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a b s t r a c t

The thermal decomposition of urea has been studied under flow reactor conditions using a differential
scanning calorimeter (DSC) and Fourier transformed infrared spectroscopy (FT-IR). Samples of urea were
administered using either a cordierite monolith impregnated with a urea/water solution or a silica cup
with a dry urea sample. The samples were heated between 25 and 700 ◦C with heating rates of 10 and
20 K/min and the thermal response of the sample and off gas concentrations of ammonia and isocyanic
acid were recorded. Biuret and cyanuric acid were decomposed in a separate set of experiments to verify
some of the features observed in gas phase data during urea decomposition.
alorimeter
T-IR
H3

NCO
YA
iuret

Results show that depending on the way the sample is administered, i.e. cup or monolith different
behavior in the evolved gases are observed. This is due to different reactions taking place in the vessel
induced by the different conditions under which the pyrolysis of urea is preformed.

© 2009 Elsevier B.V. All rights reserved.
ass-transfer
eat transfer

. Introduction

Up to date numerous studies on the thermolysis of urea have
een undertaken. One of the main driving force of these stud-

es being the introduction and commercialization of the selective
atalytic reduction (SCR) catalyst for mobile heavy duty diesel
pplications [1–3]. For mobile applications urea is favored as it
s a non-volatile source of ammonia for the selective reduction of
itrogen oxides [3–8]. Several different approaches of urea admin-

stration exist for this type of application, the most common being
he direct injection of a 32.5% solution of water and urea (AdBlue)
n to the exhaust stream, upstream of the catalyst.

AdBlue is believed to decompose in two steps, first water evapo-
ates and due to the low vapor pressure of urea solid urea is formed
ccording to reaction (1). After the water has evaporated solid urea
elts and decomposes into gas phase ammonia and isocyanic acid

n equimolar amounts [3,4,7,9–12].

H2–CO–NH2(aq) → NH2–CO–NH2(s) + xH2O (1)

H2–CO–NH2(s) → NH3(g) + HNCO(g) (2)
Isocyanic acid may further react with gas phase water on the
CR-catalyst forming ammonia and carbon dioxide [3–5,7,13] via

∗ Corresponding author. Tel.: +46 31 772 43 90; fax: +46 31 772 30 35.
E-mail address: louise.olsson@chalmers.se (L. Olsson).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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hydrolysis according to the following reaction:

HNCO(g) + H2O → NH3(g) + CO2(g) (3)

Several authors [7,9,12–14] have reported the formation of high
molecular compounds such as cyanuric acid (CYA), ammelide and
ammeline during urea thermolysis. In both [13] and [9,12] urea
was decomposed in an open vessel type reactor using a solid urea
sample.

So far only a few studies have focused on obtaining experimen-
tal data for kinetic studies of urea decomposition. Yim et al. [15]
preformed flow reactor studies of urea decomposition and SCR per-
formance using an atomizer to disperse urea in to the reaction gas.
During the course of their experiments a mass balance (based on
nitrogen) larger than 90% was always maintained leading to the
conclusion that the formation of CYA and other high molecular
compounds was negligible under their experimental conditions.
Conversion of urea was found to be independent of the feed gas
concentration of urea into the reactor. Birkhold et al. [16,17] used
computational fluid dynamics (CFD) simulations of a complete
spray of urea water solution and compared rates of urea decompo-
sition with data from Kim et al. [18]. In their study it is concluded
that the rate at which urea decomposes is lower than the water

evaporation from the injected droplets.

However, since urea decomposition is strongly dependant on
the conditions under which the thermolysis is performed experi-
ments that are able to identify these conditions were set up. One
aim of this work is to present a good methodology for measure-

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:louise.olsson@chalmers.se
dx.doi.org/10.1016/j.cej.2009.03.044
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ig. 1. Schematic of the experimental setup. (1) MFC for reference cell. (2) MFC for
ample cell. (3) MFC for dilution to FT-IR. (4) Heating of dilution gas before FT-IR. (5)
eating of sample off gases.

ents of urea thermolysis under both flow reactor and open vessel
ype conditions using the same reactor set up with the aim to pro-
uce quality data for modeling of the decomposition of urea, as
ell as to investigate potential differences arising from the differ-

nt reactor conditions. This is accomplished using both differential
canning calorimetry (DSC) and evolved gas phase analysis, i.e. FT-
R. In order to reproduce the above stated conditions, i.e. atomizer
nd open vessel conditions different administration strategies of
he urea samples are used and compared. To imitate the atomizer a
ordierite monolith impregnated with a 32.5% solution of urea and
ater is used. The choice of using a monolith is motivated by its

avorable mass and heat transfer characteristics. In order to achieve
ore open vessel like conditions a silica cup is used as a method of

ample delivery.

