐like	or	rod‐like	particles.	

The	SEM	images	of	the	three	types	of	alumina	supports	are	
displayed	 in	Fig.	3.	 It	 shows	the	presence	of	 large	numbers	of	
macropores	 and	 micropores	 in	 Al2O3‐A	 and	 Al2O3‐C,	 while	
Al2O3‐B	has	a	microporous	structure.	

The	 N2	 adsorption‐desorption	 isotherms	 of	 the	 alumina	
supports	are	presented	in	Fig.	4.	The	isotherms	of	the	alumina	
supports	are	type	IV.	The	hysteresis	loop	features	of	Al2O3‐A,	in	

(a) (b) (c)

20 nm 20 nm 20 nm
	

Fig.	2.	TEM	images	of	the	three	alumina	support	samples.	(a)	Al2O3‐A;	(b)	Al2O3‐B;	(c)	Al2O3‐C.	
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Fig.	3.	SEM	images	of	the	three	alumina	support	samples.	(a)	Al2O3‐A;	(b)	Al2O3‐B;	(c)	Al2O3‐C.	
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Fig.	1.	XRD	patterns	of	different	alumina	supports.	
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which	 the	adsorption	and	desorption	branches	 remain	nearly	
parallel	and	horizontal	over	a	wide	range	of	partial	pressures,	
are	type	H4,	according	to	the	IUPAC	classification.	This	type	of	
material	 often	 has	 narrow	 slit‐shaped	 pores.	 Al2O3‐B	 exhibits	
an	H2‐type	hysteresis	loop	characteristic	of	solids	consisting	of	
ink	 bottle	 pores	whose	 pore	 network	 structure	may	 be	 inde‐
pendent.	 The	hysteresis	 loop	 features	 of	 Al2O3‐C	 are	H1‐type,	
which	 is	 often	 associated	 with	 mesoporous	 or	 macroporous	
structures	with	cylindrical	pores,	and	the	pore	network	struc‐
ture	may	be	connected.	

The	mercury	 intrusion	pore	 size	distribution	curves	of	 the	
alumina	 supports	 are	 shown	 in	 Fig.	 5.	 It	 can	 be	 seen	 that	
Al2O3‐B	has	a	unimodal	pore	structure	with	 the	pore	size	dis‐
tribution	centered	in	the	mesoporous	range,	i.e.,	below	10	nm.	
Al2O3‐A	and	Al2O3‐C	exhibit	bimodal	pore	structures;	the	mes‐
oporous	pore	 size	 distributions	 are	 centered	 at	5	 and	15	nm,	
respectively,	 and	 the	 macroporous	 ones	 are	 centered	 at	 800	
and	1300	nm,	respectively.	 	

The	BET	surface	areas,	pore	volumes,	and	pore	size	distri‐
butions	of	 the	 three	alumina	supports	are	 listed	 in	Table	2.	 It	
can	 be	 seen	 that	 Al2O3‐B	 has	 the	 largest	 surface	 area	 (244.8	
m2/g)	 and	 the	 smallest	 pore	 volume	 (0.37	 ml/g).	 For	 the	
Al2O3‐A	 and	 Al2O3‐C	 supports,	 with	 bimodal	 pore	 structures,	
Al2O3‐A	 has	 a	 larger	 surface	 area	 and	 smaller	 pore	 volume.	
Based	on	these	results,	it	can	be	deduced	that	the	surface	areas	
of	 the	 alumina	 supports	 are	 mainly	 affected	 by	 mesopores,	

whereas	 the	 total	 pore	 volume	 is	 mainly	 affected	 by	
macropores.	

3.2.	 	 Characterization	of	Pt‐Sn/Al2O3	catalysts	

The	 Pt	 dispersions	 of	 the	 three	 Pt‐Sn/Al2O3	 catalysts	 are	
shown	in	Table	1.	The	Pt	dispersion	of	Cat‐A	is	71.7%.	Cat‐B	has	
the	lowest	Pt	dispersion,	only	38.0%.	Although	Al2O3‐C	has	the	
smallest	 BET	 surface	 area	 and	 the	 Pt	 content	 of	 Cat‐C	 is	 2.5	
times	that	of	the	other	two	catalysts,	the	Pt	dispersion	of	Cat‐C	
is	 still	 the	highest,	93.9%.	This	 indicates	 that	 the	 specific	 sur‐
face	areas	of	the	alumina	supports	might	not	be	the	main	factor	
affecting	Pt	dispersion	of	the	Pt‐Sn/Al2O3	catalysts.	The	surface	
structures	 and	 acidic	 characteristics	 of	 the	 alumina	 supports	
can	also	affect	Pt	dispersion	of	Pt‐Sn/Al2O3	catalysts	[18].	

