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current diesel engines. However, the issue of urea crystallization becomes increasingly seri-
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ous with the implement of the new emissions standards. In this paper, urea deposit samples
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collected from engine test bed and tube furnace were characterized by thermogravimetric
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analysis and Fourier transform-infrared analysis to aid the comprehension of urea deposit
formation. Moreover, thermogravimetric tests were conducted to disclose the effects of cat-
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alyst on the thermal decomposition processes of urea deposit. The results indicated that less
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temperature resistant species are formed in the engine test bed than in the tube furnace at
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conditions with the same temperatures. The main compositions in the World Harmonized
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Transient Cycle (WHTC) urea deposits are urea, cyanuric acid (CYA) and ammelide, implying

Catalyst

that accelerating the decomposition of these species could prevent the accumulation of
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urea deposit. CuWTi, Cuβ and CuZSM catalysts could lead to increased yield of CYA during
pure urea thermolysis. Cuβ, CuWTi and VWTi catalysts tend to promote the thermolysis of
CYA while VWTi has the most significant catalytic effects on the thermal decomposition of
ammelide and ammeline.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
With the increasing concerns on environment, the emission
standards for diesel engines, which are one of the main
∗

sources for atmospheric pollution, have become more and
more stringent. Currently, selective catalytic reduction (SCR)
is an essential part of the aftertreatment system in diesel engines (Wang et al., 2011; Zanoelo, 2009; Fritz and Pitchon, 1997;
Capetillo et al., 2017). Generally, SCR is used for nitrogen
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oxides (NOx) reduction by the production of ammonia from
urea decomposition. When urea-water-solution (UWS) is
injected into the exhaust gas, it would first experience
atomization and evaporation processes, leading to the formation of urea in different phases. Afterwards, urea (no
matter in liquid, solid or melted phases) could decompose
into ammonia (NH3 ) and isocyanic acid (HNCO); HNCO then
reacts with water, leading to the formation of ammonia and
carbon dioxide (Shahariar et al., 2018; Ciardelli et al., 2004;
Koebel et al., 2000; Seo, 2011). However, during the thermolysis of urea, there are possibilities for the formation of some
solid byproducts, which could accumulate on the surface
wall or in the substrate (Liao et al., 2015; Birkhold et al.,
2006). The solid byproducts, i.e. urea deposit, could hinder the
exhaust gas flow and reduced the coverage of the catalyst,
which in turn will impair fuel economy and conversion
efficiency of NOx (Qian et al., 2017; Abu-Ramadan et al.,
2012). Thereby, the prevention of urea deposit formation has
become a research focus in the studies of SCR aftertreatment
systems.
To avoid the formation of urea deposit, it is vital to understand the mechanism of urea thermal decomposition and get
a good knowledge of the compositions of urea deposits. Extensive studies have conducted on the formation mechanism of
urea deposit. Schaber et al. (2004) and Weeks et al. (2015) explored the thermal decomposition of urea by heating solid
urea in a sand or silicone oil bath; by the combined use of
thermogravimetric analysis (TGA), high performance liquid
chromatography (HPLC) and Fourier transform-infrared (FTIR);
they found that different compositions would appear at different temperature ranges. Lundström et al. (2009) performed
tests by impregnating UWS in a cordierite monolith or loading dry urea sample in a silica cup; during the test process,
the thermal response was monitored by differential scanning
calorimetry (DSC) while the NH3 and HNCO gases released
during urea thermal decomposition were monitored by FTIR;
as can be observed from their results, the urea decomposition process is not only temperature dependent but also rely
strongly on the type of reactor. Bernhard et al. (2012) investigated the hydrolysis and thermolysis of urea and the possible byproducts during urea decomposition using a tubular
quartz reactor with cordierite monoliths impregnated with
standard chemicals; according to their FTIR and HPLC results, the presence of water has significant effects on the
thermolysis of all the byproducts. Brack et al. (2014) examined the thermal decomposition process of urea and the possible byproducts formed during urea thermolysis by TGA;
they pointed out that heating rate has remarkable effects on
the thermal decomposition process, which means the turning points of the thermal decomposition curves could be affected by heating rate. Except for the thermal decomposition process of urea, Fang and DaCosta (2003) also investigated the effects of catalyst on the decomposition process
of urea by TGA; they found that catalyst could strongly affect the thermal decomposition process of urea; however, they
only compared the decomposition curves with and without
VWTi catalyst, the effects of other catalysts were not explored.
Eichelbaum et al. (2010) investigated the effects of H-Y, CuY, H-Beta, Na-Beta and Fe-Beta on the pyrolysis and hydrolysis of urea by TGA tests. Nevertheless, the effects of the fre-

Table 1 – Engine specifications.
Item

Specifications

Number of cylinder
Engine type
Bore × Stroke (mm)
Displacement (L)
Rated power (kW)
Rated speed (r/min)
Idle speed (r/min)

