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INTRODUCTION

At the present stage of technological development,
the diesel engine is the most fuel-efficient internal com-
bustion engine. In the last forty years, its efficiency has
increased considerably due to various design efforts.
Now the diesel engine has the greatest potential for
reduction of automotive CO

 

2

 

 emissions into the atmo-
sphere. However, as for NO

 

x

 

 and soot particles, diesel
engines suffer from a higher level of emissions than
their gasoline counterparts equipped with a three-way
catalyst.

Today the soot emission standards are satisfied pri-
marily owing to the perfection of the fuel injection and
combustion systems in the diesel engines and owing to
the application of catalysts and recirculation systems
for the oxidation of unburned hydrocarbons in the
exhaust. The ultimate and the most efficient solution of
the problem of reducing soot emissions is use of cata-
lytic soot traps in all diesel-engined vehicles, including
passenger cars. Note that such traps have already been
commercialized and they reduce soot in the exhaust
below its concentration in urban air.

While a way to reduce soot emissions has been
found, the problem of NO

 

x

 

 reduction in diesel exhaust
is still among the topical environmental challenges.
Today’s European NO

 

x

 

 emission standard (EURO-4)
cannot be met only by improving the design or chang-
ing the operation regime of the diesel engine without a
substantial (5–7%) loss of its fuel efficiency. In the
future, the exhaust emission standards will inevitably
be more stringent, so the optimal solution of the NO

 

x

 

problem is use of catalytic exhaust neutralization sys-
tems.

Under oxygen excess conditions typical of diesel
exhaust, nitrogen oxides can be converted into nitrogen

using reducing agents (selective catalytic reduction,
SCR). Present-day commercial technologies for
removal of nitrogen oxides from diesel exhaust use urea
or diesel fuel in the SCR process [1–3]. Another
approach to the problem is to use the adsorption–cata-
lytic reduction (ACR) technology. The principle of this
technology is the storage of nitrogen oxides in the cat-
alytic system under oxygen excess conditions and the
reduction of concentrated NO

 

x

 

 upon desorption under
periodically created fuel excess conditions [2–4].

In this work, we compare already commercialized
technologies and some of the most promising newer
technologies for nitrogen oxide reduction in diesel
exhaust. The Boreskov Institute of Catalysis (Siberian
Branch, Russian Academy of Sciences) is developing
an NO

 

x

 

 SCR technology using synthesis gas obtained
on board by the catalytic conversion of diesel fuel.
Here, we demonstrate the potential of this method.

NO

 

x

 

 REDUCTION IN DIESEL EXHAUST

 

NO

 

x

 

 SCR Using Urea

 

The idea of using ammonia or urea in the removal of
NO

 

x

 

 from automotive exhaust has been under develop-
ment for several decades. The use of a eutectic aqueous
solution of urea in the SCR reaction in diesel exhaust is
attractive for reasons of storage and transportation
safety and convenience and the high reducing power of
ammonia obtained from urea on board.

Ammonia is prepared in two steps [5, 6]. The first
step is noncatalytic, and it takes place in a hot engine
exhaust stream:

(1) injection of fine droplets of an aqueous solution
of urea into the gas stream;
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(2) water evaporation during droplet motion in the
stream, resulting in the formation of solid or melted
urea droplets,

 

(I)

 

(3) heating and thermal decomposition of urea in the
gas stream

 

(II)

 

As a result, an equimolar mixture of ammonia and
isocyanic acid, which is very stable in the gas phase, is
obtained at the first stage.

The hydrolysis of isocyanic acid, which can be car-
ried out in the presence of various solid oxides, is the
second, catalytic step of ammonia preparation:

 

HNCO + H

 

2

 

O  NH

 

3

 

 + CO

 

2

 

. (III)

 

Theoretically, 2 mol of ammonia must be produced
by the complete decomposition of 1 mol of urea and the
hydrolysis of the resulting isocyanic acid. Thus,
~0.5 mol of urea per mole of NO

 

x

 

 in the exhaust should
be supplied to the catalytic reduction unit (i.e., ~0.9 g
of urea per gram of nitrogen oxides).