The	TPR	profiles	of	the	three	Pt‐Sn/Al2O3	catalysts	are	pre‐
sented	in	Fig.	6.	The	TPR	profiles	of	Cat‐A,	Cat‐B,	and	Cat‐C	ex‐
hibit	a	large	reduction	peak	at	200–400	°C,	with	maximum	peak	
temperatures	 (TM)	of	280,	255,	 and	220	 °C,	 respectively.	This	
peak	 is	attributed	to	the	reduction	of	Pt	oxide	[19].	The	small	
shoulder	in	the	TPR	profiles	of	the	three	Pt‐Sn/Al2O3	catalysts	
at	 350–400	 °C	 is	 generally	 assigned	 to	 reduction	 of	 SnOx	that	
interacts	 with	 Pt	 [19].	 The	 TPR	 profile	 of	 Cat‐B	 also	 has	 one	
large	 temperature	 reduction	 peak	 between	 450	 and	 500	 °C,	
which	 may	 correspond	 to	 the	 reduction	 of	 SnOx	 interacting	
with	Al2O3	[20].	It	can	be	speculated,	based	on	the	differences	
among	 the	 TM	 values	 of	 the	 first	 reduction	 peak	 of	 the	
Pt‐Sn/Al2O3	catalysts,	that	the	interactions	of	Pt	with	Al2O3‐C	or	
SnOx‐Al2O3‐C	are	weaker	than	those	for	the	other	two	catalysts.	
SnOx	 in	 Cat‐B	 is	more	 easily	 reduced	 and	 forms	 a	 Pt‐Sn	 alloy	
with	Pt,	which	may	be	one	reason	why	Cat‐B	exhibits	the	low‐
est	Pt	dispersion	although	Al2O3‐B	has	the	highest	specific	sur‐
face	area.	

The	 NH3‐TPD	 profiles	 of	 the	 Pt‐Sn/Al2O3	 catalysts	 are	
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Fig.	4.	N2	adsorption‐desorption	isotherms	of	the	alumina	supports.	
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Fig.	5.	Mercury	 intrusion	 pore	 size	 distributions	 of	 the	 alumina	 sup‐
ports.	

Table	2	 	
Characterization	of	different	alumina	supports.	

Support	
ABET	a	
(m2/g)	

Pore	volume	b	
(ml/g)	

Average	pore	 	
diameter	b	(nm)	

Al2O3‐A	
Al2O3‐B	
Al2O3‐C	

198.5	
244.8	
178.8	

0.61	
0.37	
1.46	

16.5	
	 6.1	
32.7	

a	BET	measurement.	b	MIP	analysis.	
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Fig.	6.	H2‐TPR	profiles	of	different	Pt‐Sn/Al2O3	catalysts.	
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shown	 in	 Fig.	 7.	 The	 NH3‐TPD	 profiles	 of	 the	 three	 catalysts	
show	a	large	desorption	peak	at	150–250	°C	and	a	shoulder	at	
250–450	 °C,	 indicating	 that	 the	 acidity	 distributions	 of	 the	
three	catalysts	are	relatively	broad.	The	deconvoluted	peaks	of	
the	NH3‐TPD	curves,	using	the	Gaussian	deconvolution	method,	
are	 shown	 in	 Fig.	 7,	 and	 the	multipeak	 fitting	 results	 are	 col‐
lected	in	Table	3.	It	can	be	inferred	from	the	total	NH3	desorp‐
tion	peak	area	 that	 the	order	of	 the	 total	 acid	contents	of	 the	
three	catalysts	are	Cat‐B	>	Cat‐A	>	Cat‐C.	Based	on	Narayanan’s	
[21]	definition	of	catalyst	acidity,	the	acid	distribution	of	Cat‐A	
is	similar	to	that	of	Cat‐C	and	is	related	to	medium	and	strong	
acidic	centers;	for	Cat‐B,	strong	acidic	centers	are	essential.	

