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Abstract: A series of Mn-Fe/ZSM-5 catalysts were prepared for the selective catalytic reduction (SCR) of NO. Additional-

ly, the effects of co-precipitation and impregnation methods, Fe precursors, and calcination temperatures on morphology ,

chemical composition, and the catalytic activity were investigated. The results indicated that Mn-Fe/ZSM-5 catalyst exhibited

superior SCR activity and a broad active temperature range (120 ~300 “C ) when prepared by the co-precipitation method
using Fe(NO, ), as precursor and calcining it at 300 C. At 120 °C, the conversion of NO achieved 96. 7% , and the NO

conversion was always more than 95% in the temperature range 120 ~300 °C. X-ray diffraction, ammonia-temperature pro-

grammed desorption, X-ray photoelectron spectroscopy, scanning electron microscopy, transmission electron microscope, N,-

physisorption were used to characterized. Manganese and iron were mainly dispersed on the catalyst surface in the state of

MnO,-Mn, O, and Fe, O, respectively, as evidenced by the combined result of XRD and XPS. Specifically, when the superior

Mn**/Mn’" ratio is 1.254 and the larger number and stronger intensity of acid sites, NH, adsorption and NO reduction activi-

ty is promoted evidently. These factors may be identified as the primary reasons for its high de NO_ activity for NH,-SCR.
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The emission control of nitrogen oxides (NO, )
from stationary or mobile sources has been a major con-
cern related to environmental issue and air quality.
Undoubtedly, the direct transformation of nitrogen
oxides (NO and NO,) to N, is the ideal removal meth-
od. So far, the selective catalytic reduction of NO, with
NH; ( NH,-SCR ) under oxygen-rich conditions has
been recognized as the most effective and promising
technique, which can be ascribed to its better sulfur
tolerance, moderate catalytic properties, and low oper-
ation cost for stationary flue gas denitrogenation and

automotive exhaust purification’' ™.

The zeolite sup-
port provides acid sites for NH; adsorption. And the

transition metals play a crucial role in catalyzing the
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oxidation of NO and the subsequent formation of sur-
face NO, adsorption complexes. So transition metals
supported on zeolite catalysts are promising alternative
SCR catalysts for the removal of NO, from automotive

73] Manganese-based catalysts have drawn

emissions
much attention, because they show good activity and
N, selectivity for low-temperature NO reduction with
NH,, and the presence of defects sites of various Mn

oxidation states'®.

Manganese oxides have labile lat-
tice oxygen and various oxidation states for Mn"" (i. e. ,
MnO, MnO,, Mn,0,, and Mn;0,) , making them ex-
cellent candidates for redox reactions. Pefa, et al. "

found that the excellent low-temperature SCR activity
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of MnO_/TiO, catalyst was due to the combination of
lower calcination temperature, abundant Lewis acid
sites, and relatively high surface concentration. On the
other hand, Fe-containing zeolites, which are inexpen-
sive and nontoxic, have also been studied extensively
over the past decade owing to their remarkable catalytic
activity and durability for NH,-SCRs"*™"".

Fe-zeolite catalysts possess higher activity and N, se-

Generally,

lectivity under medium and high reaction temperatures
(450 ~600 °C). However, their low-temperature ac-
tivity is poor, and thus they cannot fully meet the prac-
tical requirements. Based on the advantages of Mn and
Fe, Mn-Fe complex catalysts systems have received in-
creasing attention recently in an effort to improve the
low-temperature activity and widen the operating tem-
perature range of SCR catalysts. Wu et al. "> reported
that the introduction of Fe to Mn/Ti0O, catalyst can in-
hibit catalyst sintering and keep MnO, in an amorphous
state, thereby enhancing the activity of the catalyst.
Long and his coworkers'”' found that NO conversion
on Fe-Mn catalyst prepared by the co-precipitation
method was 74% at 80 °C. Qi and Yang''* also re-
vealed that Fe and Mn mixed oxide catalysts facilitate
SCR reactions. Therefore, the study of Mn-Fe complex
catalyst systems for NH,-SCRs not only has high theo-
retical significance, but it also has certain reference
value for practical application.

