CHAPTER III

MECHANISTIC STUDIES

There have been a number of studies in which the mechanistic aspects of the
selective catalytic reduction of NO by hydrocarbons under excess oxygen on Pt-based
catalyst have been considered but as yet there is little definitive evidence in support of
one model rather than another and as uence several mechanisms have been
proposed. In general, the reacti W be roughly subdivided into

decomposition mechanism an

The former, in which N; is
considered to be formed oxygen-deficient surface
created by hydrocarbon oxi iscovering that Cu-ZSM-5

resent reaction. On the

reaction step containing a reacti _' ical species. In this respect
NO and the deposited
carbonaceous material formed fr. e cal ction of NO and the partially
i and NO, formed by oxidation
of NO. However, the basis of n seems to be three important
factors for the selectivesCatalytic reduction ¢ cur.~ These are activation of
the hydrocarbon, activa on of an intermediate with

. r
. In this chapter the extensive echamstlc studies of Pt-
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In 1994, the NO decomposition mechanism for the selective catalytic

NOy in preference to oxyg

reduction of NO by hydrocarbon under excess oxygen was first proposed with Pt-
based catalyst by using temporal analysis of products (TAP) technique [116]. In this
procedure, it was possible to investigate reactions on a time-scale of milliseconds, and

by using very small gas pulses of different compositions and separated by different
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time intervals it was possible to assess the extent to which different types of surface

intermediate might be involved in the reaction.

Figure 3.1 demonstrates that on a prereduced Pt/Al,O3 surface NO
dissociation leads to the formation of N, but that the amount of N, formed decreases,
as the number of pulses of NO introduced is increased. It was easily shown that this
self-poisoning was due to the retention of adsorbed oxygen, even at 400°C. Pulse-
probe experiments in which adsorbed o was removed by introducing a second
pulse of either H, or CO 1mme:d1.ate‘l«y\ij!l O pulse showed that the initial
activity of the fully reduce compl e providing all the surface
adsorbed oxygen was re?e E sueeesgme.:_NO pulses. Moreover, by
adjusting the time interval int ugtlcmwo pulse and the pulse of

reductant (CO and H,) in t "1t was also possible to show that there
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at 400°C: (A) average of pulses 1-10, (B) average of pulses 11-50, (C)
average of pulses 51-90 [116]

Figure 3.2 demonstrates this point for NO-H, pump-probe experiments. It was
seen that irrespective of the time interval between the two pulses the amount of N,
produced was constant. Moreover, for the first experiment, where the time interval

was only 0.1 sec between the introduction of a pulse of H, and the subsequent
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introduction of the NO pulse, there was still some adsorbed hydrogen on the Pt when
the NO pulse reached the catalyst. Consequently, the fact that the amount of N,
produced was the same as for an experiment where all the hydrogen had been
desorbed, showed that there was no direct reaction between NO and adsorbed

hydrogen on such fully reduced surfaces.
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When these pu T11
C3He/O; mixtures as th:j:ductant, the two interesting features emerge as shown in
Figure 3.3. Firsti ‘xﬁ (gw\ € gh this could be an
overall oxidizinngﬁezjas m:ﬁama n ‘Etmctive and stable for
the conveﬁoﬁ’iO to N,._ Second, “when ﬁH was used without.O,, the catalyst
-poiso

bl kepobbbndor Krbonackohd it brthe Pt Tris

would suggest that carbonaceous layers were not important in the selective NO

became s

reduction reaction on these catalysts. Moreover, it was possible that an important role
of oxygen in the C3Hg+NO+O, reaction was to prevent self-poisoning of the Pt by
carbonaceous residues. Comparison between C3He¢/O, and either CO or H; as
reductants in Figure 3.4 shows that the C3Hg/O; is rather better. The differences in

the amount of N, produced were not great, but may be significant nevertheless in
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terms of the overall mechanism in a steady state kinetic experiment as compared to

these transient conditions.
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Figure 3.3 Comparison of @3Fe/Q>: | C3H¢ alone asireductants of NO: N, yield
for (A) equillbrigm JC;HJO,-NO, (F NO (average of first 10
pulses), (C) C3He- u
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Figure 3.4 Comparison of C3He¢/O,, CO and H; as reductants of NO: N, yield for
(A) C3He/O,, (B) CO, (C) Hy [116]
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It was significant to note that when C3He/O, pulses were followed by NO
pulses a small, but significant amount of CO, was observed. This suggested that even
under net oxidizing conditions there was some tendency for carbonaceous species to
become attached to the Pt. Possibly, therefore, under continuous flow conditions the
lifetime of adsorbed propene species was quite long and sufficient to allow adsorption

of NO at adjacent Pt sites.

