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INTRODUCTION

The potential switch from Fe to Ru catalysts in the indus-
trial synthesis of NH3; provides an incentive for investigat-
ing the kinetics of NH3; decomposition as well as synthesis
(1, 2). It has been proposed that N—H bond cleavage and re-
combinative N, desorption are slow irreversible steps dur-
ing NH3 decomposition on W and Mo and that adsorbed
N atoms are the most abundant reactive intermediate (3).
This model was also applied to NH3; decomposition kinetics
on Pt by Loffler and Schmidt (4). A subsequent UHV inves-
tigation of NH3 decomposition on Ru(001), Pt(110)-(1 x 2)
and polycrystalline Pt by Tsai and Weinberg was consistent
with the assumptions stated in Ref. (3), although there is a
subtle difference (2); i.e., Boudart and Djéga-Mariadassou
proposed that NH3 is activated via a direct dissociative ad-
sorption step, whereas the latter authors proposed that NH3
dissociates from an adsorbed precursor state. Comparison
of experimental activation energies with those calculated by
Shustorovich and Bell (5) using the BOC Morse potential
method suggest that the latter sequence is more likely on
Ru. Regardless, neither of these kinetic models can describe
the inhibitive effect of H, observed by Egawa et al. during
NH3;decomposition on Rusingle-crystal surfaces (6). These
authors used deuterated NH3 to obtain evidence that this
inhibition by H, was a consequence of an equilibrium estab-
lished among adsorbed N atoms, gas-phase NH3, and gas-
phase H;, and that N, desorption was the rate-determining
step (6). Further support for this assumption was provided
by Vitvitski et al. (7). To gain additional information about
the effect of H, on this reaction as well as to examine ki-
netic behavior and obtain turnover frequencies at higher
reactant pressures, NH3; decomposition over Ru dispersed
on carbon and on alumina was studied, and reaction orders
were determined for the Ru/C catalyst.

1 Current address: Union Carbide Corp., South Charleston, WV 25303-
0361.
2 Corresponding author. Fax: (814) 865-7846.

EXPERIMENTAL

An atmospheric-pressure microreactor system (8) was
modified to allow the introduction of NH3 (MG Indus-
tries, 99.99%), H, (MG Industries, 99.999%) and He (BOC
Gases, 99.999%) using Tylan Model FC-260 mass flow con-
trollers. The latter two gases were passed through Oxy-
Traps (Alltech Associates). The effluent line from the Pyrex
reactor was wrapped with heating tape and maintained at
383+ 10 K to prevent any condensation prior to analysis
with a Perkin—Elmer Sigma 3 gas chromatograph using a
6’ x 1/4” HayeSep B-packed glass column (Alltech Asso-
ciates) and a thermal conductivity detector. CO (Valley,
99.99%) and H, adsorption was performed at 300 K to esti-
mate Ru dispersion and Ru particle size. The dual isotherm
method was used for CO (9), while the intercept of the total
uptake at zero pressure was used for H,. X-ray diffraction
(XRD), performed with a Rigaku Geigerflex system using
CuKe radiation, was used to characterize the bulk structure
of the reduced catalyst. XPS analyses were conducted with
a Kratos Analytical XSAMBS800 pci in the Materials Charac-
terization Laboratory at the Pennsylvania State University
on three samples of each of the two catalysts to determine
Cl/Ru ratios—as prepared (prior to reduction), after the
standard pretreatment (1 h reduction at 723 K) and after re-
moval from the reactor. All samples were air exposed prior
to analysis. The integrated Cl 2p,,, peak was compared to
the integrated Ru 3p3), peak using standard sensitivity fac-
tors of 0.77 for the former and 1.2 for the latter (10).