3.3.	 	 Catalytic	reaction	performance	of	Pt‐Sn/Al2O3	catalysts	

The	conversions	of	 aniline	over	different	Pt‐Sn/Al2O3	cata‐
lysts	 are	 shown	 in	 Fig.	 8(a).	 In	 a	 continuous	 run	 of	 the	
N‐alkylation	 reaction,	 the	 conversion	 of	 aniline	 gradually	 in‐
creased	and	nearly	stabilized	after	20	h.	After	reaction	for	20	h,	
the	 conversions	 of	 aniline	 over	 Cat‐A	 and	 Cat‐B	 were	 26.8%	
and	17.3%,	 respectively.	The	 conversion	of	 aniline	over	Cat‐C	
was	82.4%,	much	higher	than	those	over	Cat‐A	and	Cat‐B.	After	
56	 h,	 the	 conversions	 of	 aniline	 over	 Cat‐A,	 Cat‐B,	 and	 Cat‐C	
were	27.2%,	13.7%,	and	79.6%,	 respectively.	 Cat‐A	 and	Cat‐C	
showed	 very	 good	 stability,	whereas	 the	 activity	 of	 Cat‐B	 de‐
creased	rapidly.	Compared	with	the	conversion	of	aniline	over	
Cat‐B	 for	 a	 reaction	 time	 of	 20	 h,	 the	 aniline	 conversion	 de‐
creased	by	nearly	21%	when	the	reaction	was	run	for	56	h.	

The	 selectivities	 for	 N‐phenylbenzylamine	 over	 different	
Pt‐Sn/Al2O3	catalysts	are	shown	in	Fig.	8(b).	During	reaction	for	
56	 h,	 the	 selectivities	 for	 N‐phenylbenzylamine	 over	 Cat‐A,	

Cat‐B,	 and	 Cat‐C	 were	 relatively	 stable,	 and	 the	 average	
N‐phenylbenzylamine	 selectivities	 were	 98.0%,	 92.3%,	 and	
95.4%,	respectively.	

3.4.	 	 Discussion	

In	the	BH	strategy,	the	N‐alkylation	of	amines	and	alcohols	
proceeds	 as	 follows.	 First,	 alcohols	 are	 dehydrogenated	 over	
the	catalyst	to	form	the	more	reactive	aldehydes	and	H2.	Then	a	
condensation	reaction	takes	place	between	the	aldehydes	and	
amines	to	 form	imines,	with	water	as	 the	only	by‐product.	Fi‐
nally,	the	imines	are	hydrogenated	by	H2	formed	in	situ	to	yield	
secondary	amines.	This	mechanism	was	proved	in	our	previous	
study	 [14].	 The	 reaction	 products	 of	 benzyl	 alcohol	 over	
Pt‐Sn/Al2O3	catalysts	under	the	same	reaction	conditions	were	
analyzed	in	this	research.	It	was	found	that	benzyl	alcohol	was	
almost	completely	converted	 to	benzaldehyde,	dibenzyl	ether,	
and	 toluene.	Benzaldehyde	 is	 the	product	of	dehydrogenation	
of	 benzyl	 alcohol	 [22],	 dibenzyl	 ether	 is	 the	 product	 of	 intra‐
molecular	 dehydration	 of	 benzyl	 alcohol	 [23],	 and	 toluene	 is	
formed	by	hydrogenation/dehydration	of	 benzyl	 alcohol	 [24].	
In	 the	 initial	 stage	 of	 the	 reaction	 of	 benzyl	 alcohol	 over	
Pt‐Sn/Al2O3	catalysts,	 a	 large	amount	of	 toluene	was	detected	
in	the	products.	As	the	reaction	proceeded,	the	toluene	genera‐
tion	gradually	decreased.	Most	of	 the	benzyl	alcohol	was	con‐
verted	to	benzaldehyde	after	more	than	10	h.	Thus,	after	pro‐
longed	reaction,	more	benzyl	alcohol	was	converted	to	benzal‐
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Fig.	7.	NH3‐TPD	profiles	of	Pt‐Sn/Al2O3	catalysts.	