4
Turbocharged, water cooled
105 × 130
4.5
110
2300
650

quently used small pore Cu-zeolite catalysts were not involved
in their study. Börnhorst et al. (2019) collected the urea deposits
from a hot test rig and evaluated the urea deposits by TGA and
HPLC; as indicated by their results, the urea deposits formed at
higher temperatures are more resistant to thermal decomposition and could induce deposit accumulation. It can be summarized from the above studies that though the thermal decomposition process of pure urea and the possible byproducts
have been extensively investigated; the investigations regarding urea deposits collected from real engine test bed are rare. In
addition, all the urea deposits were collected at generally fixed
conditions; nevertheless, the urea deposits in diesel engines
are generally formed at transient conditions; although the results at stable conditions can provide reference for the transient conditions, it is vital to compared to the results under
transient conditions and find the solutions for the avoidance
of urea deposit formation during the realist operation of diesel
engines.
In this paper, urea deposit samples were collected from
tube furnace at different temperatures, from engine test bed
after steady tests at different exhaust temperatures as well as
from engine test bed after World Harmonized Transient Cycle
(WHTC) tests. The samples were analyzed by TGA, HPLC and
FTIR tests to identify the detailed decomposition characteristics. What’s more, the effects of Cu-base and VWTi catalysts
on the decomposition of WHTC urea deposit and urea standard
chemical were evaluated by TGA to disclose the thermolysis
behavior of pure urea and urea deposit with the presence of
catalysts.

1.

Materials and methods

1.1.

Setup of the engine test bed

The tests were conducted on a four-cylinder diesel engine, the
main specifications of the engine are shown in Table 1. The
setup of the engine test bed is shown in Fig. 1. The aftertreatment system of this engine includes two parts, i.e. Diesel Particulate Filter (DPF) and SCR. As the aim of this study is to explore the formation characteristics of urea deposits and analyze the detailed compositions, it is essential to collect the urea
deposits in a real engine aftertreatment system. To achieve
this goal, the SCR system has been designed to be detachable.
The DPF was installed before the SCR system to avoid the influence of the particulate matters.
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Table 2 – Operating points of the engine test.
Operating condition

Engine speed

Engine load

Exhaust temperature

Exhaust mass flow rate

OP1
OP2
OP3
OP4

1600 r/min
1600 r/min
1600 r/min
1600 r/min

210 N•m
177 N•m
124 N•m
68 N•m

350°C
300°C
250°C
200°C

262 kg/hr
258 kg/hr
239 kg/hr
237 kg/hr

Fig. 1 – Layout of the engine test bed.

down to room temperature. For the engine tests, the evaporation and reaction processes happen continuously while for
the tube furnace tests, evaporation of water happens before
the thermolysis of urea. By several trial tests, it was found that
in tube furnace, two hr is the shortest time duration for the
completion of evaporation and the occurrence of thermolysis at operation condition with the lowest temperature (OP1).
Therefore, test duration of two hr was chosen in this paper.
The urea deposits were collected by two different ways because the conditions in the engine test are rather complex.
Even at steady state conditions, the formation of the urea deposits would be affected by the specific injection strategy of
the UWS injector and the design of the mixer. The conditions in the tube furnace would be more controllable. Thus,
the analysis for the urea deposits formed in the tube furnace
could aid the analysis for the samples collected from the engine tests. To achieve this goal, the temperature in the tube
furnace was set to the same values as the exhaust temperatures in the engine tests.

1.3.
1.2.

Chemical characterization

Urea deposit generation

The urea deposit samples were collected from both engine test
bed and tube furnace. To collect urea deposits from engine test
bed, the engine was operated at fixed operating points for two
hr; the deposits were collected from the near wall regions before the substrate and after the mixer of the SCR system. Overall, four samples were collected under steady state engine test
conditions, the selected operating points are shown in Table 2.
The UWS injector used in this study is a single-nozzle injector with nozzle diameter of 0.5 mm. The injection pressure
was kept constant at 550,000 Pa and injection frequency was
kept at 1 Hz during the engine tests. At operating conditions of
OP1 to OP4, the injection rate was maintained at 400 mg/s. As
mentioned before, the urea deposit collected under transient
conditions would be more representative. Thereby, the engine
was operated under the WHTC for two hr, after which the urea
deposits were collected. In order to collect enough urea deposit
sample of the WHTC test, the two-hour WHTC test was duplicated for six times. During the WHTC tests, the injection
of UWS (32.5 wt.%) was conducted according to the calibrated
injection strategy during engine development. To collect urea
deposits from tube furnace, 50 ml of UWS was placed in a
corundum crucible and put in the tube furnace. The tube furnace was then heated from room temperature to the expected
temperatures (200°C, 250°C, 300°C and 350°C) in air and was
maintained at the expected temperatures for two hr. Finally,
the urea deposits were taken out from the crucible after cooled

