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I. Introduction 

As a raw material for industrial use, fluorine is relatively abundant in 
nature. It comprises approximately 0.065% of the earth’s crust(1) com- 
pared to 0.055% for chlorine. Most of this fluorine, however, is combined 
in rather complex inorganic compounds at relatively low levels and in 
consequence would be difficult to recover. The most important mineral is 
fluorspar (fluorite, CaF2) which occurs quite widely. This is the principal 

source of fluorine at present. Other simple fluorides occurring as minerals 
are villiaumite (NaF), sellarite (MgF2), yttrocerite (Ca3Ce~Y~)F6, all of 
which are rare. 

The most important of the complex fluorides occurring naturally is 

cryolite (Na3A1F6). Other minerals in which fluorine is also present in 
minor amounts are fluorocarbonates, fluorosulfates, fluoroarsenates, and 
fluorophosphates. In the case of the natural phosphates, tt~e amounts 
present are sufficient to make them an important future source of fluorine, 
particularly as a by-product of the manufacture of super phosphates. 

Besides the naturally occurring mineral, CaF~, the most important 
fluorine compound on an industrial scale is hydrogen fluoride (HF). 
As will be shown later in this chapter, this compound has a number of 
very significant uses itself directly. In addition, it is the starting point in 
the production of most of the commercially available compounds of carbon 
and fluorine including gases used as refrigerants and aerosol propellants, 
lubricating and heat transfer fluids, fluorocarbon-type plastics and 
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elastomers, surface active agents, as well as stain resistant finishes for 
textiles, oil resistant paper sizes, and special treatments for leather. 

It is not the objective of this chapter to review the method used to 
produce the various commercial products. As the chapter title implies, 
emphasis will be placed primarily on a review of irtdustrial applications 
and, where important, on some of the specific technology associated with 
these uses. An attempt will also be made to point out the unique per- 
formance characteristics and also to emphasize the ultimate economic 

advantages in the particular end use. The various topics which will be 
covered are not necessarily handled on the basis of relative commercial 
merit or usage. There have been a number of areas where the commercial 
development has only occurred in the past five to ten years. Some of these 
areas will be treated in a much more complete fashion. One of the important 

areas of usage, namely, glass and ceramics, has already been reviewed in 
Volume I of this same series(2). 

II. Historical and Economic Factors 

The word, fluorine, is derived from the Latin word, fluere, to flow. 
From early history, man has used the mineral, fluorspar, to accelerate 

the melting process of many silicate minerals, thereby permitting the more 
complete separation of the "slags" from the metal. Following the intro- 
duction of the open-hearth process for steel manufacture, United States 
consumption of fluorspar increased rapidly, starting at about 5000 tons 
per year in 1888 and reaching a maximum of approximately 645,000 tons 
in 1953 (3, p. 14). 

For more than 60 years the steel industry accounted for approximately 
80% of the total fluorspar consumed. It is interesting to note that the use 
of fluorspar in the open-hearth process has decreased from 7.4 Ib per ton 
of steel in 1927 to less than 4.0 lb per ton in 1957. 

As Finger et al. point out (3, p. 15), the lag in consumption of fluorspar 
in steel manufacture, coupled with a tremendous increase in hydrofluoric 
acid production in recent years, has brought about the changes shown in 
Fig. 1, covering the span from 1941 to 1959. 

While steel consumption of fluorspar has remained relatively constant, 
except for a certain amount of year to year cycling, the hydrofluoric acid 
industry has used increasing quantities of fluorspar from 100,000 tons in 
1949 to 300,000 tons in 1959. There are several reasons for this growth, 
among which are the increasing production of aluminum, the production 

of fluorocarbon derivatives, and the production of uranium. Consumption 
figures for 1957 are shown in Table I(4). The rapid rise in the use of fluoro- 
carbon type gases as aerosol propellants and refrigerants is shown by the 
data in Table II for the period from 1951 to 1961 (5, p. 91). 
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Fro. 1. Consumption of fluorspar in the United States. 

The growtl~ in this area is largely due to the usage as aerosol propellants 
for specialty packaging; the increase in the number of unit packages per 
year is shown in Fig. 2 (5, p. 96). 

While the commercial usage of fluorine chemicals at this time is largely 
accounted for on the basis of uses listed in Table I, it may be anticipated 
that there will be significant increases in some of the newer products 
which have been introduced in the past five to ten years. 

