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The herbicide fenac (2,3,6-trichlorophenylacetic acid) is an
effective agent against broadleafs, grasses, and aquatic weeds
(Gangstad 1972; Nat. Acad. Sci. 1968). The introduction of fenac
into the aquatic enviromment for controlling indigenous plants is
environmentally important because of its potential toxicity to
aquatic fauna and flora and its possible adverse effects on man
through soil and drinking water contamination. The herbicide and
its degradation products may alsc accumulate in fish and pose
additional health hazards. Furthermore, fenac may be converted to
potentially more toxic and more persistent products than the
parent chemical. Currently, little is known of the persistence
and products of microbial metabolism of fenac in soil and aquatic
environments.

The present study was thus undertaken to determine the
environmental fate of this herbicide by studying its bio-
degradation and product formation in sewage, lake water, soil, and
soil suspensions.

MATERIAIS AND METHODS

Uniformly ring-labeled 14'C—feuac (2,3,6-trichlorophenylacetic
acid) with a specific activity of 29 mCi/mmol was purchased fram
California Bionuclear Corp. (Sun Valley, CA). The radiochemical
purity was >98% as determined by thin-layer chromatography (TLC)
and gas-liquid chromatography (GIC).

Technical grade fenac (70.9% of 2,3,6-trichlorophenylacetic acid)
was provided by Amchem Products (2Zmbler, PA). This chemical is a
mixture of trichlorophenvlacetic acid isomers in which the
2,3,6~trichloro isomer constituted 71%. It was purified twice by
recrystallization from hot benzene. The recrystallized material
had a boiling point between 154-157°C and was 91% pure as de-
termined by GIC.

All other chemicals used were reagent grade and purchased from
Fisher Scientific Co. (Rochester, NY).
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Gas chromatographic analysis was performed with a Hewlett-Packard
Model 5840 GIC equipped with an electron-~capture detector and a
colum containing 3% OV-1 on 100/120 mesh supelcoport (Supelco,
Inc., Bellafonte, PA). The colum was stainless steel and
measured 1.83 m X 2 mp (i.d.). The colum was operated
isothermally at 165°C. The operating temperatures were 200°C for
the injector and 325°C for the detector. The flow rate of the
nitrogen carrier gas was 50 ml/min. The retention time of fenac
was 3.0 min,

Analysis was also performed using a Waters Associate high-pressure
liquid chramatograph (HPIC) Model 6000A equipped with Schoeffel SF
770 UV detector (at 225 nm) and a reverse phase column (u-Bondapak
C18). The colum was eluted with a 60:40 (V/V) mixture of
acetonitrile: 4% (V/V) acetic acid in water at 1.5 ml/min.
Solvents were all spectgrograde and purchased from Raker Chemical
Co. (Phillipsburg, NJ). The retention value was 8.5 ml.

Mass spectra were obtained at Cornell University (Ithaca, NY) with
& Finnigan 3300 mass spectrometer, electron impact 70 eV coupled
with a Finnigan 3300 gas chromatograph (GS/MS/DS) via a heated
single-stage jet separator and using a glass column identical with
the one described previously except that it was U-shaped and 1.53
m long.

All radioassays were performed using a Packard Tri-Carb Model 3255
liquid scintillation spectrometer equipped with automatic external
standardization., All data were corrected for background
interference, quenching, and counting efficiency. Aliquots of
water and organic extrafz,s were counted in Instagel (Packard
Instrument Co., Inc.). ‘C-fenac and metabolites eluting from the
HPIC column were detected and quantified using a radiocactivity
flow detector (Radiometric Instrument and Chemical Co., Inc,)
attached to the HPIC unit., Thin~layer chromatographs were scanned
for radioactivity using a Nuclear Chicago Actigraph.

