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Enhancement of activity for NO removal of MFI-type H-Co-silicate
by high-temperature pretreatment
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The effect of high-temperature pretreatment in the presence of steam on NO conversion of protonated cobalt-incorporated silicate
having MFI structure (H-Co-silicate) and copper-ion-exchanged MFI-type zeolite (Cu/H-ZSM-5) was studied. The activity of Cu/H-
ZSM-5 decreased with an increase of pretreatment temperature. In contrast with Cu/H-ZSM-5, the activity of H-Co-silicate for NO
removal increased with the pretreatment temperature. As for H-Co-silicate, the pretreatment at 1000 °C was the optimum condition to
enhance the conversion that was four times higher than that without pretrestment. The destruction of framework and loss of cobalt
species were not observed after the pretreatment. Some parts of cobalt species migrated from the framework and became active sites

that enhance the activity for NO removal.
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1. Introduction

Removal of nitric oxide using hydrocarbons as the re-
ductants has been studied in the presence of excess oxy-
gen in the past decade. Among the catalysts, zeolites and
their related materials were extensively used for this pur-
pose. Copper-ion-exchanged H-ZSM-5 (Cu/H-ZSM-5) is
well known to be an effective catalyst for removal of ni-
tric oxide in the presence of excess oxygen [1,2]. Unfor-
tunately, since Cu/H-ZSM-5 is easily deactivated at high
temperature (>800°C) in the presence of steam which pos-
sibly occurred in practical use [3-6], many researchers try
to find a new catalyst having high performance for nitric
oxide removal even in the presence of steam. Armor et
a. [7] and Budi et al. [8] found that cobalt-ion-exchanged
H-ZSM-5 catalyst (Co/H-ZSM-5) can suffer in the condi-
tion of steam and temperature less than 800 °C. Neverthe-
less, owing to the ease of sintering of the exchanged metal
component and dislocation of the aluminain the framework
under high, severe condition, the decrement of activity on
nitric oxide conversion occurred. On the other hand, proto-
nated cobalt-incorporated silicate having MFI structure (H-
Co-silicate) is proposed to be a powerful catalyst that can
be stable against the deterioration under severe condition at
high temperature even with water [9,11]. It was found that
the loss of activity of metallosilicates for nitric oxide re-
moval was much smaller than that of ion-exchanged zeolites
after high-temperature calcination. Moreover, in previous
studies it was found that the pretreatment affected the ac-
tivity of H-Co-silicate for nitric oxide elimination [12]. As
referred above, the pretreatment of H-Co-silicate is worthy
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for improvement of nitric oxide removal. Accordingly, the
objective of this study is to find out the optimum pretreat-
ment condition enhancing the activity of H-Co-silicate for
nitric oxide remova. We also describe the activity for ni-
tric oxide remova observed here comparing with similar
studies on Cu/H-ZSM-5.

2. Experimental
2.1. Catalyst

Co-silicate MFI-type zeolite was prepared by the rapid
crystallization method [13]. The charged Si/Co atomic ra-
tio of Co silicate was set at 20. As-synthesized crystals
were washed, dried and heated at the temperature of 540°C
for 3.5 h in an air stream. Subsequently, they were ion-
exchanged twice with an NH4NO3 agueous solution, fol-
lowed by the calcination at 540°C for 3.5 h in air. They
are designated as H-Co-silicate. For copper-ion-exchanged
zeolite, ZSM-5 zeolite was synthesized by the same method
as mentioned above. The charged Si/Al atomic ratio was
set at 50. After transformation into H type, it was ion-
exchanged using a copper acetate solution, followed by the
same approach to gain 200% Cu-ion-exchanged HZSM-5.
The catalysts were pretreated and carried out for reaction
tests.

