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I. INTRODUCTION

Urea is generally considered as an unstable molecule in the gas
phase at elevated temperatures in the literature referring to urea
decomposition1-6 or the reduction of nitrogen oxides in diesel
vehicles with the urea SCR process.7-9 In this process, urea
solution is used as a safe ammonia precursor compound, which is
sprayed into the hot exhaust pipe to release the actual NOx-
reducing agent, ammonia. As a consequence of the reported
instability of gaseous urea, academic and commercial computa-
tional fluid dynamics (CFD) models of the injection, spray
formation, and decomposition of urea solution in the SCR
process do not consider gaseous urea but assume that urea
decomposes either inside the formed aerosols or instantly after
evaporation according to eq 1.7,9

COðNH2Þ2 ðurea, s or lÞ f NH3 ðgÞ þHNCO ðisocyanic acid, gÞ
ð1Þ

In contrast, Schaber et al. (2004) carried out thermogravi-
metric analysis (TGA) experiments on urea decomposition and
observed a mass loss prior to decomposition (140-152 �C) and
tentatively attributed the loss to urea evaporation.4 The assump-
tion that mass is lost by urea evaporation was tested by identify-
ing some condensate as urea, but the issue was not investigated
further. More experimental results on gaseous urea under
vacuum conditions are available. The saturation vapor pressure
of urea in the temperature range of 81-136 �C (without taking
into account data above the melting point) was measured by
Ferro et al. (1987) using the torsion-effusion method.10 Analo-
gousmeasurements in the temperature range of 56-130 �Cwere
carried out by Krasulin et al. (1987) using the Knudsen integral
effusion method.11 It is worth noting that the vapor pressure
reported in ref 11 was calculated on the basis of the weight loss of
urea due to sublimation and on the basis of the assumption that
urea exists in monomolecular form. The assumption that urea is

monomolecular was tested by mass spectrometry. Additionally,
the assumption that urea is monomolecular fits the thermody-
namic evaluation of the stability of urea dimers in the gas phase.11

Unlike the Knudsen integral effusion method, the torsion-effu-
sion method applied by Ferro et al. (1987) yields the vapor
pressure independently of the weight of the gaseous species. The
agreement between the vapor pressures determined by these two
methods proves that gaseous urea exists in monomolecular form
under vacuum conditions. In contrast to these vacuum experi-
ments, we have studied the evaporation of urea at atmospheric
pressure as a function of temperature from 80 to 153 �C under
flow reactor conditions.

The saturation vapor pressure of urea under atmospheric
conditions was estimated by Birkhold et al. (2006)12 using their
CFDmodel to fit the experimental data on the decomposition of
a spray of urea-water solution by Kim et al. (2004).13 In their
CFD model, Birkhold et al. assumed that urea decomposes
instantaneously after evaporation. The different curve fits devel-
oped so far for the description of the saturation vapor pressure of
urea are summarized in Table 1 and Figure 1. Because the fitted
curve of Krasulin et al. (1987)11 best matches the thermody-
namic data (HSC 5.11) and our measurements, it was used as
reference in our study. The estimation of Birkhold et al. (2006)12

largely deviates from the published thermodynamic data in refs
10 and 11.

Recently, Lundstr€om et al. (2009) investigated the decom-
position of urea under flow reactor conditions using differ-
ential scanning calorimetry (DSC) and Fourier transform
infrared (FTIR) spectroscopy.3 In their work, dry urea was
placed in a silica cup, or a cordierite monolith was
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ABSTRACT: Aqueous urea solution is widely used as reducing
agent in the selective catalytic reduction of NOx (SCR).
Because reports of urea vapor at atmospheric pressure are rare,
gaseous urea is usually neglected in computational models used
for designing SCR systems. In this study, urea evaporation was
investigated under flow reactor conditions, and a Fourier
transform infrared (FTIR) spectrum of gaseous urea was
recorded at atmospheric pressure for the first time. The
spectrum was compared to literature data under vacuum con-
ditions andwith theoretical spectra ofmonomolecular and dimeric urea in the gas phase calculated with the density functional theory
(DFT) method. Comparison of the spectra indicates that urea vapor is in the monomolecular form at atmospheric pressure. The
measured vapor pressure of urea agrees with the thermodynamic data obtained under vacuum reported in the literature. Our results
indicate that considering gaseous urea will improve the computational modeling of urea SCR systems.
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impregnated with a urea/water solution. In our work, a
cordierite monolith was likewise impregnated with a urea/
water solution. The conditions applied in their experiments
deviate sharply from ours. Most of the urea was decomposed
in their experiments due to the experimental conditions. The
decomposition of urea allowed the closing of the material
balances with the urea decomposition products NH3 and
HNCO only. The potential evaporation of small amounts of
urea could not be detected by Lundstr€om et al. (2009)
because their analysis method did not allow for the measure-
ment of urea. The differences between their experiments and
ours will be discussed.

