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Abstract

We prepared 2% Pt on alumina catalyst using a single step sol–gel process (designated as 2% Pt-SG) and tested its activity
for NOx reduction with aqueous urea solutions under oxidizing conditions. Our results show that∼99% NOx conversion
was obtained as low as 150◦C but above 350◦C, the conversion became negative because of the additional formation of NO
and NO2 from the oxidation of nitrogen-containing compounds. We also found that NOx conversion activity of 2% Pt-SG
is strongly dependent on water content rather than on urea amount and the presence of 7% oxygen in the feed lowers the
maximum NOx conversion temperature from 250 to 150◦C. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Selective NO reduction; Platinum/alumina catalyst; Sol–gel preparation; Urea

1. Introduction

Transition metals, such as Pt or Ag, on alumina were
found to be active and hydrothermally stable in the
range of 150–500◦C in the reduction of NOx by hy-
drocarbons or oxygenated hydrocarbons under a wet
oxidizing condition [1–3]. Soon after, it was reported
that hydrocarbons and oxygenated hydrocarbons had
low to moderate reducing efficiency and also resulted
in undesired byproducts over many transition metal
supported on alumina catalysts [4–7]. These findings
and future stringent air quality standards necessitate
finding new ways to remove NOx from the exhaust of
a diesel vehicle. One possible way is to use a more
efficient and selective reducing agent. For example,
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ammonia has been known to be a highly selective and
efficient reducing agent to remove NOx from the flue
gas streams of power plants. However, using ammonia
as a reductant for the removal of NOx from the auto-
mobile exhaust gas may not be commercially viable.
Difficulties in storing and handling of ammonia and
the requirement of a robust controller to accommodate
the rapidly changing of load conditions of automobile
exhaust gas with little ammonia slip are major prob-
lems. Alternatively, ammonia can be generated in situ
by hydrolysis and decomposition of urea through the
following reactions:

CO(NH2)2 → NH3 + HNCO (1)

HNCO+ H2O → NH3 + CO2 (2)

Urea as ammonia source may be the best choice for
such applications because urea is not toxic and also can
be easily transported on board of an automobile as a
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high concentration aqueous solution. As a result, NOx

can be reduced not only with ammonia but also the
urea itself and its decomposition by-product, HNCO,
as shown in the reactions from 3 to 5:

2CO(NH2)2 + 6NO → 5N2 + 2CO2 + 4H2O (3)

4HNCO+ 6NO → 5N2 + 4CO2 + 2H2O (4)

4NH3 + 4NO+ O2 → 4N2 + 6H2O (5)

Even though the use of urea in the reduction of
NOx from the flue gas streams of power plants is
a well-established method [8], there are not many
studies on the application of using urea as a reduc-
tant in the treatment of the lean burn engine operated
vehicles.

Luders et al. [9] reported that the use of a micro-
processor control strategy together with a catalyst sys-
tem, consisting of V2O5/TiO2/WO3 and an oxidizing
catalyst, enabled the efficient use of the eutectic aque-
ous urea solution (∼20% urea by weight with freezing
point−11◦C) to eliminate NOx from the exhaust of a
light-duty vehicle. Use of a concentrated urea solution
eliminates the need for a compressed ammonia storage
tank with its associated leakage problems. Switching
to a urea based NOx reduction strategy for an automo-
tive application also does not require new investment.
Urea solutions can simply be stored in one of the gaso-
line tanks at the gas stations and urea tanks can be filled
at the same time as the gas tanks of vehicles. Leakage
of urea solutions will not present an environmental
problem in that urea is an extensively used fertilizer
and apart from its odor, it is environmentally benign.
Furthermore, the size of a urea solution tank would
be relatively small. Less than one gallon of the eutec-
tic solution will be needed for each thousand miles
of driving. Use of urea is not without problems; the
main one is the freezing point of the eutectic mixture
(−11◦C) and a secondary problem is the toxicity of
the existing catalysts [9]. V2O5 and Cu/ZSM-5 based
catalysts have also been studied for the reduction of
NOx by urea in real diesel exhaust gas [10,11]. Sim-
ilarly, these studies raised several questions, such as
urea dosage control, and for automotive applications,
appropriateness of use of highly toxic vanadia based
catalysts. Fundamental studies on hydrolysis and de-
composition of urea in the gas phase or over a cat-
alytic material have been performed to understand the
individual steps involved in the reduction of NOx by

