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Co—ferrierite, active for the selective NO reduction by CH,,
was characterized by X-ray photon spectroscopy and magnetic
susceptibility measurements. The adsorption of NO and NO, was
studied by diffuse-reflectance FTIR spectroscopy to discover which
intermediates participate in the NO, reduction. The valence state
of cobalt in Co—ferrierite and other Co-zeolite catalysts was found
to be 2+. The dominant NO species adsorbed on Co-Y, Co-ZSM-
5, and Co—ferrierite is in a dinitrosyl form appearing at 1810 and
1897 cm~! for Co-Y and 1810 and 1890 cm™! for Co—ZSM-5 and
Co-ferrierite. The mononitrosyl form of the adsorbed NO is a
minor species appearing at 1930-1935 cm™! on all three samples.
The mononitrosyl species on all samples is extremely weakly ad-
sorbed. The dinitrosyl species adsorbed on Co—ferrierite is strongly
adsorbed and needs to be heated above 300°C to desorb. Interest-
ingly, the weakly adsorbed mononitrosyl species is enhanced in
an O, environment (100 Torr of O,) and is now stable to 200°C.
However, in an oxygen environment, the dinitrosyl species is less
stable, desorbing at ~200°C. All adsorbed NO species disappear
at >200°C in 100 Torr O,, and adsorbed NO, species were observed.
NO, adsorbed on Co—ferrierite shows a weakly adsorbed, covalent
N, O, in addition to stable species, such as nitro, nitrito, and nitrato
species. Together with earlier kinetic and reaction studies, we
suggest a mechanism for the selective reduction of NO, by CH,.

INTRODUCTION

For the past few years, there has been a growing interest
in the use of light hydrocarbons, in place of ammonia, to
selectively reduce NO, in oxidizing environments (1-16).
A common observation in these studies is that O, greatly
enhances the NO, conversion to N,. Over cobalt-ex-
changed zeolites (Co-zeolites) this phenomenon was also
observed. All hydrocarbons acted as reducing agents. In
this oxidizing atmosphere, the hydrocarbons selectively
react with NO, species instead of being completely com-
busted. NO, formation on a catalyst surface is thought to
be a necessary step for the NOreduction, and the presence
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of O, is needed to form this active NO, species. This
conclusion is supported by comparing the NO/hydrocar-
bon reaction with the NO,/hydrocarbon reaction (2-4,
17); the former proceeds very slowly, while the rate of
the latter is similar to that of the NO/O,/hydrocarbon
reaction. However, the transformation of NO to NO, on a
catalyst under reaction conditions has not been observed.
For the reduction of NO, by hydrocarbons, CH, performs
very differently from other hydrocarbons (18) and should
be the most difficult to activate. In this regard, some
Co-zeolites are remarkably active for the NO/CH,/O,
reaction. An understanding of how CH, is activated is
a key to uncovering the mechanism for the NO/CH,/
O, reaction.

Although zeolites exchanged with various cations dem-
onstrate considerable utility as catalysts for NO, reac-
tions, the choice of cation is crucial for selectively catalyz-
ing NO reduction. For example, Cu-ZSM-5 is an effective
catalyst for NO decomposition to N, and O, (19, 20) and
for selective NO reduction with C,, hydrocarbons (6—-12).
Co-ZSM-5, on the other hand, does not have appreciable
activity for NO decomposition (13, 19) but is active for
NO reduction with hydrocarbons (6, 21). Yet, Co-ZSM-
5 is a good catalyst for the selective reduction of NO with
CH,, while Cu-ZSM-5is not (13). The reaction and kinetic
behaviors of these two catalysts must stem from the prop-
erties of cations in a zeolite environment. One way to
probe the difference between these two systems is to
study the adsorbed NQO, species with infrared spectros-
copy (IR). While much work has been reported on the
Cu-ZSM-5 system to understand the NO decomposition
chemistry (22-27), similar work on Co-zeolites has not
been reported except for earlier work on Co-Y (28-30).
Co-ferrierite is the most active catalyst reported for the
selective reduction of NO with CH, (15). This paper fo-
cuses on the characterization of Co—ferrierite catalyst
with IR, X-ray photoelectron spectroscopy (XPS), and
magnetic susceptibility measurements. It is meant to com-
plement the companion paper (17) on NO, (NO and
NO,)-catalyst interaction. These data allow us to specu-
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late on reaction mechanisms for the selective reduction
of NO, by CH, in O,.

EXPERIMENTAL

Sample Preparation

The preparation of Co-zeolites was described pre-
viously (13-15). Both Co-ferrierite (Si/Al = 8 and Co/
Al = 0.36) and Co-ZSM-5 (Si/Al = 11 and Co/Al = 0.49)
samples were prepared by exchanging cobalt acetate with
NH ferrierite or NH,~ZSM-5 at 70-80°C. Co-Y [Si/Al
of 2.5, a Co/Al ratio of 0.67 (over exchanged) and some
residual Na (Na/Al = 0.27)] was made by exchanging
cobalt acetate into a Na-Y (LZ-YS52) at 80°C.

Diffuse-Reflectance Infrared Spectroscopy

Diffuse-reflectance infrared spectra were collected on
a Nicolet 20SX FTIR spectrometer at a resolution of 0.5
cm™! using a Harrick HVC-DRP environmentally con-
trolled ceil. A neat powder sample was packed in a sample
holder and pretreated by heating to 450°C in vacuum in
situ before adsorption of NO. High-temperature IR data
were collected by increasing the cell temperature and
holding at desired temperature while collecting 500 scans
(18 min). The IR single-beam background spectrum of the
pretreated zeolite, analyzed at 25°C, was subtracted from
a single-beam spectrum to obtain the net IR intensities
in Kubelka~-Munk (MK) units. Since we are looking at
qualitative changes in the spectra as a function of tempera-
ture, no adjustment was made to correct for the baseline
shift due to the temperature difference between the higher
temperature spectra and the background.

