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4-chloronitrobenzene (4-Cl-NB) was rapidly reduced to 4-chloroaniline with half-lives of minutes in a
dissimilatory Fe(IH)-reducing enrichment culture. The initial pseudo-first-order rate constants at 25°C ranged
from 0.11 to 0.19 per minute. The linear Arrhenius correlation in a temperature range of 6 to 85°C and the
unchanged reactivity after pasteurization indicated that the nitroreduction occurred abiotically. A fine-grained
black solid which was identified as poorly crystalline magnetite (Fe3O4) by X-ray diffraction accumulated in the
enrichments. Magnetite produced by the Fe(III)-reducing bacterium Geobacter metaUlireducens GS-15 and
synthetic magnetite also reduced 4-Cl-NB. These results suggest that the reduction of 4-Cl-NB by the
enrichment material was a surface-mediated reaction by dissimilatory formed Fe(II) associated with magnetite.

In anoxic environments, reduction of the nitro group is
one of the first steps during the transformation or mineral-
ization of nitroaromatic compounds (11). Since nitroreduc-
tion can lead to products of similar or even greater environ-
mental concern, information on the mechanisms and rates of
this process is of great interest. A question commonly
addressed is whether such reactions occur abiotically,
whether microorganisms are involved, or whether both
processes are important. It has been shown that a variety of
bacteria can reduce nitrosubstituted aromatic compounds (3,
4, 12, 14, 15). However, the biological reductions are con-
sidered too slow to account for the rapid transformation
rates sometimes observed in natural environments. For
example, rapid reduction of the nitro group of the pesticides
parathion and methyl parathion with half-lives of only sec-
onds to minutes has been found in anoxic soils and sedi-
ments (1, 22, 23). The main abiotic bulk electron donors in
anoxic environments are reduced sulfur and iron species
(19). Sulfide and sulfide minerals have been found to react
with nitroaromatic compounds (17, 24), although at slow
rates. The presence of various electron transfer mediators
such as quinones and iron porphyrins dramatically increased
the reducing activity in homogeneous aquatic systems (5, 6,
17, 21). Studies on the transformation of parathion in soil
slurries suggested an abiotic surface-mediated process (23).
This indicates that the rapid nitroreduction observed in
environmental samples could involve abiotic processes that
are catalyzed by electron mediators or that occur at sur-
faces.

Little is known about the role of inorganic forms of iron(II)
with respect to the transformation of xenobiotic compounds.
Results of experiments in laboratory columns containing
reduced aquifer materials suggest that Fe(II) may be the
reductant (16). In this paper, we present evidence that dis-
similatory formed Fe(II) associated with magnetite (Fe3O4) is
responsible for the rapid surface-mediated nitroreduction of
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4-chloronitrobenzene (4-Cl-NB) observed in an Fe(III)-reduc-
ing enrichment culture.
Anoxic freshwater sediment from Lake Lucerne collected

at a depth of 60 m was used as an inoculum for the
iron(III)-reducing enrichment. The selective FeOOH me-
dium described by Lovley and Phillips (9) was employed.
Acetate (20 mM) served as the carbon and energy source,
and Fe(III) was provided as amorphous Fe(III) oxyhydrox-
ide at approximately 90 or 150 mmol of Fe(III) per liter of
medium, unless otherwise stated. Serum bottles containing
FeOOH medium and sealed with butyl rubber stoppers were
amended with 10% inoculum (vol/vol) by syringe. Incubation
occurred at 30°C on a rotary shaker (100 rpm).
The nitroreduction assay was carried out under anaerobic

