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CHEMICAL KINETICS IN THE REACTION BETWEEN
NHs AND COz UNDER PRESSURE.

By Ryo Kivama and Kemzo Suzuki.

The study of the field of kinetics of the reaction between NH,; and CO, under
pressure has scarcely been done. Therefore there are many obscure points. In
the view of chemical kinetics, this investigation is carried out in order to clear

the mectanism of the reaction.

Apparatus and Procedure.

The schematic layout of the equipment is shown in Fig. I. A, is the reaction
vessel made of mild steel, the volume of which is 43 cc; A, and A, the bombs,
each being filled with liquid NH; or liquid CO,; A, the spiral tube in order to
preheat CO, gas; G, and G,, the burdon type pressure gauges; T, the copper-

constantan thermocouple, which is

put into the reaction vessel; T,
and T;, the mercury thermometers;
the train of points denotes the
electric heater; V,, ...... .V, the

valves. The samples, NH; and

CQ,, arc stored in A, or A; fiom

each commercial bomb and high

pressure is obtained by heating.

The procedure to carry out

the experiment at a given ratio of - - :
Fig. 1 Schematic layout ot equipment.

pariial pressure of NH; and CO,

is as follows; gascous CO, is charged into the reaction vessel until the reading
of G, becomes cqual as the paitial pressure of NH, in the case of experiment
and then until the reading of G, comes to a definite total pressure of experiment,
then the reading of G, falls down from P, to P Thus a given quantity of CO,
is charged into the vesscl in use of the reading of P, and P, in performing the
reaction.

The experimental procedure is as follws; gaseous NH, is charged into the
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reaction vessel under a constant pressurc and a definite quantity of gaseous CO,
is led into the vessel in use of G, as above mentioned. Afterwards the readings
of G, against time are recorded.

The ratio of packing calculated as NI'I,C(jgN [, from the pressure is 0.08 ~
0.21 g/cc in the range of the reaction.

Moieover, after the reaction finished, the resultants are cooled rapidly and
the gravimetric analysis of urea is carried out.

The reproducibility of the cxperiment is within 3% of the initial pressure

in the rcadings of G,.

Experimental Results.

The experiments are performad in the range of pressure, 13~210 kg/cm’,
temperature, 60~200°C, under various ratioes of partial pressure. Fig. 2~Fig. 6
are the pressure change curves plotted (rom the data of the readings of pressure

gauge against time. Fig. 7 is the results of the urea conversion percent curves.
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Fig. 2 Pressurc change curves. Fig. 3 Pressure change curves,
Initial pressure 15 kgfem?, Initial pressure 90 kgfem?,
Discussions.

From the pressure change curves, there are two cases; one, a rapid pressure
decrease occurs, and the other does not, at the initial step of the reaction. Also,
it is shown in the urea coaversion percent curvas, Fig. 7. that there is some
difference in the forms of the reaction.

(I) The formation of NH,CO,NH..

From the reason discussed below it can be considercd that the rapid pres-
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7 CONH, . :
4 [NH’StOl H, =4[ Intermediate product]. 4)

As K, is the equilibrium constant, from the step (1)
[Intermediate product]=A,[NH,]*[CO,]. 6))

In such a case as NH,CO,NH, is not formed, accordingly, from Equations (4) and

(8) the velocity of urea formation gives

?INBCONR]_ 4 [NH.FICOJ=HNHI[CO).  ©)

where
b=Kk, )
Differentiating with respect to temperature from the Equation (7).

dInk =dan,+ d \nk,

—_— . 8
aT dT dT )

If A is the activation energy corresponping to 4, A, the activation energy of

step (3), and Q,, the heat of reaction in (1), the next relations are given,

dlnk __ 4 dink,_ 4, dink,_ O (9)
dT ~ RT* dT RT® dT RT®'

where it is presumed that the endothermic heat of reaction has a positive sign.
From Equations (8) and (9),

A=0\+ 4. (10)

The heat of reaction in the case of the formation of NH,CO,NH, from NH; and
CO,is about —40 kcal®. Then, it is permitted that the heat of reaction in the
step (1) takes the value nearly —40 kcal. The valuve of 4 is about —20 kcal as
above described and so 4; can take a positive value. Fiom these considerations
it can be recognized that the velocity constant, £, of this reaction in which

NH,CONII, is not produced has the negative temperature coefficient.