For all IR experiments, a catalyst was first pretreated
in situ in the IR chamber by ramping the temperature at
1°C/min in vacuum or flowing N, to 450°C, holding for
1 h, and then cooling to room temperature. For room
temperature static adsorption studies, a mixture of NO/
He was admitted to the cell. Spectra were recorded in the
presence of NO and after evacuation at room temperature.
For temperature-dependent IR studies, a mixture of NO/
He was flowed through the cell at room temperature then
replaced by a He flow. The temperature was increased
stepwise (50°C/step) to 350°C in flowing He (ramp
rate = 2°C/min). At each temperature step, IR spectra
were recorded. Detailed pretreatment information will be
described in conjunction with experimental results.

X-ray Photoelectron Spectroscopy

XPS sputter depth profiling was used to determine the
composition profile into the catalyst surface for several
Co-ferrierite samples. The experiments were carried out
on a Perkin-Elmer PHI 5000LS ESCA spectrometer
equipped with both standard and monochromatic X-ray
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sources, a multichannel detector, and an Omni III lens
system. High-resolution regional data were collected at
23.50 eV pass energy, 0.125 eV step, and 200 msec/step.
The sputter profile data were conducted at 29.350 eV pass
energy. Quantitative analyses were based upon standard
PHI 5600 atomic sensitivity factors (without a transmis-
sion function correction routine). The takeoff angle was
45° and the analysis size was 800 um?. A 4-KeV Ar ion
beam was used for sputtering. The raster pattern was 3
mm X 3 mm. A typical etch rate on NIST SiO,/Si is 40
A/min. The spectra were charge corrected to Si 2P =
102.2 eV.

Magnetic Susceptibility Measurements

Magnetic susceptibilities of Co—zeolite samples were
measured with a magnetic susceptibility balance (MSB)
(Johnson Matthey). All samples were thermally treated
before measurement. A sample in fine powder form was
packed into a sample tube (0.1-0.2 g, 1.5-4.0 ¢cm long)
and inserted into the cavity of the MSB to obtain a reading.
The mass magnetic susceptibility (X,) in cgs units was
calculated based on the equation

X, = CL(R — Ry)/(10°m), (1]

where C = calibration constant of the balance (C = 1.356),
L = sample length (cm), m = sample mass (g), R = reading
for sample, and R, = reading for empty tube. The molar
magnetic susceptibility (X)) is obtained based on

X=X/ [M], (2]

where [ M ] is the molar concentration of cobalt. The effec-
tive magnetic moment () in Bohr magneton (BM) is
calculated based on

Megr = 2.828 (X, T)V2, [3]
where T is temperature in K.

RESULTS

Infrared Spectroscopy (NO Adsorption)

Figure 1 shows IR spectra of NO adsorbed on Co-Y
with 9 Torr of NO (spectrum 1) and with subsequent
evacuation for [ h (spectrum 2). Upon exposure to 9 Torr
NO, bands at 1800, 1813, 1898, and 1930 cm™' were
observed. The bands between 1800 and 1813 cm™! and
those between 1900 and 1930 cm ™! were not well resolved.
After evacuation, only two bands at 1813 cm ™' and 1897
cm ™! (shifted from 1898 cm™') remained, and the band at
1813 cm ™! had some asymmetric character at low frequen-
cies, suggesting that a small band at about 1800 cm™' may
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FIG. 1. Room temperature IR spectra of NO adsorbed on Co-Y in

9 Torr NO (1) and after evacuation (2).

be buried under the 1813 cm™! band. The bands at 1813
and 1897 cm™! are assigned to dinitrosyl species adsorbed
on Co** with 1813 cm™! being the asymmetric stretching
frequency and 1897 cm™' the symmetric stretching fre-
quency. The dinitrosyl assignment is based on the work
of Lunsford er al. (29) and Hall and co-workers (31) using
labeled NO (mixture of *NO and "NO). At the beginning
of NO adsorption (1 Torr), only one band at 1928 cm™'
was found, and the dinitrosyl bands were not observed.
The dinitrosyl bands increased with time and pressure.
At 9 Torr NO, the dinitrosyl bands appeared with high
intensity and increased several fold in 3 h, whereas the
intensity of the 1930 cm™! band decreased with time. The
angle (26) between the two adsorbed NO molecules on
the same cation for the dinitrosyl species was calculated
to be 119° based on (32)

Ligyn/ Ly = tan’(d), (4]

where I is the integrated intensity of the IR band. This
angle is in good agreement with values obtained by Hall
and co-workers (116°) (31) and Lunsford et al. (123°) (29).
Lunsford ef al. (29) found the dinitrosyl bands at 1820
and 1905 cm~! and two shoulders at 1800 and 1890 cm™!.
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The species responsible for the shoulders was removed
by evacuation at room temperature. The dinitrosyl bands
were observed by Hall and co-workers (31) at 1901 and
1820 cm~". They observed three additional bands at 1928,
1886, and 1800 cm™' whose intensities decreased with
time.

A Co-ZSM-5 sample was exposed to 1 Torr of NO at
room temperature for 30 min and then to 9 Torr of NO
for 1 h. Figure 2 shows that the IR spectra collected
after Co-ZSM-5 were exposed to 9 Torr of NO for 1 h
(spectrum 1) and after evacuation for 1 h (spectrum 2).
With both 1 and 9 Torr of NO, major bands at 1810, 1890,
and 1935 cm™! were observed. The bands at 1810 and
1890 cm ™! are due to cobalt dinitrosyl species, which are
similar to those on Co-Y, and the band at 1935 cm™! is
tentatively assigned to a mononitrosyl species. Increasing
NO partial pressure from 1to 9 Torr increased the intensit-
ies of all bands. A higher degree of enhancement was
observed for dinitrosyl bands. The intensity ratio of the
dinitrosy! species (sum of two bands) to mononitrosyl
species changed from 2.9 to 8.5 while increasing the pres-
sure from 1to 9 Torr NO. This suggests that the mononi-
trosyl species may be a precursor of the dinitrosyl species.
The mononitrosyl band at 1935 cm™! disappeared upon
evacuation of the IR cell at room temperature (spectrum
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FIG. 2. Room temperature IR spectra of NO adsorbed on Co-ZSM-
5in 9 Torr NO (1) and after evacuation (2).
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FIG.3. Roomtemperature IR spectra of NO adsorbed on Co-ferrier-

ite in 9 Torr NO (1) and after evacuation (2).

