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On the Rate of Hydrogenation of Preadsorbed Nitrogen

The rate of hydrogenation of preadsorbed
nitrogen has been measured by several
workers to elucidate relative importance
of the hydrogenation step in the ammonia
synthesis reaction (7-5). The commonly
adopted method to evaluate the rate of
hydrogenation is based on determination of
the amount of ammonia in the effluent
hyvdrogen from the catalyst bed containing
preadsorbed nitrogen. The apparent rate
of hydrogenation obtained on Mo:N was
previously shown to be proportional to the
flow rate of hydrogen (4), demonstrating
that the ammonia in the effluent hydrogen
was in equilibrium with the adsorbed
nitrogen. In conformity with this, the
observed deuterium isotope effect on the
“rate” of hydrogenation was in agreement
with the theoretical value expected from
the equilibrium constants ratio (4). Thus
the analogous result on a doubly promoted
iron catalyst obtained by Tamaru (/) was
similarly explained (6). Takezawa (5) later
carried out the hydrogenation experiments
on a doubly promoted iron employing a
non-recycling flow system instead of the
circulating system adopted in the foregoing
experiments, thus making 1t possible to
apply a much higher flow rate of hydrogen.
In this way Takezawa could determine the
effect of flow rate on the “rate” of hydro-
genation of preadsorbed nitrogen, although
the effect of flow rate was not fully taken
into account in his interpretation of the
results. In this respect, an equation which
correlates the observed rate with the flow
rate is derived to elucidate the nature of
observed rate as well as the associated
isotope effect and activation energy.

Since the observed rate of hydrogenation
(V1) of preadsorbed nitrogen is measured
by the amount of ammonia in the effluent
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stream of hydrogen, it can be expressed by
Vh = CAF) (1)

where C'4 and F denote the concentration of
ammonia in the effluent and the flow rate
of hydrogen, respectively, However, it
should be recalled that the Eq. (1) is only
valid for the initial rate. If the rate of
hydrogenation depends on Cj, i.e., on F,
the true rate, V,, corresponding to C, is
given by dCs/d(1/F) at C 4 so that the ratio
Vi/Ve = f is generally larger than unity,
while it approaches unity as F increases.
Since V, is given by the difference between
forward and backward rates, V. and V_,
respectively, it follows

CaF = f(Ve = V)
=fV+(l = C4/KsCr'*Ax), (2)

where K, denotes the equilibrium constant
for the reaction,

N(a) + 1.5H, = NH;, @
with Ax being a function of amount of

preadsorbed nitrogen. Thus by eliminating
Ca from Eqgs. (1) and (2), V, is given by

V= fVi/(A + fV/FKACxu,'%4x). (3)

It is evident that the measured value of
Vi gives Vi only when V,/F is small
enough, with f being unity. If V/F is
large, on the other hand, V, is approx-
imated to

Vi=FKaCnl'3Ax. 4)

It is clear that the physical meaning of V,
depends on the magnitude of F relative to
V.. The dependence of V, on F is given
by powers,

Vi e (fV)"(FKACu'*4x)'",  (5)

as an approximation from Eq. (3). The
power n varies from unity to zero as V. /F,
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NOTES

forward rate over the flow rate, increases,
giving Eq. (4) for n = 0.

It was previously shown that the
observed rate of hydrogenation was in
conformity with Eq. (4) with respect to
dependences on F and K, on Mo,N
catalyst (4) and hydrogen pressure (6) on a
doubly promoted iron, demonstrating that
the observed value of V), by no means
represents V. It is clear that the flow rate
was too small to measure the value of V.
According to Iiq. (3) or (5), however, the
situation would vary as temperature de-
creases, because V. is expected to decrease
as temperature decreases resulting in an
increase in the value of n. Since the
deuterium isotope effect is determined by
VirK 417", the increase in n should give
rise to a less pronounced isotope effect. The
inverse isotope effect expected for K, is
decreased not only by the factor K,
but also by the factor V,*, the deuterium
isotope effect on which is expected to be
normal. Indeed, this is borne out by the
results obtained by Tamaru (7) as well as
by Takezawa (5) as follows:

Temp (°C): 180 2350 320 162
G

(Vo/(Viyu 27 40 40 135
(Kap/Kam)eate 81 55 40 92

In this way the unusual decrease in the
extent of isotope effect with decrease in
temperature is now reasonable on the basis
of Eq. (3).

Working with a flow reactor, Takezawa
(5) could observe the dependence of V; on
F on a doubly promoted iron and obtained
an » value of 0.25 at 162°C for the nitrogen
preadsorbed at low temperatures near
200°C. The observed value of isotope effect
(Vi)p/(Vi)a = 1.35 is too small as com-
pared with the theoretical value of [ (K4)p/
(Ka)a]"" = 5.3 at 162°C even when the
cancellation by V.7 is taken into considera-
tion. In this sense the agreement with
Iiq. (5) is only qualitative. However, when
the nitrogen was preadsorbed at high
temperatures above 400°C, V, was in-
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dependent of F disclosing n» =1 and a
normal isotope effect [(V4)/(Vi)p = 1.25]
was observed at 162°C, as expected from
Eq. (6). Thus the significant difference in
isotope effect caused by the difference in
the adsorption temperature is very likely
traced back to a large difference in the
value of V.

The nature of activation energy asso-
clated with V7 is also clear from Eq. (5).
If the experimental condition corresponds
to n = 0 as is likely the case for Tamaru’s
experiment (), the activation energy
stems from K, instead of V.. Indeed,
Tamaru obtained a value of 3.2 keal/mol,
an unusually low value as an activation
energy for the hydrogenation. Since the
heat effect on K4, the heat of reaction for
Eq. (I), is equal to the difference between
the heat of adsorption of 0.5 mol of N, and
the heat of formation of ammonia, the
small value is not unusual.

In conclusion, the apparent rate of
hydrogenation of adsorbed nitrogen signif-
icantly depends upon the flow rate of
hydrogen. The rate obtained without
considering the effect of flow rate is only a
part of the rate of hydrogenation. This
would not be the case for hydrogenation
of adsorbed oxygen because K, is much
larger for oxygen than for nitrogen, making
the reaction condition of n =1 more
probable.
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