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ABSTRACT
This study describes the biological degradation of TNT by using induced aeration. Three plastic
reactors were used. In each reactor 3 kg of soil were used. In order to increase the porosity of the soil,
sawdust was added to soil. Textile wastewater treatment plant sludge was also added to soil. TNT at
the concentrations of 1000 mg/kg of soil was added thereafter. Rhamnolipid biosurfactant at the
concentration of 60 mg/L was added to related reactors. Aeration interval was at every 3 to 5 days.
Every two weeks, sampling of soil were done to analyze the explosives. Samples were analyzed by
HPLC. The results showed that at the end of 120 days, TNT removal efficiency in induced aeration
in reactors containing sludge and biosurfactant was 98 percent. COD removal efficiency in induced
aeration in reactors amended by rhamnolipid was 58 percent and in reactors to which rhamnolipid
was not added was 41 percent. Follow-up kinetic studies revealed that explosives removal follow the
pseudo first order reaction. The pseudo first-order rate constants of rhamnolipid amended
experiments were at least 3.89 orders of magnitude higher for TNT than those found for experiments
without rhamnolipid. Application of Rhamnolipid biosurfactant could have a protective effect against
the toxicity of explosives for bacteria. Textile sludge from wastewater treatment plant can decrease
the time needed for explosive removal. Growth of bacteria and degradation of explosives showed that
explosives have been used as a nitrogen source.
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Introduction
A large number of chemical pollutants

entering into the environment through industrial
and agricultural activities, have potential risk to
living systems in terms of toxicity,
carcinogenicity and ability for accumulation in
organs.1 At present, thousands of organic
compounds are used and only a few of them
have been characterized in terms of their effects
on human health and the environment. Among
these compounds, explosives are of great
concern. Explosives, chemical or a combination
of chemicals, release high amounts of energy
during explosion.2 Among explosive
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compounds, 2,4,6-trinitrotoluene (TNT) is the
predominant contaminant at ammunition plants,
testing facilities and military zones. Exposure to
TNT causes detrimental health effects including
allergies, liver damage, skin irritation, anemia,
toxicity and carcinogenicity.3,4 The EPA has
classified TNT as class C (possible human
carcinogen) in drinking water equivalent levels
of 20 mg/L.4 Due to relatively low water
solubility (140 mg/l at 25 ºC),2 TNT is a
relatively persistent chemical.5 With regard to
high prevalence of TNT to soil particles, its
removal from the soil by eco-friendly and cost-
effective methods is necessary.6 Several
methods such as burning, biological removal,
advanced oxidation, and oxidation with zero
valent have been practiced for explosives
removal.6 Burning and biological removal are
the most common methods for explosives
removal. Since the cost of soil excavation and
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energy consumption in burning method is high,
the usage of this method on explosives removal
is not cost-effective.6,7 Compared with other
methods, biological methods for remediation of
explosive contaminated sites can be more cost-
effective and significantly reduce toxicity of the
soil. Moreover, microorganisms can utilize
explosives as a source of carbon and nitrogen.8
However, relatively low solubility of
explosives9 could be a limiting factor in their
biodegradation. Thus addition of external agents
such as surfactants to contaminated soil, at
concentrations above their critical micelle
concentration (CMC) values, can be a feasible
approach to enhance the solubility and
therefore, increase their biodegradation.10

During the past decade, application of
biosurfactants has increasingly improved as
possible candidates because of their
biodegradability, lower toxicity and greater
diversity than the available synthetic
surfactants.11 In recent years, rhamnolipids (a
common biosurfactant) have been used
commonly in many industries such as
petrochemical, pharmaceutical, biomedical and
food processing industries. Rhamnolipid not
only increased the solubility of hydrophobic
compounds, but also reduced the toxicity to
bacteria leading to increase the biodegradability
of hydrophobic compounds.12, 13

Accessibility to nutrients are another important
factor in explosives bioremediation other than
bioavailability. Application of sewage sludge as
a nutrient source has been reported in various
studies.14 Therefore in the present work, sewage
sludge was used as nutrient and seeding agent.
To the best of our knowledge there have
been no studies done on the effects of
rhamnolipid in bioremediation of TNT in Iran.
However, the effects of different variables such
as addition of surfactant rhamnolipid, nutrients
and aeration were studied. Also kinetics studies
on reductive degradation of TNT in
contaminated soil were investigated.

