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ELECTROCHEMICAL SYNTHESIS TO PRODUCE
LUBE STOCK FROM RENEWABLE FEEDS

FIELD

6661} The present disclosure relates to improved methods for producing lube stock
and/or wax from renewable feed sources and lube basestock produced by the methods.
More specifically, this disclosure relates to rocthods of electrochemical synthesis to

produce hube basestock and/or wax from renewable feed sources.

BACKGROUND

[6002] Lube bascstocks are commonly used for the production of lubricants, such as
lubricating otls for automobiles, industrial lubricants and lubricating greases. They are
also used as process oils, white oils, metal working otls and heat transfer fluids.
Finished lubricants consist of two general components, lubricating basc oil and
additives. Lubricating base otl is the major constituent in these finished lubricants and
contributes significantly to the propertics of the finished lubricant. In genersl, a fow
fubricating base oils are used to manufacture a wide variety of finished hibricants by

varying the mixtures of individual fubricating base oils and individual additives.

{3003 According to the American Petroloum Institute (AP classifications, lube
basestocks are categorized in five groups based on their saturated hydrocarbon content,
sulfur level, and viscosity index {Table 1), Lube base oils are typically produced in large
scale from non-rencwable petroleum sources. Group I, I, and i1 basestocks are all
dertved from crude oil via extensive processing, such as solvent extraction, solvent or
catalytic dewaxing, and hydroisomerization. Group IH base oils can also be produced
from synthetic hydrocarbon liquids obtained froro natural gas, coal or other fossi
resources.  Group 1V basestocks, the poly {(alpha olefinsy (PAQ), are produced by
oligomerization of alpha olefins, such as I-decene.  Group V base oils imclude
everything that does not belong to Groups -1V, such as naphthenics, polyalkylene

glycols (PAG) and esters.
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TABLE 1

API classification

Group | Group lf Group I Group IV Group V
% Saturates <90 > 90 > 90 Poly Al others not
% S > 0.03 <{0.03 < 0.03 alpha-olefins belonging to
Viscosity §0-120 80-120 > 120 (PAO) Group IV
ndex (VI}
{3004 Natural oils derived from biclogical spurces are sometimes used as

hubricants, but to a small scale, due to their poor low-temperature propertics and
hydrolysis wstability, The triglycenide esters in natural oils are often hydrolyzed to vield

fatty acids, which can be subsequently converted into esters as synthetic ubricants.

EHEERY For environmental, economical, and regulatory reasons, it is of interest to
produce fuels, chemicals, and lube oils from rencwable sources of biological origin, So
far only esters of renewable and biological origin have been used n applications such as
refrigeration compressor hubricants, bio-hydraulic oils and metal working oils.  In
autorootive and iodusirial lubricants, esters from biological sources are used in very
small fractions as additives due to technical problems as well as their high prices. For
example, ester base oils can hydrolyze readily producing acids, which in turn caunse

corrosion on lubricating systems.

[3806] In contrast, lube basestocks consisting of hydrocarbons from biological
sources do not have those technical problems associated with esters from same sources.
Most common biclogical sources for hydrocarbons are natural oils, which can be derived
from plant sources such as canola otl, castor oil, sunflower seed oil, rapesced oil, peanut
otl, soy bean oil, and tall oil, or derived frovn animal fats. The basic structural unit of
natural oils and fats is a triglyceride, which is an ester of glycerol with three fatty acid

molecules having the structure below:
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wherein Ry, Ry, and R represent C4-Cyy hydrocarbon chains. Fatty acids are carboxylic
acids containing long linear hydrocarbon chains. Lengths of the hydrocarbou chains
most commmonly are 18 carbons (Cig). Cis fatty acids are typically bonded to the middle
hydroxyi group of glycerol. Typical carbon mumbers of the faity acids linked to the two

other hydroxyl groups are even numbers, being between Ciy and Cop.

(6667} In the field of fuels, so-~called renewable source components are now reqguired
both in the US and Europe. Although there is no imminent requirement for lube
products currently, generating prevoium basestocks from renewable sources on a large
scale is attractive for the same policy reasons that led to the position of regulations in
the higher volume fuel arca. In fact, with recent advances in biofucls, natural oils are
becoming increasingly available as feedstocks that provide fuel value comparable to that

of petroleurn oils. Converting these bio-feeds to hubes can give significant value uphift.

[B008] Kolbe reaction is one of the oldest and best-known clectro-organic reactions
and is defined as onec-electron oxidation of carboxylate jons RCOO- with
decarboxylation that leads to a radical R». These radicals can dimerize to form a larger

molecule R-R (Kolbe coupling). The overall reaction 1s summarized as follows:

HHo o L HH O HOH H H H
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Weiper-Idelmann et al, Acta Chemica Scandinavica 52 (1998) pp. 672-682 report
dimerization of fatty acids having long chain hydrocarbons by Kelbe clectro-coupling.

Cross-coupling can also occur in the co-electrolysis of two differcot acids.

e O T
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{3889] US 7,582,777 to Bloom {(issued on September 1, 2009) describes a method for
producing a long chain (Cyn-Cso) polyunsaturated hydrocarbons via electro-coupling of

Cp-Cye fatty acids.

[6016] However, it is known that Kolbe electrochernical coupling is unsuccesstul
when an arylic acid is used {(see Jerry March, Advanced Crganic Chemistry — Reactions,
Mechanisms and Structure, fourth edition, John Wiley & Sons, Inc. 4® Ed. (1992), pp.
729-730).

(6011} It 1s surprisingly found that, by proper choice of solvents, bascs, and a fatty
acid to aryhic acid ratio, homo-coupling of arvlic acids such as phenylacetic acid and

cross-coupling of arylic acids with fatty acids are feasible clectrochemically.

