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METHODS FOR SUPPRESSING ISOMERIZATION OF OLEFIN
METATHESIS PRODUCTS, METHODS OF REFINING NATURAL QILS, AND
METHODS OF PRODUCING FUEL COMPOSITIONS
CROSS REFERENCE TO RELATED APPLICATIONS
(0001} This application claims priority to US Application No. 13/335,538, filed on
December 22, 2011, which issued as US Patent No. 9,175, 231, and to US Application
No. 13/335,466, filed on December 22, 2011, which issued as US Patent No. 9,139,493.

FEDERALLY SPONSORED RESEARCH AND DEVELOPMENT

[0002] This invention was made with government support under Contract No.
DE-EEC002872 awarded by Department of Energy. The government has certain

righits in the invention.

TECHNICAL FIELD

[0003] The present teachings relate generally to methods for suppressing the

isomerization of olefins—particularly olefins produced in melathesis reactions.

BACKGROUND

f0004] In recent years, there has heen an increased demand for petroleumn-
hased transportation fuels. Concerns exist that the world’s petroleum production
may not be able to keep up with demand. Additionally, the increased demand for
petroleum-based fuels has resulted in a higher production of greenhouse gases.
Dus to the increased demand for fuel and increased production of greenhouse
gases, there is a need to explore methods of producing environmentally-friendiy,

alternative fuel sources. In particular, there is a need to explore methods of
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producing environmentally friendly fuel compositions and specialty chemicals from a
natural feedstock.

6005} Researchers have been studying the feasibility of manufacturing
biofuels, waxes, plastics, and the like, using natural oll feedstocks, such as
vegetable and seed-based oils. Metathesis reactions involving natural oil feedstocks
offer promising solutions for today and for the fuiure.

{0006] The olefin metathasis reaclion is a highly versatile and powerful
technique Tor the synthetic preparation of alkenes. Transition msial carbens
complexes—particularly thoss incorporating ruthenium-—are popular catalysts for
metaihesis. However, the vield of certain desired metathesis products can be
significantly reduced by double bond isomerization. This is typically the result of
residual metathesis catalyst and/or its byproducts being present in the reaction
mixture. This problem becomes particularly acute i the metathesis mixiure is heated
and/or distilied in the presence of residual calalyst.

{00071 in view of this problem, it is oflentimes necessary 1o remove residual
metathesis catalyst from an olefinic metathesis product {or otherwise passivate the
residual catalyst) prior to subjecting the olefinic metathesis product to further
chemical reactions and/or processing. One approach, as described in United Slates
Patent No. 6,215,018 B1, has been {o add tris(hydroxymethyl} phosphine (THMP) o
the reaction mixiure as an isomerization inhibitor. Unfortunately, the commercial
availability and pricing of THMP are not viable on an industrial scale. Moreover,
although THMP can be prepared from precursor salts, such as
tetrakis(hydroxymethyl) phosphonium sulfate (THPS) or tetrakis{hydroxymethyh
phosphonium chloride (TKC), the conversion involves generation of formaldehyde—
a known human carcinogen—as a byproduct. In addition, if pH is not strictly
controlled during the formation of THMP (e.g., if conditions become too basic),
explosive hydrogen gas has been known o form.

f00038] An isomerization supprassion agent thal efficiently passivaies residual
metathesis calalyst presant in admiiure with olefinic metathesis product, and which
is readily available on a commercial scale but does not produce cardinogenic by-

products and/or involve the formation of explosive hydrogen gas is needed.
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SUMMARY

{0009 The scope of the present invention is defined solely by the appended
claims, and is not affected o any degree by the siatements within this summary.
{00140} By way of introduction, a first method for suppressing isomerization of an
olefin metathesis product produced in a metathesis reaction includes adding an
isomerization suppression agent to a mixiure that includes the olefin melathesis
product and residual metathesis catalyst from the metathesis reaction under
conditions that are sufficient (o passivats al ieast a portion of the residual metathesis
catalyst. The isomerization suppression agent s phosphorous acid, phosphinic acid
or a combination thereotf,

0011} A sacond method for suppressing isomerization of an olefin metathesis
product produced in a metathesis reaction includes: (a) adding an isomerization
suppression agent fo a mixiure that includes the olefin metathesis product and
residual metathesis catalyst from the metathesis reaction under conditions that are
sufficient to passivate al least a portion of the residual metathesis catalysi; (b)
washing the mixiure with a polar solvent; and {¢) separating a phase that includes a
majority of the isomerization suppression agent from a phase that includes a majority
of the olefin metathesis product. The isomerizalion suppression agent is
phosphorous acid, phosphinic acid or a combination thereof.

(0812} A method of refining a natural oll includes: {a) providing a feedstock that
includes a natural off; (b) reacting he feedsiock in the presence of a metathesis
catalyst 1o form a metathesized product that includes olefins and esters; (¢)
passivating residual metathesis catalyst with an agent selected from the group
consisting of phosphorous acid, phosphinic acid, and a combination thereof; {d}
separating the olefins in the metathesized product from the esiers in the
metathesized product; and (e} transesterifying the estaers in the presencs of an
alcohol to form a transesterified product and/or hydrogenating the clefins toform a
fully or partially saturated hydrogenated product.

[0013] A first method of producing a fusl composition includes: {a) providing a
fesdstock comprising a natural oil; (b} reacting the feedstock in the presence of a
metathesis catalyst {o form a metathesized product that includes olefins and esters;

(¢} passivating residual metathesis calalyst with an agent selected from the group
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consisting of phosphorous acid, phosphinic acid, and a combination thergof; {(d)
separating the olefins in the metathesized product from the esters in the
metathesized product; and () hydrogenaling the olefins to form a fusel composition.
{0014} A second method of producing a fusl composition includes: (a) providing
a feedstock comprising a natural oil; {b) reacting the feedsiock in the presence of &
metathesis catalyst under conditions sufficient to form a metathesized product that
includes olefins and esters; (¢) passivaling residual metathesis catalyst with an agent
selecied from the group consisting of phosphorous acid, phosphinic acid, and a
combination thersof; (d} hvdrogenating the melathesized product to form a fuel
composition and at least partially saturated esters; and (2) separating the fuel

composition from the at least partially saturaled esters.

BRIEF DESCRIPTION OF THE DRAWINGS

[6015] FIG. 1 is a bar graph showing the effect of phosphorous acid residence
time on degree of isomerization of olefin metathesis products derived from palm ofl
and soybean oil.

0016} FIG. 2 is a schematic diagram of one embodiment of 3 process o
produce a fuel compaosition and a ransesterified product from a natural oil.

00173 FIG. 3 is a schematic diagram of a second embodiment of a process to
produce a fuel composition and a transesierified product from a natural cill

{0018} FiG. 4 is a process flow diagram depicting a representative scheme for
isomerization suppression in an olefin metathesis product and shows an optional

exiraction, separation, and transesterification.

DETAILED DESCRIPTION

§0019] A low-cost, effective mathodology for suppressing the isomerization of
olefin metathesis products—which is suitable for application on a large-scals, does
not involve the generation of carcinogenic byproducts, such as formaldehyde, and is
not susceptible to the generation of explosive gas, such as hydrogen-—has been
discoverad and is described herain. In some embodiments, the inventive
methodology facilifates preservation of the original location of a carbon-carbon

double bond created during a mstathesis reaction, theraby facililating subsequent
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processing of metathesizad product and preserving product integrity.  Surprisingly
and unexpeciedly, in some ambodiments, the inventive methodology utilizes an acid
85 an isomerization suppression agsnt—in some embodimenis, phosphorous aoid
{M3POs, aka “phosphonic acid”), phosphinic acid (H:POy, aka “hypophosphorous
acid} or & combination thergof—in spite of the conventional wisdom that has
traditionally regarded acids as being promoters and/or catalysts of olefin

isomerization.

Definitions

f0020] Throughout this description and in the appended claims, the following
definitions are 1o be undersiood:

{0021} The term “olefin” refers to a hydrocarbon compound containing at least
one carbon-carbon double bond, As used herein, the term “olefin” encompasses
hydrocarbons having more than one carbon-carbon double bond (e.g., di-olefins, iri-
olefing, efc.). In some embodiments, the term “olefin” refers o a group of carbon-
carbon double bond-containing compounds with different chain lengths. In some
embodiments, the term “olefin” refers to poly-ciefins, siraight, branched, andfor cyclic
olefins.

{0022} The term “suppressing” as used in reference o the isomerization of an
olefin refers to an inhibitory effect on an olefin’s susceptibility towards isomerization
under a given set of conditions. [t is {o be undersiood that the term “suppressing”
encompasses but dees not necessarily imply 100% suppression (l.e., 0%
isomerization).

{0023] The term “isomerization” as used in reference to an olefin metathesis
product refers to the migration of a carbon-carbon double bond in the product o
another location within the molecule (e.g., from a terminal position to an internal
position andfor from an internal position {o a terminal position and/or from a first
internal position (o a second intemal position and/or from a first terminal position o a
second terminal position, slc.).

{00241 The phrase “clefin metathesis product” refers to any product produced in
a metathssis reaction that containsg at least one carbon-carbon double bond. In

some embodiments, the “olefin metathesis product” is an unfunclionalized
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hydrocarbon compound. In some embodimants, the phrase “olefin metathesis
product” subsumes the ferm “olefin” In some embodiments, the “olefin metathasis
product” is functionalized and contains one or a plurality of additional functional
groups in addition o its al least one carbon-carbon double bond.

f0025] The term “functionalized” and the phrase “funclionat group” refer {o the
presence in a molecule of one or more heteroatoms at a terminal and/or an internal
position, wherein the one or more heteroatoms is an atom other than carbon and
hydrogen. In some embodiments, the heteroatom constitutes one atomof a
polyatomic functional group with representative funclional groups including but not
limited to carboxylic acids, carboxylic esters, kelones, aldehydes, anhydrides, ether
groups, cyano groups, nitro groups, sulfur-containing groups, phosphorous-
containing groups, amides, imides, N-containing heterocycles, aromatic N-containing
heterocycles, salts thereo!, and the like, and combinations thereof.

f0026] The phrase “metathesis reaction” refers to a chemical reaction involving
a single type of olefin or a plurality of different typss of olefin, which is conducled in
the presence of a melathesis catalyst, and which resulls in the formation of at least
one new olefin product. The phrase “‘metathesie reaction” encompasses salf-
metathesis, cross-metathasis (aka co-metathesis; CM), ring-opening melathasis
{ROM], ring-opening metathesis polymerizations (ROMP), ring-closing metathesis
{RCM}, acyclic diene melathesis (ADMET), and the like, and combinations thersof.
In some embodiments, the phrase "metathesis reaction” refers o a chemical reaction
involving a natural oil feedstock.

06271 The phrases "natural oll,” "natural oif feedstock,” and the like refer to oils
derived from plant or animal sources. As used herein, these phrases encompass
natural oil derivatives as well, unless otherwise indicated.

{0028} The term “derivative” as usad in reference o a subsirate (8.q., a
“functionalized derivative” of a carboxylic acld, such as 8-decenoic acid, elc.) refers
to compounds and/or mixiure of compounds derived from the subsirate by any one
or combination of methods known in the art, including but not imited to
saponification, transesterification, esterification, amidification, amination, imide
preparation, hydrogenation {partial or full), isomerization, exidation, reduction, and

the like, and combinations thersof.
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(00291 The phrase “natural oil derivatives” refers 1o compounds and/or mixture
of compounds derived from a natural oil using any one or combination of methods
known in the arl, including but not limited o saponification, transesterification,
estarification, amidification, amination, hydrogenation {partial or full}, isomerization,
oxidation, reduction, and the like, and combinations therecf.

FO030] The phrase “low-molecular-weight olefin” refers {0 any siraight, branched
or cyclic olefin in the C; to Gy range and/or any combination of such olefins. The
phrass Ylow-molecular-weight olefin” sncompasses polyolefing including but not
limited to dienes, trienes, and the like. In some embodiments, the low-moleacular-
weight olefin is functionalized.

{0031} The term “ester” refers 1o compounds having a general formula R-COQ-
R’, wherein R and R’ denole any substituted or unsubstituted alkyl or aryl group. In
some ermbodiments, the term “ester” refers 1o 3 group of compounds having a
general formula as described above, wherein the compounds have different chain
fengths.

(0032] The phrase “residual metathesis catalyst” refers 1o a catlalytic material
left over from a melathesis reaction that is capable of participating in, catalyzing
arnddfor otherwise promoting or faciiitaling the isomerization of a carbon-carbon
double bond although it may or may not still be capable of catalyzing a metathesis
reaction. As used herein, the phrase “residual metathesis calalyst” encompasses
wholly unreacted metathesis catalyst, partially reacted melathesis catalyst, and all
mannar of chemical entities darived from a metathesis catalyst over the course of a
metathesis reaction, including but not imited to all manner of active or inaclive
intermediates {e.g., carbenes, metallocycles, alc.}, degradation andlor
decomposition products {e.g., metal hydrides, ligand fragments, efc.}, metals, metal
salls, metal complexes, and the like, and combinations thereof,

f0033] The term “passivate” as used in reference to residual metathesis catalyst
refers Lo any reduction in the activity of the residual metathesis catalyst vis-a-vis its
ability and/or tendency 1o catalyze and/or otherwise participale in (e.g., via a
sioichiomelric chemical reaction, sequestralion or the like} the isomerization of a

carbon-carbon double bond. I is to be understood that the ferm "passivate”
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encompassss but does not necessarily imply complste deactivation of residual
metathesis catalyst towards iscmaerization of a carbon-carbon double bond.

f0034] The phrase “conditions sufficient {0 passivate” as used in reference to
the conditions under which an isomerization suppression agent is added 1o a mixiure
comprising olefin metathesis product and residual metathesis catalystrefersto a
variable combination of experimental parametlers, which togsther resuit in the
passivation of at least a portion of residual melathesis catalyst. Ths selection of
these individual parameters liss well within the skill of the ordinary artisan in view of
the guiding principles outlined herein, and will vary according to the target reduction
in degree of isomerization that is being sought for a particular application. As used
herein, the phrase “conditions sufficient to passivate” encompasses experimental
parameters including but not limited to concentrations of reagents, the type of mixing
and/or stirring provided (e.g., high-shear, low-intensity, etc.), reaction temperature,
residence lime, reaction pressure, reaction atmosphere {8.9., exposurs {o
atmosphere vs. an inert gas, elc.), and the like, and combinations theraof,

{0035] The phrase “degree of isomerization” as used in relation to an olefin
metathesis product refers to an amount to which a carbon-carbon double bond in the
olefin metathesis product undergoes migration from its original position o a
subsequent position {(.9., the degree to which an initially formed olefin metathesis
product is converted into one or more non-identical isomers thereot). In some
embodiments, the “degree of isomerization” refers {o the degree to which an initially
formed o-olefin metathesis product is converied into one or more internal isomers
thereof under a given set of conditions (e.g., the amount of lerminal-io-intemnal
migration}. In some embodiments, the “degree of isomerization” refers to the degree
to which an olefin metathesis product containing an internal carbon-carbon double
bond is converted into an o-olefin under a given set of conditions {(e.g., the amount of
internal-to-terminal migration). In some embodimeants, the “degrse of isomarization”
refers to the degres to which an olefin metathasis product containing an intemal
carbon-carbon double bond is converted into one or more additional and non-
identical infernal isomers thereof under a given sel of conditions {e.g., the amount of
internakto-intsrnal migration}. In some embodiments, the “degree of isomaerization”

refers io the degree to which an initislly formed o-olefin metathesis product is
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converted into a different o-olefin under a given set of conditions {e.g., the amount of
terminal-to-terminal migration). In some embodiments, the "degree of isomarization”
refers to any combination of the amount of terminal-to-internal migration, the amount
of internal-to-terminal migration, the amount of internal-to-internal migration, and/or
the amount of terminal-to-terminal migration.

{8036} The term “attached” as used in reference o a solid support and an
isomerization suppression agent is to be understood broadly and without limitation to
encompass a range of associative-type forces, including but not limited o covalent
bonds, ionic bonds, physical and/or glectrostatic atiractive forces (e.9., hydrogsn
bonds, Van der Waals forces, eic.), and the like, and combinations thereof,

{00237} The term “paraffin” refers to hydrocarbon compounds having only single
carbon-carbon bonds and having a general formula CiMaees. In some embodiments,
n is greater than 20.

f0038] The term “isomerizing” as used in reference to a "fuel composition” refers
to the reaction and convarsion of straight-chain hydrocarbon compounds, such as
normal parafiins, into branched hvdrocarbon compounds, such as /so-paraffins. As
a representative and non-limiting example, n-pentans may be isomerized info a
mixture of r-pentane, Z-methyibutane, and 2 2-dimethyipropane. isomerization of
normal parafiins may be used {o improve the overall properties of a fuel composition.
Additionally, isomerization may refer {o the conversion of branched paraffins into
furither, more highly branched paraffins.

f0039] The term “yield” refers to the total weight of fuel produced from the
metathesis and hydrogenation reactions. I may also refer {0 the {otal weight of the
fuel following a separation step and/or isomerization reaction. It may be defined in
terms of a vield %, whersin the lotal weight of the fuel produced is divided by the
total welght of the natural ol fsedstock and, in some embodiments, low-molecular-
waight olefin, combined.

{00401 The term "fuel” and the phrase “fuel composition” refer to materiais
meeting certain specifications or a blend of components that are useful in formulating
fuel compositions but, by themselves, do not meet all of the required specifications

for a fuel.
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{00411 The phrases “jet fuel” and “aviation fuel” refer {o kerosene or naphtha-
type fuel cuts, and/or military-grade jet fuel compositions. "Kerosens-type” jet fusl
{including Jet A and Jel A-1) has a carbon number distribution belween about 8 and
about 16. Jet A and Jet A-1 typically have a flash point of al least approximately 38
°C, an aulo ignition temperature of approximately 210 °C, a freeze point less than or
squal to approximately -40 “C for Jet A and -47 "C for Jet A-1, a density of
approximately 0.8 gfec at 15 °C, and an energy density of approximately 42.5-43.2
Md/kg. "Naphtha-lype” or “wide-cut” jet fusl {including Jet B) has a carbon number
distribution between about 5 and about 18, Jet B typically comprises a flash point
below approximately 0 °C, an auto ignition temperature of approximately 250 °C, a
freeze point of approximately -51 °C, a density of approximately Q.78 gice, and an
energy density of approximately 42.8-43.5 MJd/kg. "Military grade” jet fuel refers to
the Jet Propulsion or "JP” numbering system (IP-1, JP-2, JP-3, JP-4, JP-5, JP-6, JP-
7,4P-8, etc.}. Military grade jet fuels may comprise allernative or additional additives
o have higher flash poinis than Jet A, Jet A-1, or Jei B in order to cope with heat
and stress endured during supersonic flight.

