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The reaction of (NO + CzHg + Oy) can result in selective formation of NO, over H-ZSM5, Cu,H-ZSM5, Ag,H-ZSM5, and
Li,H-ZSM5 catalysts when the concentrations of NO and O, are 0.1 and 9%, SV > 60,000 h—1 (typical for automotive exhausts), and
C3Hg/NO < 1. Despite stoichiometric excess of reductant hydrocarbon below this limit, the in situ formed NO, does not react with
C3Hg, thus conversion of NO to N is negligible. NO can be reduced by C3Hg selectively to N, only when C3Hg/NO > 1. Contrary
to many suggestions the reaction temperature, concentration of oxygen, space velocity, and type of exchange ions have minor influence
on the selectivity for N,. These parameters affect the rates of reactions (NO + O5), (CsHg + NO.) and (C3Hg + Oy), therefore they
also affect the production of Ny in the HC-SCR process, but only when the ratio of C3Hg/NO permits. The metal-exchanged zeolites
were prepared in situ by solid-state ion exchange from H-ZSM5. Despite the low degree of copper exchange (63%), Cu,H-ZSM5
produces substantially more N, than H-ZSM5, Ag,H-ZSM5, or Li,H-ZSM5. However, the selectivity for N, is lowest over Cu,H-ZSM5,
which aso produces considerable NO; in the reaction of (NO + C3Hg + O;) even at C3Hg/NO > 1. Contrary to prior findings, the
catalytic activity of Cu,H-ZSM5 for the oxidation of NO by O, to NO; in absence of hydrocarbon was comparable to that of H-ZSM5
at high space velocities (2.3 g~ min—1). By replacing 30 and 40% of the protons of H-ZSM5 by Agt and Lit ions in Ag,H-ZSM5
and Li,H-ZSM5, respectively, the catalytic activity for this reaction becomes negligible at temperatures >100°C. Some mechanistic
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consequences of these experimental observations are discussed.
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1. Introduction

The promising commercial potential of the selective cat-
alytic reduction of NO by hydrocarbons (HC-SCR) for NO,,
emission control in oxygen rich combustion exhaustsiswell
known [1-3]. For not fully explored reasons, some ZSM5-
type zeolites are the most active and selective HC-SCR
catalysts at reaction conditions resembling those in the cat-
alytic converters of automobiles[3,4]. Unfortunately, there
are gtill many technical barriers that must be overcome be-
fore these catalysts can be commercialized.

An adequately understood reaction mechanism could
facilitate the development of effective and durable cata
lysts. However, the HC-SCR process appears to be ex-
tremely complex. The selective conversion of a mixture of
(NO+ O, 4 C;H,) to (N2 + CO,, + H>0) includes severd
reaction steps and there is no agreement what are the ini-
tial and subsequent reactions. Furthermore, a large body
of papers suggests that the HC-SCR process might follow
several different reaction pathways. The actual sequence
of reaction steps seems to depend on many factors, includ-
ing the composition of catalysts, structure of hydrocarbons,
concentration and ratio of reactants, space velocity, and re-
action temperature. The overall subject of this paper is the
comparison of the effect of some parameters on the yield
of Ny in the reaction of (NO + C3Hg + Oy).
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The impact of reaction temperature and concentration of
reactants on the production of N in this reaction has re-
cently been studied in details over a H-ZSM5 catalyst [5].
Degpite a vast number of similar experiments over this
catalyst before ([3,5-8], and references herein), this study
demonstrated first that the reaction of (NO + CgHg + O,)
can result in selective formation of either NO, or N,. The
selectivity for N, mainly depends on the ratio of C3Hg/NO
in the feedstock and other reaction parameters have only
minor impact [5]. The importance of C3Hg/NO ratio in
the selectivity for NO, or N3 is further examined here over
Cu,H-ZSM5, Ag,H-ZSM5, and Li,H-ZSM5 catalysts at var-
ious reaction conditions. To contrast the catalytic effects
of their exchangeable cations, these zeolites were prepared
in situ by controlled solid-state ion exchange [9,10] from
H-ZSM5. To emulate space velocities (SV) in the catalytic
converters of automobiles[4,11], reactions were carried out
at SV = 64,000 h—* (2.3 1g~*min~1) instead of the previ-
ously used SV = 9,600 h—1 [5].

Cu-ZSM5 is the first and most studied active HC-SCR
catalyst. Thiszeolite has been reported to be much more ac-
tive for the catalytic oxidation of NO by O, to NO, at high
space velocities than the H-ZSM5 [11]. Although many re-
searchers believe that NO, is an important intermediate in
the HC-SCR process over both zeolites [3,5,11-13], NO,
production in presence of hydrocarbons has not been re-
ported for Cu-ZSM5. Is it possible that this marked con-
trast to H-ZSM5 hints on some differences in the catalytic
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Table 1
Data for catalysts prepared by solid-state ion exchange from H-ZSM5 (Al: 0.859 mmol/g; Si: 15.424 mmol/g;
protons determined by NH; exchange [5]: 0.424 mmol/g).

