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The kinetics of the decomposition of ammonia on copper, Hastelloy C, and Inconel 
surfaces was determined, and the validity of three proposed kinetic models was tested 
with the aid of a computer. The data generally support the Ozaki-Taylor-Boudart 
mechanism for ammonia decomposition. However, surface heterogeneity is shown to 
have a significant effect upon the analysis. 

INTRODUCTION 

The kinetics and mechanism of the cata- 
lytic synthesis and decomposition of am- 
monia have been continuously investigated 
over the past 30 years. The bulk of these 
studies were conducted with ferrous cata- 
lysts, and the kinetics have, until recently, 
been dominated by the treatment presented 
by Temkin and Pyzhev (1) in 1940. This 
theory was based on the assumptions that: 

(a) The rate-limiting step in the synthesis 
and decomposition of ammonia is the adsorp- 
tion and desorption of nitrogen, and nitrogen 
atoms are the main adsorbed species on the 
catalyst surface. 

(b) The catalyst surface is heterogeneous 
and the activation energies for adsorption 
and desorption vary linearly with coverage. 

(c) The rates of adsorption and desorp- 
tion of nitrogen atoms are described by the 
exponential-type Elovich expression. 
The Temkin-Pyzhev mechanism can be 
summarized by the set of reactions 

2 NH,= 2 (N)% + 3 Hz (fast and 
equilibrated) (1) 

2 (N>a -+ Nz (slow) (2) 

where subscript a represents adsorbed 
species. The mathematical development of 
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the theory leads to the following rate 
expression : 

(3) 

where 6 is a parameter related to the hetero- 
geneity of the surface, lc, and kd are the 
rate constants for the synthesis and decom- 
position of ammonia, respectively, and P is 
partial pressure. 

The Temkin-Pyzhev theory was fairly 
successful in describing the kinetics on 
ferrous catalysts, but there were several 
important discrepancies between theory and 
observation. The value of the parameter 6 
varied significantly among investigators; 
the theory predicted too strong a dependence 
of the rate on total pressure; and it also 
predicted an incorrect isotope effect when 
hydrogen was replaced by deuterium in the 
synthesis gas (6). 

Several investigators have offered alterna- 
tives to the Temkin-Pyzhev theory. Horiuti 
(2), introducing his concept of stoichiometric 
number, proposed that the rate-limiting step 
in ammonia synthesis was the dehydrogena- 
tion of imine (XH) radicals. However, this 
mechanism led to a rate expression for 
ammonia decomposition which indicated 
an inhibitive effect of nitrogen (SC). This is 
contrary to results previously obtained by 
Emmett and Love (3, 4), and to our own 
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results, as we shall later describe. Also, 
Bokhoven, Gorgels, and Mars (6) measured 
the stoichiometric number to be one, which 
is in accordance with the proposition that 
nitrogen desorption and adsorption is rate- 
limiting. 

Ozaki, Taylor, and Boudart (6) recently 
proposed another mechanism which retained 
some of the Temkin hypotheses, but ac- 
counted .for the above-mentioned discrepan- 
cies. They assumed that the adsorption and 
desorption of nitrogen was still rate-limiting 
but that the surface was covered with (NH) 
radicals. The nitrogen atoms were thus ad- 
sorbing on the surface as (NH) radicals, 
said radicals being in equilibrium with NH, 
and Hz: 

NH3 $ (NH), + HZ (fast) (4) 

2 (NH), --+ Nz + 2 H, (slow) (5) 

2H,=Hz (fast) (5a) 

This mechanism led to the following rate 
expression: 

(6) 

Another interesting conjecture made by 
Ozaki, Taylor, and Boudart was that surface 
homogeneity or heterogeneity has no bearing 
on the kinetic analysis or the kinetic rate 
expression. 

In this paper we shall examine the kinetics 
of the decomposition of ammonia on three 
nonferrous surfaces, and test the validity of 
the proposed models for the mechanism of 
ammonia decomposition on these surfaces. 
In addition, surface heterogeneity in the 
kinetic model will be examined. 

