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SINGLE-STEP PROCESS FOR PRODUCTION OF BRANCHED,
CYCLIC, AROMATIC, AND CRACKED HYBROCARBONS FROM
FATTY ACIDS

{ross Reference to Related U.S, Application

[8661]  This international application claims the benetit of priority to U.S. Provisional

Application No. 61/879,272, which was filed on September 18, 2013,

FIELD OF INVENTION

1B062]  The invention relates to g single-step process in which carboxylic acids undergo
decarboxylation over a supported catalyst along with further transformation through
isomerization, cyclization, aromatization, or cracking, to produce hvdrocarbon reaction
producits suitable for fuels, surfactants, solvents, lubricants, and other devivatives and

commercial products.

BACKGROUND

{88631  Hydrocarbons are an energy source for imternal combustion engines, for furbines in
jet afreraft, and for other kinds of engines, as well as for other applications that require a
source of fuel. Hydrocarbons are also used for a variety of other uses such as surfactants,
solvents and tubricants, among other uses, Some hydrocarbon products and fuels are linear,
paraffinic hydrocarbons. Others inchide branched chain hydrocarbons. Some, such as, for
example, kerosene and some jet fuels have branched chain hydrocarbons and have 10-to-15
carbon atoms in their molecular structure, By comparison, diesel fuels contain significant

arsounts of branched and cychic hydrocarbons and have between 15-t0-22 carbon atorns,



WO 2015/042253 PCT/US2014/056288

{8864}  Hydrocarbon fuels and other petrochemical products are obtained from crude
petroleum oil through a series of conventional steps. These include, but are not necessarily
limited to, distillation followed by additional refining. It is desirable, however, to produce
hydrocarbon fuels and products from alternative, renewable sources, inchuding but not limited
to teedstocks of biological origin. A common objective of such attempis has been to develop
hydrocarbon fuels with similar chemical and functional properties to fuels and other products
that are obtained from crude petroleum, but from alicrnative sources and without having to
utilize the conventional steps such as those mentionad sbove. Moreover, because of their
similar chemical properties and functional properties, some hydrocarbon fuels from
aliernative, renewable sources are compatible with and, therefore, acceptable for use with, the
kinds of engines for which petroleum-derived hydrocarbon fuels are intended.  The same is

true with other hyvdrocarbon products as noted above.

{88051 More specifically, hydrocarbon fuels and products from alternative, renewable
sources other than petroleum (1.e., a fossil fuel) include those products which are obtained
from a process according to multiple embodiments and alternatives as described aund claimed
herein, In some cases, such products are capable of being stored and transported through

existing infrastructure {c.g., storage tanks and pipelines) as with petroleum-derived
hydrocarbon fuels. This mercascs the feasibility of using such products as replacements for

etroleum-derived hydrocarbon fuels in their applications as transportation fuels, as well as

other applications that require a source of encrgy or other hydrocarbon products.

{68061  Both lincar, and branched, paraffinic hydrocarbons do not occur natorally i large
supply. However, one route for the production of these hydrocarbons has been through
decarboxyiation of carboxylic acids, which are readily available in the lhipid portion of

biomass raw materials, resulting in hinear paraffinic hydrocarbons. The isomerization and
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cyclization of the resulting lincar paraffins produces branched and cyclic hydrocarbons. The
fact that biomass raw materials are in relatively large supply increases the desirability of this
approach. For example, the lipid portions of plant oils, animal fats, animal oils and algae oils
are a ready source of triglyceride esters, which are converted to carboxylic acids through
methods known to persons of ordinary skill in the art, such as hydrolysis, thermal hydrolysis

or acid hydrolysis, all methods well known for decades to practitioners in the field.

{88671 Through such methods, carboxylic acids are obtained from biomass raw materials,
and are used as starting materials in the conversion o linear, paraftinic hydrocarbons. As a
non-limiting example, siearic acid, with a chemical formula of Ci7HssCOOH {or, TixHa0n),
is a common carboxylic acid derived from biomass raw materials. Various routes are known
require the removal of the two oxygen atoms of the carboxylate group. Such conventional
approaches nclude hydrodeoxygenation, which accomplishes this but requires the use of
hydrogen as a starting material in the reaction.  However, an alternative approach is
decarboxylation, which involves removal of the carboxylate group, as carbon dioxide. In this
approach, the alkane product has one carbon atom less than the carboxylic acid starting
material. This decarboxvlation reaction docs not reqguire a supply of hydrogen as a necessary

reactant as in hydrodeoxygenation but is only an optional reactant,

[B008] Accordingly, decarboxylation produces hydrocarbons with a linear structure in
which the atkyl group of the carboxylic acid is preserved, and the carboxylate group (i.e., one
carbon atom and two oxygen atoms) is removed as carbon dioxide. Decarboxylation of
carboxylic acids is generally less expensive today than the hydrodeoxygenation approach, in
which the manufacturer must also obtain a supply of hydrogen as a reactant and usually a

large supply of hydrogen.
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{8869}  The reaction products of decarboxylation can be isolated and separated by
fractional distillation or other methods known to persons of ordinary skill in the art, imto
appropriate boiling fractions for further conversion and use as kerosene, jet fuel, diesel fuel,
automobile fuel or other kinds of fuel, as well as other commercial products which the
reaction products can be ag starting materials for, such as surfactants, solvents, lubricants, and

other derivatives and commercial products, as desired by an end user.

