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 THE DECOMPOSITION OF AMMONIA BY IRON CATALYST 

            MIXED WITH AIZO, AND K20. 

                          By Rvit KtYaaa. 

    D'Iany studies'1 thave been done concerning the catalytic decomposition of 

ammonia and its caLllysts, but there are few systematic studies on the influence 

of the components of a mixed catalyst. Using a catalyst consisting of Fe,O., 

Al_O, and KeO, the lxesent author examined the influence of the concentration of 

each component of the catalyst on dte reaction in question. 

                           Experimental 
   hiateriale 

    Ammonia used 'in the present-experiment was a synthetic ammonia held in a bomb; 

which, was dritYl with soda lime and potassimn. hydio~ide before use Substmces of bigh 

boiling points contained, such as ,grease used as thelubricating agent, were removed by dis-
tillation or by passing through a drying tube, while those of low Ixiiling points were also 

removedby letting out from the bomb to the outside of the apparatus. 

    Hydrogen was obtained by electrolysis of water and nitrogen by the distillation of liyuid 

niuogen and both were dried by being passed through the drying tube. 

    Apparatus 

    In the. measurements of the decomposition velocity and adsorption, variation in the pres-

sure was obaervecl by means of a spring maoometer='t made of '1'erex-glass. The rttluclion 

velocity of the catalyst was measured from the increase in the weight of the absorbent fur the 

water formed by passing hydrogen at n gisen rate through the reaction vesel in which 

the catalyst was placed.''1 

    Methods and the theory 

    Dr. S. Horiba al Professor of the Kyoto Imperial University, and Dt. T. Ri 

have first found that such a catalytic decomposition proceeds stepwise in the 

following order-a reaction of retarded form at first and of the first order and 

then of the zero or the fractional order. This was fully examined theoretically 

and experimentally in the decomposition of CO by reduced nickel. 

    In the present case of the decomposition of ammonia, the same theory may 

be applied. 

     t) Itideal and Taylor, Catulyiir in Theory nud. Radix<; Maxted, Catalysis and itr Gediutrinl 
       AfQliratioa; Schwah, Xrtalyrr, Finkelstein, Area Physieathim. t, $x.l, (tgyt} 

    2) 1'he spring mnnnmeler used was o(a semicircular shape (See this journal I, 26g (tgz7)), and 
         the reaction vcaad held alxmt too c.a. 

     3) S. Hnriha and '1'. Iii, 'This Journal (JapanCSeedition) A; tz3 fr93o)•

~/
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   Suppose that. the surface of the cata]}-st consists of three differetltlp active 

parts-A, B; and C. Again suppose that all these active parts adsorb NH, 
strong]y : the most highly active part 1! adsorbs III, the decompositiou product, 

more strongly than NH:, ; the part B adsorbs H, as well as NH, ; the part C 
sctrcely adsorbs H.,. 

    Then the reactions corresponding to the active parts A, B, and Care the 

reaction of retarded form, that of the first order and that of the zero or frac-
tional order respectively; and these will appear consecutively in the course of 
the whole reaction in the above-described order, since the active .parts become 
successively covered by the decomposition product. 

    Let the fraction of the active surface occupied by NH, be Bxn,, then we have, 

according to Langmuir's formula, 

                                   bn~na pxtla                  ~
xxa= J. n                            t -~- ~2.'IIe pxn e+ bra [•Na+bAa QFly , 

where p and b are the pressure of each gas and its adsorption coefficient respec-

tively. Let a ands represent the initial pressure of NHs and the pressure. of 
NHS decomposed respectively, then the expression for the highly active part, such 

as 11, becomes 
                            bxaa(~-s) 

    It is considered that the velocity of decomposition at the initial stage is 
chiefly the ve]ocit at the most highly active part .2, and so the velocity equa-

tion: is 

                   dr -k a-.r 
                   rLG 6~,(a-x)tbx,x~ 

InEegrating this, lve have 

                (.6xH.-ba:) ~ t ahA,k„=k. (k. t In a a x) 
Plotting d•,,, against .r/L, the have a straight line of 

positive inclination as shown in P'ig. t, A. Now, 
when x/L=o

the

This 

value

means 

Of bHa

                          "' ;18 

that the ]ar er k„-I ~ L           g [ Jge_a is the smaller ~' 
becomes. When k„=o, ; 

 z __ k (2) 
 L bA'Ha-ba,

e

5 (1939)

     k,,. 

