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PREFACE

The Occupational Safety and Health Act of 1970 emphasizes the need 

for standards to protect the health and safety of workers exposed to an 

ever-increasing number of potential hazards at their workplace. The 

National Institute for Occupational Safety and Health has projected a 

formal system of research, with priorities determined on the basis of 

specified indices, to provide relevant data from which valid criteria for 

effective standards can be derived. Recommended standards for occupational 

exposure, which are the result of this work, are based on the health 

effects of exposure. The Secretary of Labor will weigh these 

recommendations along with other considerations such as feasibility and 

means of implementation in developing regulatory standards.

It is intended to present successive reports as research and 

epidemiologic studies are completed and as sampling and analytical methods 

are developed. Criteria and standards will be reviewed periodically to 

ensure continuing protection of the worker.

I am pleased to acknowledge the contributions to this report on the 

decomposition products of fluorocarbon polymers by members of the NIOSH 

staff and the valuable constructive comments by the Review Consultants on 

the Decomposition Products of Fluorocarbon Polymers and by Robert B. 

O'Connor, M.D., NIOSH consultant in occupational medicine. The NIOSH
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recommendations for standards are not necessarily a consensus of all the 

consultants who reviewed this criteria document on the decomposition 

products of fluorocarbon polymers. A list of Review Consultants appears on 

page vi.

John F. Finklea, M.D.
Director, National Institute for 
Occupational Safety and Health



The Division of Criteria Documentation and Standards Development, 
National Institute for Occupational Safety and Health, had 
primary responsibility for the development of the criteria and 
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fluorocarbon polymers. Gerald L. Weiss, Ph.D., of this Division 
served as criteria manager during the early part of the 
development of this document, and Jack E. McCracken, Ph.D., 
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that reviewed the document, or of the contractor.
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OF FLUOROCARBON POLYMERS

I. RECOMMENDATIONS FOR A STANDARD FOR THE DECOMPOSITION PRODUCTS

The National Institute for Occupational Safety and Health (NIOSH) 

recommends that exposure to the decomposition products of fluorocarbon 

polymers in the workplace be controlled by adherence to the following 

sections. The standard is designed to protect the health and provide for 

the safety of employees for up to a 10-hour work shift, 40-hour workweek, 

over a working lifetime. The recommended standard for the decomposition 

products of fluorocarbon polymers emphasizes good work practices and 

engineering controls and medical management. Since no measurable 

environmental level of any single decomposition product of fluorocarbon 

polymers can ensure complete protection of worker health, no occupational 

exposure limit is recommended in this document. The criteria and standard 

will be subject to review and revision as necessary.

Fluorocarbon polymers include polymers of substituted polyethylene 

monomers of the general formula (XCX-XCF)n, where X can be F, H, Cl, CF3, 

or CF3-CF2-CF2-0. The decomposition products of fluorocarbon polymers are 

defined as substances which are thermally generated from fluorocarbon 

polymers.

The greatest danger to workers exposed to the decomposition products 

of fluorocarbon polymers is from inhalation. Adverse effects could result 

from exposure to dusts of undecomposed fluorocarbon polymers, from exposure 

to the decomposition products, or from exposure to a single or several
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decomposition products. The major concern in occupational exposure to the 

decomposition products of fluorocarbon polymers is their potential for 

causing polymer fume fever and damage to the respiratory tract. Polymer 

fume fever is characterized by headache, aching joints, general malaise, 

cough, shivering, chills, fever, tachycardia, and possible chest 

discomfort. The temperature may rise as high as 39.6 C (103.3 F). 

Adherence to all provisions of the recommended standard is required in work 

areas in which fluorocarbon polymers are used, regardless of the 

concentration of airborne decomposition products of fluorocarbon polymers.

Occupational exposure is defined as any exposure to fluorocarbon 

polymers that may involve the production of decomposition products.

The products liberated from fluorocarbon polymers by the application 

of heat vary with the polymer, the temperature to which it is exposed, and 

the humidity of the ambient air. Because there is insufficient information 

on which to establish a safe workplace environmental concentration, none is 

recommended. Both employers and employees should take all steps possible 

to keep occupational exposure to the decomposition products of fluorocarbon 

polymers as near to zero as possible. Careful adherence to all sections of 

this recommended standard will facilitate accomplishment of this aim.

Since the decomposition of fluorocarbon polymers can lead to 

occupational exposure to inorganic fluorides, including hydrogen fluoride, 

workroom air shall be monitored for inorganic fluorides and hydrogen 

fluoride in accordance with the requirements of the recommended standards 

for these substances. Recommended methods for sampling and analysis of 

workroom air for inorganic fluorides are given in Criteria for a_
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Recommended Standard....Occupational Exposure to Inorganic Fluorides. 

Recommended methods for sampling and analysis of workroom air for hydrogen 

fluoride are given in Criteria for a_ Recommended Standard....Occupational 

Exposure to Hydrogen Fluoride. Adherence to the recommended standards for 

inorganic fluorides and hydrogen fluoride may not protect the worker from 

adverse effects caused by other decomposition products of fluorocarbon 

polymers.

Section 1 - Medical

Medical surveillance should be made available as outlined below to 

workers occupationally exposed to the decomposition products of 

fluorocarbon polymers:

(a) Preplacement examinations should include medical and 

occupational histories and a physical examination with particular attention 

to the respiratory system.

(b) Periodic examinations may be given at the discretion of the 

responsible physician.

(c) A judgment of the worker's ability to wear negative and 

positive pressure respirators should be made.

(d) Appropriate medical management shall be made available to 

those workers who suffer adverse effects from exposure to the decomposition 

products of fluorocarbon polymers.

(e) Pertinent medical records of any examinations carried out 

should be retained for 30 years after termination of employment and should
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be made available to the designated medical representatives of the

Secretary of Health, Education, and Welfare, of the Secretary of Labor, of 

the employer, and of the employee or former employee.

Section 2 - Labeling and Posting

All labels and warning signs shall be printed both in English and in 

the language of the majority of non-English-reading workers. Illiterate 

workers and workers reading languages other then those used on labels and 

posted signs shall receive information regarding hazardous areas and shall 

be informed of the instructions printed on labels and signs.

(a) Containers of fluorocarbon polymers shall be labelled in a

readily visible location as follows:

CAUTION 
FLUOROCARBON POLYMER

NO SMOKING!

AT PROCESSING TEMPERATURES, VAPORS MAY BE HARMFUL

Use only with adequate ventilation.
Handle and use only at temperatures recommended for this material 
by manufacturers.

First Aid: Remove victim to fresh air and call a physician.

(b) The following sign shall be posted in readily visible

locations in any work area where there is occupational exposure to the 

decomposition products of fluorocarbon polymers:
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CAUTION 
FLUOROCARBON POLYMER AREA

NO SMOKING!

AT PROCESSING TEMPERATURES, VAPORS MAY BE HARMFUL

Use only with adequate ventilation.
Handle and use only at temperatures recommended for this material.

First Aid: Remove victim to fresh air and call a physician.

Section 3 - Work Clothing and Personal Protective Equipment

Engineering controls shall be used where necessary to minimize the 

concentration of decomposition products of fluorocarbon polymers in the 

workplace. Controls which may be appropriate include isolation of a

process within a controlled ventilation area, installation of safeguards to 

prevent thermal excursions, and installation of redundant temperature 

monitoring systems and associated alarms.

(a) Coveralls, or equivalent clothing, and gloves should be worn 

by the employee in areas where bulk fluorocarbon polymer dust is handled or 

where contact of powdered polymer with the skin is likely.

(b) Respiratory protective equipment to be used, if necessary, 

during emergencies or during the performance of nonroutine maintenance or 

repair activities in which exposure to the decomposition products of 

fluorocarbon polymers is likely should be provided in accordance with Table 

1-1. Applicable regulations for the use of respirators are found in 29 CFR 

1910.134.
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(c) When a respirator is required by paragraph (b) of this 

section, it shall be selected and used in accordance with Table 1-1 and 

shall be approved by NIOSH or the Mining Enforcement and Safety 

Administration (previously by the Bureau of Mines) as specified under the 

provisions of 30 CFR 11. The employer shall ensure that respirators are 

adequately cleaned and maintained, and that employees are instructed in the 

proper use and testing for leakage of respirators assigned to them. 

Respirators shall be easily accessible, and employees shall be informed of 

their locations.

TABLE 1-1

RESPIRATOR SELECTION GUIDE 
FOR DECOMPOSITION PRODUCTS OF FLUOROCARBON POLYMERS

Condition
Respirator Type 

Approved under Provisions of 30 CFR 11

Maintenance 
(Miscellaneous ; 
4-hour limit)

(1) Half-mask respirator equipped with combination 
acid-gas/organic-vapor sorbent and high-efficiency 
filter cartridge
(2) Full-facepiece gas mask equipped with acid- 
gas/organic-vapor sorbent and high-efficiency 
filter canister, changed every 4 hours

Maintenance 
(Equipment 
breakdown or 
cleaning of 
distillation 
vessels, etc; no 
time limit)

Type C supplied-air respirator operated in 
demand, pressure-demand, or continuous-flow mode 
and equipped with full facepiece, hood, helmet, 
or suit

Firefighting Self-contained breathing apparatus with full face- 
piece operated in pressure-demand or other posi­
tive pressure mode
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Section 4 - Informing Employees of Hazards

At the beginning of employment in a fluorocarbon polymer area and at 

appropriate intervals thereafter, workers shall be informed of the hazards 

and the proper conditions and precautions for safe handling and use of 

fluorocarbon polymers. Employees shall be specifically informed of the 

potential hazards from smoking in a fluorocarbon polymer area and of the 

characteristics of polymer fume fever. Maintenance and repair workers 

shall be included in these training programs. Circumstances under which 

decomposition products of fluorocarbon polymers may be generated shall be 

particularly emphasized.

The employer shall institute a continuing education program,

conducted by persons qualified by experience or training, to ensure that 

all employees have current knowledge of job hazards, proper maintenance and 

cleanup methods, and proper respirator use. The information shall be kept 

on file and be readily accessible to employees at all places of employment 

where fluorocarbon polymer decomposition products may be encountered.

Information shall be recorded on the "Material Safety Data Sheet," shown in 

the Appendix, or on a similar form approved by the Occupational Safety and 

Health Administration, US Department of Labor.

Section 5 - Work Practices and Engineering Controls

(a) A no-smoking rule shall be strictly enforced in all areas

where there is occupational exposure to the decomposition products of

fluorocarbon polymers. As a further precaution, the carrying of smoking
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materials into such areas shall be prohibited. Employees shall be 

instructed to wash their hands before smoking.

(b) In sintering or molding operations where fluorocarbon polymer

is heated above its melting point, temperatures in excess of the 

manufacturers' recommended range should be avoided whenever possible. To 

prevent overheating, ovens shall be fitted with an automatic temperature 

cutout set at the manufacturers' recommended temperature for the 

fluorocarbon polymer.

(c) If necessary to prevent accumulation or recirculation of the

decomposition products of fluorocarbon polymers in the workplace, ovens 

shall be fitted with a local exhaust ventilation system. An appropriate 

alarm shall be incorporated into any exhaust system in case of its failure.

(d) Local exhaust ventilation, located as close as possible to the

operation, shall be used whenever welding, cutting, or related high- 

temperature operations are performed.

(e) Exhaust systems and ductwork shall be kept in good repair so 

that design airflows and pressures are maintained. Airflow and pressure 

should be measured at least twice a year. Continuous airflow indicators 

(oil or water manometers) are recommended. A log shall be kept showing 

design airflow or pressure and the results of periodic inspection.

(f) Ventilation systems discharging to outside air must be

designed to conform to applicable local, state, and federal air pollution 

regulations and must not constitute a hazard to employees or to the general 

population.
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(g) General Housekeeping

(1) Spills of fluorocarbon polymers shall be cleaned up, 

preferably by vacuuming. Care shall be taken that polymer dust is not 

blown onto steampipes or other heated equipment.

(2) Emphasis shall be placed on prompt and frequent cleanup 

of dust to prevent accumulation of fluorocarbon polymers.

(3) Equipment shall be maintained regularly, and necessary 

repairs shall be made promptly.

(4) Fluorocarbon polymer scrap and waste shall be collected 

in special containers and, if not reused, shall be disposed of by high 

temperature incineration or by burying.

Section 6 - Sanitation

(a) Smoking shall be prohibited in all areas where fluorocarbon

polymers are handled and used, and smoking materials shall not be carried

into such areas.

(b) The employer shall provide hand-washing facilities with soap 

and clean towels. Employees who work in fluorocarbon polymer areas shall 

be instructed to wash their hands thoroughly before eating, smoking, or 

handling smoking materials.

(c) In the interest of good industrial safety and hygiene

practices, preparation and consumption of food in areas where fluorocarbon 

polymers in bulk are handled and used should be discouraged. Employers may 

designate specific areas for these activities.
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(d) Where excessive contamination of clothing with fluorocarbon 

polymer dust is likely, employers shall provide employees with launderable 

clothing for repeated use or disposable outer garments for one-time use.

(e) Laundry personnel should be informed of the hazards and of 

safe procedures if they are likely to encounter clothing contaminated with 

fluorocarbon polymers.

10



II. INTRODUCTION

This report presents the criteria and the recommended standard that 

were prepared to meet the need for preventing occupational disease or 

injury arising from exposure to the decomposition products of fluorocarbon 

polymers. The criteria document fulfills the responsibility of the 

Secretary of Health, Education, and Welfare under Section 20(a)(3) of the 

Occupational Safety and Health Act of 1970 to "...develop criteria dealing 

with toxic materials and harmful physical agents and substances which will 

describe...exposure levels at which no employee will suffer impaired health 

or functional capacities or diminished life expectancy as a result of his 

work experience."

The National Institute for Occupational Safety and Health (NIOSH), 

after a review of data and consultation with others, formalized a system 

for the development of criteria upon which standards can be established to 

protect the health and to provide for the safety of employees exposed to 

hazardous chemical and physical agents. Criteria and recommended standards 

should enable management and labor to develop better engineering controls 

and more healthful work practices. Simply complying with the recommended 

standard should not be the final goal.

These criteria for a recommended standard for the decomposition 

products of fluorocarbon polymers have been developed as part of a 

continuing series of documents published by NIOSH. The proposed standard 

applies to workplace exposure to the decomposition products of fluorocarbon 

polymers where these substances are processed, manufactured, or used as 

applicable under the Occupational Safety and Health Act of 1970. The
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standard was not designed for the population-at-large, and any extension to 

environments other than the occupational one is not warranted. It is 

intended to (1) protect against development of deleterious effects on 

health and (2) be attainable with existing technology.

To permit adequate evaluation and control of occupational exposure to 

the decomposition products of fluorocarbon polymers, additional research is 

needed in several areas. Epidemiologic studies and investigations of 

possible carcinogenic, mutagenic, teratogenic, and reproductive effects 

from the decomposition products of fluorocarbon polymers should be 

performed. More studies, especially animal toxicity experiments, on the 

composition and toxicity of these substances are also needed. Most 

important, further research is required on sampling and analytical methods 

which would monitor the extent of decomposition of fluorocarbon polymers 

and permit evaluation of worker exposures.
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III. BIOLOGIC EFFECTS OF EXPOSURE

Extent of Exposure

Fluorocarbon polymers are made from substituted polyethylene monomers 

of the general formula (XCF-XCF)n, where X can be H, F, Cl, CF3, or CF3-

CF2-CF2-0 [1], Copolymers, made from two monomers with as little as 10% of

the comonomer, and terpolymers, made from three monomers, are additional 

forms of fluorocarbon polymers [1]. Fluorocarbon telomers are fluorocarbon 

polymers of low-molecular-weight produced by chemical reactions that limit 

the degree of polymerization [2].

Some important commercial fluorocarbon polymers are listed, along 

with the monomers used in their preparation, in Table III-l [1].

The preparation of unsaturated fluorocarbon monomers from saturated 

fluorinated hydrocarbons is normally carried out in closed systems. These 

processes present a potential hazard because such toxic byproducts as

perfluoroisobutylene (PFIB) may be formed [3]. Fluorocarbon polymers are 

prepared from the monomers by conventional free-radical polymerization 

techniques, but the preparation of each polymer requires different 

formulation procedures involving a variety of redox catalyst systems [1],

The replacement of hydrogen by fluorine in polyolefin polymers

results in many important properties: chemical inertness, low coefficient

of friction (nonstick properties), excellent dielectric properties 

(insulation), good performance over a wide temperature range, low 

flammability, low moisture absorption, and weatherability [1],
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TABLE III-l

PRINCIPAL COMMERCIALLY USED FLUOROCARBON POLYMERS

Polymer Monomer Comonomer

Abbreviation Name

PTFE Polytetrafluoroethylene Tetrafluoro-
ethylene

-

FEP Fluorinated ethylene- 
propylene

M Hexafluoro-
propylene

PCTFE Polychlorotrifluoroethylene Chlorotri- 
fluoroethylene

-

CTFE-VF2 Poly(chlorotrifluoroethylene- 
vinylidene fluoride)

r r Vinylidene
fluoride

ETFE Poly(ethylene- 
tetrafluoroethylene)

Tetrafluoro­
ethylene

Ethylene

E-CTFE Poly(ethylene- 
chlorotrifluoroethylene)

Chlorotri- 
fluoroethylene

1 1

PVF Polyvinyl fluoride Vinyl fluoride -

PVF2 Polyvinylidene fluoride Vinylidene
fluoride

-

PFA Perfluoroalkoxy Tetrafluoro­
ethylene

Perfluoropropyl 
vinyl ether

CTFE-VC Poly(chlorotrifluoroethylene- 
vinyl chloride)

Chlorotri- 
fluoroethylene

Vinyl chloride

VF2-HFP Poly(vinylidene fluoride- 
hexafluoropropylene)

Vinylidene
fluoride

Hexafluoro­
propylene

VF2-HFP-TFE Poly(vinylidene fluoride- 
hexafluoropropylene- 
tetrafluoroethylene)

T t Hexafluoro­
propylene, 
tetrafluoro- 
ethylene
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Fluorocarbon polymers are produced in the following forms: granular

resins (for molded parts and sheets and for extruding thick-walled tubing 

and rods); fine powders made by coagulating dispersions (for extruding thin 

sections); aqueous dispersions (for coatings, fiber impregnation, and 

preparation of fibers); elastomers; fibers; lubricant powders; and waxes, 

oils, and greases [1], Table X-l [4] lists the uses of fluorocarbon 

polymers.

Fluorocarbon polymers, with the exception of PTFE, can be processed 

by conventional melt processing techniques [1], The better melt-flow 

characteristics of non-PTFE fluorocarbon polymers allows the use of 

techniques such as injection molding, screw extrusion, and vacuum forming 

[ 1] .

