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 Model accurately describes urea, biuret, and cyanuric acid TGA curves.

 Reliable extrapolation of the model to higher heating rate conditions

 The long-term thermal stability of urea is investigated

 Corresponding author. Tel.: +45 45252927
    Email address: haw@kt.dtu.dk (H. Wu)

mailto:haw@kt.dtu.dk


2

Kinetic modeling of urea decomposition and 
byproduct formation

Kristian Krum a,b,c, Rituja Patil a, Henrik Christensen d, Hamid Hashemi a, Ze Wang e, 
Songgeng Li e, Peter Glarborg a, Hao Wu a,

a Chemical and Biochemical Engineering, Technical University of Denmark (DTU), Søltofts Plads 228A, 2800 Kgs. 

Lyngby, Denmark.

b Sino-Danish Center for Education and Research, 380 Huaibeizhuang, Huairou, 101408 Beijing, China.

c Sino-Danish College, University of Chinese Academy of Sciences, 100049 Beijing, China.

d MAN Energy Solutions, Teglholmsgade 41, 2450 København, Denmark.

e Institute of Process Engineering, Chinese Academy of Sciences, 100190 Beijing, China.

Keywords: Urea, Biuret, Cyanuric acid, Ammelide, Thermal decomposition, Kinetic modeling.

Abstract

A kinetic model for urea decomposition and byproduct formation was developed and validated 

against thermogravimetric analyses (TGA) of urea and urea-derived byproducts, including biuret and 

cyanuric acid, at heating rates up to 500 oC/min. The model provided a good description of urea 

decomposition at all investigated heating rates. The results indicate that an increase in heating rate 

causes a shift in production of cyanuric acid into ammelide and limits the overall byproduct 

formation. Additionally, it is shown that a long reaction time is necessary to fully decompose urea at 

temperatures corresponding to SCR applications. 
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1 Introduction

The recent emission regulations for lean burning engines require appropriate aftertreatment of the 

exhaust gas from heavy-duty engines, to reduce emissions of nitrogen oxides (NOx) (International 

Maritime Organization, 2014). An effective technology to reduce NOx is the selective catalytic 

reduction process (SCR), which requires the supply of NH3 as reducing agent (Koebel et al., 1996, 

2000; Ku et al., 2014). For mobile sources, urea is the preferred additive, as it is non-toxic, can be 

dissolved in water, and releases NH3 upon heating (Koebel et al., 2001; Sluder et al., 2005). 

Unfortunately, urea is known to produce solid byproducts at temperatures corresponding to SCR 

conditions, potentially causing severe operational problems, e.g. clogging of the injection nozzles and 

fouling of the catalyst (Strots et al., 2010; Way et al., 2009; Weeks et al., 2015). Therefore, 

development of numerical simulation tools is important, to assess the risk of deposit formation, and 

to predict optimal operational conditions.

The major byproducts from urea decomposition are known to be biuret, cyanuric acid (CYA), and 

ammelide. The reaction pathways leading to the formation of these byproducts during urea 

decomposition are known (Koryakin et al., 1971; Stradella and Argentero, 1993; Schaber et al., 2004; 

Eichelbaum et al., 2010; Bernhard et al., 2012). However, knowledge of the physical processes 

involved is scarce, and it is still unclear what phase urea is in during decomposition. Most studies 

support decomposition of urea directly from either solid or liquid phase (Koebel et al., 2001; Koebel 

and Strutz, 2003; Chen and Williams, 2005; Chi and Dacosta, 2005; Way et al., 2009). In contrast, 

Bernhard et al. (2011, 2013) studied urea evaporation in a flow reactor at 50-250 oC, and identified 

urea in the gas phase by Fourier transformed infrared spectroscopy (FTIR). Therefore, a better 

understanding of the physical processes is important to make accurate model predictions of urea 

decomposition and deposit formation.
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Schaber et al. (2004) performed thermogravimetric analyses (TGA) of decomposition of urea, along 

with its most important byproducts including biuret, CYA, ammelide and triuret. Their work showed 

that urea decomposition is a complex multi-step process, with the formation of byproducts being 

highly dependent on the reaction temperature. Also other process parameters can influence the 

decomposition behavior of urea, e.g., heating rate, surface area, and initial sample size (Lundström et 

al., 2009; Ebrahimian et al., 2012; Brack et al., 2014).

Ebrahimian et al. (2012) made the first attempt to derive a reaction scheme for urea decomposition. 

Their model, which was based on ionic reactions, was tested against data from Schaber et al. (2004) 

and Lundström et al. (2009). It was able to reproduce the urea TGA curve with reasonable accuracy 

but it failed to describe the decomposition behavior of the urea-derived byproducts including biuret, 

CYA, and ammelide. Brack et al. (2014) recently developed a reaction mechanism for urea 

decomposition and formation of biuret, CYA, ammelide, and triuret based on non-ionic species. Their 

model described well low heating rate TGA data (5-20 oC/min), including the effect of changes in 

crucible geometry and sample mass. 

