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The Importance of Ammonia Pressure in the Kinetics of Ammonia
Synthesis over Supported Ru

The synthesis of ammonia over ruthe-
nium-based catalysts has been extensively
studied by Ozaki and co-workers (I-6). In
particular, it was suggested that the syn-
thesis rate over celite- (90% silica) and y-
alumina-supported ruthenium is indepen-
dent of the ammonia partial pressure in the
reactor effluent for fractions of equilibrium
conversion less than approximately 25%.
(It should be noted here that values of the
equilibrium ammonia partial pressure at the
total pressure and temperature range stud-
ied by Ozakiet al. vary from approximately
200 to 2200 Pa.) In the above studies, the
synthesis rate was measured using a recir-
culation reactor system in which the ammo-
nia produced was trapped out of the gas
phase after each passage of the reactant
mixture through the catalyst bed. Yet, in
these studies the reactor effluent ammonia
partial pressure was not directly deter-
mined, and the independence of the syn-
thesis rate on the ammonia pressure was
inferred by measuring the rate at different
flow rates through the reactor. The present
note, therefore, reexamines the ammonia
dependence of the synthesis rate over sup-
ported (but unpromoted) ruthenium using
data collected with a flow reactor coupled
with effluent ammonia determination.

Silica gel (Davison, Grade 952) and -
alumina powder (Davison, SMR-7) were
impregnated to ca. 1.0-1.3 wt% ruthenium
loading by incipient wetness using an
aqueous solution of RuCl; - 3H,0 (Alfa
Division, Ventron). Following this impreg-
nation, the samples were dried overnight in
air at 380 K, and then a portion, 1.5 gin the
case of the silica-supported sample and 2.2
g in the case of the alumina-supported
sample, was loaded into a flow reactor for
hydrogen reduction (at 700 K for ca. 50 h)
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and subsequent ammonia synthesis studies
at atmospheric pressure (0.1 MPa). The
flow reactor and accompanying glass gas-
handling /purification system are shown in
Fig. 1. The reactor itself was fabricated
from fritted Vycor tubes of 20-mm nominal
diameter. Catalyst bed heights were main-
tained approximately constant at 15 mm,
and the catalyst bed temperature was mea-
sured by means of a thermocouple well
projecting into the bed. Flow rate was
regulated by a needle valve and measured
by timing the travel of a soap bubble
through a graduated buret. Volumetric flow
rates during synthesis were varied from 1.2
to 3.8 cm? s~'. The hydrogen (Chemetron,
99.8%) used for catalyst reduction and the
3:1 H,: N, synthesis gas mixture (Mathe-
son, prepurified, certified standard) were
each further purified by flowing through a
Deoxo gas purifier (Engelhard Industries)
followed by a packed bed of 13X molecular
sieves (Davison, 4- to 8-mesh beads) im-
mersed in a dry ice/acetone slush bath.
Prior to use, the molecular sieves were
regenerated in flowing helium at tempera-
tures of 570 to 620 K. The ammonia pro-
duced at steady-state conditions was mea-
sured by two independent methods. One
method consisted of bubbling the reactor
effluent through a gas scrubber and deter-
mining the aqueous ammonia concentration
by standard titration techniques (7). The
other technique was to flow the reactor
effluent through an infrared gas cell and
measure the ammonia absorbance at 966.5
cm~! with a grating infrared spectropho-
tometer (Perkin—-Elmer Model 407). Both
methods were calibrated and periodically
checked for accuracy using a standard cali-
bration gas of 146 ppm by volume ammonia
in nitrogen (Matheson, certified standard).
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F1G. 1. Reactor system for ammonia synthesis studies; (A) Gas preheating coil, (B) catalytic reactor,
(C) H;: N, gas mixture, (D) hydrogen, (E) helium, (F) Deoxo purifier, (G) 13X molecular sieve trap,
(H) dry ice/acetone slush bath, (I) needle valve, (J) furnace, (K) gas scrubber, (L) bubble flowmeter,
(M) pressure gauge. Reactor detail: (N) Vycor frit, (O) catalyst bed, (P) thermocouple well, (Q) inlet,

(R) outlet, (S) unsealed sample port.

