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Abstract: The selective catalytic reduction (SCR) of NOx by NHs has been extensively
studied in the literature, mainly because of its high potential to remediate the pollution of
diesel exhaust gases. The implementation of the NH3-SCR process into passenger cars
requires the use of an ammonia precursor, provided by a urea aqueous solution in the
conventional process. Although the thermal decomposition and hydrolysis mechanisms of
urea are well documented in the literature, the influence of the direct use of urea on the NOx
reduction over SCR catalysts may be problematic. With the aim to evaluate prototype
powdered catalysts, a specific synthetic gas bench adjusted to powdered material was
developed, allowing the use of NHs or urea as reductant for direct comparison. The design
of the experimental setup allows vaporization of liquid urea at 200 °C under 10 bar using an
HPLC pump and a micro injector of 50 um diameter. This work presents the experimental
setup of the catalytic test and some remarkable catalytic results towards further development
of new catalytic formulations specifically dedicated to urea-SCR. Indeed, a possible
divergence in terms of DeNOx efficiency is evidenced depending on the nature of the
reductant, NHs or urea solution. Particularly, the evaluated catalyst may not allow an optimal
NOx conversion because of a lack in ammonia availability when the urea residence time is
shortened. This is attributed to insufficient activity of isocyanic acid (HNCO) hydrolysis,
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which can be improved by addition upstream of an active solid for the hydrolysis reaction
such as ZrOz2. Thus, this p-scale synthetic gas bench adjusted to powdered materials enables
the specific behaviour of urea use for NOx reduction to be demonstrated.
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1. Introduction

NOx reduction from diesel passenger cars is still a real challenge, enhanced by the continuous
minimization of emission imposed by environmental standards. To meet these regulations, various
technologies have been developed for engines working in lean condition, i.e., in an excess of air, as the
NOx storage reduction (NSR) process (or lean NOx trap (LNT)) and the selective catalytic reduction
(SCR) process.

The NSR process works under transient conditions, with alternating oxidizing and reducing
phases [1], making the process potentially difficult to implement. In addition, fuel overconsumption,
ageing (thermal ageing and poisoning), and selectivity are the main drawbacks reported in the
literature [2]. Conversely, SCR is a continuous process. It is described as an attractive way to reduce
NOx in excess of Oz, with the possible use of a large choice of reductants like hydrocarbons (HC) [3-8],
ammonia [9-12], urea [13], hydrogen, alcohol [14,15], etc. While HC-SCR has been largely studied in
the past decades for automotive applications, the NH3-SCR is now accepted as exhibiting the highest
potential to reduce NOx emission in the lean condition, with different reaction pathways described by
Equations (1)—(3). These reactions are usually denoted as “standard-SCR” (Equation (1)), “fast-SCR”
(Equation (2)) and “NO2-SCR” (Equation (3)) reactions [9,16—20]:

4NH3 + 4NO + O2—4N2 + 6H20, NH3/NOx stoichiometry: 1 (1)
4NH3 + 2NO + 2NO2—4Nz2 + 6H20, NH3/NOx stoechiometry: 1 (2)
4NH3s + 3NO2—3.5N2 + 6H20, NH3/NOx stoechiometry: 1.33 (3)

Nevertheless, NHs is not desired to be on board vehicles. Aqueous urea solution is a safe answer as
ammonia precursor and it was selected for SCR in the automotive industry. Ammonia is then obtained
by two consecutive reactions: “urea thermolysis” (Equation (4)) leading to NHs and HNCO (isocyanic
acid), and “HNCO hydrolysis” (Equation (5)). The overall reaction corresponds to “direct urea
hydrolysis” (Equation (6)).

(NH2)CO(NH2)—NHs + HNCO (4)
HNCO + H20—NHs + CO> (5)

Overall reaction:
(NH2)CO(NHz2) + H20—2NHz + CO2 (6)

Note that, in addition to Reactions (1)—(3) it was also suggested that urea itself and isocyanic acid
could react with nitric oxide according to Equations (7) and (8) [21]:
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2(NH2)CO(NH2) + 6NO—5N2 + 4H20 + 2CO2 (7)
4HNCO + 6NO—5N2 + 2H20 + 4CO2 (8)

Equation (4) is endothermic and thermally assisted compared to Equation (5) which is exothermic.
With pure urea, Koebel et al. [13] observed the thermal decomposition according to Equation (4) and
reported that isocyanic acid is stable in the gas phase. However, HNCO hydrolysis is easily hydrolysed
on many solid oxides, as SCR catalysts, with water vapour (Equation (5)) [22]. It is proposed that the
rate of HNCO hydrolysis is much higher than the rate of the SCR reaction at low to medium temperatures
on the usual SCR catalysts.

Interestingly, it was reported that the reactions from both Equations (4) and (5) can be catalytically
assisted by transition metal materials and then the rate determining step depends on the temperature. For
instance, over anatase TiOz, Bernhard et al. [23] observed that the hydrolysis was somewhat slower than
thermolysis below 150 °C, whereas the hydrolysis was faster above 160 °C. Unfortunately, during the
urea decomposition process, undesired reactions can also occur. Schaber et al. [24] indicated that, at
around 190 °C, cyanuric acid (CsH3N3Os), ammelide, and ammeline are produced primarily from biuret,
which results itself from reaction of HNCO with urea. All these by-products may induce catalyst surface
deactivation caused by deposit formation and also lead to imbalance in the NH3:—NOx stoichiometry,
deteriorating the DeNOx efficiency.

