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Interaction of CH with NO and NG over Pt-ZSM-5
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The reduction of NO and N@with CHy to form Ny catalyzed by Pt-ZSM-5 has been investigated. For both reactions the dependence
of conversion on temperature is similar to that of a¢dmbustion catalyzed by Pt. The conversion increases slowly before a sharp increase
at the ignition temperature~300°C for NO + CHy and~475°C for NO, + CHy). Based on results in which the mole ratios and partial
pressures of NQand CH; were varied, it is suggested that the oxygen surface coverage determines the catalytic activity of Pt-ZSM-5. It
is postulated that N@rapidly dissociates on Pt, covering the surface with oxygen adatoms. The interaction of oxygen adatoms with the
Pt surface is sufficiently strong that Gltannot compete for adsorption sites. Thus, the catalytic activity is low at temperatures less than
475°C, where oxygen desorption from the surface is unfavorable. However, NO has a lower sticking probability, and the slower rate of N-O
bond dissociation results in a lower steady state oxygen coverage and, in turn, a higher activity in4h€flJeaction. Experiments in
which the CH, + NO» reaction temperature was cycled from 350 to 3G0and back to 350C provides evidence that overstoichiometric
CHjy dissociation on the Pt surface can occur, and the surface carbon that is formed enhancedudtion to N.
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1. Introduction by large Pt particles, as shown by catalytic experiments with
Pt -Al203 and Pt—Auy-Al 203 [20].

For many years the catalytic conversion of nitrogen ox- Many researchers have concluded that nitrogen diox-
ides has dictated the air/fuel ratio in automotive engines. Tl is a key intermediate in the NOBCR with hydrocar-
current three-way catalytic converters are effective only fiyons catalyzed by transition metal ion exchanged zeolites
NO, removal at approximately the stoichiometric air/fuel rap4,5,13,21-30]; hence, the direct reduction of N@ith
tio and more fuel-rich conditions [1-3]. Higher engine effiCH, on this family of catalysts has been extensively stud-
ciency is obtained as the air/fuel ratio is increased; therefofed [12,13,25,26]. However, much less is known about the
technology is required to selectively reduce Néhder lean NO, + CHj, reaction catalyzed by noble-metal-containing
conditions. Methane is a desirable reductant, but only a fewolites. The objective of the present research was to under-
catalytic systems form Nselectively froma NQ + CHa 4+ stand the molecular level chemistry dictating the N@H,4
Oz mixture [4-10]. However, certain applications warrardnd NG + CHjy reactions catalyzed by Pt-ZSM-5. This was
considering the catalytic reduction (SCR) of N@ith CHs  accomplished by comparing the macroscopic performance
atlow oxygen partial pressures and in the absence of oxygenPt-ZSM-5 in these reactions to the unselective behavior of
Natural gas engines, for example, operate at approximatetyzSM-5 for NQ. SCR with CH; when G is present [9].
the stoichiometric air/fuel ratio [11].

The reduction of NO with Cll to form Ny in the ab-
sence of Q is catalyzed by many materials. Both Cu- an@. Experimental
Co-ZSM-5 catalyze the reaction with Cu-ZSM-5 showing a
higher activity [4,9,12-15]. The NG- CHy reaction pro- The Pt-ZSM-5 used in this investigation was supplied by
ceeds readily on Li-doped MgO catalysts and it appears tt&andia National Laboratories. The catalyst composition was
activation of CH, rather than NO, is the rate-determiningnalyzed by ICP (Pt, Na, Si and Al) at Galbraith Laborato-
step [16]. The activation of methane by a C—H bond cleavies. The Si/Al ratio (22.8) and the ion exchange level (14%
age was also suggested as the rate-determining step ofliheed on Pt/2Al ratio) were calculated from the weight
NO + CHjy reaction catalyzed by alumina-supported Rh [1'fjercentages. The catalyst contained.06 wt% Na, sug-
and Pt [18,19]. Further, the reaction requires relatively larggsting that the remaining charge was balanced by H
ensembles and occurs preferentially on flat planes exhibitedThe NO and NQ (each 1% in He, 99.5% purity), CGH

. _ ] ] g% in He, 99.97% purity; the higher hydrocarbon impurity

ngzzntuag!:ress. Bayer Corporation, 100 Bayer Road, Plttsburgh,was<1% of CHy), Oz (10% in He, 99.994% purity) and He