EXPERIMENTAL 

The data were obtained from an integral- 
flow-type reactor which is depicted in Fig. 1. 
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FIO. 1. Sketch of apparatus. 
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The materials studied were Hastelloy C, 
Inconel, and copper (lined on stainless steel). 

The main section of the apparatus con- 
sisted of six parallel t-inch tubes located in 
the center of an electric furnace. Five tubes 
were made of the materials to be tested, and 
the sixth tube was a Hastelloy C Vycor- 
lined reference tube. The tubes extended 55 
inches from a Hastelloy C manifold plate 
to the top of the furnace where they entered 
a water-quenched tank. 

The temperature of the tubes was main- 
tained and controlled at +l”C by a Pyro- 
vane Controller. Six thermocouples were 
spot-welded along each tube, and measured 
its temperature profile. 

The feed gas to the tube section was pre- 
heated in a separate preheat furnace, and 
also in the bottom section of the main fur- 
nace. The preheating sections were made of 
Hastelloy C to minimize precracking of the 
ammonia. The feed gas was distributed to 
all the tubes via a manifold plate, and the 
feed gas flow and pressure was controlled 
and maintained by Manostat rotameters and 
valves. The flow and pressure in each tube 
were also controlled by individual valves 
and rotameters. 

The composition of the feed gas was fixed 
by mixing known quantities of pure NH8 and 
decomposed NH, (75% Hz, 25% N2). The 
decomposed NH, was obtained by passing 
some of the pure NH3 through a dissociator 
(l-inch Inconel pipe packed with ammonia 
synthesis catalyst) maintained at 650°C. The 
NHs was obtained as liquid anhydrous am- 
monia from the Armour Industrial Com- 
pany and was stored in a 1000 gallon tank 
(equipped with an electrically heated vapor- 
izer and pressure regulator). The copper-lined 
stainless (314) duplex tube was obtained 
from the Texas Instrument Company, and 
the Hastelloy C and Inconel tubes were 
obtained from the Superior Tube Company. 

The amount of ammonia decomposed in 
the preheaters and in each tube was deter- 
mined by measuring the changes in hydrogen 
concentration. These analyses were per- 
formed by means of a thermal conductivity 
cell. To measure the ammonia precracking, 
the initial input feed was compared in the 
cell to the output from the Vycor reference 

tube. Since there is essentially no decom- 
position in the Vycor tube, the increase in 
hydrogen, as measured by the response from 
the thermal conductivity cell, is due to 
decomposition occurring in the preheating 
sections. By comparing the output from each 
tube to the output from the Vycor tube, the 
degree of decomposition in each tube was 
determined. The cell was calibrated at 
various levels of hydrogen concentration. 

The total flow in each tube was about 
60-70 g moles/hr. This corresponded to a 
Reynolds number of about 2400. Calcula- 
tions* indicated that diffusion effects under 
the conditions of the experiment,s were not 
significant, and not controlling. This was 
also verified experimentally by several ex- 
periments at higher flow rates (120-140 g 
moles/hr). The decomposition rate, and the 
kinetic parameters were independent of flow 
rate. 

SAMPLE HISTORY 

Previous experience had shown that the 
kinetic characteristics of metals and al- 
loys change significantly with time. These 
changes are associated with surface nitriding, 
phase changes, precipitation, recrystalliza- 
tion, etc. Therefore, the sample tubes were 
continuously exposed to the ammonia en- 
vironment at 700°C for 3000 hr before the 
data were taken. The decomposition rate for 
each tube, except for copper, was constant 
after this time. 

Examination of photomicrographs in- 
dicated that the copper tube surface had 
undergone severe roughening and pitting. 
This roughening, and the resultant increase 
in surface area, accounts for the continued 
increase in the ammonia decomposition rate 
in the copper tube with time. However, the 
data were taken over a short enough time 
period to minimize the effect of this drift in 
rate on the kinetic analysis. 

