
t

lysts

a
, global mea-
inhibited

function of
their presence
taining in-
, the global
hermore,

ibition
Journal of Catalysis 222 (2004) 315–322
www.elsevier.com/locate/jca

Isotopic transient analysis of ammonia synthesis over Ru/MgO cata
promoted by cesium, barium, or lanthanum

Stacey E. Siporin and Robert J. Davis∗

Department of Chemical Engineering, University of Virginia, Charlottesville, VA 22904-4741, USA

Received 8 September 2003; revised 21 October 2003; accepted 22 October 2003

Abstract

The global and intrinsic kinetics of ammonia synthesis over ruthenium supported on MgO (∼ 2 wt% Ru) and promoted with Cs, Ba, or L
were examined at 3 atm and various dihydrogen pressures with steady-state and isotopic transient measurements. Steady-state
surements revealed that Cs–Ru/MgO was strongly inhibited by dihydrogen whereas Ba–Ru/MgO and La–Ru/MgO were weakly
by the reactant. However, the isotopic transient measurements showed that the intrinsic turnover frequency was a weak positive
dihydrogen pressure regardless of the added base. Promotion by these compounds appeared to be electronic in nature because
increased the intrinsic turnover frequency of an active site, with Cs being the most effective. However, the coverage of nitrogen-con
termediates was greater on Ba- and La-promoted catalysts than on Cs–Ru/MgO at 673 K and stoichiometric conditions. Therefore
activity of a promoted catalyst is a competition between inhibition by dihydrogen and enhancement of dinitrogen dissociation. Furt
promotion with Cs, Ba, and La introduced a new and highly active class of sites to the Ru/MgO system.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Ammonia synthesis is traditionally carried out over
multipromoted iron catalyst at high temperatures and p
sures. Consequently, a more active catalyst that reduce
energy consumption is highly desired. Ruthenium-based
terials are thought to be the next generation catalysts
ammonia synthesis since they exhibit higher specific
tivity, less inhibition by ammonia, and greater tolerance
poisons [1]. The relatively high cost of Ru requires a h
dispersion of the metal on a suitable support, thus expo
a significant fraction of the atoms to the surface.

The first industrial use of a Ru-based ammonia synth
catalyst was in the early 1990s in the Ocelot Ammonia P
in British Columbia [1]. A carbon-supported Ru catalyst
lowed for less severe operating conditions compared to t
normally associated with the iron catalyst, resulting in low
capital costs and a reduction of energy consumption of 1
lion BTU/ton ammonia produced [2]. However, rutheniu
is known to catalyze carbon gasification [3,4]. Uncertai
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with regard to catalyst lifetime may inhibit widespread u
lization of Ru catalysts in ammonia plants [5]. Thus, curr
research in the field also includes studies of nonreduc
oxides as potential supports for Ru. In this work we h
chosen to support Ru on MgO. In addition to the supp
another critical component of an active Ru catalyst is a
sic promoter such as an alkali or alkaline-earth metal ox
or hydroxide.

Basic promoters have been shown to increase the g
activity of Ru catalysts [6–39]. The effectiveness of prom
ers generally scales with basicity, with alkali metal oxides
hydroxides usually being the best. It was therefore inter
ing to find that alkaline-earth and lanthanide promoters s
as Ba and La oxides or hydroxides can be effective prom
ers for Ru [6,8–12,14,18–22,24,25,27,28,30–40]. Promo
of ammonia synthesis catalysts by Ba is not restricted to
based materials. The activity of cobalt and iron–cobalt a
catalysts is significantly enhanced with Ba promoters [41

Zeng and co-workers studied barium promotion of Ru
activated carbon [42]. The active form of the Ba promo
is thought to be BaO rather than Ba(OH)2 under ammonia
synthesis conditions due to the unfavorable equilibrium c
centration of Ba(OH)2 [42]. In contrast, a Cs promoter

http://www.elsevier.com/locate/jcat
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expected to be in the hydroxide form under ammonia s
thesis conditions [8,42].