The commercial catalysts for NO

 

x

 

 SCR with ammo-
nia are systems containing vanadium as the active com-
ponent: 

 

V

 

2

 

O

 

5

 

/TiO

 

2

 

, V

 

2

 

O

 

5

 

/WO

 

3

 

/TiO

 

2

 

, and

 

V

 

2

 

O

 

5

 

/MoO

 

3

 

/TiO

 

2

 

. Under oxygen excess conditions, the
catalytic reduction of individual nitrogen oxides can
proceed as follows:

 

2NH

 

3

 

 + 2NO + 0.5O

 

2

 

  2N

 

2

 

 + 3H

 

2

 

O, (IV)

4NH

 

3

 

 + 3NO

 

2

 

  3.5N

 

2

 

 + 6H

 

2

 

O. (V)

 

The simultaneous reduction of NO and 

 

NO

 

2

 

 occurs
at a considerably higher rate than reactions (IV) and
(V) [5]:

 

2NH

 

3

 

 + NO + NO

 

2

 

  2N

 

2

 

 + 3H

 

2

 

O. (VI)

 

Usually the 

 

NO

 

2

 

 concentration in diesel exhaust is
5–10% of the entire volume of NO

 

x

 

 and the NO concen-
tration is about 90% or higher. At these concentrations
of individual nitrogen oxides, the vanadium-based cat-
alytic systems afford a very high NO

 

x

 

 conversion and
nitrogen selectivity only above 

 

250–300°C

 

. Below

 

200°C

 

, its activity is rather low. By directing the NO

 

x

 

reduction process via the high-rate route (VI), one can
substantially increase the conversion of nitrogen oxides
in the low-temperature region. This can be attained by
an increase in the 

 

NO

 

2

 

 fraction in the exhaust gas, for
example, by partial oxidation of NO on a platinum cat-
alyst:

 

NO + 0.5O

 

2

 

  NO

 

2

 

. (VII)

 

The replacement of pure NO with an NO + 

 

NO

 

2

 

mixture (1 : 1) was shown [5] to increase the conversion
of nitrogen oxides at 

 

200°C

 

 from 21 to 93% (at a flow

NH2–CO–NH2 l( ) H2O l( )+

NH2–CO–NH2 s/l( ) H2O g( );+

NH2–CO–NH2 s/l( )
NH3 g( ) HNCO g( ).+

 

rate of 52000 h

 

–1

 

 and an ammonia breakthrough con-
centration of 10 ppm).

Obviously, any mobile NO

 

x

 

 removal system has a
very small space for the droplet evaporation and urea
decomposition processes. Because of the limited dura-
tion of these processes, the decomposition of urea in the
gas stream may be incomplete. Serious problems can
arise in NO

 

x

 

 mixing with the reducing agent (ammonia)
because of the short residence time. Thus, the slow
decomposition of urea at a low exhaust temperature can
lead to incomplete NO

 

x

 

 reduction and to considerable
concentrations of ammonia and isocyanic acid in the
“reduced” gas stream.

On the other hand, various macromolecular by-
products capable of suppressing the catalytic activity
and decreasing the NO

 

x

 

 conversion form on the walls of
the catalytic reduction unit and on the catalyst surface
at exhaust temperatures above 300

 

°

 

C. Isocyanic acid
can react with urea and ammonia or polymerize to yield
biuret, cyanuric acid, melamine complexes, and other
products [7]. There is evidence that hydrocyanic acid
(~10 ppm above 250

 

°

 

C) forms on the NO

 

x

 

 reduction
catalyst [8]. This is explained by the fact that, under
oxygen excess conditions, ammonia can react with
methane, whose concentration in the exhaust can be
about 10–100 ppm:

 

NH

 

3

 

 + CH

 

4

 

 + 1.5O

 

2

 

  HCN + 3H

 

2

 

O. (VIII)

 

To enhance droplet evaporation, the thermal decom-
position of urea, and flow stirring, the space between
the injection system and the NO

