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Abstract

Urea-SCR, the selective catalytic reduction using urea as reducing agent, has been investigated for about 10 years in detail
and today is a well established technique for DgNDstationary diesel engines. It is presently also considered as the most
promising way to diminish NQemissions originating from heavy duty vehicles, especially trucks.

The paper discusses the fundamental problems and challenges if urea-SCR is extended to mobile applications. The major
goal is the reduction of the required catalyst volume while still maintaining a high selectivity for the SCR reaction over a wide
temperature range. The much shorter residence time of the exhaust gas in the catalyst will lead to higher secondary emissions
of ammonia and isocyanic acid originating from the reducing agent. Additional problems include the control strategy for urea
dosing, the high freezing point of urea, and the long term stability of the catalyst. © 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction vehicles, especially trucks [3]. In the following we
will discuss some challenges and selected problems
Forthcoming European legislation pertaining to thatarise if the SCR process will be adopted to mobile
heavy duty diesel engines aims at the simultaneous diesel engines.
reduction of the emissions of particles and N@ is
generally assumed that the EURO 4 emission stan-
dards proposed for the year 2005 will be no longer 2. Main SCR reactions with ammonia
feasible by primary measures but will require addi-
tional exhaust gas after treatment techniques. NO, in diesel exhaust is usually composed of >90%
Urea-SCR, the selective catalytic reduction using NO. Therefore, the main reaction of SCR with ammo-
urea as reducing agent, has been investigated in detailnia will be
for about 10 years and today is a well established tech-
nique for DeNQ of stationary diesel engines [1,2]. It 4NHs + 4NO+ Oz — 4Nz + 6H0 1
is presently considered as the most promising way to This reaction implies a 1:1 stoichiometry for Nldnd
diminish NO, emissions originating from heavy duty NO and the consumption of some oxygen. The re-
action consuming no oxygen is much slower and is

* Corresponding author. Tekt41-56-310-2604; therefore not relevant in lean combustion gases:
fax: +41-56-310-2199.
E-mail addressmanfred.koebel@psi.ch (M. Koebel) 4NH3 + 6NO — 5N> + 6H,0 2)

0920-5861/00/$ — see front matter © 2000 Elsevier Science B.V. All rights reserved.
Pll: S0920-5861(00)00299-6



336 M. Koebel et al./Catalysis Today 59 (2000) 335-345

On the other hand, the reaction rate with equimolar 4. Problems and challenges
amounts of NO and N®is much faster than that of
the main reaction (1): 4.1. Reduced catalyst volumes of selective catalysts

4NH3 + 2NO+ 2NO, — 4Ny + 6H,0 3 Typical space velocities GHSV in three-way cata-
lysts (spark-ignited engines) amounttd00 000 h L.
It should be mentioned that the reaction with pure;NO  Correspondingly, the necessary catalyst volume will

is again slower than reactions (1) and (3): be of the order of the engine cylinder volume. On the
other hand, typical space velocities in stationary SCR
4ANH3 + 3NO; — %Nz + 6H,O (4) catalysts are only of the order of 10 000th The prob-

lem of necessary catalyst size is further aggravated by
At high temperatures (>40C) the commonly used two unfavorable features of the diesel engine: (a) the

catalysts based on TIOWOs-V,0s tend to form ni- ~ Widely varying exhaust gas temperatures and (b) the

trous oxide. One of the possible reactions leading to diesel process is operated always under excess stoi-

nitrous oxide is chiometric air, thus leading to larger exhaust volume
flows than the Otto process (gasoline engine).

4NH3 + 4NO + 30, — 4N,0 + 6H,0 (5) Fig. 1 shows the temperatures and the exhaust gas

flows for a turbocharged diesel engine with an in-
At still higher temperatures, ammonia may be oxidized tercooler of 6.61 cylinder volume at 1500 rpm. It is

to NO, thus limiting the maximum NQconversion: seen that the temperatures vary from 200 to°&35
for a load range of 10-100 kW corresponding roughly
4ANHz + 50, — 4NO + 6H,0 (6) to 10-100%. This range will further widen to about