Catalyst Salt added Temperature of HCI evolved Exchanged Ht
to 1 g H-ZSM5 ion exchange (°C) (mmol/g zeolite) (%)
Cu,H-ZSM5 0.85 mmol (0.114 g) CuCl, 410 0.267 63
Ag,H-ZSM5 0.42 mmol (0.060 g) AgCl 700 0.169 40
Li,H-ZSM5 0.42 mmol (0.018 g) LiCl 400 0.126 30

function of Ht and Cu?* exchange ions? This issue is
investigated here by focusing on the output of NO, in the
presence and absence of CzHg. Numerous studies showed
that the C,H,/NO ratio (e.g., C,H, = C3Hs, i-C4H1g Or
CsHg [14-16]) affects the yield of N, in the HC-SCR of
NO over Cu-ZSM5. Yet, the effect of this parameter on
production of NO, has not been examined.

ZSM5 zeolites containing certain multivalent exchange
ions, e.g., Cu>*, Pt?t, Co®t, Ga*t, or In®t, are typically
more active HC-SCR catalysts than those exchanged by
monovalent cations. Among the few exceptions is Ag-
ZSM5 which has been reported to be more active than Cu-
ZSM5 for the HC-SCR of NO by C,H4 near 500°C [17].
Little more is known about the catalytic activity of Ag-
ZSM5 in HC-SCR related reactions [17,18]. The possible
approach of HC-SCR process as a special combustion of hy-
drocarbons[5,7,12] and the well known epoxidation activity
of silver are tempting to explore whether Ag-ZSM5 would
promote the selective reduction of NO to N, when a satu-
rated hydrocarbon, C3Hg, is used as reductant or the effect
of unsaturated ethylene is unique. Since Na-ZSM5 is only
active for the reduction of NO, (but not NO) to N, and only
when the reductants are unsaturated hydrocarbons[7,8,28],
one could predict that the partial exchange of protons in
H-ZSM5 by another alkaine ion, Li*, will result in re-
duced N production in the reaction of (NO + O, + C3Hg).
Thus, Li,H-ZSM5 seemed to be appropriate to study how
C3Hg/NO affects the selectivity of H-ZSM5 for NO, or N,
when its activity is suppressed. Except the known hydro-
carbon radical producer, Li/MgO [19], lithium-containing
catalysts have not been studied in the HC-SCR of NO. It
is known that the oxidation of NO to NO, proceeds with
comparable reaction rate over Li-ZSM5 and Cu-ZSM5 (but
slower than over Na-ZSM5 and K-ZSM5) near 70°C [20].
Li-ZSM5 has been found to be nearly inactive for this re-
action above 200 °C but dlightly active for the oxidation of
CsHs by O, near 600°C [5,21].

2. Experimental
2.1. Catalysts and materials

H-ZSM5 zeolite was prepared by calcining an NH; -
exchanged ZSM5 sample from the PQ Corporation (Lot
#ZN-9, 80% crystallinity, BET surface area ~460 m?/g,
total pore volume 0.28 mi/g, 0.002 mmol/g sodium, Si/Al
ratio 18) at 550°C for 24 h in air. The exchange-
able proton capacity of this sample was found to be

0.424 mmol/g, i.e., roughly one-half of the total aluminum
content (0.85 mmol/g) is associated with exchangeable pro-
tons. The procedure for determining the exchange capacity
and some further properties of this zeolite have been re-
ported elsewhere [5].

The Cu,H-ZSM5, Ag,H-ZSM5, and Li,H-ZSM5 sam-
ples were prepared in situ in the catalytic reactor (vide
infra) from the H-ZSM5 zeolite by solid-state ion ex-
change [5,9,10,22—24] using 2 mol CuCl,, 1 mol LiCl, and
1 mol AgCl per each mol exchangeable H™ in the zeolite
(table 1). The exchange level in these zeolites was deter-
mined in separate experiments by measuring evolved HCI
during the synthesis. Appropriate amounts of H-ZSM5 and
metal chlorides were thoroughly mixed, pressed, crushed,
and sieved (see below). Approximately 1 g mixture was
then placed between quartz wool plugs in a fused quartz
tube (10 mmi.d.). The system was evacuated at room tem-
perature and then heated to 400 °C (in case of Ag,H-ZSM5
to 700°C) at arate of 10°C/min in 2 I/h flow of He. The
end temperature was held until HCI evolution was observed
(about 3060 min). The effluent bubbled through two traps
(each filled with 100 ml distilled water) to absorb evolving
HCI. The solutions were continuously stirred by magnetic
stirrers and neutralized with 0.1 N agueous NaOH. The
exchange level was calculated from the NaOH consump-
tion. Results from repeated measurements agreed with each
other within +£5%. Blank experiments with quartz powder
instead of H-ZSM5 indicated some spontaneous evolution
of Cl, (forming HCl or HOCI in H,O) from CuCl, but
not from the other salts. The corresponding roughly 10%
CuCl, consumption was subtracted when the exchange of
copper into the zeolite was calcul ated.

The reactants for the catalytic measurements were certi-
fied mastergases from Scott (0.1% C3Hg in He, and 0.1, 1
and 10% O, in He) and instrument grade gases from Linde
(NO), Liquid Carbonic (He, 1% NO in He, 1% C3Hg in He),
Union Carbide (C3Hg) and Smith Welding Co. (Oz). Except
for helium, which was passed through a General Electric
Go-Getter purifier, all gases were used as received.