For our purposes, analysis using direct gas-phase infrared
spectroscopy of urea is desirable because it would allow the
concentration of urea to be followed online with an elegant
measurement method. Langer et al. (1995) were indeed able to
record an FTIR spectrum of urea by evaporating urea, but at
120 �C and an absolute pressure of 10-3 hPa.14 In our study, we
were able to measure an FTIR spectrum of urea at 180 �C and
measure atmospheric pressure for the first time.

II. EXPERIMENTAL AND THEORETICAL DETAILS

A. Setup. Experiments were carried out using a tubular quartz
reactor with an inner diameter of 28mm. A gas-mixing unit based
on electronic mass-flow controllers (Brooks 5850S) provided a
model gas stream that typically consisted of 10%O2 and 5%H2O
in N2. The model gas was humidified by a water saturator. The
total gas flow was 431 L/h at STP in the temperature-pro-
grammed desorption (TPD) experiments and 215 L/h at STP in
the isothermal experiments except when otherwise stated. Gas
analysis was carried out by FTIR spectroscopy and by a liquid
quench of the product gas, followed by HPLC analysis as

described by Koebel et al. (1995)15 (for analytics details, see
sections B and C).
The heating of the reactor was divided into three sections

(entrance, center, and exit), which can be heated individually.
The mantle temperature was measured below the heating wire in
the exit section. The reactor temperature was measured by
placing one thermocouple in the gas flow in the entrance section
and one in the center section directly downstream of the
monolith. This configuration allowed for a partial compensation
of the endothermic processes on themonolith because it resulted
in an increased heating of the reactor center by the temperature
controller. The temperature of the reactor entrance was the same
as the center throughout the process, whereas the reactor exit was
heated 50 K higher to avoid condensation of product gases.
Lower exit temperatures resulted in a tailing of the gas-phase
components due to readsorption. On the other hand, higher exit
temperatures did not influence the measured urea and the
HNCO concentrations, indicating that neither urea readsorption
nor decomposition in the gas phase occurred due to heat transfer
from the reactor wall.
B. Analytics. The combination of FTIR spectroscopy for

analysis of low-molecular-weight gaseous compounds with a
liquid quench and absorption method followed by HPLC for
the analysis of high-molecular-weight compounds and aerosols
allowed the quantification of a wide range of reaction compo-
nents. The gaseous low-molecular-weight compounds NH3,
CO2, H2O, NO, NO2, N2O, CO, HNCO, formic acid, HCN,
formaldehyde, methanamide, and HNO3 were measured with a
multicomponent analysis method developed in-house on a
Nexus FTIR spectrometer from ThermoNicolet.16 However,
gas-phase FTIR spectroscopy could not be used for the quanti-
fication of urea because it was not possible to avoid both the
condensation and the decomposition of urea in the measuring
cell and tubing. The estimated residence time of the gas down-
stream of the monolith before leaving the measuring cell was 6 s.
The measuring cell and the gas pump were heated to 180 �C, and
the tubes were heated to 170 �C. The heating caused significant
urea decomposition, as concluded from the high apparent
ammonia concentration observed by FTIR as compared to the
lower actual urea conversion measured by HPLC. However, the
window of the measuring cell must have been below 180 �C,
because urea condensation and slow re-evaporation were ob-
served. To limit contamination of the measuring cell with urea
and decomposition byproducts, FTIR spectroscopy was only
applied in a few experiments.
The problems mentioned in association with FTIR spectros-

copy were overcome by a combination of a liquid quench of the
product gas at the reactor exit and HPLC analysis of the
quenching solution. HPLC analysis of the quenching solution
is well suited for the analysis of reactive compounds or com-
pounds with higher molecular weight, low vapor pressure, and
the tendency to form aerosols (urea, biuret, triuret, melamine,
ammeline, ammelide, and cyanuric acid).15 As a matter of