0042} The term “diesel fusl” refers (o a hydrocarbon composition having a
carbon number distribution between about 8 and about 25, Disse! fuels typically
have a spacific gravity of approximately 6.82-1.08 at 15.6 °C (60°F based on waler
having a specific gravity of 1 at 60 °F. Diesel fuels typically comprise a distiliation
range between approximately 180-340 °C (356-644 °F). Additionally, diesel fuels
have a minimum cetane index number of approximately 40,

{0643} As used herein, the {srm “carbon number distribution” refers to the rangs
of compounds present in a composition, wherein each compound is defined by the
number of carbon atoms present. As a non-iimiting example, a naphtha-type jet fuel
typically comprises a distribution of hydrocarbon compounds wherein a majority of
those compounds have between 5 and 15 carbon atoms each. A kerosene-type jet
fuel typically comprises a distribution of hvdrocarbon compounds wherein a majority
of those compounds have belween 8 and 18 carbon aloms sach. A diess! fusl
typically comprises a distribution of hyvdrocarbon compounds wherein a majority of

those compounds have betweean 8 and 25 carbon atoms each.
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{00441 As used herein, the term “energy density” refers to the amount of energy
stored in a given system per unit mass (M.J/kg) or per unit volume (ML), where M
refer to million Joules. As g non-limiling example, the energy densily of kerosene- or

naphtha-type jet fuel is typically greater than about 40 Mg,

f0045] By way of general background, as mentionad above, the presance of
residual metathesis catalyst during heating and/or distillation of an olefin metathesis
product can result in the isomerization of a carbon-carbon double bond in the
product, such that ong or more isomers of the original olefin metathesis product are
formed. Such isomerization is generally undesirable when end-group
functionalization within the product molecule is the goal. In addition, such
isomerization is generally undesirable when it leads to a mixiure of products and the
goal is a well-defined product in high vield and in high purity. Lablle olefins andfor
olefins that are not as thermodynamically stable as other isomers readily accessible
through isomerization are particularly—though by no means exclusively—susceptible
to isomerization (e.g., ferminal olefins, vinyl olefins, vinylidene olefins, and the like).
f0048] By way of example, aithough methyl 8-decencate is an expected product
of the cross-metathesis belween methy! oleate and the ¢-olefin 1-butene, it is found
in practice that some isomerization of the 9-substituted olefin to one or more internal
oletins {e.g., migration of the double bond to the 7- and/or 8-positions) can occur
when the cross metathesis product is heated prior (o removal and/or pacification of
residual metathesis catalyst. To assess the magnilude of the isomerization, the
cross-metathesized material obtained from the cross-metathesis between methyl
oleate and 1-bulene was subjected fo typical oll refining conditions, such as
exposure to high temperatures (2.g., about 250 *C}. In the absence of any
isomerization suppression agent, the degree of isomerization of methyl 8-decenoats
to internal isomers under typical conditions was observed 1o be about 25%. Hislo
be understood, however, that this degree of isomerization is meant solely to be
filustrative and that it can vary depending on the particular substrate and conditions.
60471 However, by adding phosphorous acid and/or phosphinic acid as an
isomerization suppression agent—particularly though not exclusively in excess molar

amounts relative to residua! metathesis caislyst—the present inventors found that
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the degree of isomerization can be greatly reduced. Moreover, phosphorous acid
and phosphinic acid are both available in commercial quantities and neither is
subject fo the same carcinogenicity and explosion concerns that are associated with
THMP production.

f0048] it is to be undersiood that elements and features of the various
representative embodiments described below may be combined in different ways io
produce new embodiments that likewise fall within the scope of the pressnt
teachings.

{06491 By way of general introduction, in some embodiments, 2 msthod in
accordance with the present teachings for suppressing isomerization of an olefin
metathesis product produced in a metathesis reaction comprises adding an
isomerization suppression agent to a mixture that comprises the olefin metathesis
product and residual metathesis catalyst from the metathesis reaction. The
isomerization suppression agent is added under conditions sufficient to passivate at
least a portion of the residual melathesis catalyst, and is selected from the group
consisting of phosphorous acid, phosphinic acid, and a combination thereof.

f0050] Afier the isomerization suppression agent has been added o the mixture
comprising the olefin metathesis product and residual metathesis catalyst, the
isomerization suppression agent can be left in the mixiure and carried along, sither
in whole or in part, in a subsequent chemical reaction or processing step.
Adternatively, the isomerization suppression agent can be separated and removed
from the mixiure, either partialiy or completely, prior to any subsequent reaction or
processing step.

f0051] For embodiments in which it is desirable o separate and/or remove
isomerization suppression agent following passivation of residual melathesis
catalysl, a method in accordance with the present teachings can optionally further
comprise washing or exiracting the melathesis reaction mixiure with a polar solvent.
In soms smbodiments, the polar solvent is at least partially non-miscible with the
mixture, such that a separation of layers can occur. In some embodiments, at least
a portion of the isomerization suppression agent is partitioned into the polar solvent
laver, which can then be separated from the non-miscible remaining layer and

removed. Represeniative polar solvents for use in accordance with the present
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teachings include but are not limited fo water, alcohols {(e.g., mathanol, ethanol, sic.),
ethylene glycol, glycerol, DMF, muitifunctional polar compounds including but not
limited to polyethylene giveols andfor glymaes, and the like, and combinations thereof,
in some embodiments, the mixiure s extracted with watsr.,

f0052] in addition to or as an alternative to washing the mixiure with a polar
solvent o remove isomerization suppression agent, a method in accordance with the
present teachings can oplionally further comprise removing at least a portion of the
isomerization supprassion agent by adsorbing i onto an adsorbent, which oplionally
can then be physically separaied from the mixiure {8.g., via filtration or the like}. In
some embodiments, the adsorbent is polar. Representative adsorbents for use in
accordance with the present teachings include but are not limited to carbon, silica,
silica-alumina, alumina, clay, magnesium silicales {e.g.,

silica adsorbent sold under the fradename TRISYL by W. R. Grace & Co.,

diatomaceous sarth, and the like, and combinations thereof.

Magnesols}, the synthetic

(00531 In some embodiments, the olefin melathesis product comprises at least
cne terminal double bond and, in some embodiments, the isomerization comprises
conversion of the terminal double bond to an internal double bond. In some
embodiments, the olefin metathesis product comprises at least one internal double
bond and, in some embodiments, the isomerization comprises conversion of the
internal double bond o a different internal doubis bond (L.e., an internal double bond
between two carbon atoms at least one of which was not pari of the origing! internal
double bond). In some embodiments, the olefin metathesis product comprises at
least one internal double bond and, in some embodiments, the isomerization
comprises conversion of the internal double bond to a terminal double bond. In
some embodiments, the suppressing of the isomerization comprises an observed
degree of isomerization that is less than about 5%, in some embodiments less than
about 4%, in some embodiments less than about 3%, in some embodiments less
than about 2%, in some embodimeants less than about 1%, in some embodiments
less than about §.9%, in some embodiments less than about §.8%, in some
embodiments less than about 0.7%, in some embodiments less than about 0.6%, in

some embodiments less than about 0.5%, in some embodimentis less than about
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0.4%, in some embodiments less than about 0.3%, in some embodiments less than
about 0.2%, and in some embadimenis less than about 0.1%.

{00541 In some embodiments, the olefin metathesis product is o,o-di-
functionalized. In some embodiments, the olsfin metathesis product comprises a
carboxylic acid moiety. In some embodiments, the olefin metathesis product
comprises a terminal olefin and a carboxylic acid moiety. In some embodiments, the
olefin metathesis product comprises an internal olefin and a carboxylic acid molety.
in some embodimentis, the olefin metathesis product comprises a carboxylic ester
moiety. In some embodiments, the olefin metathesis product comprises a terminal
olefin and a carboxylic ester moiely. In some embodiments, the olefin meiathesis
product comprises an intermal olefin and a carboxylic ester meiely. In some
embodiments, the olefin melathesis product is selacted from the group consisting of
S-decenoic acid, an ester of S-decenocic acid, 9-undecencic acid, an ester of 8-
undecenocic acid, 9-dodecenoic acid, an ester of 9-dodecenoic acid, 1-decene, 2-
dodscene, 3-dodecene, and combinations thereof. In some smbodiments, the
estars of 9-decenovic acid, $~-undecencic acid, and 9-dodecenoic acid are alkyl
esters, and, in some embodiments, methyl esters (e.g., methyl 8-decencate, methyl
S-yndecanoate, mathyl 8-dodecencals, sic.).

{0055] in some smbodiments, the olefin melathesis product is derived from a
natural oll reactant. in some embodiments, the metathesis reaction that produced
the olefin metathesis product comprises seif-metathesis of a natural oi and/or a
derivalive thereof. In some embodiments, the metathesis reaction thal produced the
olefin metathesis product comprises cross-metathesis betwesn a natural oil and/or a
derivative thereof and a low-molecular-weight olefin.

f0056] Representiative examples of natural oils for use in accordance with the
present eachings include but are not limited to vegetable oils, algal oils, animal fats,
tall oiis {(e.g., by-producis of wood pulp manufacture), derivatives of these oils, and
the like, and combinations thereof. Representative examples of vegetabie oiis for
use in accordance with the present teachings include but are not limited to canola oll,
rapeseed oil, coconut oif, com oil, cottonseed oll, olive oil, palm oll, peanut oil,
safflower oil, sesame oil, soybean oil, sunflower oll, linsesd oll, palm kemel oil, tung

oil, jatropha oil, mustard oll, pennycrass cil, camelina oil, hemp cil, castor oll, and the
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likg, and combinations thereof. Representative examples of animal fais for use in
accordance with the present teachings include but are not limited to lard, tallow,
poultry fat, yvellow grease, brown grease, fish oil, and the like, and combinations
thereol. In some embodiments, the natural oil may be refined, bleached, and/or
deodorized.

FO057] Represeniative examples of natural oll derivatives for use in accordance
with the present teachings include but are not limiled o gums, phospholipids,
soapsiock, acidulated soapstock, distilate or distiliaie sludge, fatly acids, falty acid
alkyl esters {e.g., non-limiting examples such as Z-ethythexyi ester, sic.}, hydroxy-
substituied variations thereof, and the like, and combinations thereof. In some
embodiments, the natural oil derivative is a Tally acid methyl ester (FAME) derived
from the glyceride of the natural oil.

[0058] in some embodiments, the low-molecular-weight olefin is an “e-olefin”
{aka “terminal olefin”} in which the unsalurated carbon-carbon bond is present al one
end of the compound. In some embodiments, the low-molecular-weight olefin is an
internal olefin. In some embodiments, the low-molecular-weight olefin is
funclionalized. In some embodiments, the low-molecular-weight olefin is a Cp-Cyp
olefin. In some embodiments, the low-molecular-weight olefin is a C2-Cso o-olefin,
in some embodiments, the low-molecular-weight olefin is a Cp-Cps olefin, In somse
embodiments, the low-molecular-weight olefin is a Cx-Cys o-olefin. In some
embaodiments, the low-molecular-weight olefin is a C-Cy olefin. In some
embodiments, the low-molecular-weight olefin is a8 Cx-Cyu o-clefin. In some
embodiments, the low-molscular-weight olafin is a Co-Cys olefin, In some
embodiments, the low-molecular-weight olefin is a Co-Cqs or-olefin, In some
embodiments, the low-molecular-weight olefin is a Cx-Cyg dlefin. In some
embaodiments, the low-molecular-weight olefin is a Cz-Cyo o-olefin. In some
embodiments, the low-molecularweight olefin is a8 C,-Cs olefin. In some
embodiments, the low-molecular-weight olafin is a C-Ce o-olefin, In some
embodiments, the low-molecular-weight olefin is a Cx-Cg olefin. In some
embodiments, the low-molecular-weight olefin is a C-Cg o-olefin. Representative

low-molecular-weight olefins in the G2 to Ce range include but are not imited {o
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ethyiene, propylene, 1-butene, 2-bulens, isobutens, 1-pentene, 2-pentene, 3-
pentens, Z-methyl-1-butene, 2-methyl-2-butens, 3-methyl-1-butens, cyclopentene, 1-
hexene, 2-hexene, 3-hexens, 4-hexene, d-methyl-1-pentene, 3-methyi-1-pentene, 4-
methyl-1-pentene, Z-methyl-Z-pentene, 3-methyl-2-pentene, 4-methyl-2-penieng, 2-
methyl-3-pentene, 1-hexene, Z-hexene, 3-hexene, cyciohexene, and the like, and
combinations thersof. In some embodiments, the low-molecular-weight olefin is an
o-olefin selected from the group consisting of styrene, vinyl cycichexane, and a
combination thereof. In some embodiments, the low-molecular-weight olefinis a
mixture of linear andfor branched olefing in the Cq4-Cqg range. In some embaodiments,
the low-molecular-weight olefin is a mixture of inear and/or branched €, olefins (e.g.,
combinations of 1-butene, Z-butene, and/or iso-butene). In some embodiments, the
low-molecular-weight olefin is a mixiure of linear and/or branched olefins in the
higher C44-Cq4 range.

f0059] in some embodiments, the olefin metathesis product comprises at least
one inftemal double bond, which in some embodiments is ¢fs and in some
embodiments is frans. In some embodiments, the olefin metathesis product
comprises at least one terminal double bond and at least one internal double bond.
In some embodiments, the olefin melathesis product comprises at least one terminal
double bond and/or af least one internal double bond, and atl least one additional
functional group. In some embodimenis, the at least one additional funciional group
is selected from the group consisting of carboxylic acids, carboxylic esters, mono-
acylgiveerides (MAGs), di-acylglycerides (DAGs), tri-acylglycerides (TAGs), and
combinations thereof. In some embodimenis, the olefin metathesis product is
produced in a self-metathesis reaclion. In some emboediments, the olefin metathesis
product is produced in a cross-metathesis reaction. In some embodiments, the
olefin metathesis product is a downsiream derivalive of a self-melathesis or cross-
metathesis product (including but not imited to, for example, transestarification
products, hydrolysis products, and the like, and combinations thereof). In some
embodiments, the olefin metathesis product is produced in a metathesis reaction
involving one or more praviously formed olefin metathesis products {e.g., the
production of 9-CDDAME from the cross-metathesis of 3-DAME and 8-DDAME—

one or both of which is itself a product of a metathesis reaction}.
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{00601 In some embodiments, the metathesis reaction that produced the olefin
metathesis product comprises the reaction of two triglycerides present in a natural
feedstook in the presence of a metathesis catalyst (self-metathesis), wherein each
triglyceride comprises at least one carbon-carbon double bond, thereby forming a
new mixture of olefins and esters that in some embodiments comprises a triglyceride
dimer. In some embodiments, the triglyceride dimer comprises more than one
carbor-carbon double bond, such that higher oligomers also can form. In some
embodiments, the melathesis reaction that produced the olefin metathesis product
comprises the reaction of an olefin (2.g., 8 low-molecular-wsight olefin} and a
triglvceride in a natural feedstock that comprises at least one carbon-carbon double
bond, thereby forming new olsfinic molacules as well as new esler moleculss (cross-
metathesis).

f0061] In some embaodiments, the residual metathesis catalyst comprises a
fransition metal. In some smbodiments, the residual metathesis catalyst comprises
ruthenium. In soms embodiments, the residual metathesis calalyst comprises
rhenium. in some embodiments, the residual metathesis catalyst comprises
tantalum. In some smbodiments, the residual metathesis calalyst comprises nickel
in some embodimentis, the residual metathesis catalyst comprises tungsten. In
some embodiments, the residual metathesis catalyst comprises molybdenum.
f0062] In some embodiments, the residual metathesis catalyst comprises a
ruthenium carbene complex and/or an entily derived from such a complex. In some
embodiments, the residual metathesis catalyst comprises a material selected from
the group consisting of a ruthenium vinylidene complex, a ruthenium alkylidene
complex, a ruthenium methylidene complex, a ruthenium benzylidene complex, and
combinations thereof, andfor an entity derived from any such complex or
combination of such complexas. In some embodimeants, the residual metathasis
catalyst comprises a ruthenium carbene complex comprising at least cne
tricyclohexyiphosphineg ligand and/or an entity derived from such a complex. In
some embodiments, the residual metathesis catalyst comprises a ruthenium carbene
complex comprising at least two tricyclohexylphosphine ligands [e.g.,

{PCys 1L CLRu=CH-CH=C{CH.)p, elc.] andior an entily derivad from such a complex,

in some embodimenis, the residual metathesis catalyst comprises a ruthenium
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carbene complex comprising at least one imidazolidine ligand and/or an entity
derived from such a complex. In some embodiments, the residual metathesis
catalyst comprises a ruthenium carbeng complex comprising an isopropyioxy group
atlached fo a benzene ring andfor an entity derived from such a complex.

f0063] in some embodiments, the residual metathesis calalyst comprises a
Grubbs-type olefin metathesis catalyst and/or an entity derived therefrom. In some
embodiments, the residual metathesis catalyst comprises g first-generation Grubbs-
type olefin metathesis catalyst and/or an entity derived therefrom. Insome
embodiments, the residual metathesis catalyst comprises a second-ganeration
Grubbs-type olefin metathesis catalyst and/or an entily derived therefrom. In some
embodiments, the residual melathesis catalyst comprisss a firsi-gensration Hoveda-
Grubbs-type olefin metathesis catalyst and/or an entity derived therefrom. In some
embodiments, the residual metathesis catalyst comprises a second-generation
Hoveda-Grubbs-type olefin metathesis catalyst and/or an enlity derived therefrom.