2.2. Characterization
In order to measure the crystallinity of the samples,

X-ray diffraction patterns were obtained by an X-ray re-
fractometer, Shimadzu XD-D1, with Ni-filtered Cu Ko ra-
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diation. BET surface area and the bulk metal composi-
tion of the catalysts were measured by Shimadzu Flow
Sorb Il 2300 and inductively coupled plasma analysis
(ICP Shimadzu ICPS-1000 I11), respectively. Diffuse re-
flectance UV-visible spectra were analyzed by a Shimadzu
MPS-2000 spectrometer installed with a multi-purpose re-
flectometry attachment, RTA-2000, using BaSO, as a re-
flectance standard. Electron spin resonance spectra were
recorded with an X-band Jeol JES-RE2X spectrometer
equipped with a microwave power 1 mW at liquid-nitrogen
temperature. In situ FTIR spectra analyzed by a Nicolet
model Impact 400 were applied for acidity measurement
of the sample using pyridine as a probe molecule. Ad-
ditionally, °Si MAS NMR analysis was adopted using a
Jeol 270 SGX at 53.7 MHz. For TPR measurement, a0.2 ¢
portion of catalyst was reduced in a 5% Hj/Ar stream
from room temperature to 800°C at the heating rate of
10°C/min. The concentration of hydrogen in the effluent
gas was recorded by a TCD gas chromatograph after water
vapor removing by a cold trap at methanol—dry ice temper-
ature.

2.3. Pretreatment condition

For studying the effect of pretreatment on nitric oxide re-
moval, H-Co-silicate and Cu/H-ZSM-5 were calcined in the
temperature range from 600 to 1,100°C in an atmosphere
of He. The catalysts were heated with a constant heating
rate of 10°C/min from room temperature to 600 °C and of
1.67°C/min from 600 to 1,100°C using an electric oven.
The catalyst was then kept at the desired temperature for
30 min and then cooled down to room temperature.

2.4. Catalytic reaction

The catalytic reaction was carried out using an ordinary
flow microreactor under atmospheric pressure. To avoid
pressure drop during the reaction test, the powder catalyst
was tabletted, crushed, and sieved into 12-22 mesh. In
order to investigate the activity for NO removal, the cata-
lyst was heated in a He flow to 600°C and maintained at
that temperature for 30 min. Then a feed gas composed
of 1,000 ppm NO, 1,000 ppm n-CgHig, 2% O, 10% H,0
balanced with He was allowed to flow with a GHSV of
30,000 h—1. The reactants and products were analyzed by
gas chromatographs (Chrompack, Micro GC CP 2002 with
MS-5A and Porapak Q column) after the steady state of
catalytic activity. To ensure the steady state of catalytic ac-
tivity, NO and n-octane conversions were analyzed every
5 min after introducing the feed gas. The catalytic activities
for nitric oxide reduction and n-octane combustion were in-
vestigated as the amount of N, and carbon oxides (CO,;
CO; + CO) produced, respectively. Reaction tests were un-
dertaken every 50 °C with diminishing from 600 to 200 °C,
followed by the same procedure as mentioned above.
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Figure 1. The effect of pretreatment of H-Co-silicate on NO conversion to

N2 in the presence of steam. (ll) Without pretreatment; () pretreated at

800°C; (o) pretreated at 900 °C; (A) pretreated at 1,000 °C; (CJ) pretreated

a 1,100 °C. Feed gas. NO 1,000 ppm, n-octane 1,000 ppm, O, 2%, H,O
10%, He balance, GHSV 30,000 h—2.

3. Reaults and discussion

3.1. The effect of pretreatment of the catalyst on its
catalytic performance

As demongtrated in figure 1, the activity of H-Co-
silicate for NO conversion increased with an increase of
the pretreatment temperature except for the temperature of
1,100°C. From these results, the temperature of 450°C is
chosen to be the optimum reaction temperature to inves
tigate the performance of H-Co-silicate for NO removal.
Observation of NO conversion to N, at 450°C indicated
that the order of the activity for NO to N, conversion was
as follows: 1,100 < 800 < 900 < 1,000°C. Without pre-
treatment, the NO conversion to N, on H-Co-silicate was
only 15% at 450 °C. Interestingly, the conversionto N, after
pretreatment at 1,000 °C increased up to 60%. This con-
version is approximately four times larger than that without
pretreatment. In contrast with H-Co-silicate, the NO con-
version to N, of Cu/HZSM-5 decreases with pretreatment
temperatureasillustrated in figure 2. Ascompared with NO
conversionto N, for Cu/HZSM-5 without pretreatment, NO
conversion to N, after pretreatment at 1,000 °C decreases
remarkably more than three times at 450°C. This is sup-
ported by [14]. Therefore, it is elucidated that for H-Co-
silicate the pretreatment at high temperature is valuable for
enhancement of NO conversion to N».