For the conditions used in the present
study, the equilibrium ammonia partial
pressure varies from 318 Pa (at 691 K) to
1910 Pa (at 574 K). The maximum fraction
of equilibrium conversion obtained in this
study was 15%, and it is therefore possible
to neglect the effect of the reverse reaction
to within a negligible 2% error (8, 9). In-
deed, typical fractions of equilibrium con-
version were of the order of 10%, and as
such the measured synthesis kinetics
should be comparable to those observed by
Ozaki et al. The influence of back-diffusion
could be neglected in view of the fact that
the ratio of the bed height to the catalyst
support grain size was approximately 300
(9, 10). This permits the reactor to be ade-
quately modeled as a plug-flow reactor.
With regard to the criteria presented by
Mears (11, 12) for freedom from transport
limitations, calculations indicated that the
reactor would be free from intraparticle,
interparticle, and interphase transport limi-
tations. A diagnostic test of the type de-
scribed by Koros and Nowak (I13) was
conducted using RuCl;/SiO, with the result
that mass transfer limitations were not
present.

The relation between the partial pressure
of ammonia in the reactor effluent and the

reciprocal of the volumetric flow rate (v ) is
shown in Figs. 2 and 3 for each of the
catalysts. Because the overall ammonia
synthesis rate, r’, is determined from the
product of the ammonia partial pressure in
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FiG. 2. Effluent ammonia partial pressure depen-
dence on reciprocal volumetric flow rate (0.098 MPa,
298 K) for RuCl,/SiO,.
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FiG. 3. Effluent ammonia partial pressure depen-
dence on reciprocal volumetric flow rate (0.098 MPa,
298 K) for RuCl;/y-Al,Os.

the reactor effluent and the volumetric flow
rate measured at the system outlet condi-
tions (0.098 MPa, 298 K), it is apparent that

Pa 1 (£).

Vo

If r' were, in fact, independent of the am-
monia partial pressure, then logarithmic
plots such as those in Figs. 2 and 3 should
exhibit lines of slope equal to unity. Obvi-
ously, such is not the case for these particu-
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FiG. 4. Turnover frequency versus effluent ammonia
partial pressure for RuCl;/SiO,.
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lar catalysts, for which slopes of 0.64 and
0.50 have been determined for the
RuCl;/Si0, and RuCls/y-Al,O; catalysts,
respectively.

The nature of the synthesis rate depen-
dence on the ammonia partial pressure is
illustrated in Figs. 4 and 5. Here the depen-
dence of the ammonia synthesis rate, ex-
pressed as the turnover frequency N (NH;,
molecules produced in one second per sur-
face Ru atom), is depicted as a function of
the partial pressure of ammonia in the reac-
tor effluent. The ruthenium surface areas
needed for turnover frequency calculations
were determined using hydrogen adsorp-
tion, as described by Dalla Betta (/4), and
the corresponding ruthenium dispersions
for the silica- and alumina-supported cata-
lysts are given in the upper half of Table 1.
Again, if the ammonia synthesis rate were
truly independent of ammonia partial pres-
sure, then the anticipated slope of the lines
in Figs. 4 and 5 would be zero. In fact, the
measured slopes are -0.56 for the
RuCl;/SiO, catalyst and —1.0 for the
RuCls/y-Al,O; catalyst, indicating an inhib-
iting effect of ammonia on the overall syn-
thesis rate.
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F1G. 5. Turnover frequency versus effluent ammonia
partial pressure for RuCl,/y-AlO;.
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NOTES

TABLE 1

Kinetic Parameters for Ruthenium Catalysts

Catalyst Dispersion E, Ece m’ N (s7! x 109 Pyn, (Pa) for
(%) (kJ /mol) (kJ /mol) at 673 K rate N
RuCl,/SiO, 46 134 + 4 88 + 4 0.28 12 4.2
RuCly/»AlLO, 37 100 + 4 54+ 4 0.50 1.0 46
RuCl;/celite® 3 — 94 — 1.7° 4.2¢
Ru/AlO,® 27 — 59 — 5.00 46°
(commercial)

¢ Data from Aika et al. (2).

® Based on CO adsorption with an assumed stoichiometry of CO:Ru = 2.
¢ Calculated from flow rate and specific synthesis rate data at 79 kPa total pressure.