ANALYSIS OF DATA 

A test for the validity of the proposed 
kinetic models for ammonia decomposition 

* Mass transfer coefficients for hydrogen were in 
the order of 40@500 g/moles/hr cm2 atm, and the 
concentration gradients were in the order of 5%. 
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is to independently determine the partial 
pressure exponents of the rate expression 

rd = - Ce-E’RTPN&nP&-m (7) 

where rd is the decomposition rate, g 
moles/hr cm2, C is the pre-exponential 
factor, g moles (atm)m-n/hr cm2, and E is 
the activation energy for decomposition, 
Cal/g mole. The Temkin-Pyzhev model 
predicts a m/n value of 3/2 (l), and the 
Ozaki-Taylor-Boudart model predicts a m/n 
value of 1 (6). 

Also, a determination of the effect of 
excess nitrogen on the rate of ammonia 
decomposition would check the Horiuti 
model, which predicts an inhibitive effect of 
nitrogen (2c, 4). 

Equation (7), written in terms of the 
experimental configuration, becomes 

1 dA’ 
rd=L&&ji- 

= -Ce--E’RT(J)[PNH8(A’)]n[PHI(A’)]-m (8) 

where A’ is the ammonia flow rate in g 
moles/hr, r’ the tube radius, and 1 the 
tube length in centimeters, and T(Z) is 
the temperature profile along the tube, in 
“K/cm. Also, from the stoichiometry of the 
decomposition 

PEAA’) 

= PO 
B’(0) - #[A’(Z) - A’(O)] 

B’(0) + C’(0) + 2A’(O) - A’(Z) 

~rws(A’) 

= PO 
A’(0 

B’(0) + C’(0) + ZA’(0) - A’(Z) 
(10) 

where A’(O), B’(O), C’(0) are the input molar 
flow rates to the tube of ammonia, hydrogen, 
and nitrogen, respectively; A’(Z) is the am- 
monia flow rate as a function of length in 
g moles/hr, and PO is the total pressure. 

The kinetic parameters C, E, m, and n 
were estimated by least squares using a 
computer to perform the required numerical 
integrations and iterative nonlinear estima- 
tion procedure. The experiments performed 
to evaluate the kinetic parameters were an 
approximation to a two-level factorial de- 

sign, with three intermediate (center) points, 
in the variables l/T, In PNH$(A’), and In 
PH,(A’). The actual independent variables 
which were controlled in the experiment 
were temperature (650-75O”C), hydrogen 
concentration (3-12%), and total pressure 
(lo-30 psig). Since two replicates were ob- 
tained, a total of 22 observations were made 
at the various combinations of variable 
levels. The data obtained from each experi- 
ment consisted of, (a) the initial flow rates 
of NHs, Hz, and Nz to the unit; (b) XI, the 
increase in the mole fraction of Hz due to 
ammonia decomposition between the feed 
point and the entrance to the tubes; (c) 
X2-i, the increase in the mole fraction of 
Hz due to ammonia decomposition in the 
ith tube; (d) the temperature profile along 
each tube as measured by six fixed thermo- 
couples; and (e) flow and pressure measure- 
ments at the exit of each tube, as well as at 
the feed point of the unit. These data, to- 
gether with X1, allowed the computer to 
calculate the flow rates at the entrances to 
each tube [A’(O)c B’(0)i, C’(O);], the average 
total pressure in each tube, and the partial 
pressures of each component as a function of 
length. 

The parameters of the rate expression 
were then determined in a two-stage pro- 
cedure. First, they were approximated by 
assuming a linear or differential change in 
ammonia partial pressure in the tubes. That 
is 

AA’/2?rrAl 
= -Ce-EIRF[&.&A’)]n[pHz(A’)]-m (11) 

or 

In (-AA’/2wAZ) = In C - (E/RF) 
+ n In tii~dA’>l - m In [~dA’)l (12) 

where 

5? = r T(l)dl/L (13) 

&JA’) = $ (PidA’@)I + PNHS[A’(L)I). 

(14) 

&,(A’) = $ { PH,[A’(O)I + P,,[A’(L)I 1. (15) 

Since Eq. (12) is linear in the parameters 
In C, E, m, n, a standard linear least-squares 
procedure was used to determine them (7). 
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The computer, given a set of first guesses 
for the parameters, the boundary conditions 
[A’(O), B’(O), C’(O)], PO, and the temperature 
profile [T(Z)], next numerically integrates 
Eq. (8) using a Runge-Kutta procedure (8). 
An interpolation scheme provides values of 
T for any I, and a graph of A’, B’, and C’ 
versus I is actually provided by the program. 