urea [12,13]. Despite these studies no single catalyst
has been identified as being effective at low tempera-
tures for both urea hydrolysis/decomposition and NO
reduction.

In this paper, we report the catalytic activity of Pt
on alumina catalyst for NOx reduction by aqueous
urea solution and also the decomposition/hydrolysis of
urea. We investigated the role of the concentration of
oxygen, water and urea during the reduction reaction.
In addition, we studied the effect of SO2 on the activity
of Pt on alumina catalyst.

2. Experimental details

2.1. Catalyst preparations

Aluminum tri-sec-butoxide was used to make Pt
on alumina and pure alumina material. Chloroplatinic
acid was the metal precursor for Pt loading. The sin-
gle step sol–gel supported catalyst was prepared in the
same way as in ref. [14]. Aluminum tri-sec-butoxide
was first mixed with the water–ethanol solution and
then the necessary amount of chloroplatinic acid (to
get 2% Pt loading based on ICP analysis) was added
to the sol solution. The resulting gel was dried at
100◦C for 12 h to remove the solvent and water. Then,
it was calcined at 600◦C for 24 h prior to activity
studies.

The catalysts were activated with 75 ml/min flow
of a gas mixture containing 750 ppm NOx , 750 ppm
propene, 7% oxygen,∼2% water and He as balance.
During the activation process, the temperature was in-
creased from 150 to 500◦C with a 50◦C step incre-
ment. Once 500◦C was reached, it was kept at this
temperature over night. After being used under this
reaction cycle for several times, the catalysts reached
their stable activity level.

2.2. Catalyst testing

The calcined catalyst was ground and sieved to
80–120 mesh size prior to activity tests. In all experi-
ments, 0.1 g of catalyst was held between two quartz
wool plugs in a quartz U-tube (i.d. 3 mm) flow reactor
and tested under a total flow rate of 176 ml/min. The
reactant gas mixture was blended by using four inde-
pendent mass flow controllers to give 685 ppm NOx
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(∼20 ppm NO2 comes from NO cylinder), 0–14% O2,
25 ppm SO2 (when used) and He as balance.

The necessary amount of urea was dissolved in
50 ml of water and then injected with a peristaltic tube
pump (Cole Palmer) set to the desired flow rate. Aque-
ous urea solution was mixed with the feed gas stream
in a temperature controlled port (kept at∼130◦C) and
then was further heated in the entrance section of the
U-tube reactor before entering the catalyst bed.

Product analysis at the exit of the reactor at each
temperature was performed after reaching a steady
state condition (∼1 h). The reactor outlet stream was
analyzed with a Thermo Environmental 42CHL NOx

Chemiluminescence Analyzer to determine unreacted
NOx and also by FTIR with a 10 cm path length gas
cell for quantitative determination of CO2, CO and
N2O. A TCD detector equipped GC (from SRI Inc.)
was used to analyze for NH3 with a 6 ft long Porapak
N column (from Alltech Inc.) operated isothermally
at 120◦C. The concentration of ammonia at the outlet
was double-checked by using an ammonia analysis kit
after absorbing it in water at 0◦C. The activity mea-
surements were reproducible within±2% and the N2O
selectivity measurements were accurate to∼5 ppm re-
sulting in an error bar of±2% in N2 selectivity at 50%
NOx conversion.