SUMMARY

16612} The present disclosure relates to a process for producing a lube base stock
and/or wax from a feedstock derived from natural ol There is provided a method for
producing a lube basestock and/or wax from a feedstock of biological origin, the method
comprising: providing a fatty acid originated from the feedstock of biological origim and
an aromatic acid in a solvent comprising a base; and electrochemically coupling the fatty
acid and the aromatic acid to produce a hydrocarbon, wherein the molar concentration of

the fatty acid is greater than the molar concentration of the aromatic acid.

[6613] ln another embodiment, there is provided a wmethod for producing a lube
basestock and/or wax from a feedstock of biological origin in a single reactor, the
method comprising: hydrolyzing & triglyceride in the feedstock of biological origin to
one or more fatty acids in the presence of water, wherein the amount of the water is
controlled to be substantially consumed during the hydrolyzing reaction; and
electrochemically coupling the fatty acids in a solvent comprising a base to produce a
hydrocarbon, wherein the base is provided not to be mixed with the triglyceride in the

hydrolyzing reaction.
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{3814} In yet another embodiment, there 1s provided a method for producing a lube
basestock and/or wax from a feedstock of biological origin, the methed comprising:
providing a fatty acid and a di- or tri- carboxylic acid selecied from the group consisting
of malonic acid, succinic acid, glutaric acid, adipic acid, pimelic acid, suberic acid,
scbacic acid, citric acid, isocitric acid, aconttic acid, propane-1,2 3-tricarboxylic acid,
and trimesic acid; and clectrochemically coupling acids to produce a hydrocarbon,

wherein a molar ratio of the carboxylic acid to the fatty acid s in arange of 1:5t0 1:20.

BRIEF DESCRIPTION QF THE DRAWINGS

[G815] Figure 1 1s a scheme illustrating reactions for producing lube basestocks from

renewable sources such as triglycerides.

LHHY Figure 2 1s a scherne illustrating reactions for producing lube basestocks from

a fatty acid and an aromatic acid.

{817} Figure 3 is a scherue illustrating reactions for producing hube basestocks from

a dimer acid.

[G818] Figure 4 is a scheme illustrating a one-pot conversion of triglycerides to

produce lube basestocks and/or wax.

[6319] Figure 5 is a total ion current chromatogram of Kolbe reaction products of

oleic acid m McOH/NaOMe.

[30206] Figure 6 is a chart showing conversion, sclectivity and current efficiency of

Kotbe reaction for different fatty acids.

[0821] Figure 7 is a chart showing GC/MS spectra of cross-coupled product between

phenylenediacetic acid and stearic acid.

[6822] Figure 8 is a chart showing GC/MS spectra of cross-coupled product between

naphthaleneacetic acid and stearic acid.
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13823} Figure 9 is a chart showing GC/MS spectra of cross-coupled produact between

scbacic acid and stearic acid.

DETAILED DESCRIPTION

(6024 Al numerical values within the detailed description and the claims herein are
modified by “about” or “approximately” the indicated value, and take into account
experimental error and variations that would be cxpected by a person having ordinary

skill in the art,

(6025} Lube basestocks have been conventionally produced from petroleum
feedstocks via extensive processing.  Recent attention has been given to processing
renewable feeds for fuel production. Many natural oils contain triglycerides with fatty
acid chains of predonunantly 18 carbon rurnber, which fit into the diesel boiling range.
Prior efforts, however, focused primarily on production of biodiesel or renewable diesel
from natural oils. Thus, it would be advantageous to provide a method for producing

tube basestocks.

(6626} The present disclosure velates to a process for producing lube basestock
and/or wax from a feedstock derived from natural oils. The methods described herein
nvolve, for example, hydrolysis of natural fats forming fatty acids; and clectrochemical
coupling {¢.g., Kolbe coupling) of fatty acids and/or aromatic acids to produce long
chain hydrocarbons, as shown in Figure I, The methods may further comprise various
further processing steps such as hydro-isomerization of the long chain hydrocarbons to

lubes or hydrogenation of the long chain hydrocarbons to waxes.

16627} In anodic coupling of carboxylic acid {Kolbe coupling), a carboxylic group is
oxidized giving radical in the presence of a base {¢.g., sodium methoxide), which quickly
releases U0 forming an alkyl radical. Coupling of the alkyl radical gives a long chain
hydrocarbon by combining the backbone of the starting carboxylic acid. Kolbe coupling
is flexible and works with both saturated and unsaturated fatty acids and their mixtures.

It is known that fatty csters cannot be couple electrochemically. It is surprisingly found
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that esters such as triglycerides can be used for clectrochemical coupling after proper

hydrolysis to fatty acids.

[3028] Advantages of anodic decarboxylation compared with non-electrochemical
radical homo-coupling reactions include simple reaction condition, low electricity cost,
casy scale-up, and readily-available starting compounds (carboxylic acids). Other
ccarboxylation reactions, such as Barton decarboxylation and Hunsdiccker reaction,

tend to leave an vondesivable functional group 1o the products.

[6829] In an cmbodiment, the present disclosure provides a method for producing a
fube basestock or wax from a feedstock of biological origin, the method comprising:
providing a fatty acid originated from the feedstock of biological origin and an aromatic
acid in a solvent comprising a base; and clectrochemically coupling the fatty acid and the
aromatic acid to produce a hydrocarbon, whercin the molar concentration of the fatty
acid is greater than the molar concentration of the aromatic acid.  The method 18
advantageous in that the presence of aromatics in basestocks improves its solvency. An

example of Kolbe coupling of an aromatic acid and a fatty acid is illustrated in Figure 2.
g ¥

[G030] In another crabodimaent, there is provided a method for producing a lube
basestock or wax from a feedstock of biological origin n a single reactor, the method
comprising: hydrolyzing a triglyceride in the feedstock of biological origin to one or
more fatty acids in the presence of water, wherein the amount of the water is controlled
to be substantially consumed during the hydrolyzing reaction; and electrochemically
couphing the fatty acids in a solvent coraprising a base to produce a hydrocarbon,
wherein the base is provided not to be mixed with the triglyceride in the hydrolyzing
reaction. This method can be carried out in a single reactor, i.¢., one-pot conversion, as

tthustrated in Figure 4.

