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ELECTROCHEMICAL FLUORINATION OF ALKANE SUBSTRATE

Field of the Invention

The present invention relates to a process for the electrochemical

fluorination of alkanes.

Background
Fluorinated alkanes (e.g., perfluorinated alkanes) are commercially valuable

and useful chemical materials. Fluorinated alkanes can exhibit various useful
properties, ¢.g., they may be inert, nonpolar, hydrophobic, oleophobic, etc. As
such, these fluorochemicals can be useful in a wide variety of applications, such as
for inert fluids, solvents, cleaning fluids, heat transfer fluids, foam blowing agents,
oxygen carriers in artificial blood, etc. Due to the versatility of fluorinated alkanes,
and a consequent strong demand for these materials, there is a continuing need for
new and improved methods of preparing fluorinated alkanes.

One well-known industrial process for preparing fluorochemical compounds
is the electrochemical fluorination process commercialized initially in the 1950’s by
the 3M Company. This process, often referred to as Simons fluorination or
electrochemical fluorination (ECF), is a method by which electric current is passed
through an electrolyte solution containing a mixture of liquid anhydrous hydrogen
fluoride and an organic compound intended to be fluorinated (the “substrate”).
Generally it is taught that the Simons process is practiced with a constant current
passed through the electrolyte; i.e., a constant voltage and constant current flow.
See for example W.V. Childs, et al., Anodic Fluorination in Organic
Electrochemistry, H. Lund and M. Baizer eds., Marcel Dekker Inc., New York,
1991. The current passing through the electrolyte causes one or more of the
hydrogens of the substrate to be to replaced by fluorine.

The Simons process of electrochemical fluorination, although commercially
useful, includes aspects that might desirably be improved upon. For example, the
Simons process requires a significant amount of electrical energy passing through
the electrolyte solution. Much electrical energy is effectively used to fluorinate the

substrate, but a certain amount of this electrical energy converts to heat energy that
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must necessarily be carried away from the electrochemical fluorination cell as
wasted energy, and adds to the overall cost of operating the process. It would be
desirable to reduce the amount of electrical energy that is wasted as dissipated heat
energy in the Simons process, and thereby reduce the overall cost of electricity
needed to operate this process.

Also, the conventional Simons process often includes the use of conductivity
additives to allow the passage of current through the electrolyte solution. See for
example J. Burdon and J.C. Tatlow, The Electrochemical Process for the Synthesis
of Fluoro-Organic Compounds, Advances in Fluorine Chemistry, edited by M.
Stacey et al., volume 1 p. 129 (1960). Conductivity additives can cause undesired
results when used in the Simons process. Conductivity additives, for example, can
interfere with the fluorination of the substrate, either by causing increased corrosion
of the anode, or by themselves being consumed or fluorinated in the fluorination
reaction. This can reduce the overall yield of the desired fluorinated product, and in
many ways can increase the costs of the fluorination operation. Therefore, it would
be desirable to reduce or even substantially eliminate the need for conductivity
additives.

The Simons process can be difficult to maintain at steady state for extended
periods of time because high resistance by-product films and tars can tend to
accumulate on electrodes of the fluorination cell, specifically, at the anode. In
normal operation, the accumulation of films and tars on the anode causes increased
resistance of the electrochemical cell, and an upward drift in cell voltage. The
problem can become more serious and lead to the condition referred to as “current
blocking,” which is manifested as a permanent increase of resistance and loss of
conductivity within the cell. To correct current blocking often requires shut-down
of the apparatus for cleaning. It would therefore be desirable to prevent increases
in the resistance of a fluorination cell that can lead to loss of conductivity within the
cell, and the permanent condition of current blocking.

Finally, Simons electrochemical fluorination is not considered to be
especially useful in fluorinating hydrocarbon alkanes to produce fluorinated alkanes.

To fluorinate a substrate using the Simons process, the substrate must be dissolved

-
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in the reaction solution. Although functional compounds such as hydrocarbon
carbonyl fluorides and hydrocarbon sulfonyl fluorides can often be soluble in
anhydrous hydrogen fluoride and can thus be relatively easily fluorinated by the
Simons process, hydrocarbons and halohydrocarbons are less soluble in hydrogen
fluoride, and are therefore somewhat difficult to fluorinate using the Simons
process.

U.S. Pat. No. 3,950,235 (Benninger) notes the difficulty of preparing
perfluoroalkanes by the Simons electrochemical fluorination of aliphatic
hydrocarbons (due to the "insolubility" of the hydrocarbons in hydrogen fluoride) or
by the Simons electrochemical fluorination of olefinic hydrocarbons (because of the
quick anode blocking resulting from the formation of polymer products on the
anode surface) and describes an alternative process wherein branched
perfluoroolefins are electrochemically fluorinated to produce the corresponding
branched perfluoroalkanes.

Japanese Pat. Application No. JP 4-12243 (Daikin Kogyo KK.) describes a
process for preparing octafluoropropane by electrochemically fluorinating
hexafluoropropene using an alkyl amine as a conductivity additive. This additive is
said to function without seriously corroding the anode, and, if propyl amine or
dipropyl amine is chosen, is said to be converted to additional octafluoropropane
during the fluorination process.

U.S. Pat. No. 3,957,596 (Seto) discloses an improved process for the
electrochemical fluorination of hydrocarbons, wherein the electrochemical
fluorination cell is maintained at superatmospheric pressure, conductivity additives
are omitted, and the electrode gap, turbulence, and electrical energy input are
controlled to provide improved yield and current efficiency.

A need exists in the art of electrochemical fluorination for more efficient

methods of electrochemically fluorinating alkanes to produce fluorinated alkanes.

Summary of the Invention

The present invention relates to a process for the electrochemical

fluorination of alkane hydrocarbons. In the process, a reaction solution is provided
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that comprises an alkane substrate and hydrogen fluoride. An electric potential
(voltage) is established across the reaction solution causing an electric current to
pass through the reaction solution, and thereby causing fluorination of the alkane
substrate. In the method, the electric current is periodically and regularly
interrupted, i.e., the current flows at a first current level, identified as an elevated
current level, and is periodically interrupted to flow at a reduced current level. In
the invention, the current is interrupted in such a manner that the resistance of the
electrochemical fluorination cell operated under the conditions of the present
invention is lower than the resistance of the cell operated without interruption of the
current.

