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BIOGENIC TURBINE AND DIESEL FUEL

octane number of 0, based on experimental tests. Octane

numbers are linearly interpolated by this method; hence pre
REFERENCE TO RELATED APPLICATIONS

dictions for mixes can be made once pure sample values are

determined.
Automobile gasoline is placarded at the pump as the aver
age of Research and Motor octane numbers. These correlate
to running a laboratory test engine (CFR) under less severe
and more severe conditions, respectively. Effective octane
numbers lie betWeen the Research and Motor octane values.
Aviation gasoline has a “hard” requirement of 100 MON
(motor octane number); ethanol has a MON of 96, Which
makes its use only viable When mixed With other higher
octane components. Conventional 100LL (i.e., 100 octane
loW lead) contains a maximum of 3 ml of tetraethyl lead per
gallon to achieve the desired octane rating.

This is a continuation-in-part of US. patent application
Ser. No. 12/788,010, ?led May 26, 2010, Which is a continu

ation-in-part of US. patent application Ser. No. 12/717,480,
?led Mar. 4, 2010 Which is a continuation-in-part of US.

patent application Ser. No. 12/139,428, ?led Aug. 13, 2008,
Which is a continuation-in-part of US. patent application Ser.
No. 11/881,565, ?led Jul. 27, 2007, Which claims priority of
provisional US. Patent Application Ser. No. 60/833,589,
?led Jul. 27, 2006, the contents of all of Which are incorpo

rated herein by reference.
FIELD OF THE INVENTION

Range (Energy)
The inherent energy contained Within gasoline is directly

The present invention relates in general to an engine fuel

produced from renewable materials and, in particular, the
present invention provides a non-petroleum based fuel Which

related to mileage, not to octane number. Automobile gaso
20

can be produced fully from reneWable materials. In one
embodiment, one of the fuels of the present invention may be

formulated into a variety of aviation fuels, including fuels
employed in aviation turbine engines. In another embodi
ment, these biogenic fuels can be used in various types of

25

diesel engines.
BACKGROUND OF THE INVENTION

With the end of cheap oil and the mounting peak of World

consumption. In the octane examples above, i-octane and
n-heptane had values of 100 and 0, respectively. From an
energy perspective, they contain heat of combustion values of
7.84 and 7.86 kcal/ml, respectively, Which is the reverse of
What one Would expect based on poWer developed. Aircraft

30

oil production, it is recognized that petroleum is a non-reneW
able resource and Will eventually be depleted. This realization
has sparked a reneWed interest in the development of reneW
able sources for fuel. This is particularly true in the case of
aviation fuels.
In the United States, the Federal Aviation Administration

line has no energy speci?cation, hence no mileage speci?ca
tion. In contrast, aviation fuels, a common example being 100
LL (100 octane loW lead), have an energy content speci?ca
tion. This translates to aircraft range and to speci?c fuel

cannot compromise range due to the sensitivity of their mis
sions. For this reason, energy content is equally important as
MON values.

The current production volume of 100LL is approximately
850,000 gallons per day. 100LL has been designated by the
35

Environmental ProtectionAgency (EPA) as the last fuel in the
United States to contain tetraethyl lead. This exemption Will
likely come to an end in the near future.

Although discrete chemical compounds have been found

(FAA) is responsible for setting the technical standards for
aviation fuels through (ASTM) International. Any neW fuel
must comply With an existing fuel speci?cation. For example,

to satisfy the motor octane number for 100LL octane aviation

includes ethanol-based fuels, partly to decrease the Wholesale

gasoline, they fail to meet a number of other technical require
ments for aviation gasoline. This is true, for example, for
isopentane, 90MON, and trimethyl benZene 136MON. For
example, pure isopentane fails to qualify as an aviation fuel
because it does not pass the ASTM speci?cation D909 for
supercharge ON, ASTM speci?cation D2700 for motor
octane number, and ASTM speci?cation D5191 for vapor
pressure. Pure sym-trimethylbenZene (mesitylene) also fails

cost of fuel, and to a lesser extent to reduce air pollution per

to qualify as an aviation fuel because it does not pass ASTM

the FAA uses as a standard for aviation gasoline ASTM
D910-Grade 100LL. This is true Whether the neW fuel is
based on petroleum or a chemical or chemical combination.

40

Ethanol-based fuels for internal combustion engines have
been available for roughly ?ve decades. The State of Califor

nia originated mandatory oxygenation of motor fuels, Which

45

gallon of gasoline consumed. Effectively, since ethanol

speci?cation D2386 for freeZe point, ASTM speci?cation

based fuels have loWer energy, pollution is generally
increased per mile. A key bene?t of ethanol-based fuels is that
they have a slightly higher octane number than ethanol-free
gasoline. This is the reason many oil companies provide high
ethanol containing premium fuels and loWer ethanol regular
grades of gasoline. ReneWable fuels made from some chemi

D5191 for vapor pressure, and ASTM speci?cation D86 for

cal species other than ethanol have been found to exhibit
signi?cantly higher octane numbers and increased energy per
unit volume When compared to commercial fuels and etha
nol-based fuels.

50

progressively improve its environmental performance and
lessen impacts to the global ecosystem, While continuing to
reduce operating costs. Aviation recogniZes these challenges
55

seeking to provide technologically driven solutions. Bio-de
address these challenges.
Signi?cant progress has been made in verifying the perfor
60

production. It is a kinetic parameter, therefore dif?cult to

predict. The American Society for Testing and Materials com
piled volumes of experimental octane data (for pure hydro
carbons) for the Department of Defense in the 1950’s. The
method used to obtain this dynamic parameter is discussed in
the next paragraph. 2,2,4-trimethyl pentane (isooctane) has a
de?ned octane number of 100, and n-heptane has a de?ned

must be addressed to ensure industry viability and is actively

rived jet fuel is a key element in the industry strategy to

Octane (Power)
Octane number is a measure of the effectiveness of poWer

the 10% distillation point.
It is of paramount importance that industry continues to

65

mance of Synthetic Paraf?nic Kerosene (SPK) made from
sustainable sources of bio-derived oils, after catalytic crack
ing and hydrogenation, that can be used in commercial air
craft at a blend ratio of up to 50 percent With traditional jet fuel

(JetA or JP-8).
Current alternative jet fuel certi?cation targets are paraf
?nic alternative fuels used in 50/50 blends With conventional

jet fuels, but the availability of synthetic aromatics (like mesi

US 8,552,232 B2
3

4

tylene) enables the adjustment of the properties of para?inic
fuels, plus enables the potential of fully renewable fuels.

