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The use of organofluorine compounds has increased
throughout this century, and they are now ubiquitous
environmental contaminants. Although generally viewed
as recalcitrant because of their lack of chemical reactivity,
many fluorinated organics are biologically active. Several
questions surround their distribution, fate, and effects.

Of particular interest is the fate of perfluoroalkyl substituents,
such as the trifluoromethyl group. Most evidence to date
suggest that such groups resist defluorination, yet they
can confer significant biological activity. Certain volatile
fluorinated compounds can be oxidized in the troposphere
yielding nonvolatile compounds, such as trifluoroacetic acid.
In addition, certain nonvolatile fluorinated compounds can
be transformed in the biosphere to volatile compounds.
Research is needed to assess the fate and effects of nonvolatile
fluorinated organics, the fluorinated impurities present

in commercial formulations, and the transformation products
generated by biochemical processes and/or oxidation in
the troposphere.

Introduction

Research investigating the environmental fate of halogenated
compounds has largely focused on brominated and chlori-
nated organics. Fluorinated organics have received less
attention because fewer are regulated, measurement of
nonvolatile perfluorinated organics is more difficult, and they
are perceived as more inert biologically and therefore less
likely to have an impact on human health or the environment.
Of course, the perception of “inertness” and its environmental
significance are debatable: inert molecules tend to persist
and accumulate, and they are more difficult to remediate. In
addition, several fluorinated organics are subject to at least
limited biotransformation under appropriate environmental
conditions. Moreover, organofluorine molecules actually do
exhibit significant biological effects, as inhibitors of enzymes,
cell—cell communication, membrane transport, and pro-
cesses for energy generation (1—7).

The chemistry of organofluorine molecules is unique
because of the properties of fluorine. The fluorine atom has
avan der Waals radius of 1.47 A, a size more comparable to
that of oxygen (1.52 A) than to that of the other halogens
(chlorine, 1.8 A; bromine, 1.95 A; iodine, 2.15 A). Fluorine
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was once thought to be similar in size to hydrogen (1.2 A),
but it is now considered isosterically similar to a hydroxyl
group (8). Compared to other halogens, fluorine is extremely
electronegative having an electronegativity of 4.0 as compared
to an electronegativity of 3.0 for chlorine and 2.8 for bromine
(9). This high electronegativity confers a strong polarity to
the carbon—fluorine bond. The carbon—fluorine bond also
has one of the largest bond energies in nature. For mono-
fluorinated alkanes, the carbon—fluorine bond is 25 kcal/
mol stronger than that of the carbon-chlorine bond (10, 11).
The strength of the carbon—fluorine bond contributes to the
stability of fluorinated molecules. In fact, many fluorinated
agrochemicals capable of enzyme inhibition are fluorine-
stabilized analogues of the natural enzyme substrate. A
dramatic illustration of the strength and stability of the C—F
bond is monofluoroacetate, which can withstand boiling with
100% sulfuric acid without any defluorination (12). For many
man-made fluorinated organics, such as the perfluorinated
organics, stability is also probably related to the fact that
their molecular structure is unlike anything currently known
in nature.

Fluorine is the most abundant halogen in the earth’s crust
and ranks 13th in abundance among all elements (13). This
may explain instances of natural organofluorine production.
The best known of these natural organofluorine compounds
is monofluoroacetate (MFA). MFA is produced by plants in
the genus Dichapetalum as well as Palicourea marcgravii,
Acaciageorginae, Gastrolobium grandiflorum, and Oxylobium
species (14). The West African plant Dichapetalum toxicarium
also produces w-fluorooleic acid, w-fluoropalmitic acid, and
possibly w-fluorocaprate and w-fluoromyristate (15). Certain
fungi also produce fluorinated organics; Streptomyces clavus
and Streptomyces cattleya produce the fluorine-containing
antibiotic nucleocidin and 4-fluorothreonine, respectively
(14—16). S. cattleya is also capable of producing monofluo-
roacetate (16). Finally, production of CFC-11, CFC-12, CFC-
113, HCFC-21, HCFC-22, tetrafluoroethylene, and chloro-
trifluoroethylene has been reported in volcanic gases and
drillwells (17, 18). Itisimportantto note thatall of the known
biologically produced fluorinated organics contain only one
fluorine atom. This contrasts with many man-made fluori-
nated organics, which often contain many fluorine substit-
uents and may even be fully fluorinated.

Because of their many useful properties, the number of
man-made fluorinated organics has dramatically increased
over the past few years. According to a report from Business
Communications Company, Inc., sales of fluoropolymers
(including surfactants, textile finishes, fluoroelastomers, and
polymer resins) were expected to increase from $1.35 billion
in 1994 to $1.76 billion by 1999 (19). Table 1 list several
examples of aliphatic fluorinated compounds and their
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TABLE 1. Examples of Fluorinated Aliphatic Compounds and Their Applications

compound molecular formula application
Volatile
CFC-11 CFCls refrigerant
CFC-12 CF,Cl3 refrigerant
HFC-134a CF3CH3F refrigerant
HCFC-22 CHF,CI refrigerant
methoxyflurane CHCI3CF,0OCH3 anaesthetic
Halothane CFsCHCIBr anaesthetic
perfluorotributylamine (CaFg)sN foam blowing agent
Nonvolatile

