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The dissociative chemisorption of N3 is generally accepted to be
the rate-determining step of ammonia synthesis over Ru-based cat-
alysts. The interaction of N with the following three Ru catalysts
has been studied: Ru supported on Al,03 (Ru/Al;,03) and on MgO
(Ru/MgO0), and Ru/MgO promoted with cesium (Cs—Ru/MgO).
Temperature-programmed N adsorption and desorption experi-
ments and the isotopic exchange reaction NN + NN =
2NN were performed in a microreactor flow system. A mi-
crokinetic analysis based on the Langmuir-Hinshelwood Hougen-
Watson mechanism has been applied to these kinetic experiments
yielding the rate constants of dissociative chemisorption (kags) and
associative desorption (kges). The dissociation of N, was indeed
found to be a slow and activated process. Ru/Al,03 was found to
be rather inactive for N dissociation. Ru/MgO turned out to be a
heterogeneous system with respect to the interaction with N, due
to the presence of promoted active sites which dominate the rate
of N, dissociation. Promotion by cesium was observed to enhance
both kags and Kges significantly and rendered the Ru metal surfaces
uniform toward the interaction with N. The initial sticking coeffi-
cient and the rate of desorption of N derived from the microkinetic
models are in good agreement with results obtained with Ru sin-
gle crystal surfaces under ultra-high vacuum conditions. @ 1997
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1. INTRODUCTION

Over the past two decades, extensive research has been
carried out to develop a new catalyst generation for am-
monia synthesis. Aika and co-workers have studied numer-
ous Ru-based catalyst systems to elucidate the role of the
support and of the alkali promoter (1). The authors con-
sider Cs-promoted Ru catalysts supported on MgO (Cs—Ru/
MgO) to be one of the second-generation catalysts for
large-scale NHj synthesis (1). Tennison and co-workers at
British Petroleum developed Cs- and Ba-copromoted Ru
supported on carbon into an alternative to the commer-
cially used Fe catalysts prepared from fused magnetite (2).
In 1992, the retrofitted 600 ton NHs/day Ocelot plant started
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to produce NHj3 using promoted Ru catalysts supported
on carbon based on the Kellogg Advanced Ammonia Pro-
cess (KAAP) (3, 4). The Ru-based catalysts permit milder
operating conditions compared with the magnetite-based
systems, such as low synthesis pressure (70-105 bars com-
pared with 150-300 bars) and lower synthesis temperatures,
while maintaining higher conversion than a conventional
system (5).

In our laboratory, a systematic study of the interaction
of N, Hy, and NH3 with polycrystalline Ru catalysts and
with Ru single crystal surfaces has been performed aim-
ing at a detailed understanding of the elementary steps
of NHj; synthesis. In analogy to NHj3; synthesis on Fe, the
rate-determining step for Ru-based catalysts is generally
accepted to be the dissociative chemisorption of N,. A de-
tailed understanding of the interaction of N, with Ru cata-
lysts thus provides the key for establishing consistent mi-
crokinetic models for NHj3 synthesis.

We recently presented a detailed kinetic study of the
associative desorption of N, from Ru supported on MgO
(Ru/MgO) (6). The rate of dissociative chemisorption (rags)
of N, on Ru/MgO was derived by varying the N, exposure
conditions. The determination of the resulting coverage of
adsorbed atomic nitrogen (N-x) was based on the integra-
tion of the subsequently obtained N, TPD peaks yielding
the kinetic adsorption parameters Aags=2 x 107%(Pa - s)~*
and E.qs =27 kd/mol (6). The extrapolated sticking coeffi-
cient of about 10722 at 300 K is in agreement with the inert-
ness of Ru(0001) in UHYV towards dissociative chemisorp-
tion of N,. However, if the whole catalytic surface were in
this state, then the resulting rate of N dissociation would
be several orders of magnitude lower than the observed
rate of NH3; formation. Hence it was concluded that only a
small fraction of the total Ru metal surface area of Ru/MgO
seemed to be highly active, dominating the rate of NH; for-
mation. Such promoted sites might originate from a strong
interaction with the alkaline earth support at the interface.

On the close-packed Ru(0001) single crystal surface,
the dissociation of N, has been found to be a slow and
activated process (7, 8). Recently, an initial N, sticking
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coefficient as low as (1+0.8) x 10-*2 was measured on
Ru(0001), Ru(1010) and Ru(1121) surfaces at room tem-
perature which was found to be independent of surface
morphology (9). On Ru(0001) even the maximum expo-
sure of 0.15 mbar N, for 1000 min did not result in a
higher coverage of N-x than 2% of the monolayer coverage
O =0.25 (9), indicating a further decrease of the stick-
ing coefficient with increasing coverage of N-x. Tsai and
Weinberg (10) performed a detailed analysis of their exper-
imental results for N, desorption following NH3; decompo-
sition. They arrived at Eges = 184 kJ/mol for the activation
energy of desorption with an associated preexponential fac-
tor of Ages = 2 x 10* s, These values have been confirmed
by Shi et al. (11) who obtained saturation with N-x by using
the hot filament of an ionization gauge to activate Ny.

The determination of ultra-low sticking coefficients
makes great demands on the purity of the gas to be ad-
sorbed, the residual gas present in the setup, and the clean-
ness of the adsorbent. Other examples of recent determina-
tions of ultra-low sticking coefficients are the dissociative
chemisorption of CH, on the Ni(100) single crystal plane
(so=1.7 x 1079 at 400 K, Ea =59 4 1.5 kJ/mol) by Nielsen
et al. (12) and the dissociative chemisorption of CO; on
Cu(100) (so="7.5 x 10712 at 500 K, Ea =93+ 5 kJ/mol) by
Rasmussen et al. (13).

On Ru single crystal surfaces, molecular N, was found
to exist either as a physisorbed species at 40 K (14) or
bound end-on in a weakly chemisorbed state (y-Nz-*) in
the temperature range 70-120 K (15-18). Contrary to Fe,
there is no indication for the participation of a di-c bound
chemisorbed molecular precursor labeled «-N,-x for N, dis-
sociation on Rusingle crystal surfaces (19). The dissociation
step is therefore written in one equation in which *x denotes
a free active site on the surface,

Ny + 2% = 2 N-x [1]

On polycrystalline Ru samples, IR measurements revealed
the influence of the alkali promoter on the stretching fre-
quency of N,-+ which was interpreted in the frame of
a charge transfer mechanism (1). The observed shifts of
the N, IR absorption band to lower wavenumbers were
421 cm~! for Cs—Ru/MgO, 163 cm~* for Ru/Mg0O, 117 cm~!
for Ru/Al,O3; and 111 cm™! for Ru/SiO, compared with
the gas phase stretching frequency. The higher shifts for
Cs—Ru/MgO and Ru/MgO were assigned to an electron do-
nation by the alkali promoter and the basic MgO support,
respectively (1, 20).

