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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 reduct,ion of the nickel compounds, whose reduced fraction appears to 
be the active species. 

INTRODUCTION 

In Part I (1) has been drscribcd 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 dc- 
composit,ion for nickel catalyst are now 
presented; results obtained with ruthenium 
are described elsewhere (2). 

A great deal of rcscarch has been done 
on the kinetics of ammonia decomposition 
on different metals. Much of it has obvi- 
ously to do with NH3 synthesis catalysts, 
i.c., diversely promoted iron, as well as 
ruthenium. Some excellent rcvicws have 
been published (S-5) mainly concerning 
NH3 synthesis, but necessarily involving 
both the forward and the reverse reaction. 
In this Introduction, WC limit ourselves 
mainly to the literature on t’he kinetics of 
decomposition, especially on Fe, Ru, Ni 
and Pd. 

Historically, it was the Tcmkin-Pyzhev 
equation (G) that was first proposed (in 

1940) to express the expcrimcntal results, 
on iron, of the synt’hesis and decomposition 
react’ions in the cast of relatively high 
conversions 

r = li&.q2 [3& pJa) 

with 

AEa 

a=zT’ 

where AE, = variation in activation energy 
for Nz chemisorption vs coverage ; and 
AQ = variat’ion in heat of Nz chemisorption 
vs covcragc. 

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 equat,ion for NH, de- 
composition on Ru/ALOa. Logan and Kem- 
ball (9) compared the performances and 
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decomposition kin&s of NH3 on diffcrcnt 
m&Is in the form of nires, and also con- 
firmed Tcmkin’s cyuat,ion. Tcmkin et al. 
(10) then dcmonstrat,ed that a general ex- 
pwssion (given below) for the NH3 qw- 
t,hcsis rate could bc cst8ablishcd. Tnmnru 
et al. (11, 12) tried to dctcrminc the main 
chemisorbcd forms (r\‘H%, IYH, and we11 N, 

over Ni) for T\THa dccomposit,ion. In addi- 
tion, they asscmblrd the findings of Logan 
and Kcmball, as w-cl1 as those of oth(lr 
aut’hors, so as to rcvcal some rc:markablc 
correlations. 

A more complex kinetic cxprcssion has 
been proposed by Rlardalrishvili et al. (13) 
for the decomposition of NH, on I’d and 
Xi. In the cast of Xi, t,hcse authors wrc 
led to consider t\vo types of equations 
dcpcnding on whcthcr t,he cat,alyst is fresh 
or has bocn operating for swnc t,imc, and 
lvhich are diffrrcwt from the previous onm. 

Tukczawa and Mczaki (14) cxamirwd the 
decomposition of NH, 011 iron and hc~sit~att~d 
betwcctn t\\-o rat.c equations, namely the: 
equation, 

1 

and that of Tcmkin. They finally came 
round to accept the latter. 

Aika et al. (15, 16) mainly cxamincd t’he 
synthesis of iXH3, particularly on Ru, and 
on Ru modified by alkaline additives. Many 
other invcstigat’ions [e.g., (17-19)] have 
been published, but arc of less intcwst for 
our work. 

In conclusion, an agreement dots not 
appear t,o have been rcachcd wit,11 regard 
to the form of the kinetic equation. Thcrc- 
fore, WC have tried to look for an equation 
valid for our cxpcrimc:nt,al conditions. 

One dclicatc problem conccrns thr pos- 
siblc change of tdlc fraction of rctduccd 
nickel: (a) all along the catalyt’ic bed, (b) 

through the pellet8 and (c) as a function of 
the composit,ion of the fwd. Fortunately, 
however, it \vas possible to pwform the ki- 
n&c investigation und(,r conditions whcrc 
nickel is practiwlly all rcduwd. Such 
conditions arc’ obtniwd \vhcn starting from 
previously rcduwd catalJ,st, and when 
adding hydrogen to the introducrd am- 
monia and \vat,c’r mixture. So the kinetic 
investigation has bwn done hcrc with the 
so-cnllcd Si catalyst, (1). Idclntical rcsult,s 
have bwn obt aincd with t.hc so-calkd 
X0-oxidizcld Pd cat:lll.st, (I), which is 
easily wtivatc~d (c.g., rcduccd) by the 
rcact,ing fwd, and for \vhich Pd c>xcrts no 

activity. 
In view of this, that kinetic rwults ob- 

tained, and t,hclir iIlt,c~rprct,at,ion, only con- 
wrn the catalytic activity of wduccd 
nickc4. Ho\vww, \VC shall set t,hat thu 
gcnc~rnl intc~rpwtation of our rwult,s leads 
us t,o assume that stwm just acts to d(ltcr- 
mint> th(> stat,cl of rc~duction of the nickel 
and ran bc considwc~d as an inwt dilwnt 
for the catalysis. 

