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Gallium species supported on H-ZSM-5 and on H-mordenite
are active catalysts for NO reduction with methane in the presence
of excess 0,. Over Ga—H-ZSM-5, the NO reduction rate is first
order in NO with a variable, fractional order in CH,. The distinct
feature of these gallium-based catalysts is their very high CH,
selectivities for NO, reduction. Ga—H-Y, on the other hand, is a
poor catalyst for this reaction. The preparation method, ion ex-
change or wet impregnation, does not appear to be critical for the
performance of a Ga/H-ZSM-5 catalyst. Gallium-exchanged and
impregnated H-ZSM-5 have similar activities for the NO reduc-
tion. Comparable Brgnsted acid sites were found on the H-ZSM-
5 and the H-ZSM-5 supported gallium catalysts via temperature-
programmed desorption measurements with ammonia and isopro-
pylamine and by infrared measurements. On the other hand, the
presence of H* in zeolite is important; Ga/Na—-ZSM-5 was inactive
for the NO reduction. It is apparent that a synergism exists between
gallium species and H*, and this serves to activate CH, as a
reductant for NO in the presence of O,. While Ga~H-ZSM-5 is
more selective than Co—ZSM-5 for NO reduction, it is more sensi-
tive to water, which makes it less attractive for commercial applica-
tions.

INTRODUCTION

Increasing public concerns about our environment and
the ever stringent environmental regulations have stimu-
lated extensive research in removal of NO, from station-
ary and mobile sources. One of the currently practiced
technologies is the selective catalytic reduction (SCR) of
NO, with ammonia. This technology is efficient in remov-
ing NO, in an O,-rich environment but has several short-
comings, such as ammonia slip (the breakthrough of the
unreacted ammonia), equipment corrosion, and the trans-
portation of ammonia through residential areas (1). Over
the past few years, extensive work has proceeded to
search for alternative reducing agents for NO,, such as
hydrocarbons. Propane, propene, ethylene, and more re-

' To whom correspondence should be addressed.

cently isobutane were found to selectively reduce NO, in
an O,-rich atmosphere over a variety of catalysts (2-8).
For NOreduction with propane, the most frequently stud-
ied catalyst is Cu—-ZSM-5 (12), which is also an effective
catalyst for the NO decomposition to its elements (9-11).

Recently, Li and Armor discovered CH, can be used
to selectively reduce NO, on certain metal-exchanged
zeolites (13—16). Since natural gas, which contains >90%
methane, is widely used as a fuel source for many combus-
tion processes and electric utilities and is readily available
in most parts of the world, its use as a reductant for NO,
would be desirable for industrial applications. Co-, Mn-,
and Ni-exchanged zeolites such as ZSM-5 and mordenite
are effective catalysts for the NO reduction with CH,,
but Cu-ZSM-5 is a poor catalyst because on Cu-ZSM-
5, CH, preferably reacts with O, rather than with NO.
Further, the presence of O, is essential for the reaction
and the NO conversion is proportional to the CH, level
inthe feed. Neither Co?**-exchanged Y nor CoO supported
on alumina is active for this reaction. The active centers
are believed to be the isolated metal ions which are acti-
vated by the zeolite lattice (15).

More recently, Ga-zeolites were reported, indepen-
dently by Kikuchi and Yogo (17) and by Li and Armor
(18), to be active for the NO reduction with methane.
Here again the presence of O, is essential for the NO
reduction. Previously, Ga-zeolites were reported active
for NO reduction with propane having comparable activi-
ties to Cu-ZSM-5 (19). Ga/H-ZSM-5 is also reported
to be more active than Cu-ZSM-5 for NO reduction by
ethylene (20). In this paper, we report the NO reduction
by CH, in the presence of O, over a variety of gallium-
containing catalysts and compare them with Co—-ZSM-5
as a catalyst.