. Experimental

The experimental setup is shown in Fig. 1 and consisted of mass
ow controllers (MFC) to control the amount of gas going to the
SC reference and sample cells, the main DSC oven, heaters and an
T-IR for gas phase analysis.

The calorimeter used in the experiments was a Setaram Sen-
ys DSC which also served as the reactor part of the setup. Since
H3 was expected to be one of the major products of urea ther-
olysis the DSC was lined with quarts-glass tubes with a outer

iameter equal to 7 mm and a length of 133 mm. Due to the con-
truction of the DSC, with a water cooling jacket at the outlet, a tube
ade of stainless steel heated from the outside of the calorimeter
as inserted to bypass the cooling jacket. This was made in order

o prevent re-condensation of isocyanic acid that would otherwise
ccur. The heating tube was heated to approximately 150 ◦C. Two
eparate MFC-lines were used to supply the calorimeter, one to the
alorimeters reference cell and one to the sample. This configura-
ion gave better reproducibility compared to a simple T-junction
ivider. Evolved off gases were monitored using a MKS MulitGas
T-IR.

The calorimeter was able to operate in two modes either vertical
r horizontal depending on how the urea sample was administered
o the oven. Two different ways of administering the urea sample
as used; either a small cordierite monolith impregnated with a
2.5% urea solution in horizontal mode or a vertically suspended
ilica cup with a solid urea sample.
.1. Monolith

A small 2 by 2 channel cordierite monolith with a length of
1 mm and channel width of 1 mm was used. The monolith was
ing Journal 150 (2009) 544–550 545

impregnated with a 32.5% urea/water solution and placed in the
sample cells measurement area in the horizontal position. Prepara-
tion of the solution consisted of dissolving urea with a purity greater
than 99.5% (ReagentPlus Sigma–Aldrich) in ultra pure water to the
desired mass fraction. The monolith was submerged in the solution
for a duration of 10 min and then flushed under N2 for approxi-
mately 5 s to remove excess solution from the monolith channels.
In order to determine sample loading the monolith was weighed
before and after impregnation. The same monolith was used under
the course of all the experiments of this type. During all monolith
experiments three replicate experiments for every experimental
condition were performed. In the following figures and tables these
replicates will be referred to as a, b and c.

Thermolysis of biuret was preformed to investigate the existence
of a shoulder visible for the higher heating rate during urea thermol-
ysis. Biuret with a purity greater than 98.5% (Fluka Analytical) was
decomposed using a small cordierite plate to deliver the sample.

Two different heating rates were used during the experiments
employing the monolith, 10 and 20 K/min, respectively with a tem-
perature range of 25–760 ◦C. A N2 flow of 100 mln/min was used
as a sweep gas over the sample cell. The sweep gas flow was then
diluted downstream of the DSC with a flow of 300 mln/min N2 to
achieve a reasonable retention time for gas phase analysis. In the
reference cell a flow of 40 mln/min N2 was used, this discrepancy of
non-matching flows between sample and reference being compen-
sated for by the subtraction of a background done over an empty
(not impregnated) monolith.

2.2. Cup

To be able to compare the experiments performed with the
monolith to more open vessel/DSC type measurements experi-
ments using a vertically suspended silica cup with a length of
11 mm, outer diameter of 3.5 mm and wall thickness of 0.5 mm were
performed. The same flow conditions as in the experiments using
a monolith were used but only 20 K/min heating rates were done.
The cup was loaded with small granular pellets of solid urea with an
approximate size of 1 mm. Background DSC runs were performed
using an empty silica cup and the same cup was used in all experi-
ments. Replicates of the cup experiments are labeled as a and b in all
figures and tables referring to these experiments. Further, cyanuric
acid (CYA) was decomposed using the cup as delivery vessel. The
CYA used had a purity greater than 98% (Merck synthesis grade).

