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Abstract9

A kinetic reaction model for thermal decomposition of urea is presented.

Systematic thermogravimetric analyses of urea and its most important by-

products, such as biuret and cyanuric acid, are performed to gain the main

reactions and their rates. Gaseous products are analyzed and the concen-

trations of solid products are determined. The reaction scheme, as well as

the kinetic parameterization, is validated at different heating rates. The

proposed kinetic reaction model matches all performed thermogravimetric

analyses and it is also able to reproduce changes in the measurement con-

ditions, such as differences of crucibles geometry or variations of the initial

sample mass.
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1. Introduction12

The selective catalytic reduction (SCR) is a promising solution to fulfill13

the upcoming nitrogen oxide (NOx) emission regulations for lean burning14

engines (Köbel et al., 2000; Moser et al., 2001) and is widely used for on as15

well as off-highway applications. To supply the reducing agent ammonia, an16

aqueous 32.5%-wt. urea solution (brand name: AdBlue) is used for reasons17

of toxicity and safety. Owing to the variety of different exhaust gas con-18

figurations, their development and application require appropriate support19

from numerical simulation in order to obtain the required objectives, i.e.20

functionality, cost-effectiveness and robustness.21

Therefore, it is necessary to assess the SCR performance, the risk of de-22

posits and the pressure drop of the exhaust gas system during the early23

stages of the product development process through simulation methods. The24

evaluation of spray preparation by numerical simulation, especially the uni-25

formity of the reducing agent and the flow field in front of the SCR cata-26

lyst, has become state-of-the-art (Weltens et al., 1993; Birkhold et al., 2006,27

2007). Chemical reactions inside the SCR catalyst are well known and can28

be described by simulation models (Köbel and Elsener, 1998; Ciardelli et al.,29

2004). In contrast, a reliable prediction of the deposit risk through numerical30

simulation still remains a topic of research.31

Urea deposits occur under unfavorable conditions, when a urea water32

solution is sprayed into the exhaust system. This can lead to a failure of the33

dosing strategy. Consequently, the SCR system cannot reach the maximum34
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possible NOx conversion and the decomposition of existing urea by-products35

can result in a higher ammonia slip. Moreover, the formed deposits may clog36

the exhaust gas pipe, or at least, increase the pressure drop.37

Since the impingement of spray on the wall as well as the formation of a38

liquid wall film cannot be avoided in many cases, it is necessary to consider39

the competitive processes of wall film evaporation and chemical conversion40

into solids to increase the simulation reliability regarding the deposit risk.41

Urea deposits appear if the rate of formation of thermally stable urea by-42

products from the impinged AdBlue exceeds the rate of evaporation and43

decomposition of the products. This strongly depends on the thermal be-44

havior of the wall and the chemical reactions of the urea in the film. However,45

a suitable chemical kinetic scheme for the decomposition of urea is not avail-46

able yet, even though the possible reactions of urea decomposition are well47

known (Koryakin et al., 1971; Stradella and Argentero, 1993; Schaber et al.,48

2004; Eichelbaum et al., 2010; Bernhard et al., 2012).49

Koryakin et al. (1971); Stradella and Argentero (1993); Schaber et al. (2004)50

studied the decomposition of urea and its by-products biuret, cyanuric acid,51

ammelide and triuret by thermogravimetric analyses. To identify the reac-52

tions, different analysis methods were used, which differed in the measure-53

ment conditions, such as heating rates, crucible geometries or initial sample54

masses. This must be regarded in a critical manner, as Lundström et al.55

(2009) have shown that urea decomposition depends strongly on the mea-56

surement conditions.57
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Furthermore, Koryakin et al. (1971) and Eichelbaum et al. (2010) found a58

strong influence of the geometric structure of the crucible on the urea decom-59

position behavior. Koryakin et al. (1971) assumed that this phenomenon re-60

sults from an increasing triuret production in thin layers, in accordance with61

the findings of Spasskaya (1969). According to Eichelbaum et al. (2010),62

this effect can be attributed to the enlarged sample surface, which causes63

a quick removal of gaseous products. The observed steps of decomposition64

also depend on the used heating rate, as shown by the comparison of the65

available measurement data (Koryakin et al., 1971; Stradella and Argentero,66

1993; Schaber et al., 2004; Eichelbaum et al., 2010). Consequently, a pro-67

found knowledge of these phenomena is necessary for a suitable modeling of68

urea decomposition.69

Ebrahimian et al. (2012) made the first attempt to derive a kinetic scheme70

for urea decomposition. They suggested a semi-detailed kinetic scheme,71

which considers, besides global reactions, the formation of intermediates like72

ammonium and cyanate ions. The model was tested against the data made73

available by Schaber et al. (2004) and Lundström et al. (2009) and was able74

to depict the impact of a higher heating rate that causes an enhanced for-75

mation of solid by-products. This kinetic modeling depends on the initial76

sample mass, which limits the practical use of the model. In contrast to77

thermogravimetric analyses, the instantaneous wall film mass varies in a SCR78

system because of the dosing strategy. Furthermore, the necessity of different79

activation energies for urea and aqueous urea solution reveals the lack of a80
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suitable description of the evaporation phenomena.81