TABLE 1

In addition, there is a signi?cant amount of ongoing alter
native aviation fuel research, both civilian and military, aimed

Properties of 80 vol % talloW HR]/20% mesitylene.
6308 + 20%

at developing “drop-in” replacements for current petroleum
derived fuels. “Drop-in” means a fuel that is functionally
equivalent to current fuels, requiring no aircraft hardWare or

Flash point, C.
Freeze point, C.
Density

handling changes.

]P-8 req’t

HR] 6308

mesitylene

>38
<—47
0.775-0.84

55
—62
0.758

52
—77
0.779

Initial targets for certi?cation of such fuels are Synthetic

Para?inic Kerosene (SPK) and Hydroprocessed Renewable

Distillation/ Boiling Range

Jet Fuel (HR]), both as 50/50 With conventional petroleum
derived jet fuels. SPK and HR] contain fully saturated linear
alkanes in the Cl2-C22 range. These tWo processes typically

There is a requirement for hydroprocessed SPKs in the
current alternative fuel speci?cation, ASTM D7566, for a
minimum boiling range Which is expressed in terms of the
standard ASTM D86 boiling range limit as T90—T10>22° C.

produce a hydrocarbon jet fuel predominantly consisting of
n-para?ins and iso-para?ins. Commercially, alternative fuels

There is concern by engine manufacturing companies that
very narroW boiling fuels (such as might be created by adding
mesitylene to n-decane) might not have satisfactory combus
tor operability. Thus, adding a single-component aromatic

are added to ASTM D7566 When certi?ed. These paraf?nic
fuels are not “drop-in” jet fuel for a number of reasons: ?rst,

their density falls beloW alloWable 0.775-0.84 range; and

second, they tend to cause fuel leaks through o-ring seals (due

20

component to a fuel (as opposed to a Wide-boiling aromatics

to the lack of aromatic components).

blend like FIG. 1) might not provide satisfactory properties.

Currently, these shortcomings are avoided by blending the
paraf?nic fuels 50/50 With conventional jet fuels to gain the
aromatic and cyclopara?inic components for density and seal
sWell. Extraction of the aromatic components in a typical jet
fuel sample is illustrated in FIG. 1. Hydrocarbon type analy
sis (ASTM D2425) shoWs that most aromatics in jet fuels are
substituted single-ring aromatics (typically about 15 vol %),
With several percent additional of substituted napthalenes/
tetralins/indanes (bicyclics). The abscissa in FIG. 1 is related

Therefore, in a preferred embodiment, the aromatic (such as
mesitylene) Was added only up to the jet fuel blend limit of 25
vol % at a maximum.
25

30

to the molecular Weight of the aromatics. The 38° C. mini
mum ?ash point in jet fuel eliminates most aromatics smaller
than C8. In FIG. 2, a blend of commercial Exxon solvents

(AR 100/150/200) has been used to simulate jet fuel aromat
ics in combustion testing Which is used for comparison in a

unexpectedly discovered that blends (including 20% mesity
lene in SPK) fall inside the typical ]P-8 “experience base”.
35

aromatics that must be added to SPK or HR] fuels to create a
40

aromatic components on the seal sWell; third, the effect of the
aromatics on combustion performance; and fourth, the effects
of added aromatics on other properties, such as lubricity.

0.84. Density has a large impact on range, and there is little
interest in the aviation community in fuels With densities
loWer than 0.775.

45

There are tWo main concerns With viscosity of the fuel
50

above 1.3 cSt at 40° C. As shoWn in FIG. 6, the loW viscosity
55

of the mesitylene decreases the viscosity at loW temperatures

(good for aircraft) and at high temperature (bad for diesels).
Thus, meeting the 1 .3 cSt requirement in mesitylene blends of
roughly 10-15% is apparently achievable, but it is driven by
the viscosity of the primary synthetic SPK or HR] compo
60 nent.

Cetane

Use ofj et fuel in diesel engines (either aviation or ground)
requires an understanding of the effect of the jet fuel compo

38° C., so there are no ?ash point issues for ]P-8/]etA/]etA-1.
Adding solely mesitylene to an HR] Will not meet the current

The density is Well above the loWer limit.

blend. First, maintaining viscosity beloW loW temperature
limits (e.g., 8 cSt at —20° C.) is required to ensure Auxiliary
PoWer Unit (APU) and engine cold start performance. Sec
ond, use of jet fuel in diesel engines is enabled by a viscosity

also be achieved by adding the bio-mesitylene to a conven
tional HR] fuel. In a preferred embodiment, adding about 20
vol % bio-mesitylene to a talloW HR] fuel (POSF 6308)

]P-5 speci?cations (60° C. minimum ?ash). The loW freeZe
point of mesitylene loWers the freeZe point of the HR] fuel.

seen at a given aromatic level. In other Words, a 15% mesity
lene blend fell Within the range of seal sWells seen for jet fuels
of the same aromatic content. Thus, it appears that the current
8% minimum aromatic level in ASTM D7566 Will be
adequate to ensure seal sWell With mesitylene blends as Well
as SPK and HR] blends.

conventional SPK’s With a density of 0.762. Addition of

yields a fuel having properties shoWn in Table 4.
It can be seen that adding mesitylene (?ash point 440 C.)
loWers the ?ash point of the HR] slightly, but the minimum is

With petroleum aromatics (shoWn in FIG. 2) and 1,2,4-trim
ethylbenZene, but the difference Within typical variations

Viscosity

FIG. 3 shoWs the result of adding mesitylene (density
0.8652) to Sasol® IPK (iso-paraf?nic kerosene), one of the
roughly 13 vol % mesitylene yields a Sasol® IPK/mesitylene
fuel blend Which meets the minimum density speci?cation.
The main objective of creating a fully synthetic biofuel can