A high-surface-area commercial carbon black, Black
Pearls 2000 (>1200 m?/g, Cabot Corporation), was cleaned
by treating in flowing Hz at 1230 K for 24 h and subsequently
cooled in flowing H; to room temperature prior to impreg-
nation with RuCls - xH,O (Alfa Products) via an incipient
wetness technique. Due to the uncertainty in the hydration
number of the Ru salt, the Ru loading was quantified by
inductively coupled plasma spectrophotometry to be 4.8 +
0.2 wt% in the carbon catalyst. A similar approach was used
with n-Al,O3 (Exxon Corp., 245 m?/g) to prepare a 1.6%
Ru/Al,O3 catalyst. Pretreatment of the Ru catalyst prior

479

0021-9517/97 $25.00
Copyright © 1997 by Academic Press
All rights of reproduction in any form reserved.



480

to either reaction or chemisorption consisted of heating in
flowing H (20 sccm) at 393 K for 30 min, at 533 K for 30 min,
and at 723 K for 60 min. After cooling to 623 K in flowing
Hy, the catalyst was purged with flowing He (20 sccm) for
30 min to remove adsorbed hydrogen. The apparent activa-
tion energy for NH3; decomposition was determined at an
absolute pressure of 1 atm from 623 to 723 K using a feed
composition of 6.25% NHj3 in He with a total gas flow rate
of either 16 or 32 sccm (WHSV = 1900 or 3840cm®g~*h 1),
The NHj; partial pressure dependency was measured at 643
and 663 K by varying the NHj3 partial pressure between 10
and 90 Torr (760 Torr =1 atm) while adjusting the He flow
to maintain constant space velocity. The H, partial pressure
dependency was measured at 643 and 663 K using an NH3
pressure of 45 Torr by varying the H; partial pressure be-
tween 70 and 360 Torr while adjusting the He flow to main-
tain constant space velocity. Kinetic model optimization of
the partial pressure data was performed with SAS on the
PSUVM mainframe using Marquardt, a standard nonlin-
ear regression technique, and thermodynamic equilibrium
calculations were performed using ARL-SOLGASMIX
(Release I1) (11).

RESULTS AND DISCUSSION

XRD spectra of the reduced Ru/C catalyst produced only
sharp (111), (200), (220), and (311) reflections of the alu-
minum sample holder and broad (100) and (102) reflections
from the carbon support (12). The absence of any reflec-
tions attributable to Ru indicates that the Ru particles are
highly dispersed on the activated carbon following reduc-
tion. The chemisorption results shown in Table 1 verify this.
The large irreversible CO uptake observed on the reduced
4.8% Ru/C catalyst, 647 umol/gcat, corresponds to a CO to
Ru ratio of 1.3, implies carbonyl formation, and indicates
that the ruthenium dispersion is indeed very high and likely
near unity. The hydrogen chemisorption is less, but still in-
dicates a high dispersion of one-half; however, residual ClI
on the Ru surface could have inhibited H, adsorption as dis-
cussed later. CO and H; adsorption on the Al,Os-supported
Ru catalyst was consistent and gave similar dispersion val-
ues near 0.8, as indicated in Table 1.

During the study of NH3; decomposition between 623
and 723 K, the observed NH; conversions were between 9
and 32% and thus were far from calculated thermodynamic
equilibrium conversions of NH3, which range from 99.7 to

TABLE 1

Chemisorption on Ru Catalysts

Irreversible CO Total H,
Catalyst (umol/g cat) (umol/gcat) CO/Ru H/Ru
4.8% Ru/C 647 118 1.3 0.50
1.6% Ru/n-Al,O3 123 66 0.77 0.83
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FIG. 1. Arrhenius plots for NH; decomposition (molecule NHs/s/
Rusurf) on Ru catalysts (Pyn, =47 Torr). 4.8% Ru/C: (@)—after initial
pretreatment; (O)—after completion of all kinetic runs (plots include both
ascending and descending temperature points); 1.6% Ru/p-Al,O3. (A)—
after initial pretreatment (sequence of data points indicated by arrows).
All TOF values based on CO; i.e., Ru dispersions of 0.77 and 1 were used
for 1.6% Ru/n-Al,O3 and 4.8% Ru/C, respectively (see Table 1).