Fig. t.



9fi1~1t~mi~~ Vol. 13n No. 5 (1939)

Nn, g TILE ilEf.O~tl'Oti1TION OF AMTIONIA N:'I'C. 127 

   As a relation GNn, <brt, holds at the. active part A, the larger ~ b~,-ba, 

becomes the smaller [ ~ x~t ~ ]~~ becomes. 
    From the experimental data the values of k and x~t were calculated and 

then the values [kw],p_o and [x~t~,~~a were examined with respect to the cam-

position of the catalyst. 
    The relation between the activity, of the catalyst and its composition was also 

examined, taking the decomposition velocity as a measure of the catalytic activity. 

                      Experimental Results 

    Reduction of the catalyst 

    5 a• of the sample was reduced to a powder of too nresh'I at qqo°C. in the 
atmosphere of hydrogen under the ordinary pressure. Any cata]yst of the Fe,O, 
-Al_,0;,-Ko0 system is hard to reduce, and the percentage of the components 

]cads to the variation in the reaction velocity. 

    As seen from Table I, when the amount of K_O is unaltered, the increase . 

in tare amount of AI_O, retards the reaction velocity. When the amount of Al_O, 
is unaltered, the increased amount of K,O (to zgo) tends to accelerate the 

velocity (Table II). 

             Table ]. Tahle II:

Catalyst
No.

Permntage of
componenls Reduotion

.alocily
ALOr K.O

r

z

3

4

os.

z

5

to

I

r

74~7

6z.y

63.9

So.a

  The values given here are relative. 
~~ A small yarlide of ¢]mninium was contained 

   in irony the material 

           Ta61e III.

Percenl.~e of

Cnmlysl
No

cmnPonenb Reduction
velocity

1L0 ALO~

5 0.5 5 So•'-

3 i.a 5 63.9

6 [.5 5 69.t

7 z.a 5 73-i

8 5.0 bOD

Catalyst 
 No. 

9 

  io

Percentage of
components

K.O AIr09

0.5

as

IO

In

Reduction 
velocity 

  4g•9 

   59•a

q) The amount of tl,e catalyst, whose 
   mentioned.

panic

   fable III again justifies the above-

described fact that the increased amount 

of K,O accelerates the reduction ve}ociry, 

when the amount of Al_O;, is unaltered. 

But it is considered that the maximum 

limited amount of Ke0 _ has some re-
lationship to the amount of AIpOa. 

le was too mesh io si<e, was 5 g., unless specially
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    Adsorption by the catalyst 

    Adsorption of N[-I,: At room temperature the pressure decrease of about 

o.zcm was observed under the initial pressure of za cm. I-Ig. 
    Adsorptiod of N._ : Though adsorption was observed at 44o°C., the amount 

of adsorption was markt'dly small. 

    Adsogtion of H_ : The amount of adsorption of Ff_ was so large that it 
was. measured aL 300°, 440° and 5oo°C. under the initial pressure of 20 cm. Hg. 

One of [he examples is given in Table 1V. 

            Tahle IV. It is noticeable in this table that 
                                    the adsorbed amount by catalyst No. 2 

  Catalyst Amrnmt ndsnrbed cm H6~' 
   N0 is small in comparison, but i[ is admitted               3O°o BOO Sao 
                                    that the amount of adsorption of hydro-

     r r'O$ ''Qz zs8 
gen generally decreases with the increase       z o.qo o.qq o8; 

     3 0.37 o.e5 r.or in the amount of AhO;,. when the amount 
    q ac; 0.33 ~ of K_O is constant. This tact has been 

  +The amount u expressed by the decrease justified by the measurements in the 
     ;n me pressare of hydrogen. 

presence of different kinds of catalysts. 
The effect of the hydrogen adsorption of h_O is uncertain yet. 