Table 1. Fitting Curves for the Saturation Vapor Pressure of Urea and Sublimation Enthalpies Determined by Different Methods

method saturation vapor pressure units sublimation enthalpy [kJ/mol] source

torsion-effusion log(p) = 10.3 - 4750 3T p in kPa, T in K 95.6 10
Knudsen integral effusion ln(p) = -(11 755 ( 268) 3T

-1 þ (32.472 ( 0.716) p in Pa, T in K 97.6 ( 1.0 at 93 �C 11
CFD fit, see text pu = exp(12.06 - 3992/Td) pu in Pa, Td in K 12
thermodynamic software “HSC 5.11” 97.38 at 93 �C Outokumpu research

Figure 1. Different fitting curves of the saturation vapor pressure of urea
taken from refs 10-12. The fitting curves from Ferro et al.10 and
Krasulin et al.11 only consider measurements up to the melting point.
The saturation curve from Birkhold et al. (2006)12 is developed from a
study by Kim et al.13
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principle, FTIR spectroscopy is insensitive to aerosols. The
absorbing solution used for the liquid quench was the HPLC
eluent itself, in which reactive HNCO dissolved as the stable
sodium salt (NaOCN).
C. HPLC. For the liquid quench and absorption of reaction

components, the method described by Koebel et al. (1995)15 was

used. In principle, the same HPLC method was applied as in ref
15, but the method had to be improved for reliable analysis of the
urea-decomposition byproducts. Measurements were carried out
on a Dionex UltiMate 3000 instrument, equipped with an anion
exchange column (Waters WAT026770 IC-PAK ANION HC
4.6 � 150) and a photodiode-array detector, which was set to a
measuring wavelength of 197 nm. The eluent was a 5 mM
phosphate buffer set to pH 10.4 by adding NaOH to an aqueous
solution of Na2HPO4. A sample volume of 20 μL was injected.
The separation of urea decomposition byproducts was sig-

nificantly improved by increasing the pH from 7 in ref 15 to pH
10.4. Increasing the pH to 10.4 allows the separation of ammelide
from cyanuric acid. However, the separation of urea from NH3 is
better at pH 7, a crucial aspect in urea hydrolysis experiments. In
the present work, only an eluent with pH 10.4 was used. Figure 2a
shows a chromatogram of a standard solution containing the
typical urea decomposition byproducts, measured at pH 10.4.
Table 2 also lists additional compounds with their retention
times and response factors. The slight deviations in the retention
times between Figure 2 and Table 2 result from the fact that the
two independent analyses were carried out on different days with
a new eluent and indicate the reproducibility of the method. For
comparison with the standard solution, Figure 2b shows an
example chromatogram of a real liquid quench sample. A biuret
TPD experiment was chosen for this figure because it produced a
maximum number of components, which are also included in the
method. The biuret TPD experiment will not be discussed in the
present work. The significantly shorter retention times and the
decreased separation quality as compared to the chromatogram
shown in Figure 2a are explained by the age of the column.
Note that the liquid quench-plus-HPLC method yields the

concentration of an analyte in mass per gas flow rate. The analyte
concentration was converted into the vapor pressure assuming
that gaseous urea exists in a monomolecular form.

Figure 2. (a) Chromatogram of a standard solution containing themain
urea-decomposition byproducts. (1) Solvent peak. (2) 10 ppm biuret.
(3) 10 ppmmelamine. (4) 10 ppm triuret. (5) 10 ppm ammeline. (6) 10
ppm ammelide. (7) Carbonate impurity. (8) 100 ppm cyanuric acid. (b)
Chromatogram of a liquid quench sample collected in a TPD experi-
ment of biuret (10.4 mg) in the temperature range of 275-300 �C. (1)
Solvent peak. (2) Urea. (3) Unknown impurity. (4) Biuret. (5)
Melamine. (6) Ammeline. (7) Ammelide. (8) Carbonate impurity. (9)
Cyanuric acid. (10) HNCO.

Table 2. Retention Times and Response Factors for the
HPLC Method at pH 10.4

compound retention time [min] response factor [ppm]/area [AU]