The modeling studies by Ebrahimian et al. (2012) and Brack et al. (2014) were restricted to low 

heating rates of  5-20 oC/min. However, a numerical study by Abu-ramadan et al. (2011) indicates 

that the heating rate of a urea-water droplet in a practical urea-SCR system may be in the order of 105 

oC/min, depending on the droplet size and exhaust temperature. The heating rate can be expected to 

have a major impact on the urea decomposition and byproduct formation. Conceivably, a higher 

heating rate can reduce the formation of byproducts by minimizing the extent of side-reactions. 

In the present work, a kinetic model for urea decomposition and byproduct formation is developed, 

based on the proposed reaction scheme by Brack et al. (2014). The model is validated against TGA 

data over a wider range of heating rates (5-500 oC/min). As part of the work, the physical behavior 
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of urea is investigated to determine the relative importance of evaporation and decomposition of urea. 

Three experimental methods are employed: a TGA-FTIR setup, a fixed bed reactor coupled with 

FTIR, and a solid state Raman spectroscopy setup. 

2 Experimental

2.1 Thermogravimetric analysis

Urea (>99.5% purity), biuret (> 97.0% purity), and CYA (>99% purity) were purchased from Sigma-

Aldrich Co., and used without further purification. Samples for TGA were prepared by grinding and 

fractionating the materials to 106-108 µm size intervals, and the typical sample mass was 50 mg. Two 

different crucible types were used, allowing variation in the surface area of the sample for constant 

mass (0.283 cm2 and 0.899 cm2). The TGA experiments were performed on a Netzsch STA 449 F1 

Jupiter. The setup consisted of a furnace capable of high heating rates of up to 1000 oC/min. In the 

present work, the heating rate was limited to 5-500 oC/min, as higher heating rates imposed significant 

fluctuations in the measurements. During operation, the furnace was purged by 100 ml/min N2. The 

experiments were designed to investigate the influence of the heating rate and sample surface area on 

the urea decomposition. Additionally, isothermal TGA experiments were conducted to investigate 

the long-term thermal stability of urea. 

A study of the gas phase products from urea decomposition was conducted on a combined TGA-

FTIR setup. The setup consisted of a Netzsch STA 449 C Jupiter, and an Equinox 55 FTIR 

spectrometer from Bruker. A 50 mg urea sample was heated to 140 oC at 10 oC/min, and held 

isothermally at 140 oC for 3 hours. The gas was continuously measured by FTIR in the spectral range 

of 400-4000 cm-1, at an operational temperature of 140 oC.
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2.2 Solid state Raman spectroscopy

This setup was comprised of a reactor vessel and a Raman spectrometer, as illustrated in Figure 1. A 

removable ceramic sample holder was placed within a reaction cell, which could be heated up to 1000 

oC at a maximum heating rate of 100 oC/min. A quartz glass window was installed above the sample 

holder. 12.5 ml/min N2 was used to purge the produced gases during decomposition experiments. A 

porous support material was used to carry a quartz crucible, 4 mm in diameter and 2 mm in height. 

The reactor vessel was positioned on a motorized stage beneath the Raman laser. 

The purpose of the thin transparent quartz glass plate above the reaction cell was twofold. Firstly, it 

acted as a window to enable observation of the sample during decomposition. Secondly, the surface 

temperature of the glass plate was colder than the average reactor temperature, due to direct contact 

with the ambient. Thus, the glass plate simultaneously acted as a condensation surface for evaporated 

species.

The following procedure was applied for all experiments: A 10 mg sample was loaded in the crucible, 

heated to a specified temperature at 10 oC/min, and held isothermally for 15 min. The sample was 

then cooled rapidly to room temperature, and the solid phases in the crucible and on the glass plate 

were analyzed separately by Raman spectrometry. Then, the remaining sample mass in the crucible 

was fed back to the reactor, and the procedure was repeated for increasing temperatures (50 oC 

increments) until the sample had been fully decomposed.
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Figure 1: Simplified schematic drawing of the reaction cell. The sample is loaded in a quartz crucible, and placed on a porous support 

material. A glass plate (illustrated by a blue square) is installed at the top of the reaction cell. A laser beam from the Raman spectrometer 

(illustrated by a green line) is used to acquire Raman spectra of the sample during decomposition. Vapors generated from the sample 

during decomposition (illustrated by red lines) are carried away by a 12.5 ml/min sweeping N2 gas flow.

The Raman spectrometer used in this setup was a Labram HR Evolution Raman Spectrometer 

(Horiba), with a spectral range of 200-2200 nm (UV-VIS-NIR). It used a blazed holographic plane 

grating (Pyrex, coated with aluminum), with a groove density of 1800 l/mm, and a blaze wavelength 

of 500 nm. Furthermore, it used a deep cooled CCD (Syncerity) detector for spectral detection from 

ultraviolet (UV) to near-IR (200 nm to 1100 nm). The Raman filter was 532 nm Edge with a cut off 

at 50 cm-1. The laser type was an air-cooled frequency doubled Nd:YAG 532 nm 100 mW from 

Oxxius. Instrument control, data acquisition, analysis and display were all managed in the LabSpec 

6 package software.