2.3. Measurements

The NH3 signal from the MKS FT-IR was calibrated against known
concentrations using a 4% NH3 in Ar calibration gas with a relative
tolerance of 2% in order to achieve as quantitative measurements
as possible. Unfortunately calibration gas for HNCO was not avail-
able and the calibration supplied by MKS seemed to overestimate
the HNCO signal. In order to make a more accurate analysis of
the amount of released HNCO a calibration procedure for HNCO
was developed. The method consisted of decomposing urea, in a
set of independent experiments, into NH3 and HNCO. Using an
accurate NH3 calibration, attained at 10 steady state points in the
range 1200–10 ppm, a third order polynomial of the same form was
adapted for the HNCO signal to yield the same peak area of the FT-
IR signals for NH3 and HNCO during urea decomposition in these
experiments. The experiments were preformed using a monolith
impregnated with a water/urea solution at varying concentrations

and a heating rate of 10 K/min, taking special care so that no dispro-
portion of NH3 and HNCO would be possible. The integrated peak
areas of the calibrated NH3 signal and the raw HNCO signal exhib-
ited a high degree of linearity with almost zero offset and hence the
adopted polynomial was used to adjust the HNCO signal.
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Fig. 4. HNCO production from three experiments a, b and c of a 32.5% urea/water
solution under a 100 mln/min N2 sweep flow and a heating rate of 10 K/min. The
sample was administered using a cordierite monolith.

Table 1
Total recovered amounts of NH3 and HNCO based on charged urea. Experimental con-
ditions were 25–750 ◦C 10 K/min under 100 mln/min N2 using a monolith saturated
with a 32.5% urea/water solution.

Experiment 10 K/min Urea loading (mg) NH3 recovered HNCO recovered
ig. 2. Three DSC curves a, b and c of a 32.5% urea/water solution under a
00 mln/min N2 sweep flow and a heating rate of 10 K/min. The samples were admin-
stered using a cordierite monolith.

All calorimetric data was attained using an empty reference cell
nd the obtained data then subsequently adjusted by subtracting
background. The background calorimetric runs were performed
sing the empty sample holder, i.e. monolith or cup under the same
onditions used in the original experiment.

. Results and discussion

.1. Monolith 10 K/min

The DSC curve for a 32.5% urea and water sample during an
xperiment using a monolith is presented in Fig. 2. The experiment
as performed using a heating rate of 10 K/min with a temperature

ange from 25 to 750 ◦C. Produced off gases, i.e. NH3 and HNCO are
hown in Figs. 3 and 4, respectively. In the DSC curve three distinct
hermal events are visible, the evaporation of water from the sample
t approximately 25 < T < 90 ◦C, melting of urea 133 ◦C and decom-
osition of urea 150 < T < 210 ◦C. During the decomposition phase
H3 and HNCO are the main decomposition products observed in
he gas phase as seen in Figs. 3 and 4. Table 1 summarizes the
mount of recovered NH3 and HNCO from the gas phase.

The mass balance for NH3 and HNCO are presented in Table 1.
he mass balance for NH3 is in good agreement with the amount

ig. 3. NH3 production from three experiments a, b and c of a 32.5% urea/water
olution under a 100 mln/min N2 sweep flow and a heating rate of 10 K/min. The
ample was administered using a cordierite monolith.
a 2.76 91% 104%
b 2.70 83% 101%
c 2.73 87% 81%

of charged urea (83–91%). However, the amount of HNCO is slightly
over predicted compared to the NH3 signal. The NH3 signal was cal-
ibrated before each run and the HNCO signal calibrated as described
earlier. Good mass balances of NH3 are obtained and the HNCO
signal seems to follow the same trend except for a discrepancy in
experiment (c) where the HNCO signal seems under predicted as
compared to experiments (a) and (b). This was probably due to a
malfunction of the heated tube used to bypass the DSC’s cooling
jacket, which lead to condensation of HNCO and consequently a
deficit in the mass balance.