2.2. Activity measurements and analysis

The powdered H-ZSM5 and mixtures of H-ZSM5 plus
metal chlorides were pressed into pellets, crushed, and the
0.3-0.6 mm fraction was used for catalytic measurements.
A 0.15 cm?® (0.069 g) catalyst sample was placed on quartz
wool in a fused quartz reactor (~4 mm i.d.) of the flow-
through type and also covered with quartz wool. The Cu,H-
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ZSM5 and Li,H-ZSM5 samples were pretreated in vacuum
by increasing the temperature gradually to 110, 250, 400
and 600°C and keeping these temperatures until material
evolution (drop in vacuum) was observed. This procedure
was used for the pretreatment of the other two zeolites ex-
cept two differences: (1) to avoid the collapse of the ze-
olite lattice, H-ZSM5 was only evacuated up to 250°C
then calcined in He flow at higher temperatures; (2) to
ensure ion exchange [23], Ag-ZSM5 was calcined up to
700°C. Cataytic tests were made after cooling the cata-
lyst to room temperature in vacuum, switching to helium
flow (100 ml/min), reheating the catalyst to the reaction
temperature, and setting the appropriate flows of reactants.
Catalysts were kept in helium between runs. No further
pretreatment was done during the catalytic tests.

Catalytic activity was measured by passing a mixture
of (0.1% NO+ 2% Op) (zr = 0, 0.05, 0.1, 1, 1.75, 3, 5
and 8.75) or (0.1% NO+ y% CsHg+ 8.75% Oy) (y = 0.05,
0.1 and 0.2) in helium carrier gas through the catalyst to
achieve a total flow rate of 160 mi/min (SV = 64,000 h—1)
at 1 atm (1.0 x 10° Pa). These reaction conditions seem to
be appropriate for simulating the conditions in commercial
catalytic converters of automobiles. For example, a typical
model exhaust from a fuel economic, lean burn, gasoline
powered car engine might contain 200 ppm NO, 800 ppm
CsHe, and 7% O, and atypical space velocity for laboratory
experiments is 45,000 h—* [4]. A TECO (Theall Engineer-
ing Co.) temperature controller was used to maintain con-
stant reaction temperatures. The control thermocouple was
attached to the inside wall of the furnace. The temperature
of catalyst was measured using a separate type K thermo-
couple (24 gauge special accuracy) attached to the outer
wall of the reactor (AT ~ 5°C). To avoid error in compar-
ing the conversions of NO to the calculated equilibria of
NO/NO, [21], the catalyst temperature was carefully main-
tained dightly (0-5°C) above the desired reaction temper-
ature. The estimated temperature difference between dif-
ferent points of the catalyst bed was less than +3°C. Flow
rates were controlled by Brooks mass-flow controllers. The
reaction system is constructed of stainless steel with bellows
seal valves. Leaking rate is ~5 x 10~/ ml/s. Details of the
system are described elsewhere [5,21,25].

Separate measurements of the nitric oxide and total NO,,
contents in the reactor effluent were made using a Beck-
man model 951 chemiluminescent NO-NO,, gas analyzer
and were compared with the nitric oxide contents at the
reactor inlet to calculate the conversion of NO. The ana-
lyzer was calibrated with different concentrations of known
gases. Due mainly to the error of reading an analog meter,
it is estimated that the accuracy of the conversion is 5%
(repeatability plus linearity error). Repeated measurements
on the same catalyst (after miscellaneous intervening reac-
tions) gave a repeatability of +10% (includes hysteresis of
catalyst). All other products were analyzed by gas chro-
matography using a GOW MAC 550P type chromatograph
equipped with TCD detector using He carrier gas [5].
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The NO and NO,, concentrations were monitored con-
tinuously by passing the total effluent gas stream through
the NO-NO,, analyzer. Steady-state NO conversion was
attained (as detected by the NO/NO,, analyzer) before GC
analysis was done. The reactor effluent was then connected
to the GC system and a gas sampling vave (loop volume
~0.52 cm®) was used to inject samples into the gas chro-
matograph. Further details for the analysis have been re-
ported elsewhere [5,25].

3. Results
3.1. Degree of ion exchange

Results pertaining to ion exchange are summarized in ta-
ble 1. The solid-state ion exchange (SSIE) of zeolites with
metal chlorides (MCl,) proceeds according to the equa
tion Z-OH + MCl, — Z-OMCl,_; + HCl, where Z rep-
resents the zeolite lattice [9,10,24]. For chlorides of typ-
ically monovalent elements, such as LiCl and AgCl, one
can safely assume that monovalent ions, such as LiT and
AgT, enter the zeolite. Thus, each mol LiCl or AgCl par-
ticipating in the SSIE process releases 1 mol HCI and the
exchange level can be calculated by measuring the amount
of HCl evolved. Based on these measurements, the ex-
change levels in Li,H-ZSM5 and Ag,H-ZSM5 were found
to be 30 and 40%, respectively. These resultsimply that 70
and 60% of the exchangeable bridging OH groups of the
original H-ZSM5 zeolite remained intact in the Li,H-ZSM5
and Ag,H-ZSM5 samples, respectively.