Seal SWell
Mesitylene Was blended into an SPK fuel (Sasol® IPK) to

determine the effects on the sWell of nitrile o-rings (the “prob
lem” o-rings for leaks). As shoWn in FIG. 5, mesitylene
blends With the Sasol® IPK sWelled slightly less than blends

Therefore, tests have been carried out to evaluate synthetic

aromatics used for jet fuels, including: ?rst, the quantity of

Density, Flash Point, Freeze Point
Typical SPK and HR] fuels have densities (in g/ml), and
speci?c gravities in the range of 075-76 (at 16 C/standard
conditions). HoWever, the permissible jet fuel range is 0.775

craft). As can be seen, several of the pure HR] s fall outside of
]P-8 average range, Which is the standard deviation around

the 2006-2008 average of 5000 samples. HoWever, it Was

number of tests.

fully-synthetic drop-in jet fuel; second, the effect of the added

The 165° C. boiling point of the mesitylene tends to pull
doWn the initial part of the boiling distribution. This can be
seen in FIG. 4, Where data for the 20% mesitylene blended
into S-8 SPK is shoWn, along With several HR] s and blends
(including three blends that have ?oWn on commercial air

65

sition on cetane number as Well as viscosity. A requirement of
ASTM D975 is a minimum cetane number of 40 for diesel

fuel, although cetane number is not speci?cally called out in
ASTM D7566 at this point. Since cetane is roughly inversely
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proportional to octane, it is to be expected that adding mesi

fuel speci?cations require that fuel pass the JFTOT at 260 C
(the higher the temperature at Which a fuel passes the test, the
more stable the fuel). Fuels can also be characterized by
Where they fail the test, or “break”ihence the highest tem

tylene, a high-octane avgas blending component, Would drop
the cetane number of the base fuel. As shoWn in FIG. 7, this is
indeed the case, Where the addition of 20% mesitylene to a 57
cetane HR] lowers the measured cetane (ASTM D6890) to
about 44. However, this reduction tracks Well With the general
trend of cetane reduction With aromatic content in jet fuels, so
it does not exclude the use of mesitylene blends in diesel

perature at Which a fuel Will pass the test is knoWn as its

“breakpoint”. A typical ]P-8 breakpoint is 280° C.
The SPK and HR] speci?cations require that these fuels
pass the JFTOT at 325° C., at a minimum (thus the breakpoint
is above 325° C.). This temperature is Well above that for

engines.
Lubricity

typical jet fuels, verifying the high thermal stability. A limited

Lubrication performance of jet fuel betWeen fuel-Wetted
parts is an important property. One expected issue With fully
synthetic fuels is lubricity. The standard test for this property

amount of thermal stability testing Was performed With mesi
tylene, With more extensive testing performed With the aro
matic blend shoWn in FIG. 2. Many aromatics are knoWn to
reduce fuel thermal stability although some appear to be

is ASTM D5001 the Ball on Cylinder Lubricity Evaluator

(BOCLE). Jet fuel lubricity is general thought to come pri
marily from trace polar impurities in jet fuel, so it might be
expected that existing fully-synthetic fuels Would have poor
lubricity (as indeed they do). The major issue for addition of
synthetic aromatics to fuel blends is the effect of the aromatic
addition on the poor lubricity of the base fuel.

relatively benign. In a series of tests Withpetroleum aromatics
in various HR] and SPK fuels, it Was discovered that addition

of 10, 15 and 20 vol % petroleum aromatics consistently
reduced the breakpoint from >325° C. to about 280° C. for all
20

the fuels (thus little affect of aromatic content).
Therefore, addition of petroleum aromatics above some
loW threshold (beloW 10%) reduces the thermal stability of
SPK and HR] fuels to typical jet fuel values (Where the

25

With mesitylene, Where 10% mesitylene in the Syntroleum

It is expected that fully-synthetic fuels used by the military
Will contain the mandated corrosion inhibitor/lubricity
improver (CI/LI) additive. Thus, a series of tests Were per
formed With additized mesitylene/ alternative fuel blends. As

shoWn in FIG. 8, the lubricity of 10% mesitylene blends in

average aromatic content is 15-20%). The behavior Was seen

S-8 SPK fuel dropped the breakpoint doWn to about 280° C.,

various additized alternative base fuels falls Well Within the
range of experience With ]P-8 and meets the ]P-8 lubricity
requirements (the larger the Wear scar, the poorer the lubric

or typical jet fuel levels (similar to petroleum aromatics).

ity). Very limited testing With fuel blends Without the CI/LI
additive Were performed, and it Was typically seen that mesi

30

The fermentation of a biomass using microbes to produce
acetone and butanol Was ?rst discovered by Chaim Weizmann
in 1916 and is described in US. Pat. No. 1,315,585 and other

tylene did not signi?cantly affect the lubricity of the base fuel.

corresponding patents throughout the World. This process

For example, camelina HR] had a BOCLE Wear scar diameter
of 0.76 mm, While addition of 10% mesitylene to the HR]

knoWn as the Weizmann process Was used by both Great
Britain and the United States in World Wars I and II to pro

reduced the Wear scar to 0.75 mm.

Combustion Emissions (Speci?cally Soot/Particulates)

35

intensive, and accordingly uneconomical.

The relationship betWeen fuel aromatic content and soot/
particulate emissions is Well knoWn. Thus, it Would be a
surprise if the addition of mesitylene did NOT increase soot

from engines (or increase the smoke point, the relative speci
?cation test). Smoke point tests Were performed on mesity
lene blends With Sasol IPK. As shoWn in FIG. 9, the addition

40

catalysts as described in US. Pat. No. 2,917,561 (1959);

(3) Vapor phase condensation using as catalyst the phos
45

phates of the metals of group IV of the periodic system of
elements, eg titanium, zirconium, hafnium and tin as
described in US. Pat. No. 3,946,079 (1976);
(4) Vapor phase reaction in the presence of molecular
hydrogen and a catalyst selected from alumina containing

50

chromia and boria as described in US. Pat. No. 3,201,485

copter engine. In this case, the baseline ]P-8 fuel contained 16
vol % aromatics, so the emissions from a 16% blend of

mesitylene in the talloW HR] fuel Were compared to this
baseline ]P-8.
As shoWn in FIG. 10, the relatively loW soot emissions
implied in FIG. 9 are veri?ed in this engine test. FIG. 10

