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on synthesis condition of MFI and Co location
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Abstract

The effects of different synthesis conditions for MFI and the different locations of Co2+ on MFI on the catalyst properties for the s
lective catalytic reduction of NO by C3H8 [C3H8–SCR] in the presence of excess oxygen were investigated, and the nature of Co2+ was
characterized by XRD, FTIR, H2-TPR, XPS, and DTG. H2-TPR shows that the exchanged Co ions in MFI are nonreducible even at 75◦C,
while the reduction temperature of incorporated Co is at 690◦C. Three types of DTG peaks, which correspond to different temperature
the thermal decomposition or disassociation of TPA, are observed in the differential thermogravimetric (DTG) analysis of the as-sy
MFI prepared under different conditions, and are related well to C3H8–SCR of NO for three different types of Co sites in MFI: incorpora
Co2+ site and two different exchanged Co2+ sites, respectively. The incorporated Co2+ in MFI with the DTG peak temperature at 418◦C
is almost inactive for C3H8–SCR of NO. For the Co2+-exchanged MFI, the sample with a low Co2+-exchange degree has a higher TOF
NO reduction than that having a higher Co2+-exchange degree, indicating that at least two types of Co2+ sites exist in the Co2+-exchanged
MFI sample. The corresponding DTG peak temperatures located at 455 and 481◦C show two types of exchanged Co ion sites having
ferent surface energies for different activities for SCR of NO, with the Co2+ site with higher surface energy having higher specific catal
activity for NO reduction. The exchange degree and position of Co2+ depend on the alkalinity of the hydrothermal synthesis condition
the sodium content of the resulting Co2+-exchanged MFI.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

NO emission into the atmosphere is a worldwide c
cern because it contributes to acid rain, urban smog,
ozone exhaust. There are a number of approaches to
removal under oxygen-rich conditions aimed for station
and lean-burn engine sources. Among them, selective
alytic reduction by hydrocarbons [HC–SCR] is believed
be a potential technology for removal of NO from exha
since it was reported in 1990 [1,2]. One family of cataly
that show promising performance with CH4 and other hydro-
carbons is cobalt-containing MFI, which have been ex
sively investigated recently by many research groups [3–
There are many advantages for Co/MFI catalysts. For ex
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ple, Co ion-exchanged MFI catalysts are more effective t
Cu- or Fe-MFI under rich-oxygen conditions [3,4,19] a
show unusual hydrothermal stability [5,6,36,37]. Its ca
lytic performance for HC–SCR of NO was even improv
by hydrothermal treatment [38]. Furthermore, as compa
to Pt-containing catalysts, which reduce NO mainly to N2O
[39,40], Co/MFI does not produce N2O during HC–SCR of
NO [3,8] and even shows activity for decomposition of N2O
[41,42].

However, for HC–SCR of NO over Co/MFI, there a
still a lot of controversial results in the literature on t
role of oxygen [3,4,15,21,23,24,29,43] and active spe
[4,8–10,21,27,30,34] and the influence of cobalt conten
20,28–30,43] on the activity of the catalysts. Some auth
pointed that the high activity of cobalt incorporated ZSM
for NOx reduction was due to the incorporation of Co2+ in
the siliceous MFI structure [9,34]. It is also generally a
cepted, however, that NO conversion increases with Co
in MFI within the range of exchange capacity [4,20,2

http://www.elsevier.com/locate/jcat
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With a further increase of exchange degree, the activity
HC–SCR of NO is not linearly proportional to the loa
ing of Co ions in MFI [4,20,29,43]. These results sugg
that there exist different Co ions having different activit
in MFI [30,43,44]. In other words, there may exist diffe
ent cation positions within the channels of MFI. Actua
for Co ions, at least two different kinds of sites and coo
nation to framework and oxygen have been found [45–
For CH4–SCR of NO, it has been found that the alpha-t
Co2+ ions, which are located in the main channel of mord
ite and ferrierite and coordinated above the rectangle of
framework oxygen of the channel wall, exhibit the high
activity in these zeolites; however, the beta-type Co2+ ions
coordinated in the plane of four oxygen of the deformed
member ring located in the channel intersection of ZSM
and in channels of beta zeolite control the activity of th
Co zeolites [48]. Therefore, the preparation conditions, s
as loading method of cobalt species, play a strong rol
the catalyst activity for HC–SCR of NO [15,16,22]. It
well known that the catalytic activity of zeolite materia
often depends on the structural properties of zeolite, w
in return is controlled by hydrothermal conditions used d
ing synthesis. Up to now, the studies reported in litera
for the improvement of HC–SCR of NO over Co/MFI we
focused on the modification of different loading conditio
and methods of cobalt species by post-treatment in MFI
22,28,29,49]. Very little attention has focused on the ef
of hydrothermal synthesis conditions of MFI for HC–SC
of NO. This paper reports that the pH used in the star
synthesis gel has a great influence on the ion-exchang
pacity and the distribution of different exchangeable ca
positions in synthesized MFI. The later controls the lo
ing of Co ions in MFI channels and therefore controls
activity of Co/MFI catalysts for C3H8–SCR of NO. To fur-
ther study the nature of active Co ions for HC–SCR of N
the present work also compares the catalytic activities
properties of Co-incorporated and Co-exchanged MFI c
lysts.