180810} If the linear paraffinic hydrocarbons obtained by decarboxylation of fatty acids
are to be used to an even greater extent as commercial fuels and hubricants, their further
transformation into branched, cyclic and aromatic hydrocarbons is needed, for example, to
improve the octane number of gasoling, to increase the low temperature performance of
diesel and aviation fuels, to obtain high viscosity index lubricant oils. Conversion of the
Hinear paratfing o branched, cyclic and aromatic hydrocarbons plays an tmportant role in the
petroleurn industry to obtain the aforementioned fuels and lubricants. More stringent
specifications pertaining to several characteristics {e.g., volatility, stability, cold flow
properties) of antomotive engine lubricants have also raised the interest of refining industries
in hydroconversion processes of heavy feedstocks and vacuum distillates to meet the market

demand.

186011} In conventional practice, long chain linear carboxylic acids containing more
than seven carbon atoms can, 1 prineiple, be converted to a mixbure of branched, cyclic and
aromatic hydrocarbons by a two stage proeess: the fatty acids can be deoxygenated | in a first
step, to linear hydrocarbons. The products from this first stage have to be subjected to a
separation process wherein the unconverted fatty acids are solated and recycled back to the

first stage while the linear reaction products are sent to a second stage of the process. In the

second stage, the lincar hvdrocarbons from the first stage are converted by isomerization,
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cyclisation and aromatization reactions to a mixture of branched, cyclic and aromatic
hydrocarbons. This two stage process is, however, not economical in commercial practice
due to the high cost of the two ditferent catalysts needed in the two stages and the complexity

of the separation and recycle equipment,

180012] In previous attempts by others, the support for the metal has been inert
material {like carbon) or non-acidic components, like silica. The influence of acidic supporis
in modifying the carbon skeleton of the linear C¢- Cig paraffing, which are among the initial
products of the decarboxylation of the fatty acid, had not been documented. If the
deoxygenation of the fatty acid and isomerization / hydrocracking of the resulting Civ- Cig
linear paraffins to branched and aromatic hvdrocarbons in the gasoline-range Cs- Cig
hyvdrocarbons with lower pour points and higher octane numbers can be accomplished by a
single catalyst in a single stage, 1t will represent a significant advance n the process of
conversion of biomass to * drop-in” transport fuels. The ability to do so reduces the amount
of time it takes to obtain the desirable products, increases efficiency, and increases cost-
effectivencss. Hence, there is a need for a process which can convert | in a single stage,
carboxvlic fatty acids directly to a mixture of branched, cyclic and aromatic hydrocarbons
that can be used m the manufacture of fuels, solvents surfactants and lubricants. The present

erabodirnents provide these features and advantages,

SUMMARY OQF INVENTION

180013] A process using a catalyst according to multiple embodiments and alternatives
for producing in a single reaction branched, cyclic and aromatic hydrocarbons from fatty
acids containing 7-to-24 carbon atoms. The reaction products are useful as fucls and for
other applications that require a source of encrgy, or as starting materials for hydrocarbon-

based commercial products such as surfactants, solvents and hubricants. The steps of the

(¥4
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process comprise contacting the fatty acids with a solid catalyst containing at least one metal
in addition to at least one acidic oxide and wherein the metal is chosen from platinum,
palladivm or nickel and the acidic oxide is chosen from alumina, silicoalumina,
aluminosilicate zeolite, silicoaluminophosphate or their mixtures.  Generally, these
hyvdrocarbons contain one or more carbon atoms less than the starting material. Herein,
“single-step” refers to a single reaction, having at least one intermediate; “conversion” refers
to chemical changes of an intermediate by isomerization, cyclization, or aromatization;
“reaction products” refers to products (i.e., what s obtained} from such a single reaction;
“commercial products” refers to items manufactured or produced using reaction produets as
starting materials; “supported catalyst” and “catalyst” are synonymous, and refer to a catalyst
with a metal component over a support which can be an acidic oxide; “fatty acid” and
“carboxylic acid” are synonymous; “fatty acid” is not included within the meaning of
“hydrocarbon™; and cracking refers to a reaction that produces at least one hydrocarbon
having a carbon chain shorter by at least three carbons than the fatty acid from which it was

derived, and includes hoth primary and secondary cracking.
3 o o

MULTIPLE EMBODIMENTS AND ALTERNATIVES

180814} In certain embodiments, a process for a catalytic reaction for the production of
hyvdrocarbons, from at least one fatty acid forming hydrocarbon reaction products, Compriscs

the steps of:

166015] contacting fatty acids reactants with a supported catalyst, the catalyst
comprising a metal component over a support, the metal being chosen from the group

platinum, palladium and nickel, the support being chosen from the group aluming,

silicoalumina, aluminosilicate zeolite, and silicoaluminophosphate, and mixtures thereof; and

16601 6] isolating hydrocarbon reaction products,
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{86317} wherein the metal comprises about 3% - 5% (i.e., about 3% to about 5%) by

weight of the catalyst, and the surface area of the support is about 50 m’/g — 480 m™/g (i.c.,

about 50 m/g to about 480 m%/g).

