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Kinetics of Ammonia Synthesis on Promoted
Iron Catalysts

By M. Temkin and V. Pyzheo

As a rtesult of the researshes of a number of investigators in
the field of ammonia synthesis on iron catalysts, the mechanism
of this process may, in the main, be considered elucidated. The
majority of these authors are of the opinion that the rate-determining
step of the overall reaction is the process of the binding of nitrogen
by iron in the form of a surface nitride (Fra nkenburger?) or,
employing the terminology of the adsorption theory of catalysis,
the process of the activated adsorption of nitrogen (Taylor?,
Emmet and Brunauer?). The further stages of the process—
the formation of a surface imide and its transformation into ammonia
(directly or by way ofthe amide stage) — take their course considerably
iaster. In accordance with this conception it is assumed that the rate
of decomposition of ammonia on iron is determined by the rate
of desorption of nitrogen.

In many cases the slow processes of the sorption of gases
by metals in the activated form may be connected with diffusion
phenomena, It is, therefore, necessary to prove that the rate of the
slow sorption of nitrogen by iron is actually the rate of the
adsorption process and not, e. g., that of diifusion along the grain
boundaries on the inner surface. Emmet and Brunauer?® found
t hat the rate of sorption of nitrogen and the rate of the synthesis
are of the same order of magnitude under identical conditions. The

1 Frankenburger, Z Elekirochem., 39, 45, 97, 269 (1933).
2 Taylor, J. Am. Chem. Soc., 53, 578 (1931).
Emmet and Brunauer, J. Am., Chem. Soc., 56, 35 (1934).
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rate of sorption of nitrogen, however, is approximately 10° times
smaller than that calculated according to the formula Me—4a/l1,
where M is the number of impacts of the molecules on the surface,
and A, is the activation energy of adsorption.

At a first glance this result would seem to contradict the
assumption that the slow process is the process of activated
adsorption, but Temkin®, by means of the transition state method,
showed that the rate of activated adsorption should not be equal to
Me—4«BT I we express the rate as xMe—4a/k?, then for the case
of the adsorption of a diatomic molecule, the theory gives the
following equation for o:

glht

F T 6mv e (kT m ]

where L is the number of elementary spaces per square centimeter
of surface, I —the moment of inertia of the molecule, m — the mass
of the molecule, Ty— the average temperature, ¢-—-—the number
of adsorption centers adjacent to the given one, and the remaining
quantities have their usual meaning. Substituting

L=10%, JI=1.38X% 107, Ty==450-+273 =728, etc,

we get 2=2 X 1077, (. e, the theoretically anticipated rate
of activated adsorption is of about the same order of magnitude
as the rate of sorption of nitrogen which is observed experimen-
tally. If we take into account the appruximate character of the esti-
mated magnitude of the surface, the non-uniformity of the surface,
etc., this agreement may be considered satisfactory.

Kinetics of decomposition

The kinetics of the reverse process is the slarting point for our
treatment of the synthesis kinetics, since the process of decomposi-
tion can be studied in a pure form, while the process of synthesis
is always accompanied by a reverse process as a result of the fact
that the equilibrium under ordinary conditions is shiited to the side
of dissociation of ammonia.

4 Temkin, J. Phys. Chem. (Russ), 11, 169 (1938).
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The numerous investigations of the decomposition of ammonia
on iron in the absence of hydrogen have no direct relation to the
kinetics of the ammonia synthesis, since the interaction of ammonia
and iron leads to the formation of the iron nitride phase, and thus
the conditions of the process are quite different from the conditions
of the synthesis. Ii excess hydrogen is present in the gas phase,
the formation of a nitride is excluded. And it was under just such
conditions that Winter® studied this process. He found that the
rate of decomposition of ammonia on iron (studied by a flow
method at temperatures from 500 to 700°C in the presence of excess
hydrogen) may be expressed as follows:

_ .‘if“l‘.i — P‘ﬁ :
dt Py
where f is the time of contact with the catalyst, and Py, and Py
are the partial pressures of NH, and H,, respectively. This equation
differs but slightly from the following one:
. N . k; p:& . )
dt © Py,

To explain equation (1), Winter assumes that the stages of
the decomposition process which leads to the formation of nitrogen
adsorbed in an atomic state (Na..) are so fast that in the course
of the reaction the following equilibrium sets in: X

NHa[ga_q’ = N:adﬂ} 5 o 1.5Hg(gu!. (d)

The conditions for this equilibrium may be obtained by combining
the equilibria:

NH:'E"*): Nigas) -+ 1.5H, (gae) _'(h)
and /
Nigry == N« ©

This does not mean that process (a) is actually realized by way
of processes (b) and (c). The partial pressure Py of atomic nitrogen
in the gas phase (Ng) is 2 purely auxiliary quantity as the pressure
of hydrogen in the quinhydrone electrode, the concentration of undis-
sociated molecules in the derivation of the solubility product rule,

and the like.

5 Winter, Z physik. Chem, 13, 401 (1931). "
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For equilibrium (b) we have:

Py’ Py

Pxy, .

K. (2)

It we assume that adsorption takes place in the region of low
degrees of covering and, consequently, obeys Henry’s law, equili-
brium (c) obeys the following equation:

Hy=aly, : (3)

where 0 is the fraction of the surface covered with nitrogen, and a
is the adsorption coefficient. Combining equations (2) and (3) we
get: :
ol e (4)
B Pnllf
Further, Winter assumes that the nitrogen is liberated accord-
ing to an unimolecular law which corresponds to the scheme: '

N( a=) > Nign-n
and
2N{ga-) - N-_) (gne)

According to such an assumption the rate of the process should
be proportional to 6., and we arrive at equation (1).

