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(57) ABSTRACT

Molten salt electrolytes are described for use in electrochemi-
cal synthesis of hydrocarbons from carboxylic acids. The
molten salt electrolyte can be used to synthesize a wide vari-
ety of hydrocarbons with and without functional groups that
have a broad range of applications. The molten salt can be
used to synthesize saturated hydrocarbons, diols, alkylated
aromatic compounds, as well as other types of hydrocarbons.
The molten salt electrolyte increases the selectivity, yield, the
energy elficiency and Coulombic efliciency of the electro-
chemical conversion of carboxylic acids to hydrocarbons
while reducing the cell potential required to perform the

oxidation.
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MOLTEN CARBOXYLATE ELECTROLYTES
FOR ELECTROCHEMICAL
DECARBOXYLATION PROCESSES

RELATED APPLICATIONS

[0001] The present application claims the benefit of the
filing date under 335 U.S.C. §119(e) of Provisional U.S. Patent
Application No. 61/881,821, filed Sep. 24, 2013, which 1s

hereby incorporated by reference.

FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

[0002] Funding forthe work described herein was at leastin
part provided by the federal government (grant 2012-10008-
20263) awarded by the National Institute of Food & Agricul-
ture/USDA. The government may have certain rights in the
invention.

BACKGROUND

[0003] Conventionally, electrochemical decarboxylation is
performed 1n polar organic solvents. These polar organic
solvents have limitations on their concurrent use as electro-
lytes, such as limited solubaility for carboxylic acids, limited
conductivity, and low oxidation potential. The low oxidation
potential causes the electrolyte to be oxidized congruently
with the carboxylic acid generating additional activated spe-
cies at the anode surface which increases the number of
undesirable or ineflicient side products. These limitations
inhibit the commercial application of electrochemical decar-
boxylation processes because ol inadequate current eifi-
ciency and low product selectivity. This 1s especially true for
clectrolytes based on methanol which 1s one of the most
commonly used electrolytes for electrochemical decarboxy-
lation. In such cases, the formation of methyl esters during
clectrochemical decarboxylation processes (EDP) dramati-
cally reduces the selectivity and yield. Also, the use of polar,
organic solvents reduces the environmental benefits of the
process because of the high vapor pressure and toxicity com-
mon to systems using such solvents.

[0004] It would be advantageous to find an electrolyte sys-
tem that has high conductivity, 1s electrochemically stable,
and minimizes the side reactions imvolving the electrolyte.

BRIEF SUMMARY

[0005] In one aspect, an electrochemical cell 1s disclosed,
having an electrolyte compartment with a quantity of electro-
lyte, the electrolyte comprising a quantity of an inorganic salt
of a carboxylic acid dissolved 1n a molten salt electrolyte; an
anode 1n communication with the electrolyte; a cathode 1n
communication with the electrolyte; and a voltage source that
decarboxylates the metal salt of the carboxylic acid into radi-
cals that react to form at least one radical coupling product.
[0006] In another aspect, an electrochemical cell 1s dis-
closed, having an anolyte compartment housing an anolyte
comprising a morganic salt of a carboxylic acid dissolved 1n
a molten salt electrolyte; an anode 1n commumnication with the
anolyte; a catholyte compartment capable of housing a quan-
tity of catholyte; a cathode 1 communication with the
catholyte; a membrane separating the anolyte and catholyte
compartments; and a voltage source.

[0007] In some embodiments, the cation of the electrolyte
inorganic salt 1s selected from an alkaline metal, an alkaline
earth metal and mixtures of the same. In some embodiments,
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the cation of the electrolyte morganic salt 1s selected from
lithium, sodium, potassium, magnesium, calcium, and mix-
tures of the same. In some embodiments, the electrolyte con-
tains a mixture of iorganic cations. In some embodiments,
the electrolyte contains a mixture of at least three inorganic
cations. In some embodiments, the oxidation potential of an
anion 1n the molten electrolyte 1s higher than the oxidation
potential of the carboxylate anion. In some embodiments, a
carboxylate portion of the inorganic carboxylate salt is
selected from: acetate, propionate, lactate, butyrate, pen-
tanoate, hexanoate, heptanoate, octanoate, laurate, oleate,
stearate, linoleate, palmitate, myristrate, levulinate, valerate,
benzoate, naphthenate and naphthoate.

[0008] In some embodiments, the electrolyte 1s a eutectic
mixture with a lower melting point than the melting point of
the individual components of the electrolyte mixture. In some
embodiments, the cell 1s operated at a temperature above the
melting point of the molten salt electrolyte, but below the
melting point of the products of the reduction and oxidation
reactions.

[0009] Inanother aspect, a method for producing a coupled
radical product 1s disclosed, having the steps of providing a
iorganic salt of a carboxylic acid; contacting the salt of a
carboxylic acid with a molten salt electrolyte applying a
voltage to the electrolyte and carboxylate salt.

[0010] In some embodiments, the electrolyte 1s a eutectic
mixture with a lower melting point than the melting point of
the individual components of the electrolyte mixture.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 shows a schematic drawing of an electro-
chemical cell that may be used for carrying out electrochemi-
cal decarboxylation process using molten salt electrolytes 1n
some embodiments.

[0012] FIG. 2 shows a schematic drawing of an electro-
chemical cell that may also be used for carrying out the
clectrochemical decarboxylation process using molten salt
clectrolytes 1n some embodiments.

[0013] FIG. 3 1s a plot of the cell potential and current
density of the electrochemical decarboxylation of sodium
lactate using a sodium lactate molten salt electrolyte.

[0014] FIG. 4 shows a gas chromatogram of the products
obtained from the electrochemical decarboxylation of
sodium lactate in sodium lactate molten salt electrolyte with
an inset showing the mass spectrum of the main product
obtained which matches acetaldehyde.

DETAILED DESCRIPTION OF THE DRAWINGS
AND THE PRESENTLY PREFERRED
EMBODIMENTS

[0015] The present disclosure describes the use of molten
salts as electrolytes for electrochemical decarboxylation pro-
cesses (EDP). The EDP can be used to convert a variety of
carboxylic acids into different hydrocarbon products. Car-
boxylic acids (RCO,H) make up a board class of organic
compounds, where R can be an alkyl group, cycloalkyl group,
an alkyenyl, and alkynyl group and an aryl group. The R
group can also contain a hydrocarbon that may possess het-
eroatoms suchas O, S, N, etc. The electrolyte disclosed herein
can be used for electrochemical decarboxylation which
removes CO, from the carboxylic acid and creates a high
energy radical or a carbocation to form carbon-carbon, car-
bon-hydrogen, or carbon-oxygen bonds with other species
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present 1n solution. This process can be used to synthesize a
variety of diflerent types of organic compounds such as satu-
rated hydrocarbons, diols, esters, olefins, aryl-alkyl com-
pounds, etc. The electrochemical decarboxylation process 1s
advantageous to other methods conventionally used to syn-
thesize these compounds because the chemicals 1nvolved 1n
the process are environmentally friendly, and the process does
not require the use of catalyst.

[0016] The reactive carboxylic acid may be of formulas
R'COOM and R*COOM. The resulting products obtained by
practicing the electrolytic decarboxylation disclosed process
are compounds of formula R'—R*. Each of R" and R” is
independently selected from unsubstituted and substituted
alkyl, unsubstituted and substituted cycloalkyl, unsubstituted
and substituted heterocyclyl, substituted and unsubstituted
alkenyl, substituted and unsubstituted alkynyl, substituted
and unsubstituted aryl, and substituted and unsubstituted het-
croaryl. Each M 1s independently an inorganic cation selected
from alkaline and alkaline earth metals and ammonium.

[0017] Substitutions on substituted alkyl, cycloalkyl, het-
erocyclyl, alkenyl, alkynyl, aryl, and heteroaryl include: halo-
gen, unsubstituted C, _; alkyl, —CN, —NO,, —0, —C(O)
R“, —CO,R?, —C(O)NR“R”, —OR*, —OC(O)R*, —OC
(O)NRAR”, —NR“C(O)R*, —NR“C(O)NR“R”, —NR“R”,
—NR“CO,R*, —NR*S(0),R“, —SR“, —S(O)R“*, —S(0O)
,R*, —S(0),NR“R”; wherein each of R*, R”, and R“, when
present, 1s independently selected from the group consisting,
of: —H, unsubstituted C, _, alkyl, unsubstituted C,_, alkenyl,
or unsubstituted C,_; alkynyl.

