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Description

BACKGROUND OF THE INVENTION

[0001] The present invention relates to a chemical
composition, and method of using such a composition,
for suppressing particulate emissions from combustion
engines.
[0002] Particulate emissions from commercial and
military turbine and diesel engines in trucks, aircraft, hel-
icopters, ships, tanks and other power generating sys-
tems pose significant concerns. It is estimated that US
military aircraft alone emit about 600,000 kg of particu-
late matter into the atmosphere each year. All of these
combustion-generated particulate emissions are in the
form of particles with diameters less than 2.5 microns
(PM2.5). It is known that these small particles cause
both health and environmental problems. It is therefore
advantageous to adopt practices directed to the minimi-
zation of combustion-generated particulate emissions.
[0003] There are two general approaches to reducing
PM2.5 emissions from gas turbine or diesel engines: (1)
modification or redesign of the combustion system and,
(2) modification of the fuel either by reformulation or ad-
ditives. For existing engines, hardware retrofits are nor-
mally prohibitively expensive. Design of new engines
and combustor systems are the result of a compromise
between many competing factors and are usually not
optimized to minimize particulate emissions. Consider-
ing that it took 20 years for the military to transition from
JP-4 to JP-8 fuel, reformulation of the fuel is not a viable
option in the near term. Therefore, the preferred ap-
proach is to use additives. This approach has been
adopted readily in the diesel industry and is actively uti-
lized for military applications to control other fuel-related
concerns. The use of fuel additives is a pervasive and
cost effective approach that has the potential of reduc-
ing PM2.5 emissions in all engines in the fleet.
[0004] The use of fuel-additives has been investigat-
ed with some level of success, especially for the diesel
industry. However, successes have been achieved for
additives at concentrations so large that they should be
classified as fuel components (such as oxygen contain-
ing additives) or through the use of metals. High con-
centrations of oxygen-containing additives reduce the
heat of combustion of the fuel and generally impose a
weight penalty. Furthermore, the most effective metal
compounds aggravate the environmental impact of the
combustor exhaust or cause other system penalties (e.
g., accelerate erosion of (coatings on) turbine blades).
[0005] What is needed is an additive that does not ag-
gravate the pollutant character of the exhaust stream
and does not create an overall system performance
penalty, but is effective at a low enough concentration
level that the added cost and logistics are manageable.

SUMMARY OF THE INVENTION

[0006] Accordingly, it is an object of the present inven-
tion to provide a chemical composition, and method of
using such a composition, for suppressing particulate
emissions from combustion engines.
[0007] In accordance with the present invention, a
method to suppress particulate emissions during fuel
combustion comprises the steps of providing a fuel, and
adding to the fuel a heterocyclic hydrocarbon structure
comprising at least one nitrogen atom.
[0008] In accordance with the present invention, a
method to suppress particulate emissions during fuel
combustion comprises the steps of providing a fuel, and
adding to the fuel a nitrogen bearing hydrocarbon capa-
ble of decomposing so as to combine with at least one
other hydrocarbon to form a nitrogen-bearing aromatic
species.
[0009] In accordance with the present invention, a fuel
mixture comprises a fuel, and an additive comprising a
heterocyclic hydrocarbon structure comprising at least
one nitrogen atom.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010]

FIG. 1 A diagram of the conventional path of growth
from benzene to naphthalene via acetylene
and/or benzene addition.

FIG. 2 A diagram of the conventional path of growth
from benzene to phenanthrene via acetylene
and/or benzene addition.

FIG. 3 A diagram of a reaction mechanism by which
the growth of pyridine to larger aromatic spe-
cies is suppressed.

FIG. 4 An illustration of the manner by which pyridine
suppresses conversion of other soot forming
species to larger aromatic structures.

FIG. 5 A graph illustrating results obtained by heat-
ing pyridine in a heated mixing chamber over
the base of the flat flame burner.

FIG. 6 An illustration of the physical composition of
pyridine, quinoline, and aniline.