{80018} In certain embodiments, the faity acids are decarboxylated and further
modified over a multifunctional catalyst containing a metal and a support which in certain
embodiments is an acidic oxide, sither to shorter-chain hydrocarbons produced from cracking
st to branched, cyvelic and aromatic reaction products. One function associated with the
catalyst is decarboxylation and ancther function occusring in the same reaction process is
either cracking of hydrocarbon intermediates or conversion of hydrocarbon intermediates. In
certain embodiments, the reaction products are useful as fuels, motor gasoline, kerosene,
diescl, aviation gasoline, aviation turbine fuel, and solvents, or as desired they are usetul as
starting waterials for the production of commercial products such as high-viscosity
tubricants, chlorinated paraffins, and detergents.  Alternately, these products can also be
starting materials for the production of various petrochemicals, through methods which are
known to persons of ordinary skill in the art. Non-linuting examples of such petrochemicals
include branched and cychic hydrocarbons, linear alkyl benzenes, and other surfactants,
tabricants and solvenis.  Such petrochemsicals are used in the manufacture of various
commercial products. For cxample, linear alkyl benzenes are used in the mamufacture of
detergents.  Other exanples of petrochemicals used 1w the manufacture of various
commercial products include high viscosity index star polymers. The forgoing are non-

timiting exaroples of a broad scope in which reaction products of the subject process are used.

166019 In certain embodiments, a process is provided for converting linear carboxylic
acids into a mixture of branched hydrocarbons, The process comprises contacting a

feedstock having at least one carboxvlic acid reactant of the chemical fornula represented by
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R-COOH with a catalyst comprising at least one metal and at least one acidic oxide, wherein
at least one reaction product comprising one or more branched hydrocarbons is produced as
part of a mixture. In certain embodiments, the support is alumina. In certain embodiments, R
has at least six and no more than twenty-four carbon atoms. The process further includes
isclating the at least one reaction product from other reaction products in the mixture. In
certain embodiments, the catalyst 1s solid and contains at least one metal chosen from the
group platimum, palladium and mickel, and the acidic oxide is chosen from the group
alumina, silicoalumina, aluminosilicate zeolite (inchiding but not lmited to crystalline
materials zeolite Y, mordenite, zeolite beta or MCM-22), and silicoaluminophosphate
(including but not limited to SAPO-11), or their mixtures. In certain embodiments, the

siticoalumina is an amorphous silicoalurina,

186020} In certain embodiments, the at least one reaction product comprising one or
more branched hydrocarbons is eyclic,  Alternatively, this product is aromatic. Tn certain
ernbodiments, the at least one reaction product comprises branched hydrocarbons, cyclic
hyvdrocarbons and aromatic hydrocarbons. In certain embodiments, the at least one reaction
product is suitable for use as motor gasoline, kerosene, aviation gasoline, diesel, aviation

turbine fuel, and/or lubricant base oil.

186621} In certain embodiments, the at least one carboxylic acid reactant is derived
from a feedstock, which is chosen from the group plant oils, animal fats, animal oils, algae

oils, and oils from heterotrophic microbial organsms.

180022} In certain embodiments, the solid catalyst is a metal over a support which can
be an acidic oxide. Optioually, the at least one carboxylic acid reactant is contacted with the
catalyst in the presence of hydrogen or nitrogen. In certain embodiments, the reaction occurs

at a temperature between about 200°C to about SO0°C and a pressure above about 2 bar. Tt
I8 p
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has been observed that conducting the reaction at a pressure of about 20 bar and a
temperature of 325° C will increase the rate of decarboxylation compared to lower pressures

and temperatures.

[80823] In certain embodiments, a process is provided for producing branched, cyclic
and aromatic hydrocarbons comprising (1) obtaining a supply of at lcast one fatty acid; (2}
selecting a catalyst as described herein; and (3) contacting the at least one carboxylic acid
with the catalyst , under conditions as described herein, resulting in both the decarboxylation
of the at least one fatty acid and further conversion of that decarboxylated hvdrocarbon by

cyclization, isomerization, or aromatization,

188824} In certain embodiments, the at least one carboxylic acid is a carboxylic acid
having 7-t0-24 carbon atoms. Optionally, the at least one carboxylic acid is a mixture of at
least two carboxylic acids, each having 7-to-24 carbon atoms. Through conventional
methods and techniques which are known, triglyceride esters are converted to carboxylic
acids, e.g., hydrolysis, thermal hydrolysis, or acid hyvdrolysis. In certain embodiments, the at
feast one carboxylic acid is obtained from a renewable feedstock of biclogical origin (ie.,
biomass raw materials), such as, for example, plant oils; animal fats and oils; algae oils;
waste vegetable oils; or oils from heterotrophic microbes. Hlustrative, non-limiting examples
of heterotrophic microbes are heterotrophic algae, oleaginous yeasts, and various bacteria,
Optionally, the source of the at least one carboxylic acid consisis of a mixture of two or more
members of this group. Alternatively, the at least one carboxylic acid is obtained from an
indusirial or other non-biological source, such as, for example industrial greases, and waxes

obtained from solid wastes, and paper nulls.

[B0825] In certain embodiments, the renewable feedstock includes, but i3 not

necessarily limited to, plant oils from a non-food oil crop such as jatropha oil, camelina ot
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pennycress oil, pongamia oil, and carinata oil. Such non-food oil crops are generally less
expensive to produce or obiain, are more sustainable, and are significantly lower in
greenhouse gas emissions than, for example, soy, rapeseed oil, or beef tallow. The use of
such lower-cost, more sustainable oils with decarboxylation processes as described herein,
according to multiple embodiments and alternatives, provides increased production tlexibility
and cost-effectiveness for hydrocarbon fuels, chemicals, and other products because
production facilities can be distributed more evenly and in closer proximity to locations
where these otl erops are grown. By comparison, known hydrodeoxygenation techniques and
processes generally require significantly greater economies of scale, and are largely limited to

being carried out at existing oil refineries.