Then, the optimization of the conversion of urea into ammonia is crucial. Literature data essentially
deal with the thermal decomposition [25,26] or hydrolysis mechanism of urea [9,13,27] (with or without
catalysts). At a higher scale, some studies also focused on the simulation of the urea spray
injection [28,29], using honeycomb supported catalysts and/or an industrial exhaust pipe. It was
advanced that the residence time between urea injection zone and the catalytic bed can be a key
parameter. A short residence time can lead to incomplete urea thermolysis promoting a mixture of NHs,
HNCO, and urea, which may be fed together on the catalysts for the DeNOx reaction. Thus, in the NOx
selective catalytic reduction by urea, the rate determining step of both the urea thermolysis and the
HNCO hydrolysis to yield the expected reductant agent (ammonia) should be considered, to avoid any
significant performance loss of the SCR process.

In fact, few studies focused on the urea-SCR reactions at the laboratory scale, mainly due to the fact
that the urea injection remains difficult to control for catalytic experiments using very low gas flow rates
and low sample weights. For instance, Sullivan et al. [11] introduced water and solutions of urea from a
calibrated syringe driver, which is technically rather far from the industrial conditions and not adapted
to vaporization of low flow. Regarding Koebel et al. [9], they used a modified prototype from Bosch as
dosing unit for urea injection to achieve various model-based algorithms for urea dosage in the diesel
engine. Peitz et al. develop a laboratory test reactor for the investigation of liquid reducing agents in the
SCR of NOx [30]. Using a glass nebulizer, liquid reducing agents were sprayed directly in front of the
catalyst. The setup was evaluated in standard SCR (1000 ppm NO) using urea solution (Adblue, 32.5%
urea), with high flow rate (500 L-h™*) and V20Os-containing extruded sample (gas hourly space velocity,
GHSV =19,700 h™).
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Indeed, few works have dealt directly with powdered catalysts for the reaction of urea-SCR yet the
challenge is important since this process is difficult to develop at a p-scale level. However, the
optimization of the catalyst formulations is still needed, especially in the case of the combination of
the SCR process with a diesel particulate filter (DPF), arising from the Euro 6 legislation. Indeed,
the regeneration of the DPF leads to severe exotherms and the usual vanadium based SCR catalysts are
not suitable due to possible sublimation of the oxide. As a consequence, new catalyst formulations have
been developed, including Fe or Cu exchanged zeolites [31] and acidic oxide-based materials [32]. These
formulations need to be firstly evaluated as powdered prototypes, i.e., only a few grams are commonly
available. However, there is a strong interest to perform the catalytic tests with urea as reductant in
comparison with the commonly used NHs, in order to take into account the catalyst behaviour
toward the urea/HNCO decompositions (Equations (4) and (5)) and/or their possible direct reaction
(Equations (7) and (8)). With this aim, a specific u-scale synthetic gas bench was developed (total flow
rate of 20 L-h?, space velocity of approximately 160,000 h~* for 100 mg of catalyst). This study presents
a setup for the low flow urea injection in order to evaluate only a few milligrams of powdered materials
in NOx selective catalytic reduction by urea. In addition, various residence times between the urea
injection zone and the catalytic bed were examined for urea-SCR experiments. Moreover, the conversion
obtained with gaseous ammonia (NHs-SCR) using the same apparatus is required as reference for the
direct comparison of both reductants. In this first study, results obtained in standard SCR condition
(i.e., equivalent NH3:NO = 1) with a prototype acidic zirconia catalyst are presented and discussed
depending on the introduced reductant. Both reductants oxidation by oxygen was also examined
according to selective catalytic oxidation (SCO) tests.

2. Results and Discussion
2.1. Comparison of Urea-SCR and NH3-SCR Behaviour—Effect of the Urea Residence Time

NOx conversion with urea as reductant was recorded in standard-SCR condition with a primary
residence time between the urea injection and the catalytic bed of about 5.2 s (Figure 1A, full line). NOx
conversion reaches 45% at 200 °C, a maximum of 92% is recorded near 350 °C and it decreases slowly
to 82% at 500 °C. For comparison, the NOx conversion with NHs as reductant was also recorded using
the same condition (Figure 1A, dotted line). Very similar NOx conversion and NHs/NOx conversion
ratios (Table 1, Figure 2) are obtained with urea and gaseous NHs, indicating a similar use of the
introduced reductant. The (NHs conversion/NOx conversion) ratios are very close to 1 until 400 °C
whatever the introduced reductant, indicating that the DeNOx process respects the fast and/or standard
SCR stoichiometry (Equations (1) and (2)). This ratio increases until 1.16 at 500 °C, which is explained
by the NHs3 oxidation by Oz at high temperatures, reflecting a higher conversion of NHs at high
temperatures [12], as also described in Section 2.2.2.
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Figure 1. Urea-SCR (==, tr = 5.2 s) and NH3-SCR (==) under standard condition (400 ppm
NO, 400 ppmequation NH3, 8% H20, 10% CO2, 10% Oz2). (A) NOx conversion; (B) NHs
conversion/NOx conversion ratio.

Table 1. (NHs conversion/NOx conversion) ratio depending on the temperature and the reductant.