3.2. The effect of pretreatment on structure of catalysts

XRD peatterns of H-Co-silicates and Cu/H-ZSM-5s are
shown in figures 3 and 4, respectively. After pretreat-
ment, H-Co-silicate maintains the MFI structure even at
1,100°C. However, the intensity of X-ray diffraction lines
of H-Co-silicate after pretreatment at 1,100°C is lower
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Figure 2. The effect of pretreatment of Cu/H-ZSM-5 on NO conversion

to N3 in the presence of steam. (H) Without pretreatment; (¢) pretreated

a 800°C; (e) pretreated at 1,000 °C. Feed gas: NO 1,000 ppm, n-octane
1,000 ppm, O, 2%, H»,O 10%, He balance, GHSV 30,000 h—1,
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Figure 3. XRD patterns of H-Co-silicate after pretreatment.
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Figure 4. XRD patterns of Cu/H-ZSM-5 after pretreatment.

Table 1
Change in BET surface area and bulk composition of H-Co-silicates and
Cu/H-ZSM-5s.
Sample Pretreatment BET Si/Me
temperature surface area atomic ratio
(°0) (m?/g-cat)
H-Co-silicate without pretreatment 350 257
800 345 257
1,000 400 258
1,100 355 258
Cu/H-ZSM-5 without pretreatment 360 51
800 300 54
1,000 120 56
1,100 2a -

@ Drawn from the data in [25].

than that without pretreatment. It can be indicated that,
after pretreatment at 1,100°C, H-Co-silicate has lower
crystallinity causing the loss of performance for NO re-
moval. But for Cu/H-ZSM-5, the XRD pattern after pre-
treatment at 1,000 °C changes visibly, compared with that
without pretreatment. The intensity of identified diffrac-
tion lines at around 23.1, 8.03, 23.94° 20 which are as-
cribed to silicon oxides as cristobalite form appeared after
pretreatment at 1,000°C. Therefore, it means that MFI-
type structure of Cu/H-ZSM-5 is destroyed by the high-
temperature pretreatment, as supported by a previous pa-
per [11]. The surface area of the cataysts is summa
rized in table 1. As compared with fresh H-Co-silicate,
the BET surface area of H-Co-silicate after pretreatment
is not changed differently. On the other hand, in com-
parison with the BET surface area of fresh Cu/H-ZSM-5,
the BET surface area of Cu/H-ZSM-5 after pretreatment is
decreased with pretreatment, especially at 1,000 °C. From
these data, it can be concluded that H-Co-silicate can main-
tain the MFI structure in high, severe pretreatment condi-
tion without any change of framework. Additionaly, the
chemical composition of the bulk for H-Co-silicates was
measured by ICP analysis. From ICP data, although Si/Co
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obtained differed from a ratio setting due to the difficulty H-Co-silicate. In order to investigate the framework and
of cobalt incorporation in the framework, the amount of non-framework Co in H-Co-silicate, UV-VIS spectra of
cobalt after pretreatment did not decrease even at 1,100°C. H-Co-silicate without and with pretreatment at 1,000°C
As a result, cobalt species exhibit the thermal stability in  were recorded. As illustrated in figure 5, UV-VIS spectra
of H-Co-silicates show the adsorption band between 500
and 650 nm assigned to tetrahedral Co(ll) and at around
350 nm assigned to tetrahedral Co(lll) [15,16]. After pre-
treatment at 1,000°C, the absorption peak at 350 nm is
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Figure 5. Electron absorption spectra of samples. Top: fresh H-Co-  Figure 6. ESR spectra of samples. Top: fresh H-Co-silicate; bottom:
silicate; bottom: H-Co-silicate pretreated at 1,000 °C. H-Co-silicate pretreated at 1,000 °C.
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Figure 7. (A) In situ FT-IR spectra of pyridine adsorbed on silicalites. Top: fresh silicalite; bottom: silicalite pretreated at 1,000°C; (a) a room
temperature; (b) at 50°C; (c) at 100°C; (d) at 150°C. (B) In situ FT-IR spectra of pyridine adsorbed on H-Co-silicates. Top: fresh H-Co-silicate;
bottom: H-Co-silicate pretreated at 1,000 °C; () at room temperature; (b) at 50°C; (c) a 100°C; (d) at 150°C; (€) at 200°C; (f) at 250°C.
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broadened, and charge transfer is observed while the inten-
sity of a remnant at 500-650 nm becomes flat and even
still remains. It can be suggested that, after pretreatment
at 1,000°C, some part of tetrahedral Co(ll) is changed to
Co(l11). Furthermore, cobalt oxides clusters are also ob-
served on H-Co-silicate pretreated at 1,000°C similar to
the study of Kagawa et al. [12]. Figure 6 shows ESR spec-
tra of H-Co-silicate with and without pretreatment. Both
spectra show the signals at ¢ ~ 5.86 assigned to high-
spin Co?t [16-18]. The shape and intensity of signals
obtained from pretreated H-Co-silicate at 1,000°C infini-
tesimally change from that of H-Co-silicate without pre-
treatment, indicating that a part of Co aggregates and af-
fects the coordination state of high-spin Co?*. Further-
more, the acidity of catalysts analyzed by the amount of
pyridine adsorbed on acidic solids is shown in figure 7.
It can be summarized that silicalite has no Lewis acidity
even before pretreatment at 1,000°C. As for H-Co-silicate
after pretreatment at 1,000°C, the intensity of the band
at around 1440-1465 cm~! which can be used to deter-
mine Lewis acidity [19] is lower than that of H-Co-silicate
without pretreatment. This aso indicates that a part of
tetrahedral Co moved out from the framework structure.
And as shown in figure 8 for 2Si NMR analysis data of
H-Co-silicate with and without pretreatment, it shows a
signal at approximately —111 and —115 ppm assigned to
Si Q*4Si). Moreover, the shape of line signal of pre-
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Figure 8. The change of 2Si NMR spectra of (a) fresh H-Co-silicate,
(b) H-Co-silicate pretreated at 800°C, (c) H-Co-slicate pretrested at
1,000°C, and (d) fresh silicalite.