carboxylic acid

monofluoroacetic acid CH,FCOzH pesticide

trifluoroacetic acid CF3CO2H reagent

perfluorooctanoic acid C7F15CO2H surfactant
sulfonic acid

trifluoromethanesulfonic acid CF3SOzH catalyst/reagent

perfluorooctanesulfonic acid CgF17S0O3H surfactant

1H,1H,2H,2H-perfluorooctanesulfonic acid CgF13CH2CH,SO3H surfactant
sulfonamide

N-acetic-N-ethyl perfluorooctane sulfonamide CgF17S0O,N(CH2,COQOH)(CH,CH3) surfactant

sulfluramid CgF17SO2NH(CH2CHg) insecticide
miscellaneous

polytetrafluoroethylene (-(CF2CF2)n-) Teflon

perfluoropolyether (-(CF(CF3)CF,0)n-) lubricant

Zonyl alcohol CgF17CH2CH,0H surfactant

F f ﬂCO HCH,CH,NHCH;+HCl
N N—@~c1
H H

F

Diflubenzuron
(insecticide)

CFs3
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(antidepressant drug)
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FIGURE 1. Examples of aromatic fluorinated compounds and their
applications.

applications. Representative structures of some aromatic
fluorinated compounds and their applications are illustrated
in Figure 1. These or related compounds have been used in
aerosol propellants, surfactants, refrigerants, plastics, anes-
thetics, pesticides, plant growth regulators, medicines, ad-
hesives, fire retardants, and even blood substitutes (2, 20—
37). Synthesis is accomplished using classical chemical or
electrochemical processes, although production of novel
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fluorochemicals using microbial pathways is also possible
(38).

The environmental fate of fluorinated organics depends
upon the structure of the molecule. Instances in which the
carbon—fluorine bond is ruptured by direct attack are only
known for a rarely observed reductive defluorination of tri-,
di-, and monofluoroacetate (39), for hydrolytic defluorination
of monofluorinated organics (40, 41), and for conjugation
with cysteine (42). Reductive defluorination seemsto require
extreme and uncommon reducing conditions and so far has
been observed only under methanogenic conditions that
proved impossible to replicate (43). In addition, hydrolytic
defluorination of carbon atoms with two or more fluorine
substituents appears to be too slow to be of environmental
significance (44). More often, transformation of highly
fluorinated organics requires attack at functional groups or
bonds attached to the fluorinated moiety. Attack onadjacent
functional groups can be nucleophilic, oxidative, or reductive
and can result in decarboxylation, desulfonation, deamina-
tion, and fluoride elimination (Table 2).

Broadly speaking, fluorinated organics can be classified
as either volatile or nonvolatile. Volatile fluorinated organics
consist primarily of partially or completely fluorinated alkanes,
ethers, or amines. Fully halogenated fluorinated organics
have very long lifetimes in the atmosphere and migrate to the
stratosphere where they are destroyed by photolysis (58—
60). By contrast, volatile fluorinated organics containing one
or more hydrogen atoms are susceptible to oxidation by
hydroxyl radicals in the troposphere, yielding fluoride,
chloride, and partially oxidized organic species, the most
significant of which is trifluoroacetic acid (TFA) (61, 62). TFA
isalso produced industrially, as are many other commercially
important nonvolatile fluorinated organics.

Over the past 15 years, the number of fluorine-containing
agricultural chemicals has grown from 4% to approximately
9% of all agrochemicals and has increased in number faster
than non-fluorinated agrochemicals (2). These compounds
are primarily used as herbicides (48%), insecticides (23%),
and fungicides (18%) (2).

Given the widespread production and use of fluorinated
organics, it is perhaps not surprising that organic fluorine
has been detected in the blood of individuals from the general
public as well as industrial workers (63, 64). For workers
handling fluoroorganics, organic fluorine levels of 1.0—71 ppm
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FIGURE 2. Biogeochemical cycling of fluorinated organic compounds.

TABLE 3. Fluorocarbon Production Worldwide

molecular estd atmos
compd formula lifetime? (years)
HCFC-22 CHFCI 6.7
HFC-134a CF3CFH; 14
HCFC-141b CFCI,CHs 7.1
HCFC-142b CF2CICHs 17.8
CFC-11 CFCls 60
CFC-12 CF.Cl» 105
CFC-113 CF2CICFCl; 90
CFC-114 CF2CICF,CI 185
CFC-115 CF3CF.ClI 380

aRefs 23 and 74. » Ref 75.

total cumulative

world production® (t x 10%) cumulative for years

3600 £ 15 1970—-1994
86+1 1990—-1994
139+1 1990—-1994
193+1 1981-1994
8580 £ 15 1931-1994
11200 + 20 1931-1994
2240+9 1980—-1994
185+1 1980—-1994
167 +1 1980—1994

have been reported in their blood serum (63). Individuals
who have not been exposed to industrial fluorochemicals
had organic fluorine concentrations from 0.0 to 0.13 ppm.
However, in another study of blood serum of 106 people, an
average organic fluorine level of 25.7 & 16.2 ppm was reported
(65). Guyetal.suggestthatthere iswidespread contamination
of human tissues with organofluorine compounds derived
from commercial sources such as perfluorooctanoic acid (65).

A general overview of processes influencing the distribu-
tion and cycling of fluorinated organics is provided in Figure
2. In the following sections, we elaborate on the general
scheme illustrated in Figure 2, with sections on volatile and
nonvolatile fluorinated organics, and we provide a critical
review of the fate and the effect of these compounds in the
biosphere.

