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Influence of homogeneous decane oxidation on the catalytic
performance of lean NO, catalysts
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Extensive homogeneous gas-phase reactions were observed when decane was used as the hydrocarbon reductant for the selective
reduction of NO,. The catalytic performance of a SnO,/Co0../Al,03 catalyst was found to be strongly dependent on the extent of the
homogeneous reaction in the pre-cataytic volume. The effect of the homogeneous reaction on the catalytic performance also depended
on whether SO, was present in the feed. By filling the pre-catalytic volume with 25-35 mesh irregularly shaped quartz chips, gas-phase
reaction was suppressed significantly. This methodology was used to evaluate the inherent catalytic performance of SnO,/Co0O,/Al,03
and SnO,/Al,O3 catalysts with decane as a reductant. It was found that in the absence of SO,, SnO,/Al,O3 was a better catalyst than
Sn0,/Co0,,/Al,O3, but in the presence of 30 ppm of SO, the latter was a far better catalyst.
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1. Introduction

Homogeneous reactions of alkanes have been studied as
early asthe 1930's [1]. Rice [1] has observed that the reac-
tion isinitiated by the breaking of the carbon—carbon bond
as this is the weakest bond in the molecule. The radicals
formed subseguently may react with other molecules, or de-
compose, or adsorb onto the walls of the reactor [1]. Thus,
the reaction scheme is rather complex, and the products
and conversions are highly dependent on process variables
such as temperature, pressure, wall conditions and the pres-
ence of other reactants such as O,. In the low-temperature
regime and in the presence of oxygen, the primary stable
products are oxygenates like alcohols and aldehydes[2]. In
the high-temperature regime (7" > 500°C), the ease of an
alkane to undergo homogeneous reactions increases with its
molecular weight [4].

Small alkanes such as propane and isobutane have been
used extensively as model reductants in the study of lean
NO, catalysis [5]. No significant homogeneous reactions
were observed below 500°C when a lean NO,, feed con-
taining these small alkane reductants was passed through
an empty reactor [6,7]. However, larger molecules such as
decane appear to be more representative reductants for the
evauation of catalysts for the abatement of diesel engine
exhaust [8]. Since decaneis alarge alkane, the temperature
for the initiation of oxidative pyrolysis reaction is signif-
icantly lower than those of the light alkanes. It has been
well demonstrated that the effectiveness of alean NO,, cata-
lyst at a particular temperatureis strongly dependent on the
nature of the reductant [9]. For example, Cu-ZSM-5 is an
effective catalyst with CsHg but not with CH3OH as the re-
ductant; whereas a less active catalyst such as H-ZSM-5 is
amore effective catalyst when CH3OH is the reductant [9].
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Thus, the product distribution in the oxidative pyrolysis of
decane could profoundly affect the effectiveness of lean
NO, catalysts.

Since the initiation of thiswork, a publication by Kharas
et al. detailing the deleterious role of the homogeneous
oxidation reactions of hydrocarbons on the performance
of high-temperature lean NO,, catalysts has appeared [8].
However, it is conceivable that homogeneous gas-phase re-
actions can be used advantageously to broaden the tem-
perature window of operation, particularly toward lower
temperatures. This may be accomplished by the initiation
of the alkane homogeneous reaction at low temperaturesin
the pre-catalytic region to produce molecules, such as oxy-
genated hydrocarbons, that are more reactive than alkanes.
These molecules can subsequently react catalytically with
NO, to produce Ny.

In order to design a catalytic system that operatesin the
presence of both homogeneous and catalytic reactions, it
is important to compare and understand the catalytic be-
havior in the presence and absence of the gas-phase reac-
tions. Thus, this is the focus of our investigation of the
SnO,/Co0,./Al,O3 catalyst. It has been reported in the lit-
erature that significant suppression of the gas-phase reaction
is possible when the void space in a reactor is filled with
quartz chips as the latter are highly effective free-radical
guenchers [10]. Martin et a. [11] have observed that the
rate of propane pyrolysis in the presence of oxygen can
be significantly suppressed at large surface to volume ratio
and attributed this to the effectiveness of surface ions in
destroying oxygenated free radicals. Thus, catalytic results
obtained in reactors with void space filled with quartz chips
are taken to be representative performance characteristics
of a catalyst. With quartz-chips-filled reactors, the nega-
tive impact of SO, on catalytic performance of two highly



132

reactive catalysts SnO,/Co0O,/Al,O3 and SnO,/Al,O3 are
also examined.

2. Experimental
2.1. Catalyst preparation

~v-Al,03 was prepared with a method similar to that of
Maeda et al. [12], by hydrolysis of alumina isopropoxide
(Aldrich) dissolved in 2-methyl-2,4-pentanediol (Aldrich).
It was calcined to 700°C in flowing air at a heating rate of
1°C/min. The temperature was maintained at 700°C for
2 h. 1.6% H,0O was introduced into the calcination feed at
500°C and the H,O concentration was increased to 6% at
700°C.

