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

By Ryo Kivama and Kewzo Suzuki

The study of the field of kinetics of the reaction between N1, 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. . 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; (i, and (5, the burdon type pressure gauges; Ty, the copper-

constantan thermocouple, which is

put into the reaction vessel; T,
and T,, the mercury thermometers ;
the train of points denotes the
clectric heater; V, ......, V,. the
valves. The samples, NH; and

CO.. arc stored in 2\, 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 of equipment,

pariial pressure of NH; and CO,

is as follows : gascous CO, is charged into the reaction vessel until the reading
of G, becomes equal as the paitial pressure of NFL, 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 I, 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 pressure 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 1‘\.’1I;C(j._.1\’l-lE 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 ¢xperiment is within 52 of the initial pressure

in the rcadings of G,.

Experimental Results.

The experiments are performzd in the range of pressure, 15 ~210 kg/em’,

temperature, 60~200°C, under various ratioes of partial pressure. Fig. 2~Fig. 6

arc the pressure change curves plotted (rom the data of the readings of pressure

sauge against time. Fig. 7 is the results of the urea conversion percent curves,
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Fig. 2 Pressure change curves. Fig. 3 Pressure change curves.
Initial pressure 18 kgfow?, Tnitial pressure 90 kgfom®,
Discussions.

From the pressure change curves, there are two cases; one, a rapid pressure
decrease oceurs, and the other does not, at the initial step of the reaction. Also,

i i< shown in the urea coaversion percent cuves, Fig. 7. that there is some

difference in the forms of the reaction.

(I) The formution of NI CO,NH.

From the reason discussed below it can be considercd that the rapid pres-
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# [NH’;‘ONHE =4[ Intermediate product]. 4)

As K, is the equilibrium constant, from the step (1)
[Intermediate product|=A[NH,J[CO,]. (0)

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

(8) the velocity of urea formation gives

‘ﬂ%(m'”#ﬁhmm]*[coslﬂ[?@ H{{CO., ©)

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

dlnk _d lt\K,+ d Ink,
dT  dT 4T

()

If A is the activation cnergy corresponping to &, A, the activation energy of

step (3), and @), the heat of reaction in (1), the next rclations arc given,

dlnk _ 4 dnk,_ 4, dInk,_ G 9)
dT RT*' d7T RT*' dT RT*

where it is presumed that the endothermic hcat 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 valec of A is about —20 keal as
above described and so 4; can take a positive value. Firom 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.
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4) K. G. Clark and UL, C, Ietheringlon, /. An. Chem, Soc., 49, 1909 (1327)
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sure change at the initial time of the reaction is due tn the formation of

NH,CONIH,.
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FFig. 4 DPressure change curves,
Initial pressure 130 kglem®.

Fig. 5 Pressure change curves.
Pying i Peon =211, 170°C,

1) Trom the dissociation pressure of NH,CO,NI1..

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/ent,
The pressure. 1 kg/en, 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 one of the formation of NI, 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,NT, extrapolated from the

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

Tablz 1

E‘P No I Tcmpcmturc

45

Initial press, 1 Press. at the inflexion ‘ Dissociation press, of

(kgfem?) pt- (kgfem?) ' NII,CO-NIa (kgfom?)
4 1 ( 100y 15 i 2 ) 9
S 136 (130) R : a6 a7
0 158 (150) 150 T8 8o
u 165 (160) 150 100 102
30 175 (170) 150 135 141
M 181 (150) 210 i . 185

(Pritg: Paea=2: 1)

1) T, I Egan, [. K. Yotts and G, D, Pous, Ad. Kap. Chem,, 38, 454 (19406)

* In the graphical expression of the equation concerning lo the third order velocity ¢nnstant, described
later (Chemical kineties in the renction of urea formation.), two straight lines cross at the initial
time.  Tie crossing point is regarded as the inflexion point,

.1 (1950)
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sures in the comoarison nearly coincide. The value shown in the parenthesis in

. | the temperature column is the tem-
140 . .
3 perature before the rcaction begins,
130
Y but owing to the heat evolved
g:m at the initial time of the reaction,
:100 the temperature rises, and then at
i & ’ % ot B
H the inflexion point it becomes the
z po
% value shown on the left hand of
§ the temperature column. Fig. 6
3 _ _ shows the rapid pressure decrease

T w0 T ) 55 at the initial time in every case
Time (win.) .
Fig. 6 Tressure: chisnge aurves, 150°C. of the initial pressure except
Ingalla%m‘fgiégr_. xpe 20 53 kg/cn’, less than the dissociation
20 k * Fxp. 19

E = ,'fﬂcc:: {fg i pressure of NH,CO.NH,, has the
Pxily: Peo.=2;:1

® 53 kglem® Exp, 15

Puug: Poop=31:1 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,CO,NH, (solid) = 2NH,+CO,. In the case of excess of NI, or of CO,, the

next relations are derived from the Mass Law?,

2=\t = ] -
(e s (G R

where ¢, e, 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 NHy or CO, Accor-

dingly, the total pressures arc ¢;+7 when NHjg is in excess, .47 in excess of

Table 2
5 m - . - Press. (kgfom®)
Exp. No. Tﬂiugecr;mre Im(llizlfcglr;.;s. Pxily : peos
i obs, ale
4 103 (100) 13 4:1 11.0 1.0
3 103 (100) 15 1: 13.8 13.4
18 153 (150) 4:1 78.5 73.9
31 174 (170) 150 431 ’ 140 143

9) T. R. Briggs and V. Migrdichian, /, Phys. Chem., 28, 1121 (1924)
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CO.. It has been experimentaly proved that this relation hoelds 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 the lower pressure than the pressure of
dissociated NH,CO,NI.. When the dissociation pressure is 150 kg/cm®, the tem-
perature is 176°C*, From thc pressure change curves in Fig. 4, the rapid pressure
decrease at the initial time occurs at the temerature helow 170°C, while this rapid
change does not above 180°C. From the corrclation between the condition of
the NH,CO,NH, formatio1r and these pressure change curves, NH,CO.NH, is
formed not above I80°C, but below 170°C, Also, in Fig. 5 NH,CO,NH, having
the dissociation pressure of 126 kg/em® 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
casc of the initial pressure below' 126 kg/cm®, 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 zt the
initial time of the reaction is due to the formation of NH,CONH, 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..