[0018] In some embodiments, the substitutions on substi-
tuted alkyl, cycloalkyl, heterocyclyl, alkenyl, alkynyl, aryl,
and heteroaryl are located geminal to the group —COOM.
[0019] It1s an aim of the present disclosure to describe the
preparation and use of molten salts as electrolytes for elec-
trochemical decarboxylation. Such molten salt electrolytes
provide high conductivity, high solubility and reaction com-
patibility all of which promote high yield and efficiency.
Other properties of molten salts which are added benefits to
their use as electrolytes are low surface tension, viscosity, and
vapor pressure. Molten salts are fluid above their melting
point, or sometimes when used as mixtures are fluid below
their individual melting point due to the formation of an
eutectic system or mixture.

[0020] Development of molten salt electrolytes has been
conducted for applications in high temperature batteries,
clectrowinning, electrorefining, electrolysis, and electroplat-
ing. In most cases, the molten salt electrolytes are made with
a salt or a mixture of salts with a single elemental cation and
anion, for example the electroplating of magnesium 1s per-
formed using an electrolyte comprising of the mixture
NaCl—CaCl,—KCIl—Mg(Cl,. In comparison, the molten
salt electrolytes of the present disclosure include salts with
polyatomic 1ons or a mixture of salts including polyatomic
1ions. One class of polyatomic 1on based molten salts that have
been used for electrolytes for different electrochemaical pro-
cess are 1onic liquids. Ionic liquids are comprised of a single
bulky polyatomic cation and anion pair which melts around or
below 100° C., whereas the molten salt electrolytes disclosed
in the present disclosure are not limited to polyatomic 1ons, or
to a single cation and anion pair, or to temperatures below
100° C. One example of using molten salts containing atomic
and polyatomic 10ns 1s the use of sodium carboxylates from
fatty acids as a molten solvent for the Henkel disproportion-

ation reaction disclosed 1in PCT/US2000/021648. Unlike this
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in the present disclosure, the molten salts are chosen specifi-
cally for the use as electrolytes 1 an electrolytic cell to
perform electrochemical decarboxylation. Such an electro-
lyte system improves the electrochemical decarboxylation
process by providing the inherent benefits of molten salt
clectrolytes, while the use of complex polyatomic 1ons
increases the amount of active species present 1n the electro-
lyte and at the electrode surface increasing the selectivity and
hence yield of the process.

[0021] The present disclosure includes novel electrolyte
systems designed for the electrochemical decarboxylation
process and include at least one cation and anion pair making
up a molten salt. The cation and anion of the molten salt are
chosen such that the carboxylic acid being decarboxylated
has a high solubility, the oxidation of the amion does not
increase the amount of side products, and the product of the
decarboxylation is easily separated from the molten salt. The
molten salt electrolyte 1s also tuned for high electrochemical
stability 1n the required potential range, and low chemical
reactivity to species generated by the decarboxylation pro-
cess. Such amolten salt electrolyte increases the selectivity of
the decarboxylation process by reducing the number of reac-
tions which can occur i proximity to the anode, which
increases the yield and the Coulombic efficiency. Also, being
able to operate at high temperatures reduces the activation
energy required to cause the oxidation of the carboxylate to
the radical, in-turn lowering the operating potential of the cell
and reducing the electrical energy required for the conver-
sion. The ability to combine different cations and anions
provides tunability of the electrolyte so that 1t can be opti-
mized for the specific decarboxylation of interest. Also, one
could combine more than one cation/anion 1on pair in a mol-
ten salt electrolyte 1n order to change the properties of the
obtained molten salt, for example the melting point of the
molten salt can be depressed by combining more than one
cation and anion pair.

[0022] The electrochemical decarboxylation 1s a technique
used to generate radicals for synthetic applications and 1s
characterized as either Kolbe electrolysis or non-Kolbe elec-
trolysis. The term Kolbe electrolysis 1s used to define the
decarboxylation of carboxylic acids leading to radicals that
then combine forming either homocoupling or heterocou-
pling products, and can also add to double bonds. A generic
example of decarboxylation leading to homocoupling is
shown below.

2RCO,H—=R—R+2CO,+2¢ +2H"

The term, non-Kolbe electrolysis 1s used to define the decar-
boxylation of carboxylic acids that lead to the formation of
carbocations from a two electron oxidation. The carbon cat-
1ion can then participate 1n a number of electrophilic reactions
such as heck-type reactions, substitution and addition reac-
tions, and heteroatom bond formation. Olefins are one of the
possible products that can be obtained from a two electron
oxidation of a carboxylic acid. A generic example of decar-
boxylation leading to an electrophilic substitution reaction 1s
shown below.

RCOH+Ar—H—=R—Ar+CO-+2e +2H"

[0023] In one embodiment, the decarboxylation 1s per-
formed on salts of carboxylic acids. The saponification of
carboxylic acids follows the generally accepted procedure of
reacting the carboxylic acid with a base (BOH) at an elevated
temperature. Some non-limiting examples of bases are
lithium hydroxide, sodium hydroxide, potasstum hydroxide,
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ammonmium hydroxide and phosphonium hydroxide. A
generic neutralization reaction 1s written below.

RCO,H+BOH—RCO,B+H,0

The decarboxylation of the carboxylate salts follow the same
general reaction schemes as was shown for the carboxylic
acids, except mstead of a proton being generated another
cation B™ 1s generated which can then be involved in reduc-
tion reactions at the cathode. In one embodiment, the decar-
boxylation of the salts 1s performed using a two compartment
clectrochemical cell, which 1s afforded via anion exchange or
an 1on selective membrane, and the cation or proton produced
at the anode can be shuttled from the anolyte to the catholyte.

[0024] Carboxylic acids are becoming a popular substrate
to perform the synthesis of industrially important compounds
as they are economically and environmentally friendly. One
application for which they may be considered, 1s as alterna-
tives to organohalides 1n the Heck reaction for the formation
of carbon-carbon double bonds. Replacing the organohalides
with carboxylic acids 1s more environmentally friendly,
because CO,, and H, are the only by-products formed 1nstead
of the halide by-products produced using the other routes.
They may also be considered as substrates for cross-coupling
reactions where the carboxylic acid can act as either the
nucleophilic or electrophilic coupling partner. This 1s advan-
tageous as there are a large number of carboxylic acids avail-
able commercially, which are more economical than the con-
ventionally used organohalides and/or organometallic
reagents.

[0025] While the systems described above benefit from the
availability and low cost of carboxylic acids, they still require
catalyst and high temperatures to promote the transforma-
tions. The electrolysis method performed using the molten
salt electrolyte disclosed 1n the present application does not
require the use of catalyst and can be perform under mild
reaction conditions. And while the Kolbe electrolysis 1s well
known, the method would be greatly improved by the use of
an electrolyte system that increases the solubility of the car-
boxylic acid, provides high conductivity and stability, facili-
tates 1n product 1solation, increases the yield obtained from
the process, lowers the required electrical energy, and 1s eco-
nomically viable as a large scale industrial electrolyte.

[0026] Some terms and their definitions that will be used
throughout the description are defined as follows. The term
“molten salt” means a liquid that 1s made up of different
cation and anion pairs. The term “eutectic” means a mixture
of chemicals or elements with a composition which solidifies
at a lower temperature than any other composition of the
mixture. The term “hydrocarbon™ means a compound con-
s1sting of carbon and hydrogen and can refer to saturated or
unsaturated compounds. The term “efficiency” and “‘current
eificiency” are used interchangeably and refer to the Coulom-
bic efficiency of the electrochemical decarboxylation pro-
cess. The term “conversion” means the amount of reactant
that 1s consumed 1n the electrochemical decarboxylation pro-
cess. The term ““selectivity” 1s used to describe the amount of
the consumed reactant that 1s converted 1nto the product of
interest, and the term “yield” means the amount of the origi-
nal reactant that 1s converted into the product of interest. The
term “carboxylic acid” 1s a compound with the general for-
mula RCO,H, where the “R” can represent saturated or unsat-
urated hydrocarbon chains. The term “decarboxylation,”
herein refers to the process of removing CO,, from a com-
pound, specifically from a carboxylic acid or anion. The terms
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“substituent” and “functional group™ are used interchange-
ably and herein refer to an atom or group of atoms that has
substituted a hydrogen atom on a carbon chain of a hydrocar-
bon.