Table	3	 	
Fitted	results	of	NH3‐TPD	experiments	for	Pt‐Sn/Al2O3	catalysts.	

Catalyst	
TM/oC	 Total	

area	
(a.u.)	

Peak	fraction	(%)	 Fitted	
parameter

(R2	)	I	 II	 III	 I	 II	 III	

Cat‐A	 167	 202	 281	 20.2	 24.4	 	 29.7	 45.9	 0.9943	
Cat‐B	 171	 210	 313	 22.2	 16.6	 	 19.1	 64.3	 0.9942	
Cat‐C	 168	 228	 318	 15.7	 23.7	 	 30.6	 45.7	 0.9918	
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Fig.	8.	Conversions	of	aniline	(a)	and	selectivities	for	N‐phenylbenzyl‐
amine	(b)	over	different	Pt‐Sn/Al2O3	catalysts.	
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dehyde,	which	underwent	condensation	with	aniline.	This	pro‐
cess	also	explains	 the	 finding	that	 the	aniline	conversion	over	
Pt‐Sn/Al2O3	catalysts	gradually	increased	after	12	h.	The	aniline	
conversion	over	Cat‐A	was	higher	than	that	over	Cat‐B.	This	is	
accounted	 for	 by	 the	 higher	 Pt	 dispersion	 of	 Cat‐A	 compared	
with	that	of	Cat‐B.	It	was	also	found	that	Pt‐Sn	alloy	formation	
on	Cat‐B	is	unfavorable	for	the	N‐alkylation	reaction.	Cat‐C	has	
the	highest	catalytic	activity,	and	this	may	be	the	result	of	many	
factors.	On	 the	 one	hand,	 Cat‐C	has	 the	highest	Pt	dispersion.	
The	dehydrogenation	of	benzyl	alcohol	occurs	more	easily	on	
smaller	Pt	particles	of	Pt‐Sn/Al2O3.	On	the	other	hand,	Al2O3‐C	
has	the	largest	pore	volume	and	diameter.	The	large	pore	vol‐
ume	 and	 pore	 size	 distribution	 help	 the	 adsorption	 of	 benzyl	
alcohol	and	aniline	and	the	desorption	of	the	reaction	product,	
N‐phenylbenzylamine.	 The	weak	 interactions	 between	 Pt	 and	
Al2O3‐C	 can	 also	 help	 the	 dehydrogenation	 of	 benzyl	 alcohol.	
Cat‐A	and	Cat‐C	showed	very	good	stability	up	to	36	h	after	the	
reaction	reached	a	steady	state.	The	rapid	deactivation	of	Cat‐B	
might	 be	 related	 to	 its	 microporous	 structure.	 The	 pore	 size	
distribution	of	Al2O3‐B	is	mainly	centered	at	5–6	nm.	This	is	not	
favorable	 for	 desorption	 of	 products	 and	 their	 removal	 from	
the	catalyst.	 In	addition,	 the	NH3‐TPD	results	showed	that	 the	
acidity	of	Cat‐B	was	not	only	the	highest	but	was	also	present	
mainly	 in	 medium‐strong	 and	 strong	 acid	 sites,	 which	 are	
prone	to	coke	reaction	over	catalysts	and	decrease	the	catalyst	
stability.	The	highest	acidic	characteristics	of	Cat‐B	also	result	
in	 the	 lowest	 selectivity	 for	 the	 secondary	 amine.	 It	was	 also	
confirmed	 in	 our	 previous	 report	 [14]	 that	 higher	 yields	 of	
secondary	amines	can	be	obtained	over	catalysts	with	weaker	
acidities.	

4.	 	 Conclusions	

The	 physicochemical	 characteristics	 such	 as	 BET	 surface	
area,	pore	volume,	pore	size	distribution,	and	acidity	of	alumina	
supports	affect	the	Pt	dispersion,	reduction	of	SnOx,	interaction	
of	 Pt	 with	 the	 support,	 and	 acid	 distribution	 of	 Pt‐Sn/Al2O3	