NH3 3.6

urea 3.8 10.86

oxamide 4.3 hydrolyzes

unknown 4.6 impuritya

biuret 4.7 0.700

formoguanamine 5.7 qualitative measurement

melamine 6.3 0.0636

dicyandiamide 6.7 0.280

oxamic acid 8.2 0.340

cyanamide 8.2 1.27

formate 8.4 15.7

triuret 9.8 0.257

cyanoacetic acid 10.2 16.0

ammeline 12.2 0.0880

ammelide 13.8 0.129

carbonate 16.4 impurity

cyanuric acid 17.5 0.521

nitrite 20.9 0.246

HNCO 22.1 1.79

nitrate 33.5 0.287
aUnknown impurity, also present in the blank.
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D. Procedure. Urea solutions were prepared by dissolving
solid urea fromMerck withg99.5% purity (p.a.) in water. A urea
concentration of 5.8% by mass was chosen for most TPD
experiments, whereas concentrations of 32.5% (exp. 1-4) or
50% (exp. 5) were used for the isothermal experiments. In
addition, 2% and 10% solutions were used to investigate the
influence of different urea loads in isothermal experiments.
Inert cordierite monoliths with 400 cpsi (cells per square inch)

were impregnated with urea by dipping them into the urea solution,
blowing out excess solution, cleaning the outer surface with a tissue,
and drying the monoliths gently using a blow dryer. The amount of
urea coated on a monolith was measured by weighing in the wet
state. For the experiments, a small cuboid monolith with 20.5 mm
length, 17.5 mm width, and 12.4 mm height and 9 � 13 = 117
channels or a large cylindrical monolith with dimensions L = 42.1
mm, Ø = 27 mm, and 293 channels was used. The resulting space
velocities (GHSV) were 96 900 h-1 for the small monolith (431 L/
h at STP) and 9400 h-1 for the large monolith (215 L/h at STP).
The monoliths were wrapped in ceramic-fiber mats to avoid a
bypass of the carrier gas. The large cylindrical monolith was directly
fitted in the round reactor, whereas the small cuboid monolith was
first inserted into a metal adaptor.
Two types of experiments were carried out: TPD experiments

at a temperature ramp of 10 K/min and isothermal experiments.
In the TPD experiments, samples for the HPLC analysis were
taken in intervals of 25 K (50 K below 100 and above 250 �C). To
avoid carry-over of compounds between analysis intervals due to

residue in the fritted-glass filters in the absorption apparatus, the
filters were rinsed with 10mL of absorption solution immediately
before sampling. For the isothermal experiments, three samples
were taken for HPLC analysis in intervals of 3-6 min at a certain
temperature. The average gas-phase concentration and the
standard deviation were calculated and are given in the plots as
dots with error bars. A missing standard deviation means that
only one value was taken into account. Note that systematic
errors are not included in this standard deviation. Specifically, the
trend ofmeasured vapor pressures being lower than expected due
to a too low effective monolith temperature is not included.
The FTIR spectrum of urea has been measured during the

TPD experiment shown in Figure 3b. Themodel gas consisted of
10% O2 in N2, and the humidifier was bypassed to avoid
interference with the water spectrum. The urea amount on the
monolith was 25.3 mg. The 30 spectra with the highest urea
concentrations were averaged, and the spectra of NH3, HNCO,
and CO2 were subtracted.
E. Computational Details. The program code StoBe17 to-

gether with the nonlocal generalized gradient corrected func-
tionals according to Perdew, Burke, and Ernzerhof (RPBE)18,19

were used for density functional theory (DFT) calculations. The
vibrational frequencies were calculated with an anharmonic
approximation, as implemented into the StoBe code.20 Theore-
tical vibrational spectra were obtained by convolution of the urea
and isocyanic acid vibrations, applying Gaussian line-shapes. The
frequencies are reported as obtained from the calculations,
without scaling.

III. RESULTS AND DISCUSSION

A. Desorption of Urea under TPD Conditions. In the first
experiments, urea was desorbed/decomposed under TPD con-
ditions at a heating rate of 10 K/min. Figure 3a shows the urea
and HNCO concentrations measured by HPLC, whereas
Figure 3b shows the NH3, HNCO, and CO2 concentrations
measured by FTIR spectroscopy.
In contrast to the results reported in the literature,2-4 urea was

the major compound reaching the gas phase, instead of NH3 and
HNCO. Our results are attributed to the high GHSV and the
large surface area of the urea film, allowing urea evaporation to be
faster than urea decomposition. This conclusion was verified by
the fact that a larger amount of urea led to lower urea and higher
HNCO yields (Figure 4).
A comparison of the experiments with small (Figure 3a) and

large (Figure 4) urea amounts reveals that the urea concentration
was similar in both experiments up to 150 �C. However, in the
temperature interval from 150 to 175 �C, the urea concentration
decreased again for the small monolith as a result of urea
depletion (Figure 3a), whereas the highest urea concentration
was observed in the next temperature interval, from 175 to
200 �C, for the large monolith (Figure 4). Therefore, a larger
relative amount of urea was left on the larger monolith at higher
temperatures, resulting in a higher yield of the thermolysis
product HNCO. Besides urea, there was some biuret and
cyanuric acid (0.03% per mass each) and a trace of triuret
detected downstream of the large monolith, while no byproduct
formation could be observed in the case of the small monolith.
In differential scanning calorimetry (DSC) experiments per-

formed by Lundstr€om et al. (2009),3 virtually complete urea
thermolysis into ammonia andHNCOwas observed. The reason
for this result, which is in contrast to our experiments, must be

