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(57) ABSTRACT 

Described is a process for the electrochemical ?uorination of 
a substrate, the process comprising the steps of: providing a 
substrate comprising at least one carbon-bonded hydrogen; 
preparing a reaction solution comprising the substrate and 
hydrogen ?uoride; passing electric current through the reac 
tion solution suf?cient to cause replacement of one or more 
hydrogens of the substrate With ?uorine, the electric current 
being interrupted through a current cycle de?ned by current 
levels comprising an elevated current and a reduced current; 
Wherein the current varies in such a manner that the resis 
tance of the cell operated With interrupted current is loWer 
than the resistance of the cell operated With non-interrupted 
current. 
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ELECTROCHEMICAL FLUORINATION USING 
INTERRUPTED CURRENT 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application is a continuation-in-part of appli 
cation Ser. No. 09/070,382, ?led Apr. 30, 1998, and claims 
the priority of US. Provisional Patent Application No. 
60/045,514, ?led May 2, 1997; this application is further a 
continuation-in-part of application Ser. No. 09/074,830, 
?led May 8, 1998. 

FIELD OF THE INVENTION 

[0002] The present invention relates to a process for the 
electrochemical ?uorination of organic materials. 

BACKGROUND 

[0003] Fluorochemicals (e.g., ?uorinated and per?uori 
nated organic compounds) are commercially valuable and 
useful chemical materials. Fluorochemicals can exhibit vari 
ous useful properties, e.g., they may be inert, nonpolar, 
hydrophobic, oleophobic, etc. As such, ?uorochemicals can 
be useful in a Wide variety of applications. They can be 
useful as oil, Water, and stain resistant chemicals; they can 
be useful as refrigerants and heat exchange agents; or as 
solvents and cleaning agents. Due to the versatility of 
?uorochemicals, and a consequent strong demand for these 
materials, there is a continuing need in the ?uorochemical 
industry for neW and improved methods of preparing ?uo 
rochemicals. 

[0004] One Well-knoWn industrial process for preparing 
?uorochemical compounds is the electrochemical ?uorina 
tion process commercialiZed initially in the 1950’s by the 
3M Company. This process, often referred to as Simons 
?uorination or electrochemical ?uorination (ECF), is a 
method by Which electric current is passed through an 
electrolyte solution containing a mixture of liquid anhydrous 
hydrogen ?uoride and an organic compound intended to be 
?uorinated (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 ?oW. See for example W. V. Childs, et al., Anodic 
F luorination in Organic Electrochemistry, H. Lund and M. 
Baiser 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 replaced by ?uorine. 

[0005] The Simons process of electrochemical ?uorina 
tion, although commercially useful, includes aspects that 
might desirably be improved upon. For example, the Simons 
process requires a signi?cant amount of electrical energy 
passing through the electrolyte solution. Much electrical 
energy is effectively used to ?uorinate the substrate, but a 
certain amount of this electrical energy converts to heat 
energy that must necessarily be carried aWay from the 
electrochemical ?uorination 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. 

[0006] Also, the conventional Simons process often 
includes the use of conductivity additives to alloW the 
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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. Con 
ductivity additives, for example, can interfere With the 
?uorination of the substrate, either by causing increased 
corrosion of the anode, or by themselves being consumed or 
?uorinated in the ?uorination reaction. This can reduce the 
overall yield of the desired ?uorinated product, and in many 
Ways can increase the costs of the ?uorination operation. 
Therefore, it Would be desirable to reduce or even substan 
tially eliminate the need for conductivity additives. 

[0007] Finally, the Simons process can be dif?cult to 
maintain at steady state for extended periods of time because 
high resistance by-product ?lms and tars can tend to accu 
mulate on electrodes of the ?uorination cell, speci?cally, at 
the anode. In normal operation, the accumulation of ?lms 
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 
?uorination cell that can lead to loss of conductivity Within 
the cell, and the permanent condition of current blocking. 

SUMMARY OF THE INVENTION 

[0008] The present invention relates to a process for the 
electrochemical ?uorination of chemical compounds such as 
those containing organic moieties. In the process, a reaction 
solution is provided that comprises an organic substrate and 
hydrogen ?uoride. An electric potential (voltage) is estab 
lished across the reaction solution causing an electric current 
to pass through the reaction solution, and thereby causing 
?uorination of the organic substrate. In the method, the 
electric current is periodically and regularly interrupted, i.e., 
the current ?oWs at a ?rst current level, identi?ed as an 
elevated current level, and is periodically interrupted to How 
at a reduced current level. In the invention, the current is 
interrupted in such a manner that the resistance of the 
electrochemical ?uorination (ECF) cell operated under the 
conditions of the present invention is loWer than the resis 
tance of the cell operated Without interruption of the current. 

[0009] Interrupting the electric current during ?uorination 
offers a number of advantages over conventional electro 
chemical ?uorination methods. As stated, the current can be 
interrupted in such a manner that the resistance of the 
?uorination cell Will be reduced compared to the resistance 
of the same ?uorination cell operating With uninterrupted 
current. The reduced cell resistance resulting from inter 
rupted current in turn results in a loWer cell voltage being 
required to achieve ?uorination 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 ?uorination process is 
also reduced, reducing or eliminating the need to remove 
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Wasted heat energy from the ?uorination cell. The achieve 
ment of a loWer operating voltage allows stable cell opera 
tion 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 signi?cant 
interruptions. At production scale, reduced cell voltage, 
reduced cell resistance, and increased current, result in a 
more ef?cient process With higher production rates of a 
?uorinated product, often at a loWer cost. Furthermore, 
interrupted current can reduce or eliminate the need for 
conductivity additives in an electrochemical ?uorination 
process. This can reduce corrosion of the electrodes Within 
the ?uorination cell, reduce the amount of energy and raW 
materials Wasted due to ?uorination of the conductivity 
additives themselves, and reduce unWanted by-products. In 
some cases, interrupted electric current increases the selec 
tivity of the ?uorination reaction resulting in higher yields 
and reduced by-products. All of these identi?ed improve 
ments advantageously reduce overall operation costs for the 
electrochemical ?uorination process. 

[0010] An aspect of the present invention relates to a 
process for ?uorinating a substrate using an electrochemical 
?uorination cell. The process includes the steps of: (1) 
providing a substrate comprising at least one carbon-bonded 
hydrogen; (2) preparing a reaction solution comprising the 
substrate and hydrogen ?uoride; (3) passing electric current 
through the reaction solution suf?cient to cause replacement 
of one or more hydrogens of the substrate With ?uorine. In 
the process, the electric current is interrupted through a cycle 
de?ned 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. 

[0011] Another aspect of the present invention relates to a 
method for per?uorinating a substrate according to the 
above method. 

[0012] A particular aspect of the present invention relates 
to a process for ?uorinating an alkane substrate using an 
electrochemical ?uorination 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 ?uo 
ride; (3) passing electric current through the reaction solu 
tion sufficient to cause replacement of one or more hydro 
gens of the alkane substrate With ?uorine. In the process, the 
electric current is interrupted through a cycle de?ned 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. 

[0013] Yet another particular aspect of the invention 
relates to a process for electrochemical ?uorination includ 
ing the steps of: providing a substrate having at least one 
carbon-bonded hydrogen; providing a ?uorochemical in 
Which the substrate is soluble; providing an electrochemical 
?uorination cell; providing hydrogen ?uoride; introducing 
the substrate to the ?uorochemical so that the substrate 
dissolves into the ?uorochemical; introducing the hydrogen 
?uoride to the electrochemical ?uorination cell; introducing 
the ?uorochemical With substrate dissolved therein, to the 
?uorochemical cell, at a temperature that is beloW the 
temperature of the hydrogen ?uoride; and passing electric 
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current through the cell suf?cient to cause replacement of 
one or more hydrogens of the substrate With ?uorine. 

