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Poland 
b School of Environmental Sciences, Mahatma Gandhi University, Kottayam 686560, Kerala, India 
c Department of Environmental Sciences, COMSATS University Islamabad, Vehari Campus 61100, Pakistan 
d EkoTech Center, Gdansk University of Technology, G. Narutowicza St. 11/12, 80-233 Gdansk, Poland   

A R T I C L E  I N F O   

Keywords: 
Advanced oxidation processes AOP 
Wastewater treatment 
Water 
Nitration 
Radicals 
Oxidation 

A B S T R A C T   

Chemical compounds containing nitro group (nitro-products) are a one of toxic by-products, that can be formed 
during wastewater treatment processes. In case of presence of nitrite or nitrate ions, the formation of nitro- 
products during advanced oxidation processes (AOPs) is very common. It is caused by the reactive nitrogen 
species (RNs) such as nitrate radical (NO3

•), nitrite radical (NO2
•), nitrogen oxide radical (NO•) and peroxynirite 

(ONOO–). In fact, the oxidative degradation of N-containing pollutants releases nitrate, nitrite and ammonium 
ions. In some cases, secondary reactions of mineralised nitrogen species (nitrate and nitrite ions) with the parent 
or intermediate compound generate next several nitro-products. The nitro-products are more toxic comparing to 
the primary pollutants and act as the precursors of the nitrogenous disinfection by-products. Moreover, some 
studies reported unexpected nitro-products formation during the oxidative degradation. In case of such processes 
a special attention should be made to monitor and minimize these effects. De-nitration of the initial nitro- 
compounds induces the formation of various nitro-products in AOPs. It was observed for UV light driven, Fen-
ton and persulfate based AOPs. The sonochemical nitrogen fixation is a key mechanism for the formation of nitro- 
compounds in ultrasounds based AOPs. Therefore, this paper is focused on comparison of various AOPs in terms 
of nitro-products formation mechanisms and the associated environmental issues.   

1. Introduction 

Lack of pure water is the one of the major barriers in the global socio- 
economic development. The industrial discharge and other human ac-
tivities release different kind of chemicals into the natural environment, 
contaminating available resources of water [1]. The chemicals included 
in the risk category are heavy metals, pesticides, chlorinated pollutants, 
pharmaceuticals and personal care products, and their transformation 
products [2–5]. These pollutants are persistent in the environment and 
thus the concentration of pollutants in the water body increases by their 
continuous discharge from their respective sources. The trace amounts 
of these pollutants are even toxic to aquatic environment. Therefore, 
tough regulation is being imposed every day to the effluent from the 
particular sources of pollution [6]. As a result, researchers have focussed 

on the development of sustainable and suitable water treatment tech-
nologies to clean water. There are techniques such as biological and 
physicochemical processes for the removal of pollutants. Conventional 
physical and biological processes often fail because they are time 
consuming, require large space, pH sensitive and ineffective against 
non-biodegradable toxic pollutants. It also fails to treat wastewater 
containing high concentration of the pollutants. These issues were re-
ported especially in the case of attempts for direct treatment via bio-
logical treatment plants of industrial effluents and, landfill leachates 
[7–9]. 

Advanced oxidation processes (AOPs) are considered as a one of the 
most effective methods for the removal of organic pollutants [10]. These 
processes are mainly based on non-selective character of reaction of 
hydroxyl radicals (HO•) having high oxidation potential with organic 
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pollutants at high reaction rates (generally between 108 –1011 M− 1s− 1). 
These processes are therefore capable for the oxidation of many pol-
lutants [10–19]. In addition to •OH, other reactive oxygen species (ROS) 
such as SO4

•-, O2
•-, 1O2, and HO2

• are also capable of degrading the 
pollutants [20]. The different kinds of AOPs and the ROS involved in 
each AOPs are given in Fig. 1. 

Beside main reactions with target pollutants, side reactions can take 
place with primary as well as secondary ROS resulting in formation of 
wide variety of by-products. Some of them are further reacting with ROS 
finally forming carbon dioxide. Remaining by-products often can be 
more toxic than primary pollutants [21–23]. This risk is not well 
addressed in many papers about AOPs wastewater treatment. This 
aspect is particularly important in case of AOPs based treatment. If the 
chemical nature of some of the intermediate products are conducive for 
cross reactions or dimerization reactions, the entire efforts that lead to a 
complete removal of the pollutants will no longer be feasible, unless 
synergic protocols with other techniques are designed. In this context, a 
complete understanding of the nature of intermediate products is of 
paramount interest. A particular group of by-products that can be 
formed during various AOP based treatment cycles are nitro-products, 
especially in the presence of nitrite ions [24] . These by-products are 
usually more toxic than primary pollutant. Toxicity of these by-products 
depends on chemical structure of primary molecule and further depends 
on the number of –NO2 functional groups in the structure. In such cases 
the toxicity of the solution after treatment can increase. Therefore, it is 
important to monitor the nitro-products during the degradation of pol-
lutants to correlate the toxicity changes. Several reasons on occurrence 
of nitro-products can be listed. There have been several studies reported 
the evolution of nitro-products during the oxidative degradation of 
pollutants in the presence of nitrite ion and some natural photochemical 
reactions [24]. However, very recent reports have shown the evolution 
of intermediate nitro-products even in the absence of nitrite ions [25]. 
Their persistence to degradation under AOP conditions makes them very 
interesting in respect to safety of treated water discharge to the envi-
ronment. Secondly, the risk of their formation can be included in com-
parison between alternative AOPs for selection of the optimal process. 
These aspects are discussed and summarized in this review. The main 
goals relate to comprehensive review of AOPs in respect to possibility of 
appearance of secondary nitration reactions, types of formed nitro- 
products and assessment of their environmental importance. 

2. Unexpected nitration in AOPs 

Reactive nitrogen species (RNs) are an important category of envi-
ronmentally relevant free radicals formed in the natural water resources 
by the photochemical decomposition of nitrite and nitrate ions. The RNs 
include nitrate radical (NO3

•), nitrite radical (NO2
•), nitrogen oxide 

radical (NO•) and peroxynirite (ONOO–) [26,27]. Also, nitrate or nitrite 
ions present in the reaction medium reacts with hydroxyl radicals (•OH) 
and sulfate radicals (SO4

•− ) during the oxidative treatment of contam-
inants to form respective RNs as secondary radicals as given in the Eqn 1 
and 2 [28]. In addition, the nitrogen fixation reactions are also able to 
generate variety of RNs. Some studies for the compounds having N- 
functional groups (more specifically, –NO2) reported that denitration 
releases NO2

• and related RNs to the reaction medium.  