The authors express hearty thanks to the Ministry of Education for the

Scientific Research Grant.

The Laboratory of Physical Chemistry,
Kyoto University.

4) K. G, Clark and Il C. Hetheringlon, /. 4m. Chem. Soc., 49, 1909 (1927)
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sure change at the initial time of the reaction is due to the formation of
NH,CO,NIH..
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Fig. 4 Dressure change curves,

Vig. 5 Pressure change curves,
Initial pressure 150 kgfcem®,

Pyby: Peeo=21 1, 170°C.,

1) From the dissociation pressure of NIH,CO,NH..

In the case of Exp. 1 at 60°C in Fig. 2, the rapid pressure decrease and the
heat cvolution follow at the initial time, then pressure decreases to 1 kg/cm?.
The pressure. 1 kg/cny’, is the dissociation pressure of NH,CO,NH, at 60°C” and
under such condition the formation of urea does not occur. Accordingly the
curve can be considered as the onc of the formation of NH,CO.NH..

The comparison between the pressure at the inflexion point*, where the curve
showing the rapid pressure decrease at the initial step crosses the following slow
change curve, and the dissociation pressure of NIT,CO,NT1, extrapolated from the
data of I<gan

ct al”,, at the same temperature, is shown in Table I.  Both pres-

Table 1
Exp. No. Temperature Initial press. | Press, at the inflexion \’ Dissociation press. of
xpe Bo. °C) o (kgfem®) pt. (kgfem?) ' NII,CO-NIa (kgfem?)
i 101 (100) 15 . 4 9
3 136 (130) 40 36 a7
20 158 (150) 150 78 82
21 165 (160) 150 100 103
30 175 (170) 150 133 141
34 183 (180) 210 177 185

(P'Nit3: Poca=2:1)

1) E. P Egan, [. K. Potts and G. D. Pouts, Md, Kng, Chem., 38, 454 (1946)

* 1n the graphical expression of the equation concerning (o the third order velocity constant, described
later (Chemical kinetics in the reaction of urea formation.), two straight lines cross at the initial
time.  The crossing point is regarded as the inflexion point.
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sures in the comparison nearly coincide. The value shown in the parenthesis in

the temperature column is the tem-
i » perature before the rcaction begins,
but owing to the heat evolved
n at the initial time of the reaction,
1o the temperature rises, and then at
the inflexion point it becomes the

value shown on the left hand of

-
o

the temperature column, Fig. 6

Resdings of pressure geuge (kg/
3 8

shows the rapid pressure decrease

-
o

Py - -

10 o 40 5o 30 at the initial time in every case
Time (win.) Lo
Fig. 6 Pressure change curves, 150°C. of the initial pressure except
I ."cl S ¢ a9 . L3 -
mon 15‘3?:;7;:1: Tosp. 20 53 kg/cm®, less than the dissociation
3 120 kgjem? Exp. 19 . -
A 90 kgfom? Exp. 17 pressure of NH,CO,NH,, has the
Pxug: Peog=23:1
@ 53 kglem* Exp. 15
Paiig: Poon=3.1:1 point.

inflexion point at nearly the same

2) From the relation of the dissociation equilibrium of NH,CO,NH,.

The relation of the dissociation equilibrium of NH,CO,NH, is as follows;
NH,CONH, (solid) = 2NH,+CO,. In the case of excess of NH; or of CO,, the
next relations are derived from the Mass Law?,

ﬁ=3[ 5)’-'_1] g=i[(zo)*_£]
T  3L\mw T4, T 3l\=# x|

v

where ¢, ¢, are respectively excess in pressure of NH; and of CO, 7, is the
normal dissociation pressure of NH,CO,NH, when the ratio of partial pressure
of NH; and CO, is stoichiometric, @ is the partial pressure of dissociated
NH,CO,NH, in the vapor in the case of having excess in NH; or CO, Accor-

dingly, the total pressures are ¢, +7 when NHj is in excess, .47 in excess of

Table 2
- . Press. (kgfem?)
. Temperature Initial press. .
Exp. No. A N Pxirg e "
Xp. No, °C) I (kgfem?) NiIy 2 pCOa obe. ale.
4 103 (100) 15 4:1 11.0 11.0
3 103 (100) 15 1:2 13.8 13.4
18 153 (150) 4:1 73.5 73.9
31 174 (170) 150 4:1 140 143

2) T. R. Briggs and V. Migrdichian, /. Phys. Chem., 28, 1121 (1924)
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CO,. It has been experimentaly proved that this relation holds in the low pres-
sure region®. In Table 2 the comparizoas between the observed pressure at the
inflexion point and the pressure calculated from the above relation are shown and
the consistency in both values is good. The parenthesis in the temperature column
denotes the same as in Table 1.

