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Ammonia Decomposition in the Presence of Water Vapor
Il. Kinetics of the Reaction on Nickel Catalyst
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The kinetics of ammonia decomposition on alumina-supported nickel catalyst in the presence
of excess of water have been investigated. Experiments on the influence of the partial pressure
of ammonia, hydrogen and steam and of contact time have been conducted. A kinetic expression
is proposed to fit all the experimental results. It implies a first order for ammonia, and a nega-
tive first order for hydrogen, which exerts an inhibiting influence. This expression is in ac-
cordance with the general kinetic expression proposed by Temkin, which takes this quite simple
form for sufficient low pressures of reactant and products. Steam seems to exert an influence
on the steady state of reduction of the nickel compounds, whose reduced fraction appears to

be the active species.

INTRODUCTION

In Part T (/) has been described the
activity of supported nickel and ruthenium
catalysts for the decomposition of ammonia
in the presence of water, and the influence
of different preparation conditions of these
catalysts. The kinetics of the ammonia de-
composition for nickel catalyst are now
presented ; results obtained with ruthenium
are described elsewhere (2).

A great deal of rescarch has been done
on the kinetics of ammonia decomposition
on different metals. Much of it has obvi-
ously to do with NH; synthesis catalysts,
i.c., diversely promoted iron, as well as
ruthenium. Some excellent reviews have
been published (3-5) mainly concerning
NH; synthesis, but necessarily involving
both the forward and the reverse reaction.
In this Introduction, we limit ourselves
mainly to the literature on the kinetics of
decomposition, especially on Fe, Ru, Ni
and Pd.

Historically, it was the Temkin-Pyzhev
equation (6) that was first proposed (in

1940) to express the experimental results,
on iron, of the synthesis and decomposition
reactions in the case of relatively high
conversions

PH23 a I)NII32 (l—a)
r = 71711)1\12 Ii'—_—:l b kZ[ :I
PNH32 I)st

with

AE,

AQ’

where AE, = variation in activation energy
for N chemisorption vs coverage; and
A@Q = variation in heat of N chemisorption
Vs coverage.

Other authors, such as Brunauer et al.
(7), confirmed the validity of the physico-
chemical basis for this equation advanced
by Temkin, which implied in particular a
variation in the properties of nitrogen
chemisorption with surface coverage.

Amano and Taylor (8) checked the
validity of Temkin’s equation for NH; de-
composition on Ru/Al;O;. Logan and Kem-
ball (9) compared the performances and
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decomposition kinetics of NHj on different
metals in the form of wires, and also con-
firmed Temkin’s cquation. Temkin et al.
(10) then demonstrated that a gencral ex-
pression (given below) for the NHs sym-
thesis rate could be established. Tamaru
et al. (11, 12) tried to determine the main
chemisorbed forms (NH,, NH, and even N,
over Ni) for NH; decomposition. In addi-
tion, they assembled the findings of Logan
and Kemball, as well as those of other
authors, so as to reveal some remarkable
correlations.

A more complex kinetic expression has
been proposed by Mardaleishvili ef al. (13)
for the decomposition of NH; on Pd and
Ni. In the case of Ni, these authors were
led to consider two types of cquations
depending on whether the catalyst is fresh
or has been operating for some time, and
which arc different from the previous ones.
Takczawa and Mezaki (74) examined the
decomposition of NHj on iron and hesitated
between two rate cquations, namely the
cquation,

1

Py, 7 Pxu, 7° ’
Al Ao
Pyl Pu,ts
and that of Temkin. They finally came
round to accept the latter.

