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The reduction of NO with H, over Ru/MgO
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Ruthenium supported on magnesia was found to be a highly active and selective catalyst for the reduction of NO to N, with H,. The
adsorption of NO on Ru/MgO was studied at room temperature by applying frontal chromatography with a mixture of 2610 ppm NO in
He. Subsequently, temperature-programmed desorption (TPD) and temperature-programmed surface reaction (TPSR) experiments in Hy
were performed. The adsorption of NO was observed to occur partly dissociatively as indicated by the formation of molecular nitrogen.
The TPD spectrum exhibited a minor NO peak at 340 K indicating additional molecular adsorption of NO during the exposure to NO at
room temperature, and two N, peaks at 480 K and 625 K, respectively. The latter data are in good agreement with previous results with
Ru(0001) single-crystal samples, where the interaction with NH3 was found to lead to two N, thermal desorption states with a maximum
coverage of atomic nitrogen of about 0.38. Heating up the catalyst after saturation with NO at room temperature in a H, atmosphere
revealed the self-accelerated formation of NH3 after partial desorption of N, whereby sites for reaction with H, become available. Asa
consequence, the observed high selectivity towards N, under steady-state reduction conditions is ascribed to the presence of a saturated
N + O coadsorbate layer resulting in an enhanced rate of N, desorption from this layer and a very low steady-state coverage of atomic
hydrogen. The formation of H,O by reduction of adsorbed atomic oxygen is the slow step of the overall reaction which determines the
minimum temperature required for full conversion of NO.
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1. Introduction

The application of ruthenium-based catalysts, in partic-
ular of Ru/y-Al,Os, for the selective catalytic reduction
(SCR) of nitrogen oxides (NO,) with hydrogen or ammo-
nia has been studied thoroughly because of their high activ-
ity and outstanding selectivity to nitrogen and water [1,2].
The intensive research and development effort in this field
was initiated by the Clean Air Act of 1970, which defined
permissible concentration levels for CO, hydrocarbons and
NO, from automotive emissions. The first catalytic so-
Iution for the combined abatement of these pollutants in
automotive emissions was the dual-bed system, in which a
first catalyst was used to reduce NO,, in afuel-rich exhaust
stream to N, under net reducing conditions and a second
one, after the injection of air downstream of the reduction
catalyt, to oxidize CO and hydrocarbonsin a net fuel-lean
stream [3]. The main problem of this system was the for-
mation of ammonia in the first converter, which was then
oxidized to NO,, in the second one. Because of its high
selectivity to N, and its stability against sulfur poisoning,
ruthenium appeared to be the ideal catalyst for this appli-
cation. A serious hindrance to the use of ruthenium in this
system was the metal loss under the oxidising conditions
at warm-up because of the formation of volatile and nox-
ious RuO,4. Although successful examples of stabilisation
of the metal under these conditions were reported [4], the
dual-bed concept was later on abandoned in favour of the
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three-way conversion catalyst, which operates in a single
bed at nearly-stoichiometric air/fuel ratio [5].

RuCl3-3H,0 was generally employed as metal precursor
for the preparation of supported Ru catalysts. However,
several investigations demonstrated the existence of tightly
bound atomic chlorine both on the metal surface and on
the support of catalysts prepared by wet impregnation with
solutions of RuCl3 [6,7]. Adsorbed chlorine was shown to
act as efficient poison for hydrogen chemisorption, which
can only be removed by severe high-temperature reduc-
tion[6,7]. Aikaet al. [8-10] proposed the use of Ruz(CO)1»
as metal precursor for the synthesis of chlorine-free sup-
ported Ru catalysts. Following this preparation route and
using high-purity reagents, we obtained catalysts with a
negligible amount of impurities as confirmed by X-ray pho-
toelectron spectroscopy (XPS), a high metal dispersion and
a narrow particle size distribution as determined by sta
tic hydrogen chemisorption and transmission electron mi-
croscopy (TEM) [11].