Fate and Effects of Volatile Fluorinated Organics

Chlorofluorocarbons. Volatile fluorinated organics include
the chlorofluorocarbons (CFCs), the hydrochlorofluorocar-
bons (HCFCs), the hydrofluorocarbons (HFCs), halothane and
similar anesthetics, fluorinated ethers, and fluorinated amines.
Chemical formulas, atmospheric lifetime estimates, and
production values for some of the CFCs, HCFCs, and HFCs
are provided in Table 3. CFCs have long been used as
refrigerants and aerosols in industrial processes and domestic
products. In 1974, CFCs were implicated as agents of
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depletion of stratospheric ozone by Molina and Rowland (59)
and more recently as contributors to global warming (66). As
a result, worldwide production of the CFCs is being phased
out under the terms of the Montreal Protocol and its
amendments. Nevertheless, CFCs continue to be released
into the environment due to past production and continued
use. For all practical purposes, the sole sink for CFCs is
stratospheric oxidation. In aerobic aquatic environments,
CFCs are recalcitrant, but they are transformed in anaerobic
soils and sediments as well as anaerobic aquatic environments
(Table 2) (46, 67—73). The expected anaerobic degradation
products are HCFCs and HFCs. However, this sink for CFCs
is negligible as compared with stratospheric transformation.

Hydrochlorofluorocarbons (HCFCs) and Hydrofluoro-
carbons (HFCs). The phase out of CFC production and use
inspired a major research effort to assess the environmental
fate of CFC alternatives. Much of this effort was funded by
AFEAS (Alternative Fluorocarbon Environmental Acceptability
Study), a consortium of companies engaged in fluorocarbon
manufacturing. The HCFC and HFC alternatives are one-
and two-carbon aliphatics, similar in structure and physical
properties to the CFCs, but containing one or more hydrogen
atoms. The presence of hydrogen makes HCFCs and HFCs
susceptible to tropospheric oxidation and therefore less likely
to enter the stratosphere. In the troposphere, HCFCs and
HFCs are oxidized by hydroxyl radicals, yielding HF, COx,



TABLE 4. Trifluoromethyl-Substituted Compounds and Their Applications

compd application compd application compd application
HCFC 123 fluorocarbon fluazinam fungicide flazasulfuron herbicide
HCFC 124 fluorocarbon flusulfamide fungicide fluazifop herbicide
HFC 134a fluorocarbon flutolanil fungicide fluchloralin herbicide
HFC 143a fluorocarbon furconazole fungicide  flumetralin herbicide
fluroxene anaesthetic furconazole-cis fungicide  fluometuron herbicide
halothane anaesthetic triflumizole fungicide  fluoroglycofen herbicide
methoxyflurane anaesthetic bromethalin rodenticide flurazole herbicide
isoflurane anaesthetic flocoumafen rodenticide fluridone herbicide
sevoflurane anaesthetic flupropadine rodenticide flurochloridane herbicide
desflurane anaesthetic trifluoromethylnitrophenol lampricide flurprimidol herbicide
bendroflumethiazide antihypertensive acrinathrin insecticide flurtamone herbicide
dexfenfluramine obesity bifenthrin insecticide fluxofenim herbicide
fenfluramine anorectic chlorfluazuron insecticide fomesafen herbicide
fluoxetine antidepressant cyhalothrin insecticide furyloxyfen herbicide
fluphenazine antipsychotic flucofuron insecticide haloxyfop herbicide
flutamide cancer flufenoxuron insecticide lactofen herbicide
fluvoxamine obsessive compulsive disorder n-fluvalinate insecticide mefluidide herbicide
halofantrine antimalaria hydramethylnon insecticide nipyraclofen herbicide
mefloquine hydrochloride antimalaria tefluthrin insecticide norflurazon herbicide
nilutamide cancer triflumuron insecticide oxyfluorfen herbicide
tolrestat diabetes acifluorifen herbicide  perfluidone herbicide
trifluoroethanol reagent benfluralin herbicide  prodiamine herbicide
trifluoroacetate reagent diflufenican herbicide  profluralin herbicide
trifluoromethane sulfonic acid reagent dinitramine herbicide thiazafluron herbicide
trifluoroethane sulfonic acid  reagent dithiopyr herbicide trifluralin herbicide
trifluorobenzoate reagent ethalfluralin herbicide  various dyes textile colors

HCI (in the case of HCFCs), and in some cases trifluoroacetic
acid (TFA) (58, 62, 74,76). Rainfallisbelieved to be the primary
mechanism for removal of TFA from the atmosphere (61, 74,
77,78). In general, tropospheric oxidation is expected to be
the most significant sink for the HCFCs and the HFCs.

Aminor sink for HCFCs and HFCs is biochemical reduction
or oxidation in aquatic systems. Lesage et al. (70) reported
reductive transformation of HCFC-123a (CHCIFCF,CI) to
chlorotrifluoroethane under methanogenic conditions. Orem-
land et al. (79) have also reported reductive dechlorination
of HCFC-123 (CF;CHCI,) to chlorotrifluoroethane under
anaerobic conditions and degradation of HCFC-21 (CHFCI,)
under both aerobic and anaerobic conditions. Oxidative
transformations mediated by monooxygenases are known,
but these reactions proceed slowly as compared to the
oxidation of chlorinated analogues, and they are not likely to
influence the global HFC/HCFC balance (80—82). Changand
Criddle (82) reported oxidation of HCFC-22 (CHF,CI), with
indirect evidence of product toxicity for HCFC-22 transfor-
mation and production of TFA from HFC-134a. Thus, if
certain HCFC and HFC emissions are treated biochemically
using monooxygenase-mediated systems, TFA is a likely
transformation product (80, 82, 83).