Figure 3. Urea desorption from a small cordierite monolith at a heating
rate of 10 K/min. Base feed: 10% O2 in N2. Gas flow = 431 L/h at STP,
GHSV = 96 900 h-1. (a) 5% H2O in the base feed. Urea and HNCO
desorption measured by HPLC, m(urea) = 24.5 mg. (b) Base feed
without water. NH3, HNCO, and CO2 emissions measured by FTIR
spectroscopy, m(urea) = 25.3 mg.
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the different experimental conditions. Urea was also desorbed
from a monolith in their experiments, but the monolith was
bypassed by a large fraction of the sweep gas, causing a much
lower GHSV inside the channels. The urea loading per total gas
flow was lower in our small-monolith experiment than in their
experiments (450 μg 3 (L/h)

-1 urea at STP as compared to 57
μg 3 (L/h)

-1 urea at STP) but similar in our large-monolith
experiment (591 μg 3 (L/h)

-1 urea at STP). Thus, the above-
mentioned low GHSV inside the channels of the monolith is
likely to be the main reason for the high HNCO yields observed
in their experiments. However, some urea vapor may have
formed, explaining the lack of about 10% NH3 in their experi-
ments at the 10 K/min heating rate.3 At the 20 K/min heating
rate, more urea must have been left on the monolith at high
temperatures, which improved urea decomposition and de-
creased the urea evaporation to an insignificant level.
The virtual absence of byproducts in our experiments is

attributed to fast desorption of the reactive intermediate HNCO.4

The FTIR spectroscopy results (Figure 3b) show a broad
HNCO peak between 150 and 190 �C. A peak between 150 and
190 �C fits the HPLC results (Figure 3a), where the maximum
HNCO emission was observed between 150 and 175 �C, and
somewhat lower emissions were between 175 and 200 �C. The
NH3 peak was shifted to higher temperatures (184 �C), which
could be due to a chromatography effect. The NH3 and HNCO
curves also showed a second peak at 310 �C. The yields of
roughly 14% NH3, 8% HNCO, and 7% CO2 seem to disagree
with the HPLC results, where 97% urea and 2% HNCO were
observed. The disagreement between FTIR and HPLC yields is
attributed to urea decomposition inside the tubes from the
reactor to the spectrometer, inside the gas pump, and inside
the measuring cell. This explanation is supported by Langer et al.
(1995), who also observed HNCO formation due to urea
decomposition at only 120 �C.14 The second peaks in the NH3

and HNCO curves may be caused by urea that condensed at the
entrance of the gas tube, which is a cold spot due to imperfect
insulation. The condensed urea was thermolyzed when the tube
was sufficiently heated by the temperature ramp, which heated
the product gas. CO2 formation inside the reactor should be
negligible because HNCO is stable in the gas phase,8 water was
absent in the dry experiment and the quartz reactor, and the
cordierite monoliths are chemically inert. However, slight CO2

formation (<3 ppm) was always observed in both the dry and the
wet experiments (wet experiment not shown). Because CO2 can

only be produced from the hydrolysis of HNCO in the investi-
gated reaction network, water must have been present from small
impurities in the model gas and in the urea film. Moreover,
because of the stability of HNCO in the gas phase even in the
presence of water, it is likely that the metal-oxide surface in the
stainless-steel tubes to the FTIR spectrometer acted as a catalyst
for the hydrolysis of HNCO according to eq 2. HNCO hydro-
lysis over different metal-oxide catalysts, including Fe2O3, was
reported in refs 21,22. The observed CO2 concentration was
always small and did not affect our major findings.