catalysts.	 The	 differences	 among	 the	 physicochemical	 charac‐
teristics	of	the	Pt‐Sn/Al2O3	catalysts	result	in	different	catalytic	
performance	 in	 the	 synthesis	 of	 secondary	 amines	 by	
N‐alkylation	of	amines	and	alcohols.	Pt‐Sn/Al2O3	catalysts	with	
(i)	 highly	 dispersed	 Pt	 particles	 as	 the	 active	 component,	 (ii)	
relatively	weak	acid	sites	and	acid	distributions,	and	(iii)	large	
pore	volumes	and	pore	size	distributions	give	excellent	catalyt‐
ic	 performance	 in	 green	 catalytic	 synthesis	 of	 secondary	
amines	and	are	promising	for	industrial	applications.	
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氧化铝载体对Pt-Sn/Al2O3催化剂上苯胺和苯甲醇一步合成N-苯基苄胺 
催化反应性能的影响 

殷梦瑶a,b, 何松波a,*, 余正坤a, 吴凯凯a, 王连弟a, 孙承林a,# 
a中国科学院大连化学物理研究所洁净能源国家实验室, 辽宁大连116023 

b中国科学院大学, 北京100049 

摘要: 以基于借氢策略的苯甲醇和苯胺一步合成N-苯基苄胺为模型反应, 研究了三种不同表面结构的氧化铝对其负载的Pt-Sn催
化剂上N-烷基化合成仲胺反应性能的影响.  采用N2吸附-脱附法、压汞法、X射线衍射、透射电镜、扫描电镜、CO脉冲吸附、H2-
程序升温还原及NH3-程序升温脱附等技术对载体和Pt-Sn/Al2O3催化剂进行了表征.  结果表明, 与Al2O3相互作用较弱且高度分散

的Pt颗粒具有很高的催化活性, Al2O3载体较大的孔体积和大孔分布的孔结构有助于反应物扩散和吸附到催化剂表面并提高反应

活性.  同时也有利于反应产物从催化剂表面离开, 从而提高催化剂的稳定性.  然而Al2O3较强的酸性及酸性分布降低了产物仲胺

的选择性和催化剂稳定性.  
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1.  前言 

仲胺和叔胺是重要的化工原料和有机合成中间体, 
广泛应用于医药、农药与化工行业[1].  传统的仲胺和叔胺

合成方法有:  (1)伯胺或仲胺与卤代烃的胺化反应[2];  (2)
亚胺还原[3];  (3)在高压氢气条件下醛或酮与胺的还原胺

化[4];  (4)炔或烯烃与伯(仲)胺发生氢胺化反应[5].  其中胺

化反应通常使用昂贵的卤代烃(如碘代物和溴代物)原
料, 反应选择性低、效率不高;  亚胺还原需要用NaBH4或

H2等还原剂;  醛或酮与胺一锅反应需要在较高H2压力下

进行, 操作条件苛刻;  氢胺化反应利用金属的配合物作

为催化剂, 反应条件复杂, 效率不高, 工业应用不理想.  近
年来, 利用过渡金属配合物催化以醇为烷基化试剂的胺

N-烷基化反应引起了人们的关注[6–8].  此方法可用于制

备仲胺和叔胺, 其过程是按借氢策略来实现的.  因为反

应的副产物仅为水, 符合绿色催化清洁生产过程要求, 具
有潜在的工业应用价值, 但Ru[9], Rh[10], Ir[11], Ni[12]或Cu[13]

等金属配合物催化剂存在价格昂贵和难以分离回收的

缺点.  因此, 开发以醇为烷基化试剂的胺N-烷基化反应

多相催化体系[14]成为研究热点.   
本课题组曾首次将Pt-Sn/Al2O3催化剂用于醇与伯

胺一锅法反应合成相应的仲胺和叔胺反应中[15,16], 并考

察了活性组分负载量、溶剂、温度及取代基效应等对反

应性能的影响[14].  催化剂载体对活性组分的担载和分

散的作用很大, 同时其孔结构、物理化学吸附性质和酸

碱性等对多相催化反应本身也有很大的影响.  因此, 本
文以苯胺和苯甲醇一步合成N-苯基苄胺为模型反应, 重
点研究了三种不同Al2O3负载的Pt-Sn催化剂上醇与伯胺

N-烷基化生成仲胺反应性能.   