 

x

 

 reduction catalyst can
be filled with an inert packing. In this case, almost com-
plete urea decomposition can be achieved at a residence
time of 0.1 s of the mixture in the inert layer and at 

 

T

 

 =
350

 

°

 

C [9]. However, this does not eliminate the prob-
lem of undesirable by-products, which can form and
decompose (depending on the temperature regime) on
the inert layer surface [7]. Thus, there are deviations
from the stoichiometric ratio necessary for efficient
NO

 

x

 

 reduction yielding 2 mol of ammonia per mole of
urea. Under different engine operation conditions, this
results in a decrease in the NO

 

x

 

 conversion or in the
breakthrough of ammonia and other nitrogen-contain-
ing pollutants through the NO

 

x

 

 reduction catalyst. This
breakthrough can be prevented by introducing another
platinum catalyst into the NO

 

x

 

 reduction unit for oxida-
tion of the nitrogen-containing pollutants.

When applied to trucks, this exhaust treatment
scheme is often simplified. A typical consequence of
this simplification is a decrease in the average NO

 

x

 

 con-
version to ~80% at medium temperatures and flow rates
of up to 50000 h

 

–1

 

. Nevertheless, although the break-
through of ammonia and other nitrogen-containing pol-
lutants is higher in this case, it still meets the certifica-
tion requirements for cargo transport.

For instance, it was demonstrated that 20 l of a vana-
dium honeycomb catalyst alone is sufficient to reduce
NO

 

x

 

 emissions to the EURO-5 level for a 12-l diesel
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engine with a power of 400 hp [10]. The engine was
optimized to decrease soot emissions and fuel con-
sumption, which was 198 g kW

 

–1

 

 h

 

–1

 

 when using the
European Transient Cycle (ETC) test. In this case, the
average NOx emission was 8.5 g kW–1 h–1 at the com-
bustor outlet and 1.5 g kW–1 h–1 after the exhaust gases
were passed through the catalytic reduction unit.

The literature pays special attention to the sulfur
poisoning resistance and operating stability of vana-
dium catalysts. For example, more than 20 diesel
engines equipped with a vanadium-based catcon were
subjected to ETC certification tests [11]. The NOx con-
version was shown to be almost unchanged after a
>200000-km-long run.

Although there are problems below 200°C and
above 400°C, an unquestionable advantage of this
method of NOx removal from the exhaust gas is the high
reducing power of ammonia. This makes it possible to
considerably extend the urea refilling interval over that
used for less reactive reducing agents. With the com-
paratively low level of NOx emissions from the modern
diesel engines, an automobile can be refilled with a urea
solution at the same intervals as are adopted for conven-
tional servicing, such oil change [3]. European produc-
ers stated that they would use this method of NOx
reduction in exhaust from cargo automobiles [12, 13].
For this purpose, the European Union is developing the
necessary refilling infrastructure. At present, research-
ers are seeking more active catalytic systems for NOx
reduction with ammonia, including zeolite-based sys-
tems [14].

When considering the possibility of applying this
technology in Russia, one should take into account the
fact that the freezing point of the eutectic aqueous solu-
tion of urea is too high (–11°C). This causes additional
technical problems in the use of catalytic converters in
winter. The freezing temperature can be decreased by
adding modifiers to the solution [15]. However, their
influence on urea decomposition and NOx reduction
needs further investigation.

Thus, the use of urea in NOx SCR in diesel exhaust
has a high potential for cargo transport, for which the
space necessary for an extra tank, a catalytic unit, a dos-
age system, and other equipment is not a crucial limit-
ing factor. Today the key problems are that of decreas-
ing the freezing temperature of the reductant solution
and that of precisely controlling the dosage of the solu-
tion in the transient modes of engine operation. The
urea-based SCR systems ensure a high NOx conversion
and selectivity and are operable in a wider temperature
range (~200–500°C) than any other system for removal
of nitrogen oxides from diesel exhaust. The factor lim-
iting the activity of the system at low temperatures is
urea decomposition into ammonia and isocyanic acid in
the exhaust gas stream [6]. Recently, Hitachi proposed
using a heated bypass channel through which part of the
exhaust is passed for urea decomposition [16]. No heat-
ing is required to decompose urea when the tempera-

ture of the exhaust gases is rather high. This device will
possibly shift the lower temperature limit of the opera-
tion of the urea-based SCR systems to 150°C. This
would have a favorable effect on the efficiency of the
system at low and medium engine loads, such as in the
urban driving cycle.