The efficiency of CO or H; for N uction was completely eliminated when

the excess oxygen was introduced. N to understand on the basis that an
individual CO and H; molec ufﬁc1e@g power to remove adsorbed

oxygen as fast as it was sug di soci orption from the gas phase.

or less fully oxidized state
NO,. On the other hand,

could be converted into r d fﬁment reducing power to

Clearly, under these conditi
and was totally inactive fo
the fact that the C3Hg/O; p

maintain some of the Pt i opene was mixed with an

excess of oxygen.

The TAP results mdlcated_@at*gma ﬁn%ls_ might operate together for NO

reduction. The predompinant mecha comprising two £ ic steps is shown in
bon reduces a patcl

Figure 3.5. The hydroca
metal and NO dlssoc1at takes place on these reducediglatmum sites. Once NO

dissociation has ﬁﬁﬁ cﬁf which N adatoms can be
removed depend péra gjpﬁ qKéﬁlat ﬂ ﬁ)st of NO will be
adsorbed molecularly, but only a fraction of it is dissociated. Therefore, the most
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molecules and adsorbed N atoms to yield N,O. However, at higher temperature

atom from Pt-O to platinum

where the concentration of N atoms is expected to be higher, the formation of N2O is
decreased because the most favored reaction becomes the recombination of two
adsorbed N atoms to give molecular nitrogen. The small additional activity observed
on fully reduced platinum when C3Hg is used as a reductant rather than CO or H; as
shown in Figure 3.4 may be attributable to a second, less important, mechanism, in

which NO dissociation is facilitated by reaction with adsorbed carbon-containing
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species. For example, C,gs and NOys could combine to give NCOpgs or CNOygs as

intermediates on the way to the dissociation of NOags.
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Figure 3.5 The NO deco!M—' ective catalytic reduction
of NO by h ' der lean-burn condition
[116]

The transient kineti 1 a mechanism is feasible
but, of course, can not prove m, or the only mechanism,
under real dynamic reaction co odel requires some evidence
that NO decomposition, in competi pciative adsorption of O, can occur
fast enough to accountL 3r the ré't;é'g d experimentally [203].
A major problem in ob aigifig Suclt information came: act that the Pt catalyst

was self-poisoned by @sor bed _Enply steady state NO

decomposition experiment ¢ could not be undertaken. However, by making

measurements oﬂmﬁﬁuﬁ%ijﬂﬂﬂ%}mﬂﬂﬂﬁcomw times and

extrapolating back §9 zero time it was possible to get a good estimate of the minimum

¢
rate of thi ﬂ ﬁ]lm\ﬁvy it smjﬁlﬁmﬁz interfering’
reductant,ﬂc :l, r € aguo ags SO that th ﬂsition could
continue to occur on reduced Pt sites. Table 3.1 compares the rate of NO

decomposition at zero time with the rate of the NO/H, reaction and the rate of

reduction of NO by C;Hg in the presence of a large excess of oxygen.
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Table 3.1 A comparison of the rates of NO decomposition, the NO+H, reaction and

the C3Hg+NO+O; reaction on a Pt/Al,O3 catalyst at 240°C [203]

TOF (x107%/s)
Reaction
NO consumption® | NO decomposition”
C3HgNO+0, 0.92 0.61
NO decomposition 4.21 4.21
[
NO+H, O 45000
? Rate of NO consumption pe t ato /

® Rate of NO decompositi
an NO molecule results i

¢ By Arrhenius-type extraj

given that the decomposition of
or N,O.