Nevertheless, the concentration profiles as well as the thermogravimetric82

analyses of urea, both done by Schaber et al. (2004), can be reproduced. But83

the model fails to predict the qualitative decomposition behavior of heavier84

by-products like biuret, cyanuric acid and ammelide.85

The model cannot describe the absorption and desorption of a non-86

reacting gaseous species at the interface between the solid phase and the87

gas phase. However, it is necessary to describe the geometry dependency of88

urea decomposition, as shown by the crucible variations of Koryakin et al.89

(1971) and Eichelbaum et al. (2010). Hence, without a method to capture90

such geometric effects, the portability of the kinetic model towards an ex-91

haust gas system seems to be problematic.92

A suitable description of urea decomposition through simulation has to93

fulfill the following requirements:94

- Description of the mass decrease of urea and its solid by-products dur-95

ing thermal decomposition.96

- Prediction of the release of gaseous products as well as of the concen-97

tration profiles of the solids and liquids during urea decomposition, in98

order to confirm the used reactions.99

- Reproduction of variations in heating rate and initial sample mass to100

guarantee the reliability of the kinetic approach and parameterization.101

- Capturing of geometric effects, such as the influence of the surface area,102
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to guarantee the portability of the kinetic model towards an exhaust103

gas system.104

- Independence of the kinetic modeling from initialization data, so that105

it could be easily integrated into a computational fluid dynamics code.106

Accordingly, the decomposition processes of urea and its most important107

by-products, such as cyanuric acid and biuret, are investigated in detail in108

this study. The main reaction paths are identified at consistent measurement109

conditions by collection of data characterizing the gases evolved during the110

thermal decomposition and by analysis of the selected solid phase concentra-111

tion profiles. Based on the systematic thermogravimetric analyses, including112

variations of the heating rate and initial sample mass, a global kinetic scheme113

for urea decomposition is developed. To guarantee the portability of the ki-114

netic scheme towards different geometries, the used continuously stirred-tank115

reactor (CSTR) approach is extended by an evaporation model for isocyanic116

acid. Furthermore, the kinetic parameterization does not depend on the ini-117

tial sample mass. Consequently, the kinetic model can easily be integrated118

into a computational fluid dynamics code.119

2. Methods120

2.1. Experimental121

The thermogravimetric analyses (TGA) were performed on a TG/DTA122

6300R from Seiko Instruments Inc, under nitrogen atmosphere (250mlN/min),123
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with a cylinder-like alumina crucible (crucible area = 14.52mm2).124

The gaseous products were analyzed by using a Fourier transform in-125

frared spectrometer (FTIR) of Bruker (Bruker FTIR TENSOR) coupled126

with a thermogravimetric analyzer of Netzsch (Netzsch TG 209 F1 IRIS).127

The measurements are done under nitrogen atmosphere (70mlN/min) with a128

cylinder-like alumina crucible (crucible area = 50.27mm2). As the measure-129

ment window misted up, reliable FTIR measurements were only possible up130

to 260 ◦C.131

At the same measuring conditions, thermogravimetric analyses are per-132

formed by using a Netzsch STA F3 JUPITER. At characteristic tempera-133

tures corresponding to minima of the differential thermal gravimetric (DTG)134

curve, the sample was quenched at room temperature. Afterward, the re-135

maining sample mass was qualitatively and quantitatively analyzed by using136

high-performance liquid chromatography (HPLC).137

The samples were purchased from Merck KGaA (urea >99.5% purity),138

from Sigma-Aldrich Co. (biuret >98.5% purity) as well as from Merck139

Schuchardt OHG (cyanuric acid >98% purity), and were used without fur-140

ther purification.141

2.2. Simulation142

For kinetic simulations, the numerical simulation package DETCHEM143

(Deutschmann et al., 2011) is extended by DETCHEMEVAPORATOR which144

calculates the time evolution of a CSTR, including the production of gaseous145
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products. The assumptions of a CSTR approach, including a perfect mixing146

and a homogeneous temperature distribution, are justified as the timescales147

for heat and mass transfer are small in comparison to the timescales of the148

kinetics. Within, it is necessary to calculate the rate of conversion of the149

species i in terms of the change of the molar amount per time unit dni
dt
, for150

each species i, where the rate of conversion of the species i is linked by the151

corresponding stoichiometric factor νi,r to the change of the reaction r over152

the time dnr
dt
. Moreover, a source term ji for the evaporation of the dissolved153

species i is added.154

dni

dt
=

N∑
r=1

νi,r · dnr

dt
+ ji (1)

In general, the reaction rate depends on the collision energy and the155

probability of a collision, which can be described by the Arrhenius equation156

kr:157

kr = A0 · e
−EA
RT (2)

