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ELECTROLYTIC PrEPARATION
OF FLUOROCARBONS
INTRODUCTION
The fluorocarbons comprise a homologous series of

compounds of carbon and fluorine.

Like the hydrocarbons,

this class of compounds
structure of their carbon

the members of

are distinguished by

the size and

chains, which are

similar to those of the hydrocarbons.
For purposes of naming and describing the compounds
the fluorocarbons are usually considered to be derivatives
of the hydrocarbons having all the hydrogen atoms replaced

by fluorine atoms.

system of

Under the I.U.C.

nomenclature a fluoro-

carbon is named by giving the number of fluorine atoms con-

tamed

in the molecule as a prefix to the hydrocarbon name

for the particular carbon chain involved.

According to the

system used in Chemical Abstracts the prefix tperfluoroe is

placed before the hydrocarbon name
fluorination

(8,

to indicate

complete

p.241).

The hydrocarbon ethane, 1130-CH3, if completely

fluorinated, forms the fluorocarbon F3C-CF3, called hexa-

fluoroethane by the I.U.C.

system or perfluoroethane by

Abstracts system.
Between the hydrocarbons

the Chemical

and the fluorocarbons are a

large number of compounds containing both hydrogen and fluorine.

These

partially

fluorinated hydrocarbons are usually

named individuelly by the I.U.C. system.

For instance,
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partially fluorinated ethane havino the structure F3C-C113
would be named 1,1,1-trifluoroethane.
The physical properties of the fluorocarbons are

generally similar to those of the corresponding hydrocarbons
and are compared to the hydrocarbons for easy reference.

These properties are:

Boiling point:

The boiling point of a particular

fluorocarbon is similar to that of the normal
hydrocarbon having the same number of carbon
atoms in the molecule.

For pentane and larger

molecules the boiling point of the fluorocarbon
is slightly less than that of the hydrocarbon.

There is little difference between the

boiling points of fluorocarbon isomers

(5,

p.

372).

Melting point:

In a majority of cases known the

fluorocarbon shows

a

higher melting point than

does the corresponding hydrocarbon (5, p.372).
Density:

The densities of the liquid fluorocarbons

are appreciably greater than those of the hydro-

carbons.

The liquid densities of the f luoro-

carbons lie in the range of 1.5 to 2.0 grams

per cubic centimeter
Viscosity:

(5,

p.372).

At room temperature the viscosity of a

fluorocarbon is appreciably higher than that of
the corresponding hydrocarbon.

Fluorocarbons
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exhibit a high temperature coefficient of viscosity, and the fluorocarbon viscosity may fall

below that of the hydrocarbon at higher temperatures (5, p.373).
Solubility:

The saturated fluorocarbons are substan-

tially insoluble in water, alcohol, and hydro-

carbons.

They show appreciable solubility in

ether and in carbon tetrachioride and other

heavily chlorinated hydrocarbons (5, p.374).
The partially fluorinated hydrocarbons

show intermediate solubilities depending upon
the degree of fluorination.

Many of the

corn-

pounds containing both hydrogen and fluorine
are soluble in hydrogen fluoride (5, p.374).

The chemical properties of the fluorocarbons are

concerned mostly with the inertness of the compounds.

The

fluorocarbons exhibit great chemical stability to normal
conditions.

Generally they do not undergo chemical reaction

below a temperature of 400 C.

Above 400 C the fluorocarbons

react with the alkali metals to form carbon and the metal

fluorides; they react with silica to form silicon tetraf luoride,

with fluorine to form carbon tetrafluoride.

Thermal cracking of fluorocarbons takes placo at temper-

atures above 500 C (5, p.368).
At room temperature fluorocarbons react with sodium

in a medium of liquid ammonia (15, p.148).
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The fluorocarbons are stable to ordinary chemicals

such as hot, concentrated nitric or sulphuric acid,
solutions,

and oxidizing solutions.

caustic

Strong reducing agents

have a slight effect on fluorocarbons (5, p.368).
It is

Interesting

substitution Into

a

to note the effect of fluorine

hydrocarbon molecule.

A hydrocarbon

with a carbon atom bearing one atom of fluorine is generally
unstable and may spontaneously lose

fluoride (7, p.884).

If two or

more

a

molecule of hydrogen

fluorine

atoms are

attached to the same carbon, the compound is stable and the
remainder of the

molecule exhibits increased

stability

(12, p.237).

It is the quality of chemical inertness that causes

the

fluorocarbons to be potentially useful in practical

ways as

refrigerants, heat transfer

and dielectric media,

fire extinguisher fluids, turbine imp ellents, high temperature lubricants, and thermal and chemical resistant material3 (20, p.239).

CHEMISTRY 0F FLUORINE AND HYDROGEN FLUORIDE
Fluorine is the most electronegative element.
Glasstone lists a scale of relative electronegativities to

include the following:

Iodine, 2.5; carbon, 2.5; bromIne,

chlorine, 3.0; nItrogen, 3.0; oxygen, 3.5; fluorIne,
4.0 (4, p.591). Fluorine forms compounds with all other
.83

elements except the inert

gases.

Most of its compounds are
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stable. Reactlon9 Involving fluorine are characterized by
high energy of activation and high energy of reaction (20,
pp.238-239). Uncontrolled reactions of fluorine are of
explosive nature.

good

Stringent control Is often necessary for

yields of the desired product.
Hydrogen fluoride is a stable, but

pound.

reactive,

corn-

In the anhydrous condition It is a clear, color-

lese, mobile liquid boiling at 19.4

C

(18, p.334).

hydrogen fluoride Is a strong aci&-, an

solvent,

end

is

a

potent

LiquId

excellent ionizing

catalyst for certain condensation

reactions arnong the hydrocarbons (19, p.l91; 20, p.230).

As

a catalyst for condensations, liquid hydrogen fluoride

promotes alkyl radical substitution for an active hydrogen
(19,

p.191).
As an ionizing solvent, hydrogen fluoride shows great-

er power than does water or liquid ammonia.