Because of its high viscosity at temperatures greater than its 

crystalline melting point (327 C), PTFE must be processed by techniques 

similar to those used for processing powdered metals or ceramics (eg, 

compression molding or ram extrusion) [1]. The heat treatments necessary 

for processing fluorocarbon polymers may result in the generation of toxic 

decomposition products [4,5].

Total estimated production of fluorocarbon polymers in 1974 was 

approximately 27 million pounds, 67% of which was PTFE. Other fluorocarbon 

polymers, including fluorocarbon elastomers, accounted for the remaining 9 

million pounds [1]. NIOSH estimates that 5,000 workers are exposed to the 

decomposition products of fluorocarbon polymers.
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Identification of Decomposition Products

The decomposition products of fluorocarbon polymers depend not only 

on the chemical composition of the intact polymers but also on the 

conditions under which they are decomposed. The temperature to which the 

polymer is subjected, the atmosphere in which decomposition occurs, and the 

material of the vessel used can alter the kinds and quantities of the 

decomposition products formed.

The studies that discuss the identities of the products of pyrolysis 

of fluorocarbon polymers that have been found [A,6-33] give the following 

general picture of the pyrolysis products: at temperatures that produce

just softening or melting of the polymer, the monomer tends to be the 

principal pyrolysis product. This is true for PTFE up to a temperature of 

about 500 C. At the same time, however, perfluoropropene, other perfluoro 

compounds containing four or five carbon atoms, and a particulate, waxy 

fume are generated. For PTFE, the principal pyrolysis product within the 

range of temperatures from 500 to 800 C becomes carbonyl fluoride. This 

compound hydrolyzes readily to hydrogen fluoride and carbon dioxide, so 

that, in the presence of moist air, these may appear to be the principal 

pyrolysis products in this temperature range. At temperatures above 800 C, 

the principal pyrolysis products of PTFE are tetrafluoromethane, 

hydrofluoric acid, and carbon dioxide. If pyrolysis occurs in the presence 

of glass, silicon tetrafluoride may be formed by reaction between the 

silicon in the glass and hydrofluoric acid.

Pyrolysis of PTFE in a vacuum at 360-700 C has yielded almost 100% of 

its monomer, tetrafluoroethylene [16,17,26]. Zapp et al [19] reported that 

a fine dust or sublimate was produced at temperatures above 200 C. Harris
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[10] reported the evolution of a mineral acid when PTFE was pyrolyzed at 

140-325 C. Adams [22] found that hydrogen fluoride was released when PTFE 

was heated above 300 C. Waritz and Kwon [7] found that hydrolyzable 

fluoride was evolved from PTFE heated at 400 C and suggested that this was 

carbonyl fluoride or hydrogen fluoride. Zapp et al [19] reported that 

carbonyl fluoride was not detected by the method of analysis used when PTFE 

was decomposed at 300-550 C.

Other pyrolysis products of PTFE that have been identified include: 

octafluorocyclobutane (0FCB) at 300-360 C and at 500-550 C [19], 

perfluoroisobutylene (PFIB) at 380-400 C [19], at 475-480 C [7], and at 

500-550 C [19], tetrafluoroethylene (TFE) at 450-480 C [7] and at 500-550 C 

[19], hexafluoropropylene (HFP) at 450-480 C [7] and at 500-550 C [19], 

hexafluoroethane (HFE) at 300-360 C [19], an unidentified five-carbon 

olefin at 500-550 C [19], and a higher-boiling residue consisting of a 

complex mixture of perfluoroolefins at 500-550 C [19].

Silicon tetrafluoride has been formed from the pyrolysis of PTFE at 

temperatures ranging from 300 to 650 C [8,19] and was probably produced by 

the reaction of hydrogen fluoride with silicon dioxide from the glass 

vessel. Table X-2 summarizes these results.

Several investigators [7,9,19] have indicated that particulate 

material or sublimate, with particle size ranging from 0.2 ¿urn to .0.5 /um, 

was evolved when PTFE was decomposed. Some authors speculated that this 

particulate material contained absorbed hydrogen fluoride [19], acidic 

carboxyl groups [13], or oxygen difluoride [9].

Errede [21] advanced a hypothetical mechanism, shown in Figure III-l, 

to explain the formation of the various decomposition products of PTFE that
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have been identified. The first step is a random homolytic chain cleavage 

that requires heat and probably does not require oxygen.

CF3-CF*CF2 (HFP)

CF.-C-CF, (PFIB)
3 I 1

CF3

Figure III-l - POSSIBLE MECHANISM FOR THE DECOMPOSITION OF PTFE 

After Errede [21] from Waritz and Kwon [7]

The short chain represents the primary particle. Difluorocarbene 

(DFC) would tend to form preferentially. Combination of two DFC moieties 

would form TFE, and one TFE could combine with one DFC moiety to form HFP. 

Although theoretical, Errede*s hypothesis [21] does account for the 

formation of the pyrolysis products of PTFE that have been identified.
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Further evidence of the multiplicity of the pyrolysis products was 

obtained by mass spectrometric analysis [8,13]. Typical mass spectra of 

the products of PTFE pyrolysis in air [8] and of the particles so obtained 

were reported by Coleman et al [13] and are shown in Tables X-3 and X-4.

The decomposition products of other fluorocarbon polymers have not 

been so intensively studied as those of PTFE. Polychlorotrifluoroethylene 

(PCTFE) heated at 347-418 C in a vacuum yielded 27% of the monomer, 

chlorotrifluoroethylene [32]. Birnbaum et al [14] found that pyrolysis of 

PCTFE in air at 375 C and at 400 C produced hydrolyzable fluoride, which 

they thought was carbonyl fluoride. No carbonyl chloride (phosgene) was 

found. The authors speculated that fluorocarbonylchloride (C0FC1) and 

chlorodifluoroacetylchloride (CF2C1C0C1) had been evolved and presented 

evidence for the formation of a variety of fluorinated, chlorinated 

compounds with up to three carbon atoms. The authors also found a 

particulate with a mean particle size of 0.5 /im.

When a copolymer of vinylidene fluoride (VF2) and hexafluoropropylene 

(HFP) and a terpolymer of VF2, HFP, and TFE decomposed at 550 C and 800 C, 

carbon monoxide and carbon dioxide were produced [6]. Clayton [23] has 

suggested that decomposition of VF2-HFP, VF2-HFP-TFE, and polyvinyl 

fluoride would produce hydrogen fluoride, but he gave no experimental data 

to support this theory. Clayton [23] also suggested that the decomposition 

of fluorinated ethylene propylene (FEP), a copolymer of TFE and HFP, would 

produce HFP; again, no experimental data were given. Madorsky et al [26] 

reported that pyrolysis of polyvinyl fluoride and polyvinylidene fluoride 

in a vacuum at 372-500 C produced hydrogen fluoride and a waxlike material 

consisting of chain fragments of low volatility.
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Effects on Humans

As early as 1951, Harris [10] described two cases of an influenza­

like syndrome in workers who had been experimenting with PTFE for an 

unspecified period. The first worker, 29 years old, was exposed to fumes 

emitted from PTFE heated in an extruder with a malfunctioning thermostat. 

Although the extrusion process was normally carried out at 350 C, the 

machine in this instance overheated to about 450-500 C. While manually 

feeding PTFE powder into the extruder, the worker noticed a distinctive 

odor emanating from the point where the polymer rods emerged from the 

extruder, and he experienced chest discomfort. That evening, the worker 

experienced what he considered to be an attack of influenza and contacted 

his physician. The patient described a recurrent symptom cycle of 

subjective elevation in temperature, culminating in violent shivering 

accompanied by perspiration, and then a subjective drop in temperature. 

Physical examination revealed a temperature of 101 F and no other clinical 

abnormalities.

The next morning, the patient felt better but was fatigued and noted 

a slight tickling sensation in his throat. A physical examination showed 

that he was pale, had a temperature of 98.8 F, a pulse rate of 80/minute, a 

blood pressure of 140/75 mmHg, and a trace of albumin in the urine. The 

patient felt well enough to resume work within 36 hours after exposure, but 

the albuminuria persisted. Harris [10] noted that physical examination at 

a hospital 2 weeks postexposure confirmed that the albuminuria was postural 

in origin. At this time, a random urine sample contained 1.4 ppm of 

fluoride, which the author concluded was of no significance. The worker 

had previously had less severe attacks with similar symptoms, which
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generally began several hours after he left work. The worker also 

indicated that he had occasionally experienced milder symptoms after

disintegrating PTFE powder without heating, but the author expressed doubt 

that these symptoms were related to exposure to cold PTFE. Harris did not 

indicate whether this man smoked. After local exhaust ventilation was 

installed in the work area, the worker was reported to have suffered no 

further ill effects.

The second worker described by Harris [10] became ill on two 

occasions while removing PTFE from an oven in which it had been heated to 

450 C and then allowed to cool to an unspecified temperature. On the first 

occasion, the 25-year-old patient complained of aching limbs and general 

malaise. Examination revealed a temperature of 99.8 F, pulse rate of 100, 

and blood pressure of 125/75 mmHg. There was no shivering, although the 

patient had experienced shivering attacks at home after work 4 months 

earlier. Recovery was complete within 24 hours. On the second occasion, 

the worker experienced chest discomfort on breathing deeply. He 

subsequently had an attack of shivering. Examination showed no clinical 

abnormalities, and his temperature was normal. Administration of oxygen

relieved the symptoms. He returned to work 2 days later. The worker had 

had asthma attacks for many years, although he had been symptom-free for 18 

months prior to this incident. Harris noted that the exhaust ventilation

system on the oven was subsequently found to be inadequate and that, once

that situation was remedied, no further attacks occurred. He called the 

illness of these workers polymer fume fever, which he proposed was caused 

by inhalation of fume from heated PTFE, and noted the similarity of this 

syndrome to metal fume fever.
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Harris [10] also noted that the two cases he had diagnosed as polymer 

fume fever were similar to two cases of illness in PTFE workers described 

to him by HF Gilbert in a personal communication. The first worker heated 

PTFE in an oven at an unspecified temperature and manipulated the polymer 

on a hot roller of unspecified temperature. No work history was given. He 

experienced a gradual onset of symptoms that corresponded closely with 

those Harris reported in his patients, but shivering was not reported. The 

worker had a temperature of 101.6 F, a pulse rate of 100/minute, a 

respiration rate of 36/minute, and a few scattered rales in the chest. X- 

ray examination revealed "definite evidence of congestion, particularly of 

the right lobe." Treatment consisted of bed rest, and the patient 

recovered within 24 hours. There was no mention of a followup X-ray 

examination.

The second worker, who was engaged in forming sheets of polymer on 

heated roller mills, developed "an attack of the shakes" of rapid, but 

otherwise undescribed, onset. This second man’s work history was also not 

reported. Physical examination revealed a few moist rales in both lung 

bases, and the patient was treated with oxygen and complete rest. His 

temperature rose to 103.2 F, and his pulse rate was 120/minute. He also 

had a leukocytosis of more than twice the normal count. Recovery was 

complete within 24 hours. Harris concluded that the similarity of 

symptoms, comparative lack of physical signs, usually gradual onset of 

illness several hours after exposure, and rapid recovery in the cases 

presented were characteristic of polymer fume fever as he defined it.

Because the symptoms so closely resembled those seen in metal fume 

fever, Harris [10] analyzed PTFE ash and the sublimate evolved from PTFE
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heated at 400 C for various metals. The sensitivity of the method of 

analysis was not reported. From these studies, Harris concluded that the 

concentrations of metals in the ash and the sublimate could not explain 

their findings, so that a toxic fume from heated PTFE seemed to be the 

responsible agent in polymer fume fever from PTFE.

In 1967, Bruton [34] described two cases of illness in aviation 

employees whose work involved contact with a neoprene door seal that had 

been sprayed with an aerosol of an unspecified fluorocarbon telomer. 

Smoking was not permitted in the hangar; however, toward the end of his 

shift, the first worker had smoked a cigarette in an office where smoking 

was allowed. Approximately 30 minutes later, he experienced shivering and 

chills, which lasted for about 6 hours, but no other effects. The second 

worker had been handling the polymer spray for approximately 1 year and had 

become ill once before when he failed to wash his hands before smoking

after working with the aerosol. On this occasion, he started to smoke a

cigarette during his break and realized by the taste that it was

contaminated. He extinguished the cigarette immediately, but, within 30 

minutes, he began to shiver and developed a headache and muscular aches, 

but no respiratory effects. Recovery was complete within 24 hours.

Bruton [34] believed that the polymer-treated surface had 

contaminated the cigarettes. To demonstrate the possibility of hand

contamination, he conducted an informal experiment in which the aerosol was 

sprayed onto a clean aluminum surface according to the manufacturer's 

instructions. When he wiped the surface with his finger, a line across the 

sprayed surface and a faint white dust on his finger were visible. The 

author suggested that handling of objects treated with aerosols of
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fluorocarbon telomers represented a hazard to smokers because of the 

possibility of contamination of smoking materials. He noted that workers 

should be required to wash their hands before smoking to avoid 

contaminating smoking materials. Although Bruton diagnosed this syndrome 

as polymer fume fever, he did not disprove the possibility that the 

respiratory symptoms were due to other causes. He was correct in assuming 

that the temperature of the cigarette was sufficient to cause pyrolysis of 

the fluorocarbon telomer, however, since the temperature of the burning 

zone of cigarettes has been shown to range from 854 to 913 C [35].

In 1964, Nuttall et al [36] reported an incident of in-flight illness 

that affected 35 passengers, including 2 flight surgeons and 4 of 5 crew 

members, on a C54 aircraft. The total flight time was 165 minutes, and the 

authors mentioned a flight altitude of 9,500 feet. The auxiliary power 

unit (APU) of the aircraft was located in the rear compartment, which 

"freely communicated" with the main passenger cabin. The crew compartment 

door was closed. After the passengers and crew members boarded the plane, 

the APU was started; fume and odor levels within the main cabin were 

reported to have been "normal." Takeoff was delayed because of magneto 

trouble, and the passengers debarked after the APU had run for

approximately an hour. A few had mild symptoms of respiratory Irritation, 

and some became nauseated when they smoked. About 1.5 hours later, the 

passengers reboarded the aircraft and the APU was restarted. The plane

took off 45 minutes later and the APU was turned off. Within 1 hour of

takeoff, most of the passengers and two of the crew members had chest

discomfort and general malaise, including chills, nausea, and respiratory 

distress in some. One passenger vomited and collapsed and was found 5-10
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minutes later in a cyanotic state with a weak and rapid pulse. A second 

passenger had severe respiratory distress and moderate collapse. Six 

passengers were incapacitated, and five were given oxygen. The heating 

system was suspected of being a source of toxic fumes and was turned off. 

Although a fusilage hatch was opened to provide ventilation, some 

passengers continued to complain. On arrivàl, three passengers required 

hospitalization, and everyone aboard the plane except one co-pilot had 

experienced effects, which persisted after the plane landed.

To characterize the illness, Nuttall et al [36] interviewed and gave 

questionnaires to all crew members and passengers. The answers to the 

questionnaire revealed a toxic reaction pattern similar to that of 

influenza, with onset of symptoms occurring within 2-6 hours after exposure 

to the unidentified agent. Typical symptoms were chest discomfort, 

difficulty in breathing deeply, chills, muscular aches, fever, dull 

headache, and general malaise. Respiratory symptoms were not present in 

all cases, and nausea and aversion to cigarettes was often reported. The 

number of smokers aboard the plane was unspecified, and it was not stated 

whether smoking was permitted during the flight. Recovery was complete 

within 24 hours in most cases, including those of the three hospitalized 

patients. The authors noted that examination of these three patients 

showed elevated temperatures, increased white blood cell counts with a 

shift to the left (indicative of an increased proportion of young cells), 

and rapid pulse rates. They emphasized the similarity of the reported 

symptoms to those of metal or polymer fume fever, characterizing 50% of the 

cases as "typical" examples of this syndrome. The questionnaire data 

indicated that 6 cases were severe, 12 were moderate, and 9 were mild.
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Although 12 of those aboard the flight did not complete questionnaires 

because they could not be located, the flight surgeons who had interviewed 

everyone on the plane at the time of the incident reported that they also 

had been affected to some extent.

Nuttall and coworkers [36] conducted an extensive investigation to 

determine the cause of the illness. Air samples were collected in the 

grounded aircraft and analyzed for total metals and zinc with negative 

results. The four who collected samples developed a typical fume fever 

reaction. Six volunteers were exposed to fumes from the APU for 40 

minutes. All six developed symptoms similar to those of the affected 

passengers and crew members 1-3 hours after exposure. All had elevated 

temperatures and elevated white blood cell counts, with polymorphonuclear

leukocytosis and a shift to the left. A trip made by the same plane 2 days

later, after a new APU had been installed, was uneventful.

The tape used to wrap the exhaust manifolds of the old APU was

subjected to a variety of tests [36] . Five volunteers were exposed to

fumes emitted from the APU before the manifold was wrapped with tape. No 

symptoms were reported after 35 minutes of exposure. Next, the APU exhaust 

manifolds were wrapped with an unspecified amount of asbestos tape salvaged 

from the old wrappings of the manifold, and used APU oil was placed on the 

wrapping. In this instance, two of six subjects exposed for 35 minutes 

reported symptoms, and small quantities of uncharacterized fumes were 

observed around the wrappings. Carbon monoxide levels were below 50 ppm in 

both these runs. The authors noted elevated temperatures and mild 

leukocytoses in the two affected subjects, but suggested that the reported 

effects were questionable. This second run was repeated, whereupon two of



the six subjects exposed for 35 minutes developed mildly elevated 

temperatures and leukocytosis. Subsequent exposure of four subjects to oil 

fumes alone for 40 minutes failed to produce symptoms. Nuttall et al [36] 

concluded that the asbestos tape was the source of toxic fumes, although 

the oil might have been a modifying agent. New asbestos tape of the same 

type that had been used to wrap the manifolds of the APU was analyzed with 

an infrared spectrometer. This examination revealed the presence of PTFE, 

a finding that was later confirmed by the manufacturer.

In a final experiment, one subject was exposed to fumes emitted from 

an unspecified amount of the tape pyrolyzed in a platinum dish at 800-1,000

F. The subject developed mild respiratory symptoms, fever, and 

leukocytosis after one 35-minute exposure in a closed room. The authors 

concluded that the illness suffered by the passengers and crew of the 

aircraft was polymer fume fever caused by exposure to fume of PTFE 

pyrolysis products from the asbestos tape. They noted that early tests of 

the used tape failed to reveal fluoride, but suggested that this may have 

occurred because the tape had been used sufficiently to remove the 

fluorocarbon polymer filler. They also suggested that the symptoms 

observed in the severely affected passengers were caused by more than PTFE 

fumes alone, citing as possible additional factors hypoxia, 

hyperventilation, apprehension, and the general psychologic state of the 

individuals involved. The role of pyrolysis products of the oil was left 

undetermined. Although the authors failed to report the temperature of the 

APU, the thermal decomposition products of PTFE seemed likely to have been 

the cause of the toxic reaction aboard the aircraft.
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In 1967, Barnes and Jones [37] gave the results of an investigation 

of an outbreak of respiratory illness affecting 4 of 19 workers at a 

factory that made abrasive wheels. The affected workers were male press 

operators, aged 20-32 years, whose employment histories were not given. 