No analysis of the industrial situation would be complete without some 
reference to costs associated with the manufacture and use of these 
products. As has been pointed out earlier, fluorine is not a rare element 
in nature. Present production of hydrogen fluoride from fluorspar results 
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TABLE I 

HYDROFLUORIC ACID USAGE IN THE UNITED STATES(4} 

Amount used % used 

(Short tons) 

Aluminum Production 53,000 39.2 

Fluorocarbon Derivatives 38,500 28.5 

Uranium Production 16,000 11.8 

Conversion of Salts 7500 5.6 

Stainless Steel Pickling 7000 5.2 

Petroleum Alkylation 6000 4.5 

Etching and Frosting Glass 2000 1.5 

Others 2000 1,5 

TOTAL 135,000 100.0 

PRODUCTION OF FLUOROCARBON 

TABLE II 

GASES FOR PROPELLANT AND REFRIGERATION USAGE-- 

UNITED STATES 

Year Millions of pounds 

1955 140 

1956 170 

1957 200 

1958 220 

1959 240 

1960 300 

1961 320 

TABLE III 

VOLUME VS SELLING PRICE FOR COMMERCIAL FLUORINE CHEMICALS FOR 1960 IN THE 

UNITED STATES 

Commodity 

Volume usage 

estimated Selling price 

(Millions of (:~ per lb) 

lb per yr) 

Fluorospar 

Hydrogen fluoride 

Fluorocarbon refrigerants and propellants 

Polytetrafluoroethylene 

1200(6) 0.025 
300 0.17 
300 0.20-0.70 

10 3.25-6.00 

3M MN04855115 

3022.0006 



INDUSTRIAL ASPECTS OF FLUORINE CHEMISTRY 301 

in the product being offered commercially from several sources in the range 
of 15 to 18 cents per pound. It has been estimated that recovery processes 
associated with the preparation of superphosphate fertilizers from apatite 
rocks could increase many-fold the volume of hydrogen fluoride at even 
lower costs than those at present. 

80O 

70O 

6GO 

400 

200 

100 

1~51 53 55 57 59 61 

1950              1952 1954 1956           1958 1960 1962           1964            1966           1968 |970 

FIG. 2. Growth in production of aerosol propellants in the United States. 

In Table III the relationship is shown between present selling prices 
and estimated sales volume for fluorine chemicals which exceed 2,000,000 
lb per year for the year 1960. 

Besides the above large volume items, there is an ever increasing list 
of new products based on fluorine, some of which are showing rapidly 
growing sales. As might be expected, the selling prices generally range 
upwards from those listed in the table. However, as the volume of these 
newer products increases, it would appear that the selling prices and manu- 
facturing costs of most fluorine chemicals should fall in the generai range 
indicated in Table III. 

Compared to the general fields of inorganic and organic chemistry, 
there is relatively speaking a very meager amount of basic knowledge on 
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fluorine and its compounds. Much of this kno~vledge has been acquired 
since World War II, where the need for lubricants and sealants which 
would be stable to uranium hexafluoride was the impetus. It is necessary, 

therefore, to make rather large investments in research and development 
in order to develop new products with new applications. Generally, 

entirely new types of chemical processes are involved in their manufacture, 
and often the uses are so unique that special marketing and selling effort 
are required to establish the need for these unique products before a 
profitable commercial market can be realized. 

III. Characteristic Properties of Fluorocarbons 

Fluorine is one of the most remarkable elements. This is due in large 
part to the unique position it occupies in the periodic table, being the 
first member of the halogen family. It is the most electronegative element 
known, exceeding in this respect its nearest competitors, chlorine and 
oxygen. Quantitatively the potential of the normal fluorine electrode is 
given as 2.85 vt7). Those of chlorine and oxygen are respectively 1.36 
and 1.22. These large differences in electrode potentials between fluorine 
and its neighboring elements emphasize the unusual nature of this element 
and most of its compounds. In consequence of this, it is the most reactive 
element known, combining energetically with most of the other elements 
to form extremely stable compounds. Recent research has shown that 
fluorine also forms compounds with the rare gases such as xenon(190). As 
will be discussed later, the energetic nature of elemental fluorine is the basis 

for its use in rocket fuels, while the exceptional stability and non-reactivity 
of many compounds of fluorine have resulted in many other uses. 

A. BOND ENERGIES AND BOND DISTANCES 

In Table IV the energies and interatomic distances are given for a 
number of specific bonds(S,9). 

For comparison, one notes that the C--H bond distance is 1.09 A, 

while the C--F is 1.36 A, and C--CI is 1.76 A. It is also seen that the C--C 
bond distance is 1.54 A. It is obvious that fluorine is unique in that it is 
the only halogen which has a bond radius less than that of the C--C 
distance, hence it can replace hydrogen in essentially all hydrocarbon 
structures without distorting or straining normal carbon to carbon bonds. 
In addition, of course, these bonds are extremely stable as evidenced 
by the very high heat of formation. Again, the unique position of fluorine 
is illustrated by the fact that the heat of formation of C--F is about 20 
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TABLE IV 

BOND DISTANCES AND BOND ENERGIES(s) 

303 

Bond Compound Distance Energy 

(A) (kcal per moIe) 

C--H CH4 1.09 98.8 

C--I~ CF4 1.36 116.0 

C--C1 CCh 1.76 78.5 

S--F SF6 1.58 68.0 

H--F HF 0.92 147.5 

H--CI HCI 1.28 103.2 

H--O H~O 0.96 110,6 

C--C C~I I6 1.54 83.1 

C--C C~F6 1.52 83.0 

kcal greater than that of C--H, whereas that for C--C1 is about 20 kcal 
less than that of C--H. 