[0027] The present disclosure 1s generally directed to a
method using molten salts as electrolytes in electrochemical
decarboxylation processes (EDP). The molten salt electrolyte
will be chosen based on the specific type of carboxylic acid
precursor being decarboxylated 1n the electrolytic cell, and
the hydrocarbon product that 1s produced. The ability to use
different molten salts for different reactions provides a means
to increase the reaction yield and improve the product 1sola-
tion for a variety of different systems. Some of the properties
that will atfect the choice of the molten salt are melting point,
hydrophilicity/lipophilicity, electrochemical stability, and
miscibility. An example of changing the molten salt cation for
different synthesis requirements i1s the need to use an X~
cation based salt instead ofa Y™, or a mixture of salts with X™
and Y™ cations in order to decrease the melting point of the
molten salt electrolyte, and/or to use a two compartment cell
with the compartments separated by a 1on selective mem-
brane. The choice of anion 1s known to affect the solubility,
miscibility and oxidative stability of the molten salt. For
example an A™ anion could be used where the A™ 1s a carboxy-
late anion and 1s directly used 1n the decarboxylation process,
or amixture of A~ and C™ anions could be used where C™ 1s an
inactive anion at the electrode and increases the conductivity
of the molten salt.

[0028] In one embodiment, the cation of the molten salt
clectrolyte 1s an 1morganic cation. In some embodiments, the
inorganic cation 1s an alkaline metal. In some embodiments,
the 1norganic cation 1s an alkaline earth metal. In some
embodiments, the 1norganic cation 1s selected tfrom alkaline
and alkaline earth metals. In some embodiments, the 1nor-
ganic cation 1s ammonium. In some embodiments, the 1nor-
ganic cation 1s selected from alkaline and alkaline earth met-
als and ammonium. In some embodiments, the norganic
cation 1s selected from alkaline metals and ammonium. In
some embodiments, the mmorganic cation 1s selected from
alkaline earth metals and ammonium. In one embodiment, the
cation of the molten salt electrolyte 1s based on or more of the
tollowing cations listed as non-liming examples: ammonium,
sodium, lithium, potassium, magnesium, and calcium. In
some embodiments, the cation 1s selected from one or more of
the cations: mmidazolium, pyridinium, pyrrolidinium and
phosphonium. Each of these cations can be used as the sole
cation of the molten salt or used as one component of a
mixture of cations 1in the molten salt. The cation of the molten
salt electrolyte should be chosen so 1t 1s either 1nactive in the
clectrochemical window that the cell 1s operated 1n, 1s trans-
ported through an 1on exchange or 10n selective membrane or
it should be chosen to have a low reduction potential. The later
choice would be for cases where the cation 1s reduced at the
cathode at a low reduction potential, while the electrolysis of
interest occurs at the anode. The low potential reduction at the
cathode will help reduce the overall cell potential and thus
lower the energy demand and improves the economics of the
clectrolysis.

[0029] Inone embodiment, the cation of the molten saltisa
polyatomic 1on. The use of polyatomic cations can drastically
lower the melting points of the molten salt when compared to
the corresponding alkali or alkaline metal cations. For
example lithtum chloride melts at 605° C., sodium chloride
melts at 801° C., potassium chloride melts as 770° C., ammo-
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nium chloride melts at 340° C. and tetrabutylammonium
chloride melts at 105° C. In some cases the melting point of
the molten salt with a polyatomic cation can be low enough,
less than 100° C., to be 1included 1n a special class of molten
salts termed 10n1c liquids. In one embodiment, the reduction
of the polyatomic cation at the cathode provides a low poten-
t1al reduction couple for the oxidation occurring at the anode.
In another embodiment, a two compartment cell 1s used and
another species provides a low potential reduction reaction.
In one embodiment, the cation of the molten salt 1s an alkali or
alkaline metal cation. The use of an alkali or alkaline metal
cation provides a highly conductive and stable electrolyte.
The small size and relativity high charge density on the alkali
and alkaline cations relative to the polyatomic cations
increases the conductivity of molten salts with small cations.
Molten salts comprising of alkali and alkaline cations can be
used 1n single or two compartment cells as inert charge car-
riers or as the active species mvolved with the electron trans-
ter at the cathode.

[0030] In another embodiment, the molten salt electrolyte
1s comprised of a mixture of cations. A mixture of salts that
have different cations but the same amion can have a melting,
point that 1s suppressed compared to the melting points of the
individual salts of the mixture. The ability to decrease the
melting point by adding different cations without adding
different amions to the molten salt 1s important because the
additional cations are not involved 1n the reactions at the
anode surface and thus do not contribute to the formation of
side products produced during the oxidation. The different
cations making up a molten salt electrolyte can be atomic or
polyatomic and can have the same or different amount of
charge.

[0031] The anion of the molten salt may be selected from
the groups of halides, sulphonates, amides, tosylates, alumi-
nates, borates, sulfates, nitrates, and carboxylates. To those
tamiliar with the art 1t 1s obvious that the anions of the molten
salt should be electrochemical 1nactive and chemically 1nert
to reactions that could occur at the surface at the anode; or the
anions should consist of anions that are involved 1n the decar-
boxylation process. In one embodiment, the molten salt 1s
comprised of a mixture of anions. The different anions 1n the
molten salt can have the same or different charge number, and
can increase conductivity and decrease the melting point of
the molten salt. For example sodium fluoride melts at 993° C.,
sodium chloride melts at 801° C., sodium bromide melts at
747° C., sodium 10dide melts at 661° C., sodium nitrate melts
at 308° C., sodium propionate melts at 289° C. and sodium
lactate melts at 150° C.

[0032] Inanotherembodiment, the anions of the molten salt
will be chosen so that they are similar to the carboxylate being,
processed 1n the electrolytic cell. The similarity of the anion
of the molten salt electrolyte and the carboxylate being decar-
boxylated increases the solubility of the later. In such an
embodiment, one of the differences between the carboxylate
used 1n the molten salt and the carboxylate being processed
will be that the oxidation potential of the former 1s larger, thus
promoting the oxidation of the later forming the desired
hydrocarbon. In another embodiment, the anion of the molten
salt will be the same as the carboxylate that 1s being processed
in the electrolytic cell. In this embodiment, any oxidation of
the molten salt electrolyte will form the same product as the
oxidation of the carboxylate being processed in the cell. It
should be clear to one experienced in the field that the anion
of the molten salt electrolyte should be chosen to primary
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reduce the side reactions at the anode, and then other proper-
ties that the anion affects can be taken into consideration.

[0033] In one embodiment, the molten salt electrolyte 1s
comprised of a mixture of salts that have different cations but
the same anion. In another embodiment, the molten salt elec-
trolyte 1s comprised of a mixture of salts that have the same
cation and different anions. In another embodiment, the mol-
ten salt electrolyte 1s comprised of a mixture of salts with
different cations and different amions. The composition of the
molten salt mixture will be determined by: 1) the melting
point of the melt and the desired operating temperature, 2) the
conductivity of the molten salt, 3) reactions that occur at the
anode, and 4) reactions occurring at the cathode or membrane
interface. In all cases the molten salt electrolyte will be com-
prised of at least one salt for which the anion 1s comprised of
the carboxylate being converted by the decarboxylation pro-
cess. It should be clarified that the carboxylic acid or salt of
the carboxylic acid being decarboxylated can be added to a
molten salt electrolyte to a small or large extent anywhere

from 1-100% by weight.

[0034] In one embodiment, the molten salt 1s made up of a
binary mixture, in other cases i1t 1s made up of a ternary
mixture, still yet 1n other cases 1t 1s made up of a quaternary
mixture. The molten salt can be comprised of a mixture with
any number of salts required to obtain the properties required.

[0035] In one embodiment, the molten salt electrolyte 1s
prepared by heating a pure salt until 1t melts. In another
embodiment, multiple salts are mechanically mixed together
and then the mixture 1s heated up to afford the molten salt. In

another embodiment, one salt or a mixture of salts 1s heated
and additional salts are added to the melt. In some embodi-
ments the salt mixture 1s heated and cooled several times
betore being used as an electrolyte. This promotes intimate
mixing of the different salts present in the mixture helping to
disrupt any short range order and thus suppresses the melting
point. In some embodiments, the composition of the molten
salt 1s optimized 1n order to decrease the temperature which
the mixture freezes. The composition of the mixture 1s opti-
mized by varying the concentration of the different salt com-
ponents, while monitoring the physical properties of the mix-
ture. The composition of the molten salt electrolyte can
contain at low as 2% of any particular salt and up to 98% of
any other particular salt. The optimized composition of the

molten salt electrolyte could be one that causes a eutectic to
form.

[0036] In one embodiment, the majority of the molten salt
1s a carboxylate salt. In another embodiment, the majority of
the molten salt 1s a salt other than a carboxylate salt. The
carboxylate salt or carboxylic acid that 1s of interest to the
decarboxylation process can make up a small or large portion
of the molten salt composition, and can be added to the
molten salt as the electrolysis progresses. Some non-limiting,
examples of carboxylate anions that could be used as com-
ponents 1n the molten salt electrolytes are acetate, propionate,
lactate, butyrate, pentanoate, hexanoate, heptanoate,
octanoate, laurate, oleate, stearate, linoleate, palmitate,
myristrate, levulinate, valerate, benzoate, naphthenate and
naphthoate.

