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(54) METHOD AND COMPOSITION FOR IMPROVING THE COMBUSTION OF AVIATION FUELS

(57) An aviation fuel is formulated with manga-
nese-containing compounds. The composition may in-
clude relatively high amounts of manganese up to about
500 mg Mn/l. A manganese-containing additive may re-
duce the smoke created during the combustion of the
aviation fuel. Additionally, the aviation fuel composition

may include manganese to improve octane and include
a phosphorus-containing scavenger to reduce manga-
nese oxide engine deposits. Further, isooctane is added
in order to, with the manganese-containing compound,
improve the octane number of the fuel.
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Description

[0001] This application is a continuation-in-part of U.S.
Patent Application Serial No. 14/994,199 filed on January
13, 2016, incorporated herein by reference in its entirety.
[0002] This invention relates to substantially lead-free
aviation fuel compositions. The invention is further direct-
ed to the use of these aviation fuels that also include a
manganese-containing additive and optionally isooctane
in order to increase the octane of the fuel, and a scav-
enger compound.

BACKGROUND

[0003] For at least regulatory reasons, aviation fuels
are well into the process of becoming unleaded fuels.
The removal of lead from a fuel, however, has the unde-
sired effect of lowering the knock rating of a fuel. Accord-
ingly, as aviation fuels are in the process of becoming
unleaded, the formulation of those fuels must account
for the octane reduction from losing lead. The addition
of other fuel components is needed.
[0004] A common way to improve octane performance
is to incorporate into an aviation fuel a high amount of
aromatic hydrocarbons. These aromatic hydrocarbons
allow the aviation fuel to be unleaded but still meet knock
rating requirements. However, the use of significant
amounts of aromatic hydrocarbons in the aviation fuel
changes the burn efficiency of that fuel and results in
increasing formation of smoke during the combustion
process. Needless to say, increased amounts of smoke
are undesirable in terms of aesthetics and environmental
impact. Generally speaking, the higher the amount of ar-
omatic hydrocarbons incorporated into a fuel composi-
tion, the higher the amount of smoke that is produced
during combustion of that fuel.
[0005] Another strategy to improve octane perform-
ance is incorporate into an aviation fuel a manganese-
containing additive. Manganese additives allow the avi-
ation fuel to be unleaded but still improve the knock rating
requirements over an unadditized and unleaded fuel
composition.

SUMMARY

[0006] Accordingly, it is an object of the present inven-
tion to formulate an aviation fuel composition that in-
cludes both high aromatic content for octane purposes
together with an effective amount of a manganese com-
pound to reduce the smoke created during the combus-
tion of the aviation fuel. Alternatively, the aviation fuel
composition may include manganese to improve octane
and a scavenger to reduce manganese oxide engine de-
posits. One such useful scavenger is tricresyl phosphate.
Still further alternatively, the aviation fuel composition
may include isooctane and/or isopentane to improve the
octane number rating of the fuel.
[0007] In one example, a substantially unleaded avia-

tion fuel composition comprises from 0 to about 80 vol-
ume percent of aviation alkylate. The fuel composition in
this example comprises from about zero to 50 volume
percent of isooctane and from about zero to 20 volume
percent of isopentane. The fuel composition further com-
prises from about zero to 30 volume person of aromatic
hydrocarbons. And the fuel composition comprises from
about 0.5 to 500 mgMn/l of one or more cyclopentadienyl
manganese tricarbonyl compounds, and a manganese
scavenger compound. The composition is substantially
lead-free, and the composition has a rating number of at
least about 96 as determined by ASTM Test Method D
2700.
[0008] In another example, a method reducing the
amount of smoke that results from the combustion of an
aviation fuel comprises several steps. The method in-
cludes providing a spark-ignited aviation engine, and pro-
viding a substantially unleaded aviation fuel composition
as described herein. The method next includes combust-
ing the aviation fuel composition in the engine to create
an exhaust plume, wherein the exhaust plume comprises
less smoke as compared with a comparable aviation fuel
composition that is otherwise identical but for the com-
parable aviation fuel composition does not comprise es-
sentially any manganese.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009]

Figure 1 is a graph displaying comparative emission
opacity performance.
Figure 2 is a bar graph that illustrates average emis-
sion opacity for each of the ten second periods
through the first 40 seconds of combustion.
Figure 3 is a bar graph illustrating comparative time
before misfire testing.
Figure 4 is a table of comparative rating octane num-
bers for various additive components in combination
with increasing amounts of manganese-containing
compounds.
Figure 5 is a table of calculated MON and energy
content for various alternative aviation fuel formula-
tions.
Figure 6 is a flowchart of the calculation that led to
the calculated MON and energy content values in
Figure 5.