88826} In certain embodiments, the solid catalyst comtains a wetal component
exemplified by platinum, palladivm or nickel central to the decarboxylation of the fatty acid

feedatock materials into a linear hydrocarbon intermediate.

188827} In certain embodiments, the solid catalyst contains an acidic oxide component
exemplified by alumina, silicoalumina, aluminosilicate zeolite, silicoalumimophosphate or
their mixture. The acidic oxide plays a major role in the cracking or conversion of the lincar
hydrocarbon intermediates to reaction products. The choice of the acidic oxide component is
influenced by the nature of the desired products. For example, high isomerization and low
cracking/ aromatization functionalitics may be needed in an acidic oxide in the production of
highly branched tsoparatting needed in low temperature diesels , aviation turbine fuels and
high viscosity index lubricant base stocks, Omn the other hand, sufficient cracking and

aromatization sites are needed to produce the lower boiling, high octane motor gasolines.

[B0828] In another embodiment, the acidic oxide component catalyses the skeletal

isomerization, cyclisation and cracking reactions of the linear hydrocarbous resulting from

16
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the decarboxylation of the fatty acid. Both the metal component and the acidic oxide are
important to the activity and selectivity of these catalysts, and thus their ratios vary according
to muitiple embodiments and alternatives as discussed herein. The catalyst should have
suitable compositional and structural characteristics, mainly, proper balance between metal
and acid sites, medium pore size, high dispersion of metal on surface of catalyst, mild acidity,
and strength distribution of acid sites. Isomerization of the linear paraffing resulting from
decarboxylation of the fatty acids occurs first and cracking is a consecutive reaction, which is
favored for multibranched alkanes. Monobranched paraffing are less susceptible to cracking
than multibranched paraffins. Thus, when commercial products with a large number of
carbon atoms, such as lubricant base oils, are destred, multibranching reactions must be
fotted, which can be done by selection of supports having a suitable pore size. The pore
opening of the acidic oxide component can also affect the selectivity toward certain reaction
products.  In certain ombodiments, the choice of supported catalyst as well as the
determination of spatial consideration related to pore size increase the benefits of the process
by allowing a user o favor certain reaction products. To illustrate, catalysts with relatively
smalier pore size create spatial restrictions upon the size and shape of molecules which can
access the reactive acidic sites within the pore, favoring cracking of linear hydrocarbons over
conversion to branched isomers. By comparison, a catalyst having a medium pore size, ¢.g.,
SAPO-11, a3 10-membered ring zeolite, favors conversion to branched paratfin reaction
products which are useful as aviation fuels and other fuels with reduced pour points.
Accordingly, the results achieved are not a simple matter of metal over support, but require a
full understanding of the chemical, physical, and spatial effects scowrring during the reaction.
In view of the above, if converted reaction products are desired {i.c., branched, cyclic, or
aromatic), then an acidic oxide support with at least medium pore sizes are preferred, in order

to accommodate the spatial characteristics of the desired reaction products.

11
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180629} In certain embodiments, starting materials used in the process of the present
mvention are saturated carboxylic acids. Catalysts with a high hydrogenation activity and a
weak acidity are usually more favorable for skeletal isomerization than for cracking.
Alternatively, the starting materials are unsaturated carboxylic acids. Catalysts with a low
hyvdrogenation activity and strong acidity are more suitabie for obtaining aromatic and
olefinic hydrocarbons. In the latter case, it is an option to reduce the unsaturated carboxylic
acids to saturated carboxylic acids by reaction with hydrogen, through methods known to
persons of ordinary skill 1n the art, before undergeing decarboxylation. It is also possible to
carry out the decarboxylation reaction in the presence of hydrogen to simultancously perform

decarboxylation and saturation in the presence of the catalysts of this invention,

[B0030] In certain embodiments, carboxylic acid starting materials are diluted in &
suitable solvent before commencing the decarboxylation reaction in some cases to assist the
flow of the carboxylic acid via a pump, among other purposes.  As used hercin, a suitable
solvent would inclade hydrocarbons, such as, for example dodecane or hexadecane. In
certain embodiments, a mixture of two or more hydrocarbous is used as a solvent. In certain
cerbodiments, decarboxylation is carried out in a suitable solvent.  Alternatively,

decarboxylation is carried out in a solvent-free reaction chamber,

166631} In certain embodiments, a process for production of paraffinic hydrocarbon s
carried out in a reactor, which may be a batch reactor. Alternatively, the reactor is a semi-
batch reactor.  Alternatively, the reactor is & continuous flow reactor.  Optionally, the
carboxylic acid starting materials are passed over a catalyst of this invention in a reaction
zone contained within the reactor. In certain embodiments, the reactions are carried out at a

temperature in a range of 200° — 450 ° (temperatures are understood to be in Celsius unjess
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otherwise noted). Alternatively, the temperature is in a range of 250° — 350°. In certain

embodiments, decarboxviation is carried out at a pressure in a range of 1 bar — 60 bar.

100032 In certain embodiments, the reaction products consist of branched, cyclic and
aromatic hydrocarbons , which are isolated and separated using techniques known to persons
of ordinary skill in the art {e.g., distillation)}. In this way, the separated reaction products can
be put to use according to their intended purpose as selected by a user, or further derived and

mamifactured into commercial products.

