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Abstract
Nitroaromatic compounds (NACs) are extensively used in different industries and are synthesized in large quantity due to their
heavy demand worldwide. The broad use of NACs poses a serious pollution threat. The treatment processes used for the removal
of NACs are not effective and sustainable, leading to their release into the environment. The nitro group attached to benzene ring
makes the compounds recalcitrant due to which they persist in the environment. Being hazardous to human as well as other living
organisms, NACs are listed in the USEPA’s priority pollutant group. This review provides updated information on the sources of
NACs, prevalence in different environmental matrices, and recent developments in methods of their detection, with emphasis on
current trends as well as future prospects. The harmful effects of NACs due to exposure through different routes are also
highlighted. Further, the technologies reported for the treatment of NACs, including physico-chemical and biological methods,
and the challenges faced for their effective implementation are discussed. Thus, the review discusses relevant issues in detail
making suitable recommendations, which can be helpful in guiding further research in this subject.
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Abbreviations
1,3,8-TNN 1,3,8-Trinitronaphthaline
TNB 2,4,6-Trinitrobenzene
TNP 2,4,6-Trinitrophenol
TNT 2,4,6-Trinitrotoluene
DNB Dinitrobenzene
DNN Dinitronaphthalene

DNP Dinitrophenol
DNT Dinitrotoluene
RDX Hexahydro-1,3,5-trinitro-1,3,5-triazine
NA Nitroaniline
NACs Nitroaromatic compounds
NB Nitrobenzene
NC Nitrocatechol

Highlights • NACs are one of the most widespread and hazardous
pollutants of today’s world.
• Present review summarizes prevalence of NACs in the environment
across the globe.
• The basis of hazardous effects of NACs on the environment and health
is discussed.
• The remediation prospects and challenges associated with NACs are
listed.
• Integrated approach involving different treatments is required for
remediation.
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NP Nitrophenol
NSA Nitrosalicylic acid
NT Nitrotoluene
NPAH Nitro-polyaromatic hydrocarbons
HMX Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine
PCNB Pentachloronitrobenzene
PAHs Polyaromatic hydrocarbons

Introduction

Nitroaromatic compounds (NACs) are aromatic compounds
with one or more nitro groups. The commonly used NACs are
depicted in Fig. 1. Nitro group has certain unique properties
which make NACs useful as raw materials in chemical syn-
thesis of a variety of compounds like drugs, dyes, cosmetics,
herbicides, pesticides, fungicides, explosives, paints, preser-
vatives, antioxidants, gasoline additives, corrosion inhibitors,
and other industrial chemicals (Sinha et al. 2006; Ju and
Parales 2010; Singh and Ramanathan 2013). The release of
these NACs from manufacturing industries, shipping,
warehousing, and other activities coupled with improper
waste disposal creates serious environmental pollution.
NACs are continuously discharged into the environment,
and contaminate water and soil as well as air, which present

hazard to humans and other living organisms (Khan and
Anjaneyulu 2005; Cai et al. 2007). NACs are of primary con-
cern for being mutagenic and carcinogenic as well as toxic to
living organisms (Toropov et al. 2007). Hence, NACs are
listed in priority pollutants by the United States
Environmental Protection Agency (Fares et al. 2008).

A number of physical, chemical, and biological methods
have been established for the treatment of NAC-contaminated
wastewater and soil. Several of these methods are effective in
degradation and mineralization of NACs. AOPs (advanced
oxidation processes) can degrade recalcitrant NACs into bio-
degradable products, whereas biological methods employ mi-
croorganisms, which metabolize NACs into less harmful
products or completely mineralize them (Rodgers and Bunce
2001; Oller et al. 2011). While these technologies have been
successfully demonstrated at laboratory scale, treatment of
NACs is still not implemented adequately at industries due
to reasons like excessive cost and infeasibility at large scale
(Khan and Anjaneyulu 2005; Cai et al. 2007). Hence, the
NACs are continuously disposed off in water bodies, and there
is need to develop economical and feasible NAC remediation
technologies for the industries.

Over the last two decades, review papers pertaining to tox-
icity and biodegradation of NACs, including chloro-
nitroaromatics and nitro-explosives, have been published

Fig. 1. Structure of common nitroaromatic compounds
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(Spain 1995; Purohit and Basu 2000; Ju and Parales 2010;
Kovacic and Somanathan 2014). However, the information
about prevalence of NACs in different environments and their
effect has not been documented, compared, and reviewed to
date. The information about presence and concentration of
NACs in different environments is essential to quantify their
health effects and devise appropriate prevention and mitiga-
tion strategies. Therefore, this review paper focuses on the
sources, distribution, and effects of NACs in different envi-
ronments and methods for their detection in the environmental
matrices. Besides, latest developments in remediation of
NAC-contaminated wastes are also discussed.

Sources of NAC contamination

Natural sources

Naturally occurring NACs are rare, but few are present in the
environment. Some microbes, fungi, parasites, and plants pro-
duce NACs as secondary metabolites in stress conditions or as
pheromones to attach to the host. For example, western skunk
c abbage i s r e po r t e d t o p r oduc e 1 - n i t r o - 2 - ( 4 -
methoxyphenyl)ethane under stress. Some fungi, like
Coniothyrium and certain marine fungi, also produce NACs.
Few bacteria, such as Streptomyces eurocidicus, Nocardia
mesenterica, and Pseudomonas fluorescens, have been found
to produce the antibiotic 2-nitroimidazole (Parry et al. 2011).