Materials and Methods
Preparations of reactors

Three soil-pan (1 to 3) experiments were
conducted. Each pan experiment was prepared

by placing 3000 g of contaminated soil in a
square plastic pan (30 cm × 20 cm × 20cm in
height). The bottoms of these pans were
perforated to allow drainage of fluids during and
after flooding phases, via 2-mm-diameter holes
spaced 2 cm apart in a square grid as described
by Boopaty.6 Each of the plastic pans were
placed inside a slightly larger plastic pan (33 cm
× 22 cm × 22 cm) to provide secondary
containment of deionized water.

Pans 1 served as controls but were
operated on a periodic cycle consisting of
flooding for 2 d with deionized water, followed
by draining and aeration for several days. Pans
2 and 3, were designed to be biologically active
treatments.

Soil preparation
Clean natural soil was used. The physical

and textural characteristics of this soil is
provided in Table 1. Contaminated soil was then
prepared by dissolving an appropriate quantity
of TNT in water/acetonitrile solution and a
known weight of soil was added with
continuous mixing. The contaminated soil was
stored at room temperature for 7 days. Since
addition of amendment can improve soil
management properties,6 sawdust was added to
the contaminated soil. In this study,
contaminated soil represented nearly 95% of the
total soil mixture, while the sawdust amendment
comprised the remaining 5% (dry-weight basis).
Activated sludge from a textile wastewater
treatment plant was added to pans 2, 3, except
that rhamnolipid at CMC of 60 mg/l was added
to the pan 3. Each of the mentioned Pans had a
TNT concentration of 1000 mg/kg. Kinetic
studies were conducted for each set of
experiments. The length of soil aeration
depended on the general drying conditions in all
of the aerated pans. All of specified biological
Pans were operated on a periodic cycle
consisting of flooding with deionized water for
2 d, followed by draining and aeration for
several days.

Aeration method
Aeration in pans were carried out by forced

aeration; 12 cubic air stones were used at the
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bottom of each pan to distribute the air. The air
stones were connected with a blower, which
provided air into the reactor from the bottom.

Biosurfactant
The biosurfactant used in this study was

rhamnolipid (C32H58O13) obtained from the
Genetic Engineering and Biotechnology
Institute (Iran). It is an extracellular natural
substance produced during precisely controlled
fermentation processes using certain bacterial
strains.15 Its molecular weight is 650 g/mol.

Table1. Properties of soil samples
used in this study

Chemicals
All chemicals used were of analytical

grade; TNT was from Zarrinshahr Chemical
Industries (Esfahan, Iran) and was purified by
recrystallizing. All other chemicals were
obtained from Sigma–Aldrich and Merck.

Sampling and chemical analyses
Samples of soil and liquid filtrates were

taken periodically during the experiment for
analyses of TNT. Sampling was done once
every two weeks. The three grab samples were
collected from the top 3 cm of soil in the pans
during each sampling event. And liquid filtrates
were collected after drainage events at the
bottom of larger pans for all of biological pans.
The TNT in soil samples were extracted in
accordance with the US EPA Method 8330.16

Soil samples were air-dried; then 5 g
(mixture of three grab samples) of soil was
transferred to a clean glass vial and extracted
with 20 ml of acetonitrile. The mixture was then
centrifuged for 5 min at 3,000 rpm. The
prepared sample was analyzed for TNT removal
with high-performance liquid chromatography
(HPLC). The HPLC system used from Waters
(Milford, MA, USA), consisted of a Model
600E pump, fitted with a Rheodyne 7725i

injector valve, a Model 486 UV programmable
multi wavelength detector, a data module, a
Model 600E system controller, Detector and a
Nova-pak C18 guard column. The analytical
column was an ODS2-Optimal column (25c ×
4.6mm id, 5μm) from Capital HPLC (West
Lothian, UK).