{60633} In certain embodiments as described herein, the reaction products obtained by
practicing the present embodiments contain predominanily linear, paraffinic hydrocarbons
which may be desirable for the production of certain commercial products, Among
commercial products contemplated as being obtainable from present embodiments are, for
example, high-cetane diesel blendstock or aromatic-free paraffinic solvents. The lack of
hyvdrocracking reactions may also be desirable for increasing the conversion yield of the
reaction products used as feedstocks for obtaining such commercial products. With regard to
industrial applications, the lack of side reactions may help to reduce the complexity and cost
of downstream separations. In still other embodiments, leveraging operating conditions that
increase hydrocracking and/or branching can reduce downstream process steps for certain
end products, for example by providing naphta and other higher-value, lower molecular
weight feedstocks obtained as reaction products. As a further example, it is expected that
increased reaction temperatures would lead to ligher vields of isomerized reaction products.
It will be appreciated that the tower molecular foedstocks obtained from cracking are suitable
as starting materials for certain kands of coramercial products (e.g., paraffinic solvents), while
isomerized reaction products are more suitable for differcnt kinds of commercial products

{e.g., winter diese} and aviation fuel).

13
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180834} Certain embodiments of the present invention take advantage of the ability to
vary the reaction conditions and to vary the proportions of the metal- acidic oxide
combination. In doing so, one may signiticantly control the level of cracking or branching
seen in the reaction products. In certain embodiments, the ratio of metal : support is about 3
- 5% by weight. The choice of reaction conditions such as temperature and pressure can
depend upon the particalar reaction product(s) desire to favor particular levels of cracking
and/or branching so that the paraffinic hydroearbons that are produced will meet the
specifications of, among other products, high cetane diesel, “winter” diesel (inchiding
biofuels blended with petrodicsel). For example, it is expected that increasing the metal
content of the supported catalyst will provide higher vields of hydrocarbon reaction products
by favoring decarboxylation, while increasing tomperature and pressure will tend to favor
shorter-chain reaction products due to cracking. On the other hand, conversion will be
favored over cracking at lower pressures, with cyclization and aromatization occurring at
higher rates as the reaction teraperature is raised, as such conversions have a higher activation
energy needed to overcome ring strain.  Such reaction products which are usable either as
“winter diesel” or as a blended component of winterized diesel include iso-paraffing having
9-18 carbons, In still other embodiments, the reaction products are usable as feedstocks for

the downstream production of alpha olefins and olefin sulfonates.

[B0835] In another embodiment, the products of the process of the present mvention
can be used as aliphatic solvents for envirommentally friendly cleaning fluids. These solvents
are generally associated with iraproved health and safety conditions during use in the
workplace and elsewhere given the significantly lower levels of volatile organic compounds
{("VOCs") and of aromatics, while still mecting other koy specifications for degreasing
solvents and cleaning fluids, such as a flash point above about 140°, sufficiently low water

content at 50 ppm or less for limited drying time, and VOU content at or below 25 g/L.

14
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Additionally, in certain embodiments the reaction products can be mamufactured info
commercial products usable as cleaning fluids and meeting the specifications of MIL-PRF-
322935, such as flash point above about 1407 F; vapor pressure <0.5 mm Hg at 20°; specific
gravity between .950-0.960; VOC Content <25 grams/liter; and distiliation range within
approximately 185 - 205° C. MIL-PRF-32295 is the military specification for
environmentally friendly cleaning fluids, which is now being required in order to protect

workers” health and safety.

180836} Referring now to embodiments where decarboxylation and hydrocracking,
according to multiple embodiments and alternatives described herein, is used to produce
olefinic hydrocarbons which are usable as feedstock for the manufacture of lubricants. For
example, mid-chain olefing with internal double bonds can be used as base stock for

hubricants with desired levels of viscosity index, hibricity, and oxidative stability.

180837} Additionally, certain branched isoparaffin reaction products according to the
embodiments herein are useful as aviation turbine fuel, which meets the specifications of
ASTM D655 and/or ASTM 7566, the standards for Jei-A aviation turbine fuel. One of the
key specifications of these standards is the boiling point range of 180°C-300°C, which can be
achieved with the correct balance of cracking and isomerization. The process for the
production of the reaction products, as described herein according to multiple embodiments
and alternatives, can be tuned as selectably desived by a user to achieve the same boiling
point range and other specifications using different feedstock sources with different carbon

chain length distributions and varying degrees of cracking or branching.

186038} In certain erbodiments, these reaction products exhibit a boiling point range
of about 35°C-200°C, have an octane rating greater than about 90, and are otherwise usable as

high-octane motor gasoline meeting the specifications of ASTM D4814-118B. Reducing the

