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Equilibrium of the CO2 NH3 -Urea-H2O System under High Temperature 

and Pressure. V. Liquid Vapor Equilibrium in the Presence of Excess Am. 

monia or Carbon Dioxides' 

By Schohachi KAWASUMI 

(Received November 4, 1953)

The liquid-vapor equilibrium compositions 
in a reaction vessel for urea synthesis from 
ammonia and carbon dioxide under high 
temperature and pressure have previously 
been shown in the stoichiometrical loading 
mole ratio of 2NH3 to 1 CO22), assuming that 
the system consists of three components, 
ammonia, carbon dioxide and water, in the 
vapor phase and of four components, urea, 
water, unconverted ammonia and carbon 
dioxide in the liquid phase. 

For the purpose of presenting similarly the 
compositions of the liquid and vapor phases 
of the equilibrium system starting with a 
mixture of ammonium carbamate and excess 
amount of ammonia or, carbon dioxide in this 

paper, the yield of urea and the mole ratios 
of unconverted ammonia to carbon dioxide 
in the liquid phase of the system have been
measured at a temperature of 160℃. The

compositions of the system have been 
calculated from the present and the previous 
measurements3) over the range of the loading 
NH3-C% mole ratio (L) from 1.6 to 3.0. 

On the basis of these results, the effects 
of the variation of the loading mole ratio on 
the equilibrium compositions and the equilib-
rium constant of the following reaction have 
been discussed.

(1)

Relation between Loading Composition 

and Equilibrium Yield of Urea. It is an

established fact that the excess ammonia 
over the stoichiometrical 2 moles per mole of 
carbon dioxide causes an increase of the 
equilibrium yield of Urea (Yc) based on the 
quantity of the initially charged carbon 
dioxide. The present measurements of the 
urea yield under conditions where the excess 
ammonia or carbon dioxide was added to the 
carbamate, which was loaded with a constant 
density of 0. 60 g./cc., are plotted against the 
reciprocal of L in Fig. 1.

Loading CO2 to NH, mole ratio (1/L)

Fig.1.-Yc-1/L relation at 160℃. and

D = 0.60 g./cc.

Y, was measured by the following proce-
dure : after the system reached the equilib-
rium, the reaction vessel was rapidly cooled 
and then the content was withdrawn. Water 
and unconverted NH, and CO2 were com-

pletely evaporated out of the content at
70℃.and the amount of residual urea was

weighed. 
The urea yield (Ya) based on the quantity

1) This paper was presented at the annual meeting of the 
Chemical Society of Japan held at Kyoto University, on April 
2, 1953. 

2) S. Kawasumi, This Bulletin, 25, 227 (1952). 
3) S. Kawasumi, ibid., 26, 222 (1953).
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of the initially charged ammonia, which is 
connected with K by the equation :
Ya×L=2Ycis approximately constant inde-

pendent of L over the range of L<2, while 
it decreases with the rise of L over the range 
of L>2.

It is a remarkable fact that the Yc-L 
relation at a constant temperature and load-
ing density depends upon the definition of 
the loading density. In the present experi-
ments as mentioned above, the starting 
materials were prepared by loading ammonium 
carbamate or equi-molar urea and water into 
the reaction vessel with a constant loading 
density (D), followed by the addition of the 
required amount of ammonia or carbon 
dioxide to it. Consequently, the total loading 
density (Ds) including excess ammonia or 
carbon dioxide was varied over the range of 
L. Regarding the molecular weights of NH2 
COONH4, NH3 and CO, as 78, 17 and 44

respectively, over the range

of L>2 and D t over the

range of L<2. In this case, therefore, D t is 
the minimum at L=2 as shown in Fig. 2.

Fig. 2.-Dt-L relation in the experiment 

performed with a constant D.