NOx SCR Using Diesel Fuel

The expected advantages of the SCR process using
diesel fuel are that it needs no extra tank for a reducing
agent and no refilling infrastructure and is technologi-
cally simple. With diesel fuel as the reducing agent,
NOx SCR can be carried out on various catalytic sys-
tems, which can be grouped as follows:

(1) zeolite-based systems, (2) systems based on
oxide composites, and (3) systems based on Ag/Al2O3.

Each of these three groups is characterized by its
specific mechanism of nitrogen oxide reduction. Their
common problem is the competition between the nitro-
gen oxides and oxygen at the hydrocarbon oxidation
stage:

CyHz + NOx + O2  CO2 + H2O + N2, (IX)

CyHz + O2  CO2 + H2O. (X)

Because of this, hydrocarbons should be added to
the exhaust gases so that the CH/NOx ratio is many
times higher than the stoichiometric ratio necessary for
the oxidation of hydrocarbons by nitrogen oxides via
route (IX). Furthermore, a larger amount of the catalyst
than would be required for NOx reduction should be
used to prevent the presence of considerable amounts of
unreacted hydrocarbons at the outlet of the exhaust
treatment system. As a result, the competition between
routes (IX) and (X) can lead to a significant decrease in
the efficiency of the system.

The three types of catalytic systems for SCR using
diesel fuel are briefly considered below.

The systems based on zeolites with supported tran-
sition metal cations and/or platinum group metals show
a rather high efficiency and operation stability in the
SCR of nitrogen oxides with hydrocarbons in dry
model mixtures. In real water-containing diesel
exhaust, the zeolite catalysts are prone to deactivation
because of their hydrothermal instability resulting in
dealumination. The instability of zeolite systems ham-
pers their application. Nitrogen oxides are reduced on
zeolite-based systems in two steps: initially, NO is oxi-
dized to NO2 on active metal sites, and then it reacts
more rapidly with hydrocarbons on acid sites of the
zeolites and is reduced to nitrogen. Among the zeolite
systems suitable for NOx SCR using hydrocarbons,
Cu/ZSM-5 has attracted the greatest attention from
researchers [17, 18]. It was shown [18] that an
improved system containing Cu/ZSM-5 ensures ~50%
NOx conversion in the exhaust gas in reduction by
heavy hydrocarbons (CH/NOx = 6 mol/mol) in the
medium-temperature region at a flow rate of 30000 h–1.
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In addition to hydrothermal instability, degradation
because of sulfurization is another flaw of the zeolite-
based systems.

The catalytic systems based on alumina, zirconium
dioxide, and complex oxide compositions with sup-
ported platinum group metals and/or transition metal
cations show a high stability in the SCR of nitrogen
oxides in real exhaust gases. However, in the presence
of water vapor and sulfur dioxide, the region of efficient
operation of most nonplatinum catalysts in the SCR
process using diesel fuel shifts to higher temperatures
(400–600°C) [19, 20]. The efficiency of the system can
be increased by adding platinum to the active compo-
nents. As a result, high activity is achieved in the
medium-temperature region and the N2O selectivity
increases sharply [21, 22]. These systems require fur-
ther investigation and still cannot be regarded as com-
peting for use in NOx removal from exhaust gases.

