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The Selective catalytic reduction (SCR) technique is widely applied in exhaust gas after-treatment of die-
sel engines. Depending on operating conditions, injected urea-water solution (UWS) can form liquid films
on mixer blades and the pipe wall. Evaporation and subsequent reactions in the wall film can lead to
deposits of urea and by-products, respectively. Especially deposits that are not decomposed up to high
temperatures are challenging for the SCR technique. Thermogravimetric experiments are conducted for
these stable urea by-products, such as ammelide, ammeline and their by-products, such as cyanamide
or melamine. An analysis of the evolving gases during thermal decomposition led to a more detailed
understanding of the kinetics. The postulated mechanism is able to predict the thermogravimetric anal-
yses results and the effects of variation of the experimental conditions such as initial sample mass and
heating rates. The evaluated kinetics, together with the recently developed kinetics for the urea/biuret/
triuret/cyanuric acid system Tischer et al. (2019), can now be integrated into CFD simulations of SCR sys-
tems to numerically simulate all relevant physical and chemical processes in UWS equipped aftertreat-
ment systems for a wide range of conditions.

� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The control of emissions of nitrogen oxides (NOx) is a challenge
in every combustion using air as oxidizer. The need for efficient
and reliable aftertreatment of NOx emissions became obvious to
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Nomenclature

bk Temperature exponent
Df H

� Standard enthalpy of formation at 298.15 K (J mol�1)
_nik Molar rate of species i from reaction k (mol s�1)
Ak Pre-exponential factor (SI-units)
ani Coefficient of NASA polynomials
cp;i Molar heat capacity of species i (J mol�1K�1)
EA;k Activation energy (J mol�1)
H Enthalpy (J)
Hm;i Partial molar enthalpy of species i
kw Heat transfer coefficient (W m�2K�1)
ni;k Reaction order

ni Molar amount of species i (mol)
PDSC DSC Signal (W)
Rk Reaction number k
S� Standard entropy at 298.15 K (J mol�1K�1)
Sm;i Partial molar entropy of species i (J mol�1K�1)
T Temperature (K or �C)
Text Temperature of the external temperature profile

(K or �C)
R Gas constant (8.31446J mol�1K�1)
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the broad public in the last years concerning diesel fueled internal
combustion (IC) engines and this need will remain in the future, in
particular for the increasing number of IC engines fueled with nat-
ural gas and (green) hydrogen. Selective catalytic reduction (SCR)
catalysts use ammonia to reduce the NOx emission from IC engines.
Today, this ammonia is most commonly supplied in form of a
32.5wt.% urea-water solution (UWS), which is sprayed into the
hot exhaust pipe. Thermolysis and hydrolysis yield the necessary
reducing agent NH3 and CO2. However, incomplete evaporation
and decomposition of UWS droplets lead to spray-wall interaction
and film formation, depending on the boundary conditions
(Birkhold, 2007; Börnhorst et al., 2016; Brack et al., 2016;
Lundström et al., 2011; Postrioti et al., 2015; Quissek et al.,
2019). Over time, condensed urea and by-product deposits can
be formed from the UWS film, which reduce the ammonia unifor-
mity and bear the risk of increased pressure drop, up to a complete
blockage of the exhaust pipe (Schaber et al., 2004; Lundström et al.,
2009; Bernhard et al., 2012; Ebrahimian et al., 2012; Brack et al.,
2014). Although the amount of formed high-temperature by-
products of the initial injected urea mass is rather small, it is espe-
cially very important to understand their formation and decompo-
sition, since these will only decompose at temperatures above
400 �C, which is only rarely achieved in normal SCR systems. Alter-
native manual removal is expensive and should be avoided. Many
authors studied the formation and decomposition of urea and its
by-products, giving an insight in possible reactions and kinetics
(Ostrogovich and Bacaloglu, 1965; Stradella and Argentero, 1993;
Fang and DaCosta, 2003; Schaber et al., 2004; Eichelbaum et al.,
2010; Ebrahimian et al., 2012; Bernhard et al., 2012; Brack et al.,
2014; Börnhorst and Deutschmann, 2018; Tischer et al., 2019;
Wang et al., 2019; Krum et al., 2021).

Ostrogovich and Bacaloglu (1965) published one of the first
semi-detailed reaction mechanism describing the thermolysis of
urea with the formation of biuret, guanidine, cyanuric acid, amme-
lide, ammeline, melamine and several intermediate species. They
investigated the yield of these deposits over time at different tem-
peratures and established equations to calculate the respective
percentage. Several years later Schaber et al. (2004) investigated
the thermal decomposition of urea in an open reaction vessel using
thermogravimetric analysis (TGA), differential scanning calorime-
try (DSC) coupled with mass spectrometry (MS), FT-IR spec-
troscopy, high performance liquid chromatography (HPLC) to
analyze the originated residues and ammonium ISE (ion-selective
electrode) measurements. They developed a reaction scheme
which is divided in four temperature regions: Up to 190 �C urea
melts and decomposes, from 190 �C to 250 �C biuret decomposes
and forms cyanuric acid and ammelide, from 250 �C to 360 �C cya-
nuric acid sublimates and in the last range above 360 �C high-
temperature deposits like ammelide and ammeline are
decomposed.
2

First detailed kinetic models for urea decomposition were
developed by Ebrahimian et al. (2012) and Brack et al. (2014). Both
models are based on systematic analysis of TGA experiments and
evolving gases during heat up of various urea by-products, but vary
in their specific reactions implemented. Several later publications
either used the one or the other as basis for further development
or implementation into CFD (Börnhorst et al., 2020; Budziankou
et al., 2020; Habchi et al., 2015; Sun et al., 2018).