In a previous work, our group prepared a superior
Mn/ZSM-5 catalyst that proved to have excellent low-
temperature activity as an SCR of NO with NH,'"'. In
the current study, a series of Mn-Fe/ZSM-5 catalysts
were prepared and applied for NO reduction with NH,
in the presence of O,. The effects of preparation meth-
ods, precursors, and calcination temperatures on the
SCR performance, structure, bulk phase, and surface
composition of the catalysts were investigated. All the
catalysts were characterized by X-ray diffraction
(XRD), ammonia-temperature programmed desorption
( NH,-TPD ),
(XPS), scanning electron microscopy (SEM), N,-

X-ray photoelectron  spectroscopy

physisorption, and transmission electron microscope

(TEM).

1 Experimental section

1.1 Catalyst preparation

A series of Mn-Fe/ZSM-5 catalysts were prepared
respectively by co-precipitation (CP) and impregna-
tion(IM) using manganese acetate( Mn( CH,COO), -
4H,0, AR, supplied by Damao Reagent®, Tianjin,
China) as precursor, HZSM-5 ( Si/Al =38, provided
by Nankai University, Tianjin, China) as support and
ammonia (NH, - H,0, AR, supplied by Hengxing®,
Tianjin, China ) as precipitant with ferric nitrate
(Fe(NO,), + 9H,0, AR, supplied by Kermel®,
Tianjin, China) or Ferric chloride (FeCl,, AR, sup-
plied by Kermel® | Tianjin, China) as Fe precursors
and different calcination temperatures (300 or 500 °C).
The metal contents were 10% Mn and 10% Fe.

For CP method, appropriate amount of manganese
acetate and ferric nitrate or ferric chloride were dis-
solved in deionized water and mixed with HZSM-5 by
magnetic stirring for 24 h at room temperature. Then a
certain amount of ammonia was gradually added into
the resulting solution until the pH of the solution
reached 11. The resulting precipitate was filtered,
dried at 110 °C overnight and calcined in air for 5 h at
different temperatures.

For IM method, certain amount of manganese ace-
tate and ferric nitrate were dissolved in deionized water
and mixed with HZSM-5 by magnetic stirring for 24 h
at room temperature, then the water was slowly evapo-
rated in a water bath at 80 “C. The impregnated cata-
lysts were dried at 110 °C overnight, followed by calci-
nation at 300 °C in air for 5 h.

The samples were denoted as MFZ. For example,
MFZ-CP-N-300 represents the catalyst prepared by CP
method , using Fe(NO, ), as Fe precursor and calcined
at 300 “C. Prior to catalytic activity test, all the sam-
ples were pressed at a pressure of 18 MPa, and then
crushed and sieved to a size of 0. 450 ~ 0. 280 mm
mesh.

1.2 Catalyst characterization

X-ray diffraction patterns for all samples in the 20

range 5° ~75° were collected on a Fangyuan DX-2700

diffractometer with a Ni filtered Cu K« radiation source
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at beam voltage of 40 kV and beam current of 30 mA.

Ammonia-temperature programmed desorption da-
ta were collected on a Micromeritics Autochem FINE-
SORB-3010 Automated Catalyst Characterization Sys-
tem. Each sample with 150 mg of finely ground powder
was initially pretreated in a flow of pure He at 300 °C
for 3 h, then cooled to 50 C. The sample was treated
with 30 mL/min of 15% NH,/He. Subsequently, the
sample was flushed with 40 mL/min of He for 1 h to
remove weakly bound NH;. Once a stable baseline by
TCD had been achieved, the temperature was ramped
from 85 °C to 700 °C at a rate of 10 “C/min.

X-ray photoelectron spectra were recorded on a
Kratos XSAM800 multifunctional surface analysis pho-
toelectron spectrometer ( UK) using Al Ko as radiation
source at 180 W. The binding energies (BE) of C 1s,
Mn 2p, Fe 2p and O 1s were measured. Charging
effects were eliminated by correcting the observed spec-
tra with the C 1s BE value of 284. 8 eV. For all the
measurements, an estimated error of 0. 1 eV can be
considered.

Nitrogen adsorption isotherms were obtained at
196 C (liquid N, temperature ) using a NOVA 2000e
analyzer. The samples were pretreated at 300 °C for 3
h under vacuum. The specific surface areas of the sam-
ples were calculated using the BET method.