In this study, the TGA and DSC tests were performed on
a thermogravimetric analyzer (Netzsch STA 449 F5 Jupiter)
with temperature resolution of 0.001°C and mass resolution
of 0.1 μg. 6 mg of each sample was placed in a corundum
crucible and was heated from 40°C to 700°C with a heating
rate of 10°C/min. The TGA measurements were conducted in
synthetic air with 21% O2 and 79% N2 . The FTIR measurements were performed on Thermo Scientific FTIR spectrometer (Nicolet iS50) with a resolution of 0.09 cm−1 and a spectral
range from 7800 to 350 cm−1 . The pore diameter and specific
surface area of different catalysts were obtained by the Micromeritics ASAP2460 surface area and porosimetry analyzer,
which could be used for the measurement of materials with
specific surface area larger than 0.0005 m2 /g and pore volume
larger than 0.0001 ml/g. To identify the specific compositions
of the urea deposits, HPLC analyses were conducted for urea
deposits collected from tube furnace tests and from the WHTC
engine tests. Measurements were carried out on Waters Acquity SQD2 using different columns (Acquity UPLC BEH Phenyl
1.7 μm and Acquity UPLCr HSS TS 1.8 μm). It should be noted
that the HPLC tests were not conducted for the two-hour engine tests under steady conditions due to the limited amount
of samples.
Furthermore, to aid the explanation of the TGA and
FTIR results of the urea deposits, pure urea (National Institute of Metrology, 99.8%), biuret (Aoke Biology Research
Co., Ltd., 99.2%), cyanuric acid (Dr. Ehrenstorfer GmbH, 99.5%),
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Fig. 2 – TGA and DSC curves of standard chemicals. (a) TGA curves of biuret, cyanuric acid, ammelide and urea, (b) TGA curves
of ammeline, melamine and urea, (c) DSC curves of biuret, cyanuric acid, ammelide and urea, (d) DSC curves of ammeline,
melamine and urea.

ammelide (Dr. Ehrenstorfer GmbH, 99%), ammeline (Dr. Ehrenstorfer GmbH, 98.4%) and melamine (National Institute of
Metrology, 99.5%) were used to measure reference decomposition curves and FTIR curves.

1.4.
Test procedure for the evaluation of the effects of
catalysts
Since the effects of SCR catalyst are studied in this paper, five
kinds of catalysts were prepared by impregnation method before the decomposition tests. To prepare the catalysts, 0.456 g
Cu(NO3 )2 •3H2 O (≥99.0%, Tianjin Guangfu Technology Development Co., Ltd.) or 0.193 g NH4 VO3 (≥99.0%, Tianjin Guangfu
Technology Development Co., Ltd.) and 4.85 g commercial
washcoat sample were dissolved in 25 mL distilled water to
ensure the 3.0% active species in all catalysts. The suspension
mixtures were then stirred at 80°C for 2.5 hr, dried at 110°C for
2 hr and calcined at 500°C for 5 hr. The compositions for the
washcoat samples are given in Table 3. 100 mg/300 mg/500 mg
of the prepared catalysts or the washcoat sample was mixed
with 900 mg/700 mg/500 mg urea deposits collected from engine operated after two-hour WHTC tests or urea standard
chemical, forming samples with 10%, 30% or 50% catalyst addition. Afterwards, 6.7 mg, 8.6 mg or 12 mg of each mixture was
heated from 40°C to 700°C with a heating rate of 10 °C/min
in the thermogravimetric analyzer. During this test proce-

Table 3 – Compositions of the washcoat samples.
Composition

WO3 /TiO2

SSZ-13

ZSM-5

β

P2 O5 (wt.%)
Al2 O3 (wt.%)
SiO2 (wt.%)
Fe2 O3 (wt.%)
Na2 O (wt.%)
MgO (wt.%)
TiO2 (wt.%)
WO3 (wt.%)
SO3 (wt.%)
CaO (wt.%)

0.076
–
–
0.011
0.087
0.12
87.43
10.54
1.12
–

–
0.95
98.84
0.16
0.48
0.082
0.013
–
–
0.019

0.059
4.51
94.91
0.047
0.18
0.074
0.021
–
0.17
0.0035

0.26
7.07
92.29
0.068
0.12
0.92
0.048
–
–
0.023

dure, 6.7 mg, 8.6 mg or 12 mg initial mass is used instead of
6.0 mg to ensure that there is 6 mg urea or urea deposit in the
urea/catalyst or WHTC-ET/catalyst mixtures.

2.

Results and discussion

2.1.

Chemical characterization of standard chemicals

Fig. 2 illustrates the decomposition and heat flux curves of the
standard chemicals. Table 5 gives the reaction pathways for
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Fig. 3 – TGA and DSC curves of the urea deposit samples. (a) TGA curves of urea deposit samples from engine tests, (b) TGA
curves of urea deposit samples from tube furnace tests, (c) DSC curves of urea deposit samples from engine tests, (d) DSC
curves of urea deposit samples from tube furnace tests.

the formation and thermal decomposition of urea and urea decomposition byproducts. Urea is the basic research object, and
other chemicals, including biuret, CYA, ammelide, ammeline and
melamine are the possible by-products during urea decomposition. As can be observed from Fig. 2, the mass loss of urea
and biuret initiates before 200°C with initiation temperatures
of 130°C and 154°C respectively, implying that the melting
points of these two species have been reached at these temperatures and forming the first negative peak of DSC curves
(Fig. 2c). It is also demonstrated that urea has four decomposition stages. The first decomposition stage could be attributed
to the thermolysis of pure urea and biuret according to Reaction 1 and Reaction 5 (Brack et al., 2014). During the first
stage, biuret, ammelide, CYA and ammeline are formed through
Reactions 2–8 accompanied with nearly 70% mass loss and
peaks of heat absorption. The second decomposition stage of
urea starts at approximate 230°C with slowed down mass loss
and reduced heat release due to the transition from solid to
solid matrix, which has the property of NH4 + NCO− trapping
and could thus avoid the escaping of NH3 and HCNO gases
(Schaber et al., 2004). In the second stage, the decomposition
of biuret contributes to a larger extent (Reaction 5, Reaction
10 and Reaction 12) and 6.4% mass loss could be observed.
In addition, continuous formation of CYA, ammelide and ammeline is accompanied. In the third stage (256°C to 343°C),

