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The effect of temperature, contact time, and reactant concen-
tration on the reduction of NO by n-CgHig over Pt/Al,O3 under
oxidising conditions was investigated. The oxidation of n-CgHjg ap-
pears to be delicately balanced between two kinetic regimes. At low
[CsH15]/[O2] the coverage of oxygen on the Pt surface is high, while
that of carbonaceous species is negligible, resulting in hydrocarbon
oxidation being inhibited by oxygen and in the oxidation of NO to
NO;. At higher [CgH1g]/[O2] the surface is saturated with carbona-
ceous species, while the coverage of oxygen is negligible, resulting
in hydrocarbon oxidation being zero order in hydrocarbon concen-
tration and in no NO, formation being observed. The state of the Pt
surface affects the mechanism of NOy reduction. Thus, NOy reduc-
tion via dissociation of NO on the Pt surface is favoured by a high
coverage of carbonaceous species, while a high coverage of oxygen
favours NOy reduction by reaction between n-CgH1g-derived species
and spilt-over NO, on the Al,O3 support and/or metal-support in-
terface. Separate kinetic models capable of fitting the data in these
two regions have been developed.  © 1998 Academic Press

1. INTRODUCTION

The three-way catalyst is very effective in simultaneously
removing nitric oxides (NOy), hydrocarbons, and carbon
monoxide (CO) from the exhaust of conventional petrol
engines, but requires the air/fuel ratio to be close to the sto-
ichiometric value (1). The new challenge in the automotive
pollution control is to also reduce CO, emissions. Lean-
burn engines offer improved fuel efficiency and, hence,
lower CO, emissions. However, the exhaust from these
engines is strongly oxidising and under these conditions
three-way catalysts are no longer effective for NOy removal.
Therefore a new type of catalyst for NOy control must be
developed. One possible catalyst is platinum supported on
alumina. Supported Pt catalysts have been found to exhibit
high activity and to be both (hydro)thermally stable and
resistant to SO, (2, 3).

Despite the large number of papers published on the re-
duction of NOy under oxidising conditions, the reaction
mechanism is still a matter of debate. The main mecha-

1 Corresponding author. E-mail: R.Burch@reading.ac.uk.

nisms proposed can be summarised as followed: (i) oxida-
tion of NO to NO, which then reacts with hydrocarbons
(4, 5, 6); (ii) formation of highly reactive partially oxidised
hydrocarbon intermediate (2, 7); (iii) formation of an iso-
cyanate (-NCO) intermediate (8); and (iv) reduction of the
metal surface followed by NO dissociation on the metal (9),
possibly with the NO dissociation being assisted by other
adsorbed species (10). Other workers have proposed var-
ious combinations of these mechanisms. Moreover, Inaba
et al. (11) have suggested the presence of a co-operative
effect between Pt and alumina in the C3Hg—NO—-O, reac-
tion. A recent detailed kinetic study has suggested that the
reaction mechanism can be different depending on the re-
ductant used (12). It has been proposed that using C3Hg
or C3Hg the platinum surface coverage under the reaction
conditions employed is completely different, resulting in
different mechanisms for NO reduction. In the presence
of C3Hg the Pt seems to be in a reduced state and covered
with carbonaceous species while in the presence of CsHgthe
catalyst appears to be oxidised so that the metal is covered
with adsorbed oxygen.

Higher hydrocarbons have been shown to be very pro-
mising reducing agents, producing high NOy conversions
at relatively low temperatures (90% NO, conversion
at 215°C) and therefore we have decided to study the
n-CgH1s—NO-O, reaction. The aim of this work is to eval-
uate the effects of n-CgH1s, NO, and O, concentration on
the activity and selectivity of Pt/Al,O3 for NOy reduction
under lean-burn conditions and hence to gain insight into
the reaction mechanism.

2. EXPERIMENTAL

The catalyst used in this study was a standard commer-
cially available 0.3% Pt/Al,0; (CK303, Akzo Chemie).
The metal dispersion was measured by H, chemisorption
at 24°C after reduction in H, at 300°C for 0.5 h and de-
gassing at the same temperature for 1 h. The metal disper-
sion was calculated by back-extrapolating the linear part of
the adsorption isotherm (4-11 Torr) to zero and assuming
a chemisorption stoichiometry H: Pt=1:1.
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Catalyst testing was carried out using a quartz tubular
downflow reactor (ID 5 mm). The sample (100 mg, grain
size 425-600 um) was held between plugs of quartz wool.
A bed of quartz grains was used upstream from the catalyst
as a gas preheater and a thermocouple was located in the
centre of the catalyst bed. NO, O,, and He were fed from
independent Krohne mass flow controllers, while n-CgHsg
was added into the gas stream using an Instech model 2000
syringe pump. All lines to and from the reactor were trace
heated (120°C) to prevent n-CgH1g condensation. The to-
tal flow was 200 cm® min~?, unless stated otherwise. The
NO and NOy concentrations in the reactor outflow were
measured by a Signal series 4000 chemiluminesence NOx
analyser. A Perkin Elmer Autosystem gas chromatograph,
equipped with both TCD and FID detectors, was used to
analyse CO;, CO, N3O, Ny, Oz H;0, and n-CgHig. The
chromatograph used a Heysep N column and a molecu-
lar sieve 5 A column to separate the components. The ra-
tio N2 : N,O formed is subjected to relatively large errors
due to the low sensitivity of the TCD detector to these
components. However, although this affected the absolute
analysis of N and N,O, the nitrogen balances, which were
obtained from the chemiluminescence analysis, were better
than 100 + 5%. No reaction was observed over quartz wool
or quartz grains below 500°C. Varying the catalyst grain
size (120-250, 250-425, 425-600, and 600-825 um) had no
effect on the results indicating freedom from intra-particle
transport limitations.