[0014] As used Within the present description, and in 
reference to an electrochemical ?uorination process: 

[0015] “Fluorinated” refers to chemical compounds hav 
ing at least one carbon-bonded hydrogen replaced by a 
?uorine, and speci?cally includes per?uorinated com 
pounds. “Per?uorinated” compounds refers to chemical 
compounds in Which essentially all carbon-bonded hydro 
gens have been replaced by ?uorines, although typically 
some residual hydride Will be present in a per?uorinated 
composition; e.g., preferably less than 1 milligram hydride 
per gram per?uorinated product. 

[0016] “Uninterrupted current” refers to the electric cur 
rent ?oWing through an electrochemical ?uorination cell, 
Wherein the current is substantially constant; i.e., not sub 
stantially varied, and speci?cally, not periodically inter 
rupted as described in the folloWing description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] FIGS. 1 and 2 are graphs of current versus process 
time; the current is interrupted according to the present 
invention. 

[0018] FIGS. 3 and 4 are graphs of voltage versus process 
time, With voltage varying according to the present inven 
tion. 

[0019] FIG. 5 is a graph of electric poWer versus process 
time, With poWer varying according to the present invention. 

[0020] FIG. 6 is a graph of current versus time With 
current being interrupted (varying) in a sinusoidal manner 
according to the present invention. 

[0021] FIG. 7 is a graph of current versus terminal voltage 
of an electrochemical ?uorination cell during a ?uorination 
process. 

[0022] FIG. 8 schematically illustrates an embodiment of 
the invention Wherein the ?uorinated product (?uorochemi 
cal 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 ?uorochemical phase. 

DETAILED DESCRIPTION 

[0023] The present invention relates to a method of ?u 
orinating a substrate to produce a ?uorinated product. The 
process can be practiced according to methods similar to 
electrochemical ?uorination methods generally knoWn as 
“Simons” electrochemical ?uorination. 

[0024] The “Simons process” or the “Simons electro 
chemical ?uorination process” is a commercial process for 
?uorinating a substrate dissolved or dispersed in liquid, 
anhydrous, hydrogen ?uoride (IIF). Simons electrochemical 
?uorination can be carried out essentially as folloWs. A 
substrate and an optional conductivity additive are dispersed 
or dissolved in anhydrous hydrogen ?uoride 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 ?oW 
betWeen the cathode and anode, through the reaction solu 
tion, and resulting in an oxidation reaction (primarily ?uo 
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rination, i.e., replacement of one or more carbon-bonded 
hydrogens With carbon-bonded ?uorines) 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 ?oW 
of electrons, and also refers to the ?oW of positively or 
negatively charged chemical species (ions); While Wishing 
not to be bound by theory, it is believed that the current 
?oWing through the reaction solution in the process is 
signi?cantly a ?oW 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 US. Pat. 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 ?uorination 
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. US. Pat. Nos. 5,322,597 (Childs et al.) and 
5,387,323 (Minday et al.) each refer to the Simons process 
and Simons cell. Further, electrochemical ?uorination by the 
Simons process is described by Alsmeyer et al., Electro 
chemical Fluorination and Its Applications, Organo?uorine 
Chemistry: Principles and CommercialApplications Chap 
ter 5, pp. 121-43 (1994); S. Nagase in Fluorine Chem. Rev., 
1 (1) 77-106 (1967); and J. Burdon and J. C. TatloW, The 
Electrochemical Process for The Synthesis of Fluoro-Or 
ganic Compounds, Advances in Fluorine Chemistry, edited 
by M. Stacey et al., (1960). 

[0025] In the practice of the invention, a reaction solution 
is prepared Which comprises hydrogen ?uoride and a sub 
strate. The hydrogen ?uoride is preferably anhydrous hydro 
gen ?uoride, meaning that it contains at most only a minor 
amount of Water, e.g., less than about 1 Weight percent (Wt 
%) Water. Such a minor amount of Water present in the 
hydrogen ?uoride is not unacceptable because this Water is 
typically oxidiZed upon application of a voltage betWeen the 
cathode and the anode. 

[0026] The substrate can be any chemical compound or 
composition that comprises a carbon-bonded hydrogen, and 
that can be combined With hydrogen ?uoride (optionally in 
the presence of a conductivity additive) to prepare a reaction 
solution through Which electric current can be passed to 
cause ?uorination of the substrate. The substrate can com 
prise any of a variety of organic moieties that can be straight, 
branched, saturated or unsaturated, partially ?uorinated, and 
Which can optionally include one or more of a variety of 
knoWn functional groups including carbonyl, hydroxyl, sul 
fonyl, ether, amine, nitrile, aromatic, and substituted com 
pounds. Such useful substrates are described, for example, 
in US. Pat. No. 2,519,983 (Simons), the description of 
Which is incorporated herein by reference. 

[0027] Examples of preferred organic substrates include 
pure hydrocarbon compounds such as alkanes (e.g. hexane); 
alkenes; aromatics; hydrocarbons that contain oxygen such 
as ethers and ether acids; hydrocarbons that contain nitro 
gen, such as amines (e.g., dibutyl amine); carboxylic acids 
and carboxylic acid halides, carboxylic acid esters and 
sulfonic acid esters; other sulfur-containing compounds 
such as alkanesulfonyl halides; mercaptans; thioesters; sul 
fones; alcohols; and other compounds. 
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[0028] A more preferred substrate can include a straight, 
branched, or cyclic alkane Which is entirely hydrocarbon 
(e.g., a straight chain alkane, CnH2n+1, Wherein n is from 
about 2 to 25, preferably from about 3 to 12, or a cyclic 
alkane, CnHzn, or a partially halogenated analog thereof 
(e.g., CnHXXy) Wherein X is a halogen such as ?uorine 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 particular alkanes include hexane and octane. 

[0029] 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 ?uoride. The substrate can be in the form of a 
liquid, solid, or gaseous vapor, and can be introduced to the 
hydrogen ?uoride as appropriate for its physical state. Spe 
ci?cally, gaseous substrates can be bubbled through the 
hydrogen ?uoride to prepare the reaction solution, or 
charged to the cell under pressure. Solid or liquid substrates 
can be dissolved or dispersed in the hydrogen ?uoride. 
Optionally and preferably in the case of substrates that are 
relatively less soluble in hydrogen ?uoride, the substrate can 
be introduced to the cell as a solute dissolved in a ?uoro 
chemical ?uid, as described beloW. 

[0030] Some substrates (e.g., alkanes), hoWever, are not 
extremely soluble in hydrogen ?uoride. These relatively 
insoluble substrates are considered to be dif?cult to ?uori 
nate by Simons electrochemical ?uorination 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 
signi?cant problems during the electrochemical ?uorination 
process. Speci?cally, 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 ?uorinated 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 signi?cant time and expense. Thus, it is 
preferred to prevent the existence of a substrate phase Within 
the ECF cell. 

[0031] If the substrate is suf?ciently soluble in the elec 
trolyte phase there is little possibility that a separate sub 
strate 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 ?uorochemical 
phase Within the reaction solution Within the electrochemical 
?uorination cell can be bene?cial When the substrate is an 
alkane such as hexane, heptane, octane, etc. The formation 
of a substrate phase When ?uorinating alkane substrates that 
are relatively less soluble in HF can be prevented by 
ensuring the presence of a separate ?uorochemical phase 
Within the ECF cell, Where the substrate is suf?ciently 
soluble in the ?uorochemical phase so that a separate 
substrate phase Will not develop. The use of a separate 
?uorochemical phase in electrochemical ?uorination is 
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described, for example, in Us. Pat. No. 5,387,323, the 
disclosure of Which is incorporated herein by reference. 

[0032] While Wishing not to be bound by theory, a ?uo 
rochemical phase is believed to act as a “reservoir” for a 
substrate Which has relatively poor solubility in the anhy 
drous hydrogen ?uoride electrolyte, but much higher solu 
bility in the ?uorochemical phase. Amounts of substrate 
beyond that Which can be dissolved in the hydrogen ?uoride 
phase Will be dissolved by the ?uorochemical 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 ?uoride such 
that the potential of a separate substrate phase is not great, 
a ?uorochemical phase can be desired, and can facilitate the 
?uorination process, because the increased solubility of the 
alkane in the ?uorochemical phase gives a Wider WindoW of 
operation betWeen starvation of the ?uorination process 
(e.g., by lack of substrate in the electrolyte) and formation 
of either a separate substrate phase or a single substrate/ 
?uorocarbon phase containing so much substrate that the 
phase ?oats on the electrolyte phase instead of sinking 
beneath it. Even further, the use of a ?uorocarbon 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. 