NO3
− + HO•/ SO4

•− → NO3
• (1)  

NO2
− + HO•/ SO4

•− → NO2
• (2) 

In certain cases, the RNs played a significant role on the trans-
formation of organic pollutants during wastewater treatment [24]. NO3

•

is a strong oxidant having the redox potential of 2.3 – 2.5 V, whereas 
NO2

•, and NO• are weaker oxidants with redox potential of 1.03 and 
0.39 V and acts as nitrating and nitrosating agent [28]. However, their 
reaction rate constants are lower than values reported for •OH. On the 
other hand, they are feasible towards the electrophilic substitution re-
action with pollutants bearing electron-donating functional groups like 
phenol and aniline derivatives. The RNs, especially the NO2

• rapidly 
hydrolyze in the aqueous medium to give another stable nitrating agent, 
nitrous acid (HNO2) [29]. Therefore, the pollutants can undergo nitra-
tion reaction once the RNs are formed in the medium even though they 
have relatively similar lifetime of ROS [30,31]. Thus, the compounds 
like bisphenol A, estrone, and 17α-ethynylestradiol are rapidly reacting 
with RNs [32]. The RNs reacts with the phenolic compounds with a 
bimolecular rate constant of 1–10 × 104 M− 1 s− 1, which is 105 times 
lower comparing to reaction with •OH [33]. However, the comparable 
steady state concentration and longevity of these radical make it more 
reactive towards the pollutants. The reaction of pollutants like phenol, 
chlorophenol, nitrophenol, naphthalene, sulfamethoxazole with RNs 
resulted in the formation of respective nitro-products [24,31–34]. 

Generally, N-containing compounds such as amines, nitro and azo 
derivatives have found a variety of application in dye, pesticide, sur-
factants, and pharmaceutical production [35]. Toxicity studies of these 
nitrogenous compounds revealed that they are carcinogenic and 
included as priority pollutants. Therefore, many oxidative treatment 
methods have been demonstrated for the removal of this kind of pol-
lutants from aqueous medium [36]. Detailed product analyses have also 
been reported for such compounds. There are many cases, where un-
expected nitro-products are formed during their degradation. The list of 
pollutants generating nitro-products during the oxidative degradation is 
compiled in Table 1. As can be seen from the table, majority of the 
compounds have –NO2 functional group in their structure (Eg: nitro-
benzene (NB), p-nitrophenol (PNP), roxarsone (ROX), and 2,4-dinitroa-
nisole (DNAN)) and others contain N as primary or secondary amine 
group. PNP, NB and their derivatives as well as diphenylamine (DPhA) 
are widely released into the aquatic environment from various in-
dustries as these chemicals are the major precursors in the production of 
pesticide, pharmaceuticals, and petrochemical products [37–39]. ROX is 
mainly used as a feed additive and is excreted into the animal manure. 
Since ROX is an organo arsenic compound, its environmental release 
leads to the Arsenic contamination [40]. Moreover, the PAS are phar-
maceutically active compounds and mostly released into the aquatic 
environment from hospital waste, pharmaceutical industry and domes-
tic sewages [41,42]. Therefore, several AOPs have been studied for the 
removal of these contaminants from aqueous medium. All the methods 
offered complete removal of pollutants, however the formation of some 
intermediate products and mechanism of their formation was reported. Fig. 1. Various AOPs and the ROS involved.  
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3. Degradation mechanism in AOPs 

The mechanism in AOP involves the reaction of ROS with the organic 
pollutants for complete mineralisation [43,44]. A sequence of several 
reactions is needed to obtain complete mineralisation of one molecule of 
target pollutant and often this goal is not fully obtained. Generally, the 
•OH react with the organic pollutants via, hydrogen abstraction, one 
electron oxidation and electrophilic OH addition. Detailed description of 
the degradation mechanisms in AOPs can be found in dedicated review 

articles [23,44–46]. Finally, some kinds of by-products remaining in the 
effluents after treatment are more persistent and toxic than the parent 
compound. Therefore, detailed process control of the effluents is a must 
in many studies these aspects are only briefly addressed. 

Researchers, aware of this risk, have used a variety of analytical 
techniques mainly based on high resolution chromatography and mass 
spectrometry techniques for the identification of intermediates as well 
as by-products. The degradation mechanism is finally proposed based on 
the products identified by these techniques. The major intermediates 

Table 1 
Details of the nitrogen compounds reviewed in this paper.  

Compound 
(Abbreviation) 

Structure CAS Applications 

Nitrobenzene (NB) 98–95-3 Precursor in the production of pesticides, fertilizers, dyes, papers, plasticizers, 
pharmaceuticals etc.  

Para-nitrophenol (PNP) 100–02- 
7 

Roxarsone (ROX) 121–19- 
7 

Feed additive  

Diphenylamine (DPhA) 
122–39- 
4 

Precursor of dyes, pesticides and many pharmaceuticals 

2,4-dinitroanisole (DNAN) 119–27- 
7 

Insensitive munitions compound 

Para-amino salicylic acid 
(PAS) 

65–49-6 An antibiotic  
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identified in the treated samples are hydroxylated derivatives, products 
of ring cleavage, aliphatic acids, etc. The general mechanism involved in 
AOPs is summarized in Fig. 2. 

The high electron density centers such as aromatic ring of the pol-
lutants are highly susceptible to the electrophilic attack of the hydroxyl 
radical resulting the formation of phenolic compounds. These products 
are usually identified by an increase of 17 mass units comparing to the 
parent compound [47,48]. Further attack of the OH group to the mon-
ohydroxylated product is possible, which leads to the formation of di-, 
tri-hydroxylated products. Many of the oxidative degradation studies 
have monitored the time dependant formation of hydroxylated prod-
ucts. As an example, the time dependent formation of mono and di- 
hydroxylated methyl paraben, and benzene sulfonates have been 
examined during the sonochemical and the photocatalytic degradation 
of methyl paraben and benzene sulfonates respectively [48,49]. It is 
clear that the hydroxylated intermediate products are also degraded 
with time. As a strong electrophile, the •OH can attack at the ipso po-
sition of the C atom to release the group attached to the aromatic ring. 
This kind of mechanism is common for many compounds such as 
chlorophenol, nitrophenol, atenolol, 2,4-dichlorophenoxyacetic acid 
(2,4-D), etc. [50–52]. 