A0 is the pre-exponential factor of the reaction, EA is the activation energy158

of the reaction and R stands for the universal gas constant. Consequently,159

for each reaction r a reaction rate dnr
dt
, taking into account the influence of160

the temperature T, can be calculated.161

dnr

dt
= kr · VR ·

j∏
c
γj
j (3)
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Here, VR is the reactor volume and cj is the concentration of the educt162

species j, with a reaction order of γj. For calculation of the reactor volume163

the density of the mixture is estimated by simple mixing rule of the single164

components.165

The source term for the evaporation rate ji for the dissolved species i is166

modeled by the Herz-Knudsen equation (Huthwelker and Peter, 1996). This167

ansatz describes the absorption and desorption of a non-reacting gas across168

an infinite planar surface, based on the mean thermal velocity v of the gas169

molecules, the accommodation coefficient αc and the species concentrations170

cSi,l, which are linked together by the Henry law’s constant h. With the171

assumption of a negligible gas phase concentration of the dissolved species,172

the evaporation rate ji is given by173

ji =
1

4
· αc · v · c

S
i,l

h
·AR (4)

with:

v =

√
8 · R · T
π ·M (5)

h =
cliq

eq

cgaseq
=

ρliq

pvap · M
R·T

(6)

Here, M is the molar mass of the dissolved species, ρ is the density, AR174

is the surface area and pvap represents the vapor pressure of the dissolved175

species. The resulting coupled governing equations are solved, using the176

semi-implicit solver LIMEX (Ehrig et al., 1999). The physical processes of177
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Figure 1: TGA (line) and DTG (filled curve) of urea: a) decomposition of urea, as well as
formation and decomposition of biuret b) decomposition of cyanuric acid c) decomposition
of ammelide, ammeline and melamine

melting and sublimation are simplified modeled with a mathematical ap-178

proach of an exponential function with two fitting parameters comparable to179

the Arrhenius equation (Equation 2).180

3. Results and discussion181

A typical thermogravimetric analyses of urea, performed at a heating182

rate of 10K/min, shows three main stages of decomposition, with an ap-183

proximate mass loss of 73%, 22% and 5% (Figure 1). The first stage (a)184

can be interpreted as the decomposition of urea, superposed by formation185

and decomposition of biuret (Schaber et al., 2004). The second stage (b)186

corresponds to the decomposition of cyanuric acid (Eichelbaum et al., 2010).187

Moreover, small amounts of ammelide, ammeline and melamine are formed.188

These small amounts decompose during the last step (c) (Eichelbaum et al.,189

2010). Consequently, it is reasonable first to investigate the thermal decom-190
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Figure 2: TGA (lines) and DTG (filled curves) of cyanuric acid for 6mg initial sample
mass and heating rates of 5K/min, 10K/min and 20K/min. Symbols: Simulation

position of cyanuric acid (Chapter 3.1) and biuret (Chapter 3.2) to separate191

the overlaying reactions of urea decomposition. Based on these results, the192

decomposition of urea (Chapter 3.3) is investigated in detail.193

3.1. Decomposition of cyanuric acid194

Cynanuric acid decomposes to gaseous isocyanic acid Schmidt (1970)195

(Equation 7). The corresponding back reaction, the trimerization of iso-196

cyanic acid, is not significant if the concentration of gaseous isocyanic acid197

is low. This is ensured by the used open vessel conditions, in combination198

with sufficient high sweep flow rates.199

C3N3(OH)3 (s)
−−⇀↽−−

cyanuric acid

3HNCO (g)
isocyanic acid

(7)

The thermogravimetric analyses of cyanuric acid (Figure 2) show that the200

deviation of conversion (DTG) monotonically increases with temperature,201

which implies a reaction order of zero. Consequently, the rate of the reaction202
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Figure 3: TGA (lines) and DTG (filled curves) of cyanuric acid for 6mg initial sample
mass and heating rates of 5K/min, 10K/min and 20K/min. A cylinder-like alumina
crucible with lid is used

can be directly calculated by using the Arrhenius equation (Equation 2).203

Figure 2 also shows the typical shift to higher temperatures with increasing204

heating rates. Substituting dt in Equation 3 by the heating rate β, Equation205

8 shows that the rate of chemical conversion dnr

dT
is reversely proportional to206

the heating rate β (Equation 9).207

dnr

dT
∼ 1

β
(8)

with208

β =
dT

dt
(9)