Besides possessing extreme stability and inertness, fluorine compounds 
have other unique properties due to their low energy state. From an 
electronic structure point of view, most fluorine compounds exhibit a 
very neutral or nonpolar character which shows itself in the form of very 
low intermolecular forces. 

B. BOILING POINTS AND N~IELTING POINTS 

Figure 3 shows a striking similarity between the inert or noble gases 
and saturated fluorocarbons, when comparing boiling points and atomic 
or molecular weights. For example, krypton has an atomic weight of 83.7 
and a boiling point of 120°K; whereas carbon tetrafluoride with a molecular 
weight of 88 has a boiling point of 145°K. By contrast, hexane, C6H14, 
which has a molecular weight of 86, has a boiling point of 342°K. It is 
obvious, therefore, that the molecular polarity of a fluorocarbon is very 
close to that of the inert gases; a saturated hydrocarbon, on the other hand, 
has a much more polarizable structure. Another striking example is that of 
uranium hexafluoride. This compound has a boiling point of 56°C, even 
though it has a very high molecular weight, namely 352. This low energy 
characteristic also shows up in the low melting points of many inorganic 
fluorine compounds and hence accounts for perhaps the oldest commercial 

usage of fluorine compounds as fluxing agents in metallurgical processing. 
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FiG. 3. Comparison of inert gases ~vith fluorocarbon on a molecular weight vs boiling 

point basis. 

C. SURFACE E~;ERG¥ 

Another consequence of these low intermolecular forces is the very 
low surface energies of the fluorocarbons. While hydrocarbons have sur- 
face tensions of 20 to 35 dynes per cm, fluorocarbons have surface tensions 
of 9 to 18 dynes!era. Typical values are given in Table V. As can be seen in 
the table, the compound n-CsFls has a surface tension of 13.7 dynes per 
cm; whereas the value for the hydrocarbon analog, n-CsH~8 is 21.8 dynes 
per cm. 

Figure 4 shows surface tension vs concentration for a homologous series 
of fluorocarbon carboxylic acids(~3). Of particular note are the minimum 
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TABLE V 

SURFACE TENSION FOR TYPICAL FLUOROCARBON COMPOUND~ 

Compound Surface tension Reference 

(dynes per cm) 

n-C5FI~ 9.87 (20°C) (10) 
n-CTF16 12.69 (20°C) (10) 
n-CsFzs 13.7 (25°C) (11) 
cyclo-CsFz60 15.1 (25°C) (12) 
(CaFg)3N 16.1 (25°C) (45) 

surface tensions between 15 and 18 dynes per cm. For comparison, 
typical surface active hydrocarbon compounds are capable of reducing the 
surface tension of water to only 28 32 dynes per cm. 

W. A. Zisman and co-workers have pioneered in the study of low 
energy surfaces. Their work has emphasized the unique surface properties 
of fluorocarbon derivatives. Zisman has studied the spreading or wetting 
characteristics of liquid materials on a variety of low energy surfaces(14,17). 
In preparing the low energy surfaces he used clean, smooth glass or 
platinum, on which he adsorbed close-packed condensed films of various 
long-chain hydrocarbon and fluorocarbon type surface active compounds. 
In such a case the condensed films have the terminal group of the molecule 

oriented so as to form the new surface covering the glass or platinum. 

\ 

\ 

\ 

Fro. 5. Definition of contact angle for a drop of liquid on a solid surface. 
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Zisman and co-workers(l~,16,18) have measured the contact angles for a 
homologous series of normal alkane liquids, whose surface tensions are 
known, when these liquids are placed on the "treated" surface. Figure 5 
illustrates a liquid drop on such a solid surface and the contact angle, 0. 
Without going into theoretical details, the condition for equilibrium of 
a drop of liquid on a surface is: 

7SV° -- ~/SL = yLV COS0 (1) 

where 
7sv° = interfacial energy for solid and saturated vapor 

7sT, = interracial energy for solid and liquid 
7LV° = surface tension for liquid and saturated vapor. 

The condition for spreading of the liquid on the surface, namely 
0 = 0 degrees, is such that cos 0 = 1. 