In some embodiments, the residual metathesis catalyst comprises one or a pluralily
of the ruthenium carbene metathesis catalysts sold by Materia, Inc. of Pasadena,
California and/or one or more entities derived from such calalysis. Representative
metathesis catalysts from Materig, Inc. for use in accordance with the present
teachings include but are not limited o those sold under the following preduct
numbers as well as combinations thereof: product no. C823 (CAS no. 172222-30-83,
product no. C848 {CAS no. 246047-72-3), product no. G801 {CAS no. 203714-71-0),
product no, G827 {CAS no. 301224-40-8), product no, G571 {CAS no. 927425-61-6),
product no. C588 (CAS no. 802812-44-3), product no. C793 {CAS no. 827428-60-5),
product ne. G801 (CAS no. 194658-03-9), product no. C827 {CAS no. 253688-91-4),
product no, C884 {CAS no. 900169-53-1), product no. C833 {CAS no. 1020085-61-
3}, product no. G888 {CAS no. 832148-88-8), product no. C711 {(CAS no. 635679-
24-2}, product no. C8933 (CAS no. 373640-75-6).

[0064] In soms embodiments, the isomerization supprassion agent comprises
phosphorous acid. Since phosphorous acid has a melling pointof 73.8 °C and is
typically a solid at room temperature, in some embodiments in accordance with the

present ieachings, neat phosphorous acid {i.e., in substaniially solid form) is added
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to the mixdure that comprises the olefin metathesis product and residual melathesis
catalyst.

f0065] in some embodiments, the isomerizalion supprassion agent comprises a
solution of phosphorous acid. In some embodiments, the solulion is aqueous. s
{o be undersioed that the concentration of phosphorous acid is not restricted, and
that all manner of concentrations are contemplated for use in accordance with the
present teachings. In some embodiments, the isomerization suppression agent
comprises an aqueocus solution of phosphorous acid in a concentration of between
about 1 wit% and about 70 wi%. In some embodiments, the isomaerization
suppression agent comprises an aqueous solution of phosphorous acid in a
concentration of between about 5 wi% and about 50 wit%. In some smbodimenis,
the isomerization suppression agent comprises an aqueous solution of phosphorous
acid in a concentration of between aboul 7 wi%h and about 15 wt%. In some
embodiments, the isomerization suppression agent comprises an agueous solution
of phosphorous acid in a concentration of about 10 wi%.

{0066] In alternative embodiments, the isomerization suppression agent
comprises an organic rather than aqueous soiution of phosphorous acid.
Representiative organic solvents for use in forming organioc solutions of phosphorous
acid include but are not limited to alcohols {e.g., methanol, ethangl, sic.}, acetonilrile,
ethylene glycol, glycerol, glymes, polyethyiens glycols, and the like, and
combinations thereof,

{0067} in some embodiments, the isomerization supprassion agent comprises
phosphorous acid and is attached to a solid support {g.g., silica gel). in some
embodiments, the solid support comprises one or more polar functional groups.
Represeniative solid supporte for use in accordance with the present teachings
include but are not limited to carbon, silica, silica-alumina, alumina, clay, magnesium
silicates (e.g., Magnescls), the synthetic silica adsorbent sold under the tradename
TRISYL by W. R. Grace & Co., digtomaceous sarth, and the like, and combinations
thereof,

6068} In some embodiments, the isomerization suppression agent comprises
phosphinic acid. However, since phosphinic acld and its salls are designaled as a

List | precursor chemical by the United States Drug Enforcement Administration
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{(DEA—ithereby subjacting its handlars within the Uniled Siates to stringent
requiatory controls pursuant {o the Controlled Substances Act and 21 CFR §§ 1309
and 1310-—in some embodiments, the isomerization suppression ageni comprises
phosphorous acid rather than phosphinic acid.

f0069] For embodiments in which the isomerization suppression agent
comprises phosphinic acld, the phosphinic acid can be added 1o a2 mixture In
accordance with the present teachings in neat {Le., in substantially solid form) and/or
solution form. Since phosphinic acid has a melling point of 26.5 °C, it may or may
not be a solid at room temperature.

f0070] In some embaodiments, the isomerization suppression agent comprises a
solution of phosphinic acid. in some embodiments, the solution is agueous, ltisio
be understoed that the concentration of phoesphinic acid is not restricted, and that all
manner of concentrations are contempiated for use in accordance with the present
teachings. Typically, phosphinic acid is commercially available as 5 50 wi%
aqueous solution. In some embodiments, the isomerization suppression agent
comprises an agqueous solution of phosphinic acid in a concentration of between
about 1 wit% and about 50 wt%. In some embodiments, the isomerization
suppression agent comprises an aqueous solution of phosphinic acid in a
concentration of about 50 wi%. In alternative embodiments, the isomerization
suppression agent comprises an organic rather than aqueous solution of phosphinic
acid. Representative organic solvenis for use in forming organio solutions of
phosphinic acid include but are not limited o alcohols (g.g., methanol, ethanol, efc.),
acetonitrile, ethylene glycol, glycerol, givmes, polyethylene glyeols, and the like, and
combinations thereof.

f0071] in some embodiments, the isomerizalion supprassion agent comprises
phosphinic acid and is atlached to a solid support {e.g., silica gel}. In some
embodiments, the solid support comprises ong or more polar functional groups.
Representative solid supports for use in accordance with the present leachings
inciude but ars not imited to carbon, silica, silica-alumina, alumina, clay, magnesium
silicates {e.g., Magnesols}, the synthetic silica adsorbent sold under the tradename
TRISYL by W. R. Grace & Co,, diatomaceocus sarth, and the like, and combinations

thereof.
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(00721 In some embodiments, the isomerization suppression agent is added {o
a mixiure in accordance with the present teachings in a molar excess relative {o the
residual melathesis catalyst. In some embodiments, the molar excess is at least
about 2 1o 1. In some smbodiments, the molar excess is atleast about 3o 1. In
some embodiments, the molar excess is al least about 4 1o 1. In soms
embodiments, the molar excess is at least about 510 1. In some embodiments, the
molar excess is al least about 10 fo 1. In some embodiments, the molar excess is at
least about 1510 1. In some embodiments, the molar excess is at least about 20 to
1. In soime embodiments, the molar excess is at least about 2510 1. In somse
embodiments, the molar excess is at ieast about 30 to 1. In some embodiments, the
molar excess is at least about 35 10 1. I some embodiments, the molar excess is at
least about 40 to 1. In some embodiments, the molar excess is at least about 45 o
1. In some embodiments, the molar excess is at least about 50 to 1. In some
embodiments, the moelar excess is al least about 55 {o 1. In some embodiments, the
molar excess is al least about 60 to 1. In some embodiments, the molar excess is at
least about 65 to 1. In some embodiments, the molar excess is at least about 70 {o
1. In some embodiments, the molar excess is at least about 7510 1. In some
embodiments, the molar excess is at ieast aboui 80 to 1. In some embodiments, the
molar excess is at least about 85 {0 1. In some embodiments, the molar excess is at
least about 80 to 1. In some embodiments, the molar excess is at leastabout 85 1o
1. In some embodiments, the molar excess is al least about 100 o 1.

{00731 In some embodiments, the conditions under which an isomerization
suppression agent in accordance with the present teachings is added 1o a mikiurs
that comprisas an olefin metathesis product and residual metathesis catalyst
comprise mixing. In some embodiments, the mixing comprises high shear mixing
{&.g., mixing of a type sufficient {o disperse and/or transport at [east a portion of a
first phase and/or chemical spacies info a second phase with which the first phase
and/or a chemical species would normaily be at least partly immiscible).

[0074] In some embodiments, the conditions under which an isomerization
suppression agent in accordance with the present teachings is added to a mixiure
that comprises an olefin metathesis product and residual metathesis catalyst

comprise heating. The present feachings are in no way restricled to any particular
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heating temperaiure or range of temperatures. Howaver, for purposes of illustration,
in sorme embodiments, the conditions under which an isomerization suppression
agent in accordance with the present teachings is added to a mixture that comprises
an olefin metathesis product and residual metathesis catalysi comprise a heating
temperature of about 40 °C or higher. In some embodiments, the heating comprises
a temperature of about 50 °C or higher. In some ambodiments, the heating
comprises a temperature of about 80 °C or higher. In some embodiments, the
heating comprises a temperaturs of about 70 °C or higher. In some embodiments,
the heating comprises a temperature of about 80 °C or higher. In some
embodiments, the heating comprises a femperature of about 90 “C or higher.

{0075} As shown by the bar graph in FIG. 1, a residence time of only about 1
minute for olefin metathesis products derived from soybean oil resulted in a low
degree of isomerization of only about 2.2%. Moreover, a residence time of only
about 5 minutes for colefin metathesis products derived from palm oil resulted in even
lower dagrees of isomerization well below 1%. In some embodiments, the molar
excess of phosphorous acid and/or phosphinic acid {reiative to catalyst) appear io
affect the residence time required o achieve desired degrees of isomerization with
higher molar excesses generally corresponding to shorter residence fimes o achieve
comparable degress of suppression.

f0876] The present teachings are in no way restricted to any particular duration
of residence time. However, for purposes of lustration, in some embodiments, the
conditions under which an isomerization suppression agent in accordance with the
present isachings is added 0 a mbdure that comprises an olefin metathesis product
and residual metathesis catalyst comprise a residence time of at least about 1
minute. In some embodiments, the conditions comprice g residence time of at least
about 2 minutes. In some embodiments, the conditions comprise a residence fime of
at least about 3 minutes. In some embodiments, the conditions comprise a
residence time of at least about 4 minuies. In some embodiments, the condilions
comprise a residence time of at Isast about 5 minutes. In soms embodiments, the
conditions comprise a residence time of at least about 10 minutes. In some
embodiments, the conditions comprise a residence time of at least about 15 minutes,

in some embodimenis, the conditions comprise a residence time of at least about 20
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minutes. In some embodiments, the conditions comprise a residence time of at least
about 28 minutes. In some embodiments, the conditions comprise a residence lime
of at least about 30 minutes. In some embodiments, the conditions comprise a
residence time of at least about 35 minutes. In some embodiments, the conditions
comprise a residence time of at least about 40 minutes. In some embodiments, the
conditions comprise a residence time of at [east about 45 minutes. In some
embodiments, the conditions comprise a residence time of at least about 50 minutes.
in sorme embodiments, the conditions comprise a residence time of at laast about 55
minutes. In some embodiments, the conditions comprise a residence time of at least
about 60 minutes. In some embodiments, the conditions comprise a residence time
of one or more hours.

{06077} tn some embodiments, the conditions under which an isomerization
suppression agent in accordance with the present teachings is added to a mixture
that comprises an olefin metathesis product and residual metathesis catalyst
comprise high shear mixing, heating, and/or a residence time of at least about 2
minutes.

{0078] As presently contemplated, the addition of an isomerization suppression
agent to a mixture that comprises an olefin metathesis product and residual
metathesis catalyst in accordance with the present teachings can be practiced
whenever it is desirable to prevent isomerization of an olefin metathesis product—
particularly though not exclusively potentially labile olefin products, such as terminal
olefins—during any subsequent handling and/or processing including but not limited
to heating, distillation, photolytic exposure, exposure to oxidants, and the like, and
combinations thereof.

[0079] In some embodiments, methods for suppressing isomerization of an
olefin metathesis product in accordance with the present teachings can be used in
combination with metathesis-based methods for refining natural oil feedstocks.
Representative metathesis-based methods for refining natural oil feedstocks include
but are not limited to those described in parent application serial no. 12/901,829
(published as United States Patent Application Publication No. 2011/0113679 At}
The metathesis-based

CA 2860198 2019-04-12
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methods for rafining natural oil fesdstocks described in parent application ssrial no.
12/901.829 are also described below with reference to FIGS. 2 and 3.

{0080} A number of vaiuable compositions may be targeted through the self-
metathesis reaction of a nalural olf feedslock, or the cross-mstathesis reaction of the
natural oil feedstock with a low-molecular-weight olefin, in the presence of a
metathesis catalyst. Such valuable composilions may include fuel compositions,
non-lmiting examples of which include jet, kerosene, or diesal fuel. Additionally,
transesterified products may also be largeted, non-limiting examples of which
inciude: fatty acid methy! ssters; biodiesel; S-decencic acid ("8DA"} esters, 8-
undecenoic acid {"QUDA”} esters, and/or S-dodecenoic acid (*O0DDA”) esters; SDA,
SUDA, and/or SDDA,; alkali metal salts and alkaline earth metal salts of SDA, QUDA,
and/or S3DDA; dimers of the ransesterified products; and mixtures therect.

f0081] In some embaodiments, prior to a metathesis reaction, a natural oil
feedstock may be treated o render the nalural oif more suitable for the subsequent
metathesis reaction. In some embodiments, the natural oll preferably is a vegetable
oil or vegetable oit derivative, such as soybean oil.

0082} In some embodiments, the treatment of the natural oil involves the
removal of catalyst poisons, such as peroxides, which may potentiaily diminish the
activity of the meiathesis catalysi. Non-limiting examples of naiural oil feedsiock
freatment methods to diminish catalyst poisons include those described in WO
2008/020665 A1, WO 2009/020667 A1, and U.S. Patent Application Publication Nos.
201170160472 A1, and LL.S. Patent Application Serial No. 12/672,652. In some
embodiments, the natural il feedstock is thermally treated by heating the feedstock
to a temperature greater than 100 °C in the absence of oxygen and held at the
temperature for a time sufficient 1o diminish catalysi poisons in the feedsiock. In
other embodiments, the temperature is between approximailely 100 °C and 300 °C,
between approximately 120 °C and 250 °C, between approximately 150 °C and 210
“C, or approximately between 190 and 200 *C. In some ambodiments, the absence
of oxygen is achieved by sparging the natural oll fesdstock with nitrogen, wherein the
nitrogen gas is pumped into the feedsiock frealiment vessel at a pressure of

approximately 10 atm (150 psig).



CA 02860198 2014-06-20

WO 2013/096271 PCT/US2012/070275

D5

{0083} in some embaodiments, the natural oil feedsiock is chemically trealed
under conditions sufficient to diminish the catalyst poisons in the feedstock through g
chemical reaction of the catalyst poisons. In some embodimeants, the feedstock is
treated with a reducing agent or a calion-inorganic bass composition. Non-limiting
examples of reducing agents include bisuifate, borohydrids, phosphine, thiosulfate,
individually or combinations thereof.

{0084] In some embodiments, the natural ol fesedslock is treated with an
adsorbent to remove catalyst poisons. In some smbodiments, the feedsiock is
treated with @ combination of thermal and adsorbent methods. In some
embodiments, the feedstock is treated with a combination of chemical and adsorbent
methods. In some embodiments, the frealment involves a partial hydrogenation
treatment to modify the natural oil feedsiock’s reactivity with the metathesis catalyst.
Additional non-limiting examples of feedstock freatment are also describad below
when discussing the varicus metathesis calalysis.

{00835} Additionally, in soms embodiments, the low-molecular-weight olefin may
also be treated prior o the metathesis reaction. Like the natural oil freatment, the
iow-molecular-weight olefin may be treated o remove poisons that may impact or
diminish catalyst activily.

{1086} As shown in FIG. 2, after this optional freatment of the natural ol
feedstock and/or iow-molecular-weight olefin, the natural oil 12 is reacted with itself,
or combined with a low-molecular-weight olefin 14 in a metathesis reacior 20 in the
presence of a meiathesis cataiysl. Metathesis catalysis and matathesis reaction
conditions are discussed in grester detail below. In some embodiments, in the
presence of a metathesis catalyst, the natural oil 12 undergoes a self-metathesis
reaction with itself. In other embeodiments, in the presence of the metathesis
catalysi, the natural oil 12 undergoes a cross-metathesis reaction with the low-
molecular-weight olefin 14. In some embodiments, the natural oil 12 undergoes both
self- and cross-metathesis reactions in paralisl metathasis reactors. The sself-
metathesis and/or cross-metathesis reaction form a mstathesized product 22
wherein the metdathesized product 22 comprises olefing 32 and ssiers 34,

§0087] In some embodiments, the low-molecular-weight olefin 14 is in the Cy fo

Csrange. As a non-limiting example, in some embodiments, the low-molecular-
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weight olefin 14 may comprise at leas! one of the following: ethyiensg, propylsne, 1-
butens, 2-butene, isnbulene, 1-pentene, 2-pentene, 3-pentene, Z-methyl-1-butene,
2-methyl-2-butene, 3-methyl-1-butene, cyclopentiene, 1-hexene, 2-hexens, 3-
hexene, 4-hexene, Z-msthyl-1-pentene, 3-methyi-1-pentene, 4-methyl-1-pentens, 2-
methyl-2-pentene, 3-methyl-2-peniene, 4-methyl-2-pentens, 2-methyi-3-pentens,
and cyclohexene. In some embodiments, the low-molecular-weight olefin 14
comprises at least one of styrene and vinyt cyclohexane. In some embodiments, the
low-molecular-wesight olefin 14 may comprise at least one of ethvlene, propylene, 1~
butene, 2-bulene, and iscbulens. In some embodiments, the low-molecularweight
olefin 14 comprises at least one alpha-olefin or terminal olefin in the C; to Gy rangs.
{ogse] in some embodimenis, the low-molecular-weight olefin 14 comprises at
{east one branched low-molscular-weight olefin in the C4 to G4 range. Non-limiting
examples of branched low-molecular-weight olefing include isobutene, 3-methyl-1-
buleng, 2-methyl-3-peniene, and 2,2-dimethyi-3-pentene. By using these branched
low-molecular-weight olefins in the metathesis reaction, the methathesized product
will indlude branched olefins, which can be subssquently hydrogenaled to iso-
paraffins. In some embodiments, the branched low-molecular-weight olefins may
help achieve the desired performance properties for a fuel composition, such as jel,
kerosene, or diesel fuel

f0089] As noted, it is possible (0 use a midure of various linear or branched
low-molecular-weight olefins in the reaclion {o achieve the desired metathesis
product distribution. In some embodimeants, a mixture of bulenes (1-butene, 2-
butenes, and, optionally, isobulene} may be employed as the low-molecular-weight
olefin, offering a low cost, commercially available feedstock instead a purified source
of one particular butene. Such low cost mixed buiene feedstocks are typically
diluled with n-butane and/or isobulans.

f0030] in some embodiments, recycled streams from downstream separation
units may be introduced to the metathesis regetor 20 in addition to the natural off 12
and, in some embodiments, the low-molecular-weight olefin 14. For instance, in
some embodiments, a C.-Cg recycle olefin stream or a Cs-C, botloms stream from
an overhead separation unit may be returmned to the metathesis reactor. in some

embodiments, as shown in FIG. 2, a light weight olefin stream 44 from an olefin
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separation unit 46 may be returned {o the metathesis reactor 28. In some
embodiments, the Cs-C, bottoms stream and the light weight olefin stream 44 are
combined together and returned to the metathesis reactor 28. In some
embodiments, a Cqz. botloms siream 48 from the olefin separaiion unit 48 is
retumned {o the metathesis reactor 28, In some embodiments, ali of the
aforementioned recycle streams are returned o the metathesis reactor 20.