An examination of the energy of activation of the process,
however, reveals that Winter’s interpretation cannot be accepted
in its entirety. Indeed, let us denote the heat of process (a) by ¢,
the heat of adsorption of atomic nitrogen, by gy, and the activation
energy of the desorption of nitrogen in the form of atoms, by E.
It is evident that the rate of the reaction should be proportional
to e~#ATQ,, and since the coefficient a is proportional to ™",
and K in equation (2) is proportional to e—97T it follows from
equation (4) that the rate of the reaction is proportional to

F.-—q“,vlq

Puiis Py,

i. e., the apparent activation energy A is determined by the following

equatiomn:
A=E—gy—+q.
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It is easy to see that
1
g=Q—+ 5 Dx,,

where Q is the heat of lhe reaction 0.5N,+1.5H,=NH,
and Dy, is the heat of dissociation of nitrogen into atoms. It can
also be readily seen that EZ2> gy.

Consequently, Winter's assumptions lead to the conclusion
that

A} Q“"‘;_nﬁ-n

and if we introduce the numerical values, 13,000 cals. (at 500°C}
and 168,000 cals. for Q and Dgy,, rtespectively, we get

A 2= 97,000 cals.,

while Winters experiments led to the quantity .1=251,000 cals.
The difference of 46,000 cals., evidently, cannot be attributed to
experimental error.

The above calculation is upheld by the consideration that the
desorption of nitrogen in the atomic state is extremely improbable,
since it requires the expenditure of a large quantity of energy.
According to the current view, nitrogen is desorbed from the surface
in the form of molecules, and the energy gained when the
atoms unite to form molecules partially compensates the energy
spent in severing the bonds of atomic nitrogen with iron, so
that the energy of activation is less than the energy of bond
rupture.

In accordance with the foregoing, the rate of the dissociation
process is determined by the stage 2Ny — N: gusy and, consequently,
within the frame of the concepts adopted by Winter, should be
proportional to 6%, i e., to the probability oi finding two nitrogen
atoms adsorbed on adjacent elementary spaces of the surface. But
then, in accordance with equation (4), the rate of the dissociation

Pl
process should be proportional to —P“Sﬁ which is in contradiction
: R
with the experimental data as expressed by equation (1).
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We are convinced that the simple. Langmuir conceptions
of the adsorption kinetics do not make it possible to interpret
Winters results. At present it is becoming clear that these con-
ceptions, which are based on the assumption of a uniform surface
and neglect the forces ¢f interaction between the adsorbed molecules,
do not reflect the experimental data on adsorption equilibrium and
the kinetics of adsorption on catalysts, The true relations may be
very closely approximated by the following system of equations.

(a) Adsorption equilibrium:

I‘J — jL In ay Py (5)

where 6 is the degree of covering of the surface; p — the equilibrium
pressure; and f and «a, are constants.
(b) Rate of adsorption:

0= ko Pe=", (6)

where P is the gas pressure, and k, and g are constants.
(¢) Rate of desorption:

w =k, e, (7)

where k; and # are constants.

Equation (5) was obtained by Frumkin and Slygin® for
the hydrogen adsorption equilibrium on platinum black by means
of electrochemical measurements (the method of polarization curves).
Zeldowitsch? and Roginsky® found equation (6), Roginsky”
pointed out the wide applicability of this equation. Equation (7)

was obtained by Langmuir? in his study of the rate of evapo-

ration of caesium and thorium from tungsten.
These equations are closely connected. All- of them conform
with the fact that, owing to the non-uniformity of the surface

6 Frumkin and Slygin, Acta Fhy a:cochmnm URSS, 3, 791 (1935).
7 Zeldowitsch, Acta Physicochimica URSS, 1, 449 (13.54)
8 Roginsky, "Adsorphon and Catalysis”, in t!:c Symposium “Pro-
blems of Kinetics and Catalysis”, 1II, ONTI, Leningrad, 1937,
SLangmuir, J. Am. Chem. Soc. 54, 2798 (1932): J. Phys. Chem.
{Russ), 6, 161 [1935]; Acta Physicochimica URSS, 1, 371 (1934).
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or the action of considerable repulsive forces between the adsorbed
molecules, the heat of adsorption decreases and the heat of acti-
vation of adsorption increases as the surface becomes covered.
If we choose the assumption of non-uniformity of the surface, we
find that equation (5) corresponds to a linear dependence of g on
the number of adsorplion centers possessing a heat of adsorption
greater that the quantity g. It describes the region of average degrees
of covering, when the weakest adsorbing centers are practically free
of gas, and the strongest adsorbing centers are practically completely
occupied. Here the heat of adsorption (differential) turns out to be
a linear function of the degree of covering of the surface. If we
further assume, in accordance with Polanyi’s!® conceptions, that
the change in the energy of activation while passing from one
adsorption center to another should amount to a certain fraction o
of the change in the heat of adsorption similarly to the known
relations in acid-base catalysis, hydrogen overvoltage, etc., then the
activation emergy of adsorption should also depend linearly upon
the degree of covering of the surface. This dependence,in conjuction
, with the linear dependence of the heat of adsorption, leads to equa-
tions (6) and (7). The result does not depend on whether adsorption
takes place in the form of atoms or molecules.

These conclusions will be examined in greater detail in a sepa-
rate paper by Temkin.