[0033] The ?uorochemical phase can comprise any ?uo 
rochemical 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 ?uorochemical phase can 
comprise the electrochemical ?uorination product. 

[0034] Examples of ?uorochemical compounds suitable 
for use as the ?uorochemical phase include per?uorochemi 
cals such as per?uoroalkanes, penta?uorosulfanyl-substi 
tuted per?uoroalkanes, per?uorocycloalkanes, per?uoroam 
ines, per?uoroethers, per?uoropolyethers, 
per?uoroaminoethers, per?uoroalkanesulfonyl ?uorides, 
per?uorocarboxylic acid ?uorides, 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 ?uorinated. Representative 
examples of such compounds include per?uorobutane, per 
?uoroisobutane, per?uoropentane, per?uoroisopentane, per 
?uorohexane, per?uoromethylpentane, per?uoroheptane, 
per?uoromethylhexane, per?uorodimethylpentane, per?uo 
rooctane, per?uoroisooctane, per?uorononane, per?uorode 
cane, 1-penta?uorosulfanylper?uorobutane, 1-penta?uoro 
sulfanylper?uoropentane, 
1-penta?uorosulfanylper?uorohexane, per?uorocyclobu 
tane, per?uoro(1,2-dimethylcyclobutane), per?uorocyclo 
pentane, per?uorocyclohexane, per?uorotrimethylamine, 
per?uorotriethylamine, per?uorotripropylamine, per?uo 
romethyldiethylamine, per?uorotributylamine, per?uorotri 
amylamine, per?uoropropyltetrahydrofuran, per?uorobu 
tyltetrahydrofuran, per?uoropoly(tetramethylene oxide), 
per?uoro(N-methylmorpholine), per?uoro(N-ethylmorpho 
line), per?uoro(N-propylmorpholine), per?uoropropane 
sulfonyl ?uoride, per?uorobutanesulfonyl ?uoride, per?uo 
ropentanesulfonyl ?uoride, per?uorohexanesulfonyl 
?uoride, per?uoroheptanesulfonyl ?uoride, per?uorooc 
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tanesulfonyl ?uoride, per?uorohexanoyl ?uoride, per?uo 
rooctanoyl ?uoride, per?uorodecanoyl ?uoride, and mix 
tures thereof. Due to considerations of cost, availability, and 
stability, per?uoroalkanes are preferred for use in the pro 
cess of the invention. (See H. Saffarian, P. Ross, F. Behr, and 
G. Gard, J. Electrochem. Soc. 139, 2391 (1992).) Preferably, 
the ?uorochemical phase can comprise the ?uorinated prod 
uct of the substrate. 

[0035] The ?uorochemical 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 
?uorination 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 ?uorochemical phase Within 
the cell. Preferably, the ?uorochemical phase can be intro 
duced to the cell as an initial charge prior to the start of the 
ECF process, and, the substrate can be dissolved in a 
?uorochemical phase With the ?uorochemical phase then 
being continuously fed into and/or recirculated (With sub 
strate dissolved therein) back to the ECF cell to simulta 
neously provide both the ?uorochemical phase and the 
alkane substrate. If an optional ?uorochemical phase is 
present in the reaction solution, the amount of the ?uoro 
chemical phase can be any useful amount. The amount Will 
generally be sufficient to create a separate ?uorochemical 
phase Within the electrochemical ?uorination cell, but 
should not be so much as to interfere With the electrochemi 
cal ?uorination process, Which is generally thought to occur 
Within the conductive electrolytic phase. 

[0036] The reaction solution can contain any relative 
amounts of hydrogen ?uoride, substrate, and, When the 
substrate is an alkane, a ?uorochemical phase that Will alloW 
effective ?uorination of the substrate, and that Will prefer 
ably avoid the existence of a substrate phase Within the ECF 
cell. A useful mass ratio of hydrogen ?uoride to substrate 
Will depend on the identity of the substrate and its solubility 
in HF. In the case of an alkane substrate, the amount of 
alkane should be su?iciently loW to prevent the formation of 
a signi?cant 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 
?uoride:substrate), preferably from about 75:25 to 99:1 
hydrogen ?uoride:substrate, and more preferably, in the case 
of an alkane substrate, from about 90:1 to 99:1 hydrogen 
?uoride: alkane substrate. 

[0037] Generally, the reaction solution should be suffi 
ciently electrically conductive to alloW electric current to 
pass through the reaction solution in an amount sufficient to 
result in ?uorination of the substrate. Pure liquid anhydrous 
hydrogen ?uoride is substantially nonconductive. Therefore, 
to be conductive the reaction solution must contain an 
electrolytic component that alloWs passage of electric cur 
rent through the reaction solution. AWide variety of organic 
substrates, particularly those containing functional groups, 
are both soluble in hydrogen ?uoride and sufficiently elec 
trolytic to alloW passage of an effective amount of electro 
lyZing 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 
suf?cient electrical conductivity to the hydrogen ?uoride, 
the reaction solution can be made suf?ciently electrically 
conductive by the addition of a conductive additive. For 
example, certain hydrocarbons and hydro?uorocarbons dis 
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solve only to a small extent in hydrogen ?uoride. Electro 
chemical ?uorination of these types of compounds generally 
can require that a conductivity additive be added to the 
reaction solution. J. Burdon and J. C. TatloW, The Electro 
chemical Process for the Synthesis of F luoro-Organic Com 
pounds, Advances in Fluorine Chemistry, edited by M. 
Stacey et al., (1960; US. Pat. Nos. 3,028,321 (Danielson), 
3,692,643 (Holland), and 4,739,103 (Hansen). 

[0038] As stated, the 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 disul?de (DMDS), 
and ionic salts such as potassium ?uoride and lithium 
?uoride, just to name a feW. Other usefully conductive 
compounds are Well knoWn in the art of electrochemical 
?uorination. 

[0039] 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 suf?ciently 
conductive to alloW ?uorination of the substrate. It can be 
preferred to use the minimum amount of conductivity addi 
tive 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 ?uorination cell While maximizing ef?cient use of 
electricity, and may also reduce or minimiZe the amount of 
unWanted by-products caused by undesired ?uorination of 
the conductivity additive. Most preferably, no conductivity 
additive is used unless necessary for stable cell operation. It 
is a speci?c advantage of the invention that improved 
conductivity of the ?uorination cell can be achieved by 
using interrupted current, Without the use of conductivity 
additives, or, With the use of a reduced amount of conduc 
tivity additive. The reduced amount of conductivity additive 
needed in the reaction solution alloWs increased yields of 
?uorinated 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 ?uorination of such 
undesired by-products. As an example of a useful amount of 
conductivity additive, When required, the conductivity addi 
tive can be present in an amount of less than 20 Weight 
percent conductivity additive, based on the amount of sub 
strate; e.g., less than about 10 Weight percent, or 5 Weight 
percent, based on the amount of substrate. 

[0040] The reaction solution can be exposed to reaction 
conditions (e. g., reaction temperature, reaction pressure, and 
electric voltage, current, and poWer) suf?cient to cause 
?uorination of the substrate. In general, the reaction condi 
tions can be any that are found to facilitate the production of 
a desired ?uorinated product. Reaction conditions chosen 
for a particular ?uorination process can be chosen depending 
on factors such as the siZe and construction of the electro 
chemical ?uorination 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 ?oW rates of each compo 
nent; the desired ?uorinated product, etc. 