The apparatus and mode of cxpwimcnt,a- 
tion have prtrviously been dcscribcd (1). 
We may recall t#hat t’hc catalyst consists of 
147<, niclirll on alumina carrier of 8 m”/g 
and 45 cm”jg. 

The possibl(l influcwe of diffusional 
limitat,ion was first cxamiwd. Variation of 
hYLr gRS Vd(Jcity, for a c(JnSt~allt~ cOIlt,act 

time, did not inducn a conversion change, 
\vhich prows t,liat, thcrc: is practically 110 

diffusiwmal limit,ation in t’hc homogeneous 
phaw. Piguro 1 sho\vs the influrncc (Jf pellet 
dimcwsion on COIlV(TSiO11. For pdcts of 
diamcltcr 2.4 to 4 mm, diffusional limit,ation 
in porw, appc>arcd only at tcmpc’ratures 
higher than UO”C, or more prcciscly wlicn 
conwrsion, for the experimer2tal chosen cou- 
tlit ions, \\-ns higher than 3O{x!. Tlic~ follo\Ving 
cxpcrimcsnts \vcLrc pwformcd with pcllcts 
of this dimc>nsion (which correspond to 
industrial catalysts) to avoid too high a 
pressure drop, \vith a GHSV of 20,000 hr-l. 
Chcmicnl limitation \vill bc obscrvcd only 
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GHSV; 20000 hr-’ 

350 400 450 500 Ts: 

FIG. 1. Influence of diffusional limitat,ions in the 

catalyst grain. 

at lower temperature, or in the prcscnce of 
hydrogen, which cxcrt#s an inhibiting effect. 

With such precautions in mind, the 
investigation has conccrncd : 

1. The influcncc of ammonia partial 
pressure. 

2. The influence of hydrogen partial 
prcssurc. 

3. The influence of steam. 
4. The influence of contact time. 

Nitrogen influcncc 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 (PJ at the 
entrance of the reactor: 

P, = arF, (Y = constant. 

This property will be used further. 
Figure 2a gives the variation of conversion 
versus temperature, for different initial 
partial pressures of ammonia (PNHJ~. Con- 
version decreases when (PNHJ 0 increases. 

W. Influence of Hydroge,l, Partial Pressure 

According to the classical m&hod, WC 
used synthetic mixtures of NH, + Hz to 
study the cffcct of the reaction product, 
i.e., HZ. The results presented in Fig. 3a 
show a large inhibiting effect of the hy- 
drogen, which apparently decreases when 
the temperature increases. Moreover, 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, i.e., 5 X lo2 N me2 at 
426°C. We must emphasize that the ther- 
modynamics remain quite favorable for this 
range of initial partial prcssurc of hydrogen. 

S. InfEuence of Steam 

To mcasurc the activity of different 
catalysts in the absence of steam, WC used 

GHSV = ZOOOOhr-’ 

3cxl 400 500 TT  

Fro. 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). 



NH3 DECOMPOSITION IN WATER VAPOR. II 325 

a Nz-NH3 gaseous mixture having a similar 
mole ratio, 1:540, for NHs/Nz. 

Steam has a slight “inhibiting” influence 
which seems to be relatively independent of 
the temperature. For example, for a 
(PH~~)/(PNHJO ratio ~20, the decrease in 
conversion is only 20% (Fig. 4a). We also 
performed a few tests at 44O”C, in the 
presence of varying amou&s of water. The 

b 

FIG. 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. (c) Influence 
of initial hydrogen partial pressure, according to the 

linear form (5) of the basic Eq. (3). 

’ C% 
100 - 

GHSV = 20000 hr“ 

GHSV = 20 Ooo hi-’ 
(PNH~)~= 1,85.102Nm-* 

FIG. 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 lo3 N m+, i.e., (PHZO)/ 
(PNH,)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%). 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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1,Of 
Ll&;) -x X 

I 
b 

(P NH,&= 1,65.?O*Nm‘* 
P ~~0 -3,s lO’Nm‘* 0,8 

p Nz = 10’ Nm-’ 
! 