The integration proceeds from the calcu- 
lated boundary conditions at 1 = 0 to the 
terminal flow rates at I = L. Given the value 
of A'(L), it is then possible to calculate the 
increase in mole fraction of hydrogen X,i 

22, = 
B’(0) + g[A'(O) - A'(L)] 

A'(0) + B'(0) + C'(0) + [A'(O) - A'(L)] 
B’(O) 

A’(O) + B’(O) + C’(0) (16) 

where the supercarat (^) indicates calculated 
values. The experimentally observed in- 
crease in hydrogen mole fraction, XZi, was 
then compared to the calculated value in a 
nonlinear least-squares procedure to deter- 
mine the appropriateness of the estimated 
parameter values 

Sf(Ci, Ei, m;, ni) 

= 7 (In X‘&ij - In 22-ij)2 (17) 
j’i; 

The index j runs over the 22 observations, 
while the index i refers to each of the six 

.60 L 

tubes. The logarithmic transformation was 
used to obtain a more uniform variance 
structure in the observations, since the per 
cent error in XZ is more or less constant. 

Parameters were sought by the computer 
which would minimize the residual sum of 
squares function, Eq. (17). A Gauss iterative 
procedure was used which is based on a 
series of linear approximations (9). 

RESULTS 

The best estimates of the parameters, 
their 95% confidence intervals, and the 
mean and residual sums of squared devia- 
tion, are presented in Table 1. The con- 
fidence intervals for the copper parameters 
were not determined because of the poor fit 
of the copper data. 

The estimated values of m and n are nearly 
equal for all the tubes. Statistical tests 
showed that the data were strongly con- 
cordant with the hypothesis that m  = n 
(t values of 0.14, 0.34, 0.42, and 1.2 were 
obtained in approximate t tests of the hy- 
pothesis m = n for tubes 3,4,5, and 6 respec- 
tively). The parameters were then estimated 
for the model 

rd = -ce-EtRT(PN&/PHz)m 08) 

and the results are presented in Table 2. As 
seen in this table, the fit of the data to Eq. 
(18) is as good as the fit to Eq. (7). 

The individual marginal confidence in- 

c=94,973,/00 

C = 52, /22,240 n 

C= 28,605,370 

m .50- 

C=/S, 698,930 

I I 

42,500 43,500 44,500 45,500 

E, ACTIVATION ENERGY, cols./gm. mole 

FIG. 2. Ninety-five per cent confidence region for Hastelloy C kinetic parameters. 



lb
 

TA
BL

E 
1 

2 
ES

TI
M

AT
ES

 
AN

D 
95

%
 

CO
NF

ID
EN

CE
 

IN
TE

RV
AL

S 
FO

R 
KI

NE
TI

C 
PA

RA
M

ET
ER

S 
OF

 
EQ

. 
(7

) 

H&
d&

 
c 

%
s 

“e
ii::

 
c 

l%
zg

l 
%

xz
 

Fa
ra

m
ete

rF
J 

gy
 

Es
tim

at
e 

pP
; 

$;;
z 

E&
h&

 
y,L

%
 

” 
Es

tim
at

e 
y..

y 
gg

 
Es

tim
at

e 
pm

%
 

Es
tim

at
e 

c 
x 

lo-
“, 

10
.2

0 
27

.6
5 

97
.2

8 
3.

14
 

9.
44

 
36

.2
6 

10
.2

6 
47

.2
4 

21
4.

79
 

5.
59

 
15

.0
9 

40
.6

5 
0.