[0041] The reaction temperature that the electrochemical 
?uorination cell is operated at can be any temperature that 
alloWs a useful degree of ?uorination of the substrate. The 
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reaction temperature can be chosen and controlled depend 
ing on the various factors identi?ed 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 ?uorinated 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 condi 
tions such as the reaction pressure. The reaction temperature 
can be chosen to be above the boiling point of the ?uorinated 
product, in Which case it can be bene?cial to operate the cell 
in a pressure vessel under autogenous pressures. Reaction 
temperatures in the range from about —20° C. to 80° C. have 
been found to be useful. Temperatures in the range from 
about 20 to 65° C. can be preferred. 

[0042] Useful reaction pressures have been found to be in 
the range from about ambient (atmospheric) pressure to 
about 65 psig (4.48><105 Pa), and can preferably be in the 
range from about 5 to 45 psig (0.34><105 to 3.10><105 Pa). 
Still, operating pressures outside of these ranges can also be 
used. 

[0043] 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 ?uorination of the substrate. In the practice of the present 
invention, the electric current is interrupted. The term “inter 
rupted” 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 
through Which the parameter varies. As an example, a 
current cycle describes a single execution through various 
levels of current that pass through a ?uorination cell, begin 
ning 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 FIG. 1, shoWing a graph of electric 
current versus process time. In the Figure, the electric 
current varies through a regular, periodic cycle (identi?ed as 
the darkened portion of the cycle, labeled C), having a 
period P, an elevated current level Is, and a reduced current 
level II. Period (P) is de?ned 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 FIGS. 3 and 5, 
respectively, and are identi?ed as C3 and C5. 

[0044] 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 FIGS. 1 and 3), a substantially square 
Wave, a sinusoidal Wave (see FIG. 6), or any other periodic 
cycle. An idealiZed Wave form is the square Wave cycle 
illustrated in FIGS. 1, 3, and 5, relating to electric current, 
voltage, and poWer. FIG. 3, for example, illustrates variation 
(i.e., interruption) of cell voltage as folloWs: from a starting 
point at the beginning of the cycle C3, and at a reduced 
voltage VI, voltage increases to elevated voltage Vs, Where 
it is maintained for a period Te; voltage then decreases to a 
reduced voltage VI, Where it is maintained for a period of TI 
to complete a single cycle. This cycle repeats regularly 
throughout the ?uorination process. 
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[0045] In FIG. 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 FIG. 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). Fur 
thermore, 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 levels, 
such as is exempli?ed in FIG. 6, shoWing a sinusoidal 
Waveform for a current cycle. 

[0046] As stated above, the current ?owing through the 
reaction solution can be any amount of current that Will 
result in ?uorination of the substrate. Current can be limited 
by the inherent properties of the electrochemical ?uorination 
cell. The current is preferably insuf?cient to cause excessive 
fragmentation of the substrate, or to cause the liberation of 
?uorine gas during ?uorination. For the sake of conve 
nience, 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/cm2 (milliamps per square centimeter), e.g., 
200 or 300 milliamps, and are preferably in the range from 
about 20 to 160 mA/cm2. Reduced current densities can be 
preferably substantially Zero, e.g., in the range from about 0 
to 2 mA/cm2. 

[0047] Periodic current cycle can be effected by any 
knoWn and useful method of controlling electricity in an 
electrochemical ?uorination cell. Because cell resistance in 
an electrochemical ?uorination cell is relatively constant, 
current can be periodically cycled by controlling any one of 
the electric voltage across the reaction solution, the poWer 
?oWing through the reaction solution, or the current ?oWing 
through the reaction solution, Whichever is most convenient. 
Generally, the electrical parameter that is easiest to control 
is the voltage applied across a ?uorination cell. Thus, While 
all possible methods of providing cycled current in an 
electrochemical ?uorination 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 ?oWing through 
the reaction solution. 

[0048] The voltage applied across the reaction solution 
can be varied to result in a current cycle of the type described 
above. Speci?cally, the voltage can be varied through a 
regular, repeating, periodic cycle, Wherein the cycle is 
de?ned by voltage 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 FIG. 
3, shoWing a graph of cell voltage versus process time. In 
FIG. 3, voltage varies through a regular, periodic cycle C3, 
having a period P3, an elevated voltage V6, and a reduced 
voltage VI. FIG. 3 also identi?es a Zero current intercept 
voltage, V0, de?ned for purposes of the present description 
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as the minimum voltage required to result in ?uorination of 
a particular substrate. The Zero current intercept voltage VO 
can be empirically determined for a given ?uorination 
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 FIG. 7). The value of the Zero current intercept voltage 
VO Will be a function of a particular ?uorination reaction, 
but, for purposes of the present description, Will be approxi 
mated for the ?uorination of an organic substrate as to be 4.2 
volts. 

[0049] In the practice of the invention, the elevated volt 
age (Ve) can be any voltage that results in ?uorination of the 
substrate, e.g., a voltage that Will cause current to How 
through the reaction solution. To accomplish current How 
and ?uorination of the substrate, the elevated voltage should 
be at least equal to or greater than the Zero current intercept 
voltage VO of the ?uorination reaction, and for many ?uo 
rination 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 ?oWing through the reaction 
solution (e.g., II Will be substantially Zero). This can pref 
erably be accomplished by providing a reduced voltage that 
is beloW the Zero current intercept voltage V0. It should be 
noted that although FIGS. 3 and 4 each shoW a reduced 
voltage of the same polarity as the elevated voltage, and 
although it is preferable that the reduced voltage 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 
negative polarity compared to the elevated voltage; e.g., a 
voltage that Would be shoWn as a negative voltage on either 
of FIGS. 3 or 4. Voltage, in terms of cell voltage, reduced 
voltage, elevated voltage, etc., refers to voltage measured 
betWeen cathode and anode. 

[0050] In FIG. 3, the elevated voltage (V6) is shoWn to be 
a constant value. In practice, hoWever, neither the elevated 
voltage nor the reduced voltage are required to be com 
pletely or substantially constant, and either or both can vary 
throughout a pulse cycle. As an example, FIG. 4 illustrates 
voltage cycle C4 Wherein the elevated voltage is not constant 
through the pulse cycle. In FIG. 4, the cell voltage is shoWn 
to increase from the reduced voltage to an elevated voltage 
greater than the Zero current intercept voltage V0. The 
elevated voltage then gradually increases before falling back 
to the reduced voltage level VI. This phenomena, often 
referred to as voltage “drift,” is thought to be a result of ?lms 
that can build on the surface of the anode, gradually increas 
ing the resistance of the cell. As a further example of a 
non-constant elevated or reduced voltage, consider again 
FIG. 6, shoWing a sinusoidal current cycle; a cell operating 
With a sinusoidal current cycle Will have a similar sinusoidal 
voltage cycle. 

[0051] 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. Speci? 
cally, 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 
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varying electric current and voltage. An example of a power 
cycle is illustrated in FIG. 5, showing a graph of poWer 
versus process time. In the Figure, the poWer varies through 
a regular, periodic cycle C5, having a period P5, an elevated 
poWer level P6, and a reduced poWer level PI. 

[0052] 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 reac 
tion conditions of the ?uorination process Will result in 
?uorination of the organic substrate. Electric poWer is 
de?ned as voltage times current (V><I), and therefore, the 
amount of electric poWer used in the ?uorination process is 
dependent on the current and voltage used, and on the siZe 
of the ?uorination cell. 

[0053] As stated above, the electric current ?oWing 
through the ?uorination 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 ?uorination. As one speci?c 
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 correspond 
ing to an elevated voltage and another set point correspond 
ing to a reduced voltage. The timer can cycle betWeen these 
tWo set points at preselected timing intervals. Brie?y, 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. 