2). However, evacuation did not affect the intensities of
the dinitrosyl bands. The dinitrosyl angie (26) was calcu-
lated to be 122°.

A variety of IR studies were performed on Co-ferrier-
ite. Figure 3 compares the spectra obtained on the Co-fer-
rierite exposed to 9 Torr of NO at room temperature for
3 h (spectrum 1) and after subsequent evacuation at room
temperature for 1 h (spectrum 2). As observed for
Co-ZSM-35, with 9 Torr of NO, the two dinitrosyl stretch-
ing frequencies were found at 1815 and 1900 cm™' and
the mononitrosyl band was found at 1930 cm™'. After
evacuation, only the dinitrosyl bands remained (they
shifted to 1807 and 1895 cm™’, respectively), and their
intensities were unchanged. When this sample was first
exposed to 1 Torr of NO, the bands were very weak,
especially the two dinitrosyl bands. Upon increasing the
NO pressure to 9 Torr, the intensities of the two dinitrosyl
bands increased dramatically (by a factor of 30) while that
of the mononitrosyl band doubled. After a period of 3 h
in 9 Torr of NO, the mononitrosyl band decreased sub-
stantially, whereas the dinitrosyl bands increased slightly.
[The intensity ratio of the dinitrosyl bands to the mononi-
trosyl band is 2.5 in 9 Torr of NO.] The dinitrosyl species
were very stable in vacuum; evacuation for an extended
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period of time did not change their intensities. The dinitro-
syl angle was found to be between 127 and 133°.

The stability of adsorbed NO species on Co—ferrierite
at elevated temperatures was studied under various condi-
tions: (a) in vacuum, (b) with static 9 Torr of NO (He
balance, total pressure = 900 Torr), and (¢) in flowing
He. Similar results were obtained under all three condi-
tions. In Fig. 4, results obtained under flowing helium
(condition c) are shown as a function of temperature.
The Co-ferrierite sample was first pretreated in situ, by
heating at 450°C under vacuum for 1 h. At room tempera-
ture, a NO/He mixture (1% NO) was passed through the
IR chamber, and a spectrum was recorded (spectrum 1).
A stream of He was then flowed through the chamber
while increasing the temperature to 100°C. The tempera-
ture was subsequently increased to 150, 200, 250, 300,
and 350°C in flowing He. A spectrum was collected 15
min after reaching each temperature. These spectra are
labeled as 2, 3, 4, §, 6, and 7 for 100, 150, 200, 250, 300,
and 350°C, respectively.

At room temperature with a flowing 1% NO/He mix-
ture, a small band at 1935 cm™! was found due to mononi-
trosyl species but disappeared upon purging with He and
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FIG. 4. 1R spectra of NO adsorbed on Co-ferrierite as a function

of temperature. Spectrum 1 was collected in flowing 1% NO/He mixture
at 22°C; spectra 2, 3, 4, 5, 6, and 7 were collected in flowing He at 100,
150, 200, 250, 300, and 350°C, respectively.
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TABLE 1

Temperature Dependence of IR Parameters of NO on Co-Ferrierite

Adsorbed NO in

Adsorbed NO in flowing He 100 Torr O,

Temperature (NO), asym.  (NO), sym. Dinitrosyl Dinitrosyl
(&) {cm™) (cm™) angle, 26 (°) Los/Iisys angle 26 (°)

25 1816 1899 129 0.13 133

100 1815 1898 129 0.12 139

150 1812 1895 129 0.06 140

200 1810 1894 129 0.54 -—

250 1808 1892 129 —_ —

at elevated temperatures. The dinitrosyl species appear
to be stable, and their intensities basically are unchanged
up to 250°C. A substantial decrease in intensity was ob-
served at 300°C, and no IR bands due to NO species were
observed at 350°C.

Table 1 lists the band frequencies, intensity ratios, and
dinitrosyl angles as a function of temperature. The fre-
quencies of the dinitrosyl bands shifted downward with
increasing temperature. This phenomenon was also ob-
served in vacuum and with static (9 Torr) NO and appears
to be the result of a weakened NO bond at elevated tem-
peratures. The relatively high stability of NO species ob-
served by IR spectroscopy is generally consistent with the
temperature programmed desorption (TPD) experiments
(17), where all NO molecules desorb below 300°C in flow-
ing He. However, the TPD experiments show that NO
molecules continued desorbing from the catalyst, while
the IR experiment suggests little change in NO population
below 250°C and a sharp decrease in IR intensity at tem-
peratures beyond 250°C.

Infrared Spectroscopy (NO/Q, Adsorption)-

The effect of O, on adsorbed NO species was studied
on this Co~ferrierite sample (Fig. 5). NO (9 Torr) was
first adsorbed on this catalyst by flowing a 1% NO/He
mixture at room temperature (spectrum 1). Oxygen (100
Tort O,) was admitted into the chamber at room tempera-
ture after a 30-min evacuation (spectrum 2). The tempera-
ture was subsequently increased stepwise to 350°C in 100
Torr (static) O,, with IR spectra recorded at each tempera-
ture. Interestingly, after admission of 100 Torr O, to the
IR chamber, the mononitrosyl band at 1940 cm™! was
enhanced and its intensity changed little with increasing
temperature to 200°C. The intensities of the dinitrosyl
bands at 1813 and 1900 cm™! were unchanged below 200°C
but became undetectable above 250°C. The frequencies
of dinitrosyl bands were constant with increasing temper-
ature. Note that, in flowing He, 300°C is required to sig-

nificantly reduce the dinitrosyl intensity (see Fig. 4). The
intensity of the band at 1625 cm™' became substantially
higher at 200°C. Two other bands at 1600 and ~1560
cm™! also appeared at T > 250°C. These new bands are
assigned as adsorbed NO, species (vide infra) (24).