EXPERIMENTAL

Materials

The exchange of gallium into ZSM-5 was attempted
using a NH,~ZSM-5 (a template-free synthesis with Si/
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Al = 12) with an aqueous gallium nitrate solution (~0.01
M) at 80°C for 24 h. The initial pH of the Ga**/zeolite
slurry was 2.9. After the exchange, the sample was
washed, filtered, and dried at 110°C overnight. (It was
further pretreated in situ with a flowing He at 500°C for
1 h before reaction.) The elemental analysis of this sample
showed 35.9% Si, 2.97% Al, and 4.17% Ga by weight (Si/
Al (atomic ratio) = 11.7, Ga/Al (atomic ratio) = 0.54), and
the Nalevel was below the detection limit, i.e., <0.02% by
weight. (Note, the Ga/Al ratios in the gallium-containing
catalysts do not necessarily indicate the Ga’* exchange
levels because of precipitation of gallium species during
the exchange process, vide infra.) This sample was desig-
nated as Ga-H-ZSM-5. Ga—H-mordenite was prepared
via a two-step exchange process with a starting material,
L.ZM-5 (a Na form of mordenite obtained from Linde).
The Na-mordenite was first converted to the ammonium
form by exchanging it with an NH,NO; solution (12 ¢m?
of | M NH, solution per g of zeolite) three times at room
temperature. A near complete NH; exchange was ob-
tained. The NH,—mordenite was then exchanged with
Ga’™ as described above. Ga-H-Y were prepared by
exchanging Ga(NO,), with LZY-62 (an ammonium form
of zeolite Y obtained from Linde). The gallium loadings
were 5.3 wt% (Ga/Al atomic ratio = 0.40) and 8.9 wt%
(Ga/Al atomic ratio = 0.37.) for Ga-~H-mordenite and
Ga-H-Y, respectively.

Gallium salts were also impregnated on H-ZSM-5,
Na-ZSM-5, and y-Al,O; via the incipient wetness tech-
nique, and they are designated as Ga/H-ZSM-5, Ga/
Na-ZSM-5, and Ga/Al,0;. H-ZSM-35 support was made
by calcining the NH,~ZSM-5 at 550°C for 4 h in air. The
alumina support was a Kaiser/LaRoche Versal GH alu-
mina with a surface area of 135 m%g, and the Na-ZSM-
5 was prepared via a template-free synthesis with a Si/Al
molar ratio of 12 (21). After impregnation, the resulting
products were first dried at room temperature for | day
in air, then at 100°C for 2 h. Finally they were calcined
at 550°C in air for 2 h. All three of these impregnated
gallium samples had an identical gallium loading, 3.2%
by weight based on calculation.

Reaction Studies

The details of the catalytic activity measurements were
described previously (12-14). Briefly, the activities were
measured using a microcatalytic reactor operating in a
steady-state plug flow mode. The reactor was a U-shaped
glass tube with " 0.d. at the inlet and §” 0.d. at the outlet.
The catalyst was pelletized, crushed, and then sieved to
60-80 mesh before use. Normally a 0.10 g sample was
used for activity measurement. The reaction mixture was
obtained by blending four channels of flow, i.e., NO/He,
CH,/He, O,/He, and He, and each was controlled by an

independent mass flow controller. All gases were obtained
from Air Products and Chemicals, Inc., as certified stan-
dards and were used without further purification. The
reaction mixture typically consisted of 1610 ppm NO,
1000 ppm CH,, and 2.5% O, with He as the balancing
gas, at a total flow rate of 100 cm*/min. (The typical GHSV
was 30,000 based on the apparent bulk density of the
zeolite catalyst, ~0.5 g/cm®.) A temperature programmer
(Yokogawa, Model UP 40) with a J-type thermocouple in
contact with the catalyst bed was used to control the
temperature. [The catalyst was pretreated in situ in flow-
ing He at 500°C for 1 h at a ramp rate of 5°C/min.] An
on-line gas chromatograph with a TCD detector was used
for the product analysis, and a molecular sieve SA column
was used to separate N,, O,, and CH,. Formation of N,
was used to calculate the NO conversion, and the CH,
conversion was obtained by following the change in CH,
peak area. The selectivity (@) is defined as the fraction of
the reductant (CH,) that is used up to reduce NO to N,,
i.e., the ratio of the consumption rate of CH, for the NO
reduction (reaction [1]) to the total consumption rate of
CH, (reaction {1] + reaction [2]), and « can be calculated
based upon Egq. [3],

2NO + CH, + 0,— N, + CO, + 2H,0 (]

CH, + 20,— CO, + 2H,0 (2]

_ i _0.5%[NOJy X Cyg
[CH,lp X Ccn,

% 100%, (3]

==
re

where, r; = 0.5 X F, X [NOJ, x Cyo, F, is the total flow
rate, [NOJ, is the inlet concentration of NO, and Cy is
the conversion of NO; r, = F, X [CH,ly X Ccys. [CHylg
is the inlet concentration of CH,, and Cy, is CH, conver-
sion. The value, 0.5, is the stoichiometric ratio of NO to
CH, (1 molecular of NO reacts with 0.5 molecule of CH,).
Consequently, (I — a) is the fraction of CH, combusted
0,.

Characterization

Diffuse reflectance infrared spectra were collected us-
ing a Harrick HVC-DRP cell with a resolution of 0.5 cm™".
A powder sample was packed in a sample holder and
outgassed in situ by heating from 25 to 150°C at 5°C/min,
holding the temperature at 150°C for 30 min, then ramping
to 450°C at 5°C/min, and holding at 450°C for 1 h. The
infrared spectra were collected at 25°C in vacuum after
the pretreatment.