Interrupting the electric current during fluorination offers a number of
advantages over conventional electrochemical fluorination methods. As stated, the
current can be interrupted in such a manner that the resistance of the fluorination
cell will be reduced compared to the resistance of the same fluorination cell
operating with uninterrupted current. The reduced cell resistance resulting from
interrupted current in turn results in a lower cell voltage being required to achieve
fluorination at constant current; i.e., the voltage between the anode and the cathode
with interrupted electric current can be lower relative to the voltage of the same
cell, operated with the same amount of current, wherein the current is interrupted.
At the same time, because the cell resistance is comparatively lower, the amount of
wasted heat energy created during the fluorination process is also reduced, reducing
or eliminating the need to remove wasted heat energy from the fluorination cell.
The achievement of a lower operating voltage allows stable cell operation at higher
current densities, which in turn allows more product to be produced in a given time
period, and extended production runs (e.g., days, weeks, etc.) without significant
interruptions. At production scale, reduced cell voltage, cell resistance, and
increased current, result in a more efficient process with higher production rates of
a fluorinated product, often at a lower cost. Furthermore, interrupted current can
reduce or eliminate the need for conductivity additives in an electrochemical
fluorination process. This can reduce corrosion of the electrodes within the

fluorination cell, reduce the amount of energy and raw materials wasted due to
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fluorination of the conductivity additives themselves, and reduce unwanted by-
products. In some cases, interrupted electric current increases the selectivity of the
fluorination reaction resulting in higher yields and reduced by-products. All of
these identified improvements advantageously reduce overall operation costs for the
electrochemical fluorination process.

An aspect of the present invention relates to a process for fluorinating an
alkane substrate using an electrochemical fluorination cell. The process includes the
steps of: (1) providing an alkane substrate comprising at least one carbon-bonded
hydrogen; (2) preparing a reaction solution comprising the alkane substrate and
hydrogen fluoride; (3) passing electric current through the reaction solution
sufficient to cause replacement of one or more hydrogens of the alkane substrate
with fluorine. In the process, the electric current is interrupted through a cycle
defined by current levels comprising an elevated current and a reduced current, and
in such a manner that the resistance of the cell operated with interrupted current is
lower than the resistance of the cell operated with uninterrupted current.

Another aspect of the present invention relates to a method for
perfluorinating an alkane substrate according to the above method.

Yet another aspect of the invention relates to a process for electrochemical
fluorination including the steps of: providing a substrate having at least one carbon-
bonded hydrogen; providing a fluorochemical in which the substrate is soluble;
providing an electrochemical fluorination cell; providing hydrogen fluoride;
introducing the substrate to the fluorochemical so that the substrate dissolves into
the fluorochemical; introducing the hydrogen fluoride to the electrochemical
fluorination cell; introducing the fluorochemical with substrate dissolved therein, to
the fluorochemical cell, at a temperature that is below the temperature of the
hydrogen fluoride; and passing electric current through the cell sufficient to cause
replacement of one or more hydrogens of the substrate with fluorine.

As used within the present description, and in reference to an
electrochemical fluorination process:

“Fluorinated” refers to chemical compounds having at least one carbon-

bonded hydrogen replaced by a fluorine, and specifically includes perfluorinated

5.
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compounds. “Perfluorinated” compounds refers to chemical compounds in which
essentially all carbon-bonded hydrogens have been replaced by fluorines, although
typically some residual hydride will be present in a perfluorinated composition; e.g.,
preferably less than 1 milligram hydride per gram perfluorinated product.
“Uninterrupted current,” refers to the electric current flowing through an
electrochemical fluorination cell, wherein the current is substantially constant; i.e.,
not substantially varied, and specifically, not periodically interrupted as described in

the following description.

Brief Description of the Figures

Figures 1 and 2 are graphs of current versus process time; the current is
interrupted according to the present invention.

Figures 3 and 4 are graphs of voltage versus process time, with voltage
varying according to the present invention.

Figure 5 is a graph of electric power versus process time, with power
varying according to the present invention.

Figure 6 is a graph of current versus time with current being interrupted
(varying) in a sinusoidal manner according to the present invention.

Figure 7 is a graph of current versus terminal voltage of an electrochemical
fluorination cell during a fluorination process.

Figure 8 schematically illustrates an embodiment of the invention wherein
the fluorinated product (fluorochemical phase) is recirculated and combined with
the alkane substrate feed in a decanter, and the substrate is fed to the cell as a solute

within the fluorochemical phase.

Detailed Description
The present invention relates to methods of fluorinating a substrate to

produce a fluorinated product. The methods can be practiced according to methods
similar to electrochemical fluorination methods generally known as “Simons”

electrochemical fluorination.
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The “Simons process” or the “Simons electrochemical fluorination process”
is a commercial process for fluorinating a substrate dissolved or dispersed in liquid,
anhydrous, hydrogen fluoride (HF). Simons electrochemical fluorination can be
carried out essentially as follows. A substrate and an optional conductivity additive
are dispersed or dissolved in anhydrous hydrogen fluoride to form an electrolytic
“reaction solution.” One or more anodes and one or more cathodes are placed in
the reaction solution and an electric potential (voltage) is established between the
anode(s) and cathode(s), causing electric current to flow between the cathode and
anode, through the reaction solution, and resulting in an oxidation reaction
(primarily fluorination, i.e., replacement of one or more carbon-bonded hydrogens
with carbon-bonded fluorines) at the anode, and a reduction reaction (primarily
hydrogen evolution) at the cathode. As used herein, “electric current” refers to
electric current in the conventional meaning of the phrase, the flow of electrons, and
also refers to the flow of positively or negatively charged chemical species (ions),
while wishing not to be bound by theory, it is believed that the current flowing
through the reaction solution in the process is significantly a flow of such ionic
chemical species through the reaction solution. The Simons process is well-known,
and the subject of numerous technical publications. An early patent describing the
Simons process is U.S. Patent No. 2,519,983 (Simons), which contains a drawing
of a Simons cell and its appurtenances. A description and photograph of laboratory
and pilot plant-scale electrochemical fluorination cells suitable for practicing the
Simons process appear at pages 416-418 of Vol. 1 of “Fluorine Chemistry,” edited
by J.H. Simons, published in 1950 by Academic Press, Inc., New York. United
States Patent Numbers 5,322,597 (Childs et al.) and 5,387,323 (Minday et al.) each
refer to the Simons process and Simons cell. Further, electrochemical fluorination
by the Simons process is described by Alsmeyer et al., Electrochemical Fluorination
and Its Applications, Organofluorine Chemistry: Principles and Commercial
Applications Chapter 5 pp. 121-43 (1994); S. Nagase in Fluorine Chem. Rev., 1 )
77-106(1967); and, J. Burdon and J.C. Tatlow, The Electrochemical Process for
the Synthesis of Fluoro-Organic Compounds, Advances in Fluorine Chemistry,
edited by M. Stacey et al., (1960).