If an experiment would be performed with 
a constant Dt, it would be conjectured that 
the amount of urea (nurea) in the unit volume 
of the reaction vessel attains to the maximum 
at a certain loading mole ratio, since the 
loading density (D) of the carbamate is the 
maximum at L=2 as shown schematically in 
Fig. 3. Therefore it may be concluded that 
the Yc-L relation at a constant A is un-
doubtedly different from that at a constant 
D.

The existence of an optimum temperature 
where YY attains to the maximum has 
already been discussed in the previous paper 21

Fig. 3-D-L relation in the experiment 

performed with a constant Dt.

under conditions where ammonia and carbon 
dioxide were used in the stoichiometrical 

proportion to form ammonium carbamate and 
the loading density of the carbamate was 
kept constant. Similarly in the presence of 
excess ammonia or carbon dioxide, the 
optimum temperature where Yc attains to 
the maximum rises with an increase of D at 
a given L and also it rises with an increase 
of L at a given D. Such the Yc-L-T-D rela-
tions may be explained to be based upon the 
same reason as described in the previous 
paper2).

Relation between Loading-and Liquid-
Composition-Under conditions where car-
bamate was charged at a loading density of 
0. 60 g. per cc. of a reactionn vessel and then 
0. 2 to 1.0 moles of excess ammonia or 0. 05 
to 0. 25 moles of carbon dioxide was added 
to one mole of the carbamate, the mole ratio 
(R) of unconverted ammonia to carbon 
dioxide in the liquid phase has been measured
at 160℃. by the method reported in the

previous paper-2) 

The experimental results are shown in Fig. 

4. It has previously been shown that R' 

increases with L under the same conditions2). 

R also increases with L.

Loading NH3-CO2 mole ratio (L)
Fig.4.-R-L relation at 160℃. and

D = 0.60 g./cc.
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Relation between Equilibrium Composi-
tion and Loading NH3-CO2 Mole Ratio-A 
method for calculating the equilibrium con-
centration of each component in the two 
phases on the same assumption as previously 
employed 2) is shown in such a case as that 
where " c " moles of ammonium carbamate 
(equivalent of " 2c " moles of ammonia and " c " moles of carbon dioxide) were initially 

loaded into a reaction vessel of one litre 
volume and then " m " moles of excess 
ammonia or carbon dioxide were added to 
one mole of the carbamate. 

Equations giving Concentrations in the 
Presence of Excess Ammonia-In this case 
(L=2+m), we obtain from the material balance 
respectively,

(2) 
(3) 

(4) 
(5) 
(6) 
(7) 
(8)and

From these seven equations, we can derive the 
following relations (9) to (14) which allow the 
equilibrium concentration of each component to 
be calculated.

(9)

(10)

(11) 

(12) 

(13) 

(7')

(14)
Equations giving Concentrations in the 

Presence of Excess Carbon Dioxide-Similarly 

in this case (L=2/1+m), we obtain the equations 

(15) and (16) from the material balance.
(15) 
(16)

In the same way from these two equations and 
the above five equations (4) to (8), we can derive 
the following relations, for example n'CO2 and 
nCO2, which allow the equilibrium concentration 
to be calculated.

(17)

(18)

Equilibrium Compositions in the Presence 

of Excess Ammonia and Carbon Dioxide-

The liquid and vapor phase compositions 

have been calculated from these equations, 

as shown in Table 1, under the conditions

TABLE I 

LIQUID-VAPOR EQUILIBRIUM COMPOSITIONS IN THE PRESENCE OF EXCESS

AMMoN IA OR CARBoN DIOXIDE AT 160℃. AND D=0.609/cc



July, 1954] Equilibrium of the C02-NH3-Urea-H20 System under High Temperature 257

where the equilibrium was established at
160℃.starting with a mixture prepared by

loading ammonium carbamate of c=7.685 
moles at a constant density of D=0.60 g./cc. 
into a reaction vessel of one litre volume, 
followed by adding a required excess amount 
of ammonia or carbon dioxide to the car-
bamate. Accordingly the total loading 
densities including excess ammonia or carbon 
dioxide are more than 0. 60 g./cc. at any 
loading NH3-CO2 mole ratio. 

