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Abstract: Studying urea formation by ammonolysis of propylene carbonate in a liquid phase showed that this process is two-stage, 
and proceeds through preferred formation of 2-hydroxypropyl carbamate, besides, the rate of the first stage is much higher than the 
rate of the second stage (urea formation). With the aid of the HPLC and HPLC/MS methods found some other intermediate products 
and offered consecutive-parallel scheme of the process. The obtained results explain the composition of impurities obtained during 
the production of the 13C-urea for diagnostic breath tests. 
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1. Introduction 

Non-catalytic ammonolysis of PC (propylene 

carbonate) is used for obtaining urea labelled by 13С 

isotope [1, 2]—the main substance for breath tests of 

different kind of diseases [3-5]. The process (Scheme 

1) is conducted under ammonia pressure without use 

of a catalyst and solvent with high selectivity in 

relation to urea. In these conditions the yield of the 

isolated product is 98%. Depending on the reaction 

conditions, however, small quantities of 

2-hydroxypropyl urea and 2-hydroxypropyl carbamate 

were found except of the main by-product 

1,2-propanediol (PD). Considering the medical use of 

the 13С-urea, it was interesting to find out the ways of 

formation of these by-products, as well as to detect 

other probable impurities, which will be undesirable 

in target urea. The purpose of this work was to 

determine the nature of the obtained products, 

depending on the conditions of propylene carbonate 

ammonolysis in the liquid-phase. 
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2. Experimental Section 

Propylene carbonate was loaded into steel autoclave 

[6] next it was sealed, and liquid ammonia was added 

with the use of a batcher (under own NH3 pressure of 

~8 atm), after that the stirring and heating were turned on. 

During reaction, the change of pressure and temperature 

was monitored in the autoclave. Temperature reached 

the preset meaning in 20-30 minutes after the 

beginning of the process. After completion of gas 

absorption, the autoclave was cooled down to ambient 

temperature, excess of ammonia was dropped into the 

absorption system (traps with phosphoric acid), and 

estimated the appearance of the obtained product.  

To ensure the homogeneity of test sample, the 

obtained product was heated with stirring up to 80 °C 

until obtaining of homogeneous solution and then was 

taken for analysis. 

ESI-MS, ion trap, m/z (peaks are arranged in 

decreasing order of intensity): 

 urea CON2H4: 61.5 [M+H]+, 83.4 [M+Na]+, 

121.5 [2M+H]+, 143.4 [2M+Na]+; 

 2-hydroxypropyl carbamate C4H9NO3: 142.3 

[M+Na]+, 261.1 [2M+Na]+; 

 2-hydroxypropyl urea C4H10N2O2: 141.5 [M+Na]+, 

259.1 [2M+Na]+, 119.7 [M+H]+, 237.2 [2M+H]+; 
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Scheme 1  13C-Urea preparation by the ammonolysis of 13C-propylene carbonate. 
 

 (2-hydroxypropyl)-carbamic acid 2-hydroxypropyl 

ester and carbamic acid dipropylene glycol ester 

C7H15NO4, which have the same molecular mass: 

200.3 [M + Na]+, 377.1 [2M + Na]+, 178.8 [M + H]+; 

 dipropylene glycol C6H14O3: 157.7 [M + Na]+. 

3. Results and Discussion 

Ammonolysis of PC was conducted on a lab 

apparatus described earlier [6]. Typical dependence of 

pressure vs. time at the reaction temperature of 126 °C 

and known “technological” [1] NH3-to-PC ratio of 7:1 

(mol/mol) is represented in Fig. 1. 

However, in the case of more frequent registration 

of pressure in the reactor, the local maximum was 

noticed on the ascending branch of kinetic curve (Fig. 

2, curve marked as ●). This phenomenon was 

discovered in many experiments: at other loading of 

reagents and at different temperatures. To determine 

nature of this feature, several experiments were 

carried out with various mole ratios of ammonia and 

PC. It turned out that with decrease of NH3/PC the 

first extremum becomes more and more obvious, 

while the second one gradually disappears; at the same 

time Pmax also decreased with decrease in ammonia 

loadings. It should be noted that at low NH3/PC values 

the process was completed much faster and the 

absorption of ammonia stopped in 1 hour (Fig. 2). 