The quantities f, g and & are connected by the following relations:

£ d
Th—i. (8)
7=8 ©
and
x+-B=1, (10)

where o has the same meaning as above and 'g is the correspond-
ing quantity in the relation between the activation energy of desorp-
‘tion and the heat of adsorption. : ;

' Roginsky® has shown that the Kinetics of the adsorption
of nitrogen on an iron Icatalyst. which were measured by Emmet

10 M, G.Evans and Polanyi Trans, Farad. Soc., 82, 1333'(1935).
Acta Physicochimica U.R.S.S. Vol. XII, No. 3. 2
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and Brunauer, are accurately described by equation (6). Owing
to the close connection that exists between equations (5), (6) and (7),
one must assume that the equilibrium should be described by equa-
tion (5), while the kinetics of desorption, by equation (7). Indeed,
the experimental data of Emmet and Brunauer for the adsorp-
tion equilibrium conform to equation (5). These authors alse found
that the magnitude of the adsorption from pure nitrogen and from
an equilibrium mixture of hydrogen, nitrogen and ammonia is exactly
the same (at 450°C and pressures up to 50 atm.). Hence it follows
that, for all practical purposes, only nitrogen is adsorbed trom the
mixture at the synthesis temperature.

Let us assume, with Winter, that the amount of nitrogen on
the surface is determined by the equilibrium with hydrogen and
ammonia in the gas phase. Then the nitrogen pressure which would
correspond to equilibrium (Ph.%) is given by the equation:

equil
(PN1)eqnil =K'—35> (11)

This quantity determines the degree of covering of the surface
in accordance with equation (5): :

1 Pin
0=—IngK' —5=- (12)
ro0 Py,
Substituting this quantity for 6 in equation (7) we get:
2
—;— Inag K7 x s
w=k,e i (13)
or
AR\
w=k2< ;§=> : (14)
H, :

In order to make this equation identical with Winter's equa-
tion (1) we must assume that o=@ =1/2. Such a value for « is
quite usual (Volmer’s overvoltage theory).

Schwab and Schmidt! found that the kinetics of the dis-
sociation of ammonia on platinum are expressed by the equation:
HES d_Pm‘}:k P}’,;L
: dt Pg’
1 Schwab and Schmidt, Z. physik. Chem., 3, 337 {1929).

)
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which is almost the same as

oo lxn, su PRy, 0.73.
dt P}
: ]

Thus Schwab’s result may be explained if we assume that
5 =0.73.

We shall now show that our interpretation, in contrast to
Winter’s, leads to the correct value of the apparent activation

energy. According to equation (13), for -}:1]2, we have

It will be readily seen that (K')"» is proportional to e—¥#T
where Q is the heat of the process 0.5N,-+ 1.5H,=NH,;
that %; is proportional to e—4a%%T, where A," is the activation
energy of desorption at §=0 and A,°=4.94+¢° (4,° and ¢*
are the activation energy of adsorption and the heat of adsorption,
respectively, at 6=0), and that @, is proportional to e—?/%T. Thus
the apparent activation energy is determined by the equation

— A=—(4,°+ ¢+ 0.5¢"— Q,

or
A=A+ 0.5¢"+ Q.

Since -—’:.—=1[2, the change of ¢ with 6 is twice as large as
that of A4,. Furthermore, they have opposite signs: g decreases
with 6, while A4, increases. Therefore, the expression for 4 will
still hold if we introduce quantities that correspond to any value
of 0, or average quantities, instead of 4,;° and ¢° Consequently
we may writee d=4,+05¢+Q, where 4, and g stand for
average values,

If we make use of Emmet and Brunauer's data:

¢=235,000, 4,=16,000

and also of the valve Q=13,000, we get A= 46,500. This value,
which differs markedly from that arrived at by employing Winter's
2!
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conceptions (4> 97,000), is in satisfactory agreement with the
experimental value 4=—51,000 given above, as well as with that
which ensues from our experiments: 4 =40,000 (see below).

Synthesis kinetics

We can now obtain an equation for the rate of the synthesis
by introducing the degree of covering of the surface, determined
by equation (12), into the expression for the rate of adsorption,
i. e., into equation (6). We get:

2
b i
NH,
- J‘:l—]nn,ﬁ’ TR R,

Py,

v==~FK, "UN1 (15)

or
P\
V=4, ‘DN.I(_E_L> ; (16)
Pgn,

As has been shown above, it follows from Winter's data
that, for iron, «=1/2. Consequently, we arrive at the iollowing
equatiom:

=k - 17
ki g il

The retarding action of ammonia on the rate of the synthesis
was already stated by Benton?!® from an analysis of the experi-
mental data of Larson and Tour'. He explained it as resulting
from the strong adsorption of ammonia on the surface of the catalyst.
From our point of view the reason for the retardation of the reaction
by ammonia is entirely different, namely, an increase in the ammonia
concentration increases the amount of nitrogen on the surface as
a result of equilibrium (a):

' NHa i) 5 Neoni = 1 8Hg iy« : (a)

12 Bento'n, Ind. Eng. Chem., 19, 494 (1927). i
‘¥ Larscn and Tour, Chem. Mct. Eng., 26, 647 (1922)."
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Ammonia as such is not adsorbed on the surface in noticeable
amounts. :

At a first glance the conception that ammonia is markedly
adsorbed on iron catalysts appears to be upheld by the experiments
of Ussatschew, Tarakanowa and Komarow™ who observed
a transitory increase in the ammonia concentration in the gas phase
after the introduction of cataiytic poisons. This effect was interpreted
as being the result of the forcing off of adsorbed ammonia from
the surface by the catalytic poison,

However, the effect observed by Ussatschew and his co-
workers may be equally well explained from the point of view of
the conception which has been developed above. The adsorption
of a foreign substance (a poison) on the surface, which has a known
amount of nitrogen adsorbed on it, should cause an increase in the
equilibrium pressure of nitrogen for the given amount of nitrogen
on the surface according to the known relations for the adsorption
of mixtures. Thus, the equilibrium (a) should be shifted: nitrogen
should disappear from the surface and appear in the gas phase in
the form of ammonia. In other words, of the two rapid processes