The number of HCI molecules released in the SSIE
reaction from chlorides of multivalent elements, such as
CuCly,, can depend on several factors. For example, when
the next nearest Z-OH groups are close enough to each
other for being bridged with the multivalent exchange ion,
Z-0-M-0-Z or Z-O-M-O-M-0O—Z type bridges might
form thereby two or more HCl molecules (depending on
the valence and the number of OH neighbors) per reacted
meta chloride molecule will be released. Such close Z-OH
groups are typical for zeolites having low (<5) Si/Al ratios,
such as the X or Y structures. However, the Si/Al ratio in
our H-ZSM5 sample is 18 and measurements with NH;
exchange indicate that only every second aluminum atom
is paired with exchangeable Z-OH sites [5]. Thus, each
Z—OH group is separated by 36 S—O bonds which seemsto
be too big a distance for bridging with Cu?* ions. There-
fore, it is reasonable to assume that mainly CuCl* ions
replace the protons of this H-ZSM5 sample in the course
of solid-state reaction with CuCl,. For this reason, 1 mol
evolved HCI per mol reacted CuCl, was taken into account
for calculating the degree of copper exchange into Cu,H-
ZSM5. Thus, the exchange level for copper was found
to be 63%, i.e., the Cu,H-ZSM5 sample retained 37% of
the exchangeable protons from the starting H-ZSM5 zeo-
lite.

It should be noted that several authors stress the pos-
sible formation of [Cu-O-Cu]?t type bridges in copper-
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Figure 1. Temperature dependence of the conversion of NO to NO, (a) and N3 (b) over various catalysts in the reaction of 0.1% NO and 8.75% O;
total P = 1 x 10° Pa; SV = 64,000 h—1.

exchanged ZSM5 samples [26-28]. Since the diameter
of double rings formed by 2 x 10 oxygen-bridged metal
atoms (T atoms) at the intersections of the zeolitic chan-
nels is roughly 5.4 A and the estimated linear O-Cu~O—
Cu-O bond length is also 5.4 A [39,40], it is possible that
Z-0O-Cu—0O—-Cu—0O—Z bridges are formed between two op-
posite Al-O sites in these rings (four additional T atoms
bind each double ring at the intersections, there are four
such 24-T-atom rings per unit cell, and the diameters of
the dliptical rings (channels) are 5.1/5.5 and 5.3/5.6 A).
The probability of such bridges is higher in those ZSM5
samples which have Si/Al < 24, because some of their
double rings necessarily contain two or more Al-O units.
If some copper atoms are bridged in our Cu,H-ZSM5 sam-
ple (S/Al ~ 18), the level of exchanged copper is dightly
lower than calculated above (63%), because in such cases

two HCl molecules evolve from each reacted CuCl, (the
63% exchange level of protons remains intact).

It is also fair to note that, due to the partia ion ex-
change, the Cu,H-ZSM5, Ag,H-ZSM5, and Li,H-ZSM5
catalysts are mixed with 7.1, 3.5 and 1.2 wt% unreacted
CuCl,, AgCl, and LiCl, respectively. The catalytic activ-
ity of these chlorides is not known in reactions studied in
this paper. However, the relatively low amounts and typ-
ically low specific surface areas of chlorides suggest that
their impact on the catalytic activity of zeolites is probably
negligible. Therefore, their potential catalytic effects have
been neglected.

3.2. Oxidation of NO by O,

The catalytic activities of H-ZSM5, Cu,H-ZSM5, Ag,H-
ZSM5, and Li,H-ZSM5 for the oxidation of NO to NO,
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Figure 2. Effect of the partial pressure of oxygen on the reaction rate in the oxidation of NO to NO, over H-ZSM5 and Cu,H-ZSM5 zeolites at 500 °C;
Pno = 0.76 Torr; total P = 760 Torr (1 x 10° Pa); SV = 64,000 h—1.

in absence of hydrocarbons were compared first. As ex-
pected [20,21], each ZSM5 sample showed substantial cat-
alytic activity for this reaction near room temperature when
ample oxygen was present in the feedstock. Using a mix-
ture of 0.1% NO and various amounts of oxygen in He
carrier gas, considerable conversion to NO, (>10%) only
occurred when the concentration of O, exceeded about 1%,
i.e., at molar ratios of O,/NO > 10.

Figure 1(a) shows that the conversion of NO to NO,
was around 70% over each catalyst in the reaction of
(0.1% NO + 8.75% Oy) at 25°C. This low-temperature
reaction is probably due to a homogeneous-like reaction
between physisorbed NO and O, molecules in the micro-
porous solids [21]. Therefore, the exchange ions have only
negligible effect on the reaction rate. Blank experimentsin-
dicated that measurable homogeneous or wall catalyzed re-
action does not occur in absence of catalysts at any O,/NO
ratio or reaction temperature used in the present studies.
Figure 1(b) shows that the decomposition of NO to N re-
mained below 10% over all zeolites, including the most
active Cu,H-ZSM5 at the same reaction conditions as those
in figure 1(a).

Figure 1(a) also indicates that only Cu,H-ZSM5 and
H-ZSM5 have considerable catalytic activities for the ox-
idation of NO to NO, above 100°C. The effect of oxy-
gen concentration on the activity of these two catalysts
is shown in figure 2. At these high space velocities
(139 I/h total gas flow per gram zeolite), the catalytic ac-
tivity of our Cu,H-ZSM5 sample (Si/Al ~ 18; exchanged
Cu = 3.3%) was similar to that reported by Shelef et
a. [11]. For example, figure 2 shows that the reaction rate
is roughly 0.4 mmol(NO) g~*(catalyst) s~ when a mixture
of 1000 ppm NO and 5% O, (38 Torr) with balancing He
is passed through the catalyst at atmospheric pressure and
500°C. Also at atmospheric pressure and 500°C, Shelef
et a. [11] passed a mixture of 600 ppm NO and 4.9% O,

(balance nitrogen) at 160 I/h total gas flow per gram Cu,H-
ZSM5 catalyst (Si/Al ~ 16; exchanged Cu = 2.4%), and
found roughly 0.3 mmol (NO) g—(catalyst) s—* reaction rate
for the oxidation of NO.

