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COMMERCIAL FLUOROCARBON AEROSOL PROPELLANTS, SOLVLNTS FIRE EXTINGUISHING
. AGENTS AND REFRIGERANTS

INTRODUCTION

This report reviews the potential environmental hazard from the com-
mercial uSe'of large quantities of saturated, one and two carbon fluoro-
carbon compounds whiéh are used for the most part as aerosol propellants,

’ _
solvents, fire extinguishing agents or refrigerants. The major compounds
of interest in thié repért are iisted in Table I. Assessments of envifon-

mental hazard for a broader spectrum of fluorocarbons are presented

elsewhere (Howard and Durkin, 1973;>Lutz et al., 1967).

Table I

Major Commercial Fluorocarbons

Chemical Formula Fluorocarbon #
Trichlorofluoromethane CClaF 11
Dichlorodifluoromethane CCloF, 12
Chlorodifluoromethane CHCIF, 22
Trichlorotrifluorvethane CC1,F-CC1F, ' 113
Dichlorotetraf luoroethane CClF,-CClF, - 114
‘Chloropentafluoroethane CClF,~CF4 | 115
Bromotrifluoromethane | CBrF3 1331 (H1301)

Information on physical and chemical properties, production methods and
quantities, commercial uses and factors affecting environmental contamina-
tion as well as information related to health and biological effects are

revieved.



Throughout the report a shorthand nume;icél system will be used instead
of the cumbersome Put more precise chemical nomenclature. The moétlcommén
systéﬁ used by industry and the system utilized inAthis report consists of
a 4-digit number-jfor example, fluorocarbon ABCD, where D iS'the number of
fluorine atoms in the molecule, C is 1 plus the ﬁumber of hydrogen atoms
in the moleculg, B is equal to the number of carbon atoms minus 1, and A
equals the number of double bonds in the molecule. Whenever A or B
'equal zero, tﬁe digits are omitted from the number. iThis system works well
with low molecular weight chlorofluorocarbons which are the major comercial
producté. When bromine is substituted for chlorine, a B plus the number of
b?omine atoms follows the nqmber of fluorine atoms (é;g., CC1F; is 13
whereas CBrFj3 is 13B1). The appropriate numbers for the seven commercially
impo;tant fluorocarbons are presenfed in Tabie I; With the fire extinguisher
agents, such as brqmotrifluoromethané, a different numbering system'(ﬂalon
system) is frequently used which results in the number i301 rather than 13B1:
ABCD signifying the number of carbon, fluorine, chlorine, and bromine atoms,
respectively. This numbering syst;ﬁ is used in discuséing'the toxicologié
literature on fire extinguishing ageﬁts. Such numberéAare preceedéd by an
"H" rather than an "F".

I, Structure and Properties
A. Chemical Structure

The fluorocarbons under review are saturated comﬁounds-containing
one or two carbon atoms and fluorine, Chlorine, bromine, and hydrogen atoms
also may be present. Although some ;efrigerant, solvent and aerosol
propellant formulations are mixtures of fluorocarBons; most of the C§mmercia1
products consist of a pure compound. The chemical'formula:and mblécular '
weight of these chemicals and the frequently used azeotropic refrigerant

mixtures aré listed in Table II.
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Table IL: Physical Properties of Fluorocarbon Compounds
(DuPont, 1969a; Allied Chemical, no date (a); Union Carbide, 1973-4)
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The fluorocarbons may also be formulated with non-fluorocarbons.
Table III lists some typical blends of fluorocarbons with non-fluorocarbon
chemicals. In addition, stabilizers such as nitromethane are sometimes

added to alcohol-based aerosols (0.3% by weight).

Table IIl: Typical Blends of Fluorocarbons with Non-Fluorocarbons
(Union Carbide, 1973-74, p 28)

Blend : Application
45% F-11, 45% F-12, 10% isobutane | Propellant
Azeotrope: F-113 and Dichloroetﬁane A Solvent
Azeotrope: F-113, CHpCl;, cyclopentane vaqlvent
Azeotrope: F-113 and SDA-30 alcohol _ : Solvgnt
Blend: F-113 and Isopropanol . Solvent

B. Physical Properties
The fluorocarbons usually are characterized by high.vapor pressures
(low boiling point), high density, low viscosity, low surface tension, low
refractive indices, and low solubility parameters. The common physical

properties are tabulated in Table I1I.



The degree‘of fluorine substitution greatly affects Lhe.physical
properties. Generally, as the number of fluorines replacing chlorines
increases, the vapor pressure goes up, but the boiling point, the density
and.the solubility parameter decrease. Bromine atoms haQe a tendency to
increase the density and lower the vapor pressure. TheIVapér pressure/
temperature plots for various fluorocarbons gi§en in'Figure.l illustrate.
the fluorine substitution effect. For example, in the chlorofluoroethane
serles, vapor pressures increase with fluorination? 112 < ].13"< 114 < 115 <

116.
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Pressure-Temperature Relationships of Freon Compoundé
' ' (DuPont, 1969a)



The solvent power of the fluorocarbons ranges from poor for the

highly fluorinated compounds to fairly good for the less fluorinated com-

pounds (DuPont, 1969a). Being typical nonpolar liquids they'exhibit low

water solubility., The highly fluorinated compounds are generally considered

both hydrophobic and oleophobic,

Some solubility relationships for fluoro-

carbons are shown in Table IV. The kauri-butanol test consists of the

titration to a cloudy end-point of a kauri-resin dissolved in butanol.

‘The higher the kauri-butanol value, the higher the solvent power.

Table IV: Fluorocarbon Solubility Relationshipé
(DuPont, 1969a; Union Carbide, 1973-4)

Solubility of . ‘
‘ Water at 32°F 0il Kauri-butanol
Product (0°C), % by Wt. Solutions Number
11 0.0036 Miscible 60
.12. 0.0026 Miscible 18
21 0.055 Miscible 102
22 0,060 * © 25
113 0.0036 Miscible - 32
114 ©0.0026 ok 12
502 0.022 * 14 (est.)
113-C,H,C1, 0.02 (75°F) - 51
113-CH,C1,CsHy g 0.02 (75°F) - 98

*Two Liquid Phases at Low Temperatures,

The low solubility parameter for fluorocarbons allows their use around

elastomers without adverse effects of sweiling. Comparison of the linear

swelling of elastomers with the various fluorocarbons is presented in

~Table V.,



Table V: Swelling of Elastomers by Fluorocarbons and Other Cbmpdunds
(DuPont, 1969a)
Per Cent Increase in Length at Room Temperature
Buna N- Buna S Butyl
Product Neoprene (butadiene/ (butadiene/ (isoprene/ Polysulfide |Natural Rubber

GN’ acrylonitrile) styrene) isobutylene)" Type
"Freon'" 11 17 6 21 -Ai 23
"Freon" 12 ' 6
"Freon' 13 0 1 1 0 1
"Freon'" 21 28 48 49 24 28 34
"Freon" 22 2 26 4 1 4 6
"Freon" 113 3 1 9 21 1 17
"Freon" 114 0 0 2 0 2
"Freon" 115 0 0 0 0.2
"Freon" 502 1 7 3 1.6 1.6
"Freon" 13B1 2 1 1 0
"Freon'" 114B2 7 7 15 22 1 ' 26
"Freon" C-318 0 0 0 0 0 0
Methyl chloride 22 35 20 16 11 26
Methylene chloride 37 52 26 23 59 34

%




C. Principal Contaminants in Commercial Producis
The commercial fluorocarbons rank among the higheét‘purity organic
materials sold in this country (Bower, 1973). The purity of a typical
commercial product Qill commonly exceed 99.9% (Hamilton; 1962) . Thisvlack
of contaminants is a result of several carefully éerformed purificgtion
steps, In most cases,.the starting material and by-products are éeparated
by fractional disgillation followed by basic washing and drying over a

suitable desiccan%. A typical analysis of fluorocarbon-12 is presented

in Table VI.

Table VI: Typical Analysis of Fluorocarbon-12
(Bower, 1973)

Fluorocarbon : ‘ !
12 < 99.96% vol. f
13 , 0.010 '
1i 0.002
21 ' - | 0.003
22 : - 0.017
Hy0 , 4.5 ppm
Non~-volatile <0,01 vol. %

The predominant isomers of the ethane series (113, 114)

. are the more symmetrical isomers, e.g. CCL,F-CC1F, and CC1F,-CCIF;.
Fluorocarbon-113 usually contains no more than a few tenths of one percent
of CCl3-CF3, while fluorocarbon-114 usually contains_novmpre than 7-10

percent CCl,F-CF3 (Hamilton, 1962).



II. PRODUCTION
A, Quantity Produced

The reported total demand for all fluorocarbons in thé U.S. in 1973
was 880 x 10° lbs. (Chemical Markefing Reporter, 1973), or approximately
0.5% of the total production of synthetic organic chemicals in the U.S.
(Drysdale, 1971). The historical trends of production are presented in numerical
and graphic férm in Table VII and Figure 2, resbecti?ely. The wgrld produc-
tion of fluorocarbons'is considered to be approximately twice the U.S.

production (McCarthy, 1974).

B. Producers, Major Distributors, and Importers

The major U.S. produceré are listed in Table VIII aloﬁg'with-the
trade names and numbers of their fluorocarbon products and their total |
plant capacities, Table IX presents a list of foreign manufacturers of
fluorocarbons,

In the U.S., the iarge maﬁufacturers of the basic flqorocarbon com-
pounds distribute the chemicals to large users such és aeroéol‘packaging
‘companies and refrigerator manufacturers. Fo; example, Allied Chemical
sells its Genetron refrigerants through wholesalers loéafed around the

country (Allied Chemical, no date, a).

C. Production Sites
The product plant locations are listed in Table X and their

geographic positions are depicted on the map in Figure 3.
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Table VII

: .Production of Fluorocarbonms in the U.S.
(U.S. Tariff Commission, 1961-1971; Stanford Research Institute, -1973)
E 4

Compound Chlorodifluoro- Dichloro~ Trichlorof lucro~ Dichlorotetra- e l-chloro-1,1-
. methane difluoromethane methane fluoroethane dif luoroethane
Fluorocarbon # 22 12 11 114 ‘ 142a
0° g) (10% 1bs.) (167 g) (10% 1bs.) (10? gy (10 1bs.) (109 g) (106 1bs.) (10% g) (10% 1bs.)
1961 10.9% - 24% 78.5 173 41.3 C 91 4,1 9
1962 13,2% 29* 9:.3 208 56.7 125 5.0 11
1963 16,3% 36* 98.4 217 63.5 140 5.4 12
1964 19.5% 43% 103.4 228 67.1 148 5.9 13
1965 22,7% 50% 122.9 271 77.1 170 10.0 22
1966 25.4% 56% 129.7 286 77.1 170 7.7 17%
1967 26.3% 59% 140.6 310 82.6 182 10.0 22+
1963 26.9% 55% is7.9 326 92.5 204 7.7 17*
1960 32.2% 71k lee.s 368 107.9 238
1970 331 73* 178,01 375 110.7 244
1971p . 36.3% 8o 176.9 - 390 117.0 258 ' ’ , .091* © o 0.2%
1972p 36.3% 80* 199.1 439 136.1 . 300

*Sales . - . . . -
p - Preliminary M;{)_/{___(‘,.f;ﬁf
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Table VIII: Fluorocarbon Producers and Plant Capacities
(Chemical Marketing Reporter, 1973; U,S. Tariff Commission, 1972)

1

i o Total Plant _ Compounds
Company Trade Name =~ Capacity Produced
10°/yr. in 1973 . .
Allied Chemical ‘ Genetron 310 - 11, 12, 22,
Corporation o ' o 113, 114, 152a
E.I. duPont de Freon 500% 11, 12, 22,
Nemours & Co. 113, 114, 115,
: 13B1, 152a
Kaiser Aluminum and Kaiser 50 ' il, 12, 22
Chemical Corporation ' - ’ :
Pennwalt Chemical Corp, Istron 115 11, 12, Zé
Racon, Inc, 20 11, 12, 22
Union Carbide . . . . UCON. C200%% 11, 12

Corporation

*A 500 x 10° 1bs./yr. facility is being built at Corpus Christi, Texas by
" DuPont and is expected to be operating at full capacity by 1977 (Anon., 1974b)
DuPont is also building a 10 x 10° 1bs capacity plant for CBrFj3 in Deepwater,
N.J., ‘which should be operating in 1975 (Anon., 1974c).

. **%Anon. , 1974a.

12



Table IX: Foreign Fluorocarbon Producers

Country

Argentina

Australia
Brazil
Caqadg
England
France

West Germany

Japan

Mexico

Netherlands

Italy
India

South Africa
Spain

13

(Noble, 1972)

Producer

Ducilo Siac

Australian Fluorine Chemicals PTY.
Pacific Chemicals Industries
DuPont Do Brazil

FoUgra

Allied Ghemical of Caﬁada; Ltd.
DuPont of Canada

Imperial Chemical Industries
Imperial Smelting

Ugine Kuhlman

Perchinery

Kali Chemie

Hoechst

Von Helyden

Chemishe Fabrik

UVB Aleid Fluorowerke

Daikin

Mitsui Fluoro

Asaki Glass

Quimobasicos

Halbcérbures

Zinc Organon

DuPont

Liquid Nitrogen Processing
Unichemie

Montecatini Edison

Everst Refrigerant.

Naren Fluorine

African Exposives & Chem. Industries
Kali Chemie

Electro Quimica de Flix

Ugine



Table X: Fluorocarbon Production Sites
(Chemical Marketing Reporter, 1973)

' Company

Allied Chemical Corporatibn

E.I., DuPont de Nemours & Co.

. Kaiser Aluminum & Chemical Corp.
Pennwalt Chemical Corp.

Racon, Inc.

Union Carbide Corp.

"*Construction started in the fall of 1973.

14

Location

Baton Rouge,'Lé.
Danville, Il1.
Elizabeth, N.J.

El Segundo, Calif.
Antioch, Calif.
Carney's Point, N.J.
Corpus Christi, Texas*
East Chicago, Ind.
Louisville, Ky.
Montague, Mich.,
Gramercy, La.
Calvert City, Ky.
Thorofare, N.J.
Wichité; Kan.
Institﬁte, W. Va.



Figure 3

Geogrgphic Locations of Fluorocarbon Production Plants

D. Production Methods and Processes
The most widely used method for commercial‘synthesis of the major

fluorocarbons consists of the catalytic displacement of chlorine from
chlorocarbons (commonly CCl,, CHClj, and C»Clg or C,Cl, + Cly) with fluorine
by reaction with anhydrous hydrogen fluoride (Hamilton, 1962). A more recent
process developed by DuPont in the U.S. and Montecatini Edison in Italy uses
the direct reaction of methane with a mixture of chlorine and hydrogen fluoride.
It is reported that this process will be used by DﬁPoht at the ﬁlant being
constructed in Corpus Christi, Texas (Noble, 1972), but few details are avail-
able on the process. However, it has been noted: that the process will produce
three times the amount of hydrochloric acid which will be converted back to

chlorine in a Kel-chlor plant (Noble, 1972).

15



The several steps in the conventional chlorocarbon process are .
shown in Figure 4, The réaction phase uses antimony pentachloride as a
catalyst with the catalyst actually chemically entering the.reéctidh
sequence, Some chlorine gas is also added in order to maintain the

catalyst in its pentavalent rather than its trivalent state.

SbCls + 3HF - SbCl,F3 + 3HCL o
SbCloF3 + 2CCl, +SbClg + CC1l5F + CCl1 K,

The reaction can be conducted in either liquid or vapor phases.
The liquid phase operation is carried out by feeding liquid HF and chloro-
carbon .to the reactof and simultaneously w;thdrawing HC1 énd the desirgd
organic product as vapor from the top of thé reflux condenser, Reaction
conditions can vary'from pressures of 0 to 500 psig; temperatures 6f
45 to 200°C, catalyst concentrations from 10 to 90 wt per cent, and také-.
off temperatures‘of‘-30 to +100°C (Hamilton, 1962). The liquid précess
is characterized by simple and flexible operation. The quick removal of
final product avoids over'fluorination.

‘The vapor phase process consists of.a‘heated tube filled with a
granular catalyst, Thé féed is a vaporized mixture of HF- and chioro-
carbons. This process is frequently used for the production of the highly
fluorinated compounds. In both processes, the proportion of thé mixed
fluorinated products is determined by the chlorocarb0n; an& by the temﬁer—
ature, pressﬁre and time considerations.

In all processes by-product hydrogen chloride.results. This can

be separated either by distillation or scrubbing. The distilled product

16
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HC1 has the advantage of being extremely pure and, therefofg,_can'be.uséd
directly in some assoéiaged synthesis, or packaged for sale; If also
allows the recovery of unreacted hydrogen fluoride. |

Bromotriflﬁorometh#ne is ﬁade by a similar proceés, starting wi;h
the tetrabromide. However, it can also be made by the bromination of
trifluoromethane or by the replacement of chlorine in chlorétrifluqro—
methane by reaction with hydrogen bromide.

The equipment is generaily conventional in design, eépecially the.
distillation columns, scrubbers and drying towers. The reactors are
jacketed or tuPular vessels made of carbon or stainless Stee;. Since the
reaction is slightly endothermic, heat is suﬁplied by steam, .flue gas or

by electrical heaters.:

E. Market Price
Fluorocarbon-12; with the largest sales volume, has the current
(1973) price in bulk of 29¢/1b. Over the past ten years this has.fluctuated
between a high of -31¢/1b. and a low of 24¢/1b..(Chemicai Marketing Reporter,
1973). Table XI lists the major fluorocarbon products and their market .

value

Table XI: Market Value of Fluorocarbons

Value/Pound

~ Compound ' (dollars)
CHCIF, = 22 0.49% 0.48%%
CCl,Fp, 12 | 0.24% 0.34**
CC13F 11 0.18% 0.30%*

*¥U.S. Tariff Commission, 1972. :
**Chemical Marketing Reporter, 1974b.
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I1I.- USES
A.. Major Uses -

Fluorocarbons are commercially 1mportant because of their unique
physicochemical properties and relatively low physiological activity. The .
major applications include uses as aerosol propellants,.refrigerants, |
solvents, blowing agents, fire extinguishing agents, and as intermediates_

' for plastics. Table XII lists the major uses, 31ze of the. market, as well
as the amount o§ each fluorocarbon utilized in each application. Plastic
intermediates are not included in Table XII since thelproduction figures doV
not'encompass this application, The following paragraphs w1ll briefly dis-_‘
"cuss the major fluor0carbon applications.

1. Aerosol Propellants

The laréest commercial application of fluorocarbons.is.for
propellants in the aerosol* products industry (see Figure 5) The idea of '
using aerosol propellants dates back to 1863 (Crossland 1974) but its .
commercialization did not occur until after WOrld War II. vThe industry -
got its start when two USDA researchers found that combininé inSecticides
with 1iquid refrigerant gases showed an extraordinary increase in 1nsect1-

'cide efficiency due to -the dispersion as a true aerosol (Hamilton, 1962)
During World War II literally millions of the aerosol ""bug bombs" ‘were

produced.

*"Self dispensing, pressured, self-propelling products, dispensed by
the use of a- liquefied nonliquefied, or noncondensed gas" (Sage,
1963)
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Table XII: US&S‘Of Fluofocarbons

Fire

d Aerosol Foaming Extinguishing
Fluorocarbon Production Propellant Refrigerants cSolvents Agent . Agent
Number Formula 1972 % Quantity % Quantity % Quantity o Quantity € Quantity
, (10% 1bs.) (108 1bs.) (108 1bs.) (10% 1bs.) (108 1bs.). (10% 1bs.)
11 CClyF 300% 82 246 3 9 15 45
12 CC1, Fy 439° 60 264 30 132 10 44
22 CHCiF, go®® 100 80
113 . CCLF,CFCl, ~50° 100 ~50
114.  CCIF,CCIF, ~20¢ 95 19 5 1
115 CC1F,CF3 . 10 - 90
i ~10
1381 cBrF, 5 95 4
Total ~900 529 222 50 89 -4
' .
% of Total Production® - -59% 25% 5% 10%

%.s. Tariff Commission, 1972.

bSales

“Estimates based upon discussions with DuPont and Allied Chemical,

dThe production figures only marginﬁlly consider amounts used in the manufacfure of Eluorocarbon plaétiés. Fluorucarbon 22,
113, and 114 are used to synthesize the plastics.
(U,S., Tariff Commission) from fluorocarbon 22, but that quantity is not reflected in the 80 million lbs. sales figure.

However, 13 million lbs. of polytetrafluoroethylene was produced in 1972

®The Chemical Marketing Reporter (1973) reports the following percentage of use: propellants-50%; refrigerants-28%; plastics-
10%; solvents~5%; blowing :gents, exports, miscellancous=7% on a 1973 total production of 880 million 1lbs. The percentages
reported in this table are similar in magnitude but quantitatively differ mostly because plastics have not been included.
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Civilian commercialization began in the early l950's'after

low-pressure valves and nozzles were devisea to function below 55 péia and
ICC raised its regulations to apply only to containers of 55 psia or more, .
thus freeing’the industry from elaborate control and regulafion thcﬁ are
required of high pressure vessels. Today the world produétion is as much
as 6 billion units with the U.S. accountiﬁé for approximafely 50% of the
total, In 1973 the U.,S. market grew by an estimated 3.5 t§ 47 while_aﬁ
increase of 21.4% was reported in the United Kingdom. It is pfojected
that the major growth in the future market will be overseas and a.global
output of 10 billion units is suggested (ChemicalvMarketinglReporter, 1974).
An aerosol end use péttern in the U.Sf is depicted in Table XIIi and Fhe |
global production pattern is displayed in Table XIV. Ag can be'seen &rom'
Table X1V, the U;S. percehtage of the world production has beeﬁ steadily
decreasing. ) o
2, Refrigerants

The flqOro;arbons industry was fifsﬁ founded in the 1930'5 as
a result of a search for new refrigerant gases to replace thé ﬁighly toxic
refrigerant gases being used--e.g., sulfur dioxide and aﬁmonia (Doﬁning,

1966; Crossland, 1973). Their special properties, such as nonflammability,

low toxicity, chemical stability, and good thermodynamic properties, made

them ideal for use as refrigerants.

This application can be divided into two major categories:
(1)Irefrigeration - localized low temperature cooling; and (2) air-conditioning

- cooling of rather large volumes of environmental air. Within each of these

22



Table XIII: U,S. Aerosol End-Use Pattern
(Chemical Marketing Reporter, 1974)

1970 . 1972 1973 1974
Household Products ‘
Cleaners 155 185 200 210
Laundry Products : - 200 185 : 185 : 190
Room Deodorants 160 180 183 ‘ 187
Waxes, Polishes 85 100 105 110
Other 30 50 52 53
Total ' 630 700 725 750
Personal Products :
Colognes & Perfumes 145 135 ‘ 140 : 145
Deodorants 480 515 570 .595
Hair Care 490 460 460 " 460
Medicinals 65 65 , 70 : 70
Shave Creams 150 165 ' 180 185
Other . 50 63 75 - 80
Total 1,380 1,403 1,495 1,535 .
All Other - :
Automotive 50 80 85 - 90
Coatings 230 250 255 260
Industrial 90 120 130 : 145
Insecticides 120 135 : 140 145
Other 22 35 40 _ 45
Total 512 620 650 685
Grand Total (non-foods) 2,522 2,723 2,870 2,970

Millions of units. Source: Chemical Specialties Manufacturers Association
and industry estimates. Food aerosols total in excess of 100 million units
annually. :
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Table XIV: World Aerosol Pattern
(Chemical Marketing Reporter, 1974)

US, Canada W. Europe Others* World

oTaRk, L L, . . . 3,185 1,850 765 -+ 5,800
1973%%, , . . . . . 3,105 1,750 645 5,500
1972. . . [ . . . . . 2,983 1’620 . . 597 5,200 :
1971 4 e e e . . 2,695 1,600 550 4,845
1970, v o o o v . . 2,756 1,425 507 4,690
1968, « v v v . . s 2,400 1,030 370 3,800

Millions of units. *Includes Australia, Japan, Central and South America
and Africa, but excludes USSR and Russian Bloc countries. Source: The
Metal Box Company, Risdon Manufacturing Company and Chemical Specialties
Manufacturers Association., **Data for 1973-1974 are Chemical Marketing
Reporter estimates.
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categories, a distinction can be made between prefabricated units, in
which the fluorocarbons are charged and sealed at the factory, and large
commercial units where the charging is done after the units are in place.
In most cases, the distinction corresponds to the size - smaller units . -
being prefabricated while the larger commercial units aré filled after
placement. The difference between prefabricated and large commerciél units
is quite important in terms of environmental release beqause the prefabri-
cated units last an average of ten years, whereas the large commercial
unit§ have to be recharged every five years (approximately 86% reclamation
of the originalArefrigerant). Table XV divides the threé major refrigerants
into the categories mentioned above.

3. Blowing Agents

Blowing agents are used to produce a finished product in a

foamed or expanded form, One technique commonly used in the plastics
industry consists of dissolving the blowing agent in a plastic andlthen
triggering the gasification by a change in temperature or by é sudden
release of a confining pressure (Hamilton, 1962). |
Fluorocarbons.were first used in the prodﬁctiqn of poiypre-
thane foams because they impart a significant increase in the thermal
insulation properties. They are also used to form opén cell foams, in
which case the blowing agent is released after its use., Fluorocarbons

are divided approximately equally into closed and open cell applications.
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Table XV: Use of Fluorocarbon Refrigerants
(Hanavan, 1974)

Fluorocarbon: Quantity Used . Refrigeration Air Conditioning
. as ’ ~Large ) Large
Formula . -Number - Refrigerant Prefabricated = Commercial Prefabricated Commercial
(10® 1bs.) Z. Quantity % . Quantity Z  Quantity %  Quantity
108 1bs. 10® 1bs. 106 1bs. 10° 1bs.
CClqF 11 9 - - o 72% 6 - - 28% 3
CC1,F, 12 132 45% 59 29%2 38 7% 9 19% 25
(automobiles)
CHCIF, 22 80 57% . _46 C41% 33 - - 2z 2
221 , - 105 : 77 30

% Prefabricated = 52%

% Large Commercial = 48%



4, Solveats
Fluorocarbons £ind use as a selective solvent for cleéning
precision equipment and for extractions.of a variety of ﬁatural products,
With precision equipment, the fluorocarbons, usually 113, provide enough
solvent action to remove grease and dirt, but not enough action to swell -
and damage the plastic and eléstomeric components (see Section I). With
extraction, the desirable component is separaﬁed from the undesirable. A
varlety of extractions have been reported, including the isolation of edible
oils of cotton seed, safflower and soy beans, as well as active ingredients
of perfumes, essential oils, spices, coffee and even fish (Hamilton, 1962).
5. Intermediates
Some plastic monomers are made from the basic fluorocarbon
comﬁounds. For examplé, flﬁorocarbon 22 caﬁ be pyfolyzed to form ﬁetra—
fluoroethylene and hexafluoropropylene, Dechlorinationlof fluorocarbon 113
yields chlorotrifluor;etﬁylene. The pfodﬁction figu:es in Table XII do not
consider quantities used as feedstocks fof fluorocarbon resins. The U.S.
Tariff Commission has reported that 13 million Ibs, of polytetrafluo;o—
ethylene was produced in 1972 (need 15 million lbs. of fluorocarbon 22
assuming.100% efficiency). The Chemical Marketing Reporter (1973) suggests
that 10% of 825 million 1lbs. produced in 1972 are used fbr plastics. It
appears that for 1972 a more plausible figure is 50—106 million lbs. over
and above the éOG million 1lbs. reported in Table XII.
6. Fire E#tinguishing Agents |
The ;se of'fluorécarbons as fire extinguishing agents is a

considerably smaller application than those previously mentioned. The
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compounds are commonly'used in confined areas where'iqniS'beiieved that the
chemical acts to extinguish the fire by chéin termination of the free

radical propagating mechanism of the fire (Hamilton, 1962). An added
advantage of these materials is that they present a relatively-smali threét
to life at concentrations and exposure periods necessary.to extinguish fires.
ﬁhe fluorocarbon extinguishing agents (collectively referred to as halons)
;find good application in specialized sitﬁations, usually where the value

density is high, such as in aircraft, mines, spacecraft, tanks, and computers

(Jensen, 1972). The most widely used compound is fluorocarbon 13B1, CBr¥j.

B, Minor Uses
Minor applications. of the fluorocarbons being reviewed include their
use as dielectric fluids, heat~transfer fluids, power leids, cutting fluids,
pressurized leak-testing gases, gases in wind tunnels and bubble chambers,

and as a drain opener propellant (DuPont, 1969a; Downing, 1966).

C. Discontinued Uses
The fluorocarbon €318, octafluorocyclobutanc, was used as an aerosol
propellant with food products. This has largely been replaced by the use of

fluorocarbon 115, which has been accepted as a food additive by the U.S. Food

~and Drug Administration (DuPont, 1969a) [see Section XVI , Current Regulations].
| .

" D. Projécted'or Proposed Uses
Thére are several applications for the fluorocarboné that could
possibly develop iﬁto rather large markets for these materials. _Both
Callighan (1971)-and Noble (1972) have néted that the ﬁafket for the use 6{'

fluorocarbons as heat and power transfer fluid has great potential. If the
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fluorocarbons were adopted for use in the Rankine cycle engine, which uses
the same principle as the steam engine, the market would be extremely large,
perhaps as large as the total market that now éxists‘(Noble, 1972).

Fluorocarbon-113 is being considered for use in the dry-cleaning
solvent market (Noble, 1972; Drysdale, 1971; Lutz et al., 1967). ﬁbwever,
it 1s relatively expensive compared to perchloro- and trichloroethylene and, -
therefore, the market has not growﬁ appreciably.

Immersion freezing of food with fluorocarbon-12 has also been cited
as a potential growth market (Bucholz and Pigott, 1972; Drysdale, 1971;
Noble, 1972). The boiling point of fluorocarbon-12 (;21.6°F) is ideal for
this application. |

Another application of possibly large magnitude is contact freezing
with brackish water as a desalination procéss (S£epakoff.and Modica; 1973).
The hydrolysis rafe of the fluorocarbon seems to be the important.f$ctof

determining whether this application will be commercially significant,

E. Possible Alternatives to Uses
With every commerclal chemical, there are fwo alternatives to lts
use - (1) substitution with another chemical, or (2) elimination of the
use, In order to understand the possibllity of either of these two alter-
natives, one needs to qnderstand what physical and/or chemical properties led
to the use of the present compound and what motivated the development of the
application., This section will briefly discuss these parametérs'for the

two major applications of fluorocarbons,

29



1, Refrigerants

The development of the refrigerant industry closely parailels
the development of the food preservation-and air-cooling.industrieé. Many
compounds were evaluated for use as refrigefénts but all had serious draw-
backs. '"Some, like ethylene, were flammable; others, like SO,, were corrosive
and toxic; and still others, like ammonia, combined all three hazards"
(Hamilton, 1962). Carbon dioxide was nearly ideal, but neéessary high opera-
ting pressures méde the equipment prohibitively buiky and expensive, In -
the 1920's a series of fatal accidents traceable to refrigerants led to a
developﬁent effort fo synthesize new chemicéls that would ovércome the.adverse
effects described above. Fluorocarbon-12, the first fluorééarbon introduced,
was non-flammable and of ‘low toxicity and had a convenient bpiling point;
-30°C, Thus, the fluorocarbons are used today because they are non-corrosive,
non-flammable, héve éonvenient boiling points, and exhibit a iow order of
toxicity, the last being perhaps the most important. The possibility of
these chemicals being replaced by other compounds seems relative1§ reﬁotg.

The possibility of eliminating thé need for refrigerants.als;
seems remote, Refrigera£ion oflfood is paramount to ité presefvation both
on the way to the conéumer and in storage-by.the consumer. Air coﬁdition—l
1ﬁg is less a necessity than a convenience, although it was fi?sf develéped
by a physician to cool the réoﬁs of feverish patients. It is a necessityv}
in hospitals and in many industrial operations, such as tex;iles, paper,
phbtographic fiim and precision machinery, where climéte;cantroiled air is a
requirement, However, air conditioning for residential'homés, officé bpiid-l
ings, and automobiles is more of a luxury, although some peOpie in tropical

and semi-tropical climates would still categorize it as a necessity.
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2. Aerosols

The first application of aerosol packaging with insecticides
resulted in an increase of efficiency of the éctive ingredient because it
was dispérsed as a true aerosol. However, for most products commercially
available today; 2erosol packaging is not accompanied by an increase in
efficiency, and therefore, the packaging is more one of convenience than _
necessity. Recently, aerosol packaging has come under a great deal of
criticism (see Fritsch et al., 1973 and Crossland, 1974).

Fluorocarbons are used as propellants because of their.rela—
tively low degree of acute toxicity, non-flammability, inertness toward the
active ingredients in aerosol products, and appropriate vabor pressﬁres——
i.e., between 15 and 100 psig (Sage, 1963). Table XVI provides a list of
possible alternatives to fluorocarbon propellant use. 'In most cases, the
compounds are eithef flamﬁable or do not have an appropriate vapor pressure,

OtherAcompounds such as methyl chloride, methylene chloride,
ethyl chloride, dichloroeghylene, and vinyl chloride have been considered as
candidate aerosol propellants (Caujolle, 1964), but are considerably more
toxic than the commonly used fluorocarbons. In fact, vinyl chloride was
shown to cause a rare form of liver cancer and its use in hair sprays and
pesticide products has been eliminated (Crossland, 1974). Thus, if one is
going to use aerosol packaging, the fluorocarbon compounds seem to be the
safest propellant to use, Howevef, expésure to high concentration of
fluorocarbons is not recommended (DuPont,.19695) and the effects of loﬁg—
term exposure ta fluorocarbons have not been completely defined (see |

Sections XI and XII).
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of the Hydrocarbon and Nonliquefied Gas Propellents

Table XVI: Properties
(Sage, 1963)
Carbon Nitrous
Propane Isobutane n-=Butane dioxide oxide Nitrogen Air
chemical fbrmula CH3CHzCH3 (CH3)2CHCH3 CH3'(CH2)2CH3’ C02 N20 N2 : N2 + 02
molecular weight 44,1 58.1 58.1 44,0 44.0  28.0 29 °
boiling point, °F -43.9 13.6 30.9 -1092 -127 -320
freezing point, °F -275 -229 -211 '
vapor pressure, psig - b
70°F 110 31 16 837 720 . 477

"~ 130°F 260 96 66
liquid density at 68°F,

-g/ml : 0.5005 0.5788 0.5571
heat of vaporization, '

Btu/1b 183.1 165.6 157.5
flammable limit, vol., %

in air : ©2.3-7.3 1.8-8.4 1.6-6.5 - nonflam nonflam nonflam nonflam
toxicity, UL rating : .

system : 5 5 5 5 6 6
solubility in water at

77°F¢ | 0.7

0.5 0.014. 0.017

85ublimes.

bAt critical point, -233°F.

“Volume of gas at atmospheric pressure soluble

in

one volume of water.



IV. CURRENT PRACTICES
A. Special Handling in Use
Because the fluorocarbons are commonly used under pressure, the
possibility of container explosion.always exists. For this reason, con-
tainers, especially aerosol containers, should not be exposed to heét.
Both injury and death have been reported from exploding aerosol containers.
that were heated (Fritsch et al., 1973). | S
Contact with large concentrations of the fluorocarbons should élsb»
Over 200 deaths from the abusive use of fluorocarbons (getting

be avoided.

"high") have been reported (Fitsch et al., 1973). This hazard as well

as some other general hazards and some preventive actions are summarized

in Table XVII,

Table XVII

Poténtial Hazards of Fluorocarbons .

Condition

(DuPont 1969a)

Potential Hazard

Sateguard

Vapurs may decompose in flames or in
contact with hot surfaces.

Vapors are 4 to 5 rimes heavier than
air. High concentrations may tend
to accumulate in low places.

Deliberate inhalation to produce
intoxication.

Sume fluorocarbon liquids tend to
remove natural oils from the skin.

Lower boiling liquids mawv be splashed
on skin.

Liquids may be splashed into eyes.

Contact with highly reactive metals.

Inhalation of toxic decomporition
products.

tnhalation of concentrated vapors
can be tatal.

Can be fatal.

Irritation of dry, sensitive skin.

Freezing.

Lower boiling liquids may causc
freezing. Higher boiling liquids
may cause temporary frritation and
{f other chemicals are dissolved,
may cause serious damage.

Violent exploaion may occur. -

tood ventilation. Toxic decompositlon
products serve as warning agents.

Avoid miguse.

Forced-air ventilation at the level of
vapor concentration.

individual breathing devices with air
supply.

Lifelines when entering tanks or

other confined areas.

Do not administer ephinephrine or
other similar drugs.

Gloves and protective clothing.
Gloves and protective clothing.

Wear oye protection. Get medical
attention.  Flush eyes for several
minutes with running water.

Test the proposed system and take
appropriate safety precautions,

33



B. Methods of Transport and Storage

The principal factor required for the transport and stdrage of the
major fluorocarbons is adequaté designvto meet the eievated pressures.
Interstate Conmerce Commission Code gives detailed-spécifications covering
the major f1u§rocarbon chemicals and allowable édntainers for tranéport
purposes (Du Pont, 1973).

The products are shipped in a wide variety of presshrg containers
ranging from 5 gallon drums to 20,000 gallon tank cars. The range of sizes:
~and types of containers is as folqus: |

Nonreturnable steel drums =~ 5 to 55 gallon
Steel and aluminum cylinders - 1 to 2000 pounds
Tank truck trailers - 2000 to 5000 gallons
Tank cars - 6000 to 20,000 gallons

The containers are fitted with safety valves, fupture'discs and
fusible plugs according tq.ICC specifications, as well as fgquirements
for labelling and for leak and pressure testing, Thé loading or filling
limits are also specified for each fluorocarbon in accordance with its
physical properties. Procedures for transferring the products between

storage and transport facilities are well established by fluorocarbon

manufacturers for their own and their customers' operations (Allied Chemical,

1969).
C. Disposal Metnods

Disposal of the fluorocarbon products in other than intended purposés

(e.g., disposal from propellant use) results principally from the following:
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1. Unreclaimed refrigerants in the cooling systems of scrapped
prefabricated type refrigeration and air conditioning units. Disposal of
these old appliances is usually to scrap yards or waste dumps. With this
fate,-the refrigerant eventually escapes to the environment by vaporiza-
tion as a result of corrosion, dismantling or destruction of tﬁe units.

2, Products ac;identally_contaminated in use by customers. When
large refrigeratcr or air conditioner iﬂstallations are involved, the
fluorocarbons are sometimes returned to the fluorocarbon manufacturer for
reprocessing, or are purified by the customer by distillafion.'

Because of the high vapor pressurg(of all the products at
ambient temperature, eventual disposal from the'foregoing, as weli as from
accidenta} leakage, spillage and ffom all uses wheré the compounds are not

altered‘chemically, is to the atmosphere,

D. Accident Procedure

Accidental rupturé can be almost completely el;minated by pro-
viding appropriate safety valves, rupture discs and fusibie plugé, However,
when an accident does occur, the followlng safety precautions should be
followed to avoid potential hazards from accidental leakage.