T Reductant
emperature NH; Urea, tr=5.25/6.2 s Urea,tir=4.0s  Urea, tr =4.0s5+ ZrO, (150 mg)
200 °C 1.00 1.00 1.00 1.03
250 °C 1.00 0.99 1.03 1.01
300 °C 1.01 0.99 1.03 1.01
350 °C 1.02 1.01 1.16 1.01
400 °C 1.04 1.05 1.20 1.07
450 °C 1.08 1.09 1.16 1.15
500 °C 1.14 1.16 1.36 1.36

Finally, these results illustrate the feasibility of the p-scale experimental setup showing a perfect
match in the DeNOx behaviour, depending on temperature and the reducing agent. In addition,
a sufficient decomposition of urea (Equations (5) and (6)) before/on the catalyst for urea-SCR condition
is suggested with a urea residence time of 5.2 s.

However, in a real exhaust pipe, the residence time between the urea injection and the catalytic bed
appears much shorter than 5.2 s, which may impact the global DeNOx efficiency in urea-SCR. In fact,
in real SCR systems, the urea residence time in the exhaust pipe can be less than one second before
entering into the catalytic converter. This time may be too short to completely obtain NHs from urea
upstream of the SCR catalyst. In this study, the studied residence times do not reach such a low value
but the influence of this parameter on DeNOx efficiency has received particular attention by varying the
residence time for tr = 6.1 s and tr = 4.0 s. The aim was to highlight a possible incomplete urea
decomposition, which is of great interest for future development of more efficient materials dedicated
to urea-SCR.

The effect of urea residence in NOx conversion is depicted in Figure 2A. As expected there is no
effect of the increase of the urea residence time from 5.2 s to 6.1 s since NH3 appeared already
satisfactorily available for tr = 5.2 s (Figure 1). On the opposite, a decrease of the urea residence time
to 4.0 s dramatically affects the DeNOx behavior, approving the impact of the residence time with our
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experimental system. More precisely, three main parameters are affected: the NOx conversion, the ratio
between the NHs conversion and the NOx conversion, and finally the outlet NO2/NOx ratio.
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Figure 2. Influence of urea residence time in standard-SCR (400 ppm NO,
400 ppmequaion NHs, 8% H20, 10% CO2, 10% O2) in (A) NOx conversion;
(B) NHs conversion/NOx conversion ratio. (==): tr = 4.0 S; (==): tr = 5.2 S; (==): tr = 6.1 S.

Comparing with tr = 5.2 s or gaseous ammonia, a decrease of the NOx conversion of about 15%-30%
can be observed in the 200-400 °C temperature range, with the shorter urea residence time of 4.0 s
(Figure 2A). The temperature for 50% NOx conversion increased from 215 °C to 290 °C. The NOx
conversion became similar to other residence times only at around 450 °C.

The influence of the reductant and the urea residence time on the (NHs conversion/NOx conversion)
ratio is depicted in Figure 2B. As expected, this ratio remains very close to 1 until 400 °C with NHs as
reductant or with tr = 5.2 s/6.1 s (corresponding to fast and/or standard SCR stoichiometry). However,
significant differences are observed for urea residence time of tr = 4.0 s, especially in the 350-400 °C
temperature range. The (NHs conversion/NOx conversion) ratio reaches 1.16 and 1.20, respectively.
At higher temperature (450 °C), this ratio tends to be comparable with the other test conditions.

The third parameter which is affected when urea is used with tr = 4.0 s is the NO2/NOx outlet ratio
(Figure 3). Using ammonia or urea with tr = 5.2-6.1 s, NO2 is detected from 200 °C and the NO2/NOx
outlet ratios reach a maximum in the 350-400 °C temperature range, at approximately 12%-13%.
Conversely, nearly no NO: is detected until 350 °C with tr = 4.0 s for urea injection, whereas the
NO2/NOx outlet ratio strongly increases until 450 °C, with a maximum at 17%. Note that, in absence of
reducers (i.e., NHs or urea), the NO2/NOx ratio is between 0.02 and 0.16 from 200 to 500 °C (dotted line,
Figure 3). It indicates that NOz2 is especially reactive in the 200-350 °C temperature range when urea is
injected as reductant with with tr = 4.0 s. All these results highlight that the use of urea with short
residence time directly impacts the SCR reactions and the evolution of these three parameters are
discussed in the next section.
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Figure 3. NO2/NOx outlet ratio versus temperature for: (==): NH3-SCR; (==): Urea SCR
(trR = 4.0 S); (==): Urea SCR (tr = 5.2 3); (==): Urea SCR (tr = 6.1 s); (---): activity of the
catalyst in NO oxidation (400 ppm NO, 10% Oz, 8% H20, 10% COz).

2.2. Impact of Short Urea Residence Time in Urea-SCR

It was reported that short residence times may lead to incomplete urea decomposition [22] and
promote a mixture of NHs3, HNCO, and urea, which can be mixed together with NOx on the SCR catalyst.
Then, different assumptions can be proposed to explain the NOx conversion decrease, the increase of the
(NHs conversion/NOx conversion) ratio in the 350-400 °C temperature range, and the changes in the
NO2/NOx outlet ratio at low temperature (T < 350 °C): (i) a poisoning of the active SCR sites; (ii) a
reactivity of urea or its by-products with oxygen, which would lead to a loss in reductant availability for
NOx reduction; (iii) a change in reaction stoichiometry (from standard/fast SCR to NO2-SCR, which
would lead to a (NHs conversion/NOx conversion) ratio higher than 1); or (iv) a limitation of the
generated ammonia from urea (urea thermolysis (Equation (4)) and/or HNCO hydrolysis (Equation (5))).