The SnO,/Co0,./Al,O3 catalyst was prepared as follows.
A sample of CoO,/Al,O3 was first prepared by stepwise
impregnation of a cobalt nitrate (Aldrich) solution onto
a-Al,0O3 in amanner similar to the procedures of Chung et
a. [13]. Five sequentia steps of impregnating 1 wt% Co
each time was used. The sample was calcined at 500°C
overnight after each impregnation, and at 800°C for 2 h
after the last one. Then, this CoO,/Al,O3; catalyst was
impregnated with an ethanolic SnCl, (Aldrich) solution to
achieve a final loading of 5 wt% Sn. The sample was sub-
sequently dried and calcined for 4 h at 500°C. The BET
surface area was 155 m?/g.

The SnO,/Al,05 catalyst was prepared by incipient wet-
ness impregnation of v-Al,O3 with ethanolic SnCl, solu-
tion. The sample was dried and calcined at 500°C for 4 h
and 800°C for 2 h. The BET surface area was 197 m?/g.

2.2. Reaction tests

The reaction tests were conducted with either feed A
or B. Feed A was composed of 11% O,, 7% H,0, 0.03%
decane, 0.1% NO, and balance He. Feed B was composed
of 10% O,, 6% H,0O, 0.03% decane, 0.1% NO, 0.003%
SO, and balance He. The desired decane and water con-
centrations were obtained by flowing He through the respec-
tive saturators. The decane saturator was at room temper-
ature, while the H,O saturator was maintained at 56.7 °C.
The total flow rate was 386 ml in the absence of SO, and
415 ml when SO, was added. The reaction products were
analyzed with a Hewlett—Packard 5890 gas chromatograph.
Oz, N2, CO, and CO, were separated with amolecular sieve
5A column (with temperature programming up to 200°C
to elute the CO, peak). O, CO,, and decane were sepa-
rated with a Porapak P column. The O, peak areas from
both columns were used to relate the decane peak areafrom
the Porapak P column to the CO and CO, areas from the
molecular sieve 5A column. Although the separation of
O, and CO, was poor in the Porapak P column, the large
excess in O, concentration relative to CO, rendered the er-
ror in calculating the O, concentration insignificant. The
catalyst was heated in 10% O, in He to 350°C and the
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remaining components of the feed were introduced at that
temperature. Since there was little or no reaction at that
temperature, the O, and decane gas chromatography areas
were regarded as representative of the unreacted feed. This
calibration procedure was necessary because the pressure of
the system above 350°C was 5 psig higher for feed going
through than by-passing the catalyst.

The catalytic reaction was performed in a fused silica
U-tube and the catalyst was sandwiched between two layers
of quartz wool. Theinside diameter of the reactor upstream
of the catalyst bed was 0.265 inches and was 0.153 inches
downstream from the bed. A thermocouple was placed
contiguous to the reactor wall next to the catalyst bed. The
blank tests were conducted using either an empty reactor
(volume = 7.1 ml in the heated zone), or a reactor packed
with 3 mm glass beads (void volume = 3.9 ml) or 25—
35 mesh quartz chips (void volume = 2.8 ml). The catalytic
tests were performed with the pre-catalytic volume filled
with either 3 mm glass beads or 25-35 mesh quartz chips.
The pogt-catalytic void volume was aways packed with
25-35 mesh quartz chips. The total catalyst weight was
0.2 g, which translated to a space velocity of 57,900 h— for
experiments without SO, and 62,400 h—* for experiments

3. Resaults

Figure 1 shows the temperature profile in the furnace
when the thermocouple used to control the furnace temper-
ature registered 425°C. The thermocouple was 5.5 inches
and the bottom of the reactor was 6.5 inches from the top
of the furnace.

Decane was very reactive even in the absence of a cat-
alyst. Around 440°C, decane was completely consumed
when feed A was passed into an empty reactor at a flow rate
of 200 mI/min. No attempt was made to identify the prod-
ucts of the gas-phase reaction as it was difficult to separate
the many small GC pesks that overlap with the large water
peak. The decane conversion was considerably suppressed
when the total flow rate was increased to 386 ml/min and
the total void volume reduced to 3.9 ml by loading the re-
actor with 3 mm glass beads (figure 2, curve (a)). There
was no formation of N,. When the 3 mm glass beads were
replaced with irregularly shaped 25-35 mesh quartz chips
in what would be the post-catalytic volume in a catalytic
run, the gas-phase decane conversion was further reduced
(curve (b)). When the whole reactor was filled with 23—
35 mesh quartz chips, only a small amount of gas-phase
reaction was observed at temperatures as high as 470°C
(curve (c)). In the experiment where the reactor was filled
with glass beads, adding SO, to the feed did not change
the extent of gas-phase reaction significantly.