-7-
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In the practice of the invention, a reaction solution is prepared which
comprises hydrogen fluoride and a substrate. The hydrogen fluoride is preferably
anhydrous hydrogen fluoride, meaning that it contains at most only a minor amount
of water, e.g., less than about 1 weight percent (wt%) water, preferably less than
about 0.1 weight percent water. Such a minor amount of water present in the
hydrogen fluoride is not unacceptable because this water is typically oxidized upon
application of a voltage between the cathode and the anode.

The substrate can be any compound that comprises a carbon-bonded
hydrogen, and that can be combined with hydrogen fluoride (optionally in the
presence of a conductivity additive) to prepare a reaction solution through which
electric current can be passed to cause fluorination of the substrate. Preferably, the
substrate can comprise a straight, branched, or cyclic alkane which is entirely
hydrocarbon (e.g., a straight chain alkane, CqHzq+1, wherein n is from about 2 to 25,
preferably from about 3 to 12, or a cyclic alkane C,Hzn), or, a partially halogenated
analog thereof (e.g., C-HyX,, wherein X is a halogen such as fluorine or chlorine,
and wherein x+y=2n+1 in the case of a straight or branched alkane, and x+y=2n in
the case of a cyclic). Examples of preferred organic substrates include hexane and
octane.

The reaction solution within the ECF cell includes an electrolyte phase
comprising HF and an amount of substrate dissolved therein. In general, the
substrate is preferably to some degree soluble or dispersible in liquid hydrogen
fluoride. The substrate can be in the form of a liquid, solid, or gaseous vapor, and
can be introduced to the hydrogen fluoride as appropriate for its physical state.
Specifically, gaseous substrates can be bubbled through the hydrogen fluoride to
prepare the reaction solution, or charged to the cell under pressure. Solid or liquid
substrates can be dissolved or dispersed in the hydrogen fluoride. Optionally and
preferably in the case of substrates that are relatively less soluble in hydrogen
fluoride, the substrate can be introduced to the cell as a solute dissolved in a
fluorochemical fluid, as described below.

Some substrates (e.g., alkanes), however, are not extremely soluble in

hydrogen fluoride. These relatively insoluble substrates are considered to be

-8-
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difficult to fluorinate by Simons electrochemical fluorination methods. In general, it
is desirable that the amount of substrate dissolved in the HF be as high as possible,
e.g., approaching the solubility limit of the substrate within the HF. On the other
hand, it is important to avoid the creation of a separate phase of the substrate within
the ECF cell. A separate substrate phase, such as an alkane phase within the cell is
to be avoided because if present, a substrate phase can cause significant problems
during the electrochemical fluorination process. Specifically, if a separate alkane
phase exists in the cell, the alkane substrate within this alkane phase can be
polymerized to form a high molecular weight, polymerized, partially fluorinated tar
which can accumulate within the electrolyte and which can build up as a coating on
the electrodes and thereby deactivate the electrodes. The tar must be removed from
the electrolyte and the electrodes, which involves significant time and expense.
Thus, it is preferred to prevent the existence of a substrate phase within the ECF
cell.

If the substrate is sufficiently soluble in the electrolyte phase there is little
possibility that a separate substrate phase will develop in the cell. If, however, the
substrate is relatively less soluble in the electrolyte (HF), then the possibility is
greater that a separate substrate phase will develop in the cell. This can be the case
with many alkane substrates, and therefore a separate fluorochemical phase within
the reaction solution within the electrochemical fluorination cell can be beneficial
when the substrate is an alkane such as hexane, heptane, octane, etc. The formation
of a substrate phase when fluorinating alkane substrates that are relatively less
soluble in HF can be prevented by ensuring the presence of a separate
fluorochemical phase within the ECF cell, where the substrate is sufficiently soluble
in the fluorochemical phase so that a separate substrate phase will not develop. The
use of a separate fluorochemical phase in electrochemical fluorination is described,
for example, in United States Patent No. 5,387,323.

While wishing not to be bound by theory, a fluorochemical phase is believed
to act as a “reservoir” for a substrate which has relatively poor solubility in the
anhydrous hydrogen fluoride electrolyte, but much higher solubility in the

fluorochemical phase. Amounts of substrate beyond that which can be dissolved in
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the hydrogen fluoride phase will be dissolved by the fluorochemical phase, thus
preventing the substrate from accumulating separately in the cell and forming a
substrate phase. Moreover, even if the substrate is relatively soluble in the
hydrogen fluoride such that the potential of a separate substrate phase is not great, a
fluorochemical phase can be desired, and can facilitate the fluorination process,
because the increased solubility of the alkane in the fluorochemical phase gives a
wider window of operation between starvation of the fluorination process (e.g., by
lack of substrate in the electrolyte) and formation of either a separate substrate
phase or a single substrate/fluorocarbon phase containing so much substrate that the
phase floats on the electrolyte phase instead of sinking beneath it. Even further, the
use of a fluorocarbon phase (particularly at a reduced temperature, as described
below) to feed the substrate, provides an improved method of feeding a reliable,
controlled, amount of the substrate into the cell.

The fluorochemical phase can comprise any fluorochemical material that
allows relatively higher solubility of the substrate than does the electrolyte phase
(HF), thus dissolving substrate that is not able to be dissolved by the HF phase, and
thereby preventing the formation of a separate substrate phase. Preferably, the
fluorochemical phase can comprise the electrochemical fluorination product.

Examples of fluorochemical compounds suitable for use as the
fluorochemical phase include perfluorochemicals such as perfluoroalkanes,
pentafluorosulfanyl-substituted perfluoroalkanes, perfluorocycloalkanes,
perfluoroamines, perfluoroethers, perfluoropolyethers, perfluoroaminoethers,
perfluoroalkanesulfonyl fluorides, perfluorocarboxylic acid fluorides, and mixtures
thereof. Such compounds can contain some hydrogen or chlorine, e.g., preferably
less than one atom of either hydrogen or chlorine for every two carbon atoms, but
are preferably substantially completely fluorinated. Representative examples of
such compounds include perfluorobutane, perfluoroisobutane, perfluoropentane,
perfluoroisopentane, perfluorohexane, perfluoromethylpentane, perfluoroheptane,
perfluoromethylhexane, perfluorodimethylpentane, perfluorooctane,
perfluoroisooctane, perfluorononane, perfluorodecane, 1-

pentafluorosulfanylperfluorobutane, 1-pentafluorosulfanyiperfluoropentane,
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1pentafluorosulfanylperfluorohexane, perfluorocyclobutane,
perfluoro(1,2dimethylcyclobutane), perfluorocyclopentane, perfluorocyclohexane,
perfluorotrimethylamine, perfluorotriethylamine, perfluorotripropylamine,
perfluoromethyldiethylamine, perfluorotributylamine, perfluorotriamylamine,
perfluoropropyltetrahydrofuran, perfluorobutyltetrahydrofuran,
perfluoropoly(tetramethylene oxide), perfluoro(N-methyimorpholine), perfluoro(N-
ethylmorpholine), perfluoro(N-propylmorpholine), perfluoropropanesulfonyl
fluoride, perfluorobutanesulfonyl fluoride, perfluoropentanesulfonyl fluoride,
perfluorohexanesulfony! fluoride, perfluoroheptanesulfonyl fluoride,
perfluorooctanesulfonyl fluoride, perfluorohexanoyl fluoride, perfluorooctanoyl
fluoride, perfluorodecanoyl fluoride, and mixtures thereof. Due to considerations of
cost, availability, and stability, perfluoroalkanes are preferred for use in the process
of the invention. (See H. Saffarian, P. Ross, F. Behr, and G. Gard, J. Electrochem.
Soc. 139, 2391 (1992).) Preferably, the fluorochemical phase can comprise the
fluorinated product of the substrate.