[0054] It has been found that interrupting the electric 
current through an electrochemical ?uorination cell can 
result in several advantages in a ?uorination process. Spe 
ci?cally, the electrical resistance (in ohms) of an electro 
chemical ?uorination cell can be reduced compared to the 
electrical resistance of the same cell under the same condi 
tions except that an uninterrupted current ?oWs through the 
reaction solution. As a matter of convenience, resistance of 
a ?uorination 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 ?uorination cell, as calculated according to the 
folloWing equation: 

Rn=(Va 
[0055] In formula 1, Vavg is the average voltage of the cell 
(When current is interrupted the average elevated voltage 
(Vs) can be used), V0 is de?ned above, and current density 
is as de?ned. The normaliZed resistance has dimensions of 
resistance times area, and units, e.g., of ohm-ft2, or ohm 
dm2. The use of a normaliZed resistance is convenient for 
purposes of this description because normaliZed resistance 
can be considered to be relatively constant for a given 
?uorination cell and ?uorination process. Therefore, nor 
maliZed resistance is a convenient measure of improvement 
betWeen operation With interrupted current and operation 
With uninterrupted current. 

vg— U)/current density (1) 

[0056] The normaliZed resistance of an electrochemical 
cell operating according to the present invention can vary, 
but as an exemplary range Rf1 can be in the range from about 
0.01 to 0.05 ohm-ft2. 
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[0057] A result of the reduced resistance Within the elec 
trochemical ?uorination cell of the present invention is that 
the cell can operate at an elevated voltage (Vs) that is 
relatively loWer than the voltage that the cell Would other 
Wise operate at With uninterrupted current. This effect is 
illustrated in FIG. 3, shoWing the voltage that the ?uorina 
tion cell Would operate at under conditions of uninterrupted 
current Vu, compared to the voltage When operated With 
interrupted current (elevated voltage) Vs. Moreover, opera 
tion at a relatively loWer voltage provides an electrochemi 
cal ?uorination process that requires a reduced amount of 
total electric poWer, Which reduces electricity costs, reduces 
the amount of heat generated during the ?uorination process 
that Would otherWise have to be removed, and, When prac 
ticed in the ?uorination of certain substrates and optional 
conductivity additives, may reduce the production of undes 
ired by-products. 

[0058] In the practice of the invention, the cycle period P 
can be any period that is suf?cient to cause the advantage of 
reducing the resistance of the electrochemical ?uorination 
cell compared to resistance during operation With uninter 
rupted 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 or 300 seconds. 

[0059] The portion of the cycle period Wherein the current 
is at elevated current and elevated voltage (identi?ed herein 
as Te), and the portion of the cycle period at reduced current 
and reduced voltage (identi?ed herein as T) can be any 
amounts of time that Will be effective in the ?uorination 
process to produce a ?uorinated product, and sufficient to 
cause a relatively reduced cell resistance. It can be prefer 
able 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, ?uorination of the substrate occurs as a result of 
operation at elevated current, e.g., at a rate proportional to 
the ratio of elevated current (Te) to cycle time or cycle 
period Therefore, the percentage of the current cycle at 
elevated current (Te) is desirably maximiZed, and the 
amount of time at reduced current (TI) is desirably mini 
miZed. 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 
TI can preferably be in the range from about 1 to 5, e.g., 3 
seconds, With the elevated period Te being preferably 150, 
200, or 300 seconds. Also in practice, to optimiZe the 
operation, if the elevated voltage increases gradually the 
elevated period Te can be reduced; contrariWise, if the 
elevated voltage decreases or is relatively loW the elevated 
period Te can be increased. 

[0060] The types of compounds (“electrochemical ?uori 
nated product,” or “?uorinated product”) that can be pre 
pared according to the present invention are various, and 
Will depend primarily on the chemical identity of the sub 
strate. In general, the desired ?uorinated product Will be a 
?uorinated or per?uorinated analog of the substrate; i.e., the 
?uorinated 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 ?uo 
rine. Still, it is possible for the substrate to react during the 
?uorination process to produce ?uorinated product contain 
ing feWer or more carbon atoms than the substrate. Prefer 
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ably, the ?uorinated product Will be substantially per?uori 
nated. Generally, the ?uorinated product compound Will be 
completely saturated because any unsaturation Within the 
substrate Will react and ?uorine Will add across the unsat 
uration. On the other hand, certain functional groups Which 
might be present on the substrate can be essentially unaf 
fected by the electrochemical ?uorination process (e.g., 
sulfonyl groups, S=O bonds in sulfones, sulfates, and 
alkanesulfonyl halides, and the C=O bonds in carboXylic 
acids and their derivatives), and Will remain intact at least to 
a useful degree in the ?uorinated product. Speci?c eXamples 
of ?uorinated products that can be prepared from hydrocar 
bon alkanes include per?uoroalkanes such as those having 
from about 2 to 20 carbons, e.g., per?uoroethane, per?uo 
ropropane, per?uorobutane, per?uoroheXane, per?uorooc 
tane, and the like. 

[0061] Electrochemical ?uorination cells in Which the 
process of the present invention can be performed (also 
referred to herein as the “cell” or the “?uorination cell”) may 
be any conventional electrochemical ?uorination cell knoWn 
in the art of electrochemical ?uorination. In general, a 
suitable ?uorination cell can be 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 rela 
tively 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 com 
prising 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. 

[0062] Electrochemical ?uorination cells that can be use 
ful in the practice of the present invention are described, for 
eXample, in US. Pat. No. 2,519,983, GB 741,399 and 
785,492. Other useful electrochemical ?uorination cells 
include the type generally knoWn in the electrochemical 
?uorination art as ?oW cells. FloW cells comprise a set (one 
of each), stack, or series of anodes and cathodes, Where 
reaction solution is caused to ?oW over the surfaces of the 
anodes and cathodes using forced circulation. These types of 
?oW cells are generally referred to as monopolar ?oW cells 
(having a single anode and a single cathode, optionally in the 
form of more than a single plate, as With a conventional 
electrochemical ?uorination cell), and, bipolar ?oW cells 
(having a series of anodes and cathodes). Bipolar ?oW cells 
are described, for eXample, in US. Pat. No. 5,474,657 the 
description of Which is incorporated herein by reference. 

[0063] Other details of the Simons electrochemical ?uo 
rination process and cell Will be omitted in the interest of 
brevity, and the disclosures of such technology in the 
above-identi?ed references can be referred to for such detail, 
Which disclosures are incorporated herein by reference. 

[0064] In a particularly preferred embodiment, the process 
of the invention can be carried out by introducing an alkane 
substrate into an electrochemical ?uorination cell (e.g., a 
Simons cell or a ?oW cell) containing anhydrous hydrogen 
?uoride, or to Which anhydrous hydrogen ?uoride is simul 
taneously or subsequently added. Preferably the reaction 
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solution comprises a ?uorochemical phase and a hydrogen 
?uoride phase, and the alkane substrate can be introduced to 
the cell as a solute dissolved in the ?uorochemical phase, 
With the ?uorochemical phase being continuously fed and/or 
recirculated into the cell. 

[0065] Optionally and preferably, a separate feed decanter 
can contain a reservoir of an alkane substrate dissolved in 

the ?uorochemical phase (feed stream), Which is then fed 
into the cell. Such a decanter alloWs control of the tempera 
ture of the feed stream, and thereby alloWs control of the 
concentration of the substrate (e.g., alkane) Within the feed 
stream. 

[0066] Speci?cally, the substrate and the ?uorochemical 
can both be contained and miXed Within the decanter, With 
the amount of substrate being dissolved in the ?uorochemi 
cal phase being such that the ?uorochemical phase is satu 
rated 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 ?uorocarbon 
phase. The amount of substrate ?oWing into the cell Will 
depend on the amount of substrate dissolved in the ?uoro 
chemical phase, Which Will depend on the temperature of the 
?uorochemical phase, because solubility of the substrate in 
the ?uorochemical 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 ?uorocar 
bon 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. 

[0067] Feeding the ?uorochemical phase at a relatively 
reduced temperature ensures that the amount of the alkane 
substrate Within the feed stream, and therefore the ?uoro 
chemical phase of the reaction solution, does not eXceed the 
solubility limits of either the ?uorochemical phase or the 
hydrogen ?uoride 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 substrate is ?uorinated and removed as 
a product) and signi?cantly reduces the formation of tars, 
current blocking, and fouling of the electrodes. 