The present first part of the series focuses on the inter-
action of N with supported Ru catalysts, i.e., Ru/Al;Os,
Ru/MgO, and Cs—Ru/MgO. The preparation of the cata-
lysts from high-purity Ruz(CO)1,, and y-Al,O3, and MgO
was found to result in long-term and high-temperature sta-
ble NH3 synthesis catalysts (21). Temperature-programmed

N, adsorption (TPA) and desorption (TPD) experiments
and the isotopic exchange reaction (IER) NN + *N°N
= 2NN were performed in a microreactor flow sys-
tem equipped with a calibrated mass-spectrometer. These
experiments have in common that their kinetics are de-
termined by both the rate of dissociative chemisorption
and the rate of associative desorption. Readsorption of
N, within the porous catalyst grains packed in a fixed bed
may occur during the TPD experiment, and the dissociative
chemisorption of N is followed by the associative desorp-
tion of N, at higher temperatures during the TPA experi-
ment.

A microkinetic analysis based on the Langmuir-
Hinshelwood Hougen-Watson (LHHW) mechanism has
been applied to the kinetic experiments with N, yield-
ing a consistent set of rate constants of dissociative
chemisorption (kags) and of associative desorption (Kges).
For Cs—Ru/MgO, the values of kg5 and kges derived from
the TPD and IER experiments allowed us to predict the
outcome of the TPA experiment with respect to both peak
positions and shapes. The initial sticking coefficients and
the rates of desorption of N, derived from the microki-
netic models are in good agreement with results obtained
with Ru single crystal surfaces. Thus microkinetics served
successfully as a tool to bridge the gap between Ru single
crystals in UHV and supported Ru catalysts operating at
high pressure.

The second part of the series deals with the microkinet-
ics of NHj3 synthesis based on the LHHW mechanism using
the three supported catalysts mentioned above. Itis demon-
strated that the rate constants derived in the present study
can successfully be integrated in microkinetic models con-
sisting of all the elementary steps of NH3 synthesis. Addi-
tional information is obtained from H; TPD experiments
and from the temperature-programmed surface reaction
(TPSR) N-x + 1.5 H, — NHj3 + *. The microkinetic models
are able to fit the rate of NH3 synthesis over a wide range
of experimental conditions. The third part presents a com-
bination of transient and steady-state kinetic experiments
which help to unravel the mechanism of NHj3 dissociation
over Ru-based catalysts.

2. EXPERIMENTAL

Ru/Al,O3, Ru/MgO, and Cs—Ru/MgO were prepared by
impregnation of high purity y-Al,O3 (99.99%, Johnson
Matthey) and MgO (Johnson Matthey, Puratronic, 99.996%
metals basis), respectively, with a solution of Ru3(CO)i,
(Johnson Matthey) in THF following the procedures in
references (22-24). Details about the preparation of the
catalysts are given in Ref. (21). The Ru loading obtained
was approximately 5 wt%. For the Cs—Ru/MgO catalyst,
Ru/MgO was further impregnated with a solution of CsSNO3
(Strem, 99.99%) in H,O/acetone to obtain an atomic ratio
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Experimental N, TPD data (solid lines) for Ru/Al,O; (trace A) and Ru/MgO (trace B). The TPD data were obtained by dosing N, at 573 K

for 14 h and subsequent cooling in N, to room temperature. The heating rate was 5 K/min in both experiments. Traces C and D (dashed lines) are the
modeling results using Kges= 1.5 x 102 s . exp(—158 kJ/mol/RT) with initial condition ®y =0.25 for Ru/Al,O; (trace C) and ®y = 1.0 for Ru/MgO

(trace D).

of Cs/Ru=1:1. The reduction was carried out in synthesis
gas (No/H, = 1/3) using a flow of 80 Nml/min and a heat-
ing ramp of 30 K/h up to 773 K (673 K for Cs—Ru/MgO).
The catalyst weight was 1 g using the sieve fraction of 0.25—
0.8 mm except for the N, TPD experiments with Ru/Al,O3
and Ru/MgO shown in Fig. 1 in which 0.2 g of catalyst
were used. Additional experiments were performed to en-
sure that the catalytic reactions were limited by the surface
chemical kinetics. Mass and heat transport limitations were
found to be absent. Further details are given in Ref. (25).

The Ru metal area was determined by volumetric H;
chemisorption in the quartz U-tube of an Autosorb 1-C
setup (Quantachrome) following the procedure described
in Ref. (26). Details of the characterization by XPS, XRD,
and TEM are given in Ref. (21). All kinetic experiments
were conducted in a high-pressure stainless steel flow ap-
paratus equipped with a calibrated quadrupole mass spec-
trometer described in detail in Ref. (27). The setup has been
extended by a gas mixing unit (base pressure <10~% mbar)
which was pressurized up to 10 bar with the gases used for
the IER and TPA experiments. The gases were supplied by
Linde and had the following purities: He, 99.9999%; N,
99.9999%; H,, 99.9999%; and the mixture of 25% N, in H,
used as synthesis feed gas, 99.9996%. He, N, and H, were
additionally passed through a cold trap at 178 K. The feed
gas was further purified by means of a self-designed guard
reactor (28). For the IER experiments, the isotope **N sup-
plied by Isotec was used which contained 0.3% residual
14N2.