CYA, which is the major composition of the residue and stable before 260°C, begins to loss mass rapidly (Reaction 9). In
the range of 300°C to 340°C, ammelide and ammeline start to
melt (Zhang et al., 2017); when temperature rising to 350°C,
these two species begin to decompose rapidly, resulting in the
fourth stage of urea decomposition, forming a negative peak
in the range of 350°C to 400°C. Similar to urea, the decomposition of biuret also has four stages, however, the decomposition reactions related to pure urea play a less important role
and less gaseous species will be released at low temperatures.
In this case, the mass loss (57.6%) and heat absorption in the
first stage would be smaller, the mass loss in the following
stages would be larger attributed to the increased possibility
for the formation of temperature-resistant species (including
CYA, ammelide, ammeline et al.). For ammelide, 14.8% of the total mass would be left when temperature reaches 700°C; the
rapid decomposition of ammelide initiates at about 328°C, after which the DSC curve experiences a transition from heat release process to heat absorption process; the heat absorption
process begins at 383°C and ends at 447°C; when temperature
further rises, a second heat release process could be observed;
when temperature reaches 630°C, heat absorption behavior
appear once again and is still ongoing at 700°C, suggesting
that the complete decomposition of urea is the highest among
all the standard chemicals investigated. For ammeline, more
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Fig. 4 – FTIR spectra of the urea deposit samples from engine tests.

than 99.0% of the total mass would be decomposed when temperature reaches 650°C and the whole decomposition process
is exothermic (Fig. 2d). The TG and DSC curves of ammelide
and ammeline suggest that samples contains higher percentages of these two species will result in increased amount of
residues at high temperatures.

2.2.

TG analysis at different temperatures

Fig. 3a b provides the thermal decomposition curves of the
urea deposits collected in the engine tests and tube furnace
tests. As shown, the decomposition process of the urea deposits collected in the engine tests (ET) could be divided into
three to four stages while those collected in the tube furnace
tests (FT) could be divided into three to five stages. For the
urea deposits collected from engine tests with exhaust temperatures of 200°C and 250°C, the decomposition process has
four stages. The first stage begins at 142°C (200°C-ET) or 144°C
(250°C-ET), representing the initiation of urea decomposition.
After 15.1% (200°C-ET) or 12.1% (250°C-ET) of the total mass
reduced, the second stage (200°C to 260°C), which is the major decomposition stage of biuret, starts. The second stage is
accompanied with 26.7% (200°C-ET) or 24.4% (250°C-ET) mass
loss. Then, the third stage, which represents the decomposition of CYA, begins at 260°C, followed by the fourth stage be-

gins at 360°C to 370°C. During the third stage, 50.4% (200°C-ET)
and 53.5% (250°C-ET) mass loss could be observed. In the last
stage, 6.0% (200°C-ET) and 7.4% (250°C-ET) mass loss could be
observed. As could be observed from the DSC curves of these
two samples, the most predominant negative peaks appear
during the decomposition of CYA, indicating that CYA decomposition reaction is the strongest exothermic reaction during
the decomposition process of these two urea deposit samples
(Fig. 3c).
In views of urea deposit collected from engine test with
exhaust temperature of 300°C (300°C-ET), three stages of decomposition could be observed with mass loss of 21.6%, 68.4%
and 7.9% respectively and there is no heat absorption behavior before 250°C. The reduction in stage number and the mitigation of heat absorption behavior could be attributed to the
smaller percentage of urea and higher percentages of biuret
and CYA. For the urea deposits collected from engine tests
with exhaust temperature of 350°C (350°C-ET), only two stages
with mass loss of 86.7% and 11.3% along with a very short
heat absorption period around 370°C could be observed attributed to the larger percentages of CYA, ammelide and ammeline. In this case, the first stage is mainly owing to the decomposition of CYA and the second stage is due to the decomposition of ammelide and ammeline. The decomposition process
of urea deposit collected from WHTC engine tests has stage

journal of environmental sciences 103 (2021) 157–171

163

Fig. 5 – FTIR spectra of the urea deposit samples from furnace tube tests.