Their work involved placing by hand a mixture of phenol-formaldehyde resin, 

furfural, abrasive grain, a small amount of hexamethylenetetramine, and, 

occasionally, a rectifying oil containing cresylic acid on cold presses in 

a tray. The wheels thus formed were removed from the press room and placed 

in batches in an oven heated to 177 C for curing. The investigators noted 

that the factory consisted of one large shed and that the press room was 

not physically closed off from the area where the mixture was made. The 

press room was mechanically ventilated by recirculated, cooled air, and the 

mixing area was air-conditioned.

In describing these four case histories, Barnes and Jones [37] noted 

that these workers were moderate to heavy smokers who smoked on the job. 

All four had suffered recurrent bouts of illness over a 2- to 4-month 

period and had experienced respiratory distress characterized as either 

tightness of the chest or difficulty in breathing deeply. Typical symptoms 

of these attacks included uncontrollable shivering lasting 1-2 hours in two 

workers, pain in the retrosternal area in one worker, sore throat in one 

worker, and severe headache in one worker. Physical examinations at the 

time of the plant visit revealed scattered rhonchi in the chest of one 

worker, congested throat and congested soft palate in a second worker who 

had not complained of a sore throat, congested pharynx in a third, and no 

signs in a fourth worker who had been transferred to the packing room 2 

weeks earlier. The authors discovered during their investigation of the
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plant that the use of powdered PTFE as a mold-release agent had been 

initiated approximately 3 months earlier. They noted that, although the 

pressing and curing processes were carried out at temperatures below 300 C, 

all the affected workers handled the PTFE-treated plates and all smoked 

while working. They further stated that PTFE powder was detected on the 

hands of the press operators and that there was ample opportunity for the 

skin to become contaminated in the plant. Smoking on the job was then 

prohibited. The authors reported that, according to the plant manager, 

there had been no recurrence of symptoms during the 2 months after the 

reported illnesses and the prohibition of smoking in the work area. 

Although the decomposition products of PTFE may have been the cause of the 

illness, some of the typical polymer fume fever symptoms were not present.

In 1974, Wegman and Peters [38] reported the investigation of a 

similar outbreak of influenza-like illness in workers in a textile mill 

that produced imitation crushed velvet. The fabric was made of nylon and 

rayon, and the final stage of its production was a flocking process that 

consisted of the addition of a liquid fluorocarbon polymer to the material, 

with subsequent dipping, rolling, and squeezing of the mixture, curing at 

150-155 C, mechanical crushing and steaming at 135 C, and final static 

elimination. In an initial interview, the plant manager revealed that a 

number of workers involved in the flocking process had reported symptoms of 

weakness, muscle aches, fever, chills, and shortness of breath.

The authors [38] interviewed and examined all workers in the flocking 

division, 10 men and 3 women, ranging in age from 19 to 61 years. Those 

complaining of symptoms had been employed in this division for from 2 

months to 6 years. Seven of these workers, six men and one woman,
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described symptoms of cough, muscular aching or weakness, fever, and 

chills. Four of these seven workers also had experienced shortness of 

breath. All had suffered repeated bouts of illness, three of the seven 

workers having experienced as many as six attacks during an unspecified 

period of time. In several instances, symptoms were of such severity that 

affected workers had to leave the plant. Onset of symptoms was generally 

gradual and illness persisted for 6-72 hours, most workers reporting 

recovery within 24 hours. Of the six workers who did not report such 

attacks, one nonsmoking man had experienced headache on five occasions and 

possibly some coughing; a second had had an isolated bout of cough, fever, 

and chills, which the authors attributed to a common cold. One woman who 

did not report typical attacks had an unspecified number of attacks of 

coughing, fever, chills, and shortness of breath, but these were of rapid 

onset and short duration. One of the six men experienced severe weakness, 

chest discomfort, and shortness of breath on one occasion. The affected 

workers experienced symptoms only when they worked in the area where the 

fluorocarbon polymer-treated material was cured.

The authors [38] considered four materials as possible causes of the 

symptoms: ammonia, formaldehyde, nylon, and the fluorocarbon polymer.

Analysis of the air of the workplace found air concentrations of less than 

50 ppm of ammonia and less than 1 ppm of formaldehyde. The nylon was 

reported to be of nonrespirable size. The authors maintained that exposure 

could not have resulted from the flocking process itself, since the maximum 

temperatures at which the fluorocarbon was applied and cured were at or 

below 165 C. However, the authors noted that all seven workers who had 

"typical" symptoms of polymer fume fever were cigarette smokers, and that
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all but two of the other workers experiencing symptoms were also smokers. 

They observed that workers engaged in applying the polymer to the material 

had frequent hand contact with both liquid and cured polymer and that they 

often smoked during breaks without first washing their hands. The authors 

concluded that the source of the illness was polymer fume generated by the

smoking of PTFE-contaminated tobacco. No further symptoms were reported

after smoking in the work area was prohibited and the workers were 

instructed to wash their hands before smoking or eating.

In 1973, Evans [39] reported a case of respiratory illness in a 49- 

year-old man who had been using an oxyacetylene torch to dismantle a metal 

table used to hold PTFE-coated molds. The molds had been sprayed with 

S-143, a dispersion of TFE telomer in unspecified fluorocarbon solvents. 

About 1 hour after he began to use his torch on the table, the worker

became too ill to continue the work. He reported to the company medical

office complaining of a sore throat, dry cough, and difficulty in 

breathing. Although the patient had a history of smoking two packs of 

cigarettes a day for an unspecified number of years, he reported that he 

had not smoked while in the molding area. He had an oral temperature of 

100.6 F, slight dyspnea, and basal rales in both lungs. A chest X-ray was 

taken, and the patient was administered oxygen through a nasal catheter for 

approximately 1 hour and then sent home. He arrived at work the next 

morning feeling tired but otherwise comfortable. The author noted that the 

chest X-ray taken on the day of exposure x̂ as consistent with a diagnosis of 

pulmonary edema. Subsequent X-rays taken 1 and 7 days later revealed 

progressive resolution of the edema.
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The author [39] measured the rise in temperature during cutting of a 

cast iron pipe with an oxyacetylene torch and found a maximum temperature 

of 740 C within 1/16 inch of the flame. She concluded that the temperature 

of the metal table had been in excess of 300 C long enough to allow PTFE to 

decompose, but she did not report what distance separated the area of the 

table sprayed with PTFE from that to which the oxyacetylene flame was 

applied. She diagnosed the patient's illness as pulmonary edema resulting 

from inhalation of toxic fluoride fumes from PTFE. Possible effects of the 

acetylene used in the cutting torch were not discussed. It was not stated 

whether the worker used protective devices or wore protective clothing 

during the cutting operation, or whether he may have had any direct contact 

with the spray or the sprayed molds. Although the author diagnosed the 

pulmonary edema as being the result of exposure to PTFE fumes, the evidence 

presented is not conclusive.

In 1964, Robbins and Ware [40] reported a case of pulmonary illness 

in a 38-year-old welder in a sheet-metal factory. Although PTFE was not 

normally used in the plant, the patient had been working on a special order 

that involved welding thin steel channels fitted with PTFE blocks to the 

sides of a drawer. The welder worked in a 50- x 100- x 15-foot room with 

four other men, who remained unaffected. The authors did not state whether 

the workplace was ventilated. On the day before his illness, the patient 

had cut and drilled 24 blocks of 5/8-inch PTFE, and he had smoked during 

this process with no ill effects. While tack welding the steel channels to 

the drawers, he observed a blue flame and smokey vapor emanating from the 

work. The patient reported that the PTFE blocks were blackened, apparently 

charred from the heat of the welding arc. He wore a welding hood with no
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protective mask and inadvertently inhaled some of the fumes when he lifted 

his hood to examine the work. The patient described the vapor as being 

very irritating and acrid. He continued welding and, approximately 3 hours 

later, experienced dizziness and mild headache. Shortly thereafter the 

patient became nauseated and had chills, weakness, coughing, tightness of 

the chest, and shortness of breath. He left work and reported to the 

hospital. Physical examination revealed an elevated temperature of 103 F, 

a pulse rate of 120/minute, respirations of 30/minute, diffuse moist rales 

in both lungs, and signs of dyspnea. An electrocardiogram indicated sinus 

tachycardia. A chest X-ray showed diffuse bilateral infiltration of the 

lungs. The patient was treated with bed rest, oxygen, and 1,000,000 units 

of penicillin daily. His respiratory symptoms and signs and fever subsided 

within 72 hours, at which time a chest X-ray showed complete resolution of 

the edema, and he returned to work. The authors diagnosed the illness as 

pulmonary edema caused by PTFE fume. The flame and the charring of the 

PTFE indicated that the polymer had reached a temperature of at least 575 

C, its approximate ignition point [5].

In 1975, Blandford et al [41] described a case of nonoccupational 

respiratory illness in a man who had inhaled fumes from a PTFE-coated pan 

that had contained only water and had boiled dry when left unattended on an 

electric stove. When he removed the pan from the stove, the man noticed

that the fumes "took his breath." No smoke was visible. Five cockatiels

kept caged in an adjoining room died within 30 minutes after the incident.

The patient's wife, who was in the same room as the birds during the

incident, was unaffected. About 60 minutes postexposure, the patient 

experienced shortness of breath and a paroxysm of coughing when he tried to



smoke a cigarette. About 80 minutes after the incident, the man's symptoms 

included shivering, dizziness, and nausea. He felt cold and noted a 

painful tightening of the chest. The next day, on awakening after 8 hours 

of sleep, he had a severe headache, which subsided during the morning. The 

tightness of the chest persisted for the remainder of the day. The 

subsequent recovery was complete and uneventful, although the patient had 

difficulty remembering events following the death of his birds and felt 

that the fumes had affected his level of consciousness. The authors noted 

that this was an unusually clearcut case of polymer fume fever, because 

there had been no smoke and the pan had contained only water. The data as 

reported by the authors demonstrated that PTFE produced toxic decomposition 

products that were more lethal to birds than to humans.

In 1967, Clayton [23] published the results of investigations 

conducted by Kligman for the Haskell Laboratory for Toxicology and 

Industrial Medicine to determine the effects on humans of smoking 

cigarettes contaminated with known amounts of a TFE fluorocarbon telomer. 

The sex, age, medical and employment histories, and smoking histories of 

the subjects were not reported, and the author did not specify whether the

same or different subjects were exposed at the various dose levels.

The first experiment evaluated the effects of smoking a cigarette to 

which 0.05, 0.10, 0.20, or 0.40 mg of a TFE fluorocarbon telomer had been

added. Ten volunteers smoked one cigarette apiece with each of the added

amounts of telomer. Results indicated that 0.40 mg telomer in each 

cigarette was necessary to cause an increase in body temperature and pulse 

rate. No symptoms were reported at the lower levels, although average 

maximum pulse rates were slightly elevated at an unspecified interval after
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smoking. At the 0.40 mg dose level, the author reported that 9 of 10 

subjects had what he considered to be typical symptoms of polymer fume 

fever, with cough as the first symptom in 6 subjects. The symptoms 

reported by the nine affected subjects were headache, muscular aches,

chills, malaise, sluggishness, excessive perspiration, and weakness. Onset 

of symptoms occurred 1-3.5 hours after smoking, with a mean latency period 

of 2 hours. From 2.5 to 5.5 hours after the volunteers smoked, the average 

temperature of the nine affected volunteers increased to 100.5 F from a 

mean preexposure value of 98.1. From 2.5 to 4.5 hours after they smoked, 

the average pulse rate of the nine affected volunteers increased from 75 to 

99. Recovery time averaged approximately 9 hours, with a range of 5-11 

hours, but the author did not define the criteria for recovery. The author 

noted that complaints of coughing and other symptoms generally occurred 

before increases in temperature and pulse rate were detected. The subject 

who did not have full-blown symptoms of polymer fume fever had a slight 

increase in body temperature and pulse rate, a slight headache, and an

occasional cough. The measurements from this man were not used to 

calculate the average values because he was not considered to have had a 

typical effect from inhaling polymer fume.

In the second experiment [23], 10 volunteers each smoked 6-10

cigarettes. Each cigarette contained 0.05 mg of added TFE telomer. Two 

subjects had no signs or symptoms of polymer fume fever after smoking 10 

contaminated cigarettes. Four other subjects, who also smoked 10

cigarettes, experienced mild attacks in which the primary, and often the 

only, symptom was headache. In addition, one of the mildly affected

subjects reported slight stomach and chest pains, and another subject
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reported having a dry mouth. In the four mildly affected subjects, average 

temperatures increased from 97.9 to 99.0 F, and average pulse rates 

increased from 66 to 96 after smoking.

The other four subjects expressed well-defined symptoms of polymer 

fume fever after smoking six to eight cigarettes; the first symptom to 

appear was chills. Other symptoms were the same as those of subjects in 

the first experiment, except that coughing was not reported by any of the 

subjects. Clear symptoms first appeared 3-5 hours (average 3.8) after the 

subjects smoked. Five to 6 hours after smoking, average temperatures of 

these four subjects increased from 98.3 to 101.4 F. From 1 to 9.5 hours 

(average 5.4) after smoking, the average pulse rate of the four affected 

subjects increased from 87 to 111. Recovery time in the subjects with 

well-defined attacks was 7.5-12.5 hours (average 9.8), but the author did 

not explain the criteria for recovery. The cumulative amount of added 

telomer necessary to elicit signs and symptoms of illness in these four 

patients was 0.30-0.40 mg.

Clayton [23] noted that the cumulative amount of telomer (0.30-0.40 

mg) needed to produce well-defined symptoms in four subjects coincided with 

the amount of telomer (0.40 mg) needed to produce symptoms in subjects who 

smoked one cigarette. The sequence of events was similar in subjects given 

both single and cumulative exposures, but the signs and symptoms differed. 

Six of 10 subjects complained about a cough in the first experiment but 

none of the 4 subjects in the second experiment complained of cough. 

Clayton suggested that subjects receiving single large exposures to 

fluorocarbon telomer had an initial respiratory tract irritation that was 

not experienced by subjects receiving cumulative exposures because the
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latter were subjected to irritant substances at lower concentrations. The 

same amount of telomer, however, produced fever in both experiments.

Clayton concluded that there is no obligatory sequence of effects in

polymer fume fever and that the absence of cough does not preclude a

diagnosis of this illness. He emphasized that the total clinical picture 

should be considered by anyone contemplating a diagnosis of polymer fume 

fever, and that objective measurements such as temperature, pulse rate, and 

white blood cell counts should be relied on as indices of illness; however, 

he did not report white blood cell counts. The interval between the 

smoking of cigarettes was also not specified, and any individual

differences in the subjects that might have explained their differing 

reactions were not discussed. Nevertheless, these experiments indicate 

that smoking cigarettes contaminated with a TFE-telomer can result in a 

syndrome commonly referred to as polymer fume fever.

In 1965, Makulova [42] reported five cases of perfluoroisobutylene 

(PFIB) poisoning in two male and three female laboratory workers. A 34- 

year -old woman had worked with this compound for approximately 2.5 years 

with no previous ill effects. The ages and employment histories of the 

other patients were not specified. Four of the five workers reported that 

exposure to PFIB lasted less than 1 minute, during which time they inhaled 

two to five times. All patients described symptoms of coughing, difficulty 

in breathing, and chest pains immediately after exposure. These symptoms 

became progressively more severe, and by 6-8 hours after exposure, all 

patients had developed headaches and other symptoms and had begun to 

expectorate sputum.
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Makulova [42] noted no respiratory tract or ocular mucous membrane 

irritation. Physical examination revealed pallor, dark circles under the 

eyes, cold sweating of the hands and torso, cyanosis of the lips, nose, and 

ear tips, rapid and shallow superficial breathing (40-60 

respirations/minute), a rapid pulse of 100-140, and muted heart sounds in 

all patients. Blood-pressure readings ranged from 130/90 to 110/80 mmHg. 

Unspecified cardiac changes were reported to have occurred in the 

electrocardiograms of three patients. Moist rales were noted in the lungs 

of one and dry crepitant rales in those of the other patients. All had 

temperatures ranging from 99 to 100.4 F for 2-25 hours after exposure. 

Chest X-rays of all patients showed significant pulmonary changes that came 

on rapidly 4-6 hours postexposure and became fully developed approximately 

48 hours postexposure. In four patients, these changes consisted of 

bilateral, confluent pulmonary edema, especially in the middle lobes, with 

emphysematous lateral borders and segments above the diaphragm. In the 

other patient, multiple clearly defined small foci of intense opacity were 

found.

The author [42] noted that treatment was largely symptomatic and 

consisted of calcium chloride, ascorbic acid, glucose, unspecified cardiac 

medication, and oxygen administration to combat the pulmonary edema. 

Penicillin or streptomycin in combination with sulfonamides was given 

during the first few hours postexposure. Symptomatic improvement was noted 

in some patients within 4-6 days postexposure, and complete resolution of 

breathing difficulties and pulmonary rales occurred 7-10 days after 

exposure. At 10-13 days postexposure, pulmonary damage observed in X-rays 

had been resolved, and leukocytosis and eosinopenia improved 15-20 days
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postexposure. Three patients were discharged from the clinic in good 

health 13-23 days after exposure, and a followup 2 years later revealed no 

complications. One patient developed exudative pleurisy and remained in 

the clinic for more than 2 months.

The fifth patient, the 34-year-old woman, died 2 days after exposure. 

Makulova [42] described the last patient's history and illness in detail, 

noting that she had suffered from influenzal pneumonia 2 months before 

poisoning. She was unable to give any information on the duration or 

degree of her exposure to PFIB on the day she became ill. Her symptoms 

were similar to those already described, and clinical findings were similar 

to those for the other patients. She was admitted to the clinic with a 

diagnosis of bilateral confluent focal pneumonia and pulmonary 

insufficiency, and she was treated with penicillin, streptomycin, 

intravenous glucose, oxygen, camphor injections 4 times a day, and

strophanthin. On the 2nd day after exposure, she was bled. The attempted

therapy failed to produce any improvement, and the patient died 

approximately 55 hours postexposure. Autopsy confirmed the diagnosis of 

pneumonia and pulmonary edema and revealed hemorrhage into the left adrenal 

and hyperemia of the internal organs. The author concluded that death was

caused by exposure to PFIB but did not discuss the role of the patient's

previous pneumonia or any possibly deleterious effects of her treatment 

regimen, most notably the bloodletting. Makulova suggested that PFIB 

belongs to that class of asphyxiants that induces toxic pulmonary edema in 

the absence of upper respiratory tract and conjunctival irritation, and 

that serious illness and complications can result from exposure to this 

compound.