2.2.1. Study of the Possible Poisoning of the Active SCR Sites

The drop in activity observed for tr = 4.0 s could be assigned to a deposit formation on the surface of
the catalyst, as mentioned in the introduction section [24]. It would lead to unavailable reductant for NOx
reduction but the reductant would appear missing in the outlet gas (then increasing the (NHs
conversion/NOx conversion) ratio). Data reported in the experimental part indicate that urea is fully
thermally converted into ammonia at 200 °C between the urea injection and the analyser. It appears that
it is not the case at the catalyst level for tr = 4.0 s since the catalytic activity is changed. In order to test
a possible deposit formation, the stability of adsorbed species were examined by TPD and
TPO experiments.

After one hour of adsorption at 175 °C under 200 ppm urea (400 ppmeq. NH3), 8% H20, 10% CO2,
10% Oz, desorption was performed until 550 °C under N2 (TPD) or under gas mixture containing Oz,
COz2, H20 balanced in N2 (TPO). Results are reported in Figure 4. No other N-compounds than NHs
were detected, with a maximum around 293-300 °C whatever the composition of the desorption gas
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mixture, in particular the presence or absence of oxygen. Most of the adsorbed species are desorbed
before 450 °C. In addition, almost identical values of adsorbed species are measured, with 280 pmol-g™*
and 260 umol-g~* for TPD and TPO experiments respectively. Besides, replacing urea with ammonia
gas for the adsorption step leads to a very similar TPD recorded profile. Note that the quantification of
TPD experiments reveals an ammonia storage capacity two to three times lower than the usual zeolite
used in the NH3-SCR process [31,33], depending on the de-alumination ratio and NHs sorption
condition. Finally, these results indicate that adsorbed species from the urea injection present the same
behaviour as ammonia during the TPD-TPO tests when the temperature is increased. However, it is not
sufficient to definitively invalidate the hypothesis of poisoning at low temperature.
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Figure 4. (==): NH3-TPD experiments under N2; (==): urea-TPD experiments under Nz;
(==): urea-TPO experiments under 8% H20, 10% CO2, 10% O: after urea adsorption at
175°C from 1 h.

In order to understand if the decrease in the NOx conversion with tr = 4.0 s is attributable to lack of
ammonia (respecting assumption (ii)—(iv)) or to catalyst poisoning, additional measurements were
performed with tr = 4.0 s in which different amounts of gaseous NH3 were added depending on the
temperature test. Additional NHs amounts were calculated to theoretically compensate the NOx
conversion drop observed for tr = 4.0 s compared with tr = 5.2 s (similar to NH3-SCR results).
For example, at 300 °C, the NOx conversion at tr = 5.2 and tr = 4.0 s are 85% and 54%, respectively
(200 ppm urea inlet, i.e., 400 ppm equivalent NHz3). In this case, 130 ppm NH3 were added in the
urea-SCR reaction mixture (added NHs amount for each temperature is reported in Table S1. NOx
conversions with tr = 5.2 s, tr = 4.0 s and tr =4.0 s with additional gaseous NHs are compared in
Figure 5. This figure clearly indicates that addition of NHs in adjusted amounts allows a fully recovery
of the NOx conversion at tr = 4.0 s. This result suggests that the loss in DeNOx efficiency when the urea
residence time is decreased to 4.0 s is not attributable to catalyst poisoning, but to a lack in ammonia
availability. Interestingly, the NO2/NOx outlet ratio (Table 2) recorded with additional ammonia in the
urea-SCR mixture is also close to values obtained in NH3-SCR. The (NHs conversion/NOx conversion)
ratio cannot be easily compared due to the over adjunction of NHa.
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Figure 5. Effect of ammonia offset in urea-SCR gas mixture at urea residence time tr = 4.0 s
on NOx conversion in standard SCR condition. (==): Urea-SCR tr = 4.0 S; (==): Urea-SCR
tr=5.2S; (==): Urea-SCR tr = 4.0 s + NHs.

Table 2. NO2/NOx outlet ratio (%) versus temperature for standard-SCR (400 ppm NO,
400 ppmeq. NH3, 8% H20, 10% COz2, 10% O2).

Double Catalytic Bed
Catalytic Al2Os3 TiO2 ZrOo ZrO;
SCR Catalyst Alone
Bed (100 mg) + (100 mg) + (100 mg) + (150 mg) +

SCR Sample SCR Sample SCR Sample SCR Sample

Urea Urea Urea

Reductant NHs Urea tr = 4.0s
tr=5.25s tr=4.0s tr=4.0s+ NHs
200 °C 4.7 2.3 0.6 4.8 0.8 0.3 0.4 3.4
250 °C 6.2 4.1 0.6 6.4 1.2 0.5 0.6 5.7
300 °C 9.7 8.2 0.6 9.4 0.8 0.6 0.6 8.5
350 °C 11.9 12.2 13 11.0 1.7 0.8 25 125
400 °C 10.0 13 10.3 10.5 11.0 9.7 10.2 10.8
450 °C 9.1 10.0 17.2 9.3 15.4 10.7 15.0 9.3
500 °C 8.2 7.1 16.1 8.0 15.0 7.3 14.3 9.8

In addition, note that the addition of gaseous ammonia should also affect the kinetics of the reaction
if the reaction order in NHs is different from zero. This specific point was verified by adding an excess
of NHs at 200 °C in the urea-SCR conditions for tr = 4.0 s. The results are reported in Figure S1 and
show that the NOx conversion is not increased in the presence of excess of ammonia gas (added ammonia
concentration higher than 50 ppm), indicating a NHs reaction order close to zero. In fact, we previously
reported a slightly negative order in ammonia for NH3-SCR over acidic oxide [12].