number same to engine tests with exhaust temperatures of
200°C and 250°C, i.e. four stages could be found from the thermal decomposition curve. The reasons for the formation of
the four stages are same to those of the urea deposits collected
form the 200°C and 250°C engine tests.
During the WHTC test, UWS would not be injected at exhaust temperatures lower than 200°C. However, the UWS left
on the walls of SCR system will experience a period for urea
deposit formation with temperature ranging from 150°C to
380°C. Thereby, urea and biuret generated at low temperature
conditions would be decomposed or converted to temperature resistant species at high temperature conditions, leading to lower proportions of urea and biuret along with higher
proportions of CYA, ammelide and ammeline. Consequently, the
mass losses of the first and second stages of WHTC-ET are
lower whereas those of the last two stages are higher compared to those of 200°C-ET and 250°C-ET. Meanwhile, the heat
flow peak caused by urea decomposition during the thermolysis of WHTC-ET seems to be lower than those of 200°C-ET and
250°C-ET while the heat flow caused by CYA decomposition
seems to be lower than that of 350°C-ET.
Fig. 3b provides the thermal decomposition curves of the
urea deposits collected in the tube furnace tests. As can be
seen, four stages could be observed from the decomposition
curve of 200°C-FT. The proportions of mass loss in different
stages are 50.0%, 7.7%, 33.2% and 8.4% respectively. With

the aid of the HPLC test results in Table 4, the thermal decomposition curves and the DSC curves of the urea deposits
collected in the tube furnace tests (Fig. 3b , d) as well as the
DSC curves of the standard chemicals (Fig. 2c and Fig. 2d), it
could be deduced that among all the samples, 200°C-FT has
the highest urea content. This is because at 200°C, the evaporation of water in UWS will be slower, which hinders the urea
decomposition process in the tube furnace. Even the ambient
temperature and test duration is the same for 200°C-FT and
200°C-ET, more urea is decomposed in 200°C-ET owing to
the differences in the pattern of urea introduction. In engine
tests, urea is injected by a specific injector, leading to improved
evaporation. Nevertheless, it is unavoidable that retention
time for part of the UWS will be shorter. At low temperatures,
such as 200°C, the effects of evaporation rate play a more
important role, resulting in insufficient decomposition of urea.
At higher temperatures (such as 250°C, 300°C and 350°C), the
evaporation will be faster, thus, the retention time seems to be
a more important issue. For furnace tube tests, the retention
time will be much longer; therefore, the thermolysis of urea is
more sufficient; at 250°C, 20.06% of the residue is urea while at
300°C and 350°C, lower than 2.0% urea is left. It should also be
noticed that when temperature rises to 600°C, the mass losses
of urea deposits collected in the 250°C, 300°C and 350°C tube
furnace tests are smaller than 97% due to the high contents of
temperature resistant species. This is in agreement with the
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Fig. 6 – Effects of catalyst on the decomposition process of urea deposit collected from the WHTC test: (a) TGA curves of
different washcoat materials (b) TGA curves of different metal loadings: 10% catalyst addition.

Table 4 – Compositions of the urea deposits.
Composition

200°C-FT

250°C-FT

300°C-FT

350°C-FT

WHTC-ET

Urea (wt.%)
Biuret (wt.%)
Cyanuric Acid (wt.%)
Ammelide (wt.%)
Ammeline (wt.%)
Melamine (wt.%)

65.16
11.84
12.25
5.74
0.50
<0.0005

20.06
15.01
44.44
9.02
0.10
<0.0005

1.28
0.13
73.95
11.18
0.03
<0.0005

0.03
0.01
80.37
12.22
1.37
<0.0005

15.04
5.10
58.90
12.80
0.58
<0.0005

phenomenon observed in Fig. 3d, in which the heat flows
of 250°C-FT, 300°C-FT and 350°C-FT are still lower than zero
at 600°C and could reaches near-zero values at about 650°C.
After comparison of decomposition curves and compositions
between the tube furnace tests and WHTC tests, it could
be found that the urea deposits collected after the WHTC
tests have products generated at both high temperature and
low temperature conditions. Though urea and biuret, which
are easily decomposed at temperatures lower than 250°C,
are existed in the WHTC urea deposits, high proportions of
temperature resistant species could also be detected. The
temperature resistant species are mainly formed during the
long accumulation process whereas the species, which are
easily pyrolyzed, are generated from the freshly injected UWS.

2.3.

FTIR analysis at different temperatures

Fig. 4 illustrates the FTIR test results of the urea deposit samples collected from the engine tests. For the urea deposits
collected from engine tests with exhaust temperatures of
200°C, 250°C and 300°C, there exist transmittance peaks in the
range of 3420–3470 cm−1 for asymmetric NH2 stretching, 3315–
3340 cm−1 for symmetric NH2 stretching, 1670–1700 cm−1 for
amide I, 1580–1610 cm−1 for amide II, 1450–1460 cm−1 for C–N
symmetric stretching and 1140–1170 for NH2 rocking. These
are the feature bands of urea, implying that urea is contained
in these samples. Except for the feature peaks of NH2 stretching, bands in the range of 600–610 cm−1 and 1750–1800 cm−1 ,
which represent the amide VI (out-of-plane O=C–N bending)
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Fig. 7 – Effects of catalyst on the decomposition process of urea standard chemical: (a) TGA curves of different washcoat
materials (b) TGA curves of different metal loadings: 10% catalyst addition.

Table 5 – Reaction pathways for the thermolysis process of urea.