{0091} The matathesis reaction in the melathesis reactor 20 produces a
metathesized product 22. In some embodiments, the melathesized product 82
enters a flash vessel operated under temperature and prassure conditions which
target C: or Co-Cs compounds o flash off and be removed overhead. The Cy or Co-
Cs light ends are comprised of a majority of hydrocarbon compounds having a
carbon number of 2 or 3. In some embodiments, the C, or C-C; light ends are then
sent to an overhead separation unif, wherein the G, or C,-C;5 compounds are further
separated overhead from the heavier compounds that flashed off with the C-Cs
compounds. These heavier compounds are bypically C-Cs compounds carried
overhead with the C; or T»-C3 compounds. After separation in the overhead
separation unit, the overhead G, or C»-Cs stream may then be used as a fuel source.
These hydrocarbons have their own value outside the scope of a fuel composition,
and may be used or separated at this slags for other valued compositions and
applications. In some embodiments, the boltoms stream from the overhead
separation unit containing mostly Cs-Cs compounds is returned as a recycle stream
to the metathesis reacior. In the flash vessel, the metathesized product 22 that does
not flash overhead is sent downstream Tor separation in a separation unit 38, such
as a distillation column.

f0092] Prior to the separation unit 38, in some embodiments, the metathesized
product 22 may be infroduced to an adsorbent bed (o Tacilltate the separation of the
metathesized product 22 from the metathesis catalyst. In some embodiments, the
adsorbent is a clay bed. The clay bed will adsorb the metathesis catalyst, and after
a filtration step, the metathesized product 22 can be sent o the separation unit 38 for
further processing. In some embodiments, the adsorbent is a waler soluble
phosphine reagent {e.g., THMP). Catalyst may be separated with a water scluble

phosphine through known lquid-liguid extraction mechanisms by decanting the
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aqueous phase from the organic phase. In other embodiments, the metathasized
product 22 may be contacted with a reactant to deactivale or fo extract the calalyst,
with a representative reactant being an isomerization suppression agent in
accordance with the present teachings.

f0093] in the separation unit 38, in some embodiments, the metathesized
product 22 is separaled into at least two product streams. In some embodiments,
the metathesized product 22 is sent to the separation unit 30, or distillation column,
o separale the olefing 32 from the esters 34, In some embodiments, a byproduct
stream comprising Crs and cyclohexadiens may be removed in a side-stream from
the separation unit 38. In some embodiments, the ssparated oiefins 32 may
comprise hydrocarbons with carbon numbers up io 24, In some embodiments, the
esters 34 may comprise metathesized glycerides. In other words, the lighter end
olefins 32 are preferably separated or distilled overhead for processing into olefin
composilions, while the esters 34, comprised mostly of compeounds having carboxylic
acid/ester functionality, are drawn inle a botloms siream. Based on the quality of the
separation, it is possible for some ester compounds {o be carried into the overhead
olefin stream 32, and it is also possibie for some heavier olefin hydrocarbons o be
carried info the ester stream 34.

{10941 in some embodiments, the olefins 32 may be collected and sold for any
number of known uses. In other embodiments, the olefing 32 are further processed
in an olefin separation unit 48 and/or hydrogenation unit 58 (where the olefinic bonds
are saturated with hydrogen gas 48, as described below). In other embodiments,
esters 34 comprising heavier end glycerides and free fatty acids are separated or
distitled as a bottoms product for further processing into various products. In some
embodiments, further processing may target the production of the following non-
limiting examplas: faity acid methy! eslers; biodiessl; DA esters, SBUDA eslers,
andfor DDA esters; 90A, SUDA and/or 8DDA; alkali metal salts and alkaline earth
metal salts of SDA, SUDA, and/or 8DDA; diacids, andior diesters of the
transesterified products; and mixtures thereof. In some embodiments, further
processing may target the production of C5-Cy3 fatty acids and/or esters. In other
embodiments, further processing may target the production of diacids and/or

diesters. In yet other embodiments, further processing may target the production of
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compounds having molecular weights greater than the molecular weighis of slearic
acid and/or linolenic acid.

{0095} As shown in FIG. 2, regarding the overhead olefins 32 from the
separation unit 39, the olefing 32 may be further separated or distilled in the olefin
separation unit 4¢ {o separale the stream’s various components. In some
embodiments, light end olefins 44 consisting of mainly C,-Cg compounds may be
distiled info an overhead stream from the olefin separation unit 40. In some
embodiments, ths light end olefins 44 areg comprised of a majority of Cx-Cs
hydrocarbon compounds. In other embodiments, heavier olefins having higher
carbon numbers may be separated overhead info the light end olefin stream 44 {o
assist in targeting a specific fuel composition. The light end olefins 44 may be
recycled to the metathesis reactor 28, purged from the system for further processing
and sold, or a combination of the two. In some embodiments, the light end olefins 44
may be partially purged from the sysiem and partially recycled to the melathesis
reactor 20. With regards 1o the other streams in the olefin separation unit 4§, &
heavier Ciss, Cage, Cage, Cozv, of Cagr compound stream may be separated out as an
olefin boltoms stream 48. This olefin bottoms stream 46 may be purged or recycled
to the melathesis reactor 28 for further processing, or a combination of the two. In
some embodiments, a center-cut olefin siream 42 may be separated out of the olefin
distillation unit for further processing. The center-cut olefins 42 may be designad io
target a selected carbon number range for a specific fuel composition. As a non-
limiting example, a Cs-C15 distribution may be targsted for further procassing info a
naphtha-type jet fuel. Altemnatively, a Cp-Cqe distribution may be targeted for further
processing info g kerosene-type jet fuel. In some embodiments, a Cs-Cys distribution
may be targeted for further processing into a diessl fuel,

{00846} in some embodiments, the olefins 32 may be oligomerized {o form poly-
alpha-olefins (PAOS) or poly-internal-clefins (PI0s), mineral ol substitutes, andior
biodissel fuel. The oligomaerization reaction may take place after the distillation unit
30 or after the overhead olefin separation unit 46, In some embodimants,
byproducts from the oligomerization reactions may be recycled back io the

metathesis reactor 28 for further processing.
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{00071 As mentioned, in some embodiments, the olefins 32 from the separation
unit 38 may be sent directly to the hydrogenation unit 38. In some embodiments, the
center-cut olefins 42 from the overhead olefin separation unit 48 may be sentto the
hydrogenation unit 38, Hydrogenation may be conducied according to any known
method in the art for hydrogenating double bond-containing compounds such as the
olefins 32 or center-cut olefins 42. In some embodirents, in the hydrogenation unit
58, hydrogen gas 48 is reacted with the olefins 32 or cenler-cul olefing 42 in the
presence of a hydrogenation catalyst to produce a hydrogenated product 52.

{0088] In some embodiments, the olefins are hydrogenated in the presence of a
hydrogenation catalyst comprising nickel, copper, palladium, platinum, molybdenum,
iron, ruthenium, osmium, rhodium, or iridium, individually or in combinations thereof,
Useful catalyst may be heterogeneous or homogeneous. In some embodiments, the
catalysts are supported nickel or sponge nickel type catalysts.

i0099] in some embodiments, the hydrogenation catalyst comprises nickel that
has been chemically reducead with hydrogen to an active slale (i.e., reduced nickel}
provided on a support. The support may comprise porous silica (e.g., kissslguhr,
infusorial, diatomaceous, or silicecus earth) or alumina. The catalysts are
characterized by a high nickel surface area per gram of nickel

{6100} Commaercial examples of supporied nickel hydrogenation catalysis
include those available under the trade designations “NYSOFACT”, "NYSOSEL”,
and "NI 5248 D {from BASF Catalysts LLC, Iselin, NJ}. Addifional supported nickel
hydrogenation catalysis include those commerciaily available under the trade
designations “PRICAT 98107, "PRICAT 98207, "PRICAT $908", "PRICAT 8938" (from
Johnson Matthey Catalysts, Ward Hill, MA)L

f00101] The supported nicks! calalysis may be of the type described in U.S.
Patent No. 3,351,568, U.8. Patent No. §,846,772, EP 8168081, and EP 0167201,
Hydrogenation may be carried out in a baich or in a continucus process and may be
partial hydrogenation or complete hydrogenation. In some embodiments, the
temperature ranges from about 50 °C o about 350 *C, about 100 °C o about 300
°C, about 150 °C to about 250 °C, or about 104 "C to about 150 °C. The desired
temperature may vary, for example, with hydrogen gas pressure. Typically, a higher

gas pressure will require a lower lemperature. Hydrogen gas is pumped inio the
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reaction vesseal to achieve a desirad prassure of Mz gas. In soma embodiments, the
Ha gas pressure ranges from about 15 psig {1 alm) to about 3000 psig {(204.1 atm},
about 15 psig (1 atm) to about 90 psig (6.1 atm), or about 100 psig (6.8 atm) to about
500 psig (34 atm). As the gas pressure increases, more specialized high-pressure
processing equipment may be required. In some embodiments, the reaction
conditions are “mild,” wherein the temperaiure is approximately betwesn
approximately 50 °C and approximately 100 °C and the H; gas pressura is less than
approximately 100 psig. In other embodiments, the temperature is belween about
100 °C and about 150 °C, and the pressurs is betwesn about 100 psig (6.8 atm) and
about 500 psig (34 atm). When the desired degree of hydrogenation is reached, the
reaction mass is cooled (o the desired filiration temperature.

{00102]  The amount of hydrogenation catalyst is typically selected in view of a
number of factors including, for example, the type of hydrogenation catlalyst used,
the amount of hydrogenation catalyst used, the degree of unsaturation in the
material {o be hydrogenaied, the desired rale of hydrogenation, the desired degree
of hydrogenation {e.g., as measure by iodine value (1V)), the purily of the reagent,
and the Hy gas pressure. In some embodiments, the hydrogenalion catalyst is used
in an amount of gbout 10 welghi% or less, for example, about 5 weighi% or less or
about 1 weight% or less.

f08103] During hydrogenation, the carbon-carbon double bond containing
compounds in the olefins are partially to fully saturated by the hydrogen gas 48, In
some embodiments, the resulting hydrogenated product 82 includes hydrocarbons
with a distribution centered between approximately Cq; and Cy; hydrocarbons for
naphtha- and kerosene-type jet fusl compositions. In some embodiments, the
distribution is centered between approximately Cqr and Cqg for a diesel! fusl
composition.

f08104] in some embodiments, after hvdrogenation, the hydrogenation catalyst
may be removed from the hydrogenated product 82 using known lechnigues in the
art, for extample, by filtration. In some embodiments, the hydrogenation catalyst is
removed using a plate and frame filler such as those commercially available from
Sparkier Filters, Inc., Conros TX. In some embodiments, the filtration is performed

with the assistance of pressure or a vacuum. In order o improve filtering
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performance, a filier aid may be used. A filter aid may be added fo the product
directly or it may be applied to the filter. Representative non-limiting examples of
filtering aids include diglomaceous earth, silica, alumina, and carbon. Typically, the
filtering aid is used in an amount of about 10 welight % or less, for example, about 8
weight % or less or about 1 weight % or less. Other fillering technigues and filtering
alds also may be employed to remove the used hydrogenation calalyst. In other
embodiments the hydrogenation catalyst s removed using cenirifugation followed by
decantatlion of the product,

{00105] In soims embodiments, based upon the quality of the hydrogenated
product 82 produced in the hydrogenation unit 80, it may be preferable to isomerize
the olefin hydrogenaled product 52 to assist in targeting of desired fuel properties
such as flash point, freeze point, energy dansity, cetane number, or end point
distillation temperature, among other parameters. Isomerization reactions are weli-
known in the art, as described in U.8. Patent Nos. 3,150,205; 4,210,771; 5,005,169,
and 6,214,764, In some embodiments, the isomerization reaction at this stage may
also crack some of the Cys. compounds remaining, which may further assist in
producing a fusl composition having compounds within the desired carbon number
range, such as 5 o 18 for a jel fuel composition.

{a01086] In some embodimentis, the isomerization may cccur conourrently with the
hydrogenation step in the hydrogenation unit 58, thereby argeting a desired fuel
product. In other embodiments, the isomerization step may occur before the
hydrogenation step (i.e., the olefins 32 or center-cut clefins 42 may be isomerized
before the hydrogenation unit 88}, In vet other embodiments, it is possible that the
isomerization step may be avoided or reduced in scope basad upon the selection of
low-molecular-weight olefin{s} 14 used in the metathesis regction.

[00107] in some embodimenis, the hydrogenated product 82 comprises
approximately 15-25 weight % Cr, approximaiely <5 weight % Ca, approximately 26-
40 weight % Cq, approximately 20-40 waight % C1p, approximatsly <5 weight % Cyq,
approximately 15-25 weight % Cy,, approximately <5 weight % Cs, approximately <5
weight % Cq4, approximately <5 weight % Cq5, approximately <1 weight % Cog,
approximately <1 weight % C+, and approximately <1 weight % Cygt. In some

embodiments, the hydrogenated product 52 comprises a heat of combustion of at
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lsast approximately 40, 41, 42, 43 or 44 MJ/kg (as measurad by ASTM D3338). In
some embodiments, the hydrogenated product 52 contains less than approximately
1 myg sulfur per kg hydrogenated product (as measured by ASTM D5453). In other
ernbodiments, the hydrogenated product 82 comprises a density of approximately
0.70-0.75 (as measured by ASTM D4052). In other embodiments, the hydrogenated
product has a final bolling point of approximatsly 220-240 °C {(as measursd by ASTM
D8a).

[00108] The hydrogenated product 82 produced from the hydrogenation unit 88
may be ussd as a fusl composition, non-limiling examples of which include jst,
kerosene, or diesel fuel. In some emboediments, the hydrogenated product 82 may
contain byproducts from the hydrogenation, isomerization, and/or metathesis
reactions. As shown in FIG. 2, the hydrogenated product 52 may be further
processed in a fuel composition separation unit 68, removing any remaining
byproducts from the hydrogenated product 52, such as hydrogen gas, waler, Co-Cq
hydrocarbons, or Cist hydrocarbons, thereby producing a targeted fuel composition.
In some embodiments, the hydrogenated product 52 may be separated into the
desired fuel Co-C15 product 64, and a light-ends C,-Cs fraction 82 and/or a Gt
heavy-ends fraclion 88. Distillation may be used o separate the fractions.
Alternatively, in other embodiments, such as for a naphtha- or kerosene-type jet fuel
composition, the heavy ends fraction 88 can be separated from the desired fusl
product 84 by cooling the hydrogenated product 82 to approximately -40 °C, 47 °C,
or -65 °C and then removing the solid, heavy ends fraction 88 by technigues known
in the art such as filtration, decantation, or centrifugation,

f00108] With regard to the esters 34 from the distillation unit 38, in some
embodiments, the esters 34 may be enlirely withdrawn as an ester product stream
38 and processed further or sold Tor its own valug, as shown in FIG. 2. As a non-
limiting example, the esters 34 may comprise various triglycerides that couid be used
as a lubricant. Based upon the guality of separation betweean olefins and estars, the
estars 34 may comprise some heavier olefin components carried with the
triglycerides. in other embodiments, the eslers 34 may be further processed in a
biorefinery or another chemical or fusl processing unit known in the art, thereby

producing various products such as biodiesel or spedialty chemicals that have higher
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value than that of the triglycerides, for exampls. Alternatively, in soms
embodiments, the esters 34 may be partially withdrawn from the system and sold,
with the remainder further processed in the biorefinery or another chemical or fuel
processing unit known in the arl.

f00110] in some embodiments, the ester siream 34 is sent {o a transesterification
unit 78, Within the transesterification unit 76, the esters 34 are reacted with at isast
one alcohol 38 in the presence of a transesterification calalyst. In some
embodiments, the alcohol comprises methanol and/or ethanol. In some
embodiments, the transesterification reaction is conductsd at approximately 60-70
°C and approximately 1 atm. In some embodiments, the transesterification catalyst
i3 & homogeneous sodium methoxide catalyst. Varying amounis of catalyst may be
used in the reaction, and, in some embodiments, the transesterdfication catalyst is
present in the amount of approximately 0.5-1.0 weight % of the esters 34.

001117 The transesierification reaction may produce transesterified producis 72
including salurated and/or unsaturated fatly acid methyl esters ("FAME”), glycerin,
methanol, andfor free faily acids. in some embodiments, the transesterified preducts
72, or a fraction thereof, may comprise a source for bindiesel. In some
embodiments, the transesterified products 72 comprise 8DA eslers, SUDA esters,
and/or SDDA ssters. Non-limiting examples of SDA ssiers, BUDA esters and DDA
esters include methyl 9-decenoate ("8-DAME"}, methy! S-undecenocate ("S-UDAME"),
and methyl 8-dodecenocate (*0-DDAME™, respectively. As a non-limiting example, in
a transesterificalion reaction, a YDA moisty of a metathesized glyceride is removed
from the glycerol backbone to form a DA ester.

f08112] In some embodiments, a glycerin alcohol may be used in the reaction
with a glyceride siream. This reaction may produce monoglycerides andfor
diglycerides.

f08113] in some embodiments, the transesterified products 72 from the
fransesterification unit 78 can be sent to a liquid-liquid separatlion unit, wherein the
transesterified producis 72 {i.e., FAME, fres fatly acids, and/or alcohols) are
separated from glycerin. Additionally, in some embodiments, the ghycerin byproduct

stream may be further processed in a secondary separation unit, wherein the
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glycerin is removed and any remaining alcohols are recycled back o the
transesierification unit 70 for further processing.

f00114] in some embodiments, the transesterified products 72 are further
processed in a water-washing unit. In this unil, the transesterified products undergo
a liguid-liquid extraction when washed with waler. Excess alcohol, water, and
glycerin are removed from the transestierified products 72. In some embodiments,
the water-washing step is followed by a drying unit in which excess water is further
removed from the desired mixture of aesters (/.e., specialty chemicais). Such
speacialty chemicals include non-limiting exampiles such as SDA, SUDA, andior
9DDA, alkali metal salts and alkaline earth metal salts of the preceding, individually
or in combinations thereof,

{00115] in some embodiments, the specialty chemical {e.q., 8DA} may be further
processed in an oligomerization reaction o form a lactone, which may serve as &
precursor 1o a surfactant.