Fluorinated Anesthetics. Several volatile compounds
containing a trifluoromethyl group have been used or are
currently being used as anesthetics (Table 4). Examples
include fluroxene, halothane, sevoflurane, desflurane, and
isoflurane. Of these, halothane is the most widely used,;
fluroxene is no longer used, and sevoflurane was only recently
approved for use. TFA is a metabolite of nearly all of the
trifluoromethyl-substituted anesthetics. Fluroxene (CF;CH,-
OCHCHs,) is metabolized to trifluoroethanol, which is further
oxidized to TFA (57, 84). Oxidative metabolism of halothane
yields TFA (85), while reduction yields 1,1-difluoro-2-chlo-
roethylene and 1,1,1- trifluoro-2-chloroethane (Table 2) (45,
86). Desflurane (CFsCHFOCHF,) is also oxidized to TFA with
release of fluoride (87). Sevoflurane ((CF3),CHOCFH;) un-
dergoes base-catalyzed dehydrofluorination, in anesthesia
machines, to produce the nephrotoxin FDVE (CF,C(CF3)-
OCFH;). FDVE may also be present as a trace contaminant
in sevoflurane. FDVE is biotransformed in rats to 3,3,3-
trifluoro-2-(fluoromethoxy)propanoic acid and fluoride
through a cysteine (glutathione) conjugate (Table 2) (42).

Anesthetics can be biotransformed by multiple pathways.
Methoxyflurane (CH;OCF,CHCI,;), an anesthetic used in
veterinary applications, is metabolized by two different
pathways (88). The first is O-demethylation with release of
fluoride to form dichloroacetic acid. The second is hydroxy-
lation at the p-carbon with release of chloride and the
formation of methoxydifluoroacetic acid.

Fate and Effects of Nonvolatile Fluorinated Organics

Trifluoromethyl-Substituted Organics. Table 4 lists some
of the trifluoromethyl-substituted compounds produced and
used today. Most of the fluorinated organics used in
agricultural applications are trifluoromethyl-substituted aro-
matics (54.5%) (2). While several of these agrochemicals are
reported to “dissipate” in soils, mineralization has not been
demonstrated in most cases. The only reports of ring cleavage
of trifluoromethyl-substituted aromatics were co-metabolism
of 3- and 4-trifluoromethylbenzoates (89—91), yielding the
common dead-end metabolite 7,7,7-trifluoro-2-hydroxy-6-
oxohepta-2,4-dienoic acid (7-TFHOD). We were unable to
identify fate studies that provide conclusive evidence as to
the fate of the trifluoromethyl group. The following para-
graphs summarize information on some of the better studied
trifluoromethyl-substituted aromatics.

Trifluralin (1,1,1-trifluoro-2,6-dinitro-N,N-dipropyl-p-
toluidine) is the most commonly used pre-emergent herbicide
in the United States. According to the Agricultural Chemical
Usage—1995 Field Crop Summary (92), approximately 6600
t of trifluralin was used on corn, cotton, soybean, and wheat
crops in 1995. It should be noted that these are only
application values for a limited number of crops and do not
reflect the total amount of trifluralin used in the United States.
In addition, global application values must be much higher.

Figure 3 illustrates the complex degradation pattern of
trifluralin. Transformation proceeds by hydroxylation, N-
dealkylation, nitro group reduction, conjugation, and cy-
clization, yielding acomplex array of transformation products
(93—96). Degradation of the trifluoromethyl group or ring
cleavage has not been reported. Trifluralin had little effect
on rumen microbe populations, as determined by volatile
fatty acid production and endogenous gas evolution (96).
However, the biological effects of trifluralin degradation
products have not been well characterized.

VOL. 31, NO. 9, 1997 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 2449



NO,
,C3Hy
FC N C3Hy
NO,
cyclization
*
N-dealkylation N-dealkylation
nitro reduction nitro reduction
hydroxylation hydroxylation
R, R R
/3 CF R
F,C Ng \ 3 jf
R, NZ
R;

Soil degradation yields 28 congeners
FIGURE 3. Pathways for transformation of trifluralin (93— 96).

The pre-emergent herbicides norflurazon and fluridone,
both trifluoromethyl-containing aromatics, inhibit carotenoid
biosynthesis (2). This inhibition causes overoxidation of
chlorophyll and subsequently the loss of the ability to
photosynthesize. Flurprimidol, a fluorine-containing plant
growth regulator, interferes with gibberellin (plant growth
hormone) biosynthesis (2). Fluotrimazole and the structurally
similar flutriafol are fungicides that weaken the cell membrane
by blocking the carbon-1,4 a-demethylation step in ergosterol
biosynthesis (97).