2. Experimental

2.1. MFI synthesis and catalyst preparation

Na-MFI materials having a Si/Al mole ratio of 15 in
the starting gel [denoted here as Z] were synthesized u
tetrapropylammonium hydroxide [TPAOH] as a structura
directing agent according to synthesis procedures desc
in the literature [50]. The composition of reaction gel w
SiO2:0.033 Al2O3:0.1 Na2O:0.04 [TPA]2O:35 H2O. In a
typical synthesis, solution A was obtained by adding 6
of Ludox HS-40 [40 wt%, Aldrich] into 34 g of water und
stirring. Then under stirring, 2.13 g of NaOH and 2.19 g
NaAlO2 were added to a mixture of 32.5 g of 20% TPAO
[Merck] and 150 g of water to form solution B. After stirrin
for 30 min, solution A was added dropwise into solution
-

d

The pH in the reaction gel mixture was adjusted by H2SO4.
After stirring the resulting mixture for another 90 min, t
reaction gel was transferred into Teflon-lined autoclaves
then heated statically at 170◦C for 72 h. The solid product
were recovered by filtration, washed with deionized wa
and then dried at 100◦C. Finally the as-synthesized samp
were calcined in air at 560◦C for 15 h.

Co2+-exchanged MFI, denoted here as Co-Z, was
pared from the calcined Na-MFI by the conventional
lution cation-exchange method using 0.1 N of cobalt
trate solution and solid to solution ratio of 1:20. In ord
to make sure that the reaction in the NO–C3H8–O2 system
is kinetically controlled by surface reaction over Co/M
a low cation-exchange degree [CED] of Co ions in M
is required, yielding Co species as Co2+ after dehydration
Therefore, the ion-exchange process was performed at
temperature. Typically 2 g of solid sample was added
40 ml of 0.1 N Co(NO3)2 aqueous solution and the mixtu
was stirred at room temperature for 24 h. The solid prod
was recovered and washed by centrifugation. After rep
ing this ion exchange process for 3 times, the solid prod
were dried at 100◦C overnight and then calcined in air
600◦C for 6 h. The CED of Co2+ was calculated from ICP
analysis results based on the assumption that one Co2+ ion
replaces two Na+ ions required for balancing two fram
work aluminum atoms. For example, a Co/Al ratio of 0.5
provides 100% CED of Co2+.

Co2+ incorporated MFI having a Si/Al mole ratio of 20,
which is denoted here as Z05, was directly synthesize
adding CoCl2 solution into the above-stated gel mixtu
without the addition of sodium aluminate. The synthesis
lowed the general procedure described in the literature [
Typically 2.13 g of NaOH and 60 g of Ludox HS-40 we
added into 164 g of water under stirring. After stirring f
30 min, H2SO4 was added dropwise to adjust the pH do
to 12 before 32.5 g of 20% TPAOH was added to the m
ture. After stirring the mixture for another 30 min, 20
of aqueous solution containing 4.76 g of CoCl2 · 6H2O was
added into the above gel. The following-up procedures
crystallization, washing, and drying were the same as th
used in Na-MFI synthesis.

2.2. Catalyst characterization

X-ray diffraction [XRD] analysis was carried out using
Shimadzu XRD-6000 X-ray diffractometer with Cu-Kα ra-
diation. The voltage and current applied were 40 kV a
30 mA, respectively. The step size and count time were 0◦
and 0.3 s, respectively. The slit values used were 1.0 [D
1.0 [SS], and 0.30 [RS]. The crystallinity of the sample w
calculated from the integrated intensity based on the c
acteristic diffraction peaks at 2θ = 7–9 and 22.5–24.5◦. The
bulk chemical analysis of the cobalt-containing MFI af
acid [HF] digestion of the solid was obtained using indu
coupled plasma [ICP] atomic absorption.
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The framework vibration for as-synthesized, calcin
or Co-exchanged samples was performed on a Shim
FTIR-8700 infrared spectrophotometer using KBr pelle
The infrared spectra characterizing the surface hydro
groups were recorded after treatment of the self-suppo
sample wafer under vacuum (< 10−5 mbar) at 150◦C for
2 h. The H-type samples required for the character
tion of surface hydroxyl groups were prepared by excha
ing calcined Na-MFI or sample Z05 with NH4+ in 1.0 N
(NH4)NO3 aqueous solution at 60◦C under stirring for 10 h
After the solid was recovered and washed by filtration, it w
dried at 110◦C and finally calcined at 450◦C for 4 h.

Thermogravimetric analysis of the as-synthesized sam
was carried out on a TGA 2050 Thermogravimetric An
lyzer (TA Instrument) with a N2 flow of 100 ml/min and a
heating rate of 10◦C/min.

Specific surface areas of samples were determined b
N2 BET method at liquid nitrogen temperature using Qu
tachrome Autosorb-1.

Temperature-programmed reduction [TPR] experime
were carried out in a flow tubular quartz reactor loaded w
50 mg of catalyst. A thermocouple placed in the upper s
of the sample bed was used to monitor the catalyst temp
ture. The reducing gas mixture was composed of 5% of2
and 95% of N2. A column of 3A zeolite placed in GC wa
used to remove the water formed during TPR experim
The H2 consumption was analyzed by TCD using a curr
of 60 mA. Prior to the TPR experiment, the sample was p
treated in dry 25% O2/75% He with a flow of 30 ml/min at
600◦C for 2 h.