2.3. Catalyst characterization

Approximate crystallite size and phases present in
the catalysts were determined by X-ray diffraction
(Rigaku powder diffractometer, operated at 40 kV
and 100 mA). BET surface area was measured with a
Micromeritics 2010 instrument. Prior to analysis, the
sample was degassed under vacuum at 300◦C until
the vacuum inside the sample tube stayed constant at
around 5�mHg. A standard Micromeritics program
was employed to calculate both BET surface area
and BJH pore size distribution (using the desorption
isotherm).

JEOL 4000 HRTEM was also used to determine Pt
particle size and its distribution in 2% Pt-SG catalyst.
Catalyst powder was ground iniso-propyl alcohol and
then kept in a sonic bath for 15 min. A drop of the
alcohol powder suspension was put on a holly carbon
coated copper screen and then alcohol was evaporated
at room temperature under vacuum before transferring
to HRTEM column. A total of 200 crystallite pictures

were collected spatially over holly carbon coated cop-
per screen to find Pt crystallite size distribution.

3. Results

3.1. Catalyst characterization

XRD spectrum for the 2% Pt-SG catalyst showed Pt
peaks at 2θ of ∼40, ∼46, and∼67.5◦ superimposed
on alumina peaks (γ andη) at 2θ of ∼39,∼45.5 and
∼66.8◦. Approximate Pt crystallite size obtained by
the Debye–Scherer equation using the Pt(1 1 1) peak
is 16±1 nm. Because of the sensitivity of XRD analy-
sis, only to crystallites larger than 5 nm, we also used
HRTEM to determine the average crystallite sizes dis-
tribution of the 2% Pt-SG catalyst based on a sample of
200 Pt crystallite pictures. The distribution appeared
to have two very close peaks with 34% of the crys-
tallites counted having a size of 13± 2 nm and 16%
having a size of 20± 7 nm. The arithmetic average of
this distribution is 15.5±6 nm in excellent agreement
with the XRD result.

The sol–gel synthesis and calcination treatment
that we used produced a 2% Pt-SG catalyst with
BET surface area of∼300 m2/g and a narrow pore
size distribution centered atD ∼ 68 Å. In contrast
when alumina is synthesized alone there is no change
in surface area but the average pore size becomes
∼77 Å. The dispersion of this catalyst was∼10%
based on CO chemisorption and agrees with estimated
dispersion from the average crystallite size.

3.2. Urea, water and SO2 concentration
effects on the catalytic activity

The 2% Pt-SG catalyst was tested with varying
urea concentrations under a feed stream containing
685 ppm NOx , 7% O2, 2% water and He as balance.
Fig. 1 shows that at this concentration of water vapor,
NOx conversion does not change noticeably as a func-
tion of urea amount for all temperatures. The 10%
conversion occurs at 150◦C and reaches the maximum
conversion,∼30%, at 250◦C. As the temperature is
increased above 400◦C, the NOx conversion becomes
negative. In addition, we also investigated the conver-
sion activity of 2% Pt-SG as a function of water vapor
concentration at a constant urea concentration. In this
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Fig. 1. The NOx reduction activity of 2% Pt-SG as a function
of urea concentration. Reaction conditions: 685 ppm NOx , 7%
oxygen, 2% water and He as balance, 0.1 g catalyst and 176 ml/min
of flow rate.