The chlorine-free Ru/MgO catalyst turned out to exhibit
a high activity for NH3 synthesis, which was further im-
proved by adding cesium compounds[11]. The high rate of
hydrogenation of adsorbed atomic nitrogen (N—«) to NH3
under NH3 synthesis conditions seems to contradict the high
selectivity to N, under SCR conditions. It is the aim of the
present study to elucidate this apparent contradiction by
investigating the kinetics of the reduction of NO with H,
by steady-state and transient techniques. The Ru/MgO cat-
alyst was indeed found to have a high steady-state SCR
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activity with a selectivity of 93% to N, and a small NH3
dip at full NO conversion at 473 K. The interaction of NO
with Ru/MgO was studied by frontal chromatography at
room temperature. Subsequently, temperature-programmed
desorption (TPD) and temperature-programmed surface re-
action (TPSR) experiments were performed. For the TPSR
experiments, the catalyst was heated in either pure or
strongly diluted H, in order to monitor the effect of the
partial pressure of H, on the rate of reduction.

2. Experimental

The catalyst was prepared by wet impregnation of high-
purity magnesium oxide (Johnson-Matthey, 99.9955%)
with a solution of Ruz(CO);2 (Johnson-Matthey, 99%) in
THFs (Merck, p.a.). Details about the preparation and the
characterization of the catalyst were reported in [11]. The
BET area determined after reduction was 25.0 m?g~—1. The
Ru metal surface areaof 12.9 m? g~ was derived from sta-
tic H, chemisorption assuming a H: Ru ratio of 1:1 [11].

The transient experiments were carried out in an all
stainless-steel microreactor set-up equipped with four gas
lines: He (99.9999%), 2610 ppm NO in He (99.9999%),
Hz (99.9999%) and a mixture of 25% N, in H, used as
ammonia synthesis feed gas (99.9996%). The set-up was
described in detail in [12]. Due to the minimized dead
volume between the flow-switching valves and the reac-
tor, the period of time required by a concentration front
of NO, generated by switching from pure He to the mix-
ture of NO in He, to reach the catalyst bed is estimated to
amount to about 6 s using a flow of 40 Nmlmin—%. All
experiments were carried out using 200 mg of the 250—
450 pum sieve fraction of the catalyst, resulting in a bed
height of roughly 15 mm. The reduction was carried out
in ammonia synthesis gas (flow = 80 Nml min—!) with a
heating rate of 0.5 K min—! up to 773 K. The temperature
was then repeatedly cycled between 773 and 673 K until
the production of ammonia reached a constant value. This
procedure was chosen in order to achieve a well-defined,
reduced surface as a starting point for the transient exper-
iments. Prior to each experimental run, the steady-state
ammonia synthesis activity was measured in order to check
the condition of the catalyst. After ammonia synthesis the
catalyst was treated for at least two hours at 773 K in a
He flow of 50 Nml min—! and subsequently cooled in He
to room temperature in order to get an adsorbate-free state.

The steady-state SCR activity of the catalyst was stud-
ied at atmospheric pressure in a set-up similar to the one
described above, the only differences being the presence
of an on-line combined IR-UV detector for NO and NO,,
respectively (Fisher—Rosemount, BINOS), in addition to a
quadrupole mass spectrometer (Balzers, QMS 125) cali-
brated with binary reference gas mixtures, and the possi-
bility of mixing the gases. The following feed gases were
used: Ar (purity 99.9996%), 2675 ppm of NO in Ar (pu-
rity 99.9996%) and H (5.4 vol%) in Ar (purity 99.9996%)

supplied by Linde. The gases were used without further
purification. The steady-state investigations were carried
out using a gas mixture containing 900 ppm of NO and
3% H, in Ar at a constant total flow of 120 Nml min—1,
corresponding to a GHSV of about 40000 h—.