Several trifluoromethyl-substituted aromatics have been
detected in sediments and in fish from the Niagara River and
Lake Ontario (26). Various trifluoromethyl-substituted poly-
chlorinated biphenyls, dichloro(trifluoromethyl)benzo-
phenone, and dichloro(trifluoromethyl)difluorodiphenyl-
methane were found (Figure 1). These compounds originated
at a dump site containing 55 000 t of halogenated waste, of
which 10% was from the production of 4-chloro(trifluoro-
methyl)benzene (26). Dichloro(trifluoromethyl)difluorodi-
phenylmethane was present in fish at concentrations as high
as 0.85 mg/g and in sediments from a creek near the dump
site at concentrations as highas35mg/g. The trifluoromethyl-
substituted PCBs are believed to bioaccumulate and partition
into the sediment more effectively than non-fluorine-
containing PCBs based on octanol/water partition coefficients
(log Kow from 6.8 to 9.0) (26).

The lampricide, 3-trifluoromethyl-4-nitrophenol (TFM),
has been used since 1958 to combat the sea lamprey problem
in the Great Lakes basin. It is placed in rivers and streams
known to contain lamprey larvae. From 1991 through 1995,
the 5-year average use of TFM was 41 t/year (active ingredient)
(98). Nitro reduction of TFM has been observed under
anaerobic conditions and in rats; however, no further
degradation was observed (Table 2) (47, 48). Carey and Fox
(99) observed defluorination of TFM by photolysis, but
reported that only 15% degraded, based on the assumption
that complete defluorination would yield 3 mol of fluoride.
Thisassumption has not been adequately verified. Of interest
is the recent report of a suite of trifluoromethyl-substituted
impurities in technical grade TFM formulations (100). Im-
purities include trifluoromethyl-substituted phenols, diphenyl
ethers, and dibenzo-p-dioxins. One or more of these
impurities was responsible for inducing mixed-function
oxygenase (MFO) activity in a class of detoxification enzymes,
while pure TFM was not (100). Most likely these impurities
originate during the industrial synthesis of TFM. It is likely
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that other technical grade fluorinated chemicals are also
contaminated with impurities that may have toxicological
properties unlike that of the main ingredient.

Fluorinated Aromatics. In 1994, the estimated world
market for fluoroaromatics was 10 000 t (101). In general,
these compounds are attacked oxidatively in aerobic envi-
ronments, yielding transformation products that may or may
not defluorinate. In some cases, these products are toxic.

Diflubenzuron (1-(4-chlorophenyl)-3-(2,6-difluorobenzoyl)-
urea), a urea-based larvicide, inhibits chitin synthesis and
the molting process in a broad spectrum of insects. Four
fungal isolates (Fusarium sp., Penicillium sp., Rhodotoruia
sp., and Cephalosporium sp.) are capable of degrading
diflubenzuron (102). The proposed pathway for this trans-
formation is through 4-chlorophenylurea and 2,6-difluo-
robenzoic acid. Although 4-chlorophenylurea is completely
metabolized, 2,6-difluorobenzoic acid is persistent and lethal
to soil microbes (102). Several investigators have shown that
diflubenzuron affects non-target aquatic organisms (103).

Several bacterial isolates defluorinate fluorobenzoic acids
(41, 51, 91, 104—107). The general pathway for degradation
of fluorobenzoic acids is attack by a 1,2- dioxygenase followed
by decarboxylation to yield toxic fluorocatechols; however,
Oltmanns et al. (41) have demonstrated hydrolytic defluori-
nation to yield hydroxybenzoic acid and fluoride (Table 2).
Some of these fluorocatechols are subject to ring cleavage
followed by defluorination.

Fluorinated Sulfonamides and Sulfonates. The perflu-
orinated sulfonamides and sulfonates are found in pesticides
and surfactants. Perfluorinated surfactants are distinctly
different from their hydrocarbon counterparts: whereas
hydrocarbon chains are oleophilic and hydrophobic, per-
fluorinated chains are both oleophobic and hydrophobic. In
addition, the perfluorinated alkyl chain is more “rigid” due
to fluorine atoms on the molecule (108). Thisrigidness almost
certainly interferes with molecule/enzyme interactions, pro-
tecting fluorocarbon molecules from biological attack. Solu-
bilizing side moieties such as carboxylic acids, sulfonic acids,
phosphates, and quaternary ammonium groups can change
the solubility of perfluorinated surfactants (21, 27). Ingeneral,
perfluorinated molecules resist defluorination and are only
attacked at non-fluorinated side chains.

Sulfluramid (N-ethylperfluorooctanesulfonamide), a per-
fluorinated insecticide used to control cockroaches and ants,
is deethylated to perfluorooctanesulfonamide in rats, dogs,
and rabbit renal mitochondria (4, 109—111). Perfluorooc-
tanesulfonamide has not been shown to undergo further
transformation, but it is probably converted to the highly
recalcitrant perfluorooctanesulfonic acid (PFOSA; CgF17SO3H).
Schnellman et al. (4) demonstrated that perfluorooctane-
sulfonamide and sulfluramid are potent uncouplers of
oxidative phosphorylation in rabbit renal mitochondria. They
also reported that the metabolite perfluorooctanesulfonamide
was three times more potent than sulfluramid at uncoupling
oxidative phosphorylation. Other fluorinated sulfonamides
have demonstrated delayed action toxicity in red imported
fire ants (36). This delayed action toxicity allows the
insecticide to be applied in baits that are taken back to the
colony by foraging members that distribute it throughout the
ant colony.