The biodegradation of fenac was determined using lake water and
primary sewage effluent. Samples of freshwater were taken from
Oneida Lake in Brewerton, NY. Fresh sewage was collected from a
local domestic waste-water treatment plant and filtered to remove
large particles. The chemical was added to 1 1 of aqueocus medium
in sterile 2-1 Erlenmever flasks to a final concentration of 2.0
mg/l. One set of flasks was amended with 500 mg of nutrient
broth/l. The flasks were stoppered with foam plugs and incubated
in the dark at 26 * 1°C and shaking at 150 rpm. Sterilized water
samples containing 2 mg fenac/l were used to assess non-biological
degradation. Duplicate 5-ml alicuots were removed periodically
and either mixed with 5 ml of acetonitrile, then filtered through
0.2-um teflon filters (Milipore Corp., Bedford, MA) and analyzed
for fenac and products by HPIC; or, acidified to pH 2, then
extracted twice with diethyl ether, concentrated, and
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derivatized with diazomethane (Woolson and Harris 1967) and
analyzed by GIC or GIC/MS. The extraction efficiencies were
85-90%.
The mineralization of 14C—fenac was also determined in the aqueous
media as well as in soil and soil suspensions. Samples (25 g) of
locally~collected temperate soil (pH 6.9; organic matter 2.1%)
were air-dried, passed through a 2-mm sieve and added to 250-
ml biomete{,;flasks (Bellco Glass, Vineland, NJ) containing 1.5 ug
(1.1 uCi) ~“C-fenac/g of soil. A portion (0.5 ug/g of soil) of
unlabeled fenac was also added to give a final concentration of
2.0 pg/g of soil. The soil and chemical were mixed and distilled
water added to bring the soil to 75% of field capacity. Soil
suspensions were prepared from 100-g soil samples flooded with 250
ml of an inorganic salts solution as previously described (Rosen-
berg and Alexander 1980a). To 50-ml of either lake water, sewage,
or fgil suspension in biometer flasks was added 1.5 ug (1.1 uCi)
of " 'C-fenac and 0.5 ug of unlabeled fenac/ml. In an attempt to
enhance mineralization of fenac, one set of flasks received 500 ug
of nutrient broth either per g of soil or per ml of aqueous
solution. The appropriate sterilized controls were used to assess
non-biological degradation. All flasks were incubated in the dark
TE 26°C and 150 rpm. The sidearms contained 0.1 N KOH as the
CO,-trapping agent. The trapping agent was sampled .{gnd re-
placéd) periodically. The contents were verified as ~ CO, by
acidifying with 1.0 ¥ HCl, and counted for radioactivity. Before
the addition of 10 ml of fresh KOH, either 0.1 g of soil or 0.1 ml
of liquid was removed, extracted as described, and 50-ul portions
counted. At the termination of the experiment the contents in
some of the biometer flasks were extracted and saved for GLC/MS.

RESULTS AND DISCUSSIONS

The metabolism of fenac was first determined by using lake water
and the primery effluent of municipal sewage. The degradation was
followed by GIC and HPIC of extracted aliquots of the mixtures in
the flasks, It is evident that the lake water and sewage differed
in their activities (Fig. 1). In the nutrient-supplemented lake
water, degradation was evident within one month and reached nearly
25% of the initial concentration of fenac (2 mg/l) after three
months, while less than 7% of the initial fenac was degraded after
3 months in the unsupplemented water. In contrast, unsupplemented
sewage had as much activity as supplemented lake water while
supplemented sewage showed the loss of fenac within 1 week and
after 3 months nearly 40% of the compound has been degraded. ILess
than 2% of the chemical was lost in sterile samples of lake water
and sewage. At the end of the experiment the supplemented sewage
was saved for GLC/MS analysis.