DETAILED DESCRIPTION

[0010] The aviation fuel described herein is a lead-free
fuel composition that may or may not include a significant
aromatic content. As an aviation fuel, the fuel may include
aviation alkylates. Specifically, the fuel composition as
described herein shall additionally have an aromatic hy-
drocarbon content of about zero to 30 percent by volume.
In order to offset the smoke created during the combus-
tion of an aromatic-containing fuel, 0.5 to 500 mg Mn/l is
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incorporated in the fuel composition. The resulting fuel
has a minimum knock value lean rating octane number
of at least about 96 or alternatively at least about 98, or
further alternatively at least about 99.5 as determined by
ASTM Test Method D 2700. Even fuels with a more con-
ventional ratio of aviation alkylates and aromatic hydro-
carbons benefit from the addition of manganese as de-
scribed to improve the fuel octane number.
[0011] Also described herein is a method of reducing
the amount of smoke that results from the combustion of
a lead-free aviation fuel. An aviation fuel that may include
aviation alkylates and about 20 to 90 percent of aromatic
hydrocarbons creates an increase in visible smoke and
particulate during combustion. By adding about 0.5 to
500 mg Mn/l of one or more cyclopentadienyl manganese
tricarbonyl components, the amount of smoke that is cre-
ated in the exhaust plume is reduced as compared with
the same aviation fuel composition that is otherwise iden-
tical except that it does not comprise essentially any man-
ganese.
[0012] Even in an aviation fuel that may include a con-
ventional aviation fuel composition of aviation alkylates,
aromatic hydrocarbons and isopentane, and in another
example, by adding about 0.5 to 500 mg Mn/l of one or
more cyclopentadienyl manganese tricarbonyl com-
pounds, the octane of the fuel composition is improved
to at least an octane number of about 96, or about 98, or
alternatively about 99.5. An additive package that in-
cludes manganese at the amount of 0.5 to 500 mg Mn/l,
or alternatively about 1 to 250 mg Mn/l, or still further
alternatively about 125 to 225 mg Mn/l may also include
antioxidant and one or more scavenger components. The
scavenger component may in one example be tricresyl
phosphate (TCP), phosphorus-containing organic oli-
gomers, or DMMP (dimethyl methyl phosphonate). The
TCP may be added in an effective amount to scavenge
the manganese combustion products. Without being lim-
ited to this explanation, it is believed that a compound
formed from the combustion of a manganese compound
(e.g. MMT) and a phosphorus compound (e.g. TCP)
could be a number of manganese phosphate species. In
one embodiment, TCP is used in a treat rate that is about
equally stoichiometric with the manganese to phosphate
ratio. Alternatively, the TCP may be added in the range
of about 1:0.1 up to 1:10 manganese to phosphorus, or
still further alternatively about 1:0.5 to 1:3.
[0013] When using a manganese compound as an ad-
ditive in an aviation fuel composition, there can be the
formation of a manganese oxide deposit. The formulation
that includes the scavengers described herein can sub-
stantially reduce the occurrence of any manganese oxide
engine deposits.
[0014] It has been discovered that the benefits of the
scavenger in reducing or modifying manganese-contain-
ing deposits may however have a negative effect with
respect to the octane rating number of the aviation fuel
composition. Additionally, the use of a manganese-con-
taining additive component may have practical limits with