Many organic

compounds, especially those containing oxygen or

nitrogen,

are soluble in hydrogen fluoride forming ionized solutions
(22,

.49).

Pure liquid hydrogen fluoride does not attack most
metals.

Steel cylinders with brass valves are used to store

and ship the liquid.

Copper, brass, nickel,

iron, etc. resist attack by anhydrous
1.

magiieslum,

hydrogen fluoride.

The statement that hydroeen fluoride is a strong acid
13 in accordance with the Bronsted-Lowry definition of
an acid as
(4,

a proton donor or

pp.974-977).

an electron acceptor

This resistance

resistant film

is probably

due to the formation of a

the surface of the metal.
Organic msterials are generally not suited for use in
contact with hydrogen fluoride. Except for the saturated
hydrocarbons, the flurocarbons, and some synthetic rubbers,
on

fluoride.
This attack may take the form of dehydration or of solution
of the organic material.
Hydrogen fluoride attacks siliceous materials such

most organic substances are attacked by hydrogen

as ceramics with the formation of silicon tetrafluoride.

PREPARATION OF FLUOROCARBONS
were first

Compounds of carbon and

repared

by Ruff and Kein in 1930, but the unsatisfactory results led
Simons and Block to improve the techniques (21, p.2962).

Fluorocarbons with molecules containing up to seven carbon
atoms were prepared by the direct union of carbon and fluorine (21,

p.2964-296S).

Since then several catalytic chemical methods have

been devised for the production of fluorocarbons from fluorimo and organic material such as the hydrocarbons.
tions

of'

Reso-

this type are carried out in fairly srnple appara-

tus at temperatures about

200 0.

The

reactions are

adapt-

able to cyclic or continuous industrial oï;eration and give

yields of the desired product of approximately 65

of the

theoretical amount when using pure compounds as starting
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materials (1, p.291;
when

a

2,

pp.29697).

It has been noted that

mixture of hydrocarbons containing branched chains,

such as a petroleum fraction, is fluorinated by catalytic

methods, the yield of the desired product is only 10% or 15%
of the theorectical amount (i, p.291).

In order to reduce the amount of elemental fluorine
used, methods have been developed whereby al? but the last

few fluorine atoms may be Introduced Into certain compounds
by the use

of'

hydrogen fluoride (13, p.298; 14, p.305).

The primary disadvantage of the catalytic chemical

methods for preparing fluorocarbons is the use of elemental

fluorine.

Fluorine Is generated electrolytically from con-

ducting solutions of anhydrous hydrogen fluoride and Is
available commercially as

a

compressed gas shipped In steel

cylinders, but there Is considerable expenso Involved In
the necessary handling (3,

pp.275-278; 17, p. 272).

To

avoid purchasing fluorine in cylinders, it seems likely that
a

plant using fluorine would install its own equipment for

the local generation of the gas (12, p.236).
A representative cell for the production of fluorine
is constructed principally of steel plate, measures approx-

imately

ft X

¿

ft X 5 ft long,

and uses permanent carbon

anodes in an electrolyte of KF.2HF with continuous feed of

hydrogen fluoride to replace that consumed by electrolysis.
This celi Is steam heated to 100 C and can be operated

continuously for three months before maintenance shutdown.

At optimum conditions the cell consumes 2000 amperes at 8.5

volts with 90% current efficiency (16, p.252), thus producing
2.8 pounds of fluorine per hour st

n energy consumption of

aîrox1rnately seven kilowatt-hours of electricity er pound
of fluorine.

During the reacti&i between fluorine and a hydro-

carbon, for
viith

instance

octane, one-half of the

fluorine reacts

hydrogen to foan hydrogen fluoride (2, p.293).

The

remainder of the fluorine may be assumed to enter the fluorocarbon molecule.

The hydrogen fluoride formed may be

collected and returned to the fluorine generating cells.
If the reaction between fluorine and octane produces

a

70%

yield of perfluorooctane, C8F18, one pound of perfluoro-

fluorine.
the energy consumption is approximately 15.5 kilowatt-

octane requires the generation of

Thus,

hours of electricity

per

2.

pounds of

pound of medium weight fluorocarbon

produced under the best known conditions.

ELECTROLYTIC METHOD

In an effort to simplify the overall proceedure of
preparing fluorocarbons, Simons and coworkers (22., p.47-67)
developed an electrolytic method whereby the fluorination is
performed in the same cell in which the fluorine is generated.

If an organic substance is present in a cell capable

of generating fluorine,

with the

organic matter.

the fluorine liberated

will react

In order to control the violence

of the reaction, it is necessary to limit the rate at which

fluortne is produced.

If the cell conditions are

properly

controlled, fluorination of organic matter proceeds smoothly

with good yields of the desired product.
Simons used an electrolyte of liquid hydrogen fluoride with the addition of some material which would ionize
and impart conductivity to the solution.

If the organic

material to be fluorinated ionized in hydrogen fluoride, it
would provide conductivity while it was being fluorinated.
They include organ-

Such ionizing compounds have been used.
Ic acids (22,

p.54),

pp.57-58), alcohols (22, p.54), ketones (22,

and amines (22, pp.51, 61-63).

principal

In each case the

fluorocarbon product contained the same number of

carbon atoms as did the hydrocarbon radical of the oranic
molecule.
If the desired starting material did not ionize In

hydrogen fluoride, some other material was added to furnish
conductivity.

Thus, for the fluorination of hydrocarbons

conductivity was supplied by the addition of water (22,
p.65),

alcohols (22, p.66), organic acids

(22, p.66),

fluoride, and other inorganic substances (22, p.67).

sodIum
If the

addition agent were water or an organic compound, it was
slowly consumed by fluorination.
Simons found that the nature of the addition agent

partially determined the side reactions that took place.
Oxygen bearing agents caused the production of carbon

Io

dioxide and oxygen fluoride. They also promoted franentation and polymerization of carbon chains (22, pp.57-58).
When nitrogen bearing compounds were used as conductivity
agents, less fraontation and polymerization wore observed,
but the cell body and anode were attacked (22, pp.58-59).
The uso of an inorganic salt caused a minimum of side reac-

tions, but the

anode corrosion was considerable (22,

OECT

p.67).