sed Bt a_tox@

on of ei

These results sh tate of N ition on a reduced Pt
surface was about seven ti than the 1 ; duction by C3Hg. This
meant that at steady state . n ca. 14% of the Pt surface
needed to be in a reduced s to sustain the NO decomposition
reaction at the required rate. composition over reduced Pt
was sufficiently fast under lean DeNOx« o confirm the NO decomposition
mechanism. However, ‘jilnce thé;t'f'égéhiﬁ;’s NGO, in the presence of H, was
extremely fast, it ;*— ---------------------------- ﬁ' er dynamic reaction

conditions in the C3Hg+N Y40, reactiol assistgd dissociation of NO may

take place. All that may be ‘required for this vx.z:rs the presence on the surface of any
=

adsorbed species, ﬁlu\gaﬂj%mﬁ l'?Tﬂiiﬁles were Hyge, Cagss
y

COads, CxHyads andgpossibly even another a sorbed nitrogen atom. As soon as a NO

M\ 1R PO RN k11
rapid and the fo iont of Ny'c g‘rA adsorbed-assisted omposition

can be proposed by the following expressions:

NOggs + Hags = Nags + OHags 3.1
NOags + Cags = Nags + COads (3.2)
NOygs + COjpds = Nags + CO2¢ (3.3)
NOgags + CxHy ags = Nags + CxHyOugs 3.4

Noads £ Nads o [N“'N“'O]ads =¥ Nl.g ot Oads (35)
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After the proposal of the NO decomposition mechanism, many research works
have reported to confirm this mechanism by using the other ways. An example was
the results from the open literatures [124, 125] showing that neither the nitro and
nitrito organic compounds nor isocyanate species were the most abundant species in
C3HgtNO+O; reaction on Pt-ZSM-5 by using in situ diffuse reflectance infrared
Fourier transform spectrometry (DRIFTS). Hence, the direct decomposition of NO

seemed to be only possible way to produce nitrogen product.

The other example of *}%"#} er [204] supporting the NO

decomposition model proved t ® state@rted Pt catalysts by using a
—

series of non-steady state transicné-swi

ritching aapgmen._tf It was found that the

L3

surface of silica supported P ght of as varying between two

extremes during the C;Hg+tb face was predominantly

carbon covered and reduceds# ¢ containing atmosphere

even though the gas mix ess of oxygen. Cs;Hg was

adsorbed strongly and irre on-covered surface could

be oxidized at these tempera the gas phase. Conversely
at higher temperatures the surfa (5} xidized. Removal of the O,
from the reaction streams resulted _jE—;{;ﬁ'i_eq%{o_ and uild up of carbon on the surface
while removal of C3Hg n;slulted in further oxidation

state. The coverage of<Carbonaceous mate

face relative to its steady

4s-species on Pt surface at
s the NO reacted by
decomposition on reduced Pt sites, whereas a%ﬁl%temperatures it reacted with O,

cmoitizsapt %mw NN N3
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On the basis of the NO reduction mechanism, it is a very complicated

different temperature s&ested that at 1

mechanism comprising many steps. However, there seem to be three important
factors involving the activation of hydrocarbon, the activation of oxygen and the
selective reduction of intermediates with NOy in preference to oxygen. Focusing on
the step of the formation of nitrogen containing products, the mechanisms proposed

so far are divided into two major classes as follows:
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1. The nitrogen containing products are formed by the reaction between the
partially oxidized hydrocarbon compounds and the NOy.

2. The nitrogen containing products are produced by the reaction between the
nitrogen containing intermediate species and the O, or the NOx.
It is realized that both classes occur through the interaction of two species, i.e., the
intermediate species and the oxidizing agents. However, the difference of two classes
is the presence or absence nitrogen atom in the intermediate species. It is remarked

that NO4 may be in form either NO or Novaroduced by NO oxidation.

Most evidences to confif eact{&nism were obtained by in situ

Fourier transform infrarec@o Wdemify the intermediate

species. Nevertheless, there

the open literatures [121- | fable 3.2 demonstrates some of the
proposed intermediate speci

hydrocarbons under lean-btirn g

Table 3.2 The proposed in iate,sp cies i selective catalytic reduction of
NO by hydrocarb ader Jea § itfy, conditions over platinum group

metal catalysts

The interme ies | Th eferences

| |
NO, (niﬂ'g) NOz, 0, [121, 123]

187 NENEINY,

-NO? {nitrosonium) 22]
s
AT ﬂ’ﬁ‘ﬁim NS V| BIR Y
-CN (cyanide) NO, NO,, O, [126, 127]
-CO (carbonyl) NO,, O [121]
CxH,0, NO, NO,, O, [128, 129]

