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  A	series	of	Fe‐Mn/Al2O3	catalysts	were	prepared	and	studied	for	low	temperature	selective	catalytic	
reduction	(SCR)	of	NO	with	NH3	in	a	fixed‐bed	reactor.	The	effects	of	Fe	and	Mn	on	NO	conversion	
and	 the	 deactivation	 of	 the	 catalysts	 were	 studied.	 N2	 adsorption‐desorption,	 X‐ray	 diffraction,	
transmission	 electron	microscopy,	 energy	 dispersive	 spectroscopy,	 H2	 temperature‐programmed	
reduction,	 NH3	 temperature‐programmed	 desorption,	 X‐ray	 photoelectron	 spectroscopy	 (XPS),	
thermal	gravimetric	analysis	and	Fourier	transform	infrared	spectroscopy	were	used	to	character‐
ize	the	catalysts.	The	8Fe‐8Mn/Al2O3	catalyst	gave	99%	of	NO	conversion	at	150	°C	and	more	than	
92.6%	NO	conversion	was	obtained	 in	a	wide	 low	temperature	range	of	90–210	°C.	XPS	analysis	
demonstrated	that	the	Fe3+	was	the	main	iron	valence	state	on	the	catalyst	surface	and	the	addition	
of	Mn	increased	the	accumulation	of	Fe	on	the	surface.	The	higher	specific	surface	area,	enhanced	
dispersion	 of	 amorphous	 Fe	 and	 Mn,	 improved	 reduction	 properties	 and	 surface	 acidity,	 lower	
binding	energy,	higher	Mn4+/Mn3+	ratio	and	more	adsorbed	oxygen	species	resulted	 in	higher	NO	
conversion	for	the	8Fe‐8Mn/Al2O3	catalyst.	In	addition,	the	SCR	activity	of	the	8Fe‐8Mn/Al2O3	cata‐
lyst	was	only	slightly	decreased	in	the	presence	of	H2O	and	SO2,	which	indicated	that	the	catalyst	
had	better	tolerance	to	H2O	and	SO2.	The	reaction	temperature	was	crucial	for	the	SO2	resistance	of	
catalyst	 and	 the	 decrease	 of	 catalytic	 activity	 caused	 by	 SO2	was	mainly	 due	 to	 the	 sulfate	 salts	
formed	on	the	catalyst.	
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1.	 	 Introduction	

The	emission	and	control	of	nitric	oxides	(NO,	NO2	and	N2O)	
from	combustion	processes	is	a	major	environmental	concern.	
This	 is	 because	 nitric	 oxides	 (NOx)	 in	 the	 air	 cause	 acid	 rain,	
photochemical	 smog,	 ozone	 depletion	 and	 greenhouse	 effects	

[1–3].	Many	methods	have	been	used	to	reduce	the	emission	of	
NOx.	The	selective	catalytic	reduction	(SCR)	of	NOx	with	NH3	is	
an	effective	method	and	employed	in	the	removal	of	NOx	from	
stationary	 sources	 for	 its	 low	 cost	 and	 high	 efficiency	 [4,5].	
However,	the	currently	commercialized	industrial	catalysts	for	
NOx‐SCR,	such	as	V2O5/TiO2	or	V2O5‐WO3/TiO2,	must	be	oper‐
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ated	within	a	narrow	temperature	range	of	300–400	°C,	as	only	
this	 temperature	 window	 gives	 good	 catalytic	 activity	 of	 the	
catalysts	[4,6–8].	But	the	temperature	of	the	flue	gas	from	de‐
sulphurization	 and	 particle	 removal	 processes	 is	much	 lower	
than	 this.	 In	 the	 traditional	 power	plant,	 flue	 gas	 reheating	 is	
used	but	it	consumes	energy.	Therefore,	it	is	useful	to	develop	
highly	active	catalysts	for	low	temperature	NOx‐SCR,	for	a	tem‐
perature	below	200	 °C	 [7].	 In	order	 to	develop	catalysts	with	
high	activity	for	low	temperature	NOx‐SCR,	a	number	of	transi‐
tion	metal	 containing	 catalysts	 have	been	developed.	Qi	 et	 al.	
[7]	 studied	 the	 low	 temperature	 SCR	 of	 NO	 with	 NH3	 over	
USY‐supported	 manganese	 oxide‐based	 catalysts,	 and	 found	
that	the	Mn‐Ce/USY	catalyst	yielded	less	than	80%	NO	conver‐
sion	at	120	°C	at	a	space	of	velocity	of	30000	cm3	g–1	h–1.Tang	et	
al.	 [6]	 reported	 that	 more	 than	 90%	 NOx	 conversion	 was	
achieved	over	Mn‐based	monolithic	 catalysts	at	 low	 tempera‐
ture	under	the	conditions	of	GHSV	=	10600	h‒1.	Teng	et	al.	[9]	
reported	 that	 carbon	 impregnated	with	nitrates	 of	 Cu	 and	Fe	
showed	high	catalytic	activity.	Yoshikawaa	et	al.	[10]	reported	
their	 research	 results	 of	 catalytic	 reduction	 of	 NO	 with	
NH3	over	active	carbon	fibers	loaded	with	metal	oxides	(Fe2O3,	
Co2O3	and	Mn2O3)	 that	Mn2O3	showed	the	best	activity	at	 low	
temperature.	Blanco	et	al.	[11]	investigated	the	activity	of	cop‐
per‐nickel	 and	 vanadium	 oxide	 supported	 on	 titania	 and	 alu‐
mina	and	obtained	high	NOx	conversion	at	conditions	similar	to	
those	used	in	industrial	scale	units	with	all	the	catalysts.	Cu‐Mn	
mixed	oxides	were	also	active	 in	 the	 low	temperature	De‐NOx	
SCR	reaction	[3].	Qi	et	al.	[12]	achieved	85%	NO	conversion	at	
120	 °C	at	 a	 space	velocity	of	15000	h‒1	over	10%Mn‐15%Fe/	

TiO2	catalyst.	

From	 these	 reports,	 it	 can	be	 seen	 that	 catalysts	produced	
by	 loading	 transition	metals	on	 a	 support	material	 have	 high	
activity	 for	 low	temperature	SCR	of	NO	with	NH3.	Besides	 the	
loaded	 metals,	 the	 support	 material	 is	 also	 important	 to	 the	
catalyst	activity.	Since	titania,	alumina	and	active	carbon	have	
large	specific	surface	area	and	pore	volume,	they	were	selected	
as	 the	 support.	 Among	 the	 catalysts	 mentioned	 above,	
Fe‐Mn‐based	transition	metal	oxides	are	considered	one	of	the	
most	active	catalysts	for	low	temperature	SCR	of	NO	with	NH3	
[12].	However,	much	work	has	been	focused	on	iron	and	man‐
ganese	 oxides	 supported	 on	 titania	 and	 other	 carriers,	 few	
studies	have	been	done	on	the	low	temperature	SCR	of	NO	with	
NH3	by	Fe‐Mn‐based	catalysts	supported	on	Al2O3.	In	addition,	
there	 remains	 small	 concentrations	 of	 SO2	 in	 flue	 gases	 after	
the	 desulfurizer	 and	 the	 effect	 of	 SO2	 on	 activity	 needs	 to	 be	
considered.	Therefore,	Al2O3	was	chosen	as	the	catalyst	support	
for	 its	 high	 specific	 area	 and	 chemical	 stability	 in	 this	 work.	
Fe‐Mn‐based	 catalysts	were	 prepared	 and	 applied	 to	 the	 low	
temperature	 SCR	 of	 NO	 with	 NH3.	 The	 catalytic	 activities	 of	
catalysts	 prepared	 by	 loading	 different	 metal	 oxides	 and	 the	
effects	of	H2O	and	SO2	on	NO	conversion	were	studied.	 	