Before taking measurements, the catalyst was pretreated
in the reaction mixture for 12 h at 550°C to remove ad-
sorbed species, to partially eliminate possible residue from
the metal precursor and to simulate the ageing of the cata-
lyst. For experiments in which the temperature was varied,
the temperature was increased stepwise and held constant
at each temperature for at least 30 min prior to taking
measurements. To determine the effect of reactant con-
centration, the concentration of one reactant was varied
in a random way while the concentration of the others was
kept constant. Before changing the hydrocarbon concentra-
tion, the catalyst was heated in a mixture of 5% O, in He
(200 cm® min~?!) at 10°C min~! to 550°C and the tempera-
ture held for 5 min in order to remove carbonaceous species.

3. RESULTS

The effect of temperature on the n-CgH;5—NO-O, re-
action over 0.3% Pt/Al,O3 is shown in Fig. 1. Note that
the hydrocarbon concentration utilized is rather high at
8000 ppm of C. The conversion of n-CgHig and of NO to
N, and N,O start at the same temperature (180°C) and
increase with increasing temperature until 100% n-CgHjg
conversion is reached. The maximum NOy conversion is
about 90%, and the major product is N, (selectivity = 65%0).
Asthe temperature is increased further the NOy conversion
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FIG. 1. The effect of temperature on the n-CgH;5~NO—-O; reaction
over Pt/Al,O;. Reactant feed: 1000 ppm n-CgHig, 500 ppm NO, and 5%
O, (O, n-CgHyg; [, total NO; ’, NO to Ny; A, NO to N,O; +, NO to
NO,).

decreasesand NO, formation begins. The conversion of NO
to NO; reaches a maximum at about 350°C. No CO forma-
tion was detected in the temperature range investigated.
A similar trend was observed previously for the reaction
of C3Hg—NO-0O, over both Pt/Al,O3 and Pt/SiO, (13) and
was associated with NOy reduction occurring via NO dis-
sociation on a reduced Pt surface covered by CsHg-derived
species.

Figure 2 shows the effect of hydrocarbon concentration
on the turn-over frequency (TOF) of the n-CgH15—-NO-O,
reaction over Pt/Al,O3 at 200°C (all conversions <20%).
The platinum dispersion (37%) was measured after the
“ageing” pretreatment at 550°C. It should be noted that
metal sintering occurs during this process; the fresh sample
shows a metal dispersion of 65%. The TOF was calculated
as the number of molecules converted per surface Pt atom
per unit time. Each point reported in this figure has been
taken after 2 h of reaction at the selected concentration.
The production of NO; has been expressed as a conver-
sion, rather than TOF, since it has been suggested that the
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FIG. 2. The effect of varying n-CgHig concentration on the TOF of
n-CgHig (O), total NOy (O), NO to N, (#), and NO to N,O (A), and on
the conversion of NO to NO; (+) for reaction at 200°C over Pt/Al;Os.
Reactant feed: 500 ppm NO and 5% O..
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FIG.3. The effect of varying NO concentration on the TOF of
n-CgHig (O), total NOy ((J), NO to N, (#), and NO to N,O (4), and
on the conversion of NO to NO; (+) for reaction at 200°C over Pt/Al,Os.
Reactant feed: 1000 ppm of n-CgH;g and 5% O,.

rate of NO oxidation to NO; is so fast that a pseudo equilib-
rium is established between NO and NO, (This was found
to be the case in the C3Hg—NO-O, reaction over Pt/Al,O3
(14).) Therefore it is not meaningful to use a TOF for this
reaction.

With 500-2000 ppm of n-CgH1g the rates of NOy reduc-
tion and hydrocarbon oxidation are zero order in n-CgHjs.
No NO; formation was observed in this region. Decreas-
ing the hydrocarbon concentration from 500 to 250 ppm
resulted in the TOFs of NOy reduction and hydrocarbon
oxidation decreasing strongly. NO, formation was also ob-
served, with the conversion of NO to NO; increasing with
decreasing hydrocarbon concentration.

The effect of NO concentration on the n-CgH15—NO-0O,
reaction at 200°C with 1000 ppm of n-CgHg and 5% O,
is shown in Fig. 3. With the exception of the NO to NO,
reaction all rates decrease linearly with increasing NO
concentration. Engler et al. (15) have observed a simi-
lar linear decrease in alkane conversion with increasing
NO concentration for the n-C,6H3,—NO—-O, reaction, while
Burch and Watling (14) report the same phenomenon
for the C3Hg—NO-O; reaction. At high NO concentration
(>500 ppm) NO, formation is observed, the conversion of
NO to NO; increasing with increasing NO concentration.

The effect of varying O, concentration at 1000 ppm of
n-CgHig and 500 ppm of NO on the n-CgH1s—NO-O, at
200°C is shown in Fig. 4. In the range 0-5% O, n-CgHjg
oxidation exhibits a high order in O, (1.4), suggesting that
the coverage of oxygen is small. At higher concentration
(5 < [07] < 10%) n-CgH1g oxidation is inhibited by O,. The
rate of NOy reduction follows a similar pattern to the rate
of hydrocarbon oxidation. NO, formation is observed when
the O, concentration is greater than 5%.