1, ﬁecause of tﬁeir high densigy, fluoroéarbon‘vapors or gases
can accumulate in low confined spaces wheﬁ accidental releases occur,
Provisions for forced ventilation or for use of indiQidual air hoses are
required to avoid suffocation or cardiac sensitization in.otherwise poorly
ventillated areas, Monitoring devices to detect high éoncent;ations should

be provided for checking concentrations before entering unventillated areas.
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2. To avoid injuries from direct exbosureito the éhemical'éséaping
from the system, protective clothing, gloves and safety glaSSES shbuld be
used when repairing leaks., The invisible hature of the escaping gas
necessitates special precautionms. | |

3. Decomposition of the compounds into toxic.dheﬁicals (e.é.,
phosgeneg HC1, Hf) can occur if the leaking chemical contacts heated sur-
faces, sparks or flames, such as occur during welding. Good ventilation
and monitoring should be provided if exposure to high‘température is likely.
Contact with highly reactive metals should also be avoided as a pdtentiélly

explosive condition,
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V. ENVIRONMENTAL>CONTAMINATION
Because of the high volatility and chemical stability of the major
fluorocarbons, these chemicals are likely-tp be released to and persist
in the atmospheric environment. Korte and Klein (1971) and I1liff (1972)
have briefly discussed the environmental pollution potential from fluoro-
carbons, This section Qill (1) estimate the quantities lost from pro-
duction, transport and storage, use, and diSp;;al; and (2) discuss the
general environmental contamination from fluorocarbons and project future
contamination levels, |
_ A. Contamination from Production

The proauction.précesses described in Section II D give very high
yields. Losses afe limited to small mechanical leakage, small amounts
leaving with byproduct hydrogen chloride, and miscellaneous venting. The
total material loss 1s estimated to be, at the most, 1% (McCarthy, 1973)
for the production operations exéluding transport.and storage. On this
basis, the annual losses of fluorocarbon chemicals to the enviropment from
manufacturing operations would be considerably less than-10 million lbs.
at current production rates.

B. Contaminétibn from Transport and Storage

The fluorocafbon préducts are transported in containers haviﬁg a
wide range of cépacities (see Section IV B). All containers are designed,
tested and labelled according to ICC specifications for pfessurized uses.
Similarly, storage tanks both at producers' and customers' plants are
designed and operated to meet established specifications for the pressure .
conditions. Procedures for transferring the products between stordge and

transport facilities are well established (Allied Chemical, 1969).
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Loss of prodnot during transport and storage is relétively minor
as a consequence of the completely closed system that is used. Losses
are further controlled by monitoring discfepancies, if any, between-nroduot
billings and receipts. In addition, the high cost of tne products provides
an added'incentive to control losses. The total industry-wide loss in
transport and storage is judged to be less than 1% of the total qnéntity
of the product handled, or a loss of less than 10 millionilbs. -

.C. Contamination from Use |

The major loss of fluorocarbons to the environment is due to theirl
}ntentional or unintentional release while they are being used. Estimates
of loss from the major'uses ore'derined in the following séctionsi“ ;

1. Propellants | | ‘

The major loss of fluorocarbon products‘to the'atmOSpheré ’
results from aerosol propellant applications. Essentiaily, all fiuoro-
carbons consumed by this application entor thé atmOSphere; It is judged
that there is a one-year inventory lag and, therofore, at a growth fate of
6%, the current release is 6% less than production. For 1972 (see Table XII},
the loss would be .94 x 529 x 10® 1bs. = 496 x 106 1bs. |

The predominanf methodvof charéing of aerosoi containers is ;
pressure method that is carried'out at ambient temperatnréo. Thevioss.of
prooellant, which ocours principally while sealing the container, amounts
to iess than 1% (Harmon, 1974). For 1972, this would amount tové loss of
0.1 x 529 x 106 1bs. = 5.29 x 106 1lbs., a relatively insignificant amount

%ompared to the loss from the aerosol use.
!
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2. Refrigerants
Loss of fluorocarbons during use as refrigerants may occur in
the following ways: .

a. charging the refrigerants into the
factory sealed prefabricated-type

units

b. Loss from abandoned, scrapped, or.

junked prefabricated-type units

c. Recharging or replacing large commercial
and industrial installations with

refrigerants,
The loss from (a) is estimated to be about the same order as the mechanical
losses ét production plants, namely 1%Z. The demand for prefabricated units
is about 52% of the total refrigerant market (see Table XV) and, therefore,
the loss from (a) is approximately .0l x .52 x 221 x 10% 1bs. = 1.15 X
106 1bs.

Refrigerants in abandoned prefabricated units (b) eventually
escape as the parts corrode or are destroyed. The average life for these
appliances is at least 10 years,'or annually about 10%Z of the total instailed
units are scrapped (ASHRAE, 1972a, b, 1973). The total installed units can
be calculated by assuming that the total demand is equal to the units lost
plus a 6% increase in new units |
221 x 105 1bs. x 0.52 (demand) = 0,06A + .10A (A = total installed units)

115 x 10 1bs. |

= = 6
A 06 + .10 720 x 10° 1bs.

Therefore, the amount lost from (b) is 720 x 10°® lbs. x .10 = 72 x 10° lbs.
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The loss from (c) is judged to be annually abéu; 47 of thevtofal‘
installed units, based on the assumption that the units will be récharged
every 5 years and that 80% of the original refrigerant Qill'be recqvefed.-
Assuming 487 of the total refrigerant market consists of the large commer-
cial units énd using similar reasoning to that described above, the total

installed large commercial units can be calculated.

221 x 10° 1bs. x 0.48 (demand) = 0.06A + .04A (A = total installed units)

106 x 10% 1bs,
.06 + .04

Therefore, the loss from (c) is .04 x 1060 x 10 1lbs, = - 42.4 x 10° 1bs.

A 1060 x 10% 1bs.

3. Solvents
It is estimated that the industry-wide efficiency of the %
fecovery systems used with fluorocarbon solvents is approxiﬁately 80%.
Using an annual growth rate of 6% and a 1972 solvent use quantity of
50 x 108 1bs., the following loss calculation is possible.

50 x 105 1bs.
.06 + .20

Loss = .20 ( ) = 38.5 x 10° 1bs.

4., Blowing Agents
As explained in Section III A, the fluorocarbons used as blow-
ing agents are approximately equally divided between open cell and closed
‘cell applications.- Loss from the closed cell foams‘shouldlbe negligible
while 100% of the fluorocarbons used for open cell foams ShSQld be immed-
iately lost. Therefore, the loss for 1972 should be .50 x 89 x 10% 1lbs, =

44.5 x 10% 1bs.
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5. Plastics
Fluorocarbons used as intermediates for plastic monomers
probably experience some loss during transport and storage and in the
synthesis process. Losses from transport and storage have been considered

previously, The loss during synthesis is considered to be negligible.

D. Contamination from Disposal
The release of fluorocarbons to the environment from diSposal is
principally caused by scrapping prefabricated refrigeration and air con-
ditioning equipment. This has been covered in the section on losses from

use,

E. Fluorécarbon Contaminaﬁioﬁ Levels‘in the Atmosphere

Table XVIII summarizes the fluoroéarboﬁ losses for 1972Adescribed
in the previous sections. It appears that a substantial aﬁount oﬁ fluoro-
carbons are being released to the environmenf from use in the U.S. World
losses could quite easily double the quantity released. |

The high vapor pressure of the major fluorocarbon compounds at
ambient temperatures (Section I), the high chemical stability and inertness
of the compounds (Section’VIII), and the low solubility in aqueous media
suggest that a high fraction of the fluorocarbons that are releaseﬁ will
accumulate and persist in the atmosphere. This suggestion combined with
the fact that sizable quanfities of fluorocarbons are being released has
prompted a number of moniforing studies, thé results of‘which_have been

reviewed in Section VII B and are summarized in Table XXI of that section.

“«
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Table XVIII: Fluorocarbons Released to the Environment in 1972 from U.S. Applications

Losses From (106 1bs.)

Transport Uses
Fluorocarbon Production & Storage Propellants Refrigerants Solvents Foaming Total
Agents

11 CC1l;5F 3 3 231 ~4 22.5 263.5
12 CC1,F, 4 4 247 ~67 22 344.0
22 CHCLF; .8 .8 ~41 42
113 CClF,CFCl, ~.5 ; ~.5 38.5 40
114 CC1F,CClF, ~a2 x ~.2 18 ~3 22

'

.- ‘

9 9 496 115 38.5 44.5 711

Total



In this section the extent that the concentrations of fluorocarbon
chemicals may increase in the atmosphere during the next 50 years has been
projected, In acing this, information on p;oduction and use (sections II
and II1), monitoring data (Section III B), and information on the atmos- .
pheric stability of_fhe fluorocarbons (Section X) has been utilized. _The
projections are based upon the following assumptioné:

1. The 1972 annual U,S. production for the several commercial

fluorocarbons is approximately as follows: (see Table XII)

, - 10% 1bs.

Fluorocarbon 11 300
12 : . 440

22 - 80

113 - .50

114 20

115 & 13B1 10

Total ‘ 900

2. Distribution by uses are approximately as follows (Table XII
combined with Table XV):

Percentag:
Fluorocarbon|Aerosol| Refrigeration Foaming |Solvent Fire
Prefab. Large Agent Extizglliihing
Units | Commercial gen
' Units’
N 3 15
12 60 | 15.5. 14.5 | 10
113 ' 100
114 95 5
115 10 90
13B1 5 _ 95
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3. Annual groﬁth of each compound has been taken uniformly at
6%. Although the past growth.rate has been about 8-10% (8.5% per'year.l
for 1962-1972, Chemical Marketing Reporter, 1973), there are indications
‘that the rate is slowing in the U.S.

4, The world consumption has been projected at double the U.S.
ﬁroduction. Although'the ratio has been less up to the present, it in=-
creased from 1.58 in 1968 to 1,75 in 1972 for aerosol use (see Table XIV)f

5. Because of the uncertain data on the persistence or residence
time of each of the compounds (éee Section X), the projections have been
estimated only for an infinite residenceltime in order to give ap»uppér
.limit value for the_coqcentration.

6. The rate of release of each compound,depends upon the use as
developed in the preceding sections. These release factors are, summarized
as follows: |

Propellants = immediate except for approximately one year lag

due to inventory.

Refrigerants = total loss after 10 years for prefébricated‘units;

42 .
106 ~ 404 of
the total production used in that application (see

for large commercial units the loss is

" Section V, C, 2 annual loss calculation for 1972).

Foaming Agents = 50% is lost immediately (open cell foams); 50% is

never lost (closed cell foams) .

Solvents : 3265 or 77% of the new production is lost immediately

(see Section V, C, 2 for the annual loss calculation
for 1972). ' ‘
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For example, if the total production of fluorocarbon 12 was 100 x 106 1bs.,

the amount lost immediately would be:

0.10

100 x 10® 1bs. x [0.60 + == + (0.145) (0.40)]= 100 x 10° lbs. X 0.708
4 4 A 4 ‘
amount half of amount amount
used amount used for lost
for used for large from
aerosols foams commercial large
' ' refrigeration commercial
refrigeration .

and ten years later

100 x 10 1bs. x .155
would be lost from prefabricated refrigeration units (see Table XIX for
the calculation of fluorocarbon 12).

7. The volume of the global troposphere is assumed to be 1.8 x 1020
fr.3 (5.09 x 102* ml), based on an average altitude of the troposphere of
30,000 to 35,000 feet, or near the lower limit of the fepofted range of
25,000-60,000 feet (Van Nostrand's Scientific Encyclopedia). The surface
area of the planet was taken as 200 x 10° square miies. The selected height
of the troposphere was used in order that the projected results will tend
to be conservatively high. The concentration is calculated on a volumé/
volume basis at standard temperature and pressure,

For the U.S. concentration, the global volume is divided by 4:
453.6 gms 1 mole 22,400 ml
Concentration in U.S. CClpF, = lbs. released X _1 1b. _ 121 gm * 1 mole

5.09 x 102% ml
A

1bs. released x 6.61 x 10720
For the glébal concentration the quantity released is doubled and the total

global volume is used.
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Table XIX.presents the calculations and projected concentra-
tions for fluorocarbon-12, The results of calculations for f luorocarbons
11, 12 and 22, the major commercial products, are depiéted in Figufe 6.

It is felt that these projections are reasonable since the calculated values
correspond well with available monitoring data. For example; the calculated
average global concentration for CCl3F is 66 ppt. Lovelock_gglgl. (1973)
has reported én average concentration of 48 ppt over tﬁe Atléntic Ocean.
Much higher values were observed (60-80 ppt) in the Northern ﬁemisphere.

The concentration of 97 ppt feported by Su and Goldberg (1973) for CC13F

in an air sample taken from a dese:t correéponds well with the calcuiated
.U.S. background level of 133 ppt. The slightly'higher\calgulated value may
be attributed to the deliberate choiée of factors (e.g., atmOSpﬁericg |
ﬁolume, infinite sfébiliﬁy) to project the upper limits of concentration.
However, the calculated values do conflict with the CClez,conceﬁtration of
700 ppt measured‘by Su.and Gol&berg (1973) in the:deserpiloo km northeast

of San Diego, We find it hard to beligve ;h;t the 700 ppt'concentration

is a background level, especially when this is the average éoncéntration
for CCl,F, observed by Héster 55.21.(19755 in the Los Angeleé Basin and

our upper limit calculated value is 133 ppt for the U.S.

Su and Goldberg (1973) have suggested that a longer residence
time can.explain the_higher levels of fluorocarbon 12 than fluorocarbon<li.
We have calculated some.concéntrations usihg residgnce times of 10 years
for CCl,F,(Lovelock et al., 1973) and 30 years for CCl3F (Su and Coldbérg,
‘1973). These residence times have almost no effect on 1972 concentrations.
although they have some effect on future projections'and, therefpre, they do

not explain the discrepancy.
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Table XIX: Estimation of Average Concentrations
of Fluorocarbon 12 in the Atmosphere

Year Annual Total Total Accumulated Quantity Concentration
Production Consumed Consumed Released to Atmosphere in Parts Per Triliion
Rate in U.S. During to Date in U.S. (10® 1bs.) (10~!2) by volume
108 1bs. 5<-year in U.S. Immediate After 10 years Total in u.s. Global
Period 10% 1bs. 0.708 x(E) .155 Atmosphere " Atmosphere Atmosphere
. 106 1bs. 10 years before no
. degradation
©) ©) ® ® ® O
1952 50 200 ~ 200 142 - 142 9 . 5
. 300 212 -
1957 100 : 500 354 - 354 23 12
- 750 531
1962 208 1,250 885 31 916 61 30
’ 1,200 850 46 -
1967 310 . 2,450 1,735 77 1,812 120 60
1,750 1,240 116 .
1972 439 4,200 2,975 193 3,168 . 209 104
) 2,480 1,755 186
1977 590 6,680 4,730 379 5,109 337 . 168
: 3,320 2,350 271
1982 790 - 10,000 7,080 650 7,730 511 254
4,450 ) 3,150 384
1987 1055 14,450 10,230 1,034 11,264 745 371
5,950 4,212 515
1992 1400 20,400 14,442 1,549 15,991 1057 526
) . 7,900 5,593 690
1997 - 1890 28,300 20,035 2,239 i 22,274 - 1472 733
. 10,700 7,575 922 . ©
2002 2580 39,000 27,610 3,161 30,771 2034 1012
’ 14,300 10,124 1,224
2007 3400 53,300 37,734 4,385 42,119 2784 . 1385
© 19,200 ’ - 13,594 . 1,658 )
2012 . 4550 72,500 51,328 6,043 57,371 3792 1887
25,500 . 18,054 2,216 .
2017 6100 ' 98,000 69,382 -7 8,259 77,641 5132 2554
34,000 ’ 24,072 2,976

2022 8200 132,000 93,454 11,235 104,689 6920 3444
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The calculated values are only averages and, thérefore, regional
fluctuations can be expected. By comparing the variations in 1972-3 moni=-
toring data, it is expected that highly populated éenters may havg average
concentrations 10-15 timeé'thé global concentrations (e.g8., CCljF - global
48 ppt - highest average value measured 650 ppt, Hester et al., 1973). Ia
addition, for short.periods of time, concentrations several thousand times
the background levels may be oﬂserved. Thus, in the year 2000, the average
concentration in urban areas of fluorocarbon 11 would be approximately 10 ppb

with high fluctuations to possibly 10 ppm.
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VI. CONTROL TECHNOLOGY
A, Currently Used
Control technology associated with production, storage, and trans-
port takes the form of preventive maintenance and monitoring for ieaks.
The industry applies tﬁese.controls for its own economic benefit. By
controlling temperatufe and pressure a minimum of loss is possible, - The
monitoring deviées can vary from the simplest and oldest technique.of
using a soap solution £6 a more sophisticated approach‘using flame ioni-
zation or electron capture techniques, o
Loss from use is the major source of fluorocarbon contamination.
The majdr loss is from aerosol propellants and, by its very nature,
recovery 1s impossible. When large quantities of flqorocarbons ére used
in one place such as in large commercial refrigeration.applications;or
éolvent uses, considerable amounts of the materials are tecovered by
condensation and redistillation., For example; cooliné Coilings were used
to recover solvent loss from a degreasing blant (Creve, 1971). Efficiencies
of recovery are kept as high as possible because of the high price of the
materials involved.
IB. Under Déveiopmént

No new control technology is under development.
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VII, MONITORING AND ANALYSIS
A. Analytical Methods and Sensitivity

Development of analytical techniques for determining fluorocarbons
in trace amounts was first_undertaken in order to allo& the use of fluoro-
carbons as a tracer of atmospheric dispersion. Schultz (1957) found that
dichlorodif luoromethane was a promising tracer chemical. He used a modified
ionization-type leak detector which was sensitive to a concentration of
approximately 1 ppm; however he was plagued by non-reproducibility (Cbllins
et al., 1965).

Marcali and Linch (1966) reported a colorimetric method for per-
fluoroisobutylene and hexafluoropropene in air samples capable of detecting
these compounds at 0.1 ppm and 0;02 ppm, respectively. The method is based
on a chemical reaction between the fluorocarbon and pyridine and;piperidine
in methanol (collection solvent) due to the unsaturated system (X-C=CFy, X =
halogen)vand, therefore, is only géod for unsaturated fluorocafbons.

McFee and Bechtold (1971) studied a combined pyrolyzeremicrocoulomb
detector system as a continuous monitoring system. The limits of de;ection
for trichlorotrifluoroethane and ﬁetrachlorodifluofoethane were 0.3 ppm and
079 ppm, respecyively. The authors suggested that this instrument would be
useful for testing air cleaning systems and for measuring toxicants with low
threshold limit values.

Shargél and Koss (1972) u;ed a gas chromatographic method wi;h
electron-capture detection for determining chlorofluorocarbons in doé blood.

The method used a hexane extraction and the lower limits of quantification
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were 3,3, 10, 40, and 80 ug/l of blood for trichlorofluoromethane, dichloro-
difluoromethane, trichlorotrifluoroethane, and dichlorotet;af1uoroethane, 
respectively, | |

Collins and Utley (1972) studied the possible use ofbmass spectrometry .
for detection and identification of organic pollutants in‘the atmosphere. .They ’
used a silicone rubber membrane direct inlet system (similaf to GC-MS inter-
Faces) which allowed 1000 fold increases in minor components of air. With
this system, they could detect trichlorotrifluoroethane at 0.1 ppm. .

Two techniques have been used to detect fluorocarbons in air at
ppb to ppt (1079 - 10‘12) coﬁcentration_ranges; (1) direct analysis of
air-fluorocarbon mixtures with gas chromﬁtography with an eleétron—cagture
detector (GC-EC), and (2) sampling tube concentration witﬁ gas chromafggraphy
and flame ionization detection (GC-FI). Collins et al. (1965) used the GC-EC
technique to étudy the use of sulphur hexafluoride and_dichlorodifluoro— |
methane as gas air tracers. ' They found the sensitivity for dichlorbdif;uoro—
methane to be only in the 50 to 100 ppb range. Saltzman et al. (1966) used
a similar GC-EC system with bromotrifluoromefhane and octafluorocyclobutane.
A Sénsitivity of about 0.3 ppb was achieved withod£ concentréting the sample,

Geibicova;Ruzickéva et al. (1972) developed a method fqr determining
minute quaﬁtities of halothane (2-chloro~2-bromo—1,1,1—t£ifluoroethane) in
the.air of operating theaters. bThey used a porous pélymef packing (Porgpak
P aﬁd Q) in a sampling tube to préconcentraté the sémple. Detection_was
carried out with a flame ionization detector (GC—FI). Con;eﬁtrations down
to 10 ppb could be determined. These authors referenced a rebort that noted
a low stability of the electron capture'deteétor if the electrodes are con-

taminated by large amounts of water vapor and oxygen. However, Lovelock and
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coworkers (Lovelock, 1971, 1972; Lovelock et al., 19735, Su and Goldberg
(1973), and Hester et al. (1973) have found gas chromatogrgphy with an
electron capture detector té be quite satisfactory for determining trichloro-
fluoromethane and dichlorodifluoromethane at approximately 5-10 ppt and

100 ppt by volume, respectively (Hester et al., 1973). L;veiock used
experimental conditions where the ionization in the detector is complete,
making the system coulometric (Lovelock et al., 1971). Lovelock (1971)

notes that other fluorocarbons such as difluorodichloromethane and perfluoro-
cyclobutane were not detected at the low background levels becaﬁse of their
low sensitivity in the electron-capture detector. llowever, higher concen-
trations of fluorncarbon 12 have béen monitored by Su and Goldberg (1973)

and Hester et al.(1973). )

Clemons and Altshuller (1966) reviewed the electron-capture detector
sensitivity of a number of halogenated substances. -Table XX 1is£s those |
results for fluorocarbon compounds and compares them to flame—ionizatipn A
detection. The figures show that for mﬁny compounds (ones with less than
2 chlorines) flame;ionization detecﬁion is just asxsensitive as electron-
capture, However, because the electron-capture detector is specific for
halogenated substances, it is often used even wheﬁ the flame4ionization
detector would be more sensitive, |

B, Current Monitoring

The sizable quantities of fluorocarbons being released to the
environment have prompted a number of ambient air monitoring studies. The
first reported monitoring data was a study by Lovelock (1971) thét compared

the concentration of CCl3F to the turbidity in southwest Ireland. When the
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TABLE XX

Electron—Cabture Detector Response to Various Fluorinated Compounds
(Clemons and Altshuller, 1966)

Compound Fluorocarbon # - Response ‘ Response
(sq.in. ppm) Flame-ionization
: (sq.in. ppm)
(all compounds)

SF¢ | ..580
c1~*c13 11 370
(CF3)2C=CF2 | 1218 ' 90
ClFZC-CFCIZ 113 50
CF,CF,CF,CF, c318 - 30-40
1 1 . .
CFBBt 13B1 - 12-40
CF,Cl, 12 9
C1F,CCF,C1 114 : 2
CF,=CC1, 1112 0.2 0.1-1.0
CHFC1, 21 5.x 102
-2
CF 4CF,C1 115 5 x 10
CF,=CFC1 1113 3 x 1072
CF,C1 13 1x 103
CHF, C1 22 3 x 1073
CF, 14 3 x 107%
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wind was blowing from the west (Atlantic Ocean) both the CCl3F concentration
(10 ppb by volume) and the turbidity were less than when the wind came from
the European continent (CCl3F concentration 190 ppb). Lovelock (1972)
reported similar, but more detailed results of monitoring data in Ireland.
When the wind was blowing from the west the éverage concentration was about
50 ppt; when from the east, 100 ppt. In 1973, Lovelock and coworkers (1273)
monitored CCl3F above the Atlantic Ocean in both the Northern and Southern
Hemisphere. A global mean concentration of 48 ppt was reported, with a high
in the Northern Hemisphere of 78 ppf and a low in the Southern Hemiisphere
of 38 ppt. Concentrations in the sea water ranged from 20—70 ppt.

| Su énd Goldberg (1973) ﬁonitored ambient levels of both CCl3F and
CCl,F;. In La Jolla and San Diego, California, they found averages of
370 + 560 ppt and 290 + 249 ppt for CC1l3F and averages of 5800 * 4600 ppt
and 3200 *+ 1400 pot fo; CCl,F,, respectively. In a desert 100 km north-east
of San Diego, they reported 97 ppt and 700 ppt for CCl3F and CClF;, respec-
tively.

Hester et al. (1973) monitored CCl3F and CC1F; in'ambieht air
samples and in air samples from homes in the greater Los Angeles basin. In
ambient air samples the average readings were 560 ppt for CC13F and 700 ppt
for CCléFz, bué the concentrations varied by more than a factor of ten.

For each sample; the ratio of CCl3F/CCl,F, was compared. If the changes in
concentration were due only to dilution, the raﬁio should be fairly constant.
However, the ratios varied as much as the poncéntrations. Thg average ratio
of CC12F2/CC13F (1.29) corresponded to a weight ratio of 1.1 gram CCl,F, to

1 gram of CCl;3F. The effects of altitude clearly-showed that the
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fluordqarbons were trapped By an inversion layer (above inversion CCl3F ~'80 pPpt;
CCl,oFo= <100 ppt) as were the visable pollutants. Conceﬁttapions of fluoro- |
carbons near a cosmetic plant were only 3-4 fold over typical ambient levels
suggesting that the loss suffered in filling aerosol cans is small. Monitoring
near a polyurethane plant showed(similar low results suggesting small losses
from closed~cell foaming operations. The levels of both fluorocarbons 11 and
fZ in homes, are, on the average higher than the typical ambient air samples.
In some cases, the concentrations were several thousand times higher (CC1l3F
range 220-1200 ppt; CCl,F, range 300-510,000 ppt).

Simmonds et al. (1974) also monitored CCl3F in thé Lés Angéles.basin.
They reported an averége level of 650 ppt and a lower concentration of 110 ppt
when the wind was blowingliﬁ froﬁ.the'Pacific; The highest concentratio£
fbr CC13F was obsérved at 8 a.m., which the authors suggést‘is due to the
early morning use of aerosol propellants. 1In a few measurements .of CClyFjp .
the authors found similar vari;tions in conceﬁtration with time, again
suggestive of aerosol dispensers as thé source (many aerosols used a.prOpellant
mixture of 50:50 CC13F/CC1l,F,). Above an inversion, tﬁeiaqthOrs found a
concentration of 260 ppt. |

The above monitoring data is summarized in Table XXI.
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Table XXI.

Fluorocarbon Concentrations

in the

Atmosphere

(ppt, 10712, by volume)
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Above] Above] Above Above " Above
Above Land Land Land Land an . -
. -the Wind Rural Urban Desert In Homes Inversion
Reference Ocean from
: Qcean
Lovelock,
1971 (CC1l3F) 10 190
Lovelock,
1972 (CClgsF) 50 100
Lovelock 35 §l.
1973 (CClg3F) 48 (aver)
78 high
38 lew
|
Su & Goldberg,
1973 (CClsF) aver.
370 + 560 97
aver, ‘
290 + 240
(CC1,F,) Aver. 5800
* 4600 700
Aver. 3200
* 1400
Hester et al.
1973 (CCl3F) Aver. 560 220~ 80
12,000
(CC15F),). Aver. 700 300 - <100
510,000
Simmonds
et al., 1974
(CC13F) 110 Aver. 650 260



VIII. CHEMISTRY
A. Reaétions Involved in Use
With the exception of their use as chemical intermediates, the
fluorocafbon compounds being reviewed fiqd applications due to their
chemical stability rather than chemical reaétivity. This chemicgl |
stability is a result of the strength of'the C-F bond ana the inéfease
in the bond energy of the C-Cl bond as the fluorine Substitutibn in-

~ creases. This 1s illustrated in Table XXII,

Table XXII: Bond Energies of Chlorofluorocarbons
(Kcal/mole) (Bower, 1973)

Compound ~.cc ‘ c-cl - - C-F
cel, - 69 -
'CC13F - 74 - 99 -
CC1,F, - 81 107
CCIF3 - 85 | 114
CF,, S - 122
CoClg . 63 ' 68 - -
C,C1gF 67 69 97
73 ‘
C,C1,F, 72 74 99
CpCl3Fy 77 75 106
| 79
C,CL,F, 83 80 100
o 108
C,C1Fs 88 81 109
| s
CoFg 94 - 116

The hydrolytic and thermal stability, which will be discussed in the

following sections, closely parallels these bond energies.
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Although quite inert, the fluorocarbons do exhibit some chemical
reactivity in various applications, Corrosion of aerosol cans due to the
decompogition of the propellants is commonly studied. For example, tri-
chlorofluoromethane is considered unsuitable forlwatér-basgd products
packaged in metal containers since some metals may catalyze the hydrolysis
of trichloroflﬁoroﬁethane with liberation of acid. - Sanders (1960) has
demonstrated a free-radical reaction between triéhlbrofluoromethane and
alcohols resulting in dichloromonofluoromethane and small amounts of
tetrachlorodifluoroethane. The reaction is inhibited by high concentra-
tions of oxygen and, therefore, it is not likely that it will occur in
nature. Similar corrosion studies of fluorocarbons 11 and 12 in aerosol
cans have been reported (Bohac, 1968; Minford, 1964).

Most commnon construction metals can be used with the fluoro-
carbons at normal temperatures although at elevated temperatures they may
act as catalysts for the breakdown of compounds. The general order of
thermal reactivity wi&h‘metals is: Leaét decomposition - Inconol
< 18-8 stainless steel < niﬁkel < 1340 steel - alumiﬁum < copper < bronze
< brass < silver - Most decomposition. The order of réactivityAmay vary
somewhat with individual compounds. Maénesium alloys and aluminﬁm con-
taining more than 2 percent magnesium are not recommended for use with
the fluorocarbons where water may be present (DuPont, 1969a).

‘Some of the fluorocarbons under review are used to synthesize
ethylene monomers which are used in the synthesis of fluorocarbon resians
and elastomers. The most important process commercially is- the pyrolytic

dimerization of chlorodifluoromethane to form tetrafiuorvethylene:

500 - 1000°C
2CHC1F, — 3.CF, = CF, + 2HCL,
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The perhalogenated ethanes can be dehalogenated by zinc (also

magnesium and aluminum) in the presence of polar solvents:

CC1,F - CCLFy —2™ 4 CCIF = CFp + ZnCly - .

Alcohol

B. Hydrolysis .

The hydrolysis of the flﬁorocarbons has réceived a g?eét deal of
study due to its economic importance in the Hydrate Pfocéss for desalina-
tion (Colten et al., 1972; Stepakoff and Modica, 1973; Johnson et al.,
1972) . The hydrolysis reaction is considered to be a first éyder reaction
with the rate determining step being the slow ionizapion of the flqdro-
carbon to a carbonium ion and halide ion followed by a faster reaét#bn of

the carbonium idn with water (Johnson et al., 1972), as depicted for‘

fluorocarbon 31 in Figure 7.

CH2C1F~—-—1—-) CH2F+ + Cl  (slow)
+ 2 +
CH,F + Hy0 —==> CH,FOH + H (fast)
CH2FOH-—-§—) HCHO + HF (faster than 1)
Figure 7: Hydrolysis Mechanism of Fluorocarbon 31
(Johnson et al., 1972)

The carbon-chlorine bond is probably the first bond broken in the hydrolysis.
Experiments with l-chloro-3-fluoropropane indicate the rate of hydrolysis

of the carbon-chlorine bond is 100 times faster than the carbon-fluorine

bond (Bower, 1973).
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The fluorocarbons as a group exhibit a low rate of hydfoiysis in
comparison to other halogenated compounds, Table XXIII présents some rates
of hydrolysis in water. When water alone is used, the rate is tob low to
be determined by the analytical method. Johnson and c;workeré (i972) have ,
reported a half-life of 1,2 x 10® hr at 1 atm and 25°C fér the hydrolysis
of fluorocarbon 114 based on the first order modél. The rate of hydrolysis

Table XXIII: Hydrolysis Rate in Water#

Grams/(liter of Water) (year)
(DuPont, 1969, no date b)

*

Saturation | 1% Na,CO; | 10% NaOH
1 atm Pressure < .
86°F Pressure Solution Solution
122°F%
Compound . Water Alone | With Steel | With Steel
CHyCl * X 110
CH2C12 ’ % * 55
"Freon" 113 <0,005 ca, 50%=% ' 40
"Freon" 11 <0,005 ca. 10%* . 28 o 0.12 _ 100
"Freon" 12 <0.005 0.8 10 0.04 40
"Freon" 21 | <0.01 5.2 f 9
"Freon" 114| <0.005 1.4 3 | o.01 3
"Freon" 22 <0.01 0.1 * 0.6%%% | 955%k%
"Freon" 502 <0.01% <0,.1%

#Grams of refrigerant hydrolyzed per liter of solutior saturated with gas
*Not Measured

**Observed rates vary

***orams/liter/day
tEstimated

is greatly affected by temperature and pressure and the presence of other

materials. For example, metals have a tendency to catalyze the hydrolysis
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reaction., The pH of the water also has an effect on the rate of hydfol+
‘ysis of fluorocarbons containing hydrogen (e.g., fluorocarb&n 22).

Under alkaline conditions, these compounds tend to hydroiyZe more rapidiy '
than under neutral or acidic conditions. The results depictedvih Table.
XXIII generally indicate the retarding effect of fluorineISubstitution on
the hydrolysis rate. ' This has also beeﬁ demonStrated'onia series of

' chloromethanes (CH3Cl, CH,FCl, CHF,Cl) by Boggs and Moéher“(l960).

On theoretical grounds (bond strength of C-Br'bond), bromotri-
fluoromethane should hydrolyze more rapidly than the chlérofluorocarbons.
However, Saltzman et al. (1966) found no detectable.loss of the compound
in moist air mixtures which were aged fof severai days, but this may be

attributed to the lack of sensitivity of the technique USed.

C. Oxidation
The fluorpcarbon-compounds are highly resistant to attack by
conventional éxidizing agents at temperatures below 200°C (Bower, 1973;
Dowping, 1966). At elevated temperatures, air éontaminatién can increase

the decomposition rates by 300 percent or more (Callighan, 1971).

D. Thermal Stability

In general, the fluorocarbons exhibit a high degree of thermal
. stability. As noted earlier, the degree of stability is dependent upon
the degree of fluorine substitution (see discussion oﬁ bond energies 'in
section VIII A). The stability of the compoundslis dependent upon the

test conditions used and the materials to which the compound is exposed.
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Table XXIV: Thermal Stability of Fluorocarbon Compounds
(DuPont, 1969%a) -

Maximum
Temperature for Continuous 1
Exposure in the Presence of Decompusition ) Temperature for
011, Steel and Copper, Rate at 400°F in Steel, First Trace of Decomposition
Compound Formula °F Per Cent/Year in Quartz, °F

11 CCl4F 225 2 ' 840
113 CClF=CC1F, 225 . 6 . ' 570
12 CC1,F, ] 250 <1 1000
114 CC1F,-CCLF, 250 1 * .
22 CHCIF, 300 oo 550
502 CHC1F;/CC1F,CF 300 * *
13 CCIF3 >300 * *

*Not measured

Table XXIV presents some thermal stability data. The recommended

maximum temperatures are based on laboratory tests, but have been in sﬁb-
stantial agreement with field experience. The deéompcsition rates are
determined from six-~-day exposures,

Callighan (1971) has reviewed the available thermél stability data
on fluorocarbons 11, 12, 22, 113, 114, and 116 and convgrted the various
test results into "standard" percent per year values. The results can vary
considerably depending upon the contaminants (e.g., water and air), exposure
time, and whether the experiment was run long enough fo feach a steady state.

With this in mind, the following approximate decomposition rates were tabulated.

63



Table XXV: Decomposition Values of Fluorocarbons at 400°F
(Callighan, 1971) '

Percent Per Year in Presence of

Fe Only ; Fe + Cu + Al + oil (naphthenic)

Lower Upper - Lower Upper

Fluorocarbon Limit Limit - Limit Limit -
114 0.055 1.0 9 22
113 0.2 6 700 , 710,000

11 2.0 60 too high to estimate
22 0.1 9.0 0.35 9
12 0.3 1.0 3500 7,100,000
stability rank ‘114 114 22 22
highest 22 12 s o114

' . o : 1

113 113 113 C 113
12 22 12 B 12
lowest 11 11 nmn 11
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In general, these results agree well with‘the fluorine substitution pattern.
The pyrolysis products usually include hydrofluoric and hydrochloric ac;a
and, 1f a source of water or 6xygen is availlable, a small amount of phosgene,
Thermal dehydrohalogeﬁatioh‘éan occur with appropriate chlorofluoroethanes

to yield substituted éthylenes (Hyskins et al., 1951).

E. Photochemistry

Sandorfy and coworkers (uncet et al., 1973) have’examined the vacuum
ultraviolet spectra of a series of methane fiuorocarbons (13, 13B1, 22, 31,
21, 12 and 11) and have observed no absorption‘above 200 nm for the chloro-
fluorocarbons. Thgy have also completedvstudies with the ethane series
(fluorocarbon 113, 114 and 115) and these also exhibit no atsorption above
200 nm (Doucet et al., 1974). Since the waveiength of sunlight at aItithes
below approximately 50 kilometers falls above 280 nm, fhere is no mechanism
for direct photoalteratiqn of these chemicals in the lower atmosphere.
Experimental results under atmospheric conditions uphold this posfulated lack
of photochemical reactivity, Japar EE;EL' (1974) found no evidence of reaction
with fluorocarboné 11,'12, 22, 113, 114, 115 during irradiations (A>310 nm)
of mixtures of the fluoroéarbons with olefins énd nitrogen oxides in a long
path infrared cell ;eaction vessel. Hester et al. (1973) placed fluorocarbons
11 and 12 in ambient éir samples and photolyzed them in a 20 litef pyrex car-
boy with 11 blacklighflfluorescent lights for a period oanlmost 2 months.
No éhange was detected. Also, Saltzman et al. (1966) found no photochemicél
reactivity for bromotrifluoromethéne (13Bl1) from irradiation with fluorescent

black lights.
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Photolysis of thé fluorocarbons at altitudes above 50 kilometers,
where tﬁe high energy sunlight is not filtered out by the ozone layer, may
be a major decomposition route for the removal of the fluorbcarbons from the
atmosphere. Doucet et al. (1973) suggests that the photochemlcal reactivity
at these high energles shogid increase in the series CF3Cl -+ CF,HC1 - CFH2C1

+ CH3Cl and the same is expected when the number of chlorine atoms is increased

or a chlorine is replaced with a bromine.

F. Other Chemical Reactions
The carbon-fluorine bond is extremely resistant to almost all chemical
xeagenté. Reduction with hydroged does not occur until above 830°C and often

the C-C bond is also cleaved
CgFyp + H'z *m—-—oa-é—* CFyH,

Strong reducing agents such as lithium aluminum hydride will reduce other

halogens but not the C-F bond
CFp—CFC1 LiAlH,
|| Al
CF, —CFC1 ' CF,—CFH

CFo—CFH

o

In contrast, triflﬁoromethyliodide will undergo a freevradical fype rgductipn
simply in ﬁhe preseﬁce of a hydrogen donor (Bower, 1973);
CF3I + CgHyy —> CF3H + CgHy 3l
The fully halogenated chlorofluorocarbons afe inert to halogenation,
but unsaturated compounds and the compounds cbntaiﬁing a hydrogen will add
or substitute a halogen relatively easily (Bower, 1973).
CF, = CFy + Brop—— CFBr-CF,Br

CFsH + Bry—> CF3Br + HBY

The fluorocarbons also will react violently with aikali and alkaline

earth metals such as sodium, potassium, and barium.
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1X. BIOLOGY
A. Absorption/Elimination

Under normal conditions, the fluorocarbon propellants, solvents, and
fire extinguishing agents have three routes of entry into terrestfial verte-
brates: inhalation, ingestion, and dermal absorption. However, because of
the physical properties and uses of these compounds, inhalation is by far
the most common route of entry and elimination.