2.	 	 Experimental	

2.1.	 	 Catalyst	preparation	

Al2O3	powder	(30–65	mesh)	was	used	as	the	carrier	to	pre‐

pare	 the	 Fe‐Mn‐based	 catalysts.	 Fe(NO3)3·9H2O	 and	
Mn(NO3)2·4H2O	 were	 used	 as	 catalyst	 sources.	 All	 catalysts	
were	 prepared	 with	 an	 aqueous	 solution	 of	 Fe(NO3)3·9H2O	
and/or	Mn(NO3)2·4H2O.	A	typical	synthesis	is	as	follows.	A	so‐
lution	of	ammonia	(1/1,	v/v)	was	gradually	added	to	the	mix‐
ture	with	 stirring	until	 the	pH	of	 the	solution	reached	8.	Sub‐
sequently,	the	sample	was	first	dried	in	air	at	150	°C	for	24	h,	
followed	by	calcination	in	air	at	450	°C	for	5	h.	The	catalyst	was	
denoted	 as	 Fe‐Mn/Al2O3,	 where	 	 and	 	 represented	 the	
weight	percentage	of	Fe	and	Mn,	e.g.	8Fe‐8Mn/Al2O3.	The	per‐
cents	of	Fe	and	Mn	were	based	on	the	support.	

2.2.	 	 Catalyst	characterization	

A	 Micromeritics	 ASAP	 2010	 micropore	 size	 analyzer	 was	
used	 to	 measure	 the	 specific	 surface	 area,	 pore	 volume	 and	
pore	 size	 distribution.	 The	 specific	 surface	 area	 was	 deter‐
mined	 from	 the	 linear	 portion	 of	 the	BET	 plot.	 The	 pore	 size	
distribution	was	calculated	 from	the	desorption	branch	of	 the	
N2	adsorption	isotherm	using	the	Barrett‐Joyner‐Halenda	(BJH)	
formula.	 Prior	 to	 the	 surface	 area	 and	 pore	 size	 distribution	
measurements,	the	sample	was	degassed	in	vacuo	at	350	°C	for	
24	h.	 	

The	powder	X‐ray	diffraction	(XRD)	measurement	was	car‐
ried	out	on	a	Rigaku	Rotaflex	D/Max‐C	system	with	Cu	K	radi‐
ation	 at	 room	 temperature.	 The	 samples	 were	 loaded	 on	 a	
sample	holder	with	a	depth	of	1	mm.	 	

Transmission	 electron	 microscopy	 (TEM)	 experiment	 was	
performed	 on	 a	 JEM	 2100F	 (JEOL	 Co.)	 using	 an	 accelerating	
voltage	of	200	kV.	 	

Energy	 dispersive	 spectroscopy	 (EDS)	 was	 carried	 out	 on	
X‐MAXN	80TLE	windowless	EDS	(Oxford	Instruments,	U.K.)	to	
get	 the	dispersion	of	 the	metal	on	the	catalyst	surface	by	EDS	
elemental	mapping.	

Temperature‐programmed	reduction	(TPR)	was	carried	out	
in	a	quartz	U‐tube	reactor	connected	 to	a	 thermal	conduction	
detector	 (TCD).	A	50	mg	 sample	was	used	 for	 each	measure‐
ment.	The	sample	was	pretreated	in	N2	at	100	°C	for	1	h	before	
reduction	and	then	cooled	to	the	room	temperature.	TPR	was	
started	with	 a	 H2‐Ar	mixture	 (7%	H2	 by	 volume)	 from	 room	
temperature	to	500	°C	at	a	rate	of	10	°C/min.	 	

NH3	 temperature‐programmed	 desorption	 (NH3‐TPD)	 ex‐
periments	 were	 conducted	 on	 a	 multifunction	 chemisorption	
analyzer	with	 a	 quartz	 U‐tube	 reactor	 using	 100	mg	 catalyst.	
The	amount	of	NH3	desorbed	was	detected	by	a	TCD.	The	sam‐
ple	was	pretreated	in	N2	(40	mL/min)	at	450	°C	for	1	h.	Subse‐
quently,	the	sample	was	cooled	to	room	temperature	and	then	
treated	with	1	vol%	NH3	(10	mL/min)	for	1	h	until	saturated.	
After	 that,	 the	 sample	was	 flushed	with	N2	 at	 100	 °C	 for	 1	 h.	
Finally,	the	TPD	operation	was	conducted	by	heating	the	sam‐
ple	up	to	600	°C	with	a	heating	rate	of	10	°C/min.	

X‐ray	photoelectron	spectroscopy	(XPS)	was	performed	on	
a	PHI	5000	Versa	Probe	system	equipped	with	monochromatic	
Al	Kα	radiation	(1486.6	eV).	Before	the	measurement,	the	sam‐
ples	were	outgassed	at	room	temperature	in	a	UHV	chamber	(<	
5×10−7	Pa).	The	charging	effect	of	the	sample	was	compensated	
by	using	the	C	1s	binding	energy	value	of	284.6	eV	as	an	inter‐
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nal	reference.	This	reference	gave	BE	values	with	an	accuracy	
at	±	0.1	eV.	 	

Thermogravimetric	analysis	(TGA)	was	tested	with	a	Perkin	
Elmer	TGA	7	apparatus.	The	sample	was	examined	using	a	ni‐
trogen	flow	of	50	mL/min	and	a	heating	rate	of	10	°C/min	from	
room	temperature	to	1000	°C.	 	

Fourier	 transform	 infrared	 (FT‐IR)	 spectroscopy	 was	 per‐
formed	using	 a	Nicolet	Nexus	470	Fourier	 transform	 infrared	
spectrometer.	 The	 FT‐IR	 spectra	 were	 recorded	 in	 the	
400–4000	 cm‒1	 range	 to	 determine	 S‐containing	 species	 on	
catalyst	surface.	 	