FIG. 7 An illustration of several exemplary deriva-
tives of pyridine.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT(S)

[0011] A central aspect of the present invention is the
identification of a class of compounds which, upon ad-
dition to fuels as a fuel-additive for gas turbine or diesel
engines, results in the reduction of soot emissions. Spe-
cifically, in a preferred embodiment, the addition of het-
erocyclic hydrocarbon structures can be added in
amounts effective to reduce the mass of such soot emis-
sions by a minimum of ten percent. A member(s) of this
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class of compounds may be the sole additive or used in
conjunction with other additives to maximize the soot (or
particulate) reducing potential of the additive package
or may be included with other additives effective at con-
trolling/modifying other system processes, e.g., coke
formation or flame stability.
[0012] The invention is based upon two key pieces of
information related to the early phases of soot formation.
These key pieces are: (1) the formation of aromatic and
polycyclic aromatic hydrocarbons (PAH) are critical ini-
tial steps leading to particle inception and/or particle sur-
face growth and (2) the formation of the first aromatic
ring, e.g., benzene or a derivative is initiated through
bimolecular reactions between two C3Hx species and
sometimes C4Hx and C2Hx species or reactions involv-
ing C5Hx species, where x may be any number between
2 and 6.
[0013] PAH are critical both to the inception of soot
particles and to the growth of existing particles. Hence,
inhibiting the formation and growth of PAH leads to a
reduction both in the number or primary particles and
the total soot mass. With reference to Figure 1, there is
illustrated the conventional path of growth from benzene
to naphthalene via acetylene and/or benzene addition.
With reference to Figure 2, there is illustrated the con-
ventional path of growth from benzene to phenanthrene
via acetylene and/or benzene addition.
[0014] An additional piece of information central to the
present invention is that it is also known that nitrogen-
bearing ring species (e.g., pyridine and quinoline) are
low sooting compounds, despite the fact that their struc-
tures are both based on aromatic rings. Such species
are analogous to benzene and naphthalene both of
which are heavy sooting compounds. For example, py-
ridine (C5H5N) is known to have a low sooting tendency.
Typically, it is argued that the cause of this low tendency
is that with an N-atom in the ring, large pericondensed
polyaromatic species cannot be formed, as the N-atom
does not offer an additional unpaired electron for bond-
ing external to the primary ring. This argument has been
extended by suggesting that the lifetime of the interme-
diate radical (o-pyridyl) has a lifetime approximately
10,000 times shorter then the phenyl radical which is
identified as an intermediate species key to soot growth.
In addition, it is argued that even a 2-ringed species, e.
g., quinoline (analogous to naphthalene in the pure hy-
drocarbon system), is not formed readily due to (rela-
tively) higher C-H bonding strengths at the meta posi-
tion.
[0015] An example of a reaction mechanism by which
the growth of pyridine to larger aromatic species is sup-
pressed is illustrated in Figure 3. First of all, the aromatic
structure is much more likely to fracture as in step 2.
Secondly, note that the preferred radical site (based on
the fact that the C-H bond strength at this para location
is 1.5 kcal/mole less than that at the meta position)
formed in step 4 of the mechanism is not adjacent to the
acetylenic adduct, as in the case of step 3 in the mech-