X-ray photoelectron spectroscopy [XPS] spectra of
balt-containing samples were obtained using a Kratos A
spectrometer equipped with monochromatic Al-Kα X-rays
[1486.6 eV, 225 W]. The analyzer was operated at a p
energy of 80 eV. Binding energies were referenced to
line at 284.6 eV with an accuracy of±0.1 eV. The mea-
surements were performed at room temperature. The2p
as well as Al2p, O1s, and Si2p core levels were thoroughl
determined. All spectra were fitted with a Gaussian met
in order to determine the number of components under
XPS peaks.
-

2.3. Catalytic reactions

Selective catalytic reduction [SCR] of NO was carri
out using an ordinary continuous flow-type reactor ope
ing at ambient pressure. 0.45 g (∼0.8 ml) of catalyst was
packed in a tubular reactor and the flow rates of all ga
were controlled by mass flow controllers. The gas inlet i
the reactor with a total flow of 200 ml/min consisted of
1000 ppm of NO, 15 or 5% of O2, 1000 ppm of C3H8, and
helium as the balance gas, which corresponded to a GHS
15,000 h−1. The analysis of NO and O2 concentrations wa
carried out using a Shimadzu NOA-7000 NO/O2 chemilu-
minescence analyzer. The concentrations of C3H8, H2O and
N2O were analyzed using a Shimadzu GC-17A with TCD
the detector. All data were collected after the reaction sys
has been stabilized for at least 30 min at each reaction
perature. The conversions of NO and C3H8 were calculated
based on their compositions at the inlet and outlet of the
actor. Therefore, the TOF for NO reduction over Co/M
was calculated based on the steady-state NO conversio
Co content in Co/MFI.

3. Results and discussion

3.1. MFI synthesis and characterization

Table 1 summarizes the gel and bulk compositions
properties of the prepared catalysts as well as the influ
of crystallization temperature on the crystallinity of MF
Under the same alkalinity [pH 13.5], the low synthesis te
perature at 150◦C [Z01] yields lower MFI crystallinity as
compared to those synthesized at high temperature at 17◦C
[Z02]. The crystallinity of MFI also decreases with the d
crease of alkalinity in the starting gel, leading to the f
mation of amorphous silica at pH 10.5 [as found in Z0
However, too high alkalinity [pH� 14] also results in the
low yield of MFI because most silica species are dissol
in the mother solution. When the crystallization temperat
is fixed at 170◦C, a comparison of Z02 and Z04 shows th
Table 1
Synthesis conditions and properties of MFI and Co/MFI catalysts

Sample Synthesis condition Product properties

Temp. pH Si/Al Si/Co Si/Alb Si/Cob Na/Alc Na/Coc Crystallinityc BET Co content Co/Alb

(◦C) Gela Gela (%) (m2/g) (wt%)b

Z01 150 13.5 15 ∞ 82
Z02 170 13.5 15 ∞ 10 0.93 100 358
Z03 150 10.5 15 ∞ Amorphous
Z04 170 12 15 ∞ 13 0.57 97 369
Z05 170 12 ∞ 20 560 23 0.14 88 438 4.21
Co-Z02 Co-ions exchanged MFI 1.15 0.18
Co-Z04 Co-ions exchanged MFI 0.16 0.04

a Atomic ratio calculated from synthesis recipe.
b Results of ICP analysis.
c ICP analysis of as-synthesized forms.
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the crystallinity of MFI is not affected by the alkalinity i
the range of pH 12–13.5.

It can be seen from Table 1 that aluminum atoms
easily incorporated into the tetrahedral framework of M
structure, and the atomic ratio of Si to Al in Z02 and Z
is 10 and 13, respectively. The difference in the BET s
cific surface area between Z02 and Z04 is less than 3%
pH from 12 up to 13.5. However, the loading of exchan
Co ions in MFI depends greatly on pH. The cobalt con
in Co-Z02 is 1.15 wt% (Co/Al = 0.18), which is 4.5 times
more in Co-Z04 (Co/Al = 0.04) having only 0.16 wt% o
Co, although Co was loaded onto the two samples unde
same solution-exchange conditions. It is worth noting
the difference in pH during synthesis also influences the
content in MFI. Na/Al atomic ratios for as-synthesized Z0
and Z04 are 0.93 and 0.57, respectively, indicating that a
tion of cationic sites in MFI are occupied by other catio
probably by TPA+, and more cationic sites in Z04 than
Z02 are not occupied by Na+ to balance the charge.

Since Al3+ is known to be an amphoteric ion, it can
present as AlO2− in a basic solution. Furthermore, AlO2−
can then easily coordinate with Si–O–Si tetrahedral du
hydrothermal crystallization to form tetrahedral alumino
licate. Thus high alkalinity favors the incorporation of a
minum into the MFI framework. In contrast to Al3+, the
strong polarization of cobalt ion leads to the precipitat
of cobalt hydroxide in basic solution. Therefore, for be
incorporation of cobalt species into the framework of M
structure, the pH of the starting gel during the synthesi
Co-incorporated MFI [Z05] was selected to be the sam
that of Z04. However, the Na/Co atomic ratio in Z05 is
only 0.14.