2.3.	 	 Catalytic	activity	measurement	

The	 SCR	 activity	 measurement	 was	 carried	 out	 in	 a	
fixed‐bed	 quartz	 reactor.	 The	 experimental	 setup	 is	 shown	 in	
Fig.	 1.	 It	 consisted	 of	 four	 units:	 a	 simulated	 flue	 gas	 system,	
reactor,	 electric	 heating	 system	 and	 online	 flue	 gas	 analysis	
system.	The	reaction	conditions	were:	500	ppm	NO,	500	ppm	
NH3,	3%	O2,	5	vol%	H2O	(when	used),	SO2	(when	used),	balance	
N2,	 and	 1500	 or	 1000	mL/min	 total	 flow	 rate.	 The	 simulated	
flue	gas	was	controlled	by	a	mass	flow	rate	controller	(3),	pre‐
mixed	 in	a	glass	chamber	(5)	and	then	heated	 in	a	pre‐heater	
(7)	by	the	electric	heating	system.	The	NH3	was	fed	directly	into	
the	reactor	bypassing	the	mixing	chamber	to	avoid	the	possible	
reaction	between	SO2	and	NH3	before	the	reactor.	All	data	were	
obtained	 when	 the	 SCR	 reaction	 reached	 steady	 state.	 The	
components	of	the	outlet	gases	were	measured	online.	

3.	 	 Results	and	discussion	

3.1.	 	 Effect	of	Fe	loading	on	the	SCR	activity	

Four	Fe/Al2O3	samples	were	used	 to	study	 the	effect	of	Fe	
loading	on	the	low	temperature	SCR	of	NO	by	NH3.	Fig.	2	shows	
NO	conversion	during	NO	reduction	with	NH3	at	different	reac‐
tion	 temperatures	 over	 Fe/Al2O3	 catalysts.	 These	 catalysts	
were	composed	of	different	Fe	loadings	and	were	all	calcined	at	

450	°C	before	the	reaction.	It	can	be	seen	that	the	catalyst	activ‐
ities	changed	significantly	and	the	NO	conversion	over	the	dif‐
ferent	 catalysts	 was	 ranked	 by	 2Fe/Al2O3	 <	 5Fe/Al2O3	 <	
10Fe/Al2O3	<	8Fe/Al2O3.	The	2Fe/Al2O3	catalyst	gave	 the	 low‐
est	NO	conversion	below	270	°C	among	the	tested	catalysts	and	
the	 8Fe/Al2O3	 catalyst	 showed	 the	 highest	 NO	 conversion,	
which	was	more	 than	83%	NO	conversion	at	 210	 °C.	 Further	
increase	of	Fe	loading	did	not	increase	the	activity,	which	indi‐
cated	that	the	optimal	Fe	loading	was	8%.	Moreover,	the	oper‐
ating	temperature	window	of	the	8Fe/Al2O3	catalyst	was	wider	
than	 the	 other	 catalysts,	 and	 more	 than	 75%	 NO	 conversion	
could	 be	 obtained	 in	 the	 wider	 low	 temperature	 range	 of	
90–240	 °C.	 Generally,	 the	 catalytic	 activity	 is	 closely	 related	
with	the	ABET.	Combined	the	catalytic	activity	of	8Fe/Al2O3	with	
its	ABET	shown	in	Table	1,	interestingly,	the	result	indicated	that	
the	SCR	activity	of	 the	catalyst	was	not	mainly	determined	by	
ABET.	 	

3.2.	 	 Effect	of	Mn	loading	on	SCR	activity	 	

Since	the	optimal	Fe	loading	was	8%,	the	effect	of	Mn	load‐
ing	on	the	low	temperature	SCR	performance	was	investigated	
over	 the	 8Fe/Al2O3	 catalysts.	 The	 results	 of	 different	
Fe‐Mn/Al2O3	catalysts	for	the	SCR	reaction	at	low	temperature	
are	shown	in	Fig.	3.	Compared	with	that	of	the	8Fe/Al2O3	cata‐
lysts	 (shown	 in	 Fig.	 2),	 the	 NO	 conversion	 over	 the	 different	
Fe‐Mn/Al2O3	 catalysts	 increased	 with	 increasing	 Mn	 loading.	
The	SCR	activity	at	low	temperature	decreased	in	the	following	

Fig.	1.	 Schematic	 of	 the	 experimental	 apparatus	 for	 NO	 removal.	 (1)	
Filter;	(2)	Buffer	tank;	(3)	Mass	flow	rate	controller	(MFC);	(4)	Valve;	(5
glass	chamber;	(6)	Thermocouple;	(7)	Pre‐heater;	(8)	Heated	mixer;	(9)
Gas	analyzer;	(10)	Heater;	(11)	Reactor.	
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Fig.	2.	 NO	 conversion	 of	 different	 Fe/Al2O3	 catalysts.	 Reaction	 condi‐
tions:	 [NO]	=	 [NH3]	=	500	ppm,	 [O2]	=	3%,	balance	N2,	 total	 flow	rate	
1500	mL/min,	catalyst	12	mL.	

Table	1	
Characterization	of	the	catalysts.	

Sample	
BET	surface	area	

(m2/g)	
Pore	volume	
(cm3/g)	

Pore	size	
(nm)	

2Fe/Al2O3	 156	 0.3984	 102.12	
5Fe/Al2O3	 154	 0.3922	 101.69	
8Fe/Al2O3	 144	 0.3863	 107.04	
10Fe/Al2O3	 152	 0.3796	 	 99.80	
8Fe‐8Mn/Al2O3	 221	 0.4321	 	 78.31	
8Fe‐8Mn/Al2O3(S)	a 204	 0.3637	 	 71.48	
a	“S”	 stands	 for	 the	 deactivated	 catalyst	 prepared	 in	 the	 presence	 of	
1000	ppm	SO2	at	180	°C	for	6	h.	
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sequence:	8Fe‐8Mn/Al2O3	>	8Fe‐5Mn/Al2O3	>	8Fe‐10Mn/Al2O3	
>	 8Fe‐2Mn/Al2O3	>	 8Fe/Al2O3,	 which	 indicated	 that	 the	 addi‐
tion	of	Mn	promoted	catalytic	performance	at	low	temperature.	
When	Mn	loading	reached	8%,	more	than	98%	NO	conversion	
was	 obtained	 at	 120	 °C,	 and	 the	 catalytic	 efficiency	 exceeded	
92%	 in	 the	whole	 temperature	 range	 tested.	With	 further	 in‐
crease	of	Mn	loading	to	10%,	the	catalytic	efficiency	showed	a	
little	decrease.	Therefore,	8%	Mn	was	found	to	be	the	optimal	
Mn	 loading.	 The	 8Fe‐8Mn/Al2O3	 catalysts	 exhibited	 the	 best	
catalytic	performance	at	low	temperature.	