case, we passed 685 ppm NOx , 7% O2, 560 ppm urea
and He as balance and changed the water from 2
to 17% in the feed. Fig. 2a shows that at 2% water,
the maximum conversion,∼30%, occurs at 250◦C
and it drops to 5% at 400◦C. However, increasing
water concentration to 9% shifts the maximum con-
version,∼98%, temperature to 150◦C. NOx conver-
sion rapidly decreases with temperature and becomes
∼2% at 400◦C. Above 400◦C, the conversion be-
comes much more negative than that obtained with
2% water. For 17% water vapor, the conversion until
300◦C is similar to those obtained with 9% water but
the NOx conversion becomes negative at 350◦C. Our
NH3 analysis of the reactor outlet showed that in all
runs, NH3 concentration at the reactor outlet was less
than 2 ppm at all temperatures. We also observed that
N2O production changes as a function of water under
the constant NO, urea and O2 concentrations at the
inlet. As can be seen in Fig. 2b, at 2% water in the
inlet, the maximum N2O concentration,∼80 ppm,
occurs at∼250◦C and after that, decreases to 17 ppm
at ∼350◦C and 2 ppm at∼450◦C. However, increas-
ing water concentration to 9% results in a maximum
N2O formation, 488 ppm, at∼150◦C and decreases
to ∼26 ppm at∼350◦C and 2 ppm at∼450◦C. Fur-
ther increase of water concentration to 17% does
not noticeably change N2O formation between 200

Fig. 2. (a) The NOx reduction activity of 2% Pt-SG and (b) N2O
production over 2% Pt-SG catalyst as a function of water vapor
concentration. Reaction conditions: 685 ppm NOx , 7% oxygen,
560 ppm urea and He as balance, 0.1 g catalyst and 176 ml/min of
flow rate.

and 300◦C but ∼110 ppm N2O occurs at∼350◦C.
We could not take data at 150◦C with 17% water
vapor in the feed because of condensation inside the
catalyst bed.

Fig. 3 shows the NOx conversion as a function of
urea concentration for 685 ppm NOx , 7% O2, 17%
water and He as balance. The gas phase urea con-
centration was changed from∼208 to ∼560 ppm.
A typical dome shape of conversion versus temper-
ature is observed with 208 ppm urea concentration.
The maximum NOx conversion,∼40%, is obtained
at 250◦C and as temperature is increased to 350◦C,
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Fig. 3. The NOx reduction activity of 2% Pt-SG as a function of
urea concentration. Reaction conditions: 685 ppm NOx , 7% oxy-
gen, 17% water and He as balance, 0.1 g catalyst and 176 ml/min
of flow rate.

the conversion becomes∼10% and then it becomes
negative at 400◦C. When urea concentration is in-
creased to 560 ppm, the maximum conversion,∼97%,
occurs at 200◦C and decreases almost linearly with
temperature and becomes negative at 350◦C. In ad-
dition, we observed that at all temperatures, N2O
formation increases with urea concentration in the
feed stream. For example, at 208 ppm urea and 17%
water in the feed, N2O formation is below 100 ppm at
all temperatures and a maximum N2O, ∼95 ppm, oc-
curs at∼350◦C (data not shown). Whereas, 560 ppm
urea and 17% water in the feed results in a max-
imum N2O, 400 ppm, at∼200◦C and decreases
with temperature. These results seem to indicate
that at low temperatures, such as below 350◦C,
nitrogen-containing products of urea decomposition/
hydrolysis are used as reductants in the reduction of
NO and also converted into N2O. However, at high
temperatures, the nitrogen-containing products are
oxidized to NO and NO2 by oxygen very rapidly
instead of being used in the reduction of NO, hence,
resulting in negative conversion. To verify this hy-
pothesis, we conducted two sets of experiments to
investigate the decomposition/hydrolysis of urea over
2% Pt-SG as a function of temperature. First, we
studied urea decomposition and hydrolysis activ-
ity of 2% Pt-SG in the absence of NO and O2 as