[00118] In some embodiments, the transesterifed products 72 from the
transesterification unit 70 or specialty chemicals from the water-washing unit or
drying unit are sent to an ester distillation column 88 for further separation of various
individual or groups of compounds, as shown in FIG. 2. This separation may
include, but is not limited to, the separation of 8DA esters, QUDA esters, and/or
DDA esters. In some embodiments, the 9DA ester 82 may be distilied or
individually separated from the remaining mbdure 84 of transesterified products or
specialty chemicals. In certain process conditions, the 9DA ester 82 should be the
lightest component in the transesterified product or speciaily chemical stream, and
come out at the top of the ester distillation column 88. In some embodiments, the
remaining mixiure 84, or heavier componeants, of the transasterified producis or
specially chemicals may be separaied off the bollom end of the column. In some
embodiments, this botfoms stream 84 may polentially be sold as biodiesel.

[00117] The BDA ssters, 9UDA esters, and/or SDDA eslers may be further
processed after the distillation step in the ester distiliation column. In some
embodiments, under Known operating conditions, the SDA ester, BUDA esler, and/or

SDDA ester may then undergo a hydrolysis reaction with water to form SDA, SUDA,
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and/or @DDA, alkali metal salts and alkaline earth metal salls of the praeceding,
individually or in combinations thereof.

f00118] in some embodiments, the falty acid methyl eslers from the
transssierified products 72 may be reacted with each other o form other speciaity
chemicals such as dimers.

FO0119] FIG. 3 repressnts some embodiments for processing the natural oll into
fuel compositions and specialty chemicals. As described ahove, the natural oil
feedstook and/or low-molecular-weight olefin in FIG. 3 may undergo a prefreatment
step prior to the metathesis reaction. In FEG. 3, the natural ol feedstock 112 is
reacted with iiself, or combinad with a low-molecular-weight olefin 114 in a
metathesis reactor 120 in the presence of a metatheasis calalyst. In some
embodiments, in the presence of a metathesis catalyst, the natural oft 112
undergoes a self-metathesis reaction with itself. In other embodiments, in the
presence of the metathesis calalyst, the natural oll 112 undergoes g cross-
metathesis reaction with the low-molecular-weight olefin 114. In some
embodiments, the natural oit 112 undergoes both self- and cross-metathesis
reaciions in parallel metathesis reactors. The selif-melathesis and/or cross-
metathesis reaction form a melathesized product 122 wherein the metathesized
product 122 comprises olefins 132 and esters 134,

f08120] In some embodiments, the low-molecular-weight olefin T4 isinthe Gy fo
Cq range. As a non-limiling example, in some embodiments, the low-molecular-
weight olefin 114 may comprise at lsast one of the following: ethylene, propylene, 1-
butens, 2-butens, iscbutene, 1-pentene, 2-pentene, 3-pentene, 2-methyl-1-buteneg,
2-methyl-2-butene, 3-methyvi-1-butene, cyclopentene, 1-hexene, Z-hexens, 3-
hexene, 4-hexens, Z-methyl-1-pentene, 3-methyi-1-pentene, 4-methyl-1-pentens, 2-
methyl-2-pentene, 3-methyl-Z-pentene, 4-methyl-2-penteng, 2-methyl-3-penieng,
and cyclohexene. In some embodiments, the low-molecular-weight olefin 114
comprises at least one of styrene and viny! cyciohexans. In some esmbodiments, the
low-molecular-weight olefin 114 may comprise at least one of ethylene, propylens, 1-
butens, 2-butene, and isobutene. In soms smbodiments, the low-molecularweight
olefin 114 comprises at least one aipha-olefin or terminal olefin in the Gy 10 Cyp

range.
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[00121] In some embodiments, the low-molecular-weight olefin 114 comprises at
least one branched low-molecular-weight olefin In the 4 o G range. Non-limiting
examples of branched low-molecular-weight olefins include isocbutene, 3-methyl-1-
butene, Z-methyl-3-pentene, and 2,2-dimethyl-3-pentene. In some embodiments,
the branched low-molecular-weight olefins may help achieve the desired
performance properties for the fuel composition, such as jet, kerosens, or diesel fusl,
[00122] As noted, it is possible to use a mixiure of various linear or branched
low-molecular-weight olefins in the reaction o achieve the desired metathesis
product distribution.  In soms embodiments, a mixture of butenss (1-buiens, 2-
butene, and isobutene} may be employed as the low-molecular-weight olefin 114.
{00123] in some embodimenis, recycled streams from downstream separation
units may be introduced fo the metathesis reactor 128 in addition to the natural oil
112 and, in some embodiments, the low-molecular-weight olefin 114 1o improve the
vield of the targeted fuel composition and/or targeted fransesterification products.
[00124]  After the melathesis unit 120 and before the hydrogenation unit 128, in
some embodiments, the metathesized product 122 may be introduced o an
adsorbent bed o faciiitale the separation of the melathesized product 122 from the
metathesis catalyst. In some embodiments, the adsorbent is a clay. The clay will
adsorb the metathesis calalyst, and after a filtration step, the metathesized product
122 can be sent o the hydrogenation unit 125 for further processing. In some
embodiments, the adsorbent is a water soluble phosphine reagent {e.g., THMP).
Catalyst may be separated from the reaclion mixture with a water soluble phosphineg
through known liquid-liquid extraction mechanisms by decanting the agueous phase
from the organic phase. In other embodiments, addition of a reactant fo deactivate
or exiract the catalyst might be used, with a representative reactant being an
isomerization suppression agent in accordance with the present teachings.

(001281  As shown in FIG. 3, the melathesis product 122 is sentic a
hydrogenation unit 128, wherein the carbon-carbon double bonds in the olefins and
estars are partially o fully saturated with hydrogen gas 124. As described above,
hydrogenation may be conducted according o any RKnown method in the art for
hydrogenating double bond-containing compeunds such as the olefing and esters

prasent in the metathesis product 122, In some embodiments, in the hydrogenation
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unit 125, hydrogen gas 124 is reactad with the matathesis product 122 in the
presence of a hydrogenation catalyst to produce a hydrogenated product 126
comprising partially to fully hydrogenated paraffins/clefins and partially to fully
hydrogenated eslers.

f08128]  Typical hydrogenation catalysis have been already described with
reference to embodiments in FIG. 2. Reaction conditions have also been described.
In some embodiments, the femperature ranges from aboul 50 °C io about 350 °C,
about 100 °C fo about 300 °C, about 150 °C {0 about 250 °C, or about 80 °C lo
about 150 °C. The desired temperature may vary, for example, with hydrogen gas
pressure. Typically, a higher gas pressure might allow the use of a lower reaction
temperature. Hydrogen gas is pumped into the reaction vessel io achieve a desired
pressure of H; gas. I some embodiments, the Hygas pressure ranges from about
15 psig (1 alm} to about 3000 psig {204.1 atm}, or about 15 psig (1 atm) o about 300
psig (34 alm}. In some embodiments, the reaction conditions are "mild,” wherein the
temperature is approximately between approximalely 50 °C and approximately 150
°C and the H; gas pressure is less than approxdimately 400 psig. When the desired
degree of hydrogenation is reached, the reaction mass is cooled to the desired
filtration lemperature.

{a8127] During hydrogenation, the carbon-carbon double bonds are partially fo
fully saturated by the hydrogen gas 124. in some embodiments, the olefins in the
metathesis product 122 are reacted with hydrogen to form a fuel composition
comprising only or mostly paraffins. Additionally, the esters from the melathesis
product are fully or nearly fully saturated in the hydrogenation unit 125, In some
embodiments, the resuling hydrogenated product 126 inciudes only partially
saturated paraffins/olefins and partially saturated esters.

[00128] in FIG. 3, the hydrogenated product 128 is sent {o a separation unit 1348
fo separate the product inlo at least two product streams. In some embodiments, the
hydrogenated product 126 is sent to the separation unit 139, or distiliation column, fo
separate the partially to fully saturated paraffins/olsfing, or fuel composition 132,
from the partially o fully saturated esters 134, In some embodiments, a byproduct
stream comprising Cy8 and cyclohexadiens may be removed in a side-stream from

the separation unit 130, In some embodiments, the fuel composition 132 may
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comprise hydrocarbons with carbon numbers up to 24, In some embodiments, the
fuel composition 132 consists essentially of saturaled hydrocarbons.

f00129] in some embodimenis, the esters 134 may comprise metathesized,
partially fo fully hydrogenated glycerides. In other words, the lighter end
paraflins/olefins 132 are preferably separated or distilled overhead for processing
into fuel compositions, while the esters 134, comprised mostly of compounds having
carboxylic acid/ester functionality, are drawn as & botioms stream. Based on the
quality of the separation, it i3 possible for some ester compounds o be camried into
the overhead paraffin/olefin stream 132, and it is also possible for some heavier
paraffin/olefin hydrocarbons to be carried into the ester stream 134,

{00130] in some embodimenis, it may be preferable o isomerize the fuel
composition 132 1o improve the quality of the product stream and targst the desired
fuel properties such as flash point, freeze point, energy density, cetane number, or
end point distillation temperature, among other paramelers, lsomerization reactions
are weall-known in the art, as described in U8, Patent Nos. 3,150,205, 4,210,771,
5,005,169; and 6,214,764, In some embediments, as shown in FIG. 3, the fuel
composition 132 is sent to an isomerization reaction unil 158 whereln an isomerized
fuel composition 152 is produced. Under typical reaction conditions, the
isomerization reaction af this slags may also crack some of the compounds present
in strearn 132, which may further assist in producing an improved fuel composition
having compounds within the desired carbon number rangs, such as 5to 16 for a jel
fuel composition.

F00131] In some embodiments, the fuel composition 132 or isomerized fusl
composition 152 comprises approximately 15-25 weight % Cy, approximately <5
weight % Cg, approximately 20-40 weight % Cs, approximately 20-40 weight % Cqe,
approximately <5 weight % C+, approximately 15-25 weight % Cyo, approximately <8
weight % Cqs, approximately <5 weight % Cs, approximately <5 weight % Gy,
approximately <1 weight % C.6, approximately <1 weight % C47, and approximately
<1 weight % Ciet. In some embodiments, the fusl composition 132 or isomerized
fuel composition 182 comprises a heat of combustion of al least approximately 40,
41, 42, 43 or 44 MJ/kg {(as measured by ASTM D3338). In some embodiments, the

fuel composition 132 or isomerized fuel composition 152 contains less than
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approximatsly 1 mg sulfur per kg fuel composition (as measured by ASTM D5453).
in other embodiments, the fuel composition 132 or isomerized fuel composition 152
comprises a density of approximately 0.70-0.75 {as measured by ASTM D4052). In
other embodiments, the fuel composition 132 or isomerized fuel composition 152 has
a final bolling point of approximately 220-240 °C (as measured by ASTM D86},
001321 The fuel composition 132 or the isomerized fusl composition 152 may be
used as jet, kerosene, or diesel fusl, depending on the fuels characteristics. In
some embodiments, the fusl composition may contain byproducts from the
hvdrogenation, isomerization, and/or metathesis reactions. The fusl composition
132 or isomerized fuel composition 182 may be further processed in a fuel
composition separation unit 160 as shown in FIG, 3. The sgparation unit 168 may
be operated to remove any remaining byproducts from the mixture, such as
hydrogen gas, water, Cy-Cg hydrocarbons, or Cqst hydrocarbons, thereby producing
a desired fuel product 164, In some embodiments, the mixture may be separated
into the dasired fuel Ce-Cis product 184, and a light-ends Cx-Cg {or C4-Cy) fraction
1862 and/or & Cqpt heavy-ends fraction 166. Distillalion may be used to separate the
fractions. AHematively, in other embodiments, such as for a naphtha- or kerosene-
type jel fuel composition, the heavy ends fraction 188 can be separated from the
desired fuel product 184 by codling the paraffins/olefins {o approximately -40 °C, -
47°C, or -85 °C and then removing the solid, heavy ends fraction 168 by technigues
known in the arl such as filtration, decantation, or centrifugation.

f00133] With regard to the partially to fully saturated esters 134 from the
separation unit 138, in some embodiments, the esters 134 may be entirely withdrawn
as a partially to fully hydrogenated ester product stream 136 and processed further
or sold for its own value, as shown in FIG. 3. As a non-limiting example, the esters
134 may comprise various partiaily 1o fully saturated triglycerides that could be used
as a lubricant. Based upon the quality of separation between the paraffins/clefins
{fuel composition 132) and the esters, the esters 134 may comprise some heavier
paraffin and olefin components carried with the triglycerides. In other embodiments,
the esters 134 may be further processed in a biorefinery or another chemical or fuel
processing unit known in the art, thereby producing various products such as

bicdiesel or specialty chemicals that have higher value than that of the triglycerides,
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for exampie. Alternatively, the esters 134 may be partially withdrawn from the
system and sold, with the remainder further processed in the biorefinery or ancther
chemical or fuel processing unit known in the art.

[00134] in some embodiments, the ester stream 134 s sentio a
transesterification unit 170. Within the transesterification unit 170, the esters 134 are
reacted with at lsast one alcohol 138 in the presence of a ransesterification catalyst.
In some smbodiments, the alcohol comprises methano! andfor ethanol. In some
embodiments, the transesterification reaction is conducted at approximately 60-70
°Cand 1 atm. In some smbodiments, the transesterification catalystis a
homogeneous sodium methoxide catalyst. Varying amounts of catalyst may be used
in the reaction, and, in some embaodiments, the transesterification caialyst is present
in the amount of approximately 0.5-1.0 weight % of the esters 134.

f00135] The transesterification reaction may produce transesterified products 472
including salurated and/or unsaturatsd fally acid methyl esters ("FAME"), glycerin,
methanol, and/or free Tatly acids. In some embodiments, the transesterified products
172, or a fraclion thereof, may comprise 3 source for bicdissel. in some
embodiments, the ransesterified products 172 comprise decenoic acid eslers,
decanoic acid esters, undecenoic acid esters, undecanoic acid esters, dodecenoic
acid esters, andfor dodecaocnic acid esters. in some embodiments, ina
transesterification reaction, a decanoic acid molety of a metathesized glyceride is
removed from the glycerol backbone o form a decanoic acid ester. In some
embodiments, a decenoic acid moiely of a melathesized glyceride is removed from
the giycerol backbone to form a decenoic acid ester.

{08138] In some embodiments, a glycerin alcohol may be used in the reaction
with a triglyceride stream 134. This reaction may produce monoglycerides and/or
diglycerides.

§00137] in some embodiments, the transesterified products 172 from the
transesterification unit 179 can be sent to a liquid-liguid separation unit, whersin the
transesterified products 172 {.e., FAME, free Talty acids, and/or alcohols) are
separated from glycerin. Additionally, in some embodiments, the ghycerin byproduct

stream may be further processed in a secondary separation unit, wherein the
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glycerin is removed and any remaining alcohols are recycled back o the
transesierification unit 178 for further processing.

f00138] in some embodimenis, the transeslerified products 172 are further
processed in & water-washing unit. In this unii, the transesterified products undergo
a liguid-liquid extraction when washed with waler. Excess alcohol, water, and
glycerin are removed from the transesterified products 172. In some embodiments,
the water-washing step is followed by a drying unit in which excess water is further
removed from the dasired mixiure of ssters (i.e., specialty chemicals). Such
hydrogenated specially chemicals include non-limiting examples such as dscenoic
acid, decanoic acid, undecenoic acid, undecanoic acid, dodecenoic acid, dodecancic
acid, and mixtures thereof,

(001381 As shown in FIG. 3, the fransesterifed products 172 from the
fransesterification unit 170 or specialty chemicals from the water-washing unit or
drying unit may be sent to an ester distillation column 188 for further separation of
various individual or groups of compounds. This separation may include, but is not
limited to, the separation of decenoic acid esters, decancic acid esters, undecenoic
acid esters, undecanoic acid esters, dodecenoic acid esters, and/or dodecanoic acid
esters. In some embodirnents, a decanoic acid ester or decenoic acid esler 182 may
be distillsd or individually separated from the remaining mixiure 184 of transesterifiad
products or specially chemicals. In certain process conditions, the decanoic acid
ester or decenoic acid ester 182 should be the lightest component in the
transesterified product or speciaity chemical stream, and come out at the top of the
ester distiltation column 188. in some embodiments, the remaining mixture 184, or
heavier components, of the transesterified products or specialty chemicals may be
separataed off the botlom end of the column. In some embodiments, this botioms
siream 184 may potentially be soid as biodiesel.

f001407 The decenocic acid esiers, decanocic acid esters, undecenoic acid esters,
undecanoic acid ssters, dodscenoic aeid astars, and/or dodecanoic acid estaers may
be further processed after the distilation step in the ester distillation column. In
some embodiments, under known operating conditions, the decencic acid ester,
decanoic acid estaer, undecenoic acid ester, undecanocic acid ester, dodecenocic acid

estar, and/or dodecanoic acid ester may then undergo a hydrolysis reaction with
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water to form decenocic acid, decanocic acid, undecenocic acid undecanoic acid,
dodecenoic acid, and/or dodecanoic acid.

f00141] As noled, the seif-metathesis of the natural ol or the cross-metathesis
between the natural oil and low-molecular-weight olefin ocours in the presence of a
metathesis catalyst. The phrase "metathesis catalyst” includes any catalyst or
catalyst system that catalyzes a metathesis reaction. Any known or futurs-
developad metathesis calalyst may be used, individually or In combination with one
or more additional calalysts. Non-limiling exemplary metathesis catalysis and
process conditions are described in WO 2008/020667 Al {e.g., pp. 1847} A
number of the metathesis catalysts as shown are manufactured by Materia, Inc.
{Pasadena, CA).