Fig. 1 shows the XRD patterns of as-synthesized M
prepared under different synthesis conditions. It can be
that Z04 and Z02 have the same XRD patterns, altho
they are synthesized under different pH in gel. XRD p
terns show that the inclusion of Co into the MFI framewo
results in the partial distortion of lattice and the orientat
growth of the framework structure of MFI crystal. We co
pare XRD patterns of Z05 with Z04 because the synth
pH for these two samples is the same (pH 12). The c
acteristic double peaks in Z04 at 2θ around 45◦ become
one peak at 45.38◦ in Z05. Furthermore, the two peaks
2θ = 26.52 and 26.78◦ in Z04 become one peak at 26.6◦
in Z05. Fig. 2 further shows the effects of Co ions exchan
at the cation positions or Co incorporated into Si–O–Si te
hedral sites on the lattice structure of MFI. After Co loadi
XRD patterns for both Co ion-exchanged Z02 and Z04
main unchanged and the same as those before ion exch
However, the transformation of original orthorhombic sy
metry to monoclinic symmetry is observed in Z05, with t
peak at 24.26◦ in Fig. 1 splitting into two peaks at 24.22 an
24.38◦ in Fig. 2. From the structural coordination point
view, the crystalline ionic radius of four-coordinate Si4+ is
0.40 Å [52], which is close to that of four-coordinate Al3+
[0.53 Å]. However, the crystalline ionic radius of Co2+ for
e.

Fig. 1. XRD patterns of as-synthesized MFI obtained under different
thesis conditions.

Fig. 2. XRD patterns of calcined Co-incorporated and Co-exchanged
samples.

IV coordination is 0.72 Å, which is appreciably larger th
that of Si4+. Therefore, the incorporation of Co species i
the framework of MFI structure requires a substantial lat
rearrangement and results in a distorted tetrahedral latti

The framework vibrational IR spectra are used to dis
guish the local structures after Co ions have been excha
to the cation positions or Co incorporated into the fram
work of MFI. Fig. 3 shows the FT-IR spectra of differe
MFI. Once compared with Na-MFI (Z04), a weak band
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Fig. 3. FTIR spectra characterizing framework vibration of different M
samples.

626 cm−1 is observed for Co-exchanged (Co-Z04) and
corporated (Z05) samples. According to the assignmen
the infrared peak of zeolites by Flanigen et al. [53],
vibration bands located at 500–650 cm−1 are assigned to
structurally sensitive external linkages. In this study, t
vibration band is assigned to the presence of exchan
Co2+ ions at the cation positions of MFI. The presence
626 cm−1 band in Z05 should be attributed to Co ions
balance the electrical neutrality of MFI framework due
the incorporation of cobalt into MFI framework. There a
ways exist exchangeable Co2+ ions in Z05 occupying the
exchangeable cation sites. The amount of the excha
Co2+ ions in Z05 depends on the competition among Co2+,
Na+, and probably template TPA+ in the synthesis gel an
on the amount of incorporated cobalt. A new band aro
563 cm−1, which is close to the structurally sensitive abso
tion band at 550 cm−1 for MFI structure [54,55], is observe
only for Z05. This new band can be assigned to double
vibration based on the band assignment reported in the
erature [53–55], showing that cobalt species in Z05 h
entered the five-membered rings of T sites in the MFI fram
work.

In order to further compare the difference between Z
and Z05, Fig. 4 shows the IR spectra of H-MFI (H-Z04) a
H-type Co-incorporated MFI (H-Z05). The hydroxyl grou
on the two samples are obviously different. The absorba
(ABS) intensity of hydroxyl groups for H-Z05 is lower an
its IR band is broader than that of H-Z04, showing that
surface concentration of hydroxyl groups on H-Z04 is hig
than that on H-Z05. It is also noted that there exists two
bands at 3602 and 3685 cm−1, respectively, indicating tha
Fig. 4. FTIR spectra of hydroxyl groups on H+-type Z04 and Z05 samples

two kinds of hydroxyl groups are present on the surface
H-Z04. These two kinds of hydroxyl groups may assoc
with different energetic sites and coordination environm
for exchangeable cations. Thus, two kinds of Co2+ may exist
on Z04 MFI catalysts and they may have different spec
catalytic activity for C3H8–SCR of NO.

3.2. Differential thermogravimetric analysis

The different loading of Co ions in Z02 and Z04 indica
that the pH used in the synthesis of MFI has a great in
ence on cation-exchanged degree, although XRD and F
results show that their crystalline and framework structu
remain the same, and the ICP result (Table 1) shows a sim
Si/Al ratio in Z02 and Z04. EPR, in situ XPS, and UV–v
diffuse reflectance spectroscopic results [45–47] showed
Co ions occupied at least two different ionic sites in MFI:
α-type Co ions located at the straight channel wall of M
and theβ-type Co ions located at the intersection of strai
and sinusoidal channels. The presence of these two diffe
Co ions and the fact thatβ-type Co ions have been shown
have the highest activity for CH4–SCR of NO over Co/MFI
[30] drive us to investigate the effect of different exchan
able cation positions in Z02 and Z04 on the reduction
NO by propane. Furthermore, the cobalt species prese
our Co-containing MFI catalysts can be either incorpora
into the framework of MFI or exchanged at the cationic s
of the extraframework of MFI. Therefore, it is important
relate the catalyst activity for SCR of NO with both incorp
rated and exchanged Co species in MFI.