The continuous attack of oxidizing species to the aromatic in-
termediates leads to the formation of polyhydroxylated and/or quinone 
forms, which undergoes further oxidation to short-chain aliphatic car-
boxylic acids [42,53]. The aliphatic acids formed during the oxidative 
degradation of pollutants were maleic acid, malic, pyruvic acid, glyox-
ilic acid, and oxalic acid depending on the structure of the parent 
compound [53]. 

3.1. Identification of the unexpected nitrated products in AOPs 

The challenging task in AOPs is the identification of intermediates 
and by-products formed during the course of degradation [23,47]. 
Simple spectrophotometric methods are not useful for the identification 
of short-lived species. However, some studies have utilised fluoresce 
spectrometric techniques to identify the mono and di hydroxy products 
of benzene and naphthalene sulfonates during their photocatalytic 
degradation [49,54]. Still, this technique is not universal, as only com-
pounds exhibiting fluorescence can be detected and identified. It can 
highlight specific transformation but without identifying the unexpected 
by-products or other non-target products. Chromatographic techniques 
are able to separate the individual components of the degraded samples. 
The intermediates can be identified with respect to their retention time 
values based on used “library” of retention times acquired for available 
standards. These techniques were helpful for identification of several 
types of by-products, such as phenol and its derivatives (chloro, nitro, 
etc.,), catechol, hydroquinones, benzoic acids, and aliphatic acids. 
Coupling of chromatography with mass spectrometry (MS) is now 
widely used in this kind of research to identify the unknown compounds 
based on their masses [43,55,56]. Further research is being imple-
mented to MS analysers to offer the accurate masses. High resolution 
mass spectrometers such as time-of-flight (TOF), Orbitrap or Fourier- 
transform ion-cyclotron resonance (FT-ICR) are capable for providing 
the accurate masses of the individual components [57]. 

Among the above techniques, the nitro phenols formed during the 
persulfate (PS)-based oxidation of nitrobenzene, and phenols were 
analysed by LC-MS/MS techniques. The mass to charge ratio (m/z) 
values for the mono, di and tri and dinitrophenols were 138, 183 and 
228 respectively. Three peaks for mono-nitrophenols, two peaks for 

Fig. 2. Mechanistic pathways involved in the degradation of aromatic pollutant during AOPs before complete mineralisation [45].  
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dinitro-phenols, and one for trinitro-phenols were detected. Similarly, 
peaks for higher m/z values of 320 and 365 for the coupling products 
(nitrobiphenyls and nitrodiphenyl ether) were detected as well [58]. 
Same technique has been utilised for the identification of nitrophenols 
formed from ROX, and nitrated and nitrosated products of DPhA 
[59,60]. 

Rayaroth et al., utilised Q-ToF-MS for the identification of in-
termediates in the treated sample of PAS after sonolysis [25]. This 
technique provided the accurate mass, MS/MS spectra and the corre-
sponding elemental composition. Various nitro-products have been 
detected by this technique including isomeric products. The m/z value of 
the PAS at 152 was obtained at ESI negative mode. Furthermore, 
products formed via hydroxylation and decarboxylation were identified 
based on their m/z value. However, many other products were observed 
with higher masses which neither formed from the hydroxyl radical 
reaction nor by the coupling reactions. Such products are having the m/z 
values 154, 181, 137, and 182. The elemental composition confirmed 
the presence of extra nitrogen in the structure. The MS/MS spectra 
showed a fragment corresponds to the loss of NO2 indicates that all the 
products had nitro group in their structure. Another interesting aspect of 
this study was the identification of the isomeric products by energy 
resolved mass spectrometric (ERMS) techniques. In ERMS, the intensity 
of the fragment ions was plotted against the collision energy. The dif-
ference in the formation of fragmentation ions would be helpful in 
identifying the positional isomers formed during AOPs [61–63]. All the 
study revealed that MS is the most useful technique in the identification 
of unknown compounds in AOP. 

3.2. Sonochemical degradation of PAS and DPhA 

Sonolysis is considered as a green technology in water treatment as it 
doesn’t require any extra chemicals [74–76]. The ultrasonic irradiation 
of aqueous solution leads to the formation of small cavities in the 
aqueous medium, which starts growing with time and finally implodes 
to generate an extreme condition of high temperature and pressure of 
temperature and pressure up to 5000 K and 200 atm. This process is 
called acoustic (or sono) cavitation. This condition caused the pyrolytic 
cleavage of water molecules to generate •OH and H• [4,77]. •HO2 and 
H2O2 are generated from the successive reaction of H• and •OH in the 
aerated medium (Eqs 3–7). Furthermore, the combination of sonolysis 
with other AOPs such as sonocatalysis, sonophotocatalysis, sono-fenton, 
sono-ozonolysis, sono-oxidants, etc., enhanced the degradation by syn-
ergistic mechanism [76,78–83].  

H2O -))) → H• + •OH                                                                      (3)  

H• + O2 → HO2
• → •OH + ½ O2                                                     (4)  

2H• → H2                                                                                      (5) 

In the absence of any organic species,  

2 •OH → H2O2                                                                               (6)  

2 HO2
•→ H2O + O2                                                                        (7) 

Similar to other AOPs the major degradation products are formed 
from the reaction of primary pollutants with •OH [46,84]. Moreover, 
degradation by mechanical cleavage, H• reactions, and thermal degra-
dation products are also possible [85,86]. However, some unusual nitro- 
products were reported to be formed during the sonochemical degra-
dation of N containing pollutants [25,59]. Many nitro-products were 
formed during the sonochemical degradation process of PAS and DPhA 
and were not detected during the normal AOPs like UV/H2O2 method. 
The involvement of N species in the degradation of DPhA was confirmed 
by the scavenging experiment in the presence of 2-(4-phenyl)-4, 4, 5, 5- 
tetramethylimidazoline-1-oxyl 3-oxide, ferulic acid (FA). The unusual 
products detected using LC coupled with MS techniques (LC-MS/MS and 

LC-Q-ToF-MS) are compiled in Table 2. 
Some of the earlier studies demonstrated the evolution of RNs in the 

reaction medium by sonochemical nitrogen fixation processes [87–90]. 
In this phenomenon, the atmospheric nitrogen is converted into nitrogen 
species. The steps of this process include (i) dissolution of N2 and O2 in 
the water, (ii) formation of atomic oxygen by the thermal dissociation of 
O2 in the highly reactive cavities, (iii) the reaction of atomic oxygen with 
nitrogen causes a formation of nitric oxide (is the rate determining step 
in the N-fixation), which can be further convert into nitrogen dioxide 
and (iv) finally all the N species form nitrate and nitrite ions released 
into the liquid region [91,92]. The complete steps are given in Fig. 3. 
The RNs formed in the reactive interface region of the cavitating bubbles 
are NO•, and NO2

•, which are capable for reacting with the pollutants 
via nitration and nitrosation reaction. The sonication would supplement 
more O2 from the liquid region to interface region of the cavitating 
bubble and enhance the nitrogen fixation process [93]. The role of dis-
solved gas on the RNs as a function of respective ion was confirmed with 
different gases such as Ar, N2, O2 and air. It is reported that the evolution 
of nitrate/nitrite is more abundant in air saturated solution. Further-
more, their formation is inhibited if the system contain pure O2 or N2 
and forms nitrate/nitrite in a mixture of O2/N2 [90]. 

