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Selecting the best electron donor and operational

temperature for the rapid biotransformation of the

insensitive munitions compound 2,4-dinitroanisole

(DNAN) by anaerobic sludge

Natanna Melo, Osmar Menezes, Matheus Paraiso,

Lourdinha Florêncio , Mário T. Kato and Sávia Gavazza
ABSTRACT
2,4-Dinitroanisole (DNAN) is a toxic compound increasingly used by the military that can be released

into the environment on the soil of training fields and in the wastewater of manufacturing plants.

DNAN’s nitro groups are anaerobically reduced to amino groups by microorganisms when electron

donors are available. Using anaerobic sludge as the inoculum, we tested different electron donors for

DNAN bioreduction at 20 and 30 �C: acetate, ethanol, pyruvate, hydrogen, and hydrogenþ pyruvate.

Biotic controls without external electron donors and abiotic controls with heat-killed sludge were

also assayed. No DNAN conversion was observed in the abiotic controls. In all biotic treatments,

DNAN was reduced to 2-methoxy-5-nitroaniline (MENA), which was further reduced to 2,4-

diaminoanisole (DAAN). Ethanol or acetate did not increase DNAN reduction rate compared to the

endogenous control. The electron donors that caused the fastest DNAN reductions were (rates at

30 �C): H2 and pyruvate combined (311.28± 10.02 μM·d�1·gSSV�1), followed by H2 only (207.19±

5.95 μM·d�1·gSSV�1), and pyruvate only (36.35± 2.95 μM·d�1·gSSV�1). Raising the temperature to

30 �C improved DNAN reduction rates when pyruvate, H2, or H2þ pyruvate were used as electrons

donors. Our results can be applied to optimize the anaerobic treatment of DNAN-containing

wastewater.

Key words | aromatic amine, bioremediation, biotransformation, electron donor, emerging high

explosive, nitroaromatic
HIGHLIGHTS

• DNAN reduction was utterly dependent on sludge’s biological activity.

• Ethanol and acetate were ineffective electron donors compared to the endogenous

condition.

• The best electron donors were H2 combined with pyruvate, followed by H2 only and

pyruvate only.

• Increasing the temperature from 20 to 30 �C was a major game-changer when H2,

pyruvate, or H2þ pyruvate were used as electron donors.
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GRAPHICAL ABSTRACT
INTRODUCTION
The munition industry has been replacing traditional
explosives for insensitive high explosives compounds in
the ordnance production for the military. This effort

has resulted in the replacement of the traditional 2,4,6-
trinitrotoluene (TNT) with 2,4-dinitroanisole (DNAN),
which offers similar performance and more favorable prop-
erties, such as lower shock sensitivity and higher detonation

temperatures, making the insensitive munitions compounds
safer for manufacturing, transportation, and storage (Davies
& Provatas ). As the use of insensitive munitions

increases, industrial wastewater contaminated with these
compounds will be produced during manufacture (Schroer
), which can be released into the soil, surface water

and groundwater. Environmental contamination can also
occur via incomplete or low-order detonations that scatter
explosives on training ranges. Insensitive munitions are
more likely to result in incomplete detonations than

traditional explosives (Walsh et al. ), leaving centi-
meter-sized pieces of unexploded material on the ground
of military training ranges (Taylor et al. ).

The water solubility of DNAN (276.2 mg·L�1) is also
higher than that of TNT(103.1 mg·L�1) (Taylor et al. )
at 25 �C. Taylor et al. () showed that DNAN is readily

dissolved from insensitive munitions formulations by
rainwater, being transported through the soil to groundwater.
DNAN was found to be toxic to aquatic organisms, such as

algae, cladocerans, and fish, and lethal to earthworms in
soil (Dodard et al. ; Liang et al. ; Kennedy et al.
). Studies on rats have indicated that the acute
toxicity of DNAN (50%-lethal dose of 199 mg·kg�1) could

be even higher than that of TNT (50%-lethal dose of 794-
1,320 mg·kg�1) (Davies & Provatas ). Therefore, there
is a need to develop treatment methods for water and waste-

water contaminated with DNAN.
To date, DNAN degradation has been studied using the

Fenton oxidation process (Shen et al. ), alkaline
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hydrolysis (Sviatenko et al. ), bimetallic reducing treat-
ment (Koutsospyros et al. ), reduction by reactive
minerals (Khatiwada et al. ), adsorption (Zhang et al.
), and biological transformation in soils (Hawari et al.
; Olivares et al. ) and sludges (Olivares et al. ).
However, parameters for optimization of biological treat-
ment have not yet been completed elucidated. DNAN is a

nitroaromatic with two nitro groups (–NO2). Due to the
nitro groups’ electron-withdrawing character, nitroaro-
matics are generally resistant to aerobic biodegradation