[0037] In one embodiment, the molten salt electrolyte 1s
used 1n a one compartment cell and a carboxylic acid or a salt
of a carboxylic acid 1s dissolved 1nto the molten salt electro-
lyte. In this embodiment, the molten salt electrolyte needs to
be designed to limit the number of side reactions at the anode,
have a high conductivity, and provide a low potential reduc-
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tion reaction at the cathode. The first requirement 1s 1n order
to increase the current efliciency and product selectivity and
depends on the anions present 1in the molten salt electrolyte.
The second requirement is required to decrease the operating
potential of the cell and depends on both the cation and anions
in the mixture. The third requirement 1s also desired to lower
the cell’s operating potential and 1s dependent on the cations
in the mixture. In such a configuration, 1t will be clear to those
skilled 1n the art that the products of the reduction and oxi-
dation reaction should be easily separated from the molten
salt upon formation and easily separated from each other. As
a non-limiting example, the products formed are gases at the
operating temperature of the cell and thus are easily separated
from the molten salt electrolyte, for example through the
application of a slight vacuum.

[0038] Inanother embodiment, atwo compartment electro-
lytic cell schematically represented in FIG. 1 or FIG. 2 1s
used, which have two compartments separated by an 1on
exchange (3) or an 1on selective membrane, for example a
NaSelect® membrane. In such an embodiment, the anolyte
and the catholyte can both be comprised of a molten salt
clectrolyte, each designed specifically for the reactions that
occur at the two different electrodes, or each being the same
clectrolyte with different and/or the same species dissolved 1n
them. In another embodiment, the anolyte can be comprised
of a molten salt electrolyte, and the catholyte can be com-
prised of an electrolyte that 1s not a molten salt. It should be
clear to those skilled 1in the art, that 1n thus case the catholyte
can be designed to produce a second chemical or chemicals of
value while the conversion of the carboxylate to a hydrocar-
bon 1s occurring at the anode.

[0039] The anolyte 1s fed into the anode chamber (7), and
during electrolysis 1s oxidized at the anode’s (2) surface caus-
ing the decarboxylation of the carboxyl functional group
forming a radical and CO,. On the other side of the cell, the
reduction of the catholyte 1s occurring and to maintain charge
balance a positive 1on must transier from the anode to the
cathode, and 1n the case when the anolyte and catholyte are
separated there needs to be a path for the positive 1ons to
transier between compartments. In one embodiment, an 1on
conducting membrane (5) selectively transfers alkali 10ns
(M™), including but not limited to the ions of, sodium, lithium,
and potassium, from the anolyte to the catholyte under the
influence of an applied electrical field. In another embodi-
ment, an 1on exchange membrane (3) shuttles the cations
from the anolyte to the catholyte. In another embodiment, an
anion exchange membrane (3) can be used to shuttle anions
from the catholyte to the anolyte which are then decarboxy-
lated at the anode. In one embodiment, a three compartment
cell can be used which uses more than one type of membrane.

[0040] Inoneembodiment, the membrane (5)1s between 10
and 5000 microns thick, or more preferable the membrane 1s
between 100 and 1000 microns thick, or even more preferable
the membrane 1s between 200 and 700 microns thick. In one
embodiment, the membrane 1s 1n the form of disk with diam-
cters between 0.25-25 cm, even more preferably the diameter
1s between 1.27-12.7 cm, or most preferably between 2.54-7.
62 cm and are assembled 1 a scatfold. In another embodi-
ment, the membrane 1s in the form of a cylinder with a
diameter between 0.25-25 cm, even more preferably between
1.27-12.7 cm, or most preferably between 2.54-7.62 cm.

[0041] Inone embodiment, the electrochemical cell can be
in a parallel plate configuration which uses tlat membranes,
for example as shown in FIG. 1 and FIG. 2. In another
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embodiment, the electrochemaical cell 1s 1n a tubular configu-
ration which uses tubular electrodes and membranes. It
should be clear to one skilled 1n the art that the cell configu-
rations listed above both have advantages and disadvantages
which would lead to one being chosen over the other depend-
ing on the requirements of the specific carboxylic salt being
decarboxylated. It should also be clear to one skilled in the art
that the process described herein can be applied 1n a variety of
cell designs.

[0042] The anode (2) can comprise any suitable material
that allows oxidation reactions to occur in the anolyte com-
partment (7) when an electrical field 1s applied between the
anode (2) and cathode (1). Some non-limiting examples of
anode materials include, but are not limited to, platinum,
titamium, nickel, cobalt, iron, stainless steel, lead dioxide,
metal alloys, combination thereof, and other known or novel
anode materials. In one embodiment, the anode (2) may com-
prise of iron-nickel alloys such as KOVAR® or INVAR®. In
other embodiments, the anode may comprise carbon based
clectrodes such as boron doped diamond, glassy carbon, and
synthetic carbon. Additionally 1n some embodiments, the
anode comprises a dimensionally stable anode (DSA), which
may include, but 1s not limited to, rhenium dioxide and tan-
talum pentoxide on a titanium substrate.

[0043] The cathode (1) may also be fabricated of any suit-
able cathode material that allows the reduction reaction to
occur without electrode corrosion. The cathode may com-
prise of the materials used for the anode (2) or the cathode (1)
may comprise of materials different from that used as the
anode. Some non-limiting examples of suitable cathode
materials include without limitation, platinum, nickel, stain-
less steel, graphite, and any other suitable cathode material
that 1s known or novel.

[0044] In one embodiment, the electrodes have a smooth
morphology such as a foil or thin film. In another embodi-
ment, the anode (2) and cathode (1) have a high surface area
morphology, for example but not limited to, a foam, grit, or
other porous structure. In one embodiment, the anode (2) and
cathode (1) have the same morphology. In another embodi-
ment, the electrodes have a different morphology. In one
embodiment, the electrodes are attached to the membrane 1n
the cell.

[0045] In one embodiment, the electrolyte 1s fed into the
cell without a membrane. The electrolyte comprises of a
molten salt electrolyte and a carboxylic acid or a salt of a
carboxylic acid. In another embodiment, the anolyte 1s fed
into the anolyte compartment (7), and the catholyte 1s fed into
the catholyte compartment (3) which are separated by a mem-
brane (5). The anolyte consists of a molten salt electrolyte for
which the composition includes at least one salt of a carboxy-
lic acid. The carboxylate that 1s dissolved into the molten salt
clectrolyte 1s chosen based on the desired products of the
decarboxylation reaction, and can be aliphatic or aromatic 1n
nature. The carboxylate 1on can contain various functional
groups, and or heteroatoms. In one embodiment, multiple
carboxylates are dissolved 1n the molten salt electrolyte and
decarboxylated 1n the electrolysis cell simultaneously, thus
leading to homo and hetero coupling.

[0046] The anolyte solution may comprise of a mixture of
the molten salt electrolyte and a polar solvent. For some
non-limiting examples of suitable polar solvents include
without limitation, water, methanol, ethanol, 1sopropanol,
n-propanol, acetone, acetonitrile, dioxane, butanol, dimethyl

sulfoxide (DMSQ), carbon disulfide (CS2), diethyl carbon-
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ate, ethylene carbonate, and glycerol. In one embodiment, the
anolyte solution may comprise of a mixture of a molten salt
clectrolyte and an aromatic solvent. Some non-limiting
examples of aromatic solvents are benzene, naphthalene,
xylene, nitro benzene, phenol and toluene. In some embodi-
ments, the anolyte solution may comprise of a mixture of a
molten salt electrolyte and a non-polar organic solvent. Some
examples of non-polar organic solvents are hexane, cyclohex-
ane, pentadecane, petroleum ethers, and dodecane. In such
embodiments the carboxyvlate salts are soluble 1n the molten
salt electrolyte, and the products of the decarboxylation are
soluble 1n the non-polar solvent, and thus are easily separated
from the reactants.

[0047] Certain alkali 1on conductive membranes, for
example NaSICON and LiSICON-type membranes, have a
high temperature tolerance and thus the anolyte solution may
be heated to a higher temperature without substantially atiect-
ing the temperature of the catholyte solution or the function-
ality of the membrane. In some embodiments, the anolyte 1s a
molten salt at temperatures above 150° C., while the catholyte
1s a polar solvent which could boil at the temperature of the
molten salt, thus requiring a membrane with a high tempera-
ture tolerance. In another embodiment, molten sodium and/or
lithium metal 1s used as the catholyte as some NaSICON and

Li1SICON-type membranes are stable to molten sodium and/
or lithium metal.