FIG. 5. (a) Conversion versus contact time for 

three temperatures. Experimental curves, and theo- 
retical curves, for order one, relative to ammonia. 
(b) Influence of cont.act 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 

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 (l’N&O varies, 
all the other partial pressures remain un- 
changed ; particularly PHI remains practi- 
cally constant because of the great excess 
of introduced Hz 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 affirmat,ion 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: 

F,dx = rdm, (1) 

where x = NH, 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 = klP,(l - Z), 

we obtain by integration of Eq. (1) : 

x = 1 - e-kam 
, 

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

b. Figure 2a shows that when (PNHZ) D in- 
creases, the conversion decreases, results 
apparently in contradiction with the pre- 
vious one. But we must consider that in 
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this cast (PH,)~ = 0, and that, t,he pro- 
duction of hydrogen by NH3 dccomposit’ion 
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 
explain the lower conversion t,han those 
given by the sole influence of a first, order 
law relative to NH,. 

So, WC can propose cxxprcssions of the 
form : 

P NH3 P 
r=k 

NH3 
or r= A-------. 

(Pdo (a + PHI)@ 

2. DETERMINATION OF@ AND a 

The classical method is to plot Lr versus 
LPH,. If the first equat,ion is valid, we must 
observe a linear curve, whose slope gives ,B. 

A 
Lc N_ Lr ( low conversion1 

\ 

1,2 
,’ \ 

‘i 
SLOPE 1 

Tz426OC ‘\ 
1 GHSV,20000 hr“ 

(P~&165 .lO Nm? 

\ 

\, 

OB P,q = 3.7 lO’Nm-’ ‘(, 

PN~ = lO”Nm-’ 
\ 

\ \ 
0.6 “2 

1 L PH,(ort#trory umts!, 
* 

0.2 0.4 0,6 4 08 1 l-i! 

5 10’ Nm“ 

FIG. 6. Detjermination of n and 0, coefficients of 
t,he rate equation, from the curve at, 426°C of Fig. 
31 or b, with (NH,), = l&50 ppm. 

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

(pNII,)O(l - a> 

The intervention of the term a causes a Integration leads 
deviation from linearity which can charac- 1 
tcrize the value of the parameter, a, rclativc (I’m) JJ ----- A- 
to PII,. Figure 6 leads us to propose a small (1 - X) 

value for a, a value which, to a first ap- \, r, 1 

to the basic equat,ion: 

$(PNH,), 

proximation, can be neglected. Morcovrr, 
the slope of t,hc st,raight line obtained being 
equal to OIK:, it is possible t,o propose t,hc 
expression : 

P 
r = JNaa* 

P 
(2) 

Hz 

1 
711 A 111 r-y - 2 = k22.4 F. (3) 

t 

It should be pointed out that Eq. (2) 
introduces an infinite rate at t’hc 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 dots not 
introduce any incohcrcnce. Fundamentally, 
it is evident that the denominat,or of Eq. 
(2) should rather have the form E + PI*,, 
with e being a small term with respect 
to PI%,. 

3. EXPLOITATION OF THE TOTALITY 
OF RESULTS 

On the basis of the kinetic Eq. (a), the 
integration of the balance equation enables 

F, rcprcwnts tho t,otal clnt8rance flow-rate 
and WC have: 

Ft (~‘NII,) o 
pa =---- 

22.4 Ptots, 

I’ total = 1 bar = 10” iV mP2 

This gcnersl equation makes use of the 
term m/Ft = 0 (contact time), which can 
be easily related to the GHSV by use of 
t,hc bed density of the catalyst pb: 

nz = pbTrb (lTb catalytic bed volume) 

and 

GHSV = ‘;‘t zz Ft pb 
Vb 

(4) 
711 

The basic equat’ion Jvill bc applied to the 
three t.yprs of cxpcrimcntal inv&gation : 

a. The variat’ion of 2 as a fun&on of 
(P&o for different tcmpcraturc. 
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b. The variation of z as a function of 
(P&O, for different tclmpcraturw. 

c. The variation of IZ: as a function 
of contact time, 0 = m/F,, for different 
temperatures. 

Since the expcrimcnts wcrc performed 
with grains measuring from 2.4 to 4 mm, 
corresponding to industrial catalysts, diffu- 
sion phenomena may occur in cases of the 
highest rate. But for cxpcriments 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 pcr- 
mits the activity to remain under conditions 
where thcrc is no diffusional limitation, 
cvcn at relatively high t,cmperatures. Morc- 
over, cxperimcnt’s in the prcscnce of Hz 
ensure an almost entirely reduced catalyst’, 
thus having the same composition all along 
the catalytic bed. 

a. Injluence of (PlfJo for (PNHJ~ = Con- 
stunt (Fig. Sa and b). 