Temperature-programmed desorption (TPD) of ammo-
nia was performed on Ga-H-ZSM-5, Ga/H-ZSM-5,
H-ZSM-5, and Ga/Na-ZSM-S using the micro-reactor
system with an on-line mass spectrometer (UTI 100C). A
100-mg sample was used for the TPD measurement. The
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sample was first pretreated in situ in flowing He (100 cm¥/
min) at 550°C for 1 h. It was then cooled to 100°C in He.
Ammonia adsorption was carried out at 100°C by flowing
an NHy/He mixture (1% NH,) through the sample for
20 min. The gas effluent was continuously monitored
by the mass spectrometer, and an ammonia saturation
was observed after the mixture had flowed for ~7 min,
as indicated by the leveling off of MS signal. The sample
was then flushed with He (150 ¢m¥/min.) at 100°C for
1 h. The TPD measurement was carried out in flowing
He (150 cm*/min.) from 100 to 550°C with a ramp rate
of 8°C/min. The signals at AMU = 17 (NH;) and 4
(He) were continuously collected, and the ammonia
signals were normalized by those of He to cancel any
sensitivity variations of the mass spectrometer during
the measurement. The mass spectrometer was calibrated
with NH,/He mixtures from 1000 ppm to 1% NH;, and
quantitative desorption rates were calculated from TPD
measurements.

Temperature-programmed desorption/decomposition
(TPD) of isopropylamine [(CH,),CHNH,] was also carried
out with the above five samples, providing an alternative
approach to measure the Brgnsted acid sites (22). The
TPD measurements with isopropylamine were carried out
with the same reactor system described above. A 35-
mg sample underwent an in situ pretreatment (550°C in
flowing He for 1 h) before the adsorption of isopropylam-
ine. Isopropylamine (Aldrich product) was vaporized at
0°C via a saturator and carried to the reactor by a stream
of He. The isopropylamine adsorption was carried out at
25°C (sample temperature) by flowing an isopropylamine/
helium mixture through a sample. The sample was satu-
rated with isopropylamine within one minute. The sample
was then flushed with flowing He (150 cm*/min) at 25°C
for ~20 min to eliminate the gaseous and weakly adsorbed
isopropylamine. TPD was measured at a ramp rate of 8°C/
min and with a He flow rate of 150 cm®min. The signals
at AMU = 4 (He), 17 (NH,), 41 (a major fraction of
C;H,), and 44 (a major fraction of isopropylamine) were
continuously monitored by the mass spectrometer. TPD
of NO was performed on Ga-H-ZSM-5, and the experi-
mental procedures are similar to those described else-
where (15).

The pore volumes of several gallium samples were mea-
sured on the McBain Bakr gravimetric adsorption bal-
ance. Before measurement, the zeolite samples were
heated in situ to 400°C at 1°C/min and held at this tempera-
ture under a vacuum of less than 0.1 mTorr for 12 h.
The oxygen adsorption was measured at liquid-nitrogen
temperature (77 K) with an equilibrium O, pressure of
20 Torr. The weight gain due to the O, adsorption was
recorded and normalized by the sample weight. The ap-
parent O, density at 77 K within ZSM-5 was estimated
as 0.92 g/cm?, 80% of the density of liquid O,, and used
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FIG. 1. Conversions of NO (solid symbols) and CH, (open symbols)

as a function of reaction temperature over Ga—H-ZSM-5 (circles) and
Co-ZSM-5 (squares). The reactions were run with a feed consisting of
1610 ppm NO, 1000 ppm CH,. and 2.5% O, at a GHSV of 30,000.

to calculate the pore volume (23). This is a useful approach
to measure possible pore blockage with a zeolite.

RESULTS

Reaction Studies

The conversions of NO and CH, on Ga~-H-ZSM-5 and
Co-ZSM-5 are compared in Fig. 1 as a function of temper-
ature. Ga—-H-ZSM-5 has similar NO conversions com-
pared to Co-ZSM-5 at temperatures between 350 to
450°C, and the conversion increases with temperature.
Above 450°C, the NO conversion on Ga—H-ZSM-5 lev-
els-off, while that on Co~ZSM-5 drops sharply. The differ-
ence in NO conversion on these two catalysts is most
pronounced at 550°C, 33% on Ga-H-ZSM-5 and 18% on
Co-ZSM-S. The difference in CH, conversion between
these two catalysts is more dramatic. The CH, conversion
on Co-ZSM-5 increases with temperature very steeply
and reaches ~100% at T > 500°C. On Ga-H-ZSM-3,
the CH, conversions are low and weakly dependent on
temperature; the CH, conversion is only 32% at 550°C.
Therefore the selectivity of CH, toward reacting with NO
is much higher on Ga~H-ZSM-5 (100% at 450°C, which
means CH, reacted with only NO without the needless
combustion) than on Co-ZSM-5 (46% at 450°C), and this
difference increases with temperature (82 and 22% at
550°C for Ga-H-ZSM-5 and Co-ZSM-3, respectively).