99.9% over this temperature interval; consequently, the re-
verse reaction could be neglected. Interestingly, a fourfold
increase in catalytic activity and a small increase in the ap-
parent activation energy, from 22 to 24 kcal/mol, occurred
with the 4.8% Ru/C catalyst as time on stream increased
(Fig. 1). A similar, but smaller increase in activity with the
1.6% Ru/Al,O3 catalyst was observed during the Arrhenius
run. Although the reason for this behavior remains unclear,
several possibilities exist that could account for this. First,
promoters have a large influence on NHj; synthesis on Ru,
and Cl is a strong inhibitor (13, 14); thus if a similar ef-
fect exists for NH3 decomposition, removal of residual Cl
under reaction conditions could increase activity. Second,
NHj3 synthesis is highly structure sensitive on Fe (15); if
NH3; decomposition on Ru is also structure sensitive, as ev-
idenced by the results of Egawa et al. (6), restructuring of
the Ru surfaces under reaction conditions could alter activ-
ity. Finally, there is the chance that all the Ru is not reduced
to a zero-valent state and additional reduction may occur
during reaction. The CI/Ru ratios obtained after different
extents of exposure to H; at temperatures above 673 K
are listed in Table 2. Exposure to H; at high temperatures

TABLE 2
XPS Analysis of Supported Ru Catalysts

Catalyst History ClI/Ru
1.6% Ru/n-Al,O3 As prepared 25
lhinH;at723 K 17
Postreaction 0.04
4.8% Ru/Carbon As prepared 2.2
lhinH;at723 K 0.32
Postreaction 0.22
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TABLE 3

Turnover Frequency for NH3; Decomposition

Catalyst TOF (57! x 10%)?
4.8% Ru/C (initial) 0.47
4.8% Ru/C (final) 1.9
1.6% Ru/Al,O3 14

Note. T=683 K, Pyn, =47 Torr.
2 Moles NH3/s/moles Rugy based on H chemisorption.

markedly decreases the amount of Cl in the Ru/Al,O3 cata-
lyst, in agreement with previous studies (14, 16), and the
residual Cl is most likely associated with the alumina, as
evidenced by the similar high dispersions indicated by CO
and H; chemisorption. Not only does the 4.8% Ru/C cata-
lyst show a significantly higher residual CI/Ru ratio, but the
probability of the Cl being associated with the Ru surface is
much greater (13, 14). Consequently, the first explanation
is strongly supported by these results, and the behavior of
the Ru/C catalyst may be viewed as that of a Cl-modified
Ru surface.

Turnover frequencies (TOFs) were calculated by nor-
malizing the observed reaction rates (mole NHj3/s/g cat) to
the initial number of exposed Ru surface atoms per gram.
When based on CO chemisorption, as in Fig. 1, a disper-
sion of unity was assumed for 4.8% Ru/C; which provides
a minimum estimate of TOF. When based on hydrogen
chemisorption, the TOF for Ru/Al,O3 changes little, while
values for Ru/C increase by a factor of two; a comparison of
these latter TOFs is provided in Table 3. Over the tempera-
ture range utilized, TOF values based on adsorbed CO fell
between 10~*and 103 s~ with the 4.8% Ru/C catalyst (see
Fig. 1); for example, at 683 K a TOF of 2.3 x 107* s~ was
obtained on the initial surface whereas after many hours
on stream a final value of 9.0 x 10~* s~! was measured. At
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683 K the 1.6% Ru/Al,O3 catalyst was an order of magni-
tude more active, as indicated by either Fig. 1 or Table 2.
The NHj3; synthesis reaction rate on Ru has been shown
to be very sensitive to promoters and to the support uti-
lized, and without the addition of alkali metals, Ru/Al,O3
catalysts are much more active than Ru/carbon catalysts
(13, 17, 18). Murata and Aika have shown that the TOF
for NHj3 synthesis on Ru, when based on H chemisorption,
does not depend significantly on the amount of residual Cl
ions (14); thus if the same independence exists for the NH3
decomposition reaction, a similar trend occurs. Activation
energies of 2341 kcal/mole for 4.8% Ru/C and an aver-
age E,t value near 21 kcal/mole for 1.6% Ru/Al,O3; were
obtained from Fig. 1. These activation energies are inter-
mediate between the limiting values of 5 and 43 kcal/mole
reported by Tsai and Weinberg (2), while they are lower
than the other reported values for Ru listed in Table 4
(7, 19-21).