2.3 Fixed bed reactor coupled with FTIR spectroscopy

A fixed bed reactor setup was used to conduct transient decomposition experiments of solid samples 

with online gas phase measurement by FTIR, operated at 191 oC and 1 bar. The reactor design is 

illustrated in Figure 2. The experiments were designed to investigate if HNCO, produced from 
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decomposition of CYA, can recombine with NH3 to form condensed phase species. Thus, CYA 

particles were fed to the reactor at 400 oC, where they decomposed in the presence of 900 ppm NH3. 

Sand, which had been pretreated at 600 oC for 2 hours, was used to assist the transport of the sample 

during feeding.

Figure 2: Schematic illustration of the fixed bed reactor. Adopted from Ulusoy et al. (2019).

3 Modeling work

3.1 Kinetic modeling of urea decomposition and byproduct formation

A kinetic model for urea decomposition and byproduct formation has been developed, based on the 

reaction scheme by Brack et al. (2014). In the present work, it has been of interest to improve the 

model prediction at higher heating rates. Thus, kinetic parameters of selected reactions have been 

adjusted to obtain a better agreement with the higher heating rate experimental data of the present 

work. The reaction scheme of the present model is listed in Table 1. 
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In the optimization of the kinetic parameters, it was assumed that the initial mass loss of urea is 

dominated by urea decomposition; urea(m)  HNCO(l) + NH3(g) (reaction 1), and the subsequent →

formation of biuret; urea(m) + HNCO(l)  biuret(m) (reaction 2). Therefore, the kinetic parameters →

of reaction 1 and reaction 2 were fitted to the initial mass loss of urea TGA curves for 5, 10, 50, and 

500 oC/min. Similarly, the kinetic parameters of the CYA decomposition reaction; CYA(s)  →

HNCO(g) (reaction 5) were fitted to TGA data of CYA for heating rates of 10, 50, and 500 oC/min. 

Furthermore, the biuret matrix decomposition reaction; biuret(matrix)  2HNCO(g) + NH3(g)  →

(reaction 12) was fitted to the initial mass loss of biuret for TGA heating rates of 10, 50, and 500 

oC/min. The term matrix refers to a solid matrix-like aggregate state of biuret, which has been 

observed to occur at approximately 215-220 oC (Brack et al., 2014). Finally, the kinetic parameters 

of ammelide sublimation (reaction 14) were fitted to isothermal data of a urea sample, which had 

been heated to 280 oC with a heating rate of 500 oC/min.
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Table 1: Kinetic scheme and parameters for the urea decomposition model. States of aggregation: (s): solid, (m): molten, (l): 

liquid/dissolved, (g): gaseous. For reactions with two reactants, the reaction order  of each reactant is specified in the order in which 𝛾𝑗

the reactants are listed in the chemical reaction. pw represents present work.

Reaction 𝜸𝒋 A
Ea

(kJ/mol)
Reference

1 urea(l)→HNCO(l) + NH3(g) 1 1.0∙1011 1/s 120.00 pw

2 urea(l) + HNCO(l)→biuret(l) 1/1 3.5∙1011 

ml/mol/s

80.00 pw

3 biuret(l)→urea(l) + HNCO(l) 1 1.1∙1020 1/s 208.23 Brack et al. 

(2014)

4 biuret(l) + HNCO(g)→CYA(s) +  NH3(g) 1/1 9.4∙1020 

ml/mol/s

158.68 Brack et al. 

(2014)

5 CYA(s)→3HNCO(g) 0 1.0∙103 mol/s 115.00 pw

6 2biuret(l)→ammelide(s) + HNCO(l) + NH3(g) + H2O(g) 2 3.6∙1026 1/s 257.76 Brack et al. 

(2014)

7 urea(l) + 2HNCO(l)→ammelide(s) +  H2O(g) 1/2 1.3∙1020 

ml2/mol2/s2

110.40 Brack et al. 

(2014)

8 biuret(l) + HNCO(g)→triuret(s) 1/1 1.1∙1015 

ml/mol/s

116.97 Brack et al. 

(2014)

9 triuret(s)→CYA(s) +  NH3(g) 1 1.2∙1018 1/s 194.94 Brack et al. 

(2014)

10 biuret(l)→biuret(matrix) 1 8.2∙1026 1/s 271.50 Brack et al. 

(2014)

11 biuret(matrix)→biuret(l) 1 3.2∙109 1/s 112.00 Brack et al. 

(2014)

12 biuret(matrix)→2HNCO(g) +  NH3(g) 1 5.6∙1024 1/s 255.00 pw

13a

13b

 urea(s)→urea(m) (T >  133 oC)

 urea(l)→urea(s) (T < 133 oC)

1

1

1.0∙1015∙T1.5 1/s

1.0∙1015∙T1.5 1/s

160.00

160.00

Brack et al. 