The effect of temperature, NO and O, concentration on
the n-CgH1s—NO-0O, reaction over 0.3% Pt/Al,O3 has also
been studied with 250 ppm of n-CgHsg, 500 ppm of NO,
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FIG. 4. The effect of varying O, concentration on the TOF of n-CgH s
(O), total NOy (), NO to N, (), and NO to N,O (A), and on conversion
of NO to NO; (+) for reaction at 200°C over Pt/Al,Os;. Reactant feed:
1000 ppm n-CgHjg and 500 ppm NO.

and 5% O, (Fig. 5). Significant conversion of NO to NO,
was observed starting at about 140°C, before any hydrocar-
bon conversion occurs. This is in contrast to the case with
1000 ppm of n-CgHis, where NO; was only formed after
complete hydrocarbon conversion has occurred. There is a
maximum in the conversion of NO to NO; of 12% occurring
at 170°C which coincides with the beginning of hydrocar-
bon oxidation. As the temperature is increased further, the
conversion of NO to NO; decreases and NOy reduction
starts. N,O production shows a maximum of about 12% at
230°C. At the same temperature the complete conversion
of n-CgHys is reached and the maximum of conversion of
NO to N; is observed. Under these conditions about 30% of
NO is converted to N,. As the temperature is increased fur-
ther, conversion of NO to N, and N,O decreases while NO,
production increases reaching a new maximum at 340°C.
Increasing the NO concentration (Fig. 6) causes the rate
of hydrocarbon oxidation to fall, confirming an inhibitory
effect of NO on alkane oxidation already observed. Within
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FIG.5. The effect of temperature on the n-CgH;5-NO—-O; reaction
over Pt/Al,O3. Reactant feed: 250 ppm n-CgHjg, 500 ppm NO, and 5% O,
(O, n-CgHgg; [, total NOy; €, NO to Nj; A, NO to N;O; +, NO to NO,).
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FIG. 6. Theeffectofvarying NO concentration onthe TOF of n-CgHis
(O) and total NOy (), and on conversion of NO to NO; (+) for reaction
at 200°C over Pt/Al,Os. Lines are fit to low n-CgH15 concentration kinetic
model. Reactant feed: 250 ppm n-CgHjg and 5% O..

experimental error, the conversion of NO to NO; is inde-
pendent of NO concentration. Increasing O, concentration
(Fig. 7) results in a decrease in the rate of hydrocarbon oxi-
dation and in an increase in conversion of NO to NO,. NOy
reduction is approximately zero order in both NO and O,.
The NOy conversions in Figs. 6 and 7 were too low to enable
the amounts of N, and N,O formed to be reliably measured
and so these are not shown.

4. DISCUSSION

Before discussing the mechanism of the n-CgH15—NO-O,
reaction over Pt/Al,O; we summarise the mechanisms
which we have previously proposed for the C3Hg—NO-O,
and C3Hg—NO—-O; reactions over Pt/Al,O3 on the basis of
detailed kinetics studies. With C3Hg, the coverage of CsHe-
derived species on the Pt surface appears to be high, while
the coverage of oxygen is negligible (12). In contrast with
C3Hg, the coverage of oxygen is high and C3Hg reacts di-
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FIG. 7. The effect of varying O, concentration on the TOF of n-CgHj3
(O) and total NOy (1), and on conversion of NO to NO, (+) for reaction
at 200°C over Pt/Al,Os. Lines are fit to low n-CgH;g concentration kinetic
model. Reactant feed: 250 ppm of n-CgH;g and 500 ppm of NO.
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rectly from the gas phase (14). These differences arise from
the different reactivity of these reductants with adsorbed
oxygen. A consequence of this is that oxidation of NO to
NO,, which presumably requires the presence of adsorbed
oxygen on the metal surface, is observed when C3Hg is
present but not with C3He.

The mechanism of NOy reduction depends on the state of
the surface. With C3Hg, NOy reduction appears to occur via
dissociation of adsorbed NO to produce adsorbed N which
combines with adsorbed N or NO to form N, or N,O. With
C3Hg, NO dissociation does not appear to occur, presum-
ably as aresult of the high coverage of oxygen. Instead, NOx
reduction appears to occur on the Al,O3 support and/or at
the metal-support interface by reaction of C3Hg-derived
species with NO,, produced by oxidation of NO on the Pt
surface. This synergistic model, whereby the main role of
the Pt is to produce NO; and the role of the alumina is to
catalyse the conversion of NO, to N, has been proposed
and elaborated by Hamada and co-workers (11, 16). This
model seems well established for systems in which the metal
is oxidised and so we shall adopt it for our modelling study
for the n-CgH15—NO—-O;, reaction when the CgH1g: O ratio
is low, corresponding to the most oxidising conditions to
which the Pt is exposed.

Under some conditions the n-CgHig~NO—-O, reaction
appears to behave either like the C3Hg—NO-O, or the
C3Hg—NO-0, reaction, while under others the behaviour
is intermediate between the two. Ideally a single model ca-
pable of fitting the data for the whole concentration range
would have been developed. However, this has not proved
possible. Instead two models have been developed, one
for the C3Hg—NO-O; reaction-like region and one for the
C3Hg—NO—-O; reaction-like region. The justification for de-
veloping two separate models is that the state of the Pt
surface reflects either a highly reduced or a highly oxidised
condition and the kinetics and mechanism of the NO re-
duction reaction are completely different in the two cases.