The dependence of NO and CH, conversions on the
inlet CH, concentration over the Ga-H-ZSM-5 catalyst is
shown in Fig. 2. Interestingly, the NO conversion in-
creases very sharply with increasing CH, level at [CH,]
<400 ppm and gradually at 400 ppm < [CH,] < 1200 ppm.
Beyond [CH,] = 1200 ppm, the NO conversion is constant
with increasing [CH,]. When plotting log(rate)yo Vs
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TABLE 1

NO Conversions® (%) for NO Reduction with CH, over
Gallium Catalysts

Ga loading
Catalyst (Wt%) 350°C  400° 450°C 500°C 550°C
Co-ZSM-5¢ — 7 19 33 30 18
Ga-H-ZSM-5* 4.2 6 17 30 34 33
Ga/H-ZSM-5° 32 na 12 23 28 29
Ga/Na-ZSM-5¢ 3.2 na <3 <3 <3 na
H-ZSM-5 — — 4 6 10 na
Ga/AlLOyf 3.2 na na 6 10 14
AlLO;, — na na na 4 6
Ga-H-MOR? 5.3 8 16 22 27 3t
Ga-H-Y* 8.9 na 3 3 4 4

FIG. 2. Conversions of NO and CH, as a function of CH, inlet level
on Ga-H-ZSM-5 at 500°C. The inlet [NO] = 800 ppm, [0.] = 2.5%,
and GHSV = 30,000.

log({CH,]), we do not obtain a straight line. At high CH,
concentration, i.e., >1200 ppm, the empirical reaction
rate order in CH, is zero and the reaction order increases
with decreasing the [CH]. On the other hand, the CH,
conversion decreases with increasing CH, concentration
and is generally low, e.g., <30% for [CH,] >800 ppm.
Asaconsequence, the selectivity of CH, for NO reduction
in excess O, (not shown in Fig. 2) is relatively constant
with varying [CH,], from 90% at 195 ppm CH, to 76% at
1950 ppm CH,. The dependence of NO and CH, conver-
sions on NO concentration is shown in Fig. 3. NO conver-
sion is constant with inlet [NO], which is indicative of a
first order reaction with respect to NO. There is a slight
increase in CH, conversion with [NO], from 21% at 805
ppm NO to 29% at 1610 ppm NO. The calculated CH,
selectivity increases with increasing NO concentration,
from 68% at 805 ppm NO to 87% at 1610 ppm NO. In all
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FIG. 3. Conversions of NO and CH, as a function of inlet NO level

on Ga—H-ZSM-5 at 500°C. The inlet [CH,] = 1000 ppm, [O,] = 2.5%,
and GHSV = 30,000.

Note. na: Activity not tested.

“ The feed consists of 1610 ppm NO, 1000 pm CH,, and 2.5% O,, and
the reactions were run with a GHSV of 30,000.

b Samples made by ion exchange.

¢ Samples made using the incipient wetness technique.

cases, excess O, is present (2.5%). The very high CH,
selectivity shown on Ga~-H-~ZSM-5 is not understood.

To further investigate how the preparation method and
support influence the NO reduction activity and to identify
the active sites, a series of impregnated gallium samples,
Ga/H-ZSM-5, Ga/Na~-ZSM-35, and Ga/AlL,O; were tested
for this reaction. Their activities are shown in Table 1.
The NO conversions on Ga/H-ZSM-5 are slightly lower
than those on Ga—-H-ZSM-5. On the other hand, gallium
impregnated on Na-ZSM-5, Ga/Na-ZSM-5, does not
show appreciable activity for the NO reduction. H-ZSM-
5 has low activity for this reaction. The NO conversions
on Ga/Al,O; are much lower than those of either
Ga-H-ZSM-5 or Ga/H-ZSM-5 but similar to those of
H-ZSM-5, with the highest conversion, 14%, at 550°C.
Surprisingly, Al,Q, itself has some NO reduction activity,
and its maximum conversion is 6% at 550°C. Ga—H-mor-
denite has similar NO reduction activities to Ga’H-ZSM-
5. However, Ga—H-Y has a very low activity. Note that
the CH, conversions on all the gallium catalysts, not
shown in Table 1, are much lower than those on Co-ZSM-
5; the highest CH, conversion is 32% obtained on
Ga-H-ZSM-5 at 550°C. Here, we see the support has a
very strong influence on the NO reduction activity of the
gallium catalysts.