(1 965);
(5) Vapor phase reaction using catalysts containing molyb
denum as described in US. Pat. No. 3,301,912 (1967) or
tungsten as described in US. Pat. No. 2,425,096, a vapor

shoWs the reduction in particulate (soot) emission index rela
tive to the baseline 16% aromatic ]P-8. As can be seen for the

55

unexpectedly, dramatically reduced. 50/50 HR]/]P-8 blends
still shoW roughly 50% reductions. The 16% mesitylene

silica support With an ethanolic solution of NbCl5 or an aque

ous solution of Nb in order to deposit 2% Nb by Weight and by
calcining the ?nal solid at 550° C. for 18 hours. At 300° C., the

blend also shoWs signi?cant reductions relative to the ]P-8
60

US. Pat. No. 5,087,781.
It is also knoWn in the art to dimerize acetone to ultimately

Thermal Stability

form isopentane. This process involves ?rst dimerizing

SPK and HR] fuels are extremely thermally-stable fuels,

Thermal Oxidation Tester (]FTOT, ASTM D3241). The jet

condensation of acetone produces mainly mesitylene (70%
selectivity) at high conversion (60-80% Wt) as described in

that addition of mesitylene to alternative fuels does not pro
duce a sooty fuel.

due to their extremely loW contaminant content. Thermal
stability Was assessed in various rig tests and in the Jet Fuel

phase reaction over a niobium supported catalyst With high

selectivity. The catalyst is preferably made by impregnating a

camelina and talloW HR] fuels, the soot emission index is

baseline at both idle and cruise conditions, so it seems clear

A number of methods are knoWn for making mesitylene
from acetone and include, for example:
(1) Liquid phase condensation in the presence of strong
acids, eg sulfuric acid and phosphoric acid as described in
US. Pat. No. 3,267,165 (1966);

(2) Vapor phase condensation With tantalum containing

of mesitylene to this SPK fuel did, indeed, unexpectedly
reduce the smoke point (equivalent to increasing soot emis
sions), but in a non-linear fashion. In any case, the results
Were Well above the 22 mm speci?cation limit. Efforts to
verify this behavior led to inconsistent results, so it Was
decided to compare actual engines emissions in a T63 heli

duce acetone for the production of cordite used in making
smokeless poWder. Unfortunately, this method is energy

65

acetone to form diacetone alcohol Which is then dehydrated to

form mesityl oxide. The mesityl oxide then undergoes gas
phase reformation/hydrogenation to form isopentane.

US 8,552,232 B2
8

7

In a ninth preferred embodiment of the present invention,
there is provided in the seventh preferred embodiment a tur
bine fuel comprising from about 35 to 55 Wt % mesitylene,

It is also known from Us. Pat. No. 7,141,083 to produce a

fuel comprising mesitylene and straight-chain alkanes (i.e.,
hexanes, heptanes, octanes, nonanes and the like) from plant

from about 10 to 20 Wt % tetradecane, and from about 20 to 50

oil, such as corn oil. The composition of corn oil is shoWn in
Table 1 beloW. The predominant components of corn oil are

Wt % heptane.
In a tenth preferred embodiment of the present invention,
there is provided in the seventh preferred embodiment a tur
bine fuel comprising from about 42 to 48 Wt % mesitylene,

stearic, palmitic, oleic, and linoleic acids of the free fatty
acids.
It is an object of the present invention to provide biogenic

fuels that effectively replace petroleum-based fuels currently

from about 15 to 20 Wt % tetradecane, and from about 32 to 43

used in engines.
It is another object of the present invention to provide fully

Wt % heptane.
In an eleventh preferred embodiment of the present inven
tion, there is provided in the seventh preferred embodiment a
turbine fuel comprising about 45 Wt % mesitylene, about 17.5
Wt % tetradecane, and about 37.5 Wt % heptane.
In a tWelfth preferred embodiment of the present invention,
there is provided in the seventh preferred embodiment a tur
bine fuel comprising from about 1 to 25 Wt % mesitylene,

reneWable fuels for other internal combustion/heat engines as
Well.
It is a further object of the present invention to provide high
energy reneWable fuels for use in turbines and other heat
engines by the same methodology; the energy content and

physical properties of the reneWable components being tai
lored to the type of engine to be fueled.
It is another object of the present invention to provide a
binary mixture of components Which meet the technical

from about 25 to 60 Wt % tetradecane, and from about 1 5 to 74
20

speci?cations for turbine engines.
It is another object of the present invention to provide a
non-petroleum based aviation fuel Which meets the technical

from about 30 to 50 Wt % tetradecane, and from about 30 to 65

speci?cations of ASTM International for petroleum-based
turbine fuels.

25

It is still another object of the present invention to provide
a process for the production from a biomass of the compo

nents of binary chemicals and ternary mixtures Which satisfy
the technical speci?cations for both turbine and diesel

engines.

Wt % heptane.
In a thirteenth preferred embodiment of the present inven
tion, there is provided in the seventh preferred embodiment a
turbine fuel comprising from about 5 to 20 Wt % mesitylene,

30

Wt % heptane.
In a fourteenth preferred embodiment of the present inven
tion, there is provided in the seventh preferred embodiment a
turbine fuel comprising about 10 Wt % mesitylene, about 40
Wt % tetradecane, and about 50 Wt % heptane.
In a ?fteenth preferred embodiment of the present inven
tion, there is provided a diesel fuel comprising mesitylene,
octadecane and, optionally, or nonane.

In a sixteenth preferred embodiment of the present inven
tion, there is provided in the ?fteenth preferred embodiment

SUMMARY OF THE INVENTION

In order to achieve the objects of the present invention, the
present inventors have arduously carried out research and
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endeavored to provide fully reneWable fuels, preferably

a diesel fuel comprising from about 50 to 99 Wt % mesitylene,
and from about 1 to 50 Wt % octadecane.

In a seventeenth preferred embodiment of the present

derived from a biomass having a high energy content, such as

invention, there is provided in the ?fteenth preferred embodi

vegetable oils. Accordingly, in a ?rst preferred embodiment
of the present invention, the present inventors provide a
reneWable turbine fuel comprised of mesitylene and at least

ment a diesel fuel comprising from about 60 to 90 Wt %
mesitylene, and from about 10 to 40 Wt % octadecane.
40

one alkane.