Many of these fluorocarbons have been extensively tested on both
standard laboratory mammals and man to determine their absorption and
elimination patterns during and after exposure. Generally, two t?pes of
exposure have been used: inhalation of air containing a.kndwn conéentration
of fluorocarbons (usually expressed as per cent by volume) and
direct inhalation of propellants from bronchodilator-type nebulizers
(usually expressed as mg. of fluorocarbon inhaled). For the most part; two
techniques have been used for determining fluorocarbon retention: measurement
of fluorocarbon blood levels and measurement of fluorocarbons in expired air.
Of these techniques, blood levels have been the more used because, in dealing
with fluorocarbon exposure, it is often desirable go know or be able to
predict the blood levels wﬁ;ch will be reached under a given éet ofAconditions -
e.g. concentration, duration, activity, species, etc. However, the amount
and rate of any gés absorbed and/or eliminated during reSpiration will depend
on a variety of faétors such as fhe physical and chemical properties of the
gas, concentration of the gas in inspired air, the breathing patterns of the
animal, the size and surface characteristics of the absorbiﬁg surface, and

the characteristics of the absorbing elements (e.g. blood cells and plasma).
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Consequently, blood levels of a gas under similar conditions of exposure may
vary with the species, individuals in the species, and a given iﬁdividual at
different activity leveis. Further, absorption and elimination are dynamic
processes involving equilibria étates between the ambient.ﬁir and blood,
between the blood and body tissues, and between the various body tissueé
themselves. Thus, fluorocarbon absorption data are often given as peak
blood levels for a given concentration x time exposure. For those
concerned with long term exposures, these values are most instructive when
equilibria is reached. Elimination data is similarly given as'half;life,
time to total or partial elimination, or percent elimination. at a'given.time
measured either as blood leQels or perﬁent eliﬁinated in expired éir.
Although the various typés of inforﬁafion available on fluorocarbon
absorption are not contradictory, they are nonetheless difficult to |
compare, either because of the units in which they are expreésed*or the%
experimental conditions under which they are obtaiﬁed. Therefore, threé
types of information will be considered separately: 1) information derived
on fluorocarbon retention from concentrations in expired air; 2) fluorqcarboq
blood levels after inhalation from nebulizer apparatﬁs; aﬁd 3) fluorocarbon
blood levels after inhalation of fluorocarbon-containing ambient air.

1. Fluorocarbong in Expired Air

The relative amounts of fluorocarbons F-11, F-12, F-113, and.F—lla
absorbed by manhave been measured in breath holding experiments (Morgan
Eﬁ.éi-» 1972). Such experiments involve having the subject inhale a known
concentration of a 38Cl—labelled fluorocarbon, theﬁ measuring the activity
in alveolar air after varying periods of breath holding. lThe fesults are

given in Figure 8.
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Copyright 1972, Pergamon Press.
Qualitatively, these results agree Qell with other information on the amount
of fluorocarbons absorbed by the blood indicating the following order:
F-11>F-113>F-114=F-12. As pointed out by the various investigators refer-
enced in Table XXVI, this order agrees well with the blood/gas partition
coefficients for these compounds in blood, blood serum, and olive oil.

Table XXVI: Partition Coefficients of Various Fluorocarbons

Compound Whole blood Whole blood Blood serum Olive 0113
(rat)-1 : (man) 2 (man) 3 4

F-11 1.4 0.87 0.9 27

F-12 0.2 0.15 0.2 3

F-113 0.8 32

F-114 ’ 0.15 0.2 5

! Allen and Hanburys Ltd., 1971
2 Chiou and Niazi, 1973

Morgan et al., 1972 69



The values for §live oil compare reasonably well enough to those of blood

so that they might be indicative of blood/gas partition coefficients for
fluorocarbons. Halothane (l-bromo-l-chloro-Z,Z,2—trif1u6roéthane), a potént
anesthetic, has a partition coefficient in human blood of 2.3 (Larson, 1962).
The blood gas partition coefficients for l,l;l—tricﬁloroethéne_and |
1?},2-trichloroethane (see Figuré 8) are 7 and 56 respectively, indicating
that correlation of blood/gas partition coefficient to-ébsofption may hold
for all volatile halocarbons. Whé; exposure is terminated and equilibria

forces are reversed, the more readily absorbed compounds are retained

longer. This is demonstrated in Figufe 9 for F-11 and F-12.
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Reprinted with permission from A. Morgan,
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The inverse relationship between ease of elimination and absorption is further
illustrated by data on percent retention after 30 minutes and the number of

respiratory cycles to total elimination as given in Table XXVII.

Table XXVII. Elimination of Fluorocarbons
as Measured in Expired Air

Fluorocarbon % ketained after Numbér of Respiratqry
30 Minutes! Cycles to 100%
Mean (S.D.) Eliminatiqn2
F-11 23.0 + 2.2 - 127
F-12 10.3 + 2.2 41
F-113 19.8 + 0.9 -
F-114 12.3 + 4,1 ) 39

] Morgan et al., 1972

2 Paulet ;Ed—Ehevrier, 1969
Additional data by Faulet and coworkers (1969)'indicate that the differences:
between F-12 and F-114 are insignificant. Thus, the retention of fluorocarbons
after inhalation follows the same order as the amount absorbed during
exposure: F-11>F-113>F-114=F-12.

The above exposures, while useful in determining relative rates of

absorption and elimination, are obtained over relatively short periods
of time and offer little information on long term exposure. Reinhardt and
coworkers (1971b) have conducted retention experiments on F-113 in man over.
occupationally reievaht periods. They measured the rétention of F-113 as
indicated by fluorocarbon con;entration in expired air from human volunteers

exposed to 0.05% and 0.1% F-113. Exposure periods were three hours in the
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‘morning and three hours in the afternoon. Breath sampleé>were taken before
the morning exposure (A.M. data) and after the afternoon exposure (P.M. daté).
The results are given in Table XXVIII. |

Table XXVIII. Concentration of F-113 in Alveolar Air (ppm) After

Exposure to 0.05% ‘and 0.1% F-113
(Reinhardt et al., 1971b).

Exposure Post
Day of 500 ppm 1000 ppm lExposure

Subject Week a.m. p.m. a.m. p.m. a.m.
I M <1 60 <1 113 <1
T <1 65 <1 88 <1

W <1 59 2.0 1 -

T <1 57 1.5 105 -—

F <1 51 1.5 93 -
11 M <1 61 < 1 115 1.5
T <1 56 1.5 85 <1

W 2.0 51 1.5 102 -

T <1 49 1.0 79 -

F <1 55 1.5 103 -

III M <1 45 <1 88 - <1,
T <1 27 <1 66 <1

W 1.5 18 2.0 57 -

T <1 18 3.0 54 -

F 3.0 31 1.0 60 --

Iv M <1 47 < 1 84 <1
T <1 44 1.0 67 <1

W <1 35 1.5 56 -

T 1.0 35 2.0 60 -

F <1 41 2.0

71 -

Note: (--) Indicates not measured.

Although there is no indication of fluorocarbon accumulation, detectable levels

were retained over night in four cases at 0.05% and in fourteen cases at
0.1% exposure levels. In one instance, a detectable level was found on the:

Monday morning after a two day weekend following the final exposure to 0.1%
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F-113 (Reinhardt et al{, 1971). This information would seem atAleast an
indirect indication of tissue storage requiring a "wash out" period of over
60 hours.

2. Fluorocarbon Blood Levels After Nebulizer Administration

Studies of the amount of fluorocarbons in the blood have concentrated
on two types of exposures, those resulting from inhalation of air with known
concentrations of the gases and those from direct inhalation of propellanfs
from bronchodilator-type‘nebulizers. The analytical techniques ﬁsed in these
experiments - headspace, direct injection, and solvent extraction - are
discussed elsewhere (Terrill, 1972a and b; Chiou and Niazi, 1973).

| Bronchodilator drugs, such as isoproterenol are frequently provided
in nebulizers and propelléd by various fluorocarbons. vWith each depression
of the value or puff, a fixed amount of drug and fluorocarbon mixture is
released. Some of these drugs and the amounts of various flunrocarbons

released with each puff are given in Table XXIX.
Table XXIX. Some Bronchodilator Drugs and the amount of

Fluorocarbons used as Propellants (Patterso
_e_t-é_lo, 1971)- . )

Fluorocarbon content (mg.) per puff of:

Fluorocarbon ‘Medihaler Iso' 'Medihaler Isoforte’ 'Alupent' Lsoming' 'Ventolin' 'Thllﬁ‘ia*
(isopreualine) (isoprenaline) (orciprenaline) (1zoprenaline) {salbutamol)
11 8.57 . B.62 15.30 28.0 25.0 28.7

12 17.14 16.55 35.92 40.0 65.0 41.0
113 0.35 0.35 2.45
114 8.57 8.27 15.30

* Contains 1-(3,5~dihydroxyphenyl)-1l-hydroxy-2-1-(4-hydroxyphenyl)-isopropylaminoethane.
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These are given only as examples and may not reflect the precise amounts
currently used. Typically, in experiments used to détérmine blood levels
. from such administrations, various mixtures of propellants are used. At
present, there is no definite indication that the presence of one propellant
influences the relative degree of absorption of another propellaﬁt. This |
is demonstrated in the work of Shargrel and Koss (1972) who have exposed
dogs to an equal weight mixture of F—11; F-12, F-113, and F-114. The dogs
were given five and ten doses containing 16.8 mg of each fluorocarbon per

dose. The peak arterial and venous blood levels are given in Table XXX.

Table XXX. Peak arterial and Venous Blood Levels of . ,
Fluorocarbons in dogs (Shargrel and Koss, 1972)

Peak Artérial

Level as
Percent of
Administered
" Dose
_ .10 5
Peak Level, ug ./ml. Actu- Actu-
Fluorocarbon 10 Actuations 5 Actuations ations ations
F-11
Arterial 22.3 * 1.0 13.2 + 1.4 15.9 8.89
Venous 6.22 £ 2.6 2.45 + 0.29 .
F-12 :
. Arterial - 6.17 + 0.38 3.16 + 0.06 4,41 4,51
Venous 1.54 + 0.84 0.56 + 0.04
F-113
Arterial 11.56 + 1.78 6.43 + 0.61 8.26 9.19
Venous 2.96 + 1.40 0.79 + 0.06
F-114
Arterial 3.80 + 0.52 2.32 + 0.12 2.71 3.3
Venous 0.87 = 0.41 0.26 + 0 '
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These résults are in agreement with the order of fluorocafbon absorption given
previously: F-11>F-113>F-12=F-114, Considéring oply the above dafa, it is
tempting to speculate that the order generally follows the blood/gas partition
coefficients, with the smaller molecules being more readily absorbed in cases
where partition coefficients are approximately equal. Data presented in Part 3
of this section seems to support this assumption (see page 85). Special note
should be taken of the sharp drop in arterial/venous ratios seen in all of these
flﬁorocarbons indicating tissue absorption. These data along with otherA
detailed kinetic studies of the arterial/venous drop are discussed in the
latter part of this section (see page 90 ff.). |

Further absorption and elimination data are available in F-11 and
F-12 for nebulizer administrétion and are summarized in Table XXXI followed
by a discussion of the more significant results. |

Dollery and coworkers (1970) measured the venous concentration of
F-11 in two human volunteers inhaling discharges from a nebulizer adminis-
t:eri.ng F-11, F-12, and F-114 at 6.6 mg, 17.2 mg, and 8.6 mg per dose,
respectively. Volunteer A inhaled ten doses for a total F-1l exposu;é of
86 mg and volunteer B inhaled thirty doses for a total F-11 exposurelof
258 mg, resulting in peak venous blood concentrations of 0.3 ug/ml aﬁd
1.10 ug/ml, respectively. Concentration-time plots for these two exposures

are given in Figure 10.
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Table

XXXI: Absorption/Elimination Data in Various Mammalian Species

After Inhalation of F-11 and F-12 f

or Venous

rom Nebulizers

Amourit Eli-
minated (%)

Fluoro- Exposure Absorption B Blood Time to
carbon mg /puff Dosage Inhaled  Peak Blood Levels (ug/ml) Half Life Levels Elimination
{Code) Animal x_no. of puffs Arterial Yenous (minutes) i, ug /ol (ninutes) Comments Reference
CC:.F? Human 8.6 x 10 86 mg 0.3 see Fig. 10 Dollery et al, 1970
(F-14 8.6 x 30 285 mg 1.10
8.6 x 3 8.5 nmg 1.7
Human fU.L.) 8.6 x o 31.5 og 9.63
Humans 25 x 2 50 mg 0.68 (30 sec)# 0.5 Patterson et al, 1971
0.27 (75 sec)# 1.0
0.29 (90 sec)# 1.5
2.60 (30 sec)# 0.3
0.52 (69 sec)# 0.9 see Fig. 11
Hunans 25.5 x 10 240 ng 0.93 .32 ] with F-12, see
. (0.51-1.20) (2.25-0.47; Table XXXII Allen & RHanburys Ltd.,
' 1971 ’
Dogs 75 x 25 1880 ng ~60-75 0.6 + 0.1C with F-12 McClure, 1972
initial
4.03 = 0.25
terminal
Dogs (S) 24 x 22-30 528-720 mg 22.8~75 3 with F-12 Allen & Hanburys,Ltd.,
1971
Dogs (S) 264 x 25 600 ng 29.6-88.1 with F-12
Dogs 16.8 x 5 84 mg. 13.2 * 1.4 2.45 % 0.29 see Table xz:
. 16.8 x 10 168 mg. 23.3+ 1.0 6.22 * 2.6 with F-12, Shargel & Koss,
F-113, and 1972
F-114
Mice*(G) 24 mg/puff L3 6.97 (2.86~ 4.15 15 see Table Allen & Hanburys, Ltd.,
11.48) L 3.10-5.83) OXIIL 1971
with F-12
- i - 5% ith F-12
Mic 24 wg/puff N 13.33 (8.0 .50 wit
ice &P 20.0) (1.0-2.0)
. - . L ~wi - burvs, Ltd.
e imans 64.5 1 243 m 2.17 fa ) 9 with F-11 Allen & Han vs, N
CC-Fx Human * {1.40-2.70) see Table 1971
(F-12) _ XXXI1
Dogs (5) 61 x 22-30 1362- 12.5-118.0 vith F-11 Allen & Hanburys, 1971
: 1536 mg.
Dogs 16.8 x 5 84 mg 3.16 - 0.06 0.56 2 0.04 see Table Shargel & Koss, 1972
< - - XX
16.8 x 5 168 mg 6.17 = Q.38 1.54 = 0.84 with P-11,
F-113, and
F-114
Hice‘ 61 mg/puff ) 32.2 (16.2- See Table Allen & Hanburvs, Lltd..
56.4) KXXITL 19N :
with F-11
* = anesthetized {(G)=gauze u-c¢d to Screen out particuigcs matter
(ot = under oiress from spray as in Tavlor and Hartis, ~373:.
(U.L.)=ubstructed lumgs # = 1ime to peak

! = 3 inhalaticns
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Figure 10. Venous Blood Concentrations of human inhaling
86 mg F-11 (Volunteer A) and 258 mg F-11 5
(Volunteer B) from a nebulizer (Dollery
et al., 1970).
Permission granted by Little Brown, publishers.

However, in a different individual a dose of only 50 mg F-11 resulted in a

peak venous blood concentration of 0.52 pg/ml as indicated in Figure 11.

06

05

: 04

BLOOO-LEVELS F-N
(pug.per ml.}

MINUTES

Figure 11. Venous Blood Concentrations of F-1ll in a
Human Inhaling 50 mg F-11 (Patterson.et al.,

1971).
Permission granted by Little Brown, publishers.
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While the general patterns of the preceding figures are quitg similar, showing:
the same rapid initial rise in blood levels with dosing followed by'aﬁ
initially rapid then slower decline in blood levels when exposure is terminated,
there is some evidence that the amount of fluorocarbons absorbed may vary
considerably among different individuals. Dollery and coworkers (1970) noted
that a healthy individual inhaling 25.8 mg F-11 reached a maximum arterial
blood level of 1.7 ug/ml F-11, while a patient wigh obStructgd lungs inhaling
51.4 mg F-11 reached a maximum arterial blood level of only 0.63 ug/ml F-11.
In this instance, the differénce is probably attributable to diminished lung
capacity in the patient inhalihé the higher dose. Patteréon and coworkers
(1971) hoted a ten—foldAdifference in peak venous blood concentrations énd
a fiye—fold difference in F—il blood half liyes among five patients _ |
. inhaling 50 mg F-11 (see Table XXXI). This variation could not be expléinedby
differences in lung capécity. However, an inverse correlation is noted
between the venous peaks and thelhalf-liQes, indicating that widé variétions
noted reflect differentvinhalatioa_te;hniques - e.g. the individual breathing
most deeply reached the highest blood level (2.60_ug/ml) most Quickly'
(30 secondé) and elimiﬁated the fluorocarbon most rapidly (tl = 18 seconds),
with the converse being.seen in the patients breathing most shalloﬁiy: peaks
~of 0.27 and 0.29 ug/ml, time to peaks of 75 ana 90 segonds,‘haif lives of
90 and 60 seconds, réséectively. | | |
Experiments'conducted at Allen and Hansbury Ltd. (1971), noted
similar differences in maximum venous concentrations‘in three humans deeply
iAhaling or not inhaling ten doses of F-11 (25.5 mg/dosé) and F-12 (64.5 mg/
dose), one dose every six seconds sprayed into the mouth. The results ére

given in Table XXXII.
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Table XXXII.

Concentration of F-11 and F-12 in venous blood
of three humans exposed to ten doses of 25.5 mg
F-11/dose and 64.5 mg F-12/dose, one dose every

six seconds (Allen and Hansbury Ltd., 1971).

Time after

Volunteer A

ug/mg. Blood

Volunteer B

Volunteer C -

exposure
(minutes) |Arcton 11| Arcton 12 || Arcton 11 Arcton 12 j Arcton 11| Arcton 12
Deep Inhalation
0 0.81 1.60 1.18 2.45 0.31 0.75
1 1.10 2,40 1.20 2.70 0.51 1.40
2 No specimen 0.96 2.00 0.49 1.36
5 0.79 1.50 0.80 1.25 0.39 0.95
10 0.25 0.35 0.47 0.60 ©0.25 0.50
No Inhalation ‘ Aﬂ
0 1.62 2.07 0.34 0.47 0.93 1.55
1 0.63 0.80 0.33 0.40 1.24 1.58
2 0.27 0.25 0.26 0.28 L 1.07 1.07
5 0.20 0.15 0.22 0.20 0.93 0.95
10 0.13 0.08 0.15 0.13 | 0.64 0.68
|

The wide differences noted in blood concentrations, especially in volunteers

B and C, demonstrate the importance of inhalation technique on the absorption

of these fluorocarbons into the blood.
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F~12 to F-11 in the above exposures is 2.58 to 1, Vhile the ratios of
maximum levels found in the blood after deep inhalation are 2.18, 2.25, and
2.75 for volunteer A, B, and C, respectively. Thus, F-11 seems to be more
readily absorbed than F-12 in volunteers A and B but not in voluntee?-c;
This might be seen as an indication that there.is indiviaual variation not
pﬁly in the amounts of fluorocarbons absorbed but also in relative degrees
of absorption. While F~11 is usually considered more readily absorbed than
F-12, volunteer C in Table XXXII presents an apparent exception. Further
exceptions are apparent with studies on anesthetized mice (Allen.and Hanbury
Ltd., 1971). In this study, mice were allowed three inhalations from one
~ dose of a Ventolin inhaler. A gauze filter was inserﬁed iﬁto_the mouth of
~the nebulizer to screen out the active ingredients. The amount of fluo;o—
carbons in such a dose are 25 mg F-11 and 65 mg F-12 with a weight ratio of
F-12 to F-11 of i.6 (Pattersop ggigl;, 19715. The‘venéus blood 1§ve1s found
in these mice are given in.Table XXXIIT, -

Table XXXIII. Venous blood levels of F-11 and F-12 in mice

after three inhalations from one dose of a
Ventolin inhaler (Allgn and Hanbury Ltd., 1971).

Mouse ug. /mg. Blood Ratio
Number Arcton 11| Arctom 12| F-12/F-11%
1 9.06 16.2 1.8
2 5.78 47.3 8.2
3 8.26 56.4 6.8
4 2.86 18.9 6.6
5 5.39 26.6 - 4.9
6 '11.48 27.8 : 2.4

* F-12/F-11 in administered dose equals 2.6.
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The ratios above 2.6 might seem to indicate that mice #2-5 absorbed F-12
more readily than F-11l. An alternate explanation implied by the-ériginal A
investigators is that the relatively non-volatile F-11 was pr%ferentially
absorbed into the gauze and thus the actual dose of F-11 received by the
mice was lowered. This is supported by the higher blood levels of F~11
(8.0, 12.0, and 20.2 ug/ml) in mice exposed without gauze.

In a similar series of experiments on hypoxic dogs, using the same
ratio of F-12 to F-11 (2.6), F-12/F-11 ratios in venous blood varied from
0.55 to 1.57, indicating preferential absorption of F-11 in all caées
but not uniformly so. Thus, this series of studies seems to indicate that
while F-11 is more reédily absofbed by mammals than F-12, the dégree of

preferential absorption may véry among individuals. Whether this difference
is actual or merely an artifact of the relatively high volatility of F-12
over F-11 has not been conclusively demonstrated. )

From the data presented on mice, dogs, and humans exposed to f1uoro-
carbons from bronchodilator-type nebulizers,‘it would be desirable to
determine and quantify interspecific differences. Jack (1971), in discussing
the data presented Sy Allen énd Hansbury's Ltd. (1971), concluded that dogs
absorb fluorocarbons to a much greater extent than man. For the most part,
this conclusion is Supéorted by the data presented in Table XXXI for.both F-11
and F-12. However, the wide variety of blood levels after identical exposures
(e.g., Patterson eﬁ al., 1971) should not be minimized. In>one human receiving
50 mg F-11, venous blood levels peaked at 2.60 ug F¥ll/m1 (Pat;ersoﬁ et al.,

1971). In dogs inhaling 84 mg F-11, venous blood levels peaked at 2.45 %

0.29 ug F-11/ml (Shargrel and Koss, 1972). Also, dogs have a much smaller
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regpiratory volume than man. Consequently, an equal dose of fluorocarbons
is less diluted in the alveolar air resulting in artificially’highef blood levels
in dogs than in man. Thus, differences irt levels of absorption between man
and dog might best be demonstrated in exposures to concentrations of flﬁoro—
carbons in ambient air rather than direct administration from nebulizers.
The data omr mice are of little use in determining comparative Absorption
because the actual doses cannot be fixed. These exposures relate more to

) experiments on fluorocarbon sensitization to asphyxia induced arrhythmias
‘(see Section XII, Part D-3). Lastly, it is of interest to note that all
of the blood levels ob;ained are well below 'the level of halothane stage-3
anesthesia, 173 ug/ml (Dollery et al., 1970). |

3. Fluorocarbon Blood Levels after Inhalation of Fluorocarbon—:
containing Ambient Air ~

Exposures to fluorocarbons at fixed concentrations in inspired air

generally reflect the same basic pattern as those seen for nebulizer
exposures (see Figures 10 and 11). Changes in venous blood concentrations in
dogs during and éfter exposure to F~1ll have been measqred at ambient concen-
trations of 1.25% and 0.657% for 30 minutes (Clark and Tinston,'1972a) and

at 0.55% for 20 minutes (Blake and Mergner, 1974). The results of these

investigations are given in Figure 12.
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30 minutes (Clark and Tinston, 1972a) and (B) _
0.55% F-11 for 20 minutes ‘(Blake and Mergner, 1974).

Similar studies have been conducted on F-12 and F-114 and are summarized in

‘Figures 13 and 14.
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Figure 14. Changes in Venous Blood Concentrations of F-114
in dogs exposed to 10% and 5% F-114 for 30 minutes
(Clark and Tinston, 1972a).

As in the studies using expired air or blood levels from nebulized adminis-
tration as indices of absorption, the above data indicate that F-11 is much
more readily absorbed and retained than either F-12 or F-114. However, in
the data from Clark and Tinston (1972a), F-12 seems appreciably better absorbed
than F-114, which seems to reach an equilibria concentraﬁion of 10% in inspired
air to 40 ug/ml in blood after ten minutes.

In rats, the absorﬁtion of F~12 also seems much greater thgn,tha; of
F-114 as shown in a study by Ramus and coworkers (1973) in which réts were
exposed to a mixture of F-11, F-12, and F-114 (weight ratio of 1:2:1 respec-
tively). As indicated in Figurel5, F~12 was absorbed about four times more

readily.

84



30
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' ' ‘reprinted with permission from A.G. Rauws,
Copyright 1973, Pharmaceutical Society of
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A similar pattern is also seen in the work of Taylor and coworkers (1971) who
have exposed monkeys to a mixture of 30% F-12 and 9% F-114 (ratio 3.3:1::F-12:

F-114) for varying periods. The arterial blood levels monitored are given

in Table XXXIV.

Table XXXIV.  Arterial blood levels of F-12 and F-114 in monkeys
exposed to 30%Z F-12 and 9% F-114 (3.3:1, v/v;
2.35:1, w/v) [Taylor et al., 1971].

Arterial Blood Conc. (mg/100 ml.)

Duration v-12 F-114 Ratio
35 sec. 5.5 1.8 3.06
42 sec. 6.3 2.3 ' 2.74
45 sec. 5.5 2.2 2.96

In each instance, the ratio of F-12 to F~11l4 in arterial blood is higher
than the w/v ratio of exposure indicating that F-12 is slightly better
absorbed than F-114. Thus? as mentioned previously, it seems reasonagble
. to assume that ease of absorption for.the fluorocarboﬁ gases follow the
blood/gas partition coefficients, with the smaller molecules being mére readily
absorbed in cases where partition coefficients are approximately equal.

There is also some indication in these exposures of interspecific
differences in absorption. Griffin and coworkers (1972) have exposed
rabbits to 5% F-12 for thirty-five minutes. Thg resulting venous blood

levels are summarized in Figure 16.
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Figure 16. Freon 12 in blood of rabbit
during 5% atmospheric exposure. Blood'
samples were withdrawn from the animals
before, during and after exposure to
Freon 12 and the halocarbon concentra-
tions determined by gas-liquid chromato-
graphy. (Griffin et al., 1972)

cone. v 8LO2D g /m1
o 3

0 10 20 10 5 10
TIME, MINUTES ENO OF
EXPOSURE

The peak blood levels (about 15 pg/ml) are about 5 ug/ml below those noted

in dogs exposed to 4% F-~12 for 30 minutes (see Figure 13, Clark and Tinston,

1972a) , indicating, that dogs pay absorb F-12 more readily than rabbits.

Information on the absorption of F-116 and H-1301 are alsé available

on rabbits during 30 minute exposures to 5.0% fluorocarbon.

Figure 17. Fluorocarbons in blood of
rabbits during 5% atmospheric expo-
sures. Blood samples were withdrawn
from the animals before, during and
after exposures to ei{ther H-1301
(open circles) or F-116 (solid
circles). Concentrations of the
halocarbons in blood were determined
by gas-liquid chromatography F-116

(Griffin et al., 1972). R Crman SO -2 e,
- [0) 10 <0 30 5
TIME, MINUTES

B1301
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ENDOF
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An exposure to 5% H~1301 for 50 minutes resulted in a much lower blood
concentration in rats as shown in Table XXXV.
Table XXXV. 4-1301 in Rat Blood Following a Single 50-Minute

Exposure to a Vapor Concentration of 5% (V/V)
(Griffin et al., 1972).

Post-Inhalation Venous Blood Level
Time (Hrs) ug/g
0 5.6
0.25 0.62
1.0 0.3 -
2.0 0.05
4.0 0.07

This would seem to indicate that rats absorb H-1301 less readily than do

rabbits. 86



Exposure of rats to 3.7% H-2402 for 30 minutes resulted in a much
higher blood concentration and correspondingly longer retention times as

shown in Table XXXVI, than the comparable exposure to H-1301 shown in Table XXXV.

Table XXXVI. Blood Levels of H-2402 in Rats After a 30-Minute
Exposure to 3.7% H-2402 (Griffin et al., 1972).

Post-Inhalation ' Venous Blood Levels
Time (Hrs) ug/g
0 87
1.5 7
3 0.23
24 0.22

Data on these and other exposures are summarized in Table XXXVII.

All of these exposures show a similar pattern, éﬁ initial rapid rise
in fluorocarbon blood levels at the onset of exposure followed by a slower
rise approaching equilibrium.

In the above cited studies, air-blood equilibrium seems to have been
reached with 107 F-114 after ten minutes (Figure 14) and 4% or 5% F-12 after
a somewhat longer period (Figure 13 A and Figure 16). However, complete
equilibrium would be demonstrated only by knowing both the arterial and
venous concentration (see discussion on tissue uptake at end of section).
The biphasic rates of absorption are paralleled by elimination rates after
termination of exposure. Initially, a sharp drop in fluorocarbon blood
levels is seen followed by a much slower fall. The dual rates of
elimination have.been quantified by McClure (1972), as indicatéd iﬁ Table XXXVII
fof F-11. These dual rate patterns of absorption and elimination would
seem to indiate that these fluorocarbons are deposited from the bloéd into

body tissues during exposure.
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Table XXXVII: Absorption/Elimination Data on Various Fluorocarbons after Inhalation

Exposure Absorption Elimination
T Concen-
tration in .
Duration of Air (X V/V) Blood Levels Blood
Fluorocarbon Exposure or Dosage A:i:i:i‘wd Leveé:m()pug/ml)_ After Exposure Level
(Code) Aninal (minutes) Inhaled (mg) i Half Life (ug/ml) Reduction| Comments Reference
CCLF3 (F-11) Rats S 0.232 11.25 (11.0_0- 0.34 (0.17-0.52) 5 min. Allen & Hanburys, Ltd.,
. 11.70) 1971
0.61% 26.6 (22.3- 2.35 (2.00-2.70) 3 min.
31.0)
Rats 0.64% 14.06 (11.25- 5.97 (55.55-6.40] 5 min
16.87)
Dogs A 5 0.11% 4.80 3 pin. Allen & Hanburys, Ltd.,
B 5 0.15% 5.80 1971
B 5 0.47% 17.50
c 5 0.49% 25.40
A 5 0.912 38.00
c 5 1.14% 54.00
pog" D 5 0.2% 6.640 3.50 See Table Allen & Hamburys, Ltd.,
D 5 0.5% 32.25 23.50 XXXVIII, b. 1971
Dogs 20 0.552 19.00 [fee Fig. 12B [Blake <& Mergner, 1974
Dogs 30 0.65% 20.00 See Fig. 12A |Clark & Tinston, 1972a
30 1.25% 46.00 " " 1972b
Dogs 5 0.65% 10.00
5 1.25% 20.00
~
Dogs 10 0.17% 19.y (5.6~] 6.6{5.0- See Fig. 18 Azar et al., 1973
, 120y 9.8
10 0.5% 128.6 (13.04 19.7 (18.8-
} 43,5} 24.00
10 1.0% 53.2 7.2
(34.0-78.0Y (31.0-33.6}
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Table XXXVII (continued)

Exposure Aosorption Elimination
V' Concen-
tration in
Duration ofjair (2 V/V) Blood Levels Blood
Flucrocarbon Exposure i or Dosage AziztiaiOOd Leveésuiﬁzlml) After Exposure Level
(Code) Animal { (minutes) Iohaled (vg) a € Half Life (pg /m1) Reduction | Comments Reference
- - 1
CCLoF; (F-12) Rats 3 0.642Z 3.47 12.80- 0.62 (0.50-0.75) 5 Allen & Banburye Ltd.,
- 3.75) 1971
Rabbit 35 min. ¥4 ~15 See Fig. 16  Griffin et al., 1972
*
Monkey 0.59 X 5.5 See Table Taylor et al., 1971
0.70 302 6.3 v
Q.75 302 6.5 with 92
F-114 .
Dogs A S 2.40% 25.00 Allen & Hanburys Ltd.,
B 5 2.52% 25.00 1971
C 5 2.722 20.65 -
[ 5 4.21% 44.20
B 5 4.837 46.25
A 5 5.01% 32.75
20 1.182 ~14.5 ee Fig. 13B Blake & Mergner, 1974
30 4.02 ~33.0 ee Fig. 13A Clark & Tinston, 1972a
30 8.07 65.0 See Fig. 13A " " "
10 0.12 1.0 0.9 See Fig. 19 Azar et al., 1973
10 5.0% 35.3 22.8
10 10.0% 46.3 39.8
C-CizF,  {(F-114) :
i "“ Vogs 3 s -19.0 [See Fig. 14 Clark & Tioston, 1972a
30 . 10.0% -40.0
Monkeys® | 0.3% az 1.8 See Table Taylor et al., 1971
. 0.70 9% 2.3 KXXLV with :
0.75 e i.2 F-12
C:Fg (F-116) Rabbit 30 5% <0.5 ‘hSee Fig. 17 Griffin et al., 1972
CCiFBr (H-1211)
Dog i 8.0% 21 Beck et al.. 1973
2 5.0% 23
5 2.0% 24
r (1-1301
CF3Br (4-1301) . 5.6 See Table Griffin et al., 1972
Rat 50 5.0% . 5. bishe et
. Y » "
Rabbit 30 5.0% 15.0 See Fig
~FBr, (H-2402) .
CoFuBr; ( - 87 See Table Griffin et al., 1972
Rats 30 3.5 XXXVI

#» = anesthetized



Additional indications of body tissue storage comes from simultaneous

measurements of fluorocarbon concentration in venous and arterial blood.

Such differences have been noted previously in studies by Shargel and Koss

(1972) see Table XXX. Similar differences have been noted by Allen and

Hansburys Ltd. (1971) and Azar and coworkers (1973). The venous and arterial

blood levels during and after exposure of dogs to 0.27% and 0.5% F-11 is

summarized in Tab}e IXXVIIL,

Table XXXVIII.

Arterial and Venous Blood Concentrations of F-11

in Dogs Exposed to 0.2% and 0.57 F-11
(Allen and Hanburys' Ltd., 1971).

ug. F-11/ml. Blood

Concentration of Time Time sample taken

F-11 (mlnutes) Arterial Venous

0.2% 0 Start of inhalation 0.12 0.17

0.2% 2.5 After 2.5 minutes 3,63 3,25

0.4 5 After 5,0 minutes 6,40 3,50

0.2% 10 5 minutes after cess- . 0.80 0.79
ation of inhalation :

0.2% 15 10 minutes after cess- 0.55 0.69
ation of inhalation

0.2% 20 15 minutes after cess- 0,31 0.35
ation of inhalation

0.2% 25 20 minutes after cess- 0.23 0.3%6

- ation of inhalation

0.5% 0 Start of inhalation 0.08 0,06

0.5% 2.5 After 2,5 minutes 25,15 20,50

0, 5% 5 After 5.0 minutes 32,25 23,50

0.5%% 10 5 minutes after cess- 4,25 5.52
ation of inhalation

0.5% 15 10 minutes after cess- 1,52 3,09
ation of inhalation

0.%% 20 15 minutes after cess- 1.45 1,78
ation of inhalation

0.5% 25 20 minutes after cess- 0.60 0.97
ation of inhalation
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As can be seen in both of the exposures summarized in Table XXXVIII, F-11 is
cleared from the blood by tissue absorption during exposure-(arterial con-
centration [Ca]l>venous concentration [Cv]) and cleared from tissues by the
blood after exposure (Ca<Cv). If equilibria is reached»betWeen the inspired
air, blood, and body tissues, the values would remain constant. The investi-
gators at Allen and Hanbury's Ltd. (1971) have calculatéd'the rates of both
air + blood and blood + tissue pptake after five minutes of exposure to 0.2%
and 0.5% concentrations given in Table XXXVIII. The first étep is calculated

from the following eguation:
C

air + blood uptake = X Va
A
Ca = concentration of fluorocarbon in alveolar air (ug/ml)
Va = mean minute alveolar ventilation (15 breaths/minute
x 120 ml/breath)
V_=0.68V
a a o
A = blood/gas partition coefficient (see Table XXXVI)

The second;step ie calculated as:
blood » tissue uptake = cardiac output (Ca - Cv)

The cardiac output of the dog is assumed to be 1 liter/minute. Thus,
the rates of alr — blood uptake of F-1l at air concentrations of 0.2% and
0.5% is 5.6 mg/minute and 28.2 mg/minute, respectively; fhe rates of blood —»
tissue uptake are 2 mg/minute and 5.4 mg/minute, reséectively.

Azar and coworkers.(l973) have monitored bo;h_ar;érial and venous
concentrations during aﬁd after 10 minute exposures to 0.1%, 0.5%, and 1.0%

F-11 and 0.1%, 5.0%, and 10.07 F-12 in dogs. The results are given in

Figures 18A and 18B for F-11 and Figures 19A and 19B for F-12.
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Figure 18, (A) Venous and Arterial Blood Concentrations of ‘F-11
and (B) Arterial and Venous Differences in Dogs exposed
to 0.1%, 0.5%, and 1.0% for 10 minutes (Azar et al., 1973).
. 2.V
———e 10.0% ARTERIAL . 25 *———ae 10.0%
et HO% ARTERIAL o~ — -4 50%
»—-9 0.1% ARTERIAL P ——g 0.1%
o= — «o 10.0% VENOUS
60 4 & — -0 5.0% VENOUS 20
& —-g 0.1%VENOUS =
£ f
; 44! \\\ .
w | .
z P a\s
& I
g 10 ‘ \ o
H L4 \ .
2 \
g s \
g‘ \
g 0 Lﬂ 8 v 8 \B \_(. e ———
; e
. N
g : 10 Yttt
(8] 3 5 10 12% .16 20 25 R [} 5 10 15 - 20 - 5
EXP;R'MENTAE MINUTE ) EXPf RIMENTAL MINUTE
1 : | .
}—— F-17 —-’ }.——v 12 --—«]
Figure 19, (A) Venous and Arterial Blood Concentrations of F-12

and (B) Arterial and Venous Differences in Dogs Exposed
to 0.1%, 5.0%, and 10%Z F-12 for 10 Minutes
(Azar et al., 1973). ’ '
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The data on the 5.0% exposure to F-12 illustrates the difference bet@een
air < blood equilibrium and blood «* tissue equilibrium. Whilg the blood
levels of F-12 remained constant after 3 minutes indicating an apparent
equilibrium between the alr and blood, F-12 was still béing absorbed by
body tissues as indicated by the positive arterial-venous difference.
fgus, actual equilibrium - air <> blood «> tissue - had not yet been.
attained. When such an equilibrium is attained; thé'blgod levels should
remain constant and the arterial-venous difference st;@uid equal zero.
4. Other Routes of Entry B

Althougn inhaiation is the primary route of entry of the oﬁe and
two carbon fluorocarbons,.other routes of entry have been studied, alﬁeit
much less extensively. Greenburg and Lester (1950) fouhd no evidence:for
the ébsorption of F-112 or F-112a across the gastrointestinal tract ié rats.
In long term feeding studies of F-12 to rats and dogs, however, Sherman
(1974) found tissue uptake indicating that some absorption does take place.
Regardless of the route of entry, fluorocarboﬁ elimination seems restricted
almost excluéively to the fespiratory tract. MatSumotq and.goworkers-(l968)
have administered a mixture of F-12 and F-114 (30/70, v/v) ingravenously,
intraperitoﬁeaily, and directly sprayed onto an internal organ in dogs. No
elimination was noted in the urine or feces. Elimination in the Ereath is

described in Table XXXIX.

Table XXXIX. Elimination of Fluorocarbons in Dogs Breath
(Matsumoto et al., 1968) .