The	 N2	 selectivity	 of	 the	 most	 active	 8Fe/Al2O3	 and	
8Fe‐8Mn/Al2O3	catalysts	is	shown	in	Fig.	4.	The	8Fe‐8Mn/Al2O3	
catalyst	showed	much	better	N2	selectivity	than	the	8Fe/Al2O3	
catalyst,	which	indicated	that	the	addition	of	Mn	not	only	pro‐
moted	the	catalytic	activity	but	also	enhanced	the	N2	selectivity	
of	the	8Fe‐8Mn/Al2O3	catalyst.	Combined	with	the	XRD	results	
below,	some	bulk	Fe2O3	was	detected	while	no	visible	phases	of	
Fe	and	Mn	were	observed.	It	was	reported	that	Fe	species	in	an	
isolated	state	was	beneficial	for	the	promotion	of	N2	selectivity,	
while	the	Fe	species	in	the	bulk	or	as	clusters	was	unselective	
for	zeolite	catalysts	in	the	NH3‐SCR	reaction.	The	Fe	species	of	
the	8Fe‐8Mn/Al2O3	catalyst	were	amorphous	and	showed	bet‐
ter	dispersion	than	that	on	the	8Fe/Al2O3	catalyst,	which	gave	
more	 isolated	 iron	species	and	 thus	gave	better	N2	selectivity.	
Moreover,	the	addition	of	Mn	caused	the	formation	of	Mn4+	and	

Mn3+	 on	 the	 catalyst	 surface,	which	 promoted	NO	 conversion	
and	 improve	N2	 selectivity	 [13].	 Therefore,	 the	 superior	 cata‐
lytic	 activity	 and	N2	 selectively	of	 the	8Fe‐8Mn/Al2O3	 catalyst	
were	due	to	the	points	given	above.	

3.3.	 	 Characteristics	of	NO	oxidation	

The	oxidation	activity	for	NO	to	NO2	by	O2	on	8Fe/Al2O3	and	
8Fe‐8Mn/Al2O3	 were	 studied	 in	 the	 temperature	 range	 of	
90–210	°C.	The	results	are	shown	in	Fig.	5.	The	oxidation	activ‐
ity	for	NO	to	NO2	was	limited	at	low	temperature	and	then	in‐
creased	with	increasing	temperature.	After	the	addition	of	Mn,	
the	 NO	 oxidation	 activity	 on	 8Fe‐8Mn/Al2O3	 was	 obviously	
enhanced,	which	 indicated	 that	 the	 addition	 of	Mn	 promoted	
the	oxidation	activity	of	NO	to	NO2.	Based	on	previous	studies	
[12,14,15],	the	partial	conversion	of	NO	to	NO2	would	lead	to	a	
“fast	SCR”	reaction	and	thus	significantly	promote	the	SCR	ac‐
tivity	 at	 low	 temperature.	 Therefore,	 it	 can	 be	 suggested	 that	
since	the	8Fe‐8Mn/Al2O3	catalyst	showed	higher	activity	for	NO	
oxidation	to	NO2,	thereby	it	exhibited	higher	SCR	activity.	

3.4.	 	 Catalyst	characterization	

The	BET	surface	area,	pore	volume,	and	pore	size	of	the	dif‐
ferent	 catalysts	 are	 summarized	 in	 Table	 1.	 For	 the	 Fe/Al2O3	
catalysts,	 we	 can	 see	 that	 there	 was	 no	 obvious	 correlation	
between	 the	 BET	 surface	 area	 and	 the	 amount	 of	 Fe	 in	 the	
mixed	metal	oxide	catalysts.	After	doping	with	manganese,	the	
specific	surface	area	and	pore	volume	of	8Fe‐8Mn/Al2O3	cata‐
lyst	were	much	 increased	 to	221	m2/g	and	0.43	cm3/g,	while	
those	of	the	other	catalysts	were	less	than	200	m2/g	and	0.40	
cm3/g.	These	results	indicated	that	an	effect	of	Mn	doping	was	
to	enhance	the	dispersion	of	Fe	on	the	Al2O3	and	thus	increase	
the	specific	surface	area	of	the	catalyst.	This	was	confirmed	by	
the	 XRD	 results	 below.	 The	 8Fe‐8Mn/Al2O3	 catalyst	 with	 the	
largest	surface	area	can	adsorb	more	NOx	and	NH3	in	the	SCR	
reaction	and	thereby	can	exhibit	the	best	SCR	activity.	For	the	
8Fe‐8Mn/Al2O3(S)	catalyst	after	reaction	in	the	presence	of	SO2,	
the	 specific	 surface	 area	 and	 pore	 volume	 decreased	 to	 204	
m2/g	and	0.36	cm3/g,	respectively,	which	 indicated	that	some	
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species	formed	on	the	catalyst	caused	some	of	the	pores	of	the	
catalyst	to	be	blocked.	

Fig.	6	shows	the	XRD	patterns	of	different	Fe‐Mn/Al2O3	cat‐
alysts.	 The	 8Fe/Al2O3	 catalyst	 had	 several	 strong	 peaks	 and	
contained	very	weak	peaks	for	Fe2O3.	After	the	introduction	of	
Mn,	the	Fe	diffraction	peaks	gradually	decreased	as	Mn	loading	
increased.	 No	 visible	 phases	 of	 Fe	 and	 Mn	 species	 were	 ob‐
served,	 which	 indicated	 that	 Fe	 and	 Mn	 species	 were	 amor‐
phous.	The	introduction	of	Mn	led	to	a	better	dispersion	of	Fe	
on	the	catalyst	surface	[12,16].	Therefore,	interaction	between	
Fe	and	Mn	species	may	exist	on	the	catalysts,	which	would	en‐
hance	 the	 dispersion	 and	 inhibit	 the	 crystallization	 of	 both	
[7,12,16].	The	high	dispersion	and	amorphous	Fe	and	Mn	spe‐
cies	would	give	good	performance	for	the	SCR	reaction.	

The	TEM‐EDS	mapping	data	of	the	8Fe‐8Mn/Al2O3	catalyst	
are	shown	in	Fig.	7,	and	demonstrated	the	high	dispersion	and	
uniformity	of	Fe	and	Mn.	It	can	be	clearly	seen	that	Fe	and	Mn	
existed	as	Fe	oxide	and	Mn	oxide,	respectively,	after	calcination.	
Both	 of	 these	 showed	 high	 dispersion,	 which	 indicated	 a	
well‐mixed	state	on	all	parts	of	the	catalyst	[17].	The	high	dis‐
persion	of	 the	 active	metals	would	be	 responsible	 for	 the	 en‐
hanced	NO	conversion	of	the	catalyst.	

In	order	to	investigate	the	redox	properties	of	the	catalysts,	
H2‐TPR	analysis	was	performed.	The	results	are	shown	in	Fig.	
8.	All	the	TPR	profiles	of	the	two	catalysts	had	several	reduction	
peaks,	 indicating	that	 the	reduction	process	occurred	 in	 these	
stages.	For	the	8Fe/Al2O3	catalyst,	the	reduction	peak	at	367.5	
°C	was	attributed	to	the	reduction	of	Fe2O3	to	Fe3O4.	The	reduc‐
tion	peak	at	428.7	°C	represented	the	reduction	of	Fe3O4	to	FeO	
due	to	the	fact	that	the	FeO	phase	was	stabilized	on	Al2O3	and	
the	strong	Fe‐Al2O3	interaction	retarded	the	transformation	of	
FeO	 to	 Fe	 [18–22].	 For	 the	 8Fe‐8Mn/Al2O3	 catalyst,	 the	 TPR	
profile	 was	 obviously	 different.	 The	 reduction	 temperatures	
were	shifted	to	lower	temperatures.	There	were	four	reduction	
peaks	at	328.9,	373,	384	and	392	°C.	The	characteristics	(posi‐
tion	 and	 intensity)	 of	 the	 peaks	were	 also	different.	 It	 is	well	
known	that	the	reduction	of	manganese	oxide	takes	place	in	the	
following	 sequential	process:	MnO2	→	Mn2O3	→	Mn3O4	→	MnO	
[23,24].	However,	the	assignment	of	the	above	reduction	peaks	
is	very	difficult.	On	one	hand,	manganese	oxides	often	occur	as	
non‐stoichiometric	systems	and	can	easily	change	their	bulk	or	
surface	properties	[24].	On	the	other	hand,	manganese	oxides	
species	 can	 coexist	 on	 the	 surface	 and	 are	 influenced	 by	 the	
MnOx‐support	 interaction	 in	 the	 case	 of	 supported	 systems	
[24–29].	