Perfluorinated sulfonic acids are used as industrial sur-
factants and as catalysts depending on their chain length.
Trifluoromethanesulfonic acid (triflic acid; CF3SO3H) is an
excellent oligomerization/polymerization catalyst. Triflicacid
isone of the strongest acids known, has great thermal stability,
does not release fluoride in the presence of strong nucleo-
philes, and resists both oxidation and reduction (33). PFOSA
also has excellent chemical and thermal stability. PFOSA is
important commercially as a surfactant and as a precursor
of other fluorinated surfactants (112).



PFOSA and triflic acid are resistant to biological attack.
However, a surfactant similar to PFOSA, 1H,1H,2H,2H-
perfluorooctanesulfonic acid (H-PFOSA; CsF13C,H,SO3H), was
partially degraded by a Pseudomonad under aerobic and
sulfur-limiting conditions yielding 1—2 mol of fluoride/mol
of H-PFOSA (113). The degradation of H-PFOSA produced
several volatile fluorinated compounds that have notyet been
identified. 2,2,2-Trifluoroethanesulfonicacid (TES; CF;CHz-
SO3H) was also partially degraded with equimolar release of
fluoride (113). Another fluorinated sulfonate, difluoro-
methanesulfonate (DFMS; CHF,;SO3;Na), was completely
degraded by this Pseudomonad vyielding stoichiometric
amounts of fluoride (113). Transformation of DFMS, TES,
and H-PFOSA was subsequently observed with Bacillus subtilis
and Escherichia coli (113). However, E. coli was not capable
of utilizing H-PFOSA. Evidence of H-PFOSA degradation was
also observed insoilincubations. Thisand other work suggest
that the transformation of fluorinated sulfonates requires the
presence of hydrogen on the fluorinated alkyl chain.

Although PFOSA is resistant to metabolism, it is not
biologically inactive. For example, PFOSA was shown to
inhibit gap junction intercellular communication (GJIC) in
rat liver epithelial cells cultured in vitro (7). In addition,
Gadelhak (6) showed that PFOSA was an uncoupler of
phosphorylation in rat liver mitochondria. Although PFOSA
alone was not as potent of an uncoupler as perfluorooc-
tanesulfonamide, when PFOSA was ion-paired with various
monoamines, polyamines, and phospholipids, the effect of
uncoupling was in some instances as high as that of
perfluorooctanesulfonamide (6).

Fluorinated Alcohols. While some of the perfluorinated
organics undergo limited biotransformation, none undergo
extensive defluorination. Another example of a highly
fluorinated molecule that has shown some limited defluori-
nation is 1H,1H,2H,2H-perfluorodecanol. 1H,1H,2H,2H-
Perfluorodecanol was metabolized first to 2H,2H-perfluoro-
decanoic acid and then to perfluorooctanoic acid (PFOA) in
adult male rats (50). Hagen et al. (50) suggest that the overall
reaction is oxidation of 1H,1H,2H,2H-perfluorodecanol with
the production of PFOA and release of 2 mol of fluoride (Table
2). PFOA is metabolically stable in rats (114) and has been
found in the blood serum of humans (50). The pesticide
1,3-difluoro-2-propanol is defluorinated to the toxic me-
tabolite erythrofluorocitrate in rats, by a mixed-function liver
oxidase (28). Trifluoroethanol has been used for several years
in synthetic chemistry as a solvent and fluorinating agent.
Trifluoroethanol and its glucuronic acid conjugate are found
as toxic metabolite of the anesthetic fluroxene in mice (Table
2) (57, 84).

Fluorinated Carboxylic Acids. Fluorinated carboxylic
acids can undergo hydrolytic defluorination, reductive de-
fluorination, and decarboxylation. To date, however, sig-
nificant defluorination has only been observed for hydrolytic
attack of monofluorinated carboxylic acids. Compoundswith
more than one fluorine per carbon atoms are generally
recalcitrant.

Monofluoroacetate (MFA) is one of the most toxic sub-
stances known, based on a lethal dose (LDs) of 0.7—2.1 mg/
kg for man (115). Its toxicity is due to “lethal synthesis” of
fluorocitrate, which inhibits the aconitase enzyme of the citric
acid cycle (3) although recent investigations implicate fluo-
rocitrate as a “suicide” substrate instead of a competitive
inhibitor (1). Given that certain plants can produce MFA, it
is not surprising that several microorganisms can metabolize
MFA. Pseudomonads and other bacteria as well as some
fungi have been shown to grow with MFA and monofluo-
roacetamide (rat poison) as a carbon source aerobically (40,
53, 105, 116—121). The first step in degradation of MFA is a
hydrolytic attack of the carbon—fluorine bond yielding glycolic
acid (Table 2) (40). Many of the same organisms are also
capable of growth on and defluorination of MFA under

denitrifying conditions (113). Greggetal. (122) demonstrated
defluorination of MFA by genetically modified rumen bacteria
Butyrivibrio fibrisolvens. This was accomplished by transfer-
ring the plasmid responsible for MFA defluorination from
Moraxella sp. strain B into B. fibrisolvens. We know of only
one other report of anaerobic MFA degradation. Visscher et
al. (39) reported reductive dehalogenation of MFA to acetate,
under methanogenic conditions, but this transformation was
not reproducible in subsequent investigations (43). MFA has
been shown to inhibit methanogenesis in anaerobic digestor
sludge, rumen fluid, and freshwater mud (44).