[0068] An illustration of this embodiment of the process is 
shoWn in FIG. 8. In the Figure, a solution of ?uorochemical 
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 ?uorination cell 8 containing anhydrous 
hydrogen ?uoride (electrolyte phase 10) and optionally an 
initial amount of ?uorochemical phase 2. The cell is option 
ally and preferably equipped With sight glass tubes 14 to 
monitor the levels of the ?uorochemical phase 2 and the 
hydrogen ?uoride electrolyte phase 10. The electrochemical 
cell can contain a drain valve (not shoWn) for removal of 
?uorinated product, and for optional connection to a circu 
lation pump 16 Which permits a portion of the ?uorochemi 
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cal phase (preferably containing ?uorinated 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 ?uoro 
chemical 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 ?tted 
With refrigerated condensers 18 for condensing vapor com 
prising hydrogen ?uoride, alkane substrate, and ?uoro 
chemicals of the ?uorochemical phase and/or ?uorochemi 
cal product, Which can be sent back to the cell. 

[0069] As Will be understood by artisans skilled in elec 
trochemical ?uorination, the embodiment of the invention 
illustrated in FIG. 8, Wherein substrate feed is fed into the 
cell as a solute in a ?uorochemical phase, can be useful With 
different types of ECF setups including ?oW cell applica 
tions, bipolar ?oW cell applications, and conventional 
Simons cell applications, can be useful With pulsed, inter 
rupted, 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 ?uoride and therefore 
tend to form a separate phase Within the electrochemical 
?uorination cell, such as alkanes and especially higher 
alkanes such as octane. 

EXAMPLE 1 

[0070] A 2.5 liter electrochemical ?uorination cell of the 
type described in Us. Pat. No. 2,713,593, equipped With a 
—40° C. overhead condenser, 0.40 ft2 (3.7 dm2) nickel anode 
and a voltage controller having a cycle timer, Was charged 
With a solution of 97 Wt. % anhydrous hydrogen ?uoride and 
3 Wt. % dimethyl disul?de. A mixture of octanesulfonyl 
?uoride containing 6 Wt. % dimethyl disul?de Was fed 
continuously to the cell, Which Was operated at 30 psig, 54° 
C., the current controlled at 53 amps/ft2 (5.7 amps/dm2) and 
relatively constant voltage of 6.0 volts. 

[0071] After the cell reached steady-state the current Was 
increased to 58 A/ft2 (6.2 amps/dm2) and interrupted every 
thirty seconds by reducing the cell voltage to 3.3 volts (V) 
for 3 seconds causing the current to fall to essentially Zero 
(Te=27 seconds, Rr=3 seconds). The average elevated cell 
voltage Ve (the voltage during Te) Was 5.5 volts. This Was a 
reduction from the constant uninterrupted cell voltage of 6.0 
volts, in spite of the increased current. It Was expected that 
the voltage Would have increased to 6.2 volts. The cell Was 
operated (With minimal interruptions) under this cycled 
sequence for 14 days during Which per?uorooctanesulfonyl 
?uoride Was produced at an average rate of 18 g/50 amp 
hours. 

EXAMPLE 2 

[0072] Using essentially the procedure described in 
Example 1 for cycled current conditions, and maintaining 
the same current cycle sequence, octanesulfonyl ?uoride 
Was fed to the cell Without the added dimethyl disul?de. The 
current Was controlled at 56 amps/ft2 (6.0 amps/dm2), and 
the voltage reached a steady-state elevated voltage of 5.6 
volts. The reduced voltage Was 3.3V. Per?uorooctanesulfo 
nyl ?uoride Was produced at an average rate of 21 g/50 
amp-hours. 

EXAMPLE 3 

[0073] An electrochemical ?uorination cell according to 
US. Pat. No. 2,713,593 having a 27 ft2 (251 dm2) anode Was 
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charge With an electrolytic mixture containing 80 Wt. % 
hydrogen ?uoride and 2.5 pounds of dimethyl disul?de at a 
temperature of 54° C. Over a period of 3 days a mixture of 
94 Wt. % octanesulfonyl ?uoride and 6 Wt. % dimethyl 
disul?de Was fed to the cell until steady state Was achieved; 
voltage With uninterrupted current Was 5.8 volts, the current 
Was 1521 amps, and the normaliZed resistance Was 0.028 
ohm-ft (0.26 ohm-dm2). 
[0074] The current Was then interrupted every 72 seconds 
for 8 seconds (Te=72 seconds, TI=8 seconds) causing the cell 
voltage to drop compared to the uninterrupted cell voltage, 
and also causing an increase in the current (current density), 
and a drop in normaliZed resistance; voltage during inter 
rupted current operation Was 5.6 volts, current Was about 
1814 amps and the normaliZed resistance Was 0.021 ohm-ft2 

(0.19 ohm-dm2). 
[0075] After an additional tWo days of operating With 
interrupted current, DMDS Was removed from the feed; the 
feed Was changed to neat octanesulfonyl ?uoride (containing 
no dimethyl disul?de). The current averaged 1800 amps (67 
amps/ft2), the voltage averaged 6.0 volts, and the normaliZed 
resistance Was 0.027 ohm-ft2 (0.25 ohm-dm2). The product 
per?uorooctanesulfonyl ?uoride Was produced at an average 
rate of 21 g/50 amp-hours. 

EXAMPLE 4 

[0076] An electrochemical, bipolar ?oW ?uorination cell 
of the type described in Us. Pat. No. 5,286,352 Was initially 
charged With electrolyte comprising 2 Wt. % dimethyl dis 
ul?de and 2.7 Wt. % octanesulfonyl ?uoride in anhydrous 
HF. The electrolyte Was heated to 55° C. by means of 
external heaters. A mixture of 94 Wt. % octanesulfonyl 
?uoride and 6 Wt. % dimethyl disul?de Was continuously fed 
to the cell. After 11 hours 114 grams of additional dimethyl 
disul?de Was added to improve cell conductivity. The nor 
maliZed resistance ranged from 0.035 to 0.054 ohms-ft2 
(0.32-0.50 ohms-dm2) and the current densities ranged from 
35 to 55 amps/ft2 (3.8-5.9 amps/dm2). 

[0077] After 28.5 hours the current Was cycled as in 
Example 3 (Te=72 seconds, TI= 8 seconds). The current 
density increased to 125 amp/ft2 (13.4 amps/dm2) and the 
normaliZed resistance decreased to the range from 0.012 to 
0.014 ohms-ft2 (0.11-0.13 ohm-dm2). After 33 hours, the 
external heaters Were turned off alloWing the cell to cool to 
49° C. Without adversely affecting the operation of the cell. 
This shoWs that a bipolar ?oW cell can be operated at 
subcooled (operating at a temperature beloW or a pressure 
above the bubble point of the reaction solution) conditions 
by using interrupted current Without higher normaliZed 
resistance. 

EXAMPLE 5 

[0078] Using essentially the procedure of Example 1, the 
cell Was charged With a mixture of 99.3 Wt. % hydrogen 
?uoride and 0.7 Wt. % dimethyl disul?de. Dibutyl amine Was 
fed continuously at a rate of 6.1 g/50 amp-hours, then 
loWered to 5.7 g/50 amp-hours When the HF concentration 
in the electrolyte Was beloW 95%. Per?uorobutane Was 
produced at a rate of 17 g/50 amp-hours and a higher boiling 
byproduct Was produced at 4 g/50 amp-hours. The current 
density Was 59 amps/ft2 (6.3 amps/dm2). The average volt 
age Was 6.1V. 
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[0079] After 12,000 hours of operation, the current Was 
interrupted as in Example 3 (Te=72 seconds, Te=8 seconds). 
The higher boiling byproduct Was produced at a loWer rate 
of 2 g/50 amp-hours and the per?uorobutane Was produced 
at a rate of 19 g/50 amp-hours. The average elevated voltage 
Was 5.3 V. 