(Amaral et al. ). Conversely, nitroaromatics can be
used as electron acceptors by microorganisms under anaero-
bic conditions (Field et al. ). In this process, the nitro

groups are reduced to amino groups (–NH2). Such biotrans-
formation via electron transfer processes catalyzed by
microorganisms is also dependent on the presence of elec-
tron donors. Although the residual organic matter in

sludge can supply a limited number of electrons for the
reduction of the nitro groups, the use of external electron
donors is expected to stimulate the microbes to produce

more reducing equivalents for the process (Olivares et al.
; Jog et al. ), affecting the biotransformation
kinetics.

Another crucial parameter influencing microbial metab-
olism rates is temperature (Nedwell ). The enzymatic
mechanisms are highly dependent on temperature, interfering

with the growth and substrate-utilization rates of microorgan-
isms. Thus, there is a need to determine the efficiency of
different electron donors and operational temperatures for
DNAN biotransformation by anaerobic sludge.

In this study, we investigated anaerobic sludge’s
performance in reducing DNAN using different electron
donors (ethanol, acetate, pyruvate, H2, H2, and pyruvate

together, and sludge’s residual organic matter) at two
different temperatures (20 and 30 �C). Our results aimed
to provide valuable information for the design of
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biological treatments for DNAN-contaminated industrial

wastewaters.
MATERIALS AND METHODS

Chemicals

2,4-Dinitroanisole (DNAN, C7H6N2O5, molecular weight:
198.13 g/mol, CAS # 119-27-7, 98% purity) was
purchased from Santa Cruz Biotechnology (Santa Cruz,

CA). 2-Methoxy-5-nitroaniline (MENA, C7H8N2O3, molecu-
lar weight: 168.15 g/mol, CAS # 99-59-2, 98% purity) and
2,4-diaminoanisole (DAAN, C7H10N2O, molecular weight:

138.17 g/mol, CAS # 615-05-4, analytical standard) were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

Inoculum and mineral medium

The inoculum was a mixture in a 1:2 proportion of
an anaerobic–microaerophilic sludge from a laboratory-

scale sequencing batch reactor treating textile effluent
(Menezes et al. ) and an anaerobic granular sludge
from a full-scale upflow anaerobic sludge blanket (UASB)

treating petrochemical wastewater (Suape Port, Ipojuca, PE,
Brazil), respectively. A sludge concentration of 1.5 g VSS L�1

was used in the microcosms.

The mineral medium used in this study was prepared as
previously described (Menezes et al. b) and composed of
(mg L�1): K2HPO4 (250), CaCl2.2H2O (10), MgSO4.7H2O
(100), MgCl2.6H2O (100), NH4Cl (280), NaHCO3 (1100)

and 1 mL L�1 of trace elements solution. The trace elements
solution was composed of (mg/L): H3BO3 (50), FeCl2.4H2O
(2000), ZnCl2 (50), MnCl2.4H2O (2000), (NH4)6Mo7O24.4H2O

(50), AlCl3.6H2O (90), CoCl2.6H2O (2000), NiCl2.6H2O
(50), CuCl2.2H2O (100), EDTA (1000), resazurin (2000),
HCl 36% (1 mL/L). We used ultra-pure water in the

preparation.

Anaerobic bioassays

The biotransformation of DNAN (150 μM) (Olivares et al.
) on anaerobic sludge microcosms was studied in
the presence of five added electron donors, namely:

pyruvate (1,000 mg L�1), ethanol (500 mg L�1), acetate
(1,000 mg L�1), hydrogen gas (1.5 atm overpressure in the
headspace), and hydrogen gas (1.5 atm overpressure in the

headspace)þ pyruvate (200 mg L�1). We also assayed a con-
dition without added electron donors. All bioassays were
://iwa.silverchair.com/wst/article-pdf/83/11/2691/897267/wst083112691.pdf
conducted in continuous mode in 100-mL serum flasks

(microcosms) with a liquid volume of 80 mL, sealed with
butyl rubber stoppers and aluminum caps. The liquid and
the headspace in the bottles were flushed with a mixture

of N2/CO2 (80:20, v/v) for 4 min to remove oxygen. The
microcosms were kept in a glove box (818-GB, Plas-Labs,
Lansing, MI, USA) filled with the same N2/CO2 mixture.
The assays were performed at two different temperatures,

20± 2 �C and 30± 3 �C. Abiotic controls with heat-killed
sludge with and without added electron donors were also
assayed. Heat-killed sludge was autoclaved for three con-

secutive days (1 h in the first and 30 min the following
days). All assays were performed in triplicates.