conditions at 25°C (if not otherwise stated) in 60-ml serum
bottles which were sealed with butyl rubber stoppers. The
14-ml reaction mixture contained MOPS (morpholinepro-
panesulfonic acid) buffer (70 mM, pH 7.0), 50 p,M 4-Cl-NB,
and where indicated, an aliquot of an Fe(III)-reducing en-
richment culture. During an experiment, the solution was
continuously mixed with a magnetic stirrer. A reaction was
initiated by adding an appropriate volume of a 0.1 M
methanolic solution of 4-Cl-NB to the reaction mixture. The
nitroreduction was monitored by periodical sampling by
syringe. 4-Cl-NB and possible intermediates and products
were analyzed by high-performance liquid chromatography
as described previously (6), except that perchloric acid was
added to the sample (final concentration, 0.3 M) to stop the
reduction. The intermediate 4-chlorohydroxylamine was
quantified by the method described previously (5). The
reaction could only in the initial phase be described by
pseudo-first-order kinetics. The initial pseudo-first-order
transformation rate constant kobS was determined by a linear
regression of the first datum points of the curve in a plot of
ln ([4-Cl-NB]J/[4-Cl-NB]0) versus time, where [4-Cl-NB], and
[4-Cl-NB]O are the 4-Cl-NB concentrations at time t and time
zero, respectively. Acetate concentration was determined
by ion chromatography (Metrohm model 690 [Herisau, Swit-
zerland]) with a Hamilton PRP-X300 column. The flow rate
was 1.5 ml/min, and the mobile phase was 0.5 mM sulfuric
acid. Fe(II), extractable with 0.5 M HCI (20 min at 20°C),
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FIG. 1. Acetate consumption, HCl-extractable Fe(II) formation,
and nitroreducing activity in an enrichment inoculated with Lake
Lucerne sediment. Each reduction assay contained 20% enrichment
material (vol/vol). 0, acetate; *, Fe(II); A, kobs.

was determined with a phenanthroline col
510 nm (2).
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A ratio of only 1:5 between acetate and
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FIG. 3. Arrhenius plot for the reduction of 4-Cl-NB for a tem-
perature range of 6 to 85°C. The reduction assay mixture contained
5.6 mM Fe(II).

that 4-chloroaniline was the only end product of the reaction
lorimetric assay at (Fig. 2). A linear correlation was observed between the

amount of enrichment material in the reduction assay and
Lucerne sediment, the initial pseudo-first-order rate constant (data not shown).
the formation of However, among different enrichment cultures, the initial
hat acetate oxida- pseudo-first-order rate constants corrected for the amount of
reduction (Fig. 1). enrichment material present varied by less than a factor of 4.
Fe(II) was found Samples of an enrichment taken shortly after completion of

n CH3COO- + 8 Fe(III) reduction or several months later had the same
+ 9 HW. This is nitroreducing activities.
other processes Possible components of the enrichment material responsi-

of nonextractable ble for the nitroreduction are dissimilatory Fe(III)-reducing
were taken during bacteria or different Fe(II) species. A pasteurization at 70°C
Icing activity with for 30 min did not result in a decrease in reducing activity,
ted Fe(II) rapidly which was the first indication of an abiotic process. A
ites for the given complete loss of reactivity was observed after autoclaving at
e in kobS with time 120°C for 20 min. This demonstrates that this rigorous
punts of Fe(II) or sterilization procedure often used to show the involvement
from enrichments of biological reactions may also change chemical and phys-
ily Fe(III) oxyhy- ical characteristics of the sediment material (11, 23). There-
yin the time frame fore, a chemical reaction cannot be ruled out with this
NB proceeded via experiment. As depicted in an Arrhenius plot (Fig. 3), the

into the corre- initial pseudo-first-order transformation rate constant for
eduction products 4-Cl-NB increased exponentially in a temperature range of 6
reduction of an to 85°C, which also supports an abiotic mechanism. An

umed to occur in enzyme-catalyzed reaction would have an activity maximum
alances indicated and would not show activity at temperatures as high as 85°C.

The addition of metal complexing agents such as EDTA (0.3
mM) or phosphate (10 mM) to the nitroreduction assay
mixture completely inhibited the reduction of 4-Cl-NB. This
is additional evidence for an abiotic, Fe(II)-catalyzed pro-
cess.
The dissimilatory formed Fe(II) accumulated as a fine-

grained black solid, and the accumulation stopped when
one-third of the Fe(III) was reduced. The solid fraction of a
twice-transferred culture was characterized by X-ray diffrac-
tion with a Philips 1170 powder diffractometer using CuK.
radiation and a postmonochromator. Poorly crystalline mag-
netite (Fe"Fe"'Fe"'04) was the only detectable product.
Removal of particles by filtration with a 0.2 ,um-pore-size
filter resulted in a filtrate with very little activity. Also, no
4-Cl-NB reduction was observed in a homogeneous syn-30 40 thetic Fe(II) solution [Fe(II)methylsulfonate, 20 mM]. All
these findings indicated that dissimilatory formed Fe(II)