From	 the	H2‐TPR	 results,	 it	was	 clear	 that	 8Fe‐8Mn/Al2O3	
gave	 more	 H2	 consumption	 and	 the	 reduction	 peaks	 were	
shifted	 to	 lower	 temperature,	which	 indicated	 that	 8Fe‐8Mn/	
Al2O3	was	more	easily	reduced	by	H2	than	8Fe/Al2O3	and	had	
more	reduced	species	at	 low	temperature	[30].	Together	with	
the	XPS	results	below,	the	reason	for	this	may	be	that	the	bind‐
ing	energy	of	the	lattice	oxygen	on	the	surface	of	the	8Fe‐8Mn/	
Al2O3	catalysts	was	 lower	than	that	of	 the	8Fe/Al2O3	catalysts	
and	8Fe‐8Mn/Al2O3	catalysts	gave	more	Oß	on	the	catalyst	sur‐
face	 [13].	 Another	 reason	 is	 that	 the	 more	 active	 phase	 had	
migrated	from	the	bulk	to	the	catalyst	surface,	which	was	con‐
firmed	by	the	fact	 in	Table	2	that	the	Fe	concentration	on	the	
catalyst	 surface	 increased	 from	 0.52%	 to	 0.73%	 after	 the	 in‐
troduction	 of	 8%	Mn	 [31,32].	 Together	 the	 discussion	 above	
with	the	NO	conversion	on	8Fe‐8Mn/Al2O3	and	8Fe/Al2O3	cat‐
alysts,	the	increase	of	reducibility	seemed	to	be	the	reason	for	
the	increase	of	catalytic	activity	of	the	8Fe‐8Mn/Al2O3	catalyst	
compared	to	the	8Fe/Al2O3	catalyst	[33].	
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Fig.	7.	TEM‐EDS	mapping	of	the	8Fe‐8Mn/Al2O3	catalyst.	
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NH3‐TPD	experiments	were	performed	to	study	the	surface	
acidity	 of	 the	 catalysts.	 The	 results	 are	 shown	 in	 Fig.	 9.	 The	
shape	 of	 the	 NH3‐TPD	 curves	 of	 the	 8Fe/Al2O3	 and	
8Fe‐8Mn/Al2O3	catalysts	was	similar,	and	both	contained	three	
peaks.	The	desorption	peaks	below	450	°C	were	attributed	 to	
the	 successive	 desorption	 of	 ammonia	 physisorbed	 on	 weak	
acid	sites	(<	200	°C)	and	possibly	linked	to	Brönsted	acid	sites	
(200–440	 °C),	while	 the	 peak	 at	 450–600	 °C	was	 ascribed	 to	
NH3	desorption	from	Lewis	acid	sites	[34,35].	The	results	indi‐
cated	that	NH3	was	adsorbed	on	both	Brönsted	and	Lewis	acid	
sites	on	the	catalyst	surface.	Compared	with	the	TPD	curves	of	
the	 8Fe/Al2O3	 catalyst,	 the	 amount	 of	 the	 acidity	 for	 the	
8Fe‐8Mn/Al2O3	catalyst	measured	by	the	peak	area	of	NH3	de‐
sorbed	 increased	 after	 the	 doping	 of	 Mn.	 This	 indicated	 that	
NH3	 adsorption	 capacity	 of	 the	 catalyst	was	 enhanced,	which	
would	 be	 due	 to	 the	 increased	 specific	 surface	 area	 and	 new	
added	acid	sites	provided	by	Mn,	and	thus	would	favor	the	SCR	
reaction.	

XPS	analysis	was	employed	to	investigate	the	elemental	ox‐
idation	state	and	atom	concentration	on	the	surface	of	the	cat‐
alysts.	The	results	are	shown	in	Fig.	10	and	Table	2.	Fig.	10(a)	
shows	the	Fe	2p	spectra	of	the	8Fe/Al2O3,	8Fe‐5Mn/Al2O3	and	
8Fe‐8Mn/Al2O3	catalysts.	The	 iron	species	were	characterized	
by	the	Fe	2p3/2	and	Fe	2p1/2	peaks	located	between	700.0	and	
740	eV.	For	the	three	catalysts,	the	maximum	intensities	of	Fe	
2p3/2	and	Fe	2p1/2	in	the	Fe	2p	spectra	were	located	at	711	and	
724.5	eV,	respectively,	and	the	weak	shake‐up	satellite	located	
at	 719	 eV.	 These	 indicated	 that	 the	 valence	 state	 of	 iron	was	
exclusively	Fe3+	on	the	surface	of	the	three	catalysts	[13,36,37].	
In	addition,	it	can	be	seen	from	Table	2	that	the	Fe	concentra‐
tion	on	the	surface	of	8Fe/Al2O3	was	0.52%.	After	the	addition	
of	Mn,	the	Fe	concentration	was	much	increased	to	0.69%	and	
0.73%	 on	 the	 surface	 of	 8Fe‐5Mn/Al2O3	 and	 8Fe‐8Mn/Al2O3,	
respectively.	This	indicated	that	the	addition	of	Mn	caused	Fe	to	

accumulate	 on	 the	 surface	 of	 catalysts,	 which	 would	 help	 to	
promote	the	SCR	reaction.	