The activation energy of 118.42 kJ/mol (R I) is determined by minimizing209

the sum of the squares of the errors between simulation data and experimen-210

tal data and it corresponds well with the value of 119 kJ/mol as suggested211
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by Mercadier et al. (1994). To ensure a high accuracy of the kinetic pa-212

rameterization low heating rates are chosen. For higher heating rates the213

different steps of decomposition are blurred and overlaying reactions cannot214

be observed separately. However, the high heating rate of 20K/min is closed215

to the values expected in a real SCR application. The reaction scheme, in-216

cluding the kinetic parameterization, used for all numerical simulations is217

summarized in Table 1. As Figure 2 shows, a good matching between sim-218

ulation results and experimental data can be reached for different heating219

rates.220

According to Le Chatelier’s principle, an increase of the isocyanic acid221

concentration in the atmosphere should result in a shift of the equilibrium-222

constant towards isocyanic acid. This can be achieved by covering the alu-223

mina crucible by a lid with a 300�m hole. Consequently, the cyanuric acid224

decomposition is shifted to higher temperatures (Figure 3). During the sim-225

ulation, the trimerization of isocyanic acid is not taken into account, due to226

the lack of calculated gas phase concentrations. However, this is justified by227

the use of a non-catalytic alumina crucible, in combination with open vessel228

conditions (Schaber et al., 2004).229

3.2. Decomposition of biuret230

At about 193 ◦C, biuret begins to melt and starts to decompose into urea231

and isocyanic acid (Equation 10) (Ostrogovich and Bacaloglu, 1965). In con-232

trast, biuret is formed by the reverse reaction of urea with dissolved isocyanic233
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Figure 4: Remaining mass of TGA (line) and simulation (symbols), including simulated
species concentrations, for biuret with 2K/min heating rate and 50mg initial sample
mass under 70mlN/min sweep flow. Filled symbols: Remaining species mass from TGA
analyzed by HPLC

Figure 5: TGA (lines) of biuret for heating rates of 2K/min and 10K/min with 6mg
initial sample mass. Symbols: Simulation

14



Table 1: Kinetic reaction scheme of urea decomposition. States of aggregation: (s):
solid, (m): molten, (g): gaseous, (l): liquid/dissolved, (matrix): solid matrix. Urea:
CO(NH2)2, biuret: NH2−CO−NH−CO−NH2, cyanuric acid (CYA): C3N3(OH)3, am-
melide: C3N3(OH)2NH2, triuret: NH2−CO−NH−CO−NH−CO−NH2. For reactions
with two educts the reaction order γj of the second educt is specified as second value

reaction γj A EA

I CYA
(s)
−−→ 3HNCO

(g)
0 1.001 × 103 mol

s
118.42 kJ

mol

II biuret
(m)

−−→ urea
(m)

+ HNCO
(l)

1 1.107 × 1020 1
s

208.23 kJ
mol

III urea
(m)

+ HNCO
(l)
−−→ biuret

(m)
1 / 1 3.517 × 1011 ml

mol s
75.45 kJ

mol

IV urea
(m)

−−→ HNCO
(l)

+ NH
3 (g)

0.3 2.000 × 104 mol0.7

ml0.7s
74.00 kJ

mol

V 2biuret
(m)

−−→ ammelide
(s)

+ HNCO
(l)

+

NH
3 (g)

+ H2O (g)

2 3.637 × 1026 1
s

257.76 kJ
mol

VI biuret
(m)

+ HNCO
(g)
−−→ CYA

(s)
+ NH

3 (g)
1 / 1 9.397 × 1020 ml

mol s
158.68 kJ

mol

VII biuret
(m)

+ HNCO
(g)
−−→ triuret

(s)
1 / 1 1.091 × 1015 ml

mol s
116.97 kJ

mol

VIII triuret
(s)
−−→ CYA

(s)
+ NH

3 (g)
1 1.238 × 1018 1

s
194.94 kJ

mol

IX urea
(m)

+2HNCO
(l)
−−→ ammelide

(s)
+H2O (g)

1 / 2 1.274 × 1020 ml2

mol2 s
110.40 kJ

mol

X biuret
(m)

−−→ biuret
(matrix)

1 8.193 × 1026 1
s

271.50 kJ
mol

XI biuret
(matrix)

−−→ biuret
(m)

1 3.162 × 109 1
s

122.00 kJ
mol

XII biuret
(matrix)

−−→ 2HNCO
(g)

+ NH
3 (g)

1 5.626 × 1024 1
s

266.38 kJ
mol

XIII urea
(s)
−−→ urea

(m)
1 1.000 × 1015·T1.5 1

s
160.00 kJ

mol

XIV ammelide
(s)
−−→ ammelide

(g)
1 1.000 × 1014 ml

mol s
201.67 kJ

mol

XV HNCO
(l)
−−→ HNCO

(g)
Herz-Knudsen-equation (Huthwelker and Peter, 1996)

acid below 193 ◦C (Equation 10) (Ostrogovich and Bacaloglu, 1965).234

NH2−CO−NH−CO−NH2 (m)
−−⇀↽−−

biuret

CO(NH2)2 (m) +
urea

HNCO (l)
isocyanic acid

(10)
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Table 2: HPLC analyses of biuret decomposition based on TGA with 50mg initial biuret
sample mass and 2K/min heating rate under 70mlN/min sweep flow

temperature TGA urea biuret cya triuret ammelide ammeline melamine total recovery
◦C % w.-% w.-% w.-% w.-% w.-% w.-% w.-% %