2.2.2. Reactivity of Urea or By-Products with Oxygen

Another hypothesis to explain results observed in Figure 2 (tr = 4.0 s) is a reductant oxidation by
oxygen. In fact, if urea or these decomposition products are more reactive toward Oz than NHs, it would
induce a drop of the available reductant for NOx reduction, and it could also explain the apparent (NHs
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conversion/NOx conversion) ratio increase in the 350-400 °C temperature range as reported in
Figure 2B. Then, SCO experiments were performed with NHs or urea with tr = 4.0 s.

The reductant conversion profiles, expressed in NHs conversion, are reported in Figure 6A. With
gaseous NHs as introduced reductant, ammonia conversion starts near 250 °C and NHs is selectively
oxidized into N2 until 400 °C (28% NHs conversion). NOx is detected for higher temperature, with a
selectivity of 14% at 500 °C (61% NHs conversion). NO is emitted in higher proportion compared to
NO2, with around 31 ppm and 3 ppm at 500 °C, respectively (NO2/NOx = 0.09), as reported in
Figure 6B. The reductant conversion profile using urea is significantly different, higher reductant
conversion is observed, especially in the 250-400 °C temperature range. For instance, the corresponding
ammonia conversion increases from 8% to 30% at 300 °C for NH3-SCO and Urea-SCO, respectively.
However, both NHs conversion profiles become similar from 450 °C. With urea, the NOx selectivity
reaches only 10% at 500 °C. It corresponds to lower NOx emission (24 ppm) compared to NH3-SCO
(34 ppm). However, the oxidation of urea leads to a higher NO2 amount (6 ppm at 500 °C) compared
with NHs (3 ppm). It induces that the outlet NO2/NOx ratio increase to 0.25 with urea. However, the
recorded NO and NOz2 concentrations reach only few ppm and these values appear too small to discuss
about a mechanism.
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Figure 6. (A) urea-SCO (==, tr = 4.0 s) and NH3-SCO (==) for 400 ppmeq. NHs, 8% H20,
10% COz2, 10% Og2; (B) NOx distribution in urea-SCO and NH3-SCO.

Finally, SCO tests show that the reactive species at the catalyst surface is not only NHs in the
250-400 °C temperature range when urea is used, since results are different. It indicates that the double
urea decomposition may be not achieved at low temperature when the urea residence time is fixed at
4.0 s. In addition, the resulting species from the urea injection are more reactive toward Oz than NHs.
Nevertheless, the catalyst exhibits no activity in SCO at 200 °C, whatever the considered reductant.
Then, the possible contribution of the oxidation reactions cannot be invoked to explain the drop in NOx
conversion at 200 °C when urea is injected with tr = 4.0 s. In addition, oxidation reactions should impact
the (NHs conversion/NOx conversion) ratio but Figure 2B shows that it remains close to 1 until 300 °C.
At this temperature the reactivity toward oxygen is approximately three times higher using urea
compared with ammonia (Figure 6). Moreover, the direct comparison of NH3-SCO and NH3-SCR tests
indicate that competition between the NHs reaction with O2 or NOx is really effective for temperatures
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higher than 400 °C even if the NHs oxidation is possible from 250 °C in absence of NOx. Finally, the
NOx conversion decrease observed with urea until 400 °C is not consistent with over-oxidation of the
reductant by oxygen, even if a higher reactivity is observed compared with NHs.

2.2.3. SCR Reaction Stoichiometry

A change in the balance between the possible SCR reactions may also impact the (NHs
conversion/NOx conversion) ratio, as observed in Figure 2B in the 350-400 °C temperature range.
Indeed, if Equations (1) and (2) respect the (1:1) (NH3:NOx) stoichiometry, Equation (3) corresponds to
a higher NH3/NOx value of 1.33. If this NO2-SCR reaction occurs, it would lead to a higher “ammonia”
consumption compared with NOx consumption. It also means that the reactive species at the catalyst
surface are not the same when comparing NHs and urea as reductant. With this idea, it can be also
envisaged that these species are more reactive toward NO-.

Unfortunately, it is not possible to evaluate the specific reactivity of urea and HNCO toward NO2 and
this hypothesis is only speculative. However, the fact that no NO: is emitted until 350 °C with
tr = 4.0 s compared with other tested conditions (Figure 3) it supports the hypothesis of a change in the
NO: reactivity at low temperature, which does not lead to nitrogen formation (decrease in the NOx
conversion). A plausible assumption to explain these results is that NO: is not detected because it would
react with urea and/or its by-products. This point is specifically discussed in Section 2.2.4.

In addition, taking into account that NOz2 is not observed at low temperature, an additional hypothesis
can be proposed. Indeed, NOz is known to possibly react with ammonia at low temperature, leading to
ammonium nitrate formation (Equation (9)), as reported for V20s/WOs3-TiO2 SCR catalysts [17]. Then,
it may be envisaged that NO2 reacts with urea decomposition products to form NHsNOs. Nevertheless,
it is claimed that the NH4sNO3z decomposition leads to N2O emission (Equation (10)). This by-product
has never been recorded in our conditions, even in light-off mode (2 °C-min* heating rate, from 200 °C
to 500 °C) suggesting that NH4sNO3 formation does not occur. In addition, note that ammonium nitrates
could be alternately reduced by NO leading to ammonium nitrites with subsequent nitrogen release
through their decomposition.