3. Resaults

The steady-state measurements were carried out in or-
der to compare the activity and selectivity of the RuMgO
catalyst with the values reported in previous studies with
similar catalysts ([13—-17] and references therein). The cata-
lyst showed the expected high activity and selectivity at low
temperature, although the ammonia dlip at full NO conver-
sion measured in the present study was dlightly higher than
the values reported for mainly ~-Al,Os-supported Ru cata-
lysts [13-17]. Table 1 summarizes typical values observed
for the conversion of NO and the selectivities to N2, N,O
and NH3 at three different temperatures after severa days
on stream with the properties of the feed gas as indicated
above.

Prior to each temperature-programmed experiment, NO
was dosed at room temperature up to saturation onto the
adsorbate-free catalyst, by switching from pure He to a
mixture of 2610 ppm NO in He with equal flow rates of
40 Nml min—1. Simultaneously, the composition of the gas
phase at reactor outlet was analysed by mass spectrometry.
Figure 1 shows atypical result of such afrontal chromatog-
raphy experiment at room temperature as afunction of time.
NO was completely adsorbed by the catalyst up to satura-
tion, which is indicated by the breakthrough of the NO
front. Additionally, after 2 min, the simultaneous desorp-
tion of N, at room temperature was detected, which was
never observed for the coadsorbate-free nitrogen-covered
state of the same catalyst [12]. The enhanced rate of N,
desorption points to a strong destabilisation of N—« by the
presence of larger amounts of atomic adsorbates (N—« and
O—x) than may be achieved by exposure to N,. This aspect
will be discussed in detail below.

A guantitative comparison of the amount of NO ad-
sorbed (251 pmol g=1) with the number of surface Ru
atoms determined by H, TPD (243 pmol g~?) yields a ra-
tio of NO: Rugys roughly equal to 1:1. The integration of
the N, trace results in 27 zmolN,g~. Thus, at least 20%
of the adsorbed NO molecules dissociated during the ex-
posure at room temperature, presumably before saturation
with adsorbed NO was reached.

Table 1
Steady-state activity of Ru/MgO in the catalytic reduction of NO with H».
Temperature (K) 393 433 473
NO conversion (%) 7.7 64.4 100.0
Selectivity (%) N.O 100.0 67.7 0.0
N2 0.0 32.1 92.8
NH3 0.0 0.2 7.2
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Figure 1. Exposure of the reduced Ru/MgO catalyst to NO at room tem-
perature by switching from pure He to a gas mixture containing 2610 ppm
of NO in He. The flow rates were 40 Nml min—1,

Figure 2 shows TPD data obtained by heating the NO
saturated catalyst in a He flow of 50 NmImin—! with a
linear heating rate of 5 K min—. For comparison, the TPD
data obtained under the same experimental conditions and
from the same sample after dosing N, at 570 K for 14 h
followed by cooling in N are shown, too, taken from [12].
The exposure to NO is found to lead to a much higher
maximum coverage of N—« than the exposure to N,.

The NO TPD peak at 340 K indicates the presence of a
small amount of adsorbed molecular NO in addition to N—«
and O—«. Obvioudly, the complete dissociation of NO—x
becomes inhibited by the high coverages of N—« and O—x,
as also achieved during the frontal chromatography exper-
iment. The observed desorption of N,O is attributed to the
reaction of NO—« with N—x.

Heating up the saturated N—«, O—« and NO—« coadsor-
bate layer in a flow of 50 Nmlmin—! H, with a rate of
5 Kmin~?! (figure 3) gave rise to the sudden onset of NH3
formation at 363 K. The sharp onset of the TPSR peak
and its full width at half maximum (FWHM) of only 10 K
suggest an autocatalytic mechanism. A similar phenom-
enon, termed “surface explosion”, was observed on Pt(100)
when performing TPSR experiments with NO and CO [18].
The desorption of NH3 following the reaction of N—« with
H—x« leaves free surface sites for the dissociative adsorption
of Hy, resulting in a self-accelerating reaction mechanism.
TPSR data obtained under identical experimental conditions
after the adsorption of N for 14 h at 570 K followed by
cooling in N2 are shown in the inset of figure 3 for com-
parison. The FWHM of the TPSR NH3 peak obtained by
dosing NO is significantly smaller than the FWHM of the
one obtained after dosing N», which is attributed to the
different coverage conditions. The desorption of H,O was
observed only at higher temperatures, resulting in a rather
broad peak shape due to additional strong interactions of
H,0 with MgO.