Anthropogenic sources

The presence of the nitro group imparts versatile applications
to NACs. NACs are used as starting material, precursor, or
intermediates in different manufacturing industries (Arora
et al. 2012; Tiwari et al. 2017). NACs are also extensively
used in explosives. The nitro group provides available oxygen
to oxidize the aromatic ring, which creates self-oxidant. This
characteristic imparts explosive properties to NACs like TNT,
TNP, HMX, and dinitrophenol (Upson and Burns 2006; Ju
and Parales 2010). Certain drugs containing nitro groups are
used for the treatment of diseases like Parkinson’s disease.
Similarly, NACs like nitazoxanide, metronidazole, and
nifurtimox are used as drugs to treat parasitic infections.
Pentachloronitrobenzene (PCNB) is used to control many
plant diseases (Zhou et al. 2012; McNeil et al. 2013). The
nitroaromatic parathion is used as a pesticide, while NB is
used as an intermediate for the production of fungicides and
linear alkyl benzene detergents (Wu et al. 2006). Several
NACs like Martius yellow are used as dyestuff. The nitro-
chromophore contains nitrogen with two oxygen atoms bond-
ed with equal strength. The electrons are delocalized between
the nitrogen and the oxygen atoms, which imparts the dye
color. NACs like 2-methyl-4-nitroaniline are used as

intermediates in the preparation of hair dyes and paints
(Pinheiro et al. 2004; Zhao et al. 2011).

Due to their diverse applications, NACs are continuously
discharged into the environment through agricultural runoffs,
industrial discharges, improper waste disposal practices, and
activities like packaging, loading, and transportation. This re-
sults in pollution of the neighboring water and soil.
Contamination by explosives in and around ammunition
plants causes the locality to suffer from direct contact with
soil or polluted drinking water (Psillakis et al. 2004). The
spray of nitroaromatic pesticides contaminates the soil, which
spreads further by agricultural run-off. Consumption of crops
contaminated with nitro-pesticides, herbicides, and fungicides
is toxic to human as well as animals (Wu et al. 2006).

Thus, anthropogenic sources result in considerable release
of NACs into the environment. The data on the distribution of
NACs in different environments are important to reflect the
contamination level, which will further aid in quantifying the
exposure, risk, and dose-adverse effect relationship.

Methods for detection of NACs
in the environment

NACs are abundant in the environment and several methods
have been tested for their monitoring. Due to the importance
of detection of NAC explosives for military and security con-
cerns, a lot of works has been carried out towards their exam-
ination. A variety of methods namely, electrochemical, chem-
ical, biosensors, spectrophotometric, and analytical tech-
niques, including gas chromatography (GC), liquid chroma-
tography, and capillary electrophoresis (CE), have been de-
scribed for the detection of NACs (Woltman et al. 2000; Pon
Saravanan et al. 2006; Singh 2007; Ganranoo et al. 2010;
Wang et al. 2018).

UV-visible spectrophotometer presents a simple and rapid
tool for quantitative measurement of certain NACs at UV or
visible range (200–760 nm). 3-Dinitrobenzene, TNB, and 3-
NP react with lithium aluminum hydride to form azo dyes
which can be detected at visible wavelengths (Tiwari and
Pande 1972). However, the method is highly non-specific
and prone to interferences. The sensitivity is also very low
and it requires high analyte concentrations. Further, the tech-
nique is not suitable for all NACs.

Accurate identification and quantification of NACs require
pre-processing such as removal of interferences, extraction,
concentration, and separation of NACs from the sample ma-
trix. Analytical separation methods like HPLC (high-perfor-
mance liquid chromatography), GC, and CE have beenwidely
used in laboratories for analyte separation in detection of
NACs. HPLC is normally coupled to UV absorbance detec-
tors. However, UV detection is not suitable for all NACs.
Sensitivity and co-elution from the column also affect the
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results from UV detector. It is reported that HPLC-UV is suit-
able for 12 highly polar NACs (aminonitrotoluenes,
nitrotoluenes, NB, etc.). The reported detection limit was
14–40mg/L (Schmidt et al. 2006). Woltman et al. (2000) used
HPLC followed by post-column reduction of NACs. The re-
duced NACs subsequently transferred electrons to specific
dye resulting in photoluminescence. This resulted in detection
of NACs in nanomolar range. Use of MS (mass spectrometer)
detectors in LC-MS or LC-MS/MS provides improved detec-
tion and identification. Dinitrophenols, dinitrotoluenes, and
amino-dinitrotoluenes were detected by LC-MS/MS, but it
was found to be unsuitable for the detection of some complex
NACs like dinitrobenzoic acids, TNB, and TNT (Schmidt
et al. 2006). LC-MS is generally used for analytes with high
molecular weight, low volatility, and temperature sensitivity.
GC, on the other hand, is mostly used for volatile and semi-
volatile NACs. The most commonly used GC detectors are
FID (flame ionization detector), ECD (electron capture detec-
tor), NPD (nitrogen phosphorous detector), TEA (thermal en-
ergy analyzer), and MS. TEA is a preferred detector for NACs
due to its specificity for nitro group. However, MS and MS/
MS detectors achieve lower detection limit (Kirchner et al.
2007). CE is another technique that has been used for the
detection of different NACs (Oehrle 1996). It offers many
advantages such as low sample concentration, great separation
speed, and lower analysis time. When combined with
additional detectors, it can be a promising technique for the
accurate and sensitive detection of NACs. Nie et al. (2010)
applied CE with electrochemical detector for the analysis of
dinitrotoluenes, dinitrobenzenes, and TNT with the detection
limit 3–4.7 μg/L. Electrochemical detection methods include
amperometric, conductometric, coulometric, potentiometric,
or voltammetric measurements. In this technique, samples
are detected on the basis of their redox activity. This method
is very useful for non-UVabsorbing analytes. However, elec-
trode fouling and air bubble limit its sensitivity.