The fluorochemical phase can be introduced to the ECF cell as a separate
charge, can be introduced as a continuous feed, or, if chosen to be the
electrochemical fluorination reaction product, can be allowed to build up within the
cell. Of course, a combination of these techniques can also be used to provide the
fluorochemical phase within the cell. Preferably, the fluorochemical phase can be
introduced to the cell as an initial charge prior to the start of the ECF process, and,
the substrate can be dissolved in a fluorochemical phase with the fluorochemical
phase then being continuously fed into and/or recirculated (with substrate dissolved
therein) back to the ECF cell to simultaneously provide both the fluorochemical
phase and the alkane substrate. If an optional fluorochemical phase is present in the
reaction solution, the amount of the fluorochemical phase can be any useful amount.
The amount will generally be sufficient to create a separate fluorochemical phase
within the electrochemical fluorination cell, but should not be so much as to
interfere with the electrochemical fluorination process, which is generally thought to

occur within the conductive electrolytic (HF) phase.
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The reaction solution can contain any relative amounts of hydrogen fluoride,
substrate, and fluorochemical phase that will allow effective fluorination of the
substrate, and that will preferably avoid the existence of a substrate phase within the
ECF cell. A useful mass ratio of hydrogen fluoride to alkane substrate will depend
on the identity of the alkane substrate and its solubility in HF. In general, the
amount of alkane should be sufficiently low to prevent the formation of a significant
alkane phase within the reaction solution. Examples of useful amounts of HF
versus substrate can be, for example, in the range from about 1:1 to 99:1 (hydrogen
fluoride:alkane substrate), preferably from about 75:25 to 99:1 hydrogen
fluoride:alkane substrate, and more preferably from about 9:1 to 99:1 hydrogen
fluoride:alkane substrate.

The reaction solution should be sufficiently electrically conductive to allow
electric current to pass through the reaction solution in an amount sufficient to
result in fluorination of the substrate. Pure liquid anhydrous hydrogen fluoride is
substantially nonconductive. Therefore, to be conductive the reaction solution must
contain an electrolytic component that allows passage of electric current through
the reaction solution. A wide variety of organic substrates, particularly those
containing functional groups, are both soluble in hydrogen fluoride and sufficiently
electrolytic to allow passage of an effective amount of electrolyzing current. Thus,
in some instances the organic substrate can function as the electrolytic component
of the reaction solution. If, however, the organic substrate does not impart
sufficient electrical conductivity to the hydrogen fluoride, the reaction solution can
be made sufficiently electrically conductive by the addition of a conductivity
additive. For example, certain hydrocarbons and hydrofluorocarbons dissolve only
to a small extent in hydrogen fluoride. Electrochemical fluorination of these types
of compounds can in some instances require that a conductivity additive be added
to the reaction solution. J. Burdon and J.C. Tatlow, The Electrochemical Process
for the Synthesis of Fluoro-Organic Compounds, Advances in Fluorine Chemistry,
edited by M. Stacey et al., (1960); United States Patent Nos. 3,028,321
(Danielson), 3,692,643 (Holland), and 4,739,103 (Hansen).

-12-

SUBSTITUTE SHEET (Rule 26)



10

15

20

25

30

WO 99/58745 PCT/US99/06789

A conductivity additive can be any usefully conductive material or
compound, and can be either organically or ionically conductive. A short list of
examples includes mercaptans such as butyl mercaptan and methyl mercaptan,
esters, anhydrides, dimethyl disulfide (DMDS), and ionic salts such as potassium
fluoride and lithium fluoride, just to name a few. Other usefully conductive
compounds are well known in the art of electrochemical fluorination.

If a conductivity additive is included in the reaction solution, the
conductivity additive can be included at any amount that will result in a reaction
solution sufficiently conductive to allow fluorination of the substrate. It can be
preferred to use the minimum amount of conductivity additive necessary to maintain
a useful amount of electric conductivity of the reaction solution, because a minimal
amount of conductivity additive can allow steady operation of a fluorination cell
while maximizing efficient use of electricity, and may also reduce or minimize the
amount of unwanted by-products caused by undesired fluorination of the
conductivity additive. Most preferably, no conductivity additive is used unless
necessary for stable cell operation. It is a specific advantage of the invention that
improved conductivity of the fluorination cell can be achieved by using interrupted
current, without the use of conductivity additives, or, with the use of a reduced
amount of conductivity additive. The reduced amount of conductivity additive
needed in the reaction solution allows increased yields of fluorinated product by
reducing the amount of by-product created by the conductivity additives (e.g., when
organic conductivity additives are used), and by reducing the amount of current
wasted in causing the fluorination of such undesired by-products. As an example of
a useful amount of conductivity additive, when required, the conductivity additive
can be present in an amount of less than 20 weight percent conductivity additive,
based on the amount of substrate; e.g., less than about 10 weight percent, or 5
weight percent, based on the amount of substrate.

The reaction solution can be exposed to reaction conditions (e.g., reaction
temperature, reaction pressure, and electric voltage, current, and power) sufficient
to cause fluorination of the substrate. In general, the reaction conditions can be any

that are found to facilitate the production of a desired fluorinated product.
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Reaction conditions chosen for a particular fluorination process can be chosen
depending on factors such as the size and construction of the electrochemical
fluorination cell; the composition (i.e., identity and relative amounts) of each
component of the reaction solution and the presence or absence of a conductivity
additive; in a continuous reaction process, the flow rates of each component; the
desired fluorinated product, etc.