   Activity of the catalyst 

   Representing by t(om) and dl ~) the times (minutes) which it takes to 
                  4 2 decompose 4 and z at 44o°C. under the initial pressure of rocnt. Hg respec-

tively and by E(~ > the time elapsing in the completion of the decomposition, a 
t comparison of these three was made as the standard of the activity. The result 

obtained is given in Table V. Table V. 

   In Nos. t-4, the amount of K_O is Activity 
                                                l'alalyst constant and that of AhO, gradually No. ~ ~ r ~ r ~ t ~ r ~, 

increased. The activity becomes high g z r 

with the increased amount of AI,O,. In ' ~ ~ j0O 
                                            z t8 q3 330 

Nos. y-3, Che amount of AI,O, is con- 3 tq ;5 tbo 

stant and that of K.,O increased by o.9 a 7 zs t5o 

-g/, in ATOS. q and [o, A1.O, con- 5 3 z; tgo 
                                               6 z 5 tzo 

stitutes to/ as a component and the 7 z ; ~ 

increase of its amount requires that of 3 r 7 60 

K..O. 9 s 3o zz0

Catalyst
`o .

A mrn~nt ndsnrbed cm Ht,~"

3~a ~~o Sou°
T

I

z

3

4

LO$

aqo

0.;7

al3

LQ2

o.qq

0.65

0•33

zs8

0.8;

co]

o•A6

Aitivily
l'alalyst

No.
f 

\4/
~\z~ t li)

a8 ~4 300

z rR 4R i io

3 tq IS t!n

4 7 zs t6o

S R z~{ [So

6 z 5 tzo

7 z 3 eo

R 7

9 R 3a zza

to 2 4 90



                                                 9fiT~1t~~i~1 Vol. 13n No. 

No. g '1'I II? Pl?l:O3t 1'OtiiTiON OF AMMONIA P.TC. 1?9 

    The decomposition velocity, or the i.-k,,, curve, undervarious conditions 
    t. The effect produced by the amount of the catalyst. 

    In all the experiments, to make the decomposition cud within 5-6 hours, 

5 g. of the catalyst, whose particle was made too mesh in size, tvas used. 

    As to the above-described three active pans-$, B, and C. the change of 

the C -kln curve caused by a decrease in the amount of the catalyst to o.t g. 
was examined. In the case when a small amount of catalyst was used, the result 

obtained shows that during the hours the reaction -takes place mostly at the fI 

part or at the A and !3 parts and .that the predomination of the reaction at the 
C part lakes longer time. 

    z. The effect of added H, or N... 

    The addition of N_ to NHx was found to produce no effect on the decom-

position, so far as [o/ N, in volume was added. 
    In the eve of fi,. 3g6 1I, somewhat retards the decomposition velocity, 

while to/ FI, produces a remarkable effect. As [o the: retarding effect of to jo H~, 
the ratios of the increases in pressure for 50, too and zoo minutes in the decom-

position of ammonia were o.63, 0.67 and o.7o respectively. The decanposition 
immediately after the reduction of the catalyst by I-L, also proceeds exVemely 

slowly and is far slower than when retarded by to/ Ii,. 

   3. The effect of added CO. 
   CO generally acts as a poison. The decomposition cwves of the catalyst 

poisoned with NII,"' containing t go/ CO (Espt. 6) and that of the catalyst not 

poisoned (Espt. z) are compared in Fig.~z. What was once more poisoned 

                      ~ e ofaRz a 

                    ~ _ 8 x Exp6 
                      ~ o afapT             '~ 6 

0 n 

              v 4 ~ 
                           ~ O                7 

e 
z 

                    Cr 

                            o zo qo fio 
                                  Time is minute. 

