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Summary 
The February 2009 Process Paper of UreaKnowHow.com presents the history of the urea process;  the 
large scale manufacture of urea in modern times has been based on synthesis from ammonia and 
carbon dioxide. This process as originally suggested by Basaroff was first translated into industrial 
manufacture by German chemists in I. G. Farben in about 1920.  
There are two main reactions involved in the synthesis of urea from carbon dioxide and ammonia; the 
formation of ammonium carbamate from carbon dioxide and ammonia, and the conversion of 
ammonium carbamate into urea. 
The June 2009 Process paper of UreaKnowHow.com discusses the thermodynamics of the urea 
process. The thermodynamic models of Frejacques and Lemkowitz, de Cooker and van de Berg were 
presented and the influence of various process parameters like N/C, H/C, temperature and pressure 
were discussed. 
This paper is a follow up of these two papers and discusses the Phase Diagrams of the Urea Process;  
Together with Thermodynamics (Chemical Equilibria), Phase Diagrams (Physical Equilibria) play an 
important role in the urea production process. The set up of any urea plant is determined by these two 
aspects and to fully understand the urea process one has to understand its Phase Diagrams.  
This paper will also discuss the background of the optimum design operating parameters of the 
different urea processes. 
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1. Introduction 

 
As described in the February 2009 Process Paper of UreaKnowHow.com, the large scale manufacture 
of urea in modern times has been based on synthesis from ammonia and carbon dioxide. This process 
as originally suggested by Basaroff was first translated into industrial manufacture by German 
chemists in I. G. Farben in about 1920. The development of the process continues to go ahead in 
different countries and many contributions to the process were made since then. 
 
There are two main reactions involved in the synthesis of urea from carbon dioxide and ammonia; the 
formation of ammonium carbamate from carbon dioxide and ammonia, and the conversion of 
ammonium carbamate into urea. The reactions involved can be represented by the following 
equations: 
 
CO2 (G)  + 2 NH3 (G)   NH2COONH4 (L)       [reaction 1] 
 
NH2COONH4 (L)  NH2CONH2 (L) + H2O (L)    [reaction 2] 
 
To obtain a good understanding of the process, it is essential to know the phase behavior of mixture 
containing ammonia, carbon dioxide, urea and water. The phase behavior of such a quaternary system 
is far from ideal and rather difficult to understand. 
Let’s try to understand the behavior of the mixtures from the properties of their components by 
application of basic principles from the phase diagram theory. 
 
One can classify the four components mentioned above into three groups: 
1.  the light components, ammonia and carbon dioxide, which in mixtures occur in the liquid phase 

only at high pressures and/or low temperatures; 
2.  the medium-weight component, water, which occurs both in the liquid and in the gas phase; 
3.  the heavy component, urea, which occurs in the gas phase only at very low pressures and/or high 

temperatures. 
 
The phase transitions according the Lemkowitz model are schematically represented here below in 
Figure 1. 

NH3 (G) CO2 (G) H2O (G)

Gas phase

Liquid phase

NH3 (L) CO2 (L)

H2O (L) +NH4OCONH2(L) NH2OCONH2(L)

 
Figure 1: Phase transitions according Lemkowitz 
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2. Ammonia and Carbon Dioxide 
 
The phase behavior of this four-component system is largely determined by the behavior of the binary 
system ammonia-carbon dioxide. 
Therefore, the simplest description of the behavior of the four-component mixture is obtained by 
considering the behavior of this binary system and then to add the properties of water and urea. 
 
According to the first reaction equation, ammonia and carbon dioxide react to form the salt, 
ammonium carbamate. For the ammonia-carbon dioxide system this has two important consequences: 
1.  The reaction of two light components results in the formation of the heavy component ammonium 

carbamate. The pressure of the mixture will therefore be lower than the pressure of the individual 
components. 

