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The kinetics of NO reduction by H; have been investigated over a Rh/Si0, catalyst. The specific
activity and product selectivity are both sensitive functions of the catalyst pretreatment. Preoxida-
tion in NO increases the NO reduction activity by 30 to 50% over that observed when the catalyst is
prereduced. It is also noted that the preoxidized catalyst generally favors the formation of N,. In
situ infrared spectra of the catalyst show that at NO conversion levels below 60%, the catalyst
surface is virtually saturated by adsorbed NO. The power law rate expressions obtained from the

experimental data can be interpreted in the light of a mechanism for NO reduction.
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INTRODUCTION

There is considerable interest in the cata-
Iytic reduction of NO over Rh since this
metal is now being used in catalytic con-
verters to control NO, emissions from auto-
mobiles (/). Previous studies (/—-6) have
demonstrated that both CO and H, partici-
pate in the reduction process, and that the
degree to which one or the other reducing
agent is active is a strong function of reac-
tion conditions. In view of this, it is desir-
able to develop an understanding of the in-
teractions between NO and each of the
reducing agents separately before address-
ing questions related to the interactions of
all three components. A discussion of NO
reduction by CO over a Rh/SiO; catalyst
has been presented recently by Hecker and
Bell (7). The present paper describes the
results of a complementary investigation
concerning the reduction of NO by H; over
the same catalyst. Insights into the reduc-
tion mechanism were obtained from mea-
surements of the reaction kinetics and from
infrared spectra taken under reaction con-
ditions.

! Current address: Department of Chemical Engi-
neering, Brigham Young University, Provo, Utah
84602.
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Several investigations of NO reduction
by H; have been reported in the literature.
Kobylinski and Taylor (2), as part of a
study comparing the performance of Group
VIII metals, observed that the extent of NO
reduction over a RWALQO; catalyst is a
strong function of temperature. The prod-
uct distribution at conversions below 100%
was not reported, but it was shown that at
the onset of complete conversion, 60% of
the product is NH3, the balance presumably
being N,. At yet higher temperatures, the
selectivity to NH; is reduced due to NH;
decomposition. Yao et al. (8) reported that
the level of Rh dispersion on Al,O; has a
strong influence on catalyst activity and se-
lectivity. At low metal loadings (<5%),
where the metal was fully dispersed, the
turnover frequency for NO reduction was
fivefold lower than that for high metal load-
ings (>5%) where the metal forms three-
dimensional crystallites. It was also noted
that at 473 K on the high dispersion cata-
lysts the product selectivities were: N,O—
81%; N,—9%; and NH;—10%: whereas,
on the lower dispersion catalyst the product
selectivities were: N,O—41%:; N,—34%;
and NH3;—25%. The authors proposed that
the observed changes with Rh dispersion
might be due to a change in the mechanism
of NO reduction. More recently, Savatsky
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and Bell (9) investigated the reduction of
NO by H, over a Rh/SiO; catalyst. They
observed that under steady-state condi-
tions, the catalyst is nearly saturated by ad-
sorbed NO. Ir situ infrared spectra showed
the presence of two principal species: Rh—
NO?-, characterized by vno = 1680 cm™!,
and Rh-NO, characterized by vyo = 1850
cm~!. Very rapid exchange between gas-
phase and adsorbed NO was revealed by
isotopic tracer experiments. Based on tran-
sient response experiments it was pro-
posed that the reduction of NO is initiated
by the dissociation of NO. N,O and N,
were assumed to be formed via reactions
involving adsorbed N atoms. The formation
of NH; and H,O was assumed to occur via
the stepwise hydrogenation of N and O at-
oms, respectively. The results obtained in
this study suggest that the mechanism pro-
posed by Savatsky and Bell (9) must be
modified somewhat in order to rationalize
the kinetics of NO reduction by H, under
steady-state conditions.

EXPERIMENTAL METHODS

Apparatus. The apparatus used for this
study is identical to that described in Ref.
(7). The catalyst, in the form of a thin disk,
is contained in a small reactor equipped
with infrared-transparent windows so that
in situ infrared spectra can be taken of spe-
cies adsorbed on the catalyst surface. The
design of this reactor is similar to that given
in Ref. (10). Reactants are delivered to the
reactor from a flow manifold, and the prod-
ucts are analyzed by gas chromatography
using a specially designed system (17). A
metal bellows pump is connected between
the reactor inlet and outlet, to recycle the
reactor effluent. With a nominal flow rate of
200 cm?/min to the loop, a recycle ratio of
200: 1 can be achieved, allowing the reactor
to be characterized as a CSTR.

Materials. A 4.6% Rh/SiO, catalyst was
prepared by incipient wetness impregnation
of Cab-0-Sil HS-5 with an aqueous solution
of RhCl; - 3H,0. The resulting mixture was
dried in a vacuum oven and then calcined in
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air for 1 hr at 773 K. The catalyst was then
reduced in flowing H; at 673 K for ~2 hr
and at 573 K for an additional 16 hr. The
dispersion of the reduced catalyst was de-
termined to be 38%, by means of H, chemi-
sorption. A 29-mm-diameter disk of the cat-
alyst, weighing 0.123 g, was prepared by
pressing a 120-mesh cut of the catalyst in a
special die made of tool steel.