1831} In yet another embodiment, there 1s provided a method for producing a lube
basestock or wax from a feedstock of biological origin, the method comprising:
providing a fatty acid and a carboxylic acid selected from the group consisting of
malonic acid, succinic acid, ghitaric acid, adipic acid, pimelic acid, suberic acid, sebacic

acid, citric acid, isoctiric acid, aconitic acid, propanc-1.2 3-tricarboxyhic acid, and
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trimesic acid; and electrocheroically coupling acids to produce a hydrocarbon, wherein a

molar ratio of the carboxylic acid to the fatty acid 18 in a range of 1:5 t0 1:20.

{6832} In yet another embodiment, there is provided a method for producing a lube
basestock or wax from a feedstock of biological ornigin, the method coraprising:
providing one or more dimeric acids. The coupling would give a larger hydrocarbon
molecule having 70 carbons as illustrated in Figure 3. Stearic acid may be added as a

capping agent, providiog larger molecules.

6833} In various embodiments, the methods for producing a lube bascstock or wax
described herein may further comprises hydrolyzing a triglyceride originated from the
feedstock of biological origin to produce s fatty acid. Methods for hydrolyzing a
triglyceride are well known 1o the art, and any of such conventional methods can be used
in the methods describes herein.  Also, the methods may further comprises various
further processing steps, such as hydroisoruenizing or cracking the hydrocarbon to

produce hlabe basestock, and hydrogenation step to produce wax.

Feedstocks

13834} Feedstocks for the process are drawn either from petroleum sources or from
renewable sources of biological origin, ¢.g., plant, algae or animal {including insect)
origin.  Amimal, algae and plant oils containing tri-glveenides, as well as partially
processed oils containing mono-glycerides and di-glycerides are included in this group.
Another source of feedstock 15 phospholipids or saccharolipids containing fatty acid
esters in their structure, such as phosphatidyl choline and the like present in plant cell
walls. Carbon numbers for the fatty acid component of such feedstocks are generally in

the range of Cjy or greater, ap to Csg.

[6035] Other components of the feed can include a) plant fats, plant oils, plant
waxes; animal fats, animal oils, animal waxes; fish fats, fish oils, fish waxes, and
mixtures thercot] b) free fatty acids or fatty acids obtained by hydrolysis, acid trans-
esterification or pyrolysis reactions from plant fats, plant oils, plant waxes, animal fats,

animal oils, animal waxes, fish fats, fish oils, fish waxes, and mixtures thereof, ¢) esters
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obtained by trans-esterification from plant fats, plant oils, plant waxes, animal fats,
animal oils, animal waxes, fish fats, fish oils, fish waxes, and mixtures thereof, d) esters
obtained by esterification of free fatty acids of plant, awimal and fish ongin with
alcohols, and mixtures thercof, ¢} fatty alcohols obtained as reduction products of fatty
acids from plant fats, plant oils, plant waxes, animal fats, anirnal oils, animal waxes, fish
fats, fish oils, fish waxes, and mixtures thereof; and f) waste and recycled food grade fats

and otls, and fats, oils and waxes obtamned by genetic engineering, and mixtures thereof.

[(3036] Examples of vegetable oils that can be used in accordance with this disclosure
melude, but are not limited to rapeseed (canola) oil, soybean oil, coconut oil, sunflower
otl, palm oil, palm kernel otl, peamut o1l, linseed otl, tall oil, corn oil, castor oil, jatropha
otl, jojoba otl, olive o1l, flaxseed oil, camelina oil, safflower o1, babassu oil, tallow oil
and rice bran oil. Vegetable oils as referred to herein can also include processed
vegetable oil material as @ portion of the feedstock, Non-limiting examples of processed
vegetable oil material include fatty acids and fatty acid alkyl esters.  Alkyl esters
typically include C1-Cs alkyl esters. One or more of methyl, ethyl, and propy! esters are

desirable,

[6037] Examples of animal fats that can be used in accordance with the disclosure
inchade, but are not limited to, beef fat (tallow), hog fat (lard), turkey fat, fish fat/oil, and
chicken fat. The animal fats can be obtained from any suitable source including

restaurants and meat production facilities.

[3638] Awnimal fats as referred to hercin also include processed animal fat material,
Noun-limiting examples of processed animal fat material include fatty acids and fatty acid
alkyl esters.  Alkyl csters typically include C-Cs alkyl esters.  In particular

embodiments, atkyl esters are one or more of methyl, ethyl, and propyl esters.

[6039] Algac oils or lipids can typically be contained i algae m the form of
membrane components, storage products, and/or metabolites.  Certain algal strains,
particularly microalgae such as diatorns and cyanobacteria, can contain proportionally
high levels of lipids. Algal sources for the algac oils can contain varying amounts, e.g.,