1
2
3
4
5
6
7
8
9
10
11
12

Reaction

Source

CO(NH2 )2 → NH3 + HNCO
CO(NH2 )2 + HNCO → biuret
biuret + HNCO → CYA + NH3
CO(NH2 )2 + 2HNCO → ammelide + H2 O
2biuret → ammelide + HNCO + NH3 + H2 O
biuret + HNCO → ammeline + 2H2 O
ammelide + NH3 → ammeline + H2 O
CO(NH2 )2 + 2HNCO → ammeline + 2H2 O
CYA → 3HNCO
biuret → CO(NH2 )2 + HNCO
CYA+ HNCO → ammelide + CO2
biuret → 2HNCO + NH3

Brack et al., 2014
Brack et al., 2014
Brack et al., 2014
Brack et al., 2014
Brack et al., 2014
Schaber et al., 2004
Schaber et al., 2004
Schaber et al., 2004
Brack et al., 2014
Brack et al., 2014
Ebrahimian et al., 2012
Brack et al., 2014

and linear imido (O=C–NH–C=O), could also be observed, indicating that certain amounts of biuret contained in the urea deposits with engine exhaust temperatures of 200°C, 250°C and
300°C. The characteristic bands for biuret seem to be stronger
in the deposits collected from the engine tests with temperatures of 250°C and 300°C, which means that the proportions of
biuret are higher in these two samples. As could be observed
from the FTIR spectrum of CYA (supplementary material), specific feature bands of CYA are the peaks occurred in the range

from 1040 to 1060 cm−1 , 1600–1750 cm−1 and 3190–3210 cm−1 ,
the assignments of which are triazine ring in plane stretching,
triazine ring mode C=O stretching and NH stretching. Moreover, the feature bands of ammelide and ammeline are in the
range of 1500–1750 cm−1 , representing the NH deformation
and triazine ring mode C=O stretching. These feature bands
have stronger peaks at higher temperatures, suggesting that
the contents of CYA, ammelide and ammeline are increased at
higher temperatures. It is also displayed by the FTIR spectrum
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Fig. 8 – Effects of catalyst on the decomposition process of urea deposit collected from the WHTC test. (a) TGA curves of
different washcoat materials, (b) TGA curves of different metal loadings, (c) DSC curves of different washcoat materials,
(d) DSC curves of different metal loadings: 30% catalyst addition.

(supplementary material) that melamine has specific characteristic peaks in the range of 800–810 cm−1 (out of plane ring
deformation) and near 1020 cm−1 (ring deformation and NH2
rocking) (Mircescu et al., 2012). However, these characteristic
peaks could not be found in all the FTIR spectra of the samples
tested, indicating that there are trace amount melamine in the
urea deposits investigated in this paper. Furthermore, it should
be noticed from Fig. 4 that the wavenumber for the three peaks
in the range of 2800–3500 cm−1 have changed from 3329 to
3337 cm−1 , 3059–3060 cm−1 and 3060–3063 cm−1 to 3202 cm−1 ,
3049 cm−1 and 2817 cm−1 when exhaust temperature rises
to 350°C, suggesting that the proportion of CYA increases to
a larger value whereas the proportions of urea and biuret decrease to lower levels. What’s more, it is demonstrated that
the feature peaks of urea, biuret, CYA and ammelide could be
found in the FTIR spectrum of the WHTC urea deposit, implying that the urea deposit collected from the WHTC engine tests
has higher CYA and ammelide contents than 200°C-ET, 250°CET and 300°C-ET, albeit contains higher percentages of urea
and biuret than 350°C-ET.
Fig. 5 presents the FTIR spectra of the urea deposit samples
from furnace tube tests. As illustrated, the 200°C-FT urea deposit owns the strong feature bands of urea and biuret, confirming that these are the major components in this sample. With the increase of temperature, the feature bands of
CYA and ammelide become stronger, indicating the propor-

tions of these temperature resistant species raise to higher
values. This is agree with the data in Table 4, which reveals
that the total percentages of CYA and ammelide exceed 50%
in 250°C-FT, 300°C-FT, 350°C-FT and WHTC-ET. After comparing Fig. 5 with Fig. 4, it could be found that the characteristic
peaks near 3200 cm−1 and 3050 cm−1 as well as feature bands
in the range of 2250–3000 cm−1 (representing acidic hydrogen
atoms and amines) become more intense, which means that
the possibilities for the formation of CYA, ammelide and ammline are increased in tube furnace tests with temperatures of
250°C, 300°C and 350°C.

2.4.

Effects of different catalysts

Fig. 6a gives the effects of catalyst washcoat material on the
decomposition of urea deposit collected from the WHTC tests
with 10% catalyst addition. It can be seen from Fig. 6a that
the first and second stages for the decomposition process
of the WHTC urea deposit are promoted when 10% Cuβ is
added. As mentioned above, the first and second stages for the
decomposition process of the WHTC urea deposit are mainly
predominated by the decomposition of urea and biuret. As
shown in Fig. 7, 10% Cuβ addition has minor effects on the
first stage of urea composition whereas leads to faster decomposition rate compared to those of other samples during the
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Fig. 9 – Effects of catalyst on the decomposition process of urea standard chemical. (a) TGA curves of different washcoat
materials, (b) TGA curves of different metal loadings, (c) DSC curves of different washcoat materials, (d) DSC curves of
different metal loadings: 30% catalyst addition.