Since only gas-phase reactions in the pre-catalytic void
volume would influence the catalytic performance, the
effect of homogeneous reaction on the activities of the
SnO,/Co0,./Al,O3 catalyst was examined with the reactor
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Figure 1. Temperature profile of furnace, when the thermocouple that controlled the furnace registered 425 °C, and placed at 5.5 inches from the top.
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Figure 2. Decane conversion activity in a reactor (a) packed with 3 mm glass beads (reactor void volume 3.96 ml); (b) packed with 3 mm glass beads
in the “pre-catalytic volume” and separated from the 25-35 mesh quartz chips in the “post-catalytic volume” by a layer of quartz wool; (c) packed
with 25-35 mesh quartz chips. Feed composition: 10% O,, 270 ppm decane, 933 ppm NO, 28 ppm SO,, 10% H,0O, baance He, 440°C.

pre-catalytic volume filled with either glass beads or quartz
chips. Figure 3(a) comparesthe NO,, conversionsto Ny, in
the absence of SO,, over the SnO,/Co0,./Al,O3 catalyst in
a reactor with its pre-catalytic volume charged with either
glass beads or quartz chips, and the post-catalytic volume
filled with quartz chips. For the reactor packed with 3 mm
glass beads, the highest NO, conversion of around 40%
was observed at a temperature of 450°C. For the reactor
packed with quartz chips, the NO,, conversion was the high-
est at 35% at atemperature of 550°C. At temperatures be-

low 475°C, the decane conversions were also substantially
lower for the reactor packed with quartz chips (figure 3(b)).
When SO, was introduced into the feed, the NO,, conver-
sions were suppressed significantly over the catalyst with
glass beads packed upstream (figure 4(a)). For the reactor
charged with quartz chips, the decrease in the maximum
NO, conversion was minor, but the temperature window
was noticeably narrowed. The effect of SO, on the de-
cane conversions was much less pronounced for catalysts
in either of the reactor configurations (figure 4(b)).
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Figure 3. Comparison of reactant conversion over SnO,/CoO,./Al,O3 in reactors with the pre-cataytic volume filled with glass beads () or quartz chips (CJ). Feed composition: 11% O,, 1040 ppm NO,
7% H>0, 300 ppm decane, balance He. (a) NO, conversion to N»; (b) decane conversion.
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Figure 4. Comparison of reactant conversions in the presence of SO, over SnO,/CoO,/Al,O3 in reactors with the pre-catalytic volume filled with glass beads (¢) or quartz chips ((J). Feed composition:
10% O3, 270 ppm decane, 933 ppm NO, 28 ppm SO,, 10% H,O, balance He. (a) NO, conversion to Ny; (b) decane conversion.
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Figure 5. Comparison of reactant conversions of SnO,/CoO,/Al,O3 and SnO,/Al,O3 in a feed composition of 11% O,, 1040 ppm NO, 7% H,0,
300 ppm decane, balance He. The void volume of the reactor was filled with quartz chips. (a) NO, conversion to Ny; (b) decane conversion.

Figure 5(a) compares the differences in NO,, conver-
sion between the SnO,/Al, O3 catalyst and the SnO,/CoO,./
Al,03 catalyst when the reactor void volume wasfilled with
quartz chips and SO, was absent from the feed. The maxi-
mum NO,, conversion over the SnO,/Al,O3 was about 45%
at a temperature of 475°C. Over the SnO,/Co0O,/Al, 03, it
was about 35% at 525°C. The decane conversion profiles
of the two catalysts were rather similar (figure 5(b)). The
SnO,/AlLO3 catalyst was very ineffective for the selective
reduction of NO,, by decane with 30 ppm of SO, in the
feed. The maximum NO, conversion was less than 15%

and this occurred at a low temperature of 425°C. The ac-
tivity decreased with time on stream. Since the complete
feed was introduced into the reactor at 350 °C, it was sus-
pected that substantial deactivation had already occurred at
that low temperature.

4, Discussion and conclusions

Decane readily undergoes homogeneous reactions in an
empty reactor in the presence and absence of SO,. When
glass beads or quartz chips are loaded into the reactor, the
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extent of the homogeneousreaction isgreatly reduced. This
isin part due to the reduction of the void volume, but more
importantly, it is because the surface to volume ratio in
the heated zone is greatly increased. The difference in the
void volumes is small for reactors filled with glass beads
and quartz chips, but the surface area of the irregularly
shaped quartz chips is much greater than that of the glass
beads. This larger surface area is important in quenching
oxygenated free radicals formed in the gas phase, as pro-
posed by Martin et al. [11]. The extent of the gas-phase
reaction for the whole reactor filled with quartz chips is
very low, even at 470°C. Hence a reactor configuration
where the pre-catalytic volume s filled with quartz chipsis
taken as one where the catalytic performanceis not affected
significantly by gas-phase reactions.