respect to improvements in an octane rating number. Ac-
cordingly, it is found that the inclusion of isooctane in a
fuel composition, especially in combination with a man-
ganese-containing component, and especially a cy-
clopentadienyl manganese tricarbonyl component, can
improve the octane rating number of the fuel composition
substantially. Specifically, the isooctane can offset the
otherwise negative octane effect of a manganese scav-
enger.
[0015] The inclusion of isooctane is counterintuitive in
the context of aviation fuel compositions. Traditionally,
aviation base fuels are refined to remove isooctane. This
isooctane was then a distillation fraction that was sold
separately. It has never before been considered in the
formulation or additive package of an aviation fuel com-
position.
[0016] The amount of isooctane in a final fuel compo-
sition may vary depending on the attributes of a specific
base fuel. The amount of isooctane may also vary with
the amount of manganese-containing additive that is
used. The isooctane is expected to be about zero to 50
volume percent of the fuel composition, or alternatively
about 5 to 25 volume percent, or further alternatively
about 10 to 20 volume percent. When incorporated in an
additive formulation, there must be a relative amount of
isooctane adequate to obtain the final fuel composition
content concentrations required. This will depend on the
base fuel rating number octane and the amount of other
additive components used.
[0017] Isooctane is also added to an aviation fuel com-
position with an isopentane fraction. Some amount of
isopentane, for instance, about zero to 20 volume per-
cent, or alternatively about 5 to 10 volume percent, is
required to meet additional aviation fuel composition
physical distillation requirements.
[0018] For the purposes of this application, a fuel com-
position is described in ASTM 4814 as substantially
"lead-free" or "unleaded" if it contains 13 mg of lead or
less per liter (or about 50 mg Pb/gal or less) of lead in
the fuel. Alternatively, the terms "lead-free" or "unleaded"
mean about 7 mg of lead or less per liter of fuel. Still
further alternatively, it means an essentially undetectable
amount of lead in the fuel composition. In other words,
there can be trace amounts of lead in a fuel; however,
the fuel is essentially free of any detectable amount of
lead. It is to be understood that the fuels are unleaded in
the sense that a lead-containing antiknock agent is not
deliberately added to the gasoline. Trace amounts of lead
due to contamination of equipment or like circumstances
are permissible and are not to be deemed excluded from
the fuels described herein.
[0019] The aviation fuel composition as described
herein typically contains aviation alkylate components.
Those components may comprise about 10 to 80 volume
percent of the fuel. Aromatic hydrocarbons may be in-
corporated into the fuel to improve the octane rating of
the fuel. These aromatic hydrocarbons are incorporated
according to one example of the present invention at a
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rate of about zero to 30 volume percent of the fuel com-
position. In another example, the aromatic hydrocarbons
are incorporated at a rate of about 10 to 20 volume per-
cent of the fuel composition.
[0020] The fuel blend may contain aromatic gasoline
hydrocarbons, at least a major proportion of which are
mononuclear aromatic hydrocarbons such as toluene,
xylenes, the mesitylenes, ethyl benzene, etc. Other suit-
able optional gasoline hydrocarbon components that can
be used in formulating the aviation fuels described herein
include isopentane, light hydrocracked gasoline frac-
tions, and/or C5-6 gasoline isomerate.
[0021] Cyclopentadienyl manganese tricarbonyl com-
pounds which can be used in the practice of the fuels
herein include cyclopentadienyl manganese tricarbonyl,
methylcyclopentadienyl manganese tricarbonyl, dimeth-
ylcyclopentadienyl manganese tricarbonyl, trimethylcy-
clopentadienyl manganese tricarbonyl, tetramethylcy-
clopentadienyl manganese tricarbonyl, pentamethylcy-
clopentadienyl manganese tricarbonyl, ethylcyclopenta-
dienyl manganese tricarbonyl, diethylcyclopentadienyl
manganese tricarbonyl, propylcyclopentadienyl manga-
nese tricarbonyl, isopropylcyclopentadienyl manganese
tricarbonyl, tertbutylcyclopentadienyl manganese tricar-
bonyl, octylcyclopentadienyl manganese tricarbonyl, do-
decylcyclopentadienyl manganese tricarbonyl, ethyl-
methylcyclopentadienyl manganese tricarbonyl, indenyl
manganese tricarbonyl, and the like, including mixtures
of two or more such compounds. Preferred are the cy-
clopentadienyl manganese tricarbonyls which are liquid
at room temperature such as methylcyclopentadienyl
manganese tricarbonyl, ethylcyclopentadienyl manga-
nese tricarbonyl, liquid mixtures of cyclopentadienyl
manganese tricarbonyl and methylcyclopentadienyl
manganese tricarbonyl, mixtures of methylcyclopentadi-
enyl manganese tricarbonyl and ethylcyclopentadienyl
manganese tricarbonyl, etc. The aviation fuels of this in-
vention will contain an amount of one or more of the fore-
going cyclopentadienyl manganese tricarbonyl com-
pounds sufficient to provide the requisite octane number
and valve seat wear performance characteristics.
[0022] Other components which can be employed, and
under certain circumstances are preferably employed,
include dyes which do not contribute to excessive induc-
tion system deposits. Typical dyes which can be em-
ployed are 1,4-dialkylaminoanthraquinone, p-diethylami-
noazobenzene (Color Index No. 11020) or Color Index
Solvent Yellow No. 107, methyl derivatives of azoben-
zene-4-azo-2-naphthol (methyl derivatives of Color In-
dex No. 26105), alkyl derivatives of azobenzene-4-azo-
2-naphthol, or equivalent materials. The amounts used
should, wherever possible, conform to the limits specified
in ASTM Specification D 910-90.
[0023] Antioxidants such as 2,6-di-tert-butylphenyl,
2,6-di-tert-butyl-p-cresol, phenylenediamines such as
N,N’-di-sec-butyl-p-phenylenediamine, N-isopropylphe-
nylenediamine, and the like, may be present. Depending
on different base fuels and performance requirements,