Figure 6 shows the relationship between the known surface tensions 
for a series of n-alkane liquids and the cosine of the measured contact 
angle, when the liquids are placed on that surface. Three typical adsorbed 
surfaces are shown, namely, that formed from octadecylamine with a 
terminal CH3 group, that from polytetrafluoroethylene witk 
groups, and the surface resulting from C12Fz6COOH with a terminal 

--CF3 group. Extrapolation of the straight lines to the value of cos 0 -- 1, 
the condition for spreading, gives what Zisman has defined as the critical 
surface tension value of that surface. Values for these critical surface 

1.0 

0.8 

0.6 

0.4 

0.2 

\ 
\ 

\ 
"Octodecylarnine monoloyer 

, Polytet rafluoroethylene 

"Perfluorolouric acid 

20      24     28     52 56     40 

Surface tension (20°C) dynes/cm 

FIG. 6. Contact angles for a series of liquid normal alkancs on various types of soiid 

surfaces. The critical surface tension ~,~, is defined as the intercept of the extrapolation 

of straight line with the horizontal line corresponding to cos 0 = 1. 
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tensions, 7e, are included in Table VI. The significance of these critical 

surface tension values is readily understood. For a liquid to wet a surface 

consisting of close-packed hydrocarbon groups with a terminal --CH3, the 

liquid must have a surface tension of less than 22 dynes per cm. To wet a 

surface such as polytctrafluoroethylene with ---CF2-- groups, the surface 

tension must be less than 18 dynes per cm. On the other hand, to wet a 

surface composed of close-packed fluorocarbon groups with terminal 

--CF3 groups, the liquid must have surface tension values of less than 6 

TABLE VI 

CRITICAL SURFACE TENSIONS (Te) OF Low-ENERGY SUm’ACES 

Surface constitution To(dynes per cm at 20°C) 

--CFz 6 

--C F~H 15 

- CFz~ 18 

--CHz 22 

--CH~-- 31 

--CH-- (benzene     35 

ring edge) 

--CC12                 43 

dynes per cm. This emphasizes very strongly the exceptionally low surface 
energy of the --CF3 terminated fluorocarbon groups. If the surface is such 
that the --CF2H terminal group is on the surface, the critical surface 
tension value is 15 dynes per cm, which is two and one-half times as large 
as that for the --CFz surface. The high energy of a surface containing 
chlorine atoms is illustrated by the data for polyvinylidene chloride 

in which the very high 7~ value of 43 dynes per cm has been measured. 
The uniqueness of the --CFz surface is clearly shown, and 6 dynes per cm 
is the most nonwettable surface ever reported. 

Although the terminal groups dominate the effect on the surface 
energy of a surface, the data in Figure 7 shows that for a homologous 
series of fluorocarbon carboxylic acids, there is a significant decrease in the 
critical surface tension, 7e, values as the chain length of the fluorocarbon 
group increases; C3FTCOOH has ~’c value of approximately 10, 

F21COOH a value of 8, while C12Fz~COOH has ~’e = 6. That this effect 
exists even in close-packed structures is important; for as will be obvious 

from later studies with very rough and irregular surfaces such as cotton, 
paper, or leather fibers, the effect of chain length is very pronounced. In 
the close-packed or condensed film state, the molecules are firmly held in the 
proper alignment for maximum orientation. On such surfaces as the fibers 

3M MN04855123 

3022.0014 



INDUSTRIAL ASPECTS OF FLUORINE CHEMISTRY 309 

mentioned above, there is no real opportunity for close packing, and the 

proper orientation of the fluorocarbon group is entirely dependent on its 
ability to move freely. This free movement is, of course, much more readily 
achieved if the terminal ---CFa group is attached to the surface through a 
--(CF~),~-- group where n is at least 6. 

1.0 

0.8 

0.2 

\ \ \ 

A. Perfluoro butyric acid ~ C 

B. Perfluoro caprylic acid 

(3. Perfluoro ]auric acid 

0 4 8 12 16 20 24 28 32 36 

Surface tension (20=C) dynes/cm 

FIo. 7. The dependence ofyc, critical surface tension, on chain length for a homologous 

aeries of fluorocarbon carboxylic acids absorbed on a solid surface. 

Some idea of the degree of packing obtained on fiber surfaces may be 

gathered from the fact that a textile fabric treated with a --CsFlv group will 

usually be wet by hydrocarbon liquids, whose surface tensions are less 

than 22 dynes per cm. It would appear that where close packing is not 

achieved, then the nature of the absorbing substrate will affect the critical 

surface tension of the surface. 

As we shall see from later considerations, these characteristics are 

the basis for some unusual surface behavior of fluorocarbon type materials, 

including surface active effects in various liquid media and as surface 

treatments on solid surfaces including fibers such as paper, textiles, and 

leather. 

D. STABILITY 

It has already been pointed out that fluorine combines with many 
elements, and that in most cases, the combinations are very stable. The 
various compounds of carbon and fluorine illustrate this stability effect 
very well. With hydrocarbon compounds many of the reactions are due to 
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reactions involving the carbon to hydrogen bond, examples beiIag their 
ready oxidation in the presence of air or oxygen, substitution reactions 
involving halogens, etc. Two factors, at least, make the carbon to fluoride 
bond behave in an entirely different fashion. In the first place, the C--F 
bond is already in an oxidized state, whereas the C H bond represents 
a reduced state. The second factor is the very high heat of formation of the 
C--F bond as compared to the C H bond. These bond energies have 
already been referred to in Table IV. It is not at all surprising, therefore, 
to find the C--F bond inert to essentially all types of chemical action. 
Under ordinary conditions the only significant reactions involve those 
with molten alkali metals or with such metals as aluminum and mag- 
nesium at reasonably elevated temperatures. In these cases the reaction 

which occurs involves the formation of the metal fluorides, which have 
even higher energies of formation than the --C--F compounds. 