Transmission electron microscope ( TEM, JEM-
2100F) was applied for the detailed microstructure and
metal particle size distribution of the catalysts. Samples
were carried out by suspending powder in a small a-
mount of ethanol, later it was dispersed with the aid of
an ultrasonic bath.

The surface morphology of catalysts was observed
on a ZEISS EVO MAI1S scanning electron microscopy
manufactured by Carl Zeiss Company. Prior to the
SEM experiments, the samples were processed by spra-
ying gold because their non-conductive properties.

1.3 Activity measurement

The SCR activity measurement was carried out in
a fixed-bed quartz reactor (inner diameter 6 mm) at
atmospheric pressure. The reaction conditions were as
follows: 0.5 cm’ of sample, 600 ppm NO, 600 ppm
NH,, 4.5% O,, balance with N,, different total flow

rate. The inlet and effluent NO concentrations were
continually monitored by using an on-line flue gas ana-
lyzer (KM9106 Quintox, Kane May International Lim-
ited). All the data were obtained after 60 min when
the SCR reaction reached steady state. The NO conver-
sion ( 17 ) was calculated as follows:
[NO, 1, - [NO,]
[NO, ]
Where NO, ( ppm) is the inlet NO concentration and

in

(%) = “ % 100% (1)

in

NO,,.(ppm) is the outlet NO concentration.

2 Results

2.1 SCR activity
Figure 1
Mn/ZSM-5 and Mn-Fe/ZSM-5 catalysts prepared using
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Fig. 1 NH;-SCR activities of Mn/ZSM-5 and Mn-Fe/ZSM-5

catalysts prepared by different preparation technology

different preparation methods, Fe precursors, and cal-
cination temperatures in terms of NO conversion as a
function of reaction temperature in the reaction temper-
ature range of 60 ~300 °C. The catalyst of MFZ-CP-N-
300 revealed superior de NO, activity in the low-tem-
perature region. At 120 °C, it achieved 96. 7% NO
conversion as compared to 77.3% for the MFZ-IM-N-
300 catalyst. The active temperature range of the MFZ-
CP-N-300 catalyst was also broader than that of the
other catalysts. In the temperature range 120 ~ 300
°C, the catalyst prepared with Fe ( NO, ), exhibited a
NO conversion of more than 90% , whereas the catalyst

prepared with FeCl, exhibited 90% NO conversion in
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the range of 210 ~300 °C. According to the compara-
tive analysis, the catalyst calcined at 500 C ( MFZ-
CP-N-500) exhibited a much lower activity as com-
pared to the catalyst calcined at 300 C ( MFZ-CP-N-
300) in the low-temperature range (< 150 °C). When
the reaction temperature exceeded 180 °C , the two cat-
alysts showed similar NO conversion. Figure 2 shows
the effect of the GHSV on NO conversion for MFZ-CP-
N-300 at 120 °C. With the increase of the space veloc-
ity (GHSV ), the NO conversion decreased monoton-
ously. When the gas hourly space velocity decreased to

18000 h™, NO has been converted into N, completely.
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Fig.2 NH,-SCR activities of MFZ-CP-N-300 at 120 °C under
different GHSV conditions

It is thus apparent that the NO, activity of the Mn-
Fe/ZSM-5 catalyst strongly depends on the preparation
technology, and the Mn-Fe/ZSM-5 catalyst prepared
by the CP method with Fe(NO, ), as the precursor and
calcined at 300 °C, i.e., MFZ-CP-N-300, shows the
best low-temperature SCR activity and broadest active
temperature range. The MFZ-CP-N-300 catalyst exhib-
ited excellent stability, and NO conversion remained a-
bove 98% for a 120 h test at 300 C.