(2014)
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Brack et al. 

(2014)

14 ammelide(s)→ammelide(g) 1 1.0∙1014 

ml/mol/s

209.00 pw

Notably, there is a significant difference in the kinetic parameters for reaction 1 between the present 

model and the model by Brack et al. (2014). From simulations of urea TGA curves with higher heating 

rates (up to 500 oC/min) using the model of Brack et al., it was found that the shift in onset of 

decomposition was overestimated. This behavior indicates that the activation energy for the initial 

decomposition of urea (reaction 1) has been set too low in the model of Brack et al. Furthermore, 

Brack et al. treat reaction 1 as a 0.3 order reaction, while it is treated as a first order reaction in the 

present work.

The rate of formation of each species was calculated from equation (1):

  
𝑑𝑛𝑖

𝑑𝑡 = 𝑉 ∙ (∑𝑁reactions

𝑘 = 1 𝜈𝑖𝑘𝐴𝑘exp( ― 𝐸𝑎,𝑘

𝑅𝑇 ) ∙ ∏𝑁species

𝑗 = 1 𝑐𝛾𝑗
𝑗 ) + 𝑗𝑖 (1)

Here, V is the total volume of species in the condensed phase, diminishing over time. υik is the 

stoichiometric coefficient of the ’th species in the ’th reaction. Ak and Ea,k are the pre-exponential 𝑖 𝑘

factor and activation energy of the ’th reaction. cj and  are the concentration and reaction order of 𝑘 γj

the ’th species, respectively. Finally,  is the evaporation rate of the ’th species. The densities and 𝑗 𝑗𝑖 𝑖

molar weights of the components were used in the model to calculate the total volume of the 

condensed phase species. Based on experimental observations from the FBR-FTIR (section 4.1.3) 

and TGA-FTIR (section 4.1.2) setups, it was concluded that the extent of urea evaporation is 

insignificant. Therefore, HNCO is the only condensed phase species considered to evaporate in the 

current model (see below). 
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3.2 Evaporation of HNCO

The evaporation of HNCO was calculated from the Hertz-Knudsen equation (Gerasimov and Yurin, 

2018). The Hertz-Knudsen equation assumes that the gas phase can be described as ideal, and that 

the gas velocity follows a Maxwell distribution. The flux of HNCO from the liquid to the gas phase 

is calculated by equation (2) (Gerasimov and Yurin, 2018):

   𝑗𝐻𝑁𝐶𝑂 =
1
4 ∙ 𝛼 ∙ 𝑣 ∙

𝐶𝐻𝑁𝐶𝑂

ℎ ∙ 𝐴𝑠 (2)

 is an evaporation coefficient,  is the velocity of gas molecules, C is the concentration in the 𝛼 𝑣

condensed phase, h is the Henry constant, and As is the surface area. The parameters in the Hertz-

Knudsen equation were calculated by equations (3)-(4) (Gerasimov and Yurin, 2018):

   𝑣 =
8 ∙ 𝑅 ∙ 𝑇

𝜋 ∙ 𝑀𝐻𝑁𝐶𝑂
 (3)

ℎ =
𝜌𝐻𝑁𝐶𝑂

(𝑝0
𝐻𝑁𝐶𝑂 ∙ 𝑀𝐻𝑁𝐶𝑂/(𝑅 ∙ 𝑇))

(4)

The evaporation of HNCO is modelled with an evaporation constant of , and a vapor 𝛼 = 0.001

pressure according to equation (5) (Lindhard, 1938):

 
𝑝0

HNCO

bar = 10
(4.69 ―

1252.195
𝑇 K ― 29.167) (5)

4 Results and Discussion

4.1 Competition between urea decomposition and evaporation

One of the aims of the present work has been to gain a better understanding of the physical processes 

governing the depletion rate of urea, by investigating the relative importance of urea evaporation and 

decomposition. This insight is necessary to develop a reliable model for urea decomposition and to 

assess the risk of deposition. For this purpose, three experimental methods were employed: a solid 
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state Raman spectroscopy setup, a fixed bed reactor setup coupled with FTIR spectroscopy, and a 

TGA-FTIR setup. 

4.1.1 Analysis of urea decomposition by solid state Raman spectroscopy

The reaction cell setup (Figure 1) was used to assess the importance of urea evaporation during the 

early stages of urea depletion. The experiment was designed to identify evaporated species, as well 

as residue species, from a urea sample at various decomposition temperatures. Solid state Raman 

spectra were acquired of the recondensed vapors and residues generated at the following holding 

temperatures: 175, 225, 275, 325, and 370 oC. The holding temperatures were selected to emphasize 

different stages and mixture compositions during the decomposition, based on the urea TGA results.