Aika et al. (15, 16) mainly cxamined the
synthesis of NH;, particularly on Ru, and
on Ru modified by alkaline additives. Many
other investigations [e.g., (17-19)7] have
been published, but are of less interest for
our work,

In conclusion, an agrecement does not
appear to have been reached with regard
to the form of the kinetic cquation. There-
fore, we have tried to look for an equation
valid for our experimental conditions.

r =

EXPERIMENTAL RESULTS

One delicate problem concerns the pos-
sible change of the fraction of reduced
nickel: (a) all along the catalytic bed, (b)
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through the pellet and (¢) as a funetion of
the composition of the feed. Fortunately,
however, 1t was possible to perform the ki-
netic investigation under conditions where
nickel 1s practically all reduced. Such
conditions arc obtained when starting from
previously reduced catalyst, and when
adding hydrogen to the introduced am-
monia and water mixture. So the kinetic
investigation has been done here with the
so-called N1 ecatalyst (7). Identical results
have been obtained with the so-called
NiO-oxidized Pd catalyst (7), which is
casily activated (c.g., reduced) by the
reacting feed, and for which Pd exerts no
activity.

In view of this, the kinetie results ob-
tained, and their interpretation, only con-
cern the catalytic activity of reduced
nickel. However, we shall see that the
general interpretation of our results leads
us to assume that steam just acts to deter-
mine the state of reduetion of the nickel
and can be considered as an inert diluent
for the catalysis.

The apparatus and mode of experimenta-
tion have previously been desceribed (1).
We may reeall that the catalyst consists of
149 nickel on alumina carricr of 8 m2/g
and 45 em®/g.

The possible influence of diffusional
limitation was first examined. Variation of
lincar gas veloeity, for a constant contact
time, did not induce a conversion change,
which proves that there is practically no
diffusionnal limitation in the homogencous
phase. Figure 1 shows the influence of pellet
dimension on conversion. For pellets of
diameter 2.4 to 4 mm, diffusional limitation
in pores, appeared only at temperatures
higher than 430°C, or more preeisely when
conversion, for the experimental chosen con-
ditions, was higher than 509, The following
experiments were performed with pellets
of this dimension (which correspond to
industrial catalysts) to avoid too high a
pressure drop, with a GHSV of 20,000 hr-1.
Chemical limitation will be observed only
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Fia. 1. Influence of diffusional limitations in the
catalyst grain.

at lower temperature, or in the presence of
hydrogen, which excrts an inhibiting effect.

With such precautions in mind, the
investigation has concerned :

1. The influence of ammonia partial
pressure.

2. The influence of hydrogen partial
pressure.

3. The influence of steam.

4. The influence of contact time.

Nitrogen influence has not been investi-
gated. Since in this work this gas is used in
great excess, its kinetic influence does not
appear.

1. Influence of Ammonia Partial Pressure

The influence of this parameter was
examined by feeding the reactor with a
constant flow rate of solutions containing
different ammonia concentrations. Conse-
quently (due to the low partial pressure of
ammonia in the reactor) the NTP flow rate
(F,) of ammonia gas is proportional to the
partial pressure of ammonia (P,) at the
entrance of the reactor:

P, = aF, « = constant.

This property will be used further.
Figure 2a gives the variation of conversion
versus temperature, for different initial
partial pressures of ammonia (Pyg,)o. Con-
version decreases when (Pwu,)o increases.
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2. Influence of Hydrogen Partial Pressure

According to the classical method, we
used synthetic mixtures of NH; + H; to
study the cffect of the reaction product,
i.e., Hy. The results presented in Fig. 3a
show a large inhibiting effect of the hy-
drogen, which apparently decreases when
the temperature increases. Morcover, Fig.
3b shows that the conversion is independent
of the ammonia partial pressure, as soon as
the initial hydrogen partial pressure reaches
a sufficient level, ie., 5 X 102 N m=2 at
426°C. We must emphasize that the ther-
modynamics remain quite favorable for this
range of initial partial pressure of hydrogen.

3. Influence of Steam

To measure the activity of different
catalysts in the abscnce of stecam, we used
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Fic. 2(a) Influence of ammonia partial pressure
and of temperature on the conversion. (b) Influence
of ammonia partial pressure, according to the linear
form (6) of the basic Eq. (3).



NH; DECOMPOSITION IN WATER VAPOR. II

a N,—NH; gaseous mixture having a similar
mole ratio, 1:540, for NH;/No.