In this study, a thermal analysis technique is used to
relate the removal of templated TPA+ with different types
of cobalt species in MFI. Fig. 5 shows the DTG curves
as-synthesized MFI prepared under different synthesis
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Fig. 5. DTG curves of as-synthesized MFI prepared under different co
tions.

ditions. It is worth noting that the peaks in DTG curv
correspond to the evolution temperature of template TP+
occluded in the channels of MFI and different peak temp
atures correspond to different energetic sites in the chan
of MFI from which TPA+ is removed by thermal decomp
sition or desorption from MFI.

Fig. 5 clearly shows three types of DTG peaks loca
at 418, 455, and 481◦C, with the peak magnitude followin
this order: 418> 455> 481◦C. The peak at 418◦C, which
occurs only for Z05, is a very strong peak in DTG profil
this peak is suggested to be attributed to the unique ener
sites formed by Co incorporated into the MFI framework
cause the loading of Co in Z05 is as high as 4.21 wt%
can be seen from Table 1 that the Na/Co ratio is only 0.14
showing that most cations required to balance the elect
neutrality of the MFI framework in Z05 are contributed
TPA+, instead of Na+.

The magnitude of the peak at 455◦C, which occurs for al
samples, follows this order: Z02 [strong]
 Z04 [weak]>
Z05 [shoulder]. This order is in good agreement with the
der of CED of Co ions in the corresponding MFI, indicati
that this peak is related to the cation-exchange sites in M
However, the DTG curves cannot confirm whether these
ergetic sites correspond toα-type Co2+ sites,β-type Co2+
sites, or both. The presence of the shoulder peak at 455◦C in
Z05 accounts for the fact that few Co ions occupy cation
sitions and most of the Co species have been incorpo
into the MFI framework. Since the peak at 455◦C is the
only peak observed in Z02, this shows that Z02, which
synthesized at pH 13.5, possesses the largest amount o
kind of cation exchange sites. Although it is generally
cepted that TPA+ is a structurally directing agent during th
synthesis of zeolite, the thermal removal of TPA+ in Z02 is
probably attributed to those TPA+ cations that did not tak
s

c

l

is

part in the framework formation of MFI and these TPA+
cations are competing with Na+ to occupy the cation ex
change sites. Therefore, the observation of only one p
temperature at 455◦C does not mean that there is only o
kind of cation exchange site in Z02. However, since the p
magnitude at 455◦C is related to the CED of Co ions
MFI, this result suggests that most of the Co ions in Z
have been exchanged at the cation sites corresponding t
DTG peak.

The DTG peak at 481◦C, which is located at the high
est temperature and observed only for Z04, is attribute
those TPA+ located at high energetic sites in MFI and hen
corresponds to another cation-exchange site in MFI. H
ever the cation-exchange process at this kind of site is
to occur at ambient temperature, resulting in a much lo
degree of Co ions exchanged in Z04 than in Z02. At
juncture, it is worth noting that DTG results not only confi
the presence of two different exchange Co ions, as repo
in the literature [45–47], but also show the presence of a
incorporated site. In other words, we have shown that D
can be used as a new method to characterize the prese
incorporated and exchangeable cation sites.

Our DTG results also indicate that the number of
changeable cation positions in MFI depends on the pH o
drothermal synthesis. The integrated intensity [% min/ ◦C]
of all DTG peaks, which correspond to the total cation
change capacity for all samples, is 0.84 for Z05, 0.58
Z02, and 0.56 for Z04. The integrated intensity [% min/ ◦C]
of DTG peaks in Z05 (0.84) is 45% higher that in Z02 (0.5
showing that divalent Co2+ ions incorporated into the frame
work of MFI need more TPA ions than trivalent Al3+. In
addition, the result of integrated intensity [% min/ ◦C] for
DTG peaks shows that the total cation exchange capac
Z04 is slightly lower than that in Z02 because the total
tegrated intensity of all DTG peaks in Z04 is 0.56, sligh
lower than 0.58 of the peak at 455◦C in Z02. This DTG
result is further confirmed by ICP chemical analysis wh
shows that the ratio of Si/Al in Z02 is lower than that in Z04
as well as by the fact that the lower the ratio of Si/Al in MFI,
the higher the cation-exchange capacity.

3.3. TPR by hydrogen and XPS

Fig. 6 shows the TPR profiles of different cobalt-conta
ing MFI. For reference, a TPR profile of 3.5 wt% of cob
supported onγ -Al2O3 is also shown in Fig. 6. Two dis
tinct reduction peaks at 512 and 598◦C are observed fo
Co/γ -Al2O3; these two peaks correspond to the reduc
of Co3O4 to CoO and CoO to Co metal, respectively. Cob
oxides on the surface ofγ -Al2O3 are highly dispersed be
cause the reduction temperatures for bulk Co3O4 to CoO
and CoO to Co metal are 320 and 430◦C, respectively [56]
which are much lower than those observed on Co/γ -Al2O3.
A strong peak at 690◦C and a very weak peak at 290◦C are
observed in Z05. Since this strong peak is 100◦C higher than
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Fig. 6. Comparison of TPR profiles of different Co-containing samp
(A) Co3O4/γ -Al2O3, (B) Z05, and (C) Co-Z02.