NH,CO.,NH, is not formed under thc lower pressure than the pressure of
dissociated NH,CO,NH,. When the dissociation pressure is 150 kg/cm’, the tem-
perature is 176°C*. TFrom the pressure change curves in Fig. 4, the rapid pressure
decrcase at the initial time occurs at the temerature below 170°C, while this rapid
change does not above 180°C. From the corrclation between the condition of
the NH,CO,NH, formatior and these pressurc change curves, NH,CO.NH., is
formed not above 180°C, but below 170°C. Also, in Fig. 5, NH,CO,NH, having
the dissociation pressure of 126 kg/cm? at 170°C, in the case of the initial pres-
sure 150 kg/cm?, the pressure decreases rapidly at the initial time, while in the
case of the initial pressure below' 126 kg/cmt’, the rapid change does not occur.
In other cases, the experimental results are satisfactory in consideration.

According to the above consideration, the rapid pressure decrease at the
initial time of the reaction is due to the formation of NH,CO,NH, and the for-
mation of NH,CO,NH, is dependent upon the initial pressure which is higher
than the dissociation pressure of NH,CO,NH..

(JI) The formation of urea,
1) General consideration.
From the results of the quantitativa analysis of urea it may be found that

it is always possible to produce

urea  whether NH,CO.NH. is
formed or not. The urea conver- ol
sion percent curves, Fig. 7, arc
w
the results in the same condition §m
3 20|
. e
as the pressure change curves in :
o
Fig. 4. At 150°C and 160°C NH,- .
. 5 L lop
CO.,NH, is formed and at 180°C 3
and 190°C is not, as described
before. However, the formatioa 1o 30 60 90 120
Time (min.!
of urea occurs in both cases. Fig. 7 Urea conversion 2; curves.
) . Initial pressure 150 kgfem2.
Accordingly the view that NH,- PxHy: Poog=2:1

*cf, 1)
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CO,NH, is the direct intermediatc substance in the reaction mechanism is not
generally admitted.

In the pressure change curves at the condition that NH,CO,NH. is not
formed (7. ¢. above 180°C in Fig. 4), the pressure, in any case, decreases below
the equilibrium pressure” in the formation of urea. From this result it may bc
considered that the reaction of urea at this condition goes on in the gaseous
state.

In the urea conversion percent curves, Fig. 7, the temperature effect on the
urea conversion is reverse between 160~180°C, namely the limiting temperature
of the existence of NH,CO,NH..

The effects of pressure and the ratio of partial pressure on the urea con-

version percent from the results of analysis are shown in Table 3. Excess of

Table 3
Exp. No. Tcmz:ccriﬂure Time ((;l; i;‘,:;dion Ine;\lzgll'c'l;?;ss Pzt Poog Urea c(r;z;’ersion
17, * 150 3 90 2:1 6.0
20, * 150 a3 150 2:1 9.5
35, 190 60 90 3:1 0.0
36, 190 60 150 2:1 10.6
30 * 170 120 150 2:1 25,9
3L ¥ 170 120 150 : 1 36.3
2 170 120 90 2:1 7.7
2 170 120 90 4:1 11.6

* The case, NIT,CO,NI; is formed.

NH, and the pressure effect upon the yield of urea are recognized whether NH,-
CO,NH, is formed or vrot.

2) Chemical kinetics in the ieaction of urea formation.

The order of the reaction is obtiined from the follwing relations of the reac-

tion velocitics in the two cases 1 and 2.

([’,1'1 - m " ([j,{, wn -7t

= k| Pxny], [Pcos); = L [Pxt,]o [P0, ,

i P TPeo)) . s £ [Pruli(Peo)]
when [Pco,],=[Pco,],,

dx dr.

log S 18

m= ,
log| Pyn;],—log| Pxn]s

3) M. Tokuoka, /. Agr. Chem. Soc. Japan, 10, 1333 (1934)
C. Matignon and M. Fréjacques, Comps, wnd., 174, 455 (1922
R. Kiyama and IL Kinoshita, 7% Journal, 21, 9 (1951)
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when [Pxing],=[PNny],,

n= v
log| Pco. ], — log| Pco.),

where Pxu, and Pco, are the initial paitial pressure of NH; and CO, respectively.