3.2. Monolith 20 K/min

Also experiments under the same conditions as above but with a
heating rate of 20 K/min where preformed. The DSC curve shown in
Fig. 5 shows the same trends as that of the 10 K/min experiment but
with peaks shifted towards higher temperatures due to the slower
heat flux at this heating rate, i.e. 20 K/min. However, compared
to the 10 K/min experiments the mass balances for the 20 K/min
experiments presented in Table 2 show better concurrency. This
was the reason that only heating rates of 20 K/min were considered
for the cup experiments. Both curves of evolved NH and HNCO pre-
3
sented in Figs. 6 and 7 show evidence of a small shoulder after their
initial maxima. The existence of a shoulder at 190 ◦C < T < 300 during
gas phase evolvement could be an indication of a separate process
for NH3 and HNCO release overlapping with that of the main path

Table 2
Total recovered amounts of NH3 and HNCO based on charged urea. Experimental con-
ditions were 25–750 ◦C, 20 K/min under 100 mln/min N2 using a monolith saturated
with a 32.5% urea/water solution.

Experiment 20 K/min Urea loading (mg) NH3 HNCO

a 2.6 99% 110%
b 2.67 104% 114%
c 2.76 100% 111%
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Fig. 5. Three DSC curves a, b and c of a 32.5% urea/water solution under a
100 mln/min N2 sweep flow and a heating rate of 20 K/min. The samples were admin-
istered using a cordierite monolith.

Fig. 6. NH3 production from three experiments a, b and c of a 32.5% urea/water
solution under a 100 mln/min N2 sweep flow and a heating rate of 20 K/min. The
sample was administered using a cordierite monolith.

Fig. 7. HNCO production from three experiments a, b and c of a 32.5% urea/water
solution under a 100 mln/min N2 sweep flow and a heating rate of 20 K/min. The
sample was administered using a cordierite monolith.
Fig. 8. NH3 production during decomposition of biuret under a 100 mln/min N2

sweep flow and a heating rate of 20 K/min. The sample was administered using a
plate made of cordierite.

of urea thermolysis, i.e. Eq. (2). Further, the shoulder seems to be
more pronounced for the HNCO signal than for NH3. This will be
discussed in more detail below.

3.3. Biuret decomposition 20 K/min

A separate study of biuret decomposition was performed to
investigate the development of the shoulder visible in the 20 K/min
monolith experiments. The evolvement of NH3 and HNCO are pre-
sented in Figs. 8 and 9. As biuret decomposes two distinct features in
evolved gases are visible. Decomposition starts around 200 ◦C and
up to 250 ◦C more NH3 than HNCO is evolved. After 250 ◦C the situa-
tion is reversed and a sharp increase of evolved HNCO is noted. This
may be explained by the formation of CYA during decomposition
of biuret where CYA may be formed either via direct polymeriza-
tion of HNCO or the reaction between biuret and HNCO. Thus the
sharp increase in evolved HNCO observed above 250 ◦C is probably
due to CYA decomposition according to reaction (8). This observa-
tion is also in accordance with Schaber et al. [9] who also observed

CYA formation during biuret decomposition. In the 20 K/min mono-
lith experiments (Figs. 6 and 7) the shoulder of HNCO and NH3
occurs between 200 and 300 ◦C, with a maximum at 250 ◦C, which
coincides perfectly with the decomposition temperature of biuret.

Fig. 9. HNCO production during decomposition of biuret under a 100 mln/min N2

sweep flow and a heating rate of 20 K/min. The sample was administered using a
plate made of cordierite.
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ig. 10. Two DSC curves a and b for a solid urea sample under a 100 mln/min N2

weep flow and a heating rate of 20 K/min. The samples were administered using a
ilica cup.

hese results show that the shoulder visible in the 20 K/min mono-
ith experiments is likely due to the formation and subsequent
ecomposition of biuret during urea thermolysis.