The reaction temperature that the electrochemical fluorination cell is
operated at can be any temperature that allows a useful degree of fluorination of the
substrate. The reaction temperature can be chosen and controlled depending on the
various factors identified above, as well as others. For instance, the reaction
temperature can be chosen depending on the solubility of the substrate, the physical
state of either the substrate or the fluorinated product (e.g., whether one or the
other is desired to be in a liquid or a gaseous state), and also depending on other
reaction conditions such as the reaction pressure. The reaction (operating)
temperature can be chosen to be above the boiling point of the fluorinated product,
in which case it can be beneficial to operate the cell in a pressure vessel under
autogenous pressures. Operating temperatures in the range from about -20°C to
80°C have been found to be useful. Operating temperatures in the range from about
20 to 65°C can be preferred.

Useful reaction pressures have been found to be in the range from about
ambient (atmospheric) pressure to about 65 psig (4.48x10° Pa), and can preferably
be in the range from about 5 to 45 psig (0.34x10° to 3.10x10° Pa). Still, operating
pressures outside of these ranges can also be used.

The electricity passed through the reaction solution can be any amount, as
described by parameters including the current, voltage, and power of the electricity,
that will result in fluorination of the substrate. In the practice of the present
invention, the electric current is interrupted. The term “interrupted” when used
with respect to an electrical parameter (e.g., current, current density, voltage,
power, etc.), describes a periodic change in the value of that parameter through a
regular, repeating, cycle. The term “cycle,” as in current cycle, voltage cycle, or

power cycle, etc., refers to a single, complete execution through the different levels
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through which the parameter varies. As an example, a current cycle describes a
single execution through various levels of current that pass through a fluorination
cell, beginning at a starting current level (taken as any arbitrarily chosen point of the
cycle), continuing through operation at one or more other current levels, and
returning to the starting point at the initial current level. An example of a current
cycle is illustrated in Figure 1, showing a graph of electric current versus process
time. In the Figure, the electric current varies through a regular, periodic cycle
(identified as the darkened portion of the cycle, labeled C), having a period P, an
elevated current level I, and a reduced current level I,. Period (P) is defined herein
as the time taken for the execution of a single cycle. Examples of a voltage cycle
and a power cycle are provided, respectively, in Figures 3 and 5, respectively, and
are identified as C; and Cs.

In the practice of the invention, a cycle (e.g., a current cycle) can take any
useful form, and can be described as a waveform. The cycle can be, for example, a
square wave (see Figures 1 and 3), a substantially square wave, a sinusoidal wave
(see Figure 6), or any other periodic cycle. An idealized wave form is the square
wave cycle illustrated in Figures 1, 3, and 5, relating to electric current, voltage, and
power. Figure 3, for example, illustrates variation (i.e., interruption) of cell voltage
as follows: from a starting point at the beginning of the cycle Cs, and at a reduced
voltage V,, voltage increases to elevated voltage V., where it is maintained for a
period T.; voltage then decreases to a reduced voltage V,, where it is maintained for
a period of T, to complete a single cycle. This cycle repeats regularly throughout
the fluorination process.

In Figure 1, the elevated current level is illustrated as constant within each
cycle. In practice, however, neither the elevated nor the reduced current level need
to be constant, and can vary throughout a cycle. This is shown in Figure 2, which
illustrates a plot of electric current versus process time wherein current (e.g.,
elevated current) is shown to slowly increase (while cell voltage is held constant).
Furthermore, the elevated and reduced current levels can, if desired, be only the

extremes of a cycle, wherein other portions of the cycle include intermediate current
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levels, such as is exemplified in Figure 6, showing a sinusoidal waveform for a
current cycle.

The current flowing through the reaction solution can be any amount of
current that will result in fluorination of the substrate. Current can be limited by the
inherent properties of the electrochemical fluorination cell. The current is
preferably insufficient to cause excessive fragmentation of the substrate, or to cause
the liberation of fluorine gas during fluorination. For the sake of convenience,
electric current measurements can be described in terms of current density, which is
the current in amps passing through the reaction solution measured at an active site
of the anode or anodes, divided by the area of the anode or anodes. As examples of
current densities that have been found to be useful within the present invention,
elevated current densities can be, for example, in a range from about 10 to 400
mA/cm? (milliamps per square centimeter), €.g., 50 to 200 or 300 milliamps, and are
preferably in the range from about 20 to 160 mA/cm®. Reduced current densities
can be preferably substantially zero, e.g., in the range from about 0 to 2 mA/cm’.

A periodic current cycle can be effected by any known and useful method of
controlling electricity in an electrochemical fluorination cell. Because cell resistance
in an electrochemical fluorination cell is relatively constant, current can be
periodically cycled by controlling any one of the electric voltage across the reaction
solution, the power flowing through the reaction solution, or the current flowing
through the reaction solution, whichever is most convenient. Generally, the
electrical parameter that is easiest to control is the voltage applied across a
fluorination cell. Thus, while all possible methods of providing cycled current in an
electrochemical fluorination cell are contemplated within the present invention,
portions of the description will be described in terms of controlling the voltage
applied across a reaction solution, in a manner to provide (given a relatively stable
cell resistance) a periodically cycled current, and a similarly periodically cycled
electric power flowing through the reaction solution.

The voltage applied across the reaction solution can be varied to result ina
current cycle of the type described above. Specifically, the voltage can be varied

through a regular, repeating, periodic cycle, wherein the cycle is defined by voltage
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levels comprising an elevated voltage and a reduced voltage. Such a voltage cycle
will have a period and a waveform similar to the period and waveform described
above for the periodically interrupted electric current. An example of a voltage
cycle is illustrated in Figure 3, showing a graph of cell voltage versus process time.
In Figure 3, voltage varies through a regular, periodic cycle Cs, having a period P,
an elevated voltage V., and a reduced voltage V,. Figure 3 also identifies a zero
current intercept voltage, V,, defined for purposes of the present description as the
minimum voltage required to result in fluorination of a particular substrate. The
zero current intercept voltage V, can be empirically determined for a given
fluorination reaction by plotting the current vs. voltage of electricity passing
through a given reaction solution, and extrapolating the linear portion of the curve
to the zero current intercept (see Figure 7). The value of the zero current intercept
voltage V, will be a function of a particular fluorination reaction, but, for purposes
of the present description, will be approximated for the fluorination of an organic
substrate as to be 4.2 volts.