[0048] The anolyte solution may optionally contain a sup-
porting electrolyte which 1s soluble in the molten salt and
provides additional electrolyte conductivity in the molten
salt. Non-limiting examples of supporting electrolytes
include alkali metal hydroxide, alkali metal salts, ammonium
tetrafluoroborate, tetramethylammonium hexatluorophos-
phate, tetrabutylammonium tetrafluorobotate, tetramethy-
lammonium perchlorate, and tetracthylammonium perchlor-
ate. It should be appreciable to those skilled 1n the art that
other soluble 1onic compounds may be used.

[0049] The catholyte may comprise of a solvent that 1s the
same or different than the molten salt anolyte. This 1s afforded
because the 1on conducting membrane (5) 1solates the com-
partments from each other. Thus, the anolyte and catholyte
may be separately selected specifically for the reactions that
occur 1n each compartment and/or the solubility of the chemi-
cals required for the specific reactions. This permits one to
design an mexpensive catholyte which may have different
properties than the anolyte, for example to have high 1onic
conductivity and a low reduction potential.

[0050] Inoneembodiment, the catholyte i1s comprised of an
unsaturated aqueous solution containing alkali salt or ammo-
nium salts. The salt concentration 1s between 0.1-50% by
weight, or more preferably between 5-25% by weight, or
most preferably between 7-15% by weight. In another
embodiment, the catholyte 1s an unsaturated high boiling
point polar organic solvent with an alkali salt or ammonium
salt. In another embodiment, the catholyte 1s a molten salt that
1s compatible with the 1on that s transferring across the mem-
brane and provides a low potential reduction reaction. In
another embodiment, catholyte 1s a liquid metal such as
sodium or lithium metal. In all the embodiments described
above, one can 1imagine that the catholyte 1s chosen such that
the reduction reaction produces chemical/chemicals that are
economically valuable.

[0051] When an electric field 1s applied between the cath-
ode (1) and anode (2), a reduction reaction occurs at the
cathode (1). When the catholyte solution 1s an aqueous based
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solution, water 1s reduced to hydrogen gas and hydroxide
ions. The hydroxide formed can then combine with the cation
that 1s transported through the membrane (5) causing the
hydroxide concentration of the catholyte to increase as the
clectrolysis 1s performed. When the catholyte 1s comprised of
an ammonium solution the ammonium 1s reduced producing
ammonia and hydrogen, which depending on the cell tem-
perature will separate from the catholyte as gases. When the
catholyte 1s a metal the alkali 1on that 1s transported through
the membrane 1s reduced to the metal.

[0052] When an electrical field 1s applied between the cath-
ode (1) and anode (2) oxidation occurs at the anode (2). In one
embodiment, the oxidation of a carboxylic acid or a carboxy-
late anion leads to decarboxylation, producing carbon diox-
ide and a radical. The radical can then combine with another
radical to form homo- or hetero-coupling products, following
Kolbe electrolysis or 1t can react with other species present at
the electrode’s surface following non-Kolbe electrolysis. In
another embodiment, when there 1s an electron donating
group 1n the alpha position to the carboxyl group, the decar-
boxylation leads to the formation of CO, and a carbon cation
from a two electron oxidation. Following 1ts formation, the
carbon cation can then participate in nucleophilic reactions
instead of coupling reactions.

[0053] In one embodiment, the anolyte 1s used at tempera-
tures above the melting point of the salt or the mixture of salts
making up the molten electrolyte and above the boiling point
of the product formed at the anode. In another embodiment,

the anolyte 1s used at temperatures above the melting point of
the salt or the mixture of salts making up the molten electro-
lyte, but below the boiling point or the melting point of the
product. The temperature of the anolyte will be chosen 1n a
range according to the stability of the electrolyte and prod-
ucts. In one embodiment, the temperature of the anolyte 1s
adjusted within this range to optimize the viscosity, conduc-
tivity, and product separation. The temperature of the molten
salt electrolyte promotes the decarboxylation through lower-
ing the activation energy of the oxidation, and helping drive
the CO2 from the carboxylate anion and electrolyte. In such
an embodiment, the potential the cell operates at 1s lowered
because the amount of electrical energy required to cause the
oxidation has decreased due to the system’s thermal energy.

[0054] In one embodiment, the electrolytic cell may be
operated 1n a continuous mode. In continuous mode, the cell
1s 1nitially filled with an anolyte and catholyte and then,
during operation additional reactant 1s fed into the cell, and
products, by-products, and/or diluted solutions are removed
from the cell without ceasing operation of the cell. In another
embodiment, the electrolytic cell 1s operated 1n batch mode.
In batch mode, the anolyte and catholyte are fed mitially into
the cell, and then the cell 1s operated until a desired concen-
tration of the product 1s produced. The cell 1s then emptied,
and the products are collected. The cell 1s then refilled to start
the process again. Also, in either mode, the feeding of the
reactant may be done using a premade solution or using
components that form the electrolyte 1n situ.

[0055] Inoneembodiment, the anolyte comprises of a mol-
ten salt electrolyte, and a salt of a carboxylic acid. The choice
of carboxylic acid 1s dependent on the desired product and can
be chosen from any class of carboxylic acids. Some non-
limiting examples are fatty acids, alkyl carboxylic acids,
amino acids, aryl carboxylic acids, and di- and tri-carboxylic
acids. The carboxylic acid can also have multiple substituents
present, in addition to the carboxylic group. These additional
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functional groups can be located at any carbon site of the
carboxylic acid, and in some embodiments are located 1n the
alpha position to the carboxylate carbon. Both electron donat-
ing and withdrawing substituents can be present on the car-
boxylic acid. Some non-limiting examples of electron donat-
ing substituents are hydroxyl, amine, amide, and ether
groups. Some non-limiting examples of electron withdraw-
ing substituents are halogens, nitriles, carbonyl, nitro, and
nitride groups. The functional group present in the alpha
position to the carboxylate will help determine whether the
decarboxylation will follow a one electron or two electron
oxidation mechanism. In one embodiment, one electron oxi-
dation will occur, favoring radical-radical coupling because
there 1s no substituent present in the alpha position or the
substituent 1s an electron withdrawing group. In another
embodiment, the two electron oxidation 1s favored, because
there 1s an electron donating group present in the alpha posi-
tion to the carboxylate group.

[0056] In one embodiment, the first step 1s to convert the
carboxylic acid (RCO,H) into the corresponding alkali salt
(RCO,B) via acid neutralization, where B 1s a base such as
lithium, sodium, potassium, calcium, magnesium, phospho-
nium, or ammonium; RCO,H 1s a carboxylic acid and R 15 a
hydrocarbon having a C, to C,, hydrocarbon chain 1n which
one of the hydrogen atoms can be substituted for different
functional groups. Some non-limiting examples of functional
groups that can be present are hydroxyl, phenyl, esters, ethers,
and ketones. In one embodiment, the carboxylic acid has
other substituents which do not contain oxygen such as:
halide, nitrile, amine, amide, and sulfide. In one embodiment,
the carboxylic acid 1s obtained from biomass with the addi-
tional substituent already present. In another embodiment,
the biomass derived carboxylic acid 1s first modified to
include the additional functional groups.

[0057] In one embodiment, when an electrical potential 1s
applied between the anode (2) and cathode (1), the oxidation
atthe anode (2) causes the decarboxylation of the carboxylate
anion, leading to the formation of carbon dioxide, and radi-
cals of (R.) according to the reaction below:

RCO,Na—R.+CO,+Na*+e~

Once the radical 1s formed, 1t will react with other species at
the electrode’s surface, and 1t 1t reacts with another radical of

the same carboxylate anion, it will form a homocoupling
product as shown below:

R.+R.—R—R

This product can be 1n 1tself the chemical of interest, or 1t can
be used as an intermediate precursor 1n the synthesis of the
chemical of interest. For example, function groups on the
carboxylic acid can be converted into double bonds and cor-
responding diene can be used as monomers for the production
ol elastic material. If the radical combines with a radical of a
different carboxylate anion, then a heterocoupling product
will be formed and an unsymmetrical compound will be
obtained. Again the heterocoupling product can be a chemical
of interest or a precursor required to obtain a chemical of
interest. In one embodiment, the decarboxylation will lead to
a mixture ol homocoupling and heterocoupling and thus pro-
vide a mixture of products. In one embodiment this mixture 1s
commercially viable, yet 1n another embodiment the mixture
will be turther separated 1into a commercially viable product.
[0058] In one embodiment, the molten salt electrolyte 1s
designed to facilitate the separation of the products from the
reactants. For example, the electrochemical cell 1s operated at
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a temperature that 1s above the product boiling point and the
cell under slight vacuum. Thus, when the product 1s formed 1t
1s converted to a gas and removed from the cell simulta-
neously. Similarly, the molten salt electrolyte can have high
solubility of the polar carboxylate reactants, and poor solu-
bility of the products, such that when a non-polar solvent 1s
mixed with the molten salt electrolyte either before or after
the electrolysis, the products partition to the non-polar sol-
vent. In another embodiment, the separation 1s facilitated by
designing a molten salt electrolyte that has a high freezing
point, such that upon cooling the molten salt crystallizes and
the products remain a liquid and are separated by a simple
method such as filtration.