The presented data indicate that there exists a compe-
tition between the recombination of 2 N—« to N, and the
reaction between N—« and H—x, leading to the formation of
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Figure 2. Temperature-programmed desorption data for Ru/MgO obtained

with 50 Nml min— He and a heating rate of 5 K min—1 after saturating

with NO at room temperature. The dotted line shows the TPD spectrum

obtained under the same experimental conditions after exposing Ru/MgO
to N, at 570 K for 14 h followed by cooling in flowing Na.
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Figure 3. Temperature-programmed surface reaction data for Ru/MgO

obtained with 50 Nml min—! H, and a heating rate of 5 K min—1 after

saturating with NO at room temperature. The inset shows the TPSR

spectrum for RuMgO measured under the same experimental conditions

after exposing the catalyst to N at 570 K for 14 h followed by cooling
in No.

NHj3, whereby the branching ratio is governed by the ad-
sorption of hydrogen. A similar mechanism had previously
been proposed by Uchida and Bell [19].

In order to check this hypothesis, the dependence of
the product composition on the partial pressure of H, in a
TPSR experiment was investigated. In thisway, a variation
of the rate of hydrogen adsorption (and, hence, presumably
of NH3 formation) was achieved, while an identical heat-
ing rate ascertained an unaltered rate of N, evolution. The
results of a TPSR experiment with a 0.6 vol% H,/He mix-
ture (instead of 100% H>, leading to the data of figure 3)
are reproduced in figure 4. Obvioudly, the fraction of N—x
being converted into N, increased now substantialy. The
integration of the TPSR traces yields that, with 100% H
(figure 3), 97% of the adsorbed N—« was released in the
form of NHgz, while with 0.6 % H, (figure 4), only 53%
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Figure 4. Temperature-programmed surface reaction data for RWMgO
obtained with 0.6% H, in He using 50 Nml min—1 and a heating rate of
5 K min—1 after saturating with NO at room temperature.

were converted into NH3 and 47% desorbed as N,. More-
over, the adsorption profile for H, in figure 4 shows that
hydrogen uptake (subsequently leading to NH3 formation)
takes place only after partial recombination of 2 N—« and
desorption of N.

4. Discussion

The N, thermal desorption data from the Ru/MgO cat-
alyst reproduced in figure 2 exhibit remarkable similari-
ties to corresponding results obtained with Ru(0001) single-
crystal surfaces under ultrahigh vacuum conditions, so that
the latter may well serve as adequate model systems with-
out invoking any problems due to “pressure” or “mater-
ia” gaps. Thereafter, the high-temperature TPD peak (Na)
arises from the recombination of N atoms adsorbed in three-
fold hcp-sites forming a 2 x 2-phase, which saturates at a
coverage Oy = 0.25 [20,21]. Beyond this coverage, closer
packing into domains of a /3 x /3 R 30°-phase causes a
considerable decrease of the adsorption energy leading to a
low-temperature (N3) peak in thermal desorption. By de-
composition of NH3, a saturation coverage by N—« up to
0.38 isreached, while N, exposureleads only to completion
of the 2 x 2-phase with ©y = 0.25.