The analytical methods described above require skilled per-
sonnel, sophisticated analytical facility, high run time, and
extraction and concentration of samples for the detection of
NACs from the environment (Wang et al. 2018). Besides,
hazardous solvents are used during laborious sample prepara-
tion steps, and issues like matrix effect, co-elution, and co-
extraction of interferences are unavoidable in some cases. In
this regard, sensor-based detection methods present attractive
alternative for on-site detection. They are also reported to be
more sensitive and selective, less time-consuming, and porta-
ble on the field (Sun et al. 2018).

Chemosensors for NACs are based on their electron-
deficient nature, which leads to fluorescence quenching in
electron-rich moieties. Li et al. (2018) synthesized metal or-
ganic frameworks for sensitive detection of NACs, particular-
ly TNT. Similarly, molecular imprinted polymer based–
sensors are reported for the detection of 2,4-DNT and TNT

with detection limit of 30–40 μM (Stringer et al. 2010).
Electrochemical detectors are also proposed for fast and eco-
nomic field detection of NACs. Mesoporous SiO2 of MCM-
41 type exhibited large surface area with strong adsorption of
NACs, making it useful for electrochemical detection of
NACs down to nanomolar levels (Zhang et al. 2006).
Although the chemical and electrochemical sensors offer great
sensitivity, the preparation and functionalization of sensor ma-
terials is difficult and costly. Also, the sensor materials, in
many cases, are non-biodegradable and toxic, resulting in sec-
ondary pollution (Sun et al. 2018). Biosensors present an
ecofriendly alternative to the above sensors. Different biosen-
sors based on antibodies, NAC-binding proteins and nucleic
acids, and enzymes like nitroreductase, have been reported for
the detection of NACs (Charles et al. 2001). Gingras et al.
(2013) reported detection of NACs including TNT by fluores-
cence quenching of endogenous tryptophan residues of certain
proteins. While biosensors have high specificity and
sensitivity, there are issues like instability and susceptibility
to harsh environmental conditions, restricted substrate range,
stringent storage requirements, and high cost. In recent years,
nanosensors have been frequently studied for the detection of
environmental pollutants including NACs at trace level.
Sangili et al. (2018) successfully used cerium oxide nanopar-
ticles for the detection of NB. Nanosensors, such as nanofi-
bers, nanotubes, nanowires, and nanomaterials, are fairly sta-
ble and can be functionalized cost-effectively. They have po-
tential for real-time monitoring, high sensitivity with no cost
of sample preparations. In spite of these applications,
nanomaterials have been reported to be ecotoxic and their risk
assessment in the environment must be investigated (Soni
et al. 2017).

In all, a variety of sensors have been demonstrated for
NAC detection with potential for field application. Now the
focus should be on sealing the lacunae like improvement of
specificity and reproducibility, robustness to tolerate interfer-
ences from sample matrix and contaminants, easy fabrication,
and cost reduction.

Environmental contamination by NACs

The extensive use of explosives and pesticides has contami-
nated the water and land, making NACs ubiquitous contami-
nants of the environment. The air also gets adulterated with
NACs by natural or man-made activities like volcanic dis-
charge, forest fires, burning of garbage, fuels, plant material
and tobacco, and volatilization (Park et al. 2001). NACs are
produced in thousand tons per year for satisfying their heavy
demand. In India, it is reported that 84.16 thousandmetric tons
per annum of nitrotoluene is produced, and the production is
rising at an average rate of 7% per annum (Singh et al. 2015;
DoCP 2017). In the USA, about 230417 pounds NB was
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released from organic chemical industries during the year
2000 (Doble and Kumar 2005).

Atmospheric contamination

Incomplete burning of fossil fuel releases hydrocarbons.
These hydrocarbons undergo photo-oxidation in the atmo-
sphere, where they react with the atmospheric NO2 and gen-
erate NACs. The liberation of NACs into aerosols destroys the
quality of ambient air. The presence of NACs has been dem-
onstrated in the atmosphere at several locations globally
(Table 1) Nitrophenolic compounds were detected in rain wa-
ter and also in diesel exhaust particles by Mori et al. (2003).
Shen et al. (2013) estimated emission factor of nine different
NPAHs (nitro-PAH) to be 0.14–297 mg/kg of wood. In Rome,
6 different types of nitrophenols were detected in the air in the
range of 1–20 ng/m3 (Cecinato et al. 2005). Predominant ni-
trogenous compounds present in the gas phase and particle
phase were 2-NP (10.4 ng/m3)and 4-NP (17.8 ng/m3) respec-
tively. In Europe, 4-NP was detected in the range of 0.1–27
ng/m3 while methyl-NP was detected in the range of 0.11–
12.3 ng/m3. Further, 0.004–4.5 ng/m3 of mono- and dinitro-
phenols was detected in China (Teich et al. 2017). Kitanovski
et al. (2012) proposed the theory of seasonal variation in the
concentration of NACs. They observed that the aerosol con-
centration of 4-NP and methyl-NP in winter season was 8–15
times higher than that in summer. This was attributed to higher
biomass burning in winter and higher evaporative loss of
NACs from aerosols in summer.

Terrestrial contamination

Table 1 shows the reports on soil contamination with nitro
compounds. In a study, around 87 g/kg NACs were detect-
ed in contaminated soils from Texas and Kansas (Meyers
et al. 2007). Pichtel (2012) reviewed and highlighted
severe contamination of soil with explosives, including
NACs, in USA and Canada due to manufacturing and
military activities. Bausinger et al. (2007) reported nitro
explosive compounds and their metaboli tes at a
concentration of 11 mg/kg soil at an ammunition burning
site in France, while Podlipná et al. (2015) reported 9
mg/kg of 2,4-DNT near an ammunition plant in Europe.
NAC-based explosives are also used in mines due to which
the miners are highly affected with these pollutants.
Activities like coal burning, engine emissions, and photo-
oxidation also give rise to NAC contamination in urban
areas. Fifteen different nitroaromatics were detected in
the range of 28–128 ng/g in soil from Jiaxing City of
China (Zhang et al. 2014). Pham et al. (2015) compared
the distribution of NPAH and PAH between soil and air.
The NPAH strongly accumulated in soil. Thus, there is
higher possibility of the presence of NACs in soil irrigated

with pesticide-contaminated effluent or leachate. Certain
NACs are hydrophobic in nature and easily adsorb to soil.
High-molecular-weight NACs in the atmosphere also tend
to accumulate in land as dry or wet deposition.