All gases were purified prior to use. He-
lium (99.998%) was passed through an Oxy-
clear unit (Labclear) followed by a bed of
molecular sieve. Hydrogen (99.999%) was
purified by passage through a Deoxo unit
(Engelhard) followed by a bed of molecular
sieve. These procedures served to remove
oxygen and water from each gas. The nitric
oxide used for these studies was in the form
of either 6.15 or 11.5% NO mixtures in he-
lium. These mixtures were found to contain
several hundred ppm of N,O and N, as im-
purities. The N,O was removed by passage
of the gas through a molecular sieve ‘rap.
The N, impurity could not be removed, but
was accounted for in determining the rate
of N, produced during NO reduction.

RESULTS
Rate Measurements

Initial experiments indicated that the ac-
tivity and selectivity of the catalyst
changed depending upon whether the cata-
lyst was reduced or oxidized prior to use.
To explore this phenomenon, two sets of
experiments were performed, differing only
in the manner of catalyst pretreatment. For
the first set, the catalyst was reduced in
flowing H, for at least 24 hr at 523 K. For
the second set, the catalyst was oxidized in
a 2% NO/He stream for 1 to 2 hr at 423 K.
Following pretreatment, the catalyst was
conditioned at 445 K for 20 to 25 hr, using a
feed mixture containing 1.0% NO and 2.2%
H, flowing at 200 (STP) cm*/min. The cata-
lyst activity and selectivity at the end of the
break-in period was stable, and for a given
pretreatment could readily be reproduced.
Measurements of the Rh dispersion made
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after the reaction had proceeded for 10 hr
or more showed that the dispersion was the
same as that measured prior to reaction,
independent of the manner of catalyst pre-
treatment. There was also no change in dis-
persion with continued catalyst use. Be-
cause of this, turnover frequencies were
based on the dispersion of the freshly pre-
pared catalyst.

Table 1 and Fig. 1 illustrate the effects of
pretreatment on the activity of the catalyst.
Figure 1 shows that at 445 K, the turnover
frequency for NO reduction, Nyo, is 30%
higher for the preoxidized catalyst com-
pared to the prereduced catalyst. The small
change in the slopes of the lines shows that
pretreatment also has an effect on the de-
pendence of Nyo on the partial pressures of
NO and H,. The influence of pretreatment
on the rates of formation of N,O, N,, and
NHj; are presented in Table 1. Pretreatment
has little effect on the rate of NH; forma-
tion at 445 K, and thus, the higher rates of
NO reduction observed over the preox-
idized catalyst are due to increase in the
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FiG. 1. Effects of pretreatment on the turnover fre-
quency for NO reduction.

rates of N, and N,O formation. Since the
rate of N, formation is influenced much
more strongly than the rate of N,O forma-
tion, the N, selectivity for the preoxidized
catalyst is 60% higher than that for the pre-
reduced catalyst.

The effects of pretreatment were also in-
vestigated at reaction temperatures above
and below 445 K. For this part of the work,
prereduction was carried out at 573 K, as

TABLE 1

Effects of H, and NO Partial Pressure on the Rate of NO Reduction over Prereduced and Preoxidized Rh®

Pretreatment P% x 102 (atm) P; x 10? (atm) Xno N; X 10° (s71p
(%)

H, NO H, NO NO N,O(x2) N1(x2) NH;
Red. 2.6 0.6 2.49 0.47 23 7.0 4.3 1.10 1.9
Oxid. 2.44 0.41 31 9.8 5.1 2.5 2.3
Red. 1.2 0.6 1.13 0.52 14 4.3 29 0.7 1.1
Oxid. 1.11 0.49 20 6.0 3.5 1.7 1.1
Red. 1.2 1.2 1.15 1.13 6.3 4.0 2.5 0.7 0.9
Oxid. 1.23 1.10 8.6 5.4 3.1 1.4 0.9
Red. 2.6 1.2 2.54 1.09 9.6 6.1 3.8 0.8 1.4
Oxid. 2.51 1.05 12 8.0 4.4 1.8 1.3
Red. 6.0 1.2 5.81 1.01 16 10.3 6.1 1.3 2.9
Oxid. 5.76 0.95 21 13.3 6.7 2.8 3.1
Red. 6.0 2.4 5.90 2.31 6.4 8.4 52 1.2 1.9
Oxid. 5.88 2.24 7.6 9.8 58 2.3 1.7
Red. 2.6 2.4 2.57 2.33 3.8 4.9 3.0 0.9 1.0
Oxid. 2.56 2.32 4.5 5.7 34 1.6 1.0
Red. 12.0 2.4 11.8 2.16 10 13.0 8.0 1.8 3.4
Oxid. 11.8 2.12 12 14.9 8.4 3.1 3.4

aT = 445 K; Py = 1.2 atm; and Q = 200 (STP) cm*/min.