Intravenous Intraperitonealuy Direct Spray

Dosage 0.5 cc 2.0 cc - -
Internal Before Onset A
of Elimination 3 sec. 5 min. 5 sec.
Duration of Elimination 12 hours 48 hours 12 hours
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;The four-.fold increase in dosage énd the corresponding increase #n,duration
of elimination gbing from intravenous to intraperitoheal adﬁinistratioﬁ |
'WOuld seem to indicate that the half-life of fluorocarbons in the‘body is
relatively independent of route of administration. The increased interval
before onset of elimination or intraperitoneal injection probaﬁly.reflects,
only the increased tive required for the fluorocarbons to enter thé.Eircq--
latory system.

Chiou and Niazi (1973) have conducted similar experiments in the
elimination of F-11 in dogs after intraveneous infusion using bldodulevels

rather than fluorocarbon concentrations in expired air as an index in removal.

The result of one such expefiment is given in Figure 29,

i Figure 20. Blood €oncentration of F-11
E 500 — in Dog following an Intravenous Infusion
§ . of 28 mg F-11 (Chiou and Niazi, 1973)
100 -
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The biphasic rates of elimination of F-11 from the bloba stream on intra-
venous infusion are similar to those by inhalation [e.g. Figures 10-14].
Dermél absorption in man has also been tested using F-113 (DuPont, ,
1968). The hands and arms of two individuals were immersed in F-113 for
30 minutes and the portions of the scalp for 15 minutes. Fluorocarbon uptake
was measured as F-113 in expired air. Time to maximum concentration is
measured from termination of exposure. The maximum concéntratidns noted in
exposure of the hands and forearms were 9.6 ppm after ;1.5 minutes for one
individual and 1.7 ppm after 23 minutes for the other. The scalp, perhaps

because of its increased vascularity, seems somewhat more absorbent with .

one individual reaching a maximum fluorocarbon concentration of 12.7 ppm

in 20.5 minutes and the other'reaching 7.4 ppm after 18.5 minutes. As with
the other exposures previously discussed, elimination was rapid. After

90 minutes, F;113 concentration was below 0.5 ppm in all subjéc;s.‘ In the
subject reading 1.7 ppm in the hand and foréarm éxpOSure, however, a trace
amount of about 0.1 ppm was detected 18 hours after exposure.

In summary, the available data on fluoroéarBon uptake and elimin-
ation indicate that fluorocarbons can be absorbed.across the alveolar
membranes, gastrointestinal tracts, the skin, or internal qrgans. On
inhalation, fluorocarbons are absorbed rapidly by the blood. As the blood
concentration increases, the rate of absorption by the blood decreases.

Once in the blood, fluorocarbons are absorbed by yarious fissﬁes; Current
information seems to indicate that blood — tissue absorption is the fate
limiting step. If exposuré is suffiéiently long;’blood leveis‘will stabiliée
indicating an apparent equilibrium between thé air and the blood. However, after

this initial blood level stabilization, fluorocarbons are still absorbed by
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body tissue and fluorocarbons continue to enter the body. Actual equilibrial-
air <> blood «+> tissues - would be indicated by a zero level arterial-venous
blood level difference. After exposure, fluorocarbons are eliminated rapidly
%rom the body through the expired air. The relative order of absorption

seems to be F-11>F-113>F-12>F-114. Although data on other fluorocarbons

1

are less complete, H-1301 and H-1211 seem to be absorbed to about the same degree

)

as F-12. Halon-2402 is absorbed to a greater extent than F-12 and may

approximate F-113 but does not exceed F-11. Fluorocarbon—116.is abSorbed»
very poorly. Differences in the amounts of fluorocarbons ‘absorbed by various
species seem evident bpt are too variable for even a tentative genérali?ed
order. Nebuiiéer a&ministration - while not the preferred tecﬁniqﬁe fq?
&emonstrating interébecific diffefences‘— seeﬁs to indicate that dogé agsdrb
fluorocarbons more readily than man. However, individual differences aré
most significant, the amounts of fluorocafbon being abéqrbed.or eliminéted
vary widely and this variety seeﬁs chiéfly due to variations in breathing

patterns.
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B. Transport and Distribution

As described in the previous section, kinetic studies on absorption
and elimination indicate that fluorocarbons are transported by thé blood to
the various organs of the.body and that some storage - at least temporérily -
occurs. This is particularly evident in Table XXXVIII (Allen Hansburys Ltd., 1971)
where there is a noticeable decrease in fluorocarbops.gping from artgfial to
venous concentrations during exposure but the reverse’after exposure is |
" terminated. ‘

Allen and Hansburys Ltd. (1971) have studied the distribution in
rats of F-11 and F-12 at varying periods after administration. The results
are summarized in Tables XL and XLI.

Based on the kinetic data for F~1l1l and F-12 blood levels presénted in
Figures 12 & 13, the tissue concentratiohs immediately afﬁer a tive minute
exposure to Tables XL and XLI probably do not represent eﬁuilibrium concentrations.
These studies,.however, do indicate that both F-11 and F—;Z are taken up
by heart, fat, and.adrenal tissue. Fluorocarbon-11l, for which detaiied
blood lévels.are available, is concentrated from Ehé blood to the greatest
e*tent in the adreﬁals followed by the fat, then the heart. A éimilar,
though less pronounced pattern, is evident for F-12. In agreemént with
studies presented in the prévious section; F-11 is absorbéd-and concentrated
in all of these tissues to é much greater excent than F-12. The differences
in actual concentrations noted among the various Specimehs studied may
represent differences in breathing patterns or actuai_differences in -

individual ability to absorb these fluorocarbons.
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Table XL. Concentration of F-11 in the blood, heart, fat,

adrenals, and thymus of rats at various times after

exposure to F-11 for 5 minutes
(modified from Allen and Hanburys Ltd., 1971)

. ug. F-11

Animal ConcentrationJ Time after Per ml. ] Per g.| Per g. Per g. | Per g.

No. | Arcton 11 (%)] exposure Blood | Heart Fat Adrenals| Thymus
1 0.23 Immediate 11.00 | 12,00 | 83.40 - -
2 0.23 Immediate 11.70 | 11.60 | 61.10 - -
5 0.61 Immediate 22.30 | 26.70 {113.00. - -
6 0.61 lmmediate 31.00 | 41.40 |164.50 - -
™" 0.64 Immediate 16.87 | 21.04 | 39.60 | 222.0 -
8" 0.64 Immediate 11.25 [ 21.20 | 30.85 246.3 -
3 0.23 5 minutes 0.52 0.87 28.60 - -
4 0.24 5 minutes 0.17 2.47 | 34.80 - -
7 0.61 5 minutes 2.70 2.14 | 77.00 - -
8 0.61 5 minutes 2.00 | .4.00 [105.70 - -
9" 0.64 5 minutes 5.55 | 6.87 | 16.58 | 195.4 - -
10 0.64 5 minutes 6.40 | 6.86 | 17.46 - -
11 0.64 1 hour 0.32 0.15 2.90 33.75 -
12 0.64 1 hour 0.12 | o0.28 | 3.22 45.50 -
1 0.49 2 hours 0.13 0.05 | 0.64 2.49 -
2 0.49 2 hours 0.09 | o0.11 2.59 15.88 0
0.49 4 hours 0.03 0.03 0.66 ,2'53 -
4 0.49 4 hours 0.02 0.01 0.15 1.64 -

1 0.64 8 hours 0.007] 0.006) 1.105 0.347 | 0.013

2 0.64 8 hours 0.014} 0.008| 1.850 0.440 | 0.027

3 0.64 1 24 hours 0.006 | 0.011} o.o11 0.375 | 0.025

0.64 24 hours 0.006 | 0.012] 0.024 0.305 | 0.021

1 1.00 48 hours 0.002°} 0.002] 0.011 0.077 | 0.005 -
1.00 48 hours 0.003 | 0.005| 0.008 | 0.125 | 0.007

* Rats anaesthetized

F-11/Air mixture

with sodium pentobarbitonaz prior to exposure to
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Table XLI.  Concentration of F-12 in the heart, fat, and
adrenals of rats at various times after exposure
to F-12 for 5 minutes-
(modified from Allen and Hansbury Ltd., 1971)

ug. F-12
Animal | Concentration| Time after per g. ‘per.g. per g.
No. Arcton 12 (%) exposure Heart Fat Adrenals
9 0.18 | Immediate 4.17 | 6.05|  78.60
'10 0.18 Immediate 4.51 5.08 89.10
5 0.68 Immediate 11.10 | 11.50 | 101.00
6 0.68 Immediate 11.10 | 8.98 70.50
1 0.70 Immediate 7.58 | 9.93| 33.10
2 0.70 Immediate 4,91 | 4.57 | 76.60
1" 0.64 | Immediate 1.91 | 5.96 | 45.80
™ 0.64 | Immediate 2.08| 4.04| 45.10
11 0.18 5 minutes 0.77| 1.73 32.10
12 9.18 5 minutes 0.64 | 1.62 9.50
7 0.68 5 minutes 1.93| 2.10 54.50
8 0.68 5 minutes 1.66 1.74 “48.00
3 0.70 5 minutes 3.94 | 3.03 18.25
4 0.70 5 minutes 3.50| 0.91 15.60
3* 0.64 | 5 minutes 0.92| 3.91| 16.55
W 0.64 | 5 minutes 0.82| 3.00 22.84
5 0.64 1 hour 0.13| 0.07 1.00
6 0.64 1 hour 0.11| 0.06 |  1.04

* Rats anaesthetized with sodium pentobarbitone prior to exposure to
F-12/air mixture.
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Carter (1970) summarizes similar distribution data on F«113 exposure in

rats given in Table XLIIL.

Table XLII. Mean tissue concentrations of F-113
in rats exposed to 0.2% F-113
for 7 and 14 days (Carter, 1970)

TISSUE n EXPOSURE POSTEXPOSURE
7 Day 14 Day 24 Hours 48 Hours
Brain,ug/gm 22.73 22.65 None None
(1.00) (1.33) '
Liver ug/gm 15.77 16.40 None - None
(0.87) (1.72)
Heart ug/gm 16.59 15.03 None None
(2.56 (2.51) '
Fat ug/gm 722.48 659.24 108.45 5.60
1 (71.29) (21.17) (33.62) - (2.94)
Adrenal ug 8.39 3.47 None None .
© (2.61) (0.34) '
Thyroid ug 1.09 0.94 None , None -
: (0.46) (2.00)

( ) Standard Deviation

The major difference in these findings from those presented for F-11 and
F-12 is that for Ff113 almost all of the concentration occurs in the fat
while adrenal levels are relatively low and even decreasé‘as exposure
continues. It must be emphasized that the exposures to F-11l.and F-12 were
only for five minutes. The possibility of rapid ﬁptake by thevadrenélsl

during initial exposure followed by active elimination of fluorocarbons
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from the adrenals during exposure may be worth exploring. That the various
other organ levels did not alter significantly from the sevén to the fourteen-
day exposures is consistant with the idea that such‘concentratiohs will
stabilize as equiiibria betwéen ambient air concentration, blood level, and
tissue levels are reached. However, there is some indication that levels
of F-11 and F-12 in various tissues may alter during prolonged éippsure as
less accessible. tissues are reached (Blake and Mergh%f, 1974).

Similar tissue distribution studies have also been done on rats
with short.term exposure to B-2402 (Griffen et al., 1972). The results
are given in Table YLIII.

Table XLIII. Tissue concentrations of H-2404 in rats - -

after 30 minutes exposure to 3.7% H-2402
(Griffin et al., 1972) '

Post-Inhalation Interval.(Hrs)‘

Tissue 0 i-1/2 - -3 4 24
Liver 258° 5 2 0.28
Lung 44 18 2 0.18
Brain 0.70 2.1 0.78 .0.36
Kidney 82 27 | 23 0.33
Heart 24 2.1 - 2 1.1
Muscle 73 19 2.8 1.0
Fat 365 469 410 11
Blood 87 7 ‘ 0.23 0.22

8x11 values

shown are in ug

-2402 /g tissue.
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Increase of H-2402 levels in the fat and brain tissue froﬁiimmediately'after

_ inhalation to one and a half hours after inhalation indicates ;hat the |
30 minute exposure period was not long enough for equilibrium to be reached.
Like F~11, F-12 and F-113, large amounts of H~2402 are stored in fat tissue.
The most striking value, however, is the large amount found in_thé liver.
immediately after inhalation and its rapid elimination after one and a half‘
hours. Similar levels of liver uptake have not begn notéd fbr other fluoro-
ca}bons under digéussion. The anesthetic,-halothane (CHBrCl—CF3); however,

is transported to the liver where it 1s apparently metaholiied‘to trifluoro-
acetic acid (Rosenburg, 1972; dgscérbi and Blake, 1971; Cohen, 1969). A
similar pattern for H-2402 has nof been proposed'and would not seem indicated -
although it cannot be ruled out - on the basis of what ié known of its toxic
effects.

Van Stee and Back (1971la) have monitored the levels of H-1301 in

blood, brain, and heart tissue during five-minute exposures to'71—76% H-1301.

- BRAIN
— - - HEART

The results are givern in Figure 21.

} MEAN * STANDARD DEVIATION

ANt

oo -4 BLOOD

Figure 21. Rat brain and heart
concentrations of CBrFj3 during
and after 5-minute exposures to
71-767% CBrF3 in 0, (n=10, mean
+ SD). The A-*-A line represents
blood concentrations of CBrFj,
observed during an experiment
Ain which the conditions were
similar to those of the brain-
heart experiments (n=1)

(Van Stee and Back, 1971a).

CB(F 5 CONCENTRATION TISSUE (199"

MINUTES

EXPOSURE
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As Figure2l indicates, H-1301 concentration in the brain increased twice as
rapidly and reached levels 50% above those of the heart and blood. Furtherk
levels of H-1301 two minutes following exposure-;ere significantly higher |
in the brain than the heart. This pattern probably reflects the lipid.
solubility of H-1301 which is more concentrated in the central nervous sys;eﬁ
othan the heart because of the high lipid concentration of the former as
compargd to the latter (Van Stee and Back, 1971a).

Sherman (1974) has studied tigsue distribution of F-12 in rats and
dogs over one and two years of oral administration. A summary of the results
is given in Tables XLIV and XLV. |

Table XLiV. Tissue distribution*of residual F-12
in control rats and in rats fed 0.2% (w/v)

and 2.0% (w/v) F-12 over a two year period
(Sherman, 1974)

MALE -' _FEMALE

Year mg administered mg administered
0 0 Low Hi&h 0 0 Low Hiﬁh
Adrenals 1 < 0.06 <0,06 <0.06 <0,06 <0,07 <0,06 <0,06 <0,04
2 1.22 0,35 2,11 1,3 0.68 0.67 . 1.38 1, 64
Blood 1 <06,01 <0,01 <0,01 <0,04 < 0,01 <0,01 <0.01 <0,01
2 < 0,06 <0,06 <0,05 <0,05 < 0,06 <0046 <0,05 <0,05
Bone Marrow 1 .05 <0,03 <0,03 <0,03 0.11 <0,06 < 0,04 0.07
2 < 0,01 - 0,49 0,74 0,56 < 0,01 1,70 0.71 1.70
Brain 1 <0.01 <0,01 <0.01 <O0,01 < 0,01 <0,01 <0.01 <0,01
e 2 < 0.06 < 0,06 < 0,10 <0.12 < 0.06 < 0.10 < 0.10 < 0,12
1 < 0,01 <0,01 0.13 2,28 < 0,01 <0,01 0.11 1.15
Fat . 2 < 0,02 <0,01 0,17 0. 86 < 0,02 <00l 0,04 0.71
Heart 1 "< 0,02 <0,02 <0,02 <0,02 <0,02 <0,02 <0.02 <0.02
) 2 < 0.02 < 0,02 < 0,02 < 0.02 < 0.01 < 0.0 <0.02 < 0,01
Kidney 1 <0,02 <0,02 <0,02 <0.02 <0,03 <0,03 <0,03 <0.03
2 <001 <0,01 <0,01 <0,01 < 0,01 <0.01 <0,01 <0.01
Liver 1 < 0.01 < 0,01 < 0,01 0?05 < 0,01 < 0.01 < 0,01 < 0,01
2 < 0.01 <0.,01 <0,01 0.02 <0.01 <0.,01 <0,01 <0.01
Muscle 1 < 0.03 < 0,03 < 0,03 < 0.03 < 0.03 < 0.03 < 0,03 < 0,03
2 < 0.01 < 0,01 < 0,01 < 0,01 < 0.01 < 0,01 < 0,01 < 0.01

* ppm = Ug/ml blood or Mg/g wet tissue,
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Table XLV. Tissue distribution*of residual P-12
in control dogs and dogs fed 0,037
and 0.3% F-12 over a two year period
(Sherman, 1974)

MALE . FEMALE

Year ppm administered ppm administered
0 300 3,000 0 - 300 3,000
e —————— ] —
Adrenals 1 < 0,01 - < 0,01 < 0,01 - < 0,01
2 1.04 1.23 0.88 1.73 : 1.50
Blood 1 < 0,01 - <0.01  <0.01 - < 0.01
2 < 0,06 <0,04 < 0.04 < 0,02 < 0,02 < 0,02

Bone Marrow 1 < 0,08 - < 0,07 < 0.05 - -
2 0.47 0.45 0.65 0.50 1.16 1.55
Brain 1 <‘0.01 - < 0.01 < 0.01 - S 0.01
2 < 0,09 <0.09 < 0.09 < 0,09 < 0,09 < 0,09
Fat 1 ﬁ 0.01 - 0.25 < 0.01 - 0.52
2 0.02 0,23 0.12 - 0.15 0.34 1.19
Heart 1 < 0,02 - < 0,02 < 0,02 - < 0,02
2 < 0,01 < 0,01 < 0,01 < 0,01 <. 0,01 < 0,01
1 < 0,01 - 0.01 < 0,01 - < 0,01
Kidney 2 <0.01 <0001  <0.0l <00 <00l <00l
Liver 1 < 0,01 - < 0,01 < 0,01 - < 0.01
2 < 0,01 «<0.01 < 0,01 < 0,01 < 0,01 < 0,01
Musc le 1 < 0,03 - < 0.03 < 0.03 - < 0.03
2 < 0,01 < 0.01 < 0,01 < 0,01 <-0.01 < 0,01

* ppm = Mg/ml blood or Hg/g wet tissue,

In rats, there seems to be some indication of tissue storage by ﬁhe adrenals,
bone marrow, and fat. However, the relatively high concentrations of a
compound with the same peak retention time found in contfollanimals may
indicate either interference from an unrelated material or contamination of
the controls with F—12. A similar pattern is seen in the results of dog
feeding studies.’ Because the postulated interferring égent was not idehti:ied,

the quantitative significance of these findings is difficult to assess

(Sherman, 1974).
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From.the ihformatién-presented on absorption, elimination, transport,
and distribﬁtioh, the following general scheme of fluorocarbon uptake seems
evidenf. Fluorocarbons are absorbed and transported by the Elood. Absorption
takes place primarily across the alveolar membranes. The amount and rate of
absorption depends upon a variety of factors inclﬁding the physical and
chemical characteristics.of the particular fluorocarbon, the concentrations
of the fluorocarbon in the ambient air, breathing patterns, and possiﬁly
individual differences in.ability to absorb these compounds. If exposure
is sufficiently long, an equilibria is reachéd among ambient air, biood,
and tissue concentrations. The fluorocarbons, being more lipid than water
soluble, seem to concentrate in areas of high lipid content. All of the
studies monitoring fat tissue indicate some degree of concentration in fat.
The high adrenal levels of F-11 and F-12 (Allen and Hansbury Ltd., 1971)
and brain levéls fér H-1301 (Van Stee and Back, l971g) do qpt represent
equilibriﬁm values. Carter (1970), however; in séyen.and fourteen~day
exposufes did note higher concentrations of F-113 in the.brain than_in the
heart comparable to those for H-1301. Similarly, Sherman (1974) in long
term feeding studies did note some degree of adrenal concentration for F-12
but its relevance fo extremely high values notedlby Allen and Hansbury, Ltd.
for F-11 and F-12 (1971) is limited. Thus, until m;re information becomes
available on equilibria concentration of a wider variety of fluorocarbons, .
the most that can be suggested concerning tissue distribﬁtibn is that,
depending upon the lipid solubility of the fluorocarbon, tissues with a higher

liﬁid content than blood will probably concentrate fluorocarbons from the
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blood. The relative amounts of fluorocarbons absorbed by body tissue will
probably correspond to the relative order of absorption by‘blood from the

1
air as outlined in the section on absogption/elimination.
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C. Metabolic Effects

The fluorinated propellants, solvents, and fire extinguishing agents
are notable for fheir relatively.IOWV1iver toxicity when compared to other
halocarbons such aé“carbon tetrachloride and halothane (see Section X111,
Toxicity to Birds and.Mammals). Both halothane and garbon tetrachloride
|inhibit oxidative-phosphorylation in rat liver mitochandria (Snograssiand
Pinas, 1965). The fiuorocarbons under consideration in this reviéw dé not,
for the most part, seem to behave in this manner.

As indicated in Figures 22 & 23, Griffin and coworkers (1972) have
shown that a variety of fluorocarbons do not markedly effect oxygen

consumption or oxidative phosphorylation in isolated mitochondria from rats

exposed to fluorocarbons prior to mitochondrial isolation. . :

7~ RANGE OF CONTROLS _ LIVER . LUNG -
EXPOSURE CONDITIONS 10 104 | § AN oo i =
COMPOUND %N AIR T|ME!MIN . =
HALON 2402 6.2 10 5 5
JALON 1301 6.8 30
Fgggﬁ <|:'36|e g'o ;358 L :
FREON 12 76 0 ° O™ 5355 1% 1i6 C3i8 12
BRAIN HEART KIDNEY
104 (= 201 A
a Py ]
[ S 10
2 5
0—%5a® 11 116 €318 72— O 2400 1301 116 C3d 12 O 5a02 1301 116 C3B 12

FIGURE 22. Oxygen consumption in mitochondria from rats exposed to halo-
carbons, Mitochondria were isolated from tissues after the
rats were exposed under the indicated conditions., Mitochon-
dria from controls were assayed simultaneously with the ex-
perimental groups and the range of activities includes data
from all five groups of controls. tThe rate of oxygen con-
sumption is expressed as my AO consume_d/mg protein /min X

107", (Griffin et al., 1972) |
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RANGE OF CONTROLS

EXPOSURE CONDITIONS
COMPOUND % IN AIR TIME, MIN

HALON 2402 62 - 10
HALON 130t 6.8 30
FREON 116 7.3 3
" FREONC-318 5.0 30
FREON t2 16 30

2402 1301 116 C-38 12 -
HEART KIDNEY

. 2400 1901 116 C3i8 12

"FIGURE23. oOxidative phosphorylation in mitochondria from rats exposed
to halocarbon., Mitochondria were isolated frowm tissues after
the rats were exposed under the indicated conditions., Mito-
chondria from controls were assayed simultancously with the
experimental groups and the range of activities included data
from all five groups of controls., 1The rate of phosphoryla-
tion is expressed as mu Moles P; esterified/mg protein/min .
X 1071, (Griffin et al., 1972) o

Further in vitro studies were conducted with liver and>hearf mitochondria
in which measurements wére taken during actual exposure of the mitochondria
to either 20% F-12 or H-1301f ﬁp effects were noted on either oxidation or
phosphorylation (Griffin‘ggigl., 1972). |

However, Van Auken and Wilson (1973) have demonstrated_that F-21
at concentrations of O.IZ‘(w/v) decreases respiratory control énd_ADP/O

ratio in mitochondria isolated from rabbit liver and mung bean.
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Figure 24. The effect of Freon-21 on coupling parameters of rabbit
liver and mung bean mitochondria. A) Mung bean. The’
reaction mixture of 3.2 ml contained: 0.3 M mannitol,
4 mM MgCl,, 2 mM K-POy, pH 7.4, 50 mM tris-ticine, pH 7.4.
Additions include: M Mitochondria (0.15 mg protein), 8 mM
Na-succinate pH 7.4, R.C. respiratory control. Numbers
on traces are umoles. Ozper min. B) Rabbit liver. The
reaction mixture of 1.5 ml contained: 0.2 M mammitol,
16 mM tris~tricine, pH 7.2, 4 mM MgCly, 2 mM K~POy, pH 7.2,
8 mM succinate and approximately 0.7 mg protein. ' ADP was
added as 85 nmoles per aliquot. (Van Auken and Wilson, 1973);
reprinted with permission from Springer-Verlag, Copyright 1973.

The above data would seem to suggest at least some loss of respiratory
control. However, the respiration rates are not altered by F-21 ind%cating
that it is not a typical uncoupling agent (Van Auken and Wilson, 1973).

A number of investigators have been concerned with the possible
binding of fluorocarbon molecules to portions of biologiéally-important macro- -
molecules. Nunn (1972) has postulated a géneral theory of anesthesia
involving a Van der Waal's attraction betwéen the‘anesthetic and hydrophobic.

areas of macromolecules including proteins. Halsey (1974) speculates, on
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the basis of N.M.R. data, that fluorocarhons such as F-12, F-ZZ,‘F—lé, and -
F-116 may behave_similarly to conventional anesthetics, intefaétingAwith
various hydrophobic sites in macromolecules. Young and Parker-(l972),
however, propose that F-12 at least is bound to the hydrophilic areas of
various phospholipids_in that potassium chloride stops arrhythmia induced
by epinephrine in heart$ sensitized by F-12, apparently displacing the
F-12 molecule held by the phospholipid (see Section XII, D-1, Epinephrine
I;duced Cardiac Arrhythmia). Cox and coworkers (1972a and b) indicate:thq
F-11 binds to the phbspholipids in the liver cytochrome P-450. Eéstein
and coworkers (1967b) indicate that unspecified fluofocarbons induce liver
microsomal enzyme synthesis, Thus; thle the lipid soluble fluorocarbons
may complex with a variety of macromoleculeé and possibly effect lipid |
membranelsystems, no.clegr correlation can yet.be drawn between this

possibility and their biological activity.
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D. Metabolism

Just as the fluorinated propellants, solvents, and fire extinguishing
agents seem to differ significantly from other low molecular weight halocarbons
in metabolic effects, so do they differ in metabolism. The toxic effects of
both carbon tetrachloride and halothane have been linked to their enzymatié
dehalogenation involving free radical formation (Slatef and Sawyer, 1971;
Rosenburg, 1972). Although such biotransformation cannot be ruled out over
periods of prolonged exposure at low concentration and low rates of trans-
formation, there is little hard evidence as yet to indicate that gignificant
metabolism does occur.

0f the fluorocarbons under review, only the fluo;omethanes F-11 and
F-12 are topics of puﬁlished. 'reports on metéboliém. Cox and coworkers (19725)
have attempted to demonstrate possible reductivé dehalogenation of Fgll in
two ways. Fifst, reasor.xing that the primary produc.t's of dehalogenation would
be F-21 and F-112, they incubated F-11 in microsomal preparations'from rats
and chickens and from rats, mice, guinea pigs and hamsters pretreated Qith
phenobarbital fo stimulate metabolism. No F-21 was detected. Secondly, as
an index of free radical formation, they measured the effect of F-l; on
1lipid peroxidation. No evidence of free radical formation was found (Cox
et al., 1972a).

Blake and Mergner <1974) havé studied the bossible metabolism in
beagles of both F-11 and F-12 using carbon—la'laﬁelled compounds. The

' 14 14

radiolabelled impurities in F-11 (89.6% pure) were 9% CC14 and 1.47% CHCl3.
The radiolabelled impurities in F-12 (96.0% pure) were'14cp3c1 and/or 14CF4.
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Exposures to F«ll rénged from concentrationa of 0.19% to Q.55% for periodé'

of from six minutes to twenty minutes.

Exposures to F-12 ranged from.

concentrations of 0.82% to 11.8% over the same periods. The résults‘are

summarized in Tables XLVI and XLVII.

Table XLVI. Recovery and Inhalation of F-11 and F-12 in Beagles
(adapted from Blake and Mergner, 1974).

"~ Recovery of Radioactivity ‘

(Percent of Inhaled Dose)

Exhaled Exhaled as Urine Total
Unchanged _CO2 : o
F-11 101.6 + 14.3 0.30 + .13 0.0095 + .007 101.8 *+ 13.8
- F-12 103.0 £ 6.2 0.14 + .04 0.04 = .02 103.2 ¢

'- 6‘3

Table XLVII.

in Beagles 24 hours after Inhalation of
F-11 and F-12.
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For both F-11 and F-12, the total recovery of 14002'and non—volatilé'urinary
and tissue reactivity equals about 12 of the administefed 30se. Because the
radioactive impurities in the F~11 sample, carbon tetrachloride (9%) and
trichloromethane (1.4%) are both known to be metabolized in‘animals, the
F-11 studies gives no firm evidence for fluorocarbon metabolism. However, in
the F-12 gtudy, all of the administe;ed radioactiyity was in the form of
fluorocarbons: 96% P-12 and 4% F-13 and/or F-14. According to the current
view of fluorocarbon biological activity, increasing fluorination leads tb
"increasing stability (Clayton, 1970). Consequently, if any or all of these
| compounds were to be metabolized, F-12 would probhably be theAﬁost readily |
metabolized. f—lZ stud& thus seems to give a rather.sound indication thét
ab;ut 1% of F-12 —Aand/or F-13 and F-14 - are metabéli%ed after reiaﬁively
brief exposures.' o ' | |

Eddy and Griffith (1971) have obt;ined ;esulgé on thg(metaﬁolisg of
carbon-14 lgbelled F-12 in rats on oral admihistration showing a somewhat

2
and about 0.5%7 excreted in the urine. By thirty hours after‘administration;

greater degree of metabolism. About 2% of the total dose is exhaled as CO

the fluorocarboﬁ and its metabolites are no longer present in the'body.
Further studies on the metabolism of fiuorogarbon propéllants,

solvents, or fire extinguishing agents have not bgen encountered. The

current view of.metabolism 6f the fluorinéted aneétﬁetic ha;otﬁane, however,

is given in Figure 25.
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Figure 25. Possible Metabolic Pathways for Halothane
- (from Rosenburg, 1972)

A number of other fluorocarbons seem to follow a siﬁilar pattern. Fluoroxene
(trifluoroethyl vinyl ether) may be metabolized to trifluoroetﬁamol in mice
or trifluoroacetic acid in man (Cascorbi and Singh—Amarénath, 1972).
Hexafluorodichlorobutene may also be metabolized to trifluoroacetic acid
and other unidentified acids (Truhant et al., 1972). 1In the metabolism'of
halothane, it should be noted that all biotransformations take place'in.the
non-fluoro-substituted carbon. In the commercially important fluoroethanes,
this type of metabolism would not be expected in that both éarbons usually
are fluorosubstituted making both more fefractory to biotranéformation.

However, the study of F-12 metabolism by Blake and Mergner (1974) would seem

to indicate that fluorosubstitution of both carbons would not in itself oreclude
metabolism. As these investigators indicate, the apparent resistance of

these compounds to metabolic degradation may be more a function-of their

rapid elimination rather than chemical or biological.stability. Over longer.

periods of exposure, the fluorocarbons will not only be in equilibria with
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tissue for longer periods but also will be more likely-tb reach less
accessable "deep" tissue compartments. Metabolic tests requiring longe£
exposure periods will be necessary to assess the significance of such
mulficompartment distribution (Blake and Mergner, 1974). However, it would
not be surprising if further studies show that a variety of fluoroéarbons
‘undergo biotransformation. In fact, at low level exposures that would be
found in the general enviromment or home, such metabolism might be facilitated
by the lack of substrate or product inhibition (Halsey, 1974).

The significance of fluorocarbon metaﬁolism is difficult to assess
with certainty because so little is actually known. Often, of course, a
compound may be metéholized to a compound of greater toxicity, such aé
halothane to trifluoroacetic acid. Truhaut and coworkers (1972) haie.noted
a pattern in 2,3-dichloro-1,1,1,4,4,4-hexafluorobutene-2 [DCHFB] of delayed

death similar to that noted in l-chloro-1,2,2-trifluoroethylene (Walther

et al., 1970).

Table XLVIII. Delayed Death After DCHFB Administration
to Rabbits [Truhaut et al., 1972]

Concentration 500 ppm 200 100 200 200
Exposure time 1 hour 1 hour 1 hour 30 min. 15 min,
Delayed 85 min. 12 hours 4 days 3 days 0
Death to 3 1/2
hours

Such a delay may indicate that a metabolite rather than the parent compound

may be thetoxic agent (Truhaut et al., 1972). Patterns of delayed death have
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1

also been noted for various fluorocarbons under review and will be considered
in the appropriate section3. Iiowever, without clearer experimental evidence

on the possible metabolism of these fluorocarbons, delayed death cannot be

viewed as indicative of toxic metabolites.
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X. ENVIRONMENTAL TRANSPORT AND FATE
A. Persistence

The chemical stability of the commercial fluorocarbons would lead
one to believe that the compoﬁnds are very persistent in the enviroﬁment.
The ability to monitor at least fluorocarbon 11 in relatively isolated parts
of the Atlantic Ocean (Lovelock et al., 1973) tends to support this conten-
tion. However, the degree of persistence is relatively unknown. Lovelock
et al. (1973) have suggested a residence time of 10 years. This assumes
no significént surface or tropospheric-degradation and complete>destruction
in the stratosphere (Lovelock, 1974). The transfer time to the stratosphere
sets the lower limit of 10 years. Su and Goldberg (1973) have suggested a
residence time of 30 years for fluorocarbon 12. The basis of this assign-
ment is unknown. . l

B. Bilological Degradation

Information on the biodegradability of the commercial fluorocarbons
is not avéilable. However, their volatility would certainly limit, if not
preclude, biodegradation. Goldman (1972) has reviewed the enzymology of
carbon-halogen bonds énd suggested that although fluorines substituted ip
the 2-position of short-chain fatty acids (e.g., fluoroacetate) are replaced
by hydroxyl groups, the high strength of the carbon-fluorine bond would
indicate a high biological stability in other compounds.A And, in fact,
with any other compound containing the carbon-fluorine bond, with the
exception of fluoroacetate (e.g., trifluoroacetate, difluoroacetate,
2~-fluoroproprionate, and 3~fluoroproprionate), fluoride release could not

be detected.
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C. Chemical Stability in the Environment
Three studies have examined the stability of fluorocarbons under
atmospheric conditions. Japar et al., (1974), Hester et al. (1973), and
Saltzman et al. (1966) have all photolyzed fluorocarbons under varying |
conditions and found no decomposition. Both Hester et al. (1973) and Japar
{gg_gi. (1974) used simulated smog conditions. Hester et 3;;‘(1973)
photolyzed fluorocarbons 11 and 12 in an ambien; air sample for two months
and found no reaction. Saltzman et al. (1966) expoéed a gaseous mixture of
CBrF3 and CyFg to ultraviolet light, water vapor, ozone, SO,, and diluted
automobile exhaust and reported no degradation.
D. Environmenfal Transport
Because of the high vapor pressures of the fiuorocarbon compounds,
the major environmental transportation route is thrOugﬁ the atmoéphere.
For example, Lovelock (1972) has determined that trighlorofluoromethane‘
concentrations of rural southern Englaﬁd and lrelana éan be attribuged io
sources on the European continent.
E. Bioaccumulation
Because of the high volatility of the compouﬁds under consideration,

the possibility of bioaccumulation seems rather remote. Information on

" this possibility is not available,
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XI. HUMAN TOXICITY
A. Accidental Exposures and Misuse
Fluorocarbon propéllants - primarily F-11 and F-12 - have been associated

with the broader problem éf abusive inhalation of aerosols., In an attempt
to achieve an intoxicated state, the aerosol is sprayed into a bag, thg

bag placed over the mouth and nose, and the contents inhaled deeply. In
othér cases, the bag containing concentrated aerosols is placed over the

head (Crooke, 1972)., This procedure presents two potential hazards, the
aerosol itself and asphyxiation., Many of the early reports of aerosol
abuse, while recognizing the intoxicating effects of the fluorocarbons,
assumed on the basis of the then current understanding of fluorocarbon
toxicity that suffocation was the probable cause of death in fatal exposures
(Coleman, 1968; Hoffmann, 1968). Howevel;, as this practice became.more
wide spread, cases in which aspﬁyxiation could not be the cause of death
became apparent. Bass (1970) describes one hundred and ten such deaths
occurring between 1962 énd 1969, fifty-seven of which were associated with
fluorocarbon propellants. These deaths sometimes involved rigorous activity
during or immediately after inhalation, followed by the rapid onset of death
thus ruling out suffocation as the cause of these deaths. Bass (1970) con-
cluded that these deaths were probably caused by'cardiac arrhythmia,
possibly agéravated by elevated levels of catecholamines due to stress and/or
moderate hypercapnia. This deduction was subsequently supported by a .
variety of investigators who foﬁnd that maﬁy f luorocarbons can sensitize

the hearts of various mammals fo epinephrine induced arrhythmias and that
this effect may be magnified by an increase in blood carbon dioxide (e.g.,

¥

Reinhardt et al., 1971).
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A similar concern over the role of fluorocarbons in causing human
deaths has been expressed in cases of possible over use by asthmatics of
bronchiodilator drugs in aerosol nebulizers propelled~by various fluoro-
carbons (Taylor and Harris, 1970a). Such nebulizers deliver a fixed amount
of fluorocarbon gases and bronchiodilator drugs per actuation. Two of the more
commonly cited formulations Medihaler-Iso®and Isuprel Mistomete:® release
12.5 ml propellant (F-12 and F-114) and 5.8 ml propellant (F-11, F-12, and
F-114) per actuation, respectively. In an acute asthmatic attack, Taylor .
and Harris (1970a) pecstulate that these prdpellants may bg inhaled in
sufficient quantities to causé cardiac arrhythmias. As withbinstances of
abusive inhalation, stress and oxygen deficiency may be contributing
facéors. Although supported by some epidemiologic evidence.(see Parf D
of this section), there is little hard data to indicate that this does occur
in man. However, this possibility has stimula;ed intense investigation and
considerable controversy in studies of 1abor;tory animals (see Part D,
Section XII, Cardiac Effects of Fluorocarbons).

Clayton (1966) reports tﬂat approximately oneAiiter of cold F-113
was accidently released inﬁo the stomach of an aﬁésthetized patient. The

immediate effect of this exposure was transient cyanoéis. For the next

three days, the patient experienced severe rectal irritation and diarrhea.

B. Occupational Exposure and Normal Use
The fluorocarbon gases have not presented a documented hazard in
terms of industrial hygiené and occupational safety. In 1952, Mendelhoff

assoclated chronic exposure to F-12 with malaise, chills, fever, nausea,
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abdominal pain and eventual death in a repair mechanic for refrigeration
equipment. However, in that exposure to methyl chloride and sulfur dioxide
as well as a moderate degree of alcoholism for several years were also
noted, this isolated case cannot be cons;rued as a substantial indication
of F-12 toxicity. A similar case reported by Marti (1948) also included
exposure to sulfur dioxide and F-12 thermal decomposition products and thus
cannot be considered as indicative of F-12 human toxicity. In a recent study,
women using an average of 21.6 g of fluorocarbon propellants per woman per daf
for four.weeks did not evidence any adverse effects of measurable fluorocarbon
blood levels. The investigators estimate that the average exposure of the test
subjects was over nine times the amount normally uséd (Marier et al, 1973).