from 2 wi% to 40 wt% of hipids, based on total weight of the biomass itself.
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{3840] Algal sources for algae oils can include, but are not limited to, unicellular and
multicellular algae. Examples of such algae can include a rhodophyte, chiorophyte,
heterokontophyie, tribophyte, glaucophyte, chiorarachniophyte, euglenoid, haptophyte,
cryptomonad, dinoflagellum, phytoplankton, and the like, and combinations thereof. In
onc embodirment, algac can be of the classes Chlorophyceae and/or Haptophyta, Specific
species can include, but are not limited to, Neochioris oleoabundans, Scenedesmus
dimorphus, Euglena gracilis, Phaeodactvium tricornutum, Pleurochrysis carterae,
Prymnesium parvum, Tetraselmis chui, and Chiamydomonas reinhardiii, Additional or
alternate algal sources can include one or more microalgae of the Achnanthes,
Amphiprora,  Amphorae, Ankistrodesmus, Asteromonas, Boekelovia,  Borodinella,
Botryococcus, Bracteococcus, Chaetoceros, Carteria, Chiamydomonas, Chiorococcum,
Chlorogonium, Chiorella, Chroomonas, Chrysosphaera, Cricosphaera,
Crypthecodinium, Crypiomonas, Cvclotella, Dunaliella, Ellipsoidon, Emiliania,
Eremosphaera, Friodesaius, FEuglena, Franceia, Fragilavia,  Gloeothamnion,
Haematococcus, Halocafeteria, Hymenomonas, {sochrysis, Lepocinclis, Micractinium,
Monoraphidium, Nannochloris, Nannochloropsis, Navicula, Neochioris, Nephrochloris,
Nephroselmis, Nitzschia, Ochromonas, Oedogonium, Qocysils, Ostreococcus, Paviova,
Parachiorella, Pascheria, Phaeodactvium, Phagus, Platymonas, Pleurochrysis,
Pleurococcus, Prototheca, Psewdochiorella, Pyramimonas, Pvrobotrys, Scenedesmus,
Skeletonema, Spyrogvra, Siichococcus, Tetraselmis, Thalassiosira, Viridiella, and
Volvax species, and/or one or more cyanobacteria of the Agmenellum, Anabaena,
Anabaenopsis, Anacystis, Aphanizomenon, Arthrospira, Asterocapsa, Borzia, Calothrix,
Chamaesiphon,  Chiorogloeopsis,  Chroococcidiopsis,  Chroococcus,  Crinalium,
Cyanobacierium, Cvanobium, Cyanocystis, Cyanospira, Cyanothece
Cylindrospermopsis, Cvlindrospermum, Dactviococcopsis, Dermocarpella, Fischerella,
Fremyella,  Geitleria,  Geitlerinema,  Gloeobacter,  Gloeocapsa,  Gloeothece,
Halospiruling, fyengariella, Lepiolyngbya, Limnothrix, Lyngbya. Microcoleus,
Microcystis, Myxosarcing, Nodularia, Nostoc, Nostochopsis, Oscillatoria, Phormidium,
Plankiothrix, Pleurocapsa, Prochiorococcus, Prochioron, Prochiorothrix,
Pseudanabaena, Rivularia, Schizothrix, Scytonema, Spiruling, Stanieria, Starria,
Stigonema, Symploca, Synechococcus, Synechocysiis, Tolypothrix, Trichodesmium,

Tvchonema, and Xenococcus species,
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{3841} Other feeds usable in the present disclosure can include any of those that
comprise primarily triglycerides and free fatty acids (FFAs). The triglycerides and FFAs
typically contain aliphatic hydrocarbon chains in their structure having from R to 36
carbons, particularly from 10 to 26 carbons, for example from 14 to 22 carbons. Types
of triglycerides can be determined according to their fatty acid constituents. The fatty
acid constituents can be readily determined using Gas Chromatography (GC) analysis.
This analysis involves extracting the fat or otl, saponifying (hydrolyzing) the fat or oil,
preparing an alkyl {(e.g., methyl) ester of the sapounified fat or oil, and determining the
type of (methyl) cster using GC analysis. In one embodiment, a majority (1.c., greater
than 50%) of the triglyceride present in the lipid material is made of Cyp to Uy fatty acid
constituents, based on total triglyceride present in the lipid material.  Further, a
triglyceride 18 a molecule having a structure identical to the reaction product of glycerol
and three fatty acids. Thus, although a iniglyceride is described herein as being
comprised of faity acids, it should be understood that the fatty acid component does not
necessarily contain a carboxylic acid hydrogen. If triglycerides are present, a majority of
triglycerides present in the feed can particularly be comprised of Cyy to Cyp fatty acid
constituents, based on total trigiyceride content.  (Other types of feed that are derived
trom binlogical raw material components can include fatty acid csters, such as fatty acid

alkvl esters {e.g., FAME and/or FAEE).

[6042] For reactions with feedsiocks bhaving a relatively higher degree of
unsaturation, an acidic catalyst can be used to promote dimerization and oligomerization.
The dimers and oligomers are branched or having cyclic stractures, which can be
coupled with another carboxylic acid electrochemically forming coupled products of
higher carbon numbers.  Subscquent hyvdrogenation under the action of the
hydrogenation catalyst produces saturated, branched or cyclized hydrocarbons than can

be naturally very low in wax and require little if any dewaxing.

[(3843] One method for characterizing the triglycerides in a feedstock 1s based on the
number of carbons in the side chains, While some feedstocks may have consistent
numbers of carbons in each side chain, such as in 8 tristearin feedstock, many types of
triglyeerides will have variations in chain length between molecules and cven within

molecules. In order to characterize these variatiouns, the average nurober of carbous per
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side chain in the triglycerides can be determined. By defimtion, a trighycenide contains
three side chains. Hach side chain contains a number of carbons, as mentioned above.
By averaging the nurober of carbons in ecach side chain for the triglycerides i a
feedstock, an average side chain length can be determined. The average number of
carbons {also referred to as average carbon number) per side chain i the feedstock can
be used as a comparative value for characterizing products. For example, the average
number of carbons per side chain in the feedstock can be compared with the average
number of carbons in hydrocarbons generated by converting and/or isomerizing the

trighyceride-containing feedstock.