This chemical stability also extends itself to all types of biological 
processes; there are no known biological organisms that are able to attack 
the carbon-fluorine bond in a fluorocarbon. 

The principal reaction which fluorocarbon~ undergo at elevated 
temperatures in the presence of a wall is that of carbon to carbon bond 

cleavage. These cracking reactions are very similar to those occurring 
with hydrocarbons and, depending on chain length, may take place at 
temperatures from 600 to 1000°C. A compound such as CsF18 will show 
some carbon to carbon bond breaking at 600°C, whereas C2F6 required 
temperatures approaching 1000°C before C--C bond cleavage occurs. 
It should be borne in mind that only pure fluorocarbons will exhibit 

stability such as given above. Many commercial fluorocarbon products 
are less stable due to the presence of less stable impurities. The compound, 

CF4, is reported to be completely stable at temperatures in excess of 1200°C. 
In the absence of a reactive environment, the thermal cracking reac- 

tions of fluorocarbon compounds produce primarily other fluorocarbons 
of greater or lesser molecular weight but of equal or greater thermal 
stability. These, of course, are formed by recombination of the various 
fragmentssuchas CFa, C~Fs, -CnF~+~,- CF~ , (CF~)u ,etc.Ifthe 
thermal degradation is carried out in an environment which contains reactive 
species such as --C--H, --C--C1, or in reaction vessels composed of silica, 
i.e., glass or ceramics, then a variety of reactions will occur between these 
reactive species and the highly energetic fluorocarbon radicals leading to 
products such as HF and SiF4. On the other hand, metals--except the 
alkali or alkaline earths--are essentially inert to fluorocarbon radicals 
under cracking conditions. This is due to the protective action of very 
thin films of the metai fluorides, which, besides being completely stable 
in the presence of fluorocarbon radicals, are also impermeable; but some 

3M MN04855125 

3022.0016 



INDUSTRIAL ASPECTS OF FLUORINE CHEMISTRY 311 

of them are known to be catalysts for fluorocarbon reactions. The unusual 

reactivity of glass or ceramic surfaces, of course is due to the fact that tile 

fluorides of silicon and hydrogen, SiF4 and HF respectively, are gaseous 

and therefore offer no protective action. 

Fluorocarbons are quite stable to radiation. For example, a com- 

mercially available product known as FC-75, and consisting of a mixture 

of CsFIs and c-CsF160, has been subjected to various dosages of gamma 

"FABLE VII 

EXPOSURE OF FC-75 TO GAMMA AND ELECTRON RADIATION 

Dosage represents Viscosity Density Hydrolyzable 

fluoride 

(cs at 25°C) (25oC) (o/; of total fluoride) 

Starting materials 0.800 1.770 0.00 

1 x 10s (gamma) 0.974 1.783 0.07 

5 x 10++ (gamma) 2.115 1.979 0.35 

0.75 × 10~ (electron) 0.855 1.804 0.07 

3 × I0~ (electron) 1.420 -- 0.23 

5 x 10~ (electron) 2.850 -- 0.53 

TABLE VIII 

COMP.~RATIVE STABILITY OF FLUOROCARBONS AND HYDROCARBONS TO t~ADIATION 

Compound - GM G G 

(Gas) (Poly) 

n-butyl benzene -- 0.33 -- 

isopropyl benzene -- 0.18 -- 

n-C~Ill4 9.9 3.8 -- 

n-CsHls -- 4.48 -- 

C~F~C~FI~ >2.2 0.75 -- 

CsFI~ 2.75 0.5 -- 

CsF~O 3.25 1.0 -- 

C+F+ + 2-3 

C~Ho 0.088 0.93 

C~F~ 0.045 2.01 

radiation using both a spent fuel element source and also high energy 
electrons(~L The FC-75 was sealed in specially prepared aluminum 
cans. As shown in Table VII, the results are essentially the same with 
either the gamma rays or the high energy electrons. With increasing 
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dosage there is a significant increase in both viscosity and density, pre- 
sumably due to the formation of higher molecular weight products, by 
carbon to carbon bond cleavage and subsequent recombination of resulting 
fragments or fluorocarbon radicals. 

In Table VIII data is given comparing the radiation stability of a 
number of hydrocarbon and fluorocarbon compounds(2°,zl,2/). The 
results are expressed in terms of the G factor, G being defined as the num- 
ber of molecules of the substance in question produced by 100 ev of 

energy absorbed by the material. The subscript is used to indicate the type 
of material produced. For instance, Ggas = 3 indicates 3 molecules of 
gaseous products are produced per 100 ev of energy absorbed in a sample. 
Similarly - Gu indicates the number of molecules of the original compound 
destroyed per 100 ev of energy absorbed by a compound. 