The role of alkali, alkaline-earth, and rare earth promo
on Ru ammonia synthesis catalysts is still not underst
One plausible explanation is that the basic promoter or
port facilitates the dissociative adsorption of dinitrogen
donating electrons to surface Ru atoms or changing th
duced dipole upon N2 adsorption [9,10,19,28,29,40,43,4
Alternatively, others suggest that promoters reduce the
face coverage of nitrogen-containing species, freeing
for dinitrogen dissociation [9,43].

Cesium has been postulated to be an electronic
moter that increases the intrinsic activity of the Ru c
alyst [9,10,25,28,30,32]. Results from isotopic trans
analysis, temperature-programmed reaction, and X-ray
toelectron spectroscopy of Cs-promoted Ru catalysts
carbon and MgO support that proposition. However,
has been claimed by some researchers to be a stru
promoter [9,18,25,32]. This type of promoter is one t
increases the concentration of active sites. From re
of temperature-programmed reaction of adsorbed nitro
atoms in the presence of dihydrogen on Ru/MgO, Szmi
et al. hypothesized that a Ba promoter increases the con
tration of B5 surface sites which are claimed to be act
for ammonia synthesis [9]. Furthermore, for the Co cata
supported on activated carbon, Ba was claimed to incr
the number of active sites [41]. In contrast, Hansen and
workers used in situ high-resolution transmission elec
microscopy of Ba-promoted Ru supported on boron nit
to show that Ba does not alter the morphology of Ru
must therefore be an electronic promoter [31,40]. In a
tion, McClaine and Davis used isotopic transient analys
suggest that Ba promotion of Ru/BaX is electronic in
ture [28]. Furthermore, Rossetti et al. determined thro
XPS that alkaline-earth promoters for Ru/C are electro
in nature [30]. Evidently, promotion of ammonia synthe
catalysts by bases is not yet understood.

Typically, Ru catalysts are strongly inhibited by dih
drogen, with the order of reaction often approaching−1,
suggesting that the catalysts should be operated unde
less thermodynamically favorable nonstoichiometric con
tions [11,26]. A supported Ru catalyst that is less inhib
by H2 is therefore highly desirable. Lanthanides used bot
supports and promoters have been shown to decrease t
hibition by dihydrogen [19–24,27]. For example, lanthan
promotion of Ru on zeolitic supports nearly eliminates di
drogen inhibition during ammonia synthesis at a total p
sure of 20 atm. An alkaline-earth promoter such as Ba
also demonstrated a similar reduction in H2 inhibition on Co
and Co–Fe alloy catalysts [41].

The goal of this work is to clarify the role of Cs, Ba, a
La promotion of Ru/MgO and to understand why the cho
of promoter affects the dihydrogen reaction order since d
trogen dissociation is the generally thought to be the
determining step. Steady-state isotopic transient ana
(SSITKA) will be used to help answer these questions.
-

l

-

e

-

examination of both global and intrinsic kinetic paramet
and their changes with varying dihydrogen partial press
will be addressed here.

Ammonia synthesis catalysts should be studied un
working conditions (i.e., elevated temperatures and p
sures) because the reaction is highly structure sensitive
and the surface structure can be dependent on the
tion conditions. Unfortunately, a direct comparison of
effect of promoters (i.e., alkali metal, alkaline-earth, and l
thanide oxide or hydroxides) on the intrinsic kinetic behav
of Ru under reaction conditions has been minimal. In
previous work, Cs-promoted Ru/MgO was studied unde
action conditions using SSITKA [10].

Ammonia synthesis catalyzed by both Fe [46] and Ru
28,47] has been studied previously with SSITKA. This te
nique is very powerful because it allows for the charac
ization of a catalyst surface under working conditions. T
SSITKA experiment is carried out under steady-state c
ditions following a step change in the isotopic content o
reactant (dinitrogen in this case). The pressure, tempera
total flow rate, and product compositions are constant du
this step change. A mass spectrometer is used to recor
transient responses of isotopically labeled products (am
nia). Therefore, in the absence of isotopic mass effects
steady state is not altered during the step change. From
transient response, the surface coverage of adsorbed re
intermediates that lead to ammonia and the residence tim
adsorbed reaction intermediates (NHx = N, NH, NH2, and
NH3) can be determined. Recently, Shannon and Good
reviewed the theory underlying this technique [48]. Beca
of significant isotopic mass effects during H2/D2 switches,
the coverage of H was not determined. However, thro
the use of14N2/15N2 switches, the coverage of NHx species
on the surface during steady-state reaction was determi