100-650C if lower loads and higher rpm are taken
into consideration. The corresponding exhaust flows
are 420§ /h at 100% load and 240{h at 10%.
3. Basic requirements for a mobile DeNQ@ system If a mobile diesel engine is to be equipped with
an SCR system, space velocities much higher than
A stationary diesel engine is operated at constant 10000 ! must be achieved. Therefore, the volumet-
(usually full) load and there is no restriction concern- ric activity of the catalysts must be improved and this
ing the size of the SCR catalyst. Therefore, the SCR may be realized by the following means:
catalyst is usually generously sized. This allows to at- (@) Increase the intrinsic activity of the SCR cata-
tain very high values of NQreduction (DeNQ) at lyst If a high selectivity for N-formation is to be kept,
very low ammonia slip. It should be emphasized here i.e. little formation of NO and NQ at higher tem-
that a high DeNQ@ alone is of no practical value if the  peratures, the standard SCR catalyst systems based on
ammonia slip is high. High values of ammonia slip TiO2—WO3—V20s5 or TiO,—MoO3—V20s5 are still the
will result if the catalyst is not generously sized and systems of choice. Their drawback is a limited activity,
if the stoichiometric ratiax=NH3/NO, is too high. which is especially evident at the lowest loads/exhaust
The requirements for a mobile diesel engine in a temperatures of the engine. The concentration of vana-
car or truck are different. Firstly, load and engine dia may be increased to boost the intrinsic activity,
speed will vary often and abruptly, and this will cause but concentrations above3% will lead to a loss of
permanent changes of flow and temperature of the selectivity of these catalysts.
exhaust gas. A sophisticated control for the dosage (b) Increase of the cell density of the mono-
of the reducing agent will be therefore necessary. lith. This will cause an increase of the geometric
Moreover, the space occupied by a mobile DgNO surface-to-volume ratio of the catalysts. For example,
system is very limited. This space is mainly given going from a cell density of 36 to 300 cpsi is accom-
by the catalyst volume which becomes decisive at panied by an increase of the volumetric surface from
low loads/temperatures as the kinetic rate constants~770 to~2200 n?/m3. SCR extruded catalysts based
diminish. on TiO,—WO3-V20s5 with cell densities up to 300 cpsi
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Fig. 1. Typical exhaust temperatures and flows (humid) for a 6.61 turbocharged diesel engine with intercooler at 1500 rpm.

have been developed recently by some manufacturers.deeper layers of the catalyst have almost no contri-
Still higher cell densities can be realized by coating bution to the SCR reaction, an extruded and a thinly
techniques using cordierite or metallic substrates [4]. coated catalyst will be practically equally effective.
This is due to the fact that cordierite or metal foils This is no longer true at low temperatures, where the
have much better mechanical properties and thereforedeeper layers of the catalyst contribute to the SCR
allow thinner walls of the monolith. In extruded cat- reaction and therefore increase the SCR performance.
alysts, the entire wall consists of THE&WO3-V20s5 (c) Make use of the increased reaction rate of re-
plus admixtures of binders and glass fibers to increaseaction (3). This may be achieved by increasing the
the mechanical properties. fraction of NG in the exhaust. Figs. 3 and 4 com-
This measure will be especially effective at high pare the performance of catalyst K51 under identi-
temperatures, where the SCR reaction proceedscal conditions with NO and with a 1:1 mixture of
mainly in the top layer of the catalyst. This has been NO+NO,. Because practically no oxidation of am-
shown in previous work, where the performance of monia is observed the N9MNO, inlet ratio« is given
SCR catalysts has been calculated for various con- by DeNQ,/100 at low values of ammonia slip. Cat-
ditions [5]. Fig. 2 shows the relative concentration alyst K51 is a coated type with 370 cpsi developed
profile of NO and NH in the wall of a 200 cpsi ex-  in our laboratory [4]. The tests were performed at a
truded catalyst at 250 and 480D. It is evident that GHSV=52000 ! and the test gas further contained
the reaction takes place mainly in the top layer of the 5% H,O, 10% O and varying amounts of Ngl bal-
catalyst at 450C. This is no longer true at 258Q: ance N. Comparing the results for 10 ppm NHKlip
At this temperature, even in the center of the wall at 200C, only~21% DeNQ are obtained with pure
(x=200p.m), the relative concentration of NO or NH  NO but~93% with the NO-NQ@ mixture. The mix-
still amounts to~0.5. We can further see that due ture even allows to work at 15Q where stilla DeNQ@
to the much higher reaction rates at 460the mass of ~43% is obtained.
transfer resistance is important at 480but negligi- The fraction of NQ in a typical diesel exhaust
ble at 250C (relative concentrations &0 are~0.8 amounts to 5-10% only. This fraction may be in-