that observed on Co/γ -Al2O3, it may be attributed to the re
duction of incorporated cobalt in the MFI framework [56]

The TPR profile for Co-Z02 shows that no reducti
peaks are observed up to 750◦C even with a TCD detec
tor 8 times more sensitive than that used for Z05. Thi
not surprising as some researchers had similarly poi
out that cobalt species were nonreducible for Co-exchan
MFI [57–60]. EXAFS and XANES results indicated that t
exchanged Co2+ has a distinct interaction with T atoms a
it is the highly active site for NO reduction [44]. Howeve
other researchers had observed a distinct reduction pe
about 700◦C for Co-exchanged MFI prepared from the co
ventional ion-exchange method at 80◦C [15,16] or at room
temperature [21,35,42]. We believe that the discrepan
shown in the literature for the reduction of Co-exchang
MFI are attributed mainly to the structural difference of sy
thesized MFI materials. Since the exchangeable Co ions
a role in balancing the electrical neutrality of the framewo
the reduction of these exchangeable Co ions depends o
following reaction:

(1)Co2+–MFI + H2 → Co+ 2H+–MFI.

The above reaction is thermodynamically unfavora
[
G0 = +54.03 kJ/mol] unless the framework structu
is collapsed and/or the dealumination occurs during
duction by hydrogen. Therefore, the TPR peak for C
exchanged MFI probably comes from the reduction
Co[OH]+ [15,16] because the following reaction

(2)Co[OH]+–MFI + H2 → Co+ H2O+ H+–MFI

is thermodynamically more favorable than reaction (1)
Co[OH]+ ions are present in MFI, the following reaction (
t

e

can occur during calcination:

Co[OH]+–MFI + Co[OH]+–MFI

(3)→ Co2+–MFI + CoO+ H2O.

Since the product CoO can be easily reduced by H2, there
should exist a weak TPR peak at 260◦C instead of the
high-temperature peak at>700◦C as reported in the litera
ture [21]. However, Haack et al. [58] found that only a sm
fraction [<5%] of cobalt oxide, which was present on t
exterior surface of MFI crystallites, was reduced by H2 to
Co for Co-exchanged MFI, showing that a large amoun
nonreducible Co2+, not the Co[OH]+, can exist in the inte
rior of MFI crystallites.

XPS was also used in this study to characterize the ch
ical state of Co exchanged or incorporated in MFI. As sho
in Fig. 7, for Co-exchanged MFI, the core level binding e
ergy of Co2p3/2 is at 781.7 eV, which is consistent with th
reported elsewhere for a typical Co ion [58–61]. The spli
the spin-orbital 2p3/2 and 2p1/2 peaks is at 15.6 eV, whic
is in agreement with that reported by Haack et al. [58]
Co2+-exchanged MFI. In addition to these two spin-orb
peaks, two satellites for 2p3/2 and 2p1/2 are also observed
respectively, at 786.9 and 802.5 eV, indicating that the ox
tion state of Co ions in Co-exchanged MFI is+2 [47]. Com-
pared with the TPR profile for Co-Z02, which shows that
exchanged Co species in MFI are nonreducible, XPS spe
confirm that the nonreducible cobalt species are Co2+ ions
at the exchangeable sites of MFI materials in this study.

The binding energies of Co2p3/2 and Co2p1/2 in Z05 are at
781.1 and 797.1 eV, respectively. Two satellites correspo
ing to the two spin-orbital peaks are located at 786.9
802.9 eV, respectively, showing that cobalt species in
are+2. The split of the spin-orbital 2p3/2 and 2p1/2 peaks

Fig. 7. XPS patterns of Co2p on Co-incorporated and Co-exchanged M
catalysts.
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is 16.0 eV, consistent with that of CoO [62]. This demo
strates that the cobalt species in Z05 are present in the
of divalent ions covalently bonded to oxygen in MFI. T
combined XRD, FTIR, and XPS results show that the co
species in Z05 are incorporated into the Si–O framew
lattice of MFI by coordinating with oxygen. However,
should be noted that the binding energy of Co2p3/2 as high
as 782.7 eV has been reported for cobalt occupying
framework sites [63], where cobalt of high binding ene
has been attributed to cobalt in a highly oxidized envir
ment resulting from an interaction between the cobalt
the zeolite. In this work a weak TPR peak observed at 29◦C
shows that most of the cobalt species in Z05 have been in
porated into the framework of MFI. Therefore, the bind
energy of Co2p3/2 for Co covalently coordinated with oxy
gen should be lower than that for Co2+ ionically coordinated
at the exchangeable position, as only Co ions having
ionic bonding, for example, those coordinated with F−, have
binding energy of Co2p3/2 as high as 783.0 eV [61].

3.4. NO reduction activity

Fig. 8 shows the conversions of NO reduction and C3H8
oxidation over different cobalt-containing MFI catalysts. F
all catalysts, the NO conversion displays a volcano-sh
profile as the reaction temperature increases. The maxi
NO conversion decreases in the following order: Co-Z0>

Co-Z04> Z05. At the maximum conversion temperature
450◦C, their NO conversions in the presence of 15 vo
of O2 were 62.8, 29.3, and 11.8%, respectively. For C
exchanged catalysts, a high level of exchange degree
high conversion as the conversion of NO over Co-Z02
much higher than that of Co-Z04 catalysts which hav
lower ion-exchange degree. Co-incorporated MFI shows
lowest activity for NO SCR by propane as compared to
exchanged MFI, although the amount of cobalt in Z05
as high as 4.21 wt%. In addition, the NO conversion p
file over ion-exchanged catalysts increases with the incr
of O2 in the feed. For Co-Z04, the increase of O2 concen-
tration in the feed decreases the temperature require
maximum NO conversion. For Co-Z02, the maximum c
version temperature remains unchanged with increasin2
concentration in the feed.