The data included in Table VIII is rather sketchy, but does show that 
the G values for fluorocarbons are significantly lower than the normal 
aliphatic hydrocarbons, and in fact are at least approaching the stability 
of the aromatic hydrocarbons. A survey of the literature on radiation 
resistance of fluorocarbon materials leads to confusing conclusions, since 
many workers were not careful to define purity of the starting material 
or to avoid use of reactive surfaces such as glass. In the case of fluoro- 
carbons, it must be emphasized again that the presence of less stable 
impurities will give very erroneous resuits. 

E. ELECTRICAL PROPERTIES 

Other properties which are indicative of the low polarizability of fluoro- 
carbon compounds are their refractive indices and their dielectric con- 
stants. 

Table IX gives values of those properties which are associated with 
the nonpolar nature of a variety of liquid fluorocarbon compounds. Of 
particular note are the very low dielectric constants and the low dissi- 
pation factors which--as we shall see later--play an important role in 
some of the electrical applications. The extremely low values for refraction 
index are also shown in the table. 

F. POLARITY OF OXIDES OR NITRIDES AND EFFECT OF STRUCTURE 

The data given in Table IX emphasize again the ability of an environ- 
ment of fluorine atoms to neutralize the polar nature of a molecule. 
Compounds such as the (C3FT)3N or (C4F9)20, by analogy with hydro- 
carbon tertiary amines or ethers might be assumed to possess a definite 
polar character. This assumption is entirely wrong, as may be seen from a 
survey of not only the electrical properties but also the boiling points. 
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For all intents and purposes the presence of the nitrogen or the oxygen 
atom in the above structures does not contribute any polar character to 
the molecules. Hence, it is more proper to refer to such fluorocarbon com- 
pounds as fluorocarbon nitride or oxides, rather than to associate them 
with typical properties of hydrocarbon amines or ethers. 

TABLE X 

PROPERTIESOFCERTAIN12-CARBON FLUOROCARBON COMPOUNDS 

Compound (C6F13)~O C~2F26 (C~Fg)3N 

Boiling point, °C 172 175 177 

Pour point, °C -90 42 -50 

(ASTM D-97) 

Viscosity, cs (25 °C) 2.11 -- 2.96 

In Table X the effect of structure is shown for a series of twelve carbon 

fluorocarbon compounds(24). It will be observed that all compounds boil 
at about the same temperature. On the other hand, a marked difference 
shows up in the freezing points. C~2F26 is a solid at room temperature; 

whereas the other two compounds are liquids, with freezing points of 
-50 and -90°C., respectively. The presence of the oxygen and nitrogen 
atoms plays an important role in contributing internal flexibility to the 
molecule, hence overcoming the normal stiffening effect of a fluorocarbon 
chain. 

G. ,.~OLUBILITY 

The solubility relationships of fluorocarbon compounds are also quite 
unique. Hildebrand and Scott(~) have shown that the thermodynamic 
properties of solutions involving two components depend upon the square 
of the difference between the values of a quantity ~ for each of the two 
components. These ~ values have been termed "solubility parameters" 
and have been identified with the square roots of the internal pressure or 
cohesive energy densities of the pure substances. The solubility parameter 
for a specific substance may be defined: 

where E = energy of vaporization of the pure component and V its molal 
volume all at the same temperature T. The term, AEv/V is the "internal 
pressure" or "cohesive energy density." 
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Where the solubility parameters for two liquids, ~i and ~2 are equal, 

there is no heat of mixing and hence the two liquids are miscible in all 
proportions. When the difference between ~ and $2 becomes sufficiently 

great, complete miscibility is no longer possible; and two phases may 
coexist. As the absolute value of $I--~2 increases, the mutual solubilities 
of the two liquids decreases, until for large differences they have become 
almost infinitesimal and almost "complete" insolubility is reached. 

While the solubility depends primarily on the difference in S values, 
it is also a function of the molal volumes, V, and the temperatures. When 

V1 = V~ = V, then the condition for complete miscibility is 

V(SI - ~2)2 < 2RT (3) 

Calculation of the solubility parameter, S~., requires knowledge of the 
molal volume, V~., and the heat of vaporization, AH:rv, at the desired 
temperature. Table XI includes data on the thermodynamic properties 

TABLE XI 

THERMODYNAMIC PROPERTIES OF A SERIES OF CYCLIC AND NORMAL ALKFORANES 

Formula 

Boiling V~SS°K AH2~s°K ~s°K 

Name point (cma per (kcal per (cal per 

(°C) mole) mole, cm~) t 

estimated) 

n-Butforane --2 163 5.0 5.2 

n-Pentforane 29.5 183 6.0 5.5 

n-Hexforane 58 205 7.1 5.6 

n-Heptforanc 82.4 227 8.1 5.7 

n-Octforane 104 253 8.9 5.7 

n-Nonforane 123 279 9.7 5.7 

cyclohexforane sublimes 170 6.8 6.0 

methforyl cyclohexforane 77.5 195 7.7 6.0 

of a number of fluorocarbons. As can be seen from this data, the fluoro- 
carbons in general have values of "solubility parameter" between 5 and 6. 