With the SnO,/Co0,./Al,O3 catalyst, the occurrence of
homogeneous reaction in the pre-catalytic volume substan-
tially lowers the temperature when decane reaction begins
(see figure 3(b)). Concomitantly, the temperature at which
N, formation is detected is also lowered. Since N is not a
product of the gas-phase reaction, its formation must result
from the reaction of gas phase generated reactive species
with NO on the surface of SnO,/Co0O,/Al,O3. It is well
documented that the homogeneous reaction of an alkyl rad-
ical with O, will result in the formation of an alkyl peroxy
(RO,) radical [14]. Under the conditions used here, the
concentration of hydrocarbon in the feed is low. Therefore,
bimolecular reactions, such as RO, +RH or RO, +RO,, are
probably not important. Instead, the isomerization of the
RO, radical, the proposed dominant pathway for hydrocar-
bons with carbon numbers greater than 5, may be important
[14-16]. This reaction occurs via intramolecular hydrogen
migration to form hydroperoxyalkyl radicals which subse-
quently decompose either into alkenes or O-heterocyclic
compounds. The hydroperoxyalkyl radical can also react
with O, and then decompose to form non-cyclic oxygenated
hydrocarbons[14]. The relative importance of the different
decomposition pathways, and hence the product distribu-
tion, is strongly dependent on the oxygen and hydrocarbon
partial pressures as well as temperature. However, it isim-
portant to note that all of the products are more reactive than
the original alkane and this may account for the decreasein
the temperaturefor N, production when pre-catalytic homo-
geneous reaction is present. Reactions with NO,, is another
additional pathway for the radicals generated in the homo-
geneous reaction. For C3Hg at high temperatures, we have
observed that the extent of the gas-phase reaction is greatly
enhanced by the presence of a small concentration of NO,,
in the feed [17]. Kharas et a. [8] have observed decrease
in the NO,, concentration at the inlet of their reactor and
have proposed the formation of R—NO»-like species.

In the presence of pre-catalytic homogeneous reaction,
the SnO,/Co0,./Al,0O3 catalyst is quite effective for the se-
lective reduction of NO, by decane, with a broad tem-
perature window of operation and respectable N, yields at
a high space velocity of 60,000 h—!. The benefit of the
homogeneous reaction is negated when 30 ppm of SO, is
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introduced into the feed. Since the lossin N, conversion is
significantly more than the decrease in decane conversion,
it appears that the effect of SO, aters the catalytic process
such that the hydrocarbons generated by the homogeneous
reaction can no longer be utilized effectively. The results
also suggest that the effect of SO, is highly dependent on
the nature of the reductant, since its effect on the selective
reduction of NO,, by decane in the absence of homogeneous
reaction is much more moderate.

The results here are in contrast to those reported by
Kharas et al. [8]. Under their test conditions, homoge-
neous reaction has a deleterious effect on the lean NO,,
reaction. This is in part due to the fact that a significant
fraction of the hydrocarbon is depleted via non-productive
combustion to CO,.. However, another important parameter
isthe effect of the speciation of the decane in the gas phase
on the catalytic performance. As mentioned in section 1,
the product distribution from the homogeneous reaction de-
pends greatly on the process variables such as pressure and
reactor geometry and catalysts differ in their efficiency in
promoting NO,, conversions for a given reductant. There-
foreit is not surprising that our observation on the effects
of homogeneous reactions on catalyst performance differs
from those of Kharas' group. Our result, however, suggests
that it may be possible to take advantage of gas-phase reac-
tion by tailoring the reactivity of the catalyst to the products
of the homogeneous reaction.

Finaly, figure 5 shows a comparison of SnO,/Al,O3
and SnO,/Co0,/Al,O3 in the absence of pre-catalytic ho-
mogeneous reaction. It shows that SnO,/Al, O3 is better
than SnO,/Co0,/Al,O3 in the absence of SO,. The SnO,/
Al,03 catalyst promotes the selective reduction of NO,, by
decane at a much lower temperature and the overall N,
yield is noticeably better. However, the suppression effect
of SO, is much more severe. The serious loss in activities
for the SnO,/Al,O3 catalyst due to SO, is unexpected, be-
cause the effect of SO, is much milder when CzHg is the
reductant [18]. Thus, the effect of SO, is highly dependent
on the reductant and the catalyst.
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