2NHs3 + 2NO2 + H20 + 0.502—2NH4NOs3 9)
NH4NO3—N20 + 2H20 (10)

Finally, there is no clear indication for a change in SCR stoichiometry from standard/fast SCR to
NO2-SCR, but a change in the NO2 reactivity when urea used as reductant is evidenced.

2.2.4. Understanding of the Loss of Activity Observed fortr =4.0 s

The previously discussed results suggest that the drop in NOx conversion when urea is used with
tr = 4.0 is mainly attributable to the fact that ammonia does not appear sufficiently available at the
catalyst surface below 450 °C. Particularly, results presented in Section 2.2.1 show that ammonia
addition in the feed stream allows retrieving of catalytic behaviour similar to that obtained for longer
residence times or with NHs. Then, an incomplete urea thermolysis or HNCO hydrolysis would be
responsible for this lower DeNOx efficiency. This is also in accordance with the different reactivity
toward oxygen (Section 2.2.2): urea and/or its by-products appear more reactive than ammonia. As
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presented in the introduction section, the rate-determining step of urea decomposition is still a matter of
debate in the literature. It is reported that the urea thermolysis is much slower than HNCO hydrolysis
and therefore that catalytic urea thermolysis into NHs and HNCO is probably the rate-determining step
in urea decomposition [22]. Recently, kinetic studies on the decomposition reactions of urea on TiO2
support this assumption [23]. In addition, it was likewise proposed that zirconium oxide works
differently. A different reaction pathway is advanced in which water directly reacts with adsorbed urea
rather than adsorbed HNCO, leading to a high urea hydrolysis activity of the ZrO- catalyst, compared to
its low urea thermolysis activity [23]. Conversely, these authors also report that anatase TiO2 presents
higher efficiency than ZrO: for urea thermolysis. These results clearly evidence that the rate
determining step in catalytic urea decomposition depends on the composition of the solid. Finally,
for the urea thermolysis into HNCO and NHs, the following activity order was observed:
TiO2 > H-ZSM-5 = Al203 > ZrO2 > SiOz; whereas for the HNCO hydrolysis, the ranking becomes
ZrO2 > TiO2 > Al203 > H-ZSM-5 > SiOz2 [23].

Based on this work, in order to understand if the observed lack of ammonia at the catalyst level with
tr = 4.0 s (Figure 5) is attributable to a limitation of the urea thermolysis step and/or to the HNCO
hydrolysis step, new catalytic tests were performed with the addition of a first catalytic bed containing
a single oxide (Al203, TiOz, or ZrOz) just before the SCR catalyst.

Firstly, preliminary urea-SCR catalytic tests were performed with only the single oxides (Figure 7A).
All of them showed no significant NOx reduction in the 200-500 °C temperature range. Only ammonia
oxidation was observed at high temperature, the NH3 conversion reached 13%, 15%, and 13% at 500 °C
for Al203, TiO2, and ZrOz2, respectively. Secondly, it was also verified that the addition of an inert
material as additional first catalytic bed (SiC with the same granulometry as the single oxides) does not
impact the NOx and NH3 conversion with the SCR catalyst placed at tr = 4.0 s (no effect of additional
contact surface on the NHs availability, result not shown).
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Figure 7. Effect of catalytic double bed in urea-SCR results in standard condition
(400 ppm NO, 400 ppmeq. NH3, 8% H20, 10% CO2, 10% Oz2). (A) Single oxide (tr = 4.0 3).
(==): ZrOz2(100mg) ONnly; (==): TiO2z@oomg) only; (==): Al203@oomg) only; (B) Double catalytic
bed. (==): SCR only (tr = 5.2 S); (==): ZrOz(100mg) + SCR (tr = 4.0 S); (==): TiO2(100mg) + SCR
(tr =4.0S); (==): Al203@00mg) + SCR (tr = 4.0 5); (==): SCR only (tr = 4.0 s).
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Figure 7B describes the NOx conversion obtained with the use of a primary upstream catalytic bed
composed of the single oxides (100 mg of Al20s, TiO2, or ZrO2), whereas the SCR catalyst position
correspond to a tr of 4.0 s. For comparison, results already presented in Figure 2A with tr = 4.0 s and
tr = 5.2 s are also plotted. Results depicted in Figure 7B show that the NOx conversion is just a little
improved by the addition of Al2O3 despite its relatively high surface area (approximately four times
higher than TiOz or ZrOz2). Conversely, the addition of TiO2 allows a slightly better improvement of the
NOx conversion, especially in the 300-400 °C temperature range. The beneficial effect of ZrO2 is more
significant, approximately half of NOx conversion loss between tr = 5.2 s (same activity compared with
the direct use of NHz3) and tr = 4.0 s is recovered. In the same time, the NO2/NOx outlet ratio (Table 2)
remains unchanged compared to the results obtained with tr = 4.0 s, irrespective of the type of the
materials added upstream of the SCR catalyst.

Finally, the partial recovery of the NOx conversion with the addition of a first catalytic bed depends
on the following order: ZrO2 > TiO2 > Al20s. According to the previously mentioned work [23], it is
proposed that the decrease of the NOx conversion between tr = 5.2 s and tr = 4.0 s is mainly attributable
to a limitation of the HNCO hydrolysis, impacting the NHs availability.