It is seen from Fig. 8B that the increase of O2 concen-
tration enhances the oxidation of C3H8. The temperatur
required for 90% oxidation of C3H8 [T90] decreases b
about 50◦C with the increase of O2 concentration from 5 to
15% over two Co-exchanged MFI catalysts. Furthermor
higher loading of Co ions also enhances the oxidation:
T90 of C3H8 over Co-Z02 is 100◦C lower than that ove
Co-Z04 at different oxygen concentrations in the feed.
example,T90 of C3H8 with 15% of O2 is 400◦C for Co-Z02
and 500◦C for Co-Z04 under the same reaction conditio
In other words, more C3H8 molecules can be activated ov
Co-Z02 than over Co-Z04 due to the higher content of C2+
in Co-Z02 than in Co-Z04. The exchanged Co ions are m
-

s

r

Fig. 8. Conversions of NO reduction and C3H8 oxidation over different
cobalt-containing MFI under different O2 concentrations (reaction cond
tions: 1000 ppm of NO, 1000 ppm of C3H8, space velocity= 15,000 h−1).

active than incorporated Co species for oxidation of C3H8 as
well as for the reduction of NO. The conversion of C3H8 in
the presence of 15% of O2 over Z05 is slightly lower than
that over Co-Z02.

3.5. Comparison of TOF over different Co-exchanged MFI

The DTG results suggest that there are two types
cationic positions in our Co-exchanged MFI catalysts.
evaluate the activity of the Co ions exchanged into these
ferent cationic sites for C3H8–SCR of NO, it is necessary t
compare the TOF for NO reduction over these catalyst
order to find out the influence of different Co ions on N
conversion. It is worth noting that, for the NO–C3H8–O2
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Fig. 9. Turnover frequency of NO in the presence 15% O2 as a function of
reaction temperature over Co-Z02 and Co-Z04 (the reaction condition
the same as those in Fig. 8).

reaction system, the apparent reaction rate of NO re
tion has been reported not to depend on the MFI-zeo
crystal size, showing that the reaction is not controlled
intracrystalline diffusion [64–66], although the pore size
MFI [∼5.5 Å] has the same order of magnitude as the
netic diameter of C3H8. However, the Co/Al ratio in MFI
should still be kept to a low level in order to ensure t
the reduction of NO is carried out under a kinetic-control
region. The Co/Al ratio below 0.20 in our Co-exchange
MFI (see Table 1) is believed to satisfy this condition sin
the overall catalyst activity for C3H8–SCR of NO is found
to increase linearly with the cobalt content in the range
low Co/Al = 0.5 [20]. The TOF of NO reduction over thes
two types of Co2+-exchanged MFI has been calculated fro
the results in Fig. 8, and these results of TOF vs reac
temperature are shown in Fig. 9. The volcano shape of T
profiles, which is observable under increasing reaction t
perature, is attributed to the competitive reaction of C3H8

with NO and O2. In contrast to the NO conversion vs d
ferent Co ion levels, the TOF over Co-Z04 having a Co/Al
ratio of 0.04 is much higher than that over Co-Z02 hav
a Co/Al ratio of 0.18. It can also be seen that the differen
in TOF between Co-Z04 and Co-Z02 is a function of temp
ature. Below 350◦C, the difference in TOF remains consta
with the increase of temperature. However, between 350
450◦C, the difference increases sharply with the increas
temperature. At 450◦C, the TOF corresponding to the ma
imum conversion of NO over Co-Z04 is 36.6 × 10−4 s−1,
which is 3.4 times higher than Co-Z02, although the to
NO conversion over the latter is 2.14 times higher than
former. With a further increase of reaction temperature,
difference in TOF then decreases. The difference in TOF
tween Co-Z04 and Co-Z02 shows that there exist diffe
types of exchangeable Co ions having different catalytic
tivities in MFI.

It is generally accepted that the temperature required
the maximum conversion of NO over Co-exchanged MF
around 450◦C [3,15,16,28]. The temperature required
the maximum conversion of NO over Co-Z04 having lo
Co/Al ratio shifts to 500◦C when the O2 concentration in
the feed decreases from 15 to 5%, showing that the incr
of O2 in the feed facilitates the reduction of NO [3]. Actual
the presence of O2 mainly favors the activation of hydroca
bon by Co ions as Fig. 8B clearly indicates that the oxida
of C3H8 molecules depends strongly on the reaction te
perature and the amount of Co2+ ions exchanged into MF
catalyst. For C3H8–SCR of NO in the presence of O2, the
oxidation of C3H8 can occur simultaneously as shown in t
following two reactions:

(4)2NO+ C3H8 + 4O2 → N2 + 4H2O+ 3CO2,

(5)C3H8 + 5O2 → 4H2O+ 3CO2.