Our recent study Tischer et al. (2019) proposes a reaction mech-
anism for urea decomposition, that accounts for thermodynamic
effects of deposit formation such as phase transitions. The presence
of an eutectic mixture of urea and biuret was revealed to explain
the experimental observations by Schaber et al. (2004) and Brack
et al. (2014) of biuret decomposition starting at 193 �C and the for-
mation of a foam like structure at around 210 �C. The new
approach does not depend on the addition of a kind of arbitrary
”matrix” species (Schaber et al., 2004; Brack et al., 2014). Further-
more a second eutectic mixture with triuret was proposed but, due
to a lack of data for the thermodynamic potentials of biuret and tri-
uret, not yet integrated to the model. It is shown that cyanuric acid
rather sublimates than being decomposed, as assumed before
(Ostrogovich and Bacaloglu, 1965; Eichelbaum et al., 2010). Hence,
the proposed reaction mechanism can explain more effects with
less assumptions than the kinetics published before. A recent study
by Krum et al. (2021) modified the mechanism by (Brack et al.,
2014), applying it to experiments with higher heating rates. How-
ever, all those mechanism have in common, that they do not pro-
pose any detailed scheme that goes beyond the sublimation or
decomposition of ammeline and melamine, that means at temper-
atures above 400 �C.

Actually, Liebig (1834) was the first who published possible for-
mation and decomposition reactions of ammelide, ammeline, mel-
amine, melam, melem and melon, in 1834, when studying urea and
its derivatives as a naturally occuring product, which could be
extracted from urine. In the next 160 years, molecules with C-N
bonds often were of interest to many researchers, e.g., Liu and
Cohen (1989) reported a theoretical study suggesting that carbon
nitride structures (C3N4) could have a compressibility comparable
to diamond. Different modifications of C3N4 (Liu and Cohen, 1989;
Yin et al., 2003; Yin et al., 2003) were synthesised and character-
ized, such as graphitic carbon nitride g� C3N4ð Þ from urea or its
byproducts (Gross and Höppe, 2020; Jürgens et al., 2003; Lotsch,
2006; Miller et al., 2017; Zhu et al., 2014). Furthermore g� C3N4

was found as a metal free catalyst and optoelectronic semiconduc-
tor (Zhang et al., 2014; Zhu et al., 2014; Ruan et al., 2015).

Lotsch and Schnick (Lotsch, 2006) work on precursors for, and
the formation of, carbon nitride networks (Lotsch and Schnick,
2005; Lotsch and Schnick, 2007). A mechanism describing reac-
tions from melamine, over the formation of melam or directly, to
melem, to melon and finally to g� C3N4 via the gradual deam-
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monation and polymerization was proposed and validated through
several analytical, cristallographic, spectrometric, thermal and
calorimetric methods.

Zhu et al. (2014) published a review paper on the synthesis,
properties and applications in catalysis of graphitic carbon nitride.
Several synthesis routes from cyanamide, guanidine hydrochlorine,
surfactants and pure urea are gathered and discussed. Furthermore
they discuss the physicochemical properties of g� C3N4. A study
using TGA coupled with MS revealed that g� C3N4 can withstand
temperatures up to 600 �C without significant mass loss, even in
oxidizing atmosphere. It is furthermore depicted that g� C3N4

rather decomposes than being oxidized with O2. The analysis of
the evolving gases with MS supports this assumption by showing
the formation of NH3, CNH and C2N2 and no signal for oxides like
CO or CO2.

In this work we combine the published mechanisms on urea
decomposition up to ammeline with a novel mechanism for the
deammonation and polymerization reactions of melamine to gra-
phitic carbon nitride. To the best of our knowledge, for the first
time a detailed kinetic scheme is proposed to capture the decom-
position of urea and its by-products up to temperatures of 750 �C.
2. Experiments

For kinetic and thermodynamic investigation of high-
temperature urea deposits experimental data are derived from
thermogravimetric analysis (TG), differential scanning calorimetry
(DSC) and mass spectroscopy (MS). follow. All TG experiments fol-
low the same procedure for each experiment. The sample is ground
and 5mg to 100mg initial mass is placed in a corundum crucible.
With a constant heating rate between 2 and 10K min�1 the sam-
ples are heated from room temperature to 750 �C. Surrounding
the crucible a purge gas flow of 100mL min�1 of synthetic air
(20.5% O2 in N2) flows, if not further specified.

Pure ammelid (Dr. Ehrenstorfer GmbH, 99:4%), ammeline
(Sigma Aldrich, 97:9%), cyanamide (Sigma Aldrich, 99%), dicyandi-
amide (Sigma Aldrich, 99%), melamin (Fluka AG, 99%) and melem
(Chemos GmbH & Co. KG, 98:2%) are used for the measurements.

A Mettler DSC 30 is used to investigate the thermal behaviour of
the samples during heat up. DSC, as a thermo-analytical measure-
ment technique, can detect exothermic or endothermic heat flows
in comparison to a reference, which allows to gather data on heat
capacities, heat of transition, heat of reaction or heat of a phase
change (sublimation, melting or vaporization). Like in the TG
experiments, the samples with an initial mass of 5 to 10mg are
heated from room temperature to 750 �C with an surrounding syn-
thetic air flow. For better heat flow measurement aluminum cru-
cibles are used for sample and reference. Equipped to the DSC is
a Netzsch QMS 403 Aëolos Quadro mass spectrometer to analyze
the evolving gases, which are produced from the sample during
heat-up.
Table 1
List of conducted experiments.

Type Crucible Substance

TG Cylinder Ammelide
TG Cylinder Ammelide
DSC Cylinder Ammelide
TG Cylinder Ammeline
TG Cylinder Ammeline
TG Cylinder Ammeline
TG Cylinder Cyanamide
TG Cylinder Cyanamide
TG Cylinder Dicyandiamide
DSC Cylinder Dicyandiamide
TG Cylinder Melamin
TG Cylinder Melem

3

A list of all experiments conducted in this study is given in
Table 1. There, the type of the experiment, crucible type, substance,
intial weight and the heating ramp is given. Experiments are either
conducted as TG or DSC measurements, where the DSC experi-
ments however include TG and MS measurements as well. The
substance was either placed in a cylinder-type crucible (6mm
inner diameter and 12mm height) or in a plate-type crucible
(15mm inner diameter and 5mm height) in the specified setup.
For each species several experiments, differing in initial mass or
heating rate, are conducted to investigate the decomposition under
different conditions.