In the practice of the invention, the elevated voltage (V) can be any voltage
that results in fluorination of the substrate, €.g., a voltage that will cause current to
flow through the reaction solution. To accomplish current flow and fluorination of
the substrate, the elevated voltage should be at least equal to or greater than the
zero current intercept voltage V, of the fluorination reaction, and for many
fluorination reactions of organic substrates, can preferably be in a range from about
4.2 to about 9 volts (V), more preferably from about 4.5 to 6 V. The reduced
voltage can be any voltage that will result in a reduced cell resistance relative to cell
resistance when operated with uninterrupted current. Preferably, the reduced
voltage is of a value that will result in substantially no current flowing through the
reaction solution (e.g., I, will be substantially zero). This can preferably be
accomplished by providing a reduced voltage that is below the zero current
intercept voltage V.. It should be noted that although Figures 3 and 4 each show a
reduced voltage of the same polarity as the elevated voltage, and although the
reduced voltage can often be positive, this is not a requirement of the present

invention as it would be possible, if desired, to use a reduced voltage having a
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negative polarity compared to the elevated voltage; e.g., a voltage that would be
shown as a negative voltage on either of Figures 3 or 4. Voltage, in terms of cell
voltage, reduced voltage, elevated voltage, etc., refers to voltage measured between
cathode and anode.

In Figure 3, the elevated voltage (V) is shown to be a constant value. In
practice, however, neither the elevated voltage nor the reduced voltage are required
to be completely or substantially constant, and either or both can vary throughout a
pulse cycle. As an example, Figure 4 illustrates voltage cycle C4 wherein the
elevated voltage is not constant through the pulse cycle. In Figure 4, the cell
voltage is shown to increase from the reduced voltage to an elevated voltage
greater than the zero current intercept voltage V,. The elevated voltage then
gradually increases before falling back to the reduced voltage level V.. This
phenomena, often referred to as voltage “drift,” is thought to be a result of films
that can build on the surface of the anode, gradually increasing the resistance of the
cell. As a further example of a non-constant elevated or reduced voltage, consider
again Figure 6, showing a sinusoidal current cycle; a cell operating with a sinusoidal
current cycle will have a similar sinusoidal voltage cycle.

The value of the electric power, in watts or joules/sec, passing through the
reaction solution can also vary as described above for electric current and voltage.
Specifically, the power can vary through a regular, repeating, periodic cycle,
wherein the power varies between elevated and reduced power levels. Such a cycle
will have a period and a waveform analogous to that described above for varying
electric current and voltage. An example of a power cycle is illustrated in Figure 5,
showing a graph of power versus process time. In the Figure, the power varies
through a regular, periodic cycle Cs, having a period Ps, an elevated power level P,
and a reduced power level P;.

The amount of electric current passing through the reaction solution, in
terms of electric power, can be any amount of current that in combination with the
other reaction conditions of the fluorination process will result in fluorination of the

organic substrate. Electric power is defined as voltage times current (VxI), and
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therefore, the amount of electric power used in the fluorination process is
dependent on the current and voltage used, and on the size of the fluorination cell.

The electric current flowing through the fluorination cell can be controlled
by any control means useful to provide a periodically interrupted electric current
through the reaction solution. Many such control means will be understood by
those skilled in the art of electricity and electrochemical fluorination. As one
specific example of a means to control current, the electric voltage applied across
the reaction solution can be periodically interrupted (i.e., reduced) by connecting
the anode and cathode to a power supply having a cycle timer with two
predetermined voltage set points, one set point corresponding to an elevated
voltage and another set point corresponding to a reduced voltage. The timer can
cycle between these two set points at preselected timing intervals. Briefly, a second
example of control means useful for effecting a periodically cycled current through
the reaction solution is by directly controlling the current by use of a programmable
logic controller (PLC) on a power supply.

It has been found that interrupting the electric current through an
electrochemical fluorination cell can result in several advantages in a fluorination
process. Specifically, the electrical resistance (in ohms) of an electrochemical
fluorination cell can be reduced compared to the electrical resistance of the same
cell under the same conditions except that an uninterrupted current flows through
the reaction solution. As a matter of convenience, resistance of a fluorination cell
can be described in terms of a “normalized resistance.” “Normalized resistance,” as
used within the present description, refers to a measurement of resistance across a

fluorination cell, as calculated according to the following equation:

Ra = (Vayg - Vo)/current density
(D).
In formula 1, V., is the average voltage of the cell (when current is interrupted the
average elevated voltage (V) can be used), V. is defined above. The normalized
resistance has dimensions of resistance times area, and units, e.g., of ohm-f%, or

ohm-dm®. The use of a normalized resistance is convenient for purposes of this
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description because normalized resistance can be considered to be relatively
constant for a given fluorination cell and fluorination process. Therefore,
normalized resistance is a convenient measure of improvement between operation
with interrupted current and operation with uninterrupted current.

The normalized resistance of an electrochemical cell operating according to
the present invention can vary, but as an exemplary range R, can be in the range
from about 0.001 to 0.05 ohm-ft’.

A result of the reduced resistance within the electrochemical fluorination cell
of the present invention is that the cell can operate at an elevated voltage (V) that
is relatively lower than the voltage that the cell would otherwise operate at with
uninterrupted current. This effect is illustrated in Figure 3, showing the voltage that
the fluorination cell would operate at under conditions of uninterrupted current V,,
compared to the voltage when operated with interrupted current (elevated voltage)
V.. Described differently, with cell voltage remaining the same, the reduced
resistance results in an increased amount of current flowing through the
electrochemical fluorination cell, as compared to a system with uninterrupted
current. These advantages provide an electrochemical fluorination process that
requires a reduced amount of electric power, which reduces electricity costs,
reduces the amount of heat generated during the fluorination process that would
otherwise have to be removed, and, when practiced in the fluorination of certain
substrates and optional conductivity additives, may reduce the production of
undesired by-products.

In the practice of the invention, the cycle period P can be any period that is
sufficient to cause the advantage of reducing the resistance of the electrochemical
fluorination cell compared to resistance during operation with uninterrupted
current. Cycle periods as low as 0.4 seconds have been found to be useful as well
as cycle periods of 1.5, 3, 10, 30, 150, 300 seconds.

The portion of the cycle period wherein the current is at elevated current
and elevated voltage (identified herein as T.), and the portion of the cycle period at
reduced current and reduced voltage (identified herein as T;) can be any amounts of

time that will be effective in the fluorination process to produce a fluorinated
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product, and sufficient to cause a relatively reduced cell resistance. It can be
preferable to minimize the reduced current time period (T), both in absolute terms
and in terms relative to the elevated period, because the reduced current time period
is non-productive. That is, fluorination of the substrate occurs as a result of
operation at elevated current, e.g., at a rate proportional to the ratio of elevated
current (T.) to cycle time or cycle period (P). Therefore, the percentage of the
current cycle at elevated current (T.) is desirably maximized, and the amount of
time at reduced current (T,) is desirably minimized. Preferred reduced voltage
periods (T;) can be less than 50% of the total period P, and are even more
preferably less than about 20%, 10%, or less, of the total period P. In practice, e.g.,
in large scale production, the reduced period T, can preferably be in the range from
about 1 to 5, e.g., 3 seconds, with the elevated period T. being preferably 150, 200,
or 300 seconds. Also in practice, to optimize the operation, if the elevated voltage
increases gradually the elevated period T. can be reduced; contrariwise, if the
elevated voltage decreases or is relatively low the elevated period T. can be
increased.