A group of fifty workers who were exposed to F-113 for a period of‘
up to four and a half years (mean 2.77 years) were evaluated for possible

) ¥

adverse effects from concentrations of 46 to 4,700:ppm (mean 669 ppm;
median 435 ppm). No signs of toxicity were noted (Imbus and Adkins, 1972%-

Only one investigator has implicated the fluorocarbons with a
serious health problem. Good (1974) contends that fluorocarbons used as
aerosol propellants may be a major cause of lung cancer in the United Sta;es.
This hypothesis is based largely on clinical data without follow~up animal
experiments. Sputum cytological techniques are used in which changes are
classified in five stages--Class 1 beiné normal and Class V showing marked
atypla. In a group of 260 heavy aerosol users, precancerous changes of
lung cells were noted in each individual which were reversed whgn aerosol
use was discontinued. In a second study (Good et al., 1974) comparing 50
heavy users to 250 non-users or light users, 12 of the heavy users showed
moderate to marked atypical cell changes which were seen in only two of the

non-user/light user group. Good (1973) found that use of even such innocuous
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agents as breath fresheners in aerosols will result in Class III changes in
4-5 months. The resulting clinical syndrome, polymyalgiairhﬁmatica, is
described as a low-grade fever, emotional upsets, without coughing. The
etiological progressioﬁ is presumed to be ciliary paralysis resulting in
chronic gram negative infection of the lung. These organisms may produce a
mild toxin which causes the clinical symptoms and a;ypical changes -in the
lung., A number of investigators are currently conducting research in this

!

‘area (Archer, 1974).

C. Controlled Human Studies

Exposure to humans under experimental conditions has been thug far
restricted to three of the most common fluorocarbons: F-12, F—il3, aﬂd
F-1301. Of these, F-1301 has'received by far the most attention because of
its use as a fire extinguishing agent,

Fluorocarbon-12 has been tested using human subjects by both
Kehoe (1943) and Azar and coworkers (1971). Kehoe (1943) exposed one sub-
ject to concentrations of 4%, 6%, 7%, and 11% for peribds of 80, 80, 35, and
11 minutes, respectively. A second subject was exposed to 47 for 14 minutes
immediately followed by 2% for 66 minutes. At 4% F-12; the subjects
experienced a tingling sensation, humming in the ears, and apprehension.'
Electroencephalographic changes were noted as well as slurred speéch and
:decreased performance in psycholsgiéal tests, In the one subject exéosed
to higher.concentrations, these signs and symptoms became more pronounced
with increases in concentration. An e#pOSure of ll% caused a significant
dégree of cardiac arrhythmia followed by a décrease in consciousness with -
amnesia after ten minutes. At concentrations of 1% F-12 for 150 minutes, Azar
and coworkers (1972) noted only a 7% decrease in psychomotor test scores

and no effects at 0.1% concentration over the same period.
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Fluorocarbon-113 has been tested on human subjects by Stopps and
McLaughlin (1967) and Reinhardt and coworkers (1971). Psychomotor per-
formance was evaluated with exposures to 0,15%, 0,25%, 0.35%, and 0.45%
F-113 for 165 minutes (Stopps and McLaughlin, 1967). At the lowest level,
no effect was noted. At 0.252 there was difficulty in concentrating and
some decrease in test scores. These effects were more pronounced at 0,35%
F~113. At 0.45% F-113, performance at various tasks was decreased by
between 10% and 30%. These decreases coincided with sensations of
"heaviness' in the head, drowsiness, and a slight loss of orientation after
shaking the head from left to right. Reinhardt and coworkers (1971) exposed
human subjects to concentrations of 0.17% and 0.05% F-113 for 180-minute
pefiods in the morning éna afternoon on five days. No decreases iq psycho-
motor ability were noted., No abnormal findings were noted during post-
exposure physicallexamination, hematologic and blood chemistry tests
(conducted three dayslaftef final exposure) and steady-state measurements
of diffusing capacity of lungs and fractional uptake of carbon monoxide.

Fluorocarbon-1301 exposures to human test subjects have been
summarized by Reinhardt and Reinke (1972)., Concentrations of 1%, 3%, and
5% F~1301 for periods of three to three and a half minutes had no effect on
electrocard;ograms or response times in three subjects. Concentrations of
7% and 10% over the same period, however, did result in slight lessening
of equilibrium and increase in.response,time (Reinhardt and SFopps, 1966).
Similar resultslﬁere ébtained at Hine Laboratories (1968) over longer
durations. Concentrations of 5% for 20-25 minuteé caused a minimal decrease

in psychomotor performance while concentrations of 10% caused a more pronounced
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decrease in ten subjects., Drowsiness and an increaged sense of well-being
were also noted. Graded concentrations of 5-17X H-1301 cver.periods of
15-20 minutes resulted in central nervous system effects ranging from
tingling to a feeling of impending unconsciousness (14% H-1301) in nine'
out of ten subjects, with the remaining subject reporting no effects at
concentrations ﬁp to 15.7%. Cardiac effects were noted in only three of
vthe ten subjects, Effects in two subjecté at 8.2-15.7% H-1301 were primarily
T~wave alterations (depression and flattening), with increased sinus
arrhythmias occurring in one of these subjects., The third subject showing
cardiac effects exhibited T-wave flattening after an initial exﬁoeuré to
16.9% H-1301 but 36 hours later, after a five-minute exposure to 14%'H-1301,
developed cardiac arrhythmias inclﬁding T-wave flattening, extrasyst&les
forming bigeming, A-V dissociation, and multifocal preﬁature beats. Clark
(1970) has also noted T-wave depression and tachycardia along with 1655

of equilibrium ahd pafestheéia in ail subjects affer less than a-one—minute
exposure to 12% and 15% B-1301, T-wave dépression was noiéd at 10%
exposures for one minute in two subjecté, along witb slight dizziness and
paresfhesia. Three-minute exposures to 9% and 6% resulted in simiiar _
central nervous system effects and tachycardia but;. no arrhythmias. in
| addition to these studies, Call (1973) exposed eight subjects to concen=-
trations of 4X and 7% B-1301 for three minutes in a hypobaric chamber main-
tained at 760 mm Hg, 632 mm Hg (equiva;ent to 5,000 feet), and 380 mmHg
(18,000 feet). Although no cardiac effects were noted in any exposufés,
reaction times were increased from about 550 milliaecoﬁds to ahout 60Q

milliseconds at both concentrations and at all altitudes.
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Halon-1211, another fire extinguishing agent, has been
administered to humans at concentrations of 4-5%. "After 30-40 seconds,
the subjects became dizzy and light-headed. These symptoms increased
after ‘one minute and were accompanied by paresthesia of the fingers and
toes, One subject, exposed for two minutes, showed central nervous system
stimulation and a transient cardiac irregularity. Recovery was rapid and

without noticeable after-effects (Clark, 1972).

D. Epidemiology

In the narrowest sense, epidemiological investigations have not
been conducted and would not seem to apply to these fluorocarbons. As
indicated in a previous section, these qompounds have not presente& an
appreciable hazard in manufacture and although ghey'are commonly u;ed in
most households, no wide—séread adverse effects have been unequivocably
attributed to these compouﬁds under normal use. The patterns of abusive
inhalation have been studied by Bass (1970) and reviewed by Crooke (1972).
The abuse first appeared on the west coast in the eariy 1960's, moved
eastward and apparently gained some popularity by 1967, and has persisted
at least into 1972, Fluorocarbons, while the most popular, are only omne
of many classes of compounds used in this practice; othérs include toluene,
benzene, trichloroethylene, acétone, and isopropyl alcohol, Kilien and
Harris (1972) have reported that over 140 cases of death from abusive
inhalation of aerosol ﬁfopellants have beeh documentéd; These deaths have
occurred in individuals from 11 to 23 yeafs of age, with the majority coming

from middle-income families (Bass, 1970). Such studies are of little use
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in assessing the environmental hazard of fluorocarbons since they indicate

only the potential for fatal abuse under envirommentally unrealistic

conditions.

Taylor and Harris (1970b) have associated.increasing deaths-in
England due fo asthma with increasing use of fluorocarbon propelled
ibronchodilators, The potential role of fluorocarbon propellants in such
deaths has also been underscored by Archer (1973). In England, asthmatics
have been found dead with empty aerosol nébulizers in their hands and in
other cases patients have been known to use two nebulizers prior to death
(Taylor and Harris, 1970b). However, such evidence is, at best, highly
circumstantial, While not denying the potential danger from overuse of
these nebulizers, ‘a variety of factors must be considered.in asthma deaths

before a correlation can be accepted as a cause-effect relationship

(Silverglade, 1971b).
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XII. TOXICITY TO BIRDS AND MAMMALS
"A. Acute Toxicity
1. Acute Inhalation Toxicity
A variety of fluoromethanes and ethanes, including those of

commercial importance, have been tested for acute inhala;ion toxicit§ in
standard laboratory mammals. For the most part, these tests have attembted
~to evaluate either the human health hazard from occupational exp&sure

(e.g., Desoiile et al., 1973; Steinberg et al., 1969; Yant et al., 1932) or:
their anesthetic potency (e.g., Carpenter, 1954; Miiler et al., 1967;

Van Poznak and Artusio, 1960). Thus, much of tﬁe information is given in
terms of lethality, loss éf responsiveness, or other adverse effects such

as convulsions or tremors., Summaries éf the availéblg data ‘are given in
Tables IL-LIV. In.these tables, some attempt is made to give dose—responée»
relationships by using five response categories. ApprOxima;e_lethal con;
centration (ALC) is the minimum c§ncentration causing death in any of the-
animais over a given exposure period and i; usﬁél];.onIQ somewhat less:than
thé concentration causing &eéth in half of the exposed éniméls (LC5p) . The
anesthetic concentr;tioné usually represent .fhe qéncentration at which |
certain basic reflexes are 16st; e.g., the rightiné rgflex.. The concentra-
tion causing tremors is Qsed rather than the conccu?rations'caﬁsing convul-
sions because the former usually represents the minimum concentration causing
any marked response. It.will be.nbted thét thg.céncen;rétioq causing tremoré
is usually below that causing anesthesia; thus most éf tﬁe fluéfocarboﬁs are
not satisfactory anesthetics. The non-lethal concentration is admittédly

somewhat ambiguous. In most cases, it merely represents a concentration not

'
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causing death., However, in instances where it is lower than the ﬁremor
concentration, the non-lethal concentration is a reasonable épproximatioh of
the "no marked effect" level. In a few cases, important observations not
fitting the above categories are included in brackets., Information not
supplied in the original study is indicated by '"N.S.".

Many review articles, especially those of Clayton (1962, 1966,
1967a and b, 1970) have emphasized the relationship between fluorination
and toxicity: as the degree of fluorination increases in a given series,
the toxicity decreéses. This relationship and the relationships between
the various groups presented in Tables IL-LIV are given in Figure 26 using
LCsq's or ALC's. To make the comparison as valid as possible, preference-
is given to data on rats and exposure periods of four hours. Valueséof
less than one-half hour or greater than six hours are not used. In Sases
where there is more than oné compound in a single category, the most

halogenated is plotted first,
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Table IL. Acute Inhalation Téxicity of Perhalomethanes in Laboratory Mammals.

. Responses
Fluorocarbon Code Animal ALC LCsq Anesth. Tremors Non-letbal Duration Reference
CC1;3F F-11 Rats 6% 4 hr. Waritz, 1971
10% o 20-30 min, Lester and Greenburg, 1950
202 ’ S min. Kuebler, 1764
15% 30 min. Paulet, 1969
10% 20 min.. Keubler, 1964
<9% ’ ’ N.S. Lester and Greemburg, 1950
3.3% N.S. Waritz, 1971
Mice 10% ’ 30 min. Paulet, 1964
Rabbit and Guinea Pig 25% 30 min. Paulet, 1964
Guinea Pig 102 2 hr. Clayton, 1966
CCLaF2 F-12 Rats, Guinea Pigs .
and Rabbits >80% 30 min. Paulet, 1969
Rats ’ . 80% 4~6 hrs. Lester and Greenburg, 1950
Mice t76% 30 min. Paulet, 1969
Rats 50% 1 hour Keubler, 1964
Higher Vertebrates (N.S.) 40% N.S. Caujolle, 1964
Rats 30-402 N.S. Lester and Greenburg, 1950
Dogs, Monkeys and
Guinea Pigs ' 20% Prolonged Sayers et al., 1930
Guinea Pig 202 2 hr. Clayton, 1966
F-11/ F12 (1:1,v/v) - Mice 22% 30 min. Paulet, 1969
Rats 302 30 min. Paulet, 1969
Guinea Pig 50% _ 30 min. Pauletr, 1969
CCLT4 F-13 Guinea Pig 235 2 br. Clayton, 1966

CFu F-1% N.S. 203 2 bhr, Zapp, no date
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Table L.

Acute Inhalation Toxicity of Halo-unsaturated Methanes in Laboratory Animals

Fluorocarbon Code Animal ALC LCzyg Anesth. Tremors Non-lethal Duration Reference
CHC1,F F-21 Guinea Pig 52 <2 hr. Caujolle, 1964
102 1 hr. Clayton, 1966
Higher Vertebrates 10% . brief Caujolle, 1964
1-22 several
minutes Caujolle, 1964
CHCIF; 22 Guinea Pigs 10Z 2 hr. Waritz, 1971
20% 2 br. Caujolle, 1964
Dogs 70% 407 <90 min. Van Poznak and Artusio, 1960
Mice 402 2 hr. Clayton, 1966
CHF 5 F-23 Rat 20% 2 hr. Zapp, oo date
Dogs 802 <90 min. Van Poznak and Artusio, 1960
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Table LI. Acute

Inhalation Toxicity of Perhaloethanes in

Laboratory Mammals

Fluorocarbon Code Animal ALC LCsq Anesth. Tremors Non-letnal Duration Reference
CCLl;F-CCl;F 112 Rat 1.5% 4 hr. Clayton et al., 1964
Rat 3% [severe pulmonary hemorrhage] 40-60 min, Greenburg and Lester, 1950
0.5% [delaved death, 18-36 nrs.] 18 hr.
CCl3-CCLFy 112a Rat 1.5% 4 hr. Clayton et al., 1964
2-3% 1ig=2% hr. Greenburg and Lester, 1950
CFaC1-CFCl, 113 Rat 5.5% 4 hr. Waritz, 1971
8.69% 4 hr. Clayton, 1966
10% 4 hr. buPont, S-24, no date
20% 45 min. Kuebler, 1964
11% [some delayed death <2 ar.] 2 hr. Desoille et al., 1968
Mice >10% 30 min. Raventos and Lemon, 1965
Mice 9.5% 2 hr. Descille et al., 1968
Mice and Rats 15% 15 min. Kuebler, 1964
Mice 5.7% [delaved death with >61] 3Q min, Raventos and Lemon, 1963
Rats 2.5-2.9% 30 nin, DuPont, S-24, no date
1.1% 6 hrs, Steinberg et al., 1969
Guinea Pig 4,8-5.2% 1 nr. DuPont, S$-24, no date
12% 2 hr. Desoille et al., 1968
Decg 1.1% 6 hr. Steinberg et al., 1969
1.33 1 hr. Steinberg et al., 1969
CC1lF;-CCLF;: F-114 rats 607 2 hr. Waritz; 1971
50% 2 hr. Kuebler, 1964
Mice 70% [delayed death <24 hrs.} 30 min. Paulet and Desbrousses, 1969
Dogs . 20., 2-5 win. Yant et al., 1932 .
Guinea Pig 207 @ kr, Yant et al., 1932
Mice {i03:alveolar hemcrrhace] 24 hr. Quevauviller et al., 1933
CF:=CFCI3 114a Mive 0% ‘delaved Jdeaik, 43 nhirs,) 30 wmin. Paulet and Desbrousses, 196%
Tat 72 ’ 30 min. Pauletr, 1969
: 75% 30 =in. Baulet, 1969
20% {delaved death) ¥LS. Caujolle, 1964
CF3-CCYF; 1ty Rats 80% (20% 02) & hr. Clayton, 1966
CF3-CF, 116 Rats 80%(20% 0-) N.§ Caujolle, 1964
F-22/F-115 F-502  Rats {20% = pulmonary congestion] N.S. Caujolle, 1964
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Table LII.

Acute Inhalation Toxicity of Halo-unsaturated Ethanes

in Laboratory Mammals

Fluorocarbon Animal ALC LCso Anesth, Tremors Non-lethal Duration Reference
CF,C1-CH,ClL Mice
2.3 1.3 [delayed death in 24-48 hrs.] 10 min. Robbins, luo B}
Mice 4.92 1.292Z[no delayed death noted 30 min. Raventos and Lemon, 19653
Rabbits in 15 days] 3% {lung N.S. Raventos and Lemon, 1965
CC1F,-CH3 Mice 12.8% 4 hr. Carpenter et ££'¥"1949 e
20% N.S. Lester and Greemburg, 1950
CHF ~CH 4 Rats 50~55% 10-25 min. Lester and Greenburg, 1950
<457 N.S. Lester and Greenburg, 1950
6.42 4 hr. Carpenter et al., 1949
CF3-CHCL: Mice 7.4% 30 min. Raventos and Lemon, 1965
: 7.7% 10 wmin. Robbins, 1946
2.42 3Q min. Raventos and Lemon, 1965
2.7% 10 ain. Robbins, 1946
CC1F,-CHC1F Dog r none 15 min. Burn, 1959
: Mice ~ ~ none 30 min.
7% 1 hr.
CF3~CH,C1 25% 8z 10 min. Robbins, 1946
15% 4.3% 30 min. Raventos and Lemon, 1965
CF3-CH; Mice 502 10 win. Robbins, 1946
CC1¥,-CHF; Guinea Pig 20% 2 hr. Clayton, 1966
CF:-CHC1F Dog 0% 2 min. Van Poznak and Artusio, 1960
CHF;-CF, Rats 10% 4 hr. Clayton, 1966

{30%=long lasting excitement stagel

.rapid onset

Van Poznak and Artusio, 1960
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Table LIII.

Code

Acute Inhalation Toxicity of Bromofluoromethanes in Laboratory Mammals

Fluorocarbon Animal ALC LCsg Anesth. Tremors Non-1lethal Duration Reference
CC1,FBr H-1121 Mjce >2Z 30 min. Raventos and Lemon, 1965
~2% 3Q win. Raventos and Lemon, 1965
CF2Br, H-1202 Ratr 5.52 15 min. Clayton, 1966
CC1F;Br H-1211 Rat 3on 15 min. Beck et al., 1973
' 30-32% 15 min. Clark, 1972
232 30 min. Clark, 1972
Mice and Rats 6% 12 min. Beck et al., 1973
Rat 25% 30 ain. Caujolle, 1964
Guinea Pig 23% 15-30 win. Clark, 1972
6% 21 min. Beck et al., 1973
Dog 5% 3 mia, Beck et al., 1973
Monkey 7.8% 10 min. Beck et al., 1973
CF3Br H-1301 Rat 83.22(in 05]) 15 win. DuPont, S-35A, 1971
Mice and Rats 80% [in 0;] 30 min. Caujolle, 1964
Mice and Guinea Pigs 85% [in 0,}[delayed death, .2 davs] 2 hr. Paulet, 1962
Dogs 20% 1-3 =ia. Van Stee and Back, 1969
Mice, Rats, Rabbits
and Guinea Pigs 80%{in 0:}  N.S. Paulet, 1962
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Table LIV. Acute Inhalation Toxicity of Bromofluoroethanes in Laboratory Mammals
Fluorocarbon Code Animal ALC Llsgy Anesth. Treamors Non-lechal Duraticn Reference
CByBr-CF,Br H~-2207 Rats 0.5% ) 18 bhr. Lester and Greenburg, 1950
0.25% 18 hr. Lester and Greenburg, 1950
CH,Br-CHF, H-2201 Rats 4.6 1.3% 10 ain. Robbins, 1946
CHBr-CF; H-2302 Mice 1.22 0.53 30 min. Raventos and Lemon, 1965
Mice 2.0% 0.6% 10 min. Robbins, 1946
CHyBr-CF 5 H-2301 \jce 9.76%  2.51% 30 min. Raventos and Lemon, 1965
11.7%  2.8% 10 wmin. Robbins, 1946
CBrF,~CBxF; 1i-2402 Rats 17.3% 4 hr. Rainaldi, 1972
13.1 4 hr. Rainaldi, 1972
CHBrF-CF3 H-2401 Dogs 25% rapid Van Poznak and Artusio, 1960
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Figure 26: Comparative Toxicity of Various Fluorocarbons
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Similar relationships showing increasing potency with decreasing fluorina-~
tion can be made in other responses giveﬁ in Tables IL-LIV. |

Althdugh most of the published information on écute.inhalation
toxicity is in rela;iye agreement, certain studies warrant further elabora-
tion either because of unresolved details or information that could n§t
Abe adequately tabulated.

.In evaluating the toxic effects of F-112 (CCléF—CClZF) and
F-112a (CC13-CClF;), . Greenburg and Lester (1950) noted that both compounds
were fatal to .rats at 3%, although F-112a caused death in 1-2 1/2 hours
while F-112 was fatal in 40-60 minutes. However, thé primary difference
noted was ?arying degrees of pulmonafy hemorrhage gausedvpy f—liZ which
were not seen in F-112a exposed rats, Clayton'and coworkers (1964), using
the same compounds, exposed rats for four hoursand noted an ALC of approxi-
mately 1.5%Z. While unspecified effects were observed on‘ﬁhé nervous and
respiratory system, no pathology is reported.

Fluorocarbon-113 (CC1,F-CC1F,) has been rather extensively
studied for acute inhalation toxicity. Althoﬁghvlethal concentrations
range between 5;5-20%, aAfwo-houfbeiposure to 1.76% wasAasséciafed with

moderate liver and kidney congestion in rats, while causing no loss of

coordination. A éimilaf exposure to 3.91% FE-113 did causeIlOSS'of.coordina—
tion and pathological examination showed péle kidney and iiver with some
fatty deposition. A ten-minute exposure to 5.09% caused similar loss of
coordination and pathological examination reveaied mild liver congestion

and pale kidneys with focal necrosis (DuPont, S-34, no date).
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L Simiiar pathological data has not been repofted.and the rapid
reversibility of adverse effects on exposure termination*has>been emphasized
(Steinberg et al., 1969). This is also noted by Desoille andAéoworker
(1968) who, however, also noted periods of torpor persisting several hours '
after exposure to higher concentrations (=107%). These investigators further
observed delayed death up to two hours following exposure and, in
two animals, delayed death during the following week. This information is,
of course, equivocal. The data presented do not offer conclusive proof
that the fluorocarbon exposure actually caused the pathological observations
or the delayed death, However, deiayed death may suggest that a metabolite
rather than the parent compound may be the toxic agent (Truhaut et al., 1972).
Metabolites would also be consistent with liver damage. Both Yant and

coworkers (1932) and Paulet and Desbrousses (1969) noted similar dglayed
death with F-114 in dog at 20% and mice at 50% concéentration. With Yant

and coworkers (1932), one dog died 69 hours after exposure and another

died 7.3 days after 16 hours of exposure.to 20% F-114, Pathological find-
ings included moderate to marked congestion of lungs with éreas of hemorrhage,
very marked congestion of the liver, and congested kidneys with pale
yellowish granuiaf cortex.,

The central nervous system effects of ;cute fluorocarbon
exposure have been most extensively studied for H-1301 (CBrF3); In terms
of lethality, this compound is among the least toxic of the fluorocarbons
with ALC's ranging from 80-85% in oxygen (see Table LIII). Paulet (1962)
noted fatality in mice and guinea pigs at concentrations of 80% H-1301
(in 20% 0,). Both guine; pigs and rats responded to ten-minute exposures

~ with general 1nstability, difficulty in walking, and lethargy. Mice showed
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greatly reduced activity, more severe instability, tremors, and labored
breathing. Rabbits responded the most severely with protruding eye balls,
extreme dialation of the pupils, tremors, and brief convulsions. Rhoden
and Gabriel (1972), however, noted a much more severe response in Westar
fats at conéentrations of 79% H-1301 (21% 0y), consisting of convulsions
followed by respiratory arrest within 40 minutes of exposure., Van Stee and
Back (1969) noted species differences between monkeys and dogs. Dogs,
exposed to 50-80% H-1301 for 3-12 minutes, had epileptiform convulsions
of 10-30 seconds duration including rigidity, apnea, and cyanosis of fhe
tongue. At lower concentrations, dogs appeared agitated and exhibited
transient tremors. Monkeys, however, eyidenced cortical depressibn,
shivering, and a tranquilization of their normally aggressive behavior.

In a subsequent sﬁudy, Carter and coworkers (1960b) demonstrated that
20-25% H-1301 significantly impaired the performance of trained mbnkeys
énd higher concentrations coﬁpletely Aisrupted operant behavior without

signs of CNS depression or analgesia.
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2. Acute Oral Toxicity
Becauée of their uses and physical characteristics, very little
information is available on the acute oral toxicity of tﬂe fluorécarbons.f
Such information is briefly summarized in Tabie LV. : | .

Table LV. Acute oral toxicity of various fluoroalkanes in rats
(Clayton, 1966)

Fluorocarbon | Code ALD, mg/kg

CC1,F, F-12 ~1,0007

CHC1,-CCLF, F-122 7,500

CCl,F-CCL,F F-112 25,000

CCIF,-CCl4 F-112a 25,000

CC1F,~CCl ,F F-113 45,000 (LDsq = 43,000)
CCIF,-CCIF, . F-114 >2,250"

f = Maximum feasible dose of fluorocarbon dissolved in peaﬁut oil.

With the exception of a slight increase in liver weight at 25,000 mg/kg
CC1F,~-CCl3, no histological findings are noted by Clayton (1966) for these
exposures,

Michaelson and Huntsman (1964) determined thé acute oral toxi-
tity of F-113 in Sprague-Dawley male rats and arrived'ét the same figures as
those presented by Clayton (1966)--i.e. ALD = 45 g/kg, LDsg = 43 g/kg.

The details of Michaelson and Huntsman's study are given below. (See

Table LVI).
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Table LVI. Acute Oral Toxicity of F-113 in Rats
(Michaelson and Huntsman, 1964)

Av, wt,

Mortality Approx. Av. wt. change of

Animal Dose, total time change at survivors,
group mg. /kg. animals of death death, g. g.
1 30 0/5 : : cee +46
2 35 0/5 . cee +41
3 40 0/5 - +19
4 45 3/5 5 to 24 hr. =12 +25
5 50 4/5 1l to 7 days -49 +31
6 55 5/5 3 to 9 days 0 cee

The more rapid onset of death from lower lethal concentrations is noted but
no explanation 1is foered by the original investigators, Survival seems

to be related to weight maintenance but the mechanism involved is not
clear. All animals were reported to have liquid fecal dischérge but
increased frequency of discharge is not noted. Significant pathological
findings in fatally exposed animals include hemorrhage in the lungs and
mottled surface but not discolored livers, Surviving animals showed only
slight lung hemorrhage at higher exposures. Introduction of 200 ml

(302g) F-113 into the stomachs of two dogs for two hours resulted in no

gross histological change.

Fluorocarbon-11 (CCl3F) was intubated intq albino female rats
at doses of 7.38 g/kg (Slater, 1965)., Tests at three and twenty-four
hours after exposure showed normal serum beta-glucuronidase and, after one
hour, levels of liver NADP and NADPH; were also normal. Histological
examination of the liver at three and twenty-four hours failed to show

.any necrosis., No fatalities were noted.
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3. Acute Dermal Toxicity .

Fluorocarbon-112 and F-112a have been applied én the skin of
rabbits at doses of 7.5 g/kg and 11 g/kg, respéctively (the}highest feasible
doses). Although no fatalities resulted, F-112 did cause skin erythema bﬁt
no systemic or histological effects; Fluorocarbon~112a caused severe skin
irritation in ethanol, weight loss, and histological changes in skin

musculature, Guinea pigs responded similarly to F-~112 with mild irritation

but no sensitization.

Fluorocarbon-113 (CC1,F-CClF,) produced only local irritation
when applied at 11 g/kg to the skin of rabbits.
Fluorocarbon-114 produced no irritation'when sprayed directly

on the backs of guinea pigs (Clayton, 1966).
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B. Subacute Toxicity
1. Subacute Inhalation quicity

Defining subacute and chronic toxicity studies of the various
fluorocarbons is somewhat arbitrary in that both duration of exposure (hrs/day)
and the number of days on which the exposures are repeated must be considered.
ﬁost reviews do not differentiate between subacute and chronic studies (e.g.
Clayton, 1966; Waritz, 1973) and, in view of the paucity of demonstrable
toxic effects, this approach is justifiable. However, such classification includes
such exposures‘#s 2 hrs/day x 20 days and 8 hrs/day x 3 days aiong with
exposures of 6 hrs/day x 300 days and 24 hrs/day x 92 d#ys. In that most
present infﬁrmation indicates that these fluorocarbons are rapidly eliminated
from the body after terminating exposure, relatively brief eprsurés‘even
when repeated over a numbér of days proBably represent a different type of
potential hazard thaﬁ longer exposures repeated over comparable periods.
Thus, in this review, chronic exposures will be defined as those lasting
for at least 6 hrs/day [approximating occupational periods] and continued
for at least 30 days. Exposures not falling in this category are classified

as subacute. Using this admittedly arbitrary definition, data on subacute

inhalation toxicity is summarized in Table LVII.
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Table LVII. Subacute Inhalation Toxicity of Various Fluorocarbons.

Acute Z (v/V) Hr/Day
Fluorocarbon Code ALC Animal Conc. Days Mortality C ts Re ference
CCL3F F-11 6% x 4 hr. Rats 0.42 6 hr. 28 0/12 No significant signs of toxicity Clayton, 1966
Mice 0/8 in any animals either after
G. Pigs 0/2 exposure or after 15 days
Rabbits 0/1 recovery.
Rats 1.22 4 br. 10 0/4 Slight twitching, chewing Clayton, 1966
wmotion, respiratory increase
during exposure.
Pathology: Brain-neuronal edema
and neurolial vacuol; Liver-
vacuolation of cells; Lungs-
emphysena and edema; Spleen-
increased hematopoiesis.
Dog -1.25% 3.5 br 20 0/2 No signs of toxicity Clayton, 1966
Cats 2.52 3.5 hr 20 0/2 No signs of toxicity Clayton, 1966
. G. Pigs 0/3
Rats 0/5
Mice 25.0% 0.83 1000 0/30 No signs of toxicity Swith & Case,
(bid) Total dose of 970 mg/kg/day 1973
Dogs 24.52 0.83 .90 0/4 No signs of toxicity Smith & Case,
-(bid) Total dose of 560 mg/kg/day 1973
Dogs 24.52 0.83 365 0/6 Transient drowsiness after Smith & Case,
(bid) exposure. .

Total dose 2240 mg/kg/day
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Table LVII (continued)

z (V/V)

Acute Hr/Day
Fluorocarbon Code ALC Animal Conc. Days Mortality Comeents Reference
CCR2Fp P-12 >802
Rats, Cats 102 3.5 20 0/2 No signs of toxicity Clayton, 1966
G. Pigs, G. Pigs 0/3.
Rabbits Rats 0/5
Pogs 0/2
Mouse 48.91 0.83 (bid) 1000 0/30 No signs of toxicity Smith & Case,
Rat 40.02 0.83 (bid) 93 0/16 No signs of toxicity 1973
Dog 42.02 0.83 (bid) 93 0/4 No signs of toxicity
Dog 50.0% 0.83 (bid) 90 0/4 No signs of toxicity
Dog 50.02 0.83 (bid) 365 0/6 Occasional depression and drowsi-
- ness during exposure.
CCLF3 F~13 Rats 12 6 20 0/6 No signs of toxicity Clayton, 1966
CBrFj F-1301 85% x 2 hr Mice 502 2 15 - 1/20 Mortality not related to exposure Paulet, 1966
Mice & Rats S0% 2 15 o
Guinea G.Pigs 502 2 15 1/10 " " "
Pigs
CHC2,F F-21 19Z x 1 hr Puppies 402 5 mia. 14 0/2 Sedation and ataxia during Smith & Case,
G. Pig (bid) exposure 1973
CHCLF, F-22 40X x 2 hr Puppies 602 5 min. 14 0/2 Sedation and ataxia during Smith & Case,
Mice (bid) exposure 1973
CCRF~CCiyF F-112 1.52 x Rats 0.2 4 10 0/4 Prostrate and incoordinate during Clayton, 1966
4 hr., Rat first exposure. Rapid and shallow
respiration. Hyper~-responsive
during each exposure. Immediate
recovery after exposure.
Rats -0.127 18 16 0/6 No evident effect . Greenburg &
Lester, 1950
CCL3-CCLF, _F-112a 1.5% x Rat 0.12 18 16 0/6 No evident effect Greenburg &
) . Lester, 1950

4 hr., Rat
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Table LVII (continued)

Acute z (V/v) Hr/Day
Fluorocarbon Code ALC Animal Conc. Days Mortality C ts Reference
CCL,P~CCLF; P-113 5.5 x Mice 1.1X 0.83 (bid) 690 0/30 No signs of toxicity. _ Smith & Case,'?3
4 br., Rats Cats 1.25% 3.5 20 0/2 No signs of toxicity Clayton, 1966
Dogs 0/2
G. Pigs 2.5% 3.5 20 0/2
Rabbits 1.12 2 * 120-1080 0/6 No variation from controls Desoille et al.,
1968
*
Rats 1.22 2 365-730 3/6 Deaths not associated with Desoille et al.,
exposure. Slight sleepiness 1968
during exposure. :
Rat 0.2 24 14 0/50 Enlarged thyroid glands in all Carter et al.,
: monkeys exposed. Rat kidneys 1970
Mice . 0/40 increased in weight above controls.
Dogs 0/8 Neither effect conclusively
Mounkeys 0/4 attributed to exposure.
Dogs - 0.512 6 . 20" 0/4 No toxic effects. Steinberg et al,
"G. Pigs . 1969
Rats
Rats 61 1 5 0/5 " Liver: Two rats showed fair Bumn et al.,
amount of fat in Kupffer cells 1959
possibly indicative of change
in 1ipids or lipoprotefns by
compound. Not definitely attri-
butable to exposure.
41 1 5 074 Mildly toxic effect in liver.

Moderate degree of mitotic activity
in liver cell of one rat. Three
others shoved similar activity at
a lesser degree. '
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Table LVII (continued)

Acute 2 (V/V) Hr/Day
Fluorocarbon Code ALC Animal Conc .. Days_ Mortality Comments Reference
CC2F,-CCLF, F-114 60X x Cats 10 3.5 20 0/2 No signs of toxicity Clayton, 1966
: 2 hr., Rats G. Pigs 0/3
Rats 0/5
Dogs 0/2
Mice 19 2.5% 10 . 0/10 No signs of toxicity Paulet &
Rats 0/10 R Desbrousses,
Mice 20 0/10 Exudative & congested lesions 1969
Rats 0/10 of the alveoli and bronchioles
without cell structure alteration.
Slight decrease in equilibrium.
Rats 12 2.5% 50 0/30 No toxic effects Quevauviller,
et al., 1953.
G. Pigs 14.162 8- 21 1/6é Yo signs of toxicity. Death not Yant et al.,
related to exposure. Occasional 1932
siight fatty degeneration of liver.
202 8 4 0/6 Ruifled fur and occasional
8 2 0/10 convuisive jerk. Increase in
excreca.
Dogs 14.16 8 3 o/l Salivazion and wretching.
3 21 072 Jccasional ceonvulsions with

incecordicaticn and tremors during
first three Javs. After this, a
definite tolerance developed to
expcesure. [lacreases in hemogleobin,
red biced cells, and younger forms
of pelvmorphonuclear leucocytes.
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Table LVII (continued)

al.,

Acute 2 (v/V) Hr/Day
Fluorocarbon Code ALC Animal Conc. Days Mortality C ts Re ference
F-114 cont. 20 8 3-4 4/4 Same as above, but more severe

Plus pathology as follows: Brain-
congestion of meningeal vessels;
heart-wyocardium congested; liver-
very marked congestion with fri-
abilicty in some instances; Kidneys-
congested, pale yellowish glandular
cortex; Gastrointestinal tract-
gastric and duodenal mucosa markedly
congested and swollen. One dog had
suggestion of duodenal ulcer.

Rats 1z 2% =184 2/6 Small increase in number of red Descille et
blood cells in rats. 1973.

Rabbits 12 2% =207 0/6 Xo signs of toxicity " "

Mice 252 0.83 (bid) 690 0/30 No toxic effects Smith & Case,

Rats 50% 0.83 (bid) " 93 0/16 No troxic effects 1973

Dogs 502 0.83 (bid) 93 0/4 No toxic effects

Dogs 252 0.83 (bid) 90 - 0/4 No toxic effects

Dogs 252 0.83 (bid) 365 0/6 Occasional depression during
exposure.

CH3-CCFs F-142b 12.8% x Rats 10% 16 7-9 10/10 Extensive comsolidation and Lester &
4 hr.. Rats hepatizztion of lung. Greenburg, 1950

*Five days/week



2. Subacute Oral Toxicity

As in cases of acute exposure, the subacute and chronic oral
toxicity of the fluorocarbons has not stimulated as extensive investigations
as the more common route of inhalation.

Fluorocarbons F-112 (CCle-éCle)'and F~112a (CClFé-CClB) have
been studied by both Greenburg and Lester (1950) and Clayton (1966). Raté
fed 2 gm/kg/day of either compound for 23 to 33 days exhibited no signs of 
toxicity and no pathological changes in any organs (Greenburg and Lestér, 1950).
At concentratiéns of 5g/day for ten days, both compounds cauéed tremors, inactivity,
initial weight loss, diahrhea, and slight increase in liver weigﬁt. In
addition, F-112 caused slight reversible histological change>in the liver
(Clayton, 1966). | |

Similar to fhe above compounds, fluorocarbon 114 is tolerated by
rats at doses of 2g/kg/day‘for 23-33 days (Quevauviller;‘1964).

| Fluorocarbon liS has also beeq tested at‘conééntrations of

140-172 mg/kg/day for ten days (five days a week for two weeks). No e§idence_
of toxicity was found either immediately or ten dayé after exposure (Clayton,
1966) . | |

3. Subacute Dermal Toxicity

Fluorocarbon-113 (CCl F—CCle) applied to rabbit's skin at

2
5g/kg /day for five days caused gross and histological damage to the skin as
well as slight changes in the liver (Clayton, 1966). Fluorocaibon—ll, F-12,

F-113, and F-114 at 407 in sesame oil have been sprayed onto shaved rabbit

skin for twelve exposures with no effect. Severe local irritation is
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produced by F-113 at Sg/kg/day on shaved rabbit skin after fivé days. In
this instance, however, the sprayed surface was covered for two hours after

each application (Waritz, 1973).
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é. CHRONIC TOXICI?Y
1. Chronic Inhalation Toxicity
Similar to information presented on subacute exposure in Table LVII,
Table LVIII summarizes the work of various investigators on chronic expoéures.
~Jenkins and coworkers (1970), as indicated in Table LVIII,
studied the chronic toxicity of F-11 in rats, guinea pigs, rabbits, aﬁd‘
monkeys with exposures of 1.025% x 5 days/week x 6 weeks and 0.1% x 24 hré/day
x 90 days. Only one animal died, a monkey used in the continuous exposufe,
showing hemorrhagic lesions on the surface of the lung that was not directl§
-attributed to inhalation. In monkeys surviving contiﬁuous éxposure, a large
amount of infiamétory‘infiltration was noted, dccasionally asspciated with
microfilarial parasite infestation. Blood smears of half of all monkeys,
both experimental and contrﬁl; showed such parasites. Ndnspecifib.inflamatiOn.
of the lungs was evident in all experimental species ex;ept‘dogs used in
repea;ed exposure. Such changes were not'described for cont;ol animals.
Mild discoloration was noted in the livers of one—fourﬁh of the rats and »
guinea plgs in both exbosures. A2 x 4 mm liver lesion was noﬁed in dne.of
the male rats frdm the continuous exposure. Of éight rats examined after

repeated exposures, one evidenced focal myncytolysis and two showed focal
nonépecific myocarditis. The investigators 1id nbt relate these cﬁanges

to F-11 exposure. Marked increases in serum urea nitrogen were noted in

dogs exposed continuously (33 mg/100 ml) and repeatedly (36 mg/100 ml)

[control = 16.8 mg/100 ml]. This was not noted in any other animals tested.
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Table LVIII.