2. Experimental methods

2.1. Catalyst preparation

The preparation method was similar to that used
viously [10–12]. The starting material, magnesia (Ube
dustries, 42 m2 g−1) was mixed with approximately 2 wt%
Ru in the form of Ru3(CO)12 (Aldrich, 99%), dissolved in
THF. The THF was removed by evaporation. The resul
Ru3(CO)12/MgO sample was then heated in vacuum at a
of 0.5 K min−1 to 723 K and held at temperature for 2 h (
nal pressure< 10−5 Torr). After cooling, the sample wa
then heated in 20 ml min−1 H2 (palladium purified, Mathe
son 8371V) at 1 K min−1 to 723 K, held at that temperatu
for 1 h, evacuated, and cooled under vacuum (final p
sure< 10−5 Torr) before exposing to air. The promoter w
then added in a 1:1 atomic ratio with ruthenium by impr
nation of Ru/MgO with aqueous cesium nitrate (Aldric
99.999%), barium nitrate (Aldrich, 99.999%), or lanthan
nitrate (Aldrich, 99.99%). Lastly, each sample was heate
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723 K in flowing N2 (50 ml min−1, 99.999%, BOC gases
further purified with OMI-2 filter from Supelco) at a heatin
rate of 1 K min−1. All catalysts (Cs–Ru/MgO, Ba–Ru/MgO
La–Ru/MgO and the unpromoted catalyst Ru/MgO) w
crushed and sieved between 250 and 425 µm.

2.2. Adsorption of dihydrogen

The fraction of Ru exposed on each of the cataly
was determined by chemisorption of dihydrogen (Eastm
Chemical Company). Before dihydrogen adsorption, a s
ple was heated under vacuum at 2 K min−1 to 673 K, re-
duced in flowing dihydrogen for 30 min, evacuated, and t
cooled under vacuum. The chemisorption was measure
308 K. Turnover frequencies based on hydrogen chemis
tion (TOFglobal) and surface coverages of nitrogen conta
ing species (θNHx ) were based on surface Ru atoms coun
by total hydrogen chemisorption (extrapolated to zero p
sure) assuming a H/Rusurf ratio of unity.

2.3. Isotopic transient measurements during ammonia
synthesis

Approximately 0.270 g of catalyst were loaded into
4-mm inside diameter quartz tubular reactor. Quartz w
was used to hold the sample in place. The catalyst was he
to 723 K at 2 K min−1 under flowing dihydrogen (99.999%
BOC gases; palladium purified, Matheson 8371V) and d
trogen (99.999%, BOC gases, further purified with OM
filter) in a stoichiometric ratio, a flow rate of 40 ml min−1,
and 3 atm total pressure. The catalyst was held at 723 K
2 h before cooling to the desired temperature.

A schematic representation of the SSITKA apparatus
be found in prior work [10,28]. A step change in isotopica
labeled dinitrogen was accomplished by switching betw
a stream of normal dinitrogen (14N2/Ar) and 15N2 (Isotec,
98+%, further purified with OMI-2 filter). The normal dini
trogen (BOC gases, further purified with OMI-2 filter) co
tained 1.06% Ar in order to monitor the gas-phase hol
of the system. However, this amount of Ar was not la
enough to disturb the steady state of the system. Dihydro
(and He when needed) was added after the pneumati
controlled switch. Gases were supplied via mass-flow c
trollers of all reactants and backpressure regulators ens
that all reactant streams and vent lines were maintaine
3 atm. Helium (99.999%, BOC gases, further purified w
OMI-2 filter) was used to balance the flow rate in the v
lines.