EXAMPLE 6 

[0080] Using essentially the procedure of Example 1 and 
a cell having 0.68 ft2 (6.3 dm2) anode surface area, a single 
—40° C. condenser and a voltage controller having a cycle 
timer, Was charge With an electrolyte solution of 98.3 Wt. % 
anhydrous hydrogen ?uoride and 1.7 Wt. % dimethyl disul 
?de. After a short “run-in” time to achieve steady state 
operating conditions, a mixture of triamylamine containing 
6 Wt. % dimethyl disul?de Was fed continuously to the cell, 
Which Was operated at 25 psig and 50° C. The current Was 
cycled through a cycle of 8 seconds elevated current and 72 
seconds reduced current. During T6 the current Was con 
trolled at 50 A; during TI the voltage Was controlled at about 
3 V and no current passed. The cell Was run for 364 hours 
under these conditions at a current of 50 A. The folloWing is 
a tabular summary of the run, excluding the initial cell 
“run-in”: 

Operation With Interrupted Current 

Total run time: 320.5 Hr. Avg. current: 44 A 
Total charge 14086 AH Avg. current density 65 A/ft2 
passed: (7.0 amps/dm2) 
Average cell 6.5 V Avg. normalized 0.035 ohm-ft2 
voltage resistance: (0.32 ohm—dm2) 
Total organic 1697 g Avg. organic feed rate: 6.02 g/50 AH 
added: 

Avg. % of theor. 92.8% 
Avg. (C5F11)3N 18.53 g/50 AH 
production rate: 
Total Crude (C5F11)3N: 5220 g 

[0081] At the end of this period, the cell Was running at 
steady-state, at a current of 50 A. The electrolyte concen 
tration Was 97% HF. The current listed is the average current 
over the entire cycle period, including both T6 and TI. The 
average current during T6 was 49 A. The “Avg. (C5F11)3N 
production rate” Was calculated from G.C. results and from 
residual analysis. 

[0082] After the ?rst 344 hours of the run, the cell Was 
sWitched to uninterrupted operation. The conductivity of the 
cell immediately began to drop and the cell voltage 
increased to the preset limit of 7.5 volts. The conductivity 
continued to decay for 127 hours, the electrolyte concentra 
tion at the end of this period Was 90% HF and the normalized 
resistance increased, at Which point interrupted current 
operation Was resumed. As interrupted current operation Was 
resumed, the normalized resistance dropped to less than 
0.025, the current increased to 55 A at an elevated voltage of 
6.2 V, While restoring the HF electrolyte concentration to 
95%. 

[0083] The folloWing is a summary of the operation With 
uninterrupted current. 
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Operation With Uninterrupted Current 

Total run time: 126.7 Hr. Avg. current: 40 A 
Total charge 5014 AH Avg. current density 58 A/ft2 
passed: (6.2 A/dm2) 
Average cell 7.7 V Avg. normalized 0.060 ohm-ft2 
voltage resistance: (0.56 ohm—dm2) 
Total organic 651 g Avg. organic charge rate: 6.49 g/50 AH 
added: 

Avg. % of theor. 
Avg. crude (C5F11)3N 
production rate: 
Total Crude (C5F11)3N 
produced: 

100.0% 
14.20 g/50 AH 

1424 g 

[0084] Samples of crude product from operation both With 
and Without current interruption Were analyzed for higher 
boiling polymeric and oligomeric products by drying the 
samples doWn to a constant Weight in a 240° C. oven. The 
product collected during the uninterrupted current portion of 
the run averaged 8.3% higher boiling polymeric and oligo 
meric products, but the product collected during the inter 
rupted current portion of the run averaged only 4.4% higher 
boiling products. Thus pulsed operation reduces the amounts 
of unWanted by-products. 

EXAMPLE 7 

[0085] Using essentially the procedure of Example I 
octanoyl chloride Was ?uorinated With both interrupted and 
uninterrupted current operation in a cell having 0.40 ft2 
anode surface area, a single —40° C. condenser and a voltage 
controller having a cycle timer. The cell Was operated at 50° 
C. The results are as folloWs: 

Operation With Uninterrupted Current 

Total run time: 378.4 Hrs. Avg. current: 15 A 
Total charge 5721 AH Avg. current density 38 A/ft2 
passed: (4.1 A/dm2) 
Average cell 6.8 V Avg. normalized 0.07 ohm-ft2 
voltage resistance: (0.64 ohm—dm2) 
Total organic 1063 g Avg. organic charge rate: 9.29 g/50 AH 
added: 

Avg. % of theor. 93.3% 
Total high 2386 g Avg. high-boiling 20.85 g/50 AH 
boilers product production rate: 
produced: 

[0086] 

Operation With Interrupted Current 

Total run time: 213.8 Hrs Avg. current: 17 A 
Total charge 3696 AH Avg. current density 43 A/ft2 
passed: (4.6 A/dm2) 
Average cell 5.5 V Avg. normalized 0.03 ohm-ft2 
voltage resistance: (0.28 ohm—dm2) 
Total organic 653 g Avg. organic charge rate: 8.84 g/50 AH 
added: 

Avg. % of theor. 88.7% 
Total high 1478 g Avg. high-boiling 19.99 g/50 AH 
boilers product production rate: 
produced: 
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EXAMPLE 8 

[0087] A designed experiment Was conducted to examine 
the variables of total cycle time, length of time “off” Tr, 
percentage of time “off” as a function of total cycle time, and 
elevated voltage. The cell described in Example 1 Was 
initially charged With 2 kg of anhydrous hydrogen ?uoride, 
42 g of dimethyl disul?de and 20 g of octanesulfonyl 
?uoride. A mixture of 94 Wt. % octanesulfonyl ?uoride and 
6 Wt. % dimethyl disul?de Was fed continuously to the cell 
at a rate of 9.8 g/50 Ahr. We attempted to control the current 
at 20-21 amps during the “on” part of the cycle (Te) and 
betWeen 2 and 3V during the “off” part of the cycle Tr. This 
Was accomplished for all runs except the run having P=0.4 
and Tr=0.04, as the voltage Was reduced only to approxi 
mately 4 volts. Each subsequent run Was continued by 
varying the pulse cycle. The ef?ciency of the cell operation 
Was measured by calculating the “normaliZed resistance”. 

Cycle Time 80 80 1.5 0.4 0.4 uninter 
(sec) rupted 
Time “o?’ 4 16 0.15 0.2 0.04 — 

(sec) Tr 
% time in 5 20 10 50 0.10 — 

reduced 
voltage 
Length of 20.1 26.7 22.2 41.9 64.3 47.9 
run (hr) 
Charge 397 443.9 430 457.6 1237.4 959 
passed 
(A-hr) 
Total A-hr/ 19.8 16.6 19.4 10.9 19.2 20 
Total hr 
Avg. V6 5.1 5.0 5.1 5.2 6.8 7.6 
Avg. Le. 20.8 20.8 20.8 20.8 20.8 20.0 
Normalized 0.017 0.015 0.017 0.019 0.050 0.068 
resistance 
during 
Te (ohm/ft2) 

[0088] The data of the Table indicates that a variety of 
different cycle periods and Te and Tr values can be effective 
to reduce the normaliZed resistance of an electrochemical 
?uorination cell. Notice, hoWever, that at a very loW cycle 
time (0.4 second) in combination With a very loW Tr (0.04) 
the least improvement in normaliZed resistance resulted. 

EXAMPLE 9 

[0089] An electrochemical, bipolar ?oW ?uorination cell 
of the type described in US. Pat. No. 5,286,352 Was 
operated at 340 kPa, 48° C. (subcooled conditions), With an 
electrolyte super?cial velocity of 0.5 m/s. Octanesulfonyl 
?uoride and dimethyl disul?de Were independently fed to 
the cell at the mass ratio of 0.94 to 0.06 Weight percent. The 
cell Was operated at a current density of 97 amps/ft2 (10.4 
amps/dm2). The initial average cell voltage Was 5.7 V, 
increasing over a period of 90 minutes to 6.9 V. The 
“normaliZed resistance” increased over the same time period 
from 0.016 to 0.028 ohms-ft2 (0.15-0.26 ohms-dm2). 