The mononitrosyl species on Co-ferrierite is unstable
in vacuum or in flowing He even at room temperature.
The presence of O, stabilizes the mononitrosyl species
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FIG. 5. IR spectra of NO adsorbed on Co—ferrierite—effect of O,.

Spectrum 1 was coliected in flowing 1% NO/He mixture at 22°C; after
a brief evacuation, spectra 2, 3, 4, 5, 6, and 7 were collected in 100
Torr O, at 22, 100, 150, 200, 250, and 300°C, respectively.
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FIG. 6. Room temperature IR spectra of NO, adsorbed on Co-fer-
rierite. Spectra | and 2 were collected after flowing a 19 NO,/He mixture
through the IR cell at 25°C for 0.25 and 1.5 h, respectively. Spectra 3,
4, and 5 were collected after purging the cell with N; at 25°C for 1, 3.5,
and 18 h, respectively.

on catalyst (see Fig. 5). Further, with O, the mononitrosyl
species seems to be more stable than the dinitrosyl species
at high temperatures; at 200°C the intensity ratio of the
mononitrosyl band at 1940 cm™! to the dinitrosyl band at
1815 cm™! increased substantially compared to that at
room temperature (by a factor of 4). At 200°C most of the
dinitrosyl species was consumed to form NO, by reacting
with oxygen, as shown by the simultaneous appearance
of the adsorbed NO, species. The adsorbed NO, is the
dominant NO, species above 300°C. In the presence of
oxygen the dinitrosyl angle (133-140°) also increased sig-
nificantly compared to that in He (129°).

Infrared Spectroscopy (NO, Adsorption)

Figure 6 shows the IR spectra of adsorbed NO, on
Co-ferrierite in a flowing 1% NO,/He mixture and those
after subsequent purge with N, at 25°C. Under flowing
1% NO,/He at 25°C , sharp bands at 1751, 1705, and 740
cm~! were immediately observed, which are assigned to
adsorbed covalent N,O;s (33). These bands were weakened
by flushing with N, at 25°C and eventually disappeared
after the sample was flushed for 18 h at 25°C. In flowing
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NO,/He, a pair of bands was also observed at 1635 and
1600 cm~'. They have rotational fine structures, which are
attributed to gaseous NO,. These two bands immediately
disappeared upon flushing the IR cell with N, at 25°C. A
band with considerable intensity at 2230 cm™!, along with
a broad shoulder at 2100 cm™!, was also observed with
1% NO./He flow. The intensities of these two bands de-
creased substantially with N, purge at 25°C, and the band
at 2100 cm™! disappeared after 18 h purge. These two
broad bands may be attributed to weakly adsorbed NO,
species. A strong band at 1540 cm™! was observed upon
adsorption of NO, and grew with N, purge. Two new
bands at 1595 and 1627 cm™!, which were not seen in
NO,/He flow, were detected with N, purge at 25°C. Sev-
eral bands in the 1400-1000 cm™' range (1270-1280,
11001140, 1040, 980 cm ') were detected upon exposure
to NO, and appeared stable with extended N, purge.
These bands (1400-1000 cm™') are tentatively assigned
to adsorbed NO;j species (34).

Figure 7 shows temperature-dependent IR spectra of
adsorbed NO,. The broad band at ~2230 cm™' disap-
peared upon heating to 100°C in N,. The bands at 1627,
1595, and 1540 cm™! are well resolved at elevated tempera-
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FIG. 7. IR spectra of NO, adsorbed on Co-ferrierite, as a function

of temperature. After N, purge at room temperature for 18 h (see Fig.
6), spectra 1, 2, 3, 4, 5, and 6 were recorded in flowing N, at 25, 100,
150, 200, 250, and 300°C, respectively.
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FIG. 8. XPS spectrum (Co 2p lines) of Co-ferrierite (Si/Al = 8, Co/
Al = 0.39). This sample was pretreated with a CH,/He mixture at 500°C
for 2 h and subsequently purged with He for | h at the same temperature.

tures (>25°C), and they decreased slightly with increasing
temperature. These three bands are assigned to adsorbed
nitro, nitrito and nitrato species, respectively (31). The
intensities of the low-frequency bands (1400-1000 cm™!)
were enhanced with increasing temperature and are stable
at 300°C.

X-Ray Photoelectron Spectroscopy (XPS)

Figure 8 shows an XPS spectrum of Co 2p lines for
Co-ferrierite (Si/Al = 8, Co/Al = 0.39) and its deconvolu-
tion; Table 2 summarizes the curve fittings. This sample
was calcined at 500°C in air for 8 h and then treated with
a CH,/He mixture for 2 h at 500°C. [This part of the study
was aimed at determining if there was carbon deposition.]
Curve fitting analyses were carried out on the high-resolu-
tion data before sputtering with Ar*. The binding energy
for cobalt was found at 780.7 eV for 2p;,, line and 796.4
eV for Co 2p,,, line with two shake-up peaks at 786.0 and
802.1 eV, respectively. (The binding energies were charge
corrected to Si2p = 102.2 e¢V). To check for the possibility
of carbon deposition during NO, reduction, we conducted
XPS analyses on a Co—ferrierite catalyst which underwent
three different thermal treatments: (a) calcination in air
at 500°C for 8 h; (b) steady-state CH,/NO/Q, reaction at

TABLE 2

Curve Fitting Summary for Co—-Ferrierite

Band BE Band separ. FWHM % of
no. eV) (eV) €V) total area
4 802.1 21.4 3.4 9.9
3 796.4 15.7 3.2 19.4
2 786.0 5.3 3.8 17.0
1 780.7 0.0 34 53.6
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FIG. 9. XPS in-depth analysis of carbon intensity on a Co—ferrierite
catalyst (Si/Al = 8, Co/Al = 0.39) pretreated at various conditions as
a function of Ar sputtering time.