Aquatic contamination

An accidental explosion in petrochemical plant followed by
release of NB and other pollutants in China resulted in 8
deaths and 60 injuries along with contamination of the
Armer and Songhua river in 2005 (Fu et al. 2008).
Extensive studies and remediation efforts have been undertak-
en to effectively clean the river. In another report, 4-NP was
detected in the agricultural runoff in the range of 832–913
ng/ml in Punjab, India (Saini et al. 2017). Landfill of industrial
and domestic solid wastes is another important source of
NACs. The landfill leachate contains heavy metals and other
harmful compounds. The NACs can also leach out from the
landfill into the ground water. Nitromusks, which are used in
perfumery industry, were detected in landfill leachate in India
(Ghosh et al. 2014). In another study, 13 different types of
nitrophenols and 20 different nitrobenzoic acids were identi-
fied in ground water and leachate in Germany (Preiss et al.
2007). Different studies on aquatic NAC contamination are
summarized in Table 1.

Thus, a variety of NACs have been detected in different
geographical regions demonstrating their widespread ap-
plication. In general, higher concentration of NACs was
reported in urban settings due to vehicular emission around
traffic areas, incomplete burning, volatilization, etc.
Nitrotoluenes were commonly detected in soil (0.143–
18.7 mg/kg soil) at several places such as Chicago,
France, India, and UK. Use of nitrotoluenes in explosives
may explain their widespread presence across many coun-
tries. Nitrophenols were also very common in the environ-
ment in different matrices such as air, water, and soil.
Nitrophenols constitute the most predominant NAC con-
taminants due to their wide range of applications and pose
a major concern due to their toxic nature. Release of
nitrophenols may be attributed mainly to discharge of
wastewater from manufacturing units (Singh and
Srivastava 2011). Literature review also indicated that data
on the presence of nitroaromatics in the environment is
fragmented due to lack of systematic monitoring efforts.
Hence, their prevalence in the environment may be more
common than that reported so far, due to their wide appli-
cations. Hence, it is important to generate more data on the
occurrence of NACs and other pollutants co-existing with
them to estimate the exposure and co-exposure of NACs,
respectively. This will help in estimation of accurate
environment-dependent and dose-dependent health and en-
vironmental risk of NACs.
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Table 1 Contamination of atmospheric, terrestrial, and aquatic environments by NACs

Sr.
no.

Country NAC pollutant detected Concentration
detected

Reference

Atmospheric contamination

1. China (Wangdu, Beijing) Nitrophenols and nitrated salicylic
acid

1.4–4.4a Teich et al. (2017)

2. Germany (Leipzig, Sexony, and
Fichtelgebirge)

Nitrophenols and nitrated salicylic
acid

11–14a Teich et al. (2017)

3. Italy (Rome) 2-NP,
4-NP,
3-Methyl-4NP,
4-Methyl-2NP,
5-Methyl-2NP,
2,6-dimethyl-4-NP

10.4a
3.9a
2.2a
6.9a
4.8a
2.0a

Cecinato et al. (2005);
Belloli et al. (1999); Wang et al.

(1999)

4. Sweden (Tumba, Karlstad) Dinitrotoluenes and TNT Qualitative Sanchez et al. (2003)

5. Slovenia (Maribor) 4-NP,
2,4-DNP,
3-NSA,
5-NSA,
4-NC,
3-Methyl-4-NP,
3-Methyl-5-NC,
3-Methyl-6-NC,

0.5–3.7a

0.02–0.05a

0.1–3.9a

0.2–3.4a

16.9–152a

0.25–1.2a

8.2–68a

1.7–11.7a

Kitanovski et al. (2012)

6. Japan (Tokyo) 2-Methyl-4-NP,
3-Methyl-4-NP,
4-NP

34b

28b

15b

Mori et al. (2003)

Terrestrial contamination

7. Vietnam (Hanoi) 1,3-DNP,
1,6-DNP,
1,8-DNP,
9-Nitroanthracene,
1-Nitropyrene,
6-Nitrochrysene,
7-Nitrobenzanthracene,
6-Nitrobenzopyrene,
1-Nitroperylene,
3-Nitroperylene

0.4–0.5c

2.9–4.3c

5.1–7.3c

6.4–11.1c

28.7–131c

43.3–137c

5.3–36.2c

0.4–2.2c

23.6–111.2c

8.9–34.9c

Pham et al. (2015)

8. France (Verdun) 2-Amino-4,6-DNT,
4-Amino-2,6-DNT,
1,2-DNB,
1,3-DNB,
1,5-DNN,
1,8-DNN,
2-NA,
1,3,8-TNN,
TNT

0.1–2.2d

0.1–0.8d

0.1–1.2d

0.1–1.8d

0.1–1.4d

0.1–2.9d

0.1–0.8d

0.1–4.2d

0.1–4.9d

Bausinger et al. (2007)

9. Czech Republic (Europe) 2,4-DNT 9e Podlipná et al. (2015)

10. USA 2,4-DNT Qualitative Gehrke et al. (2000)

11. Canada Dinitroanisole and RDX Qualitative Walsh et al. (2013)

12. India (Pune) RDX and HMX 0.135 – 0.686e Pon Saravanan et al. (2006)

Aquatic contamination

13. Germany 4-NP,
Dinitrophenols,
Methyl dinitrophenols,
Nitro-benzyl alcohols,
Mononitrobenzoic acids,
Amino-dinitrobenzoic acids,
Trinitrobenzoic acid,
TNT,
Dinitrobenzoic acids,
Methyl-nitrobenzoic acids,

60–110f

13–1300f

57–540f

20–90f

22–5600f

22–130f

30–36f

0.60–0.245f

63–2600f

15–370f

Preiss et al. (2007);
Braeckevelt et al. (2008);
Bausinger and Preuss (2009)
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Adverse effects of NACs

Widespread NAC contamination is of serious concern due to
their toxicity and persistence. The recalcitrance of these com-
pounds results in their accumulation in the environment.
Inhalation, ingestion, or direct contact of these NACs cause
acute and chronic toxicity. Therefore, the discharge of these
compounds into the environment is a potential source of tox-
icity and carcinogenicity.