A Balzers-Pfieffer Prisma 200 amu mass spectrom
monitored the concentrations of14NH2, 14NH3, 15NH3,
14N2, 15N2, and Ar (m/e = 16, 17, 18, 28, 30, and 40
respectively) continuously. The concentration of15NH3

(m/e = 18) was used to calculate the transient respon
The lines from the reactor effluent to the mass spectro
ter as well as the mass spectrometer housing were hea
t

d

d
t

.

o

Fig. 1. Characteristicτ of the blank reactor system (τblank).

443 K. Multiple forward switches (14N2/Ar → 15N2) and re-
verse switches (15N2 → 14N2/Ar) were recorded under eac
condition. Operating the catalyst at thermodynamic eq
librium allowed the mass spectrometer to be calibrated
ammonia in each run.

A small amount of ammonia adsorption in the lines
the mass spectrometer was evident after monitoring the
monia concentration following a switch without any catal
present in the reactor. The mean residence time of amm
in the system itself therefore was recorded asτblank. This ad-
sorption can cause an overestimation of the residence
of nitrogen containing species,τcat, that is associated wit
the catalyst surface. In order to ensure a correct estima
of τcat, the residence time without catalyst present (τblank)
was subtracted from the experimentally determinedτ . Fig. 1
showsτblank as a function of ammonia pressure. The
gression line was used to estimateτblank at other ammonia
pressures.

Each catalyst was evaluated at 673 K, 3 atm, a t
flow rate of 40 ml min−1, and N2:H2 = 1:3. To determine
the effect of dihydrogen pressure on intrinsic kinetics,
promoted catalysts were evaluated at 623 K, 3 atm, a
tal flow rate of 40 ml min−1, a dinitrogen partial pressur
of 0.75 atm, and ratios of N2:H2:He between 1:3:0 an
1:0.33:2.67. In addition, the effect of ammonia readsorp
on the catalyst particles was evaluated for the La-prom
catalyst by recording the isotopic transient responses a
tal flow rates of 20, 40, and 60 ml min−1 (3 atm, 673 K, and
N2:H2 = 1:3).

3. Results

According to results in Table 1, addition of promote
lowered the amount of dihydrogen uptake, which co
result from a partial covering of the metal surface w
the promoter or sintering of Ru into larger particles.
this time we cannot ascertain which is the likely cau
However, Zupanc and co-workers have also studied the
drogen chemisorption on Ru/MgO and Cs–Ru/MgO w
temperature-programmeddesorption, volumetric chemis
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Table 1
Properties of MgO-supported Ru catalysts

Catalyst Ru Promoter Mol promoter/ H/Rutot
(wt%) (wt%) mol Ru

Ru/MgO 1.66 – – 0.77
Cs–Ru/MgO 1.64 2.04 0.95 0.52
Ba–Ru/MgO 1.40 2.39 1.26 0.15
La–Ru/MgO 1.59 2.11 0.97 0.17

Fig. 2. Typical normalized isotopic transient responses of ammonia an
as a function of time for La–Ru/MgO at 623 K, 3 atm, 40 ml min−1, and
N2:H2 = 2:1.

tion, and microkinetic modeling. They concluded that
Cs promoter blocks low-coordinated defect-like sites, wh
suppresses a fast nonactivated path for adsorption
Rosowski et al. have also used TEM and XRD of th
catalysts to show that the addition of the CsNO3 promoter
increased the Ru particle size from 2 nm to up to 10 nm [
Nevertheless, the results from dihydrogen chemisorp
were used to calculate the coverage of nitrogen-contai
species,θNHx , as well as the global turnover frequen
(TOFglobal) under each condition.

A typical set of isotopic transients for ammonia followi
a switch between14N2/Ar and15N2 can be found in Fig. 2
In addition, this figure shows the Ar transient and the N3
transient in an empty reactor. The average residence tim
surface intermediates leading to ammonia (τcat) is calculated
by integrating the area between the normalized transien

(1)τcat=
∞∫

0

[Fcat14NH3
(t) − FblankNH3

(t)]dt,

(2)τcat=
∞∫

0

[1− Fcat15NH3
(t) − FblankNH3

(t)]dt,

where,Fcat15NH3
and Fblank14NH3

are the normalized tran
sient responses for15NH3 and the blank transient that w
.