200 95.1 0.0 51.3 42.4 3.9 2.2 0.7 0.1 100.6
220 78.1 0.0 35.3 60.3 0.0 3.8 0.7 0.1 100.2
270 52.9 0.0 0.0 92.0 0.0 5.9 1.3 0.9 100.1

Urea is thermally unstable under such conditions and decomposes into235

isocyanic acid and ammonia (Equation 11) (Schaber et al., 2004).236

CO(NH2)2 (m) −−→
urea

HNCO (l) +
isocyanic acid

NH3 (g)
ammonia

(11)

The produced dissolved isocyanic acid can react with biuret to cyanuric237

acid (Equation 12) (Koryakin et al., 1971) or triuret (Equation 13) (Koryakin et al.,238

1971), which decomposes to cyanuric acid at about 220 ◦C (Equation 14)239

(Spasskaya, 1969).240

NH2−CO−NH−CO−NH2 (m) +
biuret

HNCO (l) −−→
isocyanic acid

C3N3(OH)3 (s) +
cyanuric acid

NH3 (g)
ammonia

(12)
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NH2−CO−NH−CO−NH2 (m) +
biuret

HNCO (l) −−→
isocyanic acid

NH2−CO−NH−CO−NH−CO−NH2 (s)
triuret

(13)

NH2−CO−NH−CO−NH−CO−NH2 (s) −−→
triuret

C3N3(OH)3 (s) +
cyanuric acid

NH3 (g)
ammonia

(14)

Evolved isocyanic acid can hydrolyze to ammonia and carbon dioxide241

(Equation 15).242

HNCO (g) +
isocyanic acid

H2O (g) −−→
water

NH3 (g) +
ammonia

CO2 (g)
carbon dioxide

(15)

Furthermore, biuret can react to small amounts of ammelide (Equation243

16).244
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2NH2−CO−NH−CO−NH2 (m) −−→
biuret

C3N3(OH)2NH2 (s) +
ammelide

HNCO (g) +
isocyanic acid

NH3 (g) +
ammonia

H2O (g)
water

(16)

This can be confirmed by analyzing the remaining sample mass from the245

thermogravimetric analyses at characteristic temperatures (Table 2). The246

results are comparable to the findings of Schaber et al. (2004). However,247

triuret can also be identified. It should be noted that cyanuric acid is mainly248

formed from biuret at up to 200 ◦C (approximately 87.5% of the total amount)249

and only slightly above this temperature, because of triuret decomposition.250

According to Koryakin et al. (1971) and Schaber et al. (2004), at about251

220 ◦C, the melt of biuret and its by-products turns into a sticky solid matrix.252

This effect is also observed by the authors during the heating up of a sample of253

biuret on a sandbath. Between 220 ◦C and 230 ◦C, the change from a strongly254

foaming melt to a milky matrix-like aggregate state can be observed. As there255

is no dissolved isocyanic acid in the solid material, no further cyanuric acid256

formation takes place, corresponding to the constant amount of cyanuric acid257

in Figure 4. The biuret decomposition slows down because of the increasing258

diffusive resistance in the matrix, and a plateau in the thermogravimetric259

analyses is visible (Figure 4 and 5). No further stable intermediates are260

detected by the HPLC analyses (Table 2).261

The qualitative FTIR analysis (Figure 6) up to 260 ◦C shows the intensity262
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Figure 6: TGA (line) with 50mg initial biuret sample mass and 2K/min heating rate,
under 70mlN/min sweep flow. Symbols: Intensity of characteristic traces I, relative to
maximum of intensity for each characteristic trace Imax analyzed by FTIR

Figure 7: Simulation: TGA (line) for biuret with 2K/min heating rate and 50mg initial
sample mass, under 70mlN/min sweep flow. Symbols: Mass flow m, relative to maximum
of mass flow for each species mmax
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of the signal for the characteristic traces I of ammonia (965 to 920 cm−1),263

isocyanic acid (3600 to 3500 cm−1) and carbon dioxide (2356 cm−1) relative to264

the maximum intensity for each characteristic trace Imax and can be divided265

into four regions. The first region ranges up to 195 ◦C. Here, biuret melts266

and slowly starts to decompose into isocyanic acid and ammonia (Equation267

10 and 11). This corresponds to the small amounts of gaseous isocyanic acid268

and ammonia detected by the FTIR analysis. Between 195 ◦C and 200 ◦C, the269

conversion of biuret is very fast (Equation 10,11,12 and 13), as about half of270

the available biuret reacts in this temperature range (Table 2). Consequently,271

the release of gaseous ammonia and gaseous isocyanic acid increases, and the272

HPLC analysis at 200 ◦C shows a high amount of cyanuric acid.273

As the biuret concentration in the crucible decreases in the temperature274

range of 200 ◦C to 215 ◦C, biuret decomposition slows down. This is con-275

firmed by the HPLC analyses (Table 2), as only about one-fifth of the biuret276

conversion can be detected in this region. It comes with a decrease of gaseous277

isocyanic acid, which is amplified by the starting of hydrolysis of isocyanic278

acid (Equation 15).279

The hydrolysis of isocyanic acid (Equation 15) leads to the release of280

gaseous carbon dioxide. The required water is mainly produced by ammelide281

formation (Equation 16). The sharp peak of carbon dioxide at 200 ◦C can be282

traced back either to ammelide formation (Equation 16) or to a contaminant283

of the initial biuret sample with hydration water which is released during the284

melting of biuret. A moisture content of the inert nitrogen sweep flow is not285
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significant because of the release of very low amount of carbon dioxide above286