D 4-chloroaniline (0) associated with magnetite was the reductant of 4-Cl-NB in a
ss balance (*) indi- heterogeneous reaction.
10.6 mM Fe(II). Geobacter metallireducens GS-15, an anaerobic bacte-
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FIG. 4. Plot of ln ([4-Cl-NB],/[4-Cl-NB]O) versus time for the
reduction of 4-Cl-NB by enrichment material (left), material of a G.
metallireducens GS-15 culture (center), and synthetic magnetite
(right). The reduction assay mixtures contained 5.9 mM, 3.2 mM,
and 1.7 mM Fe(II), respectively.

rium capable of coupling the complete oxidation of acetate to
the reduction of Fe(III) (8), forms magnetite upon reduction
of amorphous Fe(III) oxyhydroxide in the FeOOH medium
used in this study (10). Samples of such cultures reduced
4-Cl-NB at rates similar to those of samples from the
enrichment cultures (Fig. 4). Synthetic magnetite formed by
Fe(II) oxidation at neutral pH (20) also reduced 4-Cl-NB
(Fig. 4). Autoclaving synthetic magnetite or adding EDTA or
phosphate to the reaction mixture completely destroyed the
nitroreducing activity. This is in agreement with the results
obtained with enrichment material and confirms the possi-
bility that, besides living organisms, other components may
be inactivated by this heat treatment.
A direct comparison of the rate constants of the different

systems is presently not possible, since the system parame-

ters (e.g., surface area and concentration of reactive sites,
etc.) determining the overall reaction rate are not yet known.
As can be seen from Fig. 4, in all three systems investigated
the reduction of 4-Cl-NB can only in the initial phase be
described by first-order kinetics. With increasing time, the
reaction rate constant decreased continuously. Although
there was still enough Fe(II) present in the reaction mixture,
the formation of reactive Fe(II) sites may have become rate
limiting. Similar kinetics were found for the reductive disso-
lution of manganese(III/IV) oxides by substituted phenols
and anilines (7, 18). A decrease in transformation rates with
time was also observed for the nitroreduction of parathion in
samples from soils previously reduced by flooding with
water for 60 days (22). More than 50% of the parathion added
was reduced within the first 5 s of mixing, whereas only 33%
was transformed during the following 30 min. Regeneration
of reactive Fe(II) sites in Fe(III)-reducing systems could
occur by oxidative dissolution of magnetite or by microbial
production of new magnetite.
The results presented above provide strong evidence that

Fe(II) species formed during microbial dissimilatory Fe(III)
reduction are responsible for the rapid nitroreduction found
in the experimental system investigated. The transformation
is proposed to be a surface-mediated reduction with a limited
number of reactive Fe(II) surface sites associated with
magnetite. To our knowledge, this is the first time that it has
been indicated that mineral-associated Fe(II) can directly
reduce organic pollutants. The results of this study may help
to explain experimental data reported in the literature.
Ponnamperuma (13) suggested that most of the Fe(II) in rice

paddies is present as hydromagnetite (Fe304. H20) which
crystallizes as magnetite if the soil remains anoxic. In such
preflooded soils, extremely rapid transformations of nitro-
compounds have been found (1, 22). The observed nitrore-
ducing activity was lost in both studies after autoclaving of
the anerobic soils, similarly to the results presented above.
In sediment systems where nitroreduction of methyl para-
thion was also inhibited by heat sterilization, chemical
sterilization by m-cresol only slightly affected the activity,
indicating an abiotic process by heat-labile components (23).
The importance and occurrence of nitroreductions in the
environment by magnetite and other Fe(II)-containing solids
is at present under investigation in our laboratory.
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REFERENCES
1. Adhya, T. K., Sudhakar-Barik, and N. Sethunathan. 1981.

Stability of commercial formulation of fenitrothion, methyl
parathion, and parathion in anaerobic soils. J. Agric. Food
Chem. 29:90-93.

2. American Public Health Association. 1984. Standard methods for
the examination of water and wastewater, 16th ed. American
Public Health Association, Washington, D.C.

3. Angermaier, L., and H. Simon. 1983. On nitroaryl reductase
activities in several clostridia. Hoppe-Seyler's Z. Physiol.
Chem. 364:1653-1663.

4. Boopathy, R., and C. F. Kulpa. 1992. Trinitrotoluene (TNT) as
a sole nitrogen source for a sulfate-reducing bacterium De-
sulfovibrio sp. (B strain) isolated from an anaerobic digester.
Curr. Microbiol. 25:235-241.