f

collected following a step change from NH3/N2/H2 to N2/H2
under similar conditions without catalyst present, resp
tively. Both the14NH3 transient response in an empty reac
and the Ar transient response were significantly quicker
the 15NH3 transient response in the presence of catalys
should be noted thatτcat does not depend explicitly on th
overall steady-state rate nor the value of surface cove
of intermediates. The number of surface intermediates
gram of catalyst,NNH3, was calculated using the followin
steady-state mass balance,

(3)NNH3 = τcatRNH3,

whereRNH3 is the steady-state rate of ammonia synth
per gram of catalyst. The coverage of nitrogen-contain
species on the surface of the catalyst can then be
culated by dividingNNH3 by the amount of total hydro
gen chemisorbed per gram of catalyst. Finally, the intrin
turnover frequency is defined as

(4)TOFintr = 1/τcat.

This relationship assumes that ammonia synthesis can b
scribed by the expression

(5)rate= kθNHx ,

whereθNHx is the coverage of nitrogen containing spec
(x = 0–3) andk is a pseudo-first-order rate constant [48]

It is possible that ammonia can readsorb on catalytic
active and inactive sites before leaving the reactor, wh
will cause an overestimation ofτcat andθNHx . However, the
global rate of ammonia synthesis,RNH3, is unaffected by the
overestimation. In our previous work, we showed that fo
similarly prepared Cs-promoted Ru/MgO catalyst the ef
of ammonia readsorption was negligible [10]. However, a
monia readsorption on a zeolite-supported Ru catalyst
severe [28]. Therefore, the influence of ammonia reads
tion was reexamined in this study. The total flow rate w
varied between 20 and 60 ml min−1 over the La-promoted
catalyst at 673 K, 3 atm, and stoichiometric conditions. T
results are summarized in Table 2 and in Fig. 3. Increa
the total flow rate by a factor of three changedτcat by less
than 20%. Therefore, the effect of ammonia readsorptio
the lifetime of surface intermediates was minimal. There

Table 2
SSITKA Results at 673 K, 3 atm, and N2:H2 = 1:3

Catalyst Total PNH3 TOFglobal τcat θNHx
a TOFintr

b

flow rate (atm) (10−4 s−1) (s) (10−4 s−1)
(ml min−1)

Ru/MgO 40 0.0026 13.6 410±2.3 0.056 244
Cs–Ru/MgO 40 0.0095 64.1 8±2.6 0.051 1250
Ba–Ru/MgO 40 0.0039 54.2 20±2.8 0.108 500
La–Ru/MgO 40 0.0052 75.3 19±0.4 0.143 526
La–Ru/MgO 20 0.0088 63.7 23±2.1 0.146 435
La–Ru/MgO 60 0.0040 86.8 19±1.2 0.165 526

a Based on total hydrogen chemisorption.
b TOFintr = 1/τcat.
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Fig. 3. Effect of total flow rate on the intrinsic kinetics of La–Ru/MgO

it is assumed thatτcat is a good estimate of the residence tim
of nitrogen-containing species on all catalyst samples s
ied here.

Under conditions close to equilibrium, reaction reversi
ity (i.e., N2+3H2 → 2NH3 → N2+3H2) can also lead to an
overestimation of the residence time of nitrogen-contain
species. To avoid this complication, all intrinsic kinetic pa
meters were determined under conditions that were at
70% from equilibrium.

The global turnover frequency, TOFglobal, determined a
3 atm, 673 K, and stoichiometric conditions is reported
each catalyst in Table 2. This turnover frequency was ba
on the ammonia partial pressure at the reactor outlet an
amount of sites on the catalyst that was titrated by dihyd
gen chemisorption. Comparison of the TOFglobaldetermined
at 40 ml min−1 shows that addition of Cs, Ba, or La
Ru/MgO increases the rate by at least a factor of 4.
La-promoted catalyst exhibited the highest global turno
frequency under these conditions. However, the TOFglobalof
the Cs and Ba-promoted catalysts was only 17 and 39%
respectively.