68441 With regard to triglyceride content, the feedstock can include at least 10 wit%,
such as at least 25 wi%, and particularly at least 40 wi%, or at least 60 wi%, or at least
80 wt¥%. Additionally or alternately, the feed can be composed entirely of triglycerides,
or the triglyceride content of the feed can be 90 wt% or less, such as 75 wt% or less, or
50 wt% or less. The methods described herein are suitable for conversion of
triglycerides  to lubricant products, so higher contents of triglycerides may be

advantageous.

[6845] Biocomponent based feedstrears have a wide range of nitrogen and/or sulfur
contents depending on the feed sources. For example, a feedstream based on a vegetable
o1l source can contain up to 300 wppm nitrogen.  In some cmbodiments, the sulfur
content can be 500 wppm or less, for example 100 wppm or less, 58 wppm or less, or 10

wppm or less, where wppm stands for parts per million by weight.

[6046] In an embodiment, the feedstock of biological origin is selected from the
group consisting of rapesecd oil, soy bean oil, palm o1l cameling oil, jatropha oil, jojoba

oil, fish oil, lard, beef tallow, and algae oil.

13847} In another embodiment, fatty acid is selected from caprylic acid, capric acid,
lauric actd, myristic acid, palmitic acid, stearic acid, arachidic acid, behenic acid,
lignocerie acid, cerotic acid, myristoleic acid, palmitoleic acid, sapicnic acid, oleie acid,
claidic acid, vaccenic acid, lingleic acid, linoclaidic acid, a~Linolenic acid, arachidonic

acid, eicosapentacnoic acid, erucic acid, docosahexaenoic acid and a mixture thercof. In
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a particular embodiment, the fatty acid is selecied from lauric acid, mynstic acid,

palmitic acid, stearic acid, arachidic acid and a mixture thereof.

[(3048] In an embodiment, the aromatic acid includes phenylacetic acid,
phenylenediacetic  acid, naphthalencacetic  acid, 1,4-naphthalenedicarboxylic  acid,
2,3-naphthalenedicarboxylic acid, 2,6-naphthalenedicarboxylic acid or a mixture thereof.
In a particular cmbodiment, the aromatic acid is selected from phenylacetic acid,

pheoylenediacetic acid, vaphthalencacetic acid and a vouxture thereof.

[6049] The present inventor found that controlling a molar ratio of an aromatic acid
to a fatty acid may be useful to promote a reaction of the electrochemical coupling of the
aromatic acid and the fatty acid. Therefore, in an embodiment, a molar ratio of an
aromatic acid to a faity acid is controlled to be in a range of 1:5 to 1:20. In a particular
cembodiment, a molar ratio of the aromatic acid to the fatty acid is controlled to be in a

range of 1:7 to 1113,

[G056] Likewise, controlling a molar ratio of a di- or tri-carboxylic acid to a fatty
acid may be useful to promote a reaction of the electrochemical coupling. Therefore, in
an cmbodiment, a molar ratio of a di- or tri-carboxylic acid to a fatty acid is controlied to
be in a range of 115 to 1:20. luv a particular evobodiment, a molar ratio of the carboxylic

acid to the fatty acid is controlled to be in a range of 117 to 1113,

Reaction conditions and nrocess configurations

6051} Properties that are ideal for electrolysis (i.e., polar) are not suttable with that
required to solubilize Kolbe products {(i.¢., non-polar}, and thus, a mixture of polar and
non-polar solvent can be uwsed. The solvent for an clectrochemical reaction of this
disclosure can be selected from, for example, methanol, pentane, hexane, heptane,
octane, nonane, decane, undecane, dodecanc, tolucne, xvlene, sacctoniirile,
dimethylformamide, 4-methylmorpholine and a mixture thereof. A base can be added to
the solvent since addition of a basc generates fatty acid salts that improve the
conductivity. The base for an electrochemical reaction of this disclosure can be selected

from, for example, sodium methoxide and amines of primary (HaNR), secondary
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(HNRR»), or tertiary (NR(R:R1) in nature, where R, Ry, Ry and Ri are the same or
different and are independently selected from hydrocarbyl group containing more than 2
carbon atoms where the hydrocarbyl group can be acyclic or cychic. In a particular
cmbodiment, the solvent comprises methano! and sodium methoxide. Other protic
solvents such as cthanol, 1- or 2-propanol; aprotic solvents such as nitromethane can be
used.  In another particular embodiment, the solvent comprises methano! and

MN.N-dimethyleyclohexylamine.

[3052] The electrochemical coupling is carried out by applying direct current (BC)
with voltages sufficient to maintain current of at least 1 mA. In an embodiment, the
coupling reaction is carried out by reversing voltage of the DC during the
clectrochemical coupling process. The reaction can be carried out cither in batch or
continuous mode. When carrying out in a continnous mode, the reaction mixture is
conttinuously flowing through a pair of electrodes with narrow gap (< 1 mm) held at
desired voltage to maintain current flow. To scale up the process, a series of the narrow
gap clectrochemical reactors {cells) can be stacked either in parallel or in series. The
reservoir holding the reaction mixture optionally can be heated at desired temperature,

.2., 40°C to 100°C to maintain solubility.

Further processing

{HIRRY The product of the reaction descubed herein, if desired, can be hydrofirushed
by subjecting it to low pressure hydrogen over a hydrofinishing catalyst. This process
can clean up residual oxygenates and olefinic unsaturates that may result when the
products are being heated in the presence of the hydrogenation catalyst, which can have
cracking functionality given that it may contain an acidic carrier such as a zeolite, The
hydrofinishing can be carried out cither in a fixed-bed or in an autoclave reactor. The
catalyst can be cither noble metal (Pd, Pt, Rh, Ru, Ir, or combination thereof} or non-
noble metal {(Co, Ni, Fe}, particularly supported on a support such as clay, alumina,
aluminosilicate, silica, titania and zirconia. The weight hourly space velocity can be in
the range of 0.5 to 10 b, under a hydrogen pressure in the range of ambient to 30 MPag,

and a temperature from 150°C to 400°C.
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3854} The lube product can be further fractionated to obtaim desired viscosity grades.
Vacuum distillation is used to obtain, for example, 4 ¢St, 6 ¢5t, 10 ¢St and intermediate
and higher viscosity grades (kinematic viscosity at 100°C).  Typical colurons have
muliiple trays (15) with interval recycle and product purap-around for 2 to 5 product

draws. Following distiliation, additional hydrofinishing can be used to improve stability.