Other fluorinated carboxylic acids of industrial significance
include PFOA, perfluorodecanoic acid (PFDA), and TFA. No
evidence of PFOA or PFDA transformation has been reported.
Although, PFOA and PFDA are not metabolized, they have
been found to inhibit GJIC in rat liver epithelial cells and
human kidney epithelial cells at concentrations of 100 and
250 uM, respectively (5). The inhibition of GJIC has been
implicated in tumor promotion during carcinogenesis (123—
125), teratogenesis (126), and reproductive dysfunction (127—
129).

A few examples of decarboxylation are known (Table 2).
Meyer and O’Hagan have demonstrated decarboxylation of
3-fluoropyruvate to MFA by cell-free extracts of D. cymosum
(53). In addition, Chauhan et al. (130) have demonstrated
decarboxylation of TFA by Azoarcus tolulyticus TOL-4. An
intensive international effort is currently underway to explore
the fate and effects of TFA, and some results of this effort are
summarized in the next section.

A Case History—Trifluoroacetic Acid

Three of the CFC alternatives (HCFC-123, HCFC-124, and
HFC-134a) are expected to yield TFA as an atmospheric
degradation product (Figure 2) (61, 62, 74, 131). A 1994
estimate of TFA levels in rainwater predicted 0.16 ug/L TFA
in rainwater by the year 2010 (132). This estimate was based
on 100% conversion of HCFC-123 and HCFC-124 and 20%
conversion of HFC-134a. Because of local usage patterns, it
is possible that TFA levels in urban areas could reach levels
ashighas2—20ug/L (78). However, recent estimates of HFC-
134a conversion to TFA indicate only 7—20% conversion to
TFA, so earlier estimates of rainwater concentrations are
probably conservative (133). Even more significant, recent
measurements of current TFA concentrations give levels of
0.1 ug/L in rainwater, 0.14 ug/L in surface waters, and 50
pg/m?in air (134). These data indicate that current average
TFA levels in rainwater are already at the level previously
predicted for the year 2010. These concentrations are higher
than the level that would result from tropospheric degradation
of man-made fluorinated organics, such as halothane and
HFC-134a, atcurrent production levels. Anasyetunidentified
source of TFA seems likely. The only known natural source
of HCFCsis volcanoes (17, 18), but none of the HCFCs emitted
by volcanoes are known to be transformed to TFA.

TFAisconcentrated in plant leaves, and it has the potential
to accumulate in ecosystems such as saline lakes, vernal and
temporary rain pools, closed basin lakes, playa lakes, and
aestival ponds and certain prairie lakes that exhibit high
evaporative potential (61, 77). Environmental factors such
as climate, geology, topography, biota, and time all affect
evapoconcentration. The reported high levels of TFA in the
Dead Sea (6.4 ug/L) (134) tend to confirm the potential
significance of evapoconcentration.

TFA adsorbs weakly to most soils; therefore, soils are not
expected to be a permanent sink for TFA. However, adsorp-
tion is favored in low pH soils that are enriched with iron and
aluminum oxides (135). Photooxidation of TFA—iron com-
plexes by near-UV radiation in clouds and the ocean was
dismissed because of the low concentrations of iron in these
environments (136). Sinks for TFA would include ground-
water due to leaching from soils and vegetation due to
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bioaccumulation (136). TFA can be degraded by the enzyme
acetyl-CoA synthetase, but rates are low even with high
concentrations of enzyme and substrate (>10 mM) (44). As
a result, this pathway is unlikely in the environment where
TFA is at nanomolar levels (44). Hydrolysis of TFA is also an
unlikely mechanism for degradation due to the extreme
stability of the carbon—fluorine bond and the shielding effect
of three fluorine atoms on the carbon atom.

Even small quantities of TFA in solution can influence the
pH of unbuffered solutions because TFA behaves like astrong
inorganic acid at environmental pH (136). Bioaccumulation
in animals is thought to be unlikely due to a low octanol/
water partition coefficient (log Kow = —4.21) (136), but TFA
can accumulate in plants through root uptake. Estimates of
the concentration factor give approximately 10—32 times the
soil concentration in plant leaves with virtually no degradation
in the plant (136, 137). Vascular plants seem to be affected
by TFAwhen bioaccumulation through roots to leaves occurs;
however, little toxicity was shown for seed germination (137).

Toxicological tests have been performed on five species
of algae. Three species (freshwater diatom Navicula, marine
diatom, Skeletonema, and freshwater blue-green Anabaena)
showed no toxic effects from TFA concentrations up to 1000
mg/L. The freshwater green alga Chlorella sp. also showed
no toxicity up to 1200 mg/L. However, a second freshwater
green alga, Selenastrum capricornutum, exhibited toxicity at
concentrations as low as 360 ug/L (137). Bott and Standley
(138) reported that TFA did not significantly affect the
metabolism of acetate by microbial communities at envi-
ronmentally expected concentrations. However, Visscher et
al. reported inhibitory effects on methanogenic activity at
TFA concentrations =1 uM (39). TFA appears to be non-
mutagenic in bacteria (139).