Analytical methods

The samples were filtered in 0.22 μm membranes, diluted
in acetonitrile (1:3), and immediately analyzed for DNAN,
MENA, and DAAN using high-performance liquid chroma-

tography (HPLC). A Shimadzu LC-20AT HPLC (Kyoto,
Japan) coupled to a diode array detector (DAD) was
equipped with a Zorbax Eclipse XDB-C18 column (5 μm,

4.6 × 250 nm) (Agilent, Santa Clara, CA, USA). The mobile
phase consisted of acetonitrile (42% v/v) and H2O with
5 mM phosphate buffer (58% v/v) running isocratically
(0.6 mL min�1) at 30 �C. The injection volume was 50 μL.

The method detected DNAN, MENA, and DAAN at 300,
254, and 210 nm, and 16.5, 12.0, and 5.5 min, respectively.
RESULTS AND DISCUSSION

Inoculum microbial community

The sludge used as inoculum in this work was the same one
used as inoculum by Menezes et al. (b). Results of 16S
rRNA sequencing of the inoculum can be found in Menezes

et al. (b). Some of the most abundant genera in the
inoculum are known to reduce nitroaromatic compounds.
Some species of Clostridium, one of the most abundant

genera in our inoculum, were observed to anaerobically
biotransform TNT (Hughes et al. ) to 2,4-dihydroxyla-
mino-6-nitrotoluene and the subsequent the formation of
a polar product. Additionally, a consortium with Methano-
bacterium and Clostridium transformed several mono-
and dinitroaromatic compounds into their corresponding
amino derivatives (Gorontzy et al. ). Other genera

found in our sludge also reported for the transformation of
nitroaromatics were Paenibacillus (Khan et al. ),
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Methanosaeta (Lin et al. ), Bacteroides (Carlier et al.
). Overall, the microbial community structure indicated
that industrial sludge was a potential source of DNAN-redu-
cing microorganisms. Thus, the next step was to investigate

DNAN biotransformation by the sludge.
DNAN anaerobic biotransformation

The sludge was able to reduce DNAN without a lag phase.
Such innate ability of the sludge to reduce the nitro group
can be explained by the ubiquitous presence of nitro

reductases in a wide variety of microorganisms. Nitro
reductases are non-specific enzymes that carry electrons
from the degradation of an electron donor to reduce nitro

groups to amino groups (Spain ). Indeed, in all biotic
conditions tested, DNAN was first reduced to 2-methoxy-5-
nitroaniline (MENA), which resulted from the reduction of

the nitro group in the ortho position (Figure 1). Then, the
reduction of the MENA nitro group in the para position pro-
duced the aromatic amine 2,4-diaminoanisole (DAAN) as
described by previous studies (Olivares et al. ). The

minor formation of 4-methoxy-3-nitroaniline (iMENA) as a
product of the reduction of DNAN’s nitro group in the
para position has also been reported, however, in abiotic sys-

tems using reactive minerals (Khatiwada et al. ). iMENA
is not produced in quantifiable amounts by DNAN biologi-
cal reduction (Olivares et al. ).

DNAN’s reduction to MENA was faster than MENA’s
reduction to DAAN (Figure 2), probably because DNAN
has two nitro groups, presenting a stronger electron-with-

drawing character than MENA (with only one nitro
group). The reduction of the first nitro group to an amino
group in polynitrated compounds is known to imply a
greater difficulty for the other nitro groups to be reduced

(Van Beelen & Burris ). In all conditions, DAAN con-
centration fluctuated until it disappeared completely,
impacting the mass balance. Previous works with DNAN’s

bioreduction also showed poor mass balances due to the for-
mation of azo oligomers from the coupling reaction of
DAAN and nitroso intermediates of DNAN’s reduction.

The azo oligomers can be reversibly reduced to DAAN,
creating a fluctuation in DAAN’s concentration (Olivares
et al. ). DAAN can also react with quinone moieties of
Figure 1 | Observed DNAN anaerobic biotransformation pathway in the sludge.
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natural organic matter, getting irreversibly incorporated

into humic-like polymers (Menezes et al. a).
In our controls with heat-killed sludge, DNAN concen-

tration was stable, not being reduced to MENA or DAAN.