215 ◦C, in spite of enough available gaseous isocyanic acid.287

The hydrolysis of isocyanic acid as well as the decomposition of triuret288

(Equation 14) results in ammonia production. Owing to these reactions,289

ammonia release is permanently on a high level. Furthermore, the highest290

integrated ammonia intensity, with about two-thirds of the overall detected291

intensity, can be found in this temperature range of 200 ◦C to 215 ◦C, in292

contrast to the isocyanic acid release, which is calculated as only about one-293

fifth of the overall detected intensity. The relative low gaseous release of294

isocyanic is caused by a high amount of stable cyanuric acid (Table 2), as295

well as by the hydrolysis of isocyanic acid.296

As melted biuret changes into a solid matrix at approximately 215 ◦C to297

220 ◦C, the release of ammonia and isocyanic acid is interrupted. Above298

220 ◦C, the existing biuret decomposes directly to gaseous ammonia and299

gaseous isocyanic acid (Equation 17). As no other ammonia producing reac-300

tion takes place, the release of isocyanic acid should, due to stoichiometry,301

theoretically be higher than the ammonia release. The characteristics of the302

release of gases are comparable to the quantitative FTIR measurements of303

Lundström et al. (2009).304
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NH2−CO−NH−CO−NH2 (matrix) −−→
biuret

2HNCO (g) +
isocyanic acid

NH3 (g)
ammonia

(17)

The activation energy of biuret decomposition (R II) is determined as305

208.23 kJ/mol, in order to ensure thermodynamic consistency with the cor-306

responding back reaction (R III) where the activation energy of 75.45 kJ/mol307

(Jäger et al., 1965) is used. The decomposition of urea (R IV) is modeled308

with an activation energy of 74.0 kJ/mol and a reaction order of 0.3, in309

line with the suggested approach of Buchholz (2000). The transformation310

of melted biuret into a solid matrix is described by reaction R X and the311

corresponding back reaction R XI. Moreover, the decomposition of cyanuric312

acid (R I) is modeled corresponding to the description in Chapter 3.1. The313

complex processes of ammeline and melamine formation as well as of am-314

melide, ammeline and melamine decomposition (Ostrogovich and Bacaloglu,315

1965) are simplified and are modeled by direct sublimation of ammelide only316

(R XIV). All rate constants are optimized by the particle swarm method317

(Dynardo, 2011) to match best the characteristics of the thermogravimetric318

analyses (Figures 4 and 5). The evaporation of cyanuric acid is taken into319

account by the Herz-Knudsen equation (R XV), as described in Chapter 2.2,320

with an accumulation factor of αc = 0.001 and a vapor pressure of isocyanic321

acid, according to Equation 18 (Linhard, 1938). The accumulation factor αc322
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was determined by fitting the simulated TGA curves to the measurements.323

Gaseous ammonia and carbon dioxide result directly from the chemical re-324

actions.325

pvap,hcno = 10
4.69−1252.195

T
K
−29.167 bar (18)

Figure 4 shows a good agreement between simulated and measured data.326

The systematic deviation is caused by the reaction enthalpy, because the327

temperature signal of the thermocouple differs from the theoretical heating328

rate and the heat capacity of the sample that results in a temperature shift.329

The faster cyanuric acid decomposition in simulation can be explained by a330

shift of equilibrium-constant to higher temperatures, because of an increased331

isocyanic acid concentration in the vessel atmosphere (Chapter 3.1 and Fig-332

ure 3). This can be confirmed by a very good correlation of cyanuric acid333

decomposition for lower sample mass, combined with a higher sweep flow334

rate (Figure 2). The calculated characteristics of evolved gases (Figure 7)335

are comparable to the measured FTIR results (Figure 6).336

Alternate shifts of the observed maxima can be noticed in the range of337

200 ◦C and 215 ◦C because the hydrolysis of isocyanic acid is assumed to338

occur only in the gas phase, which is not considered in the simulation. For339

ammonia, the maximum in the simulation is shifted to lower temperatures340

as no ammonia formation takes place because of the isocyanic hydrolysis. In341

contrast, the maximum of isocyanic acid is shifted to higher temperatures,342
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Figure 8: TGA (lines) of urea for heating rates of 2K/min and 20K/min, with 10mg
initial sample mass. Symbols: Simulation

as there is no consumption of isocyanic acid by hydrolysis.343

The validity of the chosen set of kinetic parameters is ensured by a good344

reproduction of the performed heating rate variation, as shown in Figure 5.345

3.3. Decomposition of urea346

Table 3: HPLC analyses of urea decomposition, based on TGA with 200mg initial urea
sample mass and 2K/min heating rate, under 70mlN/min sweep flow

temperature TGA urea biuret cya triuret ammelide ammeline melamine total recovery
◦C % w.-% w.-% w.-% w.-% w.-% w.-% w.-% %