26
64

 

g 
m

ol
es

 
W

m
F 

hr
/cm

2 

Ca
l 

E,
 -

 g 
m

ole
 

40
 

93
0 

42
 

97
0 

45
 

01
0 

37
 

16
0 

39
 

28
0 

41
40

0 
41

79
0 

44
 

22
0 

46
 

65
0 

39
 

32
0 

40
 

98
0 

42
 

65
0 

42
 

55
0 

m
 

0.
42

13
 

0.
50

33
 

0.
58

53
 

0.
45

42
 

0.
54

13
 

0.
62

84
 

0.
46

99
 

0.
57

01
 

0.
67

03
 

0.
50

66
 

0.
57

53
 

0.
64

40
 

1.
05

0 

n 
0.

38
45

 
0.

52
58

 
0.

66
71

 
0.

40
88

 
0.

53
35

 
0.

65
82

 
0.

43
04

 
0.

60
45

 
0.

77
86

 
0.

52
88

 
0.

63
68

 
0.

74
48

 
1.

04
9 

2 

Re
sid

ua
l 

su
m

 
of

 
0.

04
28

 
0.

02
45

 
0.

06
38

 
0.

02
03

 
2.

33
 

R 
sq

ua
re

s 

Re
sid

ua
l 

m
ea

n 
0.

00
23

8 
0.

00
13

0 
0.

00
35

4 
0.

00
11

3 
0.

12
9 

$ 

sq
ua

re
 

z 

TA
BL

E 
2 

!i!
 

ES
TI

M
AT

ES
 

AN
D 

95
%

 
CO

NF
ID

EN
CE

 
IN

TE
RV

AL
S 

FO
R 

KI
NE

TI
C 

PA
RA

M
ET

ER
S 

OF
 

EQ
. 

(1
8)

 
23

 
1:

 
- 

c 
x 

10
-6

, 
g 

m
ol

es
 

- hr
/cm

2 
11

.2
6 

28
.6

1 
72

.6
6 

3.
90

 
10

.5
5 

28
.5

4 
16

.1
8 

49
.4

1 
15

0.
93

 
7.

39
 

16
.5

6 
37

.1
4 

ca
l 

E,
 -

 
41

02
0 

45
 

02
0 

g 
m

ole
 

43
 

02
0 

37
 

17
0 

39
 

27
0 

41
36

0 
41

90
0 

44
 

29
0 

46
 

69
0 

39
 

40
0 

41
 

11
0 

42
 

82
0 

m
 

0.
42

81
 

0.
50

69
 

0.
58

56
 

0.
45

53
 

0.
53

99
 

0.
62

45
 

0.
47

92
 

0.
57

65
 

0.
67

37
 

0.
51

68
 

0.
58

68
 

0.
65

69
 

Re
sid

ua
l 

su
m

 
of

 
sq

ua
re

s 
0.

04
30

 
0.

02
45

 
0.

06
51

3 
0.

02
21

5 

Re
sid

ua
l 

m
ea

n 
sq

ua
re

 
0.

00
22

6 
0.

00
12

9 
0.

00
34

3 
0.

00
11

7 

-..
 

- 
- 

- 
.; 

. 
- 

- 
,-,

 -
 

_ 
_ 



tervals given in Tables 1 and 2 do not for the two Inconel tubes differ by about 
completely describe what has actually been 37%. This difference is attributed to the 
learned about the parameters. Since the variation in grain size between the Inconel 
estimates are highly correlated, it is neees- tubes. Tube 4, which was observed to have 
sary to look at the joint confidence region the finer grain size, had a higher catalytic 
for the parameters. This is approximated by activity. The grain sizes of the Hastelloy C 
an ellipsoid in the space of the parameters, tubes were found to be similar. 
with its center at the least-squares estimate 
and defined so that the probability is 0.95 KINETIC MODELS 