[
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ratio of metal-to-support is expected to increase the selectivity toward isomerization over
cracking. Further, the use of multifunctional catalysts according to embodiments herein
allows reactions to occur at reduced temperature which also favors isomerization over
cracking, the latter of which tends to be favored with increasing reaction temperature and
pressure. In this way, present embodiments aliow for higher-octane gasoline because it can
be tuned to convert the (linear) carboxyhic acid feedstocks preferentially into branched
isomers while reducing cracking,  For example, branched paraffinic hydrocarbons have
higher octane values than multi cyclic paraffinic hydrocarbons. By way of non-limiting
Hlustration, a 9 naphthene has an octane rating of approximately 35, whereas a CI2
branched paraffin has an octane rating of approximately 85, yet both molecules have botling
poinis within about 3° C — 10 C of one another. This scenario tHlustrates that for some uses,
isomerized reaction products have advantages over cyelic reaction products. 1t s expected
that at reduced teroperature isomerization will tend to be favored over cyclization and
aromatization, the latter of which are associated with greater activation energies needed to
overcome ring strain,  In turn, as reaction temperature 18 inereased, a higher vield of cychic
and aromatized reaction products will be provided, along with a higher percentage of cracked
hydrocarbons. For practical purposes, petroleum naturally contains many different specics,
making it economically impractical, if not impossible, for petroleum refineries to separate
hydrocarbons with better anti-knock characteristics {higher octane) from those with poorer
anti-knock characteristics {lower octanc) when they are of the same or similar molecular
weight or boiling points. Consequently, products obtained from fatty acids according to
multiple embodiments and alternatives disclosed herein produce higher-octane gasoline with

lower conversion and separation costs than petroleum refineries typically can achieve.

1860391 In certain embodiments, the reaction products are suitable for commercial uses

such as aviation gasoline after the addition of monocyclic aromatics, such as benzene,

16
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toluene, and xylene, which can be used to increase the octane to 160 or more. One advantage
of this process for producing aviation gas is the branched hydrocarbon reaction products
resulting from decarboxylation and subsequent conversion have a significantly higher starting
octane, as described above, before the addition of any aromatics or tetracthyl lead, than
paraffinic hydrocarbons obtained from petroleum. Consequently, certain aviation gasoline
specifications {(e.g., ASTM D7719) requiring an octane rating of 100 and a boiling point
range of 207 -175" can be satisfied without the addition of tetracthyl lead, which is prohibited
by ASTM D7719 (the standard for lead-free test aviation gas), and with the addition of lesser
amounts or no amounts of aromatics, Likewise, the specifications of D910 (the standard for
leaded aviation gas) can be met with the addition of lesser amounts of lead and with lesser
amounts or no amounis of aromatics. In particular, it is possible to meet the DY10
specifications for Grade 100 Low Lead (LL) and Grade 100 Very Low Lead (VLL) aviation
gas, which limit tetracthyl lead content to 0.53 and 0.43 wl/L of fuel, respectively,

Advantageously, this reduces the cost of adding tetracthy! lead or aromatics o aviation gas.

[60040] In certain embodiments, the paraffinic reaction products are used as feedstocks
for downstream processes to produce commercial products such as mid-chain (8-18) or long-
chain (>18) chlorinated paraffins. Such comumercial products are produced from these
feedstocks according fo reactions and methods which are known o the art,  Mid-chain
chlorinated paraffing have carbon chain lengths of between 14 and 18 carbons and long-chain

chlorinated paratfins have carbon chain lengths greater than 20 carbons.

80041} In certain embodiments, the paraffinic reaction products, as described herein
according to multiple embodiments and alternatives, are useful as feedstocks for downstream
processes fo produce commercial products such as alpha olefins and poly alpha olefins. The

appropriate carbon chain lengths of paraffinic hvdrocarbons for this application would be

(R
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between 9-18 carbons. Surfactants are compounds that reduce the surface tension between
figuid- liquid and hiquid- solid phases and are used as detergents, dispersants and emulsifiers.
Alpha olefin sulfonates (AOS) and linear alkyl benzenes(LAB) are typical examples of
detergents that are made from linear hydrocarbons containing 9 to 18 carbon atoms. AOS are
olefins with the double bond located adjacent the terminal part of the carbon chain which, by
sulfonation according to known methods, generate AOS with surfactant propertics.
Conventionally, the linear hydrocarbons used as starting materials for such commercial
products as mentioned above are obtained by separation from petroleum fractions, like
kerosene, using molecular sieves. In certain embodiments of the present nvention, however,
these linear hydrocarbons are obtained from carboxylic acids derived from renewable,
biological sources such as those described hercinabove. Accordingly, it will be appreciated
that the ability to obtain lincar olefin reaction products according to present embodiments 15
advantageous. For example, there are no known practical alternatives as starting maierials
for the production of coramercial AQS aside from linear olefins. In this regard, the present
embodiments offer advantages and benefits compared to obtaining thern by separation from

petroleum fractions,

88042} In still other embodiments, the reaction producis as described herem, are
advantageously capable of bemng distinguished from hvdrocarbons produced by petroleum
clineries or by hydrodeoxygenation of triglycerides. For example, m many embodiments,
the products obtained by the process of the present invention are expected to be very low in
sulfur, are expected to significantly exceed the Ultra Low Sulfur Diesel (ULSD) specification
of no more than 15 ppm sulfur, and actually are expected to have less than about 5 ppm
sulfur. It is also possible o distinguish the reaction products of this invention according to
nmultiple cmbodiments and alternatives described hercin, from those of paraffinic

hydrocarbons produced using conventional techniques at a petroleum refinery based on the

1%
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ratio of radicactive isotope Carbon-14 to Carbon-12. Specifically, this ratic is expected to be
higher for products obtained by processes according to embodiments and alternatives
described herein, than for the same products obtained from petroleum. This is generally
because the Carbon-14 to Carbon-12 ratic in contemporary carbon sources, such as
renewable triglycerides, is about 107", whereas the Carbon-14 to Carbon-12 ratio in fossil
fuels such as petroleum {or hydrocarbons derived from petroleam) is 100 times lower, at a
value of about 107, Accordingly, testing methods regarding the ratio of Carbon-14 o
Carbon-12 could be uvsed to determine if particolar paratfinic hydrocarbons came from
renewable feedstocks according to multiple embodiments and alternatives, or whether they

came from petroleam sources.