240 50.6 7.2 1.6 69.3 1.2 18.2 2.7 0.2 100.4
266 62.0 0.0 1.1 72.4 8.7 15.9 2.5 0.1 100.7
390 94.0 0.0 0.0 19.8 0.0 12.9 21.2 52.6 106.5
500 2.7 0.0 0.0 0.0 0.0 0.0 0.0 100.8 100.8

The first endothermic peak of urea decomposition can be observed at347

about 140 ◦C (Koryakin et al., 1971), corresponding to the melting of urea348

which is modeled by reaction R XIII (Table 1). The kinetic parameters are349

adapted in such a way that the maximum of released heat corresponds to the350

melting point of urea at 133 ◦C.351
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The first step of mass loss (Figures 8, 2K/min) is in accordance with352

the decomposition of urea (Equation 11), formation of biuret (Equation 10)353

and ammelide (Equation 19). Ammelide production is confirmed by the354

HPLC analyses (Table: 3) and by the detected carbon dioxide because of355

the hydrolysis of isocyanic acid. It is in agreement with the findings of356

Ostrogovich and Bacaloglu (1965) that biuret production and ammelide for-357

mation are parallel and separate processes.358

CO(NH2)2 (m) +
urea

2HNCO (l) −−→
isocyanic acid

C3N3(OH)2NH2 (s) +
ammelide

H2O (g)
water

(19)

As described in detail in Chapter 3.2, the second step (Figures 8, 2K/min)359

results from biuret decomposition. This separate step of mass loss is blurred360

with increasing heating rates in experiment, as well as in simulation. Conse-361

quently, the first and the second steps are visible as a single step at higher362

heating rates (Figures 8, 20K/min). Similar to biuret decomposition (Chap-363

ter 3.2), the next step corresponds to the decomposition of cyanuric acid,364

while the last step corresponds to the decomposition of ammelide, ammeline365

and melamine. Figure 8 shows also the simulation results that are compa-366

rable to the experimental data, particularly with regard to the qualitative367

characteristics of mass loss depending on the heating rate.368

The FTIR analysis of urea decomposition (Figure 9) can be divided into369
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Figure 9: TGA (line) with 50mg initial urea sample mass and 2K/min heating rate, under
70mlN/min sweep flow. Symbols: Intensity of characteristic traces I, relative to maximum
of intensity for each characteristic trace Imax

Figure 10: Simulation: TGA (line) for urea with 2K/min heating rate and 50mg initial
sample mass, under 70mlN/min sweep flow. Symbol: Mass flow m, relative to maximum
of mass flow for each species mmax
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different regions similar to biuret decomposition (Chapter 3.2). The first re-370

gion up to 200 ◦C shows an increase of gaseous ammonia, gaseous isocyanic371

acid and gaseous carbon dioxide with temperature. This can be attributed372

to the decomposition of urea (Equation 11, 10 and 19) and the starting de-373

composition of biuret at about 193 ◦C (Chapter 3.2). The gaseous release of374

carbon dioxide results from the hydrolysis of isocyanic acid (Equation 15).375

The required water for the hydrolysis is related to ammelide production. Be-376

low 200 ◦C, ammelide results directly from urea (Equation 19). This reaction377

increases with temperature, corresponding to a monotonic increase of the car-378

bon dioxide release. At 200 ◦C, the reaction defined by Equation 16 starts, as379

described in Chapter 3.2, resulting in the maximum release of carbon dioxide.380

Above 200 ◦C, carbon dioxide release decreases as the reaction, according to381

Equation 19, slows down due to the lack of available urea. The lower rate of382

hydrolysis increases the release of the isocyanic acid and lowers the release383

of ammonia. The subsequent ammonia peak at 212 ◦C may be attributed384

to the start of triuret decomposition. At about 222 ◦C, an interruption of385

gaseous release can be observed because of the transformation of the melt386

into a solid matrix, similar to the decomposition of biuret (Chapter 3.2). In387

the last region from 222 ◦C up to 250 ◦C, biuret sublimates analogously to388

the decomposition of biuret as described in Chapter 3.2.389

In contrast to the experimental data, the change with temperature of the390

gaseous release of isocyanic acid and ammonia up to 200 ◦C is approximately391

equal in the simulation (Figure 10), in accordance with the stoichiometry392
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(Equation 11), as no hydrolysis of isocyanic acid is considered. Moreover,393

two maxima of gaseous release can be observed in the simulation results394

(Figure 10) at about 200 ◦C and 240 ◦C, comparable to the experimental395

data (Figure 9).396

As mentioned in Chapter 1, the results of (Koryakin et al., 1971; Eichelbaum et al.,397