With the increase of the excess amount of 
carbon dioxide added to the carbamate, the 
equilibrium pressure3) rises remarkably and 
also Yd is approximately constant independent 
of the excess amount of carbon dioxide as 
explained above. According to the calcula-
tion, these experimental results are undoub-
tedly based upon the fact that carbon dioxide 
is increased not in the liquid, but in the 
vapor phase. The table also indicates that 
the larger amounts of the excess ammonia 
initially added to the carbamate mostly exist 
in the liquid phase, so that the liquid volume 
may possibly increase with the excess amount 
of ammonia.

The liquid-vapor equilibrium diagram of

the system at 160℃. is represented as a plot

of xi against L in Fig. 5. As shown in this 
diagram, xurea and xH2O attain respectively 
to the maximum, since an increase of the

Loading NH3-CO2 mole ratio (L)
Fig. 5.-Liquid-vapor equilibria diagram of the 

CO2-NH3-Urea-H2O system in the pre-

sence of excess ammonia or carbon dioxide
at 160℃.

excess amount of ammonia in the original 
charge is accompanied by an increase of nurea 
and nHzo as well as the total sum of moles 
(X) of every component in both liquid and 
vapor phases.

According to the results of Table 1, the 
amount of urea is approximately equal to 
that of water in the liquid phase due to the 
small amount of water vapor, so that a 
molecular compound of urea-water, (NH2)2 
CO. H2O, may be assumed for the purpose of 
expressing the liquid-vapor equilibrium 
compositions as the three component system, 
as such an expedient has already been em-
ployed by Davis and Black .4 

In such a manner, a ternary diagram with 
the apices representing the three constit-
uents-ammonia, carbon dioxide, and water 
in the vapor or urea-water in the liquid-
has also been illustrated from the above data 
as shown in Fig. 6.

Three pressure-composition diagrams for 

the systems consisting of every two con-

stituents of them are also given in Fig. 6-A„
-Band-C . At a temperature of 160℃. the

system exerts the minimum pressures at a 
point " a " on a vapor curve where the 
vapor is composed of ammonia and carbon 
dioxide in the stoichiometrical proportion to 
form ammonium carbamate, or R'=2, and 
this point is in equilibrium with a point " b "' 
on a liquidus curve which has the composi-
tion of R=2. 925. The coexisting two points, 
of " c " on the vapor curve and " d " on 
the liquidus curve have the same mole ratio, 
of ammonia to carbon dioxide, that is, R 
R'=3.38. Usually in the binary system an 
azeotropic mixture in which the coexisting: 
liquid and vapor have the same composition 
exerts the maximum or minimum pressure-
at a constant temperature. It will be seen 
in this diagram that " a " and " b " are not. 
necessarily consistent with " c " or " d " in 
the system of three or more components such. 
as the present system. 

Further consideration will be given to the-
point where the coexisting liquid and vapor-
have the same composition. At this point,

(19)
By the definitions of L and Y, and from the 
material balance,

(20) 

(21)

By eliminating all of nco 2, n'CO2, nNH3,. 
n'NH3 and nurea from these five equations of

4) Davis and Black, Ind. Eng. Chem.. 23. 1280 (1931).
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Fig. 6.-Ternary liquid-
vapor equilibria dia-

gram at 160℃.

---- Liquidus Curve 
---- Vopor Curve

(4), (6), (19), (20) and (21), the following rela-
tion is derived : 

L-2=(1-Yc) (R-2)=(1-Yc) (R'-2) (22) 
The present experiments under the condi-
tion of T=160℃. and D=0.60 g./cc. showed

the observed values of R=R'=3. 38 and Yc= 
0.551 at L=2. 62 to be in accord with the 
relation represented by the equation (22). 