The	 Mn	 2p	 XPS	 spectra	 of	 the	 8Fe‐5Mn/Al2O3	 and	
8Fe‐8Mn/Al2O3	 catalysts	 are	 shown	 in	 Fig.	 10(b).	 Two	 main	
peaks	attributed	to	Mn	2p3/2	and	Mn	2p1/2	were	observed	from	
634	to	660	eV.	By	a	peak‐fitting	treatment,	the	Mn	2p3/2	spectra	
of	 the	 two	catalysts	were	divided	 into	 two	peaks,	which	were	
attributed	 to	 Mn4+	 and	 Mn3+	 species	 on	 the	 catalyst	 surface	
[13,35,38].	 For	 the	 8Fe‐5Mn/Al2O3	 catalyst,	 the	 binding	 ener‐
gies	of	Mn4+	and	Mn3+	were	642.7	and	640.9	eV,	 respectively.	
The	binding	energies	of	Mn4+	and	Mn3+	for	the	8Fe‐8Mn/Al2O3	
catalyst	were	642.5	and	640.7	eV	[13,35].	The	binding	energies	
were	shifted	to	lower	values,	which	indicated	that	the	Mn	spe‐
cies	on	the	surface	of	 the	8Fe‐8Mn/Al2O3	catalysts	were	more	
active	 and	 thus	 would	 help	 to	 promote	 the	 catalytic	 perfor‐
mance	 [38].	 By	 integrating	 the	 area	 of	 the	 Mn	 2p	 peaks,	 the	
ratio	of	Mn4+/Mn3+	was	calculated	and	the	results	are	shown	in	
Table	 2.	 The	 values	 of	Mn4+/Mn3+	were	 calculated	 to	 be	 0.73	
and	0.99	for	the	8Fe‐5Mn/Al2O3	and	8Fe‐8Mn/Al2O3	catalysts,	
respectively.	Kapteijn	et	 al.	 [35,39]	 reported	 that	 the	NO	con‐
version	 on	 pure	 manganese	 oxide	 was	 ranked	 by	 MnO2	 >	
Mn5O8	>	Mn2O3	>	Mn3O4.	Therefore,	the	higher	Mn4+/Mn3+	ratio	
indicated	that	there	were	more	MnO2	in	the	catalysts,	and	thus	
would	exhibit	better	activity.	

The	XPS	spectra	of	O	1s	 for	the	three	catalysts	all	could	be	
fitted	with	 two	peaks.	A	 lower	binding	energy	 in	 the	range	of	

Table	2	
Atomic	concentration	(%)	on	the	surface	of	the	catalysts	determined	by	
XPS.	

Sample	
Atomic	concentration	(%)	 Oβ/(Oα+Oβ)	

(%)	
Mn4+/Mn3+

Fe	 Mn	 Al	 O	
8Fe/Al2O3	 0.52	 —	 26.38	 60.34	 	 7.6	 —	
8Fe‐5Mn/Al2O3	 0.69	 0.98	 24.01	 57.88	 25.4	 0.73	
8Fe‐8Mn/Al2O3	 0.73	 0.94	 24.38	 58.15	 33.5	 0.99	
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530‒530.2	 eV	was	 assigned	 to	 the	 lattice	oxygen	 (denoted	 as	
Oα).	A	higher	binding	energy	in	the	range	of	531.5‒532	eV	was	
assigned	 to	 the	 surface	 adsorbed	 oxygen	 (denoted	 as	 Oβ)	
[13,35,38,40].	 Compared	 with	 that	 of	 the	 8Fe/Al2O3	 catalyst,	
the	 binding	 energies	 of	 Oα	 and	 Oβ	 on	 the	 surface	 of	 the	
8Fe‐5Mn/Al2O3	 and	 8Fe‐8Mn/Al2O3	 catalysts	 were	 shifted	 to	
low	values	(shift	of	8Fe‐5Mn/Al2O3:Oα	0.1	eV,	Oβ	0.4	eV;	shift	of	
8Fe‐8Mn/Al2O3:Oα	0.2	eV,	Oβ	0.5	eV).	The	results	indicated	that	
the	O	species	on	the	catalyst	surface	were	more	active	and	thus	
was	more	 beneficial	 to	 the	 SCR	 reaction	 [35,40].	 The	 ratio	 of	
Oβ/(Oα+Oβ)	for	the	8Fe/Al2O3	catalyst	was	7.6%,	while	the	ra‐
tios	 of	 the	 8Fe‐5Mn/Al2O3	 and	 8Fe‐8Mn/Al2O3	 catalysts	were	
25.4%	 and	 33.5%,	 respectively.	 This	 indicated	 that	 the	 intro‐
duction	 of	Mn	 increased	 the	 adsorbed	 oxygen	 species	 on	 the	
catalyst	 surface.	 The	 higher	 adsorbed	 oxygen	 species	 on	 the	
surface	of	catalysts	would	contribute	to	the	oxidation	of	NO	to	
NO2	and	cause	the	“fast	SCR”	reaction,	and	thus	promoted	the	
SCR	activity	of	the	catalysts	at	low	temperature.	This	was	con‐
firmed	 by	 the	 experimental	 results	 shown	 in	 Figs.	 3	 and	 5	
[13,40].	

3.6.	 	 Influence	of	H2O	and	SO2	on	SCR	activity	 	

It	was	noted	that	there	still	 remained	small	concentrations	
of	SO2	and	H2O	in	combustion	gases,	which	would	lead	to	for‐
mation	of	NH4HSO4	and	(NH4)2S2O7	on	the	catalyst	surface	and	
lead	 to	 the	 deactivation	of	 the	 catalyst	 [4,7].	 Thus	 it	 is	 of	 im‐
portance	 to	 investigate	 the	 influence	 of	 SO2	 and	 H2O	 on	 the	
catalytic	activity	of	the	catalyst.	

The	 influence	 of	 SO2	 on	 the	 SCR	 activity	 of	 the	
8Fe‐8Mn/Al2O3	catalyst	at	different	temperatures	is	illustrated	
in	Fig.	11.	In	the	absence	of	SO2,	the	steady	state	NO	conversion	
over	 the	 8Fe‐8Mn/Al2O3	 catalyst	was	nearly	 100%	at	 180	 °C.	
When	 SO2	 was	 introduced	 into	 the	 feed,	 the	 NO	 conversion	
decreased	to	95%	compared	to	the	initial	99.2%	in	0.5	h.	The	
reason	should	be	that	there	remained	an	enough	large	surface	
area	to	allow	the	reaction	to	occur	with	a	high	NO	conversion	
under	the	conditions	used	during	the	first	0.5	h	[16].	But	then	
the	NO	conversion	began	to	decrease,	which	indicated	that	the	

deactivation	 of	 the	 catalyst	 was	 an	 accumulative	 course	 and	
SO2	significantly	deactivated	the	8Fe‐8Mn/Al2O3	catalyst	for	the	
reaction	 of	 NO‐NH3‐O2	 at	 180	 °C	 with	 time	 on	 stream	 in	 the	
presence	of	SO2	[7,12,16].	 	

In	addition,	the	degree	of	deactivation	of	the	8Fe‐8Mn/Al2O3	
catalyst	caused	by	SO2	was	closely	correlated	with	the	reaction	
temperature.	 Before	 adding	 SO2,	 the	 SCR	 reaction	 had	 been	
stabilized	 for	0.5	h	 at	 the	different	 temperatures.	When	1000	
ppm	SO2	was	added	to	the	SCR	system,	deactivation	of	the	cat‐
alyst	 started	 in	 20	 min	 at	 the	 temperatures	 180–210	 °C	 but	
after	1	h	at	120–150	°C.	And	then,	upon	admission	of	SO2	into	
the	 feed	 gas,	 NO	 conversion	 decreased	 with	 time	 on	 stream.	
Moreover,	 the	deactivation	of	 the	 catalyst	 at	 low	 temperature	
was	less	than	that	at	higher	temperatures.	When	SO2	was	add‐
ed	to	the	system,	the	NO	conversion	for	the	catalyst	at	120	°C	
decreased	 from	94.2%	to	57.5%,	but	 from	99.4%,	98.8%,	and	
96.8%	 to	 51.3%,	 44.6%,	 and	 39.6%	 at	 150,	 180,	 and	 210	 °C,	
respectively.	 These	 observations	 showed	 that	 the	 reaction	
temperature	was	crucial	in	the	influence	of	SO2	on	the	SCR	ac‐
tivity	of	the	catalyst.	This	may	be	due	to	the	fact	that	more	SO2	
was	 freed	 to	 form	 sulfates	 with	 rising	 temperature,	 and	 the	
sulfate	blocked	the	active	sites	more	completely	[41].	