Steam has a slight “inhibiting” influence
which seems to be relatively independent of
the temperature. For example, for a
(Puy)/ (Pnr,)o Tatio >~20, the decrease in
conversion is only 209, (Fig. 4a). We also
performed a few tests at 440°C, in the
presence of varying amounts of water. The

a

C%
100} GHSV = 20000 hr”!
(P NHy =165 1PNm ™
Pu,0 237103 Nm™2
PN, =10° Nm=®
HaProduction for 100% of conv,
——

GHSV = 20000hr™
(P NH3 }F variable
PH,o = 37 10° Nm™
P N, 10° Nm™2
HaProduction for 100 % of conversion ||
[(NH3) =333 ppm]

Re, = 426°
T=402°C “eenX,, T=a26% o
B A—
05 1 (Phylx 103 Nm=2
e
£ 2065 © 5 3 C% 2
[ — 7T T T T
Yo
£ g ¢
£ 2
S} ot
mjoy 003 F
= &
x| 8
ot K

[ele]]

W

L
0 [e] 20 30

1
40 /L. SO
-x

Fia. 3(a) Influence of initial hydrogen partial
pressure on the conversion, for different tempera-
tures. (b) Influence of initial hydrogen partial pres-
sure on the conversion, for three initial ammonia
partial pressures and two temperatures. (¢) Influence
of initial hydrogen partial pressure, according to the
linear form (5) of the basic Eq. (3).
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Fiac. 4. (a) Influence of water vapor on the conver-
sion, (b) Influence of water vapor partial pressure
on the conversion.

results (Fig. 4b) show that the presence
of traces of water already have an effec-
tive inhibiting action. When steam pres-
sure attains 2 X 10* N m2, ie., (Puyo)/
(Pnmy)o = 12, there is a leveling-off of
inhibition.

4. Influence of Contact Time

The influence of this parameter was
studied by varying the total flow rate of
the gaseous mixture being fed to the
reactor, while the catalyst mass remained
constant. Figure 5a gives the results ob-
tained at 3 temperatures (371, 402 and
452°C). In addition to the experimental
curve, the broken curve plots the theoreti-
cal variation curve, passing through the
origin and the first experimental point, and
corresponding to a first order relative to
ammonia, without any other kinetic in-
fluence. It appears that these theoretical
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Fic. 5. (a) Conversion versus contact time for
three temperatures. Experimental curves, and theo-
retical curves, for order one, relative to ammonia.
(b) Influence of contact time on the conversion,
according to the linear form (6) of the basic Eq. (3).

curves give higher conversion than the
experimental ones. This phenomenon is
interpreted below.

INTERPRETATION: DETERMINATION OF
THE KINETIC EXPRESSION

We have found it useful to distinguish
successive steps in this determination :

1. A first approach, rather qualitative,
leading to the proposal of a possible
kinetic expression.

2. A second step, leading to quantitative
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determination of different parameters of
this expression.

3. The final step, in which all the experi-
mental results will be used to confirm the
validity of the chosen expression and to
give the most precise determination of the
kinetic parameters.

1. FirsT APPROACH

a. Figure 3b shows, as already men-
tioned, that for a sufficient initial pressure
of hydrogen, ammonia conversion becomes
independent of its initial partial pressure.
We can consider that when (Pyg,)o varies,
all the other partial pressures remain un-
changed; particularly Pu, remains practi-
cally constant because of the great excess
of introduced H. in regard to the quantity
produced by NH; conversion (which re-
mains low). Considering the experimental
technique used here, this result suggests
the intervention of a first order relative to
ammonia.

This affirmation can be easily understood
if we consider, as already mentioned, that
this experimental technique is characterized
by proportionality between the partial
pressure of ammonia at the reactor entrance
and its feed rate.