These findings are in contrast of those of others. Frarnk et al.
(1963) studied the persistence of fenac in the water and hydrosoil
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Fig., 1. Disappearance of fenac from lake water (IW), nutrient-
supplemented water (IW+), sewage water (SW) and supplemented
sewage water (SW+).

of two ponds treated with the herbicide at 1-1.56 parts per
million (ppm). The herbicide residues could be detected in both
the water (0.07-0.38 ppm) and sediment (0.08-0.26 ppm) 160 days
after treatment. Similar negative results for lake water, sedi-
ment, and sewage were reported by Sikka et al. (1980). These
disagreements with the present study may be attributed either to
the absence of populations having the necessary catabolic enzymes,
time of the year when the sample was taken, or nutrient depletion.
The significantly enhanced activity in nutrient-supplemented lake
water and sewage suggests that the fenac-degrading population
proliferated and microbial activity increased at the expense of
the readily available carbon and not at the expense of the herb-
icide. These results suggest that fenac may be degraded cometabol-
ically with the cometabolizing species not replicating at the
expense of the compound (Alexander 1979). Similar results for the
herbicide 2,4,5-trichlorophenoxyacetic acid have been reported
{Rosenberg and Alexander 1980a, 1980b).

The mineralization of uniformly ring—14c-ﬂzabe1ed fenac was also
rllitermined by measuring the evolution of ~'C0, and the decrease of
C-fenac in lake water, sewage, soil, and sCil suspension (Fig.
2). Part A of Fig. 2 are data from the nutrient—supplemenﬁd
flasks and path are data from the unsupplemented flasks. CO2
evolution and ~ C-fenac disappearance are greater in
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Fig1 42. Disappearance of fenac (14C—ring—UL) (top) and evelution
of "°CO, (bottom) from lake water (IM), sewage water (SW), soil
suspension (SS) and soil (S) either nutrient supplemented (d) or
not so amended (B).

nutrient-supplemented than in unsupplemented systems. The most
dramatic effect was in supplemented soils where nearly 60% of the
i'gdioactivity was evolved as CO2 and approximately 55% of the

C-material had disappeared after 120 days. 1In contraﬂ:, in
supplemented lake water nearly 60 days passed before ~ CO
evolution was evident and only 5% was evolved after 4 montHs.
Concomitantly, the loss of = C-fenac was less than 5% after 4
months in the supplemented lake water. Thus, there are
considerably different activities in the systems studied. These
activity differences were not so ?Xident in the unsupplemented
systems, although the pattern of ~ CO, evolution and ~ C-fenac
loss was similar to the supplemented, systems. Because the ster-
ilized systems showed less than 2% ~ CO, release and chemical loss
after 4 months and because the herbicige contained the label in
the ring, the data confirm that the chemical underwent ring
cleavage mediated by micrcbial activity only. At the end of the
experiment the supplemented soil was extracted and saved for
GIC/MS analysis.

Again, these data are in contrast to others who report the
persistence of fenac in various soil types. Dowler et al. (1963)
reported residues of fenac persisted for at least 2 years in
coastal plain soils of North Carolina. Fenac was not degraded as
measured either by the liberation of chloride ions after 3 to 4
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Fig. 3. Mass gpectra of the methyl derivatives of a product from
sewage water (&) and soil (B) incubated with fenac.

months in various soils (Boundﬁ and Colmer 1965; Sheets et al.
1968) or by the evolution of ~'CO, after 4 months (MacRae and
Alexander 1965)., However, failure“to degrade a chemical does not
preclude its biodegradability under more favorable conditions such
as proper aeration, moisture, and nutrient content of the soils.
Furthermore, adaptation by the degrading microbial population may
take longer than the experimental time. If, however, the
microorganisms cometabolize fenac then they will not proliferate
at the expense of the chemical and the rate of degradation will
remain low should the initial cell number be small. The addition
of a readily degradable carbon scurce would allow replication of
the cometabolizing population and enhance biodegradation of the
herbicide as occurred in the supplemented soil and soil
suspension.

The relatively low 14CO evolution in lake water and sewage while
exhibiting degradation ‘of unlabeled fenac suggests a limited
transformation to an aromatically.intact metabolite. A product
was found in the extracts of the nutrient-supplemented sewage
treated with labeled fenac (Fig. 33) and supplemented scil
treated with ~C-fenac (Fig. 3B). The derivatized extracts were
analyzed by combined GLC/MS and produced identical mass spectra.
The compounds had molecular ions with m/e of 177 and have been
tentatively identified as a dehalogenated, hydroxylated toluene
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derivative of fenac. The position of the hydroxyl group has not
been determined, however; if it replaced the meta chloride group
then the molecule may be more susceptible to ring cleavage. Such
rechanisms for ring cleavage of both ortho and meta substituted
metabolites have been shown for other herbicides and aromatic
compounds (Rosenberg and Alexander 1980a; Horvath 1970; Gibson et
al. 1968).