NHj (gna) —> N{ads} -+ 1.5H; (gne) (ﬂ’)
and
. N”u].(, -+ 1.5H; (gas) —> NH3 (gas)s (a"')

process (a’) slows down or ceases altogether owing to the covering
up of the surface with the poison, while process (a") proceeds as
rapidly as formerly and leads to an increase in the concentration
of ammonia in the gas phase at the expense of nitrogen which- has
been on the surface previously. This interpretation of Ussat-
schews effect was proposed by Temkin in 1936 during the
discussion which iollowed a report delivered by Kagan and
Morozov who quoled the results obtained by Ussatschew
and Benton to prove the strong adsorption of ammonia on ammonia
catalysts. It was completely corroborated by the experiments of
Morozov which were carried out in Kagan’s laboratory taking

14 Ussatschew, Tarakanowa and Komarow. Z Elektrochem.,
40, 647 (1934).
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into account the suggestions advanced at this discussion®, It was
found that, if a nitrogen-hydrogen mixture is passed over the cata-
lyst for a certain period of time and then pure nitrogen is substi-
tuted for {t, the introduction of a poison (oxygen) as an addition
to the nitrogen does not lead to the evolution of ammonia. However,
as soon as hydrogen is introduced into the gaseous mixture, the
appearance of ammonia in the gaseous phase is noticed immediately.
These experiments prove beyond all doubt that the appearance of
ammonia in the gaseous phase during the Ussatschew effect
comes about as the result of a process of hydrogenation of the
adsorbed nitrogen,

Let us now return to equation (17). Under ordinary conditions
we do not observe the process of the synthesis so far removed
from equilibrium that the reverse process may be neglected. Conse-
quently, the observed overall rate of the synthesis is the difference
between the rates of the forward and the reverse processes and
should be expressed by the following equation:

dPyy, & Py Py’ Py, g
B PRt e e T (18)
dt Pxn, Py,

which includes both the synthesis and the dissociation kinetics
(under conditions which exclude the formation of an iron nitride
phase),

dPyy
At equilibrium —n;r_==o and, consequently,

Pl k
“'.13_ — ity (19)
Py, Py, kg

Upon introducing the usual equilibrium constant with the aid
of the equation

Pyy
—t (20)
PR T

13 Morozov and Kagan, Acta Physicochimica URSS, 8 549 (1938).
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we find that
L3

=K @n

Let us rewrite equation (18) in the following manner. As before,
let us denote by (PNB,)rqni'l that partial pressure of nitrogen which
would be in equilibrium with nitrogen and hydrogen at the partial
pressures PN, and Pn,v respectively. Then

L‘ {3
(L Nn,)fqm=‘;T:'P Ny H, (22)
and equation (18) gives:
d_ﬁn!._
(Pxu,)equit =i[(PNH,)aqail L' Pgn, :l @3)
dt Py’ Pyu, (Pra, Jequit

As a characteristic of the action of ammonia catalysts the effi-
ciency is usually employed, i. e., the ratio of the ammonia yield
to the yield which corresponds to the attainment of equilibrium
at the given temperature and total pressure. This quantity, which

4 Pyn,
we shall denote by x, is not exactly equal to the ratio —-—-—(PNH’)“‘“ '
since (Pyy Joqun is determined by the values of Py and Py which
correspond to the given degree of conversion and differ from those
which correspond to equilibrium. However, if Py is only a small
fraction of the total pressure, for simplicity in the calculations we
may neglect the changes in Py and Py during the reaction,

P
- i. e., put NIs____ y and consider the factor before ihe brackets

(Pxn, ).:...nn

16 Jt might seem that equation (17) may be obtained from equation (1)
and the equilibrium equation. However, this is not the case. Various equa-
tions for the rate of the synthesis may be written which, together with
equation (1), give the equilibrium equation. For the derivation, it is essential
to have a conception of the mechanism which leads to equation (1). Thus,
for example, Winter's treatment of the mechanism leads to the rate equa-
tion of the synihesis v=F, Py, which is also in accord with the require-

ments of thermodynamics.
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on the right-hand side of equation (23) as a constant; integration
of the equation

dx ko 1 :
_ a7 (z 7% @9
gives
1 1’1‘;;5 | 5 (25)
T rphe H(I—X'J‘-'-’:k;,. v
From the time of contact # we may pass to the “space velo-
city” V which is defined as the ratio of the volume of the gas
(reduced to standard conditions) which has passed through the
catalyst during one hour to the volume of the catalyst. In the
approximation under consideration we may disregard the change
in the volume during the reaction. The time of contact is connected
with the space velocity by the equation:

1 =728, (26)
where ¢ denotes the free volume per unit volume of the catalyst
(according to Rideal and Taylor o is approximately 1/3). Fur-
thermore, for mixtures of cquivalent composition usually employed
in synthesis,

Py,= 0.75P. (27)

Equations (25), (26), and (27) give:

Y LR TR P : (2h)
where
__ 213:k, ;
b= (29)

The constant % in equation (28) should depend upon the tempe-
rature only,

For mixtures which are not equivalent in composition, we intro=-
duce the quantity y which characterizes the deviation of the compo-
sition from the equivalent one:

Py,

e 30
075/ (803
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. For. this cace we obtain: ; : ;- .
p=—Ltpspsving—n. @D

Equations (28) and (31) are applicable to the synthesis at atmo-
spheric pressure, since the assumptions which have been made during
their derivation are fulfilled here. |

It was the object of the experimental part of the present inve- |
stigation to verify equations (28) and (31) experimentally.