A water-acetonitrile mixture (20:80, v/v)
was used as the mobile phase at a flow rate of
1.0 mL/min. The injection volume was 20 μL
and the absorbance was measured at a
wavelength of 210 nm. The measurement of
chemical oxygen demand (COD) was carried
out according to standard methods.17

Analysis of biodegradation products by LC–MS
TNT biodegradation products were

analyzed by LC–MS using a Shimadzu LCMS-
2010 EV (Japan) equipped with two pumps
(LC-10 ADvp), controller (SCL- 10Avp),
autoinjector (SIL- 10ADvp) and a UV2000
UV/VIS detector. The analytes were separated
on 250 mm × 4.6 mm (diameter) × 5 µm C18
Hypersil GOLD column (Thermo, Waltham,
MA) by acetonitrile–water gradient elution
(90:10, v/v), at a flow rate of 0.2 mL/min.

Results and Discussion
Effect of sludge in removal of TNT from soil

Performance of induced aeration in
removal of TNT with sludge as nutrient
source is shown in Fig. 1.

As shown, approximately 50% of TNT has
been removed. Aerobic bioremediation due to
higher removal rate and lower toxicity of the
produced intermediate has more advantages
than anaerobic degradation.18 In a study
conducted by Widring et al, it was found that
TNT at an initial concentration of 4000 mg/kg
in soil, decreased to 1 mg/kg within 12 months.6
In their study, wood chips were used as bulking
agents and the aeration method was similar to
our study. In the present work, textile
wastewater treatment plant sludge was used as
nutrient and microbial inoculum. It seems that
wastewater sludge contain nutrients that can
accelerate the degradation process. Compared
with the results of Widring et al,6 TNT
degradation in our study has progressed at a

Parameter Value (%)
Clay 16
Sand 34
Silt 46
Total carbon 4
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slower rate. Since the bacteria in textile
wastewater treatment sludge, were encountered
previously with aromatic compounds, it seems
that the use of these bacteria can shorten the time
required for explosives degradation. In a study
conducted by Innemanova et al14 it was found
that addition of sludge caused 32.6%
elimination of TNT. Compared to results of the
present work, lower removal of TNT in their
experiment may be related to the study
circumstances. Their study was conducted in
anaerobic conditions while present work was
done in aerobic conditions. Since the bacteria
have higher growth rates in aerobic conditions,
a substantial increase in the bacterial density
may have contributed to the higher rate of
contaminant removal predicted in the present
work.

Fig. 1. Disappearance of TNT in presence of sludge in
induced aeration (TNT= 1000 mg/kg)

Effect of rhamnolipid on the removal of
TNT The effectiveness of rhamnoliopd in
removal of TNT by induced aeration is shown in
Fig 2. It is clear that in the presence of
rhamnoloipd, TNT removal rate increased to 99
percent. By comparison it can be seen that TNT
removal was at least 1.98 orders of magnitude
higher than those found for experiments not
amended with rhamnolipid. Additionally,
rhamnolipid not only provided micelles for
higher solubility of TNT, but also increased its
emulsification, which ultimately increased its
availability for the microorganisms. Low
solubility of explosives is the main factor that
decreased their degradation in previous studies.
Furthermore, because of the intensive binding of
explosive with soil particles,19 application of an

agent is required in order of increasing TNT
availability, for consequent increase in TNT
degradation. Thus increasing the removal of
TNT in the reactor containing rhamnolipid can
be attributed to increased TNT desorption from
soil. Aggregation of TNT in rhamnolipid
micelles can reduce its toxicity. Chrzanowski et
al conducted a similar study, which showed that
the toxicity of 4-chlorophenol intensely
microbial growth and further removal of
decreased by aggregation in biosurfactant
micelles, which in turn led to an increase in
4-chlorophenol.10

Fig. 2. Disappearance of TNT in presence of rhamnolipid
in induced aeration (TNT= 1000 mg/kg)

Effect of sludge on COD reduction
Performance of activated sludge in

the removal of COD is shown in Fig. 3. It was
found that maximum COD removal rate was 41
percent.