2.  The strong interaction between ammonia and carbon dioxide results in azeotropy. 
 
The liquid-vapor equilibrium of a normal binary system is represented in Figure 2a. At constant 
pressure the boiling temperatures of the solutions become proportionally higher as the concentration 
of the higher-boiling component increases. If the two components exerts strong Van der Waals forces 
on each other, or if they are capable of chemical bounding, a maximum may occur in the liquid-vapor 
loop; in this maximum, called the azeotrope, liquid and vapor are of identical composition (Figure 2b). 
For the case that the two components are supercritical, Figure 2c gives the azeotropic liquid-gas 
equilibrium.[1] 

 

 
Figure 2: Liquid-vapor equilibrium of a binary system; (a) normal binary system, (b) Azeotropic 
system, (c) Azeoptropic system with supercritical components 
 
 
The fact that the dissociation pressure of the ammonium carbamate remains relatively low, also at 
higher temperatures, has the surprising effect that ammonium carbamate may be present in liquid 
form while the components constituting it are supercritical. In combination with the azeotropy, this 
leads to the situation illustrated in Figure 3 below, which is similar with Figure 2(c). 
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Figure 3: Liquid – Gas equilibrium for the system NH3 – CO2 
 
Figure 3 describes the gas-liquid equilibrium of the system NH3 – CO2 at a constant pressure and at  
temperatures at which ammonium carbamate does not occur in the solid state. When a gas mixture 
having the composition Xaz is cooled, it will condense at temperature Taz, the azeotropic condensation 
temperature. During the condensation the temperature remains constant: the mixture behaves like an 
unary system.  
When a gas mixture with a different composition is cooled, it will behave as a binary mixture and will 
show a condensation range, not a point. The beginning and the end of this range will lie at 
temperatures lower than the azeotropic condensation temperature. 
The start of the condensation range is the highest temperature at which liquid is still present, and is 
therefore called the dew point. The boiling range starts at the lowest temperature at which gas 
bubbles are formed. Therefore, this temperature is called the bubble point. Figure 3 is valid for two 
components which are supercritical for compositions in the area of the pure components. 
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3. Ammonia, carbon dioxide and water 
 
As said before, water is a medium-weight component compared with ammonia and carbon dioxide. 
However, these latter two components differ widely in their behavior with respect to water.  
Ammonia is very readily soluble in water, carbon dioxide only very poorly.  
This means that a liquid phase can only contain carbon dioxide in the bound form, e.g. as ammonium 
carbamate or possibly as ammonium carbonate. 
The presence of water makes the azeotropy (unary behavior) disappear, but a maximum dew point 
and a bubble point remain. The location of these points is determined by the water fraction: as water 
is a medium-weight (high boiling) component, the maxima will be at a higher temperature according 
to the higher water fraction. 
The relation between the composition and the maximum temperatures of dew and bubble points is 
given by the so-called top-ridge lines. The phase diagram for a pressure, which occurs in the synthesis 
section, is shown schematically in Figure 4 below.[3] 
 
The top-ridge gas line is the relation between composition and the maximum dew points. 
The top-ridge liquid line is relation between composition and the maximum bubble points.  
In a reactor there is present a boiling liquid therefore the liquid top ridge line is relevant in the urea 
reactor. 
 

 

Figure 4: Liquid/gas equilibrium of the system CO2-NH3-H2O 
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Like in Figure 4, Figure 5 also shows the projections of the top-ridge liquid line and of a number of 
liquid isotherms.[1] A liquid isotherm represents the compositions of mixtures which at the isotherm 
temperature are exactly at their bubble points. 
  

a = topridge line
b = isotherms (t1 > t2 > t3 etc)

a

b

bb b b

b
b
b

b

 
Figure 5: Projections of the top ridge liquid line and a number of liquid isotherms 
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4. Ammonia, carbon dioxide, water and urea 
 
Urea is the heaviest (highest boiling point) of the four components. This means that, like water, in a 
liquid phase urea can act as solvent. As the urea fraction becomes greater, the vapor pressure of the 
mixture will become lower, assuming the temperature to remain constant. The affinity between 
ammonia and urea is lower than that existing between ammonia and water, however. 
 
The graphical representation of the phase behavior of a quaternary mixture is very difficult. 
Therefore, use is mostly made of a quasi-ternary representation: urea and water, occurring in a given 
ratio, are taken to constitute one component. The result is that one can consider a system having only 
three components: ammonia, carbon dioxide and water/urea. If no extra water is pumped to the 
synthesis section, the water/urea ratio would, in accordance with the urea equilibrium equation, be 
equal to unity. In real life however additional water enters the synthesis via the carbamate recycle to 
avoid carbamate crystallization problems . 
 