The	effect	of	H2O	and	the	synergistic	effect	of	H2O	and	SO2	
on	 the	 catalytic	 activity	 of	 the	 8Fe‐8Mn/Al2O3	 catalyst	 were	
investigated.	 The	 results	 are	 shown	 in	 Fig.	 12.	 Before	 the	 in‐
troduction	of	H2O,	the	SCR	reaction	had	been	stabilized	for	0.5	
h	at	180	°C.	When	5	vol%	H2O	was	introduced	into	the	reaction	
gas,	the	NO	conversion	gradually	decreased	to	94%	and	then	it	
was	almost	stabilized	at	this	level.	After	cutting	off	the	supply	of	
H2O,	 the	NO	 conversion	was	 basically	 restored	 to	 its	 original	
level,	which	indicated	that	the	8Fe‐8Mn/Al2O3	catalyst	showed	
good	resistance	to	H2O	at	180	°C	and	the	inhibiting	effect	of	H2O	
on	catalyst	 activity	was	 reversible.	When	150	ppm	SO2	and	5	
vol%	 H2O	were	 added	 to	 the	 reaction	 gas	 at	 180	 °C,	 the	 NO	
conversion	 slowly	 decreased	 to	 89%	 in	 3	 h	 and	 then	 it	 kept	
nearly	stable.	After	the	removal	of	SO2	and	H2O,	the	NO	conver‐
sion	 showed	 some	 increase	 but	 was	 still	 8%	 lower	 than	 its	
original	 level,	 which	 indicated	 that	 the	 inhibition	 effect	 took	
place	 and	 it	 was	 irreversible.	 Moreover,	 compared	 with	 the	
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result	without	H2O	and	SO2,	the	N2	selectivity	of	the	catalyst	in	
these	experiments	still	exceeded	95%,	which	suggested	that	the	
N2	 selectivity	 of	 the	 catalyst	was	 excellent	 in	 the	 presence	 of	
H2O	and	SO2.	In	addition,	it	was	clearly	seen	that	the	decrease	
of	NO	conversion	over	the	catalyst	in	the	presence	of	H2O	and	
SO2	was	much	more	 serious	 than	 that	 in	 the	presence	of	H2O	
only.	Compared	with	its	initial	performance,	the	loss	of	catalytic	
activity	was	nearly	8%	after	the	removal	of	H2O	and	SO2,	while	
there	was	 almost	no	 loss	when	H2O	was	 turned	off.	 This	was	
due	to	the	fact	that	the	effect	of	H2O	on	the	catalytic	activity	of	
the	 catalyst	was	 reversible	 and	 this	 effect	was	 caused	 by	 the	
competitive	adsorption	between	H2O	and	reaction	gases	on	the	
active	 sites	 [30,37].	When	H2O	was	 turned	off,	 this	 effect	was	
basically	 over	 and	 the	 NO	 conversion	 returned	 to	 almost	 its	
previous	level.	When	H2O	and	SO2	were	simultaneously	added,	
some	ammonium	sulfate	and	metal	sulfate	were	formed	in	the	
presence	 of	 H2O	 and	 SO2,	 which	 would	 indirectly	 or	 directly	
decrease	 the	 catalytic	 activity	 of	 the	 catalyst.	 The	 most	 im‐
portant	 point	 was	 that	 such	 effect	 could	 not	 be	 eliminated	
completely	even	after	the	H2O	and	SO2	were	turned	off.	

3.7.	 	 Deactivation	mechanism	for	8Fe‐8Mn/Al2O3	catalyst	 	
during	SCR	reaction	 	 	 	

Based	 on	 the	 discussion	 in	 Section	 3.6,	 we	 found	 that	 the	
8Fe‐8Mn/Al2O3	 catalyst	 was	 gradually	 deactivated	 by	 SO2.	 In	
order	 to	 reveal	 the	 deactivation	 mechanism,	 the	 deactivated	
catalyst	was	characterized	by	XRD,	TGA	and	FT‐IR.	The	results	
are	shown	in	Figs.	13‒15.	The	FT‐IR	results	of	the	fresh	catalyst	
are	also	shown	for	comparison.	

In	 the	 XRD	 pattern	 of	 the	 deactivated	 catalyst,	 no	 peaks	
representing	Fe	and	Mn	species	were	observed	(Fig.	13).	This	
may	be	due	to	their	low	crystalline	nature	(amorphous).	More‐
over,	 no	 visible	 peaks	 of	 sulfur	 or	 sulfate	 were	 found,	 which	
implied	that	sulfur	or	sulfate	species	existed	as	surface	sulfate	
or	 an	 amorphous	 bulk	 sulfate	 and	 had	 poor	 crystallization	
[42–44].	 	

Because	 XRD	 is	 inappropriate	 for	 characterizing	 non‐	crys‐
talline	 species,	 the	 deactivated	 catalysts	 were	 examined	 by	
TGA.	The	TGA	curves	of	the	deactivated	catalyst	are	shown	in	
Fig.	14.	It	can	be	clearly	seen	that	a	continuous	weight	loss	oc‐
curred	during	the	heating	of	the	deactivated	catalyst.	The	initial	

loss	below	180	°C	was	due	to	water	on	the	catalyst	surface.	The	
second	 stage,	 from	180	 to	 480	 °C,	was	mainly	 due	 to	 the	 de‐
composition	of	 the	 ammonium	 sulfate	 on	 the	 catalyst	 surface	
[16].	The	stage	after	620	 °C	was	attributed	 to	 the	decomposi‐
tion	of	metallic	sulfates	formed	during	the	SCR	reaction	in	the	
presence	of	SO2.	