Fig. 3. Effect of sludge on COD removal in induced
aeration. No rhamnolipid was added

Effect of rhamnolipid on COD reduction
The COD is a gross parameter of

concentration of organic materials in a solution,
therefore any reduction in COD level reflected
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mineralization.20 The effect of rhamnolipid at
CMC of 60 mg/l on mineralization of TNT was
evaluated. Fig. 4 shows the effect of
rhamnolipid on removal of COD. As fig. 4
indicated, COD removal in presence of
rhamnolipid was 58 percent. Compared to Fig.
3 it can be seen that the reactor containing
rhamnolipid had a better performance in
removal of COD. Also Fig 3 shows that until
day 63, the reduction of COD was insignificant

and only 6 percent was removed. Although, the
TNT concentration decreased, and eventually
transformed to relevant metabolites, there was
no significant reduction in COD until 63 days.
In reference to fig. 4, it was found that in the
presence of rhamnolipid, COD reduction was
observed from the beginning of the experiment,
and at the end of 120 days COD removal
reached 58 percent.

Fig. 4. Effect of rhamnolipid on COD removal in induced aeration.
(rhamnolipid concentration, 60 mg/l)

By comparison it was found that, COD
removal in fig. 4 was 1.5 fold higher than that of
the Fig. 3. It seems that applications of
rhamnolipid increased the solubility of TNT,
and thus, facilitated its biodegradation which
ultimately lead to reduction of COD. Sponza
and Gök21 previously found that the addition of
rhamnolipid surfactant (15 mg l−1) to
petrochemical wastewater increased the
removal efficiencies of PAHs and soluble COD.

Kinetic studies
In order to determine the kinetics of TNT

degradation, different concentration of TNT
were used. Results of study showed that, TNT
biodegradation followed pseudo first order
kinetics (Table 2). Rate constant kobs[d−1] is
calculated from the slope of the line for ln [C0/C]
vs. reaction time.

dC/dt= - kobst (1)

C = C0 exp (- kobst) (2)

Where C0 = initial explosives concentration
(mg/kg); kobs = rate constant (d−1); t =
degradation time (d).

In general, removal rate of TNT was higher
in experiments where rhamnolipid was added.
As seen in table 2, the pseudo first-order rate
constants of the rhamnolipid amended
experiment was at least 3.89 orders of
magnitude higher than those found for
experiments not amended with rhamnolipid.

Table 2. Reductive degradation of TNT. Experimental
data was fit to the pseudo first-order kinetic equation

This can be related to the addition of
rhamnolipid, which resulted in increasing the
solubility of TNT and then enhancing its
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biodegradation. Surfactants can increase the
surface area of hydrophobic materials,
increasing their water solubility and
subsequently increasing the biodegradation of
complex hydrocarbons.15

In the present work, LC–MS analysis of
TNT revealed that two reduction metabolites, 2-
amino-4, 6-dinitrotoluene and 4-amino-2, 6-
dinitrotoluene were observed during TNT

metabolism. The same results have been
reported by others.22,23 The possible metabolic
pathway proposed for TNT biodegradation in
accordance to our results, was also reported by
others.22,24 The possible mechanism involved
reduction of one nitro group to form a
hydroxylamino group, and subsequent reduction
of the other nitro group to an amino group.

Fig. 5. Chromatogram analysis of the TNT degradation

Conclusion
Application of rhamnolipid was effective in

TNT biodegradation. By the formation of
micelles, rhamnolipid reduced the TNT toxicity
and increased the solubility of TNT. Due to
adapted bacteria, application of wastewater
sludge can be useful in bioremediation of
polluted areas, and reduced the required time for
remediation of pollutants. Based on results
obtained, usage of this method is recommended
in remediation of explosives contaminated
areas.
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