OF PRESENT INVESTIGATION

Following the preceding ideas,

it

was

desired to

determine experimentally whether the electrolytic method
would be feasible for the production of liquid fluorocarbons
of the lubricating oil range using hydrocarbon lubricating
oils as the starting material.

u
ÄkPARATU$ AND EXP ERIMENTAL PEOCEDUkE
Three cella were constructed for the experimental

l-1/4 inch cell were made of
standard iron pipe. A small Haring type oeil (6, pp.417418) was made of steel plate. All of these cells were
equipped with cooling jackets.
work.

A

3/4 inch

cell

and a

cell

constructed of a piece of 3/4
inch iron pipe three inches long. The bottom was closed
The

3/4 inch

was

The top was open, and the anode was con-

by a welded plug.

rally suspended from a waxed cork stopper.

body served as cathode.

The steel cell

This cell is shown in fig. 1.

larger cell was similarly constructed of a piece
of 1-1/4 inch iron pipe with welded bottom plug as shown in
The

fig.

2.

A standard pipe cap closed the cell, the connection

beIng sealed with vaseline.

The cap was fitted with an out-

let tube for gases and with a

centrally

posistioned synthetic

rubber insulator to act as anode support.

The anode was of

1/32 Inch sheet nickel rolled into tubular forni and attached
to a steel rod which passed through the synthetic rubber

insulator forming

a compression

seal.

The

steel rod served

as an external electrical connection for the anode.

The flaring type cell was used for determining the

magnitudes of polarization and resistivity in the cell.
This cell was an open box 1/2 inch wide, 1-1/2 inches deep,

and 2 inches long.
1/2 inch intervals.

Four

slots

were out

in the sides at

The end slots held nickel electrodes,
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and the central slots held wire gauze or wire probes.

The

of welded steel plate construction and was coated

cell wa

on the inside with paraffin wax for electrical insulation.

The construction of this cell is shown in fig. 4.
Then the l-1/4 inch cell

ws

used for tests involving

fluorination of hydrocarbons, the effluent gases passed

through a stripping condenser usually cooled to -15 C.

This

condenser wss a single 5/16 inch copper tube with an outer
jecket extending over 18 inches of length.

connectors

Flared tubing

were used to join various members of the appara-

tus.
Leaving the condenser,

rrhe

gases passed through

copper tubing into a two-stage absorbing system where they
bubbled through 5

caustic soda solution.

The first absorb-

Ing bottle was a two liter, wide-mouth bottle containing a
glass absorbing spiral in a glass sleeve.
er was a 14 inch

test tube

packed

The second absorb-

with 1/4 Inch glass cylin-

dors to a depth of 10 inches.
The unabsorbed gases passed from the second absorber

Into the

ga

holder where they were collected over water.

The gas holder also provided a constant water head of vacuum

to overcome the

ers.

hydrostatic head developed in the absorb-

By this means the cell operated at, or sligbtly below,

atmospheric pressure, and trouble from leaks was minimized.
The scheme of the apparatus Is shown In fig. 3.
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1/4"
tubir

FIg. 1.

3/4 Inch Cell.

Connector for
5/16" flared
copper tubing.

Steel rod
anode hanger

Braze

Hard rubber
insulator
Compre ss i on

i/e" steel pipe.
Braze
Drip edge.

seal.

l-1/4

'

iron pipe cap

l-1/4" steel pipe.
Braze
2" steel pipe.

5/16

"

Cathode
H- connection,
J copper strap
brazed to shell.

copper

0

tubing

Coolant space.
A

Cylindrical
nickel anode.

7-3/8"

Weld
Fig. 2.

1-1/4 Inch Cell.
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15

as

holder.

St ripping

conderider
maci.e of

copter
tubing.
Jacketed
length l8'
Rubber
stojjers.
CoDDer.

'J'A1cohol
at

-15° C.

5

NaOH

a

Const ant
water head
for
pres3ure
control.

in

Cel

I

iflA
water.

Ab3orb'
spiral.

1/4 Inch
glass

cylinder
packing.

V
6

volt batteries

in parallel.

FIg. 3.

Assembled Apparatus.

b

U

ater
seal.
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tul

2"

l_1/2u

Sh e e t

1

-

L

k- -.

ect1on at A-A.
FIg0 4.

Haring Cell.
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To prepare the electrolyte of anhydrou

hydrogen

fluoride, liquid hydrogen fluoride was distilled f rom

the

storage cylinder into the cell to a depth of four or five
The cell was closed with the reflux condenser

inches.

attached, and the electric current was passed through the
cell at

a

potential of six volts until the electrolyte was

free from water.

The anhydrous condition of the hydrogen

fluoride was judged by the 1o.s of conductivity.

When the

current density fell below 0.01 ampere per square inch of
anode surface at

a

potential of six volts,

it was assumed

that water was absent from the electrolyte because anhydrous

hydrogen fluoride is non-conducting.

ANALYSE S
The analyses required for the experimental work were:
i)

Fluorine in organic matter.

2)

Fluorine in absorbing solution.

3)

Nickel dissolved in cell residue.

4)

Hydrogen and oxygen fluoride in gases.

Fluorocarbons and fluorine substituted hydrocarbons
were decomposed by fusion with metallic sodium at 450 C to
500 C in a small bomb by the method outlined by Kimball and

Tufts (9, pp.150-153).
The sodium fusion bomb was made of a 3/4 inch bar of

cold rolled steel.
of l-1/2 Inches.

A 3/8 Inch hole was drilled to a depth

The bomb was closed by a steel disk held
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by a screw cap.
The 3ample

of organic material

wa

weighed and placed

metal. A cellophane
gasket was cut for the seal d3k, and the bomb was tightly
closed. eaction wa assumed complete after three hours in
the muffle furnace at 450 C. The realdue wa leached with
in the bomb with ari excess of sodium

hot water and
nne

filtered.