500°C for 2 h followed by cooling in He to room tempera-
ture; and (c¢) a CH,/He mixture (1000 ppm) flowing
through the catalyst at 500°C for 2 h then cooled to room
temperature in He. [These samples were exposed to air
before XPS analysis.] A carbon depth profile of these
three samples was obtained with Ar* sputtering (Fig. 9).
For pretreatments (a) or (b), the carbon level of the sample
quickly dropped to zero with Ar* sputtering (4 min), sug-
gesting that during a steady-state CH,/NO/O, reaction no
detectable carbon accumulated. The initial carbon inten-
sity is due to adventitious carbon. Clearly, the CH,/He
treated sample (pretreatment c¢) deposited carbon. The
XPS C(ls) spectrum (not shown) is asymmetric and has
abinding energy of 283.9 ¢V, suggesting a graphitic carbon
species. In addition, there is no detectable change in bind-
ing energy for the Co 2p lines for all three pretreatments,
and their line shapes are the same.

Magnetic Susceptibility Measurements

Table 3 summarizes the measurements of several co-
balt-containing samples. The magnetic moment of an ele-
ment is produced by the unpaired electrons of that ele-
ment. As shown in Table 3, all the magnetic moments are
in the range of 4.6-6 BM.

DISCUSSION

High spin Co’* has 3 unpaired electrons and thus is
paramagnetic. Typically, Co’* does not have unpaired
electrons and is diamagnetic. [The magnetic moment for
Co’* should be zero.] Based on this, we conclude that
the cobalt in these calcined samples is divalent. The calcu-
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TABLE 3

Magnetic Susceptibility Measurements of
Cobalt-Containing Samples*

{Co] Sample L X Herr

Sample (mmol/g) mass (g) (cm) R,* R? x10° (BM)
Co-ZSM-5¢ 0.68 0.1499 360 -22 198 7.2 5.0
Co-ZSM-5¢ 0.68 0.134 345 -28 313 10.0 6.0
Co-Y/ 2.00 0.136 3.55 —-28 505 18.9 4.6
Co—fernierite® 0.62 0.105 3.70 -28 116 69 5.0
Co/silica—~alumina® 0.51 0.163 360 -—-28 181 6.3 54

“ All samples were calcined at 500°C for 2 h before the magnetic
measurements, except as indicated.

b R, is balance reading of the empty sample cell and R is the reading
of sample + cell.

¢ X, is in cgs units.

4 Co-ZSM-5 has a composition of Si/Al = i1, Co/Al = 0.49, Na <
0.02 wt%.

* This sample was used as prepared (without high-temperature
calcination).

/' Co-Y has a composition of Si/Al = 2.5, Co/Al = 0.67, Na/Al = 0.27.

? Co-ferrierite: Si/Al = 8.5 and Co/Al = 0.39 with H* as a re-
maining cation.

b Co/silica—alumina was made by exchanging Co®” into amorphous
silica—alumina (Si/Al = 14), with 2.98 wi% Co.

lated spin-only magnetic moment of Co’" for three un-
paired electrons is 3.87 BM. In octahedral Co*” com-
plexes, the ground state is *T,, and a large orbital
contribution to the moment is expected. A magnetic mo-
ment value of 4.3 to 5.2 BM is usually observed (35). The
ground state for tetrahedral Co** complexes is ‘A, and a
low moment approaching the spin-only value might be
expected. However, an excited magnetic state in the tetra-
hedral complexes can be mixed with the ground state.
Moments in the range from 4 to S BM have been predicted
and were found experimentally (35).

Although the magnetic measurements unambiguously
identify the cobalt ions as high spin, divalent ions, it is
very difficult to determine the coordination of the cobalt
ions based only on the magnetic moments because differ-
ent coordination geometries have moment ranges which
overlap. It is well known that hydrated cations in zeolite
are octahedrally coordinated with 6 H,O molecules; we
observed a moment of 6.0 BM for hydrated Co-ZSM-5.
Upon calcination at 500°C, the moment dropped to 5.0
BM, which is identical to that of a calcined Co—ferrierite
catalyst. Co/silica-alumina has a moment of 5.4 BM, and
an octahedral coordination is expected in this case. Co-Y
has a relatively low moment, 4.6 BM. At first it seems
that Co in zeolite Y has more of a tetrahedral character,
but by careful analysis of the composition, one can con-
clude that this is due to the excess cobalt in the Y zeolite.
This zeolite has 27% Naremaining in zeolite, yet a calcula-
tion based on the observed Co content shows that it con-
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tains 134% of the Co needed to fully replace all of the
cations: about half of the Co may be precipitated. It is
known that calcination of cobalt salt at 400-500°C results
in Co,0, which is a mixed valence (I1, III) cobalt oxide,
where Co?" ions (1/3 of total cobalt ions) are in the tetrahe-
dral interstices and Co** ions are in the octahedral inter-
stices. We determined experimentally that pure Co,0,
has a moment of only 2.5 BM. Therefore, it is conceivable
that the excess cobalt (not at the exchangeable sites)
formed Co,0, species during calcination which lowered
the average magnetic moment for this Co-Y.