In addition, the sonocavitation process induced the emission of 
photons with broad wavelength spectrum (called sonoluminescence) 
[94–96]. Photochemical activation of nitrate and nitrite ions results in 
the generation of RNs. Therefore, there is a slight chance for such re-
action in sonocaviation process. This may induce the activation of 
acoustically generated nitrogen containing ions. However, there were 
no proper research made on this particular topic of sonoluminescene and 
the RNs formation likely due to the lower life time (pico-second range) 
of sonoluminescence. 

The effect of various operational parameters such as initial concen-
tration, frequency, power density, and pH on the formation of nitro- 
products has been evaluated. The formation of nitro-products is fre-
quency dependant; 600 kHz (rate constant, k = 2.035 s− 1) > 200 kHz 
(rate constant, k = 0.968 s− 1) > 400 kHz (rate constant, k = 0.924 s− 1) 
> 800 kHz (rate constant, k = 0.428 s− 1). The size of the cavity reaches 
maximum but the number of bubbles and acoustic cycles become less at 
lower frequency (here 200 kHz) [97–99]. Therefore, N undergoes 
dissociation in the cavitating bubble which would result in the forma-
tion of RNs. It is inferred that lower frequencies are beneficial to the 
generation of RNs. So, the nitration likely occurs at a higher rate. But its 
decay is lower at this frequency. At high frequency even though the 
bubble collapse occurs with less violence, the availability of reaction site 
and thus the number of cavitational events becomes higher and more 
RNs are generated. 

The formation and decay of the nitro-products were also varied with 
the power density. The bubble formation rate is increased by lowering 
the threshold limit of cavitation, which can be achieved by increasing 
the applied power. This will increase the number of cavitating bubbles. 
The energy of collapse and resonance size of the bubble increases with 
the applied power density [48,84,100]. This process intensifies the ni-
trogen fixation. The formation of nitro-products is maximal at neutral 
pH. But the formation and decay of the products is high under the acidic 
pH and low at alkaline pH. Since the pKa of HNO2 is 3.37 and the 
structural changes of HNO2 insignificant, the nitrosation reaction is not 
much influenced at this pH [101]. On the other hand, alkaline pH causes 
the dissolution of all the nitrosating agents followed by their conversion 
into respective ions [102]. Another interesting observation made by this 
study is the difference in the NDPhA formation in the presence of dis-
solved gases such as air and argon. The degradation of DPhA was not 
much affected by these gases, instead NDPhA formation was reduced in 
the presence of Ar. This study confirms that the major source of nitro-
sating agent is the N2 and O2 present in the medium. 

The mechanism of nitrosated DPhA (NDPhA) formation during the 
sonochemical degradation of DPhA is given in Fig. 4. The RNs such as 
NO•, N2O3, and NO2

• contributed to the formation of NDPhA by 
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different pathways in the cavitating bubble or liquid region. The attack 
of NO• on the N atom of DPhA and the subsequent release of •H leads to 
the formation of NDPhA. Whereas, the attack of N2O3 (path 2) and NO2

•

(or N2O4) (path 3) on the N atom leads to the formation of planar five 
membered ring (TS1) and planar hexatomic ring (TS2) transition states 
respectively. The rearrangement of these transition states complex re-
sults the evolution of NDPhA. 

3.3. Formation of Nitro-products in persulfate based AOPs 

Persulfate (S2O8
2− ) is the one of the emerging oxidants in AOPs 

because of their excellent oxidation ability with redox potential of 2.01 
V [103]. The reactive species generated upon the decomposition of PS is 
SO4

•− (E0 = 2.6 V), which is having the oxidative degradation capacity 
as that of •OH. In comparison with •OH, the SO4

•− reacts selectively with 
the target pollutants. Thus, PS based AOPs are effective for the degra-
dation of nitroaromatic pollutants and other pharmaceuticals in the 
aqueous medium as well as the in situ remediation of contaminated sites 
[104–107]. The activators of PS are photoirradiation, heat, transition 
metals, electrochemical, ultrasound, etc. [20,108–114]. The SO4

•− some 
times generates •OH (Eqn. 8–9).  

S2O8
2− + Activators → 2 SO4

•− (8)  

SO4
•− + H2O → SO4

2- + •OH + H+ (9) 

In contrast to sonolysis, many nitro-products have been detected 
during PS mediated degradation of nitro benzene, and nitrophenols as it 
is originated by denitration and renitration processes [68]. The SO4

•- 

mediated NB degradation led to the formation of a series of nitro-
phenols, including 2-nitrophenol (2-NP), 3-nitrophenol (3-NP), 4-nitro-
phenol (4-NP), 2,4-dinitrophenol (2,4-DNP), 2,6-dinitrophenol (2,6- 
DNP), 2,4,6-trinitrophenol (2,4,6-TNP), and many other coupling 
products. Heat and Co3O4-Y2O3 activated peroxymonosulfate oxidation 
of ROX, also result in the formation of polynitrated by-products. In this 
case, 2,4,6-TNP is the major intermediate product (yield 41 to 48%). 
Small amount of DNP have been detected in degradation of PNP by H2O2 
and PS activation of nZVI. However, this dinitro-products were not 
detected in Fenton reactions, as only •OH is formed [58,60,65–71,73]. 

The formation of hydroxylated products was explained by the usual 

Table 2 
Unexpected products generated from the oxidative degradation of nitrogen containing compounds in deionized water.  

AOP Pollutant Experimental conditions Unexpected product Ref. 