EXAMPLES

Example 1. Determining operating conditions

[BO55] The wield and selectivity of Kolbe electrolysis are determned by the reaction
condition and the structure of the carboxylates. Reaction conditions were tested by
varying the solvent mixtare. Because properties that are ideal for electrolysis (polar) are
not suitable with that required to sclubilize Kolbe products {(non-polar), a mixture of
polar and nou-polar solvent can be used. MeOH is a typical solvent used in Kolbe
synthesis, since it is a superior solvent for most organic acids. The resistance of the
clectrolyte 1s high duc to the low conductivity of fatty acid in methanol. Addition of a
base {e.g., sodium methoxide or N,N-dimethylcyclohexylamine) generated the fatty acid

salts that improve the conductivity,

[3056] The first reaction condition was selected based on an carlier presentation by
Agron Wilson, Idaho National Laboratory. The solvent comprised MeOH, hexancs
{(volume ratic of MeOH:hexanes was 1:1} and N,N-dimethylcyeclohexylamine (20
mmole). Accordingly, the tertiary amines can act as a surfactant to solubilize the long
alkane chains in a relatively polar solvent and electrolyte. They also play a role in
adjusting the pH and polarity of the solution. Hexanes are used to avoid the build-up of
a film on the anode. Using oleic acid wn this solvent mixture, the average current in this
reaction was 0.15A at a voltage of 100V, The conversion, selectivity and current

efficiency of this reaction are 60%, 85% and 70%, respectively, as shown in Table 2.
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TABLE 2

Summary of selectivity and conversion for all reaction conditions {after 3 hours}.

Conversion Current
Solvents (%) Selectivity (%) Efficiency (%)
MeOH/hexane/amine 60 85 70
MeQOH/amine 86 55 73
Me(OH/sodium methoxide 99 8% 69
Acetonitrile/sodium methoxide 14 85 24
[BO57] In the second reaction condition, MeQOH was used as the main solvent and

sodium methoxide as the base. This reaction condition yielded g higher current flow, an
average of 0.25A at SOV, The conversion, selectivity and current efficiency of this
reaction are 99%, §8% and 69%, respectively. The improved performance could be

attributed to the use of sodium methoxide which is a stronger base than amine.

[G858] Comparing the second case relative to the first, hexancs was climinated and
the amine was exchanged for sodium methoxide. To further elucidate the source of
hmitation of the current in our original case (MeOH, amine, hoxanes), hexanes were
removed from the reaction mixture (amine used as the base). The high current was
maintained (average 0.2A at SOV), leading to interpret that the presence of hexanes led to
the low current. Hexanes were subsequently eliminated from the experiments described
below. The conversion, sclectivity and current efficiency of this reaction are 86%, 55%
and 75%, respectively.  Also, it was noted that in cases where precipitation of products
was observed, addition of hexanes or dodecanc did not appear to aid in product
solubility. The solubility of the products was enhanced by keeping the reactor in a water

bath held at 30°C.

[B059] In all of the above reactions, Kolbe electrolvsis of oleic acid afforded a
symmetrical dimer in a homo-coupling reaction {parent peak at m/z = 474). However,
by-products arc often obtained — alkane (R~-CHa, parent peak at wy/z = 240) and alkene
(R=CH,, parent peak at myz = 238) that result from disproportionation, and
transesterification product, R-CH,-COO-CHy (parent peak at m/z = 298) (see TIC

chromatogram in Figure 53 The acid that was converted to methyl ester {due to the
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presence of MeOH and base in the reaction mixture) during electrolysis evades
conversion into radicals. Since a transesterification product was often observed, the
main solvent MeOH was replaced with acetonitrile. A low current was observed (0.1A
at 125V}, and the coupling product was detected. FAME {(a common by-product) was
clirminated. The conversion, however, was sigatficantly lower. DMF has been reported
to be another suitable solvent for Kolbe reaction. Exploring an alternative solvent to
McOH is important since i later experiments, triglycerides will be used as a feed in

Kolbe reaction and their conversion to methyl ester should be avoided.

Exarople 2. Varving degree of unsaturation and chain length in fatty acids

[(3060] The fatty acid composition n triglycerides varies i their chaim length and
degree of unsaturation. To investigate the effect of faity acid structure on efficiency of
Kolbe electrolysis, five different types of fatty acids (17 mmole) were used in Kolbe
synthesis.  They are palmitic acid (C16:0), stearic acid (CIR:0), oleic acid {C18:1),
linoleic acid (C18:2) and linolenic acid (C18:3), all of which are fatty acids commonly

found m otls. The solvent comprised MeQOH and amine.

(6061} The results suggest that the conversion and sclectivity of the process is
mfluenced by the type of acids reacted. Stearic acid appeared to give the best results 1o
terms of both selectivity and conversion. ft was noted that both saturated acids Cig and
Ciz gave wax-like solids that were soluble in €S, The conversion and selectivity
decrease as the number of double bonds in the iy molecule increases. For Kolbe
reactions invelving linoleic and hnolenic acids, the current was low and polymer-like
precipitates were observed. Unlike the solid products from the saturated acids, these
precipitates were not soluble in CS,. Elemental analysis revealed that these materials
comprise mainly of carbon and hydrogen with H to C atomic ratio of 1.7 where only

trace amount of N were detected.