[0059] Some advantages of using a molten salt electrolyte
over the conventional, polar organic electrolytes are: 1) the
molten electrolyte 1s electrochemically stable and chemically
inert, 2) the molten salt electrolyte has high conductivity, 3)
the carboxylate species has a high conductivity in the molten
salt electrolyte, 4) the molten salt electrolyte can be designed
to permit easy separation of the product and the reactant, 5)
the molten salt electrolyte 1s easily recycled and 1s an envi-
ronmentally friendly solvent.

[0060] The following examples are given to 1llustrate vari-
ous embodiments within the scope of the present invention.

EXAMPLES

[0061] Several examples will be given to demonstrate the
technical feasibility of using molten salt electrolytes to con-
vert inexpensive carboxylic acids into high value compounds,
using the electrochemical decarboxylation process. The
examples demonstrate the decarboxylation of sodium salts of
carboxylic acids with a variety of functional groups, using
clectrolytic cells equipped with a NaSelect® NaSICON
membrane manufactured by Ceramatec, Inc., Salt Lake City,

Utah.

[0062] The examples disclosed herein, used an experimen-
tal setup which 1s schematically shown i FIG. 1 or FIG. 2.
The cell employed for these experiments minimized the dis-
tance between the electrodes and the membrane. The mem-
branes used 1n the examples consisted of 2.54 cm diameter
NaSICON disks of about 1 mm thickness which were housed
on scaifolds in the center of the cells. As the scatiold and
membrane physically separate the anode and cathode com-
partments, there was a separate temperature controlled reser-
voir for the anolyte and catholyte. This allowed the chemistry
and conditions of each electrolyte to be optimized for the
respective electrode reactions.

[0063] The anolyte, which contains the sodium salt of the
carboxylic acid, 1s made by heating different salts together at
different ratios. This was conducted by preparing the salts 1n
a separate solution following conventional saponification
reactions and then physically mixing the salt together. Or the
salts were prepared 1n a single solution producing a homog-
enous mixture of the salts. For this method, a general saponi-
fication procedure was used during which the sodium car-
boxylate forms as the carboxylic acid 1s neutralized. The
details of the molten salt preparation will be given as required
in the following examples. The catholyte can be made from
any solution containing sodium salts, and for the examples
given herein an aqueous sodium hydroxide solution was used.
To obtain low solution resistance and minimize temperature
difference across the membrane the temperatures of the
catholyte was increased to 95° C.
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[0064] Once the reservoirs reached the desired tempera-
tures, a battery tester (Arbin BT2000) was connected and a
current density between 10 and 100 mA/cm® was applied.
During the electrolysis the voltage and current were moni-
tored using MITS Pro battery testing soitware. The applied
current density caused oxidation to occur at the anode (plati-
num mesh electrode) and reduction to occur at the cathode
(nickel mesh electrode). As the battery tester transports elec-
trons from the anode to the cathode, a charge balance must be
maintained across the cell by the diffusion of positively
charge ions. Given the high selectivity of the NaSICON mem-
brane for Na-1ons, 1t 1s the only species that can provide this
balance, thus a high concentration of the sodium salt 1s
desired.

[0065] As the temperature of the cell during the experi-
ments of the different molten salt electrolytes 1s higher than
150° C. some of the products and side products are gases and
thus the experiments are conducted 1n a manner that permits
the collection of the gas. The gas from the reaction was passed
through an aqueous solution of Ca(OH), and then was col-
lected 1n a gas bag. As the gas 1s passed through the Ca(OH),
the CO, that1s produce from the decarboxylation at the anode
1S converted into CaCQO,, and some of the products and side
products condense allowing them to be collected and ana-
lyzed with GC-MS. The collected gas 1s also analyzed with
GC and GC-MS. Depending on the example, an extraction
procedure was used to analyze any products that were still
mixed with the molten salt after the salt cooled to room
temperature.

Example 1

[0066] The molten salt electrolyte disclosed was used 1n an
clectrochemical decarboxylation process to convert the
sodium salt of a carboxylic acid with a hydroxyl group 1nto an
aldehyde. The aldehyde produced can be used as an interme-
diate to the production of other chemicals. The molten salt
clectrolyte was comprised solely of the sodium salt of the
carboxylic acid desired for the decarboxylation. An aqueous
solution containing 10% by weight sodium hydroxide was

used as the catholyte (3) and the temperature was maintained
between 80 and 100° C.

[0067] The molten sodium salt anolyte was prepared by
evaporating the water off of an aqueous syrup of sodium
lactate (S1gma, 60% DL) using slight vacuum and mild heat.
The sodium lactate was then heated to and held at 150° C. for
48 h. The temperature of the sodium lactate was then heated
to 160° C. and the cathode compartment (3) was inserted into
the melted salt anolyte (7). The aqueous catholyte was heated
on a stir plate to 95° C. and then was cycled through the
cathode compartment of the cell (3) which was submersed
into the anolyte (7). The cell was operated until enough
charge passed to theoretically convert 10% of the sodium
carboxylate electrolyte. During the electrolysis the tempera-
tures of the anolyte was maintained at 160° C., and a current
densities between 5 and 20 mA cm™ were employed.

[0068] FIG. 3 shows the current density (14) and cell poten-
tial (15) of the decarboxylation of sodium lactate 1n a sodium
lactate electrolyte. The response shows at a constant current
the cell potential (15) varied greatly with time. The large
variance 1n cell potential 1s from the formation of CO,
bubbles on the electrode and the release of these bubbles.
During the electrolysis the reactions that occurred in the
anode and cathode compartment are shown below.
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C(OH)H,CH,CO,Na—CH,C(OH)H*+CO.,+Na*+2¢"

H,O+e —H,+OH"™

The decarboxylation occurring in the anode compartment
produced CO, which was bubbled through a calcium hydrox-
ide solution forming calctum carbonate which was then ana-
lyzed using TGA. The gas that passed through the calcium
hydroxide solution was collected 1n a gas bag. The GC-MS of
the gas in the gas bag 1s shown 1n FI1G. 4. The first peak shown
in FIG. 4 was the elution of N,, O,, and CO, which was
analyzed separately with a packed column and TCI detector.
The second peak shown in FIG. 4 was 1dentified as acetalde-
hyde using the mass spectrum of the peak shown 1n the inset
of the Figure. The conditions used in this example promoted

2¢”~ oxidation producing acetaldehyde following the reaction
shown below.

CH,C(OH)H*—CH,CHO+H"

Example 2

[0069] The molten salt electrolyte with a different cation
but the same anion used i Example 1 can be used i an
clectrochemical decarboxylation process to perform the
decarboxylation of the lactate anion. This example demon-
strates how changing the cation of the molten salt electrolyte
can lower the melting point of the molten salt and provide a
low potential reduction reaction at the anode. The molten salt
clectrolyte can be comprised solely of the ammonium salt of
the carboxylic acid being processed by the decarboxylation
process 1n a single compartment cell.

[0070] The molten sodium salt anolyte 1s prepared by
evaporating the water off of an aqueous solution of ammo-
nium lactate (Sigma, 60% DL) using slight vacuum and mild
heat. The ammonium lactate 1s then heated to and maintained
at temperature between 350 and 100° C. for the experiment.
The cell 1s operated until enough charge passes to theoreti-
cally convert 10% of the sodium carboxylate in the electro-
Iyte. A current density between 5 and 20 mA cm™” is
employed during the electrolysis.

[0071] At aconstant current the cell potential will maintain
a constant value between 5 and 20 V. During the electrolysis
the reactions that occur at the anode and cathode are shown
below.

C(OH)H,CH,CO,Na—CH,C(OH)H.+CO,+Na*+2e"

ONH,*+e —H,+NH,

The decarboxylation occurring in the anode compartment
will produce CO., which will be bubbled through a calcium
hydroxide solution forming calcium carbonate which will be
analyzed using TGA. The gas that passes through the calcium
hydroxide solution 1s collected 1mn a gas bag, and analyzed
using GC-MS. The conditions described 1n this example wall
permit both 1e™ and 2e™ oxidation to occur producing acetal-
dehyde as shown in Example 1 and 2,3 butanediol following
the reaction shown below.