second decomposition stage. This implies that the decomposition stage for solid matrix could be eliminated by the addition of Cuβ. As also depicted in Fig. 6a, addition of CuWTi
could also mitigate the slowed down decomposition caused
by the formation of solid matrix. Nevertheless, addition of 10%
CuSSZ or 10% CuZSM will not change the behavior during the
solid matrix stage due to the high contents of SiO2 , which has
lower catalytic effects on the thermolysis of biuret.
Regarding the third stage of urea and urea deposit decomposition (the decomposition stage for CYA), due to high proportions of TiO2 and A12 O3 , the initiation temperature is reduced by about 10 K when 10% Cuβ or 10% CuWTi is blended.
Meanwhile, during pure urea composition, the addition of catalyst will promote the transition from urea to CYA, resulting
in 2.8% to 5.5% higher residual weight before the third stage
(Fig. 6a). As can be deduced from Reactions 4, 5, 6, 8, and 11,
temperature resistant species could be generated from urea,
biuret and CYA. For pure urea, the promotion effects of catalyst on the thermolysis of urea are relatively small whereas
the channels for ammelide and ammeline will be promoted by
catalyst addition, leading to increased formation of temperature resistant species and increased mass fraction at the start
of the fourth stage with 10% catalyst blending. For urea deposit collected from the WHTC tests, the promotion effects
of catalyst on the thermolysis of biuret and CYA are more
significant, thus, increased amount of biuret and CYA is de-

composed rather than turned into ammelide and ammeline; in
this case, the mass fraction at the start of the fourth stage
is reduced when 10% catalyst is blended. Fig. 6b and Fig. 7b
depict the effects of metal loading on the decomposition of
urea deposit collected from the WHTC tests and urea standard
chemical with 10% catalyst addition. As illustrated, when only
10% catalyst is added, the decomposition curves differ slightly
with each other due to the trace amount of active metal
(i.e. Cu or V).
Fig. 8 and Fig. 10 provide the effects of washcoat material
on the decomposition of urea deposit collected from the WHTC
tests with 30% and 50% catalyst addition. It can be seen from
the Figures that the catalytic effects on the decomposition of
urea deposit collected from the WHTC tests with 30% or 50%
Cuβ and CuWTi addition are stronger than those with 10%
addition. The mass losses of different stages occur at lower
temperatures and the discrepancies between different curves
become more obvious. Though CuSSZ has positive catalytic
effects on pure urea decomposition when sufficient catalyst is
mixed (Fig. 9a and Fig. 11a), it has less promotion effects on the
decomposition of WHTC urea deposit compared to CuWTi and
Cuβ (Fig. 8a and Fig. 10a). This could be attributed to the less
metal oxides with high decomposition activity of CYA. The explanation for this phenomenon could be proved by the DSC
curves in Fig. 8c and Fig. 10c; as can be observed, when CuSSZ
is blended, the value for the maximum heat absorption peak,
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Fig. 10 – Effects of catalyst on the decomposition process of urea deposit collected from the WHTC test. (a) TGA curves of
different washcoat materials, (b) TGA curves of different metal loadings, (c) DSC curves of different washcoat materials,
(d) DSC curves of different metal loadings: 50% catalyst addition.

which is a feature parameter of CYA decomposition, seems
to be lower than those of the DSC curves for CuWTi and Cuβ
addition. Comparing the decomposition traces of urea standard chemical with 30% or 50% catalyst addition (Fig. 9a and
Fig. 11a), it could also be found that catalysts with high percentages of TiO2 or Al2 O3 , such as CuWTi and Cuβ, could exert promoting effects on the transformation from urea to CYA
and lead to higher values of the second positive peak of the
DSC curves (Fig. 9c and Fig. 11c). These effects could offset
the positive effects of catalyst addition on urea decomposition
when the proportion of catalyst is high enough. Therefore, it
could be deduced that the relatively stronger promotion effects of Cuβ and CuWTi on the decomposition of WHTC urea
deposit at catalyst addition proportion of 30% and 50% are
mainly caused by the enhanced decomposition of CYA. Additionally, CuZSM owns both micropores and mesopores; the
size of the micropores, as shown by the Horvath-Kawazoe median pore width, is 0.36 nm (Fig. 12a); the average size of the
mesopores, as shown by the BJH pore diameter in Fig. 12b, is
2.7 nm. The size of the micropores is the smallest among all
the catalysts investigated, catalyst with this structure seems
to strengthen the second stage of urea decomposition and restrain the small gas species (such as NH3 and HCNO) from escaping out of the melted solid. This characteristic of CuZSM,

which is increasingly predominant with the increase of catalyst proportion, will further promote the reactions of CYA formation. Thus, the residue masses at the beginning of the third
decomposition stage for the urea/CuZSM mixtures are higher
than that for pure urea.
In light of the temperature resistant species, 30% and 50%
Cuβ or CuWTi addition will still reduce the tendency for ammelide and ammeline generation during the decomposition of
WHTC urea deposit. However, the mass of WHTC urea deposit
could be reduced to lower than 2% at temperatures ranging
from 415°C to 445°C with more than 30% CuWTi and CuSSZ addition whereas reaches value lower than 2% at temperatures
ranging from 430°C to 482°C with more than 30% CuZSM and
Cuβ addition owing to the stronger high-temperature adsorption of gases species of CuZSM and Cuβ. As indicated by Fig. 8b,
Fig. 9b, Fig. 10b and Fig. 11b, though the active metal species
have limited influence on the thermolysis of urea, biuret and
CYA as well as the formation of ammelide and ammline, they
have considerable effects on the decomposition of ammelide
and ammeline. Generally, addition of VWTi catalyst could result in the fastest decomposition of the temperature resistant
species while the addition of WTi washcoat has negative effects rather than promotion effects on the last decomposition
stage due to the absence of metal loading and lower acidity.