The effect of water vapor on the NO reduction activity
was tested on Ga-H-ZSM-5. The NO conversion de-
creased from 40 to 13% upon addition of 2% H,0 at 500°C,
and 16% was obtained at 550°C in the presence of H,O.
On a Co-ZSM-S§ catalyst, however, the NO conversion
decreases from 53 to 28% and from 40 to 35% at 450 and
500°C, respectively upon addition of 2% H,O to the feed
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FIG. 4. Infrared spectra in OH region on H-ZSM-5 (A), fresh
Ga-H-ZS8M-5 (B), calcined Ga-H-ZSM-5 (C), Ga/H-ZSM-5 (D), and
Ga/Na-ZSM-5 (E).

(GHSV = 30,000, 800 ppm NO, 1000 pm CH,, and
2.5% O,).

Infrared Analyses

Diffuse reflectance infrared spectra were collected on
Ga-H-ZSM-5, Ga/H-ZSM-5, H-ZSM-5, and Ga/
Na-ZSM-5 (see Fig. 4). After dehydration in vacuum at
450°C for 1 h, three bands at 3610, 3740, and 3660 cm ™'
are identifiable in the OH region on H-ZSM-5 (A). The
major band at 3610 cm ™! is attributed to the acidic, bridg-
ing OH. Two minor bands in the OH region at 3740 and
3660 cm ! are assigned to the terminal SiOH and to the
OH associated with extraframework Al, respectively. No
OH band with appreciable intensity was observed on Ga/
Na-ZSM-5 (E). On the uncalcined Ga-H-ZSM-5 (B), the
band at 3660 cm ™! is not visible and the intensity of the
band at 3610 cm™' is noticeably lower than that of
H-ZSM-5 (A). Further, the NH stretching bands of NH{
species were observed at ~3373 and ~1460 cm™! (the
latter is not shown in the figure), which suggests that the
NH; in the zeolite was not completely decomposed to
H™ during the in situ dehydration. The broad band at
<3300 cm™'is due to hydrogen-bonding. Upon calcination
of this sample at 600°C (C), the intensity of the band at
3610 cm ! increased significantly (to the level comparable
to that on H-ZSM-5) while the NH stretching bands de-
creased, and the band at ~1460 cm~! disappeared. The
band at 3660 cm™' also became visible. On Ga/H-ZSM-

5 (D), the impregnated sample, the intensity of the band
at 3610 cm™' seems substantially lower than either
H-ZSM-5 or the caicined Ga—H-ZSM-5. On the other
hand, the band at 3660 cm™' seems to have increased.

TPD of Ammonia

The ammonia TPD profiles on different gallium samples
are shown in Fig. 5. Two weakly bound ammonia desorp-
tion peaks appear at ~170 and 210°C. The high-tempera-
ture ammonia desorption peak, ~375°C, is due to the
Brgnsted acidity of zeolite. This peak is completely miss-
ing on Ga/Na-ZSM-5, suggesting the absence of Brgnsted
acidity for this sample. The amounts of ammonia desorbed
from the high-temperature peak are integrated and shown
in Table 2. The amount of NH; desorbed at high tempera-
ture over the fresh Ga~H-ZSM-5 is about 1 NH, per 1
Al, which is even higher than that of H-ZSM-3, 0.77.
However, after calcination of Ga—~H-ZSM-5 at 550°C for
4 h (the same thermal treatment performed to prepare
H-ZSM-5) the NH4/Al ratio, 0.77, was obtained. There-
fore, there is about the same amount of H* in
Ga-H-ZSM-5 as in H-ZSM-5. This suggests that most
of NH; in NH,~ZSM-5 was not exchanged out by Ga3*
cations. The NH,/Al ratio for Ga/H-ZSM-5 is slightly
lower than that of H-ZSM-5, which may be due to the
extra calcination time. The TPD experiments were re-
peated using a thermogravimetric technique with a 20-mg
sample, and similar results were obtained.

TPD of Isopropylamine

A TPD measurement with isopropylamine on
Ga-H-ZSM-5 is shown in Fig. 6. Isopropylamine desorp-
tion was observed at 80, 160, and 340°C, and at ~340°C
significant amount of isopropylamine decomposition
products, propene and ammonia, were observed with the
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FIG. 5. TPD of ammonia profiles of fresh Ga~-H-ZSM-5 (A), cal-

cined Ga-H-ZSM-5 (B), H-ZSM-5 (C), Ga/H-ZSM-5 (D), and Ga/
Na-ZSM-5 (E).
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TABLE 2

Quantification of Ammonia and Isopropylamine TPD Measurements

TPD of ammonia TPD of isopropylamine

Calcination time®

Ammonia desorbed?