39



In 1972, Burns et al [43] reported a tumor that occurred at the site 

of a PTFE-Dacron vascular graft. The patient was a 31-year-old man with a 

3-week-old, rapidly growing mass on his left thigh. A laceration of his 

left superficial femoral artery 10.5 years before had caused a loss of 

distal pulses. The injury was repaired with a PTFE-Dacron prosthetic

graft. Circulation was restored and his recovery at that time was

uneventful. The patient had remained largely asymptomatic until he noticed

the mass in the area of injury. Physical examination revealed a firm, 

nontender, nonpulsating, 8- x 10-cm mass palpable in the front of the left 

thigh. Subsequent biopsy of the tumor was performed, yielding a specimen 

that resembled a malignant vascular tumor. The authors noted that they had 

considerable difficulty in arriving at a diagnosis, although they 

tentatively classified the tumor as an angiosarcoma. The tumor and the 

superficial femoral artery and vein were removed with subsequent vein 

ligation and artery reconstruction from a segment of saphenous vein taken 

from the opposite thigh. The patient recovered uneventfully, and there was 

no evidence of recurrence approximately a year after the operation.

The specimen consisted of a segment of the prosthesis, adjacent blood 

vessels, and surrounding tissues. The PTFE-Dacron graft was surrounded by 

a circumscribed grayish-white tumor that had invaded adjacent subcutaneous 

and muscular tissues. The authors noted that, although the tumor did not 

invade the femoral artery, it constricted and encircled more than half its 

length, including the graft. The tumor was lobulated and contained

scattered, slit-like spaces, gelatinous areas, and hemorrhagic foci. An 

additional small, firm nodule was attached to the junction of the PTFE- 

Dacron graft with the artery.
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Fixed specimens of the tumor and associated tissues were examined by 

light and electron microscopy [43]. Light microscopy revealed that the 

tumor was composed of bundles of large, elongated, spindle-shaped cells 

with processes and moderately pleomorphic, vesiculated or hyperchromatic 

nuclei. Only rare, atypical mitotic figures were present. There was no 

organized vascular pattern in the tumor; pools of blood cells were 

surrounded by fibroblasts only. The authors noted that the fibroblasts 

accounted for the apparent vascularization described after the examination 

of the specimen taken for biopsy. Electron microscopy revealed that the 

tumor was composed of well-differentiated fibroblasts that were associated 

with amorphous or hyalinized collagen rather than with normally fibrinous 

collagen. The nodule removed from the junction of the graft and blood 

vessel was composed of bundles of proliferated nerve-sheath cells among 

typical collagenous and fibroblastic cellular elements.

On the basis of these findings, the tentative diagnosis of 

angiosarcoma was changed to one of an unusual form of fibrosarcoma, and the 

authors [43] suggested that the pools of red blood cells represented a 

hemorrhagic phenomenon unique to this type of tumor. They stated that it 

was impossible to be sure that the malignancy was induced by the graft.

They cited the similarity of the tumor to those produced in animals by

embedded plastics, including PTFE [44,45], as a factor in their conclusion 

that the sarcoma might have arisen in response to implantation of the

graft. However, the authors did not discuss the role of Dacron in the

development of the fibrosarcoma.
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Epidemiologic Studies

Although no thorough epidemiologic studies on workplace populations 

exposed to the decomposition products of fluorocarbon polymers have been 

found, some investigators have assessed the occurrence of polymer fume 

fever in employees of PTFE processing plants.

In 1974, Polakoff et al [46] questioned workers and measured PTFE 

dust concentrations in a small fabricating plant. Air was sampled by 

drawing 2 liters/minute through a Millipore AA filter (pore size 0.8 pm). 

Sampling times ranged from 40 to 117 minutes. Filters were placed in open- 

faced holders attached to the worker's lapel or collar. General area 

samples were taken in various locations in the plant. Filters were weighed 

before and after the survey to obtain the weight of the dust, which was 

expressed as mg/cu m. PTFE was identified by a mass spectrometer.

PTFE dust concentrations ranged from 0 to 2.4 mg/cu m in breathing- 

zone samples taken in the blow-mold area, and those in general area samples 

from the same area ranged from 0 to 3.2 mg/cu m [46]. PTFE dust 

concentrations in breathing-zone samples were 0.4-5.5 mg/cu m in a room 

where gaskets were produced, 0.2-2.9 mg/cu m in the machine shop, and 2.5- 

2.9 mg/cu m in a sample for a worker who operated the ring-grinding 

machines.

A questionnaire was completed by 77 workers (about 75% of the workers 

in the plant) [46] . Sixty of the production workers (86%) said that they 

had experienced polymer fume fever at some time in the past, but only 50% 

had experienced polymer fume fever during the past year. Fourteen percent 

of the workers stated that they had had more than three episodes in the 

preceding year. Only 10% of those who had experienced polymer fume fever
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had sought medical assistance. None of the samples exceeded the federal 

standard for respirable nuisance dust (5 mg/cu m [15 Mppcf]), but the 

authors noted that this fact did not preclude the possibility that some 

workers can suffer adverse effects at lower concentrations. The authors 

recommended improvements in housekeeping and the prohibition of smoking in 

the work area. It should be noted that at the time of sampling there were 

no reported cases of polymer fume fever. Therefore, no conclusions 

regarding the possible adverse effects of the PTFE dust concentrations can 

be drawn from this study.

In 1955, Sherwood [47], as a member of an industrial hygiene team, 

studied the atmospheric concentrations of fluorine compounds in a PTFE- 

fabricating works where fever believed to have been induced by fume from a 

tetrafluoroethylene polymer was thought to have affected seven men, aged 

25-48. Six of the men smoked while they were working, and the nonsmoker 

worked at the ovens. All the men occasionally complained of dry throats, 

usually before an attack of fever. Chest X-rays taken during the acute 

phase of two of the attacks revealed no abnormalities. One worker had 

conjunctival congestion. During an acute attack of fever, a urine sample 

was taken from a man who had been experimenting with a new machine for 

sintering granular polymer. The sample contained a fluorine concentration 

of 5 mg/liter. The author concluded that this worker had absorbed fluorine 

from the factory atmosphere.

In the fabrication techniques studied by Sherwood [47], the polymer 

was pressed into a mold or "pre-form" and sintered at 350-380 C to form a 

finished product or a material suitable for machining to final 

specifications. Variations of this technique included prebaking before
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molding, repressing after sintering, and extrusion. Machining was carried 

out on standard metal-working machines, and waste was recovered for reuse. 

Tape was produced by veneering followed by a heat treatment, which is known 

as tensilating.

Air samples were collected by drawing air through filter papers and 

bubblers containing a dilute alkali solution that separated solids from 

gases [47]. Fluoride was then determined by the method of Willard and 

Winter [48]. In addition to samples taken for chemical analysis, samples 

for microscopic examination were taken with a thermal precipitator before 

and after improvements in local exhaust ventilation [47].

Before improvements in environmental conditions were made, air 

samples contained concentrations of fluorine-containing compounds as high 

as 3.5 mg/cu m (expressed as PTFE) . After improvements in the factory, the 

concentrations of PTFE in the workplace air were 0.2-0.4 mg/cu m. Before 

improvements, a general examination showed a very fine, highly refractive 

fume and a few large particles, which the author thought to be PTFE in the 

process of disintegrating into a fume. After factory improvements, dust 

counts were on the order of 1,000 particles/cc less than 0.5 /¿m in

diameter, 15 particles/cc with diameters between 0.5 and 1.0 /¿m, and 1 

particle/cc with a diameter of more than 1 jm .

Despite the reduction in concentrations of airborne fluorine 

compounds, Sherwood [47] reported that occasional cases of polymer fume 

fever still occurred and speculated that the most likely cause was smoking 

tobacco contaminated with PTFE. Sherwood calculated that, when a single 1- 

mm particle of PTFE is burned on a cigarette, the quantity of fumes inhaled 

is equivalent to that which would result from breathing PTFE at a
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concentration of 0.4 mg/cu m for 8 hours. Sherwood recommended banning 

smoking and providing exhaust ventilation and thermostatic oven controls 

wherever PTFE is fabricated.

Sherwood [47] did not discuss the pertinence of calculating the 

fluoride determined as PTFE, even though the method of Willard and Winter 

[48] is a method of fluoride analysis. In addition, Sherwood [47] did not 

specify which areas were sampled and did not discuss the possibility that 

some fluorine compounds would not be detected by the method of Willard and 

Winter [48].

In 1963, Adams [22] conducted an investigation to determine the cause 

of polymer fume fever in employees in a plant where PTFE was processed. 

Altogether, 30 wage and 8 staff employees were interviewed by a medical 

officer. An investigation of the plant was also conducted. Of the 30 wage 

employees, 14 had experienced symptoms of polymer fume fever in the 2 

months previous to the interview. A total of 32 incidents of polymer fume 

fever were reported by these 14 workers. Only employees working in the 

finishing room had been affected. Of the 18 men who worked in the 

finishing room, 12 who were smokers accounted for 30 incidents and 2 

nonsmokers accounted for the other 2 attacks. A detailed investigation 

showed that 6 men who rolled their own cigarettes had had 21 of the attacks 

of polymer fume fever. Of the eight staff employees, only one, a pipe 

smoker, had had an attack of polymer fume fever.

In the finishing room, PTFE was dried, sifted, and packed [22]. In 

an unspecified drying operation, a small amount of PTFE was occasionally 

heated beyond the normal drying temperatures. Air samples were taken by an 

unidentified method at points close to the drying ovens and the ovens where
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the polymer was further heated when required. Adams found concentrations 

of hydrogen chloride as high as 35 ppm on occasions when PTFE was heated 

only to normal drying temperatures. When oven temperatures exceeded 300 C, 

the author found up to 6 ppm of hydrogen fluoride. Although acetic acid is 

usually used to coagulate PTFE latex, it is possible that hydrogen chloride 

was used and that residues of this acid provided the HC1. HC1 boils at 110 

C whereas something like 250 C is required to liberate HF from PTFE.

Adams [22] concluded that the majority of incidents of polymer fume 

fever resulted from the smoking of PTFE-contaminated tobacco. He noted 

that precautions must be taken to prevent particles of polymer from lodging 

beneath nails, in hair, or on clothing. Adams did not report the method of 

analysis used to detect hydrogen fluoride. That the hydrogen chloride in 

the vicinity of the drying ovens came from PTFE per se is highly unlikely

because this polymer contains no chlorine atoms.

Animal Toxicity

A list of compounds that have been identified as pyrolysis products 

of fluorine-containing polymers, as stated previously in the section on

Identification of Decomposition Products, includes carbon monoxide, carbon

dioxide, hydrofluoric acid, carbon tetrafluoride (fluoromethane), carbonyl 

fluoride, silicon tetrafluoride, tetrafluoroethylene, hexafluoroethane, 

chlorotrifluoroethylene, hexafluoropropene or hexafluorocyclopropane, 

perfluoroisobutylene, and octafluorocyclobutane. Coleman et al [8,13] have 

presented mass spectra for a number of other compounds present in the 

pyrolysis products of PTFE; Birnbaum et al [14] found mass spectrographic 

evidence of the existence of several other compounds among the pyrolysis
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products of PCTFE. None of these compounds represented by mass spectra has 

been identified conclusively.

In addition to the various molecular species mentioned in the 

preceding paragraph, there is the particulate material that may be the 

principal cause of polymer fume fever [49]. Harris [10] had found in 1957 

that heating PTFE at temperatures above 300 C produced the deposition of a 

solid material within his exposure chamber and also liberated an acid into 

the air of the chamber. Four rats exposed to such atmospheres developed 

congested or hemorrhagic lungs and pulmonary edema. Harris concluded that 

PTFE heated to 300 C or more produced a sublimate or an acid that induced 

pulmonary edema and killed rats thereby.

In 1968, Waritz and Kwon [7] and Birnbaum et al [14] suggested that 

the particulate material may carry adsorbed toxic materials (perhaps 

hydrofluoric acid, carbonyl fluoride, octafluoroisobutene, or chloro- 

trifluoroethylene) into the alveoli, the latter group of researchers [14] 

having found that the mean particle size of this material was 0.5 jum and 

that 99% of the particles had diameters of less than 2 ¡m. These

dimensions place the polymer fume in the category of inhalable dusts. 

Waritz and Kwon [7] found that removal of the particulate material by 

filtration of the fume from pyrolyzing PTFE removed the toxicity of the 

fume without reducing appreciably its content of hydrolyzable fluoride, 

tetrafluoroethylene, hexafluoropropene, or octafluoroisobutene. The 

postulated carrier function of the particulate material may be, therefore, 

an important factor in the toxicity of the pyrolysis products of 

fluorinated polymers.
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Of the fluorinated compounds listed above as identified products of 

pyrolysis of fluorinated polymers, some information on the biologic actions 

of all but hexafluorocyclopropane has been found. Machle and Kitzmiller 

[50] exposed five rabbits, three guinea pigs, and two rhesus monkeys to a 

mean analytic concentration of 15.2 mg/cu m of hydrofluoric acid for 6-7 

hours/day, 5 days/week, for 10 weeks. Two guinea pigs died, but the other 

animals survived the series of exposures and seemed to be in good health 

until they were killed about 240 days after the last exposure. These 

animals were found to have elevated concentrations of fluorine in their 

tissues, especially bones, lungs, and teeth [51]. Their lungs, livers, and 

kidneys contained evidence of further damage by the exposures [501 despite 

survival of the animals without obvious deleterious effects. The 

concentration of hydrofluoric acid used cannot be considered, therefore, to 

be a safe one for the species tested. Higher concentrations of hydrogen 

fluoride caused more evident damage, graded in severity in rough accord 

with the concentration at which the animals were exposed [52] . A

concentration of 24.5 mg/cu m killed 0/3 rabbits and 0/3 guinea pigs 

exposed to it for seven 6-hour days; one rabbit had considerable damage in 

its liver and kidneys and early fibrosis in addition to emphysema in its

lungs. At the other extreme of the range of concentrations of hydrogen

fluoride used in this paper, exposure at concentrations of 1,000 to 1,500 

mg/cu m killed some animals exposed for only 5 minutes.

Darmer et al [53] performed short-term (1-hour) exposures of mice, 

rats, and monkeys to hydrofluoric acid with 14-day observation periods 

after the exposures, determining the LC50 of the compound for each species 

under these conditions. For mice, rats, and monkeys, respectively, the
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approximate lethal concentrations were 410, 1,044, and 1,452 mg/cu m.

Clayton [54] reported that a mixture of 90% tetrafluoromethane and 

10% air (about 3,240,000 mg/cu m of tetrafluoromethane) was the approximate 

LC50 for rats exposed to it during a 15-minute period. When guinea pigs 

were exposed later to the same substance during a 2-hour period, a 

concentration of 20% killed none of 12 animals [23].

Carbonyl fluoride was found to be less toxic to adult rats than to 

juvenile ones [55] , the 14-day LC50 for 1-hour exposures being 945 and 

1,215 mg/cu m for 8-week-old and 24-week-old rats, respectively.

Silicon tetrafluoride had a 14-day LC50 for the rat in a 1-hour 

exposure of 3,924 mg/cu m [55].

Zhemerdey [56] reported that inhalation of TFE monomer in 

concentrations of 4.0 and 2.5 volumes% (163,600 and 102,250 mg/cu m) 

produced minimal mortality in rabbits and rats, respectively. Hyperemia of 

the liver, hemorrhage in spleen and lungs, dystrophic changes in the 

epithelium of the renal tubules, atelectasis and emphysema in the lungs, 

and desquamation of the bronchial epithelium were the principal changes 

attributed to the monomer. Clayton [54,57] reported that the LC50 for the

rat exposed to tetrafluoroethylene for 4 hours was 163,600 mg/cu m.

For CTFE, the LC50 for rabbits and white rats exposed for 2 hours was 

reported to be 24,000 mg/cu m [58]. The "absolutnaya smertelyenya 

kontsentratsiya," meaning probably the LC100, was said to be 26,400 mg/cu m 

for the rabbit and 36,000 mg/cu m for the white rat. No actual data on the

numbers of deaths after exposure at any concentration were provided.

Clayton, in a series of papers [23,54,57] all probably referring to a 

single estimation of the inhalation toxicity of CTFE, has reported that the
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LC50 for the rat exposed for 4 hours was 1,000 ppm (4,770 mg/cu m).

More recently, Hood et al [59] have exposed rats, guinea pigs, 

rabbits, and dogs to chlorotrifluoroethylene at concentrations of 300 ppm 

(1,431 mg/cu m) for 4 hours/day, 5 days/week, for a total of 18 exposures. 

One of 10 male guinea pigs died after the sixth exposure. One of 10 male 

rabbits died after 4 exposures and another after 5. None of 10 rats of 

each sex and none of 3 dogs died. The guinea pigs and rabbits, even those 

that died, had no signs of specific anatomic injury. Transient 

granulocytic leukopenia, with occasional atypical cells, appeared in the 

dogs during the first 2 or 3 days of each week of exposure. The only 

pathologic change found in the dogs was a mild encephalopathy without 

observable neurologic abnormality.

Kochanov [58] exposed rabbits and rats for prolonged periods to CTFE 

(for 4-6 hours/day, 6 days/week, for up to 130 exposures) at concentrations 

of 1,200-2,400 mg/cu m. Control animals were handled and maintained in the 

same way as the experimental ones. Congestion of the liver, the spleen, 

and the kidneys and hypochromic anemia and leukopenia were the principal 

pathologic changes reported in these animals. During the series of

exposures, the exposed rats either lost weight or lagged behind the control

animals in gaining weight. Oxygen consumption by the exposed rats was

stated to have decreased less during the experiment than that by the

control animals. During passive orientation in a vertical position (using 

the spine as the axis), the heartbeat of the experimental rabbits was said 

to have increased more than that of the control animals; the increase was 

stated to have become progressively larger throughout exposure in the 

exposed rabbits. The exposed animals also were said to have recovered from
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the orthostatic tachycardia more slowly than the control animals. These 

observations suggest that exposure to CTFE altered the properties of the 

sympathetic nervous system, including possibly such centers in the brain 

stem as the bulbar vasomotor mechanisms. The exposed rats were reported to 

have undergone a significant decrease in the ability to summate 

subthreshold stimuli (presumably applied to the motor nerve of some 

unidentified effector).