The NO reduction mechanism models are also enclosed with the specification
of the intermediate species. Subsequently, some models accompanying the detailed

information are reviewed.
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The detailed FT-IR studies on silica-supported Pt catalysts were performed in
an attempt to obtain information in support of the proposal that organo-nitro and
organo-nitrite surface species were involved as intermediates in the selective catalytic
reduction of NO by propene in excess oxygen [121]. The reactivities of organo-nitro,
organo-nitrite and organic carbonyl species examined by combining FTIR and gas
phase analysis indicated that these species could react rapidly with NO, and O, to
give Ny, N,O and CO,, but they were inactive to C;Hg and NO. From these results,

the reaction mechanism is explained in Figure 3.6. It was concluded that C3Hs

initially reacted with NO,, which NO, resulting in the formation of

nitro and nitrite species, where 2 was accelerated by platinum.
Then the nitro and nitrite SW @bonyl species at elevated
temperatures and N, and N ’ ed mainly from the reaction

O, and the N-containing
species. In addition, the s was investigated and
compared with the rate same catalysts in order to

confirm the above hypoth ation of nitromethane and of n-

Figure 3.6 A proposed reaction scheme for the selective catalytic reduction of NO

in the presence of excess oxygen over Pt/SiO; in case of nitro, nitrite and

carbonyl species assigned as the intermediate species [121]
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Under the in situ FT-IR studies of C3HgtNO+O, reaction over alumina
supported platinum group metal catalysts, especially Rb/ALO3 catalyst, the main
surface species detectable by this technique were carbonate, adsorbed CO,
nitrosonium, cyanide, isocyanate, adsorbed CO, and adsorbed hydrocarbon species as
reported by the previous work [122]. However, only IR intensities due to nitrosonium
and isocyanate bands were found to be strongly correlated to the activity for NO
conversion and slightly related to the selectivity to No. Hence, it was suggested that

both species might be possible cand\ es for either precursors or reaction

intermediates in NO reduction sc is of these results, a possible

mechanism was that prope alog, e.g., allylic species,

oxygen species to form an
’ z a precursor could interact

ith adsorbed and/or gas

adsorbed onto a support like 7
oxygenated organic compl
either with NOy adsorbed
phase oxygen. In the fo e was formed which then
fragmented into produc te species, etc.; and in the
of CO, CO, and HO.
O, NO; or O, to form a

2, N2O, CO, CO; and O, via

latter case further oxid
Subsequently, the -NCO
complex which after rearrang

reactions (3.6) to (3.10).

(3.6)
NCO +NO — N,0 + CO 3.7)

ﬂuﬁi‘ﬁﬁﬁiﬁd‘%‘ﬁmm o
amaéﬁ%éﬁu%ﬁﬁmaa -

The reactlon mechanism scheme about the proposal that organic nitro and
isocyanate species are the intermediate species as found in the earlier work [123] is
shown in Figure 3.7. First, C3Hg reacted with NO,, which was formed from NO and
O, resulting in the formation of organic nitro species. While, the isocyanate species
formed at higher temperature was still unclear in their work. However, it was

concluded that the main reactions for formation of N, and N,O were those between
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organic nitro species and NO, and/or O, at low temperature conditions and between

isocyanate species and NO, and/or O, at high temperature conditions.

120°C Pt

[ Noz, 02 > Nz, Nzo
NO + O, = A 'R-NO, () 1
- —R-NO, @ |
C,H, YTt
: - —+ --- 1 Pt
b iy -NCOquy 1 —> Nz, N,O

‘NO,, 0,

Figure 3.7 A proposed rw;me catalytic reduction of NO

in the presence 102 in case of nitro and

isocyanate speci ate spec1es [123]

An example of s d that partially oxidized

hydrocarbon is devoted as efly mentioned. Using the

platmum that the adsorption of , O on
o e "

reduction of NO in tb}jexlmust Wemf of the initial product

Swith the spectroscopic
NO, antﬂNz were most probably

primary products of the reaction whereas Np© was most probably a secondary

product. The ‘duﬂlt‘un&Ihfﬂl ws&{%@%ﬂg’] ﬁ]S%xd expressed by the

following sequence'uf elementary steps;,

ARIANT 3TN umawmaﬂ

NO + [S;] = NO-[S
NO-[S1] + 0.50; — NO2-[S] (3.12)
NO-[S1] > NO; + [S1] (3.13)
CyHy + 205 + [S2] = CyH,0n,-[S2] (3.14)