2CH,C(OH)H.—CH,CHOHCHOHCH,

Example 3

[0072] The molten salt electrolyte disclosed can be used 1n
an electrochemical decarboxylation process to convert the
sodium salts of long chain carboxylic acids into long chain
saturated hydrocarbons. The saturated hydrocarbons pro-
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duced can be further processed into either base lubricant or
transportation fuel. The molten salt electrolyte can be com-
prised ol a mixture of sodium salts of carboxylic acids which
mimic the feed stream of carboxylic acids obtain from bio-
logical sources. In this example the cell 1s run at temperatures
above the boiling of aqueous sodium hydroxide, so a solution
containing 10% by weight sodium hydroxide 1n ethyl glycol
can be used as the catholyte.

[0073] The molten sodium salt anolyte can be prepared by
mixing lauric, myristic, palmitic and stearic acid 1n methanol
and then following standard saponification procedure, adding
sodium hydroxide to the solution to crash out the sodium
salts. Following the addition of the sodium hydroxide the
methanol 1s removed with mild heat under vacuum. The dry
sodium salts are then heated to 320° C. and held there for 48
h under nitrogen. The catholyte solution 1s heated to 150° C.
in the cathode compartment of the cell. The cell 1s operated
until enough charge passed to theoretically convert 10% of
the sodium carboxylate electrolyte. During the electrolysis
the temperature of the anolyte 1s maintained at 320° C., and a
current density of 10 mA cm™ is employed.

[0074] The constant current density will produce a constant
potential response 1n between 5 and 20 V. During the elec-
trolysis the reactions that occur at the anode are shown below.

RCO,Na—R.+CO,+Nat+le

In this case, R, 1s four different saturated hydrocarbons with
carbon numbers of C, ,, C,;, C, <, and C, . The decarboxyla-
tion occurring 1n the anode compartment produced CO,
which 1s bubbled through a calcium hydroxide solution form-
ing calcium carbonate which 1s then analyzed using TGA.
The gas that passes through the calctum hydroxide solution 1s
collected 1n a gas bag to be analyzed using GC-MS. Follow-
ing the electrolysis, the molten salt mixture 1s cooled to room
temperature and dissolved in water. The pH of the solution 1s
adjust to 3 using acid, then liqud/liquid extraction 1s per-
tormed using hexane, and the hexane phase 1s analyzed with
GC-MS. These conditions will promote radical-radical cou-
pling as shown below.

2Re—=R—R

Because more than one carboxylate present in the solution,
both homo and hetero coupling will occur leading to the
mixture of products.

[0075] In one embodiment, an electrochemical cell com-
prises an electrolyte compartment capable of housing a quan-
tity of electrolyte. The electrolyte comprising a quantity ol an
alkal1 metal salt of a carboxylic acid dissolved in a molten salt
clectrolyte. The alkali metal salt of the carboxylic acid may
have at least one functional group in addition to the carboxy-
lic acid moiety. The electrochemical cell includes an anode
and a cathode 1n communication with the electrolyte. It also
includes a voltage source, wherein the voltage source decar-
boxylates the alkali metal salt of the carboxylic acid into alkyl
radicals that react to form a coupled radical product.

[0076] The electrolyte may be a molten salt electrolyte
where the cation of the electrolyte 1s chosen from lithium,
sodium, potassium, magnesium, calcium and mixtures of the
same. The electrolyte may also be a molten salt selected from
ammonium, imidazolium, pyridinium, pyrrolidinium and
phosphonium. The electrolyte may contain a mixture of the
cations referenced above. The mixture may contain at up to
tour different cations. At least one of the cations 1s chosen to
have a low reduction potential. The cation may be chosen
such that the reduction of the cation can be easily separated
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from the electrolyte. The reduction of the cation may produce
a chemical of economic value, in addition to the product
obtained from the decarboxylation.

[0077] The anion of the molten salt electrolyte may be
chosen from the groups of halides, sulphonate, amides, tosy-
lates, aluminate, borates, sulfates, nitrates, and carboxylates,
or mixtures thereof. The mixture of anions may include up to
four different anions. One o the anions may be chosen to have
high oxidation potential. The oxidation potential 1s higher
than that of the carboxylate anion being processed by the cell.
One of the anions chosen may be a carboxylate anion similar
to the carboxylate being processed with the cell. In one
embodiment, one of the anions 1s chosen such that 1t 1s the
carboxylate being processed with the cell.

[0078] In one embodiment, a salt of a carboxylic acid 1s
dissolved 1nto the molten salt electrolyte. The carboxylate 1s
chosen from acetate, propionate, lactate, butyrate, pen-
tanoate, hexanoate, heptanoate, octanoate, laurate, oleate,
stearate, linoleate, palmitate, myristrate, levulinate, valerate,
benzoate, naphthenate and naphthoate or combinations
thereolf. The products of the decarboxylation may be easily
separated from the electrolyte.

[0079] In one embodiment, the electrolyte comprises of a
mixture of cations and anions. The composition of the elec-
trolyte may be such that a eutectic mixture 1s formed with a
lower melting point than the melting point of the individual
components of the mixture. The electrolyte may contain as
low as 2% of any particular component of a mixture and up to
98% of any particular component of the mixture.

[0080] The electrochemical cell may be operated at a tem-
perature above the melting point of the molten salt electro-
lyte, but below the melting point of the products of the reduc-
tion and oxidation reactions. The cell may be operated at a
temperature above the melting point of the molten salt elec-
trolyte and either of or both of the products of the reduction
and oxidation reactions. In one embodiment, the electro-
chemical cell 1s operated at a temperature above the melting
point of the molten salt and above the boiling point of the
products of either or both the reduction and oxidation reac-
tions. The temperature of the cell may be optimized 1n order
to promote the decarboxylation via lowering the activation
energy ol the decarboxylation and increasing the rate of CO,
evolution.

[0081] In another embodiment, an electrochemical cell
comprises an anolyte compartment capable of housing a
quantity of anolyte. The anolyte may comprise a quantity of
an alkali metal salt of a carboxylic acid dissolved 1n a molten
salt electrolyte, wherein the alkali metal salt of the carboxylic
acid has at least one functional group 1n addition to the car-
boxylic acid moiety. The electrochemical cell may include an
anode 1 communication with the anolyte, a catholyte com-
partment capable of housing a quantity of catholyte. A cath-
ode 1s in communication with the catholyte. A membrane may
separate the anolyte and catholyte. In one embodiment, a
voltage source decarboxylates the alkali metal salt of the
carboxylic acid into alkyl radicals that react to form a coupled
radical products. Like 1n other embodiments, the analyte may
be comprised of a molten salt electrolyte and may have simi-
lar cations and anions, alone or 1n respective mixtures.

[0082] In one embodiment, the electrolyte may contain as
low as 2% of any particular component of a mixture and up to
98% of any particular component of the mixture. The com-
position of the catholyte may be the same or different than the
anolyte. The catholyte may be comprised of a dissolved saltin
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a polar solvent wherein the cation of the dissolved salt 1s
chosen from those cations referenced herein throughout and
mixtures thereof. The anion of the dissolved salt may also be
chosen from those amions referenced herein throughout and
mixtures thereot.

[0083] In one embodiment, the catholyte 1s comprised of a
molten metal. The molten metal may include lithium, sodium,
potassium, magnesium and calcium and mixtures thereof.
The catholyte may be maintained at the same or different
temperature as the anolyte. As discussed previously, the cell
may be operated at a temperature above the melting point of
the molten salt anolyte, but below the melting point of the
products of the oxidation reaction. In some embodiments, the
cell may be operated at a temperature above the melting point
of the molten salt anolyte and of the products of the oxidation
reaction. In still other embodiments, the cell may be operated
at a temperature above the melting point of the molten salt
anolyte and above the boiling point of the products of the
oxidation reaction. The temperature of the cell may be opti-
mized 1n order to promote the decarboxylation via lowering
the activation energy of the decarboxylation and increasing

the rate of CO, evolution.

[0084] The membrane separating the anolyte and catholyte
compartments may be a cation exchange membrane. The
membrane may be a NaSICON (sodium super 10n conduct-
ing ) membrane or other 1on selective membrane such as L1SI-
CON (lith1um super 1on conducting). In one embodiment, the
membrane comprises a thickness of between about 10 and
about 5000 microns. In another embodiment, the membrane
comprises a thickness of between about 100 and about 1000
microns. In yet another embodiment, the membrane com-
prises a thickness of between about 200 and about 700
microns. The membrane may include either a planar configu-
ration or a cylindrical configuration.