HNCOþH2O f NH3 þ CO2 ð2Þ

Figure 5. (a) Raw infrared spectrum of urea at 180 �C and atmospheric
pressure and corrected spectrum after subtracting the spectra of NH3,
HNCO, and CO2. Model gas feed: 10% O2 in N2. (b) Comparison
between the corrected urea spectrum (first row), the spectrum reported
by Langer et al. (1995) measured at 120 �C and 10-3 hPa (second
row),14 the theoretical spectra for urea andHNCOas singlemolecules in
the gas phase (third row), and the spectrum for the urea dimer (fourth
row). (c) Schemes of a single urea molecule and the considered
urea dimer.

Figure 4. Urea desorption from a large monolith at a heating rate of 10
K/min. Base feed: 10% O2, 5% H2O in N2. Gas flow = 215 L/h at STP,
GHSV = 9400 h-1, m(urea) = 127 mg.
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B. FTIR Spectrum of Monomolecular Urea. In the TPD
experiment under dry model gas, presented in Figure 3b, urea
was detected by FTIR spectroscopy. Analysis of the gas-phase
FTIR spectra shows that urea was present in the gas phase in
monomolecular form. Figure 5a shows a comparison between
the raw spectrum and a corrected spectrum that was calculated by
subtracting the FTIR spectra of NH3, HNCO, and CO2, thereby
almost completely removing the large HNCO signal at 2300 cm-1.
Figure 5b and Table 3 show a comparison between our corrected
spectrum, the spectrum reported by Langer et al. (1995) that was
measured at 120 �C and 10-3 hPa,14 and the theoretical spectra.
Because Langer et al. (1995) did not subtract the interfering
spectra, the HNCO signal at 2300 cm-1 was still prominent, but
smaller than in our uncorrected spectrum, which must be due to
their use of a lower temperature.
The strongest bands at 1773 and 1392 cm-1 in the measured

spectrum are assigned to CdO and C-N vibrations and are in
good agreement with the theoretical vibrations of monomole-
cular urea at 1752 and 1372 cm-1, respectively (20 cm-1 below
the experimental values). A slightly higher deviation of 24 cm-1

between experiment and theory was observed for the NH2

vibrations (1624 versus 1600 cm-1). The peaks above
3400 cm-1 in the calculated spectrum correspond to the N-H
stretching vibrations of the individual urea molecule, and they are
also shifted to higher frequencies as compared to the experi-
mental values. A similar shift between measurement and DFT
calculations has been observed for the NH vibrations in another

study.23 The satisfying agreement between the theoretical and
experimental spectra supports our assumption that urea was
present in the gas phase in monomolecular form. To exclude the
presence of dimeric urea, an additional spectrum was calculated
for the urea ribbon dimer. This dimer conformation, shown in
Figure 5c, is most stable according to a study by Masunov et al.
(1998).24 The strongest bands of the dimer should appear at
1734 and 1416 cm-1. These bands clearly deviate more strongly
from the measured spectrum than do the theoretical bands
for monomolecular urea (-39 and þ24 cm-1 instead of -21
and-20 cm-1). Moreover, the calculated spectrum for the urea
dimer shows significant peaks at 3338 cm-1 (coming from the
O-H vibration in the dimer) and at 1178 cm-1, which were not
observed in our experimental spectrum.
C. Desorption of Urea at Constant Temperature. To

quantify the urea evaporation as a function of temperature,
experiments were carried out under quasi-stationary conditions.
Saturation of the model gas with urea vapor at a constant
temperature and delayed depletion of the urea-coated monolith
were achieved by decreasing the gas flow, using a larger monolith,
and increasing the urea concentration of the dipping solution as
compared to the previous TPD experiments. Table 4 (rows 1-6)
shows the comparison between the low and high GHSV. For
both low and high GHSV at 80 and 110 �C, the measured urea
evaporation rates are similar within the error margins. At 130 �C,
the urea concentration was 30% lower in the case of high GHSV.
However, the decrease of 30% is still moderate as compared to

Table 3. Comparison of the Measured Infrared Frequencies of Urea in the Gas Phase with DFT Calculations of a Single Urea
Molecule in the Gas Phase, Dimeric Urea in the Gas Phase, and Literature Data from Ref 14

measured [cm-1] assignment DFT calculation [cm-1] lit. experiment [cm-1] lit. calculated [cm-1] urea dimer DFT calculation [cm-1]

1392 A1 νs (CN) 1372 1394 1406 1416

1600 A1 δs (NH2) 1624 1604 1676 1621

1645, 1649

1773 A1 ν (CdO) 1752 1776 1769 1734

2233 HNCO 2259 [21] 2237

2270 (2269)