2.  实验部分 

2.1.  催化剂的制备 
本文选取了三种不同表面结构和物化性质的Al2O3

载体(命名为Al2O3-A, Al2O3-B和Al2O3-C)通过络合真空

浸渍法制备Pt-Sn/Al2O3催化剂[17].  将适量Al2O3载体装

入真空浸渍瓶中并连续抽真空30 min以清除载体表面以

及孔道中物理吸附的气体和杂质 .  同时在N2 (纯
度  >99.995%)保护下将一定配比的H2PtCl6, SnCl2, HCl
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和H2O加入分液漏斗中配制浸渍液, 然后在真空条件下

喷入浸渍瓶中.  浸渍30 min之后的样品在60–70 oC真空

干燥30 min, 120 oC烘箱中干燥12 h, 520 oC焙烧8 h.  然
后于管式炉中于470 oC用H2 (纯度 >99.99%)还原4 h制得

催化剂.  相应的Pt-Sn/Al2O3催化剂命名为Cat-A, Cat-B
和Cat-C.  由于氧化铝载体的堆比重不同, 调节催化剂的

Pt含量以保证装入反应器中的催化剂总Pt量相同.  催化

剂的组分见表1.   
2.2.  催化剂的表征 

Al2O3的比表面积在Micromeritcs ASAP 2010型物

理吸附仪上测定.  样品预先在200 oC下高真空脱气2 h
后, 以N2为吸附质于–196 oC进行吸附, 比表面积用BET
方程求得.   

Al2O3的总孔体积在Micromeritcs Autopore 9520型
压汞仪上测定.  根据汞接触角度130o及汞界面张力485 
dynes/cm, 从压汞-退汞曲线计算样品孔径分布.   

X射线衍射(XRD)在Rigaku D/max-γB型粉末衍射仪

上进行, Cu Kα辐射源, 电压40 kV, 电流40 mA, 扫描范围

2θ = 10o–80o.   
氧化铝形貌在JEOL JEM-2000 EX型透射电子显微

镜(TEM, 加速电压200 kV) 和Quanta 200F型扫描电镜

(SEM, 加速电压为20 kV)上观察.   
催化剂Pt分散度在Micromeritcs AutoChem II 2920

型化学吸附仪上测定.  样品预先在500 oC用H2原位还原

1 h.  然后在He中于520 oC吹扫1 h后, 降至50 oC进行CO
脉冲吸附.  脉冲气体为0.1 ml的5% CO/He混合气, 脉冲

间隔时间4 min.  脉冲吸附饱和后根据CO的吸附量计算

Pt分散度.   
H2-程序升温还原(H2-TPR)测试装置同上.  样品预

先在Ar中于120 oC吹扫2 h.  冷却至室温后切换到10% 
H2/Ar混合气, 以10 oC/min升至500 oC并恒温30 min.  用
TCD检测耗氢量.   

NH3-程序升温脱附(NH3-TPD)实验装置同上.  样品

预先在He中于500 oC吹扫1 h.  冷却至100 oC后进行NH3

脉冲吸附, 脉冲体积0.2 ml, 脉冲间隔时间4 min.  脉冲吸

附饱和后在He中以10 oC/min升至600 oC, 脱附氨用在线

四极质谱仪检测.   
2.3.  催化剂的评价  

苯甲醇与苯胺N-烷基化反应在固定床微反应器中

进行.  将3 ml催化剂(12–18目)装入反应器, 催化剂床层

上填加微小石英颗粒球.  苯甲醇和苯胺混合液(摩尔比

为1:1)经微量柱塞计量泵控制流量(3 ml/h)后, 与H2(100 

ml/min)混合进入反应器中, 于240 oC, 0.1 MPa条件下进

行反应.  N-烷基化产物经冷凝罐后进入气液分离罐, 每4 
h取样一次.  产物组成在Agilent 7890型气相色谱仪上分

析[14].  N-苯基苄胺选择性定义为N-苯基苄胺占所有产

物的百分比.   