Prior to carrying out a TPD, IER, or TPA experiment,
NHj3 synthesis was run at a steady state at 773 K (673 K for

Cs—Ru/MgQ). Then the gas composition was changed from
the stoichiometric synthesis gas mixture to 50 Nml/min He
at the same temperature followed by flushing with He for
120 min. In order to obtain a saturated coverage of N-x
prior to a N, TPD experiment, a flow of 50 Nml/min N, was
used. Subsequently, the catalyst was cooled down to room
temperature and the flow was switched to 50 Nml/min He
before the temperature ramp was started (6). For the IER
and TPA experiments, the catalysts were cooled in He. The
IER was monitored by flowing roughly equimolar mixtures
of about 1.2-1.5% %N, and *°N, in He through the cata-
lyst bed while covering the temperature range from 300 to
773 K (673 K for Cs—Ru/MgO). Following the experimental
procedure described by Fastrup (29), the TPA experiments
were carried out with 50 Nml/min of a dilute mixture of N,
(6600 and 6900 ppm, respectively) in He. A linear heating
ramp of 5 K/min and 10 K/min, respectively, was applied
in the temperature range from 160 to 773 K (673 K for
Cs—Ru/MgQO). The TPA experiment required accurately
linear temperature ramps and a highly stable and sensitive
mass spectrometer (Balzers GAM 445).

3. MODELING

In the microkinetic analysis of the IER, the microreactor
was modeled as a series combination of well-mixed reactors
in order to simulate the plug flow reactor (PFR) behavior. A
system of nonlinear equations was solved which consisted
of the steady-state equations for all surface intermediates,
the site balance on the catalyst, and the material balances
for the gaseous species. In the fitting routine, generalized
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regression software (GREG) developed by Stewart et al.
(30) was used to optimize the activation energies and the
preexponential factors of Kags and Kges.

The transient TPD and TPA experiments were mod-
eled by a continuous stirred tank reactor (CSTR). The re-
sulting set of ordinary differential equations was solved
using a variable-order, variable-step method implement-
ing the backward differentiation formula method found in
the library of NAG (31). Modeling the reactor as a PFR
changed the ordinary differential equations to partial dif-
ferential equations. The set of partial differential equations
was solved using a collocation method which is also found
in the library of NAG (31). A negligible reactor effect on
the analysis of the TPA and TPD experiments was found,
thus justifying the assumption of CSTR behavior.

4. RESULTS

In the following sections, the results of the metal area de-
termination and of the catalytic activity measurements ob-
tained with Ru/Al;O3, Ru/MgO, and Cs-Ru/MgO are pre-
sented first. Subsequently, the TPD and the IER results are
presented followed finally by the TPA results.

Ru Metal Area Determination and Catalytic Activity

The H; chemisorption results are summarized in
Table 1. Based on a stoichiometry of Ru/H =1/1, 236, 260,
and 138 umol Ru surface atoms per gram catalyst were
derived for Ru/Al,O3, Ru/MgO, and Cs—Ru/MgO, respec-
tively. Both TEM and XRD measurements confirmed an
increase in particle size from about 2 nm for Ru/MgO to
3-10 nm for Cs—Ru/MgO due to the aqueous impregnation
with CsNO3 (21).

In order to achieve saturation with N-x, Ru/Al,O3 and
Ru/MgO were exposed to a flow of 50 Nml/min N, at 573 K
for 14 h and then cooled down in N, to room temperature.
The results of subsequently performed TPD experiments
are shown in Fig. 1. The integration of the N, TPD trace of
the Ru/MgO catalyst (trace B in Fig. 1) yielded 28.2 umol/g
N.. By varying the temperature and the length of the N,
exposure, Rosowski et al. (6) were able to show that the

TABLE 1

Results of the H, and N, Chemisorption Measurements after
NH3 Synthesis Based on H/Ru = 1/1 and N/x = 1/1. NH3 Synthesis
Was Run at 773 K with Ru/MgO and Ru/Al,03, and at 673 K with
Cs—Ru/MgO

Ru/Al,O; Ru/MgO Cs-Ru/MgO
H, monolayer capacity/umol/g 118 130 69
Ru surface atoms/umol/g 236 260 138
N2 monolayer capacity/umol/g 28.2 28.2 12.2
Active sites S/umol/g 56.4 56.4 24.5

TABLE 2

Catalytic Activity of the Ru/Al,03, Ru/MgO, and Cs-Ru/
MgO Catalysts at 588 K Determined after Several Weeks on
Stream under the Following Conditions: p=1 bar, Q=120
Nml/min, Nz:Hz=1:3, weq=0.138 g. The turnover frequency
r’OF has been calculated according to r™%F = (xun, - Q)/(22414
Nml/mol - Wzt - S)

Ru/Al,O4 Ru/MgO Cs—Ru/MgO
X (PPM) 38 300 616
r (umol/(s-g)) 2.47.1072 0.19 0.40
roF s74) 4.4.107* 35.107° 1.6.1072

value of 56.4 yumol N-x/g actually corresponded to the sat-
uration coverage of N-x. Based on 260 umol Ru surface
atoms/g obtained with H, chemisorption, this amount of
N-x corresponds to a coverage of ®y =0.22 in good agree-
ment with the saturation coverage of @ = 0.25 observed
on Ru(0001) (9).

However, it was not possible to achieve saturation with
N-x on Ru/Al,O3 even when dosing N, at pressures up to
10 bar. Contrary to Ru/MgO, the integration of the N, TPD
peak of Ru/Al,O3 (trace A in Fig. 1) obtained after the
same N, exposure as for Ru/MgO vyielded only 7 yumol/g
N, equivalent to 14 umol N-x/g. It has to be pointed out
that about the same H, uptake was observed for both cata-
lysts. On Cs—Ru/MgO, saturation with N-x was achieved by
cooling in a flow of 50 Nml/min N, from 673 K to room tem-
perature within about 3 h yielding 24.5 wmol N-x/g. These
N, adsorption experiments point to the following sequence
with respect to rygs: Cs—Ru/MgO > Ru/MgO >> Ru/Al;O3.

The number of active sites on metal catalysts is usually
assumed to be equal to the total number of surface atoms
determined by, e.g., H, chemisorption. The difficulties en-
countered in this field are discussed in a recent review (32).
Since the present microkinetic modeling is intended to de-
scribe the dissociative chemisorption of N, forming N-x and
the associative desorption of N-x, it appears to be more
reasonable to set the number of active sites equal to the
saturation amount of N-x. Thus problems associated with
H, chemisorption like spill-over from the metal to the sup-
port and ill-defined adsorption stoichiometries are avoided
(33). Since H; chemisorption revealed about the same up-
take of H, for Ru/Al,O3 and Ru/MgO, 56.4 umol/g active
sites were assumed for Ru/Al,O3 in the following.