of course other antioxidants may be used.
[0024] Fuel system icing inhibitors may also be includ-
ed in the fuels herein. Preferred are ethylene glycol mono
methyl ether and isopropyl alcohol, although materials
giving equivalent performance may be considered ac-
ceptable for use. Amounts used should, wherever pos-
sible, conform to the limits referred to in ASTM Specifi-
cation D 910-90.
[0025] The manganese scavenger compound may be
any compound that interacts with the manganese-con-
taining additive component. By "scavenging" herein is
meant the contacting, combining with, reacting, incorpo-
rating, chemically bonding with or to, physically bonding
with or to, adhering to, agglomerating with, affixing, in-
activating, rendering, inert, consuming, alloying, gather-
ing, cleansing, consuming, modifying, converting, or any
other way or means whereby a first material makes a
second material unavailable or less available. Examples
of manganese scavengers include phosphorus-contain-
ing compounds, organobromides, and tricarbonyls. As
explained earlier, these scavengers may have varying
effects on the rating number octane of the fuel containing
the manganese compound. The amount of isooctane to
boost the rating octane number may vary accordingly.
[0026] In the example of a phosphorus-containing
scavenger, the scavenger may be added in the amount
to be a stoichiometric ratio to Mn to P of from about 1:0.1
to 1:10, or alternatively, about 1:0.5 to 1:3.

Example 1

[0027] In order to demonstrate an exemplary aviation
fuel and the corresponding reduction in smoke formation
from combustion of that fuel, a spark ignition engine is
used. The spark ignition engine is actually an automotive
engine for a 1994 Chevrolet Silverado. This automobile
engine was unable to run on pure aviation fuel, so a mix-
ture of 50% EEE automotive gasoline and 50% aviation
fuel was used. The aviation fuel blend base line was 83%
mesitylene and 17% isopentane. An idle test was run and
the opacity of the emissions was measured. In the test,
as shown in Figure 1, the opacity leveled off to approxi-
mately zero at shortly before 40 seconds of operation for
both the control fuel composition (no Mn added) and the
control fuel mixed with a manganese compound. The
opacity of the control base fuel was much higher than
the opacity of the base fuel mixed with a manganese
component, including a reduction in opacity of up to at
least about 75% as shown. The reduction in opacity may
alternatively be about 10% - 60%, or still further alterna-
tively about 25% - 50%, as also shown. Specifically, the
manganese component that was mixed in was HiTEC®
3000, which results in a manganese mg Mn/l treatment
of 18 milligrams manganese per liter of fuel. It is noted
that the smoke production is highly dependent on air/fuel
ratio. Furthermore, the particular emissions control unit
for the test engine is able to adapt the air/fuel ratio within
about 35 seconds to remove the smoke formation caused
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from the combustion of the fuel.
[0028] Finally, referring to Figure 2, the average opac-
ity for each of the 10 second periods through the first 40
seconds of combustion demonstrates, in each case, the
opacity of the untreated fuel is significantly greater than
the opacity of the fuel that includes the manganese ad-
ditive.

Example 2

[0029] In another example, an unleaded aviation fuel
was additized with an additive package to improve the
octane number of the fuel. The base, unleaded aviation
fuel was comprised of aviation alkylates 72%, aromatic
hydrocarbons 20%, isopentane 8%, a motor octane
number, MON (ASTM D2700 Method) of 93. An additive
package comprising a treat rate of 125 mg Mn/l and 2.12
g/gal of tricresylphosphate (TCP) was added to the base
fuel to increase the octane number to 96.
[0030] It was discovered that the resulting amounts of
combustion engine deposits containing manganese ox-
ides were greatly reduced due to the phosphorus com-
pound addition. Testing was performed on a Honda Ac-
cord on a chassis dynamometer. The vehicles On Board
Diagnostics (OBD) system was used to monitor spark
plug misfire. The vehicle was run on comparative fuel
formulations until the OBD system indicated a cylinder
misfire. Candidate formulations containing MMT and the
TCP scavenger had significantly longer time to misfire
than candidate formulations containing MMT alone.
[0031] As shown in Figure 3, fuels #1 and #2 were run
on test vehicles and included 250 and 125 mg Mn/l re-
spectfully. Fuel #3 included both 125 mg Mn/l and a scav-
enger and the improved performance is readily visible on
the chart of Figure 3.
[0032] Thus, Example 2 illustrates a method of delay-
ing or eliminating spark plug misfire caused by accumu-
lation of manganese oxide engine deposits that result
from the combustion of an aviation fuel composition com-
prising manganese, the method comprising the steps of:

providing a spark-ignited aviation engine;
providing a substantially unleaded aviation fuel com-
position comprising:

(a) from about 10 to about 80 volume percent of
aviation alkylate;
(b) from about 20 to about 90 volume percent of
aromatic hydrocarbons;
(c) from about 0.5 to 500 mg Mn/l of one or more
cyclopentadienyl manganese tricarbonyl; and
(d) an effective amount of phosphorus com-
pound such as tricresyl phosphate;

wherein the composition is substantially lead-free,
and the composition has a minimum knock value
lean rating octane number of at least about 96 as
determined by ASTM Test Method D2700;

combusting the aviation fuel composition in the en-
gine to create engine deposits;
wherein the engine deposits are comprised of less
manganese oxide as compared with deposits pro-
duced from the combustion of a comparable aviation
fuel composition that is otherwise identical but for
the comparable aviation fuel composition does not
comprise essentially any phosphorus-containing
material such as tricresyl phosphate.

Example 3

[0033] A panel of tests was run to determine the effect
on MON (motor octane number) with increasing amounts
of manganese-containing additive, in these examples
methylcyclopentadienyl manganese tricarbonyl (MMT®).
Figure 4 sets forth the results of the testing.
[0034] Referring to those results alkylate, which does
contain some percentage isooctane that depends on the
alkylation unit’s conditions, has a strong response to
mmt. But, lower starting octane components respond
strongly to mmt.
[0035] Toluene, although a high octane component,
does not respond to mmt at any treat rate. This is typical
for aromatic components.
[0036] Isopentane (which is added to the formula to
meet a distillation specification) responds strongly to
mmt. But, isopentane has a lower starting MON, so it will
respond strongly to mmt.
[0037] Isooctane does not respond as strongly to mmt
as alkylate or isopentane but has the highest MON at
225 mg Mn/l when compared to alkylate or isopentane.
Therefore, isooctane is used because it is a high inherent
octane component that additionally responds strongly to
mmt (compared to toluene).

Example 4

[0038] Based on actual experimental results and pan-
els of tests, including but not liminted to the results in
Figure 4, and on extrapolations and calculations, calcu-
lations for both MON and energy content (Btu/lb) are
shown in Figure 5 for comparative aviation fuel compo-
sitions. As shown, the fuels contain varying amounts of
aviation alkylate, aromatic hydrocarbons (using toluene
as an example), isopentane, isooctane, a phosphorus-
containing scavenger (using tricresyl phosphate as an
example), manganese-containing compound (using
mmt®, including methylcyclopentadienyl manganese tri-
carbonyl as an example), and an optional antioxidant.
[0039] Different but similar calculations may be used
to obtain a calculated MON and energy content. Rela-
tively more actual experimental results or more derived
models may be used. Figure 6 is a flow chart of calcula-
tions used to reach the calculated results of MON in Fig-
ure 5. A similar calculation may be used for the energy
content that is also shown in Figure 5. A combination of
actual test results and a derived model is used together

7 8 
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with ASTM D3338 to estimate the net heat combustion
of aviation fuels.
[0040] Other embodiments of the present disclosure
will be apparent to those skilled in the art from consider-
ation of the specification and practice of the disclosure
disclosed herein. As used throughout the specification
and claims, "a" and/or "an" may refer to one or more than
one. Unless otherwise indicated, all numbers expressing
quantities of ingredients, properties such as molecular
weight, percent, ratio, reaction conditions, and so forth
used in the specification and claims are to be understood
as being modified in all instances by the term "about."
Accordingly, unless indicated to the contrary, the numer-
ical parameters set forth in the specification and claims
are approximations that may vary depending upon the
desired properties sought to be obtained by the present
disclosure. At the very least, and not as an attempt to
limit the application of the doctrine of equivalents to the
scope of the claims, each numerical parameter should
at least be construed in light of the number of reported
significant digits and by applying ordinary rounding tech-
niques. Notwithstanding that the numerical ranges and
parameters setting forth the broad scope of the disclo-
sure are approximations, the numerical values set forth
in the specific examples are reported as precisely as pos-
sible. Any numerical value, however, inherently contains
certain errors necessarily resulting from the standard de-
viation found in their respective testing measurements.
It is intended that the specification and examples be con-
sidered as exemplary only, with a true scope and spirit
of the disclosure being indicated by the following claims.