Additional urea-SCR tests were performed with 150 mg ZrOz2 in order to evaluate the relationship
between the ZrO2 weight and the NOx conversion recovery. Results are presented in Figure 8A (NOx
conversion) and Figure 8B (relationship between the ZrO2 weight and the recovery). This figure clearly
indicates that the NOx conversion recovery is linearly correlated with the ZrO2 weight, i.e., to the amount
of sites able to produce NHs. It also allows the evaluation of the ZrO2 amount necessary to obtain the
same DeNOx activity as for tr = 5.2 s. The extrapolation of Figure 8B gives a ZrO: weight of
approximately 190 mg.
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Figure 8. Influence of ZrO2 weight in DeNOx efficiency for urea residence time of 4.0 s in
standard condition (400 ppm NO, 400 ppmeq. NH3, 8% H20, 10% COz2, 10% 0O2). (A) NOx
conversion versus temperature. (==): SCR catalyst (tr = 5.2 S); (==): ZrO2@00mg) + SCR
catalyst (tr = 4.0 S); (==): ZrO2(150mg) + SCR catalyst (tr = 4.0 S); (==): SCR catalyst (tr = 4.0 s);
(B) NOx conversion versus ZrOz weight. (==): 200 °C; (==): 250 °C; (==): 300 °C;
(==): 350 °C; (==): 450 °C.

Interestingly, note that ZrOz in sufficient quantity is the only material which, located upstream of the
SCR catalyst, is able to increase the NO2/NOx outlet ratio and recover the values obtained with ammoniac
or for longer urea residence times (Table 2). In the same time, the (NHs conversion/NOx conversion)
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ratio (Table 2) also reaches values observed with NHs or tr = 5.2 s, whatever the temperature. All these
observations show that ZrO2 addition exhibits the same effects as direct ammonia use and confirm its
major role in obtaining ammonia.

Assuming that HNCO is available at the catalyst surface when the urea residence time is fixed at
4.0's, SCO tests described in Section 2.2.2 indicate that HNCO is more reactive than NHs toward oxygen.
Then, a plausible assumption to explain the fact that NO2 is not emitted until 350 °C when urea is injected
with tr = 4.0 s (Figure 3) is that NOz2, a stronger oxidizer than Oz, is able to oxidize HNCO without NOx
reduction. Possible reactions are proposed below (Equations (11) and (12)):

2HNCO + NO2 + 202—3NO + H20 + 2CO2, ArG°s73 =—742 kJ (11)
2HNCO + 5NO2—7NO + H20 + 2CO2 (12)

Thermodynamic calculation is reported in Section 3 of the Sl file, Table S2.

In addition, these reactions would also lead to a lack of reductant for NOx reduction. This hypothesis
is also in accordance with results reported in Figure 2B: the reductant consumption appears 20% higher
than the NOx conversion at 350 and 400 °C. At lower temperature, NO2 formation is limited to few ppm
and it is not sufficient to observe a change in the NHs conversion/NOx conversion ratio.

3. Material and Methods
3.1. Catalysts

For NH3-SCR, urea-SCR, NH3-SCO and urea-SCO catalytic tests, a zirconia based acidic oxide
provided by Solvay was used. This catalyst exhibits a specific surface area of 50 m?/g after hydrothermal
ageing at 600 °C. Note that this solid appears very stable since its specific surface area was measured at
47 m?/g after hydrothermal ageing at 850 °C. Supplementary tests were also performed with the addition
of the following simple oxides: ZrO2 (Solvay), TiO2 (Degussa P25) and Al2O3 (prepared at the laboratory
by the precipitation method, AlI(NOs)s + NaAl204, as described in [15]). All these simple oxides were
calcined 4 h under wet air at 600 °C. They exhibit specific surface areas of 46, 43 and 186 m?/g,
respectively. Before being tested, solids were sieved between 100 um and 250 pm.

3.2. Physical and Surface Properties

Nitrogen adsorption-desorption isotherms were recorded at —196 °C, using a Tristar 3000 Micromeritics
apparatus (Norcross, GA, USA). Prior to the measurement, the samples were pretreated at 250 °C under
vacuum for 8 h. The surface area was calculated using the BET model [34].

The stability and the reactivity of adsorbed species after catalyst treatment under urea or gaseous
NHs were evaluated by temperature programmed desorption (TPD) or temperature programmed
oxidation (TPO) experiments. An amount of 100 mg of catalyst was placed in a quartz tubular
micro-reactor. After a pretreatment at 550 °C (heating rate: 5 °C-min~!) for 30 min under a flow
containing COz2, Oz, H20 (each at 10%) balanced in N2 (total flow of 20 L-h™!), the catalyst sample was
cooled down to 175 °C for ammonia or urea adsorption. The temperature was chosen to limit the
urea/NHs physisorption on the catalyst surface. The adsorption steep was carried out for one hour at
175 °C under a gas feed consisting of the reductant agent (200 ppm urea or 400 ppm NHz3) and 8% H20,
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10% CO2, 10% O: balanced in N2 (total flow of 20 L-h™!), followed by an inert gas purge (N2) for 1 h.
The desorption was performed until 550 °C (heating rate: 5 °C-min~!) under N2 or 10% O,
10% CO2, 8% H20 for TPD or TPO, respectively. The outlet gas was continuously analysed by a
2030 Multigas infrared analyser (MKS, Munchen, Germany).