Based on the saturation coverages of N-x shown in
Table 1, the turnover frequencies of ammonia synthesis
r’OF were calculated from the rates specified in Table 2
which were measured after several weeks under synthesis
conditions. The catalytic activity of Cs—Ru/MgO decreased
somewhat initially, whereas no significant deactivation was
observed for the unpromoted catalysts. The catalytic activ-
ity closely reflects the trend observed for ryg5: Cs—Ru/MgO
> Ru/MgO > Ru/Al,Os. The ratio of the r’°F values
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FIG. 2. Experimental N, TPD data (solid lines) for Cs—Ru/MgO. The TPD data were obtained by cooling in a flow of 50 Nml/min N from 673 to
298 K. The heating rates were 1 (trace A), 5 (trace B), and 15 (trace C) K/min. The inset displays the microkinetic analysis of the activation energy and
the frequency factor for associative desorption without readsorption using linear regression resulting in kges=2.0 x 10'° s . exp(—137 kJ/mol/RT).
The modeled TPD traces using Kges are shown as dashed lines and were scaled in height.

determined at 588 K with Cs—Ru/MgO and Ru/Al,Oj3 using
a constant feed gas flow was found to be about 40. Nwalor
and Goodwin (34) derived a ratio of about 100 at roughly
constant conversion for K-Ru/SiO, and Ru/SiO; at 673 K.
These ratios illustrate that the presence of the alkali pro-
moter is essential for Ru-based catalysts used for NH3 syn-
thesis.

Temperature-Programmed Desorption of Nj

Based on a detailed microkinetic analysis, Rosowski
et al. (6) derived a preexponential factor Ages=1.5 x 10%°
molecules/site -s and an activation energy Eges=158+4
kJ/mol for the associative desorption of N, from Ru/MgO.
The dashed TPD traces in Fig. 1 were calculated without
readsorption for Ru/MgO and Ru/Al,O3 with these kinetic
parameters. The initial relative coverages of N-x were as-
sumed to be ®\ = 1.0 in the case of Ru/MgO and ®y =0.25
for Ru/Al,O3. The initial coverage of 0.25 for Ru/Al,O3 is
based on the ratio of 14 umol N-x/g obtained by integrating
trace 1 in Fig. 1 with 56.4 umol N-x/g as the assumed satura-
tion value. The good agreement between experimental and
calculated TPD peak positions and shapes justifies this as-
sumption, indicating that the desorption kinetics of N, from
Ru/MgO and Ru/Al,O3 are rather similar. Furthermore,
the full widths at half maximum (FWHM) differ by only
22 K for Ru/MgO, indicating the absence of readsorption
of desorbed N, molecules within the catalyst bed. Read-
sorption would give rise to asymmetric TPD peak broad-
ening to higher temperatures due to the delayed elution
of the desorbed N, molecules. The good agreement of the

FWHMs also demonstrates that the desorption parameters
are essentially independent of coverage in agreement with
a coverage-dependent analysis of N, TPD data obtained
with the Ru(0001) single crystal surface (10).

The N, TPD data for Cs—Ru/MgO obtained with var-
ious heating rates are shown in Fig. 2. By heating at 1
(trace A), 5 (trace B), and 15 (trace C) K/min in He, broad
and rather symmetric N, TPD peaks centered at about 538,
558, and 586 K, respectively, were obtained. The integra-
tion of the traces with 5 and 15 K/min is not straightfor-
ward, since the mole fraction of N, has not yet reached
the baseline at the end temperature of 673 K. Hence
the temperature-programmed surface reaction (TPSR) N-
* + 3/2H; — NH3 + % (35) performed by flowing H; over
preadsorbed N-x was used additionally to confirm the value
of 24.5 yumol N-x/g for Cs—Ru/MgO specified in Table 1.

The symmetric TPD peak shapes observed for Cs—Ru/
MgO (Fig. 2) also indicate the absence of readsorption at
higher temperatures. Plotting In(T?2,,/8) versus 1/Tmax as
shown in the inset of Fig. 2 yields Ages=1.5+0.5 x 10'°
molecules/site - s and Eges = 137 + 4 kJ/mol by applying lin-
ear regression assuming associative desorption. Modeling
the TPD results obtained with Cs—Ru/MgO with the ki-
netic parameters without readsorption yields the dashed
traces in Fig. 2 which were normalized to the same height
as the corresponding experimental trace. The experimen-
tal and calculated FWHMs differ by about 70 K, indicating
the presence of repulsive adsorbate-adsorbate interaction
at high ®y. Itis noteworthy that the onset of N, desorption
is as low as about 420 K. The rate constants of desorption
are summarized in Table 3.
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TABLE 3

Rate Constants kj=A; - exp(—Ei/RT) for N2+ 2+ = 2 N-x Derived from the TPD, IER,
and TPA Experiments

Aads Eads Ades Edes
(kPa-s)~! (kJ/mol) Technique D) (kJ/mol) Technique

Ru/Al,O3 56 60.6 IER 1.5.10% 158.0 TPD, IER
Ru/MgO 56 48.0 IER 1.5.10% 158.0 TPD

56 40.0 TPA (Fig.5,B)  2.0-10% 137.0 TPA (Fig. 5, B), IER

56 60.6 TPA (Fig.5,C)  1.5.10% 158.0 TPA (Fig. 5, C)

56 48.0+40-0y TPA 1.5.10% 158.0 TPA
Cs-Ru/MgO 56 33.0 IER, TPA 2.0-10% 137.0 TPD, IER, TPA

In a recent publication, Rosowski et al. (6) concluded
that a certain fraction of the total Ru metal surface area
of Ru/MgO seemed to have a significantly higher activity
dominating the rate of NH3; formation. A small additional
TPD peak at about 500-550 K was observed when dosing
N, at temperatures up to 473 K at atmospheric pressure
which seemed to saturate faster at lower dosing tempera-
tures compared with the main TPD peak at 635 K. Hence
the N, TPD experiment with Ru/MgO was repeated using
1.0 g of catalyst instead of 0.2 g (trace B in Fig. 1) to en-
hance the TPD peak heights. A dilute mixture of 6900 ppm
N, in He was dosed at 373 K for 30 min using a flow of
50 Nml/min. This low exposure was chosen to selectively
populate the active sites with a higher rags. The resulting
TPD data shown in Fig. 3 clearly reveal the presence of
two TPD peaks at about 540 K and 670 K. Based on the

overall adsorption kinetics previously derived neglecting
the nonuniformity of the Ru metal surfaces (6), a coverage
of Oy = 10~3is predicted. The achieved relative coverage of
®n =0.11 is significantly higher, confirming the suggested
existence of active sites with a higher rags.