Photolysis DNAN [DNAN]0 = 109 mg L− 1 methoxytrinitrophenols [64] 
Fenton NB [NB]0 = 1.20 mM, [H2O2]0 = 7.5 mM, [Fe+2]0 = 0.1 mM 

[NB]0 = 0.75 mM, [H2O2]0 = 2.7 mM, [Fe+3]0 = 0.32 mM 
1,3-dinitrobenzene [65] 

Fenton NB [NB]0 = 1.0 mM; [H2O2]0 = 8.0 mM; [Fe2+]0 =

0.1 mM (Fenton); [Fe3+]0 = 0.1 mM 
1,3-dinitrobenzene [66] 

UV/PS  DNAN [DNAN]0 = 40 μM; pH = 7.0; [PS] = 5 mM; 15 W low pressure 
mercury (LP-Hg) lamp 

2,4,6-trinitrophenol [67] 

Heat activated PS NB [NB] = 50 µM; [PS] = 2 mM;T = 60 ◦C; [Phenol] = 500 µM 2,6-DNP and 2,4-DNP [68] 
Heat activated PS in soil system PNP [PNP]0 = 93(±2) mg/kg, [PS] = 60 mM kg− 1 2, 4-dinitrophenol4-hydroxy-2′ , 3, 4′- 

trinitrobiphenyl 
[69] 

Heat activated PS PNP [NPs]0 = 50 μM, [PS]0 = 1.0 mM, T = 60 ◦C, pH = 7.0 2,4-DNP 
2,6-DNP, 2,4,6-TNP, 
2′-hydroxyl-2,3′,4,5′-tetranitrodiphenyl ether, 
2,2′-dihydroxyl-3,3′,5,5′-tetranitrobiphenyl 

[58] 

Heat activated PS ROX [ROX]0 = 50 mM, [PS]0 = 2.0 mM, Temp = 40–70 ◦C, pH = 7.0 2,4-dinitrophenol (2,4-DNP) and 2,4,6-trini-
trophenol (2,4,6-TNP) 

[60] 

PS co-activated with heat and metal 
ions 

PNP [PNP]0 =

0.72 mM , [Na2S2O8] = [Fe2+ or Cu2+] = 30 mM Temp = 70◦ C 
2, 4-dinitrophenol 
4-hydroxy-2′, 3, 4′-trinitrobiphenyl 
Dinitrophenyl 
trinitrobiphenyl 

[70] 

PMS activated with Co3O4-Y2O3  ROX [ROX]0 = 50 mM, initial solution pH = 7, [PMS]0 = 0.5 mM, 
[catalyst]0 = 0.2 g/L, Temp.  
= 25 ◦C 

2-nitro-4-(2-nitrophenoxy)phenol 
2,4-dinitrophenol 

[71] 

Peroxymonosulfate (PMS) and 
Hydroxylamine (HA) 

Phenol [Phenol]0 = 20 µM, [PMS]0 = 600 µM 
[HA]0 = 1200 µM 

Nitrophenol, nitrosophenol [72] 

nZVI/PS-HP PNP [nZVI]0 = 0.2 g L_1, [PNP]0 =
20 mg L-1, [H2O2/PDS (1 : 1)]0 = 2 mM. 

2,4-dinitrophenol [73] 

Sonolysis PAS Frequency 350 kHz and power 80 W, [PAS]0 = 10-5 M 4-amino-3-nitrobenzoic acid 
3-amino-4-nitrophenol 
2-nitroaniline 
4-hydroxy-3-nitrobenzoic acid 

[25] 

Sonolysis DPhA [DPhA]0 = 5.0 × 10–3 mol m-3, frequency = 600 kHz, power density 
= 0.19 W mL-1, T = 20.0 ◦C, initial pH = 7.0 

N-nitroso-N-phenylaniline 
2-nitro-N-phenylaniline 
2,4-dinitro-N-phenylaniline 
4-nitro-N-(4-nitrophenyl)aniline 
4-nitro-N-phenylaniline 

[59]  

Fig. 3. Schematic representation of sonochemical N-Fixation process for the 
RNs formation. 
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SO4
•- reaction. The one electron oxidation of the aromatic ring generates 

a radical cation, followed by a hydroxycyclohexadienyl radical by the 
hydrolysis reaction. Finally, hydroxylated products are formed by the 
addition of O2 and subsequent elimination of HO2. Moreover, the 
nitration products were formed due to the de-nitration and the re- 
nitration reactions. The initial de-nitration of the NP, results in the 
release of nitrite ions (NO2

–). The generated NO2
– would then react with 

the SO4
•- and •OH to form a strong nitration agent NO2

•. The rate con-
stant for the reaction of NO2

‾ with the reactive species is given below 
(Eq. 10 and 11). One electron oxidation of mononitrophenol generates a 

nitrohydroxycyclohexadienyl radical and the subsequent nitration pro-
duce dinitro phenols (Fig. 5). The major dinitrophenol observed during 
such reactions is 2,4-DNP, it could be produced from both 2-NP and 4- 
NP, while 2,6-DNP would be generated only from 2-NP. Similar re-
actions on the di-nitro-products form tri-nitro-products (NP → DNP → 
TNP) and other coupling products (Fig. 5).  

NO2
– + SO4

•- → NO2
• (k = 8.8 × 108 M− 1 s− 1) [28]                         (10)  

NO2
– + •OH → NO2

• (k = 8.8 × 1010 M− 1 s− 1) [28]                         (11) 

Fig. 4. Different pathways involved in the formation of NDPhA during the sonochemical transformation of DPhA [59].  

Fig. 5. Mechanism involved in the sulphate radical mediated denitration and renitration process for the formation of poly nitrated compounds and 
coupling products. 
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A more recent research on the PS activation by hydroxylamine for 
the degradation of phenol reported the formation of various nitro phe-
nols [72]. In comparison with other PS based AOPs discussed in the 
previous section, denitration might not happen for this compound. 
Therefore, the nitration and nitrosation occurs by a different mecha-
nism. Hydroxyl amine (NH2-OH, HA), a widely used reducing agent, has 
been used for the activation of peroxides [115]. HA activates the PS to 
form SO4

•- and aminoxyl radical (NH2O•/NH3O•+). The aminoxyl 
radical can further activate the oxidant to generate more reactive spe-
cies. As a result, this process is employed in the removal of various 
contaminants like phenols, bisphenol, atrazine, etc. The aminoxyl 
radical can be converted into the gaseous N2/N2O or inorganic ions such 
as NO–, NO2

–, and NO3
– and the complete reactions are given in Eqn 

12–16 [116,117]. These ions would then react with ROS as given in the 
Eq. (10) and (11) to form RNs.  

HSO5‾ + NH2OH/NH3OH+ → SO4
•- + NH2O•/ NH3O•+ + H2O         (12)  

2NH2O• → N2 + 2 H2O                                                                 (13)  

2HNO → N2O + H2O                                                                    (14)  

NH2O• + oxidants → NO3
–                                                             (15)  

NO3
– + NH2OH → NO– + NO2

– + H2O + 2H+ (16) 

This process caused the evolution of nitrosophenol as the major 
product (yield is 35%). 