that the region contains the true parameter The data for Hastelloy C and Inconel 
values. The contours of such a region have support the Ozaki-Taylor-Boudart model 
been graphed for the Tube 3 (Hastelloy C) for ammonia decomposition. However, for 
parameters (Fig. 2). The high correlation copper, the fit of the data to Eq. (8) is not 
between the estimates C and E (p = 0.99) very good. Although m/n is about 1, the 
can be seen by noting that large variations residual sum of squares is 2.3 compared to 
in C from the least-squares estimate are about 0.05 for t,he other tubes. Although part 
consistent with the data as long as cor- of this large residual is due to the lower 
responding changes in E are made to keep conversions in the copper tube, and it,s larger 
the parameter point within the flattened attendant relative error, the fit is signifi- 
cigar-shaped confidence region. While the cantly poorer than for Hastelloy C or 
range of likely parameter values is large Inconel. 
(especially C), this is compensated for by According to Ozaki, Taylor, and Boudart, 
the fact that the proportion of parameter the nature of the catalyst surface is ir- 
space volume falling within these ranges relevant to the kinetic analysis. This is true 
occupied by compatible parameter values for the kinetics of ammonia synthesis, as 
(points inside the confidence region) is quite they have shown. However, examination of 
small. When the estimated parameters are the kinetics of ammonia decomposition 
used to predict instantaneous rates (via the indicates that the rate expression is de- 
differential equation) the high correlations pendent on whether a homogeneous or 
tend to have compensating effects on the heterogeneous surface is assumed. The data 
variance of the predicted rate. This is ap- for copper was thus examined on the basis 
parent in the 95yo confidence intervals for of a homogeneous surface. 
the instantaneous rates based on Eq. (18). 
These dat,a are shown in Table 3, and indi- HETEROGENEOUS VERSUS HOMOGENEOUS 

cate that the instantaneous rates are pre- SURFACE 

dicted within 4-g%. According to Ozaki, Taylor, and Boudart 
the concentration of (NH), depends upon 

TABLE 3 the Hz and NH, concentrations as indicated 
ESTIMATEDINSTANTANEOUS DECOMPOSITIONRATES* 

AND THEIR 95y0 CONFIDENCE INTERVAL 
in Eq. (4). Desorption of nitrogen from this 
surface (Eq. 5) is slow and rate-limiting, and 

Tube Lower limit Estimate Upper limit does not disturb the equilibrium concentra- 
tion of (NH).. Thus, following Langmuir 

2 - 0.00066 - 

3 0.01757 0.01841 
(10) 

0.01929 
4 0.04701 0.04079 0.05487 A.e-EJRT(NH3)(l - &EI) 
5 0.01793 0.01907 0.02029 = Ade-Ed’RT(H2)0~~ (19) 
6 0.03217 0.03398 0 IO3590 

where E,, and Ed are the activation energies 
a dA/2rrd, evaluated at 7OO”C, 10% Hz, 35 psia, for adsorption and desorption, respectively; 

g moles NHJhr/cmt. ~NH is the fraction of the surface covered 
by (NH) radicals, and A is a proexponential 

The instantaneous decomposition rates factor. 
for the two Hastelloy C tubes are com- For a homogeneous surface E, and Ed are 
narable. However. the decomoosition rates I ._ independent of coverage, while for a heter- 

DECOMPOSITION OF AMMONIA ON NONFERROUS SURFACES 475 
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ogeneous surface E, and Ed are linear func- 
tions of 8: 

E, = E,O + a8 

Ea = Ed0 - fi0 

and 

(20) 

(21) 

-AH, = Ed - E, = -AH,O - (a + /3)e 

(22) 

where superscript zero represents values at 
zero surface coverage. The form of the 
adsorption isotherm, @NH, depends upon the 
nature of the surface. For a homogeneous 
surface, Eq. (19) is solved directly 

eNH = 1 + K[(NHd/(Hdl (23) 

where K is the equilibrium constant for 
reaction (4). Following Ozaki et al. (6, 10b), 
the isotherm for a heterogeneous surface 
becomes 

8 _ zln 1 + fL”[WHdI(H2)1 
NE - f 1 + Kloe-f’2[(NH,)/(H2)] (24) 

where f = r/RT, y = a! + 8, and K10 is the 
equilibrium constant for reaction (4) at zero 
coverage. 