The Ag/Al2O3 catalytic system is considered to be
the best for NOx SCR by heavy hydrocarbons [23, 24].
This system is particularly attractive because the long-
est hydrocarbon chains ensure the highest catalytic
activity in the SCR of nitrogen oxides. Equal activities
are observed in the reduction of NO2 and NO. The
Ag/Al2O3 system makes it possible to attain >70% NOx
conversion in SCR by heavy hydrocarbons in the tem-
perature range from 350 to 450°C at a flow rate of
60000 h–1 and CH/NOx = 6 [25], implying a 4.7%
increase in fuel consumption. Optimization of the per-
formance of the system in NOx conversion–fuel effi-
ciency terms demonstrated that the CH/NOx = 4.5 ratio
is the best. In this case, a NOx conversion of 60–70% is
achieved at an extra fuel consumption of 3.5%. This is
one of the highest fuel efficiencies attained for the cat-
alytic systems used in SCR by heavy hydrocarbons.
However, the Ag/Al2O3 system also involves unsolved
problems, namely, insufficient activity of the catalyst
below 300°C and the inhibition of the catalyst by aro-
matic hydrocarbons present in real diesel fuel.

Thus, the problems common to all of the existing
SCR systems using diesel fuel are the low efficiency of
fuel consumption for NOx reduction and an insufficient
activity in oxygen-rich mixtures even in the medium-
temperature region.

Important points in the development and application
of this technology are the way of converting part of the
diesel fuel into synthesis gas and the use of the resulting
synthesis gas as a more reactive reductant of nitrogen
oxides. The application of this NOx SCR scheme will
be considered below.

NOx ACR Technology

The efficiency of the adsorption–catalytic reduction
technology can vary widely, depending on the nature
and molecular weight of the reducing agent [2]: H2 and
CO have the highest reducing power, followed by
heavy hydrocarbons. The reductive medium necessary

for NOx conversion is periodically created directly in
the catalytic converter by removing free oxygen from
the system. As a rule, an additional catalyst, such as
Pt/Al2O3, is used for this purpose. Part of the diesel fuel
is oxidized on this catalyst after evaporation in the
exhaust gas stream. Note that the amount of fuel
injected into the catalytic unit should be sufficient for
the complete removal of both free oxygen from the
exhaust and oxygen stored by the catalytic system dur-
ing operation under the oxygen excess conditions. The
unoxidized fuel is spent on NOx desorption and reduc-
tion. The considerable increase in the temperature of
the system that occurs during fuel conversion acceler-
ates NOx desorption and reduction. Since the engine
continually works under oxygen excess conditions,
when the conversion of the injected portion of fuel is
complete, the system cools and returns to the NOx
adsorption mode. Thus, the operation of the catalytic
system under periodically created favorable conditions
(reductive medium and high temperature) makes it pos-
sible to attain an almost complete NOx conversion at the
reduction stage of the cycle. By repeating this stage
more frequently, it is possible to reach a nearly 100%
cycle-average conversion. On the other hand, the fuel
consumption for reduction depends directly on the
durations of the lean- and rich-mixture operation inter-
vals, so, when choosing an operation regime, one has to
find a compromise between the NOx conversion and the
fuel efficiency.

The most popular commercial catalyst for the
adsorption and catalytic reduction of NOx from internal
combustion engines is Pt/Ba/Al2O3, which was devel-
oped by Toyota. Rhodium and palladium are often used
together with Pt [26, 27]. The modern ACR systems
using diesel fuel are characterized by high activity in
the medium-temperature region of 250 to 450°C, in
which an NOx conversion higher than 80% is achieved
at an extra fuel consumption of 3–4% of the diesel fuel
consumption [2, 3]. The required amount of catalyst is
comparable to the amount necessary for an SCR system
using urea.

A drawback of this technology is the sensitivity of
the catalysts to the sulfur content of the fuel [2, 3, 27],
which is demonstrated in the fact that the sorption
capacity of the system decreases as sulfates form on the
catalytic sites active in sorption. Desulfurization should
be carried out at intervals under reductive medium con-
ditions above 600°C to restore the sorption capacity.