The filtrate was analyzed for fluo-

by the lead fluorochioride method outlined by Treadwell

and Hall (23, pp.399-401).

The same method was used for

analysis of fluorine in the absorbing solution.

solution remaining after separation of
organic material from the cell products was analyzed for
nickel by the dirnethlg1yoxime method (23, pp.193-194).
Collected gases were analyzed for hydrogen and oxiThe aqueous

to be oxygen fluoride, OF2,
which is formed by the reaction of fluorine with dilute
dents.

Oxidante were assumed

caustic solution according, to the equation,
+

2NaOH

OF2 +

2NP

+

H20

(il, p.171).

Thus, had the effluent cell gases contained fluorine, one-

half that fluorine

would have been absorbed in

solution, and one-half
ride, a stable gas.

would have passed on

The gas sample was

uated

the caustic

as oxygen f lue-

collected over water in a grad-

tube equipped with platinum sparking, electrodes.

electric spark

was passed, and the

reduction of volume

An

was

measured and attributed to the combustion of hydrogen and

oxygen fluoride.

Two-thirds of the reduction of volume was

loss of hydroen.

One-third of the reduction was the amount

of oxygen fluoride present.

It was assumed that the gas

contained a sufficient amount of hydrogen for complete
combustion of oxygen fluoride.

A

small error would have

been introduced if oxygen from air had been present.
Oxygen gas was then added to the sample and a second

exlosion caused for combustion
Again,

of the remaining hydrogen.

two-thirds of the measured reduction of volume was
Unreacted gas was assumed to con-

attributed to hydrogen.

sist of low boiling fluorocarbons.

ANODE METAL
A

series of tests

was made
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to

determine the suit-

ability of various metals for use as an anode in an electrolyte of liquid hydrogen fluoride.
Tap water at

ajproximately

10

0 was

circulated

through the cooling jacket of the 3/4 inch cell shown in
The cell was filled to a depth of aproxïmately two

fig. 1.

inches with hydrogen fluoride distilled from the storge
cylinder.

This hydrogen fluoride was not com1etely anhyd-

roua, but contained apjroximate1y

water.

Metals to be tested were usually in cylindrical form
1/4 inch in diameter.

Metals used in sheet form were fast-

ened to a heavy wire for suspension in the electrolyte.
The test anode wa

mounted in a waxed cork stopper

so

that approximately

one square Inch of anode

surface

would be immersed in the electrolyte.
Electric current was supl1ed by a 12 volt

arranged

battery

with a selector switch to individual cells and a

rheostat for control of

the

applied potential to the cell.

The circuit contained an ammeter,

xnilliannneter,

O

-

300

O - 5 amperes,

milliamperes, with

and a

a shorting switch

in shunt for protection of the Instrument at currents above
300 mIlliamperes.

A voltmeter across the cell terminals

corn.leted the electrical system.

The cork bearin

the test anode was inserted In

cell and electrical connections made.

The

potential

the

was

increased by steps, and the current and voltage noted.
The data for each metal tested were examined to

determine the approximate potential at

began to Increase suddenly with

which the

increasing

current

potential.

Some

metals became passive, probably because of the formation of
a resistive film. In these cases only a very feeble current
passed at the maximum available potential.

After

the test the anode was

examined

for corrosion.

The same electrolyte was used for succeedIng tests

until it was judged to be contaminated by dissolved metal
salts.

Whenever an anode exhibited excessive corrosion,

a fresh electrolyte was provided for the next test.

The results of these experiments appear on the

following pages.

Metal
and

forni.

Potential, Current,
amperes.
volts.

Remarks

current
at approximately 4.4 volts.

Nickel
rod

2.1
3.0
3.8
4.2
4.4
4.6
4.8
5.0

0.004
0,006
0.010
0.024
0.032
0.042
0.060
0.110

Sharp increase of

Carbon

-*-

---

Al].

Lead

2,0
3.0
4.0
5.0
5.5

rod

sheet

1.00
1.20
1.75
2.45
3.70

ava1ab1e sam4es of
carbon and graphite diaintegrated due to attack on
binder by hydrogen fluoride.
Sharp increase of current at
approximately 4.0 volts.
Anode badly corroded.

Steel

12

0.005

Passive.

Copper

12

0.015

Passive.

Aluminum

12

0.005

Passive.

rod
rod

sheet

foil

Tin

---

---

Tin anode dissolved.

Liatlnuni

3.5
3.8
4.0
4.5
5.1
2.0
2.25
2.5

0.050
0.080
0.120
0.300
0.60

Sharp current increase at

1.35
1.70
2.08

Anode

completely dissolved.

---

---

Anode

dissolved

foil

Silver

foil

Wolfram

wire

4.0 volts.

Platinum badly corroded.
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Metal
and
form.

£otential,
volts.

Zirconium
rod

Cadmium

12
2.6
3.0
4.0
5.6

rod

Magnesium

ribbon

12

Current,
amperes.

Eemarks

0.010

Pssive.

1.20
1.6
1.8
3.5

Anode

0.005

Passive.

badly

corroded.

Manegium ribbon would not
burn by itself after test,
but would sutter out.
Antimony
rod

3.8
4.0
4.5
5.0
5.5

0.158
0.159
0.170
0.185
0.205

Sharp current increase at
4.5 volts.

Anode badly corroded.

Chromium
rod

12

0.010

Passive.

Cobalt
rod

12

0.020

Passive.

Zinc
rod

12

0.020

Passive.

All the metals tested with the exception of nickel

fell into one of two groups; those that were
those that were

badly

assive, and

corroded.

Metals that were passive as anode in an electrolyte

of hydrogen fluoride

with aproxirnate1y 2% water were:

Aluniinum,

Iron,

Chromium,

Magnesium,

Cobalt,

Zinc,

Copper,

Zirconium.
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Metals that were badly corroded as anode in an

electrolyte of hydropen fluoride with approximately 2

water were:
Bismuth,

Silver,

Cadmium,

Tin,

Lead,

Wolfram (Tungsten).

rlatinum,

Metals usable as anode in an electrolyte of hydrogen

fluoride include:
Nickel,

Carbon if a suitable binder is found.