The types of compounds (“electrochemical fluorinated product,” or
“fluorinated product”) that can be prepared according to the present invention are
various, and will depend primarily on the chemical identity of the substrate. In
general, the desired fluorinated product will be a fluorinated or perfluorinated
analog of the substrate; i.e., the fluorinated product will have a carbon backbone of
a length similar to the length of the substrate, but will have one or more of the
carbon-bonded hydrogens replaced with fluorine. Preferably, the fluorinated
product will be substantially perfluorinated. Specific examples of fluorinated
products that can be prepared from hydrocarbon alkanes include perfluoroalkanes
such as those having from about 2 to 20 carbons, e.g., perfluoroethane,
perfluoropropane, perfluorobutane, perfluorohexane, perfluorooctane, and the like.

Electrochemical fluorination cells in which the process of the present
invention can be performed (also referred to herein as the “cell” or the “fluorination
cell”) may be any conventional electrochemical fluorination cell known in the art of

electrochemical fluorination. In general, a suitable fluorination cell can be
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constructed of components including a cell body comprising a reaction vessel
capable of containing the reaction solution, and electrodes that may be submerged
into the reaction solution for the passage of current through the reaction solution.
Generally, in a relatively large-scale setting, cells useful in the practice of the
invention can comprise a cell body constructed typically of carbon steel in which is
suspended an electrode pack comprising a series of alternating and closely-spaced
cathode plates (typically but not necessarily made of iron, nickel, or nickel alloy)
and anode plates (typically but not necessarily made of nickel). The plates are
immersed in the reaction solution, a voltage is applied to the electrodes, and current
passes through the reaction solution.

Electrochemical fluorination cells that can be useful in the practice of the
present invention are described, for example, in U.S. 2,519,983, GB 741,399 and
785,492. Other useful electrochemical fluorination cells include the type generally
known in the electrochemical fluorination art as flow cells. Flow cells comprise a
set (one of each), stack, or series of anodes and cathodes, where reaction solution is
caused to flow over the surfaces of the anodes and cathodes using forced
circulation. These types of flow cells are generally referred to as monopolar flow
cells (having a single anode and a single cathode, optionally in the form of more
than a single plate, as with a conventional electrochemical fluorination cell), and,
bipolar flow cells (having a series of anodes and cathodes). Bipolar flow cells are
described, for example, in United States Patent No. U.S. 5,474,657.

Other details of the Simons electrochemical fluorination process and cell will
be omitted in the interest of brevity, and the disclosures of such technology in the
above-identified references can be referred to for such detail.

In a particularly preferred embodiment, the process of the invention can be
carried out by introducing an alkane substrate into an electrochemical fluorination
cell (e.g., a Simons cell or a flow cell) containing anhydrous hydrogen fluoride, or
to which anhydrous hydrogen fluoride is simultaneously or subsequently added.
Preferably the reaction solution comprises a fluorochemical phase and a hydrogen

fluoride phase, and the alkane substrate can be introduced to the cell as a solute
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dissolved in the fluorochemical phase, with the fluorochemical phase being
continuously fed and/or recirculated into the cell.

Optionally and preferably, a separate feed decanter can contain a reservoir
of an alkane substrate dissolved in the fluorochemical phase (feed stream), which is
then fed into the cell. Such a decanter allows control of the temperature of the feed
stream, and thereby allows control of the concentration of the substrate (e.g.,
alkane) within the feed stream.

Specifically, the substrate and the fluorochemical can both be contained and
mixed within the decanter, with the amount of substrate being dissolved in the
fluorochemical phase being such that the fluorochemical phase is saturated with the
substrate. This can be easily accomplished by charging an excess of the substrate to
the decanter so that a separate substrate phase exists above the fluorocarbon phase.
The amount of substrate flowing into the cell will depend on the amount of
substrate dissolved in the fluorochemical phase, which will depend on the
temperature of the fluorochemical phase, because solubility of the substrate in the
fluorochemical phase will be dependent on temperature. Thus, changing the
temperature setpoint of the decanter will allow control and manipulation of the
concentration of the substrate in the feed stream, and therefore in the fluorocarbon
phase of the cell, and hence in the electrolyte. Such control of the temperature of
the feed stream can allow the prevention of a separate substrate phase from
developing within the cell. In general, the temperature of the feed stream is
preferably below the operating temperature of the cell, and is preferably at least
about 5°C below the operating temperature of the cell, more preferably at least
about 10°C below, e.g., 15 or 20°C below the operating temperature of the cell.

Feeding the fluorochemical phase at a relatively reduced temperature
ensures that the amount of the alkane substrate within the feed stream, and
therefore the fluorochemical phase of the reaction solution, does not exceed the
solubility limits of either the fluorochemical phase or the hydrogen fluoride phase at
operating temperature within the cell, thus preventing the formation of a separate
phase of the alkane substrate. This procedure has been found to prevent

overfeeding (the addition of substrate to the cell in excess of the rate at which the
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substrate is fluorinated and removed as a product) and significantly reduces the
formation of tars, current blocking, and fouling of the electrodes.

An illustration of this embodiment of the process is shown in Figure 8. In
the Figure, a solution of fluorochemical phase 2, saturated with alkane substrate 6,
is held in feed decanter 4. The decanter also contains alkane phase 6, which is the
organic feed. Fluorochemical phase 2 is fed to electrochemical fluorination cell 8
containing anhydrous hydrogen fluoride (electrolyte phase 10) and optionally an
initial amount of fluorochemical phase 12. The cell is optionally and preferably
equipped with sight glass tubes 14 to monitor the levels of the fluorochemical phase
12 and the hydrogen fluoride electrolyte phase 10. The electrochemical cell can
contain a drain valve (not shown) for removal of fluorinated product, and for
optional connection to a circulation pump 16 which permits a portion of the
fluorochemical phase (preferably containing fluorinated product) to be recycled
back to the decanter. The circulation pump has been found to improve cell
performance by enhancing the mixing process that transfers the alkane substrate to
the fluorochemical compound phase, and then to the electrolyte phase, and by
increasing mass transfer of the alkane substrate to and from the electrodes. The cell
can optionally be fitted with refrigerated condensers 18 for condensing vapor
comprising hydrogen fluoride, alkane substrate, and fluorochemicals of the
fluorochemical phase and/or fluorochemical product, which can be sent back to the
cell.