                                        Fib. z. 

    g) A gas mixture of CO and NIIs (the rntio. of 'CO to NHy 1%:99y) under 20 cm. IIg was 
        kopt in the reaction vessel for t day and evacuated aad then reduced. After the retnrdation 

        immediately after the ceduction was checked, the .lecomposition (,Expl. 6) was carried ouh
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under the same. condition (Expt. y) is as it was, and poisoning does not proceed. 
This poisoned catalyst was oxidized with the air by introducing the air containing 

oxygen not so much more excessive than carbon monoxide at the same tem-

perature as in the decomposition and it was then reduced. By the catalyst thus 
reduced ammonia was decomposed (Expt. 3). The result obtained is shown in 
I'ig, g with the ~ -k„ curve in comparison with the former three cases. 
    Similarly, the experiments after poisoning with 3,5% CO and that alter 

oxidation and reduction (L'xpt. to) are shown in Fig. 4. In Expt. [O, being 

different from Expt. 8, the reaction consists of .only hvo stages.

r 

1

o.S

0.6

0.4

os

0
~~

•F.p6 
~ E.pp

               E=ps      E.p~ 

"mo"o 

              "~

0.8

x o.6 
e

o.{

o.z

   o.oq o. 

   kM 

 Fig. 3. 

0.6 
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                 u..2 
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      A~j~ b 
0

 a6 0.08

e

0 o.oz

E'p9

~~
a

a

a~ 

i ~.

z 
d Ne.9

E.P 1~

~~N.., 
  rNe.3

o.

N

0z o.oq 

             k„, 

           

.Fig . 

o.e 

1 

0

4

0.06 .0.08

                             0 0.0± o.oq 

                                 k„ 

                                       Fig. 5. 

    The .~ -k,., curve of each catalyst 

    The x-k„ curves of catalyst Nos. t-to 

lioints where these curves intersect the ~ and k,,,

0.06 O.oS

are shown in 

axes shotvn in

Fig. 5, and the 

Fig. 6.
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obtained that K,O affec 
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vity and the retardation o 

he concentration of K.O ' 
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concentration of AL_O, i 
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ue of 6,,, of each carat 

is obtained on the absciss 
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shows the reduction of bn 
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            Discussion 

      I. Kobosev,"I Natanson and other 

 investigators have observed that the 

 reduction of the iron oxide catalyst is 

 retarded in the presence of the pro-

 moter A1,0, and elucidated the rela-

 tiax between the retardation of 

 reduction and the promoting action. 

 Namely, it has been pointed out that 

 the stronger the retarding action of 

 reduction is the [Wore active catalyst 

 is obtainable. In the present case, 

 indicate the fact that the more fin-

er the activity is made with increased 

, or K,O being kept constant. R is 

on prolxosed by them holds good only 

vxd I3e0 which make a solid solution 

ttributed the retardation of the rcduc-

sur(ace of the catalyst. It is deduced 

is the nature of the surface layer of 

oricentration of AI.O, or K.O for the 

ncluded that no simple relation holds 

f the reduction. 

is constant, the . increase in the amount 

adsorbed amount of hydrogen (Table 

s constant, what the increase in the 

Therefore, it seems improbable that the 

 simply related [o [he adsorption of 

yst is given by equation (I), and its 

a in Fig.6 from the curve shown in 

e reduction of 6g„ so that the leaving 

,, i.e. the decrease in the adsorption of 
that the decomposition of ammonia is

6) Kobosev, Arrn PGyrimclain. U. R. S. S., 1, 82g (rg;6).
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retarded by Ho. Accordingly, the reduction of hN, is at least one of the causes 

to make the activity higher. A comparison between the order of the reduction 

of b~,, and that of the increase in activity will be drawn as follows.: 

The order of the reduction of ba,: (The numbzrs indicate Catalyst No. ) 

     No. t-~No. ?-.No. 3-.No. q-.No. ;---rNo. 6-+No. [o-.No. 7-+No. 8 (i) 

The order of the increase in activity: 

At t(I). 

4 

    IQo. t->No. 2-+No. ;-~+No. q~No: 4-Nos. 6, lo~and y,-+No. 3 (ii) 

At t \2/, 
     No. [-. No. 2-.I~~o. 3-.No. q--~No. q->No. S-.No. 6-.No. to-+No. 7 (iii) 

At tl~I, 
     No. 2-.No. t-+No, q-.Nos. 3 and .}-+No. 6-+IQos. to and y-.No. S. (iv) 

The order of the reduction of ~ hsa,-bu, ~ : 

     Nos. [, 2 and 3--.No. q-.No. q-+No. Io-.No. fi-•No. 7-sNo. 3. (v) 

                      (i), (ii) and (v). 