Propene formation

Sample Preparation method (h) (mmol/g) NHy/AI (mmol/g) CiH/AI
H-ZSM-5 Cal. NH,-ZSM-5 4 0.85 0.77 0.95 0.87
Ga-H-ZSM-5 Ion exchange 0 1.05 0.95 1.16 1.05

4 0.85 0.77 0.95 0.87
Ga/H-ZSM-5 Impregnation 6 0.70 0.64 0.80 0.73
Ga/Na-ZSM-5 Impregnation 2 0.0 0.0 0.0 0.0

% The samples were calcined in air at 550°C for various periods of time. The calcination times shown in this table do not include the in sirtu

pretreatment with He prior to the TPD measurement.

® The NH; desorptions were based on the integrations of the high-temperature desorption peaks (see Fig. 5).

¢ Bulk aluminum content is used, which is 1.1 mmol/g.

ammonia desorption shifting to a slightly higher tempera-
ture. According to Parrillo et al. (24), his high temperature
decomposition of isopropylamine is catalyzed by the
Brgnsted acid sites. The amount of propene formed is
1.16 mmol/g (integrated based on the desorption rate vs
time). The TPD profiles on H-ZSM-5, Ga-H-ZSM-5
(precalcined), and Ga/H-ZSM-5 are very similar with
only slight variations in the amount of propene formation.
On Ga/Na-ZSM-5, the high-temperature decomposition
feature was not observed, and the amount of isopropylam-
ine reversibly desorbed is comparable to those of other
samples. The propene formation on all samples are quanti-
fied and given in Table 2. These results are consistent
with those measured with ammonia.

Pore Volume Measurements

To test whether gallium is inside or outside the zeolite
pores, the effective pore volumes of Ga—-H-ZSM-5, Ga/
H-ZSM-5, and H-ZSM-5 were measured. The results are
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FIG. 6. TPD of isopropylamine on Ga-H-ZSM-5.

shown in Table 3. Based on the gross weight of the sam-
ples, the pore volumes of gallium containing samples do
indicate some decrease, ~7%, compared to H-ZSM-3.
However, the introduction of gallium contributes to the
sample weight but little to pore volume. The corrected
pore volumes based on the weight of zeolite are similar.
[The differences are within +2%.] Note, if all the gallium
in Ga-H-ZSM-5 is within the zeolite pores we would
expect a corrected pore volume reduction of ~0.01 cm?/
g or ~5.5% (calculated based on the Ga,0O, density of
5.88 g/cm?). This suggests that not all the gallium species
are inside the zeolite pores.

TPD of NO

We carried out a NO adsorption/TPD experiment on
Ga-H-ZSM-5. We found no detectable NO uptake at
room temperature, and consequently no NO desorbed
during the TPD experiment. Alternatively, when a mix-
ture of NO/He (1600 ppm NO) was passed through the
catalyst, while ramping the temperature from 25 to 500°C,
no detectable NO consumption was observed at any tem-

TABLE 3

Pore Volumes of the Zeolite Samples

Pore volume? Corrected pore volume®

Sample (cm*g) (cm¥/g)
H-ZSM-5 0.182 0.182
Ga-H-ZSM-5 0.169 0.179
Ga/H-ZSM-5 0.170 0.178

¢ Based on gross weight of a sample, which may include the weight
of Ga,0;.
¢ Based on the zeolite weight only.
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perature. This suggests that the interaction between NO
and Ga-H-ZSM-5 is weak.

DISCUSSION

For the NO reduction on a Co-zeolite catalyst, the iso-
lated cobalt cations are the active sites whereas supported
cobalt oxide particles are inactive (14-16). It is, therefore,
reasonable to expect that gallium is also exchanged into
the zeolite sites as cations. If most of the gallium were
exchanged into the zeolite sites, we would expect NH;
being exchanged out of the zeolite, and after calcination,
the sample should display decreased Brgnsted acidity.
However, our IR data indicate that a significant amount
of NH; still remains in the zeolite. The OH band intensi-
ties of the gallium exchanged ZSM-5 and H-ZSM-5 are
similar after calcination of Ga-NH,~ZSM-5 at 600°C.
More quantitative analysis of the Brgnsted acidity is pro-
vided by the TPD experiments with both ammonia and
isopropylamine. After identical thermal treatment of sam-
ples, we obtained the same amount of Brgnsted acidity
on H-ZSM-5 and Ga-H-ZSM-5 with an identical peak-
shape, indicating that most of the ammonium ions were
not exchanged out in the gallium solution. Based on these
results, we believe that the gallium in Ga—H-ZSM-5 is
mainly precipitated on, rather than exchanged into, ZSM-
5. This is support by the pore volume data supplied in
Table 3. [Note, this does not exclude the possibility that
small amount Ga** may be exchanged into NH,~ZSM-5
either during its preparation or during the high tempera-
ture, in situ treatment.]