Example 3. Electrochemical synthesis with fatty acids and aromatic acids

13862} The presence of arornatics in basestocks iuproves iis solvency. An attempt

was made to incorporate aromatics into fatty acids. First, to corroborate aromatic acids
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can undergo Kolbe coupling, phenylacetic acid was used in electrolysis (19 mmole).
Homo-coupled product {parent peak at m/z = 182) was observed. The conversion and
selectivity of the reaction are shown in Table 3. The solvent for reactions below

comprised MeOH and sodium methoxide.

TABLE 3

Summary of selectivity and conversion for Kolbe coupling involving

arommatic acids {calculated based on aromatic acids)

Conversion {%:) Selectivity (%)
Phenylacetic acid 83 KG
Phenylacetic acid + Stearic acid (1:1) 94 52
Phenylenediacetic acid + Steanic acid (1:180) 89 ~100
Phenylenediacetic acid + Oleic acid (1:10) ~130 ~100
Naphthaleneacetic acid + Stearic acid (1:10) ~100 87

(3063} In hetero-coupling, two different acids can be co-clectrolyzed.  To form
molecules with high solvency properties, an attempt was made to link aromatic rings to
the long chain alkance. The first atternpt for linking aromatics with fatty acid involved
pheoylacetic acid and stearic acid (mol ratio 1:1, 20 mmole of total acid). Cross-coupled
product was detected (parent peak at m/z = 330), making up 52% of the total amount of
aromatic products. Homo-coupled products of phenylacetic acid and stearic acid were
also observed. The ratio of homo- and cross-coupled products is largely determined by
the relative concentration of the acids, since the intermediate radicals couple 1n most
cases statistically. To further increase selectivity of cross-coupling, the ratio of the

aromatic to fatty acid can be adjusted.

[3064) To form a long-chain di-substituted aromatics, phenylencdiacetic acid, was
co-clectrolyzed with  stearic  acd. By taking an excess of the fatty acid,

phenylenediacetic acid can be incorporated to a higher extent into the cross-coupled
product (ool ratio of stearic acid:phenylencdiacetic acid was 10:1; 15 mmole of stearic
acid). This will also prevent homo-coupling of phenylenediacetic acid, while the homo-

couphing product of stearic acid (C34) formed n excess could be of preparative interest.
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Cross-coupled product of phenylenediacetic acid and stearic acid was forroed and the
GC/MS spectra of cross-coupled product is shown m Figure 7 (parent peak ion at m/z =

5%2).

[(3065] Finally, naphthalencacctic acid was used in co-clectrolysis with stearic acid
{mol ratio of stearic acid:napthalencacetic acid was 10:1; 14 mmole of stearic acid).
Cross-coupled product was detected (parent peak jon at mvz = 380} and its GO/MS
spectra 1s shown in Figure 8. The product {an alkylated vaphthalene) can be suitable for

lubricant applications.

Fxample 4. Electrochemical synthesis with di/tni-carboxvlic acids

3866} The electrolysis of dicarboxylic acids has potential for stepwise coupling and
hence at the possibility of forming hydrocarbon oligomers since the acid molecules can
grow from both ends. Kolbe reaction of sebacic acid (15 mmole) was initially performed
in MeOH/sodium methoxide, giving rise to an average current of 0.5A. However, no
couphing product was observed. Based on a published literature, we incrcased the
concentration of sebacic acid to 68 mmole and the base was replaced with amine. With
the modified parameters, precipitates were observed, which was imsoluble n C5,.

However, neither divoer nor oligoroer product was detected in GC/MS,

[3067] To further explore strategics to incrcase the molecular weight of the
hydrocarbons, hetero-coupling of stearic acid with sebacic acid was  tested.
Co-clectrolysis of sebacic acid with stearic acid was performed in MeOH/amine, at a
ratio of schacic acid to stearic acid of 1:1 (30 wmole of sebacic acid). Some cross-
coupling products were detected and they are shown in Figure 9. To investigate if it is
possible to further increase the molecular weight of the cross-coupled product, the ratio
of sebacic acid to stearic acid was changed to 1:5. However, no products heavier than
the C5-Cs-Cyy couple were detected.  Co-clectrolysis  of schacic acid  with
naphthalencacetic acid (imole ratic 5:1) gave cross-coupling product that comprise of Cys

{from two sebacic acids) and one naphthalene group (from naphthalencacetic acid).
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Examnle 5. Blectrochermical synthesis with triglveerides

[G868] A one-pot conversion of triglycerides to coupled products of carboxylic acids
was tested. Since hydrolysis of triglycerides is catalyzed by base and Keolbe reaction is
condducted i a shightly alkaline condition, tests were made to sce whether both reactions
can be conducted in one step. I successful, this chemistry can provide an entry to a

variety of large organic molecules that can be converted to basestocks and waxes.

6869} Triolein was used for the tests. Conceptually, hydrolysis of triolein must
precede Kolbe reaction to release free fatty acids for decarboxylation. As an initial step,
step-wise approach was taken. This was achieved by adding NaGCH and water mio
triolein and mcubating thern at 70°C overnight. The resulting ol phase was neutralized
with dilute HCH to hberate the acids and ninsed with copious arsount of water to remove
cxcess salts. The fatty acid was then extracted using diethyl ether, and the diethyl ether
was removed via rotorvap. Trace amount of water that rematned (droplets) was removed

by leaving the oil phasc in a vacuum oven overnight.

[6878] After overmight hydrolysis, oleic acid was detected in GU/MS.  Kolbe
electrolysis was carried out on this saraple using McOH and sodium methoxide for 2.5
hours. Although the coupling product was detected, a lot of FAME was present (90% of
the product). This i accompanied by the disappearance of the peak for trinlein,

suggesting that most of the TG was esterified to form the FAME in the process.