2.2 XRD

The X-ray diffractograms of the HZSM-5 support
and Mn-Fe/ZSM-5 catalysts prepared by different pre-
paration technology are depicted in Figure 3 . It can be
seen that the commercial bulk HZSM-5 support con-
tained strong and typical diffraction peaks at 2 = 8°,
9°,23°, and 24°"'). All the characteristic peaks cor-
responding to ZSM-5 can be observed for all the Mn-

Fe/ZSM-5 catalysts, suggesting that the implantation of
metallic components during the preparation technology
did not change the original structure of the carrier it-
self, whereas the intensities decreased dramatically as
compared to the HZSM-5 support, indicating the strong

interaction between ZSM-5 and metal oxides'’"*.
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g.3 XRD patterns of Mn-Fe/ZSM-5 catalysts prepared by

different preparation technology

For the catalysts of MFZ-IM-N-300, MFZ-CP-N-
300, and MFZ-CP-C-300, no visible iron or manga-
nese oxide phase can be observed. This may be due to
the low crystalline nature ( amorphous) or the effective

dispersion of metal oxides on the catalyst surface'" ™",

The difference was that the ZSM-5 diffraction peak in-
tensity of MFZ-N was lower than that of MFZ-C. The
calcination temperature had a significant effect on the
crystallinity of catalysts, and the strength of the ZSM-5
peaks increased with increasing calcination tempera-
ture. When the catalyst was calcined at 300 C, no
visible phase of Fe or Mn was observed, which may be
due to the poor crystallinity or amorphous phase
caused'™’. However, when the calcination temperature
increased to 500 °C , the diffraction peaks obtained at
260 = 33°, 35.6°, 40.8°, 54°, 62.4°, and 64° can
be assigned to Fe,0,( JCPDF #33-0664 ) ! | revealing
the formation of crystalline Fe,O, on the catalyst sur-
face. Fe,O; crystalline may result in the decrease of
catalytic activity at low temperature.

2.3 NH;-TPD

The catalyst surface acidity is also a critical factor
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for the NH;-SCR reaction. The large amount of the
surface acidity of the Mn-Fe/ZSM-5 catalysts is maybe

another reason for its excellent de NO, activity. Differ-

ent categories of acid sites are listed in Table 1 . The
NH,-TPD spectra of these catalysts contain at least two

desorption peaks . The first peak is centered at about

Table 1 The surface acidity calculated from NH; desorption amount in NH,-TPD

Acidity* Low temperature High temperature
Sample 5
/Cumol = my, ) r/(C)" Ly, (mol - myg ) T/(C)" Ly Cpmol - m )
MFZ-CP-N-300 9.1 197 5.5 413 3.6
MFZ-IM-N-300 8.9 195 5.4 400 3.5
MFZ-CP-N-500 6.8 175 5.8 390 1.0
MFZ-CP-C-300 4.6 162 3.4 315 1.2

a. Calculated from the specific NH; desorption amount per Sy of the catalysts;

b. Central desorption temperature of the ammonia bound to different acid sites.

200 °C, while the second one, much broader, at tem-
perature about 400 °C. The low temperature peak of
100 ~300 °C is present for all samples which is attri-
buted to NH; desorbed by weak and medium acid sites
either physisorbed or linked to weak Brgnsted acid
sites, while the high temperature peak of 300 ~500 C
can be attributed to NH; desorbed from chemisorbed or
the strong Lewis acid sites. By comparing this kinds of
catalysts, the second peak was shifted to higher tem-
perature region from 315 to 413 °C, gradually. The
NH,-TPD results demonstrate that the number and in-
tensity of acid sites in the catalysts has a significant im-
pact on the catalytic activity. As shown in the NH;-
TPD profiles of Figure 4 | the MFZ-CP-N-300 catalyst

|

MFZ-CP-C-300

5 \-/r\ MFZ-CP-N-500
3 | e
5 MFZ-1IM-N-30
Z
7N\ |
/ \_/—'\ MFZ-CP-N-300
[ \-_h
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Temperature/"C

Fig. 4 NH;-TPD over the catalysts: MFZ-CP-N-300,
MFZ-IM-N-300, MFZ-CP-N-500, MFZ-CP-C-300

has a higher NH; adsorption capacity, compared to the
other catalysts, mainly due to the large number of sur-
face acidic sites on the ZSM-5 support and Mn-Fe bi-
metallic oxides. For these catalysts, the increased a-
mount of Brgnsted and strong Lewis acid is due to the
MnO, species. The NH; adsorption capacity in this study
decreased in the following order; MFZ-CP-N-300 >
MFZ-IM-N-300 > MFZ-CP-N-500 > MFZ-CP-C-300.
And the intensity of acid sites catered to the activity or-
der of the sample. Comparing the low temperature
(393 K) SCR activity of our catalysts, it was conclu-
ded that catalysts having Lewis acidity were active and
that Brgnsted acidity may not be contributing to catalyt-
ic performance’.
2.4 XPS