Effects in atmospheric environment

The presence of NACs in the air is a major concern since they
are mutagens and carcinogens. The emission of NACs into the
atmosphere by different sources like diesel exhaust or ciga-
rette smoke and their subsequent inhalation can decrease the
lung function. In a study, NACs were reported to be immune
suppressive as well as tumor inducers in a human bronchial
epithelial cell. NPAHs pose severe threat to lung function and
there is a strong correlation between the exposure time and
chances of lung cancer (Mori et al. 2003; Landvik et al. 2007).
The higher the exposure period and concentration, the higher
the adverse effect on the lung. Exposure to NPAH is also
reported to induce pulmonary inflammation. Nitropyrene in-
duces chemokines and cytokines, which are responsible for
inflammation. Some induced cytokines are also responsible
for tumor growth. The exposure of NPAH present in diesel
exhaust particles causes chromosomal damage. Nitropyrene
and 3-nitrobenzathrone are reported to damage the DNA caus-
ing genotoxicity (Øvrevik et al. 2010).

Effects in terrestrial environment

The persistence of NACs in soil affects the associated biota,
including plants, insects, and microbes. It has been observed
that 2,4-dinitroanisole decreases the growth of perennial rye-
grass (Lolium perenne) (Dodard et al. 2013), and is also lethal
to earthworms (Kennedy et al. 2015). NACs exert

reproductive toxicity in crickets (Acheta domesticus)
(Karnjanapiboonwong et al. 2009). Nitrophenols exhibit es-
trogenic activity and are toxic to yeast cells. Reduced growth
rate was reported in salamander (Ambystoma tigrinum), and
hemolytic anemia and increased spleen weight were reported
in mice and rat models upon exposure of technical DNT
(Brüning et al. 2002).

Effects in aquatic environment

NACs are toxic to aquatic animals and plants and their toxicity
is extensively studied in fishes. 3-Trifluoromethyl-4-
nitrophenol uncouples oxidative phosphorylation, which, in
turn, impairs mitochondrial ATP production in fishes
(Birceanu et al. 2014). Similarly, some of the nitrophenols like
2,4-dichloro-6-nitrophenol have been shown to interfere with
hormone synthesis and transport pathways, disrupting the en-
docrine system of fishes (Jugan et al. 2010; Chen et al. 2016,
2017). Substituted NB and aniline are lethal to fishes such as
carp (Cyprinus carpio) and tilapia (Tilapia zilli). NACs are
also reported to be lethal to some algae likeChlorella vulgaris,
and flea-like Daphnia pulex (Yen et al. 2002). 2,4-DNT is
known to be highly toxic to aquatic plants like duckweed
(Roberts et al. 2007).

Toxicity in animals including humans

NACs are hepatotoxic, carcinogens, and potent mutagens.
Epidemiological data validate the carcinogenicity of NACs
like NB, nitrotoluenes, and nitrophenols. Chronic exposure
to nitrotoluenes results in cancer in mice and rats. In humans,
dinitrotoluenes are reported to cause cancer, liver cytotoxicity,
anemia, leukocytosis, cyanosis, dark urine, diarrhea, head-
ache, insomnia, labored breathing, nausea, orange feces, pros-
trate posture, red discharge around the nose, squinting, and
weakness (Tchounwou et al. 2003; Coe et al. 2007; Lent
et al. 2012). Exposure to DNT is reported to be nephrotoxic
and cancerous to the urinary tract. DNT exposure also causes

Table 1 (continued)

Sr.
no.

Country NAC pollutant detected Concentration
detected

Reference

DNT-sulfanilic acids,
Hydroxy-dinitrobenzoic acids

10–2300f

1500–4200f

14. China (Taiwan) Dinitrotoluenes, TNT Qualitative Chen et al. (2007a)

15. Brazil TNT 156f Rodrigues et al. (2009)

16. India (Punjab) 2-NP,
4-NP

278–480g

749–947g
Saini et al. (2017)

17. India (Delhi) Nitromusk, NB Qualitative Ghosh et al. (2014)

18. France (Verdun) 2-NP,
4-NP

< 13.5h

< 13.5h
Bausinger et al. (2007)

a ng/m3 , bmg/kg of DEP (diesel exhaust particles), c pg/g soil, d mg/kg soil, e mg/g soil, f mg/l, g ng/ml, hμg/l
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methemoglobinemia as well as discoloration of hair and skin
in human. Certain NACs affect the reproductive systemwhich
results in sperm count reduction, sperm morphology alter-
ation, and aspermatogenesis. NACs have been established to
be genotoxic in various human cell lines (Pinheiro et al. 2004;
Karnjanapiboonwong et al. 2009). Several NACs can inter-
rupt the nervous system by inhibiting the enzyme acetylcho-
linesterase. They are also known to exert endocrine disrupting
activity and cytotoxicity (Rodgers and Bunce 2001). The
health effects of different NACs are listed in Table 2.