Marked progress in the ACR technology has been
made by applying a method involving the conversion of
diesel fuel and use of the conversion products with high
CO and H2 contents (synthesis gas) as reducing agents
for nitrogen oxides [28, 29]. The expected advantages
of the ACR technology using synthesis gas are the fol-
lowing: fast catalyst ignition, the possibility of temper-
ature control, fast and/or low-temperature desulfuriza-
tion, and a low level of extra fuel consumption.
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Below, we consider two examples of the application
of the NOx ACR process using the autothermal conver-
sion of diesel fuel. The first example is the approach
suggested by Catalytica Energy Systems Inc. [30–32].
A fuel processor placed immediately upstream of the
ACR catalyst is used to carry out the fast low-tempera-
ture regeneration and periodic desulfurization of the
catalyst. During catalyst regeneration, a mixture of the
exhaust gas with injected diesel fuel is converted in the
fuel processor, producing a ~6% H2 + CO mixture. This
approach offers the following advantages: high NOx
conversion at (H2 + CO)/NOx ≥ 3, ACR catalyst regen-
eration at low temperatures (starting at 150°C), and a
small amount of the catalyst sufficient for the process
owing to the complete regeneration and restoration of
its sorption capacity by very reactive reducing agents
(H2 and CO).

Obviously, the minimum extra consumption of fuel
for NOx reduction can be achieved by minimizing the
amount of fuel required for oxygen removal from the
exhaust. This can be done by controlling the operation
of the engine. Tests showed that engine operation can
be optimized so as to decrease the oxygen content of
the exhaust to 5% at the point of switching to the ACR
catalyst regeneration stage [30]. In this case, the typical
engine operation cycle was as follows: 60 s in the lean
fuel mixture mode and then several seconds in the
enriched fuel mixture mode. The use of the fuel proces-
sor in combination with engine operation control made
it possible to reduce the extra fuel consumption to <3%
at 90% NOx conversion. However, if this method is
used without engine operation control, i.e., if the
exhaust contains 8–15% oxygen, the extra fuel con-
sumption will increase to 5–8% [32].

The fuel consumption for the creation of a reductive
medium for ACR catalyst regeneration can be consider-
ably decreased by using a system with two catalyst-
containing hoses. A system with a single hose can also
be used if there is a possibility of bypassing the cata-
lytic converter for some period of time. In this case,
during regeneration the exhaust gas stream can be
directed via an alternative pathway and synthesis gas
can be used in catalyst regeneration and NOx reduction.
The fuel processor should be a separate device capable
of distributing the products of diesel fuel conversion
between the other components of the system according
to a given operation cycle. Part of the diesel exhaust
should be used as a source of oxygen, water, and heat
for fuel conversion to enhance the energy efficiency of
the system.

Precisely this approach is considered below as the
second example of the ACR process using the autother-
mal conversion of diesel fuel. The HydrogenSource
Company suggested a similar approach [33]. In their
method, the ACR catalyst is regenerated at a low tem-
perature and 90% NOx conversion is achieved at 150 to
450°C. Unfortunately, the efficiency of the system was

estimated only by model tests at 300°C. In this case, the
extra fuel consumption for NOx reduction was ~1.5%.

However, it should be mentioned that present-day
ACR technologies using both diesel fuel and synthesis
gas require catalysts containing platinum group metals
in amounts of ≥ 2 g/l, which markedly raises the cost of
the NOx removal system.

NOx SCR on Ag/Al2O3 Using Synthesis Gas

As was noted above, Ag/Al2O3 is among the best
catalysts in terms of activity and fuel efficiency for NOx
SCR systems using hydrocarbons. However, the insuf-
ficient activity of the catalyst at temperatures below
300°C, at which various hydrocarbons (from C1 to C12
and diesel fuel) are used as reducing agents, is an insu-
perable obstacle on the way to its automotive applica-
tion. In recent years, researchers involved in solving the
NOx emission problem have given special attention to
catalytic systems based on Ag/Al2O3. This is explained
by the pronounced promoting effect of hydrogen on the
activity of the silver catalyst in the NOx SCR processes
using ammonia or urea [34] and hydrocarbons [35, 36].
Not only the simple summation of the effects from the
two separate SCR routes, but also a synergic effect was
observed, because pure hydrogen shows a low activity
in NOx reduction on the silver catalyst under oxidative
conditions.

The studies performed at the Boreskov Institute of
Catalysis show that hydrogen-containing synthesis gas
is an efficient reducing agent for NOx in the medium-
temperature region. Synthesis gas can be obtained on
board from diesel fuel, mixed with engine exhaust, and
then fed into the SCR unit.