To determine the surface atomic concentration and
chemical states of Mn, Fe, and O in the surface re-
gion, XPS tests were conducted. The spectra of
Mn 2p, Fe 2p, and O 1s are illustrated in Figure 5 ,
and the binding energy and relative surface atomic con-
centration of Mn, Fe, and O obtained by XPS are lis-
ted of in Table 2 ,
0,/(0,+0,) and Mn**/Mn’" calculated by the corre-

sponding characteristic peaks. As seen in Figure 5a ,

which also includes the area ratio of

the spectra of Mn 2p display clear spin orbit-splitting
peaks from 635 ~ 660 eV, assigned to Mn 2p,,, and
Mn 2p,,, respectively, according to the X-ray photoe-

lectron spectroscopy database of the National Institute
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Fig. 5 XPS spectra of Mn 2p (a), Fe 2p (b), and O 1s (c¢)
Table 2 Binding energy and surface atomic concentration of Mn, Fe and O determined from
XPS: MFZ-IM-N-300, MFZ-CP-N-300, MFZ-CP-N-500, MZ-CP-C-300
Surface atomic composition
Mn 2p/(eV) Fe 2p/(eV) 0 1s/(eV) )
Samples / (‘atomic% )
2p1, 2ps), Mn**/Mn** 2pi,n 2ps), 0, 05 Oa/Oa+OB Mn Fe 0
MFZ-IM-N-300 653.5 641.7 2.499 724.5 710.7  529.7 532.1 0.65 2.28 6.71 40.51
MFZ-CP-N-300 653.7 641.8 1.254 724.5 710.9  529.7 531.9 0.17 2.16  3.10 41.48
MFZ-CP-N-500 653.5 642.0 1.084 724.5 710.6  529.7 532.1 0.17 2.68 6.45 39.15
MFZ-CP-C-300 653.6 641.8 1.761 724.3  710.8  529.6 532.3 0.41 3.28 4.85 40.15
of Standards and Technology ( NIST) and previous li- well established that the Mn** and Mn’* peaks appear

[23-24]

terature reports . For the identification of the sur-

face manganese oxide phases and the relative percenta-
and Mn’*

peaks were deconvoluted into two peaks by searching

ges of Mn* species, the overlapped Mn 2p

for the optimal combination of Gaussian bands with the

correlation coeffcients (1*) above 0.98. It has been

at 642.3+0.1 eV and 641.4+0.1 eV, respective-
ly'®). Our XPS spectra of MnO,, Mn,0,, Mn,0,,
and MnO exhibited the Mn 2p,, peak near 642. 3,
641.3, 641.4, and 641.5 eV, respectively > /. The
deconvoluted peaks are signed as specific phases of

manganese ( MnO,, Mn,0,) in each spectrum ( Figure
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5a). As shown in Table 2 , the percent of Mn** cation
on these Mn-Fe/ZSM-5 catalysts obviously varied. The
Mn 2p,,, binding energy of MFZ-CP-N-300 was about
641.8 eV, and the Mn**/Mn’" ratio was 1.254, indi-
cating that the Mn species mainly existed in the form of
MnO,-Mn,0,, and some MnO, was transformed into
Mn,0,"”"". For the MFZ-CP-N-500 catalyst, however,
the Mn 2p, , binding energy showed a increase of about
0.2 eV. The may have been due to a interaction be-
tween Mn and Fe. Moreover, the Mn*"/Mn’" ratio de-
creased from 1.254 to 1.084, which suggested that the
Mn species mainly existed in the form of Mn,0;. For
the MFZ-CP-C-300 and MFZ-IM-N-300 catalyst, the
Mn*/Mn’" ratio increase to 1.761 and 2.499 , indica-
ting that the MnO, was the main existence form, which
strongly interacted with the support surface 7/
Considering the SCR activity results, the ratio of MnO,
and Mn, O, on the surface of the catalysts may play an
important role in determining the activity ”’'. As shown
in Figure 5b , the Fe 2p spectra of the four catalysts
exhibited a doublet corresponding to Fe 2p,,, at 724.4+
0.1 eV and Fe 2p,, at 710. 8 0. 1 eV, and these
values are consistent with the reported values of
Fe,0,7"" | proving that Fe with a valence of +3 like-
ly existed on these catalysts.