3.  结果与讨论 

3.1.  Al2O3的物性表征 
图1为三种Al2O3载体的XRD谱.  由图可见, 各样品

均在2θ = 19.2o, 37.36 o, 39.48o, 45.84o和66.96o处出现衍

射峰, 分别对应于立方晶系γ-Al2O3的(111), (311), (222), 
(400)及(440)晶面(JCPD 04-0858), 表明这三种Al2O3均为

γ-Al2O3.   
图 2为三种Al2O3 载体的TEM照片 .  可以看出 , 

Al2O3-A载体具有比较规则的通道结构 , 而Al2O3-B和

Al2O3-C载体的形貌比较凌乱:  前者为堆垛状或棉花状, 
后者则由针状或杆状颗粒组成.  图3为它们的SEM照片.  
由图可见, Al2O3-A和Al2O3-C载体表面存在大量的大孔

和小孔, 而Al2O3-B载体为小孔分布结构.   
图4为三种Al2O3载体的N2吸附-脱附等温线.  可以

看出, 各样品均为典型的IV型等温线.  Al2O3-A的滞后环

的吸附支和脱附支在比较宽的分压范围内平行, 且接近

水平 , 为H4型滞后环 , 对应于狭窄的楔形孔结构 .  
Al2O3-B的滞后环为H2型, 为类墨水瓶孔结构, 这类孔的

网络结构是不相连的或是比较独立的.  Al2O3-C载体的

滞后环吸附支和脱附支接近垂直平行, 为H1型滞后环, 
对应于圆柱形孔道的中孔和大孔结构, 这类孔的孔径高

度一致, 而且孔道连通性良好.   
图5为三种Al2O3载体的压汞法孔径分布曲线.  由图

可见, Al2O3-B为单孔分布结构, 孔径集中在10 nm以下;  
而Al2O3-A和Al2O3-C为双孔分布结构, 其中中孔分别集

中于5和15 nm, 大孔分别集中于800和1300 nm.   
表2为三种Al2O3载体的比表面积、孔体积和平均孔

径.  由表可知, Al2O3-B载体具有最大的比表面积(244.8 
m2/g)和最小的孔体积 (0.37 ml/g).  具有双孔分布的

Al2O3-A较Al2O3-C具有较大的比表面积和更大的孔体

积.  由此可知, Al2O3载体比表面积主要来自小孔的贡

献, 而孔体积则主要受大孔影响.   
3.2.  Pt-Sn/Al2O3催化剂的物性表征 

表1列出了三种Pt-Sn/Al2O3催化剂中Pt分散度.  由
表可知, Cat-B催化剂Pt分散度最低(仅为38.0%), Cat-A
催化剂的为71.7%.  尽管Al2O3-C的比表面积最小, 相应
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催化剂的Pt含量为其余两个催化剂的2.5倍, 但Pt分散度