# Based on Dy, = 0.38.
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well as at 523 K. As seen in Fig. 2, the
activity of the preoxidized catalyst is con-
sistently higher, by an average of about
50%, than the activity of the prereduced
catalyst. The influence of pretreatment on

formation
Iormation

of N,O, N,, and NH; are given in Table 2.
For temperatures below 465 K, where very
high NO conversions are achieved, the data
in Table 2 show that the rates of formation
of all three nitrogen-containing products
are highest over the preoxidized catalyst
and lowest over the catalyst prereduced at
573 K.

The dependence of product selectivity on
reaction temperature is illustrated in Fig. 3
for the preoxidized catalyst, and in Fig. 4
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figures show that the distribution of reac-
tion products is a strong function of temper-
ature, particularly for temperatures above
which the conversion of NO exceeds 50%.
Independent of pretreatment, the selectiv-
ity of N,0 increases with increasing tem-
perature up to about 463 K and thereafter
rapidly decreases to zero. The selectivity to
NH; follows a pattern which is generally
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the turnover freaguencies for the
the turnover irequencies ior (ne

100

L I T 1 T T,
Cataiyst Pretreatment
90|~ "4 Preoxigized (TRI2) 7
® Prereduced (TR!4)
80 T
| #° =2exi0Zatm
U 2 2 -5
PSo = 1:2x107 atm
PT = 1.2 atm
80" 4 200 STP cm¥/min T
@
-, 5o} .
4
P
a0}
30 r— .
201 J
fe] 4
e
o ] 1 I ] i !
423 433 443 453 463 473 483 493 503

T ()
T K

FiG. 2. Effect of pretreatment on NO conversion as
a function of temperature.

TABLE 2

Effects of Temperature on the Rate of NO
Reduction over Prereduced and Preoxidized Rh¢

Pretreatment T Xno N; x 103 (s~1)p
(K) (%)

NO NxO(x2} Nx(x2) NHs
Oxid. 424 6.3 4.09 1.34 0.80 1.80
Red. (523 K) 35 225 1.09 0,42 1.00
Red. (573 K) 3.2 2.03 1.06 0.50 0.54
Oxid. 435 8.9 5.74 2.50 1.50 1.80
Red. (523 K) 7.2 4.63 2.30 0.86 1.40
Red. (573 K) 5.7 3.65 2.20 0.59 0.77
Oxid. 445 13.0 8.90 4.50 2.40 2.00
Red. (523 K) 12.0 8.00 4.40 1.60 2.10
Red. (573 K) 10.0 6.40 4.20 1.00 1.30
Oxid. 456 27.0 17.40 9.30 5.00 3.30
Red. (523 K) 23.0 14.30 8.20 2.80 2.30
Red. (573 K) 19.0 11.90 8.10 2.00 2.30
Oxid. 465 48.0 30.80 14.50 9.80 6.20
Red. (523 K) 40.0 25.50 13.40 5.50 6.30
Red. (573 K) 33.0 21.10 13.90 3.40 4.40
Oxid. 472 90.0 59.00 1.50 26.00 31.00
Red. (523 K) 65.0 41.00 17.00 11.00 13.00
Red. (573 K) 51.0 32.00 18.00 6.10 9.40
Oxid. 479 95.0 61.00 0.00 27.00  34.00
Red. (523 K) 51.0 58.60 .50 23.60 33.00
Red. (573 K) 78.0 50.00 13.00 17.00 20.00
Oxid. 484 97.0 62.00 0.00 25.00 38.00
Red. (573 K) 89.0 57.00 1.30 23.00 32.00

a Pl = 2.6 X 10~2atm; P = 1.2 x 102 atm; Pr = 1.2atm, and Q =
200 (STP) cm*/min.
5 Based on Dgy = 0.38.
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Fic. 3. Effect of temperature on the selectivities to
N,O, N,, and NH, observed over a preoxidized cata-
lyst.
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F1G. 4. Effects of temperature on the selectivities to
N,O, N,, and NHj; observed over a prereduced cata-
lyst.

increasing temperature and then rapidly in-
creasing for temperatures above 463 K. The
response of the N, selectivity to increasing
temperature is seen to depend on the nature
of the pretreatment. For the preoxidized
catalyst, the N, selectivity increases gradu-
ally with increasing temperature up to 463
K. Above this temperature the N, selectiv-
ity increases more rapidly and passes
through a maximum. When the catalyst is
prereduced, the N; selectivity decreases
and passes through a very broad minimum
for temperatures between 423 and 473 K.
Above 473 K, the N, selectivity increases
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rapidly. Comparison of Figs. 3 and 4 shows
that at a given temperature, pretreatment
can strongly influence the distribution of ni-
trogen products. It is also evident that by
contrast to prereduction, preoxidation
causes an increase in the N, selectivity for
temperatures below 483 K and an increase
in the NH; selectivity for temperatures be-
low 443 K. The selectivity data obtained
when the catalyst was prereduced at 523 K
are intermediate between those shown in
Figs. 3 and 4. These results indicate that the
selectivity of Rh changes in a systematic
fashion as the catalyst is reduced to a
greater degree.