The peak deconvolution and fitting procedure show
that the O 1s peak is well fitted by two peaks as shown
in Figure Sc , indicating that two kinds of surface oxy-

gen species exist. The peak at 529.6 ~529.7 eV most

likely belongs to lattice oxygen (0>, hereafter denoted
as 0,) and the peak at 531.9 ~532.3 €V is related
to the weakly surface-adsorbed oxygen ions with low
coordination ( 0, and O7, hereafter denoted as
0g) [18:28.3273)  The binding energy of O, mainly cen-
tered at about 529.7 eV, as expected for the transition
metal oxides'™'. Another oxygen species O, at about
531.9 eV was also observed, which was assigned to -
OoH"".
possessed more lattice oxygen species than that pre-
pared with Fe (NO, ), except MFZ-IM-N-300. When

the calcination temperature increased from 300 to 500

C, the ratio of 0,/(0,+0,) remained the same, in-

Obviously, the catalyst prepared with FeCl,

dicating that the calcination temperature has little effect
on the relative content of lattice oxygen species and
surface-adsorbed oxygen species. The lattice oxygen
plays an important role in the NH;-SCR reaction. And
it is considered to be the most active oxygen species.
The reaction proceeds firstly via a consumption of ac-
tive oxygen, then a transferring of lattice oxygen to ac-
tive sites and subsequently the re-oxidation of reduced
catalysts by gas-phase oxygen. So the excellent low
temperature activity of the catalyst associated with the
surface lattice oxygen, which may promoted the ad-
sorption and activation of reactants ( NH; or NO) on
the catalyst surface.
2.5 N, adsorption/desorption and TEM

Table 3 summarized the BET surface area, total

pore volume, and average pore size of the samples.

Table 3 Textural properties of HZSM-5, MFZ-CP-N-300, MFZ-IM-N-300, MFZ-CP-N-500, and MFZ-CP-C-300

Sample Sper/(m* + g™") Average pore size/nm Total pore volume/(cm® + g™)

HZSM-5 492. 461 0.614 0.3007
MFZ-CP-N-300 348. 461 0. 666 0.2848
MFZ-IM-N-300 334.012 0.615 0. 3684
MFZ-CP-N-500 299.123 0. 682 0.2387
MFZ-CP-C-300 250. 546 0.723 0. 3495

The results indicated that the samples were typical
microporous material ( Figure 6a ) and that after load-
ing Mn and Fe the pore structure of ZSM-5 changed to

some extent. The Sy, of these catalysts were affected

by the prepared technology and decreased from
348.461 m’g™" to 250. 546 m’g”" monotonically. The
decreased Sy can be deemed to the blocking effect on

pores arising from addition of metal oxide species



Fig. 6 TEM images and metal oxide particle distribution of HZSM-5 (a and b) , MFZ-CP-N-300 (c¢), MFZ-IM-N-300 (d),
MFZ-CP-N-500 (e), and MFZ-CP-C-300 (f)

(Figure 6 ). All the catalysts had similar isothermal to

that of the HZSM-5 support, suggesting that all the ca-
talysts retained the well microporous properties. Fur-
thermore, co-precipitation and impregnation methods
had little effect on the surface area of MFZ-CP-N-300
and MFZ-IM-N-300. The reason that MFZ-CP-N-300
increased the activity at low temperature might be inde-
pendent of the surface area.