Fluorocarbon Code

CCL 3P P-11

CCiFp F-12
onee F2 F-22

CBrFy H-1301

CCL,P-CCRHF F-112

!

CCLyF-CCLF:: F-113

CCtFp=-CF} F-115

CH 3= CHF, ¥-152a

CHA-CCHLF> ¥-142a

* = 5 days/week

Acute

LM

Chronic Inhalation Toxicity of Various Fluorocarbons(

6% x 4 hr.

Rats

+80%, Rats,
G. Pign,

Rabbits

70%, Rats

85% x 2 hr.

Mice

&

Guinea Pigs

wr
~

1
4

5.5%

4 hr.

Rats

802

4 hr.

Rats

6. 4%

X

X

4 hr.,

Rats

12.82% x
4 hrs,,

Rats

Rats

Aniamal

Rats

G. Pigs
Dogs
Monkeys
Rats
G. Pigs

- Dogs

Monkeys

Dogs
Monkeys
G. Pigs

Rats
G. Pipn
Rabbits
Dogs
Monkeys

Rats
G. Plgs
Rabbits
Dogs
Monkeys

Rabbits
Rate
Mice

Rats

Mice

Rats

Rats
Mice
G. Pigs
Ratibit

Rats
Rats
Rats
Mice
Rabbits
Dogs

Rats

Rats

Z (viv) Mortal-
Cone. Hr/Day Days ity Comments Reference
1.025% 8 30 0/15 No outward signs of toxicity. ‘Jenkins, et al.,
See text for detailed discussion. 1970
0/15
0/2
0/9
0.12 24 K] 0/15
0/15
0/2
1/9 Hemorrhagic lesions on surface of
lung not directly attributable to
compound.
202 7-8 52 0/2 Dogs and monkeys apparently Sayers et al.,
20% 7-8 35-52 0/2 developed tolerance to exposure, 1930
202 7-8 35-56 10/26 tremors disappearing after first
two weeks. Deaths {n Guinea pigs
not related to exposure.  See
text for more detailed discussion.
0.0840% -3 30 2/1h Guinea Pigs-several showed focul  Prendergasat
’ /15 necrosis or fatty infiltration of er al., 1967
0/3 liver. Monkey-heavy pigment
0/ deposits in liver, spleen, and
0/3 kidney.
0.0810% ~ 24 90 1/15 Guinea pigs-all showed slight to
0/15 extensive fatty infiltration of
0/3 liver and several had focal or
0/2 submassive necrosis of liver
0/13 (see text).
1.42 6 300 N.S. sce text Clayten, 1966
N.S
N.S
0.1982 6 300 N.S. No toxic effects Clayton, 1966
N.S
N
2.3% 6 90 0/30 No signs of toxicity Clayton, 1966
0/3
0.1% 6 i 0/16 rémale rats (8): signiflcant Clayton, 1966
. 0/10 decrease tn leukocyte count. .
a/2 ‘tale Rats: liver and kidney
0/t weights greater than control.
Transient llver reactions {n rats.
0.02522 7 30 0/2t No signs of toxicity Clayton, 1966
0.5% 7 30 0/12 Three rats showed slightly Clayton, 1966
' pale livers.
10% 6% 90 0/20 No signs of toxicity Clayton _5._1.,
0/10 1966
0/4
0/4
102 16 60 0/8 No signs of roxicity. Mild Lester &
chronfc irritation of lungs in Greenbury,, 1930
five rats.
12 16 60 No slgns ol toxicity. Mild Lester &
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Sayers and coworkers (1930) exposed dogs, monkeys,'and gﬁinea pigs
to CCLyF, at 20% for 7-8 hrs/day for periods of 35-52 days in most céseé.

Ten of the twenty-six guinea pigs died during the test. Tﬁese deaths, however,
were associated with handling procedufes and not to fluorocarbon exposure.."
During the first couple of weeks, dogs and to a lesser éxteﬁt guinea pigs
developgd tremors and ataxia during exposure. The subsidence of these effects
seemed to indicate a tolerance to F-12 exposure. éuinéa pigs did not have
these signs. Also, during the first two or three weeks, a slight t6 moderate
weight loss was noted along with an increase in red blood cell count and
hemoglobin. Differential leucoéyte count showed a slight decrease in
lymphocytes and an increase in polymorphonuclear neutroﬁhils.‘ No variations
from controls in frequency of pregnancy and bearing healthy young-ﬁas notgd
in exposed guinéa pigs. |

Prendergast énd cow0rker§ (1967) did note 1iv¢; damége in.guinea
pigs on both repeated and continuous exposures to F-12 at éonceht;étions

below ghe TLV (1000 ppm). Thié effect does seem related to exposure in that
the severity of the affect increased in continﬁous as opposed to fepeated
exposures. In rcferring to a study indicating that gﬁinea pigs are parti-
cularly susceptible to liver damage and fatality whep exposed to mineral

spirits (Rector et al., 1966), Prendergast and coworkers (1967) do not
definitely attribute the liver necrosis to F—IZ. However, it should be noted
that Rector and coworkers (1966), although recognizing that_liver damage and
death may not bé indicators of occult toxicity, do conclude that the'guinéa
pig is the best rather than an unsuitably susceptible test animal inAsetting

guidelines on long-term low level exposure.
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Clayton (1966) referenced a study by Karpov (1963) exposing
rabbits, rats, and mice to 1.42% F-22 for 6 hrs/day x 10 monthé. ﬁicg showed
lower endurance in a swimming test and an increase in the number of trials
needed to establish a conditioned reflex. Rats showed a decrease in oxygen
consumption and an increase in subthreshold stimuli needed to induce a
response. Rabbits showed decreases in red blood cell count, hemoblobin,
lymphoc}ées, reticulocytes, blood cholinesterase, and serum albumin and
increases in neutrophiles, eosinophiles, and globulin. Pathological examina-
tion reveaied degenerative Ehanges in heart, 1iver,.k{ddey, and nerQous
system as well as changes in lungs leading to emphysema and exudate

alveolar septal thickening.
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2. Chronic Oral Toxicity

Fluorocarbon-12 is the only compound studied in which chronic
oral toxicity studies have been obtained: Studies of F-11 and F-114 have
also been recently completed (Waritz, 1973).

Waritz (1973) summarizes the results of é 90-da§,feeing study
with rats at doses. of 35 and 350 mg/kg/day and dogs at doses of 10 and
100 mg/kg/day. No deviations are noted from either control groups except
that rats had elevated but not abnormal levels of urinary fluoride and
plasma alkaline phosphatase.

Sherman (1974) has conducted a two year feeding study in' rats
using doses of 15 and 150 mg/kg/day. At the higher concentrafion,~a rate

of body weight gain was decreased in both male and female rats (see Fig. 27).
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Figure 27. Growth of Male and Female Rats
Orally Administered F-12
(Sherman, 1974): v
reprinted with permission from DuPont deNemours Co.
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A slight decrease was noted in the food use efficiencf (g..wgt..gained/g. food
consumed) of female rats at the higher dosage level énd this seems to be
reflected in growth curves. Levels of elevated urinéry fluoride were not
noted. Other parameters tested - including liver function, hemétology,

and histopathology - were normal.
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3. Chronic Dermal Toxicity

Fluorocarbon-113 (CCLF-CCAF») has been applied to the shayed back
of rabbits five times a week'fér twenty weeks with no visible'adverse affects
(Desoille et al., 1968).

Quevauviller and coworkers (1964) and Quevauviller (1965)  have
applied F-11 (CCL3F), F-12 (CCL,F,), F-112, and mixtures of F-11 and F-12,
and F-11 and F-22 tb the skin, tongue, soft palate, and auaitory canal bf
rats 1-2/day x 5 days/week x 5-6 weeks. Each compound was sprayed on thé
surface forfive or ten seconds from a distance of 10-20 em. Slight irritation
was noted in the skin and no sigunificant effects in the 6chur areas. However,
the'healing rate of burns was noticeably retarded by all of ;he‘coﬁéounds as

indicated in Table LIX.

Table LIX. Per Cent Reduction of the Surface of Burns in Control
’ Rats and Burns Sprayed with Various Fluorocarbans
(Quevauviller, 1965)

—— [P —_—

F-11 F-11

Days Control F-11 F-12 + F-12 + F-22 F-114
4 31 0 0 6.8 5 +6
6 48 2.8 14 17 %6 | +14
8 65 14 21 24 55 3
12 80 30 50 65 79 4 57
14 87 48 71 69 92 68

18 100 87 100 ? 89 ‘1007 | 82
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D. Cardiovascular Effects of Fluorocarbons
1. Cardiac Sensitization to Exogenous Epinephrine Induced Arrhythmias
Epinephrine, a catecholamine, is a potent adrenal cortical hormone.
In man, the mean blood plasma concentration is approkimately 0.06 ug/% and
excesses are elimirated rapidly from the body, primarilyAthrough O-methylation.
In stress, the human adrenal gland may secrete 0.004 mg/kg/min, The compound
has a variety of caréiovasculér effects; chief of which are vasoconstriction -
resulting in increased blood pressure - and increases in both heart rate and
cardiéc output. A variety of hydrocarbons, with and without halogen substi-
tution, have long been known to sensitize the heart to epinephrine induced
arrhythmias incluaing ventricular fibrillation (Garb and Chenoweth, 1948;
Hays, 1972; Reinhardt et al., 1973). At various concentrations, fluorocarbons
used for aerosol propellants, solvents and fire extinguishing agénts have .
been shown to produce this effect. Because this arrhythmogenic action may be
related to a variety of human health hazards--e.g. bronchodilator nebulizer
~over-use by asthmatics, "aerosol sniffing syndrome", exposurés to high
cbncentrations of fire extinguishing agents-[see Sccrion X1 , Human Toxicity].-
a great aeal of research has been stimulated in this area focused primariiy on
determining the minimum concentration ofAfluorocarbons and epinephrine requiréd
to produce arrhythmias in various mammals.
Reinhardt and coworkers (1971) have detailed whsit has been the‘most
common procedure for testing the ability of various fluorocarbons to sensi-
tize the heart to injected doses of epinephrine. The basic ptrocedure is

outlined in Table 1LX.
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Table LX: Outline of a procedure for determining the ability of various
vapors to sensitize the heart to exogenous epinephrine-induced
arrhythmias (Reinhardt et al., 1971) ‘

Minutes Conditions
0 : Allow animal to breathe normal air,
2 Inject I.V. with dose of epinephrine

in normal saline over nine seconds
(control injection).

7 Expose to known concentration of gas.

12 S Re~inject with epinephrine (challenge
injection).

17 Discontinue exposure to gas.

In most experiments, the animals are not anesthetized and ail“gases -
including normal air -~ are administered through a face mask., The stéﬁdard
exposure period is five minutes and ECG recordings, generally lead II,

are continuous. By far the most critical-parameter; howeQer, is the dosage
of epinephrine administered, since in sufficient quaqtity this compound
alone may induce arrhythmias. Reinhardt and coworkers.(l972), in formula-
ting their protocol, found that most previoﬁs investigators used between
0.004-0.04 mg/kg, the usual amount being 0,01 mg/kg. Because this type of
experiment is designed to simulate conditions of stress, the rate at which
the compound is administered is probably more importént than the total dose,
The relevant data on epinephrine administration for the series of experi-
ments to determine the effects of fluorocarbon cafdiac sensitization is

given in Table 1XT.
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Table LXI. Epinephrine dosage used in determining the effect of fluorocarbons in

cardiac sensitization to exogenous epinephrinef

Rate of Epinephrine Injected

Author

Epinephrine Dose Duration of Administration
0.008 mg/kg 9 seconds
0.01 mg/kgt 25-40 seconds
0.007 mg/kg*# 2 minutes
0.005 mg/kg 2 minutes
0.010 mg/kg 2 minutes
0.015 mg/kg 2 minutes
0.005 mg/kg 10 seconds
0.10 mg/kg* not spec,
0.002~0.003 mg/kg not spec.
0.003-0.004 mg/kg+ net spec
0.01C mg/kg (I.M.) --

10 secqnds

0,005 mg/kg'

#-Dogs, unless otherwise specified

f-Dogs and cats

#-Dogs and guinea pigs
t-Dogs and rabbits
x-rats

+-monkey

0.053 mg/kg/min.

0.015-0.024 mg/kg/min.
0.0035 mg/kg/min.
0.0025 mg/kg/min,
0.005 mg/kg/min,

0.0075 mg/kg/min.

0.030 mg/kg/min.

0.030 mg/kg/min.

Reinhardt et al., 1971
Reinhardt et al., 1973
Mullin, 1970

Reinhardt and Reinkz, 1972
Burgison et al., 1955°
Wills (1972)

Wills (1972)

Wills (1972)

Wills (1972)

Clark & Tinston, 1972

Van Stee and Back, 1969
Van Stee and Back, 1969
Van Stee and Back, 1969

Call, 1972

" Beck et al., 1973

*-concentration used in all experiments but those designed to study dose-response of epinephrine.

S ug/kg/min. released by dogs during conditions of max. emotional stress - Satake, 1955.



The rationalé for these doses is two-fold. First, within the
experimental framework, thefrshould represent doses which will not.elicit
serious cardiac arrhythmias: this is determined by the control injection.
Secondly, in terms of applicability to hazard assessment, they should
approximate or e;ceed the endogenous output under conditions of sﬁress;'

The results obtainedoby the various investigators forAé wide range of
‘one and two carbon fluorocarbons are summarized in Table LXII.

Although the resuits of the various investigators are in relative
agreement as to.the concentrations of the fluorocarbons in inhaled
air necessary to cause arrhythmias, the other parameters which influence
theselresults must be fully appreciated. The most important of these are
the amount of epinephrine used aﬁd duration of exposuré to the’fluorbcarbons.

The effect of epinephrine dosage on cardiac response to a 0.87%

F~11 over varying durations of exposure has.been demonstrated by Wills (1972)
(see Figure 28).

As would be expected, increasing fhe amount of injected epinephrine
increases the arrhythmic response. This is consistent with the earlier work
of Van Stee and Back (1969) who used epinephrine concentrations of
2~10 ug/kg. The control level sensitization five minﬁtes afte; exposure

to F-11 is terminated reflects the rapid elimination of the compound from
the body. Similar observations of rapid loss to sensitization have been
made by Clark and Tinston (1972 a and b). However, Wills (1972) nqteé
that maximum sensitization occurs after ten minutes exposure to F-11 and
falls off-shérply thereaf ter, This decrease in response from the ten

|

minute exposure injection to the fourteen minute exposure injection cannot

be explained on the basis of other time-response studies.
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Table LXII. Cardiac responses of mammals exposed to fluorocarbons
and challenge injections of epinephrine
vV
Conc, Duration No. Animals No.
Compound No. Anlimal 3 Min. Tested Sensitleed % Sensitized Reference
METHANES
CClJF Fi1 Dogs .09-.13 5 12 0 0.0 5
.32 5 4 0 0.0 4
.35-.61 5 12 1 8.1 5
.63 5 4 0 0.0 4
.96-1.21 5 12 5 41,7 S
1.25 5 4 o 50,0 4
Guinea Pig .87 15 6 6 100.0 4
CCleq F-12 Dogs 2.0 5 4 U 0.0 4
B 2.5 5 12 0 6.1 5
4.0 5 4 (] 0.0 4
5.0 % 12 5 41,7 5
8.0 b 4 2 50.0 4
CIICIF2 22 2.5 5 2 4] 0 5
5.0 5 2 16.4 )
ETHANES ]
C2C13F] F-113 bogs .25%,27 5 12 (4] 0.0 b
J40-.57 5 29 10 34,5,
.90-.95 5 4 3 75.0 9]
cc) F2-C()ll72 F-114 Dogs 2.5 5 12 0 0 5
2.5 5 4 0 0 4
5.0 5 12 7 58.3 b3
5.0 5 4 0 0 4
10.0 5 4 2 50.0 4
(.‘E-'._,--(,’(.'ll-'2 F=115 Dugs 15 5 13 1 1.7 5
25 5 12 4 33.3 5
C2!'6 F-116 Dog 2.2 15 4 2 50,0 Y
Guinea Pig 2.2 15 10 Y 50.U 9
8.7 15 3 2 66.6 4
13.8 19 2 g 100,0 n
CCLF,=CH, F-142h oy 2.5 5 3 G 0.0 B
5.0 4 12 Y 61,7 Y
. 10.0 5 12 12 100.0 3
CHFZ—CH3 F-152a Dog 5.0 S 12 [}] 4.0 ¥}
. 15.0 5 12 k) . 25.0 b
F=22/F=115 F-502 Dog 5.0 5 3 0 0.0 3
10,0 5 12 5 «l.7 >
20.0 3 12 i 100,0 >
Reference key: 1. Beck et al., 1973 6. Reinhardt et al., 1973
2. Burgison et al., 1955 7. Reinhardt and Reinke, 1972
3. Call, 1972 _ 8. Van Stee and Back, 1969
4. Clark and Tinston, 1972 9. Wills, 1972
5. Reinhardt et al., 1971
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Table LXII

162

.(Continued)
v/iv
Conc., Duration No, ‘Animals No.
_.Compound No. Animal Z Min, Tested Sensitized % Sensitized Peference
ETHYLENES
CF2-CP2 Dog 25-50 5-15 4 0 0.0 2
_ Ccat 25-50 5-15 2 0 0.0 2
*“czn.,r2 Dog 25-50 5-15 8 0 0.0 2
° Cat 25-50 5-15 ? 0 0.0 2
C2C1F3 Dog 25-50 5-15 4 4 106,0 2
C2H01F2 © Dog 25-50 5~15 4 4 100.0, . 2
C2013F Dog 25-50 5-15 2 2 100.0 2
Bromo-su
substituted
CBrF3 H=1301 Dog 2.2 15 4 3 75.0 Y
5.0 5 62 0 0.0 7
7.5 5 18 1 5.0 i
10.0 5 : 69 8 11,6 7
15.0 5 7 2 28.6 7
20.0 5 13 § 61.5 7
80.0 35, 40 2 2 100.0 8
10,0-80. T+ 8
Guinea Pig 2.2 15 10 4 40,0 9
’ 8.7 15 6 2 33.3 Yy
Monkeys 20.0-80.0 10+ see text for detalls 8
Rats 24,0 see text for Jdetails 3
CBrCIF, H~1211 Dog 0.5 5 4 0 0.0 1
1.0 5 7 i 14,13 1
2.0 5 4 2 50,0 1
4.0 5 2 ! 100.0 i
Rabbit 2.0 5 ] o 0 1
A0 5 3 t 31.3 i
C,Br,F, H-2402 . Dog 1.8 15 4 i 25.0 9
Luinea Pig b8 I iQ 3 0.0 4
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NUMBER OF ARRHYTHMIC HEART BEATS
AFTER EPINEPHINE EXPOSURE

0 5 10 % - 20
TIME (min.)

e —

EXPOSURE TO 0.87% F — 11

Figure 28: Number of Arrhythmic Heart beats in responses to different
~doses of epinephrine administered during exposure to '
0.87% (v/V) F-11 (data from Wells, 1972).
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Reinhardt and coworkem (1971) exposed dogs to varying concentrations of

 P=12 for periods ranging from .5 minute to 10 minutes (see Table LXIII).

Table LXIII: Cardiac responses of dogs exposed to F-12 for varying
periods with challenge injections of epinephrine
(Reinhardt et al., 1971)

Duration of

0.5 Min 5 Min
Exposure
0.5 Hr 1 Hr
Concentration,
% V/V 7.0 7,0 13.5 2.5 5.0 (2.48-2,58)t (2.48-2.50)t
No. of dog o '
exposures 6 7 7 12 12 6 - 6
No. of marked :
responses 1 0 2(D# 0 S5(L# 0 ‘ 0

Percent marked g .
responses 16.7 0.0 28.6 0.0 41.7 0.0 0.0

* Oxygen concentration reduced to approximately 8.0%.

Tt Analytic concentration. ‘ '

## Numbers in parentheses indicate number of cases of ventricular fibrillation
and cardiac arrest included in marked responses.

These results seem to indicate that a minimum coﬁcentration of F-12 in air

1s necessary to sensitize the heart to epinephrine and that increasing the
period of exposure to lower concentrations will not result in afrhythmiés.
Similarly, Beck and coworkers (1973), using H-1211, indicate that as the dura;
tion of é#posure is iﬁcreased, the concentration necessary to cause»érrhythmiaé
decreases only to a point after wﬂich further exposure'has'no marked effect,

"~ Neither of these studies, however, are designed so.that they would show a
decreased response to epinephrine challenge with con;ihued exposure as noted
vby Wills (1972). Even though this“decreased éffect may be of_sigﬁificance

in determining the mechanism(s) involved in arrhythmias, most durations used
in Table LXII are for five minutes, and as such, the comparative arrhythmaéenic

potentials of these compounds may be tentatively proposed. For the most part,
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the comparison is similar.to that noted in standard inhalation studiesa as
fluorination increasés within a homologous series,.toxicity tends to decrease.
Thus, for the fluoromethanes, the arrhythmagénic potency seems to be

F-11 > F-12 = F-22. A similar pattern is seen in the perhaio-ethanes

(F~113 > F-114 > F-115) and the bréﬁochlorofiuoromethanes (§-1211 > H-1301).
However, as illustrated in Table LXIV, an attempt to compare ;he potencies among

homologous series yields no definite pattern in terms of substitution.

Table LXIV. Percent of one and two carbon fluorocarbons causing arrhythmias
in dogs on epinephrine challenge after exposure of five minutes (from Table LXII).

z (/v . ZV/v

Halo-substitution Minimum Maximum Conc.
_ ‘ Conc. Noted to Causing No

F cl Br Cause Arrhythmias - Arrhythmias
F-11 1 3 0 0.35 L 0.32
F-113 3 3 0 0.40 C0.27
H-1211 ) 1 T 1.0 0.5
F-12 2 2 0 5.0 4.0
F~22 2 .1 0 5.0 2.5
F~114 4 2 0 5.0 2.5
F-142b 2 1 0 .5.0 2.5
#1301 30 1 7.5 - 5.0
F-152a 20 0 15.0 - 5,0
F-115 5 0 0 15.0 -

165



Although such comparisons are of interest in determining relative potendies,.the
scope of Table LXIV is probably too narrow to be of any actual use other than
demonstrating the lack of absolute correlation bet&een halosubstitution and
cardiac activity. For less readily absorbed compounes, exposdre duration of
longer than five minutes must be considered. In se doing, compounds such

as F-116, H-1301 and H-1211 have senéitization po;entials betweeﬁ F-12 and -
F-113, Indeed, current informetion of blood levels causing sensitization,

as given in Table LXV;indieates that differences among the fluorocarbons may
primarily reflect differences in absorption cha;acteristics rather than any

toxic mechanisms on the molecular level.

Table LXV: Blood ievels,air concentrations, and exposure periods of various
fluorocarbons causing cardiac sensitization,

% Number of Blood Concentrations

Expusure Duration Dogs (ug/ml) R
Compound ° Conc, ) (Min,) Sensitized Arterdial  Venous Reference o
F~11 0.1 10 0/12 10.9 6.6 Azar et al., 1973
0.5 10 1/12 28.6 19.7 Azar et al., 1973
0.63 5 0/4 10 Clark and Tinston, 1972a
1.0 10 5/12 53.2 37.2 Azar et al., 1973
) + 20-25 Jack, 1971
1.5 5 2a 20 Clark and Tinston, 19724
F-12 0.1 10 N.D. 1.0 0.9 . - Azar.et al., 1973
4.0 5 0/4 22 Ciark and Tinston, 1%7.a
5.0 10 5712 35.3 22.4 Arar et al., 1973
8.0 5 274 35.0 Clark and Tiaston, 19704
10.0 10 N.D. 46.3 9.5 Azar et al., 1973
i ‘ . an="ts Jace, 1971
F-114 5.0 5 . 0/4 i3 Clark and Tinsvon, 1972a
10.0 o5 2/4 34 Clark and Tinston, 1972a
H-1211 8 1.0 2/4 ’ 21 Beck et al., 1973
5 2,0 1/4 24 " Buck et al., 1973
2 5.0 2/4 ' 24 Beck et al., 1973
F-12/F-114 30/9 0.58 1/1% 5.5/1.8 Taylor et al., 1971
0.70 1/1* . 0.3/2.3 Taylor et al., 1971

0,75 L/1% , 6.5/2.2 ‘Taylor et al., 1971

*Monkeys
N.D. = not determined.
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Although blood level data is currently available only on these four
fluorocarbons, the remarkable similarities in lowest venous blood concen- |
trations associated with cardiac sensitization in these various studies ﬁight
lead one to suspect that these compounds act in a similar and perhaps non-
specific manner in causing arrhythmias. This type of spéculation is at
least circumstantially supported by the basic similarities in cardiac effects
caused by these and other halo-substituted hydrocarbons.

Having briefly reviewed the basic dose-response results available
on cardiac sensitization to injected epinephrine, certain details.of soﬁe
of these experiments should not be overlooked. As.noted by Reinhardt and
coworkers (1971), the results obtained with F-502 may indicate potentiation
(see Table LXI1). Fluorocarbon 502 - an azotropic mixture of F-22 and F-115
approximately 61:39 (V/V) respectively - causes multiple ventficular beats
in five out of twelve dogs at a concentration of 10%—;or 6.1% F—ZZ; 3.9% F-115.
Alone, however, F-22 at 5% causeé multiple ventricular beats in only two out
of twelve animals and F-115, at about four times its concentration in F-502,
causes this response in only one of thirteen dogs. Although this data is.
quite limited, the possibility of potentiétion is apparent. |

Similarly, Reinhardt and coworkers (1971) observed a slight increase
in response to 7.0% F-12 with hypoxia (see Table LXILI). Wills (1973) also
nétes that sensitization to injected epinephrine after exposure to 0,87%
F-11 is increased by low oxygen tension and decreased by high oxygen tension.
Although these observatiéns are in:themselvés inconclusive, their possible
relevaﬁce to cardiac-sensitization to asphyxia induced arrhythmias cannot

be ruled out (see Section XII, Part D-3).
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The work ‘of Call (1972) differs radically from the other investi-
gations reported in this section and may be of only peripheral use’ in com-'
paring results, Call's experiment tested the effects of a hypobaric atmOSphere
on the response of rats to F-1301. Epinephrine was administered at 10 ug/kg “
I.M. rather than I.V. The use of I.M. would be expected to produce much
‘1ower blood levels of epinephrine than I.V. injection. Hall_end Norris (1958),
for instance, have demonstrated that the lethal dose of epinephrine I,M.'is.
“about twenty times greater than the lethai dose 1.V, in«dogs,exposed‘to
fluothane., With these differences in mind,lCall's (1972) observation of
only one epinephrine injected rat out of twenty seven developing premature
'atrialcontractions af ter exposure to 247 H-1301 at 632 mm Hg. may reflect
the low dose of epinephrine rather than any species difference in the
response of.rats to bromofluorocarbons. .

Differences in species response to injected epinephrine~have been.'.
noted by Beck and coworkers‘(1973) between dogs and rabbits, uith'dogs.
appearing to be twice as sensitive to H-1211 as rabbxts. |

Perhaps a more important species specific difference, at. least in
terms of assessing hazard to man, has ‘been noted by Van Stee and Back (1969)
between dogs and primates. Two anesthetized dogs‘exposed to 8QA.Hf1301 and
207 02 for forty minutes and injected with 10lpg/kg epinephrine developed
vventriculsr fibrilletion followed by cardiac arrest.. In other dogs, exposed
to 20-80%'H-1301 not showing'arrhythnias, arrhythmias could‘heuinduced with
‘2-3 ug/kg epinephrine'I.V.. In these cases, a somewhat less than usual o
increase in blood pressure for the dosage of epinephrine wss noted prior to

onset of the cardiac response. In monkeys and baboons, however, aa .
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exposure to 807 H-1301 and 20% O, with 10 pg/kg epinephrine produced only

2
brief transient periods of ventricular fibrillation and no cardiac arrests.
Only one-half the normal increase in blood pressure was caused by a dose of
3-4 pg/kg in monkeys inhaling 80% H-1301/20% 02. Further, a monkey did not
show an increase in blood pressure with direct stimulation of the femoral
nerve when exposed to 807% H-1301 which did cause a 20 mm Hg rise when
breathing normal air. Subsequently, Van Stee and Back (1971b) demonstrated
that the arrhythmic‘response to 30-80% H-1301 could be reVersedAby lowering
blood pressure through venous bleeding and that an arrhythmic response to
10-20% H-1301 could be elicited by injecting epinephrine to raise the blood
pressure. In the same study (Van Stee and Back, 1971b), blood pH was.found
to influence the blood level threshold at which arrhythmias occurred.
Acidosis (blood pH of 7.10-7.30) increased the:blond pressure threshold
at which arrhythmias occurred on exposures of 10-20% H-1301 but had no
effect in exposures of 30% or more as shown in Figure 29. A similar
effect 1s noted by Flowers and Horan (1972) fof unspecifiéd fluorocarbon
propellants at "high" concentrations. Eieven of the rhirteén animals which
survived exposure had blood pH levels below 7.35 and developed only sinus
bradycardia. Conversely, eleven of the thirteen qnimals which died had pH
levels befweén.7.35 and 7.47. All of this latter group exhibited asystole
and veﬁtricular fibrillation, | | | |

However, the arrh&thmic response to injected epinephrine has not
yet been completely defined and the role of fluorocarhoﬁs on the molecular
level is little understood, The work of Wills (19725 illustrates the many

different factors which need to be defined. Iu studies with F-1l and F-116,
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Figure 29: Tho minimal blood pressure necessary to triggér arrhythmias

varied inversely with the concentration of CBrF3 (Van Stee
and Back, 1971). '

Alkalosis elevated and acidosis lowered the blood pressure
threshold during exposure to 10 and 20 percent CBrF3 but was
without significant effect at concentrations of CBrFj3 of
30 percent or greater. The vertical bars represent * 1 stan-
dard deviation. Since no statistically significant differences
existed above 20 percent CBrFj3 the standard deviations are not
shown.
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endogenous levels of norepinephrine was not ‘influenced in the hearts of
guinea pigs. Injections of another catecholamine, dopamine, did not
increase sensitization. In term; of ifon balance, blood plﬁsma‘poﬁassium level
was not markedly affected by a fifteen-minute exposure to 0.4%7 F-1l.

Further, a 6 ml/kg I.V. injection of 3.3% MgS0, did not affect sensitizaﬁion

4
to injected epinephrine, which would further indicate that fluorocarbons

do not alter the myocardial membrane permegbility to potassium. While
potassium may not be.involved, the mycardial membrane permeability to calcium
may be a factor. Preliminary experiments indicate‘that an infusion of

CaCl, into cats (5 mg/kg/min.) produces cardiac sensitizatioﬁ to epinephrine -
similar to that of F-11. Oh the interneural level, both alpﬁa— and betae
adrenergicreceptors may be involved in that arrhythmias are preventéd by
either phenoxybenzamine or propanol, both of which block these receptors.
(Wills, 1972). |

Young and Parker (1972) have used a vagal heart preparation from

frogs (Rana pipiens) to measure the effects of fluorocarbons on cardiac

arrhythmias. Similar to lg_zixg studies, F-12 was found to sensitize the
heart to both direct sympathetic stimulation and exogenous epinephrine,

F-12 (unspeéified concentration) alone resulted in bradycardia and degreased
contractility. With 10_7g/m1 epinephrine; partial then complete AV block

was induced. 'Rhythmicity was restored by KC1l but not Mg++. Contractility was

restored by the addition of glucose.

2. Cardiac Sensitization to Endogenous Epinephrine Induced Arrhythmiés
In order to assess the relevance of experiments using injected

epinephrine to conditions of stress, experiments have been designed to
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measure the effects of fluorocarbons on dogs presumably releasing high

levels of endogenous epinephrine. Reinhardt and coworkers (1971) conducted

"fright" experiments in which the release of endogenous epinephrine was

induced by exposure to continuous loud noise while administering 80%

fluorocarbon and 20% oxygen. The results of these experiments are given

in Table LXVI.

Table LXVI: Cardiac Responses of dogs exposed to continuous loud noise and
80% fluorocarbon/20% oxygen for thirty seconds (Reinhardt et al.,

1971).

No. of  No. of No. of Percent ~ No. of Percent

Dog Mild Marked Responses  Convul- Convul-
Compound Exposures Responses Responses Mild Marked sions sions
Fluorocarbon 11 12 9 2% 5.0 - 16.7 0 0.0
Fluorocarbon 114 12 1 1=* 8.3 8.3 5 41.7
.Fluorocarbon 12 12 2 0 16.7 0.0 9 75.0

Fluorocarbon 142b

Compound & noise 12 4 5 33.3  41.7 9 75.0
Compound alone 12 3 1 25.0 8.3 5 41.7
Nolse alone 6 1 0 16.7 0.0 0] 0.0

* Bigeminal rhythm with areas suggestive of multiple ventricular beats.

A comparison of these results with those using exogenous. epinephrine

(see Table LXII under Reinhardt et al., 1971) is difficult to interpret. In

the exogenous experiments, the following order of potency, at concentrations

varying from 0.1-5%, seems evident: F-11 > F-114 > F-142b = F-12. In these

endogenous experiments, however, F-142b seems by far more potent eliciting

cardiac sensitization even without the presumed induction of endogenous

epinephrine by "fright'.

While F~12 produced no marked arrhythmias, it

and F-114 did frequently induce marked tachycardia (300-500 beats/minute).

In addition, the convulsions indicated in the above table are not identical.
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Fluorocarbon-142b and F-12 produced convulsions characterized as "severe, B
generalized clonic, tonic seizures", while those elicited by F-114, hoﬁever,
were much less severe consisting of "spasticity of the extremities"

(Reinhardt et al., 1971). Thus, on the basis of tachycardia, arrhythmias,
and type of convulsion, all of these fluorocarbons may be distinguished from

each other by the type of responses observed. However, to read too much into
these results would be an error. The apparent shift in potency of F-142b may

be insignificant in that the concentrations used are greatly inéreased (from

5% or less in exogenous experiments to 80%). The different responses noted mav
merely reflect differences in actual absorption of the vafious fluorocarbons
because of different breathing patterns in the dogs or actual difference in
absorptive characteristics of the compounds. Lastly, becauée of»the method used to
induce "fright"--i.e., "a loud noise provided by an amplified sound-effects

.

tape recording having sounds of sirens, gongs, jet takeoffs, etc." (Reinhardt

et al., 1971)--and the uncertain and possibiy variable responses of dogs to
fear, any conclﬁsions drawn from the results must be tentqtivé.

Procedurally, Mullin and coworkers (1972) overcome the difficulties
associated with stud& of endogenous epinephrine by having the dogs run on a
treadmill for twenty-one minutes at 300 feet per minute, referencing a study
indicating that the circulating level of epinephrine increases by five-fpld
in dogs running at 300 feet per minute for fifteen minutes. The experimental
protocol called for the first two minutes to serve as a control, the following
sixteen minutes as an exposure period, and the last three minutes as a
recovery period, with electrocardiograms being recorded continuously. The

types of exposure and responses are given in Table IXVIL.
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Table LXVII: Cardiac responses of dogs exposed to various. fluorocarbons
while running (Mullin et al., 1972)

Number of Percent

Test Compound Concentration Number of Marked Marked
(% V/V) Dog lixposures  Responses Responses Comnent s
Alr - 8 0 0
Fluorocarbon 12 5.0
( 4.45 © 0.49)°
7.5D 6 - 0 0 _
10.0P 6 (3/4)* 1 16.7 Reaction questionable bigeminal rhythm
] . or multiple ventricular beats (MVB's).
10.0 6 0 [V Ten percent levels not tolerated -
(10.04 ' 0.96) oxposures lasted from 1 to 16 minutes.
Fluorocarbon 114 2.5 6 0 0
( 2.53 * 0.20) . .
5.0 7 (2/3%) 1 14.3 Flve percent exposures repeated on four
(-4.63 » 0.21) ot the dogs, and the same dog had a
: wed orespousge tirst response was

MIH s-second was bigeminal rhythm
suggestive of MVR's.

10.0 7 (2/3) 1 14.3 Response was bigeminy suggestive of MVS's-
( 8.44 + 1.03) ) o reaction was at 1% minutes after start
of exposure, concentration not bhui

up to 10Z=only 6. 6% nefther 57 nor
107 levels 1olerated-exposures to

v nmpmn\ 4 lasted 1'7 to 16 minates,
Fluorocarbon 11 0.5 8 (1/3) 0 0 No levels ot this rtn.'lp()und were well
(0.48 £ 0.03) toleratced, ’ .
0.75 B (1/3) 0 0 Compound exoosare tlmes lasted 1 1o
(0.75 1+ 0.12) . 16 minutes.

1.0 7 (3/4) 0 0
(0.96 + 0.11)

“Numbers {n parentheses reprusent analytical voncentrations * standard deviavion.,
b ; . . : P
Nominal concentrations (thc roncentrations glven the dogs were proba’ 1y hi; hor than 7.5 ard 17.0%).

*
Fraction of prematurely terminated exposures as given by the original Investigators in tie test.

These results are somewhat difficult to interpret. All of the marked

responses are those of a single and presumably '"sensitive" dog and occurred

between 1% and 3 minutes of exposure when the amount of endogenous epine-
phrine induced by 3% - 5 minutes of running is undetgrmined. 'Further,
many of the exposures had to be terminated prematurely because the dogs
became partially anesthetized. Thus, the value of the pércentage
figures given in Table LXVII is questionable. Nevertheless,

Mullin and coworkers (1972), comparing their results with the screening
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experiments of Reinhardt and coworkers (1971), conclude that higher con-
centrations of these propellants are necessary to induce arrhythmias from
endogenous epinephrine than from an injected dose of 0,008 mg/kg in dogs

(see Table LXVIII).