Olivares et al. () reported that Fe(II)-containing min-
erals present in the sludge may still be active after
biological inactivation and cause some reduction in
nitroaromatic compounds. In our experiments, however,

the process was utterly dependent on biological activity.
The lack of any abiotic transformation in our study suggests
that DNAN can be very persistent unless reducing biological

activity is stimulated. In accordance with our study, Jog et al.
() showed that other insensitive munitions compound,
3-nitro-1,2,4-triazol-5-one (NTO), did not undergo abiotic

transformation in anaerobic sludge either. Thus, since the
biological activity is required, the next step was to determine
which electron donor and temperature effectively stimulate
the microorganisms.

Effects of different electron donors

The DNAN consumption data obtained during the exper-
iment (Figure 2) could be adjusted to kinetic models of
both zero and first order, with R2 values higher than 0.82

and 0.86, respectively. The conditions with ethanol, acetate,
pyruvate, or without added electron donors (endogenous)
adjusted better to the zero-order kinetic model (R2� 0.93).

This indicates that the production of reducing equivalents
from the electron donor (residual organic matter in the
sludge or pyruvate) to reduce DNAN, and not DNAN
availability, was the limiting step for DNAN reduction.

The conditions with H2 and H2þ pyruvate adjusted to a
first-order kinetic model (R2� 0.94). A better fit in the
first-order kinetic model indicates that the production of

reducing equivalents from hydrogen exceeded the amount
necessary for DNAN’s reduction. Hence, the process
became independent from the production of reducing

equivalents and became dependent on the DNAN’s concen-
tration. However, since both kinetic models presented a
proper fit to the data, both are presented in this study. The

zero-order kinetic model results are shown in Figure 3 to
illustrate DNAN specific consumption rate by the sludge,
whereas Table 1 presents the first-order consumption rate
and the corresponding half-life of DNAN in the sludge.

The endogenous condition (without electron donor)
(Figure 2, panels A and B) reduced DNAN using the sludge’s
residual organic matter as the electron donor. Ethanol

(Figure 2, panel C and D) and acetate (Figure 2, panel E
and F) did not contribute e-donor in this sludge beyond



Figure 2 | DNAN reduction by sludge in different electron donor conditions. Legend: DNAN ( ), MENA ( ), DAAN ( ), concentrations of DNAN, MENA, and DAAN summed (—-), and DNAN

concentration in the abiotic controls ( ). Symbols represent the average of three replicates, and error bars represent the standard deviation.
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Figure 3 | Comparison of DNAN biotransformation rates in different electron donors

expressed per dry mass of inoculated sludge.
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what could be supplied by the endogenous treatment.

Indeed, acetate was found to be not effective as an electron
donor for nitro group bioreduction by previous studies
(Donlon et al. ; Razo-Flores et al. ), in which the

reduction of nitrobenzene or trinitrobenzene was not
observed in anaerobic sediment when acetate was provided
as an electron donor. An important and surprising empirical
observation from our study was the inefficacy of ethanol as

an electron donor since ethanol has been previously
reported to work well as an electron donor for the reduction
of TNT and 1,3,5-trinitro-1,3,5-triazinane (RDX) (Adrian

et al. ), and NTO (Jog et al. ). Such results demon-
strate the importance of using an effective electron donor to
speed up DNAN anaerobic biological treatment. Differently

from what was observed for the other organic electron
donors, the addition of pyruvate (Figure 2, panel G and H)
significantly accelerated the reduction of the nitro group

compared to the endogenous condition (Figure 3).
DNAN reduction rates immensely increased when H2

was used as the electron donor (Figure 2, panel I and J),
being 88-fold faster than the endogenous treatment. H2

seems to act as an immediate electron donor for the
Table 1 | First-order consumption rate (k1) and corresponding half-life in all biotic conditions t