Similar observations were made by others on the
Ga-H-ZSM-5 system active for aromatization of light
alkanes. Tan et al. (25) found the Brgnsted acidity of
Ga-H-ZSM-5 (exchanged), as measured by infrared
spectroscopy of pyridine adsorption, is essentially the
same compared to that of the starting zeolite, H-ZSM-
5. Using hexane cracking as a probe for Brgnsted acidity,
Kitagawa er al. (26), obtained essentially the same hexane
conversion on both H-ZSM-5 and the Ga—H-ZSM-5 (ex-
changed). They concluded that the acidic property of
H-ZSM-5S is not altered by the gallium exchange, which
is also consistent with their temperature-programmed de-
sorption measurements with ammonia. Yakerson et al.
(27) made Ga-H-ZSM-5 by ion exchange followed by
impregnation with the mother solution. The resulting sam-
ple was analyzed by analytical microscopy and most of
the gallium was found as a Ga,0, phase and located on
the outer surface of zeolite grains. This conclusion is
supported by others (28, 29) and explains the similarity
in NO reduction activity between Ga-H-ZSM-5 (*‘ion
exchanged’’) and Ga/H-ZSM-5 (impregnated) catalysts.

Precipitation of Ga species during the ion exchange
process may occur and be due to the hydrated gallium

cation being too large to enter the internal pores of the
ZSM-5 zeolite, as suggested in the literature (28). On the
other hand, the solubility constant for Ga(OH),,
(Ga(OH)y, = Ga** + 30H7) is very small, K = ca. 5 x
10737 (30). Based only on this equilibrium and a solution
pH of ~3, we would expect precipitation of Ga(OH),
occur at [Ga*>*] = 5 X 107 M. The fact that we did not
observe precipitation with a 0.01 M Ga(NO,), solution (in
the absence of zeolite) suggests other equilibria also are
taking place, such as GaOH?** = Ga’* + OH ™, K = 4 x
107'?; and Ga(OH); = Ga(OH)** + OH™, K = 1.6 x
107", Tt is difficult to evaluate the concentrations of all
gallium species in a solution in the presence of the zeolite.
However, it is possible that the local concentrations of
Ga’' inside zeolite cages are high enough to cause
Ga(OH), precipitation. We attempted to identify a gallium
oxide phase in a calcined Ga-H-ZSM-5 by XRD but were
not successful due to interference with zeolite peaks.

It is apparent that the Brgnsted acidity in gallium cata-
lysts is very important; Ga/H-ZSM-5 is active for the
NO reduction but Ga/Na-ZSM-5 is not. The presence of
Brgnsted acidity or gallium oxide alone is much less active
than the combination of both (see Table 1). Yet, the ex-
change or impregnation by gallium ions does not signifi-
cantly alter the Brgnsted acidity (Table 2). There must
be some synergistic effect between the gallium species and
the H" in the zeolite. Possibly, the role of gallium is to en-
hance the activation of CH, with the NO reduction oc-
curring on H™ sites, or vice versa. This may be analogous
tothat suggested (31, 32) in propane aromatization reaction
on Ga-H-ZSM-5, where C;Hy is dehydrogenated on the
gallium phase to form C;H; carbenium ion, which subse-
quently reacts with the Brgnsted acid sites of the zeolite.
Buckles et al. (33) further proposed that C—H bond polar-
ization occurs in C;Hg on Ga,0; as an initial step and that
the C-H bond cleavage is facilitated by the interaction of
the polarized C-H bond with the Brgnsted acid sites of ze-
olite.