{6871} It 1s important to note that the hydrolysis process should not be done in the
presence of MeOH. The presence of MeOH and/or use of sodinm methoxide as base in
the hydrolysis process led to the formation of FAME (methyl oleate) instead of oleic
acid. It is noted that Kolbe reaction of methyl oleate in the presence of minute amount of
water has been attempted. While current was observed, no coupling product was
detected. This suggests that the presence of 4 tiny amount of water in the oil phase led to
electrolysis of water, competing with decarboxylation of fatty acids. Therefore, care was

taken to ensure removal of water prior to Kolbe reactions.
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{60721 Al documents described herein are incorporated by reference herein,
inchading any priority documents and/or testing procedures to the extent they are not
meonsistent with this text. As is apparent from the foregoing general description and the
specific embodiments, while forms of the disclosure have been itllustrated and described,
various modifications can be made without departing from the spirit and scope of the
disclosure.  Accordingly, it 18 not intended that the disclosure be limited thereby.
Likewise, the term "comprising” 15 considered synonyroous with the term "including” for

purposes of Australian law.

(68731 When numerical lower limits and numerical apper Hmits are listed herein,

ranges from any lower limit to any upper limit are contemplated.

[6074] While the illustrative embodiments of the disclosure have been described
with particularity, it will be understood that various other modifications will be apparent
to and can be readily made by those skilled in the art without departing frow the spirit
and scope of the disclosure. Accordingly, it is not intended that the scope of the claims
appended hereto be himited to the examples and descriptions set forth herein but rather
that the claims be construed as encompassing all the features of patentable novelty which
reside in the present disclosure, inchuding all features which would be treated as

equivalents thereof by those skilled in the art to which the disclosure pertains.
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CLAIMS:

I. A roethod for producing a lube basestock or wax from a feedstock of biological
origin, the method comprising: providing a fatty acid originated from the feedstock of
biological origin and an aromatic acid in a solvent comprising a base; and
electrochemically coupling the fatty acid and the aromatic acid to produce a
hydrocarbon, wherein the molar concentration of the {atty acid 1s greater than the molar

concentration of the aromatic acid.

2. A raethod for producing a lube basestock or wax from a feedstock of biological
origin in a single reactor, the method comprising: hydrolyzing a triglyceride in the
teedstock of biological origin to one or more fatty acids in the presence of water,
wherein the amount of the water is controlled to be substantially consumed during the
hydrolyzing reaction; and clectrochemically coupling the fatty acids in a solvent
corprising a base to produce a hydrocarbon, wherein the base is provided not to be

mixed with the triglyceride in the hydrolyzing reaction.

3. A method for producing a lube basestock or wax from a feedstock of biological
origin, the method comprising: providing a fatty acid and 4 carboxylic acid sclected from
the group consisting of malonic acid, succinie acid, glutaric acid, adipic acid, pimelic
acid, suberic acid, sebacic acid, citrie acid, isocitric acid, acomtic acid, propanc-

1,2, 3-tricarboxyhc acid, and trimoesic acid; and electrochernically coupling acids to
produce a hydrocarbon, wherein a molar ratio of the carboxylic acid to the fatty acid is in

arvange of 1:5 0 1:20.

4. The method of any of the claims above, further comprising hydrolyzing a
trighycende originated from the feedstock of biclogical onigin to produce a fatty acid.
5. The method of any of the claims above, further compuising hydroisomerizing or

cracking the hydrocarbon to produce habe basestock.
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6. The method of any of the claims above, wherein the feedstock of biological
origin is sclected from the group consisting of rapeseed oil, soy bean oil, palm oil,
camelina oil, jatropha oil, jojoba oil, fish o1, lard, beef tallow, and algae oil.

7. The method of any of the claims above, wherein the fatty acid includes caprylic
acid, capric acid, lauric acid, myristic acid, palmitic acid, stearic acid, arachidic acid,
behenic acid, lignoceric acid, cerotic acid, myristoleic acid, palmitoleic acid, sapienic
acid, oleic acid, elaidic acid, vaccenic acid, hnoleic acid, lnoelatdic acid, u-Linolenic
acid, arachidonic acid, cicosapentaenoic acid, erucic acid, docosahexaencic acidor a

mixture thereof,

8. The method of any of the claims above, wherein the fatty acid includes lauric

acid, myristic acid, palmitic actd, stearic acid, arachidic acid or a mixture thereof,

9. The method of any of the clairas above, wherein the aromatic acid includes
phenviacetic acid, phenylenediacetic acid, naphthaleneacetic acid,
1, 4-naphthalencdicarboxvlic acid, 2,3-naphthalenedicarboxylic acid,

> ¥ 2

2,6-naphthalencdicarboxylic acid or a mixture thereof.

10, The method of any of the claims above, wherein the aromatic acid includes

phenylacetic acid, phenylenediacetic acid, naphthaleneacetic acid or a mixture thereof.

11, The method of any one of ¢laims 1 and 4-10, wherein a molar ratio of the

aromatic acid to the fatty acid is in a range of 1:5 to 1:20.

12.  The method of claim 11, wherein a molar ratio of the aromatic acid to the fatty

acid is in a range of 1.7 to 1113,

13, The method of any of the claims above, wherein the solvent comprises methanol,

hexane, acctonitrile, dimethylformamide, 4-methylmorpholine or a roixture thereof.

14, The method of claim 13, wherein the base is sodium methoxide or amine.
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15, The method of ¢laim 13, wherein the solvent coraprises racthanol and sodiurn
methoxide.
16.  The method of claim 13, wherein the solvent comprises methanol and
MN.N-dimethyleyclohexylamine.
17.  The method of any of the claims above, wherein the coupling is carried out by
applying direct current (DC).
18.  The method of any of the claims above, wherein the coupling is carried out by

reversing voltage of the BC during the electrocherncal coupling process.