In this case, from the balance equation:

Fdx = rdm, (1)

where x = NHj; conversion, r = rate of NH,
decomposition and m = catalyst weight,
we find easily, that for a first order relative
to ammonia, and so with

r = ,P,(1 - 2),
we obtain by integration of Eq. (1):
x =1 — ¢gham,

i.e., a conversion independent of ammonia
pressure, as observed.

b. Figure 2a shows that when (Pym,)oin-
creases, the conversion decreases, results
apparently in contradiction with the pre-
vious one. But we must consider that in
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this case (Pn,)o = 0, and that the pro-
duction of hydrogen by NH; decomposition
can exert a kinetic influence, which con-
sequently would be an inhibition.

c. Figure 3a and b confirm then, as
already invoked, the inhibiting influence of
hydrogen. Figure 5a leads us also to invoke
an inhibition by produced hydrogen to
cxplain the lower conversion than those
given by the sole influence of a first order
law relative to NHj.

So, we can propose expressions of the
form :

I)
NH;3
r==Fk o r=f————

(PHz)ﬂ

2. DETERMINATION OF 8 AND a

The classical method is to plot Lr versus
LPy,. If the first equation is valid, we must
observe a linear curve, whose slope gives 3.
The intervention of the term a causes a
deviation from linearity which can charac-
terize the value of the parameter, q, relative
to Py,. Figure 6 leads us to propose a small
value for a, a value which, to a first ap-
proximation, can be neglected. Morcover,
the slope of the straight line obtained being
equal to one, it is possible to propose the
expression :

PNHa
r=k——ro. (2)
Py,

It should be pointed out that Eq. (2)
introduces an infinite rate at the initial
conditions, when no hydrogen is added.
However, from a formal point of view, this
infinite value has an influence only during
an infinitely short time and docs not
introduce any incoherence. Fundamentally,
it is evident that the denominator of Eq.
(2) should rather have the form e + P,
with e being a small term with respect
to PH2.

3. ExprorraTioN or THE ToTALITY
or REsuLTs

On the basis of the kinetic Eq. (2), the
integration of the balance equation enables
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Fre. 6. Determination of a and B, coefficients of
the rate equation, from the curve at 426°C of Fig.
3a or b, with (NH;), = 1650 ppm.

us to apply the results obtained for any
conversion. The rate equation for a given
conversion x becomes:

(PNII;;)O(]. — :c)
Ty = K .
(PHg)() + %(I)Nﬂz)ofC

Integration leads to the basic equation:

1
(Puy)ols ———— 4 3(Pxmg)o
1 —u

1 m
X "L _— = at:l = k224 —. (3)
L1l -2z F:

F, represents the total entrance flow-rate
and we have:

g T
224 Pmtal
Pigtar = 1 bar = 10° N m—2
This general equation makes use of the
term m/F, = 6 (contact time), which can

be easily related to the GHSV by use of
the bed density of the catalyst py:

m = ppVy (Vy catalytic bed volume)

and
r, F,
GHSV = — = —p, 4)
b m
The basic equation will be applied to the
three types of experimental investigation:

a. The variation of z as a function of
(Pn,)o for different temperature.
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b. The variation of x as a function of
(P~1,)o, for different temperatures.

c. The wvariation of z as a funection
of contact time, § = m/F,, for different
temperatures.

Since the experiments were performed
with grains measuring from 2.4 to 4 mm,
corresponding to industrial catalysts, diffu-
sion phenomena may oceur in cases of the
highest ratc. But for experiments performed
in the presence of hydrogen, the inhibiting
effect of this molecule reduces the chemical
rate of reaction. As the diffusion rate is
unaffected, the presence of hydrogen per-
mits the activity to remain under conditions
where there is no diffusional limitation,
even at relatively high temperatures. More-
over, experiments in the presence of H,
ensure an almost entircly reduced catalyst,
thus having the same composition all along
the catalytic bed.

a. Influence of (Pp,)o for (Pan,)e = Con-
stant (Fig. 30 and b).