The identification of the additional sites with higher rags
and rqes is assisted by microkinetic analysis. The inset in
Fig. 3 shows two calculated TPD traces using Kqes (Table 3)
derived for Ru/MgO (trace B) and for Cs—Ru/MgO (trace
C) with ®y =1 to illustrate the temperature range of des-
orption for unpromoted and promoted active sites. The cal-
culated traces were scaled in height to the experimental
trace to facilitate the comparison. The good agreement in
peak positions suggests that the N, TPD peak at lower tem-
peratures is due to desorption from promoted sites which
may originate from the interaction with the MgO support.

o Kges Of N TPD
[ calc. Ru/MgO 2
€ 80 | = IR
& | o Kdes Of t VB
~ o Cs-RuMgo 1 ¥
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FIG. 3. Experimental N, TPD data for Ru/MgO (trace A, solid line) were obtained subsequent to dosing a dilute mixture of 6900 ppm N, in He
at 373 K for 30 min. The heating rate was 10 K/min. The inset shows the modeling results (dashed lines) assuming two independent sites. The rate
constants used were those derived for Ru/MgO (trace B) and for Cs—Ru/MgO (trace C) listed in Table 3. The TPD peaks were calculated assuming
Oy =1 and were scaled in height to trace A.
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Hence these highly active sites are labeled promoted active
sites in the following.

Isotopic Exchange Reaction

The dissociation kinetics of N, were studied in more de-
tail by exposing the catalysts to a dilute mixture of N,
and N, in He using a total flow of 50 Nml/min. The rate
of formation of *N'®N was monitored at steady state as a
function of temperature:

14N14N + 15N15N = 214N15N. [2]
The effluent mole fractions of NN are shown as solid
traces A, B, and C in Fig. 4 for Ru/Al,O3, Ru/MgO, and
Cs—Ru/MgO, respectively. At temperatures below 400 K,
1N, and °N; dissociate, giving rise to a saturated coverage
of 1N-x and *N-x, but the product *N*°N cannot be formed
due to the too high Eqes in this temperature range. Hence
the onset of the NN formation is governed by rges as
observed for Cs—Ru/MgO at about 440 K in agreement with
the TPD onset (Fig. 2). It is remarkable that for Ru/MgO
about the same onset temperature was found, indicating
the presence of some obviously promoted active sites with
a higher ry4s than the majority of active sites.

The results shown in Fig. 4 clearly reflect the differ-
ences in the rates of N dissociation for the three catalysts.
Cs—Ru/MgO has the highest r,qs followed by Ru/MgO. At
a temperature of about 620 K the mole fraction of *N*°N
was observed to bend over for Cs—Ru/MgO (solid trace C
in Fig. 4) reaching a final value of 0.58% *N'°N at a tem-
perature of 673 K. Taking the mole fractions of 0.34% N,
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and 0.28% °N, at 673 K into account, the value of the equi-
librium constant defined as

[14N15N]2

= [N] - N3] 3]

is equal to 3.5 close to the value of 4 in case of complete
isotopic randomization. For Ru/MgO (trace B), the equilib-
rium mole fractions of 0.64%, 0.35%, and 0.30% for 1*N*°N,
14N, and '°N,, respectively, were reached at 740 K, yield-
ing K=23.9. It was not possible to reach equilibrium using
Ru/Al,O3 (trace A in Fig. 4) even at 773 K due to its low
rags Which did not allow either to achieve saturation with
N-x when dosing with 1 bar N for 14 h at 573 K.

The kinetics of the IER experiment are determined by
Kags and kges. Since the latter were already derived from
the TPD experiments, the microkinetic analysis of the IER
experiments allows us to obtain Kygs. Without knowing Kges
in advance, the temperature range of the IER experiments
istoo narrow to allow an unequivocal determination of both
rate constants due to the compensation of preexponential
factors and activation energies.

The IER experiment with Ru/Al,O3 was modeled us-
ing Kges derived for Ru/MgO (traces C and D in Fig. 1).
The agreement obtained is rather poor, using Kyqs=56
(kPa-s)~ exp(— 60.6 kJ/mol/RT). At higher temperatures,
the kinetic model overestimates the experimental results,
indicating a coverage-dependent decrease of Kags. Further-
more, the microkinetic modeling assumes ®y to be close to
unity at lower temperatures, in clear contradiction to the
experimental results since it was not possible to achieve a

6000 - IER

A: RU/AI203
4000 | B: RU/MgO

C: Cs-Ru/MgO

- - -(calc.)

2000

Effluent 29N2 mole fraction / ppm

500
Temperature / K

600

FIG. 4. Experimental IER data (solid lines) for Ru/Al,O3 (trace A), Ru/MgO (trace B), and Cs—Ru/MgO (trace C) using a total flow of 50 Nml/min
of 0.61% “N, and 0.97% °N,, 0.67% *N, and 0.60% °N,, and 0.64% *N, and 0.59% N in He, respectively. The traces D, E, and F displayed as
dashed lines result from the microkinetic modeling using the kinetic parameters summarized in Table 3.
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higher relative coverage of N-x than ®y = 0.25. Hence both
rate constants in Table 3 for Ru/Al,O3 should be considered
only as estimates for the initial rate constants.

For Ru/MgO, good agreement between the experimental
and the calculated IER traces was obtained (traces B and
E in Fig. 4, respectively). The IER experiment was mod-
eled using Aags =56 (kPa-s)~! and Eags = 48 kJ/mol based
on 56.4 umol/g active sites. For the desorption parame-
ters, the Kinetic parameters of Cs—Ru/MgO were chosen
because of the same onset temperature of the formation of
1“NISN observed for both catalysts. The IER experiment is
obviously dominated by a small amount of promoted active
sites with higher rygs and rges. Comparing the 1ER activities
of Ru/MgO and Ru/Al,O3 clearly shows that unpromoted
sites are almost inert toward dissociative chemisorption
of No.