Figure 3 shows the cumulative mass yields of the sample residue and accumulated recondensed 

vapors on the glass plate, which was kept at close to ambient temperature. Notably, up to 50 % of the 

initial sample mass was recovered as recondensed species on the glass plate. It was observed that the 

recondensed vapors were generated when the temperature increased above the melting point of urea 

(133 oC), and increased at an almost linear rate for increasing decomposition temperature. 
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Figure 3: Mass yields of the sample residues and recondensed vapors, obtained from urea decomposition in the Raman experiments. 

The sample was kept isothermally for 15 min at each temperature, and cooled to room temperature in-between the temperature intervals, 

for analysis by Raman spectroscopy. The initial sample mass was 10 mg pure urea.

The residues and recondensed vapors generated at each temperature were analyzed separately by solid 

state Raman spectroscopy. To identify the species, the spectra were compared to reference data on 

urea, as well as the main urea-derived byproducts, i.e., biuret, CYA, and ammelide (see 

supplementary material). Table 2 summarizes the results of the analysis. Urea was positively 

identified among the recondensed species generated at temperatures up to 275 oC. Above 275 oC, 

CYA was detected in the recondensed sample, while urea was no longer present. The Raman spectra 

of the recondensed vapors indicated also the presence of other species, which could not be identified 

from the database. The residue species showed presence of CYA at temperatures above 225 oC, in 

agreement with the findings of Schaber et al. (2004). Additionally, the Raman spectra of the 

recondensed vapors generated above 275 oC indicated presence of CYA. These results show that 

CYA either sublimes or decomposes from solid state at temperatures above 275 oC, and can 

recondense or recombine into solid CYA when impacting on a colder surface.

The presence of urea among the recondensed species yields the immediate perception that urea 

simultaneously experiences both evaporation and decomposition to byproducts. However, there are 
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two possible sources of the species that were collected in condensed form on the glass plate. In 

addition to species evaporating from the urea sample and recondensing on the glass plate, it is also 

possible that gas phase products from decomposition recombine during cooling and then deposit on 

the glass plate. If the latter is the case, then the observed generation of recondensed vapors does not 

give evidence of urea evaporation. The feasibility of recombination of gaseous products from urea 

decomposition is further investigated and discussed in section 4.1.3. 

Table 2: Identification of species produced during urea decomposition experiments at varying temperature ranges. The analysis is 

conducted by solid state Raman spectroscopy.

Temperature 

range [oC]

Residue 

species

Recondensed 

vapor species

25-175 Urea + other Urea + other

175-225 CYA Urea + other

225-275 CYA Urea + other

275-325 CYA + other CYA + other

325-370 Unidentified CYA + other

4.1.2 Gas phase products of urea decomposition

In order to further investigate the urea decomposition and evaporation behavior, decomposition of a 

urea sample has been conducted in a TGA-FTIR setup. In this experiment, 50 mg of urea was heated 

to 140 oC, and kept isothermally for 3 h to investigate if urea could be detected in the gas phase. The 

FTIR spectrum of the produced gases was continuously measured during the experiment, as shown 

in Figure 4. By analyzing the evolution in the absorption intensity, the most rapid gas release was 

seen to occur at around 2500 s. At this time, two broad peaks around 800-1200 cm-1 and 1500-1700 
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cm-1 indicate the presence of NH3 (Coblentz Society Inc.). The sharp peak observed at 2260 cm-1 

corresponds to the OCN- stretch, which indicates the presence of HNCO (Khanna et al., 2002). 

Finally, the weaker intensity band observed around 3500 cm-1 corresponds to the N – H stretch, which 

is also characteristic for HNCO. However, the IR spectrum does not show clear indications of the 

characteristic C = O and C – N stretching frequencies of the urea molecule, at 1677 cm-1 and 1453 

cm-1, respectively (Manivannan and Rajendran, 2011). These results support that decomposition of 

urea is the dominating mechanism at 140 oC, due to the observed intensity of the characteristic HNCO 

and NH3 peaks. Evaporation of urea is therefore assessed to be negligible, since urea could not be 

detected in the gas phase. 
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Figure 4: IR spectrum of gases produced by TGA of 50 mg urea at 140 oC over 3 h (top), and the FTIR spectrum of the TGA gas after 

2500 s (bottom). Reference FTIR spectra of gaseous HNCO (Barreau et al., 2018), NH3 (Coblentz Society Inc.), and urea (Langer et 

al., 1995) are shown for comparison.

4.1.3 Recombination of gaseous products from urea decomposition

To reconcile the observation of urea in the recondensed products (section 4.1.1) with the lack of 

gaseous urea detected in the decomposition products (section 4.1.2), it was investigated if gaseous 

products from urea decomposition could undergo chemical recombination to form solid products. 

Gaseous decomposition products of urea are known to include HNCO and NH3. Recombination of 

HNCO and NH3 was studied in the fixed bed reactor setup coupled with FTIR spectroscopy. CYA, 
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which is known to decompose into HNCO at temperatures above 300 oC, was used as a precursor for 

HNCO. CYA samples of 1.44, 1.73, 2.44, and 4.2 mg, respectively, were fed to the reactor at 400 oC 

in 900 ppm NH3, using a total gas flow of 500 mlN/min. 