When NH3/PC ratio is big (Fig. 2, curves marked as 

● and ▲) the reaction product is white solid porous 

mass which consists of urea impregnated with PD; 

with decreasing NH3/PC the view of product obtained 

changes from a viscous suspension to a transparent 

yellowish liquid. HPLC analysis showed that at low 

NH3/PC values besides urea several unidentified 

substances are present in the end product.  

HPLC/MS analysis of urea synthesis products (low 

NH3/PC ratio) showed the presence of the next 

intermediates: HPC (2-hydroxypropyl carbamate), 

HPU (2-hydroxypropyl urea); 2-hydroxypropyl ester 

of 2-hydroxypropyl carbamic acid (HPHPC), DPDC 

(dipropanediol carbamate), and dipropylene glycol 

(DPG) in small quantities. Depending on the reaction 

conditions HPC share in the products of the first stage 

was 50-70%, and GLC analysis showed full 

conversion of the initial PC. 

It should be noted that it was not possible to 

separate the obtained products by simple vacuum 

distillation, because at heating in the absence of 

ammonia they undergo mutual transformations, 

including condensation processes with the formation 

of dipropylene glycol and up to the formation of solid 

fractions. 

The obtained results have allowed to assume that 

ammonolysis of propylene carbonate happens in two 

stages in the process of consumption of the double 

molar excess of ammonia necessary for full 

completion of the process.  

To confirm intermediate nature of found products 

the reaction mass obtained on the first stage (similarly 

as the experiment marked as Δ on Fig. 2) was 

subjected to ammonolysis in the same conditions—at 

minimal excess of ammonia (Fig. 3). This reaction 

finished practically in 3 hours, and the obtained raw 

product looked also as a product in “standard” urea 

synthesis. At the same time the analysis of the 

obtained mass showed that the main products were 

urea and PD with slight quantities of HPU (4.5%), 

HPC (2.2%) and DPG (1.5%). 
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Fig. 1  Time dependences of pressure (●) and temperature (○) of urea synthesis by propylene carbonate ammonolysis. 
 

 
Fig. 2  Dependence of pressure vs. time at different NH3:PC ratios (mol/mol): 7:1 (●); 5:1 (▲); 4:1 (■); 3:1 (♦); 2:1 (Δ). 
 

 
Fig. 3  Separate carrying out 1st (■) and 2nd (▲) stages of ammonolysis of propylene carbonate at 126 °C. Stage 1—NH3:PC 
= 2:1, PC—0.6 mol; stage 2—NH3:HPC = 2:1 (NH3/HPC ratio is calculated according to HPLC analysis of the products of 
stage 1). 
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Scheme 2  Consecutive-parallel scheme of the urea formation during the ammonolysis of propylene carbonate. 
 

Thus, it is possible to assume that urea synthesis 

(Scheme 1) proceeds according to the scheme 2. 

The obtained results show that on the first stage 

(Scheme 2) the equimolar interaction of propylene 

carbonate with ammonia proceeds much faster than 

the further ammonolysis of intermediate HPC into 

urea; at the same time the majority of by-products 

form as a result of condensation reactions with 

participation of 1,2-propanediol.  

At the same time the high selectivity to urea (see 

the yield of product isolated) and insignificant 

admixture of HPU (less than 1%) point that the attack 

of ammonia on an ester group C(O)–O proceeds quite 

easily [7] and so the ammonolysis reaction in this 

system is much more favorable than condensation 

under the action of PD, especially in the excess of 

ammonia. Such features of the process, despite a 

possibility of forming a wide range of products, allow 

ensuring high purity of urea using a simple 

purification procedure, it is very important for medical 

usage. At the same time, the quantitative study of each 

stage requires more detailed researches. 
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