Examples:

180843} The following non-limiting examples are offered to further illustrate various
embodiments according to the above teachings. However, it is to be understood that these are
ilfustrative only and not to be construed as limiting the scope of the subject matter described

and claimed herein, or in firture application(s} claiming priority to this application.

180044} Example 11 This example illustrates the preparation of the catalysts of this
invention. The catalysts were metals (Pt, Pd or Ni } / supports (5% / 95% by wt.} were
prepared by conventional dry impregnation of the acidic oxide samples with nitrate solutions
of Pt, Pd or Ni nitrates, respectively. The catalysts were then dried in air at 120 C and
calcined in air at 400 C for 5 hrs. Prior to use in catalytic reactions , they were reduced in dry

hydrogen at 150 C for 3 hus.

180845} Example 2 : This example ilustrates the process of the present invention for
converting long chain carboxylic fatty acids exemplified by oleic acid (90%, Alfa-Aecsar),

mto branched, cyclic and aromatic hydrocarbons. The decarboxylation reactions were

1%
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conducted in a in a 250 mb stainless steel high pressure Parr reactor (model 4576A). Oleic
acid and catalyst were loaded into the reactor with a mass ratio of 20:1. Before the reaction
started, CO; or Hy, was passed through the reactor until reaching the desired reaction pressure
{usually 20 bar). Then, the reactor was heated at a temperature rate of 10°C/min o reaction
temperature and continuously stirred during the reaction time. The reaction temperature was

kept constant during the reaction {200-325°C). After the reaction, the catalyst particles were

separated from the hiquid product.

Product analysis:

[00046] The liguid product from the reactor was analyzed with a gas chromatograph
{GC, 7820 A) equipped with a HP-5 MS column (with dimensions of 30 m x 250 pm x 0.25
um} and a 5975 MSD detector. A sample of 0.2 uL was injected into the GC column {150°C,
10.5 psi} with a split ratio 20:1, and the carrier gas (heliom) flow rate was 1 mbl/min. The
injector and detector temperature were set at 156°C. The following temperature profile was
used for analysis: 100°C for 5 min, 300°C (20°C/min, for 2 min}. Quantitative analysis was
accomplished by generating and using calibration curves for each compound of interest. The
product identification was validated with a gas chromatograph - mass spectrometer (GC-MS).
The amount of carboxylic acid groups remamned in the products after the reaction was
evaluated by quantifying the acid number. Acid number s the mass of potassium hydroxide
(KOH) in milligrams that is required to neutralize one gram of either the reactant or the
product. To quantify the acid number, a known amount of sample (about 0.1g) is dissolved in
solvent (ethanol + Petroleum ether), then titrated with a solution of sodium hydroxide

{(NaOH, 0.1N} and with phenolphthalein as a color indicator,

800471 Acidity number is calculated from this equation:
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{% R & ﬁ'&%\g
e .;b{f&r - B' ‘.\‘ —
g 2% S = Lg{
N=0.1 (N}

Y= volume of NaOH consumed (ml)
W= mass of the sample {g)

[B0048] The decarboxylation % was calculated using the acid number of oleic acid and

acid number of the product using the following relation:

j80349] % Decarboxylation= (acid number of oleic acid- acid mumber of the product) /

acid number of oleic acid x 160%.

(RIS 2g of Pt-SAPO 11, prepared as described in Example 1, were reacted, for 2 hr,
with 40 g of oleic acid at 325 C, 20 bar H2 pressure for 2 hr. The conversion of oleic acid
was 90% and the liquid hvdrocarbon layer contained 60% (wt} of dodecyl benzene. The other

constituents of the liquid were branched hydrocarbons and alkyl cyclohexanes.

80851 ] Example 3. 1g of Pd-alumina prepared as in Example 1, was contacted with
40 g of oleic acid at 360 C and 20 bar hydrogen pressure for 2 hrs, under conditions described
in Example 2 . The acid number of the product was 9.2 corresponding to 72.0 % conversion
of oleic acid to hydrocarbons. The iodine mumber of the product was 36.0. The concentration
(wt%) of the various cracked or converted reaction products (by carbon number ) are

CO = 11.8; C9 = 12.0; C10 = 11.6; Cl1= 10.8; CI2= 9.9 ; C13=8.2; Cli4=

7.2, C15="7.4; C16=4.7, C17= 13.;C18=1.3; CI18" =17,
180052 Example 4 . 1g of Pt-alumina prepared as in Example 1, was contacted with 40
¢ of oleic acid at 250 C and 20 bar hydrogen pressure for 2 hrs, under conditions described in
Example 2 . The acid number of the product was 2.2 corresponding to 97.5 % conversion of
oleic acid to hydrocarbons. The iodine number of the product was 0.95. The concentration
(wt%)of the various branched, isomerized, aromatized and cracked hydrocarbons (by carbon

number } are
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Cil = 14; Cli= 1.9, C12= 27 ; C13= 2.9; Cld= 3.2; C15= 6.0, Cl16= 5.7,
C17=62.7,C18=6.8; C18" =4.1.

[B0D53] it 18 to be understood that the embodiments described herein are not limited in
their application to the details of the teachings and descriptions set forth herein, or as
illustrated in the above cxamples. Rather, it will be understood that a process for the
praoduction of linear, paratfinic hydrocarbons, as described and claimed according to multiple
embodiments disclosed herein, is capable of other embodiments and of being practiced or of

being carried out in various ways.