However, these authors also reported that their H-ZSM5
sample (from different source as their Cu,H-ZSM5) was
nearly inactive for the same reaction [11]. This finding is
a frequently cited argument for explaining why Cu-ZSM5
is found to be more active than H-ZSM5 for the HC-SCR
of NO by many hydrocarbons: NO; is a proposed reac-
tive initial intermediate in the HC-SCR process for both
catalysts, hence more NO, on Cu-ZSM5 would result in
more Ny over this catalyst than over H-ZSM5 [3]. Fig-
ures 1(a) and 2 clearly indicate that the catalytic activities
of H-ZSM5 and Cu,H-ZSM5 for the oxidation of NO by O,
are only dlightly different from each other when their ze-
olite frameworks are the same. Consequently, the above
argument is ambiguous.

In contrast to the nearly neutral effect of [CuCl]*, the
partial exchange of protons by LiT and Ag™ ions substan-
tially decreased the catalytic activity of H-ZSM5 for the
oxidation of NO to NO, above 100°C (figure 1). Since the
shape of activity curvesfor H-ZSM5 and Li-ZSM5 strongly
resemble those measured at SV = 9,600 h—* [5,21], the
sameinterpretation should be valid at this high (64,000 h—1)
space velocity as well (the equilibrium NO + (1/2)0, =
NO; is attained near 400°C).

3.3. Reaction of NO, O,, and C3Hg

Figures 3 and 4 show the temperature dependence of the
conversion of NO to NO, and N> when various amounts of
propane are added to the reaction mixture of (0.1% NO +
8.75% O,) in balancing He. The space velocity of the total
gas flow was 64,000 h—* in each experiment, thereby results
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in figures 3 and 4 were obtained a comparable reaction
conditions as those in figure 1.

As figures 3(a) and 1(a) indicate, the conversion of NO
to NO, increases over each catalyst when as few as 0.05%
CsHg is added to the feedstock (i.e., CsHg/NO < 1). Fig-
ure 4(a) shows that, despite the presence of ample in situ
formed NO,, the production of N, is negligible at these
reaction conditions. According to figures 1(b) and 4(a), the
addition of 0.05% C3Hg generated a small increase in the
conversion of NO to N, over the H-ZSM5 catalyst near
300°C.

Probably due to the well known equilibrium limits [21],
the increase in NO, formation over the most active
H-ZSM5 and Cu,H-ZSM5 catalysts is negligible beyond
400°C (figure 3(a)). Note, however, that the measured
conversions of NO to NO, exceed the calculated equilib-
ria at these high temperatures, perhaps because equilibria
are calculated for closed systems and ours is an open, sta-
tionary, flow-through-type reactor. It is aso possible that
NO; is released from adsorbed N,O, dimers that presum-
ably contribute to the pairing mechanism of nitrogen atoms
over these catalysts [3,13,31-42]. Although the reasons are
not understood, repeated experiments at carefully controlled
conditions suggest that these data are not experimental er-
rors. Many other papers contain similar data [11,43-45].
This issue will be addressed elsewhere [46].

Figure 3(a) shows two further surprising observations:
(i) in presence of the small amount of hydrocarbon, the
conversion of NO to NO; is by roughly 20% higher than
that in the reaction of only NO+ O; (figure 1(a)), regardless
of the type of exchange ions in zeolites; (ii) this increase
is independent of the reaction temperature. Since in ab-
sence of zeolite, only negligible (<5%) NO is produced at
these reaction conditions, a change in the sensitivity of the
NO/NO,. analyzer can be ruled out. Hence the enhanced
production of NO; is a catalytic effect.

Figures 3(b) and 4(b) indicate dramatic changes in both
the total conversion of NO and the distribution of prod-
ucts when the partial pressure of C3Hg attains the partial
pressure of NO (C3Hg/NO = 1). Except on Cu,H-ZSM5
above 300°C, the total conversion of NO decreases to a
lower level than it was in the absence of CsHg (figure 1
(@ and (b)) over each catalyst. Over Cu,H-ZSM5 and
above 300°C, the total conversion of NO is substantialy
higher than it was in the absence of CzHg. In agreement
with plenty of literature data, the increased conversion is
mainly due to production of N, which is much higher over
the copper-exchanged zeolite than over any other catalyst
(figure 4(b)). However, Cu,H-ZSM5 is the only catalyst
which still produces considerable amounts of NO, above
100°C (figure 3(b)). Parallel with the disappeared NO, at
C3Hg/NO = 1, increased production of N, was measured
at temperatures above 300°C on each catalyst (compare
figures 1(b) and 4(b)). Nevertheless, the production of N>
is still very low over the Ag,H-ZSM5 and Li,H-ZSM5 zeo-
lites. Figures 3(c) and 4(c) indicate that further increase in
the C3Hg/NO ratio only results in minor changes in either
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the total conversion of NO or in the selectivity for NO,
or No.