NICKEL ANODE CORROSION
An experiment was performed to determine the rate of

corrosion of a nickel anode in an electrolyte of hydrogen

fluoride.

Tap

water at 10

C

was

circulated throug1i the

cooling jacket of the 3/4 inch celi.
fluoride were placed in the cell
fluoride was added.

0.8

cm

1/2 gram of sodium

A sheet nickel anode,

wide, and of 3.1

weighed.

arid

15 grams of hjdrogen

cm

immersed

length

0.1 cm thick,

was

cleaned and

The anode was placed in the cell and a six volt

potential applied to the terminals.
current was noted.

As time progressed,

the

After approximately seven hours the

anode was removed, washed,

dried, and again weighed.

loss of weight represented the total anode corrosion.

The
The

integral of the current-time curve represented the amount of

electricity passed during the experiment.
The results are presented here on a basis of one

square inch of exposed anode surface.

Area of anode:
2

(0.1 + 0.8)

:

3.].

5.58 sq cm

0.863 sq in.

5.58/6.45
Weight of anode:
Before test,

2.8672 gram

After test,

2.

Lo sa,

0.0092

8580
grair

0.0092/0.863 : 0.0106

grain

lost per

square inch.

Current-time integral:
The current-time dsta are listed and plotted

on the following pages.

Integration for the area

under the curve showed 1.48 ampere-hours of electricity passed during the experiment.
1Ticke1 loss:

0.0072 gram lost per amperehour per square inch.

0.0106/1.48
The results of this

experiment

applicable to other cases.
depend up on size,

shape, and

are not necessarily

Corrosion of the anode may also
spacing of the electrodes,

upon the surfece condition of the electrolyte, and upon
the moisture content of the electrolyte.

Anode corrosion

is not necessarily proportional to the current.

Current Density,
_amp/sg in.
0.81

El ap sed Time,

minutes.

0

0h28

3

8

0.23

48
75
86
120
165
195

0.35
0.44
0.46
0.46
0.27
0.27
0.17
0.12
0.09
0.09

r''J.
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¿45

57
67

OVERVOLTAGE

experiment was performed to determine the current:otentia]. relations of a steel cathode and a nickel enode
An

The experiment was

in an electrolyte of hydroçìen fluoride.

conducted in the 1-1/4 inch cell shown in
hydrogen fluoride

ilaced in

the cell.

were immersed

contining about

Approximately 8

fig.
2

2.

water

was

square inches of anode

in the electrolyte.

During the

f irst

portion of the experiment, an

alternating potential was apl1ed to the cell.

The a-c

ammeter used was not graduated below 0.5 ampere,

so the

first

d-c

few readings were estimated.

By

placing

a

am-

!eter in the circuit, it was found that rectification took
place with the nickel electrode being positive.
arirneter

consistently showed

of the a-c ammeter.

a

The d-c

reading about one-half that

O'9
o
C
Q)

CURRENT PASSED FOR
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The results showed that more current was passed with
a d-c

potential than with a-c.

Extrao1ation of the

straight portion of the curve for the d-c test showed a

fictitious intercept of 3.40 volts.

This fictitious inter-

cept is considered as being the potential which must be ap-

plied before any current will pass through the cell.
The

decomposition potential of hdrogen fluoride in

aqueous solution is given ag 2.85 volts (10, p.869).

Glasstone considers that an electrode potential is not
greatly affected by the nature of the solvent (4, pp.953954).

On this basis, it is assumed that the decomposition

potential of hydrogen fluoride in itself as solvent is
2.85 volts.
The fictitious intercept of 3.40 volts indicates that
the total cell overvoltage for the particular system used
is 0.55 volt.

The value of the intercept indicates that the water

present does not interfere with the discharge of the f luo-

nne

ion.

Had it been the case that water only were decom-

posed by the electrolysis, the intercept would have been in
the vicinity of 1.5 volts.
The results of these exeriments are listed on the

following page and are plotted on page 29.

A-C Test

Applied
iotentia1,
volts,

D-C Test

Current,
amperes per
square Ifløhe

Applied
Potential,
volts,

Current,
amperes per
square inch.

5.0

0.01

3.3

0.002

5.5

0.01

3.6

0.004

6.0

0.0].

3.8

0.007

7.0

0.02

4.1

0.0144

7.5

0.02

4.5

0.0222

8.3

0.02

4.9

0.0303

8.8

0.03

5.2

0.0400

9.4

0.062

5.6

0.050

9.8

0.069

5.9

0.062.

10.1

0.075

6.3

0.074

10.5

0.081

6.8

0.086

11.0

0.091

7.2

0.102

11.6

0.102

7.7

0.120

11.9

0.110

8.1

0.136

f'

8.5

0.150

13.4

0.144

9.0

0.168

14.0

0.156

11.2

0.220

14.6

0.168

15.3

0.178
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POLARIZATION AND RESISTIVITY
The method of Haring (6, pp.417-424) was used to

determine the magnitudes of polarization on the nickel
anode and the electrical resistance of the solution of

sodium fluoride in hydrogen fluoride.
In this method a cell of constant cross section is

fitted with two electrodes of the same size and
the cross section of the cell.

called A and

D,

shaj-e

as

Let these electrodes be

and let electrode A be the anode at the left

end of the cell while electrode D is the cathode at the

right end of the cell.

Between the electrodos let there

be placed two wire probes called B and C.
is such that the distances A-B, B-C,

The arrangement

and C-D are all equal.

If a potential is applied across the electrodes A and
I)

with A positive, the total potential drop across the cell

is divided into three measurable

oornjonents:

i)

the poten-

tial drop from anode to solution, called anode-solution

potential;

2)

the potential drop due to resiatance of the

solution which is equal to the product of the current by
that resistance and is called the IR drop for the cell;
and 3)

the potential drop from solution to cathode, called

solution-cathode potential.
The electrode-solution potentials include the decom-

position potential for the ion being deposited.