Equation (3) can be applied in different
ways. In the present case, we will apply it
in the form:

3(Pnms)o |1 — —————| + (Pm)o
L -
(1 -2
m 1
- k224 — —— . )
F, 1
(1 -2

By plotting the first term as a function of
1/1/L[1/(1 — 2)], we should obtain a
straight line, passing through the origin,
and having a slope equal to & (multiplied
by a constant term). This operation has
been done in Fig. 3c:

a. At 500, 454, 416, and 402°C, a single
pressure of (Pm,)o being used.
B. At 426°C, for three different pressure

(Pnuy)o.
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For cach temperature, we cffectively
obtain a straight line passing through the
origin, thus illustrating the validity of the
model chosen and giving the value of £.
Emphasis should be placed on the good
linearity obtained at 426°C, with three
different values of (Pyn,)e. The values of
k, plotted in Arrhenius coordinates (Fig. 7),
give a linear curve, thus providing a further
confirmation of the validity of the model
and giving the activation energy:

E = 185 kJ mole™.

b. Influence of (Pwyugo for
(Fig. 2a)

The basic Eq. (3) could be used in the
form (5). But in the particular casc
(Pu,)o = 0, we choose the form (6) which
is simpler:

1 m 1
I:L ——] —x = k224 — — —. (6)
1—=z F. 3(Pnm)o

By plotting the first term of Eq. (6) as
a function of 1/(Pxmu,)s a straight line
should be obtained of slope equal to k.

a. Results oblained at low temperatures
(without limitation by diffusion). Figure 2b
effectively gives straight lines, thus con-
firming the validity of the model chosen
and giving the values of k. For three con-
sidered temperatures (among the infinite
possibility of choice in Fig. 2a), the corre-
sponding valucs of k arc also plotted in
Arrhenius coordinates in Fig. 7.

The identity of the straight line obtained
for a different range of temperature than
previously, confirms the validity of the
model.

B. Results obtained at high temperature
(with possible limitation by diffusion). In
the temperature range of 390-430°C, for
example, the kinetic Eq. (6) can be in-
correct, in the absence of hydrogen in the
feed. Thus the results will be exploited by
a reverse process. On the basis of the values
of k& previously obtained from the Arrhenius

(P”2)0 =0
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line (Fig. 7), it is possible to calculate the
valuc of the “chemical” conversion, 2, (in
absence of limitation by diffusion), at any
temperature. Caleulated eurves z, = f(T7)
are represented in Fig. 2a as broken lines.
We effectively observe coineidenee of calcu-
lated and experimental curve for low tem-
perature, but, ¥, > Texp, for high temper-
aturc. Morcover, for pellets of small dimen-
sions (0.7-1.4 mm), the experimental and
theoretical curves coincide in Fig. 1, show-
ing in this casc the absence of limitation by
diffusion, for all the temperature range.

Exploitation of the variable (Pyu,)o can
be done for any initial hydrogen pressure
(Pn,)s, for example by using the curves
with a fixed (Pu,)o in Fig. 3b (at 426°C).
In faet, this is merely another way of
applying the results which have already
been used with the variable (Py,)o (straight
line in Fig. 3¢) and have already served to
check the validity of the proposed model.

c. Influence of Contact Time;
= Constant and (Py,)o = 0

The cxperimental curves in Fig. 5a can
be exploited from Eq. (6), with the vari-
ation of & being obtained in this case by the
variation of F,,

If the model is valid, by plotting the
first term in the formula as a funetion of
1/F, we should obtain a straight line pass-

(Pwis)o
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T 3 T 7 T v T T
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{for (PHzlo=0]
10" \ N

Influence of contoct time
b3 {smoll grains, avording diffusionnal
‘\ mitotions

Volus of k obtained from fig 1

1 1
125 135 145 155 VT.0° 165

Fic. 7. Arrhenius representation of the rate con-
stant for Ni catalyst.
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ing through the origin and having the slope
k. Figure 5b shows that a linearity is
effectively obscrved; the values of k ob-
tained for the three temperatures arc also
on the same Arrhenius plot in Fig. 7.

It is interesting to come back to the
apparent decrcasc in the inhibiting effect
of hydrogen with temperature (Fig. 3a), a
result apparently in contradiction with Eq.
(2), in which the effeet of Hs does not de-
pend on the temperature.