and ~0.97, respectively). Therefore, an increased
geometric surface per volume will be especially ef-
fective at higher temperatures. Because at°@5the

creased by passing the gas over a strong oxidation
catalyst containing platinum as the active component.
However, it is difficult to obtain useful fractions of
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Fig. 2. Calculated concentration profiles at 250 and°@5ih the catalyst wall of a 200 cpsi extruded catalyst at GHR9000 ! and
1000 ppm each of NO and NH

NO, at temperatures below 200 at high space ve-  This thermodynamic limitation is useful because the
locities. Therefore, there is considerable interest in im- oxidation rate of NO increases with rising temperature
proving the oxidation activity of such pre-catalysts. and because Nffractions above 50% will lead to a
Due to the thermodynamic equilibrium the possible decrease of the reaction rate of the SCR reaction due
NO; fraction is limited at higher temperatures (Fig. 5). to the low rate of reaction (4).
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Fig. 3. Performance of the coated SCR catalyst K51 in pure NO. GHEA000 I,
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Fig. 4. Performance of the coated SCR catalyst K51 in a 1:1 mixture-NQ,. GHSV=52000h 1.

4.2. Reactions of urea: generation of the SCR Urea is usually applied in urea-SCR as an aqueous
reactive reducing agent NH solution. If this solution is atomized into the hot ex-
haust gas stream the first step is the evaporation of wa-

For reasons of safety and toxicity, urea is the pre- ter from the droplets, thus leading to solid or molten

ferred selective reducing agent for mobile SCR appli- urea:

cations. If urea is used instead of ammonia the DgNO

chemistry involves isocyanic acid as an important in- NH,—CO-NH (aqueous— NH,—CO-NH(solid)

termediate which will lead to a complication of the

SCR chemistry. +xH20(gas (7)
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Fig. 5. Thermodynamic equilibrium of the reaction M@OzeNOZ for oxygen partial pressures of 0.1, 0.05 and 0.02 bar.
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SCR _catalysts are also effective fo_r this reaction. 440°C 4°°Fﬁe gas tz:ri?pgrature [%(93? c 285°C
Reactions (7) and (8) are endothermic and can occur
already in the gas phase ahead of the catalyst. TheFig. 6. Ammonia, isocyanic acid and urea at various temperatures
hydrolytic reaction (9) is exothermic and will proceed at the catalyst entrance. Residence time urea injection — catalyst
on the SCR catalyst itself. entrance-0.09s at 440C.
We have shown 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 [6,7]. three reactions require additional time. A mobile SCR
Therefore, we believe that NHs the active reducing  system will have only a short distance between the
agent also in the case where urea is the reducing agentengine exhaust (where urea may be injected) and the
In order to speed up the thermohydrolytic decompo- catalyst entrance. This leads to short residence times
sition of urea the use of a hydrolyzing catalyst in front of urea in this section and therefore steps (7) and (8)
of the SCR catalyst has been proposed [8]. However, will not be completed at the catalyst entrance. As a re-
the hydrolysis of HNCO is not the only reaction con- sult, a mixture of NH, HNCO and urea will be fed to
tributing to the delayed liberation of ammonia, but all the catalyst. Fig. 6 shows the relative amounts of these
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Fig. 7. Performance of coated catalyst K53 with various reducing agents a€460
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Fig. 8. Comparison of the total ammonia adsorption of coated catalyst K50 and extruded catalyst D41 under SCR conditions:
¢(NHgz in)=c(NOjn)=1000 ppm. Catalyst volurae? cn®.