The difference in Co 2p binding energy between Co?*
and Co' is easily identifiable (2 e V), but the binding energ-
ies of Co** and Co'* are indistinguishable. Thus, the
appearance of shake-up satellite peaks can be used as an
indicator to identify the valance state of cobalt. Shake-
up satellites arise from the excitation of cobalt core elec-
trons to a unfilled valence level. High spin Co(1l} com-
pounds normally have intense satellite bands associated
to their 2p lines, while satellite bands for the low spin
Co(l11) compounds are either weak or missing (36). The
strong satellite bands observed in this Co 2p spectrum
suggest that the cobalt in ferrierite is Co’” in paramag-
netic, high spin state.

From the IR studies, it is clear that a dinitrosyl complex
is formed upon exposure of NO to Co’*-exchanged Y,
ZSM-35, and ferrierite, and this dinitrosyl complex is the
dominant NO species and is relatively stable. The fre-
quencies of the dinitrosyl species on these three samples
are remarkably similar (1810 and 1897 cm ! on Co-Y,
1810 and 1890 ¢cm™' on Co-ZSM-5 and Co-ferrierite).
Based on the NO adsorption studies, the electronic prop-
erties of Co?* are similar for all three samples: the frequen-
cies of dinitrosyl bands are close to the free NO frequency
(1875 cm™"). Perhaps little electron transfer between the
NO species and Co?" occurs (28). However, the notable
increase in the dinitrosyl angle indicates that the coordina-
tion geometries for these samples are not the same. We
suspect that this is caused by the differences within the
channel structures. IR spectroscopy alone cannot explain
why Co-Y is less active for the NO/CH,/O, reaction.

Interesting comparisons can be made between cobalt-
exchanged zeolite and Al,Os-supported cobalt oxide.
More than a decade ago, Topsge and Tgpsge reported
infrared spectra of NO adsorbed on a series of calcined
Co/Al,O; samples in comparison with those on Co,0,,
CoAl,O4, and Mo/Co/Al,O;, an HDS catalyst (37). Only
dinitrosyl bands were reported on Co/Al,O; with the
asymmetric stretching frequency at 1780-1795 cm ™! and
the symmetric stretching frequency at 1860—1870 cm™'.
The frequencies shifted down with increasing Co loading,
which they attributed to the contribution of the Co,0,
phase to the higher Co loaded Co/Al,O, samples. The
dinitrosyl angles obtained on these Co/AlL,O, samples are
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TABLE 4
Infrared Parameters for NO Adsorbed on
Cobalt-Containing Samples
Dinitrosyls
Asymetric Symtric Angle Mononitrosyls
Sample {cm™) (cm™) 26 (0 {cm™) Ref.
Co-Y 1810 1897¢ 119 1930%,1800° This
work
1820¢ 19017 116 1928°,1886" 1800 30
1820 1905 123 1890%,1800% 28
Co-ZSM-3 1810 18907 122 1935° This
work
Co-ferrierite  1810¢ 18907 130 1930* This
work
Cu-ZSM-5 1730° 1824° 104 1900°+,1810¢ 22-24
1734 1827 104 1911418114 26
1734 1827 102 1895¢, 1812¢ 25

Note. (a) Dominant; (b) unstable at RT; (¢) NO*-Cu?*, stable; (d)
NO™-Cu*.

between 120 and 130°, which are quite similar to those
for Co—zeolites. They showed evidence suggesting the
surface Co atoms that are capable of adsorbing NO are
in octahedral coordination, probably occupying the octa-
hedral vacancies in Al,O, lattice. On the other hand, the
NO intensity on Co/Al,O; decreased dramatically with
increasing evacuation temperature ( a decrease of a factor
of 8 with increasing temperature from room temperature
to 117°C). The amount of irreversibly adsorbed NO on
Co/Al,0; at room temperature was also much smaller
than we observed for Co-zeolites. The amount of NO
adsorbed on Co/AlL O, is a function of Co loading. The
maximum amount of NO adsorbed per Co was reported as
1.05 mol/mol Co using a 0.26% CO/Al,O, sample, which is
much smaller than the ratio on Co-ZSM-S or Co~ferrier-
ite. [The ratio is 1.6 and 1.5 for Co-ZSM-5(14)-98 and
Co-FER(8)-74, respectively (14, 17).] Based on the above
comparisons, one can picture different environments
Co** in a zeolite and on an Al,O, surface despite the
apparent similarity in dinitrosyl angle.

The difference among transition metal ions in catalyzing
NO reactions is exemplified by Cu-~ZSM-5 and Co-ZSM-
5. The former is an active catalyst for the direct decompo-
sition of NO to its elements (19, 20) but a poor catalyst
for NO/CH, reaction in excess O, due to its low CH,
selectivity (13). However, Co-ZSM-5 is inactive for NO
decomposition but is an effective catalyst for the NO/
CH, reaction promoted by gaseous O,. It is interesting to
examine the distinct ways in which these metal cations
interact with NO species. [IR data for Cu-ZSM-5 and
Co-zeolites are summarized in Table 4.] For Cu-ZSM-
5, the dinitrosyl bands at 1734 and 1827 cm™!, reportedly
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adsorbed on the Cu” sites, are unstable and are converted
to a mononitrosyl band at ~1900 cm™' with time or tem-
perature due to oxidation of Cu* to Cu?* by the adsorbed
NO (22-27). The band at 1900 cm ™! assigned as NO%** on
Cu?* is the dominant band under most conditions. The
valence state of a copper ion is readily changeable with
increasing temperature (Cu?* — Cu*) or upon interaction
with NO at room temperature (Cu*— Cu?*). The ability
of Cu®* to accept an electron stabilizes the mononitrosyl
band at ~1900 cm™!. The stabilization of this NO species
is the result of the transfer of an antibonding electron
from a NO molecule to Cu?*. This electron transfer in-
creases the NO frequency (relative to the gas phase NO,
~1875 cm™") to 1900 cm™'. Because of the high reactivity
of Cu ions with NO molecules, disproportionation (N,O
and NO,) and oxidation (NO,) products were often ob-
served during IR measurements. The redox property of
Cu-ZSM-5 is thought to be an essential factor for NO
decomposition. The facile redox process on copper sites
in Cu-ZSM-5 is probably one reason for the instability
of the dinitrosyl species.