3.3. Catalytic Tests

The apparatus for SCR tests with urea or NHs as reductant agent is schematized in Figure 9A.
Two successive heated zones were used. The first one, fixed at 200 °C, was dedicated to the urea solution
injection. The catalyst (100 mg) was located in a quartz tubular micro-reactor (internal diameter
of 8 mm) placed in the second oven (downstream) and the temperature was controlled between
200-500 °C. Synthetic gas (20 L-h™!) was used to simulate realistic diesel engine exhaust gases,
consisting of 400 ppm NO, 400 ppm equivalent NHs (gas or injected urea), 8% H20, 10% COz, 10% Oz,
corresponding to a GHSV of about 160,000 h™! (GHSV, calculated as the flow rate of feed gas/volume
of catalyst). The “equivalent NHs” to NOx ratio (denoted a ratio) was fixed at 1 assuming that two NH3
molecules are supposed to be obtained from one (NH2)CO(NH?2). The gas flow was introduced using
mass-flow controllers, except for H20 and urea: a urea aqueous solution (1.33 x 10~ M corresponding
to 0.794 wt. %) was vaporized into the heated zone at 200 °C in order to obtain a theoretical concentration
of 200 ppm in the reactional gas mixture. The urea liquid flow rate was controlled by a micro HPLC
pump (Jasco, PU-2085, Halifax, NS, Canada) and various micro-nozzles provided by The Lee
Compagny (Westbrook, ME, USA) were initially tested (@nozze = 200-50 um). The injection
temperature (200 °C) was selected to avoid any polymerization of urea and its by-products in the pipe.
The reproducibility of liquid urea injection was first checked, and the following parameters, allowing
both a very good record of the expected concentrations and high experimental stability of urea solution
injection were fixed for further experiments: Tureainj. = 200 °C, @nozztle = 50 um, APHpLc pump = 10 bar,
Flowageous sol. = 19 uL-min’l.
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Figure 9. (A) Experimental setup for Urea-SCR (Selective Catalytic Reduction);
(B) Stability of urea liquid injection without catalyst (== NO, == NH3, == NO2, == HNCO).

In addition, a test without catalysts was performed to study the stability of the urea injection in a gas
feed containing NOx depending on the temperature of the catalyst oven from 200-500 °C. Results
presented in Figure 9B indicate that, whatever the temperature test, all the introduced urea is detected as
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NHs at the analyser level, with a high stability. Only 2-3 ppm of HNCO were recorded, which in fact
corresponds to the baseline level for this product. It means that the complete urea conversion into
ammonia, including HNCO hydrolysis, is thermally achieved without catalyst. It is attributed to a
relatively long residence time at a minimum temperature of 200 °C (between the urea injection and the
gas analyser, at about 50 s). It also indicates that the homogeneous reaction of nitric oxide with urea
itself and/or isocyanic acid (Equations (7) and (8)) is not observed in thermal conditions, only a low NO
oxidation into NO: is observed without catalyst (a maximum of 5 ppm NO2 was recorded at 500 °C).

In order to have a direct comparison of urea or ammonia as NOx reductant, NOx SCR tests by
NHs were also performed. NHs and H20 were then introduced using a mass flow controller and a
saturator, respectively.

Before experiments, catalyst was pre-treated at 550 °C under oxidant atmosphere. Catalytic tests were
then performed from 200-500 °C (heating rate: 5 °C-min~! or by steps of 50 °C). The compositions of
the feed gas and effluent stream were monitored continuously using online MKS Multigas infrared
analyser for NO, NO2z, N20, HNCO, NHs, CO, COz2, and H20. The urea conversion was calculated taking
into account that the introduced urea is fully converted into NHzs at the analyser level without catalyst,
as previously mentioned.

Additional tests were conducted to study the influence of residence time of urea between the
micro-nozzle and the position of the catalyst. In fact, only the location of the catalytic bed in the reactor
placed in the second oven was adjusted to obtain urea residence times of 4.0s,5.2 s, and 6.1 s. Residence
times were calculated taking into account the total flow rate and the pipes volume. Note that even if the
considered residence times (4-6.1 s) are significantly higher than those recorded in real automotive SCR
systems, it remains sufficient to highlight significant catalytic behaviour in terms of DeNOx efficiency.

The ammonia or urea selective catalytic oxidation (SCO) experiments were carried out using a similar
protocol as previously depicted for the SCR test, except that NO was replaced by the same flow
of nitrogen.

4. Conclusions

Despite some temperature limitations due to the use of urea (i.e., problematic risk of polymerization
for instance), a SCR catalytic test adapted to powdered catalyst and allowing the injection of aqueous
urea or gaseous NHs was successfully developed. The direct comparison of both reductants showed that
the ammonia availability may not be sufficient at the catalyst surface when urea is used, especially for
short urea residence, even if the conditions differed from real applications. It induced a decrease in the
DeNOx efficiency over the evaluated catalyst. It was demonstrated that over this zirconia based acidic
oxide, the limiting step was the HNCO hydrolysis. Finally, it was evidenced that a recovery of the DeNOx
activity can be achieved by the addition of ZrO2 upstream of the SCR catalyst, which favors HCNO
hydrolysis and increases the availability of ammonia for NOx reduction.

In addition, the use of urea induced a reductant over-consumption regarding the standard SCR
stoichiometry. It was assumed that reaction of the urea by-products from decomposition, probably
HNCO, were oxidized by NO2. It is now expected that the role of NO2 on the oxidation of urea
decomposition by-products using Fast-SCR and NO2-SCR conditions will be confirmed.
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