journal of environmental sciences 103 (2021) 157–171

169

Fig. 11 – Effects of catalyst on the decomposition process of urea standard chemical. (a) TGA curves of different washcoat
materials, (b) TGA curves of different metal loadings, (c) DSC curves of different washcoat materials, (d) DSC curves of
different metal loadings: 50% catalyst addition.

Fig. 12 – (a) Specific surface area and median pore width along with (b) average pore diameter and micropore proportion of
different catalysts.

When 30% or 50% WTi is blended with WHTC urea deposit,
a negative peak value during the decomposition of temperature resistant species will appear at 418°C or 431°C (Fig. 8d
and Fig. 10d). When 30% or 50% WTi is blended with pure urea,
a negative peak value during the decomposition of tempera-

ture resistant species will appear at 450°C or 468°C (Fig. 9d and
Fig. 11d). The appearance of the additional peak confirms that
WTi addition could hinder the decomposition of temperature
resistant species and result in delayed heat release in the final
decomposition stage.
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Conclusions

In the current study, the decomposition characteristics of
standard chemicals, the urea deposits collected from tube furnace along with urea deposits collected from engine exhaust
system were characterized by TG, FTIR and HPLC analyses.
The effects of different catalysts on the thermal decomposition process of WHTC urea deposit and urea standard chemical were also assessed. The main conclusions can be drawn as
follows:
(1) As can be found from the TGA curves, for urea deposits collected from both tube furnace and engine exhaust system,
possibilities for the formation of CYA and temperature
resistant species (ammelide and ammeline) are increased
at higher temperatures. The urea deposits collected after
steady-state engine tests tend to contain lower percentages of ammelide and ammeline attributed to the shorter retention time as UWS is continuously injected into the SCR
aftertreatment system. For the urea deposit collected after
WHTC tests, urea, CYA and ammelide are the most predominant compositions owing to the continuous changing exhaust temperature.
(2) In light of the FTIR analysis, the feature bands of urea and
biuret can be clearly observed from the FTIR spectra of the
urea deposits collected from engine exhaust system with
exhaust temperatures of 200°C, 250°C and 300°C and urea
deposits from tube furnace with temperatures of 200°C
and 250°C. Specific feature bands of CYA, ammeline and ammelide are more evident at higher temperatures and are relatively stronger in the samples from tube furnace, which is
in accordance with the TGA results.
(3) Cuβ and CuWTi addition could promote the thermolysis
of urea deposit collected from engine test bed after WHTC
tests, the initiation temperatures of different decomposition stages and the tendencies for the generation of ammelide and ammeline are reduced. When 10% or 30% catalyst is added, CuZSM and CuSSZ have minor effects on the
decomposition curves of WHTC urea deposit while could
promote the thermolysis process at temperatures lower
than 300°C when the proportion of catalyst is raised to
50%. These results indicate that on SCR substrate coated
with Cuβ and CuWTi, urea deposits with larger amount of
species with ring structure are easier to be eliminated by
exhaust gas heating.
(4) Addition of CuWTi, Cuβ and CuZSM could lead to increased
yield of CYA during pure urea decomposition as the production channel of CYA is catalyzed, which could further
lead to the increased formation of temperature resistant
species at dry conditions. The addition of CuSSZ could prevent the conversion from urea to CYA and thus results in
increased mass loss at temperatures lower than 350°C.
(5) With Cu or V loading on the washcoat, the decomposition of ammeline and ammelide is accelerated whereas the
decomposition of urea, biuret and CYA is slightly affected.
The VWTi catalyst, which is frequently used in marine engines, has the most substantial promotion effects on the
thermolysis of WHTC urea deposit among all the catalysts
studied.

(6) It should be mentioned that the TGA tests in this study
were conducted at water free conditions. Under these circumstances, the hydrolysis of urea and its decomposition
byproducts are not considered in the above conclusions regarding the effects of catalyst. Thus, a further study taking
both hydrolysis and thermolysis processes into consideration is required.
(7) In real engine aftertreatment system, the contact mode between catalyst and urea deposit is surface contact rather
than homogenous mixed. For surface contact, the contact
area between catalyst and urea deposit varies with location. Therefore, this paper investigates the effects of different blend ratios to take the variations of contact area into
consideration. It is no doubt that the decomposition behavior in the mechanic mixed samples is still different from
that in the real aftertreatment system; however, the effects
of catalyst blending ratios on the decomposition process of
WHTC urea deposit and urea standard chemical could aid
the analysis of the urea decomposition process in different
locations of real aftertreatment system.
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