In this

case fluorine was the ion to deposit on the anode while

hydrogen discharged on the cathode.

The potential for
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discharge of the hydrogen ion is taken as 0.0 volt.

The

decomposition potential of hydrogen fluoride, 2.85 volts, is
attributed to the discharge of the fluorine ion on the anode.
Thus, the anode-solution potential less 2.85 volts is the

Cathode polarization is equal to the

anode iolarization.

cathode-solution potential.
If a current is passed through the cell and potential

measurements made between various sections, the potential
difference B-C represents 1/3 the IR drop for the cell.
The potential A-B less potential B-C is the anode-solution

potential drop.

Potential C-D less potential B-C is the
These relations hold only if the

cathode polarization.

electrodes and probes are of the

voltage is develope-

asine

between them.

metal so that no

Polarization of the

probes is avoided by using a potential measuring device
that draws little,

if any, current.

This experiment was performed in the Haring type

cell shown in fig.

3.

Electrodes and probes were cut from

the same sheet of nickel.

Strips of polyethylene plastic

were bent around the edges of the electrodes A and D to

hold them tightly in their slots.

The probes were narrow

strips and were suspended from a cork held above the cell.
The inside of the cell wss coated with paraffin wax for

electrical insulation.
Since evaporation of hydrogen fluoride is rapid from
an open container, the cell was kept cool to -20 C.

The
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electrolyte was dry hydrogen fluoride with approximately 5%
sodium fluoride added.

Since hydrogen fluoride is hygro-

scopie, it is probable that the electrolyte gained moisture
as the experiment continued.

The test was made as rapidly

as possible to minimize the moisture gain.

Water in the

electrolyte would affect the conductivity and possibly the
polarization.
The electrical system included batteries as a source

Selector switch and rheostat were used to ad-

of current.

just the applied potential.

milliammeter.

Current was measured with a d-c

Thìring this experiment potentials were meas-

ured with a vacuum tube voltmeter that drew no current, thus

preventing polarization of the probes.
The cell was filled with electrolyte so that one-half

square inch of each electrode was immersed.

lowered into the solution.

The probes were

A potential was applied to the

electrodes and the current noted.

The potentials A-B, B-C,

and C-D were recorded as was the current.
The data were tabulated, and the necessari calcu-

lations were made to put them in usable form.

Graphs of the

observed potentials are shown on page 34.
That the IR drop is not a linear fimction of current

density is probably due to the absorbtion of water in the
electrolyte.
is linear.

Below

O.5

ampere per square inch the IR drop

In this region the potential drop of one volt

per inch at a current density of 0.25 ampere per square inch
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indicates a secific resistsnoe of 4.0 ohms per inch cube
for the solution of hydrogen fluoride containing

Ö2

sodium

fluoride and a trace of water.

Measured Data:
Current,
amperes.

potentials, volts.
A-B.
fl-C.
C-D.

0.007

3.29

0.05

0.48

0.065

4.10

0.15

0.68

0.125

.9

0.50

1.20

0.350

b.9

u.91

¿.00

Calculated Results:
Current
Density,
amp/in."

AnodeSolution
Potential,
volts,

IR Drop
for cell,
volts,

SolutionCathode
rotential,
volts.

0.014

3.24

0.15

0.43

0.070

3.95

0.45

0.53

0.250

5,4

1.50

0.70

0.700

6.0

2.70

1.1

These results are ploted in two rnsnrìers on the next
page.
k

In curve I the the above values of potential are

lotted for ma-iitude of value only.

In curve II the usual

convention is followed snd neative sicis are given the
anode potentials.

POLARIZATION AND R1SI$TIVITY,
;
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BEHAVIOR OF HYDROGEN FLUORIDE

Throughout the experimentation considerable inform-

ation was gained concerning the behavior of hydrogen f luoride and its action on several substances.
Hydrogen fluoride reacts strongly with many organic
materials:
Cork - Hydrogen fluoride softened cork. After drying
the cork became hard and brittle and showed considerable reduction of volume. There was little
permanent discoloration.
Wood

-

discolored with a dark stain. There
considerable swelling while the wood was wet

Wood was

was

with hydrogen fluoride, but

noticed after the

wood was

hard and

brittle.

wood was

some

dry.

The

treated

Soft rubber - Soft rubber tubing swelled and became
hard and brittle under the action of hydrogen

fluoride gas.

lucite (poliethylmethacrylate)
wag inimersed in liquid hydrogen fluoride. The
lucite became very soft and flexible while wet,
but was hard and brittle after drying.
Skin - Liquid hydrogen fluoride produced a deep,

Lucite -

A

sample of

painful burn

on the

skin.

pain

intense
and immediate. This was contrary to the action
of aqueous hydrogen fluoride which burns deeply,
The

was
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but which anesthetizes the skin so that no pain
is felt for several hours.
Some materials tested were not affected by the action
of hydrogen fluoride.

iosistant materials

observed were;

hydrocarbon oils, vaseline, paraffin wax, polyethylene, and
synthetic

rubber of the

chlorinated type.

An experiment was conducted to allow visual observ-

ation of the action taking place in the cell during
lysis.

Dry hydrogen fluoride with 5% sodium fluoride and a

layer of hydrocarbon oil

were placed in

between nickel electrodes.
cell.

electro-

the Haring cell

Current was passed through the

Tap water at 10 C was circulated through the cooling

jacket.

It

was observed

that

the hydrogen fluoride exhibited

strong tendency to wet metal surfaces and crawl up them
or between the metal surface and the hydrocarbon oil.
The
current passed by the cell increased as more hydrocarbon oil
a

was added.

then oil was added until the cell was filled

level with the top, hydrogen fluoride crawled over the edge
of the cell.

The liquid layers were probed to determine

sian of current.

NeliL,ible

current flowed

the divi-

through the

hydrocarbon layer.
Vigorous stirring of the liquids caused no change of

current. Addition of

more sodium

fluoride caused

no change

of current, but addition of 1% water caused 20% increase.