The equilibrium constants (KN-(1)) of the
reaction(1)at 160℃. represented by mole

fraction (Ne) of each component in the

liquid phase (KN_(1) are also

given in the last line of Table 1. As these 
values show a tendency to increase gradually 

with L at a constant temperature, KN_(1) is 

not an equilibrium constant in the true sense 

of the term as described in that case in which 

water has been added to mmonium car-

bamate.5) The equilibrium constant should 

be calculated on the other assumption and 

explained from the other stand-point in 

further discussion.

Liquid Volume and Densities-Under the

conditions of T=160℃. and D=0.60 and

0.40 g./cc., the liquid-vapor volume ratios

in the presence of the excess amount of 

ammonia have been measured over the range

of L=2.0～3.0 by a method which was

described in the previous paper.2) The per-

centage of the liquid volume to the vessel 

volume increases linearly with L as shown 

in Fig. 7. The liquid and vapor densities of

Loading NH3-CO2 mole ratio (L) 
Fig. 7.-Liquid volume in the presence of
excess ammonia at 160℃.

the system under high temperature and 

pressure are given by dividing the weight of 
each phase obtained from Table 1 by the 

liquid-and vapor-volume respectively. The5) S. Kawasumi, This Bulletin, 26, 218 (1953).
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densities (d and d') of the two phases decrease 
with L, and d' attains to the minimum at
L=2.7～2.8as shown in Fig.8.

Loading NH3-CO2 mole ratio (L) 
Fig. 8.-Linuid-and vapor-densities over
the range of L=1.6～3.0 at T=160℃.

and D=0.60 g./cc.

Summary 

The liquid-vapor equilibrium compositions 
of the CO2-NH3-Urea-H2O system starting 
with a mixture of ammonium carbamate and 
the excess amount of ammonia or carbon
dioxide have been calculated at 160℃. and

over the range of the loading NH3-CO2 mole 
ratio of 1.6 to 3.0 from the experimental 
data presented in the previous paper of 
this series. 

The effects of the loading NH3-CO2 mole 
ratio on the equilibrium compositions have 
been discussed and the liquid-vapor 
equilibrium diagram of the system in the 
presence, of excess ammonia or carbon dioxide 
has been drawn.

Symbols Nomenclature 

c -Number of moles of ammonium car-
bamate loaded initially into the reac-
tion vessel, gram mole per litre 

d -Density of liquid, gram per cc. 
D -Loading density, or ratio of the weights 

of materials to the total volume of 
the reaction vessel, gram per cc. 

Dv -Total loading density including excess 
ammonia or carbon dioxide, gram per 
cc.

KN-(1) -Equilibrium constant of the reaction(s) 
represented by mole fraction N;, no 
units 

L -Loading ammonia-carbon dioxide mole 
ratio, no units 

m -Number of moles of excess ammonia or 
carbon dioxide to one mole of 
ammonium car bamate, no units 

nc -Number of moles of a component " i " 
in the liquid phase per litre of the 
reaction vessel, gram mole per litre 

IVs -Mole fraction of a component " i " in 
the liquid phase, or. ratio of gram 
moles to the total gram moles in the 
liquid phase, no units 

P -Equilibrium pressure, atm. 
R -Mole ratio of unconverted ammonia to 

carbon dioxide in the liquid phase, 
no units 

S -Mole ratio of water to carbon dioxide 
in the liquid phase, no units

T-Temperature,℃.

Xc -Mole fraction of a component " i " in 
the liquid phase, or ratio of gram 
moles to the total gram moles in the 
two phases, no units 

X -Total sum of moles of every component 
of the two phases, per litre of the 
reaction vessel, gram mole per litre 

YC -Equilibrium yield of urea based on 
carbon dioxide in the original charge, 
or ratio of gram moles of urea to 
initial loading moles of carbon dioxide, 
no units 

Ya -Equilibrium yield of urea based on 
ammonia in the original charge, no 
units 

Superscript 
'(dash) -sign to denote the vapor phase 
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