The above two reactions are parallel and competitive.
total conversion amount of NO in reaction (4) is prop
tional to the exchanged Co2+ loading in MFI. From a ki-
netic point of view, both NO conversion and propane oxi
tion increase with temperature, no matter how much ac
cobalt species are present in the catalyst. The select
of C3H8 [S] for the reduction of NO can be described
S = [0.5αNO/αC3H8] × 100%, whereαNO andαC3H8 corre-
spond to the conversion of NO and C3H8, respectively. With
a further increase in temperature, reaction (5) gradually
dominates because it is thermodynamically more favor
than reaction (4). When the rate of reaction (5) beco
faster with the increase of temperature, reaction (4) reach
maximum and then decreases due to the fact that most o
propane has been consumed by reaction (5) with increa
temperature. Therefore, the selectivity of C3H8 for NO re-
duction decreases with the increase of reaction tempera
As shown in Fig. 10, in the presence of 5% O2, the selectiv-
ity of C3H8 over Co-Z02 catalysts decreases gradually fr
95 to 20% with the increase of reaction temperature fr
250 to 600◦C. A similar performance trend is observed ov
the Co-Z04 sample. In the presence of 15% O2 in the reac-
tion system, the selectivity of C3H8 over Co-Z02 decrease
quickly from 56 to 21% with increasing reaction tempe
ture from 250 to 400◦C and the selectivity is lower tha
that in the presence of 5% O2 as the competition of re
action (5) is facilitated at high concentrations of O2. The
selectivity of C3H8 increases to a peak at 450◦C, which is
the most active reaction temperature for NO reduction w
15% of O2 in the reaction system. Above that temperat
the oxidation of C3H8 [reaction (5)] gradually dominate
the overall reaction and selectivity of C3H8 decreases with
the rise of temperature. It is interesting to note that over
Co-Z04 sample, in the presence of 15% of O2, the selec-
tivity of C3H8 is quite stable below 450◦C where C3H8 is
not completely converted and the competition between
actions (4) and (5) is balanced with variation of react
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Fig. 10. Selectivity of C3H8 (derived from Fig. 8) for the reduction of NO
as a function of temperature over Co2+-exchanged MFI.

temperature. Only above this temperature, all C3H8 is com-
pletely oxidized in the overall reaction and the complet
of reaction (4) is weakened, thus resulting in the decreas
the selectivity of C3H8 for SCR of NO.

The different Co2+-exchange capacities in Z02 and Z
are suggested to be attributed to the presence of diffe
surface energetic sites for cation exchange in MFI. Th
exist at least two types of cation-exchange positions in
ferent MFI. The Co ions located at high energetic sites h
higher reduction activity for NO than those located at l
energetic sites. These low and high energetic sites prob
correspond to alpha- and beta-type Co ion sites as rep
in the literature [45–47]. However, it should be noted h
that the high-energy exchange sites observed in this s
are hard to be exchanged with Co ions. DTG analysis is
lieved to be used successfully in this work to relate S
of NO over Co/MFI to the location of cobalt species.
compared to C3H8–SCR of NO, three peaks in DTG pr
files correspond well to three types of energetic sites in M
The Co species located in these sites show different SCR
tivities: the DTG peak at 418◦C corresponds to the inactiv
incorporated Co and the DTG peaks at 455 and 481◦C corre-
spond to two different Co ions having different activities.
comparing DTG peaks with SCR of NO, Co-Z04 is found
contain two types of Co ions. The Co ions located at high
ergetic sites, which correspond to the DTG peak at 481◦C,
have higher reduction activity than those located at low
ergetic sites, which correspond to the DTG peak at 455◦C.
However, Co ions are hard to be exchanged into these
energetic or active sites unless special ion-exchange me
are used [15,16]. In addition to those reported in the lite
ture [67] where different cationic sites have been repo
to be controlled by the content of the framework Al in MF
we have shown in this work that the formation of differe
cationic sites depends on the pH used in the hydrothe
synthesis of MFI.
f

t

d

-

s

l

4. Conclusions

Different Co species, those exchanged and incorpor
in MFI, are synthesized under different pH and used for
lective catalytic reduction of NO by propane in the prese
of excess O2. The incorporated cobalt in MFI is inactive fo
NO reduction by C3H8 in the presence of excess oxygen. F
Co2+-exchanged MFI, the exchange degree of Co2+ in MFI
depends greatly on the alkalinity of the synthesis syst
MFI synthesized at high alkalinity [pH 13.5] gives a high
level of exchanged Co ions than that synthesized at low
kalinity [pH 12]. The sample having a high ion-exchan
level of Co2+ shows higher NO conversion than that ha
ing a low ion-exchange level. However, Co2+ ions in MFI
having a low level of ion-exchange capacity have a hig
TOF than those having high-level exchange, suggesting
at least two types of Co ions having different activity
C3H8–SCR of NO exist in Co-exchanged MFI. Different
thermogravimetric analysis (DTG) is used to relate the
tivity of Co species in MFI with the activity of C3H8–SCR
of NO. A comparison of the reduction activity of NO wi
those peaks for the thermal decomposition or disassoci
of TPA suggests that the exchangeable cationic positions
incorporated sites correspond to different energetic site
MFI. Those Co2+ ions located at high energetic positions
MFI seem to have high specific catalytic activities for N
reduction.
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