** INCAPE, Santa Fe, Argentina, (99.999% purity) were obtained from Praxair and were used
% To whom correspondence should be addressed. as received. Analyses by gas chromatography showed no
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detectable impurities in the N@ank; the NO tank contained For the equimolar feed composition, the limiting reagent is

impurities of CQ (~0.0075%) and NO (~0.01%). NO, and the theoretical limit for Ciconversion is 50%.
Prior to each experiment, the catalyst sample was pigewever, the actual CHconversion at 500C was 56%,

treated in situ with 2.5% & (balance He) flowing at ~13% higher than expected for N@onversion into M of

75 cni/min (GHSV ~ 42000 hY). During this pretreat- 86% according to the stoichiometry of reaction (1) (figure 1).

ment, the temperature was increased to D@t 4°C/min  The CH, conversion decreasedteb0% after about 1 h time

and stabilized at that temperature for 14 h before cooling tm stream at 50¢C.

room temperature. The factors associated with the higher £€bnversion
Methane oxidation with NO or N@was conducted in the were explored further. Figure 2 shows the carbon balance

temperature range of 200-5301°C. A stainless-steel gasfor the CH; + NO, reaction to form CQ@ (CO was not de-

line supplied a continuous flow to the quartz U-tube react@gcted). In the temperature range of 250-2Z%he carbon

(4 mm i.d.) that contained 50 mg of catalyst. The steadyalance closed within 2%. However, the conversion of,CH

state conversion at each temperature was defined by cons$g@ 0, at 500°C was still below 50% even though the total
utive measurements in which the standard deviation in CH

concentration was less than 0.6% of the average value. Un- g9 100
less otherwise specified, a mixture of 2000 ppm4Cithd

2000 ppm NO (or N@) in He at atmospheric pressure was
introduced into the reactor at a flow rate of 75 ml/min. When 801
the feed gas composition was varied, this was done atG00
by switching from one feed gas composition to a He flow
(~40 cn/min) for 10 min and then to the other feed gas
composition.

The effluent from the reactor was analyzed by gas chro-
matography (Varian GC 3300). An AlltecH €TR | col-
umn connected to a TCD was used to quantify, N,O,

0O, CO and CQ, and a Supelco 3@Chromosorb P AW col- 204
umn connected to a FID was used to quantify hydrocarbons.
However, no NO, O,, CO and hydrocarbons other than £H

were detected. Only Nand CQ were formed during all re- 0+—ob—m2 T T
actions. 200 300 400 500 600

X-ray powder patterns were recorded with a Diano Temperature, °C
XRD-5 diffractometer equipped with a receiving graphite
monochromator to obtain Cug radiation and with a scin- Figure 1. Methane oxidation with NQCcatalyzed by Pt-ZSM-S: curve (1)
I the conversion of N@to N, and curve (2) the conversion of GH The
t'”atlor.] detector. The Scans_were. performed at _a rate §tted line represents the upper limit of gldonversion to CQ for the
?Hzo/bmm-d-rh_e ave;atlrg]e ?flpl?r;CIe S||Z_e was d;termllj,nedd fiom CH4/NO; ratio of 1 according to the stoichiometry of reaction (1).

e broadening of the -ray line, as described else-
where [31]. 100 100

60+
Stoichiometric conversion

40-

Conversion, mol %

3. Resaults 80+ -80

The conversion of both CHand NG depended strongly
on temperature (figure 1). For GHonversion the behavior
was similar to that of Cll combustion by @ catalyzed by
Pt supported on silica or alumina. There was a very slow
increase in conversion with temperature, followed by a rapid
increase when the ignition temperature was reached [11].
The CH; conversion in the ClH+ NO» reaction was<1%
at temperatures below the light-off temperature of 324
but increased fromr12% at 475C to ~56% at 500C (fig-
ure 1). Correspondingly, the conversion of N@as<1% at
temperatures below 388 and<5% at temperatures below 0 100 200 300 400 500 600
475°C. Thereafter, the N@conversion increased to approx- Temperature, °C
imately 85% as the temperature increased to°&l0

The oxidation of CH by NO> to form Np and CQ fol-  Figure 2. Carbon balance for GHoxidation by NG: curve (1) the total
lows the stoichiometry: conversion of Cl{ and curve (2) the conversion of Gib CO,. The dotted
line represents the upper limit of GHtonversion to C@ for the CH;/NO»
CHg + 2NO; — Ny + COp + 2H,0 Q) ratio of 1 according to the stoichiometry of reaction (1).