The results from the experiments are presented in Figure 5. From the transient FTIR measurements, 

it can be seen that the decomposition time scale of CYA is consistently around 40-60 s. As the HNCO 

measurements exceed the calibration range (0-400 ppm), they are not considered quantitatively 

reliable. However, the measured HNCO peaks are qualitatively seen to be strongly correlated with a 

decrease in the NH3 measurement. It is observed that the NH3 consumption increases for increasing 

CYA sample amount, while the HNCO peaks stagnate around 2000 ppm for increasing sample mass. 

Since feeding of 4.2 mg CYA yields only around 6.5 ml HNCO over a reaction time of approximately 

50 s, the contribution to the total gas volume of 500 mlN/min is very small and dilution can be 

neglected. Thus, the trends, consistent throughout the four tests, support the occurrence of a fast 

recombination reaction between NH3 and HNCO. Such a reaction is expected to occur only at lower 

temperatures, i.e., in the outlet tube which was heat traced to 140 oC. 
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Figure 5: Gas phase analysis by FTIR of CYA decomposition in the FBR setup at 400 oC in 900 ppm NH3.

The consistency of the experiments is further checked by plotting the NH3 consumption against the 

amount of CYA fed to the reactor, as shown in Figure 6. The amount of consumed NH3 has been 

calculated based on an integration of the inverse peak of the NH3 measurement for all four 

experiments. The integration values are then used together with the ideal gas law:

𝑛𝑁𝐻3 = ∫
𝑡2

𝑡1

𝑦𝑁𝐻3𝑑𝑡 ∙
𝑃 ∙ 𝑄
𝑅 ∙ 𝑇  (6)

Here,  (mol) is the consumed amount of NH3 in the experiment.  is the mole fraction NH3 𝑛𝑁𝐻3 𝑦𝑁𝐻3

measured by the FTIR. t1 and t2 are the integration limits, defining the time span of the gas release 

from the decomposition of the sample. P, R, Q, and T are the pressure, gas constant, volumetric flow 

rate (500 mlN/min), and temperature at standard conditions (0 oC), respectively. As shown in Figure 

6, there is a strong correlation between the NH3 consumption and the amount of fed CYA. The 

experimental results clearly support that gas-phase recombination of HNCO and NH3 into 
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condensable products can occur at low temperature. The species produced by recombination of 

HNCO and NH3 have not been identified, but is suggested to be partly urea, based on the investigation 

described in section 4.1.1.

Figure 6: Correlation between the amount of NH3 consumed from feeding CYA samples at 400 oC. Initial NH3 is 900 ppm.

4.1.4 Concluding remarks on evaporation vs. decomposition

The competition between urea evaporation and decomposition was investigated by three experimental 

methods. The presence of urea among the recondensed vapors generated in the Raman setup indicated 

that urea evaporation is competitive, in agreement with the observations of Bernhard et al. (2011, 

2013). However, the TG-FTIR results confirmed the presence of only HNCO and NH3 in the gas 

phase, while urea could not be detected. It was shown that gaseous HNCO and NH3 can recombine 

into condensable products at lower temperatures, offering an alternative reaction path to urea in the 

recondensed species in the solid state Raman setup. Based on these investigations, it is concluded that 

decomposition is the dominating mechanism in the depletion of urea, while the evaporation of urea 

is negligible and can be disregarded in the model, in agreement with the assumptions of Brack et al. 

(2014). 
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4.2 Influence of surface area on urea decomposition

The kinetic model is validated against TGA data from the present work and other sources. In these 

experiments, crucibles with varying surface area were used and it is important that the model is able 

to capture the impact of surface area on urea decomposition. A surface area dependence was included 

in the decomposition of CYA into HNCO (reaction 5 in Table 1), and in the evaporation of HNCO 

modelled by the Hertz-Knudsen model. Additionally, the decaying surface area of the sample during 

decomposition, due to the crucible geometry, has been taken into account.

TGA experiments of urea have been conducted by using two different crucible types, yielding a 

variation in the surface area for constant sample size (0.283 cm2 and 0.899 cm2, respectively). The 

two samples were subjected to the same temperature program, heating at 10 oC/min up to 140 oC, 

where the temperature was held isothermally for 3 h. By comparing the two experiments, shown in 

Figure 7, it is observed that a larger surface area will cause a faster depletion rate of the sample. The 

depletion rate of the samples resembles that of an exponential decay, indicating the formation of more 

thermally resistant byproducts. Since a larger surface area increases the HNCO evaporation rate, the 

concentration of HNCO in the condensed phase is reduced, leading to less formation of byproducts. 

The model captures the experimental trends, but underestimates the influence of the surface area. 