The modeling of the steady-state IER rate of Cs—Ru/
MgO yields Aags =56 (kPa-s) ™! and Eags = 33 kd/mol using
the desorption parameters for Cs—Ru/MgO derived from
the N, TPD experiments shown in Fig. 2. The calculated
trace F in Fig. 4 is in good agreement with the experi-
mental result (trace C in Fig. 4). It is remarkable that for
both Cs—Ru/MgO and Ru/MgO it was possible to achieve
such good agreement based on LHHW Kinetics without
coverage-dependent rate constants.

Temperature-Programmed Adsorption of N,

Finally, the N, adsorption kinetics were investigated by
performing the N, TPA experiment. By flowing a dilute
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mixture of Ny in He through the catalyst bed while increas-
ing the temperature linearly from 160 K on, it is possible to
monitor on-line the adsorption of N, at lower temperatures
corresponding to a decrease of the N, mole fraction and the
desorption of Ny at higher temperatures corresponding to
an increase in the N, mole fraction. The traces shown in the
following are net mole fractions of Ny, i.e., negative mole
fractions indicate adsorption and positive mole fractions
indicate desorption.

Within the experimental detection limit of about 20 ppm,
it was not possible to detect TPA peaks for Ru/Al,O3 as ex-
pected from the inertness of this catalyst toward N, disso-
ciation. The rate constant of adsorption estimated from the
IER modeling would predict a TPA peak at 634 K with a
height of 314 ppm and a FWHM of 84 K using 6900 ppm N
in He and a heating rate of 10 K/min. This was clearly not
the case, indicating again that kygs of Ru/Al,O3 specified in
Table 3 should only be considered as an initial rate constant
which decreases even more with increasing Gy.

The additional N, TPD peak at lower temperatures
shown in Fig. 3 and the low IER onset temperature of
the Ru/MgO catalyst have been interpreted as evidence
for promoted sites with desorption kinetics similar to those
of the Cs-promoted sites on Cs—Ru/MgQO. Figure 5 shows
the experimental TPA result for Ru/MgO (trace A) and
the modeling results (dashed traces). Two adsorption peaks
were observed, indicating indeed that two different active
sites are present. The first adsorption peak is located at
about 480 K followed by a deeper adsorption peak at 570 K.
The total amount adsorbed was 6.5 umol/g N, equivalent

N,TPA
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FIG. 5.

N, TPA data for Ru/MgO: Comparison of the experimental data (trace A) as solid line and the modeling results (traces B, C, E) as dashed

lines is shown. The TPA experiment was performed with a dilute mixture of 6900 ppm N; in He using a total flow of 50 Nml/min and a heating rate of
10 K/min. The inset shows the modeling results assuming two independent sites (traces B and C) using the kinetic parameters summarized in Table 3.
Trace D is the mole fraction of N**N formed during the IER experiment with Ru/MgO already shown as trace B in Fig. 4. The result of the modeling

using Eags = (48.0 + 40 - ©y) kd/mol is shown as trace E.
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FIG. 6.

N, TPA data for Cs—Ru/MgO: Comparison of the experimental data (trace A) and the modeling results obtained with 13 umol/g (trace B)

and 24.5 umol/g active sites (trace C) is shown. The TPA experiment was performed with a dilute mixture of 6600 ppm N; in He using a total flow of

50 Nml/min and a heating rate of 5 K/min.

to 13 umol/g active sites. Assuming two different kinds of
active sites, the highest fractional coverage defined as the
number of adsorbed species divided by the total number
of sites of all types is estimated to be about 0.2 for the
promoted sites on which adsorption occurs at lower tem-
peratures.

The inset of Fig. 5 shows the TPA modeling results for
the Ru/MgO catalyst based on a LHHW mechanism assum-
ing two independent sites on the surface (trace B, promoted
sites, and trace C, unpromoted sites) without diffusion from
one site to the other. The two TPA traces are in good agree-
ment with the experimental result (trace A in Fig. 5). The
rate constants of dissociative adsorption and associative
desorption obtained for the two active sites are summa-
rized in Table 3. The rate constants of the unpromoted sites
were taken from the modeling of the IER using Ru/Al,O3.
Since rges from promoted sites is significantly higher than
r4es from unpromoted sites, the modeling of the TPA exper-
iment predicts the onset of desorption significantly below
the experimentally observed onset temperature of 630 K.
Thisisillustrated by trace D in the inset of Fig. 5 which is the
mole fraction of *N°N formed during the IER experiment
with Ru/MgO already shown as trace B in Fig. 4.

Alternatively, in order to work with as simple a model as
possible, the overall kinetics of the N, TPA experiment for
Ru/MgO can be described by using a coverage-dependent
rate constant of adsorption based on the rate constants of
Ru/MgO in Table 3, assuming 56.4 umol/g active sites. The
modeling result is shown as a trace E in Fig. 5. In the cal-
culation, the activation energy of adsorption was modeled
to vary linearly with coverage: Eqgs = 48 kJ/mol + w - Gy,

with w =40 kJ/mol. This simple approach implies that the
heat of adsorption decreases linearly with coverage as re-
quired by thermodynamic consistency.

Using rags and rges derived for Cs—Ru/MgO from the IER
and TPD experiments (Table 3), it was possible to predict
the TPA trace B shown in Fig. 6 which is in good agreement
with the experimental result (trace A). At lower tempera-
tures, a fairly symmetric adsorption peak with a minimum
at about 380 K is observed. At about 450 K, the desorption
of N sets in, giving rise to a broad desorption peak maxi-
mum at about 580 K. Both the shape and the position of the
adsorption and desorption peaks are closely reproduced by
the values of kygs and Kges, respectively, listed in Table 3.

However, for the modeling of the TPA experiment only
13 wmol/g active sites had to be used. As shown by trace
C in Fig. 6 calculated with 24.5 umol/g, the shape of the
TPA trace scales linearly with the total amount of active
sites. Modeling the TPA experiment with 24.5 umol/g ac-
tive sites and different kinetic parameters would lead to
completely different peak shapes and peak positions. The
microkinetic analysis therefore suggests that indeed only
13 umol/g active sites are present under the low tempera-
ture conditions of the TPA experiment. It has to be noted
that the saturated amount of 24.5 umol N-x/g was obtained
by cooling in N, from 673 K to room temperature.