3. Numerical Model

The TG and DSC experiments are simulated by our zero-
dimensional batch-type reactor model (Tischer et al., 2019), which
is implemented as DETCHEMMPTR (MPTR: multi-phase tank reac-
tor) in the DETCHEM software package (Deutschmann et al.,
2018). Each species Si is grouped into a specific phase Pj. Mixtures
of species within a phase are considered ideal. However, by using
multiple phases for liquid, aqueous and the different solid species,
this assumption can be justified. A phase change of a substance is
handeled by two different species in two different phases. Thermo-
dynamic data, namely specific heat, enthalpy and entropy, for each
species are calculated based on assigned NASA-polynomials (Eqs.
(1)–(3)).

cp;i
R

¼ a1i þ a2iT þ a3iT
2 þ a4iT

3 þ a5iT
4 ð1Þ

Hm;i

R
¼ a1iT þ a2i

2
T2 þ a3i

3
T3 þ a4i

4
T4 þ a5i

5
T5 þ a6i ð2Þ

Sm;i

R
¼ a1i ln T þ a2iT þ a3i

2
T2 þ a4i

3
T3 þ a5i

4
T4 þ a7i ð3Þ

Species conservation (Eq. 4) and enthalpy conservation (Eq. 5) are
considered by the batch reactor model. Furthermore the tempera-
ture of the system is linked to its total enthaply (Eq. 6).

dni

dt
¼

X
Rk

_nik ð4Þ

dH
dt

¼ Akw Text � T
� � ð5Þ

H ¼
X
Si

ni � Hm;iðTÞ ð6Þ

kw is the heat transfer coefficient of the system to its ambience, but
since the experiments are driven by an external temperature profile
with temperature Text, the value of kw is not very sensitive for the
simulation. Therefore, for all simulations in this work a value of
Initial weight (mg) Ramp (Kmin�1)

20.5 2
9.34 10
4.6 2
20.2 2
30.2 2
15 10
20.1 2
19.6 10
20.3 2
7.5 2
25.9 2
7.5 2
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kw = 200 Wm�2K�1 is chosen. DSC signals is the (negative) enthalpy
change of all condensed species in the system. Since gas phase reac-
tions shall not be considered in this study, the DSC signal equals the
change of the total enthalpy minus the power to heat the gas (Eq. 7).

PDSC ¼ � dH
dt

þ
X
Sgas
i

nicp;i

0
@

1
AdT

dt
ð7Þ

For more information about the reactor model and calculation of
the reaction rates we refer to our previous paper Tischer et al.
(2019).
4. Thermodynamics and reaction mechanism

From our former study Tischer et al. (2019), we know, that ther-
modynamics, in particular phase transitions and eutectica, play a
significant role in decomposition of urea and its by-products. With
the availability of DSC measurements, the phase change, sublima-
tion and reaction enthalphies can be considered and integrated
into the thermodynamic properties of all species involved. The
thermodynamic data for fundamental gaseous species, namely
water H2OðgÞ, ammonia NH3ðgÞ and isocyanic acid HNCOðgÞ, as
well as their liquid or aqueous phases are taken from thermody-
namic databases Tischer et al., 2019; Burcat, 2006.

In the following, the considerations, calculations and assump-
tions for thermodynamic properties of involved high-
temperature urea by-products are discussed, a summary is given
in Table 2. NASA coefficients for these species were estimated for
a temperature range from 273K to 1023K (see thermdata in the
supplemental information).

The proposed reaction mechanism is based on the given litera-
ture data and the experimental findings in this work, a summary of
all involved reactions can be found in Table 3.

4.1. Ammelide and Ammeline

Ammelide and Ammeline (the chemical structure is given in the
Supplemental Information Fig. A1) are both well known species
from existing decompositon mechanisms of urea and its by-
Table 2
Thermodynamic properties of high-temperature urea deposits in different phases (g = ga
explained in Section 4.

Species Symbol(phase) Df H
� S� cp

[kJ mol�1] [J mol�1K�1] [J

Ammelide ammd(s) �492.900 149.1 94

�2
Ammeline ammn(s) �300.000 149.1 94

�2
Cyanamide cyd(s) 61.300 14.7 2:2

cyd(l) 68.300 40.8 8:3
Dicyandiamide dcd(s) 21.300 127.0 2:8

dcd(l) 32.800 146.0 7:5
Melamin mela(s) �71.720 149.0 �5

�1
mela(g) 49.280 146.0 21

Melam melam(s) 0.018 530.0 8:0
Melem melem(s) 15.600 530.0 8:0
Melon melon(s) 60.000 126.7 32

�1
Graphitic Carbon g-C3N4(s) 412.17 126.77 32

�1
Nitride

4

products. Their decomposition was often described as simple sub-
limation process (Brack et al., 2014) or as a 1-step decomposition
reaction (Ebrahimian et al., 2012). Schaber et al. (2004) described
the reaction from ammelide to ammeline as ammonation, however
these reactions only occur at elevated pressures, which is rarely the
case in SCR applications. The reaction of ammelide to ammeline is
given by Eq. 8 as used in this work (Tischer et al., 2019). Further-
more a direct reaction to melem (Eq. 9) is implemented. Both reac-
tions are clearly global reactions, but can describe the
experimental findings sufficiently well.

3ammdðsÞ!2ammnðsÞþCydðsÞþ2CO2 DRHð300�CÞ¼�140:8kJmol�1

ð8Þ

3ammdðsÞ!melemðsÞþCydðsÞþ2CO2þ2H2O DRHð300�CÞ¼100:5kJmol�1

ð9Þ

Only few literature mechanisms include ammeline decomposition.
Schaber et al. (2004) stated an ammonation reaction of ammeline
to melamine, which however is unlikely to happen solely, due to
low ammonia concentrations. A simultaneous decomposition and
polymerization of ammeline with increasing temperature is more
likely. A decomposition reaction of ammeline to HNCO and Cyd is
proposed (Eq. 10). Furthermore an equally occuring polymerization
to melam (Eq. 11) and melem (Eq. 12) is assumed.

ammnðsÞ ! HNCOþ 2CydðsÞ DRHð300�CÞ ¼ 237:0kJ mol�1

ð10Þ

3ammnðsÞ !melamðsÞ þ 3HNCO DRHð300�CÞ ¼ 174:5kJ mol�1

ð11Þ

3ammnðsÞ!melemðsÞþ3HNCOþ3NH3 DRHð300�CÞ¼139:4kJ mol�1

ð12Þ
4.2. Cyanamide and Dicyandiamide

Cyanamide (Cyd) is a rather simple molecule consisting of only
a primary amino- and a nitrile group, which are directly connected
s, l = liquid, s = solid). Estimations (est.) for properties not available in literature are

Ref.

mol�1K�1]

:958þ 0:262T � 8:444 � 10�5T2

:639 � 106T�2

(Tischer et al., 2019)

:958þ 0:262T � 8:444 � 10�5T2

:639 � 106T�2

(Tischer et al., 2019)

37þ 2:405 � 10�2T (Güthner and Mertschenk, 2000)

68þ 8:773 � 10�3T (Güthner and Mertschenk, 2000), est.