Table LXVIII: Comparison of Results of Screening Experiments of Reinhardt et
al., 1971 and Treadmill Experiments of Mullin et al., 1972
(Mullin et al., 1972)

Percent Marked Responses

Test Compound Concentration Endogenous Injected

(Z v/V) Epinephrine Epinephrine
Fluorocarbon 12 2.5 Not tested 0.0
5.0 0 41.7

Nom. 7.5 0 . Not tested

Nom. 10.0 16.7 " Not tested

10.0 0 Not tested
Fluorocarbon 114 2.5 0 8.3
‘ 5.0 14.3 58.5

10.0 14.3 Not tested
Fluorocarbon 11 0.1 Not tested ' 0.0
0.5 0 _ 8.3

0.75 0 - Not tested
1.00 0 41.7
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3. Cardiac tensitization to Asphyxia‘ Induced Arrhythmia
Perhaps thé greatest controversy concerning the toxicity of the

fluorocarbon'gases has been stimulated by the work of Taylor and Harris
(1970a), which may indicate tnat these compounds on inhalation are toxic to
the hearts of mice. This toxicity is evidenced in fluordcarbon exposed
mice by the rapia onset of sinus bradycardia and atrioventricular block
induced by a degree of partial asphyxia which causes tachycardia in mice

not previously exposed to the fluorocarbons. These investigators have
-reproduced their original findings in over 200 mice using

F-11, F-12, and F-114 from a variety of sources (Harris, 1972b) and firmly
assert the validity of both their technique and results (Harris, 1973).
However, four other groups of investigators (Azar et al., 1971; Egie et al.,
1972; Jack; 1971; McClQre, 1972) using similar experimental techniques are
unable to reproduée the results of Taylor and Harfis in.mice. Inste;d,

they find that the effect caused by fluorocarbons does.not>vary éignificantly
from those effects caused by nitrogen or a;phyxia controls, i.e., bradycardia
and AV block due to asphyxia and not related to fluorocarbon exposure. In
review, Silverglade (1972) describes the conclusions of Taylor ané Harrié as
having "no sound scientific basis" and characterizes their experimental
approach as ''poorly designed." Yet, Harris (1973) contends that thé‘four
other groups éf iﬁvestigators for the most part applv inappropriate degrees
of asphyxia and their results,uwhen valid, fend to confirm the original
results of Taylor and Harfis (1970a). Because the possibie direct toxicity
of.these aerosol propellants is related to the interpretation of ﬁuman.

deaths associated with aerosol abuse or unintentional overdose by asthmatics,
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the nature of the discrepancies between the results of Taylor and Harris
and the findings of the subsequent investigators deserves careful atﬁéntionT

Asphyxia can influencé cardiac function in a variety of ways. A
lowering of oxygen tension will increase the heart rate (tachycardia) but
the heart, unable to acquire an oxygen debt, will eQentually slow (bradycardia),
become arrhythmic, and fail. Similarly, a small increase in_carbon'dioxide
tension will stimulate-vasoconstrittion causing an increase in blood preéSure
and reflex bradycardia As carbon dioxide tension further increases,
atrioventricular conduction is impeded, the heart slows and eventually
stops. The crux of the Taylor and Harris (1970a and b) experimeﬁts is in
producing’a degree of asphyxia in the asphyxia-control mice that causes
tachycardia and applying the same degree of asphyxia'to‘mice previously
exposed to fluorocarbons. Their basic approach is outlingd below (Taylor
and Harris, 1970a): |

1) Anesthetize ICR adult mice with 0.5 ml of 0.3% pentobarbitol

sodium (43-60 mg/kg).

ii) 1Insert snout of mouse into mouthpiece of commercial nebulizer
(Medihaler—IséE%r Isuprel Mistometer) for exposure to propellants
or insert head into loosely fitted 5 ml. plastic bag containing
607% F-12 and 407 F~114. |

1ii) When using nebulizer, allow only single discharge (none in
placebo group). |

iv) Allow énly three ingpirations.

v) Asphyxiate "with a form-fitting plastic bag wrapped tightly around

nostril and mouth, rostral to the ears."
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vi) Continue aéphyxia}until 2:1 AV block ftwo atrial beats/ventricular
contraction] or life-threétening sinoatrial (SA).brédyqardia
[subsequently defined as slowing of 200 or more beats ber
minute (Harris, 1972a)]. -

vii) Allow éqrviving animals to recover.
viii) Reapply asphyxia‘at 5, 10, 20, 40, 60, and liO'minutes,éfter

exposure.

Some of the results are given below in Table LX1X.

Table LXIX: ReSponses (Mean + SE) of Mice to Asphyxia, Propellants,
and Propellants plus Asphyxia (Taylor and Harris, 1970a).

Changes to dHleart Rate Moo al Ctlee bewelopiog - ot of -
No. 25 second: After Marked nas Bradyarrhythmia
of Asphyxin Sepun Bradvoardin AMirer Asphvxta
Mice (Beats/ming 2:1 AV Block  Withouwl AV fitock feran (see)
firoup ]
Wl sia and oropel lunt [
Yropel fant 8 -6b 14,9 3 .,' Mo 4.9
Propellant ani asoprotercngl 4 ~99 36.7 / 2 3 ¢ L
I'ropellant awl atropine 4 =136 44,9 4 0 47 5.1
Misvture * : [ ~-H3 18.0 5 ! 28 ¢ ALY
fLronup 2 '
Asphivxia without propellant | — o e
1 ome 4 +30 6.5 R f
toer placebn & 4! Liy G

Chanyes in Heart Rate T mm o B
25 Seconds Atter
Propellant Inbalation

(Beats min)

cronpe 3
Lropellant without asphyxia
Fropel lant 4 LT N 0 o
Yropellant and isoprotoreaat 4 9o 1900 i "
Mixture * . & -5 5.0 1} ] NP

* HUL diehlorodiflusromethae, 40% dichloroteniat luorocthane miztare.
Adphyxia withour propellant was applled far Lo r minuies,
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Further, of the 12 mice in Group 1 which survived the initial expoéure to
asphyxia, all died during subsequént asphyxia 10 to 160 minutes (average

50 minutes) without further exposure to propellants and without an increase
in the timé from asphyxia to arrhythmia. Similarly, mice from Group 3
developed 2:1 AV hlock in 24 * 2.1 seconds when asphyxia was applied

15 minutes after fluorocarbon exposure.

Taylor and Harris (1970a) interpret their experimentél results as
cardiac éensitization to asphyxia-induced arrhythmias by the fluorocarbons.
In a subsequent paper (Harris, 1972a), the duration of. this effect is
specified as 15-30 minutes. In that atropine, which supresses vagal
inhibition of the heart, doeé not block the effect, Taylor and Harris (19705)
state that the bradyarrythmia may "more likely reflect a direct action on
the SA node and AV conduction."

It is regrettable that in ;heir study Taylor and Harriqﬂjl970a) omitted
certain details from their presentatioﬁ. Both Medihalef—lsoR;nd Isuprel
Mistometer are apparently used as sources of propellant. However, as Taylor
and coworkers (1971) indicated in a later paper, Medihaler-Iso discharges
12.5 ml of gas while Isuprel Mistometer discharges only 5.8 ml gas/activation.
Further, Medihaler-Iso contains F-li, F-12, and F-114, while Isuprel
Mistometer contains F-12 and F-114. Thus both the amount and types of
propellants to which the mice were exposed varied. The significance of this
variation cannot be evaluated from the data which Taylor and Harris presenﬁ.
Interpretation is further restricted by the lack of detailed time-response

data. For instance, from the data presented in Table LXIX, atropine in

combination with asphyxia and propellant seems to have a much greater
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depressant effect on heart rate at 25 seconds (-134 ! 44.5‘heats/minute).
than does>propellant and aséhyxia alone (-66 i 14.5 beats/minute); but thé
atropine group rcquires a longer time ﬁo the onset of bradycardia (47 + 5.7
seconds) than docs the group exposed only to asphyxia and propellant

(38 * 4.9 seconds). Lastly; and probably most important, the investigators
fail to describe in sufficient detail the technique that they used to apply
asphyxia. Their description of a "form fittihg plastic bay wrapped tiahfly
around nostril and mouth" could quite reasonably be congtrued as totél
asphyxia. Subsequent publications (Harris, 1971, 1972a and b,11973).have
described paftial aspﬁyxia only in the effect that it causes - i.e., tachycardia
in Qntreated mice - and not in the techniques used to induce it.-

Using the Taylor and Harris (1970a) study as a model, Azar and coworkers
(1971), Egle and coworkers (1972), and McClure (1972) have published relatively
detaile& reports oﬁ attempts to reproduce this effect under experimental
conditions presumably approximating those of Taylor and Harris (1970a).

Azar and coworkers (1971) uniformly anesthetized the mice (60 mg/kg
pentobarbital sodium, {.p.) and used four exposure groups: asphyxia alomne,

1007 F-12, 100% Nz, and a single dischafge from lsuprel Mistometer (5.8 ml

mixture of F-12 and F-114, plus isoproterencl hydrochloride). Fxnosure lasted
for five seconds and asphyxia was applied with "a close fitting vinvl mask."
Besides these variations, the procedure seems to follow closely that of

Taylor and Harris (1970a). The results are given below in Table IXX and

Figure 30.
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Table LXX: Responses (Mean t SE) of Mice to Asphyxia
(modified from Azar et al., 1971).

" No. of Mice

Developing
Onset of
Changes in leart Marked Sinus  Bradyarrhy-
No. Rate 25 sec After Bradycardia thmia After
of Asphyxia Begun leart Without  Asphyxia Begun
Condition = Mice (Beats/min) Block Heart Block " (sec)
Asphyxia alone 12 -143 + 48.2 5 7 64 + 23.4
Nitrogen and asphyxia 12 -168 t 43.6 9 3 18 + 4.8
Isuprel Mistometer
and asphyxia 12 -155 £ 41.6 10 2 30+ 7.9
Dichlorodifluoromethane
and asphyxia 12 -143 + 33.9 9 3 23 £ 5.9
"00’]
X
+
. . Asphyxia aleoe
~.|)(l<{\ a r-12
+ Nitrogen ®
N dsupred Mistomoie
,\Ull—-i
~o e ,-—-\
.,.\\‘ .
D) = \
X — -—-1-\
\+><9\‘\\x\
. :M\e -
o= \+. — 3
l
|
|
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Figure 30: Heart rate response of mice exposed to compounds for five
seconds followed by asphyxia (redrawn from Azar et al., 1971).
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Similar to Taylor and‘Hérris (1970a), atropine - 50 mg/kg i.p. - does not block
bradycardia in nitrogen exposed mice indicating a direct effect on the heart
rather than reflex inhibition. However, because there is no appreciable
difference in nitrogen groups compared with the F-12 or Isuprel Mistometer
group, Azar and coworkers (1971) conclude that bfadycardia and.heart block
is caused by hypoxia rather than the fluorocarbons.

Egle and coworkers (1972a, see also 1972b) report similar results with .
a greater variety of propellants and some significant modifications in
experimental design.v Along with an asphyxia control, the.micu are exposed to
the'follgwing compounds for five seconds:

Propellant - one discharge of nebulizer, 70 77 mg [approx 5.5-
6.0 ml] 28% F-11, 727% F-12. :

Propellant and isoproterenol (100 uwg and 70 pg/discharge).

Propellant and albuterol

Nitrogen, 100%

[no variation in propellaﬁt is specified]
Asphyxia is applied in two ways. For most exposures, the snout of the mouse
was covered with a "form fitting plastic bag." This will be referrcd to as
"total asphyxia.'" However, a lesser degree of asphyxia is also induced when
"the plastic bag covering the animal's snout was fastened somewhat léss
securely and permitted passage of a limited amount of air.'" This is referred
toas'"partiai asphyxia." For two other sets‘of mice, asphyxia is applied
thirty seconds after exposure to the propellaﬁt and niﬁrogen. The results

are given in Table LXXI and Figures 3la and b.
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. ‘
Table LXXI: = Responses (Mean t SE) of mice exposed to "total" and
"partial" asphyxia (modified from Egle et al., 1972a).

%Z Control Heart Rate ~ Event ~ Time to Onset
No. of at 24 seconds after AV of Event in
Condition Mice Asphyxiation Block Bradycardia Minutes
Total Asphyxia with immediate ‘exposure
Propellant (alone) 8 71 + 7 1 7 0.66 * 0.09
Propellant and .
- 1soproterenol -
(100 ug) 6 89 + 10 3 3 0.67 * 0.06
Propellant and '
isoproterenol
(70 ug) 6 101 + 3 3 3 0.73 * 0.06
Propellant and
albuterol 6 103 + 10 0 6 0.93 * 0.08
Asphyxia alone 11 094+ 7 2 9 0.77 £ 0.08
Total Asphyxia with 30 second delay :
Propellant (alone) 4 88 + 12 1 3 0.77 £ 0.06
Nitrogen 4 70 + 7 0 4 0.78 £0.08
Partial asphyxia with immediate exposure '
Propellant (alone) 10 110 + 6 4 6 1.80 £ 0.14
Nitrogen 5 113 + 15 1 4 2.50 ¥ 0.29
Asphyxia (control) 13 104 £ 5 11 2 - 2,51 ¢ 0.20

* In this table, 2:1 AV block is considered at least five instances of 2:1 AV Block .
© per 0.1 minutes and bradycardia as a 50% decline from.controls.
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Figures 3la and b: Heart rates during total asphyxia
of control (asphyxia alone) mice and animals
exposed to nitrogen; as well as (a) propellant alone,
and propellant with isoproterenol (70 un):
(b) propellant with isoproterenol (100 ug) and
propellant with albuterol [from Egle et al., 1972b].
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As with the previously discussed study (Azar et al., 1971), the authors
conclude that their results\do not support those of Taylor and Harris (1970a)
and that the cardiac responses noted are caused By hypoxia (Egle et al., 1972).
McClure (1972) similarly exposed anesthetized micé (pentobarbital sodium,
65 mg/kg i.p.) to asphyxia, after three inhalations of propellant (approxi-
mately 12 ml; 25% F-11, 507% F-12, 25% F-114), and asphyxia after three
inhalations of the propellant with 0.075 mg isoproterenol. Asphyxia was applied
by "placing a small finger cot over the snout of the.mouse.” There are no other
apparent differences of significance in the experimental approach from those

outlined previously. The results, as presented by McClure (l972),aré given

in Table LXXII.

Table LXXII: Responses (Mean * SD) of Mice i
to Asphyxia (McClure, 1972)

‘No propellant Propéllant +
(negative control) Propellant isoproterenol
n =12 n == 10 : n =6
Heart rate Heart rate Heart rate
(beats/min) (beats/min) (beats/min)
Time® X * SD %4 x t SD %A x t SD % A
Control - 439 £ 62 - 474 *+ 85 -~ 484 *+ 42 -
15 Sec 415 = 74 -5 454 + 86 -4 477 + 60 -2
30 Sec 411 £ 35 -7 470 + 88 -1 500 + 40 +3
1 Min 435 + 84 -1 453 * 70 T =4 510 + 55 +5
2 Min 350 + 52 -20 425t 84 ~10 514 * 84 +6
4 Min 317+ 74% -28 394+ 42P -17 482 * 62 -1
P-R intervalee 3/12 (increase) 4/10 (increase) 3/6 (increase)
QRS amplitude 10/12 (decrease) 8/10 (decrease) 6/6 (decrease)
Arrhythmias 9/12 - 7/10 3/6
2:1 AV block 4712 9/10 3/6
Deaths 6/12 4/10 - 3/6

a Time dafihgmgéﬁhyxia.

b Significantly different from control p <0.02.
c Significantly different from control p<0.01.
d Significantly different from control, p<0.001.
e Change from control. '
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As with the previous t@o studies (Azar et al., 1971 and Egle et al., 1972),
McClure (1972) concludes that fluorocarbons do not significantly_influence
the cardiac response of mice to asphyxia. Jack (1971), jip éummarizing the
Qork of Allen and Hansbury, Ltd. (1971), reports that in similar experimenc§

the same conclusion is reached.
!

The information as presented in this series of studies is ﬂot only
difficult to resolve but also awkward to compare: besides the eight different
types of propellants or propellant with active agent combinations - with only
two types being used by more than one investigator - many of the results ére
not expressed in the same way. Thus, to facilitate a comparison between
these studies, data concerning the effect of propellant exposure and asphyxia
on heart rate is presented in Table LXXIII as percent of original heart rate
25 gseconds after asphyxia or.after exposure to the propellant in cases where
no_asphyxia is applied. It should be emphasized that beéause of the various
ways that the data is presented in the original papers, this comparison is,
in some cases, only approximate (see notes to Table LXXIII). Similar data on the
number of mice e#periencing 2:1 AV block 6r bradycardia and the ;ime to onset

of these events after application of asphyxia is presented in Table LXXIV.
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.Table LXXIII:

Percent change in the heart rates of mice ‘at
25 seconds after exposure to various fluorocarbon
propellants and nitrogen with and without asphyxia.

Prop la = 60% F-12; 40% F-114 inhaled from nebulizer, 1 aétivatioh
Prop 1b = 60% F-12; 40% Fr114 inhaled from 5 ml plastic bag, 3 activarions
Prop 2 = 50% F-12; 25% F~11l4, 25% F-11, inhalted from nebulizer, 1 activation'

Prop 3 = 72% F-12; 28% F-11, inhaled from nebulizer,

Conditions

Taylor and Harris,
1970a!

Azar et al.,
1971%

Egle et al.|
19723

1 activation

McClure, 19724

Propellants and Asphyxia

i+
[N

Prop. la or 2 -14

Prop. 1b -17 ¢ 4

Prop. 3

-29 + 7
+10 % 6
-12 + 12

F-12 (1002)

-34 + 8

Prop. la or 2 and

Isoproterenol 214 8

~34 + 9

100 ug
Isoproterenol 70 ug

Prop. 3 and

+1

I
w

Prop. la or 2 and
Atropine -28 ¢+ 9

Prop. 3 and
Albuterol

'+
—

Asphyxia (alone) + 6

-30 + 10

Asphyxia with

w

placebo + ¢t

N, (100%) and )
Asphyxia

-39 + 10

-30 v 7
+13 15

b

No Asphyxia
Prop. la or 2 ~-142

Prop. 1b T3

Prop. la or 2 and

Isoproterenol +2 4

l
|

-1t 8

! Calculated from mean control heart rate of 482 for
2 Calculated by readings from Fig.30 (this paper) of init131 heart rates
Reading at 24 seconds after asphyxia.

% Data from linear graph of Table LXXII (this paper).
Table 1 of McClure's paper.

*

all 46 animals.

SD approximated, and

30 second delay between end of exposurc and asphyxia.
Termed "partial asphyxia" by Egle et al., 1972
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881

Table LXXIV: Nimber of Mice Which Experienced and Time to Onset
of 2:1 AV Block and Bradycardia.

Taylor & Harris, 1970a Azar et al., 1971 Egle et al., 1972 McClure, 1972
Time to {No. of |No. of Time to [No. of|No. of Time to |No. of [No. of Time to |No. of |{No. of
. Onset 2:1 AV |Brady- Onset {2:1 AV|brady- Onset }2:1 AV |Brady- Onset |2:1 AV|{Brady-
Asphyxia with (seconds) :Blocks |cardia (seconds) | Blocks|cardia || (seconds) [Blocks |cardia (seconds) [Blocks [cardia
Propellant la or 2 38 * 4.9 6/8 2/8 9/10| 7/10
Propellant 1b 28+ 6.9 1 5/6 | 1/6 ,
Propellant 3 39 - 5.41 1/8 7/8
46 = 3.64 1/4 3/4
A 108 = 8.4H 4/10 6/10
F-12 (100%) 23 £ 5.9 | 9/12 3/12
Propellant la or 2 A '
and Isoproterenol}l36 * 2.4 2/4 2/4 30 £ 7.9 {10/12 } 2/12 3/6 3/6
Propellant 3 100 ug 40 = 3.6 3/6 | 3/6
and Isopro- A
.terenol 70 ug 44 = 3.6 3/6 3/6
Propellant la or .
2 and Atropine [147 £ 5.7 | 4/4 | 0/4
Propellant 3 and _ 1
!
Albuterol 56 - 4.8 Q/6 6/6 i
N, (100%) 18 £ 4.8 | 9712 | 3/12 || 47 = 4.84 0/4 | 4/4 .
15C =17.4+ 1/5 475 |
Asphyxiz alone > 240 64 + 23 | 5/12 | 7/12 || 46 = 4.8 | 2/11 | 9/11 | '
150 = 12+ | 11/13| 2/13 4/12 |9/12

* 30 second delay;'+ “partial asphyxia'; Fropellant Xev: same as Table LXXITI.



A number of factors might account for the wide variety of experimental results
both within and among the various studies. Although there is little evidenée
in these studies to indicate that the different propellants used have
markedly different effects, such a possibility cannot be ruled out. Further,
potential effects of albuterol (Egle et al., 1972) and to a lesser extent
atropine (Taylor-and Harris, 1970a) may deserve more careful.investigation.

.Based on the conclusions drawn by Azar and coworkers (1971), Jack (1971),
Egle and coworkers (1972) and McClure (1972), Taylor and Harrié (1970a) may
haQe been mislead by their failure to use a nitrogen control and what they
observed as cardiac toxicity might merely be the effect of anoxia on the
somewhat more hypoxic propellént exposed mice. This explanation is supported
by the time-response data presented by both Azar and coworkers (1971) and
Egle and coworkers (1972) [seevFig. 30 and 3la, respectively] indicating that
exposure to either propellants or nitrogen results in a somewhat greater
degree of asphyxia-induced bradycardia than does asphyxia alone. However,
Taylor and Harris (1970a) indicate that rapid (24 * 2.1 seconds) 2:1 AV block
developes 1in mice allowed to recover for fifteen minutes after prdpellant
exposure before asphyxiation and that this response does not develop without
propellant exposure.

Harris (1973) préposes tﬁat the other investigators do not duplicate
the results of Taylor and Harris (1970a) because they apply an incorrect
degree of asphyxia. Based on the available time-response data on exposure

to asphyxia alone, presented in Figure 32, this explanation seems plausible.
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Figure 32: Percent Change in Heart Rate After Exposure
to Asphyxia Based on Data from the Above Sources
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Given this data, some of the criticisms by Harris (1973) do seem warranted.
Azar and coworkers (1971) and Egle and coworkers (1972) - using total

asphyxia - do seem to use a degree of aSphyxia that mighﬁ mask any possible
demonstration of fluorocarbon cardiac toxicity. Harris (1973), howevgr, is
probably in error when he classifies the "partial asphyxia" (Egle et al., 1972a)
as closer to his earlier work (Taylor and Harris, 1970a) than that of McClure
(1972). Although Egle and coworkers (1972) do not give detailed time;respoﬁse
data for partial asphyxia, the tachycardia at twenty-four seconds is probably
quite transitory as indicated by the relatively rapid onset (151 seconds) of
50% bradycardia. Nevertheless, all of these investigators do use a deyree

of asphyxia that, when measured in terms of heért rate response, varies
noticeably from that of Taylor and Harris (1%970a).

The conclusion to be drawn from this rather detailed comparison'of these
various studies is inescapable in terms of technique but inconclusive as to
the results. The technique uséd to apply asphyxia is in all probability,
the critical step. These techniques are described as.'a plastic bag wrapped
tightly around the nostril and mouth" (Taylor and Harris, 1970a), "a close
fitting vinyl mask" (Azar et al., 1971), "a small finger cot over the snout"
(McCiure, 1972), Gcovering the snout with é form;fitting'plastic bag" or tﬁe
same "fastened somewhat less securely' (Egle et al., 19723). Such techniques
and descriptions seemvsomewhat vague. This controveréy has oécupied a great
deal of space in a variety of review articles and letters to the editor
columns. It addresses an important aspect of fluorocarbon toxicity of concern
to manufacturers,‘physicians, patients, and the public at large. Thus it

seems peculiar that no published tests of this effect have been run in
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cqntrolled atmospheres in which the amounté of oxygeh,lcérbon dioxide, and
nitrogen necessary to induce prolonged tachycardié coul& be monitoréd'and
“the effects of variou; concentrations of different propellants mea3uréd.

Given the results that are available, no firm cqnclusion can be drawn.
Harris (1973) seems to have effectively countered fhe resulté of Azar and
coworkers (1971) and Egle and coworkers (1972) on the basis of
inappropriate degrees of asphyxia. However, the attempt by Harris (1973) to
use part of the data of Egle and coworkers (19723) to support his results is |
rather feeble., Egle and coworkers(l972;) did notice a differencé Qith
"partial asphyxia" in the onset time of bradycardia (50% decrease) and 2:1 AV
blocg between asphyxia éiéne exposures (156 +"12 seconds) and aSpﬁyxia.after
propellant exposures (108 + 8.4 sgcbnds). However, given the limited time-
fesPonse data (see Figure 32),it seems likely that the asphyxia alone group
‘was also showing marked bradycardia at 108 seconds. Thus, while this
difference may be significant statistically.by P<.02 (llarris, 1973), its
physiological significance may prove tenuous. |

By far the most damaging evidence to the conclusions of Taylor aﬁd
Harris (19703) is the work of McClure (1972). McClure (1972) seems‘fo maintain

a degree 6f asphyxia‘only moderately greater thaq fhat of Taylor and Harris
(1970a) with bradycardia nevér exceeding minus seventeen per cent during the
first four minutes iﬁ the aSpﬁyxia alone group (see Figure 32).'Thus, if the
same degree of asphyxia is applied after exposure to a propellant, McClure
(1972) should still Be able to note a profound decrease in heéft rate as

might be expected by the conclusions of Taylor and Harris {1970a)." No such
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observation is reported (see Table LXXII). That McClure (1972) did note an

AV block in 4/12 of the mice exposed to asphyxia alone but a 9/10 incidence

of AV block in the propellant plus asphyxia group may again be significant ;
2<.025 (Harris, 1973). However, considering that there is no marked difference
in the number of mice showing arrhythmias or fatal.exposures, and no indication
of the time to onset of AV block, the actual significance of the 9/10 figure.
cannot be fully appreciafed.

Assuming that the results of both Taylor and Hérris (1970a) and McClure
(1972) are valid indications of the cardiac toxlcity «f fluorocarbon propellants
the following characterization might be proposed: under conditions of mild
asphyxia that would normally cause tachycardia, the propellants may cause
rapid and pronounced bradycardia and AV block in mice but as the severity éf
asphyxia is increased, the toxic response is either inhibited or masked. |
This characterization, however, is merely speculative. Further experimental

work, in which the various relevant parameters are closely monitored, would

. be necessary to define this effect.
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4, Ar;hythmias Not Associated with Asphyxia or‘Epinephrine

A variety of fluorocarbons have been found to éffect cardiac
function under conditions of adequate oxygenation or in'the‘absence of
elevated epinephrine levels, | |

Studies dealing with adequate oxygenation parallel closely those. of
asphyxia-induced arrhythmias as described above. ‘Arrhythmias, in the
" absence of hypoxemia or hypercarbia, has been demonstrated both in'dogs
(Flowersand Horan, 1972b) and monkeys (Taylor et al., 1971).

Flowers and Horan (1972b) exposed dogs to a mixture (unspecified)
of F-11 and F-12 by spraying this mixture on the iﬁside.of a plastic bag
and fastening the baé "loosely over the head of the dog,‘allowing:the active
‘agent to be present.in high concentration". 1In a group of six dogs, the
bag was continuously oxygenated; in the remaining dogs, the only oxygen
. suﬁply was by incidenﬁal mixing with room air. At the‘first indication of
cardiac disturbanée, the bag was.removed. Although'this tecbnique does not
- allow an accurate estimatién of the fluorocarbon dése,.ﬁeasufements were
made of blood P02 and Pc02° Iﬁ the dogé receiQing direct oxygenation, no
significant changes were seen in these values. In dogs not receiving‘

supplementary oxygen, PCo remained at control levels but there was a fall

2
in P0 from a control level of about 75 mm Hg to post-exposure level of

2 .
about 40 mm Hg. Although this fall is significant, it is not so marked as

those "usually associated with profound or dangerous hypoxia'" (Flowers and
Horan, 1972).
In spite of suf ficient oxygenatioh as demonstrated by blood gas

_measurements, the same types of arrhythmias were noted 'in both groups of dogs.
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These arrhythmias included sinus bradycardia, AV dissociatioh or AV block,

sinus arrest, and asystole. The details of the various responses are given

in Table LXXV.

Table LXXV: Cardiac Responses of Dogs to a Mixture of F-11 and F-12
from Antiseptic or Hair Spray (Flower and Horan, 1972b).

' *
Arrhythmias, Onset Time, and Mode of Death

Experiment
and Substance Rhythm and Onset Death
1 Antiseptic Spray SB » SA + VE — VT —> VF
8 min
2 Antiseptic spray SB -+ VE + AVR — VT -+ K
10 min
3 Antiseptic spray SB —  Acc
1 min
4 Antiseptic spray SB -+ VPBs + K
1 min o
5 Antiseptic spray SB -+ VE + RCA —  VF
5 min ;
6 Antiseptic spray SB + 1° AVB —— Jk + RCA - —+ VE + RCA —————+ A
v 4 min
7 Antiseptic spray SB + 1°AVB ——— SA + JE - VE - A
4 min
8 Hair spray SB - — VT - . K
1 min
9 Hair spray SB - VPB —+ K
y 20 min
10" Antiseptic spray SB -+ K
3 min _
11 Antiseptic spray SB > AJR -+ SB
45 gec
+JE > SA + VE > A
12 Antiseptic spray SB + 1° AVB———— SA + VE A
4 min 55 sec
13 Antiseptic spray SB » K
10 min
14 Antiseptic spray SB 3° AVB + VE ——— SB + 2° AVB—— .
8 min _ :
——>SB 4+ 1°AVB +JE -~ JS + VE —————
>VT - > A
15 Antiseptic spray SB *AJR ~> IS + VE —— A
45 min

—

*SB signifies sinus bradycardia; SA, sinus arrest; JE, junctional escape;

JS, junctional slowing; VE, ventricular escape; AJR or AVR, accelerated junctional
or ventricular rhythm; RCA, retrograde conduction to the atria; VPB, ventricular
premature beats; VI, ventricular tachycardia; K, killed; Acc, accidental deaths;
VF, venticular fibrillation; A, asystole.
#iSupplemental oxygen supplied in dogs #10-15.
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In several species of monkeys, a fluorocarbon mixturé - 30 # 2.0%
F-12 and 9 + 0.5% F-114 in either compressed air or 100%'uxygen —_is
reported to induce ventricular arrhythmias in the absence of hypoxemia or
hypercarbia (laylor et al., 1971). In this study, fourteen conscious of
anesthetized monkeys are exposed to compressed air (3), asphyxia (4), or
100% nitrogen (7) for three minutes, allowed to breathe room air for fifteen
-or thirty minutes, tﬁen exposed to the fluorocarbon-oxygen mixture (all 14)
until the appea?ance of the first ventricular éerasystole.‘ After a thirty
minutes recovery period, three of the.animuls are re-exposed to‘the flgoro¥<
carbon mixturé and the remaining eleven are given a two-minute i.V. infunibn
of 0.07 mg/kg propanolol hydrochloride [to block beta adrenergic receptors]
and, after fifteen minutes, are re-exposéd to the fluorocarbon mixture for
two minutes or until arrhythmias or convulsions appear, Arterial Poz,
Pcoz, pH, blood pressure, and fluorocarbon concentration are monitorea in
various animals, <

As indicated in Table LXXVI, the fl;orocérbon mikture does_ndt éigni—
ficanfly alter érterial Po”, Pcoz, or pH, whereas the'IOOZ nitrogen does

cause marked hypoxemia as comparéd to control.

Table LXiVI: Effects of (Mean -t SE) of Nitrogen and Fluorocarbon Exposure on
' Po,, Pco.,, and pH of Arterial Blood in Seven Monkeys (modified
from Tay%or et al., 1971)

Conditions Po2 [’co2 ' pH'

Control 106 6.2 26 2.7 7.41 0.01
Nitrogen 30 3,2% 26 2.3 7.3y 0,03
Fluorocarbon 121 5,5 23 1.5 7.39 0.03

*Significantly different from control and flucrocarbon values (P <0.001).
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Exposure to comﬁressed air, asphyxia, or 100% nitrogen for three minutes

failed to produce any arrhythmias, except in one nitrogeﬁ exposed animal

with an arterial blood Po2 of 16 mm Hg which experienéed ventricular pre-
mature beats at 105 sec.

Exposure to the fluorocarbon mixture, however, produced cardiac

irregularities in all monkeys, the details of which are given in Table LXXVII.

Table LXXVII: Cardiac Responses of Monkeys to Fluorocarbon Inhalation
(data from Taylor et al., 1971)

Rate (per minute)

Number/Animals Measured in Time to Onset K
Experiencing 3 sec., intervals (seconds) Duration
Event Event Mean + SE Range Mean i SE Range (Seconds)
Extrasystoles
Initial 14/14 40 7 8-90 39 + 4,27 20-72 30-180%
Maximum 11/14 90 + 11 25-120 10-30#
Bigeminy 3/14
- Ventricular
Tachycarida 4/14

*Recovery time breathing room air and excluding those monkeys experiencing
bigeminy of ventricular tachycardia.

+Time to onset after exposure to propellant mixture.

#Time to onset after appearance of initial extrasystoles.

A similar pattern of increase in the rate of extrasystoles despite the dis-
continuance of fluorocarbon gas after the initial appearance of premature

ventricular beats is seen in Table LXXVIII for three monkeys exposed twice to

the propellant mixture.
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Table LXXVIII: Individual Cardiac Responses of Three Monkeys Exposed Twice
to Fluorocarbon Inhalation (data from Taylor et al., 1971).

' First Exposure Second Exbosure
Monkey # : - ‘ #1 #2 #3  #1  #2 #3
Time to Ventricular ' - -
Extrasystoles (sec.) 30 42 35 25 36 20
Initial Frequency
(per minute) 18 40 60 20 30 60
Maximum Frequency - .
(per minute) 120 80 110 40 110 120
The a:terial blood. levels of the fluorocarbons at the onset of ventricular

premature beats are given in Table LXXIX.

Table LXXIX. Arterial Blood Levels of F-12 and F-114 at Time of Onset
of Ventricular Premature Beats in Monkeys

Arterial Blood Concentrations (mg/100 ml)

Time of Onset F-12 F-114 Totél'
(seconds)
35 5.5 1.8 7.3
42 6.3 2.3 8.6
45 6.5 2,2 8.7

Fluorocarbon inhalation caused a decrease in blood pressure just

prior to ventricular arrhythmias. The type, time to onset, and frequencies

of the arrhythmic responsesare apparently not influenced by anesthesia, but

extrasystoles is blocked by propanolol,
These results may be interpreted in two general ways (Taylbr et al.,
1971), First, the fluorocarbon gases at the concentration observed may be

exerting a direct stimulating effect on the beta adrenergic receptors or
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some direct toxic effect on the myocardium. Secondly, they may have sensi-
tized the ventricular myocardium to endogenous catecholamines.andlbr stimu-
lated the release of such catchecolamines, This latter interpretation is
consistent with the blocking of arrhythmias by"bropanolol.

The cardiovascular effects of the brominated fluorocarbons, especially
H-1301 and H-1211, have been extensively studied because of their use as fire
extinguishing agents. Although some of ;hese studies have been concerned
with sensitization to epinephrine-induced arrhythmias as discussed in a
previous section, much of the work has been conducted without injected
epinephrine or attempts to induce endogenous epinephrine. Van Stee and
Back (1969) have described the.effects of H-1301 at concentrations of 20-80%
in dogs as tabulated below.

Table LXXX: Cardiac Responses of Dogs to Varying Concentrations of H-1301
in Oxygen (from Van Stee and Back, 1969).

Time to Onset After

Concentration Response Start of Exposure
20-30% Tachycardia (10-15%) in some few seconds
animals
Arrhythmias ' first minute of exposure
T-wave depression - . (lasted until 2-4
unifocal and multifocal minutes post-exposure..)

ventricular arrhythmias
" bi- and trigeminy

407%< Tachycardia as above in all few seconds
animals
50%< Blood pressure full of 20-60 mm Hg.

Irregular changes in heart ratc
proportional to cardiac output.

Decrease in pulse pressure to 25-30 min.
0-30 mm Hg. from a normal of
45-50 mm Hg.

Lowering of peripheral vascular resistance,
807% More rapid decrease in pulse pressure
All of the above-uoted effects were reversible in about twice the time to onset.
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Monkeys exhibited the same type of arrhythmias as described in dogs.
Halon-1301 has also been evaluated under botﬁ hypo~ and
hyperbaric conditions. Rats were gxposed under hypobaric conditions
(632 mm Hg and 380 mm Hg) to 8, 16 and 24% H-1301 for five minutes (Call,
1972). The arrhythmias noted consisted of premature atrial contractiops
occurring after one minute of exposure. These occurred in only two out of
twenty-seven rats, one at 24% H-1301 and 632 mm Hg and the other at 16%
B-1301 andv380 mm Hg., However, as indicated b} Call (19725, these resultsb
cannot be readily.compared to the above work of Van Stee and Back (1969)
because of pfobable species specific differences in response. Paulet (1962)
has noted such variations in response to H-130l in mice, rafs, rabbits, and
guinea pigs.
Cardiac fesponse of cats to H-1301 under hyperbaric conditions
have been studied by Greenbaum and. associates (1972). Exposdfe of 5% H-1301
for 2 min. and 5 min. were given to cats pressurized at 73 psig (165 ft.
sea level). Under these éonditiohs, the partial preséures in inSpifed air
ﬁnd 5466 mm.Hg for N

were 228 mm lig for H-1301, 866 mm Hg for O This .

2? 2°

-is equivalent Lo 30% H-1301 at standard atmospheric pressure.

Table LXXXI: Cardiac Responses in Normal Cats and in Cats'before, during
and after H-1301 exposure at 165 ft. sea water (Greenbaum et al.,

1972).
_——-—'—Group Rate . PR interval : 'QRS duration
(mean (mean with range) (mean with range)
L with range) (sec) (sec) )
Normal 145(105~-194) .08 (0.065-0.09) 0.037 (0.035-0.040)

0.0
Control 212(178-272) 0.08 (0.06-0.12) '0.050 (0.04-0.06)
2 min on Fe 1301 212(160-272) 0.08 (0.07-0.12) 0.056 (0.04-0.07)
5 min on Fe 1301 212(160-270) 0.08 (0.06-0.12) 0.060 (0.04-0.08)
1 min on air 212(155-288) 0.09 (0.07-0.12) 0.059 (0.04-0.08)
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Three of the twelve animals showed abberent ventricular'conductioniassociated
with frequent nodal beats. This response is reflected in the slight increase
in QRS duration in the average figure given for the 12 cats. In seven cats,
responses ranged from infrequent premature atrial contraction to frequent
nodal beats. Two cats did not show any abnormal cardiac activity. The blood
pressures in 10 of 12 cats fell from a control mean of 160/115 to an exposure
mean of 148/96. The range was a 10-50 mm Hg drop 15 blood pressure, which
is quite similar to the hypotension noted by Van Stee and Back (1969) at
comparable concentrations in dogs at standard pressuie.-

Halon-1211 shows a response sequence similar to H-1301 but a lower
concentrations. Table LXXXII (Beck et al., 1973) summarizes the cgrdiac

responses of dogs to H-1211 and should be éompared to the data on =-1301 in

Table LXXX.