In these models it is assumed that all the sites on the
Pt surface are equivalent, that there are no adsorbate-
adsorbate interactions other than those due to chemical
reaction, and that NO adsorption is at equilibrium. The
reactor was assumed to exhibit plug flow and transport lim-
itations were assumed to be negligible. The reactor was
assumed to behave differentially. The Kinetic parameters
given in Tables 1 and 2 were determined using the Solver
feature of Microsoft Excel 5.0 to vary the parameters to
minimise the sum of the square of the differences between
experimental and calculated TOFs.

Reaction in the Region [CgH1g] < 250 ppm,
[NO] <1000 ppm, [O,] <10%

For reaction at 200°C with 250 ppm n-CgHg, the kinetics
measured after 2 h exhibit almost exactly the same trends as
observed with the C3Hg—NO-O; reaction (14), suggesting
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TABLE 1

Parameters Obtained from Fitting the Low CgHig
Concentration Model to Experimental Data

Parameter Value at 200°C
koKo, 331x10%s1 %!
KegHyg 5.36 x 103 s~! ppm!
Kno 6.12 x 10~2 ppm*
Kno, 9.85x 10~ ppm*
Knoy 454 % 1073571

kNOZ.f/kNOZ,b 1.06 x 1073 ppm’l

that under these conditions the mechanisms of both reac-
tions are similar. Crucial to this is the fact that the Pt sur-
face is highly oxidised so that the only reactions occurring
directly on the Pt are combustion of n-CgH3g and oxidation
of NO to NO,. Under these experimental conditions it is
possible that the Pt may even be oxidised to PtO,. How-
ever, the precise state of the Pt is less important than the
fact that the surface is covered with adsorbed oxygen. The
proposed mechanism is summarised in Scheme 1.

n-CgHig is asaturated molecule and therefore must break
abond to chemisorb on the Pt surface and react. In the liter-
ature the rate-determining step of alkane oxidation is gen-
erally reckoned to be dissociative chemisorption involving
the breaking of a C—H bond (17). In our model the initial
step involves the abstraction of a hydrogen (weakly acidic)
from the n-CgHjyg by an adsorbed O atom (basic site) to give
an adsorbed hydroxyl, with the resulting octyl species being
bonded to a neighbouring, previously vacant site (Fig. 9).
This can be expressed as:

Cngg(g) + O* +% — CgHy7x + OHx, kCBHmCCSHonev,

(1]

where 6 and 6y, are the fractional coverages of oxygen and
vacant sites, cc,n,, IS the concentration of n-CgHsg, Kcyhy, 1S
a rate constant, and * represents a vacant site. Evidence for
this heterolytic C—H bond breaking on a partially oxygen
covered Pt surface is given in a recent review (17). Note

TABLE 2

Parameters Obtained from Fitting the High CgH1g
Concentration Model to Experimental Data

Parameter Value at 200°C
knKno 4.16 x 10° ppm~ts~?
2Ko,.a/25 1.11x 10°9% 1™t
Kno, Kno 2.39%x 10" ppm~tst
Kn, 1.20 x 10?

Kno 6.12 x 1072 ppm~!

A 377 x 1072 %!

n 0.590
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SCHEME 1. Proposed mechanism for the CgH;s~NO-O, reaction in
the low n-[CgH35]/[O,] concentration region. Reactions above the dotted
line occur on the Pt surface, while reactions below occur on the Al,O3
support.

that Eq. [1] predicts that the rate of n-CgHg oxidation will
be greatest when 6o = 0y = 0.5, which has been observed
for the oxidation of CH,4 over Pt catalysts (18). This ex-
pression is also consistent with the order in n-CgHig being
greater than unity for [CgH1s] < 500 ppm. Under the condi-
tions used here, the reaction is inhibited by O, suggesting
that 8o > 0y. As the n-CgH1g concentration is increased the
rate of removal of adsorbed oxygen from the surface in-
creases, resulting inafallin 6o and acorresponding increase
in 0. This changes the surface coverages towards that re-
quired for maximum activity resulting in an increase in the
rate of n-CgHyg, in addition to that due to the n-CgH1g term
in Eq. [1]; i.e., the order in n-CgH3 is greater than unity, as
experimentally observed.

After the initial dissociative adsorption, the adsorbed
octyl species reacts rapidly in a series of steps to give CO,
and surface hydroxyls, which in turn rapidly react to give
H,O. If these steps were not rapid, then a significant cov-
erage of n-CgHjg-derived species and/or hydroxyl groups
would build up on the surface inhibiting the reaction and
resulting in the order in n-CgHag being less than unity (in
this concentration region). The rapid reaction of the octyl
species isin part due to the high surface coverage of oxygen:

CgHi7% +330% — 8C02(g) + 170Hx%x +17% [2]
ZOH* —> HzO(g) + O* =+ x. [3]

Note that reaction [2] obviously represents a series of reac-
tion steps, rather than a single reaction step.