0081427 The metathesis process can be conducted under any conditions
adequate to produce the desired metathesis products. For example, stoichiometry,
atmosphere, solvent, temperature, and pressure can be selected by ong skilled in
the art o produce a desired product and to minimize undesirable byproducts. The
metathesis process may be conducted under an inert atmosphere. Similarly, f a
reagent is supplied as a gas, an inert gaseous diluent can be used. The inert
atmosphere or inert gaseous dituent lypically s an inert gas, meaning that the gas
does not interact with the metathesis catalyst 1o substantially impede catalysis. For
example, particular inert gases are selected from the group consisting of helium,
neon, argon, nitrogen, individually or in combinations thereof.

{00143] in some embodiments, the metathesis catalyst is dissolved in a solvent
prior to conducting the metathesis reaction. In some embodiments, the solvent
chosen may be selected to be substantially inert with respect to the metathesis
catalyst. For example, substantially inert solvents include, without limitation,
aromatic hydrocarbons, such as benzene, loluene, xylenes, elc,; halogenated
aromatic hydrocarbons, such as chlorobenzene and dichlorcbenzene; aliphatic
solvants, including pentane, hexane, haptane, cyclohexane, ete.; and chiorinated
alkanes, such as dichloromethans, chloroform, dichloroethane, etc. In some
embodiments, the solvent comprises toluene.

{00144 The metathesis reaction temperature may be a rate-controlling variable

where the lemperalure is selected o provide a desired product at an accepiable
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rate. In some embodiments, the metathesis reaction tsmpearaturs is greater than
about -40 °C, greater than about -20 °C, greater than about § °C, or greater than
ahout 10 °C. In some embodiments, the metathesis reaction temperature is less
than about 150 °C, or less than about 120 °C. In some smbodiments, the
metathesis reaction temperature is between about 10 °C and about 120 °C.

f00145] The metathesis reaction can be run under any desired prassure.
Typically, it will be desirable to maintain a total pressure that is high enough to keep
the cross-metathesis reagent in solution. Thereforeg, as the molecular weight of the
cross-metathesis reagent increases, the lower pressurs range typically decreases
since the boiling point of the cross-metathesis reagent increases. The total pressure
may be selecied 1o be greater than about 0.1 atm (10 kPa), in some embodiments
greater than about 0.3 atm (30 kPa), or grealer than about 1 atm (100 kPa).
Typically, the reaction pressure is no more than about 70 atm (7000 kPa), in some
embodiments no more than about 30 atm (3000 kPa). A non-limiling exemplary
prassure range for the metathesis reaction is from about 1 atm (100 kPa) to about 30
atm (3000 kPa).

[00148] By way of nonimiting example, in reference to FIG. 2, methods for
suppressing isomerization of an olefin metathesis product in accordance with the
present teachings can be implemented prior o introducing the meiathesized produdt
22 to the separation unit 38 {e.g., a distillation column) and/or at one or more
additional stages in the process. By way of further non-limiling example, in
reference to FIG. 3, methods for suppressing isomerization of an olefin metathesis
product in accordance with the present teachings can be implemented prior to
infroducing the metathesized product 122 {o the separation unit 138 and/or the
hydrogenation unit 125 and/or at one or more additional stages in the process.
f00147] in some embodiments, as shown in FIG. 4, methods for suppressing
isomerization of an olefin metathesis product in accordancs with the present
teachings further comprise a polar solvent wash—in other words, extracting the
mixture {0 which an isomerization suppression agent has been added with a polar
solvent {(8.g., waler). In some embodiments, the melathesis mixture (8.¢., a neat

mixiure that comprises, in some embodiments, natural oil, residual metathesis
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catalyst, olefin metathesis product and, optionally, low-molecular-wsight olefin) is
substantially immiscible with the polar solvent, such that two layers are formed. For
the sake of convenience, these immiscible layers are described herein as being
“agueous” and “organic” although, in some embodimeants, the so-called agueous
{ayer may be comprised of a polar solvent other than or in addition {o water. In some
embodiments, the polar solvent exiraction can serve to remove at least a portion of
the isomerization suppression agent. In somes emboediments, the extracting
comprises high shear mixing although such mixing, in some embodimenis, may
confribule to undesirable smulsion formation. In some embodiments, the exiracting
comprises low-intensity mixing {2.g., slirring that is not high shear). The present
teachings are in no way restricted to any particular type or duration of mixing.
However, for purposes of Hustration, in some embodiments, the exiracting
comprises mixing the polar solvent and the mixture togsther for at least about 1
minule. In some embodimeants, the mixture and the polar solvent are mixed together
for at least about 2 minutes, in some emboedimsnts for at least about 5 minutes, in
some embodiments for at least about 10 minutes, in some embodiments for at least
about 16 minutes, in sore embodiments for at least about 20 minutes, in some
embodiments for at least about 25 minutes, in some embodimenis Tor at least about
30 minutes, in some embodiments for at least about 35 minutes, in some
embodiments for at least about 40 minutes, in some embodiments for at least about
45 minutes, in some embodiments for al least about 50 minules, in some
embodiments for al least about 55 minutes, and in some ambodiments for at least
about 60 minutes.

f00148] The present teachings are in no way restricted to any particular amount
of polar solvent added to the mixiure for the extracting. However, for purposss of
fllustration, in somes embodiments, the amount by weight of polar solvent {e.g., watsr)
added to the mixture for the extracting is more than the weight of the mixture. In
some embodiments, the amount by weight of polar solvent {s.g., waler) added to the
mixture for the extracting is less than the weight of the miiure. In some
embodiments, the weight ratic of the mixiure o the waler added to the midure is at
least about 1.1, in some embodiments at least about 2:1, In some embodimenis at

least about 3:1, in some embodiments at least about 4:1, in some embodiments at
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least about 5:1, in some smbodiments at least about 6:1, in some emboediments at
least about 711, in some embodiments at least about &1, in some embodimentis at
least about 911, and in some embodiments at least about 10:1.

[00149] in some embodimentis, methods for suppressing isomerization of an
olefin metathesis product in accordance with the present teachings further comprise
allowing a settling period following the polar solvent wash © promote phase
separation. The present teachings are in no way resiricted io any particular duration
of seitling period. However, for purposes of illustration, in some embodiments, the
setiling pericd is at least about 1 minuta. In some smbodiments, the settling period
is at least about 2 minutes. In some embodiments, the setlling period is at least
about 5 minutes. In some embodiments, the seliling period is at lsast about 10
minuies. In some smbodiments, the setitling period is at least about 15 minutes.
f00150] In some embodiments, as shown in FIG. 4, methods for suppressing
isomerization of an olefin meatathesis product in accordance with the present
teachings further comprise separating an organic phase from an agueous phase. In
some embodiments, a majority of the isomerization suppression agent is distributed
in the aguecus phase. in some embodiments, a majority of the olefin metathasis
product is disiributed in the organic phase. In some embodiments, a majority of the
isomerization suppression agent is distributed in the agueous phase and a majority
of the olefin metathesis product is distributed in the organic phase.

[00151] In some smbodiments, it is observed that removing excess isomerization
suppression agent from a cross-metathesized oil by washing with water can be
accompanied by & loss in the overall efficacy of isomerization suppression. While
neither desiring fo be bound by any particular theory nor intending o limit in any
measure the scope of the appended claims or their equivalenis, it is presently
believed that the reduction in isomerization suppression sometimes observed afler a
water wash is merely an artifact of handling. Moreover, it was found that by using
slightly different experimentat conditions, water washing can be used 10 remove P-
acids without significantly increasing isomerization levels if sironger concenirations
of the acids {e.g., > 1M} are initislly used and if the malerial obiained from the

suppression treatment is handled under an inert atmosphere (e.g., nitrogen).
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{00152] In some embodiments, as shown in FiG. 4, a method in accordancs with
the present teachings for suppressing isomerization of an olefin metathesis product
produced in a metathesis reaction comprises (g} adding an isomerization
suppression agent fo a mixiure that comprisas the olefin metathesis product and
rasidual metathesis catalyst from the metathesis reaction under conditions sufficient
to passivate at least a portion of the residual metathesis catalyst; (b) exiracting the
mixture with a polar sobvent; and (c) separating a phase that includes a majority of
the isomerization suppression agent from a phase that includes a majority of the
olefin metathesis product. The isomerization suppression agent comprisss
phosphorous acid, phosphinic acid, or a combination thereof. In some
embodiments, the residual metathesis catalyst comprises ruthenium. In some
embodiments, the isomerization suppression agent comprises phosphorous acid in a
concentration of about 10 wi% which, in some embodiments, is added in a molar
excess relative 1o the residual metathesis catalyst. In some embodiments, the molar
eycess is al least about 20 10 1, in some embodiments st least about 30 w0 1, In
some embodiments at least about 40 to 1, and in some embodiments at least about
50 to 1.

00153]  In some embodiments—particularly though not exclusively those
involving metathesis-based methods for refining natural oil feedstocks—methods for
suppressing isomerization of an olefin metathesis product in accordance with the
present teachings further comprise separaling the olefin metathesis product info a
metathesized triacyiglyceride (m-TAG) fraction and an olefinic fraction, as shown in
FiG. 4. A majority of the triacyiglyceride fraction is comprised by molecules
comprising one or more carbon-carbon double bonds and, optionally, one or more
additional functional groups, whereas a majority of the olefinic fraction is comprised
by molecules comprising one or more unsaturated carbon-carbon bonds and no
additional functional groups.

f00154] In soms smbodiments—particularly though not exclusivaly those
involving metathesis-basad methods for refining natural oll feedstocks—methods for
suppressing isomerization of an olefin metathesis product in accordance with the
present teachings further comprise transesterilying the triacyiglyceride fraction o

roduce one or a plurality of transesterification products, as shown in 4. in
d jurality of t terificat duoct b FIG. 4. 1
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some embodiments, the transesterification products comprise falty acid methyl
estars (FAMEs). In some embodiments—particularly though not exclusively those
involving metathesis-based methods for refining natural oil feedstocke—methods for
suppressing isomerization of an olefin metathesis product in accordance with the
present teachings further comprise separating the transesterification products from a
glycerol-containing phase, as shown in FIG. 4.

[00155] In some smbodiments, methods for suppressing isomerization of an
olefin metathesis product in accordance with the present feachings comprise
extracting the mixure to which an isomerization suppression agent has been added
with a polar solvent (e.g., waler) and separating an organic phase from an agueous
phase as described above. In some embodiments, the residual metathesis catalyst
in the mixture comprises ruthenium. In some embodiments, a majority of the
ruthenium is carried info an organic phase and a minority of the ruthenium is
distributed in an aqueous phase. In some embodiments, at least aboul 51% of the
ruthenium is extracled inlo an organic phase. In some embodiments, at least about
60% of the ruthenium is exiracted into an organic phase. n some embodiments, at
least about 5% of the ruthenium is extracied info an organic phase. In some
embodiments, at least about 70% of the rutheniurm is exiracted inlo an organic
phase. In some embodiments, at least about 75% of the ruthenium is exdracted inlo
an organic phase. In some embodiments, al least about 80% of the ruthenium is
extracted into an organic phase. In some smbodiments, al least about 85% of the
ruthenium is extraclied info an organic phase. In some embodiments, at least about
80% of the ruthenium is extracted into an organic phase.

[08156] In some embodiments-—particularly though not exclusively those
involving metathesis-based methods for refining natural oil feedstocke—methods for
suppressing Isomerization of an olefin metathesis product in accordance with the
present teachings further comprise separating the olefin metathesis productinfo a
triacylglyceride fraction and an olafinic fraction, transesterifying the triacyiglycsride
fraction o produce ong or a plurality of iransesterification products {e.g., FAMESs),
and separating the fransesterification products from a giycerolcontaining phass, as

shown in FIG. 4. In some embodiments, the residual metathesis catalyst in the
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mixture comprisas ruthenium. In some embodiments, a majority of the ruthenium is
distributed between the glycercl-containing phase and the less polar FAME phase.
f00157] in some embodiments, a method of refining a natural off in accordance
with the present teachings comprises: {a) providing a feedstock comprising a naiural
oll; (b} reacting the feedstock in the presence of a metathesis catalyst fo form a
metathesized product comprising an olefin and an ester; (¢} passivating the
metathesiz catalyst with an agent selectad from the group conglisting of phosphorous
acid, phosphinic acid, and a combination thereof; (d) separating the olsfin in the
metathesized product from the ester in the metathesized product; and (e}
transesterifying the ester in the presence of an alcohol to form a transesterified
product and/or hydrogenating the olefin to form a fully or partially saturated
hydrogenated product.

f001588]  As noted above, the use of THMF as an isomerization suppressor—
particularly on an industrial scale—is problematic in view of ils commercial
availability and pricing, the fact that a carcinogenic byproduct, formaldehyde,
typically accompanies iis preparation, and the potential that exists {o generate
explosive Hy gas if conditions become oo basic. In addition 1o these drawbacks, the
present inventors have found that whan THMP (as opposead to phosphorous acid
and/or phosphinic acid) is used for the suppression of olefin isomerization—
particularly when the amount of residual metathesis calalystis low {e.g., in soms
embodiments less than about 1000 ppm, in some embodiments less than about 500
ppm, in some embodiments less than about 250 ppm, and in some embodiments
less than about 100 ppm—reclamation of ransition metal from the residual
metathesis catalyst can be complicated by the distribution of the transition metal
{a.q., ruthenium) between mulliple phases with no appraciable concentration or
convergence of the transition metal into any one phase. By way of example, when
THMP is used as an isomerization suppression agent in a metathesis-based method
for refining a natural oil feedstock, such as described above, il is found that
ruthenium is broadiy distributed between a waler wash stream on the one hand and
a glycerol-containing phase and transesterification products on the other. I some
studies, about 50% of the total ruthenium was carried into a water wash siream with

the remaining Ru being distributed between a glycerol-containing phase and the
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transesterification products. While neither desiring to be bound by any particular
theory nor intending to limit in any measure the scope of the appended claims or
their equivalents, it is presently observed thal the difficulty in concentrating a majority
of the transition metal inio a particular siream when THMP is used as the
isomerization suppression agent arises primarily when the amount of ruthenium to
be recoverad is small {e.g., about 1 wi% oriess). By contrast, when a large amount
of ruthenium is involved {e.g., aboul 1 wi% or more} and THMP i3 used as the
isomerization supprassion agent, a majority of the ruthenium can successiully be
concentrated into an agueous phass and removed.

f00159] In some embaodiments, for purposes of simplifying the metal reclamation
process, it would be desirable if the metal to be reclaimed (e.q., in some
embodiments, ruthenium} were concentrated primarily in one phase and, in some
embodiments, if that phase were located downstream in the overall process. Thus,
in some embodiments—particularly though not exclusively those involving
metathesis-based meathods for refining naiural ol feedsiocks—methods for
suppressing isomerization of an olefin metathesis product in accordance with the
prasent teachings provide a further advantage with respect {o the use of THMP
inasmuch as a majority of the ruthenium o be reclaimed can be carried inlo an
organic phase {e.g., a glycerol-containing phase and/or the transesterification
products phase) and a minority of the ruthenium can be carried info an aqueous
phase {e.g., waler wash slream).

(001607 in some embodiments, the phosphorous acid concentration and molar
excess of phosphorous acid {relative fo catalyst) appear to affect the aquecus phass
distribution of recoverad ruthenium. By way of example, an isomerization
suppression agent comprising 10 wi% phosphorous acid used in a molar excess
relative to ruthenium-containing residual metathesis catalyst of 50 o 1 resulted in

about 12 wi% of the ruthenium being recoverad from the agueous phase.

[001681]  The following examples and representative procedures lusirate features
in accordance with the present teachings, and are provided solely by way of
flustration. They are not intended to limit the scope of the appended claims or their

equivalents.
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Exampie 1

f00162] A clean, dry, stainless sieel jackeled §-gal. Parr reacior vessel equipped
with a dip Wwbe, overhead stirrer, internal cooling/heated colls, temperature probe,
sampling valve, and headspace gas release valve was purged with argon to 15 psig.
Soybean oit (3B, 2.5 kg, 2.9 mol, Costeo, MWn = 884 .4 g/moi, 85 weight %
unsaturation as determined by GC, 1 hour argon sparged in 5-gal container) was
added into the Parr reactor. The Parr reacior was sealed and the 8B0O was purged
with argon Tor 2 hours while cogling 1o 10 °C. After 2 hours, the reactor was vented
until the internal pressure reached 10 psig. The dip tube valve on the reacior was
connected to g 1-butene cylinder (Airgas, CF grade, 33 psig headspace pressure,
>89 weight %) and re-pressurized (o 15 psig of 1-butene. The reacior was vented
again to 10 psig to remove residual argon in the headspace. The 3B0 was stirred at
350 rpm and 8-15 °C under 18-28 psig 1-butene until 3 mol 1-bulene per SBO olefin
bond was transferred into the reactor (approximately 2.2 kg 1-butens over
approvimately 4-5 hours). A toluene solution of [1,3-Bis-(2,4,6-trimethyiphanyl}-2-
imidazolidinylidenedichlororuthenium(3-methyi-2-
butenylidene)(iricyclohexylphosphine) (C827, Materia) was prepared in Fischer-
Porter pressure vessel by dissolving 130 mg catalyst in 30 grams of toluene as a
catalyst carrier (10 mol ppm per olefin bond of SBO) and was added {o the reacior
via the reactor dip tube by pressurizing the headspace inside the Fischer-Porter
vessel o 50-60 psig with argon. The Fischer-Porter vessel and dip tube were rinsed
with an additional 30 g foluene. The reaction mixiure was stirred for 2.0 hours at 60
“C. The reaction mixture was allowed to cool 1o ambient temperaturs while the
gases in the headspacs were vented, Afler the pressure was released, the reaction
mixture was transferred 1o a8 3-neck round bottom flask containing 58 g bieaching
clay {2 % wiw SBG, Pure Fiow B80 CG) and a magnetic stir bar. The reaction
mixture was treated by stirring at 85 °C under argon. After 2 hours, during which
time any remaining 1-butene was allowed {o vent, the reaction mixture was allowed
to cool to 40 °C and liltered through a fritted glass filler. An aliquot of the product

mixiure was found by gas chromatographic analysis (foliowing transesterification
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with 1 % wiw NaOMe in methanol ai 60 °C ) to contain approximately 22 weight %
methyl S-decencate, approximately 16 weight % methyl 9-dodecenoate,
approximately 3 weight % dimsthyi S-ocladecenedioate, and approximalely 3 weight
% methyl S-octadecenoate { by gc). These results compare Tavorably with the
calculated yvields at equilibrium of 23.4 wi% methyl S-decencate, 17.8 wi% methyl 8-
dodecenoate, 3.7 wi% dimethyl S-octadecenedioate, and 1.8 wi% methy! 8-

octadecenovate.