a function of temperature. Fig. 4a shows that CO2
is formed as low as 200◦C but its formation de-
creases as the temperature is raised to 450◦C. Since
it is possible for urea to decompose without form-
ing CO2, this figure should be taken as the lower
limit for urea decomposition. This shows that the
hydrolysis of urea decreases with the temperature
but still its decomposition may occur as temperature
increases. Indeed, the NH3 analysis of the reactor
outlet showed that NH3 concentration increased from
98 ppm at 250◦C to 524 ppm at 400◦C. We then
added 7% O2 into the He stream and also kept the
urea concentration at 560 ppm. Fig. 4b shows the
conversion of nitrogen-containing compounds pro-
duced during decomposition/hydrolysis of urea into
NO, NO2 and N2O. As can be seen, the maximum
conversion, 30%, to N2O occurs at 250◦C and then
it decreases to 10 and 0% at 350 and 400◦C, respec-
tively. On the other hand, the formation of NO or
NO2 is not observed until 250◦C. The conversion
to NO of nitrogen-containing compounds produced
during decomposition/hydrolysis of urea increases
linearly with temperature and reaches∼48% at
450◦C. NO2 formation reaches 5% at 300◦C and
does not change with further increase in temperature.
NH3 with ∼20 ppm was observed at∼250◦C and
maximum NH3 concentration, 71 ppm, occurred at
300◦C. This low NH3 concentration as compared to
that found in the absence of oxygen seems to be due
to the oxidation of NH3 to N2O as seen in Fig. 4b.
Above 300◦C, we did not detect NH3 at the outlet
of the reactor. The formation of NO and NO2 at high
temperatures as seen in Fig. 4b indicates the oxidation
of NH3, hence, resulting in no NH3 coming out of the
reactor. Fig. 4c shows the decomposition/hydrolysis
of urea (based on CO2 formation) as a function of
temperature. We observed that 60% of urea is de-
composed at 200◦C, 124% at 300◦C and 40% at
450◦C. The result at 300◦C indicates that some poly-
mers of HNCO must deposit on the catalyst at low
temperature and get oxidized as the temperature is
increased.

In addition, to understand the role of oxygen
during the reduction of NO, we passed 685 ppm
NOx , 560 ppm urea, 17% water and He as balance
over 2% Pt-SG. Fig. 5 shows that in the absence
of oxygen in the feed, the NOx conversion was
∼34% at 200◦C and the maximum NOx conversion,
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Fig. 4. (a) Urea hydrolysis/decomposition activity of 2% Pt-SG in absence of oxygen and NOx in the feed gas. Reaction conditions:
560 ppm urea, 17% water and He as balance, 0.1 g catalyst and 176 ml/min of flow rate. (b) Nitrogen-containing compounds oxidation
activity of 2% Pt-SG in absence of NOx in the feed gas. Reaction conditions: 560 ppm urea, 7% oxygen, 17% water and He as balance,
0.1 g catalyst and 176 ml/min of flow rate. (c) Urea hydrolysis/decomposition activity of 2% Pt-SG in absence of NOx in the feed gas.
Reaction conditions: 560 ppm urea, 7% oxygen, 17% water and He as balance, 0.1 g catalyst and 176 ml/min of flow rate.

∼99%, occurred at∼250◦C and dropped to∼5%
at 450◦C.

We also tested 2% Pt-SG catalyst under 685 ppm
NOx , 560 ppm urea, 9% water, 25 ppm SO2 and He as
balance. The results are seen in Fig. 6. We see that the
maximum NOx conversion,∼99%, obtained at 150◦C
in the absence of SO2 drops to 5% in the presence of
25 ppm SO2 and also the maximum NOx conversion,
∼91%, occurs at 250◦C when 25 ppm SO2 is present
in the feed. At 350◦C, the conversion becomes neg-
ative in the presence of 25 ppm SO2 as compared to
21% obtained in the absence of SO2.

4. Discussion

4.1. NOx conversion activity as a function
of water, urea and oxygen

We had to run our experiments between 200 and
450◦C when there was 17% water in the feed because
of accumulation of solid deposits on the thermocouple
below 200◦C made temperature control difficult in our
reactor system.