The intrinsic turnover frequency, TOFintr, determined by
SSITKA revealed a different trend. The Cs-promoted ca
lyst was the most active of the series; it was 10 times gre
than the Ru/MgO catalyst. Promotion with Ba and La
sulted in a catalyst with a TOFintr less than half that of Cs
Ru/MgO, but superior to unpromoted Ru/MgO. In all cas
TOFglobal was significantly lower than TOFintr.

The coverage of nitrogen-containing species that lea
ammonia was quite small on all of the catalysts (0.05–0.
Although the intrinsic turnover frequency of Ba–Ru/Mg
and La–Ru/MgO was lower than Cs–Ru/MgO,θNHx was
greater by a factor of 2 or 3 on those catalysts.

The order of reaction with respect to dihydrogen w
examined for each of the promoted catalysts. Table 3 s
marizes the conditions used and the results obtained fo
experiments performed at various partial pressures of2.
Fig. 4 shows the TOFglobal as a function of dihydrogen pre
sure at 623 K and 40 ml min−1. The cesium-promoted cata
lyst was strongly inhibited by dihydrogen, with an order
reaction (αH2) equal to−0.87, which is in excellent agree
t

,

Table 3
Effect of H2 pressure on the global and intrinsic kinetics at 623 K, 3 a
and 40 ml min−1

Catalyst PH2
a PNH3 TOFglobal

b τcat θNHx
b TOFintr

c

(atm) (atm) (10−4 s−1) (s) (10−4 s−1)

Cs–Ru/MgOd 1.00 0.0060 76.2 14± 1.1 0.107 714
Cs–Ru/MgOd 1.50 0.0050 63.5 14± 3.2 0.089 714
Cs–Ru/MgOd 2.25 0.0030 38.1 12± 0.9 0.046 833

Ba–Ru/MgO 0.38 0.0015 28.0 48± 3.5 0.135 208
Ba–Ru/MgO 0.75 0.0016 29.9 42± 1.8 0.126 238
Ba–Ru/MgO 1.50 0.001 18.7 41± 3.7 0.077 244
Ba–Ru/MgO 2.25 0.0008 15.0 38± 3.1 0.057 263

La–Ru/MgO 0.38 0.0010 14.5 64± 1.6 0.093 156
La–Ru/MgO 0.75 0.0010 14.5 53± 7.0 0.077 189
La–Ru/MgO 2.25 0.0009 13.0 39± 1.5 0.051 256

a Initial dihydrogen partial pressure with an initial dinitrogen part
pressure of 0.75 atm.

b Based on total hydrogen chemisorption.
c TOFintr = 1/τcat.
d 0.098 g of catalyst was used for this study.

Fig. 4. Global turnover frequency (TOFglobal) as a function of dihydrogen

partial pressure at 3 atm, 623 K, and 40 ml min−1.

ment with the literature [11,26]. However, promotion by
or La decreased the inhibition by H2. Fig. 5 illustrates the
effect of dihydrogen partial pressure on TOFintr and surface
coverage of NHx species. The partial pressure of H2 was
changed by at least a factor of 2.25 while holding the p
tial pressure of N2 and the total flow rate constant. The ord
of reaction with respect to H2 is small andslightly positive
for all promoters. Competitive adsorption of H2 accounts for
the inhibition observed in the global rate measurements
deed, the coverage of NHx decreased by more than a fac
of 2 over the pressure range studied.

4. Discussion

Through experiments and theoretical calculations, D
and co-workers have shown that steps in the Ru(0001)
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Fig. 5. Intrinsic kinetic parameters as a function of hydrogen pa
pressure at 3 atm, 623 K, and 40 ml min−1 where (a) is the intrinsic
turnover frequency, (b) is the coverage of nitrogen-containing speciesαH2
is the order of reaction with respect to dihydrogen for Cs–Ru/MgO (F),
Ba–Ru/MgO (2), and La–Ru/MgO (Q).

face are the location of sites that dissociate N2 [43,50,51].
Furthermore, they suggest that this type of site is a so-ca
B5 site [51]. The B5-type site is a cluster of five atoms at lo
coordinated edge sites. Very small clusters of metal at
will have very few of these sites; in fact a spherical clus
size of at least 1 nm is needed to form any of the B5-type
sites [51]. The number of B5 sites per gram of catalyst
maximized on spherical particles of about 2 nm [51].