The TPA experiments with Ru/MgO and Cs—Ru/MgO
both displayed the desorption of N, below room tem-
perature. This observation might serve as an indication
for the desorption of the molecular «-Nj-x precursor
delayed by readsorption in the catalyst bed. However, the
identification of species desorbing at low temperatures in
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a flow system is not without pitfalls as demonstrated in
Ref. (36). The delayed elution of e.g. y-N, out of micro-
pores might be another explanation of this phenomenon.
Further studies are in progress to elucidate the role of the
molecular precursor for dissociative chemisorption (37).

5. DISCUSSION

The discussion focuses on the role of cesium and on mi-
crokinetic analysis as a tool to bridge the gap between stud-
ies under UHV conditions and at high presssure.

By modeling N, sorption experiments under UHV con-
ditions using the kinetic parameters listed in Table 3, the
relationship between supported Ru catalysts and Ru sin-
gle crystal surfaces is investigated in the following. Using a
heating rate of 10 K/s, the kinetic associative desorption pa-
rameters Ages = 1.5 x 1015 and Eges = 158 kJ/mol derived
from the TPD experiments with Ru/MgO and Ru/Al,O3
result in a TPD peak at about 750 K in good agreement
with N, TPD experiments with the Ru(0001) single crystal
surface (10, 11). Obviously, the supported Ru crystallites
offer similar adsorption sites for atomic nitrogen like pla-
nar Ru single crystal surfaces on which N-x was found to
occupy threefold hollow sites (38). It seems reasonable to
assume that locally the same adsorption geometry should
be available on supported Ru crystallites. The good agree-
ment between the experimental and the calculated FWHM
of the N, TPD peak therefore indicates that predominantly
Ru(0001) facets are exposed to the gas phase. Kim et al.
(39) investigated the photoemission from xenon adsorbed
on polycrystalline Ru powder concluding that 70% of the
surface consisted of Ru(0001) facets.

The kinetic adsorption parameters Augs =56 (kPa-s)™*
and E,gs = 60.6 kJ/mol derived for Ru/Al,O3 from the IER
experiments yield a sticking coefficient at room tempera-
ture of 10~*° compared with (1 & 0.8) x 10~*?derived for Ru
single crystal surfaces (9). The data reported by Dietrich
et al. (9) provide some evidence that the sticking coeffi-
cient may decrease even further with increasing ®y since
4 x 107'® was obtained for ®y =0.12 as the highest rela-
tive coverage obtained on Ru(1010). It has to be pointed
out that both with Ru single crystal surfaces and with un-
promoted Ru/Al,Os3, it was experimentally not feasible to
achieve saturation with N-x by dosing N. For Cs—Ru/MgO,
the values of E 45 = 33 kJ/mol and of Eges = 137 kJ/mol were
found to be lower by 27.6 kJ/mol and 21 kJ/mol, respec-
tively. Extrapolating kyqs derived for Cs—Ru/MgO to room
temperature results in a sticking coefficient of 5 x 10~
which is in agreement with the enhanced sticking coeffi-
cient observed for Cs-promoted Ru single crystals (40).

The N, TPD peak at lower temperatures observed for
Ru/MgO has been assigned to desorption from promoted
active sites. However, the N, TPD peaks obtained with
Ru(1010), and Ru(1121) were found to be at lower tem-

peratures than the ones obtained with Ru(0001) (9). Hence
the TPD peak might be assigned to desorption from more
open Ru facets which might exist on Ru metal particles sup-
ported on MgO, but not on Al,Os. This structural hypothe-
sis can be rejected for the following two reasons: First, the
single crystal investigations on Ru(0001), Ru(1010), and
Ru(1121) did not provide any evidence for N, dissocia-
tion being a structure-sensitive reaction on Ru (9). Even if
more open Ru facets were present on Ru/MgO compared to
Ru/Al,O3, these facets should not be more active than the
close-packed Ru(0001) surface. Second, by applying high-
resolution TEM, Datye et al. (41) observed the shape of
Ru crystallites supported on model SiO, and MgO surfaces
to be similar, i.e., MgO was not found to induce a special
morphology of the supported Ru crystallites.

On the other hand, under the highly reducing NH3 syn-
thesis conditions at temperatures up to 773 K, it seems
likely that oxygen vacancies are formed at the interface
between the Ru crystallites and the MgO support which
can act as electronic promoters. It has to be noted that
Aika et al. (24) found Ba(NOs3);, to be the most effective
promoter precursor among the alkaline earth metals. The
oxygen defect chemistry of MgO and its relevance for the
oxidative coupling of methane has been reviewed recently
by Voskresenskaya et al. (42). This electronic hypothesis
is supported by the similarity between Cs—Ru/MgO and
Ru/MgO with respect to the kinetic parameters derived
from the TPD, IER, and TPA experiments. These exper-
iments clearly showed that the presence of Cs leads to en-
hanced rates of adsorption and desorption in agreement
with the principle of microscopic reversibility. According
to the electronic hypothesis, the alkaline earth support acts
in a way similar to the alkali promoter. Correspondingly,
the efficiency of the Cs promotion should be determined by
the amount of oxygen vacancies determined by the degree
of reduction of the (Cs 4 O)-coadsorbate layer under the
reducing NHj; synthesis conditions. Further studies using
photoelectron spectroscopy are in progress which support
the electronic hypothesis (43).

Both for the modeling of TPD and the TPA experiments
with Ru/MgO, two independent sites were assumed with-
out taking diffusion of N-x into account. Since Ru/Al,O3;
showed an almost negligible activity for the dissociation
of Ny, the formation of N-x should occur dominantly at
the promoted sites at the interface to the MgO support
from which N-x should diffuse onto the Ru metal particle,
thus populating the unpromoted sites, too. When includ-
ing a diffusion step into the microkinetic model, a barrier
height for diffusion of more than 100 kJ/mol was found to
be necessary to roughly reproduce the experimental TPA
and TPD data. Such a barrier seems to be rather high since
on Ru(0001) terraces a value of about 30 kJ/mol was de-
rived from STM measurements (38). However, it is reason-
able to assume that the activation energy of diffusion over
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mono- and polyatomic steps is significantly higher. These
steps have to be overcome on a three-dimensional Ru crys-
tallite to saturate its surface facets. Additionally, the influ-
ence of the promoting alkaline earth support on the dif-
fusion barrier has to be taken into account. On the other
hand, the nonuniformity of Ru/MgO with respect to the in-
teraction with N, may be modeled by coverage-dependent
kinetic parameters for the sake of simplicity, as shown in
case of the TPA experiment using Eags =48.0 kd/mol +
40 kd/mol - Oy.