60- 60

- . . —n 1
Stoichiometric conversion

40 2140
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20+ -20
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CHjy conversion was-56%. The conversion of CHo CO, 2000 ppm CH4/4000 ppm NO2. Upon switching the feed
was 41% at 550C while the total CH conversion was 54%. gas composition of 2000 ppm GF2000 ppm NQ to 2000

The light-off temperature for the CH+ NO reaction was ppm CHi/4000 ppm NQ, the conversion of N@to Ny de-
175°C lower than for the Chl + NO> reaction. Figure 3 creased rapidly from+87 (figure 1) to 6.5%. The conversion
shows that the conversions of NO and £iere <1% and continued to decrease with time to about 2.5% at %D
<5%, respectively, at 30C. The NO conversionto Nand ~20 min and increased to 3.6% when the reaction tempera-
the CH; conversion increased with increasing temperatutere was increased to 58C. The CH, conversion decreased
up to 40C°C. At temperatures greater than #@the con- from 28.3 to 19.1% during-20 min at 500C. The conver-
version of CH and NO toward N remained constant at23 sion then increased to 43.5% when the reaction temperature
and 77%, respectively. Over the entire temperature range wias increased to 55 (table 1). The carbon balance be-
CHjs conversion exceeded the stoichiometric limit of the foltween the Cl conversion and C@production closed within

lowing reaction: 2% at this feed condition.
2000 ppm CH4/4000 ppm NO. Quite different results
CHs + 4NO — CO;, + 2Nz + 2H0 (2) were obtained when using 4000 ppm of NO instead 06NO

. . The NO conversion to Nremained high{82% at 500C)
The influence of feed gas composition on catalyst perfo&hd it decreased to 73.1% when the temperature was in-

mance was explored. Table 1 shows the catalytic aCtiViBfeased to 558C. The CH, conversion with 4000 ppm NO

expressed in terms of conversion for four different feed 94,5 54 oy, initially at 500C and then decreased to 48.4%
compositions at 500 and 550: 2000 ppm CH/4000 ppM 55 he temperature was increased to E5@table 1). The

NO,, 2000 ppm CH/4000 ppm NO, 1000 ppm CG4#2000 CO, production was 10-20% lower.

ppm NG, and 2000 ppm Ck2000 ppm NQ. The results 1000 ppm CH4/2000 ppm NO,. The NO, conversion to

for each composition are described below. N> decreased to 54.4% when the feed mixture was switched
from 2000 ppm CH/4000 ppm NO to 1000 ppm CH

100 100 2000 ppm NQ. The conversion was not stable and de-
creased to about 28% during the nex20 min on stream.
80 80 At the same time the CHconversion decreased frorir2%
—a1 initially to 47.3% at 500C (table 1). The C® production
1 was 10% higher than the GHtonversion.
604 60 2000 ppm CH4/2000 ppm NO,. When the standard feed

(2000 ppm CH and 2000 ppm N@in He) was resumed, the
conversion of N@to Nz increased to 95.3%, approximately
40+ 40 10% higher than that obtained initially (see figure 1). For
the CH, conversion, the same initial activity was obtained,

Conversion, mol %

204 2 Log ~56% conversior_1 at 500 (table 1, figure 1).
After the reaction of 2000 ppm CHand 2000 ppm N©
catalyzed by Pt-ZSM-5 at 50@ reached steady state in the
0 — a0 : 0 experiment represented in table 1, the reaction temperature
100 200 300 400 500 600 was decreased in steps from 500 to 360 A positive hys-
Temperature, °C teresis was observed for both the NEnversion to N and

CHjy conversion as compared with the results obtained when
Figure 3. Methane oxidation with NO catalyzed by Pt-ZSM-5: curve (1jhe reaction temperature was increased from 350 td600
the conversion of NO to pland curve (2) the conversion of GH (figure 4). The behavior at 45C was time dependent, as
Table 1

Conversion of NQ and CH; during CH; oxidation with NQ; catalyzed by Pt-ZSM-5 with varying feed
gas composition8.