Several reports on acute NAC poisoning in humans have
been published, although the frequency has reduced over the
years. Bharadiya et al. (2014) reported symptoms like methe-
moglobinemia, epigastric discomfort, and nausea following
ingestion of NB by a 17-year-old patient. Chronic health ef-
fects of NACs following occupational exposure are well re-
ported in old literature. The workers in a DNT manufacturing
plant were found to show symptoms like unpleasant taste,
weakness, headache, loss of appetite, nausea, insomnia,
vomiting, cyanosis, and anemia (McGee et al. 1942).
Although carcinogenicity of some NACs like NB in humans
is uncertain, others like TNTare well-established carcinogens.
In a retrospective case-control study, Kolb et al. (1993) iden-
tified higher prevalence of acute and chronic myelogenous
leukemia in both males and females due to chronic exposure
to TNT-contaminated soil. In another epidemiological study
on poisoning in India, Srivastava et al. (2005) compiled 3-year
(1999–2002) data of telephonic enquiries in the National
Poisons Information Centre (NPIC). About 1.03% of poison-
ing cases were reported to be due to NB.

Mechanism of toxicity of NACs

The toxicity of NACs arises partly due to their metabo-
lism in the body. The metabolism of NACs is well studied
(Fig. 2). NACs are absorbed in the respiratory tract, the
skin, and the gastrointestinal tract, and then excreted in
urine. Traces of metabolites of NACs have been detected
in the urine of workers, who are daily exposed to NACs.
NACs can be metabolized in the liver either through ox-
idative or through reductive pathways (Purohit and Basu
2000). Different microsomal oxidative enzymes convert
NACs to their phenolic derivatives, but the reaction pro-
ceeds slowly as compared to the reductive pathway. In the
reductive pathway, NACs are reduced by nitroreductases
to form nitroso compounds, hydroxylamines, and then
amines (Yamazaki et al. 2000). These intermediates can
be metabolically activated through hydroxylation, acety-
lation, and sulfate conjugation by mixed-function oxi-
dases, acetyltransferases, and sulfotransferases. The
resulting conjugates eventually give rise to highly reactive
nitrenium ions that react with nucleic acids causing
genotoxicity. Further, one-electron reduction of NACs re-
sults in the formation of radicals that are scavenged with
oxygen giving rise to superoxide radical and subsequent
oxidative stress. Studies on rabbit and rat have showed
that exposure of NB leads to the formation of aniline.
Similarly, TNT is reduced in the liver to metabolites like
2 - am i n o - 4 , 6 -DNT a n d 4 - am i n o - 2 , 6 -DNT by
nitroreductases. Aromatic amines can produce hypersen-
sitivity and carcinogenicity. Dihydroxyl amine, a

Table 2 Adverse effects of
nitroaromatic pollutants Sr.

no.
NAC pollutant Adverse effects Organism Reference

1. Nitrobiphenyl Bladder carcinogen,
mutagenic in the liver,
melanocyte toxicity

Rat Ma et al. (2012)

2. Nitrofurans Tumorigenic, damage
DNA, carcinogenic

Human McNeil et al. (2013)

3. Dinitrophenols Weight loss, cataract, lethal,
toxic

Human Grundlingh et al.
(2011)

4. 1-Methyl-4-phenylpyridinium DNA fragmentation,
chromatin condensation,
toxicity to neuron

Human
neuronal
cell lines

Lotharius and
O’Malley (2000)

5. 2,4-DNT, 2-amino-4,6-DNT,
4-amino-2,6-DNT

Reproductive toxicity Terrestrial
inverte-
brates

Karnjanapiboonwong
et al. (2009)

6. TNT Oxidative stress, damage
DNA

Human Homma-Takeda et al.
(2002)

7. Mononitrophenols,
2-amino-4-NP,
2-amino-5-NP,
4-amino-2-NP

Eastrogenic, carcinogenic Human,
yeast

Karim and Gupta
(2001)

8. 2-Aminobiphenyl,
nitro-toluidine, 4-NA

Carcinogenic, genotoxic Human Pinheiro et al. (2004)
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metabolite of TNT and NB, causes mutagenic and carci-
nogenic effect (Homma-Takeda et al. 2002). The toxicity
of NACs further depends on the number, position, and
electronic state of the nitro group relative to the aromatic
ring. For example, the toxicity of TNB is higher than NB,
as nitro group from TNB reduces easily as compared to
NB (Toropov et al. 2007).

Some NACs are known to activate the aryl hydrocarbon
receptor (AhR). When NACs bind to these receptors, the
AhR-regulated genes are upregulated, resulting in metabolic
activation that triggers cell death. Some of the NACs, partic-
ularly 1-nitropyrene and benzo-pyrene, induce chemokine and
cytokine responses, which trigger inflammatory response that
in turn produces oxidative stress causing DNA damage
(Øvrevik et al. 2010; Kovacic and Somanathan 2014).
Mechanisms of toxicity of NACs are briefly depicted in Fig. 2.

Based on reported data, it can be concluded that the NACs
are present ubiquitously in the environment and these pollut-
ants, as well as their transformation products, are toxic and
carcinogenic (Hawari et al. 1999). However, more work is
needed to determine the effect of environmental matrix,

prevalent dose, bioavailability, and co-existence of other pol-
lutants for realistic estimation of risk from NAC exposure and
co-exposure. Also, due to the hazardous and persistent nature
of NACs, there is an urgent need of their remediation from the
environment.

Remediation methods for NACs

A holistic approach is required to degrade, detoxify, or min-
eralize these harmful nitroaromatics. Nitro group imparts elec-
trophilic properties to the benzene ringmakingNACs resistant
to oxidative degradation. Presence of multiple nitro groups, or
nitro group along with other electron withdrawing groups,
makes benzene ring further electron deficient and recalcitrant.
Therefore, most of the NACs are included under the category
of recalcitrant pollutant (Nishino et al. 2000). Several remedi-
ation methods categorized as biological, physical, and chem-
ical methods are studied and published for the removal of
NACs.