[0085] The catholyte compartment may include an outlet
that 1s used to collect hydrogen gas, and the anolyte compart-
ment may mclude an outlet that 1s used to collect the coupled
radical product.

[0086] In one embodiment, an electrochemical cell com-
prises an anolyte comprising a quantity of a salt of a carboxy-
lic acid, wherein the salt of the carboxylic acid has at least one
functional group in addition to the carboxylic acid moiety.
The cell includes an anode 1n communication with the anolyte
and a catholyte 1n commumnication with the catholyte. A volt-
age source decarboxylates the metal salt of the carboxylic
acid 1nto alkyl radicals that react to form a coupled radical
product, wherein the coupled radical product has at least two
functional groups.

[0087] In another embodiment, an electrochemical cell
comprises an anolyte comprising a quantity of salts of car-
boxylic acids, wherein at least one salt 1s an aryl carboxylic
acid and at least another salt 1s an alkyl carboxylic acid. The
cell includes an anode 1n communication with the anolyte and
a cathode 1n communication with the catholyte. A voltage
source decarboxylates the salt of the carboxylic acid into
radicals that react to form homo- and hetero-coupled prod-
ucts, wherein the heterocoupled product has at least one alkyl
and one aryl group.

[0088] In another embodiment, an electrochemical cell
comprises an anolyte comprising a quantity of salts of car-
boxylic acids, wherein the salts are saturated or mostly satu-
rated carboxylic acids. The cell includes an anode in commu-
nication with the anolyte and a cathode in communication
with the catholyte. A voltage source decarboxylates the salts
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of the carboxylic acids into radicals that react to form homo-
and hetero-coupled products, wherein the products are satu-
rated or mostly saturated hydrocarbons.

[0089] A method for producing a coupled radical product
having at least two functional groups 1s also disclosed herein.
The method includes obtaining a salt of a carboxylic acid that
has at least one functional group 1n addition to the carboxylic
acid moiety, wherein the functional group consists of halide
groups, sulfide groups, hydroxyl groups, amine groups,
amide groups, and ether groups. The method includes the step
ol decarboxylating the salt of the carboxylic acid into alkyl
radicals that react to form a coupled radical product, wherein
the coupled radical product has at least two of the functional
groups. In the method, the carboxylic acid may be derived
from biomass. The salt of the carboxylic acid may be formed
via a saponification reaction using a base of the formula BOH
or BOR, wherein, “B” represents a base and “OH” represents
a hydroxide anion and “OR” represents an alkoxide anion.
The base may be re-formed as part of the decarboxylation and
the base may be collected and re-used in a further saponifi-
cation reaction.

[0090] In one embodiment, a method for producing a
coupled radical product having both aryl and alkyl compo-
nents includes the steps of obtaining a salt of an aryl carboxy-
lic acid, and a salt of an alkyl carboxylic acid. The method
includes decarboxylating the salts of the carboxylic acid into
radicals that react to form homo- and hetero-coupled product,
wherein the heterocoupling product has at least one alkyl and
one aryl group. One of the carboxylic acids 1s derived from
naphthenic acid. The salts of the carboxylic acid are formed
via a saponification reaction using a base of the formula BOH
or BOR, wherein, “B” represents a base and “OH” represents
a hydroxide anion and “OR” represents an alkoxide anion.
The base 1s re-formed as part of the decarboxylation.

[0091] In one embodiment, a method for producing a
coupled radical product which 1s a saturated or mostly satu-
rated hydrocarbon includes the steps of obtaining a salt or
salts of saturated carboxylic acids, decarboxylating the salt or
salts of the carboxylic acids into radicals that react to form
homo- and hetero-coupled products, wherein the products are
saturated or mostly saturated hydrocarbons. The salt of the
carboxylic acid may be derived from biomass. The salts of the
carboxylic acids may be formed via a saponification reaction
using a base of the formula BOH or BOR, wherein, “B”
represents a base and “OH” represents a hydroxide anion and
“OR” represents an alkoxide anion. The base may be re-
formed as part of the decarboxylation, wherein the base 1s
collected and re-used 1n a further saponification reaction.
[0092] The present invention may be embodied 1n other
specific forms without departing from 1ts structures, methods,
or other essential characteristics as broadly described herein
and claimed hereinafter. The described embodiments are to
be considered I all respects only as 1llustrative, and not restric-
tive. The scope of the invention 1s, therefore, indicated by the
appended claims, rather than by the foregoing description. All
changes that come within the meaning and range of the
equivalency of the claims are to be embraced within their
scope.

1. An electrochemical cell comprising:

an electrolyte compartment with a quantity of electrolyte,
the electrolyte comprising a quantity of an 1norganic salt
of a carboxylic acid dissolved 1n a molten salt electro-
lyte;

an anode 1n communication with the electrolyte;
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a cathode 1n communication with the electrolyte; and

a voltage source that decarboxylates the metal salt of the
carboxylic acid into radicals that react to form at least
one radical coupling product.

2. The cell of claim 1, wherein the cation of the electrolyte
inorganic salt 1s selected from an alkaline metal, an alkaline
earth metal, and mixtures of the same.

3. The cell of claim 1, wherein the cation of the electrolyte
inorganic salt 1s selected from ammonium, lithium, sodium,
potassium, magnesium, calcium, and mixtures of the same.

4. The cell of claim 2, wherein the electrolyte contains a
mixture of 1norganic cations.

5. The cell of claim 2, wherein the electrolyte contains a
mixture of at least three inorganic cations.

6. The cell of claim 2, wherein the oxidation potential of an
anion 1n the molten electrolyte 1s higher than the oxidation
potential of the carboxylate anion.

7. The cell of claim 2, wherein a carboxylate portion of the
carboxylate inorganic salt 1s selected from: acetate, propi-
onate, lactate, butyrate, pentanoate, hexanoate, heptanoate,

octanoate, laurate, oleate, stearate, linoleate, palmuitate,
myristrate, levulinate, valerate, benzoate, naphthenate and

naphthoate.

8. The cell of claim 2, wherein the electrolyte 15 a eutectic
mixture with a lower melting point than the melting point of
the individual components of the electrolyte mixture.

9. The cell of claim 2, wherein the cell 1s operated at a
temperature above the melting point of the molten salt elec-
trolyte, but below the melting point of the products of the
reduction and oxidation reactions.

10. An electrochemical cell comprising:

an anolyte compartment housing an anolyte comprising a

inorganic salt of a carboxylic acid dissolved 1n a molten
salt electrolyte;

an anode 1n communication with the anolyte;

a catholyte compartment capable of housing a quantity of
catholyte;

a cathode 1n communication with the catholyte;
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a membrane separating the anolyte and catholyte compart-
ments; and

a voltage source.
11. The cell of claim 10, wherein the cation of the electro-

lyte 1norganic salt 1s selected from an alkaline metal, an
alkaline earth metal and mixtures of the same.

12. The cell of claim 11, wherein the cation of the electro-
lyte morganic salt 1s selected from lithium, sodium, potas-
sium, magnesium, calcium, and mixtures of the same.

13. The cell of claim 12, wherein the electrolyte contains a
mixture of 1norganic cations.

14. The cell of claim 12, wherein the electrolyte contains a
mixture of at least three inorganic cations.

15. The cell of claim 12, wherein the oxidation potential of
an anion in the molten electrolyte 1s higher than the oxidation
potential of the carboxylate anion.

16. The cell of claim 12, wherein a carboxylate portion of
the inorganic carboxylate salt 1s selected from: acetate, pro-
pionate, lactate, butyrate, pentanoate, hexanoate, heptanoate,
octanoate, laurate, oleate, stearate, linoleate, palmitate,
myristrate, levulinate, valerate, benzoate, naphthenate and
naphthoate.

17. The cell of claim 12, wherein the electrolyte 1s a eutec-
tic mixture with a lower melting point than the melting point
of the individual components of the electrolyte mixture.

18. The cell of claim 12, wherein the cell 1s operated at a
temperature above the melting point of the molten salt elec-
trolyte, but below the melting point of the products of the
reduction and oxidation reactions.

19. A method for producing a coupled radical product,
comprising;

providing a morganic salt of a carboxylic acid;

contacting the salt of a carboxylic acid with a molten salt

clectrolyte

applying a voltage to the electrolyte and carboxylate salt.

20. The method of claim 19, wherein the electrolyte 1s a
cutectic mixture with a lower melting point than the melting
point of the individual components of the electrolyte mixture.
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