4, Discussion

As proposed before [5,7,12], the HC-SCR reaction can
be viewed as the combustion of hydrocarbons:

C,,LHgn_,_w + aNO + b0y — (a/2)N2 + nCO, + cH,0O

where b = (6n + = — 2a)/4, ¢ = (n+ (z/2)) and a > 1,
b > 0.5. For this reaction, a minimum of one oxygen atom
must come from the nitric oxide even when all other oxy-
gens come from the molecular oxygen and vice versa. Like
in any combustion [47,48], a variety of radical intermedi-
ates can form (NO is aready a stable free radical). Exam-
plesare NO,, [3,5,13,31,49], alkyl [3,5,11], alkoxy [50,51],
nitroalkyl [3,25,52], and isocyanide [53] radicals. Their fur-
ther homogeneous and heterogeneous reactions determine
the ultimate products which might also include CO, NO,,,
or other contaminants.

Since the direct reaction of C,Hz,+, + NO is too
sow over al known catalysts at the typical conditions
of HC-SCR processes, two oxidations are widely consid-
ered as possible initial reaction steps: (C,,Hz,,+. + O>) and
(NO + Oy). The best HC-SCR catalysts are only slightly
active for the direct oxidation of saturated hydrocarbons by
oxygen. This is evidenced by the low HC-SCR activity
of the current three-way catalysts (TWC) of automobiles
and the good HC-SCR performance of many ZSM5 zeo-
lites which are poor hydrocarbon oxidation catalysts below
500°C[3,5,8,12]. A plausible explanation for that could be
that too fast burning prevents adequate secondary interac-
tions with NO. (Effective HC-SCR catalysts are, however,
activefor the catalytic oxidation of NO to NO,.) Since NO,
can activate many hydrocarbons either by nitration or by
oxidation below 500°C [3,5,54-56], this reactant has been
proposed to be an initial intermediate in low-temperature
HC-SCR processes over most catalysts, including the here
studied H-ZSM5 and Cu,H-ZSM5 [3,5,11,13].

Figures 1(a) and 2 indicate that these two zeolites are ac-
tive catalysts for the oxidation of NO to NO,. The activity
minimum near 150 °C has been discussed for H-ZSM5 cat-
alysts before [5,21]. It appears that the low-temperature
reaction is due to a homogeneous-like reaction between
physisorbed NO and O, molecules (another possibility will
be proposed later) whereas the high-temperature reaction
probably involves chemisorption on BA-OH sites. Simi-
lar explanation might be valid for the activity minimum of
Cu,H-ZSM5. Severa authors have postulated that extra-
lattice oxygen radicals, ELO, might participate in the ox-
idation of NO over Cu-ZSM5 catalysts [33,57-59]. Re-
cent studies [31,49,60] suggest that NO, a free radical,
preferably adsorbs on the OH groups of both H-ZSM5
and Cu,H-ZSM5 zeolites. Thus, catalytic reactions of
NO over Cu,H-ZSM5 might involve [CuO]*, [CuOH]™,
and BA-OH active sites. Both [CuO]*™ and [CuOH]™



|. Halasz, A. Brenner / Role of C3Hg/NO ratio in HC-SCR of NO

are capable for autoreduction (e.g., 2[Cu*tOH~]+tZ~ —
CutZ~ +[Cu* O~]tZ~ + H,0) [61-63] and can gener-
ate radicals, such as "OH or O~ [26,62], which can be an
important feature in the HC-SCR process. These consid-
erations likely apply to our Cu,H-ZSM5 sample as well
because the CI~ ligands of the [CuCI]™ exchange ions will
quickly be replaced by O~ or OH~ ligands in the course
of reactions when ample oxygen and water are present
(e.g., [CuCl]* + HOH — [CuOH]" + HCI). Indepen-
dent FTIR, DTG, XRD, and catalytic studies [49,61,64]
suggest that [CuO]t and [CuOH]* exchange ions form
even when the Cu,H-ZSM5 catalysts are prepared via solid-
state reaction of Cu(l)Cl and H-ZSM5. (While [CuO]*
and [CuOH]* are thermodynamicaly stable [62], for-
mation of Cut ions can only be unambiguously con-
firmed when the catalysts are reduced by hydrocarbons or
CO [61,65].)

Figure 1(a) shows that the partial substitution of pro-
tons by Lit or Ag™ ions in H-ZSM5 virtualy eliminates
its catalytic activity for the oxidation of NO above 100°C.
This effect suggests that BA—OH groups are included in the
active sites of H-ZSM5 at higher temperatures. Since only
about 30 and 40% of the exchangeable protons were re-
placed by LiT and Ag* ionsin the Li,H-ZSM5 and Ag,H-
ZSM5 samples, respectively, the almost total loss of cat-
alytic activity compared to that of H-ZSM5 is somewhat
surprising yet not unique. It is well known that even a
partial ion exchange (as low as 1%!) of H-ZSM5 by al-
kaline ions, such as Na™ and K™, can substantialy de-
crease the catalytic activity of this zeolite in acid-catalyzed
reactions [57,66]. Partial exchange by NH; has similar
effect [57]. Currently there is no perceptible explanation
for these effects. It is possible that different BA-OH sites
exist on the surface of H-ZSM5 (e.g., OH groups associ-
ated with various numbers of Al atoms in the immediate
neighborhood or OH groups surrounded with T sites having
various T-O bond lengths and T-O-T bond angles[66]) and
only those hydroxyls are catalytically active which are also
most capable for ion exchange (either from liquid or solid
phase). Another possibility is that a long-range electronic
interaction exists between the meta ions (e.g., alkalines)
and non-exchanged BA—OH groups [57], therefore the pro-
ton donating capability hence catalytic activity of BA—OH
sites is suppressed.