For the modeling of the TPA peak at 380 K observed
for Cs—Ru/MgQO, it was necessary to reduce the amount of
active sites from 24.5 umol/g to 13 umol/g. Recent STM ex-
periments showed that a solid-fluid phase equilibrium exists
for coadsorbed Cs and O on Ru(0001) (44). At 440 K, the
(V7 x V/T)R19° layer with a Cs/O ratio of 1/2 was found to
be completely transformed into the fluid state (44). Hence
at higher temperatures corresponding to NHj synthesis
conditions, asignificantly higher amount of promoted active
sites should be present on Cs—Ru/MgO due to the melting
of the coadsorbate layer. lon scattering spectroscopy data
recently obtained with K-Ru/MgO and K-Ru/C revealed
that the Ru metal particles are indeed covered by the potas-
sium promoter (43). Another consequence of this fluid-like
behavior is that the Ru metal surfaces should be uniformly
promoted. Since the presence of the Cs promoter was found
to enhance rags and consequently r"©F by several orders
of magnitude, it is plausible that the uniformly (Cs+ O)-
covered Ru metal surfaces turned out to be highly active
and uniform with respect to the dissociation of N,. The com-
parison of r"°F for Cs—=Ru/MgO, Ru/MgO, and Ru/Al,O;
leads to the conclusion that the presence of the alkali or
alkaline earth promoter is essential for Ru-based catalysts
used for NH3; synthesis.

The dominance of highly active sites has been identified
as the reason why the nonuniformity of catalytic surfaces
can be disregarded for numerous reactions (45). Recently
we set up a microkinetic model based on a LHHW mech-
anism for Cs—Ru/MgO incorporating Kags and Kges listed
in Table 3 obtained by the present combined microkinetic
analysis of the transient TPD/TPA experiments and the
steady-state IER experiments (46). This model is addition-
ally able to predict the results of H, TPD and TPSR exper-
iments and the steady-state formation of NH3 over a broad
range of experimental conditions.

6. CONCLUSIONS

1. For both NHj3 synthesis and the N, isotopic exchange
reaction, Cs—Ru/MgO was found to be more active than
Ru/MgO. Ru/Al,O3 showed hardly any activity for both re-
actions. Correspondingly, it was possible to achieve a satu-
rated coverage with adsorbed atomic nitrogen on Ru/MgO
and Cs—Ru/MgO, but not on Ru/Al,O3; with a maximum

relative coverage of only ®y =0.25 after 14 h at 573 K in
N, at atmospheric pressure.

2. The rate constant of N, desorption from Cs—Ru/MgO
was derived from TPD experiments with different heating
rates yielding Ages=2.0 x 10'° s7 and Eges =137 kJ/mol.
The kinetics of N, desorption from Ru/Al,O3 appeared
to be similar to the kinetics of Ru/MgO with Ages=1.5 x
10'% st and Eges = 158 kJ/mol.

3. The microkinetic analysis of the isotopic exchange
reaction including kges derived from TPD experiments
yielded kags for all three catalysts. Only an estimate of the
initial adsorption rate constant of Ru/Al,O3; was obtained
due toits low activity which did not allow us to achieve com-
plete isotopic randomization even at 773 K. For Ru/MgO
and Cs—Ru/MgQO, good agreement between the experimen-
tal and the calculated results was achieved. Cs—Ru/MgO
turned out to have a higher rags (Aadgs = 56 (kPa - s) ™%, Eags =
33 kJ/mol) than Ru/MgO (Aags =56 (kPa-s)™!, Eags=48
kJ/mol). The Cs promoter was thus found to enhance both
Fads and rges.

4. Evidence for the coexistence of two types of active
sites on Ru/MgO was obtained by means of the TPD, IER,
and TPA experiments. Highly active sites on Ru/MgO were
identified by a small additional TPD peak at lower temper-
atures, the same onset temperature of **N*°N formation as
Cs—Ru/MgO, and the observation of two TPA peaks. The
identification of these sites as promoted sites is supported
by the similarity between Cs—Ru/MgO and Ru/MgO with
respect to the kinetic parameters derived from the TPD,
IER, and TPA experiments. Such promoted sites may orig-
inate from the interaction with oxygen vacancies in the al-
kaline earth support at the interface.

5. For Cs—Ru/MgO0, it was possible to predict the TPA
peak shape and its position at 380 K based on the rate
constants derived from the TPD and IER experiments.
The microkinetic analysis showed that the number of pro-
moted sites may depend on temperature. At higher tem-
peratures, more active sites seem to be present which may
be ascribed to a two-dimensional fluid—solid equilibrium
of the (Cs+ O)-coadsorbate layer. Since the unpromoted
Ru/Al,O3 catalyst was found to be rather inactive for NH3
synthesis, the presence of the alkali or alkaline earth pro-
moter seems to be essential for Ru-based catalysts.

6. The good agreement between the experimental and
calculated results for Cs—Ru/MgO based on a LHHW
mechanism indicates that the alkali promotion renders the
Ru metal surfaces uniform toward the interaction with N.

The initial sticking coefficients and the rate of N, desorp-
tion derived from the TPD, IER, and TPA experiments for
Ru/Al,O3, Ru/MgO, and Cs—Ru/MgO are in good agree-
ment with results obtained with Ru single crystal surfaces
under ultra-high vacuum conditions. Thus microkinetics
served successfully as a tool to bridge the gap between Ru
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single crystals in UHV and supported Ru catalysts operat-
ing at high pressure.
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APPENDIX: NOTATION

A Preexponential factor (kPa-s)~%, st

E; Activation energy kJ/mol

ki Rate constant (kPa-s)71, st

p Pressure Pa

Q Volumetric flow rate Nml/min

S Amount of active sites umol/g

R Gas constant 8.314 J/(K - mol)

r Rate umol/(s-g)

rTOF  Turn-over frequency st

T Temperature K

w Catalyst weight g

XnH, Mole fraction of NH; —

B Heating Rate K/min
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