The invention also relates to the following numbered em-
bodiments:

[0041]

1. A substantially unleaded aviation fuel composition
comprising:

(a) from about 10 to about 80 volume percent of
aviation alkylate;
(b) from about zero to 50 volume percent isooc-
tane;
(c) from about zero to 20 volume percent of iso-
pentane;
(d) from about zero to about 30 volume percent
of aromatic hydrocarbons;
(e) from about 0.5 to 500 mg Mn/l of one or more
cyclopentadienyl manganese tricarbonyl; and
(f) a manganese scavenger compound;

wherein the composition is substantially lead-free,
and the composition has a rating number of at least
about 96 as determined by ASTM Test Method D
2700.

2. An aviation fuel composition as described in em-

bodiment 1, comprising about 15 to 20 volume per-
cent of aromatic hydrocarbons.

3. An aviation fuel composition as described in em-
bodiment 1, comprising about 5 to 10 volume percent
of isopentane.

4. An aviation fuel composition as described in em-
bodiment 1, wherein substantially lead-free is 13 mg
of lead or less per liter of fuel composition.

5. An aviation fuel composition as described in em-
bodiment 1, wherein substantially lead-free is about
7 mg of lead or less per liter of fuel composition.

6. An aviation fuel composition as described in em-
bodiment 1, wherein substantially lead-free is an es-
sentially undetectable amount of lead in the fuel com-
position.

7. An aviation fuel composition as described in em-
bodiment 1, wherein the cyclopentadienyl manga-
nese tricarbonyl is selected from the group consist-
ing of cyclopentadienyl manganese tricarbonyl,
methylcyclopentadienyl manganese tricarbonyl,
dimethylcyclopentadienyl manganese tricarbonyl,
trimethylcyclopentadienyl manganese tricarbonyl,
tetramethylcyclopentadienyl manganese tricarbo-
nyl, pentamethylcyclopentadienyl manganese tri-
carbonyl, ethylcyclopentadienyl manganese tricarb-
onyl, diethylcyclopentadienyl manganese tricarbo-
nyl, propylcyclopentadienyl manganese tricarbonyl,
isopropylcyclopentadienyl manganese tricarbonyl,
tertbutylcyclopentadienyl manganese tricarbonyl,
octylcyclopentadienyl manganese tricarbonyl, do-
decylcyclopentadienyl manganese tricarbonyl,
ethylmethylcyclopentadienyl manganese tricarbo-
nyl, indenyl manganese tricarbonyl, and the like, in-
cluding mixtures of two or more such compounds.

8. An aviation fuel composition as described in em-
bodiment 1, wherein the cyclopentadienyl manga-
nese tricarbonyl comprises methylcyclopentadienyl
manganese tricarbonyl.

9. An aviation fuel composition as described in em-
bodiment 1, wherein the fuel composition comprises
about one to 250 mg Mn/l.

10. An aviation fuel composition as described in em-
bodiment 1, wherein the fuel composition comprises
about 125 to 225 mg Mn/l.

11. An aviation fuel composition as described in em-
bodiment 1, wherein the composition has a rating
number of at least about 100 as determined by ASTM
Test Method D 2700.

9 10 
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12. An aviation fuel composition as described in em-
bodiment 1, wherein the aromatic hydrocarbons are
selected from the group consisting of toluene, xy-
lenes, and mesitylenes.

13. An aviation fuel composition as described in em-
bodiment 1, wherein the manganese scavenger
compound comprises an aviation fuel soluble phos-
phorus-containing compound.

14. An aviation fuel composition as described in em-
bodiment 13, wherein the phosphorus compound
comprises tricresyl phosphate.

15. An aviation fuel composition as described in em-
bodiment 13, wherein the phosphorus compound is
present in an amount to be a stoichiometric ratio of
Mn to P of from about 1:0.1 to 1:10.

16. An aviation fuel composition as described in em-
bodiment 13, wherein the phosphorus compound is
present in an amount to be a stoichiometric ratio of
Mn to P of from about 1:0.5 to 1:3.