Note that ESR studies indicate selective NO adsorption
on the Lewis acid (LA) sites of H-ZSM5 at temperatures
<25°C [67,68]. Therefore, suggestion was made for con-
sidering LA active sites for the oxidation of NO on zeo-
lite catalysts [3]. A number of studies indicate that metal
ions, including Agt or Lit, are typical LA sites in zeo-
lites [64,69—71]. Conseguently, it is unlikely that LA sites
alone are active for the oxidation of NO to NO, above
100°C. However, they might be active sites for the low-
temperature oxidation of NO. Figures 1(a), 3 (b) and (c)
demonstrate that the conversion of NO to NO, near room
temperature substantially decreasesin the presence of C3Hg
at C3Hg/NO > 1. If LA sites are really needed at such low
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temperatures and C3Hg can also adsorb on these sites, the
poisoning effect of C3zHg is understandable. In contrast,
the effect of C3Hg is difficult to explain if only the widely
assumed homogeneous-like (NO + O,) reaction is consid-
ered [5,21,72].

Figure 4 shows that the reaction of (NO + O, + C3zHsg)
does not result in considerable production of N, over Ag,H-
ZSM5 or Li,H-ZSM5. Since NO, is an initial intermediate
in the production of N, when this reaction is executed over
H-ZSM5 [5], but partial exchange by LiT and Ag™ pre-
vents the formation of NO; (figure 1(a)), the low HC-SCR
activities of Ag,H-ZSM5 and Li,H-ZSM5 can probably be
ascribed to their inability to act for NO, production.

Currently, there is no clear explanation for the over-
whelming formation of NO, from NO at C3Hg/NO < 1
(figures 3(a) and 4(a)). One apparent possibility is that the
reduction of NO to N requires adsorption of CzHg on the
ZSM5 catalysts and adsorbed NO,. species prevent the ad-
sorption of CsHg until the partial pressure of NO exceeds
the partial pressure of hydrocarbon. If so, the mechanism of
the HC-SCR reaction over H-ZSM5 and Cu,H-ZSM5 must
be different from those recently proposed reaction pathways
which include reactions of gaseous hydrocarbons with ei-
ther gaseous or adsorbed NO, [7,8,12,13,54]. Neverthe-
less, the increased NO, production in the presence of small
amounts of CzHg (figure 3(a)) compared to that in the re-
action of (NO + Oy) (figure 1(a)) might include gas phase
radical reactions. It is well known that low levels of hy-
drocarbons can promote the homogeneous oxidation of NO
to NO, [73,74]. Since blank experiments indicated that
this homogeneous reaction cannot proceed during the short
residence time in an empty reactor, catalytic steps must be
involved over zeolites. As proposed before [5], fast inter-
action of NO with akylperoxy radicals forming in the cat-
alytic oxidation of hydrocarbons (RO, +NO — RO+ NO,)
can be a conceivable key reaction.

Note that sometimes even low levels of C3Hg can pre-
vent NO, production. Hamada et al. [43] have not ob-
served NO, formation at any C3Hg content in the feed
over their home-made H-ZSM5 (Si/Al ratio ~ 17) catalyst
and reported 28 and 38% NO conversions to N, at 0.25
and 0.5 C3Hg/NO ratios, respectively (reaction tempera-
ture 400°C; SV ~ 0.6 | g~*(catalyst)y min—1). Since this
never occurred over our commercial H-ZSM5 (Si/Al ra-
tio ~ 17) sample, the different results imply that beyond
the Si/Al ratio and type of exchange ions some unex-
plored, possibly preparation related intrinsic properties of
zeolites can affect catalyst activity and selectivity. The
difference is also reflected in results at CsHg/NO > 1
where both catalysts produced selectively N,: Hamada
et a. [43] found 19 and 49% conversions for NO to N,
at 300 and 400°C (SV =~ 0.6 |g~*(zeolite)min—1), re-
spectively; the corresponding conversions over our catalyst
were 46% (SV =~ 0.35 | g~Y(zeoliteymin—t [5]) or 20%
(SV =~ 2.3 Ig~*(zeolite)min~1, figure 4(b)) at 300°C
and 45% (SV ~ 0.35 | g~*(zeolite)min—1 [5]) or 32%
(SV =~ 2.3 | g~*(zeolite) min—?, figure 4(b)) at 400°C.
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The promoting effect of hydrocarbon over the other-
wise inactive Ag,H-ZSM5 and Li,H-ZSM5 (figure 1(a))
suggests that the hydrocarbon-assisted catalytic oxidation
of NO by O, might proceed on LA sites. Such sites
contribute to the strong ionization field of zeolite chan-
nels which is known to be able to generate a variety
of radicals and ions, such as N,O4, NO,, NO*, NOJ,
O, and C3Hg [31,49,50,67,75,76]. All these species can
contribute to the elevated NO, production in presence of
small amounts of C3Hg, hence much more detailed study
is needed before major conclusions can be drawn.