(I) The formation of urea,

1) General consideration.

From the results of the quantitative analysis of urea it may be found that
it is always possible to produce
urea  whether NH,CONH. Iis

formed or not. The urea conver- 20!

sion percent curves, Fig. 7, are

the results in the same condition :3: ol
as the pressure change curves in g
Fig. 4. At 150°C and 160°C NH,- ¢
CO.NH. is formed and at 180°C LA

and 190°C is not, as described

before. However, the formatioa o s o0 [ 120
Time (min.|
of urea occurs in both cases. Fig. 7 Urea conversion 27 curves.
Tnitial pressure 130 kgjem?.
Accordingly the view that NH,- Paitig: Poo.=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. IFrom this result it may be
considercd 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 cxistence of NII,CO,NH..

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

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

Table 3
Esp. No. IcmE:e&;lture Cime &I;i;?;xctlon IHEEZ:;CI!:'E;SS. Paiig: Peoa Urea (é;;;”swu
1%, * 150 30 90 3:1 6.0
20, * 150 B 150 2:1 L)
35, 190 (1] a0 23:1 0.0
304 180 60 150 2:1 10.6
30 70 120 150 2:1 25,9
31 ¥ 170 120 140 1:1 36.3
2 170 120 a0 2:1 7.7
26 170 120 90 1:1 11.6

* The case, NIT,CO,NH; is (ormed.

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

2) Chemical kinetics in the ieaction of urea formation.

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

tion velocities in the two cases 1 and 2.

”’vr] i el ([—1‘-\ weEy n
A= B Pxny] [Peo.],, 5i= A[PxH.]s[Pcou].,
i g lTree, o= 4 [Pxudi(Peo)
when [Tco,),=[Pco.}.,

lggé’vl-—]og:&
L gt ,
log| Pxu. ), — log] PNn:]s

=

3 M, Tokuoka, J. Agr Chem. Soe. Japar, 10, 1333 (1034)
C. Matignon and M. Fréjucques, Comps, rond,, 174, 456 (1922
R. Kiyama and IL Kinoshita, 77 fournal, 21, 9 (1991)
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when [Pxng),=[Pxnyl.,

loer 1 v,

og—1—log—2%

frm dt at .
log[ Pco. |, — log| I'coa)s

where Pxi; 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 »2 and
F;""]l 1;:::;:1 Pxilg | Poog " ; " 7 arc obtained, which are shown in
(i-:g[c_m-) L e £ s Table 4. TFrom the sum of 2 and » the

;1' ;; I{ :{:; I 3}3 ;: 1.0 * order of the reaction is regarded as the
o 100 1 013 thitd order. Assuming that a and &
23 60 | 40 | 20 18 | 1O are respectively the initial paitial pres-
Ho W0 sure of NH; and CO, and AP is the

(Temperature, 170°C)

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

quantity of pressure change, the third

follows ;

RIN 201>
~{(26—a) W g
Fa 10 ] ;}_‘!;__14.2.31']3 l()gL}._) .
Ha—20) ;r(n—74——§] ) n(i’—_%l )

but when a=2b,

W s o
= 13— 51— (30",

Ln

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

the case of Pxpy:Tco,=2:1, is shoiter than in the case of Pxn,:Pco,=4:1.

Table 5
— = 1 —c = -

i 5 Temperature Initial press. . ' Velocity constant 106
Exp. Na. I =C) (kgjem2) Pxitg: Pove (cnrifkg?. min)

a 170 90 2 :1 1.4 ]

6 170 } 90 451 I.S}mc:m 1.8

23 170 120 £ ¢ 1 1.6

33 180 150 221 \ 1.0

a6 190 150 201 ! 0.5

a8 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 wvelocity constants shown in Table § 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
Exp. No, Temperature Velocity constant 10¢ Weight of urea ()
il ' (°C) (endflkg2 min) ale. abs.
33, 1 180 1.0 — 0. 838
30, ‘ 170 1.6 0.8 0.720
L} I8 160 31t 0.7 0. 802
20, | 150 | 4,5 = 0.4 0. 524

(Initinl pressue, 150 kgfem?; PNitg: Peos=21:1; time of reaction, 30 min,)

* extrapolated value,

yield of urea (in weight) <= af “ﬁJquﬂf[Peo._.]:di (2:’)(;)
where I' is the reading of pressure gauge, a iz 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 arc 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 NIHCONH, is formed ; at
least in the initial state of the reaction.

3) The reaction mechanism.

From the reason above deseribed the following mechanism is proposed.

2NH,+CO, = Intermediate product, (1)
Intermediate product 22 NH,CO,NH,, (2)
Intermediate product — NH,CONH,+ [1,0). 3)

The step (2) is possible ouly when the initial pressure is higher than the
dissociation pressure of NH,CONH,. 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