Figure 6 shows the projection of the quasi-ternary equilibrium at constant pressure of this situation.  
 
The figure shows that the top ridge liquid line is located more to the ammonia side than to the carbon 
dioxide side. This is a result on the fact that ammonia more easily dissolves in water than carbon 
dioxide, this effect becomes stronger as the water content increases. 
 
Figure 6 also shows that on the carbon-dioxide side of the top-ridge liquid line the liquid isotherms are 
much closer together than on the ammonia side. 
If there is an excess of ammonia or carbon dioxide with respect to the top-ridge liquid composition, 
the pressure in the mixture can be maintained only by applying, for equal disturbances, a lower 
temperature if the excess is on the carbon-dioxide side. In other words, carbon dioxide is less soluble 
in the mixture than ammonia. 
This is the background of the operational experience that the synthesis pressure can be more easy 
controlled in case the N/C ratio is a little higher than 3.0, so on the ammonia side of the top ridge line.  
 
Figure 6 further shows the course of the isobar at chemical equilibrium, representing the compositions 
and temperatures at a certain constant pressure (here 130 atm), with the mixture being in chemical 
equilibrium. The higher the pressure the more this isobar moves to the urea/H2O corner. 
On the intersection of this isobar and the top-ridge liquid line lies the equilibrium composition at which 
the temperature of the liquid mixture is maximum at this pressure (Point A). 
 
For this equilibrium composition to be reached, a mixture has to be used that has a composition lying 
on the line representing the reaction path to the point of intersection mentioned (Point B). 
From the gross reaction equation of the formation of urea from ammonia and carbon dioxide and the 
molar weight of these substances it follows that the use of a mixture containing 56.4 wt% carbon 
dioxide and 43.6 wt% ammonia (Point C, N/C ratio = 2) will lead exactly to the Urea.1H2O corner 
point. All reaction paths are parallel to this line, so a N/C ratio of 3.0 starts at 46 wt% carbon dioxide 
and 54 wt% ammonia and the end point is Point A on the equilibrium curve.  
However in real life equilibrium cannot be reached due to the fact that the volume of the urea reactor 
is not infinite; for example an approach to equilibrium in the range of 93 - 97% is reached. This 
means the composition of the reactor outlet is close to point A on the line B-A. 
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Figure 6: Composition triangle for the quasi-ternary system CO2-NH3-Urea.1H2O 
 
To be more precise one should take also into account that the urea formation reaction takes place in 
the liquid phase while in the urea reactor there is a mixture of gas and liquid. The composition of the 
gas phase is different than of the liquid phase, the top ridge liquid line is at a different (lower) N/C 
than the top ridge gas line as can be seen in Figure 4. Or to put it more simple the gas phase is more 
rich in ammonia than the liquid phase. This is the reason that the real reaction path is not in parallel 
with the overall reaction path (line C-D) but follows more closely the top ridge line. This is positive as 
it is then at nearly the maximum temperature during the complete conversion process. A higher 
temperature is beneficial for the heat transfer in the high pressure carbamate condenser (higher LP 
steam pressure) and beneficial for the reaction kinetics (higher urea formation reaction speeds in the 
total reactor). 
 
The temperatures indicated in the above graphs are relatively high compared to what one sees in an 
actual operating plant. This is caused by the fact that in the synthesis there is a significant amount of 
inerts present. For example in the top of the reactor the inert content can be in the range of 5-10 
vol%. These inerts are partly introduced by the feed and partly due to the air needed for hydrogen 
combustion and passivation. As an example if the working pressure is 140 bar and the inert content 
5% than the inert pressure is 0,05*140 = 7 bar and the system pressure is 140-7 = 133 bar. In the 
figures above system pressures are indicated (so not working pressures) as the inerts do not 
participate in the reactions. 
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5. Design criteria of a urea process 
 
Now let’s discuss what are the design criteria of a urea process. 
 