The dependence of the rate of NO reduc-
tion, and the rates of N,O, N,, and NH;
formation, on the partial pressures of NO
and H; were determined from rate data ob-
tained at 445 K. The turnover frequency for
each species, N;, were fit to a power law
expression of the form

N,' = k,P’HnIZPnNO,

where i = 1, 2, 3, and 4 correspond to NO,
N,O, N,, and NH;j, respectively; k; is the
rate coefficient for species i; and m; and »;
are the exponents on the partial pressures
of H, and NO, respectively. A nonlinear
regression technique was used to determine
the parameter values which are listed in Ta-
ble 3. The quality of the agreement between
the predicted and observed rates for NO
reduction and for N,O and N, formation is
quite good, with deviations ranging be-
tween 2 and 5%. The agreement between

TABLE 3

Power Law Parameters for NO Reduction by H,

N,‘ = k,P’;’ngo

NO N,O N, NH;
Pretreatment k; X 10® my n ky, X 100 m, n, ky X 100 my ns ks X 100 my ng
Red. 20.1 0.59 -0.22 6.9 0.59 -0.19 1.1 040 —0.14 38 0.71 —0.37
Oxid. 22.0 0.58 —0.24 7.7 0.54 -0.16 2.0 0.46 —-0.21 3.1 0.82 -0.50

Note. [k] = atm~0ri+n) g—1,
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the predicted and observed rates of NH;
formation are somewhat poorer, ranging
between 5 and 9%. All species exhibit a
positive-order dependence on H, and an in-
verse-order dependence on NO. While
some differences in the values of m; and »;
for the preoxidized and prereduced catalyst
can be seen, these variations are not very
large, suggesting that the Kinetics are essen-
tially independent of the mode of pretreat-
ment. It is also noted that the absolute val-
ues of my and n4, associated with the
formation of NHj;, are significantly higher
than the absolute values of m; and n; for all
the other species, and exhibit a somewhat
stronger dependence on the manner of cata-
lyst pretreatment.

Apparent activation energies for NO re-
duction, obtained from plots of In k; versus
T-1, are given in Table 4. Two values were
obtained for each mode of pretreatment.
For temperatures below 435 K, E, is be-
tween 13 and 19 kcal/mol, and above 435 K,
E, is between 22 and 23 kcal/mol. No clear
interpretation can be given for the change
in the value of the activation energy with
temperature. It is interesting to note,
though, that a similar pattern was observed
during studies of NO reduction by CO over
the same catalyst (7).

To determine whether N,O and NH;,
once formed, undergo further reaction, an
experiment was performed in which the
space velocity of the reactants was varied
while maintaining the feed composition
constant. A temperature of 435 K was used
for this experiment in order to limit the NO

TABLE 4

Apparent Activation Energies for NO Reduction

Pretreatment Temp. E,
range (kcal/mol)
(K)
Oxid. 414435 13.0
Oxid. 435-472 23.3
Red. 414436 19.0
Red. 436479 21.7
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Fi1G. 5. Effect of space time on the turnover frequen-
cies for NO reduction and for N,O, N,, and NH, for-
mation.

conversion to 10% or less. The results, pre-
sented in Fig. 5, show that the product se-
lectivities change very little with space
time, indicating that at low to moderate
temperatures (<463 K), N,O and NH; do
not participate in secondary reactions.
Additional insight into the possible role
of secondary reactions was gained by
studying the reactions listed in Table 5. The
results for reactions 1 and 2 indicate that
N,O and NH; decomposition does not oc-
cur, even at temperatures well in excess of
those used in the studies of NO reduction
by H,. The reduction of N,O by either H, or
NH; can take place very readily in the ab-
sence of NO as demonstrated by the data
presented for reactions 3 and 4. The fact
that N,O, formed during NO reduction,
does not appear to participate in secondary
reactions below 463 K suggests that when
NO is present in the gas phase, the adsorp-
tion of NO occurs in preference to the ad-
sorption of N,0, and hence that N,O reduc-
tion is suppressed. It is very likely, though,
that above 463 K, where the conversion of
NO rises very rapidly (see Figs. 2-4), the
partial pressure of NO becomes small
enough for N,O to compete effectively for
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TABLE 5
Summary of Observations Concerning Secondary Reactions®

Reaction T PA X 102 PS x 102 X4

(K) (atm)® (atm)* (%)

1) 2N,0 — 2N, + O, 523 0.62 — <0.5
) 2NH; — N, + 3H, 523 0.96 —_ <0.1
©)) N,O + H, —» N, + H,0 473 0.54 16.80 95.0
(4) 3N,0 + 2NH; — 4N, + 3H,0 473 0.50 0.48 80.0
(5a) 6NO + 4NH; — 5N, + 6H,0 523 0.84 2.00 94.0¢

(5b) 8NO + 2NH; — 5N,O + 3H,0

4« Pr = 1.2 atm and Q = 150-200 (STP) cm¥/min.
b A is the first reaction partner.

¢ B is the second reaction partner.

4 Snyo = 0.60 and Sy, = 0.40.

adsorption sites. Under such circum-
stances, N,O can undergo further reduction
to N;. This interpretation would explain the
sudden decrease in N,O selectivity, and
rise in N, selectivity, seen in Figs. 3 and 4.
The data in Table 5 also indicate that Rh is
an effective catalyst for NO reduction by
NH,. The extent to which this reaction
takes place during the reduction of NO by
H; is unclear. The data in Fig. 5 suggest
that below 463 K, NH; does not participate
in NO reduction. The sudden rise in NH;
selectivity at higher temperatures, ob-
served in Figs. 3 and 4, would suggest that
here too NH; does not react further, once
formed.