NO,-[S1] + CyHy03,-[S2] = 0.5N,0 + xCO, + yH,0 + [S1] + [S2] (3.15)
NO-[S,] + CyH,02,-[S3] = 0.5N; +xCO; + yH,0 + [S;] + [S3] (3.16)
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Interaction

Figure 3.8 Proposed ‘dual site’

exhaust gas on pr

Although the speck{

infrared spectroscopy &

ysts [135]

/‘% f:r NOy reduction in lean diesel

techniques in the proposal

under excess oxygen over a Pt-

L h NS .
at-given conditions mea at all reactions were

was 1inactive for NO reduction

associated with only ,'-r_____ ,,,,,,,,, the carbon-containing
species were formed on tlgc'a alyst sur 6> butthot produced from C;Hs,
and the yields of N, and N>O formed in the NO pulse were by far higher with C3Hg

than with C;Hs. e Efﬂ U i NO conversions
obtained with C3]ﬂgﬁs?mn were E‘mgplﬂgf propene-derived
adsorbates face i Ay ? i 1 to N, N,O
and CO,. lﬁ 1m§ﬁ§hmlﬂﬁlis 'mu?-’]‘ed lE(jtinum sites
occurred ongl to a minor extent because if NO decomposition was the predominant
mechanistic pathway, a similar efficiency of C3Hg and C3Hg for NO reduction should
be anticipated, since the ability of both reagents to remove oxygen from the surface

was shown to be very similar. The proposed main reaction pathway could thus be

described as follows:



32

1. C3Hg reacted with adsorbed oxygen atoms (and, possibly, gas-phase
oxygen) to CO, and adsorbed species of unknown composition, denoted as
‘CxHy(0y)’.

2. NO could adsorb either on Pt-O sites, thus forming adsorbed NO,, or,
possibly, on some bare Pt sites near the adsorbed hydrocarbon species.

3. The adsorbed intermediates, CyHy(O,), could react either non-selectively
with oxygen to CO, or selectively with at least two NOx molecules (either NO or
adsorbed NO;) to N, N,O and CO,.

5.3 Comment on Previous v@ \Y//{{/_‘
A

hydrocarbons under lean-bu fido s ﬂchallenging, not least
' alysts live for the reaction strongly

ediate. A high activity

i
:'f-' - ek

is generally observed at lowsten eratﬁl:es;: ) narrow a range. For most
il ol il

e presence of water, while it

is also known that noble metals show some resistance.to sulfur dioxide poisoning.
= e s 1{' o N y
(A i

Attempt to elucidafe the influencing close to consideration

in detail in order to seekg way to overcome the obstacleubout limitation of these

catalysts. Among various noblesmetals, Pt is found to be the best catalyst under lean-

burn conditions d tqu_l;liég a%(il" 3(]05 ’mpgxlit’l:]eﬂlﬁwever, the crucial

problem is still a ﬂ'{lrge production of sitrous oxidg., The selection of appropiate

reductants ki3 edhanie 1o b ertbmaiéd Bk o b ror e

application {h practice. The possible three ways for improvement the catalytic

performance are currently suggested from the consideration in the obtained available

information.

The observation of an upper limit in capacity of monometallic Pt catalyst to
selectively reduce NO at any temperature results in the challenge to find ways of
promoting the Pt to obtain a conversion above this limit. The observation of an

essential effect in the change of the platinum particle size and the nature of support as
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well as platinum precursor results in the development of procedure in the catalyst
preparation to change the catalytic properties leading to a better catalytic activity.
The observation of the kinetic information results in the introduction of additional

hydrocarbon to prevent the combustion with O, and be selective the reduction of NO.

Although the promising development has continuously reported, it remains

important to understand the reaction mechanisms in order to give a judicious choice

for the second metal, the controlling preparation and the style of the hydrocarbon
addition. =~ However, the proposal ( action mechanism, viz., NO
decomposition and NO reduction-mechani ﬁ;\ argument. Each research

group independently claims own zesult port.the speculated reaction models.

Most characterizations emphasize seé. of infrared

N
\

technique and transient
gation of surface species through
temperature programmed teghni “praetical \\ cred to confirm the reaction

\

mechanism.
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