The reaction orders for NHz and H;, were determined
from a fit of the experimental data to a power rate law of
the form

r = kPay,PL,-

At these relatively high reactant pressures, the value of «
was found to be relatively insensitive to temperature; i.e., it
was 0.75 at 643 K and 0.69 at 663 K (Fig. 2A). This be-
havior differs from the low-pressure results of Tsai and
Weinberg (2) and Egawa et al. (6) who found that « in-
creased and approached unity as temperature increased.
The large negative value of 8, which was found to change
from —2.0 at 643 K to —1.6 at 663 K (Fig. 2B), indicates
that the inhibitive influence of H, decreases with increas-
ing temperature, a trend consistent with the results of
Egawa et al. (6), as well as thermodynamic equilibrium
calculations. First-order and near first-order dependencies
on NH3 have been observed in previous studies, while

TABLE 4

Kinetic Parameters Reported for NH3 Decomposition

Ntz = Ko @Xp(—Eapp/ RT) Pl P,

Catalyst T (K) Puh, (Torr) Eapp (kcal/mol) o B Reference
Ru(001) <650 2x10°® 4343 0 — )
>750 2x107°% 5+3 1 — )]
Ru(1110) & Ru(001) <500 1x108t01x107° — 0 — (6)
520 1x1077 — 0.4 —0.6 (6)
>600 1x10%t01x10°° — 1 0 (6)
RU/Al,O3 673-1073 152 to 760 33 Oto1l — ©)
Ru film 543-738 10 to 53 45 1.2 -2 (19)
RU/Al,O3 623-673 600 to 800 31 0.6 -0.9 (20)
Ru 825-1009 — 59 1.0 175 (21)
RU/Al,O3 623-723 10 to 90 21 — — This work
Ru/C 623-723 10to 90 23+1 0.691t00.75 —2to-16 This work
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FIG. 2. Activity for NH3; decomposition over 4.8% Ru/C at (O) 643 K
and (@) 663 K as a function of (A) NHj3 partial pressure and (B) H; partial
pressure.

H, dependencies have routinely fallen between —0.9 and
—2 in earlier investigations (7, 18-21), as also shown in
Table 4.

Tsai and Weinberg (2) investigated the kinetics of NH3
decomposition on a Ru(001) surface at very low pressures
and reported that the rate limiting step depends on the tem-
perature, i.e., below about 650 K recombinative nitrogen
atom desorption is rate limiting, whereas above 750 K the
cleavage of the N—-H bond in adsorbed NHj is rate lim-
iting. Concomitantly, the apparent activation energy was
observed to decrease from 43 kcal/mol at low temperatures
to only 5 kcal/mol at high temperatures. Considering that
the temperatures here were between the above limits and
that the apparent activation energies observed in this in-
vestigation fell between 21 and 24 kcal/mole, it is very pos-
sible that no single rate-determining step exists and both
recombinative nitrogen desorption and N-H bond cleav-
age are slow Kinetic steps on these small Ru particles. As
mentioned previously, this proposal is not inconsistent with
either the mechanism proposed by Tsai and Weinberg (2)
or the model presented by Boudart and Djéga-Mariadassou
(3), and the following sequence of elementary steps can
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then be written for NH3 decomposition over Ru crystal-
lites:

K

2 {NH3+*;@E NHg*} [1]
ko

2 [NH3*+* Y NH2*+H*} 2]
K3

2 {NH2*+* = NH*+H*} [3]
Ky

2 [NH*—F*;@E N*—I—H*} (4]
Ks

3 {2 Hx <= Hp + 2*} [5]

2 N -5 Ny + 2% [6]

2NH3; — Nj + 3 H,, [7]

where x denotes a site on the Ru surface, — denotes a
slow, irreversible elementary step, and =* denotes a quasi-
equilibrated elementary step. If both recombinative Nx des-
orption and the initial N-H bond cleavage (steps [2] and [6])
are slow kinetic steps and N is the most abundant reactive
intermediate (mari) (2, 3, 6), then the rate of NH3; decom-
position may be written as

Lkg K1 PNH3
(1 + ko Kzlkz,\‘Ha )2 ’

where L is the total number of active sites per g, ky is the rate
constant for step 2, kg is the rate constant for step 6, and K3
is the equilibrium constant for NH3 adsorption. Although
this expression is consistent with the models of Boudart (3)
and Tsai and Weinberg (2) and can account for the observed
NH3 reaction orders, it fails to account for the significant
H, inhibition that has been observed.

As mentioned, Egawa et al. observed an inhibitive in-
fluence of H, on NH3 decomposition below 520 K and
proposed, in contrast with Tsai and Weinberg (3), that ad-
sorbed nitrogen atoms are in equilibrium with gas-phase
NH3 and H,, with recombinative N+ desorption being the
rate-limiting step [6]. If this situation exists, then the fol-
lowing 2-step model represents NH3; decomposition:

[8]

NH; =

K
2 [NH3 4 % <= 3 H, + N [9]

k
2 N — Ny + 2, [10]
where step [9] is not an elementary step, but a combination
of steps [1]-[5] into asingle quasi-equilibrated reaction (22).
If recombinative Nx desorption is rate determining and N
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is the mari, then
Lkio Kg P,E,HS kP,ﬁHS

)2 (P 4 KoPu,)?

[11]

INH; =

PH2

Pe, (1 + Ko 2y

may be readily derived for the rate of NH3; decomposition,
where Kg is the equilibrium constant for reaction [9]. Al-
though Eq. [11] can describe the negative dependency on
Hs very well, it cannot simultaneously fit the NH3 depen-
dency and it gives only a zero-order dependence under our
reaction conditions. Inclusion of adsorbed H atoms in the
site balance does not solve this problem.

If it is assumed that the initial N-H bond cleavage is
neither irreversible, as suggested by Boudart (3) and Tsai
and Weinberg (2), nor quasi-equilibrated, as suggested by
Egawa et al. (6), but reversible under our reaction condi-
tions, then steps [1]-[6] still describe NH3 decomposition
on Ru except that step 2 now becomes:

k;
2 {NH3*+*§NH2*+H*} 2]

2
If both steps [2/] and [6] are slow kinetic steps and Nx is the
mari, then the rate of NH; decomposition may be written
as

INH; = 2 k6[N>k]2

k_
= kgKl PNHg[*]Z — 2

2 ) PY2INs][], [12
K3K4K53/2> n, [N=1[+], [12]

where k, and k_; are the forward and reverse rate constants
for step [2], respectively; k is the desorption rate constant
for step [6]; K| is the equilibrium constant for step i; [«] is the
concentration of empty sites; and [Nx] is the concentration
of adsorbed nitrogen atoms. If it is assumed, as previously,
that adsorbed nitrogen atoms are the mari, then the site
balance gives [x] =L — [Nx], where L is the total number
of sites per gram. Substituting this into the steady-state ap-
proximation for the [N:] species, i.e.,

ko[NH3sx][*] — K_o[NH2%][Hs] — 2ks[N%]> =0,  [13]

gives a quadratic expression which can be solved to yield
one physically meaningful positive root for [Nx]. Substitut-
ing this into [12] yields the rate expression for NH3; decom-
position,

2Lk [ —2aPam, — bR + \/4aPuy, + b2P,

g (1 —aPRu, — bRY?)