Similarly, the expression for the rate 
of desorption of nitrogen depends upon 
the nature of the surface. In general, 

rd = kdeNH2emEdfRT (25) 

For a homogeneous surface, Ed is constant 
so that Eq. (25) becomes 

rd = kd’oNH2 (26) 

For a heterogeneous surface 
Td = kdeNH2e-Edo/RTeSOlRT (27) 

or, 
rd = kd”eNH2ehe (28) 

where h = P/RT. For sufficiently heteroge- 
neous surfaces (large p) the exponential 
term dominates the function, and Eq. (28) 
can be written 

rd E kdlI1ehe (29) 

Substitution of Eq. (23) into Eq. (26) 
yields the rate expression for ammonia 

decomposition on a homogeneous surface, 
while substitution of Eq. (24) into Eq. (29) 
yields the expression for decomposition on a 
heterogeneous surface 

rd ( 
“om;~y) = kdI K[(NHdI(H2)1 2 

1 + K[WWIW2)1 I 
(30) 

= 1 + KI~[(NH~I(WI 
1 + Kl”e-f’“[(NH3)/(H2)] 1 ‘h/f c311 

Assuming for a heterogeneous surface (6’) 
that 

KI~~(NWI(WI 
>> 1 >> Kl”e-f’“[(NH3)/(Hz)] 

then 

( surface 

Td 
heterogeneous > = kd’V[(NHI)2/(Hz)2]‘-b (32) 

where 1 - 6 = h/f, and kdrv = IcJu KlO. 
The form of Eqs. (32) or (31) is not the 

same as that of Eq. (30), as was the case for 
the analogous equations derived for am- 
monia syntheses by Ozaki, Taylor, and 
Boudart (6). 

The data from the copper and Hastelloy 
C (No. 3) tube were refitted to Eq. (30). In 
these calculations estimates were only ob- 
tained for parameters in the linear ap- 
proximation of the equation. However, as 
indicated from previous experience, the ap- 
proximation should be good due to the 
relatively low conversions in the tubes, and 
they adequately indicate the relative good- 
ness of fit of the data to the two models. 
Table 4 presents the results for Hastelloy 
C and copper. An approximate statistical 
test, based on the Williams and Kloot 
procedure (11), was used to determine 
whether the apparent model preferences 
were strong enough to be meaningful. From 
the residual mean squares, it is indicated 
that the copper data is fitted better by the 
homogeneous surface model, while the 
Hastelloy C data conforms better to the 
heterogeneous surface model. In both cases 
the apparent preference is highly significant 
(the F statistics computed to test the hypoth- 
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TABLE 4 
HETEROGENEOUS vs HOMOGENEOUS SURFACE MODELS FOR COPPER AND HASTELLOY C 

Parameters 

Heterogeneous model (Eq. 7) Homogeneous model (Eq. 30) 

Copper (Tube 2) Hast4oy C (Tube 3 ) Copper (Tube 2) Hestelloy C (Tube 3) 

c 

E 
m 

n 

K 

Residual sum of squares 

Degrees of freedom 

Residual mean square 

0.2533 X 10” 17.61 X 106 22.24 X IO0 270.7 X IO6 

42 190 41 970 42 450 43 560 

1.03 0.479 - - 

1.02 0.485 - - 

- - 0.06 0.25 

2.303 0.0667 1.617 0.101 

18 18 19 19 

0.128 0.00371 0.085 0.00531 

esis of no preference exceeded the 99.9% 
significance level). 

These data indicat,e that the copper sur- 
face, although certainly not entirely homoge- 
neous, may be more homogeneous than the 
alloy surfaces. In other words, the f value 
(change in heat of adsorption with coverage) 
for copper is not large enough so that the 
term Kloe-f’z [(NHs)/(Hz)] in Eq. (31) is 
negligible compared to one. 

The validity of the assumption that K1O 
[(NH,)/(H,)] >> 1 is not determined. The 
data were not sufficient to correlate it ac- 
cording to Eq. (31), which contains five 
parameters (including the temperature de- 
pendency of kP). 

EFFECT OF NITROGEN 

The effect of nitrogen on the kinetics of 
ammonia decomposition was determined by 
performing four sets of paired experiments 
with excess nitrogen and argon added to the 
feed stream. Each paired experiment was 
done at approximately the same temperature 
level and NH3 and Hz concentrations, the 
difference being that in one case excess Nz 
(above that present from NH, precracking) 
was present, and in the second case argon 
(equivalent to the excess Nz) was present. 
The increase in hydrogen in each case was 
then observed, and the ammonia decom- 
position rates were compared. 