Infrared Observations

The effects of pretreatment conditions on
the infrared spectra observed during
steady-state reduction of NO by H, are
shown in Fig. 6. All of the bands seen in
these spectra are due to vibrations of the
N-O bond in adsorbed NO, and can be as-
signed to specific structures by analogy
with the spectra of Rh—nitrosyl complexes
(12-16). The bands in the region between
1630 and 1680 cm™! are characteristic of
Rh-NO?®" species, and the bands in the re-
gion between 1750 and 1850 cm~! are char-
acteristic of Rh—-NO species. These assign-
ments are consistent with previous infrared
studies of NO adsorption and reduction on

supported Rh (7, 9, 17, 18). 1t is significant
to note that no bands were observed in the
vicinity of 1910 cm~!, where features char-
acteristic of Rh—~NO?* have been reported
9, 17, 18).

The positions of the bands for Rh—-NQO?-

Tronsmittance

|i680

1 1 1 ]
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FI1G. 6. Effects of pretreatment on the infrared spec-
trum observed under reaction conditions: (A) catalyst
pretreatment—reduction at 603 K; reaction condi-
tions—7T = 414 K, Py, = 5.8 x 1072 atm, Pyo = 1.2 X
10-2 atm; (B) catalyst pretreatment—reduction at 523
K; reaction conditions—T = 443 K, Py, = 2.4 X 102
atm; Pno = 1.1 X 1072 atm; (C) catalyst pretreatment
oxidation at 423 K reaction conditions—7 = 443 K,
Py, = 2.4 X 102 atm, Pyo = 1.1 X 1072 atm.
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and Rh—NO reflect the manner in which the
catalyst is presented. When the catalyst is
preoxidized, the band for Rh~NO?~ is very
intense and centered near 1680 cm™!. Prere-
duction of the catalyst reduces the intensity
of this band and shifts it to lower frequen-
cies. For a reduction temperature of 603 K,
two distinct bands characteristic of Rh-
NO?~ can be seen in Spectrum A of Fig. 6—
a more intense band at 1630 cm~! and a
weaker one at about 1665 cm~!. The latter
feature is more pronounced when the re-
duction temperature is decreased to 523 K.
In contrast to the behavior observed for the
Rh-NO?- bands, the bands characteristic
of Rh—NO are weak following preoxidation
of the catalyst and are more intense when
the catalyst is prereduced. Of the two
bands seen in the region between 1750 to
1850 cm™!, the one observed at 1740 to 1800
cm™! appears to be more strongly affected
by the mode of catalyst pretreatment.

Figure 7 illustrates the effects of reaction
temperature on the intensities and positions
of the bands for adsorbed NO. As the tem-
perature increases from 424 to 468 K, little
change is noted in any of the bands. In-
creasing the temperature to 472 K produces
a noticeable reduction in the intensity of the
Rh-NO?- band and shifts its position to
1660 cm~!. At the same time, the bands for
Rh-NO are almost totally eliminated. Fur-
ther increases in the temperature result in
additional loss of intensity from the Rh-
NO?®- band and shifts in its position to
lower frequencies.

The influence of H, and NO partial pres-
sures on the infrared spectrum of adsorbed
NO was investigated at a reaction tempera-
ture of 445 K. For these experiments the
catalyst was prereduced at 523 K. All of the
spectra recorded for H, partial pressures
between 1.1 X 1072and 1.2 X 107! atm, and
NO partial pressures between 4.0 x 1073
and 2.3 X 10~% atm, were essentially identi-
cal to Spectrum B in Fig. 6, suggesting that
over the specified range of conditions, the
coverage by adsorbed NO remains very
close to unity.
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FiG. 7. Effect of temperature on the infrared spectra
observed during NO reduction by H,: P',i,z =2.6x 1072
atm; (A) T = 424 K, Xno = 6%; (B) T = 445 K, Xno =
14%; (C) T = 468 K, Xno = 59%, (D) T = 472K, Xno =
90%; (E) T = 479K, Xno = 95%; (F) T = 486 K, Xno =
97%.

DISCUSSION

The results of the present study indicate
that for NO conversions below about 50%,
the reduction of NO by H; leads to the par-
allel formation of N,O, N,, and NH;. Under
these circumstances, the kinetics for NO
reduction, and the kinetics for the forma-
tion of nitrogen-containing products, are
positive order in H, partial pressure and
negative order in NO partial pressure. The
magnitude of the individual values of m; and
n; reported in Table 3 can be rationalized in
terms of a modified version of the reaction
sequence proposed by Savatsky and Bell

9):

NO + S 2 NO,

H, + 2S =2 2H,
NO, + H, — N, + OH,
NO, + N,— N,O + 28
NO, + N,—» N, + 0, + S

0,+H,—»OH, +S
OH, + H, —» H,0 + 28

Nk wh =
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8. N,+ H,— NH,+$S
9. NH, + H,— NH,, + S
10. NH,, + H, - NH; + 25