In a second preferred embodiment of the present invention,
there is provided in the ?rst preferred embodiment a turbine
fuel comprising from about 50 to 99 Wt % mesitylene, and
from about 1 to 50 Wt % of one or more alkanes.

ment a diesel fuel comprising from about 65 to 75 Wt %
mesitylene, and from about 25 to 35 Wt % octadecane.

In a nineteenth preferred embodiment of the present inven
45

tion, there is provided in the ?fteenth preferred embodiment
a diesel fuel comprising about 70 Wt % mesitylene and about

In a third preferred embodiment of the present invention,
there is provided in the ?rst preferred embodiment a turbine
fuel comprising from about 60 to 90 Wt % mesitylene.
In a fourth preferred embodiment of the present invention,
there is provided in the third preferred embodiment a turbine
fuel comprising from about 10 to 40 Wt % tetradecane.
In a ?fth preferred embodiment of the present invention,
there is provided in the ?rst preferred embodiment a turbine
fuel comprising from about 75 to 85 Wt % mesitylene, and

50

from about 15 to 25 Wt % tetradecane.
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30 Wt % octadecane.

In a tWentieth preferred embodiment of the present inven

tion, there is provided in the ?fteenth preferred embodiment
a diesel fuel comprising from about 20 to 65 Wt % mesitylene,
from about 30 to 60 Wt % octane, and from about 5 to 20 Wt
% octadecane.

In a tWenty-?rst preferred embodiment of the present
invention, there is provided in the ?fteenth preferred embodi

In a sixth preferred embodiment of the present invention,
there is provided in the ?rst preferred embodiment a turbine
fuel comprising from about 80 Wt % mesitylene, and about 20

ment a diesel fuel comprising from about 25 to 45 Wt %

mesitylene, from about 40 to 60 Wt % octane, and from about
20 to 50 Wt % octadecane.

In a tWenty-second preferred embodiment of the present
invention, there is provided in the ?fteenth preferred embodi

Wt % tetradecane.

In a seventh preferred embodiment of the present inven

In an eighteenth preferred embodiment of the present
invention, there is provided in the ?fteenth preferred embodi

60

ment a diesel fuel comprising from about 32 to 35 Wt %

tion, there is provided a turbine fuel comprising mesitylene,

mesitylene, from about 45 to 58 Wt % octane, and from about

tetradecane, and heptane.

10 to 20 Wt % octadecane.

In an eighth preferred embodiment of the present inven
tion, there is provided a turbine fuel in the seventh preferred
embodiment, in Which the fuel comprises from about 15 to 75
Wt % heptane, from about 20 to 65 Wt % mesitylene, and from

In a tWenty-third preferred embodiment of the present
invention, there is provided a biogenic turbine fuel compris

about 5 to 20 Wt % tetradecane.
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ing one or more synthetic para?inic kerosenes (SPK) and/or

hydroprocessed reneWable jet (HRJ) fuel; and betWeen about
8 to 25 vol % of mesitylene.
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In a tWenty-fourth preferred embodiment, there is provided
in the twenty third preferred embodiment an improved bio
genic turbine fuel Wherein the hydroprocessed renewable jet

able components, i.e., components derived from bio-sources
such as com. This fuel has several variants, the preferred

variants being turbine fuel and diesel fuel. Advantageously,

fuel is talloW HR] fuel.

the components of the fuels discussed above are all derivable
from plant or animal oils, and the product can be tailored to

In a twenty-?fth preferred embodiment, there is provided
in the tWenty fourth preferred embodiment, an improved tur
bine fuel Wherein said fuel comprises betWeen about 20 to 25

the input stock. In general, plant oils are preferred due to their

vol % of mesitylene.
In a tWenty-sixth preferred embodiment there is provided
in connection With the tWenty fourth preferred embodiment
an improved biogenic turbine fuel further comprising a petro

Both the turbine fuels and the diesel fuels of the present
invention provide an overall mix and match With discreet
components derivable from all plant or animal oils, and the

loWer molecular Weight products.

leum-based fuel.
In a tWenty seventh preferred embodiment, there is pro
vided in the tWenty third preferred embodiment a biogenic
turbine fuel Wherein the fuel is a blend of: about 50% petro
leum-based fuel; and about 50% of one or more of synthetic

product can be tailored to the input stock. In general, plant oils
are preferred as the base stock for production of the fuel
component of the composition, due to their loWer molecular

Weight products. With regards to same, the fuel component
can be derived from various plant source bio-oils. For

paraf?nic kerosenes (SPK) and/or hydroprocessed reneWable
jet fuel (HR]), and mesitylene.

example, the bio-oil may include soybean oil, rapeseed oil,

Other preferred embodiments use the systems (mesitylene

dodecane-hexane; mesitylene-hexadecane-octane in general
(mesitylene-C2” alkane-Cn alkane) as Well as (mesitylene

20

canola oil or corn oil, palm oil, and combinations thereof.
Most preferably, corn oil is utiliZed as the bio-oil component
because of its enhancement of energy, fuel’s physical prop

C2n alkane)ifrom n:6 through n:12.

erties, and lubricity properties. Corn oil is derived directly

Additional aspects of the invention Will be set forth in part
in the description Which folloWs, and in part Will be obvious
from the description, or may be learned by practice of the
invention. The aspects of the invention Will be realiZed and
attained by means of the elements and combinations particu
larly pointed out in the appended claims. It is to be understood

from the corn germ. The components of corn oil are shoWn

beloW in Table
25

FFA

that both the foregoing general description and the folloWing
detailed description are exemplary and explanatory only and
are not restrictive of the invention, as claimed.