2295

∼3437 B1 νs (NH) 3455 3434 3439 3460

∼3437 A1 νs (NH) 3459 3460 3442 3462

∼3540 B1 νas (NH) 3584 3533 3553 3552

∼3540 A1 νas (NH) 3584 3559 3557 3586

Table 4. Desorption of Urea under Quasi-stationary Conditionsa

row T [�C]
m(urea) on

monolith [mg]

sampling

interval [min]

gas flow at

STP [L/h] GHSV [h-1] p(urea) [Pa]

st dev

p(urea) [Pa]

p(HNCO)

[Pa]

st dev

p(HNCO) [Pa]

1 80 704 6 215 9400 0.46 0.18 0.00 0.00

2 80 199 6 431 96 900 0.43 0.05 0.00 0.00

3 110 704 4 215 9400 3.65 0.04 0.13 0.01

4 110 124 3 431 96 900 4.00 0.21 0.00 0.00

5 130 755 3 215 9400 19.79 0.90 11.06 6.73

6 130 124 3 431 96 900 13.90 0.15 0.22 0.03

7 120 37.7 3 215 9400 8.84 0.24 0.14 0.06

8 120 206 3 215 9400 10.16 0.25 0.47 0.44

9 120 704 3 215 9400 10.87 0.16 0.97 0.08
aComparison between low and high GHSV and different urea loads. Model gas: 10% O2, 5% H2O in N2.
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the increase of GHSV by a factor of 10. Therefore, it is assumed
that the low GHSV allowed for the saturation of the model gas.

Another issue that must be addressed is urea decomposition.
HNCO formation (urea thermolysis) was observed not only in
the TPD experiments (Figures 3 and 4) but also in isothermal
experiments at T g 100 �C. As mentioned in section II.A, urea
decomposition was negligible between the impregnated mono-
lith and the probe for the gas-liquid quench in our experiments.
Thus, the observed urea decompositionmust have taken place on
the impregnated monolith. Table 4 (rows 7-9) shows the
dependence of urea and HNCO desorption from the urea load
at 120 �C. Urea evaporation was quite constant, whereas the
HNCO desorption strongly increased with increasing load. It is
therefore reasonable to assume that urea thermolysis took place
on themonolith in parallel with urea evaporation but that the two
processes did not directly affect each other. In addition to urea
thermolysis, byproduct formation was also observed. Traces of
biuret were observed in exp. 3 and exp. 4 at 150 and 153 �C,
respectively. In exp. 5, traces of biuret and triuret were observed
at 140 �C, which is attributed to the high urea load, and at 153 �C,
significant amounts of biuret, triuret, and cyanuric acid were
measured (0.22 Pa biuret, 0.082 Pa triuret, 0.12 Pa cyanuric acid).
Also in this experiment, byproduct formation must have taken
place on the monolith, and byproduct formation is considered to
take place independently of urea evaporation.
In Figure 6, the urea concentrations measured in the gas phase

at low GHSV are compared to the saturation vapor pressure of
urea according to the equation that was given by Krasulin et al.
(1987): ln(p) = -(11 755 ( 268) T-1 þ (32.472 ( 0.716),
where p is the pressure in Pa and T is the temperature in K.11 The
curve is only plotted as a solid line below 130 �C because the
investigation by Krasulin et al. (1987) did not cover higher
temperatures. Above 130 �C, the curve is extrapolated without
taking into account the phase change from solid to liquid. Table 5
provides additional information about the performed experiments.

Figure 6. Urea desorption from an inert urea-coated monolith. Model gas:
10% O2, 5% H2O in N2, gas flow = 215 L/h at STP, GHSV = 9400 h-1.
Curve calculated according to ref 11. (a) Linear scale. (b) Logarithmic scale.

Table 5. Details of the Experimental Results Presented in Figure 6

name

m(urea) [mg]

on monolith

sampling interval

[min] Tset [�C]
p(urea)

[Pa]

st dev p(urea)

[Pa]

measured/literature

[%]

p(HNCO)

[Pa]

st dev p(HNCO)

[Pa]

exp. 1 755 3 130 19.79 0.90 72.0 11.06 6.73

exp. 2 704 6 80 0.46 0.18 104.2 0.00 0.00

5 90 0.71 0.02 63.7 0.00 0.00

4 100 1.82 0.11 69.1 0.03 0.02

4 110 3.65 0.04 60.9 0.13 0.01

3 120 10.87 0.16 83.0 0.97 0.08

3 140 39.67 0.72 71.2 5.10 n.d.