17. An aviation fuel additive composition comprising:

(a) isooctane;
(b) one or more cyclopentadienyl manganese
tricarbonyl; and
(c) a manganese scavenger compound;

wherein the additive is substantially lead-free.

18. An aviation fuel additive composition as de-
scribed in embodiment 17, wherein the cyclopenta-
dienyl manganese tricarbonyl is selected from the
group consisting of cyclopentadienyl manganese tri-
carbonyl, methylcyclopentadienyl manganese tri-
carbonyl, dimethylcyclopentadienyl manganese tri-
carbonyl, trimethylcyclopentadienyl manganese tri-
carbonyl, tetramethylcyclopentadienyl manganese
tricarbonyl, pentamethylcyclopentadienyl manga-
nese tricarbonyl, ethylcyclopentadienyl manganese
tricarbonyl, diethylcyclopentadienyl manganese tri-
carbonyl, propylcyclopentadienyl manganese tricar-
bonyl, isopropylcyclopentadienyl manganese tricar-
bonyl, tertbutylcyclopentadienyl manganese tricarb-
onyl, octylcyclopentadienyl manganese tricarbonyl,
dodecylcyclopentadienyl manganese tricarbonyl,
ethylmethylcyclopentadienyl manganese tricarbo-
nyl, indenyl manganese tricarbonyl, and the like, in-
cluding mixtures of two or more such compounds.

19. An aviation fuel additive composition as de-
scribed in embodiment 17, wherein the cyclopenta-
dienyl manganese tricarbonyl comprises methylcy-
clopentadienyl manganese tricarbonyl.

20. An aviation fuel additive composition as de-
scribed in embodiment 17, wherein the manganese
scavenger compound comprises a phosphorus-con-
taining compound.

21. An aviation fuel additive composition as de-
scribed in embodiment 20, wherein the manganese
scavenger compound comprises tricresyl phos-
phate.

22. An aviation fuel additive composition as de-
scribed in embodiment 20, wherein the manganese
scavenger compound comprises a plurality of phos-
phorus-containing compounds.

23. An aviation fuel additive composition as de-
scribed in embodiment 22, wherein the phosphorus-
containing compounds include tricresyl phosphate.

24. A method of increasing the octane rating number
of a substantially unleaded aviation fuel comprising
the steps of:

providing a fuel additive composition comprising
isooctane, a cyclopentadienyl manganese tri-
carbonyl compound, and a manganese scaven-
ger;
adding the fuel additive composition to a sub-
stantially unleaded aviation base fuel composi-
tion,
wherein the resulting fuel composition has a rat-
ing number of at least about 98 as determined
by ASTM Test Method D 2700.

25. A method of increasing the octane rating number
of a substantially unleaded aviation fuel as described
in embodiment 24, wherein the resulting fuel com-
position has a rating number of at least about 100
as determined by ASTM Test Method D 2700.

Claims

1. A substantially unleaded aviation fuel composition
comprising:

(g) from about 10 to about 80 volume percent of
aviation alkylate;
(h) from about zero to 50 volume percent isooc-
tane;
(i) from about zero to 20 volume percent of iso-
pentane;
(j) from about zero to about 30 volume percent
of aromatic hydrocarbons;
(k) from about 0.5 to 500 mg Mn/l of one or more
cyclopentadienyl manganese tricarbonyl; and
(l) a manganese scavenger compound;
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wherein the composition is substantially lead-free,
and the composition has a rating number of at least
about 96 as determined by ASTM Test Method D
2700.

2. An aviation fuel composition as described in claim
1, comprising about 15 to 20 volume percent of ar-
omatic hydrocarbons.

3. An aviation fuel composition as described in claim 1
or 2, comprising about 5 to 10 volume percent of
isopentane.

4. An aviation fuel composition as described in claim
1, wherein substantially lead-free is 13 mg of lead or
less per liter of fuel composition, preferably wherein
substantially lead-free is about 7 mg of lead or less
per liter of fuel composition, in particular wherein
substantially lead-free is an essentially undetectable
amount of lead in the fuel composition.