In the light of plenty literature data, it is not surprising
that the reaction of (NO + O, + C3Hg) results in substan-
tial N, over Cu,H-ZSM5 at C3Hg/NO > 1 (figure 4 (b)
and (c)). Many recent papers propose [3,5,11-13] that
the formation of NO; initiates the HC-SCR process over
both the H-ZSM5 and the Cu,H-ZSM5 catalysts. If, as
frequently happens, the initial reaction step is rate de-
termining and NO, activates C3Hg in a secondary reac-
tion, one would expect similar N, yields over both ze-
olites because the supply of NO; is largely identical on
both catalysts (figures 1(a) and 2). In contrast, figure 4 (b)
and (c) clearly indicates that much more N> is formed over
the Cu,H-ZSM5 than over the H-ZSM5 above 300°C at
C3Hg/NO > 1. Why? A possible explanation is that the
abstraction of hydrogen from the hydrocarbon is rate deter-
mining in the HC-SCR process [3,5,12,77—79] and this step
might be faster over Cu,H-ZSM5 than over other zeolites
above 300°C. One must also consider the potential rate-
determining effect of H,O which forms as a combustion
product of the hydrocarbon, especially at high C3Hg/NO
ratios. Differently exchanged ZSM5 catalysts can differ-
ently tolerate the effect of H,O [7,55,80-83]. Moreover,
the competition of NO,. and O, for the reductant hydrocar-
bon [7,55] might result in slightly different reaction mecha-
nisms for the HC-SCR-type combustion over H-ZSM5 and
Cu,H-ZSM5: the direct oxidation or oxidative dehydro-
genation of C3Hg by O, to reactive carboneous or oxy-
genated intermediates might be a viable initial reaction
over the Cu,H-ZSM5 while the adsorbed propane must
be activated by NO, over H-ZSM5 (at least at tempera-
tures <500°C [5]). Such different reaction pathways co-
incide with Takeda and lwamoto's [87] recently proposed
different rate-determining steps for Cu-ZSM5 and Al,Os
because copious experimental evidence suggest similar HC-
SCR mechanisms over Al,03 and H-ZSM5 [5,51,88-90].

Whatever is the mechanism, the marked difference be-
tween the production of NO, and N, at C3Hg/NO < 1
(figures 3(a) and 4(a)) and C3Hg/NO > 1 (figures 3 (b),
(c) and 4 (b), (c)) indicates that the ratio of C3Hg/NO de-
termines the selectivity for NO, and N in the reaction of
(NO+C3Hg+0y) over dl four catalysts. Thus, the summa-
rized results in figures 3 and 4 demonstrate that the impact
of C3Hg/NO ratio (relative partial pressures of the hydro-
carbon and NO in the feedstock) on the selectivity for N>
is stronger than the space velocity (at least in the case of
H-ZSM5), the reaction temperature (above 200°C), or the
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type of exchange ions of ZSM5 catalysts. These latter pa-
rameters affect the rates of the intermediate reaction steps
(CsHg + Oy), (NO + Oy), and (C3Hg + NO,.), therefore
they also affect the yield of N, but only when the ratio of
C3Hg/NO permits its selective production. However, it is
apparent that the total conversion of NO mainly depends on
the exchange ions of zeolites. A genera kinetic description
of the HC-SCR process must be able to account for these
issues.

5. Conclusions

(1) Thereaction of (NO+ C3zHg+ O2) over H-ZSM5 and
Cu,H-ZSM5 catalysts can result in the selective production
of either NO, or N,. When C3Hg/NO < 1 in the feedstock,
only selective formation of NO, occurs and the catalytic re-
action of NO, and C3Hg isinhibited regardless the stoichio-
metric excess of reductant. The selectivity for N, becomes
dominant at C3Hg/NO > 1 above 200°C, but the Cu,H-
ZSM5 till produces substantial NO, (the amount varies
from about 5 to 20% depending on the temperature and ra-
tio of C3Hg/NO). The space velocity, reaction temperature,
and exchange ions of zeolites have only minor impact on
the selectivity for N».

(2) Contrary to prior statements, the H-ZSM5 and Cu,H-
ZSM5 (prepared by solid-state reaction from the H-ZSM5
sample and CuCl,) show comparable catalytic activities for
the oxidation of NO by O, to NO, at SV = 64,000 h—!
(2.3 1 g~ min—1) which approximates the typical valuesin
catalytic converters of automobiles.

(3) The partial exchange of protons (63%) in H-ZSM5
by [CuCI]™ ions and presumably their subsequent trans-
formation into [CuO]+ or [CUOH] ™ substantially increases
the yield of N in the reaction of (NO + CzHg + O5) at
C3Hg/NO > 1 molar ratios above 300°C. At these con-
ditions, the total conversion of NO is much higher than
that in the (NO + O,) reaction. Hence the direct oxida-
tion of C3Hg by O, might be an initial step in the HC-SCR
process over Cu,H-ZSM5. The extra-lattice anionic ligands
of Cu?* appear to be important for the HC-SCR activity of
this zeolite but its BA—OH sites are not essential for this
process. The oxidation of NO to NO, is a conceivable ini-
tial step in the HC-SCR process over H-ZSM5. Gaseous
or adsorbed NO,, and adsorbed C,H,, species are likely in-
volved in the secondary reactions when C3Hg/NO > 1 in
the feedstock.

(4) 30 and 40% exchange of protons in H-ZSM5 for
Lit and Ag™ ions, respectively, virtualy kills the catalytic
activity for both the reaction of (NO + O,) and the reac-
tion of (CsHg + NO + O;) when C3Hg/NO > 1 and the
reaction temperature is >100°C. Thus, BA—OH sites of
H-ZSM5 are likely involved in the active sites for both
reactions. When the partial pressure of NO exceeds the
partial pressure of C3Hg (C3Hg/NO < 1) in the feedstock,
the conversion of NO to NO; is higher than in the absence
of hydrocarbon over al four zeolites studied here.
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