In comparing the rates for the various 
cases, differential behavior in the tubes was 

assumed. That is, the rates were described 
by Eqs. (11) and (12); and the average 
temperatures, and part’ial pressures by Eqs. 
(13))(15). Since the conditions in each 
paired experiment were not exactly equiva- 
lent with respect to temperature and NH3 
and Hz partial pressures, the observed linear 
rates were corrected according to Eq. (18). 
That is 
TA -=exp(InvA-lnYN)exp 
TN 

where r is the corrected linear decomposition 
rate, ?J the observed rate (AA’/2&), and 
the subscripts A or N refer to the argon case 
and nitrogen case, respectively. 

The results of these experiments are pre- 
sented in Table 5, and indicate that nitrogen 
has no effect on the kinetics of ammonia 
decomposition. The ratios of decomposition 
rates show no positive tendency of nitrogen 
inhibition. Especially revealing is the result 
that the rate ratios of Experiment IV, which 
always has the highest ratio of argon to 
nitrogen, are not significantly different from 
rate ratios of experiments with less or no 
argon present. Deviations from the ideal 
rate ratio of one (no effect of nitrogen) are 
attributed to errors in assuming differential 
decomposition rates, and errors in the 
thermal conductivity cell calibration due to 
the presence of four components. 
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TABLE 5 
RELATIVE EFFECTS OF NITROGEN AND ARGON ON DECOMPOSITION RATE 

Ratio of observed 
rates (corrected for 

Pm 
(psi) 

& 
(psi) 

Average tube differences in 
temperature and 

‘7~2~ T NH8 + Hs partial 
pressures) lA/TN 

Tube a--Copper (E = 42.5 kcal/mole) 

I. a. Argon dilution 15.9 3.77 7.62 1.26 989.8 0.984 
b. Nitrogen dilution 15.8 3.74 0 8.21 992.0 

II. a. Argon dilution 16.0 2.46 10.21 0.82 997.9 1.17 
b. Nitrogen dilution 15.3 1.84 0 10.03 991.7 

III. a. Argon dilution 16.5 2.79 7.79 0.93 887.6 1.02 
b. Nitrogen dilution 15.5 2.53 0 8.01 884.8 

IV. a. Argon dilution 17.1 0.804 9.82 0.28 883.9 1.13 
b. Nitrogen dilution 16.0 0.734 0 9.38 884.6 

Tube 5-Hastellov C (E = 44.2 kcal/molel 

I. a. Argon dilution 15.0 4.52 7.40 1.51 977.9 1.21 
b. Nitrogen dilution 15.0 3.92 0 8.72 979.1 

II. a. Argon dilution 14.9 3.44 9.98 1.15 985.1 1.19 
b. Nitrogen dilution 14.4 2.58 0 10.08 978.8 

III. a. Argon dilution 16.3 2.86 7.78 0.95 882.1 0.88 
b. Nitrogen dilution 15.3 2.61 0 8.11 879.5 

IV. a. Argon dilution 16.9 0.978 9.68 0.326 877.2 1.12 
b. Nitrogen dilution 15.7 0.886 0 9.41 877.9 

Tube 4-Inconel (E = 40.0 kcal/mole) 

I. a. Argon dilution 14.1 5.3 7.26 1.77 972.1 1.19 
b. Nitrogen dilution 14.2 4.63 0 8.81 973.0 

II. a. Argon dilution 13.9 4.25 9.8 1.42 978.1 1.11 
b. Nitrogen dilution 13.6 3.36 0 10.10 972.5 

III. a. Argon dilution 16.1 3.05 7.72 1.02 880.8 0.94 
b. Nitrogen dilution 15.0 2.78 0 8.24 878.4 

IV. a. Argon dilution 16.6 1.29 9.57 0.43 875.6 1.095 
b. Nitrogen dilution 15.3 1.156 0 9.54 876.5 
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