Table XII gives solubility parameter values for a number of selected 
substances. As would be predicted from the solubility relationships dis- 
cussed above, there is reasonably good correlation between the actual 
solubilities of the materials in Table XII with the fluorocarbons and those 

values predicted on the differences in "solubility parameters". The 
fluorocarbons have a unique position in that they have extremely low 
"solubility parameter" values. 
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TABLE XII 

~OLUBILITY I~ARAME’I’ERS FOR SELECTED ~UBSTANCES 

Phosphorus 70 14.6 

Iodine 59 14.1 

Sulfur 136 11.7 

Pyridine 81 10.7 

Carbon disulfide 61 10.1 

Chlorobenzene 102 9.5 

Chloroform 81 9.3 

Benzene 89 9.2 

Ethyl acetate 99 9.1 

Carbon tetrachloride 97 8.6 

Cyclohexane 109 8.2 

Methyl cyclohexane 128 7.8 

n-Octane 164 7.6 

Ethyl ether 105 7.5 

n-IIeptane 147 7.5 

n-Hexane 132 7.3 

n-Pentane I 16 7.0 

Having reviewed some of the characteristic properties of fluorine, and 
many of its compounds, it will be of interest to consider the industrial 
applications for this relatively new class of chemicals, bearing in mind the 
unique properties which they possess. 

IV. Refrigerants and Propellants 

In 1930 Midgley and Henne(2s) discovered that various derivatives 
of methane and ethane, in which all--or almost all--of the hydrogen 
atoms were replaced by fluorine and chlorine atoms, had the desired 
properties for practically ideal refrigerants. They were nontoxic and 

TABLE XIII 

FLUOROCARBON TYPE REFRIGERANT AND PROPELLANTS OF MAJOR COMMERCIAL IMPORTANCE 

Methane series Ethane series 

Code     Compound          Code     Con~p~und 

F-11 CCIaF F-112 CCI2FCCI2F 
F-t2 CCI2F2 F-113 CCI2FCC1F2 
F-13 CCIFa F-114 CCIF=CC1F2 
F-14 CF4 F-115 CCIFuCFa 
F-21 CHCI=F 
F-22 CHC1F= 
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nonflammable. They were first offered for sale in 1931 under the trade- 
mark, "Freon" halogenated llydrocarbons by the Kinetics Chemical 
Division of the E. I. duPont de Nemours and Company. Other companies 
in the United States llave since introduced the same products using their 
own trade-names, i.e., "Genetron" (General Chemical Company), 
"Isotron" (Pennsalt Manufacturing Company), and "Ucon" (Union 
Carbide Company). All the above companies have adopted the same code 
numbers for the same compounds. Those having the greatest commercial 
usage are listed in Table XlII. 

A. PROPERTIES 

There are many factors that must be taken into account when selecting 

a chemical for use as a refrigerant or an aerosol propellant. Besides boiling 
point, pressure, stability, toxicity, and flammability, such factors as mole- 
cular weight, density, compression ratio, heat value, temperature of 

CH, 

FIG. 8. Properties of chlorofluoro derivatives of methane. 

cx, 
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compression, compressor displacement, design or type of compressor, 

etc., must also be considered. 
A graphic presentation which was developed by Midgley and 

Henne(ZS,29) is quite useful in giving a better understanding of the pro- 
perties of a number of these fluorine-containing compounds, especially 
those which have been so widely accepted for use as refrigerants and also 
as "aerosol" propellants. 

In the graph shown in Fig. 8 the rules of susbtitution will apply to 
typical gronps having one carbon atom per molecule, or the methane 
series. It will be noted that when the fluorine content increases from that 

of CH2F2 (F-32) to CHFa (F-23), the boiling point decreases, stability 
increases, flammability decreases, and toxicity decreases as indicated in 
the graph. Likewise, when the fluorine content increases still further to 

CF4 (F-14), the properties change to even lower boiling point, greater 
stability, and less toxic nature. 

However, if the fluorine content remains constant and substitution 
is made for hydrogen by another tialogen such as chlorine, the boiling 
point increases, stability and toxicity increase slightly, but flammability 
decreases. By again referring to Fig. 8, a similar change in properties will 
occur when the chlorine content is increased from CH.~F~ (F-32) to CHC1F2 
(F-22) and still further to CClzF2 (F-12). 