37

FLUO RINATI ONS
Experiments involving the fluorination of hydro-

carbons were carried out in the l-1/4 inch cell. In all
cases the electrolyte consisted of dried hydrogen fluoride
with the addition of 5 sodimn fluoride. The hydrocarbon
was poured on top of the electrolyte,

and the cell was

to the absorbing and gas collecting systems.
ap1ied potential was usually held close to 6 volts.

connected
The

Several experiments failed for mechanical reasons.

These experiments were useless for quantitative

data, but

some qualitative results were obtaIned.

the hdro-

In two of these ex&eriments benzene was

carbon starting material.

In both cases the

.;rincipal

product was a black, powdery, carbonaceous deposit on the
anode.

This deposit filled the cell and shorted the elec-

trodes.

One experiment was made at 10 0,

the

other

at -10 C.

Analysis of the black deposit showed fluorine content of 2
f or the first experiment and

for the second.
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In another experiment the

starting

material was

a

etroleum fraction treated to remove unsaturated compounds
and fractionally distilled to take a narrow cut centered

about dodecane (C12).

Another run was made using a mixture

of Isomeric heptanes.

Both these experiments were carried

out

at a temperature of 10 C.

cases

nne.

was a

The principal product in both

granular, brown solid found to

contain 45% fluo-

e]

During two of these exeriments the absorbing system
included a bottle filled with basic sodium arsenite solution

for absorbtion of oxidizing rases.

Titration of aliquot

parts before and after the experiments always showed negli-

gible change of
was

reducing power, indicating that fluorine gas

cell.

not liberated in the

Anode passivity was encountered during

the petroleum

the test

on

The current dropped until it reach-

fraction.

ed a low value of about 0.005 ampere per square inch.

Striking

the anode hanger a sharp blow with a wrench caused

the current to increase to 0.007 ampere per square inch.
The switch was opened to disconnect the cell

source for one minute.

When the switch was again closed,

the initial current was 0.2 ampere

imately two hours elapsed
to the

formation

The back

ernf

pause or

enif

inch.

Approx-

of a resistant film on the anode.
of the cell was measured by opening the

The

voltmeter needle

to a definite value at which it would momentarily
corne

as the back

back

square

Phis passivity was probably

switch and observing the voltmeter.

droped

er

before the original degree of

passivity was again reached.

due

from the current

to a comj4eto stop.

ernf

This reading was taken

developed by the cell.

In two instances the

was recorded at 3.65 volts measured with a high

resistance voltmeter.
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'Thite oli no.

7i,

a medium weight mineral oil pro-

duced b' the Standard Oil Company
ed.

California, was select-

of'

for fluorinstion In a quantitatIve

experiment.

52:

grams

of the oli were added to dried hydrogen fluoride in the 1-

1/4 inch cell.

The electrolyte

contained no sodium fluoride

during the initial part of the experiment.
kept cool with tap water at 10
was circulated through the
condenser.

The gases were

C.

The cell was

Cold alcohol at -15 C

cooling jacket of the stripping
bubbled through 5 caustic soda

solution and were collected over water.

The current passed

and the elapsed time were noted as the run continued.
The initial current was greater than expected for

anhydrous hydrogen fluoride.

It is probable that a small

amount of water was absorbed In the electrolyte while the

cell was open.

The current decreased as time passed until

the current density fell below 0.01 ampere per square inch.
The cell was then opened and sodium fluoride was added to
the electrolyte.

The cell was closed and the run continued.

Over a period of 200 hours the average current density was approximately 0.04 ampere per square inch.

applied

otential was held close to

6

The

volts, but was not

constant.

1.

The specifications for this oil were:
Specific gravity, 26.6 - 30.6 ArI; flash point,
330+ F; viscosIty, 145 - 155 3313 at 100 C; pour
point, O F; Initial boiling point, 559 F.

Toward the end of the run it was noticed that there
was considerable fluctuation of the current with constent

applied potential.

It is believed that this fluctuation was

caused by the change of anode surface as the cell products
stuck to the anode and then fell off.

k'asslvity was not

noticed.
The cell was disconnected and opened.

The organic

cell products were primarily in the form of a brown solid.

There was no layer of

oil

on top

of the electrolyte, but

there was some oily rnterial mixed with the solid matter.
The mixture of solid and oily liquid stuck to the anode in

patches.

Toward the bottom of the cell the solid

had collected In a porous mass containing sizable
of electrolyte.

matter
pockets

The anode showed considerable corrosion,

the lower inch having been jartially destroyed.
The contents of the cell were washed with water and
the organic

matter

separated from the aqueous solution.

The solid material settled to the bottom of the water solution.
arid

The organic products were washed with petroleum ether

dried.

The remaining

and weighed 32 grams.

olld was yellow-brown in color

The petroleum ether was evaporated

from the liquid leaving 20 grams of light yellow oily residue.
The brown solid was found to contain 2O.8

fluorine.

This corresponds to a long chain hydrocarbon derivative

containing on the average one CF2 group for each 8.8 CH2
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The solid

groups.

when

i1ted

atter decomposed at 280 C.

It burned

After burning there was a

in n bunsen flame.

black residue which vanished on icrnition in an oxidizing air
st re am.

The solid matter was found

ether,

be partially soluble in

tetrachloride,

alcohol, carbon

in decreasing order.

to

A

extraction with ether.

and perchioroethylene

submitted to

sample of the solid wa
25

of the solid dissoved.

he

soluble portion dissolved to the extent of 0.02 gram per
100 ml of ether at room temperature.

The insoluble portion

was found to contain lO.4/ fluorine.

The fluorine content

of the soluble portion was 52

as calculated by a material

balance.
samples of the solid were treated with aqueous potas-

sium hydroxide and with alcoholic potassium hydroxide.

The

aqueous KOH had no apparent affect on the solid, and anlysis
of the resulting solution failed to show the presence of

fluorine ion.

The sample treated with alcoholic KOH was

destroyed in the solution leaving only a black residue,
no fluorine was detectec
the lead fluorochioride
The oily

upon analysis

solution by

method.

liquid separated

analyzed for fluorine.

of the

but

from the cell residue was

Less than 1

was found.