30

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying draWings, Which are incorporated in
and constitute part of this speci?cation, illustrate embodi
ments of the invention and together With the description,

35

serve to explain the principles of the invention. The embodi
ments illustrated herein are presently preferred, it being
understood, hoWever, that the invention is not limited to the

precise arrangements and instrumentalities shoWn, Wherein:
FIG. 1 is a graph for HLPC Extraction, illustrating a typical
]P-8 aromatics extracted from conventional jet fuel.
FIG. 2 is a graph illustrating a solvent blend simulation of

40
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Lauric

12

0

0%

Myristic

14

0

0.06%

Palrnitic
Palmitoleic

16
16

0
1

13.81%
0.19%

Margaric

17

0

0.07%

Stearic
Oleic
Linoleic
a-Linoleic
Arachidic
Eicosenoic
Eicosadienoic
Behinic
Erucic

18
18
18
18
20
20
20
22
22

0
1
2
3
0
1
2
0
1

2.19%
27.86%
52.41%
1.29%
0.45%
0.35%
0.04%
0.19%
0.00%

Ligoceric

24

0

0.24%

Others

1.00%

cane and n-hexadecane. Also, it is knoWn that these tWo
alkanes can be cracked to form n-nonane and n-octane,

50

propane from the triacylglycerides as Well.
It is also knoWn that propane can be dehydrogenated to

form propyne and hydrogen (Which the thermolysis process
needs). Propyne can be directly trimeriZed to mesitylene via
the same catalysts used for trimeriZing and dehydrating

ing the viscosity of mesitylene blends in talloW HR].
FIG. 7 is a plot of ASTM 6890 cetane versus % aromatics,

illustrating measured cetane values for various jet fuel blends.
FIG. 8 is a bar chart of BOCLE Wear scar, illustrating

As is

respectively. Also, triacylglycerides are comprised of these
fatty acids, compositions shoWn in Table 2 above. Part of the
]etE (and others) thermolysis process is the generation of

illustrating nitrile o-ring seal sWell data for mesitylene/SPK
blends.
FIG. 6 is a graph of viscosity versus temperature, illustrat

Unsaturation

contains derivable straight-chain alkanes, namely, n-octade

FIG. 3 is a plot of aromatics by ASTM D1319 versus %

lene/SPK blends.
FIG. 4 is a plot of temperature versus % distilled providing
distillation data for various fuels and blends.
FIG. 5 is a graph of volume sWell versus aromatic contents,

C Number

With reference to Table 2, it can be seen that corn oil

jet fuel aromatics. (Exxon® AR 100, 150, 200).
mesitylene in Sasol® IPK, illustrating the density of mesity

TABLE 2
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acetone to form mesitylene. It can thus be seen that bio-oils

lubricity results for fuels and various blends.
FIG. 9 is a plot of smoke point versus % mesitylene in

can be used to produce mesitylene, n-octadecane, n-hexade

Sasol® IPK.
FIG. 10 is a bar chart shoWing % change in emission index

With regards to the aromatic hydrocarbon component of
these fuels, unlike conventional petroleum-based fuels, the
present invention comprises aromatic hydrocarbons derived

(El-n) relative to ]P-8, illustrating particulate soot emissions

cane, n-nonane, and n-octane.

60

index changes (relative to a 16% aromatic ]P-8 baseline) for
various HR] fuels and blends.
DETAILED DESCRIPTION OF THE INVENTION
65

As discussed above, the present invention provides a non

petroleum-based reneWable fuel comprised of fully reneW

from acetone, a fully reneWable source. Most preferably, the
aromatic hydrocarbon is mesitylene. Mesitylene can conve
niently be prepared by the trimeriZation of acetone or pro
pyne; acetone can be readily prepared from biomass, and
propyne can be extracted from natural gas. Mesitylene is
preferred, since the acetone or propyne reaction “stops” at the
trimer, Which makes the conversion high due to lack of sig
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ni?cant side-reactions. Mesitylene can be used as an octane

the amount of alkane, such as tetradecane, is less than 5 Wt %,
the fuel composition Will possess a net heat of combustion by
mass that is too loW, Whereas if the alkane is present in an

and energy enhancing ingredient.
With regards to the straight chain alkanes, the alkanes are

preferably derived from biomass, speci?cally oils derived

amount greater than 50 Wt %, then the freeZing point of the
fuel Will be too high and the density Will fall beloW the

from biomass. Straight chain alkanes have the loWest octane
number of a given set of alkane isomers; the more branched

speci?ed range.
In addition, the heptane component, Which is preferably
n-heptane, provides a large decrease in freeZing point and a

the molecule, the smoother combusting (higher octane) the
molecule exhibits When tested. Preferred straight chain
alkanes are utiliZed in the fuels of the present invention

high net heat of combustion by mass. If heptane is present in

including tetradecane, heptane, octadecane, octane, and

an amount of less than 15 Wt %, then the fuel may possess too

nonane. These straight chain alkanes act as octane depres
sants Within the fuel.

high a freeZing point, Whereas if the amount of heptanes
exceeds 74 Wt %, then the density Will be too loW and the

LoWer straight chain alkanes such as n-pentane, n-butane,
propane, and beloW, have too loW of a boiling point to be

speci?c energy per gallon Will be signi?cantly decreased,
resulting in feWer “miles per gallon” out of the fuel.
In the above tWo turbine fuel formulations, mesitylene is
added for the high energy per gallon, and to maintain the

useful as a main component of the fuels of the present inven

tion. Higher straight chain alkanes, such as n-nonane, n-de
cane and above, have a high carbon-to-hydrogen molecule
fraction (>0.444). Straight chain alkanes can be used to sup
press the octane of a given fuel, While maintaining a high
energy content per unit volume. Higher alkanes can be used in

density (up) to Within required ASTM speci?cations. One of
the preferred ternary turbine formulations comprises about 10
20

diesel and jet turbine applications.