[0090] The same electrochemical cell Was then operated at 
340 kPa, 48° C. (subcooled conditions), With an electrolyte 
super?cial velocity of 0.5 m/s. Octanesulfonyl ?uoride and 
dimethyl disul?de Were fed to the cell at the mass ratio of 
0.98 to 0.02 Weight percent. The cell Was operated at a 
current density of 150 amps/ft2 (16.1 amps/dm2) With the 
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current interrupted every 180 seconds for 4 seconds (176 
seconds “on”, 4 seconds “off”). The average cell voltage Was 
6.4 V for a normaliZed resistance of 0.015 ohms-ft2 (0.14 
ohms-dm2). 
[0091] This example shoWs that a bipolar ?oW cell oper 
ated at subcooled conditions experiences a rise in voltage 
When current is uninterrupted, and stable operation of the 
cell could be achieved using interrupted current. 

EXAMPLE 10 

[0092] A 2.5 liter electrochemical ?uorination cell of the 
type described in US. Pat. No. 2,713,593, equipped With 
tWo overhead condensers having brine temperatures of 0° C. 
and —40° C., 0.40 ft2 (3.7 dm2) nickel anode, an external 
loop to alloW product removal, and a voltage controller 
having a cycle timer, Was charged With 1000 g of C6F14, 41 
g DMDS, and 40 g hexane, and ?lled With anhydrous HF. 
Hexane Was fed continuously to the cell, Which Was operated 
at 35 p2sig, 45° C., and the current Was controlled at 50 
amps/ft (5.4 amps/dm2) 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 (VT) for 4 
seconds causing the current to fall to essentially Zero (Te=80 
seconds, TI=4 seconds). 
[0093] About 140 hours into the cell run, the current Was 
increased to 100 A/ft2 (10.8 amps/dm2). The average 
elevated cell voltage Ve (the voltage during Te) 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/ft2 (16.1 A/dm2) and VS 
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-ft2 (0.077 ohm-dm2) (in the 
calculation the value of V0 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 ?uorochemical product phase. 
Intermittently, a portion of the product Was removed, While 
maintaining the presence of a ?uorochemical phase in the 
cell. 

What is claimed is: 

1. A process for the electrochemical ?uorination of an 
organic substrate, to per?uorinate the substrate, the process 
comprising the steps of: 

providing organic substrate comprising at least one car 
bon-bonded hydrogen; 

providing, in an electrochemical ?uorination cell, a reac 
tion solution comprising the substrate and hydrogen 
?uoride; 

passing electric current through the reaction solution 
suf?cient to cause replacement of the hydrogens of the 
substrate With ?uorine, the electric current being inter 
rupted through a current cycle de?ned 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 
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wherein the current is interrupted in such a manner that 
the resistance of a 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 ?owing through the reaction 
solution in the range from about 10 to 400 rnilliarnps 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 rnilliarnps per square 
centimeter. 

5. The process of claim 1, Wherein the voltage across the 
cell varies through a cycle de?ned by an elevated voltage 
and a reduced voltage. 

6. The process of claim 5, Wherein the elevated voltage is 
greater than the Zero current intercept of the ?uorination 
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 
sufficient to result in current ?oWing through the reaction 
solution to be substantially Zero. 

9. The process of claim 5, Wherein the reduced voltage is 
beloW about 4.2 volts. 

10. The process of claim 1, Wherein the electric poWer 
through the reaction solution varies betWeen an elevated 
poWer and a reduced poWer. 

11. The process of claim 1, Wherein the period of the 
current cycle is 0.4 seconds or more. 

12. The process of claim 11, Wherein the period of the 
current cycle is 10 seconds or more. 

13. The process of claim 1, Wherein the current is reduced 
for less than 50% of the cycle. 

14. The process of claim 1, Wherein the current is reduced 
for less than 25% of the cycle. 

15. The process of claim 1, Wherein the current is reduced 
for from about 1 to 10% of the cycle. 

16. The process of claim 1, Wherein the reaction solution 
further comprises a conductivity additive. 

17. The process of claim 16, Wherein the conductivity 
additive cornprises dirnethyl disul?de. 

18. The process of claim 1, Wherein the reaction solution 
contains substantially no conductivity additive. 

19. The process of claim 1, Wherein the substrate corn 
prises a sulfonyl cornpound, an amine or an alkane. 

20. The process of claim 1, Wherein the organic substrate 
cornprises octane sulfonyl ?uoride. 

21. The process of claim 1, Wherein the organic substrate 
and the reaction solution are provided into a ?oW cell. 

22. The process of claim 21, Wherein the cell ?oW is a 
bipolar ?oW cell. 

23. The process of claim 21, Wherein the electrochemical 
?uorination process is conducted at elevated temperature 
and pressure. 

24. The process of claim 23, Wherein the process tern 
perature is beloW the boiling point of the reaction solution at 
the operating pressure. 

25. A process for the electrochemical ?uorination of an 
organic substrate, to per?uorinate the substrate, the process 
comprising the steps of: 

providing organic substrate comprising at least one car 
bon-bonded hydrogen; 
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preparing a reaction solution comprising the substrate and 
hydrogen ?uoride; 

applying an electric voltage across the reaction solution 
su?icient to induce an electric current to ?oW through 
the reaction solution and cause replacement of the 
hydrogens of the substrate With ?uorine, the electric 
voltage being varied according to a cycle de?ned 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 controlled in such a manner that the 
resistance of a cell operated With varied voltage is 
loWer than the resistance of the cell operated With 
unvaried voltage. 

26. The process of claim 25, Wherein the elevated voltage 
is above a Zero intercept current voltage (V0), and the 
reduced voltage is beloW the Zero intercept current voltage 
(v0) 

27. The process of claim 1 Wherein the substrate corn 
prises an alkane sulfonyl halide. 

28. The process of claim 19 Wherein the process produces 
a per?uorinated sulfonyl compound. 

29. The process of claim 28 Wherein the process produces 
per?uorooctane sulfonyl ?uoride. 

30. The process of claim 19 Wherein the process produces 
a per?uorinated arnine. 

31. The process of claim 19 Wherein the alkane substrate 
comprises one or more of heXane or octane. 

32. The process of claim 19 Wherein the process produces 
per?uorooctane. 

33. The process of claim 19, Wherein the process produces 
per?uoroheXane. 

34. The process of claim 1 Wherein the reaction solution 
consists essentially of substrate, hydrogen ?uoride, and 
optional conductivity additive. 

35. The process of claim 25 Wherein the reaction solution 
consists essentially of substrate, hydrogen ?uoride, and 
optional conductivity additive. 

36. The process of claim 1 Wherein the current cycle 
comprises a reduced current level period TI in the range from 
about 1 to 5 seconds. 

37. The process of claim 25 Wherein the voltage cycle 
comprises a reduced voltage level period TI in the range 
from about 1 to 5 seconds. 

38. Aprocess for electrochernical ?uorination comprising 
the steps of: 

providing a substrate comprising at least one carbon 
bonded hydrogen; 

providing a ?uorochernical in Which the substrate is 
soluble; 

providing an electrochemical ?uorination cell; 

providing hydrogen ?uoride; 
introducing the substrate to the ?uorochernical so sub 

strate dissolves in the ?uorochernical; 

introducing the hydrogen ?uoride to the electrochemical 
?uorination cell; 

introducing the ?uorochernical With substrate dissolved 
therein, to the ?uorochernical cell, the ?uorochernical 
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With substrate dissolved therein being at a temperature 
below the temperature of the hydrogen ?uoride; and 

passing electric current through the cell suf?cient to cause 
replacement of one or more hydrogens of the substrate 
With ?uorine. 

39. Aprocess for electrochernical ?uorination comprising 
the steps of: 

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

providing an electrochemical ?uorination cell comprising 
hydrogen ?uoride and a ?uorochernical phase; 
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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 suf?cient to cause 
replacement of one or more hydrogens of the substrate 
With ?uorine. 

40. The process of claim 39, Wherein the temperature of 
the feed stream is at least about 5° C. beloW the operating 
temperature of the cell. 

41. The process of claim 39, Wherein the electric current 
is interrupted during the process. 

* * * * * 