Table 4 Substituting the experimental results in
— the above relations, the values of » and
Exp, | Tnitial | . . .
I\}‘(l; press. | Pxiry | Poo, m ‘ ” # arc obtained, which are shown in
* | (kgfem?)
h I . Table 4. TFrom the sum of 22 and # the
o3 72 1 42 | 30 1.9 .o
X ' N 1.0 * order of the reaction is regarded as the
25 90 60 30 2.0 N
or 100 | 70 | 3 third order. Assuming that ¢ and 4
22 | 60 | 40 | 20 | us |10 are respectively the initial partial pres-
p ¥ p P
24 9 | 70 | 2 . .
sure of NH; and CO, and AP is the

(Temperature, 170°C)

*  Pxilg, 42, 40 of Exp. No. 23, 22 are X i .
regarded as the same pressure, order velocity constant is given as

quantity of pressurc change, the third

.follows :

24 | DA
L [Ples—a) #(a—22T)
b= 13 42.303log~ "L
Ha—2b) a(n_-_zm'> 0(1)_74}_5)
3 3

but when a=2b,

9 . o
=_"_1(36— APy —BH)*}.
£ 8t'( 6 ) — (3677

Accordingly, the values of the bracket in the foimer equation or (36—AP)™ in
the latter against time are plotted as linear relations and also the tangents aic
proportional to the velocity constants. The time range satisfied with linearity in

the case of Pxmg:TPco,=2:1, is shoiter than in the casc of Pyu,:Pco,=4:1.

Table 5

L Temperature Initial press. S ! Velocity constant 106
Exp. No. 0 (kgfem?) Pnitg i Pong ‘ (condjkg?. min)

2% ‘ 170 90 LI 1.4 ,

26 170 920 4 1 1.8}mean 1.6

23 170 120 2 1 1.6

33 180 150 2 : 1 1.0

26 190 150 2:1 ' o

as 200 150 2 : 1 0.3
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It may be considered that the continuation of linearity is due to the opposite
reaction that is prevented by excess of NH.. The velocity constants obtained
from the above relations are shown in Table 5. That is, the velocity constants

have the negative temperature coefficient and the activation energy calculated from

the relation of log k—% is about —20 kcal.

The velocity constants shown in Table 5 are the values obtained when
NH,CO,NH, is not formed. The yields of urea calculated from the velocity
constants and the observed yields in the case of the formation of NH,CO.NH,

are shown in Table 6. The calculation is as follows;

Table 6
Esp. N Temperature Velocity constant 106 Weight of urea (g)
xp. No, v D
°C) (cudfkg?. min) cale. obs.
33, ‘ 180 1.0 — 0.838
30, | 170 1.6 0.8 0.720
a1, 160 3.1t 0.7 0.803
0, 150 : 4.3 0.4 0.524

(Initial pressue, 150 kgfem?; Pniix: Pcos=21:1; time of reaction, 30 min.)
* extrapolated value,

. . . . 2 o 2 2P\ P
r rer —_— a JINE ) .|l=al 1
yield .of urea (in weight)= a/ ZD [Pxu, ][ Pco,]=al 12"0( 3 ) (—3 )

where P is the reading of pressure gauge, a is the proportional constant deter-
mined by substituting the values at 180°'C (NH,CO,NH;, is not formed) in Table 6.
The calculated weight of urea and the obseived are the values at 30 minutes.
Accordingly, it can be considered that the reaction of urea formation almost
proceeds in the gaseous state, cven in such a case as NHCO,NH, is formed ; at
least in the initial state of the reaction.

3) The reaction mechanism.

From the reason above described the following mechanism is proposed.

2NH,+CO, = Intermediate product, 1)
Intermediate product 2 NH,CO,NH., &)
Intermediate product — NH,CONH,+ [1,0. )

The step (2) is possible only when the initial pressure is higher than the
dissociation pressure of NH,CO,NH,. Assuming the equilibrium relation is always
established in the steps of (1) and (2) and 4y is the velocity constant of (3), the

velocity of urea formation redvces to