Table LIXXII: Cardiac Responses of Dogs to H-1Z11 (heck et al., 1973)

Concentration Duration Response
1% 5 min. no effect
2% 5 min. tachycardia (20%7), slight T-wave
‘ depression
5% 30 min, tachycardia in all dogs; severe convul-

sion in 1 of 6 dogs followed by several
ventricular ectopic beats, ventricular
fibrillation and death

7% 15-30 min. bursts of marked tachycardia (up to
350%) associated with convulsions

As with E-1301 exposed dogs, the tachycardia ceased in 1-2 minutes after

exposure was discontinued. Further similarities of H~1211 to H-1301 can be
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noted inlthe cardiovascular respbnse. 'At concentrations of 17 (-1211, a
élight decrease in systolic blood pressure was noted. At 57 H-1211, a 10%
decrease in blood pressure, slight T-wave depreésion, and occasional pulsus
alternans were noted. At 20-30% H-1211, pulsus alternans became more frequent
at ten minutes of e#posure and were characterized by alternate strong and weak
ventricular contractions. As with the other effects, these were reversible on
return to normal air (Beck et al., 1973). Van Stee and Backl(l972b) also
repért a fall in systolic blood pressure in dogs after exposure to 15% H—lZill

for five minutes,

5. Cardiac Résponses Relafed to Arrhythmias

In an attempt to better understand the arrhythﬁogenic activity of
the fluorocarbons, various experiments have been conducted in attempts. to
define the cardiopulmonary, hypotensive and negative intropic effects of
these compounds.,

Aviado (1971) has measured the effects of K11, F-12, and F-1l4 in
dogs on pulmonary resistance and compliance, bronchial smooth muscle,
pulmonary blood vessels and the heart in an attempt to determine if the
cardiopulmonary effects of these propellants could be related to sensory

receptor initiation in the respiratory tract. Lxposure of only the upper

respiratory tract (nose, pharynx, and larynx) to 200 ﬁl of 50% Ffil resulted
in apnea, bradycardia (—55%), and an initial decrease ¥ollowed by an increase
in aortic bldod preésure with no significant changes in pulmonary resistance
or compliance. Less severe bradycardia (not specified) was indﬁced by T-114
but F-12 did not affect either cardiovascular responses. kxposure to the

lower respiratory tract of F-11, F-12, F-114 at doses of 5, 10, 15, and 20
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puffs (amount released/activation not specified) from an aerosol unit

resulted in changes of pulmonary resistance and heart rate as indicated

in Figure 33.
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Figure 33: Percent changes in (A) pulmonary resistance and (B) heart
rate following exposure of various propellants to the lower
respiratory tract in dogs (Aviado, 1971).
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As in exposure to the upper respiratory tract, F-12 did not alter heért rate
and F-11 resulted in a slightiy greater responsc than did I'-114 but in this
case causing tachycardia rather than bradycardia. The decrease noted in
pulmonary resistance for F-11 was accompanied by a simultaneous increase in
pulmonary compliance (maximum of 27% at 15 puffs) and é fall in aortic blood
pressure (maximuﬁ of -8% at 15 puffs). Thoracic sympathectomy prevénted |
tachycardia caused by F-11 and F-114, In that blocking of the beta adrenefgic
receptors with sotalol doés not inhibit tachycardia,.tachyCardialis‘attributed
to the sympatheﬁic afferent fibers, |

Van Stee and'Back (1972a) have studied the mechanisim by which H—lBQl
lowers blood pressure (Van Stee and Back, 1969; CGreenbaum et al., 1972).
Using pairs of male beagle dogs in cross-perfusion experiments with exposure
of 707 H-1301, they measurgd perfusion pressure at constanf perfusion flow as
akfunction of vascular resistanée. Thekreshlts.are summarized in Table LXXXIIl
(Van Stee and Baék, 1972a),

Table LXXXIII: Responses of Dogs to Exposure of H-1301 (70%) in Cross circulation
Experiments (Van Stee and Back, 1972a)

Poseacolugic action v Bliedt response, Indlr-tt (nluru; nl ) res pnn oy
[ -ular smooth muscle donor dog exposed Lorecipient dow exposed

Acciee vanord lation |
Activation of cholluergic

teceplors No direct effect Pretreatment of HLY vancular bed or
recipiont with atropine did aot
alter NI response 1o caposure of
reciplent to CRr¥
Activation of H-adren- No direct effect 3
ergic receptors Pretreatment of Hi vaseular hed witn
- propranotol did et alter WL respons
tu ezpoanre of reciptoat 1. Cnrf’
Pastive vasodllation No direct eftect fretreataent of B cacculin beo wit:
inhibition of the acti- phenoxybeazamine areatly i tenuated
vation of m-adrenergle HL response to exposure «f recipien:t
receptlors to CHrF’
inhibition of sympathe- NAh Pretreatment of rocipient with
tic postganglionic hexamethonium abolished Ri. respouse
activity : tv exposure to recipiant o CHrFa
Increased locul con- do effect on HL NA
centration of tissue during cxposure
wetabolites or other nf deacr

vasodilator substances

et fusied }eclplenl hiud limh.

an& applicable.
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To measure the possible effects of.ganglionic blockade, nictitating
membrane tension was measured during electrical stimulation of the right
vagosympathetic trunk in anesthetized dogs before, during and after exposure
to 80% H~1301. A 407 decrease was noted in membrane ténsion during expOSure,.
with a recovery period of 30 minutes post exposure. Further, yagal inhibition
of thg heart was significantly decreased.

These results seem to indicate that while direct alpha-adrenérgic
blockage may not be involved in decreased vascular resistance, ganglionic
blockage may be an important factor (Van Stee and Back, 1972a).

In a similar cross-circulation experiment (Vaq Stee and Back, 1972b),
H-1211 at 15% has also been shown to decrease peripheral vascular resistance
in dogs. As with H-1301, this decrease was not associated with fhu peripheral
adrenergic receptors. Lastly, neither H-1301 nor H;L211 have a direct effect
on the peripheral vascular smooth muscle (Van Stee and Back, 1972.a and b),

Exposing anesthetized dogs to 70% H-1301, Van Stée and Béck (1971a)
noted a rise in left ventricular end diaétolic pressure as an indication of
reduced myocardial contractility. This Has béen subéequently shown to be a
common charactéristic of a variety of fluorocarbons.-

Pursuing their initial observation, Van Stee and Back (1972b)
demonstrated the negative inotropic effect of H-1301 in beagle dogs by measuring
the maximum rate of ventricular pressure change divided by total pressure
developed [peak dP/dt # P] in exposure tc¢ 50% and fS% H~1301 for five
minutes., As indicated in Figure 35, a definite doue-related reduction iﬁ

myocardial contractility can be noted.
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Figure 34: Decreased Myocardial Contractility in Dogs after Exposure to
50% and 75% H-1301 for Five Minutes (Van Stee and Back, 1972b)

Similar to arrhythmagenic potencies, H-1211 has been shown to reduce
myocardial contractility a£ significantly lower concenfrations. Beék and
associates (1973), using a force displacement transducer, measured isometrig
contractions at the apex of the heart in open-cheét spinal rats in exposures

of 5%, 10% and 20%. The results are given in Figure 35.

Z w

z

<

'5 [
a0

g —

-

§ [ e

Q 30 "

D3

o ~ l

§ .

S 20

“

z

r4

S 10

g

g o + t--

a (] 5 10 15 20

) CONCENTRATION F - 1211 (%} ) _
Figure 35: Changes in Isometric Contraction in Rats During Exposure to H-1211
(Beck et al., 1973)
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The validity ol continuing the regression line on the above gréph is most
questionable in that Beck and assoclates (1973) specifically mention that -
concentrationsihelow 5% of E-1211 rarely produced any forced reduction.
Azar (1972) has made a similar criticism of the data preséntéd in Figure 34.
Fluorocarbon ~12 has also been shown to reduce myocardial cdntractility

over concentrations of 2-25% in close-chested cats (Taylor and Harris, 1972b).
At 257 F-12 in iﬁépired air, F-12 blood levels in cats reached (mean *. SE)
9 + 0.4 mg/l00 ml. This concentration increascd end diastolic pressure by
1.6 £+ 0.4 mm Hg and lowered arterial pressure [ron IEK/QJ‘Lu 101/65 mm lig,
At a left ventricular pressure of 60 mm Hg, the instantaneous rate of
ventricular pressure developed dropped from 3369 to.1972 mm Hg/sec. The
instantaneous velocity of contractile element shortening (dP/dt + 32P)
was decreased from 3.5 to 1.9 muscle lengths/sec. |

Fluorocarbon -12 has also been shown to reduce Lhe-réte-and the intensity
of force developmeng in rat mycardial tissue in vitro. The effect 1s dose-
related and occurs‘iu the presence'or absenc% of adcequate oxygenation. This
has been demunstrated by Kilen and Harris (1972) using muscle bath prepara-
tions of rat left ventricular papillary muscles and exposing the baths to a
variety of gas mixturés. The composition of these gas mixtures and their
effect on Po, is given in Table LXXXIV. Wo significant effect is noted on

2
either pH (mean, 7.53; range 7.46 - 7.67) or Pco, (Mean, 10; range 9 - 12).
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Table LXXX1V: Conditions of Exposure of Rat. left Ventricular Papillary
Muscles in Muscle Bath and the Effect on P02 (Kilen & Harris, 1972)

% ml/min. min. Hg+

. . Flow

Condition Code 02 CO2 N2 F-12 Rate Po2

~ Control 02-C02 99% 1% - - 54,8 , 613 + 7
Hypoxia -Nzéco2 - 17 99% - 68.8 36 £+ 3
Nitrogen N2—02-JCO2 997 17% - - 54.8 464 *+ 18

- - 100% - 68,8

Freon CCl1l,F,.-0.~-CO 997 1% - ~ 54,8
2°2 72 2 3 _ _ 100 42.8 493 £ 22
Hypoxia & - 1% 99% - 68.8 49 + 3

Freon¥ 100%

+ after 15 minutes ' '
* Hypoxia for 30 min., with F-12 added in last 15 minutes reduced Po
to 26 £ 1 min Hg.

2
Time-response data for these exposures is given in Figure 36 and indicate
that 12 with adequate oxygenation decreases myocardial contractility more
rapidly than does hypoxia although the amount of decrease is similar for

both conditions at fifteen minutes.
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Figure 36: Lffect of Exposures to Various Gases in vitro Mycardial
Contractility (Kilen and Harris, 1972)

The effect of Freon plus hypoxia is engaging especially in view of the time-
response data given in Figure 36. F-12 and hypoxia alone have similar effects
at fiftegn minutes although mechanisms, in view of the differenceé in oxygen
tension and rapidity of depression, are probably different, The effects of
F-12 and hypoxia together seem very much the same whether F-12 is administered
directly with hypoxia from a well oxygenated state or after fifteen minutes

of hypoxia alone. Although no time-response duata is available for F-12 or

hypoxia alone for thirty minutes, it might be concluded that the mechanisms

209



of myocardial depression by F-12 and hypoxia are not only different but
also quite independent of each other. The linear dosé—response reiation—
ship of F-12 concentration to in vitro myocardial contractility is

illustrated in Figure 37 for groups of 4-10 muscles.
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Figure 37: Dose-response curves for the effects of dichlorodifluoromethane
gas (F-12) on isometric developed force in 15 isolated rat
papillary muscles (A) and on maximal rate of isometric force
development, dP/dt, in six of these muscles (B). Each point is
the mean * SE of four to ten muscles in A and two to five muscles
in B, The n value next to each point is the number of muscles
studied at that flow. The bath concentration of F12 at 2.7
ml/min is 1.06 *+ 11 mg/100 ml and at 42,8 ml/min is 11.35 % 0.52
mg/100 ml1 (Kilen and Harris, 1972).
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E. Sensitization -~ Repeated Doses

Hypersusceptibility on repeated dosing has not been clearly
demonstrated in any §f the fluorocarbon.propellants, solvents, or fire
extinguishing agents. In fact, Yant and coworkers (1932) note thét dogs
seem to develop a definite tolerance to repeated exposures to 14.16% F~114,
The animals were exposed for eight hours per day for 21 days. After three
days, dogs no longer convulsed, tremors were less severe; apd they showed’a.
less pronounced loss of equilibrium and increased slertness during‘expOSufe.
After 18_to 20 days, the dogs showed no adverse effects_to the éxposure
after the initial 30 seconds.

Fluorocafbon—llZ'did not produce sensitization wheﬁ applied to the
skin of guinea pigs (Clayton et al., 1964). B

Repeated exposurés to F=1211 _did not resulf inbincreased seésitiza—
tion to epinephrine induced arrhythmias (Beck et al., 1973).

F. Teratogenicity | o

There isAno information indicating ﬁhat the fluorocarbons under
review are teratogenic.. In long—term.feeding sﬁudies of F-12 to rats
(see Section XII, C, Chronic Toxicity), no abnormalities were noted in
fertility, gestation viability and lactation indices (Sherman, 1974).
Further, pregnant rats have been 1ntubated with F-12 at levels of 16.6
and 170.9 mg/kg/day from day six to day fifteen of thgir gestation; No
effects were noted in embrional development or abnormalities in live.

fetuses (Culik, 1973).
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G, Mutagenicity
As with teratogenicity, the fluorocarbons have not been implicated
in mutagenicity. Sherman (1974) has determinéd the mutation rates in rats
during a two-year feeding study. The results are‘summarized in Table LXXXV.
Sherman (1974) indicates that mutation rate increases of less than +25%
are ﬁot significant,
Table LXXXV. Effects of Freon® 12 Administered Orally to the Parent

Female and Male Rats on Fertilization, Implantation and
early Development of the Fetuses - Dominant Lethal Lffects

- 6966 - k-1 38

Lov Level High Joevel 4A"l.an~i:r"1 Values {Kanee ".-.I‘nu-r-
1 (Control 1L (Control)l Freod® 12 Freon® 12 Chnrtes Rivar () wat: (1)
No. of Females fred 19 2 A RS —
No. of Femaler Pregnant (Fertility Indev) 17 (89.5)] 20 (100) 13 (90} 17 (8¢5 w (7100}
ue. of Live Tetuses 200 130 160 178 )
no. of Dead Yetuses 0 0 [¢] 0 =
Ne, of Live Fetures/Litier . 1.8 £.5 8.9 .. T : 16,0 (8.3 7
Teral No, o Corvora Luten ’ Ml o 2 .-:.;,4_. _ '
No. of Corporz lutea/Presnan® Female 16.2 1.9 1h.9 L
No. of Tmplantetion Sites 25k {__251 28 nin L N
No. of Implantation Sites:ireg. Female 1L, 9 12,6 16,3 12,6 12.9 . 3.6-1, 10
No. of Early Resorption Sitec{Neciduomata} | 7° 102 7 ™ i R
No, of Jate Resorption Siter 19 19 11 x
+i+ 1 Nunber of Resorptions 5k 121 98 L .
Predmplantation lnss (8) 8.0% 9,49 b1 A9l T R
Mutation Rate (%) po1nh ho, M, (TSR TR Uy S S S S
hitetion Bete Compared Wiuk “ontral 1 (4} . o pona I
Mutatior Kate Compared Witn fantrol JT (M | S U T 23 VS K
Vo Perional eommaniatiutg unpobiiished Iata obtafred {ron Charles River ireadire '.nb:;A., Wilniuwton, Masn far period 1Vh-09,
(2) Preimplartation Inss: {Number of Corpora Lutsa - Nunher of Tmplantation tites) y g7
Humber ot Corpors luten
YU Munation Fater  Lumber o7 Farly Resarptior _{lecidaomatag oy oy
) Number of Implantation Niles
(5) Mutation Rate: fllamber of 1in Fetuses/Litter of Test Sroup ¥ 1
N, 100'|..N'\unber of Live Fetuses/Litter of Control Group /

\
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H. Carcinogenicity
Fluorocarbon-112 and F-113-at doses of 0.1 ml lO%A(V/V) solution
injected subcutaneously in the neck of‘neonatal mice are no;.carciﬁogenic._
However, when injected in conjunction with.a 5% (V/V) solution bf-piperonyl
butoxide, hepatomas are induced in male mice as indicated in Table LXXXVf.
This is particularly marked with F-113.

Table LXXXVI. Tumors Induced in Swiss Mice by Injection of “Freons
and Piperonyl Butoxide Shortly After Birth
[from Epstein et al., 1967]

No. of mive, wubsequently autopeled, [T Maliynant lymphomas

alive at the beginnting of each peried Moo tumors i e o b e pod Not tumors in eact perind
Treatment Group Sex (No. at rink) No. na ¥ of No.o of uire ot cfak Ho. a8 X of No. of mi‘e at rlek
Weeks Weeks Meey s
11-20 21-30 31-40 41-50 St+ 21-30 eay a1 e 21-30 41-40 -t Sk
Solvent controls M 72 68 ) 59 55 ’ 48 4 0 o 0 2 i 0 [+ G .2
¥ 69 69 69 68 68 1] 0 u 0N 1] 0 0 0 0 0
"Freon" 11 M 3 25 2 n 21 2¢ 0 o u 10 ! 4 ‘o 0 0
F 20 20 20 20 20 0 v} o ) 0 4] 0 :0 [} [+]
"Frem.\" 112 M 27 27 27 20 17 0 0 0 0 o 0 0 0. IO 0 0.
¥ 22 2 21 20 19 0 0 G v 9 o 0 0 [} 0
"¥Freon" 113 M 2y 9 29 26 21 1 a 0 i 5 0 aQ ¢ 1] 0
. . . £ 21 21 20 20 20 0 0 o 6 S [} 0 0 5
Piperonyl butoxide M 40 18 35 25 20 0 0 ) v ) [} .0 [+ 0 0
t 36 3o 16 16 36 0 0 ) il 1) Y] Q 0 0 2
"Freon* 112 and piper~ M 30 26 26 14 13 5 4] a 5 N 0 .o 0 9 0
onyl butoxide ¥ 29 29 28 25 24 [} [} 0 Y ] 3 o 4 Q 8
“Freon” 113 and piper M 25 24 24 19 18 k] 0 N ' 17 0 0 0 0 0
onyl butoxide ‘ ¥ L) 24 WU 4 ] 1] Y ' 0 t 0 o 0 4

* One of these also had . pulmonary adenoma.
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PThe apparent synergestic hepstocarcinogenicity of these tluorocarbons vith{
5pipetony1 butoxide csnnot be explained at present. LOng before the tulots“
;dappeared the fluorocarbons should have been eliminatcd from the rats
;bodies. The investigators speculate that piperon\l butoxide msy interfere-
: with the metabolism of these fluorocarbons (hpstein et al.. 1967a) ”

| The significance of this effect is diffi«uit to 1nterprct becausc
Aof the 1ack of follow-up studies in other species (Tomatis et sl.. 1953)
3snd other fluorocarbons. The: results of Epstein and coworkers (19673).
however have not been disputed in the literature (e. g., Friedmsn et sl..
1972-' Jaffe et a1..1969 Kamienski and Mutphy, 1971- Redfem et ai.. 1971
fVogel and Zaldivar, 1971) The increased susceptibility of males to livet::;'
_”tumors is' common for chemical carcinogens (Roe and’ Grant. 1970). The use of
‘.newborn mice as experimentsl animsls in scteening for carcinogenicity is {_
‘Twidely accepted as having valid predictive vslue (Epstein et ai.. 1910' Dellsa?p
AiPorta and Terracini 1969 Tomatis et sl., 1973) although this acceptsnce is -
vhnot universa] (Grasso and Crampton, 1972) o | ‘ ‘
) On the basis of the study by Epstein and LOWﬂrPttb (19614). “Freuns
i'have been listed as chemicals inducing tumors in the lxver of mice (Tomatxs ‘
f:et al., 1973) This is misleading. Only F-llz und l~I.J haVc bccn tcsttc.,‘A
ijA significant increase in hepatomas are induced only w‘th piperonyl butoxide.
’Piperonyl butoxide is a potent inhibitor of microsomal enzyme function |
- (detoxification) in 1nsects and is thus a useful synerbist with insecticides‘n
grestly reducing the amount of insecticides that are necessary for insect
control (Casida 1970 Cooney et ai.. 1972) The compound is thermaliy and

hphotochemically stable under conditions of normai use’ (Friedman and bpstein, .
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1970; Fishbein and Gaibel, 1971), However, the potential hazard.posed by -
piperonyl butoxide and fluorocarbons has been demonstrated in only the most
preliminary manner. Fluorocarbons-112 and F-113 are not commonly.uSed in
preparations containing piperonyl buEOxide (McCaul, 1971). While piperonyl‘
butoxide has been shown to greatly inhibit microsomal enzyme‘systemé in
mice, it is much less potent in rats and man (Conney et al., 1972). Thus,
the most that can be concluded on the basis of current information is that
fluorocarbon propellants may require testing in conjunction with microsomal
inhibitors for potential carcinogenic activity (McCaul, 1971). If micro-
somal enzyme inhibitors are shown to induce liver tumor's with the fluoro-
carbons, this information might lead to a better understanding of fluorocarbon

metabolism,

The precancerous lung cell changes noted by Good (1974) are dis-
cussed in Section XI, B, Human Toxicity, Occupational Exposure and Normal

Use.
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I. Behavioral Effects
Apart from the effects of intoxicétion and aneé;heéia'as aiscussed
in previous sections, no behavioral effects have been attributed to these
fluorocarbons in non~human mammals and.birds. The work of Carter and
coworkers (1970b) may be considered an exception. LExposure to 20-25%
B-1301 significantly decreased the performance of trained monkeys. This
1ant behavior was completely disrupted aﬁ higherAconcentratioﬁs.without

opé

signs of CNS depression or analgesia.
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J. Possible Synergisms
) The synergistic carcinogenicity of F-=112 and F—113'have been noted’
in Part G, Carcinogenicity. Epstein and cowérkers (1967a and b) have also
noted synergistic toxicity of these compounds in mice. As ‘indicated in Table
LXXXVII, mortality occurred primarily in the first week and was signifi-

cantly higher in mice receiving both piperonyl butoxide with F-112 or F-113

than in those groups receiving F-112 or F-113 alone.

Table LXXXVII. Toxicity Induced In Swiss Mice by Neonatal and Perinatal Subcutsncous lajections of F-112 and F-113
Alone and in Combination with a 'Synergist?, Plperuny!l Butoxide (PR[fpstefu ot al., 19670}

. brug Iosape un Specilied ? Mortallty (no. survivoars), & Miules Ave, Weight (g} of |
Urug and Mvy (ml or mp) Initial at spewsfled dave umong’ mlce at specifizd days
concentration e Total no. wice e i i purvivors - -
o tricaprylin Brug injeated at
o e ARV LT L g, Uiy 0 e RO T LTS ANS SRR 2
Teicaprylln {ouly) (solvent control) - - - - - 170 (1ny 9(154) ITERSS! e 5 le 2.2 8.9 La
Tricapryiin (only) (contecd - - - - - e WO YS) Lt e ) "y .o i .. )
"Freon' 112 (104) alone 0.3 it 0.0 U2 ml 0.6 wl 56  9) 105 iy RN kL [N vo! 8.4 14.2
‘Freon’ 112 (10%) wieh v8 0.1 0.1 0,7 0.rwl 06wl 137 (12) IO IS T A SR Y R O N 1.7 w8 1.l le.e
‘Freon' 113 (0%) alone a1 bl (YN 0.l mi V.o wi 32 (4) [CERY) B TR R ) oYy t.b 1,3 B4 14,2
'Freen' 113 (10%) with Pr 0.0 0,1 0.2 0.2ml 0,0 94 ( H) 456 33Y At Loy et ) vl ] W ne 15w

0.1 ol of 5% synergist in tricaprylin injected un days | & 7 and 0.2 @] on days 14 & 21; groups not recelving wynetglut vere Injected witi
drug alone In corresponding vojumas of tricaprylin ut the same intervale,

The increases in average weight gains in fluorocarbon with piperonyl
butoxide exposed animals is not readily explained and is termed "anomalous"
by Epstein and coworkers (1967b). Preferential male suryival was not noted
and thus is not a factor in this weight gain. However, it seems probable

that in a given group of animals administered toxic compounds, the more
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yigorous animals would survive and this group.of sufvivors might be
_expected to show incrgased weight gain over a control group. Thus, the
increased weight gain of the fluorocarbon/piperonyl butoxide exposed
group might be an artifact of experimental design.

The possible potentiating effect of F-22 and F-115 in causing
cardiac arrhythmias by sensitization to exogenous epinephrine has been
discussed (see Section XII, Part D-1).

As with the parallel study on the synergistic carcinogenicity of
F~112 and F-113, the above information on synergistic toxiéity is quite
limited. However, the interactions of environment pollutants is an area
of legitimate concern (Cooney and Bufns, 1972). The possibility of such
reactions involving fluorocarbons cannot be ruled out on the basis of their
presumed low level of biological activity and more eXperimehtal work inlthis
field is warranted, pérticularly~in that fluoroéarbons are often used or

administered with compounds of known biological activity (McCaul, 1971).
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XIII. TOXICITY TO LOWER ANIMALS

No information on the toxicity of fluorocarbons to non-mammalian verte-

brates or any of the Metazoan Phyla has been encountered.

XIV. TOXICITY TO PLANTS

Of the fluorocarbon propellants, solvents, and fife extinguishing agents,
only F-11 and F-12 have been studied for phytotoxicity. Taylor (1974) has
exposed plants to F-1ll and F-12 at concentrations of 0.5-1, lO; and 15 ppm
for two weeks. No signs of toxicity, impaired growtl, or absorption were noted.

Halothane has been shown to cause metaphaseAarrest in-;he root tips of
Vicia faba, the European bréad bean. The EDg ranges from 0.5-0.9%. Total

arrest is achieved with 2.0% over 8 hours (Nunn et al., 1971).

XV. TOXICITY TO MICROORGANISMS
Similar to its effect in Vicia faba (Nunn et al., 1971), halothane has
been shown to cause réversible microtubular disruption at 2% concentration

over a 7 minute period in Actinosphaerium nucleofilum, a heliozoan protozoa

(Allison et al., 1970) and decrease the bioluminescencg of Photobacterium

phosphoreum at coﬁcentrations as low as 0.3% (White and Dundas, 1970).

The latter effect has also been nofed for F-22 although the potency oﬁ this
fluorocarbon (EDSO’ 37.6%) is much less than that of i:alothane (EDSO’ 0.76%).
Dose-response data for these compounds and a number of others screened for
their effect on bioluminescence are given in Table LXXXVIiI.
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Table LXXXVIII. Mean dose-response curves for halothane (HAL), F-22,
and a variety of other agents on bioluminescence in
Photobacterium phosphoreum (White and Dundas, 1970);
reprinted with permission from D.C. White,
Copyright 1970, MacMillan Journals Ltd.

- ———,

% Halothane %4 Light
~-=« 65 5%
= 44-5%
e 290% i
- HALOTHANE ]
--100% _AND AR,

The investigators suggest that this may be a simple, inexpénsive, sensitive
screening test for determining the potency of compounds wiﬁh aﬁesthetic
activity and synergistic effects (White énd Dundas, 1970). 1In this respect,
it is interesting to note that F-22 ED50 of 37.6% is quite vlose to ite
ALC in mice, 40% x 2 hours (see T;ble L). This may well he conincidencal.
Halsey and Smith (1970) conducted similar tests in the uamc.bdcterid. The
results obtained for EDSOS in bacteria compare well with those of. A8

50

(dose causing general anesthesia) in mice as summarized in Table LXXXIX.

Table LXXXIX. Comparison of the EDg s of bioluminescence -inhibition
in bacteria and the ADSOS in Mice for Halothane, F-22
and F-12 (from Halsey and Smith, 1970).

Compound 'EDSO ADSO
(atmospheres) (atmospheres)
Halothane =~ 0.0081 + 0.0001 0.0086
F-22 0.209 t 0.004 0.16 * 0.05
F-12 0.50 + 0.01 0.40 + 0.06
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The comparative potencies of F-22 and F-12 compare well with those of the
toxic effects described in mammals (see Sectioﬁ XIi , Mammalian Toxicity).
Halsey and Smith (1970) further note that site of action in these compounds
is probably hydrophobic in that potencies correlate better with oil/gas

partition coefficients than with hydrate dissociation pressures.

Stephens and coworkers (1970) have proposed a somewhat different system
for assessing the biological effects of various gases. They have exposed

Neurospora crassa - the common bread mold- to a variety of compounds including

F-12 and observed for changes in conidia formation, perithecia production,

and mutagenicity. Exp&sures to gas mixture (in oxygen) wére 30 ml/minute

for 10 minutes - to evacuate aif - to innoculations of five-day old micro-
conidia of opposite mating types. The cultures were then incubated in,a’
specified gas atmosphere for 21 days. Phenotypically, F-12 at concentrations
of 50%, 75%, and 100% resulted in light white conidia 48 hours after exposure.
Normal conidia are heavy pink and 100% oxygen controls caused light pink conidia.
Perithecial formation was not inhibited during any of the expoéures to F-12.
However, exposure to 75% F-12 resulted in a mutation rate of 0.33% and

50%Z F-12 in a rate of 1.42%. The normal mutation rat~: for thi§ species is
0.066% to 0.28% and the control rate was 0.13% with no mutations noted in

the 1007 oxygen ccntrol. Because mutation rates had t¢ he decermined on the
basis of crosses producing ripe ascospores, only the 50% F-12 exposure shows
significant mutagenic activity. The same species exposed to F-23 for 18 hr.
at 4°C produced 4.7% yellbw, cauliflower, colonial mutants. No mutants were

noted in air or oxygen controls. As Stephens and coworkers (1970) indicate,
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this type of testing is rather new and its significance to other areas of
fluorocarbon toxicity cannot yet be defined.

The comparative toxicity of F-12 and F-142b have been determined in
liquid and vapor states for a variety of microorganisms (Prior et al., 1970).

Of the eighteen species tested, seven species grew as well in contact with
ggsebus F-12 or F-142b as in their absence (different groups for each fluoro-
carboﬁ). In no instances were substantial growth reductions noteQ, However?
in the liquid state both F-12 and F-142b substantially reducéd cell viability
in all cultures tested. Because agitation is required to induce the toxic
effects, Prior and coworkers (197) conclude that there is probably some
interaction between the compounds and the lipids in the microorganisms and

cite a study which attributes the toxic effect of F-11 on Pseudomonas striata

to its strong lipophilic characteristics (Lie, 1966). This is in agreement with
mammalian studies which indicate binding with the lipid portions of membrane
systems as a mechanism of biological activity.

Reed and Dychdala (1964) have exposed three bacteria and two fungi to a
mixture of F-12 and F-114 (40/60) The bacteria were incubated for 48 hours
and growth deterﬁined by visual examination. Two aerobic species - Pseudomonas

aeruginosa and Staphylocuccus aureus - were not affected. However, Streplococcus

~agalactiae (anaerobic), Aspergillus niger, and Paccilomyces varioti failed to

grow, The investigators did not attribute this to fluorocarbon toxicity.
Rather, they reasoned that the anerobe was denied sufficient CO2 and the
aerobic fungi denied sufficient oxygen by the addition of the propeliant
(displacement) or the formation of a stratified layer of fluorocarbons between

the culture media and the air in the container.
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XVI. CURRENT REGULATION

Regulations at all levels of government are currently under review and -
evaluation (Hanavan, 1974). With the exception of FDA regulutionslon the
use of F-12, F-115, and C-318 (octa-fluorocyclobutane), regulations of any
type (federal, state, county, foreign, etc.) have not.beén encountered.

Fluorocarbon-12 has been approved as a food additive prdvided thgt it
is 99.97% pure and that it is used only as a direct-contact freezing agent
for foods. The container must be labelled "dichlorodifluoromethane,"
designated as food grade and contain instructions for use (Federal Register,
1967). Fluorocarbon-115 may also be used as a food additive provided that
it 1s 99.97% pure and contains less than 10 ppm unsaturated,fiuorocarbons
and 200 ppm saturated fluorocarbons. It may be uscd with carbon dioxide,
nitrous oxide, propane and/or C-318 as a propellant and aerating agent for
most sprayed or foamed foods. The 1abel‘must contair the name chloropenta-
fluoroethane, specify the percentage of a mixture, be designated'food grade,
and contain proper instructions for use (Federal Register, 1965). Similar-
approval has been given to C-318 except that the purity must be 99.99% and
contain less than 0.1 ppm fluoroolefins calculated as perfluoroisobutylene
(Federal Register, 1965).

The DuPont de Nemours and Company's Corpus Christi plant in Ingleside,
Texas, has requested and been granted exempticn of the following fluorocarbons
from Regulation V under the Texas Clean Air Act (Borden. 1973): F-11, ¥-12,

F-13, F-14, F-21, F-22, F-23, F-113, F-114, F-115. and F-116.
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Because they are shipped in pressurized containers, fluorocarbons must
be shipped in containers meeting ICC requirements for compressed gases

(DuPont, 1973).

XVII. CONSENSUS AND SIMILAR STANDARDS

TW% standards are commonly employed in classifying éxposure limits to the
fluorocarbons: these are Threshold Limit Valueé (TLVs) and the Underwriters'
Laboratories Classification. TLV's are assigned by the American Conference
of Governmental Industrial Hygienists. Most of the current values were
assigned in 1968, but periodic updates are made if warfanted by new informa-
tion. The values, usually expressed in parts per million, represent the
maximum concentration that should be present in the working environmen;. In
cases where toxicological information would indicate high accéptable con-
centration, these values are based on good manufaecturing practice. Concentrations
higher than 1000 ppm fox any compound being used indicate poor production
or handling techniéue énd thus this concentration is the uppef limit‘of
acceptability. The definitions by the Underwriters' Léboratofies in their
clasgification are given in Table XC.

Table XC. Unaérwriters' Laboratories Comparative Toxiéity

, Classification of Refrigerants (Underwriter's
| Laboratories, 1971a) '

_ Duration of Exposure to
Toxicity " Concentration Per Produce Death or Serious
Group Cent by Volume Injury to Test Animals

1 Y tol , 5 minudtes

2 % tol % hour

3 2 to 24 1 hour

4 2 to 2% 2 hours

5 Intermediate between Groups 4 and 6

6 20 No injury after 2 hours
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The Underwriters' Laboratories Classification and TLVs for the various fluoro-

carbons under consideration in this review are given in Table XCIT.

Table XCL. TLVs and Underwriters' Laboratories Classification for

Various Fluorocarbons.

Threshold Limit

Compound Code Value!
CCL3F F-11 1000#*
CCLyFp F-12 1000
CCRF4 F-13 (1000) *
CFy F-14 (1000) *
CHCR,F F-21 1000
CHCLF, F-22 (1000)
CCRpF-CCLoF F-112 500
CCR 3-CCRF; F-112a 500
CCRFy-CC2oF F-113 1000
CCLF,-CCLFy F-114 1000
CCLF,-CF3 F-115
CCiF,Br H-1211
CF3Br H-1301 1000
CBrF»-CBrF;

1

A.C.G.I.H., 1973; * Clayton, 1970

H-2402

Underwriters' Laboratories
Classification?

5

B NI S-S

T

(%]
<+

Underwriters' Jaboratories, 1971a; + Underwriters' laboratories,
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XVIII. Fluorocarbons: Summary and Conclusions

The fluoromethanes and fluoroethanes are widely used as aerosol propellants,
solvents, fire extinguishing agents, and refrigerant gases. .Current world
production is probably approaching two billion pounds per year with an annual
growth potential of approximafely 6-8 percent. About half of the production
fand use is currently centered in the United States. The commercial success
and continued growth rate of these fluorocarbons are predicated largely on the
suitability of their physiochemical properties to the above uses and their
relatively low level of de@onstrated toxicity. As a result Qf their commercial
success and use patterns, these fluorocarbons are and will continue to be
ubiquitous atmospheric contaminants with average conceptraﬁions-(v/v) in the
low (2-15) ppb range and.péak conceﬁtrations in low (20-30) ppwm range are
.projected for the next half century. Advefse biological effects from exposure to
such levels cannot be demonstrated from the availabie toxicity data. However,
fluorocarbons are not biologicélly inert and the effects of long-term low-level
continuous exposures have not been extensively characterized. -

This study concluded that in 1972 approximately 711 x 106 1bs of the 900 x
106 1bs produced in the United States was released to the environment. Global
release 1is perhaps twice that figure. Of the fluorocarbons under study, F-12,
-F~11, and F-22 constitute more than 75% of the total market and present the
major sources of fluorocarbon environmental cbntamination. Fluorocarbon-11
and F-12 have already been monitored at background levels in the 100-500 ppt
range. This monitoring data supports the fact that the fluorocarbons are
extremely persistant, based upon what is known about the physical, chemical

and biological stability of the C-F bond and some experimental evidence.
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Fluorocarbon use patterns suggest increasing concentrations going from the
background environment, to urban areas, to human dwellings. This pattern is
dlso supported by monitoring data'indicating fluorocarbon concentrations in
homes may vary in the 200ppt-500,000 ppt range, the wide fluctuations
reflecting the sporatic use of aerosols and leaks from refrjgerant applications.

The potential hazards posed by the large scale atmospheric release of
fluorocarbons can be anthropocentrically divided into two génoral classes:
direct hazard to man through exposure to comparatively high concentrations
found in the home or peak concentrations in urban areas: or indirect hazard
to man due to adverse effects from long-term low-level exposure to man or other
ecologically important species. It must be emphasized that the maximum peak
concentrations of total fluorocarbons will proBably nét exceed 20 ppm and
the maximum background concentrations will probably not exceed 15 ppb. There
is absolutely no direct evidence that such levels afe in’any way detrimentall
to any living systems. However, the effect of long-term, low-level, continuous
exposure to fluorocarbons is virtually unexplored. 'he effect of fluorocarbons
on non-mammalian species has also received very little study. Lastly, the
pharmacology and toxicology.of these compounds has only recently generated
intense investigation and these investigations are leading to aﬁ extensive
reevaluation of fluorocarbon bivlogical activity. Thus, the tvpe rather than
the amount of toxicity data available prevents the chufavtérizatién of
fluorocarbons as environmentally innocubus.

Given the lack of direct evidence that fluorocarbons may be harmful au

environmentally probable concentrations and the inappropriatencss of most
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current toxicity data in evaluating environmental huzurd,.uertain facets of
ff%orocarbon toxicology‘suggest the need for further definition. When fluoro-
carbons were first introduced as aerosol propellants, they wére considered
biologically inert. Subsequent investigations, howgver, revealed a-broad
spectrum of cardiovascular effects. That fluorocarbons may have other
unrecognized biological effects cannot be ruled out. Up until quite recently,
the siability of the C-F bond was ﬁhoﬁght to preclude metabolism. However,
there is now a reasonable indication that F-12 is slightly metaBolized after
a relatively short exposure. If F-12 is metapolizud. then F-11 may also be
metabolized. The rates of metabolism and the significance of this metabolism
at envirommental concentrations are unknown. Lastly, only two continuous
chronic exposures haQe been conducted with fluorocarbons (see p. 151). One
study clearly indicated liver damage in guinea pigs at a concentration
(810 PPm) usually considered innocuous. While not suggesting that sgch
damage 1s typical of fluorocarbon exposure at envirpnmentally probable concen-—
tratioﬁs, the inadequaéies of predicting long-term éffects on the basis of
short-term exposures is apparent. |

An additional factor which requires further investigation is that

fluorocarbons may migrate to the upper atmosphere and reduce the ozone layer

(chlorine atom released from the fluorocarbon would react with ozone), thus
allowing high energy ultraviolet irradiation to reach the evarth's surface.
Reductions in the ozone layer have been correlated with increases in skin
cancer. Since this possible effect has only recently been reported (see
Anon., 1974d and 1974e; Ciceroqe_gg_gl., 1974), a detailed description of the

effect is not included in the text of this report. Reference should be made
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to the cited papers. This possible affect is under investigation and may prove
to be the greatest environmental hazard from commercial use of fluérocarbons;
However, presently, no monitoring of fluorocarbons in the upper atmosphere has
been reported and the relative importance of fluorocarbons in terms of
catalyzing ozone decomposition is unknown.

Thus, considering the projected levels of fluorocarbon contamination
élong with what is known of their biological effects, fluorocarbons do not
séem to present anything approaching an imminent environmental threat.

The levels projected in this study are not likely to be exceeded; and,
depending upon the ecoqomics and availability of raw materiulsl(e.g. CaF2~
fluorspar), the actual levels may be much lower. Fluorocarbon toxicology

is currently being investigated by a number of research groups and - given the

use of fluorocarbons in pharmaceutical preparations, the potential for abusive

inhalation, and the vague possibility of occupational hazard - such research

will probably continue for many years. However, the data of Cicerone et al.

(1974) suggest that the possibility of fluorocarbons catalyzing'ozone
destruction should be resolved relatively soon before the rate of ozone

destruction by natural sinks is exceeded.
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