Typically, the number of active sites for a metal-cataly
reaction is estimated to be the number of exposed m
atoms. Dihydrogen or carbon monoxide chemisorptio
frequently used to count the number of exposed m
atoms. Once the number of metal sites is estimated, a g
turnover frequency can then be calculated. However, am
nia synthesis over Ru is very sensitive to surface struc
Each exposed Ru atom is not necessarily an active site
a specific ensemble of Ru atoms is required to diss
ate dinitrogen. Therefore, chemisorption of H2 or CO may
overestimate the number of active sites, resulting in lo
calculated turnover frequency.
l

l

e

Steady-state isotopic transient analysis is a very us
technique for studying structure-sensitive reactions suc
ammonia synthesis since the catalyst can be tested u
working conditions (i.e., elevated temperatures and p
sures). Here, no assumption about the number of active
is required to calculate a turnover frequency.

The TOFintr evaluated in this study is a measure of
turnover of nitrogen-containing intermediates on the surf
McClaine and Davis measured a TOFintr of 0.141 s−1 and a
coverage of nitrogen-containing species of 0.051 for a s
lar Cs–Ru/MgO catalyst (average Ru particle size of 1.0
at 673 K, 3 atm, and stoichiometric conditions [10]. In c
rent work, a Cs–Ru/MgO catalyst was tested under iden
conditions and the results are in good agreement (see
ble 2).

The TOFintr of Cs–Ru/MgO in this work was five time
as great as Ru/MgO, while promotion of Ru/MgO with
or La resulted in a catalyst that was intrinsically twice as
tive as the unpromoted Ru/MgO catalyst. The Cs prom
resulted in the most intrinsically active catalyst, which
consistent with the idea that catalytic activity parallels p
moter basicity. Since the intrinsic turnover frequency i
good measure of the turnover of nitrogen on the surface
increase in TOFintr with addition of promoters suggests th
the Cs promoter is electronic in nature. McClaine and D
also concluded from isotopic transient studies that Cs
motion of Ru/MgO is electronic in nature [10].

The global activity of Ru/MgO in this work was mo
than an order of magnitude greater than that on Ru/S2
studied earlier under identical conditions [10]. Magnes
oxide is a solid base, and therefore acts both as a suppo
the ruthenium and as a basic promoter. Therefore, the a
ity of this catalyst was expected to be significantly hig
than a Ru/SiO2 catalyst.

Under all conditions examined in this study and
gardless of the promoter, the intrinsic turnover freque
(TOFintr) was much larger than the global turnover f
quency (TOFglobal). Although SSITKA provides an intrinsi
rate of turnover of an active surface, the number densit
active sites cannot be evaluated directly. Competitive ads
tion of H2 lowers the surface coverage of NHx species unde
reaction conditions.

The coverage of nitrogen-containing species was sig
cantly larger on the Ba- and La-promoted catalysts comp
to Cs–Ru/MgO. There appears to be a trade-off betw
NHx coverage and intrinsic activity of the promoted sa
ples. The Cs-promoted catalyst was intrinsically the m
active but had the lowest coverage of nitrogen-contain
intermediates. Since barium- and lanthanum-promoted s
ples had higher coverages of nitrogen-containing interm
ates, their global turnover frequencies were similar to tha
the Cs-promoted catalyst. The consequence of using Cs
promoter is its effect on the inhibition by dihydrogen. A
parently, the electronic promotion of the surface that res
in more effective dissociation of N2 also causes a strong
interaction with hydrogen. The activity of base-promo
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Ru/MgO catalysts is a consequence of competitive ads
tion of N2 and H2. We are currently performing a detaile
kinetic analysis of high-pressure reaction studies to for
late a microkinetic model. Preliminary results indicate t
while Cs lowers the barrier for N2 dissociation, it also in-
creases the enthalpy of hydrogen adsorption, which is
sistent with the results presented here.