Example 2
f00183] By the general procedures described in example 1, a reaction was

performed using 1.73 kg SBO and 3 mol 1-butena/SBQ double bond. An aliguot of
the product mixture was found by gas chromatographic analysis following
fransesterification with 1 % w/w NaOMe in methanol at 60 "C to contain
approximately 24 weight % methyl S-decenoale, approximately 18 weight % methyl
S-dodecenoate, approximataly 2 weight % dimethyl 8-octadeceneadioate, and

approximately 2 weight % methy! 9-octadscenopate (as determined by gol.

Example 3

{00164] By the general procedures descoribed in example 1, a reaction was
performed using 1.75 kg SBO and 3 mol 1-butens/SBO double bond. An aliquot of
the product mixture was found by gas chromatographic analysis following
transestgrification with 1 % w/iw NaOMe in methanc! at 80 °C to contain
approximately 24 weight % methy! 8-decenoate, approximately 17 weight % methyl
S-dodecenocate, approximataly 3 weight % dimethyl S-octadecenedicate, and

approximately 2 weight % methy! S-cotadecenoate (as determined by ge).

Example 4

[00165] By the general procedurss describsed in example 1, a reaction was
performed using 2.2 kg SBO, 3 mol 1-butens/SBO double bond, and the 60 g of
toluene used to transter the catalyst was replaced with SBO. An aliquot of the
product mixture was found by gas chromatographic analysis following

transesterification with 1 % wiw NaOMe in methanol at 60 °C to contain
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approximatsly 25 weight % methyl 8-decenoate, approximately 18 weight % methy!
S-dodecenocate, approximataly 3 weight % dimethyl S-octadecenedicate, and

approximately 1 weight % methy! S-cotadecenoate (as determined by ge).

Exampie 5
f001686] A 12-Hter, 3-nedk, glass round bottom flask that was equipped with a

magnstic stir bar, heating mantle, and temperaiure controlier was charged with 8.42
kg of the combined reaction products from examples 1-4. A cooling condenser with
a vacuum iniet was attached to the middle neck of the flask and a receiving flask was
connected to the condenser. Hydrocarbon olefing were removed from the reaction
product by vacuum distillation over the follow range of conditions: 22 - 130 °C pol
temperaturs, 19 - 70 °C distillation head temperature, and 2000 - 160 utorr pressure.
The weight of material remaining after the volatile hydrocarhons were removed was
5.34 kg. An aliquot of the non-volatile product misdure was found by gas
chromalographic analysis Tollowing fransesterification with 1 % wiw NaOMe in
methanol at 60 °C fo contain approximately 32 weight % methyl 9-decenoate,
approximately 23 weight % methyl 9-dodecenocate, approximately 4 weight %
dimethyl S-octadecenedioate, and approximately 5 weight % methyl 8-

octadecencate {(as determined by go).

Example 6
[00167] A 12-iter, 3-neck round botiom flask that was fitted with a magnetic stir

bar, condenser, heating mantle, temperature probe, and gas adaptsr was charged
with 4 liters of 1% w/w NaOMe in MeOH and 5.34 kg of the non-volatile product
mixture produced in example 5. The resulling light yellow helerogensous mixiure
was stirred at 60 °C. After about an hour, the mixture lurned a homogeanegous orange
color (detected pH = 11.} After a {otal reaction time of 2 hours, the mbdure was
coolad 1o ambisnt temperature and two [ayers ware ohserved. The organic phase
was washed fwice with 3 L of 50 % {v/v) agueocus MeOH, separaled, and neutralized
by washing with glacial HOAc in MeOH (1 mol HOAc/mol NaOMe) to a dstected pH
of 8.5, vielding 5.03 kg.
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Example 7
[00168]
packed column, and temperature controlier was charged with the methyl ester

Aglass, 12 1, §-neck round bottom flask fitted with a magnstic stirrer,

mixiure {5.03 kg) produced in example 8 and placed in the healing mantle. The
column attached to the flask was a 2-inch x 36-inch glass column containing 0.18°
Pro-Pak™ stainless stesl saddles. The distillation column was attached to a
fractional distiliaion head to which a 1 L pre-weighed round bottom flask was fitted
for collecting the distillation fractions. The distillation was carried out under vacuum
at 100120 ytorr. A reflux ratio of 1.3 was used for isolating both methy! 8-decenoate
{9-DAME} and methyl 9-dodecenoate (8-DDAME)}. A reflux ratio of 1.3 referred fo 1

drop coliscied for every 3 drops sent back to the distillation column. The samples

collscted during the distillation, the vacuum distillation conditions, and the 9-DAME

and 9-DDAME content of the fractions, as determined by gc, are shown in Table 1.

Combining fractions 2-7 vielded 1.46 kg methyl 8-decenoate with 89.7 % purity.

After colleciing fraction 186, 2.50 kg of material remained in the distiliation potr twas

found by gc to contain approximately 14 weight % 9-DDAME, approximately 42

weight % methyl palmitaie, and approximately 12 weight % methyl siearate.

TABLE 1
Distillation Head Pottemp. | Vaouum Weight (g) 9-DAME S-DDAME
Fractions # | temp. °C) {°C) {utorr) ~ ’ {wit%]) (Wi}
1 40-47 104-108 110 5.8 g0 ]
2 45-48 108 110 324 ag 0
3 47-48 105-110 120 2238 98 ¢
4 49-50 110-112 120 283 g9 Y
5 50 108 i10 555 a8 6
5 50 108 110 264 98 0
7 50 112 110 171 99 ¢
8 51 114 110 78 a7 1
g 85-70 126-128 110 87 47 23
10 74 130-131 110 64 ¢ 75
11 75 133 110 52.3 G 74
12 78 135-136 110 38 0 79
13 78 136-138 100 52.4 ¢ 20
14 75 138-138 10 5.5 ¢ 35
15 76-77 140 110 123 8 8a
16 78 140 100 428 6 100
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Example 8
[00168] A reaction was performed by the general procedures described in

example 1 with the following changes: 2.2 kg SBQ, 7 mol propene/mol SBQO double
bond, and 200 myg [1,3-Bis-{2 4, 6-trimethylphenyl}-2-
imidazolidinylidens]dichlororuthenium({benzylidene}{iricyclchexyl-phosphine) [C848
catalyst, Materia Inc., Pasadsna, California, USA, 90 ppm {wiw) vs. SBCl at a
regction lemperalure of 40 °C were used. The calalyst removal step using bieaching
clay also was replaced by the following: after venting excess propeng, the reaction
mixture was transferred into a 3-neck round bottom flask to which
tris{thydroxymethyliphosphine {THMP, 1.0 M in isopropanol, 50 mol THMP/mol
(C848) was added. The resulting hazy yeliow mixiure was stirred for 20 hours at 80
°C, transferred to a 6-L separatory funnsl and exiracted with 2 x 2.5 L deionized
H2(0. The organic layer was separated and dried over anhydrous Na;SO, for 4

hours, then fillered through a fritted glass filler containing a bed of silica gel.

Example 9
f00178] A reaction was performed by the general procedures describad in

example 8, except that 3.6 kg S3BO and 320 mg C848 calalyst were used. Following
catalyst removal, the reaction product from example 9 was combined with that from
example §, yielding 5.12 kg of material. An aliquot of the combined product mixture
was found by gas chromatographic analysis following transesterification with 1 %
wiw NaOMe in mathanol 3t 60 °C to contain approximately 34 weight % methyl 9-
decenoate, approximately 13 weight % methyl S-undscenoate, < 1 weight %
dimethyl 8-octadecenedioate, and < 1 weight % methyl S-octadecenoate (as
determined by go).

f00171] Hydrocarbon olefins were removed from the 5.12 kg of combined
reaction product described above by vacuum distillation by the general procedure
described in example 5. The weight of material remaining after the volatile olefins
weare removed was 4.0 kg, An aliguot of the non-volatile product mixture was found
by gas chromatographic analysis following fransesterification with 1 % w/iw NaOMe
in methanol at 60 °C {o contain approximately 48 weight % methyl 9-decenocale,

approximately 18 weight % methyl 8-undecencate, approximately 2 weight %
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dimsthy! S8-octadecenadioate, and approximately 1 waight % methyl 9-

octadecenoate {as determinad by go).

Example 10
f00172] Two reactions were performed by the general procedures described in

sxample 8, except that for each reaction, 3.1 kg 8BGO and 280 mg C848 catalyst
were used. Following catalyst removal, the reaction products from the two
preparations were combined, vielding 5.28 kg of material. An aliquot of the
combined product mbdure was found by gas chromatographic analysis following
transesterification with 1 % w/w NaOMe in methanol at 60 °C to contain
approximately 40 weight % methyvl 9-decenoate, approximately 13 weight % methyl
S-undecenoate, approximately 2 weight % dimethy! 8-octadecenedioate, and
approximately 1 weight % methy! S-octadecenoate (8s determined by go).

f00173] Hydrocarbon olefins were removed from ihe 5.28 kg of combined
reaciion product by vacuumn distiliation by the gensral procedure described in
example 5. The weight of material remaining afler the volalile olefins were removed
was 4.02 kg. An aliquot of the non-volatile product mixture was found by gas
chiromatographic analysis following transesterification with 1 % w/w NaOMe in
methanol at 60 °C o contain approximately 48 weight % methyl 8-decenocats,
approximately 16 weight % methyl 8-undecencate, approximately 2 weight %
dirnethy! S-octadecenedioats, and approximately 3 weight % methyl 9-

octadecenocate (as determined by ge).

Example 11
f00174] By the general procedures described in example 10, iwo metathssis

reactions were periormed using SBO, 7 mol ds-2-bulene/mol SBO double bond, and
220 mg C845 catalyst’kg SBO. Following catalyst removal, the reaction products
from the two preparations ware combined, yielding 12.2 kg of material. An aliquot of
the combined product mixture was found by gas chromatographic analysis following
transesterification with 1 % wiw NaOMe in methanc! at 60 °C {o contain

approximately 49 weight % methyl 9-undecenoals, approximately 2 weight %
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dimsthy! S8-octadecenadioate, and approximately 1 weight % methyl 9-
octadecenoate {as determinad by go).

f00175] Hydrocarbon olefins were removed from the 12.2 kg of combined
reaction product by vacuum distiliation by the general procedure described in
example 5. The weight of material remaining after the volatile olefins wers removed
was 7.0 kg. An aliguot of the non-volatile product mbdure was found by gas
chromalographic analysis following fransesterification with 1 % wiw NaOMe in
methanol at 60 °C to contain approximately 57 weight % methyl 8-undecenoats,
approximatsly 4 weight % dimethyl 8-octadecenedioate, and approximately 2 weight

% methyl 9-octadecenocate (as determined by ge).

Example 12

f001786] By the general procedures described in example 1, approximately 7 kg of
cross metathesis product was produced by reacting SBO with 3 mel 1-bulene/mol
SBO double bond using 43 mg €827 catalyst/kg SBO, foilowing calalyst ramoval
with THMP. An initial 2.09 kg portion of the metathesis product was hydrogenated at
136 °C and 400 psig Hy uniil hydrogen uptake ceased in a one gallon baitch

autoclave using 105 g of Johnson-Matthey A-7000 Sponge Metal™

catalyst. The
rasulling mixture was filtered warm (22-85 °C}, vielding 1.40 kg filrate and 380 g of &
mixture consisting of the catalyst and the hydrogenated product. The entirety of the
catalyst-containing mixture was refurnad to the one gallon reacior glong with a
second 2.18 kg portion of the melathesis product and a second hydroganation
reaction was similarly carried out until hydrogen uplake ceased. The calalyst was
allowad to settle and the majority of the organic product was decanted and fillered,
yielding 1.99 kg filtrate and 380 g catalyst-hydrogenated product mixture. The
remaining approximately 3 kg of melathesis product was hydroganated in two
additional batch reactions that in like manner were carried out using the catalyst from
the previous reaction, yielding 1.65 kg and 1.28 kg of hydrogenated product,
respeciively. The lotal weight of hydrogenated product that was isolated after
filtration was 8.32 kg. Aligunis of the hydrogenated product were found by gas
chromatographic analysis to contain approximately 30 weight % Ce-Cqg n-paraflins

and approximately 70 weight % triglycerides. The relative distribution of the Cy-Cia
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n-paraffins contained in the hydrogenated product compares wall with the calculatad
distribution of olefins by carbon number: observed (calculated) 2.3 (0.6) weight %
Ca, 35.6 (36.2) weight % Cq, 30.0 (27.6) weight % Cq, 0.6 (0.1} weight % Cyy, 22.2
(23.8) weight % Cqz, 3.4 (3.7) weight % Cqs, 0.1 {0.0) weight % Cis, 4.4 {6.3)
weight % Cqs, 0.4 {G.4) weight % Cig, 0.1 {0.0) weight % Cq7, and 1.0 (1.6} weight
% Cra.

[00177] The paraffin components were separated by wipad film evaporation from
a 4.84 kg aliquot of the hydrogenated paraffinftriglyceride product, An initial wiped
film evaporation was carried cut at 75 °C, 160 torr, 300 rpm, and condensation
temperature of 15 °C using a feed rate of 300 g/h and vielded a condensate that was
subjected to a second wiped film evaporation at 125 °C, 80 torr, 300 rpm, and
condensation temperature of 10 °C fo remove the lighter alkanes. The resultant
residual liquid was found by gas chromatography to contain the following distribution
of n-alkanes: 17.5 weight % Gy, 1.7 weight % Cs, 31.0 weight % Ce, 28.3 weight %
Cig, 0.6 weight % Cqq, 17.4 weight % Cip, 2.1 weight % Cqaz, 0.1 weight % Cas, 1.2
weight % Cqs, 0.1 weight % Cis, 0.0 weight % Ci7, and 0.1 weight % Cis. The
material was found to have a heat of combustion of 43.86 Mdfkg (ASTM D3338;3,
less than 1 mg/kg sulfur (ASTM D5453), density of 0.7247 (ASTM D4052), and &
final boiling point of 232.3 “C (ASTM D86}, indicating the majorily of this material

would be suitable as a blend stock in a fuel application such as diesel or jet fusl.

Example 12

{08178]  An oligomerization reaction of 1-olefin/1,4-diene (92 wi% 1-decene, 4.5
wt% 1.4-decadiene, 2 wi% 1,4-undecadiens) that was produced from the cross
metathesis of palm ol with 1-oclens was performed on a 550 g scale using 1.1 mol%
ethyl aluminum dichloride (1M solution in hexane) 1.1 mol% tert-butyl chioride for 3
hours at 10 °C. The reaction mixture was quenched with watsr and 1M sodium
hydroxide solution and stirred until it became colorless. Hexane (300 ml) was added
and mixture was iransferred to a separatory funnasl. The organic layer was washed
with water and brine, and then concentrated on a rotary evaporator to remove the
hexane. The oligomeric mixiure was devolatilized via short path vacuum distiilation

{100 °C and 5 Torr) and the product distribution was determined to be 97% mixture
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oligomers by GC/MS. The dynamic viscosity (Brookfield, #34 spindle, 100 rpm, 22
°C} of the sample is 540 cps. The kinematic viscosily for the sample a1 40 °C is 232
¢St

[60179] The aforementioned examples ulilized the following analytical methods
described below:

f00188]  Volatile products wers analyzed by gas chromatography and flame
jonization detector (Fib). Alkene analyses were performed using an Agilent 8890
instrument and the following conditions: column = Restek Rix-5, 30m x 0.25mm (1D}
X 0.25um fikm thickness; injsctor lsmperature = 280 °C; detector temperature = 280
°C; oven temperature = 35 °C siarting temperature, 4 minute hold time, ramp rate 12
“Cimin t0 260 °C, 8 minute hold time; carrier gas = helium; mean gas velocity = 31.3
* 3.8% cm/sec {calculaied); and splitratio = ~50:1.

f00181] The products were characterized by comparing peaks with known
standards, in conjunction with supporting dala from mass spectrum analysis (GCMS-
Agllent 3973N). GCMS analysis was accomplished with a second Rix-5, 30m x
0.25mm (1D} x 0.25um #ilm thickness GC column, using the same msthod as above.
001821  Alkane analyses were performed using an Agilent 6850 instrument and
the following conditions: column = Restek RI-65, 30m x 0.32mm (1D} x 0 1uym film
thickness; injector temperature: 250 °C

Detector temperature = 350 °C; oven temperature = 55 °C starting temperature, §
minuie hold time, ramp rate 20 “C/min to 350 °C, 10 minule hold time; carrier gas =
hydrogen; flow rate = 1.0 ml/min; and split ratio = 4011,

[06183] The products wers characterized by comparing peaks with known
standards. Fatty acid methyi esler (FAME) analyses were performed using an
Agilent 6850 instrument and the following condiions: column = J&W Scientific, DB-
Wa, 30m x 0.32mm (ID) x 0.5um film thickness; injector lemperature = 250 °C;
detector temperature = 300 °C; oven temperature = 70 °C starting temperature, 1
minute hold time, ramp rate 20 °C/min to 180 °C, ramp rate 3 *C/min 1o 220 °C, 10
minute hold time; carrier gas = hydrogen,; and flow rate = 1.0 mL/min,

[00184] The examples above collectively demonsirate the major steps described

in the process schemes, showing the production of olefins, parafiins, metathesized
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triglycerides, unsaturated fatly acid esters and acids, and diacid compounds from

natural oils that are useful as chemicals, solvents and fuels blending stocks.