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

~(~Nlla)O 1 - -+- 

! i 

+ (PH,)O 

L 
(1 - X) 

= k22.4; ---II--. (5) 
t r 

lip- 

(1 - 2:) 

By plotting the first term as a function of 

lIlIJxlI(l - 211, WC should obtain a 
straight lint, passing through the origin, 
and having a slope equal to lz (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 (PNH~)o being used. 

fi. At 426”C, for three different pressure 
(PNH,) 0. 

li’or each t(>mperaturP, WC c&!ctiwly 
obtain a st,raight lint passing through tho 
origin, thus illust,rating the validity of the 
model chown and giving the value of I;. 
Emphasis should be placed on the good 
linearity obtained at, 426”C, with thrw 
different values of (P&O. The values of 
k, plotted in Arrhcnius coordinates (Fig. 7), 
give a linear curve, thus providing a further 
confirmation of the validity of the model 
and giving t’hc activation cnrrgy : 

E = 185 kJ mole-l. 

(Fig. ,%‘a) 

The basic Eq. (3) could bc used in the 
form (5). But in the particular cast 
(I’&)0 = 0, WC choose the form (6) which 
is simpler : 

[ 1 L -I - r = k22.4 Y- --I-- W 
1-X Ft $(PNII&I ’ 

By plotting the first term of Eq. (6) as 
a function of l/(P~n,)o, a straight lint 
should be obtained of slope equal to Ic. 

cr. Results obtained at low temperatures 
(without limitation by di$usion). Figure 2b 
cffcctively gives straight lines, thus con- 
firming the validity of the model chosen 
and giving the valurs of k. For three con- 
sidered tcmpcraturcs (among the infinite 
possibility of choice in Fig. 2a), the corrc- 
sponding values of k are also plotted in 
Arrhenius coordinates in Fig. 7. 

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

p. Results obtained at high temperature 
(with possible limitation by digusion). In 
the tcmpcraturc range of 390-43O”C, for 
example, the kinetic Eq. (6) can be in- 
correct, in the absence of hydrogen in the 
feed. Thus the results will be rxploited by 
a reverse process. On the basis of the values 
of k previously obtained from the Arrhenius 
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line (Fig;. 7), it is possible to calculat,e the 
value of the “chemical” convc’rsion, xc (in 
abscncc of limitSation by diffusion), at’ any 

ttlmpcraturc. Calculat,cd curves 2, = f’(!P) 
arc represented in Fig. 2a as brokcw limbs. 
WC cffcctively obscrvc coincidcnw of calcu- 
lated and cxpcrimclntal curve for low tcm- 
p(>raturc, but’, zc > xerpr for high tcmp(ar- 
aturc. Morcovcr, for pellets of small dimc>n- 
sions (0.7-1.4 mm), the cxpcrimc~ntal and 
thoorctical curves coincide in Fig. 1, show- 
ing in this cast t,hc abscncr of limitation by 
diffusion, for all the t,cbmpcxraturc range. 

Exploit,ation of the variable (P&O cm 

bc done for any initial hydrogen pressure 
(Pn,),, for cxamplc by using the curves 
with a fixed (P&o in Fig. 3b (at 426°C). 
In fact, this is merely anot,hcr jvay of 
applying the rcsult,s which have already 
been used with thr variable (PII,),, (straight 
linr in Fig. 3c) and have already swved to 
check the validity of t,hc proposed modrl. 

ing through the origin and having thr slope 
k. Figure 51~ shows that a linearity is 
cffcct,ivcly obscrvcd ; the values of k ob- 
t#ainrd for the t#hrcc trmpcraturcs arc also 
011 thr same Arrhcnius plot, in Fig. 7. 

c. InJuence of Contact Time; (PNI~,)o It is int,crcsting to come back to the 
= Constant and (Pu,), = 0 apparent drcwasc in thr inhibiting rffect 

The cxperimcntal curves in Fig. 5a can of hydrogrn wit,h tcmprrature (Fig. 3a), a 

bc cxploitcd from Eg. (6), with the vari- rrsult, apparently in cont,radiction wit,h IQ. 

ation of x being obtained in this cast by the (2), in which thr effcctB of Hz does not de 

variation of F,. pcnd on the t,c~mpc~rat~urc~. 