04þ 3:976 � 10�2T (Güthner and Mertschenk, 2000;
Zhang et al., 1997; Zhang et al., 2014)

98þ 4:525 � 10�2T (Zhang et al., 1997), est.

:845 � 102 þ 4:857T

:009 � 10�2T2 þ 7:101 � 10�6T3

(Salley and Gray, 1948;
Smolin and Rapoport, 1959)

:104þ 3:886 � 10�3T (Smolin and Rapoport, 1959;
Gratzfeld and Olzmann, 2017), est.

215þ 6:545 � 10�2T est.

215þ 6:545 � 10�2T (Selivanov et al., 1973), est.

:94� 0:2681T þ 1:198 � 10�3T2

:575 � 10�6T3 þ 6:772 � 10�10T4

(Selivanov et al., 1973), est.

:94� 0:2681T þ 1:198 � 10�3T2

:575 � 10�6T3 þ 6:772 � 10�10T4

(Ruan et al., 2015)



Table 3
Kinetic parameters of the proposed reaction scheme. Reactions and kinetics for the low-temperature range up to 400 �C, indicated by a �, are taken from Tischer et al. (2019).

Reaction ni;k Ak bk EA;k /kJ mol�1

Homogeneous phase

ammdðsÞ ! 2HNCOþ 2CydðsÞ 1 4:0 � 1010 0 175.67

3ammdðsÞ ! 2ammnðsÞ þ CydðsÞ þ 2CO2 3 1:0 � 1015 0 185.67

3ammdðsÞ ! melemðsÞ þ CydðsÞ þ 2CO2 þ 2H2O 1 1:5 � 1014 0 185.67

ammnðsÞ ! HNCOþ 2CydðsÞ 1 8:0 � 1010 0 187.67

3ammnðsÞ ! melemðsÞ þ 3HNCOþ 2NH3 1 1:0 � 1011 0 200.67

3ammnðsÞ ! melamðsÞ þ 3HNCOþ NH3 1 1:0 � 1011 0 200.67

2CydðlÞ ! DcdðsÞ 2 9:0 � 108 0 115.67

3DcdðlÞ ! 2melaðsÞ 1 2:0 � 1012 0 165.67

3DcdðlÞ ! melamðsÞ þ NH3 1 4:0 � 1012 0 165.67

3DcdðlÞ ! 6HCNþ 2NH3 þ 2N2 1 1:7 � 1012 0 165.67

2melaðsÞ ! melamðsÞ þ NH3 1 2:0 � 109 0 157.67

melamðsÞ ! melemðsÞ þ NH3 1 3:0 � 1012 0 215.67

melamðsÞ ! 6HCNþ NH3 þ 2N2 1 0:6 � 1012 0 215.67

melemðsÞ ! melonðsÞ þNH3 1 2:5 � 103 0 130.71

melemðsÞ ! 2g� C3N4ðsÞ þ 2NH3 1 1:2 � 103 0 130.71

* ureaðlÞ þ HNCOðlÞ�biuðsÞ 1 + 1 1:0 � 10�4 0 0

* ureaðlÞ þ HNCOðlÞ�biuðlÞ 1 + 1 1:0 � 10�4 0 0

* biuðlÞ þ HNCOðlÞ�triuðsÞ 1 + 1 1:0 � 10�4 0 0

* triuðsÞ ! cyaðsÞ þ NH3 1 1:2 � 102 0 45

* triuðsÞ ! ammdðsÞ þH2O 1 3:0 � 101 0 45

Surface

melaðsÞ ! melaðgÞ 1 9:0 � 105 0 141.3

melonðsÞ ! 2g� C3N4ðsÞ þNH3 1 7:5 � 100 0 149.7

5melonðsÞ ! 9C2N2 þ 12HCNþ NH3 þ 7N2 1 3:0 � 101 0 149.7

2g� C3N4ðsÞ ! 3C2N2 þ N2 1 2:8 � 101 0 149.7

* 2ureaðlÞ ! biuðlÞ þNH3 2 3:5 � 100 0 99.0

* biuðlÞ þ ureaðlÞ ! triuðsÞ þ NH3 1 + 1 2:0 � 102 0 116.5

* cyaðsÞ ! cyaðgÞ 1 30:0 � 104 0 141.3

Phase change

CydðsÞ�CydðlÞ 1 8:8 � 10�2 0 0

DcdðsÞ�DcdðlÞ 1 8:8 � 10�2 0 0

* H2OðgÞ�H2OðlÞ 1 8:6 � 10�2 0.5 0

* ureaðgÞ�ureaðlÞ 1 4:7 � 10�2 0.5 0

* HNCOðgÞ�HNCOðlÞ 1 5:5 � 10�2 0.5 0

* ureaðlÞ�ureaðsÞ 1 1:0 � 10�6 0 0

* biuðlÞ�biuðsÞ 1 1:0 � 10�6 0 0
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to each other. Thus, it has two reactive centres, one nucleophilic and
one electrophilic (Michaud et al., 1988). Therefore, Cyanamide is a
very reactive molecule. Due to the two functional groups it is able
to cyclize or polymerise. During heat up Cyd starts to melt at 46 �C
with a latent heat of fusion of 8.76kJ mol�1 (Güthner and
Mertschenk, 2000). Unless kept cool or stabilized, the dimerization
of Cyd can occur rather violently, but starts noticeably at about
150 �C (Eq. 14). The enthalphy of dimerization to dicyandiamide
at 25 �C is -48.8kJ mol�1 (Güthner and Mertschenk, 2000). Further
decomposition of Cyd is discussed in the following as it overlaps
with its dimerization product.