The data of figure 2 indicate that the population of the
N-state can equally be reached by dissociative chemisorp-
tion of NO. The simultaneoudly formed adsorbed O-atoms
occupy again hcp-sites, whereby the coverage can reach
up to ®p = 1, accompanied by the formation of a 1 x 1-
phase [22], or even beyond, leading to the build-up of “sub-
surface” oxygen [23]. Recent investigations by scanning
tunnelling microscopy (STM) revealed that at higher cover-
ages chemisorbed N and O atoms at room temperature tend
to the formation of mixed phases with (to a good approx-
imation) random occupation of the adsorption sites [24],
and hence the presence of adsorbed O atoms has a simi-
lar effect on the energetics of N chemisorption as higher
nitrogen coverages. Dissociation of NO on Ru(0001) at
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300 K occurs predominantly at monoatomic steps to which
the adsorbed NO molecules migrate and from where the
created N and O atoms diffuse away. (However, with half
of the steps the O atoms remain attached and, thus, cause
inhibition of the “active’ sites [25].)

In view of these results, the present findings can be ra-
tionalized as follows: exposure of the Ru/MgO catalyst to
NO at room temperature leads to dissociation at defect sites
and the build-up of an adsorbed N + O layer. At a suffi-
ciently high coverage the binding energy of N—« becomes
low enough to enable partial recombination and desorption
of N, even at 300 K (figure 1). Thermal desorption spec-
troscopy (figure 2) reveals the formation of both the Na-
and Nj3-states, where appreciably higher total coveragesare
reached than with exposure to N,. Desorption of a small
amount of NO suggeststhat part of the NO moleculeswhich
were adsorbed at terrace sites far away from steps and other
defects are hindered from reaching these “active” sites by
the presence of high concentrations of atomic adsorbates.
If the latter exceed a critical value beyond which the Ng3-
TPD dtate evolves, chemisorption of H; is inhibited until
N—« leaves the surface as N, (cf. figures 3 and 4). How-
ever, as soon as empty sites are created in this way, the
formation of NH3; becomes self-accelerated, leading to the
narrow TPSR peak in figure 3. As already outlined above,
the reduction of H, partial pressure in a TPSR experiment
will favour N, desorption on the expense of the competing
formation of NH3, as confirmed by comparison of the data
of figures 3 and 4. Theremoval of O—« by hydrogen, on the
other hand, takes place only above 420 K, and hence higher
temperatures will be needed under steady-state conditions.

The TPD data after dosing NO at room temperature,
presented by Uchida and Bell [19], were quite similar to
the present data, and their conclusion that high coverages
of N—« and O—« favour the non-dissociative adsorption of
NO is supported by the present results. Their TPSR mea-
surements with a 20 vol% H,/He gas mixture, on the other
hand, reveadled a higher selectivity towards N, formation.
This effect might in part be due to the higher NO exposure
employed, which presumably causes the onset of oxida-
tion of the Ru particles, but is also likely to be caused
by the use of RuCl; as precursor: chlorineis a strong poi-
son for hydrogen adsorption [6,7], and spurious amounts of
this element might thus suppress the activity for NHz for-
mation. Furthermore, the TPSR measurements presented
in [19] were carried out using a rather high heating rate of
60 K min—*, which may have resulted in lower coverages
of H—x.

The data for the steady-state activity, listed in table 1,
become plausible in view of the proposed mechanism: at
393 K the surface will be largely covered by oxygen, and
the few N atoms created by NO dissociation preferably
react with NO to N,O. With increasing temperature this re-
action path will be progressively suppressed in favour of N,
and NH3 formation, due to the increasing reduction of O—«
enabling enhanced NO dissociation. The recombination of
2 N—x to N, dominates under these conditions over NH3
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formation: H, and NO compete for free adsorption sites,
whereby N—« and O—x are considerably stronger held on the
surface than H—«. Aslong as sufficient NO supply from the
gas phase is available, the H— concentration and hence the
NH3 yield will be low. The variation of the H,: NO par-
tial pressure ratio under steady-state reaction conditions is
expected to directly affect the selectivity.