If tho model is valid, by plot,ting t#hc 
first, twm in thr formula as a function of 
l/F, JYP should obtain a straight lirw pass- 

This apparent rffrct rcwlt,s from thr in- 
twvrntion of high convrrsions. At 500°C for 
cxampl(1, whrrr conwrsion with (P1l,)O = 0 
is vrry high (94oj,), t,hr hydrogen already 
produced clxcrts a great inhibit,ing cffcct and 
t,ha hydrogctn added to t,hr fwdstock brings 
only a furt#hrr rclduccd inhibit,ion. On t,hc 
ot,hrr hand, at, 42G”C, whrrc conwrsion 
wit,h (1’11,) = 0 is only 500/ thr inhibition 
rwulting from thcb hydrogen produced is 
less, and thr syst,cm is more srnsitivc t,o t,h(> 
amount of hydrogcw introduwd with th(a 
fwdstock. 

FIG. 7. Arrhenius representation of the rate uw Th(l kinc%ic c~quation that WP have pro- 
st~ant. for Ni cablyst. posed appears to be diffcrcnt from the mc 

16' , ! 

195 1,30 135 I,40 1.45 1,50 1.55 1.60 l/T 10: 

FIG. 8. Arrhenius representation of experimental 
rate constant for several nickel cxtjnlyst,s. 

4. COMPARISON JVITH THE RESULTS 
IN THE LITEIZATURE 
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gc~nc~rally acwpt(~d, which has the form : To discuss this apparcsnt disclc~pancy, IVC 

will considw the gc%cwl w[uat,ion propowd 
?-=I? (7) by Tcmkin for the iron cat,nlyst of ammonia 

synthesis, and involving both rcvcrsc and 
a! ‘v 0.5 for xi. forward reactions (10) : 

k, = 
K= 

LX= 

P= 

[ 

1 PNH,’ 
(k*)P&(l--n) 1 - - 

K PN~. PH,” 1 --___ 
r = fl$.z$J[;,+ l]"-a)' (8) 

[ H2 
rate const#ant of the synthrsis rraction 1. Comparison of ~/I’II~ in relation to 
thermodynamic const’ant, for the syn- enc. By considering otdy t,he cases \vhcrc 
thesis: Nz + 3H2 ti 2 NHs (f’NH,)o < 2 X lo2 N m-2 and 1’~~ < 5 
term characterizing the influctnce of X lo2 N m-2, and by taking t’hc value 
coverage for the chcmisorption of of p given for iron at 4;iO”C, WC obtain 
nitrogt>n, (Y = AE,/AQ, in which AE, p/Z’H2 >> 1, or at’ least, p/I’uZ > 1. 
is the variation in the activation 2. Comparison of R in relation to ono. 
c’ncrgy and AQ is the variation in For 45O”C, K = 5 X lo-l5 (N m-2)2. Hrro 
adsorption heat for t.hc chemisorption 1’~~ = lo5 N In-* and wc will take p = 1.77 
of nitrogen, with degree of covcragc. X lo3 N m--2. So: 
ratio of the dcsorption rate constant 
for chemisorbed nitrogen to its hydro- 

PNH3 2 
gcnation rate constant. 

R = 1.1 X 10” pT ; [ 1 II2 

For the iron catalyst’, Tcmkin proposed 
t,hc value p = 1.77 X lop2 bar at 450°C 
(IO), or p = 1.77 X lo3 N mm2. 

a. Application to our Results 

WC have t,o examine the form taken by 
the general cxprcssion for ammonia dc- 
composition, under our conditions of very 
low pressure of ammonia and hydrogen. WC 
will consider : 

1. The value taken by the term P/I’II~, 
rclat’ivc to one. 

2. The value taken by the ratio R, rela- 
tivc t,o one : 

2 
-- -- 

R = ;;+ = [&][;!y. (9) 

and, introducing t,h(t conwrsion x, 

1 - :I‘ 
R = 1.1 x 10” ___---___ 

. (~‘ll,)O/(~NII~)O + $x 

(10) 

a. If (1’~~)~ = 0, t,hc cxprcssion of R 
becomes : 

For .r = 0.9, R = 6 X 103; and R dc- 
creases to one solcly when z = 0.99%. 
Then, considering that, p/PnZ >> 1 and 
R >> 1, the equation for ammonia dccom- 
position deduced from the gcncral Eq. (8) 
(with the synthesis contribution being nc’g- 
ligiblc) is reduced to the form: 

(k,) I>NH) 2(‘-a) 
r= 

(Kp) (l--or) [ 1 PH. 
, (11) 

1 PHz 
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which is the kirwtic expression deduced 
from our cxpt>rimcnts if we take a = 0.5. 

b. If (P,,), # 0, t,he value of R is 
lowered by the intervention of (PII,),/ 
(PNH~)~ in its denominator, but U-C can 
again consider that R >> 1 for thtk cxpori- 
mental conversion obtained. 