exp. 3 715 3 117 8.43 0.38 81.0 0.67 0.03

3 126 17.44 2.31 84.9 3.24 0.54

3 132 18.77 7.77 59.1 4.88 2.04

3 138 37.27 1.20 76.9 26.88 1.16

3 144 52.64 2.26 71.9 53.67 2.60

3 150 74.29 0.00 68.1 72.37 n.d.

exp. 4 640 3 123 11.49 1.18 70.0 1.69 0.73

3 129 16.39 0.88 64.1 2.92 0.13

3 135 25.28 1.30 64.3 7.69 0.45

3 141 42.43 0.99 71.1 39.35 0.94

3 147 58.71 3.41 65.6 59.61 3.63

3 153 78.41 0.00 59.1 68.47 n.d.

exp. 5 1105 3 120 9.42 0.14 69.9 0.17 0.04

3 140 43.94 1.24 77.4 77.53 1.98

3 153 72.17 5.59 52.2 229.13 17.21
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Table 6 shows a comparison between the fitting constants
given by ref 11 and our corresponding values. The calculation
was not based on the average values given in Table 5 but on the
single values forTe 130 �Cor for all single values. Our values are
outside the limits given in ref 11. As mentioned in section II.A,
the deviation is attributed to the endothermic nature of urea
evaporation and urea decomposition causing an overly low
effective monolith temperature. As expected, the deviation of
our fitting constants from the reference is much larger when the
considered temperature range is extended up to 153 �C. Because
of the extensive endothermic HNCO formation, the deviation of
the effective monolith temperature from the set temperature will
be larger at higher temperatures. In addition, the melting point of
urea is surpassed at 133 �C, which falsifies the extrapolation of the
reference curve. The incomplete saturation of the gas flow might
also contribute to the observed overly low values. Different space
velocities were only tested up to 130 �C (Table 4). Still, our
values are not very different from the reference values. Taking
into account the evidence of monomolecular urea (section III.B),
our results indicate that the saturation vapor pressure measured
under vacuum is also valid for atmospheric pressure conditions.
To estimate the impact of urea evaporation in the SCR

process, a modern diesel engine with raw NOx emissions of
200-300 ppm16 was considered. Assuming a stoichiometric
SCR reaction, this emission level requires 100-150 ppm urea.
According to the saturation vapor pressure curve given by
Krasulin et al. (1987),11 temperatures of 116-122 �C
(calculated for p(atm) = 980 hPa) are thermodynamically
sufficient to provide 100-150 ppm gaseous urea. Given that
the lower limit for reasonable SCR performance is 150 �C,8 the
vapor pressure of urea poses no principal limitation for complete
urea evaporation. However, because of the limited space in diesel
vehicles, SCR systems usually have very short distances between
the point of urea injection and the catalyst entrance, and thus
the kinetics of urea evaporation becomes dominant at low
temperatures.

IV. CONCLUSIONS

It was shown that urea can be evaporated under flow reactor
conditions at atmospheric pressure. In contrast to previous
studies reported in the literature, urea was the main compound
reaching the gas phase in our TPD experiments. We succeeded in
evaporating up to 97% of the original urea without byproduct
formation. The large surface of the urea film coated on an inert
cordierite monolith and the applied high GHSV allowed the urea
evaporation to be much faster than urea decomposition.

Product gas analysis was carried out both by FTIR spectros-
copy and by a liquid quench method followed by HPLC. HPLC
was used to quantify urea and HNCO, and an FTIR spectrum of
urea was recorded at atmospheric pressure for the first time. The
obtained urea spectrum is in agreement with a spectrum re-
corded under vacuum in literature and a theoretical gas-phase
spectrum of monomolecular urea, which we calculated using

DFT. The existence of urea dimers in the gas phase could be
excluded due to the clear mismatch of the measured spectrum
and a DFT-calculated infrared spectrum of dimeric urea in the
gas phase.

Urea evaporation experiments at atmospheric pressure sub-
stantially agreed with thermodynamic data obtained under
vacuum and reported in literature. The deviation toward lower
vapor pressures as compared to the reference data was attributed
to a temperature effect due to endothermic processes. Taking
into account the evidence found for monomolecular urea, our
results indicate that the saturation vapor pressure measured
under vacuum is also valid for atmospheric pressure conditions.
Unlike the reference data, our experiment covered temperatures
up to 153 �C instead of 130 �C.

With respect to exhaust gas after treatment by urea SCR, our
results suggest that considering gaseous urea should improve
CFD models used for designing urea SCR systems.
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