First of all one can choose the design operating pressure of the reactor or synthesis.  
The higher the pressure the higher the temperatures in the reactor and the higher the reaction speeds 
and conversion rates leading to a smaller reactor volume and thus less expensive reactor. 
However in a stripping process the design operating pressure of the synthesis section cannot be too 
high as the stripper efficiency is negatively influenced by a higher pressure. Even if one would like to 
increase the stripper efficiency at this higher pressure a relatively high steam pressure will be needed 
leading to high temperatures in the stripper and high temperatures cause higher corrosion speeds. 
Therefore one sees lower operating pressures in stripping plants (140-170 bar) and higher pressures 
in conventional plants (typical 200-240 bar, in a Vulcan process even 400 bar!).  
Regarding stripping plants one can further distinguish CO2 stripper and NH3 or thermal strippers. It is 
well known that CO2 strippers are more efficient and can reach a higher efficiency (about 80%) 
compared to NH3 strippers (about 50-60%); the N/C ratio in the liquid outlet of a CO2 stripper is lower 
than for a NH3 stripper. This is the reason that a medium pressure recirculation section is necessary in 
a NH3 stripping process while in a CO2 stripping process the liquid outlet of the stripper can be 
processed directly in a low pressure recirculation section. 
 
Second it makes sense to minimize the water content in the synthesis as a higher H/C ratio negatively 
influences the conversion rates in the reactor. Thus the recycled carbamate is typically concentrated 
to a maximum extend. The chosen pressure(s) in the recirculation section are determined by the fact 
that steam with a certain pressure and cooling water of a certain temperature is available  
In case one targets for a minimum water content in the recycle carbamate, one should operate at a 
certain optimum N/C ratio in the carbamate at which the crystallization temperature is minimum.  
In case the N/C ratio in the liquid coming out of the stripper is higher than the optimum N/C ratio of 
the recycle carbamate it is beneficial to separate the NH3 from the carbamate and recycle it separately 
as a pure ammonia stream to the synthesis section. 
 
Then what is the optimum N/C ratio in the reactor ? 
The optimum N/C ratio in the reactor is typically determined by the phase diagram as presented in 
Figure 6. The optimum N/C ratio is at the intersection of the isobar at the chosen synthesis pressure 
and the top-ridge liquid line; here the temperature of the liquid mixture is maximum and conversion 
rates maximum.  
In a Stamicarbon CO2 stripping urea plant one operates at a N/C ratio of around 3.0 at a pressure of 
140-145 bars, which is close to the top ridge liquid line in order to maximize the urea conversion. CO2 
conversion and NH3 conversion are both equally important in a CO2 stripping plant as there is no pure 
ammonia recycle. And here the stripper efficiency is high enough to avoid that a medium pressure 
recirculation section and a pure ammonia recycle are necessary. 
In a Snamprogetti NH3 stripping plant one operates at a somewhat higher pressure (150-155 bars), so 
a larger N/C ratio (3.3-3.6) while the NH3 stripper can reach only a limited efficiency. A medium 
pressure section with a pure ammonia recycle are necessary to process the relatively large ammonia 
and carbamate stream. 
In typical conventional plants one operates at even a higher pressure (190-200 bars) as no stripper is 
available, so even at a larger N/C ratio (3.6-4.0). Instead of the stripper there is a medium pressure 
recirculation with a pure ammonia recycle. These plants focus to realize a maximum CO2 conversion 
only. The NH3 conversion is not important due to the pure ammonia recycle 
 
The above description gives an overview of main design criteria of a urea process. Other design 
criteria exist and other urea processes (Vulcan, TEC and UCSA) are in operation. In our later papers 
we will detail out these criteria and processes.   
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Please feel welcome at UreaKnowHow.com, the website where the urea industry meets. 

www.ureaknowhow.com 

features 

 Largest network in the urea industry with more than 350 engineers from over 165 urea plants 
 Monthly distribution of two Technical Papers 
 World’s largest Urea E-Library with more than 400 technical documents including 350 patents 
 Round Table discussions including ammonia and other fertilizers 
 Job Portal for urea engineers 
 Partnership with UreaNet.cn: the Chinese urea network 
 Partnership with Stainless Steel World 
 A Gallery 
 Market Intelligence Survey with a complete overview of all the urea plants in the world 

 
And much more to come 
 

 

 