Oxygen presumably adsorbs dissociatively and irre-
versibly on the Pt surface; the desorption of adsorbed
atomic oxygen is reported to occur only at temperatures
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above 400°C (19). The dissociative adsorption of oxygen
is assumed to occur in two steps. First, oxygen adsorbs re-
versibly and molecularly:

Oz(g) + * = O2x, Ko,,aCo,0v, [4]
Ko,.d%0,, [5]

where Ko, » and Ko, 4 are rate constants for adsorption and
desorption of molecular oxygen. This molecularly adsorbed
oxygen then dissociates irreversibly:

kobo,bv. [6]

Oox — Oy + =,

Oo% +*% — 20,

This mechanism for oxygen adsorption has been proposed
on the basis of a recent TAP study of oxygen adsorption on
Pt powder (20). While some caution is needed in extrap-
olating from transient studies under reduced pressure to
steady state kinetic experiments at normal pressures, this
mechanism of O, adsorption viaamolecular precursor state
seems entirely plausible. Applying the stationary state ap-
proximation to reactions [4]-[6] to obtain an expression for
0o,, and then substituting this into Eq. [6] gives an expres-
sion for the rate of oxygen adsorption:

2ko koLaCo2 9\2/

Rate of O adsorption = .
P ko,.d + kobv

[7]

Under conditions of high coverage by atomic oxygen, it is
assumed that ko, 4 > kofv; i.e., adsorbed molecular oxygen
desorbs faster than it dissociates. Thus Eq. [7] becomes

2ko "(oz’aCo2 9\2/

Rate of O adsorption = [8]

ko,.d

Finally, NO and NO; are presumed to adsorb molecul-
arly and reversibly on the Pt surface,

6
NO(g +* =NO%, Kno= NO_ [9]
CnofBv
&
NOyq + * =NOz*, Kno, = —2— [10]
Cno, v

where Kno and Ko, are the adsorption coefficients of NO
and NO,, respectively.

Using the steady state approximation for the coverage of
oxygen for Eqs. [1]-[3] and [8] gives

2koK020029\2/ = 25kCgH13CC3H13909V7 [11]

where Ko2 = kOg,a/kOZ,d-

The number of surface sites is assumed to be constant,
i.e.,

1 =06y + 6o + o, + Ono + ONo, - [12]

Combining Egs. [9]-[12] and assuming 6, to be negligible
gives
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Oy =

25kC8HlsCCsH18
25Ky Cegiss (1 + Koo + Ko, o, ) + 2KoKo,Co,
[13]

6o =
Zko K()ZCO2
(25kC8HIBCC8H18 (1 + KnoCno + KNOZCNOZ) + 2kOK(_‘)zCoz) '
[14]

Substituting Eqgs. [13] and [14] into Eq. [1] gives an expres-
sion for the rate of n-CgHjg oxidation by O:
FCgH—0, =
50KZ, 1, C%, 1, KoKo,Co,
(25K CcsHis (14 Knotno +Kno,tno, ) +2koKo,Co,)
[15]

With the C3Hg—NO—-O, reaction NO and NO, were found
to be in pseudo equilibrium; i.e., the conversion of NO to
NO; was independent of contact time, indicating that NO,
was being removed at the same rate as it was formed, but
NO and NO; were not in thermodynamic equilibrium (14).
For this reason, NO and NO, in the n-CgH1g5—NO-O, reac-
tion will also be assumed to be in pseudo equilibrium.

The interconversion between NO and NO, and the rates
of NO, formation from NO, and of NO, dissociation to give
NO, can be written as

NO() + O — NOgyx,
NO* — NO() + Ox,

[16]
[17]

kno,,fCNobo.,
Kno,.bONO, »

where kno,.r and kno, » are rate constants for the forward
and back reactions for NO, formation. If it is assumed that
these reactions are much faster than any reaction of NO or
NO; to give N, and N,O (i.e., NO and NO; are in pseudo
equilibrium), application of the stationary state approxima-
tion to the NO, coverage and substitution of Eq. [10] gives
the following expression for cyo, from which the conver-
sion to NO;, can be calculated:

Kno,,fCnobo
Kno,Kno,,b0v

This expression fits the experimental data reasonably well
(Figs. 6-8).

With the C3sHg—NO—-O, reaction the NO, reduction was
directly proportional to the coverage of NO, on the Pt
surface. This was interpreted in terms of a mechanism in
which NO,, formed by oxidation of NO on the Pt surface,
spills over onto the Al,O3; support, where it reacts with
hydrocarbon-derived species (14). Given that the kinetics

CNO, = [18]
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FIG. 8. The effect of varying n-CgH;g concentration on the TOF of
n-CgHig (O), total NO ((J), NO to N, (@), and NO to N,O (A), and on
conversion of NO to NO; (+) for reaction at 200°C over Pt/Al,O3 showing
fit to low n-CgHj5 concentration kinetic model (solid lines). Reactant feed:
500 ppm of NO and 5% O..

of n-CgH1g oxidation, NO, oxidation, and NOy reduction at
250 ppm n-CgHsg exhibit the same trends as found with
the C3Hg—NO—-O, reaction, NOy reduction might be ex-
pected to occur via the same mechanism, and indeed, the
rate of deNOy is satisfactorily fitted in this region: [CgH15] <
250 ppm, [NO] < 1000 ppm, [O2] < 10% using

'no, = KnoOno, - [19]

With the C3Hg—NO—-O, reaction attempts were made to fit
the rate of NOy reduction to models based on aconsiderable
number of mechanisms, but only this one was successful
(14).