CydðsÞ�CydðlÞ DRHð47�CÞ ¼ 8:76kJ mol�1 ð13Þ

2CydðlÞ ! DcdðsÞ DRHð47�CÞ ¼ �59:8kJ mol�1 ð14Þ
Dicyandiamide (Dcd) is the dimer of cyanamide, also known as
cyanoguanidine. It is an odorless, colorless, nonvolatile powder with
a monoclinic primatic crystal structure (Hirshfeld and Hope, 1980;
Güthner and Mertschenk, 2000). Güthner and Mertschenk (2000)
reported an enthalpy of formation of 18.4kJ mol�1 at 25 �C, a ther-
mal stability of up to 170 �C and a melting point of 210-212 �C,
which depends on the heating rate. The melting starts at
208.44 �C with a peak at 214.41 �C as reported by Zhang et al.
5

(1997), which fits well into the previous range. Furthermore, a
molar enthalphy and entropy of melting was determined by DSC
as 22.96kJ mol�1 and 47.68J K�1 mol�1, respectively (Zhang et al.,
1997). The specific heat, obtained by DSC, is given in 5K-steps from
305K to 465K as 122.49-171.02J K�1 mol�1, which can be approxi-
mated up to its melting point by a linear regression function as
given in Table 2. The specific heat of 264.57J K�1 mol�1 at 495K
can be interpreted as the liquid phase ones. Calculated Gibbs free
energies for Cyd and Dcd, both for solid and liquid phase, are shown
in Fig. 1. Melting points, marked by the temperature where curves
for solid and liquid phase intercept, are highlighted with black cir-
cles and given as previously discussed. TG curves of Cyd and Dcd at
different heating rates and initial masses, as well as a DSC curve for
Dcd, are given in Fig. 2.

As can be denoted from the TG curves the decomposition of Cyd
and Dcd is overlapping and it can be clearly seen, that Cyd dimer-
izes to Dcd (Eq. 14). Furthermore, melting of Dcd (Eq. 15) can be
observed at about 211 �C, which is also in good agreement with lit-
erature data (Zhang et al., 1997; Güthner and Mertschenk, 2000;
Zhang et al., 2014). As soon as Dcd melts, first decomposition
starts. As shown in Bojdys (2009), Dcd can react either to melamine
(Eq. 16) or directly to melam (Eq. 17). In addition, small parts are
directly decomposed to gaseous HCN, NH3 and nitrogen (Eq. 18).



Fig. 1. Gibbs free energy of cyanamide and dicyandiamide in liquid and solid phase.

Fig. 2. Experimental TG data for decomposition of cyanamide (Cyd) and dicyan-
diamide (Dcd) at different heating rates and initial masses. DSC signal for DCD
experiment ”2 K/ 7.49 mg”.
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DcdðsÞ�DcdðlÞ DRHð211�CÞ ¼ 25:0kJ mol�1 ð15Þ

3DcdðlÞ !2melaðsÞ DRHð211�CÞ ¼ �96:7kJ mol�1 ð16Þ

3DcdðlÞ ! melamðsÞ þ NH3 DRHð211�CÞ ¼ �68:2kJ mol�1 ð17Þ

3DcdðlÞ !6HCNðgÞ þ 2NH3ðgÞ þ 2N2 DRHð211�CÞ ¼ 179:2kJ mol�1

ð18Þ
Fig. 3. Experimental TG data for decomposition of melamine at different heating
rates and initial masses. DSC signal for experiment ”2 K/ 5.4 mg”.
4.3. Deammonation process to graphitic carbon nitride

Since the work of Liu and Cohen (1989) proposed carbon
nitrides as super-hard materials, many researchers were empha-
sized to work on synthesis routes to form them from C=N=H-
species. But already about 150 years earlier research was done
on different nitrogen molecules.

Melamine was first prepared by Liebig (1834) in 1834. During
heat up, he described a melt that pulls itself up on the walls of
the tube, without sublimation, but decomposition with evolving
6

ammonia and a lemon-colored residue. Later on, several works dis-
cussed either a decomposition (Smolin and Rapoport, 1959) or a
sublimation (Mccellan, 1940; Crews et al., 2000). For this work
both approaches are used and implemented, as described in Bann
and Miller (1958) with ”When heated, melamine sublimes with
some decomposition”. TG data of melamine for various heating
rates and initial masses (Fig. 3) show that less than 5% is decom-
posed or polymerized and the most of it sublimates. Low heating
rates and therefore more time at polymerization temperatures pro-
mote the formation of a residual and vice versa, for example for
high heating rates the sublimation prevails and occurs almost
exclusively. Furthermore, one can see that a high heating rate
and a high initial mass shift the TG curve to higher temperatures,
whereas with low heating rates and low initial masses the decom-
position takes place at lower temperatures, as it is closer to an
equilibrium state. (see Fig. 4).

The sublimation of melamine and its respective reaction
enthalpy is denoted in Eq. 19. As polymerization product either
melam (Smolin and Rapoport, 1959; Lotsch, 2006; Wirnhier
et al., 2013) and/or melem (Smolin and Rapoport, 1959; Lotsch,
2006) is given in the literature. Several reports claim that they pro-
duced melam by pyrolizing melamine, which was later identified
as melem by IR and UV spectroscopy. In contrast to that, May
(1959) reported the formation of melam, melem and melon as
pyrolysis products of melamine at 360 �C, 400 �C and 500 �C,
respectively. Therefore the decomposition of melamine is
described for both possible routes, to melam (Eq. 20) and to melem
(Eq. 21).

melaðsÞ ! melaðgÞ DRHð340�CÞ ¼ 121:3kJ mol�1 ð19Þ

2melaðsÞ ! melamðsÞ þ NH3ðgÞ DRHð200�CÞ ¼ 43:0kJ mol�1

ð20Þ

2melaðsÞ ! melemðsÞ þ 2NH3ðgÞ DRHð200�CÞ ¼ 23:4kJ mol�1

ð21Þ
Thermodynamic data for solid melamine is obtained from Salley
and Gray (1948) and Smolin and Rapoport (1959). Based on solid
melamine’s sublimation enthalpy of 121.3kJ mol�1 at 340 �C from
Smolin and Rapoport (1959) and melamine’s gas phase standard
enthalphy of formation of 70.1kJ mol�1 from Gratzfeld and
Olzmann (2017), the thermodynamic data for gaseous melamine
are calculated. Due to the lack of sufficient literature data a 2nd