Initially, the activity of the 3.6% Ag/Al2O3 catalytic
system was studied at the following model composition
of the exhaust gas (hereafter, the concentrations are
given in volume units): O2, 9.8%; NO, 350 ppm; CO2,
5.9%, H2O, 2%; N2, the balance. In order to simulate
synthesis gas admixtures, CO and H2 were added to the
mixture at concentrations of 600 and 2100 ppm, respec-
tively. The studies were carried out in a quartz flow
reactor of a kinetic setup under atmospheric pressure at
temperatures of 100 to 600°C and volumetric flow rates
of 9000 to 26000 h–1.

At a flow rate of 9000 h–1, the reduction of nitrogen
oxides by the synthesis gas is initiated at 150°C. As the
temperature increases, the conversion of NOx increases,
passes through a maximum (~60%) at 200°C, and then
falls off. At 300°C its value is ~30%. This behavior is
due to the fact that, above 120°C, hydrogen and carbon
monoxide are oxidize by oxygen from the gas mixture.
Above 300°C, almost no reducing agents remain in the
mixture and, as a consequence, the active oxidation of
NO to NO2 begins.

Taking into account that the Ag/Al2O3 catalyst is
good for the SCR of NOx by heavy hydrocarbons above
300°C and that the catalytic activity is enhanced by
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hydrogen, it was reasonable to continue the tests per-
formed at the Boreskov Institute of Catalysis by using
a combined reducing agent containing synthesis gas
and the heavy hydrocarbon decane (as a model of the
diesel fuel). In order to simulate the combined reducing
gent, CO and H2 at concentrations of 600 and
2100 ppm, respectively, and decane at concentrations
of 75 to 200 ppm were added to the initial mixture of
the exhaust gas, whose composition was specified
above.

As was expected, the use of the complex reducing
agent considerably increases the catalytic activity and
extends the temperature interval of efficient catalyst
operation. For instance, at 180–350°C the conversion
of NO into nitrogen is higher than 95% at a decane con-
tent of 150 ppm and a volumetric flow rate of 9000 h–1.
As the temperature is further increased, the NO conver-
sion decreases to 80% at 400°C, and to ~70% at 450°C.
When the model exhaust gas contains 110 ppm decane,
the NO conversion is above 80% at 180–350°C and
remains above 70% as the temperature is raised to
400°C.

Note that, at 200°C, the NO conversion is about
60% with synthesis gas alone. With decane alone
(150 ppm), the NO conversion is lower than 30%. In
the case of the combined reducing agent consisting of
synthesis gas and decane, the conversion at 200°C is
nearly 100%.

Bench tests of the NOx reduction system using the
Ag/Al2O3 catalyst under real diesel operation condi-
tions are being performed now. The real exhaust of any
diesel contains unburned hydrocarbons (about 100 ppm
with respect to the diesel fuel), CO, and H2. For this rea-
son, adding only synthesis gas to the exhaust, we expect
to obtain approximately the same effect as in the case
of the combined reducing agent with a decane content
of >110 ppm, specifically, an NOx conversion of at least
80% between 180 and 400°C.

At the moment of writing this article, preliminary
bench tests had been carried out. In these tests, synthe-
sis gas produced by the autothermal conversion of die-
sel fuel (~2.8 l STP of (H2 + CO) from 1 g of diesel
fuel), with H2/CO ~ 3.5, was added to the exhaust of a
100-kW diesel working at its nominal power. The syn-
thesis gas generator was designed and made at the
Boreskov Institute of Catalysis. Detailed information
about the catalysts and the technical characteristics of
the generator will be published after patenting. The
main component and nitrogen oxide concentrations in
the exhaust were as follows: O2, 10.1%; CO2, 6.9%;
H2O, 6.6%; N2, 76%; NOx, 460 ppm. The temperature
of the mixture at the inlet of the catalytic converter was
350°C, and the mixture consumption rate was about
470 kg/h. A vertical cylindrical 25-l reactor with a fixed
catalyst bed (spherical granules of 2% Ag/Al2O3
2.5 mm in diameter) was used as the NOx removal unit.