Cobalt ions in Co-ZSM-5, however, have a valence
state of 2+. They are not easily reducible to Co* or Co?
and are very difficult to oxidize to Co** (14). This is sup-
ported by XPS results; even after high-temperature treat-
ment with CH, the valence state of cobalt is still 2+. A
stable NO™~ species is not observed due to the poor elec-
tron-donating property of the Co?>* ion in ZSM-5. How-
ever, a minor, weak NO%" species can be formed (the
band at 1935 cm™!), which disappears upon evacuation.
A salient difference between Co?*and Cu?* in NO adsorp-
tion is the stability of dinitrosyl species. The dinitrosyl
species on Co?" is stable even at high temperatures, e.g.,
300°C. In addition, the stability of the dinitrosyls may be
related to the angles between the nitrosyls. The relatively
small angle on Cu-ZSM-5 (104°) means a shorter distance
for the two N atoms, increasing the interaction between
the two nitrosyl groups. This may induce a reaction to
produce N,O and O(a) or desorption of one NO to form
a mononitrosyl species. Conversely, the wide angles be-
tween the two nitrosyls on Co-ZSM-5 (122°) and other
Co-zeolites provide an environment which stabilizes the
dinitrosyls, which may be a reason why Co-zeolites are
not active for the direct NO decomposition. On the other
hand, the adsorbed NO, species are stable enough at high
temperatures to carry out catalytic reaction with hydro-
carbons, e.g., CH,.

The dominant form of NO adsorbed on Co-~ferrierite
is the dinitrosyl species, which is so stable that 350°C is
needed to desorb it. On the other hand, the mononitrosyl
band at 1930 cm™! is a minor species that can be easily
removed by evacuation at room temperature or by flush-
ing with He. Interestingly, this mononitrosyl species can
be stabilized by O,, allowing the mononitrosyl species to
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remain on Co?* sites up to 200°C. This suggests that Co**
cations in ferrierite are coordinately unsaturated and can
accommodate two more ligands upon exposure {o gaseous
NO. It seems that a mononitrosyl species can be stabilized
only by coadsorption of another oxygen atom on the same
Co?**, which further transforms to an adsorbed NO, spe-
cies at higher temperatures (=250°C). The disappearance
of dinitrosyl species at 250°C in the presence of O, (instead
of 350°C in He) and simultaneous growth of the band at
1625 cm ™! suggest the transformation of a dinitrosyl spe-
cies to the adsorbed NO, species by reaction with O, at
elevated temperatures. IR data illustrate that the dinitro-
syl bands (1810 and 1900 ¢cm™') are mainly replaced by
the NO, bands at 1630 and 1600 cm™' at 200°C, and the
mononitrosyl band at 1930 cm ™! is replaced by the band
at 1560 cm ™', This process can be illustrated by the follow-
ing scheme:
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This is consistent with the TPD results. In flowing O, the
NO desorption feature at 7 > 200°C was absent compared
to results in flowing He. Perhaps it is transformed to an
adsorbed NO, species ([5A] or [5B] above). [NO, could
not be accurately measured with our residual gas analyzer
(RGA) because of severe fracturing by the electron beam. ]

The state of NO, species adsorbed on Co~ferrierite at
low temperatures may not be involved directly in the NO
reduction which occurs at high temperatures. However,
their transformation from mono- or dinitrosyl species in
O, during increasing temperature is important in identi-
fying the active species on the catalyst. This process also
explans the role of O, in the NO catalysis and supports
the observations (17) made for the NO/CH,/O, or NO,/
CH, reaction. That is, the role of O, is to convert NO
to adsorbed NO, species. It appears that the strongly
adsorbed NO, species is most relevent to the high-temper-
ature catalysis. The interconversion of NO and NO, spe-
cies in the gas phase or on the catalyst is a reversible
reaction controlled by thermodynamic equilibrium. An
increase in NO pressure linearly increases the concentra-
tion of catalyst-bound NO, species, and as a consequence
increases the overall rate of reaction, which was observed
experimentally (13, 15).

Another objective of our IR work was to identify inter-
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mediate species present during the NO, reduction. An in
situ IR measurement was attempted during a steady-state
NO,/CH, reaction at 400°C, but no measurable IR signal
of adsorbed species was detected. This may be due to
extremely small amounts of adsorbed molecules on the
catalyst at this temperature. Direct evidence for C-N
bond formation during the NO,/CH, reaction remains as
a challenge and provides a basis for future research.

To address possible pathways for the NO reduction
reaction, two important questions need to be asked: (a)
how is CH, activated and (b) how is a N~N bond formed?
Drawing upon the results of our previous publications
(13-15, 17, 21) and an earlier presentation (38), we can
suggest a possible stepwise mechanism:

Z-Co + NO2Z-Co-NO [6]

Z-Co-NO + 1/20, 2 Z-Co-NO, 7]
CH, + Z-Co-NO,— CH,- + Z—Co-HNO,  [8]
CH,- + Z-Co-NO,— Z-Co-NO,CH, 91

Z-Co-NO,CH, + NO— N, + CO
+ H,0 + Z-Co-OH

[10]

Z-Co-OH + NO— Z-Co-HNO, {1

2Z-Co-HNO,— NO + NO, +H,0 + 2Z-Co  [12]

CO + 1/20,— CO,. [13]

(Z = zeolite)