Ar-NO2
NACs

Ar-NO2°
Nitroanion free radical

Ar-NO
Nitroso compound

Ar-NO°
Nitroxide free radical

Ar-NHOH
Hydroxylamine

Ar-NH2
Amine

ROS

ROS
Ar-NH+

DNA damage

Hypersensitivity

Mutagenic

Carcinogenic

Oxida�ve 
stress

Sulfona�on
Acetyla�on

Ar-NH+

Nitrenium ion

One electron 
reduc�on

One electron 
reduc�on

One electron 
reduc�on

One electron 
reduc�on

Two-electron 
reduc�on

Fig. 2 Major mechanisms of toxicity of nitroaromatic compounds
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Physico-chemical methods

The physical methods which are used to remove NACs in-
clude absorption, adsorption, extraction, ultrafiltration, incin-
eration, photo-oxidation, and volatilization, while major
chemical methods are hydrolysis and AOPs. Physical
methods generally separate and concentrate the NACs from
water and soil, but do not degrade them. Thus, they can clean
the polluted site, but the resulting concentrated waste has to be
further treated before disposal. In chemical methods, the
NACs are degraded or mineralized to smaller molecules,
which are generally nontoxic. Adsorption and AOPs are the
most generally applied physico-chemical methods, and are
described in greater detail below.

Adsorption

Adsorption method concentrates NACs from the environmen-
tal matrix. Table 3 highlights the different types of adsorbents
used for the adsorption of NACs. The advantage of this meth-
od is that the adsorbents can be regenerated and reused several
times. Chen and Chen (2015) investigated adsorption of NB,
1,3-DNB, and 4-NT on graphene oxide and graphene nano-
sheets. Amezquita-Garcia et al. (2013) demonstrated simulta-
neous adsorpt ion and chemica l reduct ion of 3-
chloronitrobenzene and 4-NP by using by activated carbon
fibers as redox mediator. However, such adsorbents adsorb
not only NACs, but also other organic compounds. Also, the
adsorbed pollutants need further treatment after completion of
each cycle of adsorption. The final treatment involves incin-
eration, landfill, etc. to safely dispose the hazardous NACs.
Therefore, the non-specificity and residual toxicity are some

of the major drawbacks of this method. To make adsorption
technique a viable option, there is a need to find out cheaper
adsorption methods which not only physically remove the
hazardous NACs but also degrade or detoxify them.
Adsorption technique can be coupled with other methods like
biological treatment to enhance the remediation efficiency and
avoid non-ecofriendly incineration/landfill treatments.

Advanced oxidation processes

AOPs apply strong oxidizing agents or photocatalysts for the
degradation of nitroaromatic pollutants. Fenton’s reagent,
H2O2, and ozonation are used as oxidizing agents, whereas
Fe, Mn, TiO2, CdS, and Zn are reported as photocatalysts.
These oxidizing agents and photocatalysts generate radicals
(OH− and SO4

2−) which open the aromatic ring and degrade
it into smaller molecules, inorganic salts, water, and CO2

(Rodgers and Bunce 2001; Deng and Zhao 2015).
Generally, individual AOPs like ozonation are limited to lab-
scale study only. However, combining two ormore AOPs, like
H2O2/UV, Fenton and UV/ultrasound, and ozonation along
with UV, helps in rapid and effective degradation of
nitroaromatic pollutants. Table 4 summarizes the studies re-
garding application of AOPs to NAC treatment.

Though different physico-chemical methods are effective
and can be operated in the field, there are very few successful
industrial applications reported to date. Further, the effective-
ness of AOPs is pollutant specific and, hence, the choice of
AOP method depends on the specific NAC pollutant. Other
major drawback of AOPs is that they are expensive and are
not economically applicable on a large scale (Oller et al.
2011). On the other hand, biological methods are economical-
ly feasible and ecofriendly. They can completely mineralize
and detoxify the NACs.

Biodegradation

Many microorganisms have the capacity to degrade/detoxify
majority of natural andman-madeNACs. TheNAC pollutants
in the environment are degraded by algae, fungi, and bacteria
as well as yeasts. In the last few decades, many bacterial deg-
radation studies have been reported, as bacteria can be effort-
lessly cultured, are easier to handle, and can be genetically
modified to improve the performance. Biodegradation of
NACs proceeds either through aerobic or anaerobic route.
Aerobic degradation is initiated by oxygenation through
monooxygenase or dioxygenase catalyzed reactions. Though
certain NACs are amenable to aerobic degradation, many of
them resist the initial oxidative attack by bacteria. Highly
electronegative NACs preferably undergo reductive metabo-
lism where nitro group is first reduced to amino group.
Sometimes, NACs are only partially reduced by the bacteria.
Complete mineralization of few NACs is challenging with the

Table 3 Adsorption methods reported for removal of NACs

Sr.
no.

Adsorbent NAC pollutant Reference

1. Carbon nanotube 1,3-DNB, NB,
2,4-DNT, 3-NT,
4-NP, methyl
parathion

Hrapovic et al. (2006);
Chen et al. (2007b);
Du et al. (2008); Shen
et al. (2009)

2. Graphene
nanosheet

1,3-DNB, NB,
4-NT

Chen and Chen (2015)

3. Natural clay
minerals (K+,
Ca2+, Na+, Cs+)

TNT, RDX,
dinitrotoluidine-
s, 1,3-DNB,
TNB

Haderlein et al. (1996);
Shi et al. (2010); Tian
et al. (2015)

4. Organoclay
(bentonite, illite,
kaolinite,
montmorillon-
ite)

TNT, TNB Upson and Burns (2006)