Materials and Methods for Isomerization Suppression Experiments

[00185] Uniess otherwise indicated, all chemicals were used as received and
without drying. Palm oil was obtained from Wilmar International Limited. Kirkland
soybean olf was purchased from retail sources. 1-Octene was purchased from
Sigma Aldrich. C827 ruthenium catalyst was obtained from Malerig, Inc.
Phosphorous acid {spec. 8§22, lof no. 2010-05-14, supplisd neat) and phosphinic acid
{spec. 805, ot no. 081008, 50 wi% in waler) were obtained from Special Malerials
Company. Silica gel was Davisil Grade 633 (W. R. Grace & Co. supplied through
Sigma Aldrich, pore size 60 A, 200-425 mesh, baich no. 047207TD). Magnesol
Polysorb 30/40 was supplied by Dallas Corporation (SRR 000-60-4),

[08186] Uniess otherwise specified, all isomerization resuils were derived from a
small scale isomerization (881} unit as described below. By way of illustration, taking
the amount of terminal-to-intermal migration as a represeniative and non-limiting
example, the degree of isomerization can be calculated by first obtaining the quotient
of (i} the amount of internal isomers as represented, for example, by the areas under
gas chromatograpy (GC) peaks corresponding o these internal isomers to (i) the
total amount of all isomers—~both terminal and intermnal—as represented, for
example, by the arsas under the GC peaks corresponding o thase isomers, and
then multiplying this quotient by 100. Analogous calculations can be performed to
determine the amount of internal-to-terminal migration and/or the amount of internal-
to-internal migrations. Table 2 below summarizes isomerization suppression resulis

from various P-acids.

Example 14 — Small Scale Isomerization (88D Studies

{06187 Metathesized samples were heated fo 250 °C for one hour under
nitrogen after suppression reatment. Duplicates runs were conductad on both the
sample to be tested as well as a control sample which had not been treaied. Degree
of isomerization was determined by taking the otal of isomers of methyl 8-decencate

divided by the fotal amount of methyi decencate mulliplied by 100
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[00188]  The small scale isomarization unit includes a cyiindrical aluminum block
having several holes (e.g., six to eight) drilled therein. The aluminum block is placed
on a hot plate and heated fo the requisite temperature. Small amounts (typically
sgveral grams) of melathesis product are placed in glass tubes, which are then filted
with plastic heads providing an opening for a slight positive pressure of nitrogen fo
be present above the mixture. Afler purging the samples for 30 minutes under
nitrogen, the mbdures are heated to 250 °C {with or without stirring} for one hour by
placing the glass tubes in the opening of the aluminum block, The resulling
triacylglycerides{TAGs) are then transesterified with methanol and base and the
resulting FAMESs are analyzed by GC. in some embodiments, methyl S-decenoate is

measured vis-a&-vis the amount of its internal isomers {if any).

Example 15 - Preparation of a Cross-Metathesized Olefin Product

001891 Qclenylized palm oil was prepared as follows. At a 3:1 molar ratio, 1-
oclene (33.33 g} was added to paln oil (50 g}, which had been pre-treated by
heating at 200 °C or above for one hour with N, sparging. As used herein, the mols
ratio of cross agent {e.g., 1-octene) i oil refates to the molar ratio of double bond
content. In the oil, the double bond content is calculated from the relative ratio of the
key fatly acids present {each with its own olefin content}, all of which can be readily
determined by gas chromatography after transesterification. Thus, in this example, a
3:1 mole ratio refers to having a 311 ratio of cross agent double bonds to the tolal
double bonds of the oil. The resuitant maierial was then healed with stirring to 60 °C
with Nj sparging for 30-45 minutes. Once oxygen had been removed, the nitrogen
ling was pulled up into the headspace. The metathesis catalyst (C827; 2.75 mg,
approximalely 55 ppm loading) was then added. The reaction was run for two hours

with periedic sampling of the oil to delermine the extent of conversion of the reaction.

Example 1€ — Phosphorous Acid as Isomerization Suppression Agent

08180]  To 70 grams of cross-metathesized soybean oll (3:1 oclenylized at a 535
ppim catalyst loading), a 50-fold molar excess of a 10% phosphorous acid solution
was added. This 50-fold molar excess relates (o the amount of suppression agent

added compared directly o the amount {moles) of catalyst present. The reaction
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was run af 80 °C for 15 minutes under N and shear mixing. The material was then
transferred under Ny to a larger round-botiomed flask and equipped with a distillation
head. The contents were water washed at a 5:1 oil-to-water ratio for 30 minules
{slirring at 80°C). The stirring was turmed off and the water/oill layers were allowed fo
separate. The waler layer was removed via a pipetie. The unit was then heated to
250 °C for one hour allowing light components to leave the system. The lavel of
isomerization of the botloms product was observed to be 0.2%. The samples were
also run under small scale isomerization (851} and wers found 1o havs only 0.3%
isomerization. The control {(an unirealed oclenclyzed soybean oif) had an 11.5%

level of isomerization.

Example 17 — Phosphinic Acid as Isomerization Suppression Agent

f00191]  To 30 grams of cross-metathesized palm oll {1:1 octenylized at 2 loading
of 40 ppm G827 melathesis catalyst was added a 25-fold molar excess of phosphinic
acid (1M solufion in waler). The resuliant material was heatad o 80 °C for one hour
with stirring under Ny and then tested in a small scale iscmerization (581} unit
{heating at 250 °C for one hour}. The level of isomerization for the phosphinic acid-
treated sample was observed 1o be 0.8% and 0.3% {duplicate runs). Similar behavior
was observed with phosphorous acid. As a point of reference, the level of
isomerization observed for a control sample that was not treated with any

isomerization suppression agent was 27.2% and 31.8% (duplicate runs).

Example 18 — Phosphinic Acid as {somerization Suppression Agent

08192]  To 165 grams of cross-metathesized palm ol (3:1 octenylized at 2 55
ppm calabyst loading), a 100-fold molar excess of a 50% phosphinic acid solution
was added. The reaction was run at 80°C for 1 hour under No. The material was
then transferred under Ny to a larger round-bottomed flask and equipped with a
distiliation head. The contents wers waler washed with a 2.5% phosphinic water
wash {mimic of recycle wash) for 30 minutes (stirring at 80°C). The stiring was
turned off and the waler/oil layers were allowed o separate. A second water wash
containing only fresh water was run for 30 minuies. The lavers were allowed o

separate and the water layer was removed via pipetie. The unit was then heated {o
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250 °C for one hour allowing Hght components to lsave the sysiem. The lavel of
isomerization was observed to be 0.2%. The control {an untreated octenolyzed paim

oil} exhibited 36% isomerization.

Example 18 — Phosphorous Acid/Phosphinic Acid as Isomearization Suppression

Agent

f08183]  To g cross-metathesized vegetable ol having been reacted with a
Grubbs type catalyst and an o-olefin (e.g., 1-octene) is added a mixture of
phosphorous acid and phosphinic acid such that the relative mole ratio of acid to
contained metathesis catalyst is 501, The mixturs is heated to 80-80 °C for one hour
whereupon the resuliant mixture shows litlle isomerization (typically less than about

1 %} when testad via S8L

Example 20 — Removal of Acids via Adsorpiion

f00194] To further demonsirate suppression with removal of the acid {(via
adsorption), the following experiment was conducted. Oclenylized palm oil (30 g, 31
with 55 ppm C827 catalyst was trealed with 100x molar excess of 1M phosphinic
acid at 80 °C for 60 minutes. The resuliant solution was then treated with 0.1 wi%
{based on oil) of Magnesol Polysorb 30/40. The solution was stirred for 30 min at 80
°C and then filtered. The fillered solution was found to have a degree of
isomerization of 0.6% and 0.3% {duplicate runs} as compared {0 an unsuppressed
degree of isometization of 41.2%. To demonstrale that the Magnesol was effective
in removing the acid, the Magnasol-ireated solution was exiracted with water, and
the pH of the water exiract was observed to be neutral (pH=7). By comparison,
when water washing the acids from the treated oil, a pH in the range of 0-1 was

observed.

Example 21 — Solid-Supnort of Isomerization Suppression Agent

f00195] To & grams of Davison silica was added water (22 grams, enough o give
a slurry). Next, 1 gram of 50% phosphinic acid (obtained from SMC) was added.
The resuliant malerial was concenirated under reduced pressure on a rotary

evaporator, and after approxdmately 30 minutes, a while, free-flowing solid {(5.12
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grams} was cbtained, which was used in the next reaction.

[00196]  To 30 grams of a cross-metathesized octenylized palm oil reaction
rixture was added 30 mg (0.1 wt %) of the phosphinic acid-silica gel supported
material prepared as described above. The mixture was stirred and heated under N
for 30 minutes. The material was then filtered and the resultant oil solution was
subjected to isomerization testing. The treated sample showed a maximum degree
of isomerization of only 0.1% under SSI testing, in stark contrast to the 39.2%
degree of isomerization that was observed for a cross-matathesis reaction mixture

that was not treated with isomerization suppression agent.

TABLE 2: P-ACID — ISOMERIZATION SUPPRESSION RESULTS OF P-

ACIDS
Acid E Molar isom. Isom. Cor ¢
oK "g;‘f;y‘;‘;"’ (duplicates) | {Controf) ~Omments
Phosphinic 50 45,08 30.9
Phosphinic 100 15,24 16.3
Phosphinic 100 0.5,05 16.8
FPhosphinic 25 0.6, 0.3 31.8 Higher with ext.
Phosphorous 100 0.2,0.2 224 With and
without water
exi.
Phosphorous 50 0.3,03 37.4 Higher with ext.
Phosphorous excess 0.3 7 Supported
on Magnesol removal agent

[00197] In the event of any inconsistent disclosure or definition between the present
specification and any document cited herein, the disclosure or definition of the present
specification shall be deemed to prevail.

{00198]  The foregoing detailed description and accompanying drawings have
been provided by way of explanation and illustration, and are not intended to limit the
scape of the appended claims. Many variations in the presently preferred
embodiments illustrated herein will be apparent to one of ordinary skifl in the art, and

remain within the scope of the appended claims and their equivalents

CA 2860198 2019-04-12
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[60198] it is to be undersiood that the elements and features recifed in the
appended claims may be combined in different ways to produce new claims that
likewise fall within the scope of the present invention. Thus, whereas the dependent
claims appended below may depend from only a single independent or dependent
claim, it is to be understood that these dependsant claims can, allernatively, be made
{c depend in the allemative from any preceding claim-—whether independent or
dependent—and that such new combinations are o be understood as forming a part

of the present specification.
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CLAIMS:

1. A method for suppressing isomerization of an olefin metathesis product

produced in a metathesis reaction, the method comprising:

adding an isomerization suppression agent to a mixture that comprises the
olefin metathesis product and a residual metathesis catalyst from the metathesis
reaction under conditions that are sufficient to passivate at least a portion of the
residual metathesis catalyst;

wherein the isomerization suppression agent is selected from the group

consisting of phosphorous acid, phosphinic acid, and a combination thereof.

2. The method of claim 1 wherein the olefin metathesis product comprises a
terminal double bond.

3. The method of claim 2 wherein the isomerization comprises conversion of the

terminal double bond to an internal double bond.

4. The method of claim 1 wherein the olefin metathesis product comprises an
internal double bond.

5. The method of claim 4 wherein the isomerization comprises conversion of the

internal double bond to a different internal double bond.

6. The method of claim 4 wherein the isomerization comprises conversion of the

internal double bond to a terminal double bond.

7. The method of claim 1 wherein the olefin metathesis product is a,w-di-
functionalized.

8. The method of claim 1 wherein the olefin metathesis product comprises a
carboxylic acid moiety or a derivative thereof.

CA 2860198 2019-07-26
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9. The method of claim 1 wherein the olefin metathesis product comprises a
carboxylic ester moiety.

10.  The method of claim 1 wherein the olefin metathesis product is selected from
the group consisting of 9-decenoic acid, an ester of 9-decenoic acid, 9-undecenoic
acid, an ester of 9-undecenoic acid, 9-dodecenoic acid, an ester of 9-dodecenoic

acid, 1-decene, 2-dodecene, 3-dodecene, and combinations thereof.

11. The method of claim 1 wherein the olefin metathesis product is derived from a

natural oil.

12.  The method of claim 11 wherein the natural oil is selected from the group
consisting of canola oil, rapeseed oil, coconut oil, corn oil, cottonseed oil, olive oil,
palm oil, peanut oil, safflower oil, sesame oil, soybean oil, sunflower oil, linseed oil,
palm kernel oil, tung oil, jatropha oil, mustard oil, camelina oil, pennycress oil, hemp
oil, algal oil, castor oil, lard, tallow, poultry fat, yellow grease, fish oil, tall oils, and

combinations thereof.

13.  The method of claim 1 wherein the metathesis reaction comprises self-

metathesis of a natural oil.

14.  The method of claim 1 wherein the metathesis reaction comprises cross-

metathesis between a natural oil and a low-molecular-weight olefin.

15.  The method of claim 1 wherein the metathesis reaction comprises cross-
metathesis between a natural oil and a C,-C14 olefin that comprises a terminal double
bond.

16.  The method of claim 15 wherein the natural oil is selected from the group
consisting of canola oil, rapeseed oil, coconut oil, corn oil, cottonseed oil, olive oil,
palm oil, peanut oil, safflower oil, sesame oil, soybean oil, sunflower oil, linseed oil,

palm kernel oil, tung oil, jatropha oil, mustard oil, camelina oil, pennycress oil, hemp

CA 2860198 2019-07-26
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oil, algal oil, castor oil, lard, tallow, poultry fat, yellow grease, fish oil, tall oils, and

combinations thereof.

17.  The method of any one of claims 1 to 14 further comprising extracting the

mixture with a polar solvent.

18.  The method of claim 17 wherein the polar solvent is selected from the group
consisting of water, methanol, ethanol, ethylene glycol, glycerol, DMF, polyethylene

glycols, glymes, and combinations thereof.
19.  The method of claim 17 wherein the polar solvent comprises water.

20. The method of claim 19 further comprising separating an organic phase from
an aqueous phase.

21.  The method of claim 15 or 16 further comprising extracting the mixture with a

polar solvent.

22.  The method of claim 21 wherein the polar solvent is selected from the group
consisting of water, methanol, ethanol, ethylene glycol, glycerol, DMF, polyethylene

glycols, glymes, and combinations thereof.
23.  The method of claim 21 wherein the polar solvent comprises water.

24.  The method of claim 23 further comprising separating an organic phase from
an aqueous phase, wherein a majority of the isomerization suppression agent is
distributed in the aqueous phase and wherein a majority of the olefin metathesis

product is distributed in the organic phase.

25. The method of claim 24 further comprising separating the olefin metathesis

product into a triacylglyceride fraction and an olefinic fraction.

CA 2860198 2019-07-26
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26. The method of claim 25 further comprising transesterifying the triacylglyceride

fraction to produce one or a plurality of transesterification products.

27.  The method of claim 26 further comprising separating the transesterification

products from a glycerol-containing phase.

28.  The method of claim 27 wherein the transesterification products comprise fatty

acid methyl esters.

29.  The method of claim 27 or 28 wherein the residual metathesis catalyst
comprises ruthenium, and wherein a majority of the ruthenium is distributed between

the glycerol-containing phase and the transesterification products.

30. The method of any one of claims 1 to 28 wherein the residual metathesis
catalyst comprises a transition metal selected from the group consisting of ruthenium,

rhenium, tantalum, nickel, tungsten, molybdenum, and combinations thereof.

31.  The method of any one of claims 1 to 28 wherein the residual metathesis

catalyst comprises ruthenium.

32. The method of claim 31 wherein the olefin metathesis product is produced in a
metathesis reaction catalyzed by a ruthenium carbene complex.

33.  The method of claim 32 wherein the ruthenium carbene complex comprises a

phosphine ligand.

34.  The method of claim 32 wherein the ruthenium carbene complex comprises an

imidazolidine ligand.

35.  The method of claim 32 wherein the ruthenium carbene complex comprises an
isopropyloxy group attached to a benzene ring.

CA 2860198 2019-07-26
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36. The method of any one of claims 1 to 35 wherein the isomerization
suppression agent comprises phosphorous acid.

37.  The method of claim 36 wherein neat phosphorous acid is added to the
mixture.

38.  The method of any one of claims 1 to 35 wherein the isomerization
suppression agent comprises phosphorous acid, which is provided in an aqueous

solution having a concentration of between about 1 wt% and about 70 wt%.

39. The method of claim 38 wherein the concentration is between about 5 wt%
and about 50 wt%.

40. The method of claim 38 wherein the concentration is between about 7 wt%
and about 15 wt%.

41.  The method of claim 38 wherein the concentration is about 10 wt%.

42.  The method of any one of claims 1 to 35 wherein the isomerization

suppression agent comprises phosphinic acid.

43. The method of any one of claims 1 to 35 wherein the isomerization
suppression agent comprises phosphinic acid, which is provided in an agqueous

solution having a concentration of between about 1 wt% and about 50 wt%.

44.  The method of any one of claims 1 to 43 wherein the isomerization
suppression agent is added in a molar excess relative to the residual metathesis

catalyst.
45.  The method of claim 44 wherein the molar excess is at least 15to 1.
46. The method of claim 44 wherein the molar excess is at least 25 to 1.

47.  The method of claim 44 wherein the molar excess is at least 35 to 1.

CA 2860198 2019-07-26
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48. The method of claim 44 wherein the molar excess is at least 50 to 1.

49.  The method of any one of claims 1 to 48 wherein the conditions comprise high

shear mixing.

50.  The method of any one of claims 1 to 48 wherein the conditions comprise high

shear mixing and heating.

51.  The method of any one of claims 1 to 50 wherein the isomerization is reduced
to less than 1% by weight of the olefin metathesis product.

52. The method of any one of claims 1 to 51 wherein the isomerization
suppression agent is attached to a solid support.

33.  The method of any one of claims 1 to 52 further comprising adsorbing at least
a portion of the isomerization suppression agent onto an adsorbent.

54.  The method of claim 53 further comprising physically separating the adsorbent

from the mixture.

55.  The method of claim 53 or 54 wherein the adsorbent is selected from the
group consisting of carbon, silica, silica-alumina, alumina, clay, magnesium silicates,

TRISYL synthetic silica, diatomaceous earth, and combinations thereof.

CA 2860198 2019-07-26
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