Weight percent of mesitylene kept the density from getting too

Turbine Fuels:
In particular, When the fuel is tailored to turbine engine

loW; n-tetradecane Was found to provide the formulation With
a high energy per pound; and n-heptane Was found to keep the

application, as provided in the ?rst preferred embodiment
herein, a ?rst reneWable turbine fuel comprising tWo compo

25

nents is provided, namely from 50-99 Wt % mesitylene and
from 1-50 Wt % of one more alkanes, more preferably 75-85
Wt % of mesitylene and 10-40 Wt % of tetradecane, even more

preferably 75-85 Wt % of mesitylene and 15-25 Wt % of
tetradecane, most preferably 80 Wt % of mesitylene and 20 Wt
% of tetradecane.
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freeZing point of the composition doWn to Within speci?ca
tions (as Well as provide a very high energy per pound).
Further, as mentioned above, in a preferred embodiment,
n-hexadecane can be used in place of n-tetradecane, and
n-octane can be used in place of n-heptane, in this biogenic
fuel.
To test the characteristics of the turbine fuels of the present

invention, the present inventor prepared three test composi

For turbine applications, if the mesitylene is present in an
amount of less than 45 Wt %, the freeZing point Will fall out of
speci?cation. Further, if the amount of alkanes, such as tet
radecane, is less than 1 Wt %, the fuel Will be too dense and
Will not possess a high enough speci?c energy (net heat of
combustion per mass). HoWever, if the amount of alkanes in
the turbine fuel composition exceeds 50 Wt %, the freeZing

Wt % mesitylene, about 40 Wt % n-tetradecane, and about 50
Wt % n-heptane. In this formulation, it Was found that this

tions, denoted beloW in Table 3 as Turbine Test Fuel A, B and
35

C, respectively. Then, the physical properties of each test fuel
composition Were determined using standard accepted meth
ods, namely the test methods used in ASTM D1655, Which is
the speci?cation for J etA and Jet A-1 Aviation Turbine Fuels.
TABLE 3

point Will fall out of speci?cation.
In a further embodiment of the present invention, a second

40

Turbine Test
Fuel A

reneWable turbine fuel comprising three components is pro
vided, namely, from about 1 to 65 Wt % of mesitylene, from

Mesitylene (Wt %)
Heptane (Wt %)
Tetradecane (Wt %)
a preferred embodiment, the second reneWable turbine fuel 45 Boiling Point (O K)
Freezing Point (O K)
comprises 5 to 55 Wt % of mesitylene, from about 5 to 55 Wt

about 5 to 60 Wt % of n-tetradecane or, preferably 5-60 Wt %
of n-hexadecane, and from about 15 to 75 Wt % of heptane. In

% of n-tetradecane or, preferably 5-55 Wt % of n-hexadecane,
and from about 20 to 65 Wt % of heptane. In a more preferred

n-tetradecane or, preferably 15-45 Wt % of n-hexadecane, and
from about 32 to 60 Wt % of heptane. In a highly preferred
embodiment, the second reneWable turbine fuel comprises 45
Wt % of mesitylene, 17.5 Wt % of n-tetradecane or, preferably
17.5 Wt % of n-hexadecane, and 50 Wt % of heptane. In
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55

60

31.2

44.6

67.9

41.61

42.87

43.99

35.15

33.41

32.27

Combustion (MJ/L)
0.8447

0.7793

0.7335

As illustrated above, the test turbine fuels of the present
invention have net heats of combustion that vary greatly.
Turbine Test Fuel B is What most closely matches current Jet
A, based on the ASTM D1655 speci?cation. All properties
fall Within the parameters of that speci?cation. Turbine Test
Fuel A should provide 5% greater energy per gallon com
pared to ‘average’ Jet A because of the higher net heat of
combustion by volume. This results in extended range of the

aircraft using this fuel. The freeZing point of this fuel is
outside of, but Within 3° C. of, the maximum freeZing point
limit of D1655, and the density is Within 0.005 g/cc of the
maximum density limit.

in an amount of less than 1 Wt %, then the fuel Will fall beloW

the high end of the speci?ed range and the net heat of com
bustion by mass Will fall beloW the speci?ed limit. Further, if

Cetane Number (CN)

Density (g/cc)

turbine fuel comprises 10 Wt % of mesitylene, 40 Wt % of
n-tetradecane or, preferably 50 Wt % of n-hexadecane, and 50
Wt % of heptane.

the speci?ed density range, Will not provide the necessary
speci?c energy per gallon, and may not meet the freeZing
point speci?cation, Whereas if the mesitylene is present in an
amount greater than 65 Wt %, then the density Will be outside

10.0
50.0
40.0
438.7
225.3

Net Heat Of
Net Heat Of

another highly preferred embodiment, the second reneWable

In this turbine fuel application, if the mesitylene is present

45.0
37.5
17.5
427.8
218.4

Turbine Test
Fuel C

Combustion (MJ/kg)

embodiment, the second reneWable turbine fuel comprises 5
to 48 Wt % of mesitylene, from about 15 to 45 Wt % of

80.0
0.0
20.0
454.8
235.6

Turbine Test
Fuel B

65

This causes the fuel to not meet the speci?cation, but an

additive may be included before reaching the end user to
correct those small de?ciencies. Turbine Test Fuel C has a

US 8,552,232 B2
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high net heat of combustion by mass and a low density. This
means that the fuel Will be signi?cantly lighter than current

that level may decrease the net heat of combustion by volume,
and therefore the miles per gallon achievable, too much to be
practical. Accordingly, the reneWable diesel fuel of the

turbine fuel; Weight savings are alWays important in aviation.

present invention can be utiliZed in very cold climates. In

The loWer net heat of combustion by volume, hoWever, results
in less range per gallon.
Diesel Fuels

addition, the diesel fuel composition of the present invention,
preferably containing octadecane and/ or octane, possesses
suf?ciently high energy and cetane number needed for satis

In a further embodiment of the present invention, a reneW

factory diesel fuel applications.
Although speci?c embodiments of the present invention

able (biogenic) diesel fuel is provided Which, like the above
?rst and second reneWable turbine fuels, may be comprised of

have been disclosed herein, those having ordinary skill in the

tWo or three components, namely mesitylene and tWo
alkanes. HoWever, speci?cally, in the case of diesel fuels With

art Will understand that changes can be made to the speci?c

embodiments Without departing from the spirit and scope of

high energy per gallon, n-octadecane is preferably used in
place of n-tetradecane because of the higher density and

the invention. The scope of the invention is not to be

restricted, therefore, to the speci?c embodiments. Further

increased net heat of combustion by volume. Further, n-oc
tane or n-nonane is used in place of n-heptane in the diesel
application for the same reasons. Like the above turbine fuels,

more, it is intended that the appended claims cover any and all

such applications, modi?cations, and embodiments Within
the scope of the present invention.

mesitylene is provided in the diesel fuel to provide high
energy per pound.
To con?rm the characteristics of the diesel fuel composi
tion of the present invention, tWo diesel test fuels, denoted as
Diesel Test Fuel A and B, respectively, Were prepared. The

20

1 to 50 Wt % of at least one alkane.