Hood et al [59] exposed rats of both sexes, male guinea pigs, male 

rabbits, and dogs for 6 hours/day, 5 days/week, for 14 months to CTFE at 

concentrations starting at 15 ppm (about 71.6 mg/cu m) and increasing 

progressively, at irregular intervals of time, to 30, 50, 100, and 150 ppm 

(715.5 mg/cu m). These exposures produced no significant pathologic 

effects in rabbits and guinea pigs but produced severe tubular necrosis in 

rats. Two of four exposed dogs began to exhibit signs of neurologic 

disturbances after 27 and 64 exposures, respectively, at 150 ppm. These 

consisted of stiffness and weakness of the legs and unsteadiness in 

standing. One of two other dogs that were added to the exposed group at 

the beginning of exposure at 100 ppm (477 mg/cu m) died after 56 exposures 

at that concentration followed by 54 exposures at 150 ppm. The second of 

these dogs was reported to have become very irritable at this same time. 

Degenerative changes in the central and peripheral portions of the somatic 

nervous system were found, most severe in samples of nerve tissue from the 

dog that had exhibited the most marked neurologic signs (temporary 

prostration at the end of each period of exposure, ataxia, and difficulty 

in swallowing). This dog was found to have atrophy of the muscles of the 

hindlegs.
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Clayton [54] reported that a mixture of 80% hexafluoroethane with 20% 

oxygen (about 4,515,000 mg/cu m of hexafluoroethane) was an approximate 

lethal concentration for the rat exposed to it for 4 hours.

Two different laboratories have reported data on the inhalation 

toxicity of hexafluoropropene. One reported that, with a 4-hour exposure 

of the rat, the LC50 for hexafluoropropene was 18,404 mg/cu m [54], The 

other reported that the same duration of exposure of the rat gave an LC50 

value of 17,177 mg/cu m [60],

Perfluoroisobutylene (PFIB) has been used in two different 

experiments that yield limits within which the LC50 value for 6-hour 

exposures may lie [54]. Exposure to air containing 0.3 ppm (2.5 mg/cu m) 

of PFIB killed 0/2 rats. Exposure at 0.5 ppm (about 4.1 mg/cu m) killed 

both rats put into that concentration. A 4-hour exposure at 0.76 ppm 

(about 6.2 mg/cu m) was lethal for rats [57]. The last experiment yielded 

the same Ct product as the second.

Octafluorocyclobutane appears to be one of the least toxic compounds 

examined. Ninety daily 6-hour exposures of mice, rats, rabbits, and dogs 

to air containing 10% of this compound had no observable effect on the 

animals [54,61]. Exposure of rats for a single 4-hour period to 

octafluorocyclobutane at concentrations of up to 80% had no apparent effect 

on the animals [54].

The data in these paragraphs allow arrangement of the compounds on 

which information is available in a hierarchy of decreasing toxicity, 

albeit with some uncertainty. There is little doubt that perfluoro­

isobutylene is the most toxic compound and that octafluorocyclobutane and 

hexafluoroethane are the least toxic. The ranking of inhalation toxicity
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for the rat, based largely on single exposures, that NIOSH has derived from 

the information stated above is as follows, going from the most toxic to 

the least: perfluoroisobutylene, hydrofluoric acid, carbonyl fluoride,

silicon tetrafluoride, chlorotrifluoroethylene, hexafluoropropene, tetra- 

fluoroethylene, tetrafluoromethane, hexafluoroethane, and octafluorocyclo- 

butane.

In addition to the information summarized above on the breakdown 

products of PTFE and PCTFE, the results of studies of the toxicities of 

several fluorinated derivatives of methane and ethane, including vinyl 

fluoride and vinylidene fluoride, have been reported [62]. These two 

monomers have been used for the preparation of both homopolymers and 

copolymers [63]. Lester and Greenberg [62] reported that neither vinyl 

fluoride nor vinylidene fluoride was anesthetic or lethal to rats after 30- 

minute exposures at concentrations of 80%. Rats exposed at this 

concentration of vinyl fluoride for 12.5 hours or of vinylidene fluoride 

for 19 hours were judged at necropsy to have suffered no adverse effects 

from their exposures. Du Pont [62] has stated that exposures of rats to 

vinyl fluoride at a concentration of 100,000 ppm (188,100 mg/cu m) for 7 

hours/day, 5 days/week, for a total of 30 exposures, had no effect on 

observable functions or behavior, rate of weight gain, weights of 

individual organs, and gross and microscopic anatomy. No similar 

information for vinylidene fluoride was provided.

The other general approach to assessing the toxicity of the pyrolysis 

products of fluorinated polymers, ie, exposing experimental animals to 

mixed decomposition products of polymers heated to various temperatures, 

has been used by a number of investigators. In 1955, Zapp et al [19]
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pointed out that the intact PTFE polymer is nearly inert but that products 

of its thermal decomposition are not. Polymer fume fever has been 

recognized to be a consequence of exposure to heated PTFE since its 

description in 1951 by Harris [10]. Studies of the toxicity of the 

pyrolysis products of PTFE had been started at the Haskell Laboratory in 

1943, but polymer fume fever had not been reproduced in experimental 

animals. Lethal activity had been demonstrated, however [19].

Strips of PTFE subjected to temperatures of 200 and 250 C in a stream 

of air passing into an exposure chamber containing 2 rats caused no deaths 

of the rats after a 6-hour exposure [19], Similar exposures to air passing 

over strips of PTFE heated to 300 and 350 C did result in the death of 

rats, the higher temperature having a more marked effect with "Teflon 6," 

described as a low-molecular-weight polymer, than with "Teflon 1," a high- 

molecular-weight polymer.

Clayton et al [64] reported that, when "Teflon 1" and "Teflon 6" were 

subjected to temperatures of 300, 325, and 350 C in tubes of either glass 

or stainless steel, the materials heated in glass tubes yielded more toxic 

pyrolysis products than those heated in the stainless steel tubes. The 

differences were most marked for "Teflon 6" at 300 C and for "Teflon 1" at 

350 C. Samples of "Teflon 6" that yielded comparatively large amounts of 

particulate material were more toxic than those that yielded less. 

Filtration of the pyrolysis products with a filter having a pore size of 

0.45 jirni lowered the mortality of rats exposed to the pyrolysis products 

from 43/48 to 7/48.

"Teflon 6" manufactured before 1958 was reported [57] to yield toxic 

breakdown products at 350 C, whereas "Teflon 6" manufactured "currently"
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(1959 and thereafter) yielded pyrolysis products of approximately equal 

toxicity only when the temperature was raised to 425 C.

Cavagna et al [49] reported they had been able to produce attacks of

fever in rabbits subjected to inhalation of aerosolized 20% acetic acid, in 

an undisclosed concentration in the inspired air, for 10 minutes, followed 

16 hours later by exposure for 30 minutes to an atmosphere containing 10-12 

mg/cu m of hydrogen fluoride and 1.0-1.7 billion particles/cu m with 

diameters greater than 0.7 jum, which had been generated by heating PTFE in 

a tube furnace at 400-500 C. Seven of 11 rabbits had temperature increases 

of 0.5-1.5 C. These appeared after a latency period of about 5 hours, 

during which a decrease in body temperature, leukopenia, and cough and 

rhinorrhea were observed. The fever lasted 6-7 hours and coincided

approximately in onset, but not in duration, with leukocytosis. Exposures

of naive rabbits to fumes from heated PTFE produced initial hypothermia and 

irritation of the respiratory tract but no fever.

Similar results were obtained by iv injections of 3-4 mg of particles 

collected by condensing the fumes from heated PTFE in a sterile Drechsel 

bottle. These particles were washed with apyrogenic water and suspended in 

isotonic saline for injection. After injection of these particles, the

fever appeared within 20-40 minutes and the duration was 3-4 hours. The

fever had about the same relation to leukopenia and leukocytosis as in the 

inhalation exposures. Injections of suspensions of particles on successive 

days failed to produce fever after five to eight repetitions. The

resistant rabbits still responded with fever to injections of endotoxin 

from E. coli • It is possible that the apparent resistance of the rabbits

to the repeated injections may have been related to aging of the particles,
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as reported in Blagodarnaya's paper [65], discussed below. The paper of 

Cavagna et al [49] does not indicate whether the particulate material was 

prepared fresh daily or was prepared once and used for the entire series of 

injections. In vitro exposure of granulocytes from rabbit blood to the 

particulate material resulted in both phagocytosis of the particles and 

degranulation of the cells. The authors suggested that the extrusion of

granules from the cells released an endogenous pyrogen into the plasma,

with subsequent derangement of heat-balancing mechanisms.

Waritz and Kwon [7] found that filtration of the products of

pyrolysis of "Teflon 5" at 450 C in air reduced the mortality of rats

exposed to the pyrolysis products from 6/6 to 0/6 but did not reduce the 

concentrations of hydrolyzable fluoride, tetrafluoroethylene, hexa- 

fluoropropene, and perfluoroisobutylene in the exposure chamber. The 

authors also reported that traces of PFIB were produced when PTFE was 

pyrolyzed at 475 C and that pyrolysis at 480 C produced 5 ppm of PFIB. 

Accordingly, they proposed that the principal toxic component in the 

pyrolysate from PTFE is a particulate material that may have other 

toxicants adsorbed on it. Waritz and Kwon showed also that their results 

agree with Errede’s hypothesis [21] of the mechanism for degradation of 

PTFE and with the demonstration by Scheel et al [55] that carbonyl fluoride 

is the product of oxidation of the backbone of the polymer at about 550 C.

Blagodarnaya [65] subjected PTFE to pyrolysis at 550 C, collecting 

the particles produced. Some of this powder was used at once, another 

aliquot was washed with water to remove the gaseous products of 

decomposition, and a third portion was stored for 6 months before being 

used. These three samples of powder were compared with a powder produced
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by grinding PTFE that had not been pyrolyzed and with powdered chalk. The 

powders were administered to rabbits by iv injection of 1-1.5 mg/kg in 

suspension in sterile, apyrogenic saline. Control rabbits received only 

saline. Only the unwashed pyrolyzed particles produced a febrile reaction 

in the rabbits. This was preceded by leukopenia, which was frequently 

succeeded by leukocytosis. A similar response was induced in rabbits by 

inhalation exposure to the unwashed pyrolyzed particles at a concentration 

of 122.8 mg/cu m for 2.5 hours.

The succession of leukopenia, pyrexia, and leukocytosis reported by 

Blagodarnaya [65] in the rabbits exposed to unwashed pyrolyzed particles 

from PTFE is reminiscent of the febrile response to gram-positive bacteria 

injected iv into rabbits [66] . The failure of washed pyrolyzed particles 

to produce fever in these experiments indicates that the response is not to 

particulate agents alone. The presumption is that some water-soluble and 

volatile component of pyrolyzed PTFE adsorbed on the surfaces of the 

particulate material render the particles capable of interacting with the 

leukocytes of the blood and releasing the leukocytic pyrogen as suggested 

by Cavagna et al [49] . Some further study of the pyrogenic process after 

exposure to pyrolyzed fluorocarbon polymers seems desirable.

Treon et al [67] compared the toxicities of the pyrolysis products of 

PTFE and of two polymers of PCTFE differing in extent of polymerization, so 

that one (FL) was a liquid and the other (KF) was a solid. The liquid 

polymer (FL) was dropped into an Inconel tube heated by an electric current 

through resistance wire wound around the tube. The solid polymers (PTFE 

and KF) were prepared as strips which were inserted into the cold Inconel 

tube. The tube was then raised to the planned temperature as rapidly as
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possible. Air or nitrogen (PTFE only) was passed through the furnace at a 

rate of 31.8 liters/minute and into the 800 liter exposure chamber. PTFE 

was pyrolyzed at temperatures of 375-878 C. FL was pyrolyzed at either 371 

or 482 C, whereas KF was heated to temperatures of 803-813 C.

Groups of five mice, six rats, four guinea pigs, four rabbits, one 

cat, and one dog (PTFE only) were exposed in the chamber to various 

concentrations of pyrolysis products (graded by the rate at which the 

polymer was fed into the furnace) and for different spans of time [67]. 

The exposures to pyrolysis products of PTFE lasted for 30-180 minutes, most 

being less than 60 minutes in duration. Exposures to the pyrolysis 

products of FL were for 2, 7, or 24 hours, whereas those to the pyrolysis 

products of KF were for 32-34 minutes.

Dogs, mice, and rabbits were the most resistant species to PTFE 

pyrolyzed at temperatures of 739-813 C in the presence of air. When PTFE 

was pyrolyzed at temperatures of 811-878 in nitrogen, rabbits, guinea pigs, 

and rats were more resistant than mice. Cats and dogs were not used in 

these last tests. When the temperature of pyrolysis was 491-527 C in the 

presence of air, rats and rabbits were more resistant to a lethal effect 

than mice and guinea pigs. Cats and dogs were not included in these 

studies either. Pyrolysis of PTFE in the presence of air yielded pyrolysis 

products of greater toxicity than those produced in nitrogen. Lowering the

temperature of the pyrolysis apparatus from 739-813 to 491-527 C decreased

the toxicity of the pyrolysis products to rats, rabbits, and mice, but 

slightly increased the toxicity to guinea pigs.

Cats and rats were the most resistant species to the lethal effect of

the pyrolysis products of FL heated at 482 C [67] . When the pyrolysis
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temperature of this polymer was lowered to 371 C, no animals were killed 

during exposures of 2 or 7 hours. Mice, cats, and rabbits were more 

resistant to the lethal action of the pyrolysis products of KF than were 

guinea pigs and rats.

When PTFE was pyrolyzed in the presence of nitrogen, pyrolysis at a 

rate of 1.99 g/hour produced no fatalities in any of the four species

exposed [67]. When PTFE was pyrolyzed in air, pyrolysis at a rate of 2.60 

g/hour at 506 C produced death of only 1/6 rats, 1/4 rabbits, 0/5 mice, and 

0/4 guinea pigs after an exposure of 36 minutes. Pyrolysis at a rate of

1.67 g/hour at 805 C produced death of 3/6 rats, 2/4 rabbits, 2/5 mice, and 

0/4 guinea pigs after an exposure of 33 minutes.

Pyrolysis of FL at 482 C at rates of 3.18 g/hour or 1.02 g/hour 

killed no animals after exposures of 2 and 7 hours, respectively [67]. 

Pyrolysis of KF at 805 C at a rate of 0.88 g/hour killed no mice, rats,

guinea pigs or rabbits after an exposure of 34 minutes [67].

The Treon et al [67] data are difficult to interpret in a comparative 

way because of the various conditions of pyrolysis and exposure of the 

experimental animals. A higher temperature of pyrolysis seems generally to 

produce more toxic pyrolysis products. The observations that species

sensitivity to the pyrolysis products of the three polymers varies not only 

with the polymer but also with the conditions of pyrolysis indicate that, 

under similiar conditions, the two polymers of PCTFE probably yield 

different pyrolytic products, despite their monomeric identity, and that a 

single polymer yields different products under different conditions of 

pyrolysis. Pyrolysis in the presence of an inert gas seems to be less 

hazardous than that in the presence of air. The pyrolysis products from FL

59



may be less hazardous than those from either PTFE or KF, but this 

conclusion cannot be supported satisfactorily by the data provided. Good 

comparative data would be useful. Zapp [68] gave a little further

information about the pyrolysis of PCTFE, finding that it, like PTFE, 

undergoes degradation when exposed to a temperature of 300 C but not when 

exposed to one of 250 C.

Birnbaum et al [14] exposed rats to the products of pyrolysis of 

PCTFE heated to temperatures of either 375 C or 400 C, determining the rate 

at which a rod of PCTFE had to be fed into a pipe heated to the desired 

temperature in an electric furnace to maintain an LC50 of pyrolysis 

products within an exposure chamber fed with air passed through the furnace 

at a rate of 4 liters/minute. The exposure periods were either 1 or 3 

hours. One-hour exposures at 375 C did not result in sufficient mortality

to yield valid estimates of the LC50 at the highest rate of feed of the

PCTFE rod into the heated tube. The 3-hour exposure to the products of 

pyrolysis at this temperature yielded an estimate that 31.5 g/hr of the 

polymer had to be subjected to pyrolysis to maintain an LC50 of the

pyrolysis products within the chamber. Exposure for 1 hour at the higher 

temperature of pyrolysis (400 C) yielded an estimate that 23.5 g/hr of the 

polymer had to be pyrolyzed at this temperature to maintain an LC50 of the 

pyrolysis products within the chamber. The particles in the pyrolysis 

products ranged in diameter from about 0.15 to 3.0 jiim, 85% of the particles 

being less than 1 /nm in diameter and 99% less than 2 /um. Infrared and mass 

spectrometers were used to obtain some idea of the molecular species 

present in the exposure atmosphere; these two techniques indicated the
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presence of perhaps as many as 13 different materials in the pyrolysis 

products.

Comparatively little information about pyrolysis products of 

fluorocarbon polymers other than PTFE and PCTFE has been found. Clayton 

[57] reported studies of the inhalation toxicities of two samples of a 

copolymer of vinylidene fluoride and hexafluoropropylene for the rat. One 

sample heated to 300 C killed 2/4 rats exposed to the products for 4 hours; 

the products from the same polymer heated to 350 C killed 4/4 rats during a 

1-hour exposure. The products of the second sample heated to 350 C killed 

0/2 rats exposed for 4 hours; the products of the same sample of polymer 

heated to 375 C killed 4/4 rats after a 4-hour exposure. The pyrolysis 

products gave an acid reaction with an indicator paper and produced 

irritation of nose and eyes, severe respiratory impairment, and acute 

pulmonary edema in rats that died.

Carter et al [6] compared the toxicity of the pyrolysis products of 

PTFE with those of a polymer of vinylidene fluoride with 

hexafluoropropylene (VF2-HFP), of a polymer of vinylidene fluoride with 

hexafluoropropene and unspecified additives (VF2-HFP-A), and of a 

terpolymer of vinylidene fluoride with both hexafluoropropylene and 

tetrafluoroethylene (VF2-HFP-TFE). The three polymers containing 

vinylidene fluoride were pyrolyzed at 550 and 800 C, whereas PTFE was 

pyrolyzed at 625 and 800 C. Rats were exposed in the static mode after the 

chamber had been charged with the desired concentration of pyrolysis 

products. Of the three polymers containing vinylidene fluoride, the 

copolymer with hexafluoropropylene was the least toxic at both pyrolysis 

temperatures. All three polymers containing vinylidene fluoride and

61



pyrolyzed at either 550 or 800 C were less toxic than PTFE pyrolyzed at 

either 625 or 800 C. The pyrolysis products of all four polymers heated to 

800 C were more toxic than those of the corresponding polymers heated to 

550 or 625 C. Toxicity was not strictly related to the concentrations of 

either carbon monoxide, carbon dioxide, or fluoride in the pyrolysis

products. The toxicities of the pyrolysis products from the four polymers 

heated at 800 C were much more alike than those from the same four polymers

heated at 550 or 625 C. Deaths resulted from congestion and acute edema of

the lungs. Animals that did not die within 48 hours after the exposures 

resolved the edema within 8 days.