treated H-Co-silicate at 1,000°C was roughly similar to
that of standard silicalite indicating that MFI structure was
maintained even after pretreatment at 1,000 °C. Moreover,
H, TPR was carried out to analyze the cobalt species in
H-Co-silicate and depicted in figure 9. From H, TPR data,
in addition to the consistence with a hydrogen uptake peak
of H-Co-silicate without pretreatment at around 700°C,
a new hydrogen uptake peak is observed at about 500°C
for H-Co-silicate pretreated at 1,000 °C. It can be indicated
the presence of a part of cobalt oxides [20,21] highly dis-
persed on H-Co-silicate after pretreatment at 1,000°C. As
the results mentioned above, it can be concluded that, after
pretreatment at 1,000 °C, some part of tetrahedral Co(l1) in
the framework changed to Co(lll) and formed cobalt ox-
ide species that enhance the activity of NO removal. The
possible appearance is the migration of a part of cobalt in
the framework to the extraframework, which is supported
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Figure 9. Temperature reduction profiles of catalysts. From top to bottom:
fresh H-Co-silicate, H-Co-silicate pretreated at 1,000 °C, fresh silicdlite.
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Figure 10. n-octane combustion conversion of H-Co-silicate. (¢) With-
out pretreatment; (4) pretreated at 1,000 °C. Feed gas. NO 1,000 ppm,
n-octane 1,000 ppm, O 2%, H,O 10%, He balance, GHSV 30,000 h—1.
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by the study of Kagawa et a. [12]. To elucidate the en-
hancement of activity of H-Co-silicate after pretreatment at
1,000°C, the n-octane conversion to carbon oxides (CO,,)
is shown in figure 10. It is observed that, by using the
pretreatment at 1,000 °C, the activity for n-octane combus-
tion of H-Co-silicate increased distinguishingly. Compared
with H-Co-silicate without pretreatment, the light-off tem-
perature of H-Co-silicate after pretreatment at 1,000°C is
shifted to lower temperature. For these results and previous
studies [12,22-24], it can be proposed that after pretreat-
ment at 1,000°C some parts of cobalt educed from the
framework and became dispersed cobalt oxide species. In
addition to cobalt incorporated in the framework, dispers-
edly educed cobalt species enhance the combustion activity
and encourage the NO conversion to Na.

4. Conclusions

The pretreatment at high-temperature condition can en-
hance the activity of H-Co-silicate for nitric oxide elimina-
tion. For H-Co-silicate, the pretreatment at 1,000 °C is the
optimum condition to improve the performance for NO re-
moval effectively. The activity for NO conversion of H-Co-
silicate after pretreatment at 1,000 °C was about four times
higher than that without pretreatment. H-Co-silicate ex-
hibits high structural stability of the framework during pre-
treatment even at the severe condition of 1,000 °C. The ef-
fect of thermal treatment at 1,000 °C is to change the state
of cobalt species that enhance the activity for nitric oxide
removal.
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