2. The turbine fuel of claim 1, Wherein the fuel comprises

physical characteristics of same Were then tested using stan

dard accepted methods, Which are listed in ASTM D975, the
speci?cation for all diesel fuel oils. The results of these tests
are shoWn beloW in Table 4 beloW.

What is claimed is:
1. A turbine fuel comprising 50 to 99 Wt % mesitylene and

60 to 90 Wt % mesitylene.

3. The turbine fuel of claim 2, Wherein the fuel comprises
25

10 to 40 Wt % tetradecane.

4. The turbine fuel of claim 3, Wherein the fuel comprises
75 to 85 Wt % mesitylene, and 15 to 25 Wt % tetradecane.

TABLE 4
Diesel Test
Fuel A

Mesitylene (Wt %)
Octane (Wt %)
Octadecane (Wt %)
Boiling Point (O K)
Freezing Point (O K)

5. The turbine fuel of claim 4, Wherein the fuel comprises
Diesel Test
Fuel B

70

35

0
30
483.3
247.7

50
15
441.0
232.0

Cetane Number (CN)

43.5

53.8

Net Heat Of

41.88

43.15

34.77

33.23

about 80 Wt % mesitylene and about 20 Wt % tetradecane.
30

7. The turbine fuel of claim 6, Wherein the fuel contains 20
to 65 Wt % mesitylene, 5 to 20 Wt % tetradecane, and 15 to 75
35

Combustion (MI/L)
Density (gcc)

0.8303

0.7701

As illustrated above, the test turbine fuels of the present
invention vary greatly in composition and energy content like
the turbine fuels after Which they are modeled. Diesel Test
Fuel A has a much higher net heat of combustion by volume,
leading to an increased range per gallon When operated in a
compression-ignition engine. Diesel Test Fuel B has a loWer
freeZing point, alloWing for this fuel to be used in colder
climates Without fear of freeZing in the fuel tank.
It Was unexpectedly discovered by the present inventors

9. The turbine fuel of claim 8, Wherein the fuel comprises
40

45

50

that, by combining the components in the Weight ranges
called for herein in the ?fteenth and tWenty-third preferred
embodiments herein, a completely non-petroleum-based die
sel fuel, fully derivable from reneWable biomass sources,
could be obtained. Further, it Was discovered that the diesel

55

50 to 99 Wt % mesitylene and 1 to 50 Wt % octadecane.
60 to 90 Wt % mesitylene and 10 to 40 Wt % octadecane.

17. The diesel fuel of claim 16, Wherein the fuel comprises
65 to 75 Wt % mesitylene and 25 to 35 Wt % octadecane.
60

components such as mesitylene.
Alternatively, as called for in the present invention, the
present inventors unexpectedly discovered that the reneWable

extremely loW freeZing point, up to 60 Wt %. Additions above

10. The turbine fuel of claim 9, Wherein the fuel comprises
about 45 Wt % mesitylene, about 17.5 Wt % tetradecane, and
about 37.5 Wt % heptane.
11. The turbine fuel of claim 6, Wherein the fuel comprises
1 to 25 Wt % mesitylene, 25 to 60 Wt % tetradecane, and 15 to
74 Wt % heptane.
12. The turbine fuel of claim 11, Wherein the fuel com
prises 5 to 20 Wt % mesitylene, 30 to 50 Wt % tetradecane, and
30 to 65 Wt % heptane.
13. The turbine fuel of claim 12, Wherein the fuel com
prises about 10 Wt % mesitylene, about 40 Wt % tetradecane,
and about 50 Wt % heptane.

16. The diesel fuel of claim 15, Wherein the fuel comprises

an appropriate air to fuel ratio for application in a heat engine.
Further, it Was unexpectedly discovered that this reneWable
diesel fuel can be formulated to have very desirable properties

diesel fuel of the present invention can be formulated to have
a much loWer freeZing point, as loW as 2320 K. This is
achieved by adding octane or nonane, both Which have an

42 to 48 Wt % mesitylene, 15 to 20 Wt % tetradecane, and 32
to 43 Wt % heptane.

14. A diesel fuel comprising mesitylene and octadecane.
15. The diesel fuel of claim 14, Wherein the fuel comprises

fuel components could be conveniently adjusted to produce

by varying the alkane ingredients, With the energy increasing

Wt % heptane.
8. The turbine fuel of claim 7, Wherein the fuel comprises
35 to 55 Wt % mesitylene, 10 to 20 Wt % tetradecane, and 20
to 50 Wt % heptane.

Combusion (MI/kg)
Net Heat Of

6. A turbine fuel comprising mesitylene, tetradecane, and

heptane.

18. The diesel fuel of claim 17, Wherein the fuel comprises
about 70 Wt % mesitylene, and about 30 Wt % octadecane.

19. The diesel fuel of claim 14, Wherein the fuel comprises
20 to 65 Wt % mesitylene, 30 to 60 Wt % octane, and 5 to 20
Wt % octadecane.
65

20. The diesel fuel of claim 14, Wherein the fuel comprises
25 to 45 Wt % mesitylene, 40 to 60 Wt % octane, and 20 to 50
Wt % octadecane.
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21. The diesel fuel of claim 14, Wherein the fuel comprises
about 32 to 35 Wt % mesitylene, about 45 to 58 Wt % octane,
and about 10 to 20 Wt % octadecane.

22. The diesel fuel of claim 21, Wherein the fuel comprises
about 35 Wt % mesitylene, about 50 Wt % octane, and about
15 Wt % octadecane.
23. A turbine fuel comprising: one or more synthetic par

af?nic kerosenes (SPK) and/or hydroprocessed reneWable jet
(HRJ) fuel; and about 8 to 25 V01 % of mesitylene.
24. The turbine fuel of claim 23, Wherein the hydropro
cessed reneWable jet fuel is talloW HRJ fuel.
25. The turbine fuel of claim 24 comprising about 20 to 25
V01 % of mesitylene.
26. The turbine fuel of claim 24, further comprising a

petroleum-based fuel.
*

*

*

*

*