It was as-

sumed that the oily liquid was primarily unreacted oil.
The aqueous solution from the cell residue was an-

alyzed for nickel.

A total of 9.92 grams of nickel was
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dissolved from the anode. A qualitative test showed a trace of iron in the solution. It is
believed that this iron was dissolved from the cell body
during the process of emptying the cell when water was added
making an aqueous solution of hydrofluoric acid.
A sample of the absorbing solution was analyzed for
fluorine. 0.61]. gram equivalent weigit of total fluorine
was found. Of this amount it was subsequently found that
0.142 grani equivalent entered as fluorine gas. The remainfound.

This nickel

wa

der, 0.469 gram equivalent,

the gas stream.

entered as hydrogen fluoride in

It was found that 1.942 gram moles of gas

entered the absorber.

Assuming that the cell pressure wa

of mercury and that the vapors reached equilibrium
in the striping condenser, the vapor pressure of hidrogen
750

mm

fluoride was approximately 180 mm of mercury at -15 0.

the collected gases was measured.
After correction for pressure, temì;erature, and vapor presThe volume of

sure of water, 31.470 liters of gas at standard conditions

were collected.
gas.

This corresponds to 1.403 gram moles of

Analysis showed 79.7', or 1.120

gen and 5.05%, or 0.071 gram

grain

moles, of hydro-

mole, of oxygen

fluoride.

The

remainder, 15.1* or 0.212 gram mole, was assumed to be low
boiling fluorocarbons for which the arbitrary comosition

taken.
Material balance for carbon showed input of 3.72 gram
Material balance for
and 3.57 gram atoras recovered.

C2F6 was

atoms

4$

fluorine showed an input of 1.120 gram moles and 1.122 gram

moles recovered.
77.3 ampere-hours of electricity were passed during
This corresponds to 1.44 gram moles of fluorine

the run.

Thus, the overall current efficiency of the cell

liberated.
was

78.

Since only 0.811 gram mole of fluorine entered

organic molecules,

56.4.

the current efficiency on this basis was

Since the desired liquid product was not obtained,

the current efficiency cannot be calculated on the basis of
net results.

DISCUSSION OF RESULTS
The results of this investigation show that an aleo-

trolytic method such as the one used here is not suited for
the production

of'

fluorocarbons from a mixture of hydro-

carbons containing branched chains.

The solid products

obtained here indicate that condensation and polymerization

of hydrocarbons

is the predominant reaction.

Franentation

of carbon chains occurs, but probably to no greater
than could be expected. in other methods using

extent

similar

start-

Ing materials.
The postulated scheme of reaction is that although

the hydrocarbon is not soluble in the electrolyte,

some

molecules are partially fluorinated In proximity to the
anode at the top of the electrolyte.

These first molecules

dissolve in the electrolyte and are subject to further
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fluorination over the whole anode surface.
of a molecule proceeds,
linuni

then deorea3es.

arid

As fluorination

so1ubiliy soon reaches

its

a max-

hile still only partially fluor-

nated, the molecule becomes insoluble and settle8 to the

bottom of the cell because its density is now greater than
that of the electrolyte.

1hen

condensation reactions occur

in the cell, the solubility of the polymerized molecules is

les3 than that of the smaller molecules.
A molecule that has settled to the bottom of the cell
is away from the anode and has small chance of further fluo-

rjnation.

A molecule stuck to the anode is in the most

favorable location for fluorination, but the reaction may

chain is broken.
No reasons are offered to explain why fluorine gas

should be liberated in the last experiment while it was not

generated in earlier experiments,

imons (22, p.49) reports

that fluorine was not generated at potentials below 8 volts.
The applied potential during this test did. not exceed 6.2

volts.

Simons used a slightly different electrolyte.
In earlier

exjp eriments,

tamed 45% fluorine.

the solid cell product con-

In the last run the solid product

contained only 21% fluorine.

A probable explanation of this

discrepancy is that in the last run the average hydrocarbon
molecule was larger than in earlier runs, and a lower degree
of either polymerization or fluorination would be required

to take the molecule out of solution.
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The results obtained concerning overvoltage are

robably reproducible within close limits, but the total

olarization encountered at finite current density is not.

The

polarization of the nickel

increases with use and

anode

seems to be highly dependent upon the composition of the

electrolyte.

For instance, the presence of small amounts

of water seems to decrease the polarization.

the solution and the corrosion
of the anode also seem to be decreased by the presence of
The resistivity of

small amounts of water.

Anode corrosion is largely not

predictable because it may depend upon many things including
current density, absorbed

even

traces of

other ions,

and

anode polarization.

The

anode

oxygen,

experiment

concerning polarization of the nickel

also indicated an overvoltage

of fluorine

on nickel

of 0.3 volt and a hydrogen overvoltage on nickel of 0.4

volt.

There is no previous data

rina on nickel, but the overvoltage

for hydrogen

is variously listed between 0.50 and 0.55 volt.

should not depend

greatly upon

The value of 0.4 volt for the

as found hero

fluonickel

on the overvoltage of

the

nature of the

hydrogen

on

Overvoltage
solvent.

overvoltage on nickel

was lower than expected probably because of

some special feature of the nickel anode used.
No

previous data have been found concerning the

polarization of

a

nickel anode in an electrolyte of a

nature similar to the ones used here.

Although

the results

46

concerning polarization a

found in thi8 investigation prob-

ably could not be easily duplicated, it has been shown that

fluorine polarization on a nickel anode is excessive.
Separation of fluorinated compounds from unroacted

hydrocarbons has been found possible by means involving the
difference in densities as
ubilities.

ell as by the difference in sol-

If a mixture of fluorinated

hdrocarbons and

unreacted hydrocarbons is agitated with water and allowed
to settle,

the fluorinated compounds collect beneath the

water while the hydrocarbons float on top.
is not complete,

The seiaration

but the amount of solvent necessary to

remove the oil from the fluorinated matter can be reduced

by this means.
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