{600654] Also, it is to be understood that the phraseology and terminology used hercin
is for the purpose of description and should not be regarded as limiting. The use herein of
“including,” “comprising,” “¢.g.,” “such as, for example,” “containing,” or “having” and
variations of those words is meant in a non-limiting way to encompass the items listed

thereafter, and equivalents of those, as well as additional items.

[B0G55] Accordingly, the foregoing descriptions are meant to illustrate a mumber of
embodiments and alternatives, rather than to serve as limits on the scope of what has been
disclosed herein. The descriptions herein arc not intended to be exhaustive, nor are they
meant to limit the understanding of the embodiments to the precise forms disclosed. It will
be understood by those having ordinary skill in the art that modifications and variations of

these embodiments are reasonably possible in light of the above teachings and descriptions
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CLAIMS

What is claimed is;

I. A process for a catalytic reaction for the production of hydrocarbons from at

least one fatty acid forming hydrocarbon reaction products, comprising the steps of:

contacting fatty acids reactants with a supported catalyst, the catalyst comprising a
metal component over a support, the metal being chosen from the group platinum,
palladivm  and nickel, the support being chosen from the group alumina,
silicoahumina, aluminosilicate zeolite, and silicoaluminophosphate, and mixtures

thereof; and
isolating hydrocarbon reaction products;

wherein the metal comprises about 3% - 3% by weight of the catalyst, and the surface

area of the support is about 50 m’/g — 440 m’/g.

2. The process of claim 1, wherein decarboxylation and cracking both occur
during the catalytic reaction to yield at least one reaction product having a carbon chain

shorter by at least three carbons than the fatty acid from which it was derived.

3 The process of claim |, wherein decarboxylation and conversion both occur

during the catalytic reaction to yield at least one branched reaction product.

4. The process of claim |, wherein decarboxylation and conversion both occur

during the catalytic reaction to yield at least one cyelic reaction product,

5. The process of claim I, wherein at least one fatty acid is unsaturated, and
decarboxylation and conversion both oceur during the catalytic reaction to yield at least one

aromatic reaction product.
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6. The process of claim 1, carried cut at a reaction temperature between about

200 ° C and about 325° C.

7. The process of claim 1, carried out af a reaction tomperature no greater than

-

about 3507 C,

g. The process of claim 1, wherein the silicoaluminophosphate is SAPO-11, and
the aluminosilicate zeolite is chosen from the group zeolite Y, mordenite, zeolite beta and

MCM-22.

9. The process of claim 1, wheremn at least about 72.0% of fatty acids are

converted to hydrocarbon reaction products.

10. The process of claira 1, wherein the at least one fatty acid is obtained from a
renewable source chosen from the group plant otls; animal fats, animal oils; algae oils; waste

vegetable otls; and oils from heterotrophic microbes, and mixtures thereof.

tl. The process of claim 10, wherein the heterotrophic smucrobe is chosen from the

group heterotrophic algae and oleaginous yeast.

12. The process of claim 10, wherein the plant oil is chosen from the group
jatropha oil, camelina oil, pennyeress oil, pongamia oil, and carinata oil, and mixtores

M

thereof,

13 A process for gencrating a feedstock for the manufacture of at least one

commercial product, comprising the sieps of,

contacting fatty acids reactants with a supported catalyst, the catalyst comprising a

metal component over a support, the metal being chosen from the group platinum, palladium
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and nickel, the support being chosen from the group alumina, silicoalumina, aluminosilicate
zeolite, and silicoaluminophosphate, and mixtures thereof; and

isolating hydrocarbon reaction products,

wherein the metal comprises about 3% - 5% by weight of the catalyst, and the surface
area of the support is about 50 m*/g - 480 m¥/g; and

wherein decarboxylation and conversion both oceur during the catalytic reaction to
vield at least one reaction product chosen from the group branched hydrocarbon reaction
product, cyclic hydrocarbon reaction product, and aromatic hydrocarbon reaction product.

4. The process of claim 13, wherein the at least one commercial product is
chosen from the group: (i) gasoline having an octane rating greater than about 8S; (i)
aviation fuel meeting the standard set forth in ASTM D16535; (511 cleaning fluid having a
flash point above about 140° F and VOC Content less than about 25 grams/lifer; (ivy AOS
detergent having between 9 and 18 carbons; (v) LAB detergent having between ¢ and 18

carbons; (vi) lubricant; (vii) surfactant; and (viiy) solvent,

i5. A process for generating a feedstock for the manufacture of at least one
commereial product chosen from the group diesel fuel, aviation fuel, solveunts, and cleaning

fluids, comprising the steps of:

contacting fatty acids reactants with a supported catalyst, the catalyst comprising a
metal component over a support, the metal being chosen from the group platinum, palladium
and nickel, the support being chosen from the group alumina, silicoalumina, aluminosilicate
zeolite, and stlicoaluminophosphate, and muixtures thereof; and

isolating hydrocarbon reaction products,

wherem the metal coraprises about 3% - 5% by weight of the catalyst, and the surface

area of the supportt is about 50 m’/g — 480 m'/g; and

b2
i



WO 2015/042253 PCT/US2014/056288

wherein decarboxylation and cracking both occur during the catalytic reaction to vield
at least one reaction product having a carbon chain shorter by at least three carbons than the

fatty acid from which it was derived.
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