Fig. 4. Experimental TG data for decomposition of melam (data from (Wirnhier
et al., 2013)), melem and graphitic carbon nitride (GCN) (data from (Zhu et al.,
2014)) at different heating rates and initial masses.
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order polynomial for specific heat is used. Starting from melamine,
the deammonation process leads to melam, then melem, then
melon and last of all to graphitic carbon nitride. During this process
the H-content is successively decreasing, leaving only C-N bonds
behind. Melam, as the first product of the elimination of ammonia,
is formed by linking two molecules of melamine as a
”ditriazinylamine”-type structure (Eq. 20). Melem can be formed
either from melam by release of one ammonia (Eq. 22) or by direct
deammonation of two molecules of melamin with release of two
ammonia (Eq. 21). Melam and melem are structural and thermody-
namically very similar, therefore they are assigned the same specific
heat in this work. In general, there are only few studies on thermo-
dynamic data for the deammonation products. Selivanov et al., 1973
reported calculated standard formation enthalpies for different
products and Lotsch (2006) analyzed the crystalline structures of
several C=N=H spezies, but no reliable data for specific heats can
be found. For this reason the specific heat for g� C3N4 calculated
by Ruan et al. (2015) is used for melam and melem.

melamðsÞ ! melemðsÞ þ NH3 DRHð300�CÞ ¼ �35:0kJ mol�1

ð22Þ

melamðsÞ !6HCNþ NH3 þ 2N2 DRHð300�CÞ ¼ 742:3kJ mol�1

ð23Þ
By release of another ammonia molecule during decomposition of
melem, melon is formed (Eq. 24). In literature, there is no accurate
structure of melon, apart from its empirical formula C6N9H3. Struc-
ture models based on a cyameluric heptazine core C6N7 or triazine
based models are discussed. Most appropriate is its description as a
mixture of molecules of different sizes and shapes, which gives it an
amorphous character (Smolin and Rapoport, 1959). To the best of
our knowledge, except from a standard formation enthalpy from
Selivanov et al., 1973, there is no thermodynamical data for melon
in the literature. Therefore the thermodynamic data from g� C3N4

is used for melon, since both are very similar in their structure.

melemðsÞ ! melonðsÞ þ NH3 DRHð400�CÞ ¼ 395:1kJ mol�1

ð24Þ

melemðsÞ !2g-C3N4ðsÞ þ 2NH3 DRHð400�CÞ ¼ 914:3kJ mol�1

ð25Þ
7

Graphitic carbon nitride is the final product of the deammonation of
melamine. It consists of only C�N bonds and has a general formula
of C3N4. Two possible structures for carbon nitrides are discussed in
the literature: Triazine based graphitic carbon nitride (TGCN) and
tri-s-triazine or polytriazine-imide (PTI) structures (Miller et al.,
2017). TGCNs can be produced from designed unimolecular precur-
sors and are not expected to form in large amounts from C=N=H-
species, which rather form PTIs instead. As starting material for
the formation of g� C3N4, species with C=N=H composition, like
urea or its decomposition products, are favored. Miller et al.
(2017) also reported, that even at high temperature not all H could
be removed from the sample, but rather C2N2 and other volatile
CxNyHz species evolved to the gas phase. These are the products
from its pyrolysis reaction (see Eq. 28). Due to the unknown struc-
ture and reduced complexity for the simulation, the composition of
graphitic carbon nitride in this work is set to C3N4, but decomposi-
tion is in the same temperature range as the pyrolysis of melon (see
Eq. 27), to ensure the evolution of C2N2 and HCN at the same time.
Bojdys (2009) emphazised this theory with MS measurements of
g� C3N4 decomposition, showing the formation of C2N2, HCN and
NH3 in the range between 500 �C and 800 �C.
melonðsÞ !2g-C3N4ðsÞ þ NH3 DRHð400�CÞ ¼ 519:2kJ mol�1

ð26Þ
5melonðsÞ !9C2N2 þ 12HCNþNH3 þ 7N2 DRHð400�CÞ ¼ 408:4kJ mol�1

ð27Þ
2g-C3N4ðsÞ !3C2N2 þ N2 DRHð400�CÞ ¼ �88:0kJ mol�1 ð28Þ
Thermodynamic data for g� C3N4 are well described in the theore-
tical study by Ruan et al. (2015), who calculated heat capacity,
enthalphy, entropy and Gibbs free energy. From this, the necessary
NASA polynomial is calculated with very good agreement in the
temperature range from 0 �C to 750 �C.

As a result of the investigations in this work, the authors came
up with a reaction scheme of the decomposition of urea and its by-
products (Fig. 5). The gathered and calculated thermodynamic data
for all mentioned species is summarized in Table 2. All involved
reactions for the formation and decomposition of high temperature
urea by-products and their kinetic data is shown in Table 3. For
each reaction the reaction order ni;k, pre-exponential factor Ak in
SI-units and the activation energy EA;k are given. After the kinetic
data were adjusted to agree to the main characteristics of DSC
and TG experimental data, no significant improvement was
achieved by a following automated parameter optimization, which
is why the manually fitted parameter are used in this publication.
5. Simulation results

All simulations presented in the following were performed with
the DETCHEMMPTR software package described in Section 3 and the
reaction mechanism and kinetic data from Table 3.

Starting from the decomposition of g� C3N4, the simulation of
every species involved in the published mechanism is compared
to available experimental data. In all following figures the experi-
mental and simulated TG results are normalized by the initial mass
of the experiment and plotted against the temperature.

Additional experimental and simulation results, e.g. different
heating rates, and the gas composition during experiments can
be found in the supplemental information section D.



Fig. 5. Proposed reaction scheme of the decomposition of urea and its by-products. Adapted and extended from Tischer et al. (2019).
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5.1. Graphitic carbon nitride

Graphitic carbon nitride is the most thermal stable solid pro-
duct of the deammonation process and consists, theoretically, of
only C�N bonds. Zhu et al. (2014) showed that g� C3N4 is not
harmed by oxidizing atmosphere and pyrolizes with evolution of
C2N2, HCN and ammonia. The occurence of H atoms in the pyroly-
sis gas can be attributed to an incomplete deammonation and exis-
tence of melon in the investigated sample. For the simulation pure
g� C3N4 is used, therefore no HCN or ammonia but only C2N2 and
nitrogen are formed. A comparison of the experiment from Zhu
et al. (2010) and the simulation is shown in Fig. 6.