Experimental

The kinetics of the ammonia synthesis were studied at atmo-
spheric pressure making use of a flow method. A commercial iron |
catalyst, promoted with aluminium and potassium oxides, served ;
as the catalyst. Electrolytic hydrogen and ordinary tank nitrogen
were mixed in any desired proportions in a gas meter (volume
30 liters) over water, The gas meter was so designed (in the manner
of a Mariot flask) that a constant pressure within it was ensured
regardless of the amount of gaseous mixture removed.

The velocity of the gas was calculated from the duration of the _
experiment and the amount of gas that was passed. The speed of the {
gas flow was regulated by means of a rheometer. The gaseous !
mixture was dried by passing it through sulphuric acid and solid
potassium hydroxide. [t was then passed through a tube filled with nickel
catalyst which was heated to 350°, where it was freed from oxy- Il
gen. After this it was again dried with sulphuric acid and solid
potassium hydroxide from which it was passed into the reaction tube.
The 2pparatus was made entirely of glass and did not contain any
rubber connections. The copper reaction tube was connected by means
of a ground joint which was sealed with picein. The temperature
required by the experiment was attained by immersing the. reaction
tube into an electrically heated bath containing a molten mixture l
of potassium and sodium nitrates which was continually stirred.
The bath temperature was measured with a mercury thermometer and
a copper-constantan thermocouple. The temperature fluctuations did
not exceed one degree. The ammonia yield was determined by ab-
sorbing it in a standart acid solution with subsequent titration. of
the excess acid. t i [
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The catalyst was reduced in a current of hydrogen until a phos-
phorus pentoxide tube attached to the exit ceased to gain in weight,
This also indicated tnat the gas was completely free of oxygen and
water vapor. The reduction was carried out at a temperature oi
about 450° and lasted about 50 hours,

After reduction was completed an experiment began, These were
carried out with a constant gas composition and at a constant space
velocity at a temperature of 400°C until constant yields were attain-
ed. It was found that the catalyst reduced with hydrogen at first
shows a gradual increase in yield during its treatment with the
nitrogen-hydrogen mixture, after which the yield becomes constant
under the given conditions. !

In each experiment at least 10 liters of the gaseous mixture
were passed through the catalyst under the conditions of the expe-
riment before passing a measured amount of the mixture (usually
6 liters) through the absorbing solution for analysis. Each experi-
ment was repeated.

Experimental results

Examination of equation (18) shows at once that the maximum
rate of the reaction corresponds to a gas composition that differs
from the equivalent one, At the initial stage of the process, when
the ammonia content is considerably less than the equilibrium value,
and the reverse reaction of dissociation may be disregarded, the
maximum rate is determined by the maximum of the product 7 P“ ofr,
denoting the nitrogen content of the mixture by u, by the maxlmum
of the expression u (1 — u)'5, By the ordinary method of differential
calculus we find that the maximum lies at #==0.4. Consequently,
the maximum rate at the initial stage of the process corresponds

2
to the composition %:1.5 and not to the equivalent composition
“
:—:i-—{i One is easily convinced, however, that the difference in the
yield Is very small —namely, it comprises only 6"/, of the yield
value,

As the yield approaches the equll!l;rtum yield, the optimum

i,

5 *==3, since it is known
ﬁg .

composition approaches the composition
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that the equilibrium yield attains a maximum at the equivalent
composition. :

A slight increase in the yield, attained upon enriching the
mixture with nitrogen, has already been noted by Kozlov and
Ivanov,

The {irst series of experiments were set up to test this conclu- -

slon. The experiments were carried out at a temperature of 400° C
and space velocity in the meighbourhood of 30,000 for different
compositions of the nitrogen-hydrogen mixture,

Under these conditions the yields did not exceed 0.1%), i. e,
they were small in comparison with the equilibrium yield which
amounted to 0.457°), at 400°C and atmospheric pressure for an
equivalent mixture. Table 1 gives the results of these experiments.
Each value of the yield in the table is an average of the results
of two individual experiments, with the exception of the value

P,
for ~P—“1= 1.5 which is an average of the results of four individual
N, J &

experiments.

Table 1

The dependence of the yield upon the
composition of the mixture at 400 °C

"u

!_—N‘- NH, yield in volume %,
0.5 0.073

1.0 0,094

) 35 0.099

3.1 0.092

6.1 0.082

8.5 0.069

* In the experimental values of the yields a slight correction is introduced for devias
tions of the velocities trom 30,000.

As can be seen from Table 1, experiment confirms the conclu-
sion which has been drawn above. We did not employ the data

F.‘.f"“". —
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of this series of experiments, however, in calculating the rate con-
stants because the yields are somewhat lower than those in the
experiments of the second series; this difference in the yields pro-
bably indicates a partial poisoning of the catalyst.

The results of the second series of experiments are given
in Table 2. All the yield values are averages of the results of two
individual experiments, The values of % given in the Table were
calculated by equations (28) and (31).

Table 2

The dependence of the ammonia 3{vld upon the space velocity,
the temperature and the composition of the mixture

Space velncity f'“_ N, yield Elficiency Rate constant
Temperature v o b %, 5 '
Ny
400 13,450 |' 2,93 0.155 0.373 1.0 X103
400 20550 | 3.0 0133 0.320 1.10 X 103
400 29.550 3.0 0.107 0258 1.01 X 103
400 20700 | 148 0.111 0.294 0.96 X 103
400 30,600 | 6.0 0.0925 0,259 1.21 X 108
450 29,800 3.0 0.134 0.629 773 X 102
450 20,000 3.0 0.157 0.73% 784X 102
450 9,100 i 3.0 0.199 0.934 (9.30 < 103}
|

The value ot %2 at 450°C and v=29,100 is enclosed in brackets
because here the yield is so close to the equilibrium value that
calculation of the constant becomes very inaccurate.