anism of Figure 1. Hence, this nitrogen-containing rad-
ical cannot readily add to another acetylene molecule
and close the ring to form a two-ring aromatic species.
[0016] Demonstration, however, that such nitrogen
bearing compounds when added in low concentrations
as a fuel-additive can be utilized effectively to suppress
soot formation has not been previously suggested or
demonstrated.
[0017] The present invention is therefore directed to
the identification of nitrogen-bearing hydrocarbons as a
class of compounds to be used to suppress soot/partic-
ulate formation during combustion. An example of how
pyridine suppresses conversion of other soot forming
species to larger aromatic structures is illustrated with
reference to Figure 4. The class of compounds that may
have similar characteristics includes those that either
contain nitrogen atoms imbedded into aromatic ring(s)
or are precursors to the formation of such species.
Hence, not only is soot formation suppressed in the
presence of N-bearing aromatic rings as recognized
previously, but also in a normal soot-forming (combus-
tion) environment, the natural soot formation process
can be suppressed or impeded through the addition of
small amounts of species that add nitrogen to ring com-
pounds.
[0018] A wide variety of chemical species is included
in this class of compounds. Some principal examples
include pyridine, quinoline, aniline and derivatives
thereof.
[0019] With reference to FIG. 6, there is illustrated the
physical composition of pyridine, quinoline, and aniline.
With reference to FIG. 7, there is illustrated several ex-
emplary derivatives of pyridine. For example, there is
illustrated three derivatives of pyridine formed from the
addition of side chains. Preferably, such side chains
take the form hydrogen, alkyl groups, cycloalkyl groups,
aryl groups or heterocyclic groups. In a preferred em-
bodiment, the side chains take the form of methyl, ethyl,
butyl, and amine groups. While illustrated with reference
to these exemplary side chains, the present invention is
not so limited. Rather, the present invention broadly en-
compasses fuel additives composed of heterocyclic hy-
drocarbon structures, preferably aromatic structures, in-
to which is embedded one or more nitrogen atoms and
any and all side chains sufficient to maintain desired fuel
characteristics. For example, many such side chains are
known to those in the art which could be added to het-
erocyclic hydrocarbon structures but which would main-
tain desired characteristics of the fuel mixture by acting
as an antioxidant, metal deactivator, anti-icing additive,
corrosion inhibitor, lubricity improver, biocide, thermo-
stabilizer, or static dissipater for example.
[0020] Other compounds that decompose into cyano
(CN) or amine (NH) species are included in this classi-
fication, as they may combine via processes analogous
to C3H3 + C3H3 = C6H6 (overall) to form a nitrogen-bear-
ing aromatic species. In fact, since one nitrogen atom
has the potential of tying up 5 carbon atoms in the first
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ring, and then suppressing subsequent carbon growth,
the additive may also be effective through the addition
of compounds that readily form CN species such as
HCN within the flame. In the presence of HCN, phenyl
radicals may add to HCN rather to acetylene to form
benzonitrile (rather than acetylene) and thus imbedding
nitrogen into the aromatic compound and inhibiting fur-
ther growth to polycyclic aromatic hydrocarbons. Note
that a very large fraction of the nitrogen component of
these nitrogen-bearing hydrocarbons will be reduced (to
molecular N2) or oxidized prior to exiting the combustor
volume.
[0021] The method of the present invention whereby
nitrogen embedded heterocyclic hydrocarbon struc-
tures are added to fuel mixtures can be extended to fuel
mixtures into which other additives are introduced. Such
additional additives include, but are not limited to, oxy-
genated compounds and metal additives, specifically,
nitroethane, dimethylether, and ferrocene.
[0022] The concentration level of added nitrogen to
the fuel is a concern, as nitrogen oxides (i.e., NOx or
the sum of NO and NO2 emissions) are also important
pollutants whose emissions are controlled. To estimate
the level at which NOx emissions might be a concern
when a nitrogen-bearing fuel-additive is utilized, typical
emission levels can be examined. The lowest NOx
emission levels for (large engine) commercial aircraft
are above 30 NOxEI or 30 grams NOx (as NO2) per kil-
ogram of fuel. More typically, these emission levels are
closer to 40-70 grams NOx (as NO2) per kilogram of fuel,
depending on the size class of the engine. Goals for fu-
ture engines cruising at or near the ozone layer are clos-
er to 10 NOxEI. Hence, a level of nitrogen in the fuel that
has the potential of producing an emissions index no
more than 2 appears acceptable. If a significant amount
of the fuel nitrogen is fully reduced to N2, rather than
converted to NOx emissions, then this constraint can be
relaxed. Such phenomena is well-known in the literature
based on studies of burning coal and synthesized liquid
fuels from coal gasification/liquefaction or from shale oil.
[0023] Assume that pyridine is the selected additive
compound. A limit of 2 NOxEI from the nitrogen in the
fuel can be readily converted to a limit of 600 ppm of
nitrogen in the fuel on a mass basis. This concentration
suggests a limit of 3400 ppm of pyridine (or its equiva-
lent) in the fuel on a mass basis. As mentioned just
above, in the case that some of this 'fuel-bound' nitrogen
can be converted into molecular nitrogen, these low lim-
its can be relaxed. There is a reasonable likelihood that
this 'upper limit' to the additive concentrations may be
increased at least by a factor of 2-3 due to a reduction
of this 'fuel-N' into molecular nitrogen in the primary
zone of the combustor. Hence, a design upper limit of
additive levels of pyridine is anticipated to be in the
range of 6000-9000 ppm.
[0024] A "heterocyclic hydrocarbon structure" is pref-
erably a stable 5- to 7- membered monocyclic or bicyclic
or 7- to 10- membered bicyclic heterocyclic ring which