5. Charcoal NB, 4-NT,
2,4-DNT, TNT

Sander and Pignatello
(2005); Zhu et al.
(2005)
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addition of hydride ions to nitroaromatic ring leading to the
establishment of a highly stable hydride-Meisenheimer com-
pound, which is a dead-end complex; i.e., it cannot be metab-
olized further (Spain 1995). In some cases, co-substrates, such
as surfactants like Tween 80, carbon sources like molasses,
glucose, citric acid, sodium succinate, and inorganic salts like
calcium, copper, zinc, sulfide, are added to achieve complete
mineralization of NACs.Microbes also differ in their potential
to degrade a specific NAC. 2-Chloro-4-nitrophenol degrada-
tion has been reported only in a few species like Cupriavidus,
Arthrobacter, Rhodococcus, and Burkholderia (Arora and
Jain 2011; Min et al. 2016; Min et al. 2017; Tiwari et al.
2017). Hence, isolation and selection of suitable microorgan-
isms are of paramount importance. Some of the microorgan-
isms reported for the biodegradation of NACs are listed in
Table 5.

It may be concluded that microbial degradation is a crucial
component in the NAC remediation strategy. However, fur-
ther study is required in the field of active and enhanced bio-
remediation to reduce the treatment time, and retro-fitting the
microbial treatment in existing treatment infrastructure setup
to save cost. Amajor issue with biodegradation and even other
remediation methods is their inability to treat high concentra-
tion of NACs. Sometimes, the NAC contamination in the
environment is more than the remediation potential of avail-
able methods. In an army ammunition plant in the USA, the
contamination of DNT in soil was found to be around 18.5

g/kg (Zhang et al. 2000). AOP using Fe (II) can degrade DNT
only up to 25 ppm in 50 min, while bacteria are reported to
degrade the same up to 300 ppm (Nishino et al. 2000).
Therefore, the biodegradation capability may be limited as
compared to the concentration of NACs in the environment.
The use of integrated biological and physico-chemical
methods may present an effective method to meet the chal-
lenges present in the environment in terms of pollutant con-
centration. However, additional studies are required to estab-
lish feasibility of such methods.

Future scope

NACs are abundantly present in the environment due to their
wide range of applications. They are toxic to humans, animals,
and plants as well as to the environment. Though some coun-
tries have banned the use of certain NACs like nitro-pesti-
cides, they are frequently detected in environment samples.
There is a need of implementation of firm policies for the
control of NACs. Regular monitoring of NAC contaminants
is also very important. The early and accurate detection of
NACs in the environment can greatly help in the timely im-
plementation of preventive measures. Several efforts have
been made for the development and improvement of high-
throughput sensors for NACs, but very few sensors are com-
mercially available so far. This is because of practical and

Table 4 List of AOPs reported
for degradation of NACs Sr.

no.
Treatment method NAC pollutant Reference

1. H2O2 and UVexposure NB, mononitrophenols, 2,4-DNP,
1-chloro-2,4-DNB,
4-chloro-2,5-dinitrobenzoic acid

García Einschlag et al.
(2002)

2. Ozonation and
photo-ozonation

4-Chloro-2-NP, TNT, dinitrotoluenes Chen et al. (2007c);
Gharbani and
Mehrizad (2014)

3. Ultrasound and Fenton TNT Li et al. (2013)

4. Persulfate activated by
zero valent iron

2,4-DNT Oh et al. (2010)

5. Galvanostatic electrolysis,
Ozonation, Fe (II) and
H2O2

NB Fares et al. (2008);
Rabaaoui et al. (2013)

6. ZnPc/TiO2 4-NP Smida and Jamoussi
(2012)

7. Mn-doped ZnS quantum
dot nanocomposites

TNT Zou et al. (2012)

8. Fenton and photo-Fenton
processes

TNP, ammonium picronitrate, 2,4-DNT,
methyl-2,4,6-trinitrophenylnitramine, TNT,
RDX, HMX

Liou et al. (2003)

9. Fenton reagent, ozonation,
H2O2, and UV radiation

4-NP Trapido and Kallas
(2010)

10. Sonochemical method Mononitrotoluenes and aminonitrotoluenes Psillakis et al. (2004)

11. Ozonation combined with
UVand UV/Fe (II)

NB Contreras et al. (2001)
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technical concerns, such as matrix effects, reliable quantifica-
tion, reproducibility, reliability of calibration in field, and sen-
sor bulkiness. More efforts are needed to overcome these
limitations.

Efforts to control sources of NAC pollution can significantly
reduce their release in the environment. Several physico-
chemical methods are reported for the removal of NACs, al-
though only a few have been demonstrated successfully at field
scale. The physico-chemical methods are not economical at
large scale, and hence, biological methods are preferred owing
to their cheaper, safer, and effective nature. Many microbes,
especially bacteria, have been listed for degradation of several
NAC pollutants. However, studies related to biodegradation of
complex NACs (di- and trinitro group containing compounds)
are still at the preliminary stage. Very low concentration of cer-
tain complex NACs can be biodegraded, and more efforts are
required to improve performance at high concentrations.
Understanding of the underlying molecular and enzymatic
mechanismwill help to develop a more effective biodegradation
technique for NACs. Integrated methods involving physical,
chemical, and biological steps present tremendous potential for
NAC treatment. However, very few studies have addressed such
approach, especially at large scale. Authors propose the follow-
ing treatment regime for NAC degradation. An initial physical
technique such as adsorption will collect and concentrate
nitroaromatic pollutants from the source, after which suitable
AOP treatment (e.g., exposure of TiO2-UV) will degrade the
pollutants to more biodegradable forms. The resulting interme-
diates can then be subjected to biological treatment methods to
achieve complete mineralization and toxicity reduction. The
combined treatment approach will fetch a quantum leap towards
the development of economical, sustainable, and ecofriendly
system for the removal of NACs from the environment. The
combination of regular monitoring, sustainable remediation
techniques, public awareness, and regulations will aid to solve
the curse of NAC pollutants.
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