It is convenient to use the following
expression for the overall rate of ammonia
production, r’, in terms of the ammonia
partial pressure in the reactor effluent, Pyy,,
an apparent rate constant k', and an appar-
ent ammonia reaction order —2m’' (where
the factor of 2 is retained for consistency
with accepted ammonia synthesis kinetics
over iron (8)):

kl

"= Pl

(It may be noted that the total pressure as
well as the hydrogen and nitrogen partial
pressures were always held constant, and
as such, they can be incorporated into k£'.)
In terms of this expression, the slopes in
Figs. 2 and 3 are equal to 2m’ + 1)7', and
those slopes in Figs. 4 and 5 are equal to
—2m’. The values of m’ determined from
these plots are given in the upper half of
Table 1. In accord with the previous work
(2), Arrhenius plots at a constant flow rate
(1.3 cm?® s~ in this case) are shown in Fig.
6. In Table 1, the corresponding activation
energies, E;, are presented and can be
compared with those values reported by
Ozakiet al. For both the silica- and alumina-
supported catalysts, the constant flow rate
activation energies are within 7% of the
reported values. Furthermore, the turnover
frequencies obtained in these two studies
are quite compatible at the same partial

pressures of ammonia (see Table 1). Thus,
the results of the present study are in good
agreement with those of Ozaki et al. with
respect to turnover frequency and apparent
activation energy at constant flow rate.
However, the dependence of the synthesis
rate on the ammonia partial pressure ob-
served in the present study requires that
apparent activation energy values such as
these reflect both the temperature depen-
dence of the rate parameters and the varia-
tion of the effluent ammonia partial pres-
sure between experiments conducted at
different temperatures but at the same flow
rate. As a different approach to the appar-
ent temperature dependence of the ammo-
nia synthesis rate, Arrhenius plots at a
constant ammonia partial pressure of 15 Pa
are shown in Fig. 6, and the derived appar-
ent activation energies (F,) are also given
in the upper half of Table 1. These values
are independent of the constant ammonia
partial pressure chosen for the construction
of the Arrhenius plots. However, it should
be mentioned that extrapolation of the data
shown in Figs. 4 and § is required for such a
treatment of the temperature dependence
of the synthesis rate. The significance of
such activation energy values will be de-
scribed shortly.

The detailed rate expression for the syn-
thesis of ammonia over supported ruthe-
nium cannot yet be ascertained from the
above data. It may be anticipated, for ex-
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F1G. 6. Arrhenius plots for supported ruthenium catalysts: (a) RuCl;/SiO, at constant ammonia
pressure of 15 Pa (O) and at constant flow rate of 1.3 cm? s™! (O). (b) RuCl;/y-AL;O; at constant
ammonia pressure of 15 Pa (@) and at constant flow rate of 1.3 cm? s~ (W).

ample, that a general expression of the
following form may be useful (8):

= kF(PH_z’PNz)
[1 + KG(PHpPN?) ‘ PNHJZ’" ’

where r is the synthesis rate at a given
temperature and partial pressures of H.,
N,, and NHj;, F(Py, Py,) and G(Py, Py)
are functions of the hydrogen and nitrogen
pressures; m is an exponent with a value
between 0 and 1; and £ and K are rate and
equilibrium constants, respectively. For a
plug-flow reactor, the experimentally ac-
cessible overall synthesis rate, r’, and
effluent ammonia partial pressure, P’yy,,
would be related by the expression

ro= (2m + l)kF(PHvPNZ)
KG(PHZ’PNl) : P'N*h

r

[1 + KG(Py, Py) - P *™ — 1

It was noted earlier that a simple expres-
sion of the form

: k'
r'=—
(Py)®™

was adequate to fit the experimental kinetic
data with m’ being constant for a given cat-
alyst. It may be tentatively suggested that
this implies that the term KG(Py,,Py,) - Piu,

is significantly greater than unity for our
experimental conditions. Indeed, if this
term is substantially much-greater than one,
then the apparent activation energy at con-
stant ammonia partial pressure (E,) as-
sumes the physical significance

E,=E - 2mAH,

where E and AH are activation energy and
heat of adsorption terms that reflect the
temperature dependence of k& and K, re-
spectively.

In summary, our studies of unpromoted
ruthenium supported on silica gel and -
alumina have yielded ammonia synthesis



172

turnover frequencies and apparent activa-
tion energies at constant flow rate that are
in good agreement with the results of Ozaki
et al. However, the present study has also
shown that the rate of ammonia synthesis
does indeed exhibit an ammonia depen-
dence in the same range of ammonia pres-
sures studied previously by Ozaki er al.
Correspondingly, apparent activation ener-
gies calculated at constant ammonia pres-
sure are greater than those determined at
constant flow rate. Although the detailed
form of the synthesis rate expression is not
yet known, the importance of the ammonia
partial pressure in the reaction Kkinetics
over supported ruthenium must be consid-
ered.
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