5. An aviation fuel composition as described in any one
of claims 1 to 5, wherein the cyclopentadienyl man-
ganese tricarbonyl is selected from the group con-
sisting of cyclopentadienyl manganese tricarbonyl,
methylcyclopentadienyl manganese tricarbonyl,
dimethylcyclopentadienyl manganese tricarbonyl,
trimethylcyclopentadienyl manganese tricarbonyl,
tetramethylcyclopentadienyl manganese tricarbo-
nyl, pentamethylcyclopentadienyl manganese tri-
carbonyl, ethylcyclopentadienyl manganese tricarb-
onyl, diethylcyclopentadienyl manganese tricarbo-
nyl, propylcyclopentadienyl manganese tricarbonyl,
isopropylcyclopentadienyl manganese tricarbonyl,
tertbutylcyclopentadienyl manganese tricarbonyl,
octylcyclopentadienyl manganese tricarbonyl, do-
decylcyclopentadienyl manganese tricarbonyl,
ethylmethylcyclopentadienyl manganese tricarbo-
nyl, indenyl manganese tricarbonyl, and the like, in-
cluding mixtures of two or more such compounds,
preferably wherein the cyclopentadienyl manganese
tricarbonyl comprises methylcyclopentadienyl man-
ganese tricarbonyl.

6. An aviation fuel composition as described in any one
of claims 1 to 5, wherein the fuel composition com-
prises about one to 250 mg Mn/l, preferably wherein
the fuel composition comprises about 125 to 225 mg
Mn/l.

7. An aviation fuel composition as described in any one
of claims 1 to 6, wherein the composition has a rating
number of at least about 100 as determined by ASTM
Test Method D 2700.

8. An aviation fuel composition as described in any one
of claims 1 to7, wherein the aromatic hydrocarbons
are selected from the group consisting of toluene,

xylenes, and mesitylenes.

9. An aviation fuel composition as described in any one
of claims 1 to 8, wherein the manganese scavenger
compound comprises an aviation fuel soluble phos-
phorus-containing compound, preferably wherein
the phosphorus compound comprises tricresyl phos-
phate and/or wherein the phosphorus compound is
present in an amount to be a stoichiometric ratio of
Mn to P of from about 1:0.1 to 1:10, in particular of
from about 1:0.5 to 1:3.

10. An aviation fuel additive composition comprising:

(d) isooctane;
(e) one or more cyclopentadienyl manganese
tricarbonyl; and
(f) a manganese scavenger compound;

wherein the additive is substantially lead-free.

11. An aviation fuel additive composition as described
in claim 10, wherein the cyclopentadienyl manga-
nese tricarbonyl is selected from the group consist-
ing of cyclopentadienyl manganese tricarbonyl,
methylcyclopentadienyl manganese tricarbonyl,
dimethylcyclopentadienyl manganese tricarbonyl,
trimethylcyclopentadienyl manganese tricarbonyl,
tetramethylcyclopentadienyl manganese tricarbo-
nyl, pentamethylcyclopentadienyl manganese tri-
carbonyl, ethylcyclopentadienyl manganese tricarb-
onyl, diethylcyclopentadienyl manganese tricarbo-
nyl, propylcyclopentadienyl manganese tricarbonyl,
isopropylcyclopentadienyl manganese tricarbonyl,
tertbutylcyclopentadienyl manganese tricarbonyl,
octylcyclopentadienyl manganese tricarbonyl, do-
decylcyclopentadienyl manganese tricarbonyl,
ethylmethylcyclopentadienyl manganese tricarbo-
nyl, indenyl manganese tricarbonyl, and the like, in-
cluding mixtures of two or more such compounds,
preferably wherein the cyclopentadienyl manganese
tricarbonyl comprises methylcyclopentadienyl man-
ganese tricarbonyl.

12. An aviation fuel additive composition as described
in claim 10 or 11, wherein the manganese scavenger
compound comprises a phosphorus-containing
compound, preferably wherein the manganese
scavenger compound comprises tricresyl phosphate
and/or wherein the manganese scavenger com-
pound comprises a plurality of phosphorus-contain-
ing compounds.

13. A method of increasing the octane rating number of
a substantially unleaded aviation fuel comprising the
steps of:

providing a fuel additive composition comprising

13 14 



EP 3 225 679 A2

9

5

10

15

20

25

30

35

40

45

50

55

isooctane, a cyclopentadienyl manganese tri-
carbonyl compound, and a manganese scaven-
ger;
adding the fuel additive composition to a sub-
stantially unleaded aviation base fuel composi-
tion,
wherein the resulting fuel composition has a rat-
ing number of at least about 98 as determined
by ASTM Test Method D 2700.

14. A method of increasing the octane rating number of
a substantially unleaded aviation fuel as described
in claim 13, wherein the resulting fuel composition
has a rating number of at least about 100 as deter-
mined by ASTM Test Method D 2700.
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