Figure 6 showed that TEM images and metal parti-

cle distribution of these samples. Figure 6a and b

showed the structure of ZSM-5 zeolite, with three-di-
mensional channel defined by 10-membered ring ope-
nings. It can be found that small and homogeneous
metal particles were uniformly present over the MFZ-
CP-N-300 and that the four catalysts were still main-
tained a good structure of the ZSM-5. Compared with
the MFZ-CP-N-300, the sintering phenomenon of the
other catalysts was more serious. Finally, the image of
the MFZ-CP-C-300 catalyst showed strip material but

without the structure of the ZSM-5, which might
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reduced the catalytic activity. The results convince that
prepared technology has a significant effect on the
structure of the supported Mn and Fe particles.
2.6 SEM

Further insight into the influence of precursors and
different temperatures on the structural features of the
HZSM-5 support and the Mn-Fe/ZSM-5 catalysts come
from the SEM graphs shown in Figure 7 . The structure
and morphology of HZSM-5 also have not been changed
through modification. As indicated in Figure 7a , the
surface of pure HZSM-5 was smooth. In contrast, the

surface became rough after doping, and particles ten-

(2)

ded to clump and agglomerate to some extent, sugges-
ting that active components had been supported on the
surface of HZSM-5. By contrasting Figure 7b with
Figure 7¢, it can be seen that particles of MFZ-N were
more uniform, and the aggregation of the particles was
significantly lower than the MFZ-C particles. To a cer-
tain extent, this led to the decrease in the catalytic ac-
tivity of MFZ-C. As shown in Figure 7d , the amor-
phous structure disappeared and obvious regular and
smooth particles formed on the sample calcined at
500 °C, which is consistent with the previous XRD

results.

_—
iL' EHT=30.00 kV Mag=5.00 KX Signal A=SE1 WD=7.5 mm w

2 ]

T, EHT=30.00kV Mag=5.00 KX Signal A=SE1 WD=8.0 mm ﬂ

Fig. 7 SEM images of Mn-Fe/ZSM-5 catalysts prepared by different precursors and different temperatures ;
(a) HZSM-5, Mag = 5000x; (b) MFZ-CP-N-300, Mag = 5000x; (c¢) MFZ-CP-C-300, Mag = 5000x;
(d) MFZ-CP-N-500, Mag = 5000x

3 Discussion

Due to a strong synergy between Mn and Fe, the
appropriate Mn**/Mn’" ratio might have a great effect
on the reduction of NO similar to the results that the

co-existence of Mn,0; and MnO, enhanced the oxida-
tion of NH; and contributed to the catalytic reaction at

1Tt follows Langmuir-Hinshelwood

low temperature
mechanism at lower temperature. The SCR reaction

can be approximately described as: NH, (g) = NH,
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(ad), NO(g)=NO(ad), Mn*"-O+NO(ad) —Mn""+
NO,”, NO,” +NH,—N,+H,0+0OH", Mn** +1/40,—
Mn*"+1/20.
bility of Fe* cation to oxidize NO to NO,” was much

As described in the literature the a-

less than that of Mn**. Therefore, Fe’* might be neg-
lected if there were some Mn*" cation on the surface. It
is generally believed that NH; begins with Lewis acid
adsorption of the catalyst at NH;-SCR reaction, then
the catalytic dehydrogenate is occurred under the lat-

tice oxygen or other surface oxygen species.

4 Conclusion

As described above, the preparation technology
may play an important role in determining the activity.
The Mn-Fe/ZSM-5 catalyst prepared by the CP method
with the Fe(NO, ), precursor and calcining it at 300 C
exhibited the best SCR activity within the scope of the
study, which could be attributed to the coexistence of
MnO,-Mn,O,, the appropriate Mn*/Mn** ratio and
the enhanced redox activities. This was primarily due
to the better dispersion of metal oxides, better redox
characteristics, the larger number and stronger intensi-
ty of acid sites, the larger Sy, and more surface-ad-
sorbed oxygen. In the range of 120 ~ 300 °C, MFZ-
CP-N-300 exhibited more than 90% NO conversion.
And the MFZ-CP-N-300 catalyst had a good stability.
Mn and Fe were properly dispersed on the catalyst sur-
face and existed in the form of amorphous MnO,-
Mn, 0, and Fe,O;, which was detrimental to the low-
temperature SCR of NO,. The presence of surface ni-
trate species under moderate calcination conditions may
play a favorable role in the low-temperature SCR of
NO, with NH;. However, the mechanism of enhancing
activity through nitrate species is still poorly understood
and must be investigated in future research. This cata-
lyst was made up of closely packed particles with regu-
lar morphology. The catalyst particles were relatively
uniform and the surface oxygen species were mainly
composed of adsorption oxygen species.
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