Koningsberger and co-workers have recently observ
similar trade-off for alkane hydrogenolysis over suppor
Pt [52]. They concluded that the more basic the supp
the larger the enthalpy of dihydrogen adsorption (larger
coverage of H) and the more negative the reaction orde
dihydrogen. They suggest that the change in reaction ord
a result of a change in the hydrogen-binding geometry w
different supports [52].

Since the rate-determining step in ammonia synthes
often considered to be the dissociation of dinitrogen,
other steps in the reaction sequence involving adsorbe
trogen might be at quasi-equilibrium. Thus, the intrin
activation energy determined from SSITKA is somewhat
lated to the barrier for dissociative chemisorption of N2. Two
point activation energies for each of the promoted catal
were determined using TOFintr at 3 atm, stoichiometric con
ditions, and 40 ml min−1 as presented in Tables 2 and
The activation energies for Cs–Ru/MgO, Ba–Ru/MgO, a
La–Ru/MgO are 28, 45, and 50 kJ mol−1, respectively. The
lowest activation energy is associated with the most int
sically active catalyst, which is consistent with Cs being
best electronic promoter of the series. Hinrichsen et al. u
temperature-programmed desorption (TPD) and the N2 iso-
topic exchange reaction(14N14N +15 N15N ↔ 214N15N) on
Cs–Ru/MgO to determine an activation energy for dinit
gen dissociation of 33 kJ mol−1 [17]. Our results are in goo
agreement with their findings.

The heterogeneity of the surface-active sites (in this c
only ones occupied by nitrogen containing species) ca
determined by plotting the logarithm of the normalized tr
sient response as a function of time [48]. The absciss
Fig. 6 is the time it takes14N to replace15N and is not
the time on stream. There is no evidence for catalyst d
tivation in this study. The presence of concavity in the p
suggests that the transient response cannot be estimate
one exponential curve (Eq. (1)), but rather multiple expon
tial curves. This behavior is indicative of multiple types
sites, operating in parallel. However, the sites are opera
in series if the curve is S shaped. The S-shaped curve re
because the reactants must first get to a relatively inac
site (where the transient response does not decrease
much with time) and then migrate to another more active
(as evidence from a rapid decrease in the normalized
sient with time) where the reactants turn to products m
readily [48].

The normalized transient response curves for each o
Ru/MgO catalysts studied here are shown in Fig. 6 (673
3 atm, 40 ml min−1, and stoichiometric conditions). Th
curve for the Ru/MgO catalyst is S shaped, indicating t
h

s

y

Fig. 6. Normalized transients of15NH3 at 673 K, 3 atm, N2:H2 = 1:3 and
40 ml min−1 for Cs-, Ba-, and La-promoted Ru/MgO as well as the unp
moted catalyst (Ru/MgO). For clarity, not all points are shown.

sites operating in series. After an initial delay in the
sponse, the curve is characteristic of a single expone
decay. However, the response curves for the Cs-, Ba-,
La-promoted catalysts are all concave. Evidently, each c
lyst contained at least two different types of sites, one hig
active site (represented by large negative slope) and one
tively inactive site (represented by small negative slope).
observed catalysis was dominated by the most active s
The slopes for the promoted catalysts at long times w
similar to that of the unpromoted Ru/MgO catalyst, su
gesting that these were of the same type. Apparently,
promotion was necessary to create the highly active site
the catalysts.

Nwalor and Goodwin determined that promotion
Ru/SiO2 with K created a new additional type of site that w
very active [47]. McClaine and Davis suggested that both
Cs–Ru/MgO and Ru/SiO2 catalysts contained a relative
uniform site distribution [10]. Therefore, the heterogene
of active sites appears to be system dependent.

5. Conclusions

Steady-state isotopic transient analysis revealed that
motion by Cs, Ba, and La oxides or hydroxides is likely to
electronic in nature. In addition, promotion of Ru by ba
is a trade-off between strong dihydrogen inhibition and l
activation barrier for dinitrogen dissociation, with more
a balance observed with the Ba- and La-promoted Ru
alysts. Furthermore, basic promoters create a new cla
highly active sites on the Ru/MgO catalyst.
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