5. Dunnivant, F. M., R. P. Schwarzenbach, and D. L. Macalady.
1992. Reduction of substituted nitrobenzenes in aqueous solu-
tions containing natural organic matter. Environ. Sci. Technol.
26:2133-2141.

6. Glaus, M. A., C. G. HeUman, R. P. Schwarzenbach, and J.
Zeyer. 1992. Reduction of nitroaromatic compounds mediated
by Streptomyces sp. exudates. Appl. Environ. Microbiol. 58:
1945-1951.

7. Laha, S., and R. G. Luthy. 1990. Oxidation of aniline and other
primary aromatic amines by manganese dioxide. Environ. Sci.
Technol. 24:363-373.

8. Lovley, D. R., S. J. Giovannoni, D. C. White, J. E. Champine,
E. J. P. Phillips, Y. A. Gorby, and S. Goodwin. 1993. Geobacter
metallireducens gen. nov. sp. nov., a microorganism capable of
coupling the complete oxidation of organic compounds to the
reduction of iron and other metals. Arch. Microbiol. 159:336-
344.

9. Lovley, D. R., and E. J. P. Phillips. 1988. Novel mode of
microbial energy metabolism: organic carbon oxidation coupled
to dissimilatory reduction of iron or manganese. Appl. Environ.
Microbiol. 54:1472-1480.

10. Lovley, D. R., J. F. Stolz, G. L. Nord, Jr., and E. J. P. Phillips.
1987. Anaerobic production of magnetite by a dissimilatory
iron-reducing microorganism. Nature (London) 330:252-254.

11. Macalady, D. L., P. G. Tratnyek, and T. J. Grundl. 1986.
Abiotic reduction reactions of anthropogenic organic chemicals
in anaerobic systems: a critical review. J. Contam. Hydrol.
1:1-28.

12. Oren, A., P. Gurevich, and Y. Henis. 1991. Reduction of
nitrosubstituted aromatic compounds by the halophilic anaero-
bic eubacteria Haloanaerobium praevalens and Sporohalobac-
ter marismortui. Appl. Environ. Microbiol. 57:3367-3370.

13. Ponnamperuma, F. N. 1972. The chemistry of submerged soils.
Adv. Agron. 24:29-86.

14. Preuss, A., J. Fimpel, and G. Diekert. 1993. Anaerobic transfor-
mation of 2,4,6-trinitrotoluene (TNT). Arch. Microbiol. 159:
345-353.

15. Schackmann, A., and R. Muller. 1991. Reduction of nitroaro-
matic compounds by different Pseudomonas species under
aerobic conditions. AppI. Microbiol. Biotechnol. 34:809-813.

4352 NOTES

0



VOL. 59, 1994 NOTES 4353

16. Schwarzenbach, R. P. Unpublished results.
17. Schwarzenbach, R. P., R. Stierli, K. Lanz, and J. Zeyer. 1990.

Quinone and iron porphyrin mediated reduction of nitroaro-
matic compounds in homogeneous aqueous solution. Environ.
Sci. Technol. 24:1566-1574.

18. Stone, A. T. 1987. Reductive dissolution of manganese(III/IV)
oxides by substituted phenols. Environ. Sci. Technol. 21:979-
988.

19. Stumm, W., and J. J. Morgan. 1981. Aquatic chemistry, 2nd ed.
Wiley Interscience, New York.

20. Taylor, R. M., B. A. Maher, and P. G. Self. 1987. Magnetite in
soils: I. The synthesis of single-domain and superparamagnetic
magnetite. Clay Minerals 22:411-422.

21. Tratnyek, P. G., and D. L. Macalady. 1989. Abiotic reduction of
nitro aromatic pesticides in anaerobic laboratory systems. J.
Agric. Food Chem. 37:248-254.

22. Wahid, P. A., C. Ramakrishna, and N. Sethunathan. 1980.
Instantaneous degradation of parathion in anaerobic soils. J.
Environ. Qual. 9:127-130.

23. Wolfe, N. L., B. E. Kitchens, D. L. Macalady, and T. J. Grundl.
1986. Physical and chemical factors that influence the anaerobic
degradation of methyl parathion in sediment systems. Environ.
Toxicol. Chem. 5:1019-1026.

24. Yu, Y. S., and G. W. Bailey. 1992. Reduction of nitrobenzene by
four sulfide minerals: kinetics, products, and solubility. J.
Environ. Qual. 21:86-94.