The oxidation of n-CgHsg (or at least species derived from
it) by NO, needs to be allowed for in the kinetic model for

total n-CgHg oxidation. The overall reactions of NO, and
n-CgHig to give N and N,O are:

CgHis(g) + Z;NOZ@ — 8C02(q) +9H20() + %75N2<g>
[20]

CgHisg) + %Noz@ — 8COx(q) + 9H,O(q) + %Nzo@.
[21]

R\/R, ,
0 T Ho
Pt Pt Pt Pt Pt Pt Pt Pt Pt Pt

FIG.9. Schematic representation of the rate-determining step in
CgHis oxidation over a Pt catalyst. The active site consists of two adja-
cent sites, one of which has an adsorbed O atom on it and the other of
which is vacant. R and R’ represent alkyl groups.
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CsHigg) —=> CHyx* 8CO0g) + 9H20(g)

O2(g) —_—z 5 20+
NO(g = NO* > N* + O*
+ N* 2%
. Nz(g)

SCHEME 2. Proposed mechanism for the n-CgH;s—NO-O, reaction
in the high [CgH;5)/[O2] concentration region. All reactions occur on the
Pt surface.

Thus the rate of reaction of n-CgHjg with NO;, is given by

'Nno,
5000

lCgH—NO, = (300 + SNz) s [22]
where Sy, is the percentage selectivity to Ny, ignoring NO;

i.e.,

_100ny,

B NN, + NN,o
where ny, and ny,o are the amounts of N2 and N2O formed.
The fitted curves in Figs. 6-8 include both the n-CgH15—0O-
and n-CgH15~NO; reactions (Eqs. [15] and [22]). The curves

fit the experimental data reasonably well using the param-
eters given in Table 1.

[23]

N2

Reaction in the Region [CgH1g] > 500 ppm,
[NO] <500 ppm, [O] < 5%

The n-CgH15~NO-O, reaction behaves similarly to the
C3Hg—NO-O; reaction (12) at higher n-CgHig concentra-
tions (JCgH1g] > 500 ppm), provided [O,] < 5% and [NO] <
500 ppm, suggesting that the mechanism of these reac-
tions is similar. The proposed mechanism is summarised
in Scheme 2 (compare with (12)).

n-CgHsg oxidation was found to exhibit a high order in
O, (1.4) and to be zero order in n-CgHjg (Figs. 2 and 4),
suggesting that the coverage of oxygen on the Pt surface
is small, while that of n-CgHig-derived species is close to
saturation. Thus a plausible mechanism involves n-CgHjg
adsorbing and cracking irreversibly on a reduced Pt surface
to form various carbonaceous species (CHy). As before,
oxygen adsorbs according to reactions [4]-[6], and the rate
of oxygen adsorption is given by Eqg. [7]. Under conditions
of negligible oxygen coverage, it is expected that ko, ¢ < Ko
0v; i.e., molecularly adsorbed oxygen dissociates faster than
it desorbs. Thus, the rate of oxygen adsorption becomes

Rate of O adsorption = 2ko, 4Co, 6. [24]
The adsorbed oxygen atoms then rapidly react with the ad-
sorbed carbonaceous species to form CO; and H,O. The
high order in O, can be explained as follows. Increasing the
O, concentration increases the rate at which carbonaceous
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species are burnt off, resulting in a reduction in the cov-
erage of CHy species and a corresponding increase in the
number of vacant sites at which oxygen can adsorb. Thus
the order of n-CgHjg oxidation is considerably greater than
unity.

A number of models were used to try to describe the
adsorption and cracking of n-CgHjg. In these models the
dissociative adsorption of the n-CgHjg occurred either via
homolytic C—H bond breaking onto two surface sites or via
heterolytic C—H bond breaking with the hydrogen atom be-
ing abstracted by an adsorbed oxygen atom. The cracking
of the adsorbed carbonaceous species was then assumed
to occur either by dissociation of the adsorbed species onto
vacant sites in a series of steps, or by abstraction of H atoms
by adsorbed atomic oxygen, again in a series of steps. How-
ever, none of these models was capable of fitting the data.
Instead, it will be assumed that the coverage of carbona-
ceous species is given by

6c =1— Acp, forceghy, > 500 ppm

6c=0 for CCgHys < 500 ppm, [25]
where n and A are constants. A similar expression was
used to model the C3Hg—NO—-O; reaction [12], except that
in that case n=1. This expression predicts that in the ab-
sence of O, the surface will be completely covered by car-
bonaceous species and that the coverage of these species
will decrease with increasing O, concentration. Provided
n-CgHsg is present in sufficiently high concentration (e.g.,
[CsH1g] > 500 ppm at 200°C), the oxygen coverage is heg-
ligible. While Eq. [25] appears to be somewhat arbitrary,
it does allow the logical development of expressions which
satisfactorily predict the rates of both n-CgH;g oxidation
and of NO reduction to N, and N,O in the specified
region.