Indeed, for the most extreme cases in 
t,his paper, nam(>Iy, (I’,,,), = 33.3 N nl+ 
and, for example, (Z’I~,)~ = lo3 N 111~~ in 
Fig. 3b, we easily find that for 2 = 0, 
R = 1200, and that R dccrcaws to 1 solrly 
when 5 = 0.97. On t.hc other hand, \ve 
are just at, t#hc limit for t’hc condit8ion 

Pl(~~H*)O > 1. 
Finally, for sufficiently small values of 

P n2, t’hc general kinetic equation can be 
rcduccd to the simplified form Eq. (11) 
corresponding t’o t#he one deduced from our 
Vxpwimcnts. 

b. Comparison with, Published Results on 
Ammonia Decomposition 

Generally, conditions are such that Z’n, 
has high values, which Irads to : 

+K 1. 
H2 

R remains higher t.han 1 if the conversion 
is not t,oo close to equilibrium. Consc- 
qwntly, if t#he rate, of the revcrsc reaction 
(synthesis) remains negligible, the dccom- 
position rate dcduwd from Eq. (8) is 
reduced t’o : 

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

Some aut’hors, such as Logan and Kem- 
ball (Q), have used intermediate hydrogen 
pressure conditions, for example (PI,,) ,, 
varying between lo3 and 7 X lo3 N m-2. In 
such cases 0.25 < p/(Z’II,)o < 2. WC have 
again R >> 1. WC must then apply an 

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

intcrmcdiatc kinetic equation bctwcn (11) 
and (12). Logan and Kcmball proposed 
Eg. (12), but point’ed out t’hat their 
operating method does not cnablc t,hc order 
to be dctwmincd accurakly relative to HZ. 

Of course, our comparat’ivc analysis of 
t,hc kinetics problems implies t,hc intrr- 
vention of rcsult,s relative t,o iron cats&, 
but t’his sort of approximation seems acccpt- 
able in the actual state of our knowledge. 

This analysis sholvs then t.hat Ternkin’s 
general equat8ion appears quite valid, but, 
that’ care must be taken in examining t,hc 
values t#akcn by the different terms, d+ 
pc’nding on t,h(> operation range used. 

5. INFLUENCE OF CATALYST PREPARATION 
OR COMPOSITION 

USC of a kinetic expression makes possible 
the comparison of catalysts from t#hcir rate 
constants and their variation with tcm- 
pcrature. Hence Fig. 8 presents in Arrhcnius 
coordinates the rate constant#s for six 
catalyst,s of Part, I (1). WC observe : 

1. A linear variation in the low tcm- 
pcrat,ure range, for which diffusional limita- 
t,ion does not occur. 

2. That the activation energy is around 
170 kJ mole-’ for cat,alysts working csscn- 
tially in a reduced st,atc (Ni, NiO-oxidized 
Itu and NiO-oxidized I’d catalysts). For 
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NiO catalyst, the apparent activation 
energy is diffcrent8 (a little higher). 

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

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

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

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

F,dx = rc,,dmT, 

7 being the degree of reduction of the 
considered clement dm, and rcZ) being t,he 
same expression as previously. The inte- 
gration would lead to an equation similar 
to (3), but in which rn, would bc substituted 
by: 

/ 

exit 

m dr = m?(? mean value of T), 
ontritnce 

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

k exp = k,?. 

k. being relative to pure Ni +- ko being 
relative to pure Ni. 

In other words, such simplifications 
would imply a linear variation law for the 
cxpcrimental rate constant, as a function 
of 7. Figure 9 shows the values of k,,, 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 cithrr that the reduction degree 
is lower for the surface than for bulk, or 
that the turnover number of nickel sites 

decrcasrs in t,hc prcwnw of oxidized nickc.1. 
Thrsc points merit, furt3hcv inwst~igation. 

CONCLIJSION 

Under conditions existing in cbxhaust 
gases, the best kinetic quation, for funda- 
mental or applied research, or for react#or 
designing, seems to bc t,hc orw proposed 
from our experimrntal results, as long as 
nickel is mainly in a rcduwd st,atr. Undor 
conditions where large fractions of oxidized 
nickel appear, kinetic analysis must help 
to find t,he influence of nickrl oxide and 
water. 
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