In	 order	 to	 further	 confirm	 the	 conclusion	 above,	 FT‐IR	
analysis	was	 carried	 out	 to	 investigate	 the	 sulfate	 species	 on	
the	catalyst	surface.	Fig.	15	shows	the	FT‐IR	spectra	of	the	fresh	
and	 deactivated	 catalyst.	 It	 can	 be	 seen	 from	 Fig.	 11	 that	 the	
FT‐IR	spectra	of	the	deactivated	catalyst	was	similar	to	that	of	
the	 fresh	 catalyst.	 The	 significant	 difference	 between	 them	 is	
that	some	new	bands	at	1120,	1400,	and	3254	cm‒1	were	ob‐
served	 for	 the	deactivated	catalyst.	Based	on	previous	studies	
[45–47],	the	bands	at	1120	and	1400	cm‒1	were	assigned	to	the	
adsorption	peak	of	the	SO42‒	group.	The	small	shoulder	peak	at	
3254	 cm‒1	 was	 attributed	 to	 the	 N–H	 stretching	 vibration	 of	
NH4+	 ions	[48].	Combining	the	TGA	results	with	that	of	FT‐IR,	
the	 conclusion	 can	 be	 drawn	 that	 sulfate	 salts	 such	 as	
(NH4)2SO4	and	NH4HSO4	were	formed	during	the	SCR	reaction	
in	the	presence	of	SO2.	On	one	hand,	the	sulfate	species	depos‐
ited	on	 the	 catalyst	 surface	 resulted	 in	 pore	plugging	 and	 the	
decrease	of	ABET	which	was	confirmed	by	the	BET	results.	The	
surface	area	of	the	8Mn‐8Fe/Al2O3	catalyst	before	reaction	was	
221	m2/g,	while	the	surface	area,	pore	volume	and	pore	size	of	
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Fig.	13.	XRD	pattern	of	the	deactivated	8Fe‐8Mn/Al2O3	catalyst.	
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Fig.	14.	TG	and	DTG	curves	of	the	deactivated	8Fe‐8Mn/Al2O3	catalyst.
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Fig.	15.	FT‐IR	spectra	of	fresh	(1)	and	deactivated	(2)	8Fe‐8Mn/Al2O3

catalyst.	
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the	 8Mn‐8Fe/Al2O3(S)	 decreased	 significantly	 to	 204	 m2/g,	
0.3637	cm3/g	and	71.48	nm,	respectively,	which	would	lead	to	
less	gas‐solid	contact	and	the	reduced	SCR	activity	of	the	cata‐
lyst.	On	the	other	hand,	 the	active	species	on	the	catalyst	sur‐
face	 is	 sulfated	 and	 poisoned	 during	 the	 SCR	 reaction	 in	 the	
presence	of	SO2.	This	will	cause	the	decrease	of	effective	active	
sites	[41].	 	 	

4.	 	 Conclusions	

Fe‐Mn/Al2O3	 catalysts	were	 highly	 active	 for	 the	 low	 tem‐
perature	 SCR	of	NO	with	NH3	 in	 the	presence	 of	 oxygen.	 The	
8Fe‐8Mn/Al2O3	 catalyst	 obtained	 at	 the	 calcination	 tempera‐
ture	of	450	°C	showed	the	highest	activity	and	gave	>	92.6%	NO	
conversion	 over	 a	wide	 low	 temperature	 range	 of	 90–210	 °C	
under	the	conditions	used.	This	was	due	to	the	higher	disper‐
sion	of	iron	and	manganese	oxides,	better	redox	property	and	
surface	acidity,	more	surface	adsorbed	oxygen	and	lower	bind‐
ing	 energy	 and	 an	 enhanced	Mn4+/Mn3+	 ratio.	 The	 8Fe‐8Mn/	

Al2O3	 catalyst	 had	 better	 tolerance	 to	 H2O	 and	 SO2.	 The	 de‐
crease	 of	 catalytic	 activity	 caused	 by	 SO2	was	 due	 to	 the	 for‐
mation	 and	deposition	of	 sulfate	 salts	 on	 the	 catalyst	 surface.	
The	reaction	 temperature	was	crucial	 for	 the	 influence	of	SO2	
on	the	SCR	activity	of	catalysts	and	there	was	better	sulfur	tol‐
erance	at	a	lower	reaction	temperature.	
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An	 Fe‐Mn/Al2O3	 catalyst	 with	 8	 wt%	 Fe	 and	 8	 wt%	Mn	 loadings	 exhibited	
higher	ABET,	enhanced	dispersion	of	active	species,	improved	redox	properties	
and	acidity,	lower	binding	energy,	higher	Mn4+/Mn3+	and	more	adsorbed	oxy‐
gen	species,	which	gave	superior	low	temperature	catalytic	activity.	
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Fe-Mn/Al2O3 催化剂低温 NH3 选择性催化还原 NO 的性能 
王晓波a,b,*, 伍士国a,b, 邹伟欣a,b, 虞硕涵a,b, 归柯庭c, 董  林a,b,# 

a南京大学化学化工学院, 介观化学教育部重点实验室, 江苏南京 210093 
b南京大学现代分析中心, 江苏省机动车尾气污染控制重点实验室, 江苏南京 210093 

c东南大学能源与环境学院, 能源热转换及其过程测控教育部重点实验室, 江苏南京 210096 

摘要: 本文制备了一系列 Fe-Mn/Al2O3 催化剂, 并在固定床上考察了其 NH3 低温选择性催化还原 NO 的性能.  首先考察了

不同 Fe 负载量制备的催化剂的脱硝性能, 优选出最佳的 Fe 负载量;  在此基础上, 研究了 Mn 负载量对催化剂脱硝效率的

影响;  最后, 对优选催化剂的抗 H2O 和抗 SO2 性能进行了实验研究;  同时, 对催化剂由于 SO2 所造成的失活机制进行了考

察.  采用 N2 吸附-脱附、X 射线衍射、透射电镜、能量弥散 X 射线谱、程序升温还原、程序升温脱附、X 射线光电子能谱、

热重和傅里叶变换红外光谱等方法对催化剂进行了表征.   
结果表明, 最佳的 Fe 和 Mn 负载量均为 8%, 所制的 8Fe-8Mn/Al2O3 催化剂在 150 °C 的脱硝效率可达近 99%;  同时, 

在整个低温测试区间 (90–210 °C) 的脱硝效率均超过了 92.6%.  Fe 在催化剂表面主要以 Fe3+形态存在, 而 Mn 主要包括 
Mn4+和 Mn3+;  Mn 的添加提高了 Fe 在催化剂表面的积累, 促进了催化剂比表面积增大和活性物种分散, 改善了催化剂氧

化还原性能和对 NH3 的吸附能力.  催化剂的高活性主要是由于其具有较大的比表面积、高度分散的活性物种、增加的还

原特性和表面酸性、较低的结合能、较高的 Mn4+/Mn3+和增强的表面吸附氧.  此外, 8Fe-8Mn/Al2O3 的催化性能受 H2O 和 
SO2 影响较小, 抗 H2O 和 SO2 能力较强.  同时, 反应温度对催化剂的抗硫性有重要影响, 在较低的反应温度下, 催化剂抗硫

性更好;  SO2 造成催化剂活性降低主要是由于催化剂表面硫酸盐物种的生成.  一方面, 表面硫酸铵盐的生成造成催化剂孔

道堵塞和比表面积降低, 减少了反应中的气固接触从而导致活性降低;  另一方面, 催化剂表面的活性物种被硫酸化, 造成

反应中的有效活性位减少, 从而降低了催化剂活性.  
关键词: 一氧化氮;  低温选择性催化还原;  铁-锰催化剂;  X 射线光电子能谱;  二氧化硫;  傅里叶变换红外光谱 
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