The initial mass reduction in the experiment is attributable to
evaporating water due to humidity and is not considered in the
simulation. For the following decomposition in a 1-step reaction
a very good agreement between experiment and simulation is
accomplished.
Fig. 6. Mass loss of graphitic carbon nitride as function of temperature measured by
TG (cylinder crucible, 20mg, 10K min�1), dashed line, and simulation results of the
total mass loss of g� C3N4 during decomposition, solid lines. Experimental data
from (Zhu et al., 2010).
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5.2. Melem

Since no literature data of pure melon decomposition nor the
species itself for experiments is available, the next discussed spe-
cies is melem. It is the third most thermal stable species in the
deammonation process and melon is directly formed from melem
together with g� C3N4 and ammonia. Melem decomposition
slowly starts at around 400 �C, but takes to 500 �C for a mass loss
of 10% and to 600 �C to have all melem and resulting products con-
verted, as can be seen in Fig. 7.

The simulation of melem decomposition is in very good agree-
ment with the experimental results. Kinetics are designed, that one
third of melem reacts directly to 2 g� C3N4 and evolving ammonia,
and two third react to melon as intermediate species. This distribu-
tion ensures a gas evolution of C2N2, HCN and NH3 during the fur-
ther decomposition of melon and g� C3N4 similiar to the
experiment.
Fig. 7. Mass loss of melem as function of temperature measured by TG (cylinder
crucible, 7.5mg, 2K min�1), dashed line, and simulation results of the total mass loss
and mixture composition during decomposition, solid lines.



Fig. 8. Mass loss of melam as function of temperature measured by TG (cylinder
crucible, 24mg, 5K min�1), dashed line, and simulation results of the total mass loss
and mixture composition during decomposition, solid lines. Experimental data from
Wirnhier et al. (2013).
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5.3. Melam

Melam is the intermediate species of the deammonation of mel-
amin to melem and further products. It consists of two melamine
rings connected by elimination of ammonia. Wirnhier et al.
(2013) synthesized the rather unstable melam by thermal treat-
ment of Dcd in an autoclave. Subsequent thermal analysis revealed
the decomposition behavior, as it can be seen in Fig. 8. Melam
starts to react at about 370 �C with a mass loss of 22.6% up to
410 �C. This corresponds well with evolution of either 3mol of
ammonia (calc. 21.7% (Wirnhier et al., 2013)) or 1mol ammonia,
1mol HCN and 1/3mole N2 (calc. 22.7%) per mole of melam. The
latter is used in this work, which is implemented via the deam-
monation reaction of melam to melem (Eq. 22) and and decompo-
sition of melam (Eq. 23).
Fig. 9. Mass loss of melamine as function of temperature measured by TG (cylinder
crucible, 25.9mg, 2K min�1), dashed line, and simulation results of the total mass
loss and mixture composition during decomposition, solid lines.
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Following to melam is the decompostion of melem, where a
good agreement between experiment and simulation could already
be validated for the pure substance.

5.4. Melamine

A comparison between experimental data and simulation
results for melamine decomposition is shown in Fig. 9. Melamine
starts to react at about 250 �C. From many literature studies it is
known that it mostly sublimates and only a fraction reacts to
melam in open vessels. This behavior is well described in the sim-
ulation, where the mass loss of 96.25% up to 350 �C overlaps with
the experiment. In the following, the produced melam reacts fur-
ther to melem, melon and g� C3N4 and decomposes. Though, the
last decomposition step of melon and g� C3N4 is slightly overpre-
dicted and shifted to lower temperature. This is most probably
caused by the low remaining mass and definition of the reactions
on the surface, which results in high surface/volume ratios and
therefore increased reactions rates.

5.5. Cyanamid

Decomposition of Cyanamide involves several stages and inter-
mediate species. Starting from room temperature, Cyd melts at
47 �C to liquid Cyd. Simultaneously, water evaporates slowly from
Cyd, even after drying, since it is a strongly hygroscopic species.
Since this phenomenon could not be included in the simulation,
it is always a bit above the experimental curve, which can be seen
in the following. At around 100 �C liquid Cyd begins to dimerize to
dicyandiamide. Interestingly, although solid Dcd is formed from
the dimerization, the thermodynamic equilibrium is on the liquid
Dcd side until 50% of Cyd is converted. That is caused by the liquid
phase definitions and algorithm in the used model, but could occur
in the experiment as well. With increasing temperature solid Dcd
starts to melt at 211 �C and slowly polymerizes to melamin and
decomposes in small amounts. The following mass loss due to sub-
limation of melamin fits very well with the experimental mass loss
around 300 �C. The next stage during melam formation and decom-
postion to melem is in good agreement with the experiment, as can
be see in Fig. 10. The last large mass loss step, starting at 400 �C,
due to the formation and decomposition of melem, melon and
g� C3N4, is again slightly overpredicted and shifted to lower tem-
peratures, due to the mentioned problems with water and the
g� C3N4 decomposition. Furthermore, due to the high reactivity
Fig. 10. Mass loss of cyanamide as function of temperature measured by TG
(cylinder crucible, 20.1mg, 2K min�1), dashed line, and simulation results of the
total mass loss and mixture composition during decomposition, solid lines.



Fig. 12. Mass loss of ammeline as function of temperature measured by TG
(cylinder crucible, 20.2mg, 2K min�1), dashed line, and simulation results of the
total mass loss and mixture composition during decomposition, solid lines.
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of Cyd with its two reactive centres it can form a diversity of side-
products, which is not included in this mechanism.

The decomposition of Dcd follows the curve of Cyd in the exper-
iment as well as in the simulation. It includes the exact same stages
and formed products in the temperature ranges and is therefore
not further discussed. A comparison between experiment and sim-
ulation of two measurements of Dcd decomposition, including
DSC/MS data, can be found in the supplemental information.