.4. Cup 20 K/min

DSC results for the cup experiments are presented in Fig. 10
nd show one new large feature above 300 ◦C compared to the
onolith experiments. This peek seems to correlate to a second

elease of HNCO but not NH3, as seen in Figs. 11 and 12. The recov-
ry of NH3 is above 90% for both repeated experiments, but HNCO
ecovery is only about 27% in the first peak. In the second HNCO
eak an additional 24% (based on initial urea loading) of HNCO is
bserved. This implies that the formed by-product decomposes to
NCO in the gas phase and that the conditions under which urea

hermolysis is performed, i.e. cup or monolith, is important for the
verall distribution of formed products. Further, the peaks in gas
hase data and thermal response are shifted towards even higher
emperatures than compared to the monolith experiments. This

s due to the slower heat transfer to the cup as compared to the

onolith, thus illustrating one of the benefits of using a mono-
ith.

ig. 11. NH3 production from two experiments a and b for a solid urea sample
nder a 100 mln/min N2 sweep flow and a heating rate of 20 K/min. The sample
as administered using a silica cup.
Fig. 12. HNCO production from two experiments a and b for a solid urea sample
under a 100 mln/min N2 sweep flow and a heating rate of 20 K/min. The sample was
administered using a silica cup.

3.5. CYA decomposition 20 K/min

To verify the secondary release of HNCO in the 20 K/min cup
experiments CYA was decomposed using the silica cup. The results
presented in Figs. 13 and 14 show that CYA starts to decompose at
400 ◦C, with a maximum peak at 440 ◦C in the cup experiments.
The second peak in the urea decomposition experiment using a
cup was observed at about 400 ◦C, which correlates very well to
the decomposition temperature of CYA. We therefore suggest that
the decomposition of urea in the cup experiments results in a high
temperature HNCO peak due to decomposition of CYA.

Several reports of biuret formation during urea thermolysis have
been presented [9,12–14]. Schaber et al. [9,12] reports the formation
of biuret under open vessel conditions. They suggest that biuret is
formed at approximately 160 ◦C by the reaction between unreacted
urea and gas phase HNCO according to reaction (4). At tempera-
tures above 190 ◦C (the melting point of biuret) biuret is reported
to decompose back into urea and HNCO, i.e. the reverse of reaction
(4). This is supported in our data by the existence of a shoulder in
evolved gas phase NH3 and HNCO for the 20 K/min monolith exper-

iments, i.e. Figs. 6 and 7. Moreover, the fact that the shoulder is
more pronounced for HNCO seems reasonable since HNCO would
then be formed both directly via decomposition of biuret and via the
released urea where as NH3 would only be formed via decomposing

Fig. 13. DSC curve for a solid CYA sample under a 100 mln/min N2 sweep flow and a
heating rate of 20 K/min. The sample was administered using a silica cup.
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ig. 14. HNCO production from a solid CYA sample under a 100 mln/min N2 sweep
ow and a heating rate of 20 K/min. The sample was administered using a silica cup.

rea. The experiments using pure biuret under the same reaction
onditions supports this conclusion and further implies that CYA
ay form during biuret decomposition. In the 10 K/min monolith

nd 20 K/min cup experiments the shoulder is no longer noticeable.
t has been concluded by Fang and Dacosta [13] that the relative
bundance of formed biuret depends on the heating rate. This is
ost probably due to the different efflux rates of HNCO, depending

n the chosen heating rate, which would result in different aver-
ge gas phase concentrations for the same residence time in the
onolith experiments. This is also observed in the experiments,
here the 10 K/min monolith experiments give HNCO gas phase

oncentrations of about 500 ppm in the peak, but the 20 K/min
ives as much as 700–800 ppm HNCO. We suggest that the higher
oncentration of HNCO in the 20 K/min experiment is the reason
or the biuret formation and the absence of a shoulder in evolved
H3 and HNCO for the 10 K/min experiment is due to the lower
as phase concentrations of HNCO. For the 20 K/min cup experi-
ents the much lower evolution of HNCO compared to NH3 during

he initial decomposition suggests that HNCO is being consumed
nd in combination with the lack of a shoulder could be indicative
f released HNCO only being active in the formation of CYA under
hese conditions. Further, high formation rates of CYA are expected
n the cup experiments where the overall gas phase concentrations
f HNCO are high due to the lower mass transfer rates out from the
up to the surrounding bulk gas (sweep gas) as compared to the
onolith experiments.