three components at the catalyst entrance measured irat full load the catalyst temperature will vary cor-
a typical experiment on the diesel test stand at PSI. respondingly and this leads to varying amounts of
The delayed liberation of ammonia will cause a loss ammonia adsorbed on the catalyst.
of SCR performance compared to the use of ammonia. Typical NHz adsorption capacities for an extruded
This effect is particularly pronounced at high space and a coated catalyst are shown in Fig. 8. These values
velocities and at high temperatures as shown in Fig. 7 were determined under laboratory conditions for an
for various reducing agents at 46D the best perfor-  identical catalyst volume of 7 cinlt can be seen that
mance is obtained with gaseous ammonia, followed the quantity of adsorbed ammonia decreases strongly
by ammonia solution, solid urea, and urea solution. It with temperature. The extruded catalyst adsorbs much
is evident that ammonia outperforms urea. higher quantities than the coated catalyst due to the
It should be further mentioned that aiming at com- fact of having about five times more active mass. Due
pact DeNQ systems will lead to short residence times to the method of determination, i.e. under SCR con-
ahead of the SCR catalyst. This causes considerableditions with NO present, this expected difference is
mixing problems for NQ with the reducing agent.  only visible at low temperature. For further details the
The mixing problem is further aggravated if an addi- reader is referred to a separate publication on the sub-
tional pre-catalyst for oxidizing NO is used. In this ject of ammonia adsorption [9].
case urea can only be injected after the oxidation cat- Fig. 9 shows the effect of a fast load increase in a
alyst leading to even shorter mixing and residence diesel test stand experiment. A considerable ammonia

times. peak is obtained if the dosage of urea is increased
abruptly with load. Much better results are obtained
4.3. Minimizing ammonia slip if the actual catalyst activity is taken into account, i.e.

the actual catalyst temperature. Still better results are
When urea is used as reducing agent the main emis-possible by a closed feedback control. In the present
sion is still ammonia. Because exhaust gas tempera-example the slip of Nglwas measured and taken as
tures may vary fronr100°C at idle up to~650°C the controlling parameter.
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Summarizing, we may say that the following mea- the formation of NO and NO. Especially undesired
sures can reduce these ammonia peaks and conseis their strong tendency to formJ® at intermediate
guently the total ammonia emission in a test cycle:  temperatures (250-300) if the gas coming from the

(a) The use of coated instead of extruded catalysts SCR catalyst also contains unreacted NO which al-
(less active mass/catalyst volum&he disadvantage lows for reaction (5).
of such catalysts will be a reduced performance at
lower temperatures. Extruded catalysts possess more4.4. Other difficulties related to the use of urea
active mass/volume, which contributes to performance
at lower temperatures. Urea is generally considered to be the safest and

(b) Use of an optimized dosing strate@he dosing least toxic selective reducing agent. The main prob-
rate of urea should not only be governed by the actual lems caused by its decomposition chemistry have been
mass flow of NQ, but should at least take into account outlined above. In a recent study the properties of four
the actual catalyst activity which is determined mainly selective reducing agents have been compared: pure
by its actual temperature. ammonia, ammonia solution, urea solution and am-

(c) The addition of an oxidation catalyst down- monium carbamate [11]. According to this study urea
stream of the SCR catalyst will oxidize any surplus also has some disadvantages:

NHs. Hug et al. [1] have described such a two-catalyst  (a) Emission of isocyanic acidAs mentioned in
system for off-highway exhaust gas after treatment. Section 4.2 the emission of isocyanic acid may be
An oxidation catalyst is also used in the so-called considerable at very low and at very high tempera-
“VHRO-system” discussed by Jacob [10]. In addi- tures (typically up to 50 ppm at high values). No
tion to increasing the costs of the system, selective detailed information on the toxicity of HNCO could
and highly active selective catalytic oxidation (SCO) be found. However, the fact that organic isocyanates
catalysts (SCO to Y are not known at the present have become well known for inducing hyperreactive
time. The most active types are again based on Ptrespiratory diseases in recent years (see e.g. [12]) calls
metals. Their oxidation activity is strongly dependent for investigation of possible physiological effects of
on temperature requiring relatively large volumes for HNCO.

ammonia oxidation below 25C. At rising tempera- (b) The high freezing point of aqueous urea solu-
tures their oxidation power increases and this leads to tions The proposed eutectic solution has a concen-
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tration of 32.5% urea and a freezing point of only to 600°C, but above this temperature deactivation

—11°C. This poses technical problems in winter use. becomes possible. This is mainly due to the phase