As will be understood by artisans skilled in electrochemical fluorination, the
embodiment of the invention illustrated in Figure 8, wherein substrate feed is fed
into the cell as a solute in a fluorochemical phase, can be useful with different types
of ECF setups including flow cell applications, bipolar flow cell applications, and
conventional Simons cell applications, can be useful with pulsed, interrupted, or
continuous current, and, can be useful with any type of substrate. Although this
embodiment is useful for any substrate, it can be especially useful with substrates
that are relatively insoluble in hydrogen fluoride and therefore tend to form a
separate phase within the electrochemical fluorination cell, such as alkanes and

especially higher alkanes such as octane.
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Example 1

A 2.5 liter electrochemical fluorination cell of the type described in U.S. Pat.
No. 2,713,593, equipped with two overhead condensers having brine temperatures
of 0°C and -40°C, 0.40 ft*(3.7 dm®) nickel anode, an external loop to allow product
removal, and a voltage controller having a cycle timer, was charged with 1000g of
CeF14, 41 g DMDS, and 40 g hexane, and filled with anhydrous HF. Hexane was
fed continuously to the cell, which was operated at 35 psig, 45°C, and the current
was controlled at 50 amps/ft® (5.4 amps/dm®) and a relatively constant voltage of
5.3 volts. The current was interrupted every 80 seconds by reducing the cell
voltage to less than 4 volts (V;) for 4 seconds causing the current to fall to
essentially zero (T. = 80 seconds, T, = 4 seconds).

About 140 hours into the cell run, the current was increased to 100 A
(10.8 amps/dm?). The average elevated cell voltage V. (the voltage during T.) was
initially about 6.2 volts and gradually fell to about 5.4 volts over a period of several
days. About 370 hours into the cell run, the current was increased to 150 A/R?
(16.1 A/dm®) and V. remained between 5 and 6 volts for the rest of the run, which
was continued at steady-state conditions for an additional 500 hours. The
normalized resistance during this period averaged about 0.0083 ohm-ft? (0.077
ohm-dm?) (in the calculation the value of V, used was 4.2 and the current density
was the average elevated current density). Hexane was fed to maintain a constant
concentration of 4 to 6 % hexane in the circulating fluorochemical product phase.
Intermittently, a portion of the product was removed, while maintaining the

presence of a fluorochemical phase in the cell.
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What is claimed is:
1. A process for the electrochemical fluorination of an alkane, the

process comprising the steps of:

providing an alkane substrate comprising at least one carbon-bonded
hydrogen;

preparing a reaction solution comprising the alkane substrate and
hydrogen fluoride;

passing electric current through the reaction solution sufficient to
cause replacement of one or more hydrogens of the alkane substrate with fluorine,
the electric current being interrupted through a current cycle defined by current
levels comprising an elevated current and a reduced current;

wherein the period of the current cycle is less than about 300
seconds; and

wherein the current is interrupted in such a manner that the
resistance of the cell operated with interrupted current is lower than the resistance

of the cell operated with uninterrupted current.

2. The process of claim 1, wherein the elevated current provides a
current density flowing through the reaction solution in the range from about 10 to

400 milliamps per square centimeter.

3. The process of claim 1, wherein the reduced current is substantially

ZEro.

4. The process of claim 3, wherein the reduced current is in the range

from about 0 to 2 milliamps per square centimeter.

5. The process of claim 1, wherein the cell voltage varies through a

cycle defined by an elevated voltage and a reduced voltage.
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6. The process of claim 5, wherein the elevated voltage is greater than

the zero current intercept of the fluorination reaction.

7. The process of claim 6, wherein the elevated voltage is in the range

from about 4.2 to 9 volts.

8. The process of claim 5, wherein the reduced voltage is below about
4.2 volts.
9. The process of claim 1, wherein the electric power through the

reaction solution varies between an elevated power and a reduced power.

10.  The process of claim 1, wherein the period of the current cycle is 0.4

seconds or more.

11.  The process of claim 10, wherein the period of the current cycle is

10 seconds or more.

12.  The process of claim 1, wherein the current is reduced for less than

50% of the cycle.

13. The process of claim 1, wherein the current is reduced for less than

25% of the cycle.

14.  The process of claim 1, wherein the current is reduced for from

about 1 to 10 % of the cycle.

15.  The process of claim 1, wherein the reaction solution further

comprises a conductivity additive.
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16.  The process of claim 1, wherein the reaction solution contains

substantially no conductivity additive.

17.  The process of claim 1, wherein the alkane substrate comprises one

or more of hexane or octane.

18.  The process of claim 1, wherein the organic substrate and the

reaction solution are provided into a flow cell.

19. A process for the electrochemical fluorination of an alkane substrate,

the process comprising the steps of:

providing an alkane substrate comprising at least one carbon-bonded
hydrogen;

preparing a reaction solution comprising the alkane substrate and
hydrogen fluoride;

applying an electric voltage across the reaction solution sufficient to
induce an electric current to flow through the reaction solution and cause
replacement of one or more hydrogens of the alkane substrate with fluorine, the
electric voltage being varied according to a cycle defined by voltage levels
comprising an elevated voltage and a reduced voltage;

wherein the period of the voltage cycle is less than about 300
seconds; and

wherein the voltage is varied in such a manner that the resistance of
the cell operated with varied voltage is lower than the resistance of the cell operated

with unvaried voltage.

20.  The process of claim 19, wherein the elevated voltage is above a
zero intercept current voltage (V.), and the reduced voltage is below the zero

intercept current voltage (V).
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21. A process for electrochemical fluorination comprising the steps of:

providing a substrate comprising at least one carbon-bonded
hydrogen;

providing a fluorochemical in which the substrate is soluble;

providing an electrochemical fluorination cell;

providing hydrogen fluoride;

introducing the substrate to the fluorochemical so substrate dissolves
in the fluorochemical;

introducing the hydrogen fluoride to the electrochemical fluorination
cell;

introducing the fluorochemical with substrate dissolved therein, to
the fluorochemical cell, the fluorochemical with substrate dissolved therein being at
a temperature below the temperature of the hydrogen fluoride; and

passing electric current through the cell sufficient to cause

replacement of one or more hydrogens of the substrate with fluorine.

22. A process for electrochemical fluorination comprising the steps of:

providing a feed stream comprising a substrate dissolved in a
fluorochemical, the substrate comprising at least one carbon-bonded hydrogen;

providing an electrochemical fluorination cell comprising hydrogen
fluoride and a fluorochemical phase;

introducing the feed stream to the cell, the feed stream being at a
temperature below the operating temperature of the cell; and

passing electric current through the cell sufficient to cause

replacement of one or more hydrogens of the substrate with fluorine.

23.  The process of claim 22, wherein the temperature of the feed stream

is at least about 5C below the operating temperature of the cell.

24.  The process of claim 22, wherein the electric current is interrupted

during the process.
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