may be saturated, partially unsaturated, or aromatic,
and which consists of carbon atoms and from 1 to 4 het-
eroatoms independently selected from N, O and S, pref-
erably N only.
Example 1. The claim that low levels of added pyridine
can reduce soot emissions from a flame has been dem-
onstrated. The effect of pyridine as a fuel-additive during
the combustion of heptane/toluene in a fuel-rich, laminar
premixed flame under laboratory conditions was exam-
ined. A baseline fuel mixture of 90% heptane/10%tolu-
ene was utilized to simulate the alkane/aromatic mixture
of JP-8. The fuel was prevaporized and premixed with
air and with or without the additive, pyridine, in a heated
mixing chamber and fed to the base of the flat flame
burner. Volume fractions of soot were measured as a
function of height above the burner.
[0025] Results are illustrated with reference to Figure
5. Measurements of soot volume fractions using the
baseline fuel are provided, along with the typical meas-
urement uncertainty. In addition, the soot volume frac-
tions as a function of height are provided for flames in
which various levels of pyridine have been mixed with
the fuel. Even for the lower additive levels of 5300 ppm
(volume fraction), a substantial reduction in the soot vol-
ume fraction is observed. While there is scatter in the
data, the average fractional reduction above a flame
height of 13 mm is 35%. For all these flames, the frac-
tional reduction in the soot is noticeably greater than a
simple dilution effect anticipated in blending a sooting
and a non-sooting fuel.
[0026] In addition, soot particle samples were collect-
ed and analyzed. Photomicrographs (from a scanning
electron microscope) of the soot samples were used to
determine the primary particle size. They demonstrate
that the soot particles from the pyridine-seeded flame
are actually larger than for those for the non-additized
flame. A typical increase in particle size is approximately
10%.
[0027] Normally, it is believed to be desirable to re-
duce both soot mass and soot particle size. In fact usu-
ally, these parameters are related. In this case, however,
the soot mass has decreased while the particle size has
increased. This result implies a non-linear reduction in
the particle number density, desirable for health rea-
sons. An estimate of the reduction in soot number den-
sity can be made for these flames studied, using the
fractional changes. For a given soot mass (M), the par-
ticle number density (N) is inversely proportional to the
cube of the particle diameter (d), i.e., M = Nπd3/6. Hence
we find that for the flame with added pyridine described
above, the 35% reduction in soot mass and the 10% in-
crease in particle diameter results in a computed 50%
reduction in soot number density. Hence, pyridine simul-
taneously reduces both soot mass and number density.
[0028] It is apparent that there has been described
above a chemical composition, and method of using
such a composition, for suppressing particulate emis-
sions from combustion engines which fully satisfies the
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objects, means, and advantages set forth previously
herein. While the present invention has been described
in the context of specific embodiments thereof, other al-
ternatives, modifications, and variations will become ap-
parent to those skilled in the art having read the forego-
ing description. Accordingly, it is intended to embrace
those alternatives, modifications, and variations as fall
within the broad scope of the appended claims.

Claims

1. A method of suppressing particulate emissions dur-
ing fuel combustion, comprising the steps of:

providing a fuel; and
adding to said fuel a heterocyclic hydrocarbon
structure comprising at least one nitrogen at-
om.

2. The method of claim 1 wherein said adding step
comprises adding an aromatic structure comprising
at least one nitrogen atom.

3. The method of claim 2 wherein said adding step
comprises adding a heterocyclic hydrocarbon
structure selected from the group consisting of py-
ridine, quinoline, aniline and derivatives thereof.

4. The method of any one of the preceding claims
wherein said adding step comprises adding a het-
erocyclic hydrocarbon structure comprising at least
one side chain.

5. The method of claim 4 wherein said adding step
comprises adding said heterocyclic hydrocarbon
structure comprising at least one side chain wherein
said at least one side chain is selected from the
group consisting of hydrogen, alkyl groups, cy-
cloalkyl groups, aryl groups, and heterocyclic
groups.