It has therefore been suggested to use solid urea. How-transformation of TiQ (anatase) into Ti@ (rutile)

ever, the use of solid urea will require a dosing unit and consequent loss of BET surface. On the other

for solid urea which is an expensive and critical com- hand, exhaust temperatures may go up to°@00

ponent. Further, the introduction of solid urea into the at very high power output. Such operating condi-

exhaust gas stream and the mixing operation are fartions are certainly rare and only of short duration.

more difficult to achieve than with urea solution. Nevertheless, optimizing high temperature stabil-
(c) Possible formation of high molecular weight ity of the catalysts still remains a goal in catalyst

products The isocyanic acid formed as an interme- development.

diate may react with urea or with itself and lead to

higher products like biuret, melamine, cyanuric acid,

etc. This problem has been carefully studied earlier 5. Outlook

due to possible clogging of atomizing nozzles and de-

posit formation in the flue gas duct. It can be han-  Urea-SCR has high potential for the application in

dled technically and the secondary emission of higher diesel driven vehicles. The main emphasis is presently

products is very small [2]. put on the development of systems for heavy duty ve-
hicles, especially trucks. In the case of diesel passen-
4.5. Long term stability of SCR catalysts ger cars the requirement of an additional reagent (urea)

will hardly be accepted by the consumers and the av-
SCR catalysts based on the ternary system erage exhaust temperatures in a typical test cycle are
TiOo—WO3—V,0s are presently the preferred type for so low that only modest reductions of N@re feasi-
mobile SCR. This system is resistant to sulfur oxides ble. In the case of the diesel passenger car thg NO
originating from fuel sulfur. At temperatures below storage-reduction catalyst could be a more convenient
250°C some deactivation due to condensation of am- choice.
monium sulfate may be observed. This deactivation Siemens has developed the SIN€ystem [3]. A
is reversible if the catalyst is operated again at higher number of these systems have been tested by trucking
temperatures. companies since 1996. The present development aims
A more serious problem is the sensitivity of these at reducing the size of the system and the series intro-
catalysts to basic compounds and to phosphorous.duction for heavy duty vehicles is planned for the year
Both are present in the usual motor oil formulations: 2000 [13]. This system uses a single SCR catalyst of
ZDDP, the very common antiwear booster, contains the extruded type.
both Zn and P. An alkalinity reserve is usually pro- A much more sophisticated system has been pro-
vided by the addition of soaps of alkaline earth metals. posed by MAN [10]. The “VHRO-system” (Fig. 11)
Tests over 1000 h on the PSI diesel test stand haveuses a structured catalyst consisting of four catalytic
therefore shown a considerable drop in SCR perfor- sections optimized for the various reactions:
mance. Fig. 10 shows the performance of the extruded Vorkat (pre-catalyst, NO oxidation)
catalyst D41 on the diesel test stand after 100 and 1
1000h, i.e. the slip of N&lor (NHz+HNCO) as a NO+302 = NOz (10)
function of NQ, conversion. Because the increase  H-Kat (hydrolyzing or urea catalyst)
of (NH3+HNCO) with aging is much more pro-
nounced than the increase of jlBlip alone, we may NHz-CO-NF + H20 — 2NH3 + CO, (11)
conclude that the hydrolyzing activity has degraded
more than the SCR activity. The loss in hydrolyz- NH2-CO-NH; +NO + NOz — 2Nz + COz
ing activity is especially pronounced at the highest + 2H,0 (12)
temperature. N
Finally, high temperature stability is also impor- R-Kat (reducing, i.e. SCR catalyst)
tant. The catalysts usually stand up temperatures up2NH3+2NO+%02 — 2Nz + 3H20 (13)
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Fig. 10. Performance of catalyst D41 after 100 and 1000 h at various temperatures.
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Fig. 11. Scheme of the “VHRO-system” according to MAN [10].
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2NH3+NO + NOz — 2Nz + 3H0 (14)

O-Kat (oxidizing catalyst for limiting NH-slip)

4NHz+30, — 2N, + 6H,0 (15)

Coated catalysts of high cell density are used
in all sections. The total catalyst volume therefore
amounts to only 241 (diesel engine with 121 cylinder
volume/400 PS).

A similar system is also the subject of investiga-
tion of the project “GD-Kat". This is a joint project
of the German car manufacturers and the leading
component suppliers. The goal is to show the fea-
sibility of urea-SCR also for the diesel passenger
car.
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