H2–CO–NH2(m) + HNCO(g) → H2N–CO–NH–CO–NH2(l) (4)

Further, biuret is suggested to work as an intermediate to form
YA [9,12–14]. Either via the continued reaction of gas phase HNCO
ith formed biuret according to reaction (5) as suggested by Sch-

ber et al. [9,12] or as proposed by Fang and Dacosta [13] by reaction
f intact urea and biuret reaction (6).
2N–CO–NH–CO–NH2(l) + HNCO(g) → CYA(s) + NH3(g) (5)

2N–CO–NH–CO–NH2(l) + NH2–CO–NH2(l) → CYA(s)

+ 2NH3(g) (6)

able 3
otal recovered amounts of NH3 and HNCO based on charged urea. Experimental condit
ellets. (i) Recovered amount of HNCO in first peak and (ii) recovered amount of HNCO in

xperiment 20 K/min Urea loading (mg) NH3

4.6 93%
3.5 91%
ing Journal 150 (2009) 544–550 549

In both cases the net result would be the same if Eq. (6) is con-
sidered to be the overall observed reaction of decomposed urea
and CYA formation. Even though the route for CYA formation with
biuret as a precursor is considered to be the most probable [9,12],
other pathways have been reported. Herzberg and Ried [19] have
reported the direct polymerization of gas phase HNCO to CYA if a
critical vapor pressure is exceeded Eq. (7).

Our data shows a large thermal event in the temperature inter-
val 320 < T < 450 ◦C in the cup experiments. This may be attributed
to sublimation and decomposition of formed CYA which has been
reported by Stradella and Argentero [14] to sublimate and decom-
pose at approximately 350 < T < 400 ◦C and by Schaber et al. [9,12]
at approximately 275 < T < 375 ◦C. Fang and Dacosta [13] found that
one of main products after the first decomposition stage of urea was
CYA. In their study Schaber et al. [9,12] suggest that the main mecha-
nism for CYA decomposition is the direct decomposition into HNCO
according to Eq. (8). Even though the decomposition of CYA pro-
ceeds rather slowly at these modest temperatures several authors
support the fact that CYA sublimates and decomposes with a loss
of HNCO to the gas phase [20,21].

3HNCO(g) → CYA(s) (7)

CYA(s) → 3HNCO(g) (8)

Data presented in Table 3 seems to agree with the fact that in
all the proposed mechanisms the net evolved NH3 during the main
part of decomposition, i.e. 170 < T < 280 ◦C is unchanged (compared
to the experiments preformed with a monolith). The absence of a
shoulder in the cup experiments is not conclusive enough to dis-
tinguish which mechanism is important for CYA formation, i.e. via
reaction between HNCO and biuret or direct polymerization.

Schaber et al. [9,12] observed the formation of ammelide which
was also attributed to using biuret as a precursor in its formation.
Even though, ammelide was reported to decompose in approxi-
mately the same temperature range as CYA much less was formed.

4. Conclusions

The mechanisms for urea thermolysis are strongly dependant on
the conditions under which the experiments are preformed. Using
either an impregnated monolith or cup produces very different
responses in both evolved gas phase species and thermal response.
For the cup experiments higher gas phase concentrations of reac-
tants are expected due to lower mass transfer rates as compared
to the monolith. Also different heating rates play an important role
for the distribution of possible by-products during urea thermoly-
sis. This is attributed to the corresponding variation in efflux rates of
the different reactants, e.g. a higher heating rate will lead to higher
gas phase concentration of possible reactants. This is clearly seen in
the case of using a monolith where a higher heating rate leads to the
formation of biuret. We further suggest in agreement with previous
studies that CYA is formed as a by-product in the cup experiments.
This is due to high local concentrations of HNCO and the direct
polymerization of HNCO is under the current conditions, i.e. cup

the most probable pathway to CYA. These results are supported by
experiments for decomposition of CYA, which occurs at the same
temperature interval.

Further, good flow reactor experiments of urea thermolysis
using a cordierite monolith impregnated with a urea/water solu-

ions were 25–750 ◦C 20 K/min under 100 mln/min N2 using a cup with solid urea
the second peak.

HNCO (i) HNCO (ii) HNCO (tot)

27% 24% 51%
29% 24% 53%
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ion is possible and the quality is sufficient for kinetic modeling.
he advantages of using a monolith being the very good mass and
eat transfer characteristics. Contrasting the monolith experiments
o the cup experiments opens up for the possibility to isolate differ-
nt process, such as CYA and biuret formation, induced by the very
ifferent conditions prevailing in each delivery strategy.
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