Our results show that the activity of 2% Pt-SG is
not dependent on urea concentration in the feed stream
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Fig. 5. NOx reduction activity of 2% Pt-SG as a function of
temperature. Reaction conditions: 685 ppm NOx , 560 ppm urea,
17% water and He as balance, 0.1 g catalyst and 176 ml/min of
flow rate.

when there is not adequate water vapor in the feed.
Indeed, the maximum conversion shifts from 250 to
150◦C when water concentration is increased from 2
to 17%. It seems that the maximum NOx conversion
temperature shifts to lower temperatures because the
hydrolysis rate of HNCO (the reaction (2)) increases

Fig. 6. The NOx reduction activity of 2% Pt-SG as a function
of SO2 concentration. Reaction conditions: 685 ppm NOx , 7%
oxygen, 560 ppm urea, 9% water, 25 ppm SO2 (when used) and
He as balance, 0.1 g catalyst and 176 ml/min of flow rate.

with water, hence, resulting in higher amounts of NH3.
This is similar to the effect of oxygen on the oxida-
tion of propene [15]. In addition, above 300◦C, the
NOx conversion becomes negative during the reduc-
tion reaction in the presence of oxygen. This indicates
that the rate of oxidation of nitrogen-containing com-
pounds, such as HNCO or NH3, to NO, NO2 and N2O
is higher than that of the reduction of NOx by the
reducing agents, such as NH3 or HNCO. Hence, the
overall net NOx conversion decreases with tempera-
ture and becomes negative above 300◦C. Our prelimi-
nary wet analysis of condensate collected at the exit of
the reactor shows less than 2 ppm NH3 at all temper-
atures, hence, indicating NH3 being adsorbed and/or
used as reductant in the NOx reduction at low tem-
peratures and its oxidation to NO and NO2 at high
temperatures.

We also observed that the oxygen in the feed shifts
the maximum NOx conversion to lower temperatures.
In the absence of oxygen in the feed of 685 ppm
NOx , 560 ppm urea and 17% water, the maximum
NOx conversion,∼99%, occurs at 250◦C and it never
becomes negative as the temperature is raised as seen
in Fig. 5. However, when 7% oxygen is introduced,
the maximum conversion, 99%, occurs at∼200◦C
and it becomes negative above 350◦C. Katona et al.
[16] reported that over polycrystalline platinum, NO
was reduced by ammonia at very high rate in the
presence of oxygen. In addition, Ramis et al. [17]
showed that oxy-dehydrogenation of NH3, leading
to adsorbed NH2 and H, was the first possible step
in the reduction of NO with NH3 in the presence of
oxygen. Studies on the reduction of NO with cya-
nuric acid or ammonia or isocyanic acid in the gas
phase showed that the species, such as H and OH, are
the result of oxy-dehydrogenation of NH3 and H2O.
Also, the presence of these species leads to many
parallel reactions in addition to NO reduction to N2
or N2O [18,19]. Our results on the reduction of NO
with NH3 as a function of oxygen are also in parallel
with these reports as seen in Fig. 7. We can spec-
ulate that adsorbed oxygen on Pt crystallites reacts
with either NH3 or HNCO to initiate the formation
of NH2 or NH. These ad-species reduce NO to N2
or N2O at temperatures less than 350◦C. But above
this temperature, the oxidation of nitrogen-containing
compounds also occurs in parallel with the NO
reduction.
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Fig. 7. The NOx reduction activity of 2% Pt-SG as a function O2

concentration. Reaction conditions: 685 ppm NOx , 658 ppm NH3,
2% water and He as balance, 0.1 g catalyst and 176 ml/min of
flow rate.

4.2. Urea decomposition/hydrolysis activity

As seen in Fig. 4a, we found that in the absence of
oxygen and NOx in the feed, urea is decomposed and
hydrolyzed between 200 and 450◦C, thus, resulting
in NH3 or HNCO and CO2. NH3 concentration below
350◦C was lower than the amount that one may expect
to observe based on the amount of CO2. This may be
due to the formation of polymers of HNCO or urea,
such as cyanuric acid, at low temperatures [11]. Even
though∼10% or less of the urea is converted into CO2
above 350◦C, this does not exclude the possibility of
HNCO or NH3 formation through the urea decompo-
sition reaction. In fact, we found that∼524 ppm NH3
occurred at∼400◦C. Also, we indirectly proved the
presence of HNCO or NH3 above 300◦C by introduc-
ing 7% oxygen into the feed stream as seen in Fig. 4b.
The presence of oxygen resulted in the formation of
NO, NO2 and N2O in addition to CO2 because Pt
on alumina catalyst is known to be a good oxidation
catalyst.