却最高(93.9%).  这表明载体比表面积并不一定是影响

Pt-Sn/Al2O3催化剂上Pt分散度的主要因素.  载体的表面

结构和酸性特征也会影响催化剂的Pt分散度[18].   
图6为三种催化剂的H2-TPR谱.  由图可见, 各催化

剂的均在200–400 oC出现一个很大的还原峰, 峰顶温度

TM分别为280, 255和220 oC, 一般归属为铂氧化物的还

原[19].  可以推测, Cat-C上Pt与Al2O3-C或SnOx-Al2O3-C间
的相互作用相对较弱.  另外, 350–400 oC还有很微小的

肩峰, 常归属为与Pt有相互作用的氧化锡的还原[19].  与
Cat-A和Cat-C样品不同, Cat-B催化剂在450–500 oC还有

一个比较大的还原峰, 一般归属为与Al2O3有相互作用

但没有Pt催化作用的氧化锡的还原[20].  可见, Cat-B催化

剂上氧化锡更容易还原并与Pt形成Pt-Sn合金, 这可能是

其Pt分散度最低的原因之一.   
图7为三种催化剂的NH3-TPD谱.  由图可见, 各样品

均在150–250 oC出现一个大的脱附峰, 且在250–450oC有
一个肩峰, 表明这三个催化剂的酸性分布比较宽.  对各

脱附峰进行高斯拟合, 结果见图7, 半定量的酸性分析结

果列于表3.  根据脱附峰面积, 可以推测, 各催化剂的总

酸量顺序为:  Cat-B > Cat-A > Cat-C.  根据Narayanan催
化剂酸性的定义[21], Cat-A和Cat-C催化剂的酸性分布类

似, 主要为中等-强酸中心, Cat-B催化剂主要为强酸中

心.   
3.3.  Pt-Sn/Al2O3催化剂上苯胺和苯甲醇反应性能 

图8(a)为三种催化剂上苯胺和苯甲醇反应活性随反

应时间的变化曲线.  由图可见, 随着反应的进行, 苯胺转

化率逐渐上升, 20 h后趋于稳定:  Cat-A和Cat-B上苯胺

转化率为26.8%和17.3%, 而Cat-C上高达82.4%.  反应56 
h后, Cat-A, Cat-B和Cat-C催化剂上苯胺转化率分别为

27.2%, 13.7%和79.6%.  可见, Cat-A和Cat-C催化剂在反

应20–56 h表现出很好的稳定性, 而Cat-B催化剂活性下

降了近21%.   
图8(b)为三种催化剂上苯胺和苯甲醇反应主产物N-

苯基苄胺选择性随反应时间的变化曲线.  可以看出, 在
所考察的56 h内, Cat-A, Cat-B和Cat-C催化剂上N-苯基

苄胺选择性变化很小, 平均选择性分别为98.0%, 92.3%
和95.4%.   
3.4.  讨论 

按照借氢策略, 伯醇和伯胺N-烷基化反应过程为:  

首先伯醇脱氢生成醛, 然后生成的醛与伯胺发生缩合反

应脱水生成亚胺, 最后亚胺被反应体系中原位产生的或

添加的H2还原成仲胺, 与我们前期研究结果一致[14].  本
文还进行了单一苯甲醇在Pt-Sn/Al2O3催化剂上反应, 发
现苯甲醇几乎完全转化为中间产物苯甲醛、二苄醚和甲

苯.  苯甲醛是苯甲醇脱氢的反应产物[22], 二苄醚是苯甲

醇分子间脱水的反应产物[23], 甲苯则是苯甲醇加氢脱水

的反应产物[24].  在反应初期可检测到大量的甲苯生成, 
但随着反应的进行, 甲苯的生成量逐渐降低, 十几小时

后大部分苯甲醇转化为苯甲醛, 甲苯量很少.  因此, 随着

反应时间的延长, 更多的苯甲醇转化为苯甲醛, 并和苄

胺发生缩合反应.  这也解释了反应最初12 h苯胺转化率

逐渐上升的现象.  Cat-A比Cat-B具有更高的催化活性, 
这与其具有更高的Pt分散度相关, 同时也表明Cat-B催化

剂上形成的Pt-Sn合金不利于反应的进行 .  比较而言 , 
Cat-C催化剂活性最高, 这可能受多种因素影响.  一方

面, Cat-C上Pt分散度最高, Pt颗粒更小, 有利于苯甲醇的

脱氢反应;  另一方面, Al2O3-C具有最大的孔容和孔径, 
这种大孔分布结构有利于苯甲醇和苯胺在催化剂上的

吸附和反应产物N-苯基苄胺的脱附.  另外, Cat-C上Pt与
载体间相互作用较弱, 也有助于苯甲醇脱氢反应的进行.  
反应20 h后,  Cat-A和Cat-C表现出很好的稳定性.  Cat-B
失活较快与其载体小孔分布结构有关:  Al2O3-B孔径主

要集中在5–6 nm, 小孔不利于产物和中间产物的脱附和

离开, 可能导致部分孔堵塞, 进而影响反应物向催化剂

的迁移和吸附.  另外, NH3-TPD结果表明, Cat-B酸量最

高, 且大部分为中强酸和强酸中心, 有利于催化剂表面

积炭等反应的进行, 使得催化剂稳定性下降;  同时, 也导

致了仲胺的选择性最低, 因为酸性较弱的催化剂上生成

仲胺的收率较高[14].   

4.  结论 

Al2O3载体的比表面积、孔体积、孔径分布以及酸

性等影响Pt-Sn/Al2O3催化剂的Pt分散度、Sn的还原、活

性组分与载体的相互作用以及催化剂的酸性分布.  因
此, 在伯醇和伯胺的N-烷基化合成仲胺反应过程中, 各
Pt-Sn/Al2O3催化剂性能不同.  Pt颗粒高度分散、较低的

酸量及酸性和较大的孔体积及大孔分布孔结构的

Pt-Sn/γ-Al2O3催化剂性能较高, 在仲胺的绿色催化合成

工艺中具有很好的工业应用价值.   
 