This discrepancy can be attributed to uncertainties in the surface area measurement, or inaccurate 

HNCO evaporation modeling by the Hertz-Knudsen equation. However, it has not been possible to 

improve the model further in regards to the HNCO evaporation, as the available data are very limited. 

Additional experimental data on vapor pressure correlations for HNCO are required to improve the 

model, and this has not been prioritized in the present work. This shortcoming must be kept in mind 

when comparing modeling results to TGA data.
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Figure 7: Model validation of the surface area dependence. TGA experiments of urea with similar sample mass but varying surface 

area. The samples are heated at 10 oC/min up to 140 oC and kept isothermally for 3 h. The sample surface area of large crucible is 0.899 

cm2, and decays over time due to a round-bottom geometry of the crucible. The sample surface area of small crucible is 0.283 cm2, and 

is constant over time due to a cylindrical geometry of the crucible.

4.3 Influence of the heating rate on urea decomposition

It is a central hypothesis of the present work that the heating rate will influence the decomposition 

behavior of urea and the resulting byproduct formation. Thus, the impact of the heating rate on urea 

decomposition was studied by TGA, with heating rates of 5, 10, 50 and 500 oC/min. It is observed 

from the results shown in Figure 8 that the general shape of the TGA curves is similar for varying 

heating rates. However, the decomposition is shifted towards higher temperatures for increasing 

heating rate, in line with the work by Brack et al. (2014). The initial mass loss of the TGA curves is 

seen to be increasing for higher heating rates; this is well captured by the model. The results indicate 

that an increased heating rate limits the production of the byproduct species that cause the first plateau 

in the TGA curves. This effect is most pronounced for the highest heating rate. The first plateau 

consists mainly of CYA (Schaber et al., 2004). Thus, the results indicate that an increasing heating 

rate can lead to a reduced production of CYA. 

The present model is intended to be applied in models for decomposition of urea-water-solution 

droplets (Abu-ramadan et al., 2011; Ebrahimian et al., 2012; Gan et al., 2016). Based on simulations 
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by Abu-ramadan et al. (2011), there is still a significant gap between the heating rates used in the 

present work (5-500 oC/min), and that of a real urea-SCR system (approximately 105 oC/min). The 

applicability of the present kinetic scheme in droplet models is still not well understood, and is a topic 

of ongoing research.

 

Figure 8: Comparison of model simulations and experimental TGA curves for urea decomposition at varying heating rate. The initial 

sample mass was 50 mg, with a surface area of 0.899 cm2.

Figure 9 compares predictions of the present model and that of Brack et al. (2014) with TGA data for 

10 oC/min and 500 oC/min, respectively. Low heating rate data are shown from the present work as 

well as from Schaber et al. (2004). The differences seen between the experimental data sets obtained 

at 10 oC/min may be attributed to differences in sample mass, crucible surface area, etc. The model 

by Brack et al. (2014) describes well the low heating rate TGA data from Schaber et al. (2004), but 

does not extrapolate accurately to high heating rate conditions. The present model provides 

satisfactory predictions of the urea TGA curves for a wide range of heating rates up to 500 oC/min. 

The onset of fast decomposition is predicted correctly for both heating rates, but the width of the 

plateau is overestimated, mostly pronounced at the high heating rate. 
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Figure 9: Comparison of simulations performed with the present model and the model by Brack et al. (2014). The models are validated 

against TGA curves for urea decomposition from the present work (pw) and from Schaber et al. (2004). In the present work, the initial 

sample mass and surface area in all experiments and model simulations were 50 mg and 0.899 cm2, respectively. The typical sample 

mass of experiments from Schaber et al. (2004) was 30-50 mg, while the sample surface area was unspecified.

Figure 10 shows the formation of the individual byproducts, as predicted by the present model. The 

calculations show a shift in production from CYA to ammelide for increasing heating rate. According 

to the predictions, an increased heating rate reduces the production of biuret. Consequently, the 

production of CYA via reaction 4 in Table 1 is reduced, while the production of ammelide via reaction 

6 and 7 in Table 1 is promoted. 

Figure 10: Simulation of urea TGA at varying heating rates with 50 mg initial sample mass and a surface area of 0.899 cm2. 
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4.4 Decomposition of urea-derived byproducts

To gain a better understanding of the decomposition and formation mechanisms occurring during 

urea decomposition, analysis of the main urea-derived byproducts is important. While the 

decomposition behavior of biuret and CYA has been investigated previously by TGA at low heating 

rates (Schaber et al., 2004; Brack et al., 2014), data at higher heating rates have not been reported. 

Therefore, TGA curves for biuret and CYA were obtained at heating rates in the range 10-500 oC/min.