The proposed mechanism for NOy reduction is via the
dissociation of molecularly adsorbed NO on vacant Pt sites,
followed by the formation of N, and N,O by the combina-
tion of adsorbed N and NO. This mechanism is in agreement
with the observation that the ratio of N, : N,O formed is in-
dependent of contact time indicating that N, and N,O are
formed from parallel routes. It is also our preferred mech-
anism for the C3Hg—NO-0O, reaction, based on our Kinetic
(12) and TAP studies (9). This mechanism can be repre-
sented as

NO + * = NOx, Kno = Cig‘;\/ [26]
NOx 4% — Nx +Ox, KnOnobv = knKnoCnobd  [27]
N + N — Ny + 2%, kNZQ,i [28]

Nx +NOx — N»Oq) + 2x,
Kn,00NnONo = Kn,0 KnoCNoOVON- [29]
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Applying the stationary state approximation to 6y (using
Eqgs. [27]-[29]) gives

do
0~ =N = kN KNoCNQQ\Z/ - szo KNQCNoeveN — 2kN29|§‘.

dt
[30]

This is a quadratic in 6\/0v the only physically meaningful
solution of which is

On
oy

—kn,0KnoCno + \/(kNZOKNOCNO>2 + 8kn, knKnoCno
4Ky, '
[31]

The number of surface sites is assumed to be constant,
i.e.,

1=06v+06no + 6N+ Oc. [32]

Note that, provided the concentration of n-CgHg is suffi-
ciently high, the coverage of oxygen is believed to be neg-
ligible (see above) and, hence, does not appear in Eq. [32].
Substituting in Egs. [25] and [26] gives

Acp,
~ 1+ KnoCno + 6n/6v

Ov for ccyny,, > 500 ppm.  [33]

The rate of the deNOy reaction is the rate at which NO
is converted into N and N,O (Egs. [28] and [29]), i.e.,

o, = 2kN29,%‘ + ZkNZOQNGNOo [34]
Substituting in Egs. [26] and [33] gives

2A% (O /60 )CB) (Kn, (Bn/6v) + Knyo Koo )
(14 KnoCno + On/6v)?

for ccyn,, > 500 ppm.

'no, =
[35]

The term in Oy has been left as /6y rather than substi-
tuting in Eq. [31] for simplicity.

Since adsorbed oxygen does not desorb and 25 O atoms
are required to totally combust one n-CgH;g molecule, the
rate of n-CgHig oxidation is given (using Eqgs. [24] and [27])
by

FesHis = (2Ko,,aCo,0v + KnKnoCnob8) /25.
Substituting in Eq. [33] gives

[36]

ICgHyy =
i 2koz’aACgJ2rl
25 \ (14 KnoCno + On/6v)

kN KNO/A\ZCNoCZOn2
(1 + KnoCno + On/6v)?

for ccyn,, > 500 ppm.  [37]
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FIG. 10. The effect of varying n-CgH;s concentration on the TOF of
n-CgHig (O), total NOy ((J), NO to N, (), and NO to N,O (A) for reaction
at 200°C over Pt/Al,O3 showing fits to high [CgH15]/[O,] concentration
kinetic models for NOy reduction via NO dissociation (solid lines) and by
reaction between adsorbed NO and carbonaceous species (dotted lines:
short dots NOy, long dots n-CgHjg). Reactant feed: 500 ppm NO and 5%
O..

These rate equations satisfactorily fit the experimental
data (Figs. 10-12, solid line) using the parameters given
in Table 2.

A number of other mechanisms have been proposed for
the reduction of NOy under lean-burn conditions. These
were summarised in the Introduction. However, none of
these other mechanisms was capable of fitting the experi-
mental data. A mechanism involving NO, formation seems
unlikely for the concentration region under consideration
asno NO; formation is observed. Mechanisms involving re-
action of NO with hydrocarbon derived species, isocyanate
formation, and carbonaceous species assisted NO dissocia-
tion all involve reaction between carbonaceous species and
NO on the Pt surface. The rate of NOy reduction occur-

4
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Concentration of NO (ppm)

FIG.11. The effect of varying NO concentration on the TOF of
n-CgHig (O), total NO (CJ), NO to N, (#), and NO to N,O for reaction
at 200°C over Pt/Al,O3 showing fits to high [CgH15]/[O,] concentration
kinetic models for NOy reduction via NO dissociation (solid lines) and by
reaction between adsorbed NO and carbonaceous species (dotted lines:
short dots NOy, long dots n-CgHjg). Reactant feed: 1000 ppm n-CgHjg and
5% O,.
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Concentration of O, (%)

FIG.12. The effect of varying O, concentration on the TOF of
n-CgHig (O), total NOy ((J), NO to N, (@), and NO to N,O (A) for reaction
at 200°C over Pt/Al,O5 showing fits to high [CgH15)/[O-] concentration ki-
netic models for NO reduction via NO dissociation (solid lines) and by
reaction between adsorbed NO and carbonaceous species (dotted lines:
short dots NOy, long dots n-CgHsg). Reactant feed: 1000 ppm n-CgHjg and
500 ppm NO.

ring by one of these mechanisms is expected to be given
by

[37]

However, this equation was unable to fit the data (Figs. 10—
12, dotted lines); in particular, this model predicts the rate
of NOy reduction to be zero order in NO, rather than be-
ing inhibited by NO. Thus, these mechanisms can be ruled
out.

It is possible to extend this model to allow the effect
of temperature on activity to by predicted by allowing the
rate constants and adsorption coefficient to vary with tem-
perature (according to the Arrhenius equation and the
Van t’Hoff isochore) and by allowing for the concentration
gradient along the catalyst bed, as was done with the model
for the C3Hg—NO-O; reaction [12]. This predicts the NOy
conversion to have a maximum coincident with 100% hy-
drocarbon conversion being reached. The reasons for this
have been discussed elsewhere (12), and therefore will not
be repeated here.

r'vo, = KnofcOno.