2010) show a significant influence of crucible geometry on the decomposition398

of urea. This can be explained by the volume to area ratio, which is identified399

as a crucial parameter regarding the risk of cyanuric acid formation. Since400

a smaller available surface area causes lower evaporation rates of isocyanic401

acid, the dissolved isocyanic acid has more time to react to cyanuric acid.402

Eichelbaum et al. (2010) observed a higher amount of cyanuric acid by using403

a cylinder-like crucible (crucible area = 30.2mm2), instead of a plate-like404

crucible (urea covered area = 99.3mm2). Owing to a larger surface area of405

the plate-like crucible, isocyanic acid evaporates faster and is not available406

for further reactions leading to by-products, such as cyanuric acid. Figure 11407

shows a good comparison between the proposed kinetic reaction scheme and408

experimental data taken from the experiments of Eichelbaum et al. (2010).409

Another way to influence the volume to area ratio is to increase the initial410

sample mass at a constant crucible area. This introduces thermogravimetric411

analyses with an initial sample mass of 6mg and 15mg. Figure 12 shows412

the comparison between simulation and experimental data, revealing a good413

prediction of the tendencies. Nevertheless, the absolute amount of cyanuric414

acid is overestimated by the simulation, especially for the higher initial sam-415
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Figure 11: TGA (lines) of urea for a heating rate of 10K/min with 45mg initial sample
mass for the plate-like crucible and 50mg initial sample mass for the cylinder-like crucible,
according to Eichelbaum et al. (2010). Symbols: Simulation

ple mass. Moreover, an unfavorable volume to area ratio results in a higher416

amount of ammelide, ammeline and melamine by cyanuric acid ammination.417

Because of the simplified modeling of ammelide, ammeline and melamine418

reactions, the simulation does not describe these effects.419

To guarantee the transferability of the thermogravimetric analyses, per-420

formed with solid urea, toward a real application where an urea-water so-421

lution is used, the influence of water content is checked. As liquid water422

evaporates completely up to the melting point of urea at 133 ◦C, pure urea423

can be assumed for the further thermal decomposition. However, the ex-424

haust gas of a diesel engine contains approximately 9% moisture. According425

to Eichelbaum et al. (2010) the water-content of the sweep flow has no in-426

fluence on the decomposition of urea below 400 ◦C. This is confirmed by the427

thermogravimetric analyses performed with 5% and 10% absolute moisture428

in the nitrogen sweep flow (Figure 13). The decomposition of urea is shifted429
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Figure 12: TGA (lines) of urea for a sample mass variation and a heating rate of 10K/min.
Symbols: Simulation

Figure 13: TGA (lines) of urea for a heating rate of 2K/min with 200mg initial sample
mass for different moisture of the nitrogen sweep flow.

to lower temperatures, but an influence on the chemical processes is not ex-430

pected. The characteristics of the TGA curve, including the number and the431

mass loss of the decomposition steps, are comparable to the measurements432

without moisture.433
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4. Conclusions434

A kinetic reaction model, based on a global reaction scheme, for urea435

decomposition is developed. The main reaction paths are identified based436

on the gaseous data analyzed by FTIR-TGA, combined with the analysis of437

solid phase concentration profiles by the high-performance liquid chromatog-438

raphy (HPLC) for urea and its most important by-product, biuret. To ensure439

the validity of the kinetic parameters, heating rate variations are applied for440

the thermogravimetric analyses of urea, biuret and cyanuric acid. Changes441

in the conditions of aggregation are also taken into account, and the evap-442

oration of dissolved isocyanic acid is modeled to capture geometric effects443

on the decomposition behavior. To serve this purpose, the ideal continu-444

ously stirred-tank reactor (CSTR) approach is extended by an ansatz for the445

absorption and desorption of non-reacting gases across a planar surface.446

The proposed kinetic scheme matches all performed thermogravimetric447

analyses. Furthermore, the concentrations of solid and gaseous by-products448

are met well by simulations. Changes of crucible geometry, as described by449

Koryakin et al. (1971) and Eichelbaum et al. (2010), can be explained by the450

volume to surface area ratio. This is identified as a crucial parameter, con-451

cerning the production of cyanuric acid, ammelide, ammeline and melamine452

and can be depicted quite well in the simulation. A comparison of the simu-453

lation results with the available literature data derived by Eichelbaum et al.454

(2010), as well as a performed sample mass variation, confirms the accurate455

description of the volume to area changes in the simulation.456
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Consequently, a reliable description of the urea decomposition processes457

by simulation is possible for the first time. The future integration of the458

kinetic reaction model to a computational fluid dynamics code will give the459

chance to estimate the risk of formation of deposits at the SCR applications460

by numerical simulation.461
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