The preliminary bench tests showed that the con-
sumption of diesel fuel for the production of synthesis

gas for NOx SCR is ~4.6 g per gram of reduced nitrogen
oxides at conversions higher than 80%. The fuel con-
sumption is above the expected value. This is due to the
fact that diesel operation was not optimized in the pre-
liminary tests and the CH/NOx ratio in the exhaust was
too small. Because of this, to achieve an NOx conver-
sion higher than 80%, it was necessary to produce
~1.5 times more synthesis gas than was planned.

The effects of the CH/NOx ratio were considered
[37] for the case of a diesel fuel–hydrogen mixture as
the reducing agent. For instance, it was demonstrated
that, at a hydrogen concentration of 3200 ppm, the opti-
mum CH/NOx ratio is ~2, the deactivation and reduc-
tion of the Ag/Al2O3 catalyst are at equilibrium, and a
high activity of the catalyst is retained (the NOx conver-
sion is higher than 80% at 300°C).

Based on these studies, we can claim that an NOx
conversion of at least 80% in the 180–400°C tempera-
ture range and an extra fuel consumption of about 3 g
per gram of reduced nitrogen oxides (3–4% of the fuel
consumed by the diesel) can be attained provided that a
CH/NOx ratio favorable for the operation of the silver
catalyst is established in the exhaust. The published
data show that this does not require changes in the
design or other technical improvements of the engine,
but can be achieved by optimizing the operation of the
diesel.

CONCLUSIONS

A comparison between the three most competitive
technologies for the reduction of nitrogen oxides in die-
sel exhaust and technology of NOx reduction with syn-
thesis gas that is being developed at the Boreskov Insti-
tute of Catalysis is presented in the table.

The SCR technology using urea is the most efficient
from the standpoint of the reducing agent consumption
and cost. Nevertheless, the application of this technol-
ogy in Russia involves some serious problems. Firstly,
the freezing point of aqueous urea is too high for the
winter conditions even in the European part of Russia.
Heating of the tank filled with the urea solution during
the operation of the engine and a warm garage become
necessary conditions for automobile exploitation. Sec-
ondly, no infrastructure for mass filling of automobiles
with a urea solution exists in Russia today and nothing
is planned in future. Thirdly, since it is necessary to
mount an extra heated tank, a catalytic unit, a dosing
system, and other equipment on the automobile, this
technology is less competitive for passenger cars.

The obvious advantage of the technologies using
synthesis gas as a reducing agent is that they reduce the
catalyst “ignition” temperature to 150–180°C, which is
especially important under urban driving cycle condi-
tions typical of the exploitation of passenger cars. It is
also significant that these technologies do not require
storing any extra reducing agent on board.
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Concerning the NOx ACR technology (using both
diesel fuel and synthesis gas as reducing agents), we
can conclude that the high platinide content of the exist-
ing ACR catalysts limits its large-scale application,
especially in cargo automobile transport, because the
cost of the catalyst alone for a small truck with a 10-l
class diesel would be above $1000 (on the basis of the
average cost of platinum in January 2008, namely, $50
for 1 g [38]). Since the catalyst is progressively deacti-
vated and should be replaced after a ~200000-km run,
even the exploitation of a passenger car with an NOx
ACR system is expensive.

The SCR technology using synthesis gas is less
expensive. The use of the Ag/Al2O3 catalyst has a num-
ber of advantages in addition to the low cost [37, 39],
namely, a low SO2 oxidation activity providing a high
sulfur-poisoning resistance, a rather high thermal and
hydrothermal stability, and a high nitrogen selectivity
in NOx reduction. In addition, this exhaust treatment
method is continuous and is, therefore, technically sim-
pler. Recent studies, including those carried out at the
Boreskov Institute of Catalysis, suggest an optimistic
prognosis concerning the creation of an efficient diesel
exhaust treatment system based on NOx SCR using syn-
thesis gas obtained by the conversion of diesel fuel on
board.
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