Figure 11 shows that the initial decomposition of biuret begins around 193 oC; this is captured well 

by the model. When biuret is heated at a low heating rate, i.e., 10 oC/min, it is seen to produce stable 

species at 225 oC. This is consistent with the formation of a solid matrix at this temperature, as 

reported by Schaber et al. (2004). The solid matrix decomposes by further heating, while CYA is 

subsequently produced. CYA is thermally stable up to around 290 oC, thus yielding a second plateau 

of stable mass in the biuret TGA curve. However, when the heating rate of the biuret sample is 

increased to 50 oC/min, there is no indication of solid matrix formation; the reaction leading to a 

biuret matrix at 225 oC is apparently limited at high heating rates. The TGA mass at the plateau, 

corresponding to a mixture of CYA and ammelide, is seen to increase significantly for increasing 

heating rate of biuret. This behavior is in conflict with previous observations from urea TGA at 

varying heating rates, as presented in Figure 8, and also with modeling predictions. The model is 

unable to capture the thermal stability of the biuret matrix at 225 oC, as well as the increased 

production of CYA for increased heating rate, and more work is required to explain this discrepancy. 

The decomposition of pure CYA (Figure 11) is seen to be monotonic in the mass loss, indicating that 

no byproducts are formed. The decomposition is shifted towards higher temperatures for increasing 

heating rate, in line with previous studies (Stradella and Argentero, 1993; Schaber et al., 2004; Brack 

et al., 2014). The model predicts satisfactorily the general shape and trends of the CYA TGA curves, 

even though the impact of heating rate is not captured quantitatively.
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Figure 11: Comparison of model simulation with TGA data of pure biuret (left) and CYA (right) at varying heating rates. The initial 

sample mass was 50 mg, with a surface area of 0.899 cm2.

4.5 Long-term thermal stability of urea

The long-term thermal stability of urea has been investigated by TGA.  Figure 12 shows the TGA 

curves of two urea samples (50 mg), which were heated at 500 oC/min to 280 oC and 380 oC, 

respectively, and kept isothermally for 96 hours. For the experiment at 280 oC, the majority of the 

mass loss (~70%) occurs within the first minute. After the initial mass loss, the mass loss rate is seen 

to decrease drastically, with the TGA mass decreasing further to ~9.5% within a couple of hours. 

After 96 hours, the TGA mass has decreased to ~6.2% of the initial sample mass. From these results, 

deposit formation can be expected to occur at exhaust temperatures of 280 oC or below, corresponding 

to low engine load of maritime diesel engines. The model is seen to accurately describe the initial 

mass loss, while also capturing the slow decomposition rate after the initial mass loss. It predicts that 

mainly ammelide is present in the deposit at this temperature, whereas the produced CYA is 

decomposed after a reaction time of 3 hours. This observation is consistent with the TGA curve of 

pure ammelide, showing that ammelide begins to decompose at temperatures above 300 oC (Schaber 

et al., 2004).
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For the experiment at 380 oC, the TGA mass is seen to drop to ~3% within the first minute. The 

sample is seen to be fully decomposed after a reaction time of approximately 50 hours. The model 

accurately describes the initial mass loss, but overestimates the decomposition rate, as it shows full 

decomposition after 1 hour. This is likely due to omission of reactions in the model leading to 

formation of more thermally resistant byproducts. 

These results imply that deposit formation in urea-SCR systems can be avoided by keeping the 

exhaust temperature at 380 oC or above, which corresponds to full engine load of maritime diesel 

engines (Birkhold et al., 2007). Unfortunately, conclusions from TGA experiments cannot be reliably 

extrapolated to continuous urea-SCR systems. Therefore, it is not possible to conclude if urea 

deposition will show similar behavior in practical urea-SCR operation. Nevertheless, the observations 

made from this analysis have improved the understanding of the deposit behavior under longer 

reaction times at varying temperatures. It is thus implied that an increased operation temperature can 

reduce the risk of deposition.

Figure 12: Comparison of TGA experiments and simulation of two 50 mg urea samples, heated to 280 oC and 380 oC, respectively. 

The heating rate was 500 oC/min.
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5 Conclusion

A kinetic reaction model for urea decomposition was developed, based on a global reaction scheme 

proposed by Brack et al. (2014). The kinetic parameters of selected reactions have been revised to 

describe more accurately high heating rate TGA data. The competition between urea evaporation and 

decomposition was investigated in a solid state Raman spectroscopy setup, a fixed bed reactor, and a 

TG-FTIR setup. The results showed that decomposition is the dominating mechanism in the process, 

whereas the extent of urea evaporation is negligible.

The model was validated against TGA data of urea, biuret, and CYA, at heating rates up to 500 

oC/min. The results imply that an increasing heating rate causes a shift from production of CYA into 

ammelide, while reducing the overall deposit formation. 

Isothermal TGA of urea extending over 96 hours was performed to investigate the long-term thermal 

stability of urea. It was shown that a reaction temperature of 280 oC is insufficient to fully decompose 

urea, whereas at 380 oC urea is fully decomposed after 55 hours. 

The developed model is able to give accurate descriptions of the performed TGA with constant 

heating rate TGA, as well as isothermal TGA experiments. Thus, a reliable model description of the 

urea decomposition process at higher heating rates, which more closely resembles SCR applications, 

is possible for the first time.
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