Scheel et al [69] determined the LC50 for a 2-hour exposure of male 

rats to the decomposition products of a copolymer of ethylene and 

chlorotrifluoroethylene (E-CTFE) heated at 550 C in air as the

decomposition products from 7.5 g of polymer/cu m. This corresponded to a 

concentration of hydrogen fluoride in the exposure chamber of 42.5 ppm 

(about 34.8 mg/cu m). Hydrogen fluoride was the only pyrolysis product

whose concentration in the exposure chamber seemed to be related to

mortality in the exposed rats. The principal effects of the exposure on 

rats were irritation of the respiratory tract, pulmonary edema, hemorrhage 

in the lungs, congestion of the liver, vacuolation of hepatocytes, tubular 

necrosis in the kidneys, and proteinaceous material in the renal tubules.

Ehrsam [70] has shown that the pyrolysis products of PTFE are more

toxic to birds than to mice or guinea pigs. Similarly, Griffith et al [71]

has reported that Japanese quail and parakeets were killed by effluvia from 

a frying pan coated with PTFE and heated to 330 C and 280 C, respectively, 

whereas rats appeared not to be harmed until the pan was heated to 450 C.
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Some investigators [72,73] have reported that subcutaneous 

implantation of PTFE into rats resulted in the formation of fibrosarcomas. 

However, Bryson and Bischoff [74] were unable to duplicate these results.

Correlation of Exposure and Effects

The most frequently reported effect of workplace exposure to the 

pyrolysis products of PTFE is an influenza-like syndrome designated polymer 

fume fever [10,34,37,39-41]. No effects of workplace exposure to the 

pyrolysis products of other fluorocarbon polymers were found in the 

literature. The major signs and symptoms associated with polymer fume 

fever are chest discomfort [10,23,34,36-41], fever [10,23,36,39, 40],

leukocytosis [10,36], headache [23,34,36,37,40,41], chills [10,23,34,36- 

38,40,41], achy feeling [10,23,34,36,38], and weakness [10,23,36]. 

Complete recovery usually occurred within 12-48 hours after the exposure 

ended [10,23,34]. Other effects reported in humans exposed to the 

pyrolysis products of PTFE were nausea [40], malaise [10,36], congested 

throat and pharynx [37], basal rales of the lungs [39,40], pulmonary edema 

[39,40], hyperpnea [10,40], and increased pulse rate [40],

Damage to the respiratory tract, occasionally severe enough to result 

in pulmonary edema, was found in humans exposed to the pyrolysis products 

of PTFE [10,34,39,40] and in animals exposed to the pyrolysis products of 

PTFE [7,55], PCTFE [14], VF2-HFP [6,23], VF2-HFP-TFE [6,23], and E-CTFE 

[69]. Effects such as leukocytosis and elevated temperature were difficult 

to produce in animals [49,57,65].

Polymer fume fever has resulted when there was an insufficient amount 

of ventilation in molding operations [10,47] and when PTFE processing
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temperatures were not controlled because of malfunctioning thermostats 

[10]. Polymer fume fever has also resulted from the smoking of PTFE- 

contaminated tobacco [22,23,34]. As little as 0.3 mg of a TFE fluorocarbon

telomer added to the cigarettes of volunteers produced polymer fume fever

[23].

Polakoff et al [46] reported that concentrations of undecomposed PTFE 

dust ranged from 0 to 5.5 mg/cu m in a PTFE-fabricating plant, but these 

concentrations were not associated with any harmful effects. No other 

epidemiologic studies on PTFE dust or other fluorocarbon polymers were 

found in the literature.

Sherwood [47] detected as much as 3.5 mg/cu m of fluoride (expressed 

as PTFE) in a PTFE sintering and machining workshop. After installation of 

a local exhaust ventilation system, fluoride levels were reduced to 10% of 

the previous levels. Sherwood’s findings are difficult to interpret 

because of the lack of experimental details. Adams [22] found 6 ppm of 

hydrogen fluoride on some occasions near ovens that heated PTFE to 

temperatures above 300 C. He also reported finding 35 ppm of hydrogen

chloride but offered no explanation for its presence.

Waritz and Kwon [7] found that the particulate fraction was the most 

toxic component of the pyrolysis products of PTFE heated at 450 C. All 

rats survived a 4-hour exposure to the pyrolysis products of PTFE heated at 

400 C. When PTFE was pyrolyzed at 450 C, all rats survived a 4-hour 

exposure if the pyrolysis products were filtered (0.20-0.25 pm pore size), 

but all rats were killed when exposed to unfiltered pyrolysis products at 

lower concentrations. The amount of particulate collected on the filters 

indicated that there was 1.4 mg/cu m of particulate in the exposure chamber



in the unfiltered experiments. In both experiments, octafluorocyclobutane, 

tetrafluoroethylene, hexafluoropropylene, perfluoroisobutylene, and

hydrolyzable fluoride were present at nonlethal concentrations.

The total amount of hydrolyzable fluoride produced when PTFE was 

pyrolyzed at 450 C was greater than that produced when PTFE was pyrolyzed 

at 400 C [7]. The concentrations of hydrolyzable fluoride in the exposure 

chamber, however, were approximately equal because different dilutions were 

used. Because all rats survived exposure to the filtered pyrolysis

products of PTFE heated at 450 C, it is not possible to correlate lethality

with the concentration of hydrolyzable fluoride.

Scheel et al [55] found that the principal toxic component in the

pyrolysis products of PTFE heated at 550 C was carbonyl fluoride. Coleman

et al [8] have shown that approximately 60% of PTFE was converted to 

carbonyl fluoride at a pyrolysis temperature of 550 C. For a 1-hour 

exposure, the 24-hour LC50 for carbonyl fluoride was 360 ppm, and the 24- 

hour LC50 for the pyrolysis products of PTFE heated at 550 C was 370 ppm of 

hydrolyzable fluoride, expressed as carbonyl fluoride [55]. For a 1-hour 

exposure, the 14-day LC50 for carbonyl fluoride was 350 ppm, and the 14-day 

LC50 for the pyrolysis products of PTFE heated at 550 C was 290 ppm, 

expressed as carbonyl fluoride. From these data, the authors [55] 

concluded that PTFE pyrolysis products caused delayed deaths, which they 

attributed to a particulate. They also concluded that the mortality 

produced by PTFE pyrolysis products during the first 24 hours postexposure 

was caused by carbonyl fluoride. The authors [55] did not report either 

the confidence limits for LC50 values or slopes of the dose-response curve. 

Without these data, it is difficult to determine whether the authors'
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conclusions were justified.

Clayton et al [64] also concluded that the toxicity of the pyrolysis 

products of PTFE heated at 350 C was caused by a particulate. Seven of 36 

(19.4%) rats were killed when the pyrolysis products of PTFE heated at 350 

C were filtered (Millipore filter, 0.45 jum pore size). The expected 

mortality was 100%. When PTFE was pyrolyzed at 325 C, the unfiltered fume 

killed 6/16 rats (37.5%). The same pyrolysis products after filtration 

through a filter of 0.45 ¡m. pore size killed 0/8 rats. These results are 

in agreement with the findings of Waritz and Kwon [7], since filtration of 

the pyrolysis products reduced mortality. However, Waritz and Kwon [7] 

reported that the unfiltered pyrolysis products of PTFE heated at 400 C 

were not lethal to rats. This discrepancy may be related to the finding of 

Clayton et al [64] that low-molecular-weight PTFE yielded pyrolysis 

products more toxic than those from high-molecular-weight PTFE; Clayton et 

al and Waritz and Kwon perhaps used samples of PTFE of different molecular 

weights.

In animal studies, Scheel [69] found a correlation of lethality with 

the amount of hydrolyzable fluoride produced when E-CTFE was pyrolyzed at 

550 C, but the amount of hydrolyzable fluoride produced was not correlated 

with the amount of E-CTFE pyrolyzed. Other investigators found no 

correlation of lethality with the amount of hydrolyzable fluoride produced 

by pyrolysis of PCTFE [14], VF2-HFP [6], or VF2-HFP-TFE [6].

Waritz and Kwon [7] reported that traces of perfluoroisobutylene 

(PFIB) were produced when PTFE was pyrolyzed at 475 C and that pyrolysis at 

480 C produced 5 ppm of PFIB. Clayton [57] has reported that the LC50 for 

PFIB in rats after a 6-hour exposure was 0.5 ppm. Although PFIB appears to
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be the most toxic gas produced by the pyrolysis of PTFE, no studies 

correlating the concentration of PFIB with the toxicity of the pyrolysis 

products of PTFE were found in the literature.

In the absence of pertinent data, no useful correlation can be made 

between the type and extent of exposure and the degree of human 

intoxication produced by the decomposition products of fluorocarbon 

polymers. However, compiling and summarizing the signs and symptoms 

reported in humans is a useful first step in the attempt to understand the 

adverse effects of these substances.

Carcinogenicity, Mutagenicity, Teratogenicity, and Effects on Reproduction

No reports of reproductive impairment, mutagenicity, or 

teratogenicity resulting from exposure to fluorocarbon polymer 

decomposition products were found in the literature. Fibrosarcomas 

developed adjacent to PTFE implantations in rats [72,73], but implantation 

studies have little relationship to occupational exposure to the 

decomposition products of fluorocarbon polymers. A fibrosarcoma developed 

in a man who had received a PTFE-Dacron vascular graft [43], but the author 

was not able to justify a conclusion that the tumor arose because of the 

presence of PTFE. No report of an excess incidence of malignant tumors in 

humans exposed in the workplace to fluorocarbon polymers or their 

decomposition products was found in the literature.
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TABLE III-2

EFFECTS FROM INHALATION OF FILTERED AND UNFILTERED
PTFE PYROLYSIS PRODUCTS ON ANIMALS

Pyrolysis Exposure Hydrolyzable 
Species Temperature Duration Fluoride 

(C) (mg/cu m)
Effects

Ref­
erence

Rats 550

550

550

450

450

450

800

400

450

450

625

450

625

450

1 hr

1 hr/d 
X 5 d

4 hr

5 min

4 hr

30 min

4 hr

30 min

4 hr

576.2

452

288.1

257.0*

255.0*

231.0*

201.0

24.3

21 .6

19.8

18.7

17.6

16.8 

15.8

LC50 (24 hr)

LC50 (14 d)

Pulmonary edema; re­
covery in 7-10 d

No mortality or 
pulmonary hemorrhage

LD50 (expressed as 
0.38 g PTFE); pul­
monary edema

No mortality or 
pulmonary hemorrhage

Mortality 100%; 
pulmonary hemorrhage

Mortality 100%
(0.5 g PTFE); pul­
monary edema

Mortality 66%; 
pulmonary hemorrhage

Mortality 0 (0.45 
g PTFE)

Mortality 0; pul­
monary hemorrhage

55

55

55

7

7

6
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TABLE III-2 (CONTINUED)

EFFECTS FROM INHALATION OF FILTERED AND UNFILTERED
PTFE PYROLYSIS PRODUCTS ON ANIMALS

Species
Pyrolysis
Temperature

(C)

Exposure
Duration

Hydrolyzable 
Fluoride 
(mg/cu m)

Effects
Ref­
erence

Rabbits 550 1 hr 20 Death within 4-5 
hr ; pulmonary 
edema, congestion 
in all organs

49

t l 550 30 min 20 Serious dyspnea, 
bradypnea, cough, 
hypothermia, re­
covery in 2-3 d

49

n 450 1 hr 11.4 Moderate dyspnea, 
bradypnea, cough, 
hypothermia, bron­
chitis

49

1! 400 30 min 7.6 Moderate respiratory 
tract irritation, 
hypothermia

49

i t 350 f t 0.95 Slight respiratory 
tract irritation, 
moderate hypothermia

49

*Airstream filtered to remove particles
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TABLE III-3

EFFECTS FROM INHALATION
OF INDIVIDUAL PYROLYSIS PRODUCTS
OF FLUOROCARBON POLYMERS ON ANIMALS

Compound Species Concentration
Exposure
Duration

Lethality and 
Other Effects

Ref­
erence

TFE Rats 40,000 ppm 4 hr LC50; lung irritation 57
I t Tt 25,000 ppm 2 hr Lowest LC; brain con­

gestion, lung changes, 
dystrophic kidney 
changes

56

n Rabbits 40,000 ppm 11 Lowest LC; brain con­
gestion, pulmonary 
hemorrhage, and 
dystrophic kidney 
changes

56

HFP I t 4,000 ppm 1 1 LC50 60
n t t 3,000 ppm 4 hr LC50; lung irritation 57
H t t 1,200 ppm 2 hr LC50 60
t t t t 735 ppm 6 hr LC50; tubular nephri­

tis
19

PFIB Rats 0.5 ppm M Pulmonary edema 54

OFCB t l 800,000 ppm 
in 02

4 hr No effects 57

11 Rats, 
Rabbits, 
Mice, 
Dogs

100,000 ppm 6 hr/d 
90 d

t l 54

COF2 Rats 350 ppm 1 hr LC50 (14 d); lung 
edema

55

11 t l 90 ppm 4 hr i r 55
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TABLE III-3 (CONTINUED)

EFFECTS FROM INHALATION 
OF INDIVIDUAL PYROLYSIS PRODUCTS 
OF FLUOROCARBON POLYMERS ON ANIMALS

Compound Species Concentration
Exposure
Duration

Lethality and 
Other Effects

Ref­
erence

SiF4 Rats 1,860 ppm 1 hr LC50 (24 hr); lung 
irritation and edema

55

I f I t 922 ppm t t LC50 (14 d); lung 
edema

55

CTFE f t 5,040 ppm 2 hr LC50; congestion of 
internal organs

58

11 I t 1,000 ppm 4 hr LC50; lung irritation 
and edema, tubular 
necrosis of kidneys

59

I t Rabbits 5,040 ppm 2 hr LC50; kidney necro­
sis, brain changes

58

VF Rats 800,000 ppm 0.5 hr Loss of postural and 
righting reflex

62

f t Mice 690,000 ppm 4 hr LC50; congestion of 
lungs and liver

62

VF 2 Rats 800,000 ppm 19 hr Slight intoxication 62

CF4 - 200,000 ppm 2 hr No effects 23
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IV. ENVIRONMENTAL DATA

Sampling and Analytical Methods

No one analytical technique will detect all the decomposition 

products of fluorocarbon polymers, but gas chromatography has been used to 

measure some of the pyrolysis products. Tetrafluoroethylene (TFE), 

hexafluoropropylene (HFP), octafluorocyclobutane (OFCB), and

perfluoroisobutylene (PFIB) have been monitored by a gas chromatograph 

using a flame ionization detector [7], A 1/8-inch x 60-foot stainless 

steel column containing 10% dibutyl maleate on 60/80 mesh Chromasorb W was 

operated at room temperature. The carrier gas was prepurified commercial 

nitrogen. The identities of all materials detected with this column were 

confirmed using a 1/8-inch x 4-foot stainless-steel column packed with 

Porapak Q, 80/100 mesh, on which TFE, HFP, OFCB, and PFIB had different

retention times. The lower limit of reliable analysis was 0.1 ppm of

either TFE, HFP, OFCB, or PFIB. Amounts as low as 30 ppb were

semiquantitatively estimated. No sampling methods were reported.

Hydrolyzable fluoride is a decomposition product of fluorocarbon 

polymers. Hydrolyzable fluoride could include hydrogen fluoride, inorganic 

fluoride, carbonyl fluoride, or other organic forms of fluoride which are 

hydrolyzed in an alkaline solution. Sampling and analysis procedures which 

could be used for hydrolyzable fluoride are discussed in the NIOSH criteria 

documents for recommended standards for inorganic fluorides [75] and

hydrogen fluoride [76]. In these methods, fluoride is ultimately 

determined by a fluoride-ion-selective electrode.
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Environmental Data

Environmental concentrations of fluorocarbon polymer dust and 

decomposition products have been measured in several industrial situations, 

but no correlation of environmental measurements with adverse effects in 

workers was possible [22,46,47,77]. Polakoff et al [46] supplied 

information on breathing-zone and general area sampling of PTFE dust 

concentrations in a fabricating plant. Sampling times ranged from 40 to 

117 minutes. Dust concentrations in breathing-zone samples ranged from 0 

to 2.4 mg/cu m for workers in the blow-mold area, 0.4 to 5.5 mg/cu m for 

workers in the machine shop, and 2.5 to 2.9 mg/cu m for a worker who 

operated the ring-grinding machine. Concentrations in general area samples 

in the blow-mold area ranged from 0 to 3.2 mg/cu m.

Sherwood [47] sampled for fluoride in a PTFE-fabricating plant before 

and after improvements in exhaust ventilation systems. Solids were 

separated from gases by drawing air through filter papers and then through 

a dilute alkali solution. The analytical results were expressed as 

PTFE/unit volume. Before ventilation improvements, air samples contained 

up to 3.5 mg/cu m of PTFE, and after the improvements were made air samples 

held only 0.2-0.4 mg/cu m of PTFE. After factory improvements, airborne 

dust counts were of the order of 1,000 particles/cc with diameters smaller 

than 5 ¡m , 15 particles/cc with diameters between 0.5 and 1.0 ¿urn, and 1

particle/cc with a diameter greater than 1 jum.

Adams [22] sampled air in a finishing room where PTFE was dried, 

sifted, and packed. At collection sites close to ovens which were heated 

occasionally to above 300 C, he found concentrations of hydrogen fluoride 

up to 6 ppm.
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Marchenko [77] carried out sampling studies during the heating of 

PTFE at temperatures between 375 and 514 C. Analytical methods and 

sampling techniques were not reported. Measurements were taken before and 

after installation of engineering controls, which included isolation of 

ovens from other sections, construction of block exhaust ventilation, 

hermetic sealing of oven doors, and construction of exhaust vents adhering 

tightly to the upper walls of the ovens. Before improvements, 14 samples 

contained organic fluorine compounds at concentrations ranging from 20 to 

884 mg/cu m (calculated on the basis of tetrafluoroethylene), with an 

average concentration of 90 mg/cu m. After improvements, 16 of 17 samples 

contained only trace amounts of organic fluorine compounds and the 

remaining sample contained 3.5 mg/cu m.

Marchenko [77] also provided data on an unspecified work area during 

processing of PTFE. The methods of sampling and analysis were not 

described. He found, on the average, 0.13 mg/cu m of perfluoroisobutylene 

(PFIB), 7 mg/cu m of organic fluorine compounds (calculated as tetrafluoro- 

ethylene), 0.72 mg/cu m of hydrogen fluoride, and 0.013 mg/cu m of polymer

aerosols.