In Table XIV are shown some of the important members of fully 
saturated fluorine-containing compounds in the metlaane series and 
ethane series. The general rules of substitution as reviewed for the methane 

derivatives will apply also to members of the ethane series; curves showing 
the changes in properties with halogen content have also been drawn(ZSL 
In the case of fluorine-containing compounds having two or more carbon 
atoms per molecule, fluorine substitutions can be made for hydrogen or 
chlorine on either of the two carbon atoms producing symmetrical or 
asymmetrical arrangement. 

From a commercial viewpoint, primary interest is concerned with 
compounds in the methane and ethane series. In the United States F-12 
accounts for ahnost half the production, with F-11, F-22, F-114, and 
F-113 making up the bulk of the remaining production. 

These compounds as refrigerants are adaptable for use in all com- 
pression types of refrigeration systems. Tire physical, chemical, and 
thermodynamic properties of quite a number of the fluorine-containing 
methane and ethane compounds have been carefully and fully studied and 
data published~18sL However, a few of their outstanding properties will 
be reviewed. 

The fluorine-containing chlorohydrocarbons are colorless, almost 
odorless, with boiling points varying over a ~vide temperature range. 
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Those that are of primary importance in the field of refrigeration as well 
as propellants are essentially nontoxic, noncorrosive, nonirritating, and 
nonflammable under normal conditions of usage. They are generally 
prepared by replacing chlorine or hydrogen with fluorine. Chemically 
they are inert and thermally stable up to temperatures far beyond con- 
ditions found in actual use as refrigerants or propellants. 

]~. REFRIGERATION CHARACTERISTICS 

Pressures required to liquefy the refrigeraut vapor affect the design 
of the system; refrigerating effect and specific volume of the refrigerant 
vapor determine the compressor displacement; and the heat of vaporiza- 

tion and specific volume of liquid refrigerant affect the quantity of re- 
frigerant to be circulated through the pressure regulating valve or other 

device. Table XV covers boiling point at one atmosphere, freezing point, 

TABLE XV 

COMPARISON OF ~ARIOUS REFRIGERANTS(s0) 

Refrigerant Boiling Freezing Criticai Critical 

point point temperature pressure 

(°C) (°C) (°C) (psi, 

absolute) 

CF4 (F-14) -- 128 

CC1Fa (F-13) -81 

COa --78 

CHCIF= (F-22) -41 

NHa -33 

CCI=F= (F-12) -30 

$O= -10.5 

CC1F~CC1F2 (F-114) 4.7 

CHClzF (F-21) 9 

CCIaF (F-11) 24 

CC12FCC1F= (F-113) 48 

-191 --45 542 

--182 29 579 

-54.7 31 1071 

(triple) 

--160 96 716 

-77 132.7 1651 

--157 111.5 582 

-73 157 1142 

--94 146 474 

-135 167.5 750 

--111 198 635 

--35 214 495 

critical temperature, and critical pressures of not only the fluorine-con- 
taining methane and ethane derivatives, but other commonly used refriger- 
ants. 

The chlorofluoro derivatives of methane and ethane have relatively 
low heat values. This should not be considered a disadvantage since this 
merely means that a greater volume of liquid must be pumped through 
the system per unit time to produce the required amount of refrigeration. 
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From an engineering point of view, this turns out to be a decided advantage, 
especially for small tonnage units, since more accurate and reliable control 
of liquid flow is possible when larger flows of liquid are involved. The heat 
values for both liquid and vapor, as well as relative refrigerating effect 
of a number of common refrigerants, is shown in Table XVI. 

TABLE XVI 

HEAT VALUES FOR LIQUID AND VAPOR STATES FOR VARIOUS REFRIGERANTS 

Refrigerant 

Heat value (BTU per Ib) Refrigerating 

Vapor Liquid effect 

(-is°c) (3ooc) 

CO~ 102 45 56.7 

CHC1F~ (F-22) 106 36 69.3 

NH3 613 139 474.5 

CCI~F~ (F-12) 79 28 51.1 

SOa 183 42 141.4 

CCIF~ CCIF2 (F-114)     72 29 43.1 

CCI~F (F-11) 93 25 67.5 

TABLE XVII 

OPERATING PRESSURES FOR VARIOUS REFRIGERANTS(8°1 

Refrigerant                Pressure (psi gauge) 

At 30~C At -15°C 

CO~ 1024.3 319,7 

CHC1F~ (F-22) 159.8 28.3 

NH3 15t-.5 19.6 

CCI~F~ (F-12) 93.2 11.8 

SO~ 51.8 5.9~ 

CC1F~CCIF~ (F-114) 22.0 16.1~ 

CChF (F-11) 3.6 24.0~ 

Units are inches of rnercut3T below one atmosphere. 

In Table XVI I are given the operating pressures for a series of standard 
refrigerants based on standard ton conditions. Carbon dioxide has a 
much higher pressure than the others, with a consequent much higher 
horsepower requirement. 

In Table XVIII data is given on the explosive properties of refriger- 
ants as established by the Underwriters Laboratories(at). All the flourine- 

containing refrigerants are nonflammable. 
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