6. The method of claim 4 wherein said adding step
comprises adding said heterocyclic hydrocarbon
structure comprising at least one side chain wherein
said at least one side chain is selected from the
group consisting of ethyl groups, amine groups,
butyl groups, and methyl groups.

7. The method of any one of claims 4 to 6 further com-
prising the step of selecting said at least one side
chain so as to obtain at least one desired charac-
teristic of said fuel.

8. The method of any of claims 4 to 7 wherein said
adding step comprises adding said heterocyclic hy-
drocarbon structure functions as a substance se-
lected from the group consisting of antioxidants,

metal deactivators, anti-icing additives, corrosion
inhibitors, lubricity improvers, biocides, thermo-sta-
bilizers, and static dissipaters.

9. The method of any of the preceding claims compris-
ing the additional step of adding at least one addi-
tional fuel additive.

10. The method of claim 9 wherein said additional fuel
additive comprises an oxygenated compound.

11. The method of claim 10 wherein said adding said
oxygenated compound is selected from the group
consisting of nitromethane and dimethylether.

12. The method of claim 9 wherein said additional fuel
additive comprises a metal additive.

13. The method of claim 12 wherein said metal additive
comprises ferrocene.

14. The method of any one of the preceding claims
wherein said heterocyclic hydrocarbon structure is
added to said fuel at a concentration less than 9000
ppm.

15. The method of claim 14 wherein said heterocyclic
hydrocarbon structure is added to said fuel at a con-
centration less than 6000 ppm.

16. The method of claim 15 wherein said heterocyclic
hydrocarbon structure is added to said fuel at a con-
centration less than 3400 ppm.

17. The method of any one of the preceding claims
wherein said heterocyclic hydrocarbon structure is
added in an amount sufficient to reduce a soot mass
formed during said fuel combustion by at least 10%.

18. The method of any one of claims 9 to 13 wherein
said fuel additive is added at a combustion of a least
50 ppm.

19. A method of suppressing particulate emissions dur-
ing fuel combustion, comprising the steps of:

providing a fuel; and
adding to said fuel a nitrogen bearing hydrocar-
bon capable of decomposing so as to combine
with at least one other hydrocarbon to form a
nitrogen-bearing aromatic species.

20. A fuel mixture comprising:

a fuel; and
an additive comprising a heterocyclic hydrocar-
bon structure comprising at least one nitrogen
atom.
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21. The fuel mixture of claim 20 wherein said heterocy-
clic hydrocarbon structure comprises an aromatic
structure comprising at least one nitrogen atom.

22. The fuel mixture of claim 20 wherein said heterocy-
clic hydrocarbon structure is selected from the
group consisting of pyridine, quinoline, aniline, and
mixtures thereof.

23. The fuel mixture of any one of claims 20 to 22
wherein said heterocyclic hydrocarbon structure
comprises at least one side chain.

24. The fuel mixture of claim 23 wherein said at least
one side chain is selected from the group consisting
of hydrogen, alkyl groups, cycloalkyl groups, aryl
groups, and heterocyclic groups.

25. The fuel additive of claim 23 wherein said at least
one side chain is selected from the group consisting
of an ethyl group, an amine group, a butyl group,
and a methyl group.

26. The fuel mixture of any of claims 20 to 25 wherein
said heterocyclic hydrocarbon structure is present
at a concentration less than 9000 ppm.

27. The fuel mixture of claim 26 wherein said heterocy-
clic hydrocarbon structure is present at a concen-
tration less than 6000 ppm.

28. The fuel mixture of claim 27 wherein said heterocy-
clic hydrocarbon structure is present at a concen-
tration less than 3400 ppm.

29. The fuel mixture of any one of claims 20 to 28
wherein said additive is present in an amount effec-
tive to reduce a soot mass formed during said fuel
combustion by at least 10%.

30. A method of suppressing particulate emissions dur-
ing fuel combustion, comprising the steps of:

providing a fuel; and
adding to said fuel an aniline structure.

31. A fuel mixture comprising:

a fuel; and
an additive comprising an aniline structure.

32. Use of a heterocyclic hydrocarbon structure com-
prising at least one nitrogen atom, or an aniline
structure for suppressing particulate emissions dur-
ing fuel combustion.
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