Engineering Controls

Recommended ventilation rates for certain fluorocarbon polymers were 

specified by El du Pont de Nemours and Company based on the known 

decomposition rates at specific temperatures, as shown in Table IV-1 [4], 

Armitage (written communication, November 1976) has supplied the 

information on which the recommended ventilation rates were based. Du Pont 

has assumed that a ventilation rate which would reduce the total
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concentration of decomposition products of fluorocarbon polymer to a level 

of 1 ppm would offer an adequate safeguard. This assumption was used 

because the toxic effects of decomposition products of PTFE are associated 

with a particulate substance which is a small fraction of the total 

decomposition products. Waritz and Kwon [7] observed that test animals 

died after being exposed to the particles at a concentration of 1.4 mg/cu m 

(equivalent to 1.2 ppm by weight at ambient conditions).

TABLE IV-1

VENTILATION RATES 
FOR FLUOROCARBON POLYMERS RECOMMENDED BY DU PONT

Temperature
(C)

Ventilation Rate 
(cu ft/min/lb resin)

PFA PTFE FEP

230 - 0.50 0.86

260 - 1.3 2.1

290 - 3.5 21

320 - 10 42

340 63 33 180

370 270 73 650

400 1,000 180 -

425 3,200 325 -

Adapted from reference 4
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The ventilation rate necessary to reduce the total concentration of 

the decomposition products of fluorocarbon polymers to 1 ppm can be 

calculated from the known rates of decomposition measured by weight loss of 

the polymer [4]. For example, FEP resin processed at 370 C has a weight 

loss of 0.3%/hour. Since air at ambient temperature and pressure has a 

density of 0.077 lb/cu ft, the recommended ventilation rate is 650 

cu ft/minute/lb of polymer:

(0.3%/hour)(1,000,000) = 650
(60 minutes/hour)(0.077 lb/cu ft)

This equation has been used as the basis for all the recommended 

ventilation rates published by Du Pont [4], However, toxicity data for the 

decomposition products of FEP and other fluorocarbon polymers are not 

available. It is not known whether extrapolation from data on PTFE 

provides adequate safety for workers exposed to the decomposition products 

of other fluorocarbon polymers.

NIOSH maintains that the most important feature of an exhaust 

ventilation system is its design. Guidance for designing a local exhaust 

ventilation system can be found in Industrial Ventilation— A Manual of 

Recommended Practice [78] and in Fundamentals Governing the Design and 

Operation of Local Exhaust Systems [79]. Ventilation systems of this type 

require regular inspection and maintenance to ensure effective operation. 

Regularly scheduled inspections should include face-velocity measurements 

of the collecting hood and inspection of the air mover and collector.

In addition to providing adequate ventilation, it may be appropriate, 

under certain circumstances, to isolate a process or system in an 

especially designed enclosure to minimize exposure. Other control measures
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may be intentionally redundant temperature monitoring systems and alarms to 

signal harmful thermal excursions.

Biologic Evaluation

Urinary fluoride levels have been measured in humans and animals 

exposed to pyrolyzed fluorocarbon polymers or to their individual 

decomposition products. Abnormally high concentrations of fluoride in the 

urine of an employee who works with fluorinated polymers may be taken as 

signs of exposure to these compounds but cannot be used as reliable indices 

of the extent of exposure at present.

Okawa and Polakoff [80] analyzed urine samples for fluoride from 99 

workers in a PTFE-fabrieating plant. Urinary fluoride levels ranged from

0.098 to 2.19 mg/liter. Only eight samples contained fluoride 

concentrations in excess of 1 mg/liter; in one sample the concentration 

exceeded 2 mg/liter. The authors reported that the drinking water from 

this area contained fluoride at 0.19 mg/liter. Since a mean daily urinary 

output of 4 mg of fluoride reflects the maximum permissible fluoride 

exposure [81], the authors [80] concluded that the workers from whom urine 

specimens were collected had not been exposed to toxic levels of soluble 

fluorides.

Sherwood [47] found a fluoride concentration of 5 mg/liter in the 

urine of a man suffering from an acute attack of polymer fume fever.

In 1974, Dilley et al [82] studied urinary fluoride excretion in 

adult male Sprague-Dawley rats which had inhaled various fluorocarbon 

gases. Fluoride concentrations in drinking water and food were determined 

to establish baseline measurements. Fifteen rats were exposed for 30
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minutes at each of the following chamber concentrations of gases: 2,600

ppm of hexafluoropropene, 3,500 ppm of tetrafluoroethylene, 2,200 ppm of 

vinylidene fluoride, 3,000 ppm of vinyl fluoride, and 3,000 ppm of 

hexafluoroethane. Urinary fluoride excretion was measured daily for 14 

days postexposure in 10 of the rats exposed to each fluorocarbon and in an 

untreated control group of 10 rats.

The results showed a significant increase over control rats in 

urinary output of fluoride by all experimental groups 4-6 days postexposure 

[82]. Rats exposed to hexafluoropropene and vinylidene fluoride had 

immediate and significant increases in urinary fluoride excretion 1 day 

after exposure. Those exposed to tetrafluoroethylene had a second peak 

period for urinary fluoride excretion at 13-14 days postexposure. Rats 

exposed to both hexafluoropropene and tetrafluoroethylene excreted large 

quantities of glucose for 3 days after exposure.

The authors [82] concluded that the fluorocarbon gases studied are 

metabolized, since there was an observed increase in fluoride excretion. 

They also noted the apparently cyclic nature of the urinary fluoride 

excretion and suggested that the turnover time of either the fluoride or 

the fluorocarbons is approximately 5 days.

In 1968, Scheel et al [83] studied the metabolic effects of 

inhalation of PTFE pyrolysis products in rats to determine whether toxicity 

could be linked to fluoride. The authors directed specific attention to 

the relationship between urinary fluoride excretion and succinic 

dehydrogenase activity, hypothesizing that, if the toxicity of PTFE is 

caused by fluoride, increased urirc ry fluoride and decreased succinic 

dehydrogenase activity would be found. Controlled-flora rats, 20 males and

78



20 females, were exposed 1 hour a day for 5 days to PTFE pyrolysis products 

containing hydrolyzable fluoride equal to 50 ppm of carbonyl fluoride. The 

authors stated that the cumulative concentration of 158 ppm-hours of 

inhaled gases and 18 mg of particles, which killed 9 of 40 rats, was less 

than half the LC50 for acute single exposures.

After the first exposure [83], 10 experimental and 10 colony control 

rats were placed in metabolism cages. Urinary fluoride determinations were 

made after the first and fifth exposures and at 4, 7, and 18 days 

postexposure. The principal result was an increase in urinary fluoride 

excretion that peaked at approximately 42 ¿ig/ml after the fifth exposure. 

Controls showed no changes in urinary fluoride levels. The urinary 

fluoride level of experimental rats was 10 £ig/ml at 18 days postexposure, 

which was approximately four times that of controls. The urine samples 

were normal except for increased levels of fluoride still present 18 days 

after exposure.

The authors [83] noted that urinary fluoride increased from 3 to 42 

Mg/ml in 5 days. They concluded that the carbonyl fluoride generated 

during PTFE pyrolysis was hydrolyzed in body fluids to produce a substance, 

presumably hydrogen fluoride, capable of inducing a toxic syndrome 

identical with fluoride poisoning.

More information is required to determine whether urinary fluoride 

excretion can be correlated with exposure to the pyrolyzed decomposition 

products of fluorocarbon polymers. At present, NIOSH does not recommend 

that biological monitoring be used to determine the extent of exposure to 

the decomposition products of fluorocarbon polymers.
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V . WORK PRACTICES

Work practices and safety precautions for handling fluorocarbon 

polymers and their decomposition products are the subject of two reports 

[4,5]. To reduce workers' exposure to the decomposition products of 

fluorocarbon polymers, employers must actively seek and implement 

engineering controls and should maintain all engineering, dust-capture, 

ventilation, sanitation, and physical control systems in efficient working 

order at all times by a program of regular inspection and maintenance.

The main hazard of fluorocarbon polymers is from the products of 

pyrolysis, to which workers may be exposed when the polymers are heated in 

industrial processing or when tobacco contaminated with polymer dust is 

smoked [23]. For this reason, it is essential that a no-smoking rule be 

enforced in all areas where fluorocarbon polymers are handled and 

processed. No-smoking signs should be posted in all such areas, and 

smoking materials should not be carried into these areas. Employers should 

also require that employees wash their hands before smoking and should 

ensure that suitable protective equipment be worn so that fluorocarbon 

polymers are not transferred to tobacco from hands or clothing. Employees 

should be informed of the potential hazards from fluorocarbon polymers.

Airborne dust levels should be minimized by taking appropriate 

precautions during the initial mixing and formulating of fluorocarbon 

polymers. Canopy hoods should be provided for all mixing and shaking 

operations. Spills of fluorocarbon polymers should be cleaned up 

immediately to prevent slippery surfaces. Some form of nonslip flooring or

80



finish should also be provided in areas where these materials are regularly 

handled.

Any dust or waste resulting from processing must be removed by 

appropriate engineering controls. Airborne dust should be removed by 

exhaust ventilation systems equipped with filters for dust collection. 

Fluorocarbon polymer dust should be removed from work-area surfaces by 

vacuuming collection systems, and not by blasts of compressed air. Any 

equipment which operates at temperatures sufficient to cause decomposition 

of the fluorocarbon polymer must always be kept as dust-free as possible

and must be equipped with a dust and fume removal system.

During preforming operations (including automatic and isostatic 

operations), all the handling precautions described above must be observed 

in handling preforms, in filling molds, and in loading hoppers. Machines 

used to compress the fluorocarbon polymer into the preform should be 

equipped with local exhaust ventilation.

In sintering processes, temperatures in excess of the normal

sintering range must be avoided. Ovens should be located in a separate

section outside the general work areas. Ovens must be fitted with an 

automatic temperature cutout, set at the manufacturer's recommended 

temperature for the particular fluorocarbon polymer, to prevent 

overheating. The temperature-regulating system should be checked at 

regular intervals.

Ovens should be operated at negative pressure relative to the room, 

with a 100-foot/minute design velocity for exhaust (DYBVA, written 

communication, June 1977). An appropriate alarm system, such as flapper 

valves or pressure-differential devices, should be incorporated into the
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exhaust system to ensure that it can be shut off automatically. Large 

ovens should be enclosed in walk-in cabinets equipped with separate exhaust 

systems and makeup air systems. Oven liners must be regularly inspected 

and repaired to prevent air leaks into the work area.

In all extrusion processes, the handling precautions described above 

must be observed. As in sintering operations, the temperature to which the 

fluorocarbon polymer is subjected must not be allowed to exceed the 

manufacturer's recommended processing temperature, and an appropriate 

temperature cutout system must be used. Local exhaust ventilation must be 

installed at the orifice from which the melt is extruded to keep 

decomposition products from entering the work area. An appropriate alarm 

system must be incorporated into the exhaust ventilation system.

In thermoforming, compression molding, and coining, and in all 

processes in which the temperature of the fluorocarbon polymer approaches 

its melting point, ovens must be fitted with exhaust ventilation and 

temperature-regulating systems. These systems must be equipped with 

appropriate alarms and must be serviced at regular intervals.

Coagulated dispersion polymers are usually processed by "paste 

extrusion." This involves mixing the fluorocarbon polymer with a 

lubricant, generally a volatile petroleum fraction. This use of flammable 

liquids adds a potential hazard. The lubricant may be removed in a drying 

oven or in a continuous oven constructed in series with the extruder and a 

sintering oven. Precautions must be taken to minimize the risk of forming 

explosive mixtures of vapor and air and to prevent their ignition if they 

should form. These precautions might include controlling the rate of 

solvent removal, increasing the exhaust ventilation in the solvent-removal
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area, and locating the solvent-removal zone apart from the sintering area. 

If flammable vapor enters the sintering oven, it probably will ignite. 

Removal of all traces of the lubricant before sintering is necessary. As 

in sintering operations, appropriate temperature-regulating and exhaust- 

ventilation systems should be used on ovens where solvent removal takes 

place. Fire-extinguishing equipment should also be readily available.

In soldering, welding, flame-cutting, and wire-stuffing operations, 

confined spaces where workers may be exposed for prolonged periods must 

have adequate ventilation. A small exhaust duct should be used in such 

operations to remove fumes from the breathing zone. When necessary, an 

air-supplied respirator should be worn.

In grinding, cutting, and machining of fluorocarbon polymers, where 

temperatures occasionally may exceed the manufacturers' recommended 

temperatures, coolants should be used to control overheating. Fluorocarbon 

polymer wastes produced by such operations should be removed by exhaust 

ventilation or by a waste-reclaiming system. All the handling precautions 

described above must also be followed.
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VI. DEVELOPMENT OF STANDARD

Basis for Previous Standards

In 1960, the American Conference of Governmental Industrial 

Hygienists (ACGIH) [84] recommended a tentative threshold limit value (TLV) 

of 0.005 ppm for PTFE decomposition products in air, but they did not 

specify the products to which the standard was to apply.

The ACGIH [85], in 1961, recommended a tentative TLV of 0.05 mg/cu m, 

"as F," for PTFE pyrolysis products. In 1962, the ACGIH [86] did not 

recommend any TLV for PTFE decomposition products, and no reason was given 

for this omission. In 1963, the ACGIH [87] suggested that a limit for PTFE 

dust of 15 mg/cu m (on a nuisance basis) should be adequate.

In the 1971 Documentation of Threshold Limit Values, the ACGIH [88] 

stated that no TLV for decomposition products was recommended, pending 

determination of the toxicity of the products, but suggested that air 

concentrations should be minimal.

The ACGIH [89] noted in 1972 that the thermal decomposition of PTFE 

in air led to the formation of oxidized products containing carbon, 

fluorine, and oxygen. Because these products decompose partially by 

hydrolysis in alkaline solution, the ACGIH [89] pointed out that the 

products could be quantitatively determined in air as fluorine to provide 

an index of exposure. Again, no TLV was recommended, but the ACGIH stated 

that the concentrations in the workplace should be kept as low as possible.

In 1974, the ACGIH [90] noted that air concentrations of 

decomposition products should be kept below the limit of sensitivity of the 

analytical method, but no analytical method was specified. In 1976, the
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ACGIH [91] again suggested that concentrations of airborne PTFE 

decomposition products should be minimal.

The USSR, in 1970, listed a maximum allowable concentration of 0.1 

ppm for perfluoroisobutylene [92], which was identified as a pyrolysis 

product of PTFE [7], but no basis for this standard was found.

At present, there are no US federal standards for the decomposition 

products of fluorocarbon polymers. The current US federal standard for 

hydrogen fluoride and inorganic fluorides in workplace air is 2.5 mg/cu m, 

as F (combined ionic fluoride, atomic weight 19), determined as a TWA 

exposure for up to an 8-hour workday, 40-hour workweek (29 CFR 1910.1000).

Basis for the Recommended Standard

The most frequently reported effect of exposure in the workplace to 

the pyrolysis products of fluorocarbon polymers has been an influenza-like 

syndrome, polymer fume fever, which was described first by Harris [10] in 

1951 and subsequently by several other investigators [34,37,39-41]. The 

major signs and symptoms associated with polymer fume fever are chest 

discomfort [10,23,34,36-41], fever [10,23,36,38-40], leukocytosis [10,36], 

headache [23,34,36,37,40,41], chills [10,23,34,36-38,40,41], achy feeling 

[10,23,34,36,38], and weakness [10,23,36]. Complete recovery usually 

occurred within 12-48 hours after the exposure [10,23,34].

Other effects found in humans exposed to the pyrolysis products of 

fluorocarbon polymers were nausea [40], malaise [10,23,36], congested 

throat and pharynx [37], rales in the bases of the lungs [39,40], pulmonary 

edema [39,40], hyperpnea [40], and increased pulse rate [40]. Respiratory 

irritation and pulmonary edema have been reported in humans [34,37,39,40]

85



and animals [6,7,14,23,55,69] exposed to the pyrolysis products of 

fluorocarbon polymers. No reports of serious injury or of long-term 

effects of polymer fume fever were found in the literature.

The syndrome outlined above has been described most frequently as a 

result of exposure to fumes from heated PTFE. Since there are now a number 

of other fluorinated polymers whose breakdown products are almost entirely 

unidentified and untested for toxicity, there seems to be no basis for 

attempting to set an occupational exposure limit that will apply to 

breakdown products of fluorinated polymers in general. Accordingly, NIOSH 

suggests that exposure of employees to breakdown products of polymers of 

fluorinated monomers be limited to the greatest extent possible by 

designing production processes to restrict heating of these polymers to the 

lowest temperature that permits the desired operation, to limit access of 

air and oxygen to heated polymers to the greatest extent feasible, and to 

take the greatest possible advantage of local ventilation of sites from 

which polymer fumes may enter the occupational environment. Such steps, in 

conjunction with effective general ventilation of the workplace and good 

work practices, should go far toward protecting employees from deleterious 

effects from breakdown products of the materials with which they work. 

Although these deleterious effects are more likely to be incapacitating 

than dangerous, their avoidance is certainly desirable.

(a) Permissible Environmental Limits

Because the available data and techniques, as previously discussed, 

are so limited, NIOSH is not recommending an environmental limit for the 

decomposition products of fluorocarbon polymers. Instead, NIOSH recommends 

that exposure to the decomposition products of fluorocarbon polymers be
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controlled by the use of engineering and administrative controls and by 

strict adherence to work practices that will minimize worker contact with 

pyrolysis products of fluorocarbon polymers or with potentially pyrolyzable 

dust.

(b) Sampling and Analysis

Sampling and analysis procedures that could be used for hydrolyzable 

fluoride are discussed in the NIOSH criteria for recommended standards for 

inorganic fluorides [75] and hydrogen fluoride [76]. When these methods 

are used, fluoride is ultimately measured by a fluoride-ion selective 

electrode. Monitoring for fluoride is inadequate for protection against 

fluorocarbon polymers because adherence to the recommended standard for 

inorganic fluorides and hydrogen fluoride does not necessarily protect the 

worker from adverse effects caused by other decomposition products of 

fluorocarbon polymers. Because of the multiplicity of the decomposition 

products of fluorocarbon polymers, no sampling and analytical method is 

specifically recommended.

(c) Medical

Several studies on humans [34,37,39,40] and animals [6,7,14, 

23,55,69] showed that exposure to fluorocarbon polymer decomposition 

products produced respiratory irritation and pulmonary edema. A medical 

surveillance program should therefore give special attention to the 

respiratory tract. Medical attention should be provided for employees 

accidentally exposed to the decomposition products of fluorocarbon 

polymers.
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(d) Work Clothing and Personal Protective Equipment

During emergencies and nonroutine maintenance procedures, the 

decomposition products of fluorocarbon polymers at unknown airborne 

concentrations could produce pulmonary irritation and edema. Moreover, 

these substances may be contaminated with materials which are hazardous 

upon skin or eye contact. For these reasons, in emergency situations and 

certain maintenance procedures, employees should wear appropriate 

respirators as listed in Table 1-1, gloves, and clothing other than street 

clothes.