The values of the rate constants for different volume speeds
and mixture compositions, which are given in the Table, show satis-
factory constancy.

If we take into consideration only experiments with equivalent
mixtures and discard the value of %4 enclosed in brackets, we obtain
the following average values for k:

al 400°C k=104 X 10,
and ; -
at 450°C k=1T7.78 X 103
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Making use of these quantities it is possible to calculate the
apparent activation energy of the process. The Arrhenius equation
is applicable to the dissociation ratz constant k,. If we take into
consideration equation (29), we find that & should depend upon
the temperature in the following manner:

k= % e—AIlT, (32)

where B is a constant.
Eliminating B, we obtain the equation

sl Ty Ty ki Ty
A = 4.57 Tl =T Tg lg'“k;Tg ]

which, upon substituting the values given above for k, gives
A =40,000 cals.

The quantity 4, though it is calculated from the rate of the sya-.
thesis, is the apparent activation energy of the dissociation, since
it characterizes the temperature dependence of the quantity %,. 4

Chrisman’s experiments'” on the dissociation of ammonia
on a catalyst of the same tvpe as ours (iron promoted with alumi-
nium and potassium oxides) gave a value of 39,700 cals. for the
activation energy of the dissociation, which is in complete agreement
with our results. As has already been pointed out above. Winter
obtained a somewhat higher value, 51,000 cals,, for an unpro_moted
iron catalyst. 3

In order to find the apparent activation energy of the synthesis,
i, e., the quantity characterizing the change in the constant k, with
the temperature, it is mnecessary to subtract 2Q=26,000 cals.
from .4, as can be easily seen from equation (21), The apparent
activation energy of the synthesis is consequently equal,to 14,000 cals.

The ammonia synthesis at pressures greater than
atmospheric

The approximate integration of equation (18), which has been
employed above, is not applicable at pressures greater than, atmo-

spheric.

« ¥

12 Chrisman, Acta Physicochimica URSS, 4,.899 (1936).
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Let us carry out the integration of equation (18), without intro-
ducing any simplifying assumptions, for a process proceeding at
constant pressure. We shall restrict oursclves here to the case of an

P,
equivalent mixture (--5’!‘- =3)- Let us denote the mole fraction of
Ny
ammonia in the mixture by 2,

PP e 33)
where P is the total pressure, Then
Py=3P(1—2),
Py =1P(1=2), : (34)
Py, =2~z ]

and equation (18) gives:

e =

z (1 — z}l.:l
or

de apBY-Es L PR AV B e i
a=h(g) PGB s D)

The equilibrium yield z.qun under the given conditions, accord-
ing to equations (20) and (34), is determined by the equation:

2, quil . i
B 3
(l—"“"eqnﬂ)z L’ ( b)
where
1\0.5 /3 \1.5 :
t=(5)" ()" P, (37)

or (see equation 21)

oot l 0.5 i L5 ﬁ)ﬂuﬁ.'
t=(3)"(3) "~ (z
Thus, instead of equation (35), we obtain:

Eon @ ]

=273
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As the independent variable let us introduce, instead of the
time of contact with the catalyst, £, the space velocity V, the defi-
nition of which has been given above. If the process took place
without a change in volume, the relation between these quantities
would be given by equation (26). In our case the reaction proceeds
with a decrease in volume. We shall determine the space velocity
according to the initial volume of the nitrogen-hydrogen mixture
(the volume speed at the entry). It is easy to see that, if the initial
volume of the nitrogen-hydrogen mixture was equal to U,, and the
volume occupied by the mixture at the same pressure after an
amount of ammonia characterized by the mole fraction z had formed
in the mixture was equal to U,, we should have

g,
1 Rt (59

Let a volume U, of the gasecas mixture enter the catalyst over
the period of one hour, and let a volume U, with an ammonia
content equal to z, leave it. Let the volume of the catalyst be equal
to W. Then the space velocity at the entry is determined by the
equation: :

Vo= * (40)

Let us increase the volume of the catalyst by an infinitely
small amount dW. Then the time of contact increases by

__9213P dW
as can be seen from equation (26).
From equations (41) and (39) we obtain:

__¢273PaW
dt = —TF—-—U—G-(I +Z), (42)

and since, according to equation (40),
aW 1 .
T=dlw) (43

we have

d:.—.!i}"?fa-.-z)d(-,};)- (#
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Substituting this exp:ession for dt in equation (38), we obtain:

dcl_zl_ _¢273P(1+2H () 16 18 [!.2(1 —:zle.r.f_u:zv‘ﬁ:"(ﬁ)
(v)

or, introducing the constant & with the aid of equation (29),

: dl = P05 (1 - z)l 12 “ -—zf)_”_’ _(T-L%fl—&]° (46)
‘(vo)

Integration of equation (46) gives:

14

dz
L. — Pﬂ.l’a {‘ i
gl )2 5 z
(1-+2) [1 g _I

l'l

G, z(1—2)5
= P*3V, f[1+z)u.zu—zu— " | (47)

If the experimental yleld values are expressed as a function
of space velocity at the exit, V., then in order to calculate k we
can make use of the relation

Vo=V.(142) ' (48)

which follows from equation (39).
An exact analytical calculation of the integral in equation- (47)

SeEyh z(1—:Nade !
1) = '_! T+ [E(A—2f =] 4%

is very cumbersome, and it is simpler to make use of methods of

numerical integration, for example, oi Simpson’s formula. If z is

not too large, so that terms of the order of z* may be discarded

in comparison with unity, while terms of the. order of :z are

retained, an approximate integration may be carried out easily.
We may write: 4 Ko

2(1 — 2.5z dz ‘ . z(1—25z)dz -
![1—22)2 e e 29 e 2 [L(L - 27) — 2]

1) =
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Integration by the usual method gives:

| __!_ i |
| ' I(2)= l—__l_”; 2.52 +L;(;ﬂ+jl5 In |:1 — (2-—-—71-) z J i .l
L It

(50) '

L4-——25 . % !