Reaction 1 represents the reversible ad-
sorption of NO. The infrared spectra pre-
sented in Figs. 6 and 7, and those reported
earlier by Savatsky and Bell (9), clearly
demonstrate that at temperatures below 465
K the surface of silica-supported Rh is fully
covered by associatively adsorbed NO. Iso-
topic tracer studies carried out by Savatsky
and Bell (9) have demonstrated that the ex-
change between gas-phase and adsorbed
NO is very rapid compared to the rate of
NO reduction, and hence suggest that reac-
tion 1 can be regarded as an equilibrium
step. The equilibrium assumption is further
supported by calculations of the rates of
NO adsorption and desorption using the
rate coefficients for these processes re-
cently reported by Chin and Bell (19), for a
Rh/SiO, catalyst. At 445 K, and for an NO
partial pressure of 1.2 X 1072 atom, the
rates of adsorption and desorption are
equal and exceed the measured rate of NO
reduction by a factor of 104 to 10°.

The reversible adsorption of H; is repre-
sented by reaction 2. A number of investi-
gators have studied this process on both
supported and unsupported Rh (20-26).
Their work shows that at the temperatures
used in this study, H; adsorption is disso-
ciative and fully reversible. Calculations of
the rates of H, adsorption and desorption
performed using the rate coefficients for
these processes determined by Chin and
Bell (26) indicate that at 445 K, and in the
presence of 2.6 X 1072 atm of H,, the rates
of H; adsorption and desorption exceed the
rate of H, consumption in the reduction of
NO by a factor of 10* to 10°. In view of this,
it is assumed that reaction 2 is at equilib-
rium.

Temperature-programmed  desorption
and decomposition studies of NO on Rh
(19, 27-29) have shown that adsorbed NO
will dissociate at elevated temperatures. In
the work of Hecker and Bell (7) on NO
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reduction by CO over silica-supported Rh,
and in the work of Savatsky and Bell (9) on
NO reduction by H; over the same catalyst,
it was assumed that NO dissociation is the
rate-limiting step. Moreover, in both cases,
it was assumed that the reducing agent does
not facilitate the dissociation process. In
the present work we have postulated that
NO dissociation proceeds with the assis-
tance of an adsorbed H atom via reaction 3.
This modification of the mechanism pro-
posed by Savatsky and Bell (9) is required
in order to obtain the observed partial pres-
sure dependence on H,.

The proposed mechanism indicates that
N,O and N, are both formed via the reac-
tion of adsorbed NO with adsorbed N at-
oms. The occurrence of such Langmuir—
Hinshelwood processes is supported by
recent studies of the temperature-pro-
grammed decomposition of NO (19, 27~
29). These investigations indicate that
while N; can also form by the recombina-
tion of N atoms, the activation energy for
this process is higher than that for reaction
5 (19). It therefore seems reasonable to as-
sume that during NO reduction, N, will
form via the lower energy pathway. The
use of reaction 5 to describe the formation
of N, differs from the mechanism proposed
by Savatsky and Bell (9), in which it was
assumed that N, is formed by recombina-
tion of N atoms.

H,0 and NH; are assumed to be formed
by the stepwise hydrogenation of O and N
atoms, respectively. The formation of H,O
by steps 6 and 7 is supported by the detailed
studies reported by Thiele et al. (25), on
unsupported Rh. While there is no direct
evidence to indicate that steps 8 through 10
provide an accurate description of the ki-
netics of NH; formation, Savatsky and Bell
(9) have demonstrated that this sequence of
steps properly describes the formation of
NH; during the reduction of NO by H, over
a Rh/SiO, catalyst, under transient re-
sponse conditions.

The turnover frequency for NO reduc-
tion, Nno, can be expressed as
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Nno = akifnobu, (1

where kj is the rate coefficient for reaction
3, and @no and 0y are the fractional surface
coverages for adsorbed NO and H,, respec-
tively. The coefficient « can vary between 1
and 3 as the selectivity to NH; varies from 1
to zero. For the conditions of this study, a
lies between 2.4 and 2.6 and does not
change strongly with temperature or reac-
tant partial pressure. If it is assumed that
the coverages by adsorbed NO and H, are
described by Langmuir isotherms, then

Ono = KIPN00v (2)
and
Ou = K3 Py, €)

where Pxo and Py, are the partial pressures
of NO and H,, and K| and K, are the equi-
librium constants associated with reactions
1 and 2. Substitution of Egs. (2) and (3) into
Eq. (1) and imposition of a steady-state bal-
ance on Rh surface sites yields the expres-
sion for Nno:

aksK K3’ Pii)Pno
(1 + K\Pxo + K3 PIp)

Nno = )
Implicit in the formulation of Eq. (4) is the
assumption that the surface coverage by
species other than NO and H atoms is
small, and hence that the contributions to
the denominator of Eq. (4) arising from
these species can be neglected.