(e) Informing Employees of Hazards

Personnel occupationally exposed to the decomposition products of 

fluorocarbon polymers must be advised of the adverse effects of accidental 

exposure and informed of the signs and symptoms of the disorders. 

Employees should be warned that the onset of symptoms may be delayed. A 

continuing education program is an important part of a preventive hygiene 

program for employees occupationally exposed to the decomposition products 

of fluorocarbon polymers. Properly trained persons should periodically 

inform employees about the dangers of smoking on the job, the need for 

washing before smoking, the hazards of carrying smoking materials into the 

workplace, possible sources of exposure, engineering controls and work 

practices in use or planned to limit exposure, and environmental and 

medical management practices used to check on control procedures and to 

determine the health status of employees.
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(f) Work Practices

Contamination of smoking materials with fluorocarbon polymers is an 

important cause of polymer fume fever. Therefore, care must be exercised 

to ensure that such contamination does not occur. Smoking or carrying 

smoking materials should be prohibited in all areas where fluorocarbon 

polymers are handled and used. Work clothing should be worn where exposure 

to fluorocarbon polymers is likely. Such clothing should not be worn 

outside the workplace. Hand-washing facilities must be available, and 

employees who work in fluorocarbon polymer areas should wash their hands 

thoroughly before smoking.

Because of the importance of adequate ventilation and temperature 

control in processing fluorocarbon polymers, NIOSH recommends that ovens 

and exhaust systems be equipped with appropriate alarms to prevent 

overheating.

(g) Sanitation

Eating and food preparation should be discouraged on general 

sanitation considerations in areas where fluorocarbon polymers in bulk are 

handled and used. Employees who work in fluorocarbon polymer areas should 

be instructed to wash their hands thoroughly before eating, smoking, or 

handling smoking materials. If contamination of clothing with fluorocarbon 

polymer dust is likely, employees should wear either launderable clothing 

for repeated use or disposable outer garments for one-time use. Because 

personnel who launder clothing may come in contact with fluorocarbon 

polymer dust, they should be cautioned on the hazards associated with this 

dust.
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VII. RESEARCH NEEDS

No detailed epidemiologic study of the effects of occupational 

exposure to the decomposition products of fluorocarbon polymers has been 

found in the literature. Such studies are needed to determine whether 

long-term occupational exposure to these decomposition products produces 

any chronic effects on humans.

No human or animal studies have been found in the literature that 

evaluate possible carcinogenicity, mutagenicity, teratogenicity, or effects 

on reproduction of the decomposition products of fluorocarbon polymers. 

Further research in these areas is needed. Fluorocarbon polymers made from 

vinyl chloride monomer should be tested to determine whether vinyl chloride 

is a decomposition product. Little information is available on the 

identification or the toxicity of decomposition products of fluorocarbon 

polymers other than PTFE, and studies of effects on humans have been 

limited to PTFE. The toxic effects of the decomposition products and their 

individual components over a range of pyrolysis temperatures should be 

determined. Additional work is needed to discover whether the 

decomposition products of fluorocarbon polymers other than PTFE, PCTFE, and 

a few other polymers mentioned in Chapter III cause irritation and polymer 

fume fever in humans and the conditions that lead to such effects.

To protect workers from harmful effects of exposure to the 

decomposition products of fluorocarbon polymers, development of a reliable 

method to detect the extent of decomposition in the workplace is needed. 

The thermal decomposition of the fluorocarbon chain of PTFE leads to the 

formation of oxidized products containing carbon, fluorine, and oxygen
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[89]. Some of these products can be hydrolyzed in alkaline solution to 

liberate fluoride. Further research is required to determine whether any 

correlation exists between the amount of hydrolyzable fluoride and the 

extent of decomposition of the fluorocarbon polymer or the severity of 

health effects. Furthermore, it has not been determined whether the 

decomposition of fluorocarbon polymers other than PTFE produces 

hydrolyzable fluoride. Studies are also needed to determine whether 

urinary fluoride excretion can be correlated with exposure to the 

decomposition products of fluorocarbon polymers.

The effects of chronic exposure to the decomposition products of 

fluorocarbon polymers have not been adequately evaluated. Long-term 

inhalation studies on animals are needed to assess the systemic effects of 

repeated exposure to these products. Long-term toxicity studies on several 

mammalian species are needed to provide information relevant to assessing 

the probable risk to humans of exposure to the decomposition products of 

fluorocarbon polymers.
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IX. APPENDIX I

MATERIAL SAFETY DATA SHEET

The following items of information which are applicable to a specific 

product or material shall be provided in the appropriate block of the 

Material Safety Data Sheet (MSDS).

The product designation is inserted in the block in the upper left 

corner of the first page to facilitate filing and retrieval. Print in 

upper case letters as large as possible. It should be printed to read

upright with the sheet turned sideways. The product designation is that 

name or code designation which appears on the label, or by which the 

product is sold or known by employees. The relative numerical hazard 

ratings and key statements are those determined by the rules in Chapter V, 

Part B, of the NIOSH publication, An Identif ication System for 

Occupationally Hazardous Materials. The company identification may be 

printed in the upper right corner if desired.

(a) Section I. Product Identification

The manufacturer's name, address, and regular and emergency telephone 

numbers (including area code) are inserted in the appropriate blocks of

Section I. The company listed should be a source of detailed backup

information on the hazards of the material(s) covered by the MSDS. The 

listing of suppliers or wholesale distributors is discouraged. The trade 

name should be the product designation or common name associated with the 

material. The synonyms are those commonly used for the product, especially 

formal chemical nomenclature. Every known chemical designation or
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competitor's trade name need not be listed.

(b) Section II. Hazardous Ingredients

The "materials" listed in Section II shall be those substances which 

are part of the hazardous product covered by the MSDS and individually meet 

any of the criteria defining a hazardous material. Thus, one component of 

a multicomponent product might be listed because of its toxicity, another 

component because of its flammability, while a third component could be 

included both for its toxicity and its reactivity. Note that a MSDS for a 

single component product must have the name of the material repeated in 

this section to avoid giving the impression that there are no hazardous 

ingredients.

Chemical substances should be listed according to their complete name 

derived from a recognized system of nomenclature. Where possible, avoid 

using common names and general class names such as "aromatic amine," 

"safety solvent," or "aliphatic hydrocarbon" when the specific name is 

known.

The "%" may be the approximate percentage by weight or volume 

(indicate basis) which each hazardous ingredient of the mixture bears to 

the whole mixture. This may be indicated as a range or maximum amount, ie, 

"10-40% vol" or "10% max wt" to avoid disclosure of trade secrets.

Toxic hazard data shall be stated in terms of concentration, mode of 

exposure or test, and animal used, eg, "100 ppm LC50-rat," "25 mg/kg LD50- 

skin-rabbit," "75 ppm LC man," or "permissible exposure from 29 CFR 

1910.1000," or, if not available, from other sources of publications such 

as the American Conference of Governmental Industrial Hygienists or the 

American National Standards Institute Inc. Flashpoint, shock sensitivity
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or similar descriptive data may be used to indicate flammability, 

reactivity, or similar hazardous properties of the material.

(c) Section III. Physical Data

The data in Section III should be for the total mixture and should 

include the boiling point and melting point in degrees Fahrenheit (Celsius 

in parentheses); vapor pressure, in conventional millimeters of mercury 

(tnmHg) ; vapor density of gas or vapor (air = 1); solubility in water, in 

parts/hundred parts of water by weight; specific gravity (water = 1); 

percent volatiles (indicated if by weight or volume) at 70 degrees 

Fahrenheit (21.1 degrees Celsius); evaporation rate for liquids or 

sublimable solids, relative to butyl acetate; and appearance and odor. 

These data are useful for the control of toxic substances. Boiling point, 

vapor density, percent volatiles, vapor pressure, and evaporation are 

useful for designing proper ventilation equipment. This information is 

also useful for design and deployment of adequate fire and spill 

containment equipment. The appearance and odor may facilitate 

identification of substances stored in improperly marked containers, or 

when spilled.

(d) Section IV. Fire and Explosion Data

Section IV should contain complete fire and explosion data for the 

product, including flashpoint and autoignition temperature in degrees 

Fahrenheit (Celsius in parentheses); flammable limits, in percent by volume 

in air; suitable extinguishing media or materials; special firefighting 

procedures; and unusual fire and explosion hazard information. If the 

product presents no fire hazard, insert "NO FIRE HAZARD" on the line 

labeled "Extinguishing Media."
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(e) Section V. Health Hazard Information

The "Health Hazard Data" should be a combined estimate of the hazard 

of the total product. This can be expressed as a TWA concentration, as a 

permissible exposure, or by some other indication of an acceptable 

standard. Other data are acceptable, such as lowest LD50 if multiple 

components are involved.

Under "Routes of Exposure," comments in each category should reflect

the potential hazard from absorption by the route in question. Comments

should indicate the severity of the effect and the basis for the statement

if possible. The basis might be animal studies, analogy with similar 

products, or human experiences. Comments such as "yes" or "possible" are 

not helpful. Typical comments might be:

Skin Contact— single short contact, no adverse effects likely;
prolonged or repeated contact, possibly mild irritation.

Eye Contact— some pain and mild transient irritation; no corneal
scarring.

"Emergency and First Aid Procedures" should be written in lay 

language and should primarily represent first-aid treatment that could be 

provided by paramedical personnel or individuals trained in first aid.

Information in the "Notes to Physician" section should include any 

special medical information which would be of assistance to an attending 

physician including required or recommended preplacement and periodic 

medical examinations, diagnostic procedures, and medical management of 

overexposed employees.
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(f) Section VI. Reactivity Data

The comments in Section VI relate to safe storage and handling of 

hazardous, unstable substances. It is particularly important to highlight 

instability or incompatibility to common substances or circumstances, such 

as water, direct sunlight, steel or copper piping, acids, alkalies, etc. 

"Hazardous Decomposition Products" shall include those products released 

under fire conditions. It must also include dangerous products produced by 

aging, such as peroxides in the case of some ethers. Where applicable, 

shelf life should also be indicated.

(g) Section VII. Spill or Leak Procedures

Detailed procedures for cleanup and disposal should be listed with 

emphasis on precautions to be taken to protect employees assigned to 

cleanup detail. Specific neutralizing chemicals or procedures should be 

described in detail. Disposal methods should be explicit including proper 

labeling of containers holding residues and ultimate disposal methods such 

as "sanitary landfill," or "incineration." Warnings such as "comply with 

local, state, and federal antipollution ordinances" are proper but not 

sufficient. Specific procedures shall be identified.

(h) Section VIII. Special Protection Information

Section VIII requires specific information. Statements such as 

"Yes," "No," or "If necessary" are not informative. Ventilation 

requirements should be specific as to type and preferred methods. 

Respirators shall be specified as to type and NIOSH or US Bureau of Mines 

approval class, ie, "Supplied air," "Organic vapor canister," etc. 

Protective equipment must be specified as to type and materials of 

construction.
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(i) Section IX. Special Precautions

"Precautionary Statements" shall consist of the label statements 

selected for use on the container or placard. Additional information on 

any aspect of safety or health not covered in other sections should be 

inserted in Section IX. The lower block can contain references to 

published guides or in-house procedures for handling and storage. 

Department of Transportation markings and classifications and other 

freight, handling, or storage requirements and environmental controls can 

be noted.

(j) Signature and Filing

Finally, the name and address of the responsible person who completed 

the MSDS and the date of completion are entered. This will facilitate 

correction of errors and identify a source of additional information.

The MSDS shall be filed in a location readily accessible to employees 

exposed to the hazardous substance. The MSDS can be used as a training aid 

and basis for discussion during safety meetings and training of new 

employees. It should assist management by directing attention to the need 

for specific control engineering, work practices, and protective measures 

to ensure safe handling and use of the material. It will aid the safety 

and health staff in planning a safe and healthful work environment and in 

suggesting appropriate emergency procedures and sources of help in the 

event of harmful exposure of employees.
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MATERIAL SAFETY DATA SHEET
1 PRODUCT IDENTIFICATION

M A N U F A C T U R E R  S NAME
R E G U LA R  TELEPH O N E NO
e m e r g e n c y  t e l e p h o n e  NO

ADDRESS

TRADE NAME

SYNONYMS

II HAZARDOUS INGREDIENTS

M A T E R IA L  OR COM PONENT % H A Z A R D  D A TA

III PHYSICAL DATA

B O IL IN G  PO IN T. 760 M M  H.G m e l t i n g  p o in t

SPECIFIC G R A V IT Y  (h 20  = 1> VAPOR PRESSURE

VAPO R DE N S ITY  IA IR -11 S O L U B IL IT Y  in  H 20 . a'c BY WT

% V O L A T IL E S  BY VO L E V A P O R A T IO N  RATE »BUTYL AC ETATE 11

APPEARANCE ANO ODOR
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IV FIRE AND EXPLOSION DATA
FLASH POINT 

(TEST M ETHOD)
A U T O IG N IT IO N

T E M PERATUR E

F LA M M A B LE  L IM IT S  IN A IR . % BY VO L. LOW ER UPPER

EX T IN G U IS H IN G
M E D IA

SPECIAL FIRE 

F IG H TIN G

p r o c e d u r e s

U N U S U A L FIRE 

AN D  EXPLO SION 

H A 2 A R D

V HEALTH HAZARD INFORMATION
H E A LT H  H A Z A R D  D A TA

ROUTES OF EXPOSURE 

IN H A L A T IO N

SK IN  CO NTACT

SKIN ABSO RPTIO N

EYE C O NTACT

ING ESTIO N

EFFECTS OF OVEREXPOSURE 
ACUTE OVEREXPOSURE

CHRO NIC O VEREXPOSURE

EM ERGENCY AN D  FIRST A ID  PROCEDURES 

EYES

SKIN

IN H A L A T IO N

ING ESTIO N

NOTES TO PH YSIC IAN

106



VI REACTIVITY DATA

C O N D IT IO N S C O N T R IB U T IN G  TO IN S T A B IL IT Y

INCOMPA1 iB IL IT Y

H A Z A R D O U S  DECO M POSITIO N PRODUCTS

C O N D IT IO N S C O N T R IB U T IN G  TO H A Z A R D O U S  P O L Y M E R IZ A T IO N

VII SPILL OR LEAK PROCEDURES

STEPS TO BE T A K E N  IF M A T E R IA L  IS RE LEA SED  OR SP ILLED  

N E U T R A L IZ IN G  C H EM IC ALS

WASTE DISPOSAL M ETH O D

VIII SPECIAL PROTECTION INFORMATION

V E N T IL A T IO N  R EQ U IR EM EN TS

SPECIFIC PERSONAL PR O TEC TIVE EQ UIPM ENT 

R E SP IR ATO R Y (SPECIFY IN D E T A IL )

EYE

G LOVES

OTHER C L O T H IN G  A N D  EQ UIPM ENT
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P R E C A U T IO N A R Y

STATEM EN TS

IX SPECIAL PRECAUTIONS

O THER H A N D L IN G  AN O  

STORAGE R EQ U IR EM EN TS

PREPARED BY

ADDRESS

DATE
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X. TABLES

TABLE X-l

USES OF FLUOROCARBON POLYMERS

Bearing pads

Bearings

Bellows

Chemical transfer tubing 

Conveyor belting 

Cookware coatings 

Electrical insulation 

Feedthrough and standoff 

Films 

Filters

Fuel and hydraulic hose 

Gaskets

Laboratory ware 

Adapted from reference 4

Microwave components 

Packings 

Pipe lining 

Piston rings 

Printed circuits 

Prostheses 

Pyrotechnics 

Seals

Spaghetti tubing 

Thread seal tapes 

Tool coatings 

Vessel linings
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TABLE X-2

PTFE DECOMPOSITION PRODUCTS

Compound
Pyrolysis
Temperature

(C)
Reference

Particulate 140-325 10
material 200 19

350 64
400-450 7

HF 300 22

HFE 300-360 19

OFCB 300-360 19

SiF4 300-360 19
700 8

PFIB 380-400 19
475-480 7
500-550 19

Hydrolyzable 400-450 7
fluoride 625 6

800 6

HFP 450-480 7
500-550 19

TFE 450-480 7
500-550 19

C0F2 490-900 8

CF4 550 8

CO 800 6

CO 2 800 6
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TABLE X-3

TYPICAL MASS SPECTRUM OF GASES 
OBTAINED FROM PTFE PYROLYSIS AT 550 C IN AIR

Mass-Charge 
Ratio 
m/ e

Ion
(+)

Scale
Divisions

Relative 
Abundance 
(N2 = 100)

12 C 11.0 0.10
14 N 608.0 5.26
16 O 201.0 1.74
19 F 2.0 0.02
20 HF 19.0 0.16
23.5 COF 1.2 0.01
28 N2 11,540.0 100.00
31 CF 20.0 0.17
32 02 3,116.0 27.18
40 A 276.0 2.40
44 CO 2 199.0 1.72
47 COF 218.0 1.90
50 CF2 13.0 0.11
66 COF 2 134.0 1.16
69 CF3 72.0 0.62
81 C2F3 0.4 0.003
85 SiF3 0.0 0.00
100 C2F4 14.0 0.12
119 C2F5 7.0 0.06
131 C3F5 12.0 0.10

From reference 8
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TABLE X-4

TYPICAL MASS SPECTRUM OF PARTICULATE 
OBTAINED FROM PTFE PYROLYSIS AT 550 C IN AIR

Mass-Charge
Ratio
m/e

Ion
(+)

Scale
Divisions

Relative
Abundance

12 C
19 F 1 0.10
31 CF 25 2.28
50 CF2 7 0.64
69 CF3 1,094 100.00
81 C2F3 8 0.73
93 C3F3 19 1.73
100 C2F4 132 12.00
112 C3F4 8 0.73
119 C2F5 282 25.80
131 C3F5 350 32.00
143 C4F5 6 0.55
150 C3F6 8 0.73
162 C4F6 20 1.83
169 C3F7 290 26.50
181 C4F7 201 18.34
219 C4F9 172 15.70
231 C5F9 81 7.40
269 C5F11 102 9.30
281 C6F11 38 3.47
319 C6F13 55 5.02
331 C7F13 18 1.64
369 C7F15 28 2.58
381 C8F15 8 0.73
419 C8F17 20 1.83
431 C9F17 6 0.55
469 C9F19 14 1.28
481 C10F19 4 0.40
519 C10F21 12 1.10
531 C11F21 3 0.30
569 C11F23 6 

Oxygenated Fragments
0.55

47 COF 2 0.20
97 C2F30 - -

135 C2F50 100 9.15
147 C3F50 —

From reference 13
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