At low temperatures, some unreacted urea in the
gas phase comes out of the reactor. We observed some
white precipitate in the inlet and outlet of the reactor
tube at the end of the experiment. Koebel et al. [12]
also found unreacted urea at low temperatures coming
out of the reactor. Fig. 4c shows that∼60% of urea is

being used in the reduction reaction and also some is
stored at low temperature which decomposes and/or
hydrolyzes as the temperature is increased. This stor-
age results in CO2 formation higher than the amount
of urea fed to the reactor at 300◦C. The CO2 formation
decreases to 40% as temperature increases to 450◦C
but this does not exclude the possibility of producing
HNCO and NH3.

4.3. SO2 effect on the NOx conversion activity

It is known that ammonium sulfate is formed
through the reaction between SO2 and water and
ammonia at temperatures less than 235◦C but it
starts decomposing at 235◦C [20]. Decrease in NOx
conversion activity seen below 250◦C in the pres-
ence of SO2 is most likely due to the formation of
ammonium sulfate that blocks adsorption sites on
which the NOx reduction may occur. However, as the
temperature rises to 250◦C, the conversion reaches
∼91% (during 1 h of steady state condition), a higher
value than that seen in the absence of SO2 at this
temperature. The increase may be due to the decom-
position of ammonium sulfate and also the formation
of metal sulfates on the catalyst surface. Indeed, we
found that NOx conversion at∼250◦C dropped to
∼71% and stayed constant after keeping the catalyst
at this temperature for 6 h. Above this temperature,
the conversion did not change with time on stream.
It is known that the metal sulfates are acidic ma-
terials. For instance, the acidity of a Pt on alumina
catalyst increases when exposed to SO2 and oxygen
[21,22] and also the hydrolysis of urea is accelerated
over acidic materials [12]. Hence, increased hydrol-
ysis rate can lead to an increase in NOx conversion
as the temperature increases. However, at the same
time, this increased hydrolysis rate of urea results in
the formation of additional NO and NO2 through the
oxidation of nitrogen-containing compounds, thus,
leading to negative conversions as low as 350◦C as
seen in Fig. 6. In fact, we found that NO and NO2
formations in the presence of 25 ppm SO2 during
urea hydrolysis/decomposition reaction with oxygen
and water (in the absence of NO in the feed) was
higher than that obtained without 25 ppm SO2 in
the feed stream at high temperatures. For example,
the conversion of urea to NO and NO2 at 350◦C
increased to 44 and 19% in the presence of SO2
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from 20 and 7% in the absence of SO2, respectively
(data not shown).

5. Conclusions

• The maximum NOx conversion temperature is
strongly dependent on oxygen and water in the
feed when urea is used as the reductant.

• In the absence of oxygen and NO, the decomposi-
tion/hydrolysis of urea occurs without forming NO,
NO2 or N2O at all temperatures. But in the presence
of oxygen, nitrogen-containing compounds are oxi-
dized into NO, NO2 and N2O above 200◦C, hence,
resulting in negative NOx conversion during the re-
duction of NOx with urea under oxidizing condi-
tions.

• The amount of N2O produced during NOx reduc-
tion in the presence of oxygen and water and urea
is strongly dependent on the temperature and the
concentration of water in the feed.

• The presence of 25 ppm SO2 in the feed decreases
the conversion activity below 250◦C due to possible
formation of ammonium sulfate.

• Conversions above 300◦C in the presence of
25 ppm SO2 are highly negative as compared to
conversions obtained in the absence of SO2.
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