INH, =
[14]
where

ko K k_
2™ TorrY), b= 723/2
Ke KKK ke

a= (Torr=%/2)
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FIG. 3. Fitof the derived rate expression, Eq. [14] to activity data for

NHj3; decomposition over 4.8% Ru/C at (O) 643 K and (@) 663 K as a
function of (A) NH; partial pressure and (B) H, partial pressure.

are lumped parameters introduced to simplify notation. It
should be noted that k, and k_, were multiplied by z/L
to introduce the probability of site pairs, where Z is the
number of nearest neighbors, whereas ke was multiplied by
z/2L to prevent double counting of symmetric sites. In the
limitas H, partial pressure approaches zero, step 2 becomes
irreversible and the rate expression simplifies to that used
by Boudart (3) and Tsai and Weinberg (2).

Simultaneous SAS optimization of Eq. [14] to fit the rate
of NH3 decomposition as a function of NH3 partial pressure
(Fig. 3A) and H, partial pressure (Fig. 3B) yields excellent
fits to both sets of data at each temperature. The values of
the three fitting parameters are given in Table 5; however,

TABLE 5
SAS Optimized Parameters for Rate Expression (Eq. [14])

T(K) Lk a(x10% b (x10%)
643 56 + 31 15+1.1 7.6+35
663 46+ 15 41420 8.1+27
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the rate equation is relatively insensitive to the precise pa-
rameter values, as indicated by the uncertainties associ-
ated with them. Inclusion of adsorbed hydrogen atoms into
the site balance introduces an additional parameter into the
rate expression, but SAS optimization changed neither the
values of Lkg, a, b, nor the residual sum of squares, consis-
tent with the assumption that [Nx] > [Hx%] under reaction
conditions. Activities measured at a standard set of reaction
conditions prior to and after a partial pressure run did not
increase much, thus meaningful dependencies could be de-
termined; however, acumulative effect after two Arrhenius
and four pressure dependency runs, including the standard
pretreatment before each, is clearly observable in Fig. 1,
as mentioned before, and resulted in a fourfold enhance-
ment in activity. This is almost certainly due to removal of
Cl from the catalyst. Unfortunately, this time-dependent
behavior precludes any meaningful analysis of the temper-
ature dependency of the parameters in Table 5, and ad-
ditional studies will be required to obtain the value of the
desorption energy of hydrogen on small Ru crystallites that
is associated with kg.

SUMMARY

Turnover frequencies for NH3; decomposition were an
order of magnitude lower on small carbon-supported Ru
crystallites, compared to similarly well-dispersed Ru on
alumina, while activation energies did not vary much (21—
24 kcal/mole). The lower initial activity for the Ru/C catalyst
and a continual increase in activity as exposure time to H,
increased is very likely due to the removal of Cl ions, as indi-
cated by XPS measurements. A near first-order dependence
on NHj and a dependence on H; that fell between nega-
tive 3/2 and negative second-order was observed with small
(1-2 nm) Ru crystallites on carbon. To overcome the in-
ability of previous models for NH3; decomposition on metal
surfaces to account for a strong Hy inhibition, as well as a
near first-order NH3; dependence, a kinetic model is pre-
sented that proposes that both NH,—H bond cleavage and
recombinative nitrogen desorption are slow kinetic steps,
the NH,—H bond cleavage step is reversible, and nitrogen
atoms are the most abundant reaction intermediate. This
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model is qualitatively consistent with other results in the
literature and provides an excellent statistical fit to experi-
mental Kinetic data obtained at two temperatures under our
reaction conditions employing much higher H, and NHj;
pressures.
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