5. Conclusions

Ru/MgO was found to be a highly active catalyst for
the reduction of NO with H, to Np. Under steady-state
reaction conditions, high enough surface concentrations of
chemisorbed nitrogen and oxygen atoms on a Ru catalyst
surface resulting from NO dissociation suppress the adsorp-
tion of H, and, thus, the formation of NH3. Furthermore,
the high coverages of N—« and O—« lead to a strongly en-
hanced rate of N, desorption. As a consequence, high se-
lectivities with respect to N, formation by recombination
of N—« are achieved under steady-state reaction conditions,
for which the reduction of O— by H, to H,O is the slow-
est step determining the minimum temperature required for
full conversion of NO.

References

[1] M. Shelef, Catal. Rev. Sci. Eng. 11 (1975) 1.

[2] H. Bosch and F. Janssen, Catal. Today 2 (1988) 369.

[3] F.G. Dwyer, Catal. Rev. 6 (1972) 261.

[4 W.A. Mannion, K. Aykan, JG. Cohn, C.E. Thompson and J.J.
Mooney, in: Catalysis for the Control of Automotive Pollutants,

(9]

(€]
(8]
(9
(10
(11
(12
[13]
(14

[19]
[16]

[17]
(18]
[19]
[20]
[21]
[22
[23]

[24)
[29]

Advances in Chemistry Series, ed. JE. McEvoy (ACS, Washington,
DC, 1975) p. 1.

R.L. Klimisch and JM. Komarmy, in: The Catalytic Chemistry of
Nitrogen Oxides, eds. R.L. Klimisch and J.G. Larson (Plenum Press,
New York, 1975) p. 305.

K. Lu and B.J. Tatarchuk, J. Catal. 106 (1987) 166.

S. Murata and K.-I. Aika, Appl. Catal. A 82 (1992) 1.

S. Murata and K.-I. Aika, J. Catal. 136 (1992) 110.

S. Murata and K.-I. Aika, J. Catal. 136 (1992) 118.

K. Aika, T. Takano and S. Murata, J. Catal. 136 (1992) 126.

F. Rosowski, A. Hornung, O. Hinrichsen, D. Herein, M. Muhler and
G. Ertl, Appl. Catal. A 151 (1997) 443.

O. Hinrichsen, F. Rosowski, A. Hornung, M. Muhler and G. Ertl,
J. Catal. 165 (1997) 33.

M. Shelef and H.S. Gandhi, Ind. Eng. Chem. Prod. Res. Dev. 11
(1972) 393.

K. Otto and M. Shelef, Zeitschr. Phys. Chem. Neue Folge 85 (1973)
308.

T.P. Kobylinski and B.W. Taylor, J. Catal. 33 (1974) 376.

R.L. Klimisch and K.C. Taylor, Ind. Eng. Chem. Prod. Res. Dev.
14(1) (1975) 26.

S.L. Matson and P. Harriot, Ind. Eng. Chem. Prod. Res. Dev. 17
(1978) 322.

T. Fink, J.P. Dath, R. Imbihl and G. Ertl, J. Chem. Phys. 95 (1991)
2109.

M. Uchida and A.T. Bell, J. Catal. 60 (1979) 204.

H. Dietrich, K. Jacobi and G. Ertl, J. Chem. Phys. 105 (1996) 8944.
S. Schwegmann, A.P. Seitsonen, H. Dietrich, H. Bludau, H. Over,
K. Jacobi and G. Ertl, Chem. Phys. Lett. 264 (1997) 680.

C. Stampfl, S. Schwegmann, H. Over, M. Scheffler and G. Ertl, Phys.
Rev. Lett. 77 (1996) 3371.

A. Bottcher, H. Niehus, S. Schwegmann, H. Over and G. Ertl,
J. Phys. Chem., in press.

C. Nagl, R. Schuster and G. Ertl, in preparation.

T. Zambelli, J. Wintterlin, J. Trost and G. Ertl, Science 273 (1996)
1688.