Nitrophenol was also formed but the yield is nearly 10%. The time 
dependent study revealed that nitrosoproduct is decreasing gradually 
with time, but the concentration of nitrophenol remains constant. 
Nitroso products were formed for other phenolic products such as 
acetaminophen (AAP), bisphenol A (BPA), and bisphenol S (BPS). The 
effect of various factors such as HA concentration, and initial pH on the 
evolution of nitroso products were monitored. The yield of nitroso 
products was very high at pHs 4 and 5. These are stable even after 1 hr at 
pH 5. In addition, the nitrosoproduct formation increased with increase 
of HA: PMS concentration. The pKa for NH2OH is 5.96 and exists as 
protonated form at lower pH [118]. The rate of reaction of oxidant with 
HA is rapid for the neutral form than the positively charged species (pH 
< 5). At high pH, the scavenging of SO4

•- by HA is the predominant 
reaction and not able to degrade the target pollutant. 

3.4. Photochemical and Fenton based AOPs 

The formation of 1,3 DNB has been compared in various AOPs such 
as UV/H2O2, photo-Fenton, Fenton like and Fenton processes. Such 
nitro-products have also been observed in the UV/PS oxidation of 
DNAN. 

Photochemical oxidation of the oxidants generates the ROS by the 
cleavage of O-O bond on these oxidants. This process either used the 
light in the UV or visible region based on the molar absorptivity of the 
oxidant in this region [119–121]. Fenton reaction utilized certain oxi-
dants (mainly H2O2) activated by transition metal ions (Fe2+, Cu2+, 
Co2+, Mn, Ni, etc.,) to generate ROS [122–126]. This ROS generation 
would be enhanced by the introduction of light, called photo Fenton 
reaction. Moreover, the homogeneous Fenton catalyst has been replaced 
by heterogeneous catalyst containing transition metals. As discussed in 
the previous sections, de-nitration is the major phenomenon in the 
formation of nitrated products. De-nitration releases nitrite ions, which 
has shown good UV absorption. The photochemical reaction of nitrite 
ions forms different RNs, which induces nitration and nitrosation re-
actions in the medium. Among the reported AOPs, the 1,3 DNB forma-
tion is found in the order UV/H2O2 < Fenton < Fenton like < photo 
Fenton. The formation of 1,3 DNB is dependent on the reagent con-
centration such as Fe2+, and H2O2. An increase of Fe2+/Fe3+ concen-
tration increases the degradation of NB with the formation of DNB. In 
another study, the photochemical reaction of DNAN forms methoxyl 

dinitrophenol as the major intermediate because of the similar de- 
nitration and re-nitration processes [64]. 

The nitration reaction in the presence of nitrate/nitrite is a common 
reaction during the degradation of pollutants in natural water as it 
contains nitrate and nitrite ions [24,127–129]. The nitrate and nitrite 
ion has shown maximum absorbance at a wavelength of 300 nm and 
350 nm, respectively [130,131]. Therefore, RNs are formed along with 
the reactive oxygen species depending on the wavelength of irradiation. 
The schematic representation of the photochemical formation of RNs is 
given in the Fig. 6. 

4. Kinetics of nitro-product formation 

To express the kinetics of nitro-product formation one should address 
the degradation of initial pollutant, and the formation of nitro-products. 
As reported for other AOPs, the degradation can be described by the 
pseudo first order kinetics. However, the kinetic studies were very 
limited for the nitro-product formation. Yao et al., proposed the kinetic 
models to propose such nitro-product formation [59]. It was proposed 
based on the assumption of involving both the ROS and RNs. The ROS is 
•OH and RNs are NO• and NO2 

•. The sources of the reactive species such 
as the water, dissolved gases (N2 and O2) and their concentration are 
constant in the reaction medium. As a results, the concentration of 
reactive species and the final products such as •OH, NO•, N2O3, ONONO2 
(NO2

•) and O2NNO2 formed from these precursors are also the same. The 
OP would react with the •OH to form the initial intermediate products, it 
takes place for all the AOP based reactions (k1). The nitrosating agents 
such as NO•, and N2O3 reacts with the organic pollutants (OP) to form 
nitrosated products (k2). Nitration agents such as ONONO2 (NO2

•) and 
O2NNO2 causes formation of nitro-products, both mono and dinitro- 
products and nitrosation products (k3, k4, k5, k6, k9 and k10). All the 
representative reactions and the corresponding rate constant are given 
in the Eqns 17–26. Moreover, it should be noted that the rate constants 
corresponding to the reaction N2O3 can be neglected in AOPs other than 
sonolysis. In addition, the pyrolytic effect should be addressed in the 
sonochemical transformation. In the case of isomeric product formation, 
three more steps can be added similar to the Eqns. 24–26. Same can be 
done for other polynitrated products. 

OP+ ∙OH →
k1 products (17)  

OP+ ∙NO →
k2 Nitrosated OP (18)  

OP+ONONO2 →
k3 Nitrosated OP (19)  

OP+N2O3 →
k4 Nitrosated OP (20)  

OP+ ∙NO2 →
k5 Nitrated OP (21)  

OP+O2NNO2 →
k6 Nitrated OP (22)  

Nitrosated OP+ ∙OH →
k7 Hydroxylation of Nitrosated OP 1 (23)  

Nitrated OP+ ∙OH →
k8 Hydroxylation of Nitrated OP (24)  

Nitrated OP+ ∙NO2 →
k9 Dinitro product (25)  

Nitrated OP+O2NNO2 →
k10 Dinitro product (26) 

The rate of degradation and nitro product formation can be repre-
sented by 

M.P. Rayaroth et al.                                                                                                                                                                                                                           

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Chemical Engineering Journal 430 (2022) 133002

9

d[OP]
dt

= − (k1[∙OH] + k2[∙NO] + k3[ONONO2]

+ k4[N2O3])[OP] − (k5 + k6)[NO∙
2][OP] − (k7 + k8)[O2NNO2][OP]

(27)     

All the above can be simplified as, 

d[OP]
dt

= − k′

1[OP] (30)  

d[Nitrosated − OP]
dt

= k′

2[OP] − k′

3[nitrosated − OP] (31)  

d[Nitrated − OP]
dt

= k′

4[OP] − k′

5[nitrated − OP] (32) 

Where k1
′ represent the apparent rate constant for the degradation of 

OP. 

k′

1= (k1[∙OH] + k2[∙NO] + k3[ONONO2] + k4[N2O3] + (k5 + k6)[NO∙
2]

+ (k7 + k8)[O2NNO2] (33) 

Nitrosation mediated apparent degradation of pollutants; k2
′ =

k2[•NO] + k3[ONONO2] + k4[N2O3], apparent degradation of nitro-

sated products by •OH; k3
′ = k7[•OH], apparent degradation rate con-

stants for the nitration of OP; k4
′ = k5[NO2

•] + k6[O2NNO2], and the 
apparent degradation rate constant for the nitrated OP k5

′ = k8[•OH] +
k9[NO2

•] + k10[O2NNO2]. The ratios of the apparent rate constants 
provide the contribution of the degradation via nitrosation and nitra-
tion. The nitrosation reaction can be obtained from the ratio of k2

′ to k1
′. 