Feed gas compositi@n Temperature Conversibrimol%)
(°C) NOy to Ny CHgy
2000 ppm CH and 4000 ppm N@ 500 6.5(2.5) 28.3(19.1)
550 3.6 43.5
2000 ppm CH and 4000 ppm NO 500 83.8(81.6) 54.0(48.4)
550 73.1(71.5) 47.6(45.5)
1000 ppm CH and 2000 ppm N©@ 500 54.4(28.4) 71.5(47.3)
2000 ppm CH and 2000 ppm Ng 500 95.3(91.9) 55.5(58.2)

aThe feed gas composition was changed at@Dy switching from one feed gas composition to a He
flow (~40 cn®/min) for 10 min and then to the other feed gas composition.

b Balance He.

CIn parentheses the conversion in 20 min on stream after the previous analysis.
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100 - 100 4. Discussion
2 | 4.1. Nature of catalyst
E - Platinum does not form oxides stable at elevated temper-
z 604 L 60 atures [32]. Even though PtO can be obtained by direct oxi-
L dation of metallic Pt with pure @at 1 atm and 510C [33],
g‘ } at lower Q partial pressures the Pt oxidation is limited es-
S 40 L 40 sentially to the surface layer of Pt atoms [34]. Our results
g are consistent with these previous observations — neither the
D catalyst sample pretreated inp/Ble flow at 500°C nor the
¢ 204 -20 sample used in NO+ CHy reaction contains bulk Pt ox-
5 ides.
o
0 + " . . 0 . .
200 400 500 4.2. Comparative activity of NO and NO2
Temperature, °C According to the generally accepted mechanism of lean
100 100 NO SCR with hydrocarbons catalyzed by Pt, the reaction

consists of two main pathways. The NO decomposes to form
adsorbed nitrogen and oxygen atoms. Two N atoms combine
80 -80 to form a N> molecule that desorbs from the surface, and the
surface oxygen reacts with a hydrocarbon intermediate to
form CO; and regenerate active sites [9,35,36]. Hence, the
comparison of reactions of GHvith NO or NO; and with
O should be informative.

The typical temperature dependence of sCokidation
by O, catalyzed by supported Pt is a very slow increase in
conversion followed by a rapid increase when the ignition
temperature is reached [11]. This macroscopic behavior has
been explained in terms of the most active surface being par-
tially oxidized Pt surface [12]. The completely reduced Pt

Conversion of GH,, mol %

0 » P : 0 surface lacks oxygen; the surface excessively covered with
300 400 500 adsorbed oxygen has few’P+0’~ sites where the C—H
Temperature, °C bond activation occurs. Thus, at relatively low temperatures

the Pt surface is almost completely covered with oxygen due
Figure 4. Methane oxidation with Niratalyzed by Pt-zSM-5. Curves (1) 10 the much higher sticking coefficient of,Ghan of CH,
and (3) represent Ngconversion to M and CHy conversion in the experi- [37,38] and higher temperatures are required to release sur-
ment shown in figure 1. Curves (2) and (4) represent conversion ofthO face sites for Chl adsorption. This interpretation provides a

N> and CH;, conversion as the temperature of the catalyst was decreaseck for understanding the relative reactivity of NO and-NO
the flow of 2000 ppm Clg and 2000 ppm N@in He after the experiment @y 9 y N