The infrared spectra obtained in the
course of this study indicate that for the
range of NO and H; partial pressure consid-
ered, the coverage by adsorbed NO is inde-
pendent of reactant partial pressures. Un-
der such circumstances yo is assumed to
be close to unity and the turnover fre-
quency for NO reduction can be approxi-
mated by

k3K‘2"5P ?{2
K, Pxo
The partial pressure dependencies ap-

pearing in Eq. 5 can be compared with
those determined from the observed rates

&)
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of NO reduction, given in Table 3. Good
agreement is seen for the partial pressure
dependence on H,. However, the inverse
first-order dependence on NO partial pres-
sure predicted by Eq. (5) is considerably
stronger than that observed experimen-
tally, which is approximately inverse 0.2
order. A similar level of disparity between
the predicted and observed dependence on
NO partial pressure has recently been re-
ported by Hecker and Bell (7) in a study of
NO reduction by CO over the same silica-
supported Rh catalyst used in this study.
The authors suggested that the problem
was due to the assumption that NO adsorp-
tion obeys a Langmuir isotherm. It was
shown that by using an isotherm based on
the observed variation in the infrared band
intensity for adsorbed NO, an expression
for Nno could be derived which was in good
agreement with that obtained from experi-
mental data. In view of this, it seems likely
that the overly strong inverse dependence
on NO partial pressure predicted by Eq. (5)
is due to the assumption of a Langmuir iso-
therm for NO.

Based on the proposed mechanism, for-
mation of N,O, N,, and NH; can be written
as

Nny0 = kibnobn (6
Nn, = ksOnobx (7
Nnw; = kgOnOu. t))

If it is assumed that Oyo = 1.0, as would be
indicated by our infrared observations, the
steady-state coverage by N atoms, Oy, is
given by

_ k36u )
(ks + ks) + ksOy

On 9
Substitution of Eq. (3) into Eq. (9) and fur-
ther substitution of the resulting equation
into Egs. (6) through (8) yields

k3k4K(2)'5P gl;
K Prol(ks +_ks)
+ ksK3 K PRSP

(10)

NNzO =
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k k KO.SPO.S
NN2 _ 3850 I'Hy (11)
K Pyol(ks ‘(‘)'Sks) S
+ kK KI_IP%ZP;I(I)]
k3 ks K> P,
N, = 3ks K> Py, (12)

K%P;O[(k‘; + ks)
+ ksK3°K | 'PYPRO]

Comparison of Egs. (10) through (12)
with the empirically obtained rate expres-
sions given in Table 3 is facilitated by rec-
ognizing that at 445 K, the selectivity to
NH; is only 15 to 20%. Because of this
(Nxyo + Nny) > Nims, and Eqgs. (10)
through (12) can be approximated roughly
by

0.5 0.5

 kskKy Py

Nxoo = @ ¥ KK Pro
Ne ksksKy Py,

N2 7 (kg + ks)K Pno
k3k5K2PH2

N - - - - s .
NH3 (ks + ks)K2Po

(13)

(14

(15)

The half-order partial pressure dependence
on H, appearing in Egs. (13) and (14) is in
good agreement with that found empirically
(see Table 3). Equation (15) predicts a first-
order dependence on H, for the rate of NH,
formation. The agreement with the data in
this case is not as close, since Table 3
shows that m, is between 0.7 and 0.8. Nev-
ertheless, the proposed mechanism prop-
erly predicts that the H, dependence of
NH; formation should be stronger than that
for N, and N,O formation. As with the ex-
pression for Nyo (Eq. 5), the NO partial
pressure dependencies predicted by Egs.
(13) through (14) are significantly higher
than those found empirically. Here again,
the most likely reason for the discrepancy
is the assumption that NO adsorption fol-
lows a Langmuir isotherm. It is noted,
though, that consistent with experimental
observation the order in NO for NH; forma-
tion is twice that for N,O or N, formation.

The rate expressions given by Egs. (13)
through (15), as well as those found empiri-
cally, clearly indicate that the relative rates
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of N,O and N, formation are unaffected by
reactant partial pressures. On the other
hand, the rate of NH; formation relative to
N, and N,O formation is a function of the
reactant partial pressures, with high NH;
selectivity being favored by high H, and
low NO partial pressures. These patterns
are a direct reflection of the reaction path-
ways leading to each product.

Catalyst pretreatment was found to affect
both the activity and selectivity of the cata-
lyst. The rate of NO reduction was 30 to
50% higher following preoxidation of the
catalyst with NO than it was following pre-
reduction with H,. Most of this increase
came from a 100 to 150% increase in the
rate of N, formation. The infrared spectra
taken under reaction conditions also exhib-
ited differences reflecting the mode of cata-
lyst pretreatment. The band corresponding
to the Rh—-NO?~ species was more intense
and the band corresponding to the Rh-NO
species was less intense following preox-
idation as compared to prereduction. It was
also observed that the position of both
bands shifted to higher wavenumbers fol-
lowing preoxidation as compared to prere-
duction.