5.6. Ammelide

Ammelide is one of the species which is already included in for-
mer reaction mechanisms. However, its decomposition was often
modeled as a pure sublimation, as a simplification of the more
complex real process. From the experiment in Fig. 11 it can be
clearly seen, that ammelide decomposition involves more than just
one reaction or stage. The simulation can reproduce this behavior
with a very good agreement. Starting at about 320 �C, ammd
decomposes to ammnwith release of Cyd and CO2. Simultaneously,
a small part reacts directly to melem, while another part decom-
poses to HNCO and Cyd. Through the release of Cyd in the reactions
many side products can be formed, as already discussed above. The
two overlapping, but recognisable, stages in the experiment during
the first decomposition of ammd could not be seperated in the sim-
ulation in that way. However, the overall mass loss of 75% up to
470 �C in the experiment is well met with the simulation
(72.1%). The start of the last stage of decomposition is in good
agreement, even if the mass loss with increasing temperature
occurs slightly slower in the experiment than in the simulation.
Residual mass in the experiment is presumably due to measure-
ment inaccuracy. Results of the DSC/MS-measurement and a TG
experiment with higher heating rate, together with corresponding
simulations, can be found in the supplemental information. (see
Fig. 12).

5.7. Ammeline

Ammeline decomposition starts at about 375 �C and loses 58%
of its initial mass up to 475 �C. The simulation is in very good
agreement (56% mass loss) with the experiment by modeling the
decomposition by equal shares of melam and melem. Furthermore,
ammeline pyrolizes to HNCO and Cyd as its building blocks to form
other byproducts. Formed melam reacts quickly to melem by
Fig. 11. Mass loss of ammelide as function of temperature measured by TG
(cylinder crucible, 20.5mg, 2K min�1), dashed line, and simulation results of the
total mass loss and mixture composition during decomposition, solid lines.

Fig. 13. Mass loss of urea as function of temperature measured by TG (cylinder
crucible, 23.2mg, 2K min�1), dashed line, and simulation results of the total mass
loss and mixture composition during decomposition, solid lines.
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deammonation. The following decomposition stage of melem is
in good agreement, but again slightly shifted to lower tempera-
tures as already described above.
5.8. Urea

The comparison between experiment and simulation for urea
decomposition is shown in Fig. 13, which is the initiating species
for solid deposits in SCR applications. For the simulation of urea
decomposition up to ammelide formation, our recently published
kinetics (Tischer et al., 2019) are used, while subsequent reactions
are taken from this study. The first decomposition stage between
133 �C and 220 �C with a mass loss of 48% is well described by
the model. But especially for the second decomposition stage,
where biuret and triuret react, there is a significant deviation
between experiment and simulation. The mechanism by Tischer
et al. (2019) is not able to precisely reproduce this second stage
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with a mass loss of about 13%, but forms cya and ammd earlier
instead. Due to missing thermodynamic data of biuret and triuret
in solid and liquid phase, no eutectic mixture of these compounds
could be established as suggested (Tischer et al., 2019). The follow-
ing decomposition stage involves the sublimation of cya and fur-
ther decomposition of ammd. Especially above 400 �C, where all
cya has sublimated, there is a good agreement between experi-
ment and simulation. This suggests that the amount of ammd is
correctly predicted by the mechanism of Tischer et al. (2019).
Though, above 400 �C only 5% of the initial urea mass is left as a
deposit, it is important to have a good correlation for the formation
and decomposition of these high-temperature urea by-products.
6. Conclusion

This study presents a new kinetic model for high-temperature
urea deposit formation and decomposition starting from amme-
lide. Based on TG- and DSC-measurements of the urea by-
products ammelide, ammeline, cyanamide, dicyandiamid, mela-
min and melem and MS analysis of the evolving gases a mecha-
nism is developed. All experiments are simulated with the
DETCHEMMPTR code (Tischer et al., 2019) and kinetics are manually
adjusted to agree with the main characteristics of TG- and DSC
data. No significant improvement of the results was achieved by
a following automated parameter optimization, which is why the
manually fitted parameters are used in this publication to prevent
overfitting.

Other mechanisms in the literature are often limited to reac-
tions up to the formation of ammelide or melamine and their direct
decomposition into the gas phase. High-temperature by-products
are not taken into account. Even if this high-temperature species
make less than 5% of the initially injected urea mass, over time
they can accumulate and build deposits that can only be removed
by temperatures much higher than 400 �C or by expensive manual
removal.

This study attemps to fill the gap of literature mechanisms by
involving the formation and decomposition of 11 different species
(Ammelide, Ammeline, Cyanamide solid and liquid, Dicyandiamide
solid and liquid, Melamine, Melam, Melem, Melon and Graphitic
Carbon Nitride), including two phase changes and the evolution
of 6 different gases (CO2, HNCO, NH3, HCN, C2N2 and N2). It there-
fore consists of 14 homogeneous and 6 interphase reactions in
addition to the mechanism by Tischer et al. (2019) comprising urea
reactions below 400 �C. For each species, thermodynamic data was
gathered from the literature and NASA-polynomials are calculated.
However, data is not available for every species and some assump-
tions based on similarities to other species had to be made. All per-
formed TGA- and DSC measurements are very well described by
the postulated mechanism. Even changes of initial mass or heating
rate can be reproduced well. In combination with the Tischer
mechanism (Tischer et al., 2019) the proposed overall reaction
scheme for urea decomposition up to 750 �C gathers 21 different
solid, liquid and aqueous species, 10 gaseous species, 19 homoge-
neous reactions, 7 interphase reactions and 7 phase change
reactions.

This study presents the first reaction mechanism for decompo-
sition of urea and formation and decomposition of its by-products
over the whole SCR-relevant temperature range from room tem-
perature to 750 �C. Kinetics for low-temperature reactions are
taken from our previous study (Tischer et al., 2019), while high-
temperature reactions are developed in the present study. There
is still some uncertainty in the second stage of urea decomposition,
especially concerning the interplay of the mixture of urea, biuret
and triuret. A major issue therefore is the unavailability of thermo-
dynamic data for certain species, in particular for triuret. More
11
experiments, in open and closed vessels, should be done to deter-
mine the nature and gather more data of a possible eutectic mix-
ture of biuret and triuret. Nevertheless the mechanism used in
this study can reproduce all important processes during decompo-
sition of urea and its by-products. Further investigation of the
addressed problems could complete the uncertain parts of the
mechanism, make it more robust and enhance its area of applica-
tion. An implementation of this extended urea decomposition
mechanism into CFD simulations of SCR systems could further-
more improve the accuracy of existing models in order to match
the experimental deposit composition, help to avoid the formation
of high-temperature by-products and make the development pro-
cess more cost-efficient.
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