Reaction in Other Concentration Regions

Finally, there exist other concentration regimes in which
the kinetics are intermediate between those of the two
regions already discussed. In the first region ([CgHig] <
250 ppm, [NO] <1000 ppm, [O,] < 10%) the coverage of
oxygen is high, resulting in NO, production and inhibi-
tion of n-CgHjg oxidation by O,. In addition NOy reduction
appears to occur on the Al,O3 resulting in the Kinetics of
n-CgHjg oxidation and NOy reduction being different; e.g.,
n-CgHig oxidation is inhibited by NO and O, while NOy
reduction is zero order in NO and O.. In the second region
([CgH1g] > 500 ppm, [NO] < 500 ppm, and [O;] < 5%), the
coverage of carbonaceous species is high and the coverage
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of oxygen negligible, resulting in no NO, formation and
n-CgH1g oxidation having a high order in O,. NOy reduc-
tion appears to occur via NO dissociation on the Pt surface,
resulting in n-CgHag oxidation and NOy reduction having
comparable kinetics in this region, e.g. both reactions are
zero order in n-CgHsg, inhibited by NO and are enhanced
by O..

There also exist two other regions (250 <[CgHig] <
500 ppm and [CgH1g] > 500 ppm, [NO] > 500 ppm, [O,] >
5%), where the kinetics appear to be intermediate between
the first two cases.

First, the 250 < [CgH1g] <500 ppm region will be dis-
cussed. The model for 250 ppm n-CgHyg is capable of fitting
data for the rate of n-CgHig oxidation and the conversion
of NO to NO;, when the n-CgHig concentration is varied
in the region 250 <[CgH1g] <500 ppm. However, it does
not predict the variation in the rate of NOy reduction in
this region (Fig. 8); the proposed model predicts the rate of
NOy reduction to be zero order in n-CgHjg, while the ex-
perimental value is about fourth order. This suggests that
under these conditions the mechanism for NOy reduction
is more complicated.

It is notable that the rate of NOy reduction follows the
rate of n-CgH1g oxidation when the n-CgHyg concentration
is varied. This behaviour is typical of NOy reduction occur-
ring via NO dissociation on the Pt surface rather than NOy
reduction occurring on the Al,O3 (see above). Therefore,
a possible explanation is that the system does not switch
sharply from one mechanism to other, but rather that the
change is gradual as the n-CgH1g concentration is increased
from 250 to 500 ppm. At 250 ppm n-CgHig, NOy reduction
occurs predominantly on the support. As the n-CgH;g con-
centration is increased NOy reduction on the Pt becomes
more important, while the coverage of oxygen on the Pt is
still sufficient for n-CgH1g and NO, oxidation kinetics to be
as predicted by the first model. This changing of dominant
mechanism explains the very high order of NOy reduction
in N-CgHjs.

In the final region ([CgH1g] > 500 ppm, [NO] > 500 ppm,
and [O3] > 5%), NO; formation and inhibition of n-CgHsg
oxidation by O, is observed, indicating the presence of oxy-
gen on the Pt surface (as with the first region), and yet
n-CgH1g oxidation and NOy reduction exhibit similar kinet-
ics (i.e., both reactions are inhibited by NO and O;) which
is consistent with NOy reduction occurring via NO dissocia-
tion on the Pt surface (like the second region). It is possible
that the behaviour of the system in this region is interme-
diate between the first two cases because there are either
different Pt particles in the catalyst exhibiting behaviour of
one or other of the first two regions and/or that the two
types of behaviour occur on different regions of the same
Pt particle. Alternatively, the third type of behaviour may
be a “true” Kkinetic regime in which there is a high enough
coverage of oxygen on the Pt surface to cause NO; produc-
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tion and inhibition of n-CgH1g oxidation, but there is not
such a high coverage to prevent NOy reduction occurring
via NO dissociation.

5. CONCLUSIONS

The kinetics of the n-CgHig oxidation reaction appear
to be delicately balanced between two kinetic regimes
(Schemes 1 and 2). At low [CgH1g]/[O-], there is insuffi-
cient n-CgHsg to remove the adsorbed oxygen from the Pt
surface, and, hence, the coverage of oxygen is high, while
that of n-CgHg-derived species is negligible. The high cov-
erage of oxygen results in the production of NO,. At higher
[CsH15)/[O2], the n-CgH13 is able to remove almost all the
oxygen from the metal surface and the surface becomes
saturated with n-CgHig-derived species. Hence, in this re-
gion the n-CgHjg oxidation is zero order in n-CgHjg and
no NO, formation is observed. The transition from high
oxygen coverage to high carbonaceous species coverage is
believed to be rather sharp. The state of the Pt surface af-
fects the mechanism of NOy reduction. The local reduc-
ing conditions found on the Pt surface when the coverage
of n-CgH1g-derived species is high favours NOy reduction
via NO dissociation on the Pt. In contrast, a high oxygen
coverage inhibits NO dissociation, but appears to favour
NOy reduction via reaction on the Al,O3 surface between
n-CgHig-derived species and spilt-over NO,, produced by
oxidation of NO on the Pt. The transition between these
two mechanisms for NOy reduction appears to be more
gradual than that between the two regimes of n-CgHig
oxidation.

For practical applications, the high [CgH1g]/[O2] region is
the most useful of the two Kinetic regimes since the NOy
conversion is much higher. By adding just sufficient reduc-
tant upstream of the catalyst to reach the region in which
the reaction is zero order in hydrocarbon concentration the
maximum NOy conversion can be achieved for minimum
reductant consumption.
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