The type of zeolite is shown to be important;
Ga-H-7ZSM-5 and Ga-H-mordenite are active for the
NO reduction but Ga-H-Y is not. A similar observation
was made when propane was used as a reducing agent
for NO (19). It seems that there is an intimate, cooperative
interaction between H-zeolite and gallium, where the zeo-
lite exerts its influence (via either its shape selectivity,
acidity or the crystal field) on the gallium. This type of
interaction is more likely occurring on those sites where
Ga'* and H* are within proximity in zeolite pores. A
small amount of Ga** might also be exchanged into the
H-zeolites driven by the Ga,0, + H™ reaction at high
temperatures, whereas the ion exchange is impossible in
Na-ZSM-S. In light of this analysis, the small amount of
gallium within zeolite pores are catalytically more im-
portant. The effect of zeolite is also evident in other cata-
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lytic systems. Co-exchanged ZSM-5 and mordenite are
good catalysts for the NO reduction by CH,, whereas
Co-Y is a poor catalyst (14). Similarly, both Cu- and Co-
exchanged ZSM-5 and mordenite are excellent catalysts
for the N,O decomposition, but Cu and Co supported on
zeolite Y are less active (34). Perhaps these phenomena
are related. The lattice oxygen may be involved in the
reactions. Recent work indicates that zeolite lattice oxy-
gen may be involved extensively in the NO decomposition
reaction on Cu-ZSM-5 (35), and oxygen mobility in zeo-
lite may be a key factor for reactions that involve oxygen.
For NO reduction with CH,, the presence of O, is essen-
tial, in fact NO, can be effectively reduced in the absence
of O,. Itis conceivable that the zeolites having high lattice
oxygen mobility will provide a more readily available
source of activated oxygen, which is reflected in the high
selectivities for reactions such as NO + CH, + O, vs CH,
combustion. Several interesting questions related to the
role of gallium remain unanswered. Our work with NO +
CH, + O, further demonstrates the importance of the
presence of gallium on H-ZSM-5 as previously described
for aromatization reactions.

Two different mechanisms appear to be operating for
the NO reduction over Co-ZSM-5 vs Ga-ZSM-5, and
this difference is probably related to their very different
active centers. It is known that on Co-ZSM-5, NO ad-
sorbed at room temperature with NO/Co > 1, and all the
NO desorbed at T < 400°C in a He flow as determined
by TPD (15). The NO adsorption is essential to its reduc-
tion by CH,. On Ga-H-ZSM-35, however, there is no
appreciable NO adsorption at room temperature or at
elevated temperatures. Therefore the interaction between
NO and Ga is very weak. Unlike Co-ZSM-5, on which
NO conversion decreases with increasing NO partial pres-
sure in a dry feed, the NO conversion on Ga-H-ZSM-5
is constant with NO partial pressure, which means that
NO reduction on Ga-H-ZSM-5 is first order in NO. The
peculiar dependence of NO conversion on CH, partial
pressure suggests that gallium catalysts are capable of
effectively activating CH,, which is the key for the high
selectivity of this reaction for gallium catalysts. However,
on a gallium catalyst, simply increasing the CH, concen-
tration in the feed can only enhance the NO conversion
to a certain point.

From practical point of view, the tolerance of water
vapor by a de-NO, catalyst is very important because flue
gas steams contain high levels of water vapor. Looking
at Table 1, one can conclude that Ga~H-ZSM-5 is an
active catalyst for NO reduction by CH, in the presence
of O,. However, the gallium based catalysts suffer a much
greater loss in activity upon exposure to 2% water vapor,
as compared to Co~ZSM-5. This may be related in some
way to the different mechanistic pathways for
Ga-H-ZSM-5 vs Co—ZSM-5 or to different degrees of

hydrolysis of the two elements. For the moment, the
cobalt based zeolite catalysts are more effective in the
presence of water vapor than those incorporating
gallium.

CONCLUSIONS

Gallium supported on H-ZSM-5 is a very selective cata-
lyst for the reduction of NO with CH, in the presence of
excess 0,. The NO reduction rate is first order in NO
partial pressure with varied, fractional orders in CH, par-
tial pressure. The preparation method for Ga/H-ZSM-
5 is not important for achieving NO reduction activity.
Gallium in Ga-H-ZSM-5 was found mainly as precipi-
tated gallium, as evidenced by the presence of comparable
amounts of H* in the Ga—H-ZSM-5 catalysts compared
to that of pure H-ZSM-5. The Na-ZSM-5 supported gal-
lium is not active for the NO reduction by CH,, and
the presence of Brgnsted acidity appears essential. There
appears to be some synergism between gallium species
and H™ in ZSM-5 with regard to NO reduction by CH,.
Further, the type of zeolite is important for the NO reduc-
tion activity. Ga—H-ZSM-5 and Ga-H-mordenite are ac-
tive catalysts, but Ga—H-Y is not.

Ga-H-ZSM-5 differs from Co-ZSM-5 in several
ways; methane is more selective for NO reduction on
the gallium catalyst, and the interaction between NO
and Ga is weaker. Therefore, the mechanisms for the NO
reduction appear to be very different. Unfortunately,
Ga-H-ZSM-5 is more sensitive to water vapor than is
Co-ZSM-3.
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