This apparent effeet results from the in-
tervention of high conversions. At 500°C for
example, where conversion with (Py,)e = 0
is very high (949,), the hydrogen already
produced cxerts a great inhibiting effect and
the hydrogen added to the feedstock brings
only a further reduced inhibition. On the
other hand, at 426°C, where conversion
with (P’1,) = 01s only 509, the inhibition
resulting from the hydrogen produced is
less, and the system is more sensitive to the
amount of hvdrogen introduced with the
feedstoek.

4. COMPARISON WITH THE RESULTS
IN THE LITERATURE

The kinetie cquation that we have pro-
posed appears to be different from the one
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generally aceepted, which has the form:

~ o , 7
Pyt

r =

a~ 0.5 for Ni.

(kgPNz“-w[

1 — —
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To discuss this apparent diserepaney, we
will consider the general equation proposed
by Temkin for the iron catalyst of ammonia
synthesis, and involving both reverse and
forward reactions (10):

1 PNH32 :l
K Py, Pu,}

r o=

k, = rate constant of the synthesis reaction

K = thermodynamic constant for the syn-
thesis: Ny 4 3H, & 2 NH;

a = term characterizing the influence of
coverage for the chemisorption of
nitrogen, @ = AE,/AQ, in which AE,
is the variation in the activation
cenergy and AQ is the variation in
adsorption heat for the chemisorption
of nitrogen, with degree of coverage.

p = ratio of the desorption rate constant
for chemisorbed nitrogen to its hydro-
genation rate constant.

For the iron catalyst, Temkin proposed
the value p = 1.77 X 102 bar at 450°C
(10), or p = 1.77 X 108 N m2,

a. Application to our Results

We have to examine the form taken by
the general cxpression for ammonia de-
composition, under our conditions of very
low pressure of ammonia and hydrogen. We
will consider:

1. The value taken by the term p/Pr,,
relative to one.

2. The value taken by the ratio R, rela-
tive to one:

1 PNH32
K PNzPHz3 1 PNH:, 2
(R [
P KpPy, L P,

Py,

P 1 2 o p (1—a) !
e r ]
Py, K Pyx,Pujd LPy,

1. Comparison of p/Py, in relation to
onc. By considering only the cases where
(Pyu)o £ 2X 102 N m2 and Py, <5
X 102 N m=?% and by taking the valuc
of p given for iron at 450°C, we obtain
p/Pu, > 1, or at least, p/Pu, > 1.

2. Comparison of R in rclation to one.
For 450°C, K = 5 X 10715 (¥ m~2)2 Here
Py, = 105 N m~? and we will take p = 1.77
X 10* N m~2 So:

Py, 7
R =1.1 X 10° lif—~:| ;

Hs

and, introducing the conversion z,

1—=2 2
R=11X 10“[ :l .
(I)]ig) (J/(PNHg)o + %37

(10)

a. If (Puyo =0, the expression of R
becomes:

1 — x\?
R=5X105<f——>.

X

For t =09, R=06X10% and R de-
creases to one solely when z = 0.9985.
Then, considering that p/Pg,>>1 and
R > 1, the cquation for ammonia decom-
position deduced from the general Eq. (8)
(with the synthesis contribution being neg-
ligible) is reduced to the form:

(k) [P0
-2 [
(K- L P,
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which is the kinetic expression deduced
from our experiments if we take o = 0.5.

b. If (Pu,)o 0, the value of R is
lowered by the intervention of (Pu,)o/
(Pxng)e in its denominator, but we can
again consider that R >> 1 for the experi-
mental conversion obtained.

Indeed, for the most extreme cases In
this paper, namely, (I’xmg)o = 33.3 N m~?
and, for example, (Pg,)e = 10° N m=? in
Fig. 3b, we casily find that for z =0,
R = 1200, and that R deecreases to 1 solely
when 2 =~ 0.97. On the other hand, we
are just at the Iimit for the condition
p/(Puy)o > 1.

Finally, for sufficiently small values of
P, the general kinetic equation can be
reduced to the simplified form Eq. (11)
corresponding to the one deduced from our
experiments.

b. Comparison with Published Resulls on
Ammonia Decomposition

Generally, conditions are such that Iy,
has high values, which leads to:

P
— < 1.