    From (i) and (ii) was obtained the result that the less the adsorbed amount 
of hydrogen is the more active the catalyst becomes. 

   It is seen from (ii) and (v) that the order of the approach of the ammonia 
adsorlrtion to the hydrogen adsorption nzarly coincides with the order of the 

increase inactivity. This will be explained below in greater detail. 

    I,et hNn,, hn, and the activity t (~) of No. t , No. z, No. 3......be represented 
by hhm., bxxs• b~,,....... hi,~, Via,: bN,,...... ; and d, n=, n",...... respectively. 

As to. No. ;, No. 2 and No. 3, we-have 

              hint -bn,= birna -a'v~= bva~-~'a, 

and 

              b'n,> ~s,> b'a~ ; 

hence, 

                 > (~= > 6'                 ~7t~ NW NIh~ 

where d <,a"<n'. These three examples illustrate the case [hat the- activity is 

low in spite of a large adsorbed amount of anvnonia when the adsorbed amount 

of hydrogenis large. 

    As to No.6 and No. lo, we have

(1939)5
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                      " to and bx,> tea, 
hence, 

            6" > L10                     vaa nxa• 

where a°=,e10 

   This indicates that though the adsorbed amount of hydrogen is large the 

activity remains unchanged if the adsorbed amount of ammonia becomes corres-

pondingly large. 
    Fls to No. 3, No. 6, i\ro. y and No. 8, we have 

            ' Lraa-bira ~ > ~ 6`NLa-h`xa ~ >. I dAxs-611, I > ~ ~ty as-~aa 

Accordingly, the magnitude of 6RU, can not be decided, but let us consider three 
cases with respect to No. 3 and No. 6, thus: 

                     a ()                         b';ua <dan„ a 

                        °NEIa=aNtia~ (b) 
                  ~ ( )                         b2;Ha> ~~7ia• C 

where na <d`. 

   The above relations (a) and (b) tell that the activity is high either when the 

adsorbed amount of hydrogen is small and that of ammonia is large or when 
both adsorbed amounts of ammonia and hydrogen are appro.imate, and yet it is 

natural to obtain this result at the most highly active part'tvhich is subject to 

the retardation of hydrogen. 13ut tee shall choose the 3rd relation in the present 

case. According to pagan and \lorozovr', K.O decreases the heat of adsorption 
of NEf, and [he activity of adsorption and hinders the condensation of NH;,. 

Applying this idea to the above-described case where AI.O;, is constant and K_O 
is increased, we have 

                    d'~xa> bnn,> ~sna> 6Nx,• 

Here we come to the same conclusion as drawn for Nos. 1, z and 3 or Nos. 6 

and to. 

                (i), (iii), (v) and (i), (iv) (v). 

A comparison beaveen (ii) and (iii) indicates that at the latter half the order of 

the catalyst; differs from each other. As to (iv), the order of each catalyst, as a 
whole, varies as compared with (ii) and (iii). 

    y) Kognn and \lorcyov, Ae6, Pkytltxkim. U. K. S $, 5, 491 (1936)•

(1939)
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   This change of the position depends upon the circumstances that the reaction 

takes place either at the most high]y active part A or even at the less highly 

active part B or further even at the least active part C. The. results obtained 

showing at wbich stage of the active parts A, B and C, t (~ ), t \ a ), and t (~ > 
4 of each catalyst lie; are tabulated in 'Fable VL Judging from Table VI it is no 

wonder tbat the relation between bu, and- bsn,-6,,, shown in Fig. 6, which has 

been found from the decomposition at the most highly active part A, does not 

hold good with t(om) and t(om) including the results at the less highly active 
                  z t 

parts 6 and C. 

                                 Table. VI.

CnlalYsl

.r (mm. [Ig\ 
f ` min I.