It is of interest to compare the effects of
catalyst pretreatment on the reduction of
NO by H, with those reported earlier by
Hecker and Bell (7) for NO reduction by
CO. Both studies were carried out using the
same Rh/SiO, catalyst. As in the present
case, Hecker and Bell (7) observed that us-
ing CO as the reducing agent, preoxidation
of the catalyst with NO at 423 K increased
the rate of NO reduction by 50% relative to
that measured when the catalyst was prere-
duced with H, at 523 K. However, the nat-
ure of the pretreatment had little effect on
product selectivity and no significant effect
on either the positions or intensities of the
NO bands. In both cases the major feature
associated with NO was a strong band at
1685 cm™! due to Rh—-NO?®" and a weaker
band at 1750 to 1850 cm™!, associated with
Rh-NO. The position and intensity of both
features are nearly equivalent to those seen
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in Fig. 6 for NO reduction by H; over the
preoxidized catalyst.

The effects of pretreatment on the cata-
lyst activity and selectivity for NO reduc-
tion have also been reported by Taylor et
al. (30). They found that preoxidation en-
hanced the activity of Pt/Al,O; and Pd/
AlLO;, but did not alter the product selec-
tivity. By contrast, preoxidation did not
alter the activity of Ru/Al,O; but did in-
crease its selectivity for the formation of
N;.

The influence of pretreatment on the ac-
tivity and selectivity of RW/SiO, for NO re-
duction reported here cannot be readily ex-
plained. Since the Rh dispersion is
unaffected by the manner of catalyst pre-
treatment, the higher NO reduction activity
occurring when the catalyst is preoxidized
cannot be ascribed simply to an increase in
Rh dispersion. It seems more likely that the
differences in activity and selectivity be-
tween the prereduced and preoxidized
forms of the catalyst are due to differences
in the composition of the Rh particies under
steady-state reaction conditions. One pos-
sibility is that the properties of the preox-
idized catalyst are modified by the presence
of subsurface oxygen. Studies by a number
of authors (25, 27, 31) have shown that ox-
ygen can exist on Rh in multiple forms, and
that the most strongly bound oxygen re-
sides below the metal surface. Moreover,
Gorodetskii et al. (31) noted that such sub-
surface oxygen is not removed by reduction
in H, unless the temperature is raised to
between 600 and 900 K. The presence of
subsurface oxygen would be expected to
modify the surface structure of Rh crystal-
lites, as well as the electronic properties of
the exposed Rh atoms. One or both of the
modifications could be responsible for the
observed changes in the activity and selec-
tivity of Rh upon preoxidation. Since virtu-
ally nothing is known about the manner in
which subsurface oxygen might influence
the adsorption and dissociation of NO or
the adsorption of H,, further speculation is
unwarranted at this time.
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CONCLUSIONS

The activity and selectivity of silica-sup-
ported Rh for NO reduction by H, are sen-
sitive to the manner of catalyst pretreat-
ment. Preoxidation in NO increases the
specific activity for NO reduction by about
50% over that observed when the catalyst is
prereduced. The effect of pretreatment on
product selectivity is complex and depends
on the reaction temperature. In general,
though, it is observed that preoxidation
causes a significant increase in the selectiv-
ity to N, and a corresponding decrease in
N,O selectivity, relative to the selectivities
for a prereduced catalyst. A significant in-
crease in selectivity to NHj; is seen at low
temperatures.

The kinetics of NO reduction, and N,O,
N,, and NH; formation, were determined
for conditions where the NO conversion is
less than 50%. The rates for all species ex-
hibit a positive order dependence on H,
partial pressure and a negative-order de-
pendence on NO partial pressure. Neither
the reaction orders, nor the activation en-
ergy for NO reduction is a strong function
of the manner of catalyst pretreatment.

Infrared spectra of the catalyst taken un-
der reaction conditions where the NO con-
version is less than 50% indicate that the
surface is saturated by adsorbed NO. The
principal species observed is Rh—NO?®-, but
small amounts of Rh—NO can also be seen.
The concentrations of these species are not
influenced by the partial pressures of NO or
H; over the range of values examined.

A mechanism for the reduction of NO by
H, is postulated in order to explain the ob-
served reaction kinetics. NO and H, are
both assumed to adsorb reversibly. The
rate-limiting step is taken to be the dissocia-
tion NO, which is postulated to occur with
the assistance of an attack on the oxygen
end of the molecule by an adsorbed H
atom. It is assumed that N,O and N, are
formed via parallel processes, both of
which involve the reaction of adsorbed NO
with an adsorbed N atom. NH; and H,O are
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formed by the stepwise hydrogenation of N
and O atoms. The rate expressions derived
on the basis of this mechanism are qualita-
tively consistent with those obtained from
experimental data. The greatest discrep-
ancy is between the predicted and observed
dependences on NO partial pressure. It is
proposed that the excessively high inverse-
order dependence predicted theoretically is
due to the assumption that NO adsorption
follows a Langmuir isotherm.

The dispersion of Rh is unaffected by cat-
alyst prereduction or preoxidation. Conse-
quently, the influence of catalyst pretreat-
ment on the activity and selectivity of Rh
cannot be ascribed to changes in Rh disper-
sion. It is suggested that preoxidation may
lead to the introduction of a small amount
of tightly bound oxygen below the Rh sur-
face. These species could possibly alter the
adsorption of NO and H, in a manner which
favors the dissociation of adsorbed NO and
the subsequent reactions of the dissociation
products.
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