The data presented here indicate that fenac was degraded, albeit
slowly in certain systems, and that this degradation is dependent
on high cell densities and the ecosystem used. Herbicides with a
chlorine in the meta position are generally resistant to microbial
degradation (Burger et al. 1962) and apparently transformation of
fenac to an aromatically-intact metabolite is easier than ring
cleavage, at least in lake watef4and sewage. The identification
of an aromatic metabolite with ~'CC, evolution from soil suggest
that this and/or other metabolites Would not accumulate in soil
because they would be mineralized by indigenous microorganisms.

ACKNOWLEDGEMENTS

I thank Mr,., E. Pack for his assistance with the GIC and HPIC and
Dr. T. Wachs with the mass spectral analyses.

REFERENCES

MAlexander M (1979) Role of cometabolism. In: Bourquih AW,
Pritchard PH (eds) Proceedings of the workshop: microbial
degradation of pollutants in marine environments. U.S.
Environmental Protection Agency, Gulf Breeze, Florida, pp. 67-75

Bounds HC, Colmer AR (1965} Detoxification of some herbicides by
Streptomyces. Weeds 13:249-252

Burger K, MacRae IC, Alexander M (1962) Decomposition of
phenoxyalkyl carboxylic acids. Soil Sci Soc Amer Proc
26:243-246

Dowler CC, Sand PE, Robinson EL (1263) Effect of soil type on
preplanting soil-incorporated herbicides for witchweed
control. Weeds 11:276-279

Frank PA, Hodgson RH, Comes R0 (1963) Evaluation of herbicides
applied to soil for control of aquatic weeds in irrigation
canals. Weeds 11:124-126

Gangstad BO (1972) Herbicidal control of aquatic plants. J San
Eng Soc, Proc Amer Soc Civ Engr 98 (SA-2):397-406

Gibson DT, Koch JR, Schuld CL, Kallio RE (1968) Oxidative
degradation of aromatic hydrocarbons by microorganisms. II.
metabolism of halogenated aromatic hydrocarbons. Biochemistry
7:3795-3802

389



Horvath RS (1970) Microbial cometabolism of 2,4,5~trichloro-
phenoxyacetic acid. Bull Environ Contam Toxicol 5:537-541

MacRae IC, Alexander M (1965) Microbial degradation of selected
herbicides in soil. J Agric Food Chem 13:72-76

National Academy of Sciences (1968) Weed Control Publ 1597, pp.
337-357

Rosenberg A, Alexander M (1980a) Microbial metabolism of 2,4,5~
trichlorophencxyacetic acid in soil, soil suspensions, and
axenic cultures. J Agric Food Chem 28:297-302

Rosenberg A, Alexander M (1980b) 2,4,5-Trichlorophenoxyacetic
acid (2,4,5-T) decomposition in tropical soil and its
cametabolism by bacteria in vitro. J Agric Food Chem 28:705--709

Sheets TJ, Smith JW, Kaufman DD (1968) Persistence of benzoic and
phenylacetic acids in soils. Weed Sci 16:217~222

Sikka HC, Pack EJ, Appleton HJ, Hsu R, Cunningham D (1980)
Fnvironmental fate, effects and health hazards of fenac. Tech
report A-81, Contract No. DACW 39-77-C-0021, U.S. Army Engineer
Waterways Experimental Station, Vicksburg, Mississippi, pp.
1-69.

Woolson EA, Harris CI (1967) Methylation of herbicides for gas

chromatographic determination. Weeds 15:168-170
Received September 1, 1983; accepted October 29, 1983

390