shown in table 1. The dotted line represents the upper limit of Gbtver- toward CH, on the Pt surface.
sion to CQ for the CH/NO,, ratio of 1 according to the stoichiometry of  Nitric oxide rapidly dissociates on the reduced Pt surface
reaction (1). to form gas phase Nand O adatoms even at temperatures
below 100°C [39]. However, at temperatures above 3G0
shown by the decrease in conversions o;@Hd NQ. (from  the Pt surface is at least partially reduced, because it shows
37 to 10% and from 25 to 10%, respectively,#20 min on catalytic activity for NO decomposition [18]. Notably, the
stream). The hysteresis ceased at 4D0The carbon bal- conversions of NO and Ctare detectable for the Pt-ZSM-5
ance was within 10% of the value obtained during the enticatalyst reaction temperature greater than@({figure 3).
hysteresis. A similar result was obtained for G-tombustion; both 1%
To identify the state of Pt in the catalyst samples, X-rapt/SiQ, and 1% Pt/A}Os exhibited no activity at tempera-
diffraction (XRD) patterns were obtained for as-receivedures below 380C [11].
calcined samples and for a sample after4GHNO> reac- The N-O bond energy of N&s significantly lower than
tion. All samples had indistinguishable XRD patterns witthat of NO (305 and 627 kJ/mol, respectively [40]) and one
lines belonging only to ZSM-5 and metallic Pt. The averagean expect N@to dissociate rapidly on the Pt surface. Thus,
size of Pt particles calculated from line broadening was 5 ntine steady state oxygen coverage of Pt surface at the same
for all samples studied. Thus, Pt sintering did not take plapartial pressures of NO and N@vill be higher for the latter.
during catalytic experiments and, hence, did not contribuléis is a reason of lower rate of the @H NO reaction
to the catalytic performance. than of the CH + NO reaction (figures 1 and 2).
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4.3. Chemistry of the NO, + CHg4 reaction the requirement of the stoichiometry. Hence, before switch-

ing this mixture to the 2000 ppm GH+ 2000 ppm NQ
Increasing steady state oxygen coverage of the Pt surfagixture the surface of the catalyst is partially covered by car-

resulting from increasing Nfpartial pressure in the reac-bonaceous species. The consumption of these species elim-

tion mixture (table 1) dramatically suppresses the selectiviiyates the hysteresis. This consumption most likely causes

toward N> according to the stoichiometry of reaction (1)the conversion drop with TOS at 458G (figure 4).

Because C@forms, one can conclude that the N@duc-

tion occurred but only to form NO instead 06N

CHs + 4NO; — COp + 4NO + 2H0

5. Conclusions
3)
Metallic Pt in Pt-ZSM-5 catalyzes the GH- NO, and

Apparently, NO cannot compete with NGor adsorption nCtF'é "+ NO reaction to form C@and No. The former re-

sites and desorbs into gas phase rather than dissociate o 18 - has sianificantly hiaher ianition temperature than the
surface. Decreasing the concentration of oxygen atoms3ff” Ignifi y higherignit P u

the gas phase and, as a consequence, on the catalyst su!‘?&tce one {475 .and~30.0°C, respec'uvely). The.k|ne.t|cs
by switching the reaction mixture from 2000 ppm CH: results are consistent with the reaction mechanism includ-
4000 ppm NQ to 2000 ppm CH + 4000 ppm NO increasesmg NO, decomposition on the Pt surface and subsequent

the selectivity toward M from few percents for the former Cl_t|i4 |r:1terradct|otn v;/:hrO—ci(r)]ntﬁ:nmtg m dOIettlets to fr?rm thevrer-
mixture to more than 80% for the latter (table 1). action progucts. Increasing the steady state surface coverage

Elucidating the crucial role of steady state oxygen surfa |(\£/i(t)X)cl)??\Inoat?g:jsu::?izli\ltfowa? dﬂ?%ﬂﬁ;ﬁ:?:;fﬁ;” éztiatizﬁlec'
coverage on the selectivity of NOeduction toward N al- y * ' I~
X N the Pt surface was found to occur under certain exper-
lows one to speculate on the reasons for the dramatically 4 - .
K imental conditions to form carbonaceous deposits. These
ferent behavior of Pt-based catalysts wheny@®] or Co. osits enhance the N@eduction to N
hydrocarbons [35,41-47] are used as reductant in the prggp '
ence of excess of £ The sticking coefficient for oxygen on
Pt is high and normally with the excess of  the reaction Acknowledgement
mixture the Pt surface is completely covered with oxygen.
This inhibits the adsorption and dissociation of NO. The in- Financial support provided by the Department of Energy,
teraction of a hydrocarbon molecule with the oxidized Riffice of Basic Energy Research (Contract DE-FG0295ER-
surface results in the oxidation of the hydrocarbon and for4539) and by the Exxon Educational Foundation is grate-
mation of an island of the reduced metal surface. The sizefafly acknowledged.
the island of reduced metal surface depends on the number

of C and H atoms in the initial hydrocarbon molecule. Ap-

parently, in the case of C+the size of the island is not largeReferences
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