The ratio of (k4
′ + k5

′) / k1
′ represent the role of nitration reaction for the 

degradation of OP. 

5. Fate of nitro-products during the oxidative treatment 

As discussed in the previous section, various nitro-products were 

Fig. 6. Photochemical generation of reactive N species in solution containing NO2
– ion [24].  

d[Nitrosated − OP]
dt

= (k2[∙NO]) + k3[ONONO2] + k4[N2O3][OP] − (k7[HO∙])[Nitrosated OP] (28)   

d[nitro − OP]
dt

= k5[2ON∙] + k6[O2NNO2][OP] − k8[HO∙] + k9[NO∙
2] + k10[O2NNO2][nitro − OP] (29)   
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generated during oxidative degradation. However, the ROS involved in 
the process would further rapidly react with the intermediate products. 
Therefore, the fate of these intermediate also needs to be addressed. 
Complete degradation of DPhA was reported during the sonolysis after 
45 min with the formation of NDPhA and nitro-DPhA [59]. The con-
centration of nitrogen derivatives was very high in the first 15 min and 
slowly decayed with time. Moreover, these species remain in the treated 
medium even after 50 min of process. Likewise, the Fenton process leads 
to the complete degradation of 1 mM of nitrobenzene with the formation 
of intermediates such as nitrophenols, phenol and 1,3 DNB. The con-
centration of intermediates such as phenol and nitrophenol were 0.005 
mM and 0.05 mM respectively. These products were completely 
degraded in short time and their concentrations were decreased below 
the detection limit after 6 min of treatment. On the other hand, the 1,3 
DNB was formed with a concentration of nearly 0.08 mM. Their for-
mation was increased linearly with time and were not degraded even 
after the complete degradation of parent compound and other inter-
mediate products [66]. 

Ji et al., monitored the time dependant evolution of polynitrophenols 
during the degradation of NP by heat activated PS [58,68]. Complete 
degradation of 2-NP was observed after 6 hr of treatment. The DNPs 
(2,4-DNP and 2,6-DNP) were formed as initial nitro-products during the 
initial time of reaction and their concentration is increased linearly even 
after the complete removal of initial NP. The concentration of 2,4-DNP 
and 2,6 DNP were 2.82 µM and 1.44 µM respectively after 8 hr. Same 
pattern was observed for 4-NP with the formation of 2,4DNP as the 
major product. Thereafter the concentration of these DNPs was 
decreased with time with the formation of trinitrophenols (TNPs). TNPs 
were persistent to degradation, even after 16 hr of treatment. In the case 
of NB, complete degradation was observed only after 300 min. In this 
case 2,4-DNP and 2,6-DNP were also formed during the course of the 
reaction. These species were slowly degraded and remained present in 
the medium until 480 min of reaction [68]. All these reports reveal that 
the generated nitro-products are more persistent to degradation via 
AOPs than the initial compounds. 

Furthermore, we have calculated the ecotoxicity of other nitro-
derivatives towards aquatic organisms such as Fish, Daphnia, and green 
algae using Ecological Structure Activity Relationships (ECOSAR v1.10) 
software from U.S. Environmental Protection Agency. The toxicity 
values of the primary pollutants and their unexpected nitro-products 
towards the aquatic organisms are given in Table 3 and Table 4 
respectively. The acute toxicities and the chronic toxicities are presented 
in this Tables. The nitro-products and nitroso products are mutagenic 
and highly toxic [128]. If the treated water contains any of these species, 
it may cause notorious effect to ecosystem and human. The NPs such as 
2-NP, 4-NP, 2,4-DNP, 2,6-DNP, and 2,4,6-TNP are categorised as highly 
toxic compounds. The toxicological studies revealed that the poly nitro- 
products are more toxic than the mononitro-products [128,129]. 
Anaerobic toxicity studies revealed that the substituted phenols are 
more toxic than that of the mono substituted NPs. The exposure of these 
NPs to humans affects the central nervous system, lung, kidney, and 
other circulatory systems [132–135]. However, the ecotoxicity values of 
NB and PNP calculated in this review using ECOSAR were lower than 
that of polynitro-products. The acute toxicity values of ROX are 6.39 ×
106, 2.30 × 106, 2.57 × 105 mg L-1 and the chronic toxicity values are 

3.46 × 105
, 62479.98, and 24225.75 mg L-1 towards Fish, Daphnia, and 

green algae respectively. At the same time the intermediate nitro- 
products are more toxic than the parent ROX. In this case the LC50 
values were decreased. Likewise, the nitrosoderivatives of DPhA are 
highly toxic to the aquatic organisms compared to other nitrogen con-
taining byproducts. Among the degradation byproducts of PAS, nitro-
aniline, and 3-amino-4-nitrophenol are more toxic than the parent 
compound. It is noted that the toxicity of the above derivatives is re-
ported for the individual cases and thus their toxicity will further in-
crease in the case of mixture of derivatives. Therefore, in this case, more 
detailed investigation is needed to evaluate the cumulative effect of the 
mixed nitroderivatives. 67/548/EEC) as LC50 > 100 or EC50 > 100 (Not 
harmful), 10 < LC50 < 100 or 10 < EC50 < 100 (Harmful), 1 < LC50 < 10 
or 1 < EC50 < 10 (Toxic), and LC50 < 1 or EC50 < 1 (Very toxic), While 
chronic toxicities assessed based on the Chinese hazard evaluation 
criteria for new chemical substances (HJ/T154–2004), i.e., ChV > 10 
(Not harmful), 1 < ChV < 10 (Harmful), 0.1 < ChV < 1 (Toxic), and ChV 
< 0.1 (Very toxic) 

6. Effects of water matrix on the nitro-product formation 

Water matrix also had a prominent role on the formation of nitration 
processes. In one of the studies, the NDPhA formation has been moni-
tored in the presence of different inorganic ions such as Br-, HCO3

–, 
PO4

3-, NH4
+ and Fe2+ at a concentration level of 10-2 M. All the selected 

ions except Br- slightly retarded the degradation of DPhA, on the other 
hand these ions had a substantial effect on the NDPhA formation. The 
ions such as HCO3

–, PO4
3-, NH4

+ and Fe2+ inhibited the NDPhA for-
mation and their effect followed the order of HCO3

– ≫ Fe2+ >PO4
3- 

>NH4
+ [59]. The inhibitory effect of these ions is due to the scavenging 

of sonochemically generated nitrosating agent. The observed effect is 
due to the scavenging of nitrosating agent by these ions like other radical 
based reactions [59]. Thus, common composition of real matrix with 
presence of inorganic ions can be beneficial in respect to inhibitory 
(positive) effect on formation of nitro-products. 