The formation of an adsorbed NO, on Co*" sites is a
necessary step, which is readily equilibrated with gaseous
NO, under reaction conditions. Our TPD and IR studies
suggest CH, does not adsorb on a “‘bare’” Co~zeolite at
low temperatures. We also found that there was little CH,
combustion when CH, and O, were fed over Co-zeolite
catalysts at low temperatures. However, the presence of
NO or NO, enhances the CH, conversion in a NO (or
NO,)/CH,/0, feed (39). Further, with Co~ferrierite under
differential reaction conditions at 400°C, CH, is consumed
mainly for NO, reduction instead of combustion (see Ta-
bles 3 and 4) (17). This suggests that NO_ plays a key role
in activating CH,. Perhaps CH, is catalytically activated
by adsorbed NO, species. NO, contains an unpaired elec-
tron. It is known that NO, radicals can remove hydrogen
from saturated hydrocarbons, €.g., nitration of CH, (form-
ing nitromethane, CH;NQ,) via a gas-phase NO,/CH, re-
action (40). Therefore, it is possible that CH, could be
activated through a cobalt-bound NO, species, e.g.,
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NOj;, forming CH;- radicals. The CH;- radical may be
formed by abstraction of a H- from CH,. This possibly
occurs over a nitro species like that described by structure
[5A]. The CH;- radical could react further with a nitrito
species (structure [5B]) forming CH;NO,. N, then forms
by reacting the adsorbed CH;NO, with a gas-phase NO
molecule (Eq. [10]). Z-Co-HNO, formed in Eq. [8] can
decompose readily to NO, NO,, and H,O or convert to
HNO; (35, 41). CO formed in Eq. [10] is easily oxidized to
CO, in an oxidizing atmosphere (Eq. [13]), and Z-Co-OH
may react with a NO molecule forming Z-Co-HNO, (Eq.
[11]). Alternatively, CH;NO, can also be readily iso-
merized and subsequently decomposed on a catalyst. In
this regard, Blower and Smith studied catalytic decompo-
sition of nitromethane on metal exchanged zeolites (Na*,
Cu?*, Ni?*, UO3*, Zn**, Mn?*, La'", Co’", Cd®' ex-
changed Y zeolite) (42). The major decomposition prod-
ucts were ammonium salts, H,O, N,, CO, and CO,.

From the point of view of making a N-N bond, the
possibility of formation of N,O; as an intermediate cannot
be excluded. N,O; may be formed by coupling of a gas-
phase NO with a nitrito group (structure [5B]), then N,O,
may react with CH,- radicals forming N,, CO,, and H,O.
However, N,O; is extremely unstable due to its unusually
long N-N bond (0.186 nm) (41). it decomposes to NO
and NO, at 7 > —30°C. In the liquid state, N,O, may also
undergo self-ionization formfing NO™ and NO; (43). If
N,O, forms on catalyst under reaction conditions, one
might expect its conversion to two ionic species, NO3*
and NO3". On the other hand, although covalent N,Ox
was detected during NO, adsorption (Fig. 6), the molecu-
lar form of N,Os is not sufficiently stable to contribute to
the NO, catalysis. In fact N,O; readily decomposes to
two ionic species (NO, and NOy) upon interaction with
a third body (33). Both species have the ability to activate
CH, forming nitromethane (40). In our work, the presence
of NO; (~2375 cm™!(34)) was not positively identified on
Co-ferrierite by IR, whereas NO; was detected.

For our studies with Co-ZSM-5 and Co-ferrierite, the
rate-determining step must inciude the cleavage of the
C-H bond (Eq. [8]), especially at low temperatures
{350-450°C), whereas the formation of catalyst bound
NO, (Eq. [5]) can occur quite readily in this temperature
range and is thermodynamically favored. The decomposi-
tion of a reaction intermediate (C-N species), e.g.,
CH;NO, can also occur quite readily at moderate condi-
tions and should not be a rate-determining step. At high
temperatures (>500°C), the decreased population of NO,
species on catalyst, due to desorption and conversion to
NO, severely limits the overall reaction rate. Therefore,
a slower increase in the NO, conversion curve occurs
(17) with increasing temperature. A side reaction, i.e.,
CH, combustion, can proceed with a parallel path on
separate Co?" sites. It does not alter the rate-determining
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step but decreases the effective concentration of CH,,
thus decreasing the NO, reduction rate. Similarly, water
has a significant impact on the NO, reduction rate but
does not affect the rate determining step; water simply
reduces the sites available for NO, reduction,

The above analysis of the rate-determining step is also
consistent with the recent work of Cant and co-workers
(44). They studied NO reduction using CH, and CDj, in
the presence of excess O, over a Co-ZSM-5 catalyst and
found that the ratio of CH, to CD, consumption is ~2.4
with a dry feed (1640 ppm NO, 2.5% O,, 1040 ppm CH,
or CD,) at 375°C. This ratio was 2.1 when a wet feed
(1.6% H,0) was used at 431°C. These ratios are close to
those expected for a primary Kinetic isotope effect. They
concluded that the rate-determining step must be the
breakage of a C-H bond in the CH, molecule. Our work
suggests that this C-H bond breakage may be facilitated
by surface NO, species.

CONCLUSIONS

The valence state of cobalt in Co-zeolite was found to
be 2+ and is relatively stable against redox treatment. NO
adsorbed on Co-zeolites is dominated by the dinitrosyl
species, at ~1810 cm™!' (asymmetric stretch) and at
18901897 cm™' (symmetric stretch). The dinitrosyls on
Co-ferrierite are unusually stable, which may be attrib-
uted to the large dinitrosyl angle, ~{30°, compared to that
of copper-ZSM-5 dinitrosyls, ~104°. The mononitrosyl
species on Co-ferrierite at 1930 cm ™! is unstable at room
temperature. Oxygen can stabilize this cobalt-mononitro-
syl, and this may be a result of co-adsorption of oxygen on
the Co** ion. In oxygen both dinitrosyls and mononitrosyl
convert to catalyst-bound NO, species at elevated temper-
atures, and this adsorbed NO, species is suspected to
be crucial in activating CH, (breaking a C—~H bond). A
mechanistic scheme was proposed involving the forma-
tion of CH;- as a key step and a nitro species as an interme-
diate.
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