Electron donor

Temperature¼ 20 �C

K1 (d�1) Half-life

Endogenous 0.09± 0.01 7.70± 2

Ethanol 0.09± 0.01 7.70± 1

Acetate 0.10± 0.01 6.93± 0

Pyruvate 0.25± 0.04 2.77± 0

H2 4.23± 0.29 0.16± 0

H2þ pyruvate 6.42± 0.10 0.11± 0

There was no DNAN reduction in the abiotic conditions.
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biotransformation of DNAN. Other explosive compounds,

such as RDX, TNT, and octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocine (HMX), were also more readily reduced when
H2 was employed (Beller ; Adrian et al. ). H2 was

shown to be the direct electron donor for dichlorination pro-
cesses, whereas other electron donors serve as precursors for
hydrogen formation by the microbial communities (Distefano
et al. ). Our results suggest that a similar process probably

occurred during the reduction of DNAN by the anaerobic
sludge, explaining the high efficiency of H2 as an electron
donor. Additionally, an interesting empirical observation of

this study was that, although not affecting the overall dur-
ation of DNAN conversion to DAAN, the addition of a
small concentration of pyruvate (200 mg L�1) to the treat-

ment with H2 (Figure 2, panels K, L) significantly increased
the reduction rate of DNAN to MENA compared with the
treatment with H2 only.

In addition, when assessing the overall duration of treat-

ment, conditions with H2 and H2þ pyruvate as an electron
donor required significantly less time, just 2.5 days at 30 �C.
The endogenous treatment, and the treatments with ethanol,

acetate, and pyruvate lasted 19, 16, 39 and 9 days, respect-
ively, at 30 �C.
Effects of different temperatures

First, the bioassays were conducted at 20 �C, an average

operational temperature broadly applied in industrial waste-
waters treatment. Slow rates of biotransformation were
observed. Thus, to maximize sludge’s metabolic functions,
the assays were also conducted at 30 �C. The temperature

increase favored the processes, significantly improving
DNAN biotransformation rate in the treatments with pyru-
vate, H2, and H2þ pyruvate. For the conditions with

pyruvate, DNAN’s consumption rates more than doubled.
ested

Temperature¼ 30 �C

(d) K1 (d�1) Half-life (d)

.64 0.08± 0.00 8.66± 0.00

.93 0.12± 0.01 5.78± 1.47

.65 0.06± 0.01 11.55± 6.16

.02 0.58± 0.13 1.20± 0.61

.04 7.02± 1.27 0.10± 0.04

.00 11.03± 1.22 0.06± 0.01
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In treatments with H2 and H2þ pyruvate, rates increased by

about 1.5 with increasing temperature. For the other con-
ditions (endogenous, with ethanol, and with acetate), the
temperature increase did not present a positive effect.

Implications

The same sludge used as inoculum in this study was also
shown to keep a sustainable removal of DAAN (the final

aromatic amine from DNAN’s reduction) under micro-
aerobic conditions (Menezes et al. b). This indicates
that a complete treatment of DNAN-containing wastewater
may be archived using the anaerobic sludge under a combi-

nation of anaerobic and micro-aerobic conditions, which
can be further investigated.

Furthermore, the use of H2 as an electron donor may

seem a technical challenge at first. Nevertheless, Adrian &
Arnett (), working with other nitroaromatic com-
pounds, showed that this issue could be worked around

using organic electron donors that allow the production of
high concentrations of H2 by microorganisms, such as pro-
pylene glycol. Future studies can be developed to optimize

the application of H2 (direct or biogenic) in DNAN-contami-
nated soils or bioreactors treating DNAN-containing
wastewater. Future work can also evaluate the efficiency
of the electron donors tested in this study for the full-scale

treatment of DNAN-containing wastewater.
The application of nitroaromatics is not limited to the

explosive industry. These compounds are also used in the

pharmaceutical, pesticide, cosmetic, and dye industries.
Although focused on the biotransformation of the emerging
contaminant DNAN, this work’s results can potentially con-

tribute to optimizing the engineered biotransformation of
different nitroaromatics, especially polynitroaromatic,
compounds.
CONCLUSIONS

The use of ethanol or acetate as electron donors did not

accelerated the process compared to the endogenous con-
dition. Among the conditions tested, the use of H2 as an
electron donor showed the best performance (88-fold
faster than the endogenous treatment at 30 �C). Adding

pyruvate as an organic carbon source to microcosms with
H2 accelerated the first step of DNAN’s biotransformation
(reduction to MENA), but it did not affect the overall pro-

cess duration (complete reduction to DAAN). Pyruvate
used alone was the only effective organic electron donor
://iwa.silverchair.com/wst/article-pdf/83/11/2691/897267/wst083112691.pdf
tested. Finally, raising the temperature to 30 �C only

caused a significant improvement when pyruvate, H2, or
H2þ pyruvate were used as electron donors. The technical
challenges involved in using H2 as an electron donor can

be worked around using organic substrates that can support
the formation of high concentrations of biogenic H2. The
results can be applied in the optimization of the anaerobic
treatment of DNAN-containing wastewaters.
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