T (22— ,}) In; 1— (2+ ?1_)2.] : ' f

n order to test the equation of the synthesis kinetics at pres-
sures greater than atmospheric, we made use of Larson and
Taurs® data which were obtained with an iron catalyst promoted
with aluminium and potassium oxides.

In Table 3 there are given the data of these authors for the |
temperature 420°C, and the rate constants which were calculated ,
according to these data.

In this Table there are also given the values of the equilibrium ;
yields (corresponding to V,=0) calculaled according to the data
of Larson and Dodge?s. These values were employed to calcu- il
late the quantity L. The constants were calculated by the equation: |

=P V_(14-2)1(2), (61)

where /(2) is determined by equation (50).

As can be seen from the Table, the equation expresses the data
very well, In Table 4 equilibrium yield data of the same authors,
as well as rate constants calculated according to the above equation I
for the temperature 450°C, are given. The values of z constituting Il
more than 90°), of the equilibrivm yield were not used in the cal- fl
culation of the rate constants, since they give unreliable results: |
a slight error in the value of z gives a marked change in k. Thus, i |
at P=31.6 atm. and V,=5,000, Larson and Taur found the
values 0.0585 and 0.0600 for z. The first quantity gives k== 2.9 104,
while the second, £=3.9X10* Thus, a change in the yleld of
2.6/, changes the constant by 35°,.

¥ Larson and Dodge, J. Am. Chem. Soc., 45, 2918 (1923).
Acta Physicochimiea U.R.5.S. Vol XII, No. 3.
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Table 3

[

The synthesls of NHy at 420°C according to the data of Larson
and Taur i

Pressure Space velocltty at the Volume percent Rate constant | |
P (In atm,) “l[',l * ol NH; 100 » k i_
10 0 298 —

10 5,000 2.65 1.1 X 104 |

10 10,000 2.19 L LIX 106 |

10 20,000 171 1.1 X 104 i
10 40,000 1.35 11 X 104 ’
316 0 848 | — i
316 5,000 6.65 1.0 X 10¢ ‘Il
31.6 10,000 5.46 1.1 X 10 |
316 20.000 424 12X 10¢ |l

31.6 40,000 2.88°* 1.0 X 104

* This value was ealculated according to the elficlency value quoted DY Larsom
and Taur, since the value of the percentage of ammonia given in their table is an evi-
deot misprint.

From Table 4 it is seen that, while the constants for 10 and
31.6 atm. agree with one another satisfactorily, the data for
100 atm. lead to lower values of the constant, It is necessary to take
into account, however, that the experiments at 100 atm. were car-
ried ont in a different apparatus from the one in which the experi- ,
ments at 10 and 31.6 atm, were carried out, and the difference in the :
conditions of reduction of the catalyst might have led to the diffe-
tence in the activity. i

In general it may be concluded that the experimental data
of Larson and Taur agree satisfactorily with equation (18).

At the pressures which are employed in industry — 300 atm. and
higher—it is necessary to take into account the deviation in the
behaviour of the gases from the ideal gas laws, Therefore, the
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Table 4

The synthesis of NHg at 450° according to the data of Larson

and Taur

 Pressure " | Space ve:rl:ftjty at the \Folag'-le Jﬁ::eni Rate constant

P (in stm.) T, 100 « k
1 0 ‘0.209 —_
1 5,000 0.220 : —_
10 0 211 e I
10 5,000 2.10 = |
10 10,000 1.95 —_ '
10 20,000 1.71 3.2 X 10
10 40,000 1.50 4.1 X 104
31.6 - 0 6.13 —
316 5,000 585 =

. (6.00) it

31.6 10,000 5.41 3.5 104 i
31.6 20,000 4.66 4.0 X 104 ;.
316 40,000 37 41X 104 I
100 0 16.43 —
100 5,000 14.10 19 X 10¢ ;
100 10,000 1160 1.9 X 104
100 20,060 9.50 2.3 X 10¢
100 40,000 7.00 2.3 ¥ 107

equations derived above cannot be applied without additional compli-
cations. In equations (18) the partial pressures should be replaced
by fugacities; furthermore the constants k, and k&, should depend
upon the pressure at large pressures. -
The relation becomes quite simplified, however, if it is limited
to an examination of small degrees of conversion, Here the compo-
3‘
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sition of the mixture changes but slightly, so that the activity
coefficients of the gases may be considered as constants. If the yield
of ammonia is small in comparison with the equilibrium value, the
reverse reaction may be disregarded., Thus equation (17) is appli-
cable at large pressures also in the case of small degrees of con-
version; &, however, will depend upon the pressure. Since the degree
of conversion is small, Py and P, may be considered as constants.
Then it follows from equation (17) that Pﬂsm should be proportio-
nal to ¢, and, consequently, the products P, V or 2tV  should
be constant.

In Table 5 there are given data obtained by Kamzolkin,
Jarlykov and Krasilshchikov .in the Nitrogen Scientific-
Research Institute for a Kazale type catalyst. From the Table it is
seen that the product 2*V is actually approximately constant.