Hy

R remains higher than 1 if the conversion
is not too close to ecquilibrium. Conse-
quently, if the rate of the reverse reaction
(synthesis) remains negligible, the decom-
position rate deduced from Eq. (8) is
reduced to:

(k) [ Py, PO
r=— . (12)
Ko-o | py s

This expression is different from Eq. (11)
and corresponds to published experimental
results for such a hydrogen pressure range.

Some authors, such as Logan and Kem-
ball (9), have used intermediate hydrogen
pressure conditions, for example (Pu,)o
varying between 10° and 7 X 10° N m~2. In
such cases 0.25 < o/ (Puy)o € 2. We have
again B> 1. We must then apply an

331

k exp. 6
k exp. for catalyst 3

T=400°C

(results from Fig 8)

02 04 06 08 1

Fia. 9. Correlation between experimental rate
constant at 400°C (from Fig. 8) and mean reduced
fraction of different nickel catalysts [from Fig. 7
of Ref. (1)].

intermediate kinetie equation between (11)
and (72). Logan and Kemball proposed
Eq. (12), but pointed out that their
operating method does not enable the order
to be determined accurately relative to Ha.
Of course, our comparative analysis of
the kincties problems implies the inter-
vention of results relative to iron catalyst,
but this sort of approximation seems accept-
able in the actual state of our knowledge.
This analysis shows then that Temkin’s
general equation appears quite valid, but
that care must be taken in examining the
values taken by the different terms, de-
pending on the operation range used.

5. INFLUENCE OF CATALYST PREPARATION
or COMPOSITION

Use of a kinetie expression makes possible
the comparison of catalysts from their rate
constants and their variation with tem-
perature. Hence Ifig. 8 presents in Arrhenius
coordinates the rate constants for six
catalysts of Part I (). We observe:

1. A linear variation in the low tem-
perature range, for which diffusional limita-
tion does not oceur,

2. That the activation cnergy is around
170 kJ mole™? for catalysts working cssen-
tially in a reduced state (Ni, NiO-oxidized
Ru and NiO-oxidized Pd catalysts). For
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NiO catalyst, the apparent activation
energy is different (a little higher).

For an easy presentation of the problem
we will first consider formally two arbitrary
simplifications:

1. One by which the reduction degree
would be the same for bulk and surface of
nickel compound crystallites.

2. A sccond by which the turnover
number of reduced nickel sites would be
independent of the degree of reduction, i.e.,
of the presence of NiO.

If these formal simplifications were justi-
fied, the balance Eq. (1) could be written:

Fodz = rdmr,

7 being the degree of reduction of the
considered clement, dm, and 7,y being the
same cxpression as previously. The inte-
gration would lead to an equation similar
to (3), but in which m would be substituted
by:

exit
m/ dr = m#(7 mean value of 7),
entrance

and in which, finally, the slope ko of the
straight line, in the linear exploitation,
would be substituted by :

kexp = ku‘l-'.

ko being relative to pure Nie &y being
relative to pure Ni.

In other words, such simplifications
would imply a lincar variation law for the
cxperimental rate constant, as a function
of 7. Figure 9 shows the values of ke, for
the six catalysts of Fig. 8 at 400°C (values
given by intersection with AB). A clear
correlation is observed, but not a linear
law. So the formal simplifications are not
obeyed ; however, it is difficult to disen-
tangle the two causes of complexity. The
sign of the observed curvature leads us to
suppose cither that the rcduction degree
is lower for the surface than for bulk, or
that the turnover number of nickel sites
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decreases in the presence of oxidized nickel.
These points merit further investigation,

CONCLUSION

Under conditions existing in  exhaust
gases, the best kinctic equation, for funda-
mental or applied research, or for reactor
designing, secms to be the one proposed
from our experimental results, as long as
nickel is mainly in a reduced state. Under
conditions where large fractions of oxidized
nickel appear, kinetic analysis must help
to find the influence of nickel oxide and
water.
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