The LDs, of TFA is reported to be between 200 and 400
mg/kg (oral exposure to rats), and sodium TFA is only slightly
toxic when administered intraperitoneally to mice with no
deaths at doses up to 5000 mg/kg (57). Inaddition, TFA does
not interfere with the homeostasis of rat liver epithelial cell
by inhibiting GJIC (7). As mentioned previously, TFA is a
metabolite of the anesthetic halothane; however, itis unlikely
that TFA is responsible for the hepatotoxicity that can result
from inhalation of halothane (140). On the other hand, TFA
is reported to have long retention time in the amniotic fluid
of mice exposed to halothane or intravenous TFA (52), and
this has prompted calls for studies to evaluate the possibility
of fetal toxicity (141). It has been suggested that conjugation
of the trifluoroacetyl moiety to hepatocytes may induce a
immunological response resulting in halothane hepatitis
(142).

Few reports of biodegradation of TFA are available.
Visscher et al. (39) reported instances of reductive defluori-
nation of TFA under methanogenic and sulfate-reducing
conditions. TFA was sequentially defluorinated to difluo-
roacetic acid (DFA), MFA, and acetic acid, which was cleaved
to yield methane. Under aerobic conditions, they also
reported production of fluoroform (CHF;3) (39). These results
were not subsequently reproducible, leading to a general
conclusion that TFA is widely recalcitrant to biodegradation
(43). Chauhan et al. (130) demonstrated that A. tolulyticus
TOL-4 is capable of decarboxylating TFA. Cells were grown
under denitrifying conditions with toluene as the carbon
source and then incubated aerobically without nitrate. No
fluoride or volatile fluorinated products were detected. The
trifluoromethyl moiety was recovered in the non-ether-
extractable fraction of the aqueous phase. As emphasized
elsewhere in this review, the fate of the trifluoromethyl
substituent is also unclear for other trifluoromethyl-substi-
tuted compounds. Photolysis of the trifluoromethyl moiety
has been reported for trifluoromethylbenzoate and 3-tri-
fluoromethyl-4-nitrophenol (99, 143). Taylor et al. (143)
observed equimolar concentrations of fluoride from trifluo-
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FIGURE 4. Proposed oxidative reaction sequence yielding TFA from
trifluoromethyl-substituted aromatics.

romethylbenzoate. Carey and Fox (99) observed defluori-
nation of 3-trifluoromethyl-4-nitrophenol by photolysis, but
only 15% degraded assuming complete defluorination. In
both cases, partial defluorination of the trifluoromethyl moiety
appears likely. Of particular interest is the fate of these
trifluoromethyl groups, their photodegradation products, and
the role of photolysis as a sink. In the absence of photolysis,
it seems plausible that the trifluoromethyl group remains
intact during biotransformation of trifluoromethyl-substituted
aromatics, possibly contributing to the TFA load on the
environment. Figure 4 illustrates a proposed pathway for
oxidative degradation of trifluoromethyl-substituted aromatic
compounds that would yield TFA. This pathway is a
generalization of one proposed by Engesser et al. (90).

Biogeochemical Cycling of Organofluorine Compounds

The products of partial transformations of organofluorine
compounds are of interest with regard to their lifetimes in
the environment and their effects on the biosphere directly
or indirectly. Nonvolatile fluorinated compounds, such as
sulfluramid and 1H,1H,2H,2H-perfluorooctanesulfonic acid,
can be transformed in the biosphere to volatile fluorinated
forms (111, 113), while volatile compounds can be trans-
formed in the atmosphere to nonvolatile forms, such as TFA
(61, 62, 74, 131). These observations raise the prospect of
possible biogeochemical cycling of fluorinated compounds
(Figure 2). The high concentration of TFA currently measured
in rainwater is suggestive of as yet unknown sources of
trifluoromethyl groups in the atmosphere. One potential
source of trifluoromethyl groups in the biosphere is the
trifluoromethyl-substituted aromatics. Clearly, thereisareal
possibility of biochemical conversion to TFA (Figure 4). To
date, however, there is little evidence that these compounds
can be degraded to volatile products that would enter the
troposphere. Combustion of materials containing fluorinated
organics might generate such volatile products. Biogeochem-
ical cycling of fluorinated compounds is just now being
discovered, and future research will no doubt illuminate these
issues.

Summary

Organofluorine molecules are unique with regard to their
physical, chemical, and biological properties, and as a result,
they do not fit with the usual paradigm of chemicals of
environmental concern. This paper has emphasized a
number of key areas where major uncertainties exist con-
cerning the distribution, fate, and biological behavior of
organofluorine compounds in the environment. Because
fluorinated organics are increasingly used in a multitude of



commercial and domestic products, it is reasonable to expect
that they will be widely distributed in the biosphere.
Unfortunately, production and usage rates for most of the
these compounds are considered proprietary information by
manufacturers and are generally not disclosed to the public
(144). Disclosure of these values as well as research targeted
at determining the environmental distribution of these
compounds is needed. The stability that makes fluorinated
compounds desirable for commercial use also makes them
potentially significant environmental contaminants due to
their persistence. Although there have been instances of
partial defluorination of perfluoroalkyl chains, the ultimate
fate and effect of perfluorinated substituents is unknown. Of
concern is the fact that such substituents confer both chemical
inactivity (recalcitrant) and biological activity. Further
research is needed to evaluate the toxicological effects of these
compounds, their transformation products, and impurities
found in commercial formulations of fluorinated organics.
Research is also needed to understand sorption and bio-
chemical processes whereby these compounds might enter
food chains or be altered to more toxic forms.
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