The constancy of the product z*V shows that the rate of the
synthesis is inversely proportional to the partial pressure of ammo-
nia—a fact which has already been noticed by Benton.

Table 3

Synthesis of ammonia on Kazale i
catalyst at 400° and 800 atm. [

|

Space velocity ‘ in .!:ni;!:r]as ”v
¥ 100 &
15,000 7w
32,100 33 ' 35
15,000 - o8
60,000 2t 1 26

-

The optimum conditions of the synthesis process

Equation (18) may be used to find the optimum conditions for
carrying out the process of the ammonia synthesis. It stands to reason
that the values of the rate constants will differ for different catalyst
samples; however, a number of corollaiies of equation (18) do not
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depend upon the numerical value of the constants, but only upon
the form of the equation.

Let us examine the question of the optimum temperature of the
process. Fauser pointed out that, during the synthesis of ammonia,
a temperature that decreases regularly throughout the catalytic mass
is the most advantageous one.

Indeed, it is easy to see that while the ammonia content in the
gaseous mixture is still small, a high temperature ensures the lar-
gest reaction rate. With an increase in the ammonia content in the
gas phase, the approach to equilibrium limiis the possibility of the
further course of the process, and a lower temperature is the more
advantageous. Fauser carried out a calculation of the optimum
temperature curve making use of a cumbersome empirical equation
for the reaction rate, Equation (18) permits this problem to be sol-
ved in a simple and graphical manner. Let us find a temperature
at which the process proceeds with a maximum rate, as a function
of the ammonia content. :

Since

ky=b,e~4I"T and k,= b, e—4IRT, (52)

where A’ is the apparent activation energy of the synthesis, we find

that

d . dPy 1 plad P, 1

& h}lg)z k, 5, P, P N’H,_A ;
ar\ ar i

The condition for the maximum

d tIPqu !
ar (—dr‘ )=0
gives

S e

3
Py, Py, [2Y;

(second solution: 7= o corresponds to the maximum rate of dis-
sociation), or, in accordance with equation (21),

7, A
Bl L. T \/ —=Kp (53)

LG 1l
1’:\‘.’ 1,‘1‘ A
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Thus, for a mixture with given partial pressures of NH,, N,
and H, the maximum rate will be attained at the temperature at

which the equilibrium constant is equal to

lelu \/_A
0.5 1l.b A'. %
l}l’, 1 H,

If the ammonia content is small, this result may be expressed
in a still simpler form, namely, it may be said that, if the process l

is carried out at an optimum temperature, the quantity

Y is an equilibrium yield corresponding to the given temperature. The
ratio of the ammonia content to the equilibrium value, /. e., the

value of the efficiency, is consequently equal to "/-‘%'—- Thus the

process should be carried out not at a constant temperature, but at
a constant efficiency.

Employing the values 4= 40,000 cals. and 4’'=14,000 cals,,
which were calculated above, we find that

v A
]/ A =059,

Let us note that these conclusions do not depend upon
the proportion of nitrogen and hydrogen in the initial mixture.
The question of the optimum composition has been considered
above.

It is expedient to limit ourselves to these brief considerations,
taking into account that equation (18) cannot be strictly applied
to the synthesis at large pressures, since it does not take
into account the deviation of real gases from the simple gas
laws,
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Summary

During the synthesis of ammonia on iron, the stage determining
the rate of the overall process is the process of the activated
adsorption of nitrogen on the surface free of adsorbed nitrogen.
The amount of nitrogen on the surface is determined by the equili-
brium with hydrogen and ammonia in the gas phase, since the
hydrogenation of the adsorbed nitrogen into ammonia proceedes
rapidly.

The rate of dissociation of ammonia is determined by the rate
of desorption of nitrogen. The equation obtained by Winter for
the rate of dissociation of ammonia (1) cannot be explained on the
basis of simple Langmuir conceptions, i. e., assuming that the
surface is uniform and the forces of interaction between adsorbed
molecules may be neglected.

For a non-uniform surface, or in the presence of repulsive forces
between adsorbed molecules in the region of average degrees of co-
vering of the surface, equations must be employed for the adsorption
equilibrium and the rates of adsorption and desorption, which differ
from the usual Langmuir equations, — namely, equations (5) to (10).
Winter's equation may be derived with the aid of these equations.
Furthermore, in contrast to Winter's original treatment of this
equation, the proposed derivation gives a theoretical value of the
activation energy which is in good agreement with the experimen-
tal value.

The same equations give an equation for the rate of the synthe-
sis (16). Furthermore, it follows from Winters results that
o = 0.5,

The considerations developed give a new interpretation of the
inhibiting action of ammonia during the synthesis, and also of the
effect discovered by Ussatschew.

The rate of the synthesis, taking into consideration the reverse
process is expressed by equation (18).

This equation is upheld by the experimental data of the authors,
as well as by the data of Larson and Taur The apparent acti-
vation energy of the synthesis process is equal to~ 14,000 cals,,
and that of the dissociation process, to ~ 40,000 cals.
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Analysis of equation (18) makes it possible to draw some con-
clusions regarding the optimum conditions for carrying out the pro-
cess (the optimum temperature conditions, optimum composition of
the gaseous mixture) 1,

The Karpov Institute of Physical Chemistry, Rcce:’w&
Laboratory of Chemical Kinetics, January 19, 1940.
Moscow.

19 This paper was presented at the conference of young research wor-
kers of the Karpov Institute of Physical Chemistry in May 1938 (see “Uspekhi
Khimii" Russ., 7, 1092, 1938),