No.
11 

4

Readions xl
adive parl

7 \ s
Reactions al
aUive part

~~ i Active pad

I 0.09 A (final) 0 08 R oo~ C

z o.Iq o.Io R 0.03

3 o.IS o.Iq 13 0.06

4 0.36 nzo li a.o6

5

fi Lz5 A Loe A 0.08

7 I ~5 A L7o A o.II

8 z5o A o.7a A (final) o.I7

9 osI A (fina1J a.t7 13 045

Io I25 A La5 A o.II

    q. It is clear that the adsorption of nitrogen took lilace at ¢¢o°C., though 
its amount was small Roiter and his coworkers"~ measured the N_-adsorption 

of Fe-Mo and Fe-Mo-AIPO, catalysts in the temperature range behveen 
-ty4°C. 450`C. and found that no adsorption occurred at the temperatures in 

question though only physical adsorption took place at low temperatures. Their 

question raised as to the formation of nitride (Fe,N)°' is not justified merely with 
their results obtained. 

   Some of the examples of the adsorption of hydrogen are given in Table IV. 

The position of the maximum adsorption, the existence of which was found by 

Roiter and his coworkers, will appear at higher temperatures (above 5oo°C.). 
In Table IV a decrease in the adsorbed amount of hydrogen is parallel to the 

reduction of bn,, but, there is no exact proportionality between the two in all 

     8) Roiter, Arra Plrysirorhin~. U. R. S. S, 4, r45 (r936)• 
     g) Frankenlmrger, Z. E/r,Nmnfum:, 39, 45, 97. ""-69. 818 (r933)•
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the examples. It is not unreasonable that bu„ being obtained from the reaction 

velocity at the most highly active part, shows no similarity to the value obtained 
by the adsorption of hydrogen in equilibrium. 

    j. Supposing several kinds of the active parts, Langmuir's formula was 
applied 'to them, and its applicability was qualitatively justified with respect to 
each catalyst. As to the most highly active part (hn,> bxu~, iG existence can 

be ascertained by the expxriment carried .out by adding to% H„ by the retarda-

tion irtimediately after the reduction, or by the (act that each catalyst is retarded 

at the initial stage of the reaction. 

   6. The relation between Iwisating by CO and the active parts is seen in 

Fig. 3 and Expts. b, y and 9 in Pig. 4. These figures show that, after the 

occurrence of the clecompositions at the most highly active part and the active 

part of GH,=6xn„ the race of decomlosition is increased, i.e. a higher active centre 
appears. This fact also indicates the removal of poisoning by CO, and it is 

supposed that hydrogen, the decomposition product, exerts a reactivating action 

for the poisoned part. Mach point at this poisoned part fluctuates, and it 
may be ascribed to the action of poisoning. The existence of the active part 

reactivated by air oxidation and hydrogen reduction on this poisoned catalyst is 

shown by the line perpendicular to the k„ axis in Expt.r3. It is, of course, 

inactive as compared with the three active parts-A, B and C. Expt. to corres-

ponds to F•,xpt. S acid is the case where the catalyst has been poisoned more 
severely than in Expts. h and 7. This experiment, in which the reaction ends at 

The active 1><art of the second and the velocity of decomposition falls off markedly, 

produces a similar result to the case of reaction made in the presence of an 
extremely small amount of the catalyst. 

                         Summary 

    t. ,From the results obtained by applying Langmuir's formula to some 

supposed kinds of active parts it has been Eound that the decomposition reaction 

proceeds in the following order: a reaction of retarded form at first, and of the 
first order, and then of the zero or the fractional order. 

    3. .As to a catalyst or a group of. catalysts having different percentages of 
the component, the following were measured or examined 

         i, the velocity of reduction, 

        ii. the adsorptions of hydrogen and' nitrogen, 

        iii. the relation between activity and the adsorption coefficients of

5 (1939)
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    hydrogen and ammonia, 

iv. the influence of the velocity of decomposition by hydrogen and 

     nitrogen, and 

 v. poisoning by CO, the rzmoval of the poisoning by oxidation and 

     reduction, and reactivation of the active centres. during the reaction. 
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