The PO4
3- would react with the one of the nitrosating agent N2O3 to 

form H2PO4NO. This product has a five membered ring and doesn’t 
possess the nitrosating ability as that of the primary species [136]. HCO3 
has bigger potential to scavenge the N2O3 than that of PO4

3- under 
neutral condition [137]. It follows from the inhibitory effect. Likewise, 
Fe2+ scavenges NO• from the aqueous solution to form an iron complex, 
FeNO2+ [138]. All the scavenging reactions are presented in the Eqns 
34–36  

H2PO4- + N2O3 → H2PO4NO + NO2–                                             (34)  

HCO3– + N2O3 → HCO3-NO + NO2–                                             (35)  

Fe2+ + NO• → FeNO2+ (36) 

The NH4
+ ions have shown different mechanism on the nitro-product 

formation. The NH4
+ can scavenge the •OH to form the NH2

• [139]. The 
reactive species can neutralise the RNs to gaseous N2 and N2O. But the 
rate of scavenging reaction is very low and their inhibitory effect is 
minimal. This is clear from the NDPhA formation during the sono-
chemical degradation of DPhA in the presence of NH4

+ ions [59]. On the 
other hand, NH4

+ ions promoted the formation of nitro-products in PS 

Table 3 
Estimating ecotoxicities of nitrogen compounds towards aquatic organism in the units of mg/L*.  

Compound Fish (LC50) Daphnia (LC50) Green Algae (EC50) Fish (ChV) Daphnia (ChV) Green Algae (ChV) 

NB  14276.82  6501.36  1944.87  1075.71  343.09  311.59 
PNP  3695.81  310.00  1884.43  245.06  59.24  918.04 
ROX  6.39 × 106   2.30 × 106   2.57 × 105   3.46 × 105   62479.98  24225.75 
DPhA  2.87  1.94  2.98  0.34  0.30  1.15 
DNAN  2.69 × 106   9.90 × 105   1.23 × 105   1.58 × 105   28906.51  12270.59 
PAS  1044.02  539.35  271.84  91.28  40.43  57.68  
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based AOPs. In this case, the one electron oxidation of NH4
+ ions 

resulted the formation of NH2
•. These NH2

• reacts with the O2 molecule 
to form the stable aminoperoxy radical (NH2O2

•). Further reaction of 
this long-lived species with the reactive species result in the formation of 
RNs (Eqns 37–43). These processes enhanced the nitro-product forma-
tion. Yang et al., reported the formation of nitro-products such as mono- 
nitro and di-nitro phenols during the degradation of phenolic com-
pounds by the PS based AOPs in the presence of NH4

+ ion [140].  

•OH + NH4
+ → NH2

• + H2O + H+ (k = 1.4 × 107 M− 1 s− 1) [28]      (37)  

SO4
•− + NH4

+ → NH2
• + SO42- + H+ (k = 3 × 105 M− 1 s− 1) [139]  (38)  

NH2
• + NO2

• → N2O + H2O                                                          (39)  

NH2
• + NO• → N2 + H2O                                                             (40)  

NH2
• + O2 → NH2O2

• (41)  

NH2O2
• →NO•+ H2O                                                                    (42)  

NO• + •OH/SO4•− →NO2
• (43) 

But the halide ions (X-) scavenge the primary reactive species •OH/ 
SO4

•− to form secondary species (•X). These species in turn reacts with 
the NO• to form a stronger nucleophilic nitrosatig agent, NOX and 

enhance the nitrosation reaction (Eqns 44–46). This is evident from the 
sonochemical degradation of DPhA and the decomposition of phenol by 
PS activation by hydroxylamine. In the first case, the Br- ion enhanced 
the formation of NDPhA and in the latter case the Cl- ion increase the 
nitrophenol content in the treated solution [59,72].  

•OH/SO4
•− + Br- → •BrOH-                                                          (44)  

•BrOH- → •Br + OH–                                                                   (45)  

•Br + NO• → NOBr                                                                      (46) 

Like inorganic ions, organic matrix (NOM) also has the prominent 
role on the radical based water treatment process and the product for-
mation. These NOM can scavenge the reactive species and reduce the 
degradation rate of parent compounds and affect the intermediate 
product formation. Ji et al., studied the effect of NOM on the degrada-
tion of NPs during the PS based degradation. The NOM reduced the 
formation of 2,4-DNP due to the scavenging of RNs by the phenolic 
moieties present in the NOM, which further slowed down the 2,4,6-TNP 
formation [58]. 

Important outcome highlighted in this section was that various 
components present in the real matrix lowered the AOPs effectiveness, 
but on the other hand it will inhibit formation of hazardous by-products. 
However, the trend is not uniform in all AOPs that further depends on 

Table 4 
Estimating ecotoxicities unexpected products towards aquatic organism in the units of mg/L*.  

Compound Fish (LC50) Daphnia (LC50) Green Algae (EC50) Fish (ChV) Daphnia (ChV) Green Algae (ChV) 

Methoxytrinitrophenol (Photolysis/DNAN) 3.94 × 107  3.66 × 105  3.59 × 106  1.27 × 106   70466.43 1.86 × 106  

1,3-dinitrobenzene (Fenton/NB) 2.70 × 106  9.87 × 105  1.19 × 105  1.57 × 105   28235.07 3.94 × 105  

1,3-dinitrobenzene (Fenton/NB) 2.70 × 106  9.87 × 105  1.19 × 105  1.57 × 105   28235.07 3.94 × 105  

2,4,6-trinitrophenol (UV/PS/DNAN) 2.57 × 107  2.58 × 105  2.49 × 106  8.46 × 105   49636.52 1.29 × 106  

2,6-DNP (Heat/PS/NB) 3.18 × 105  9224.71 70682.64 14864.16  1769.82 35489.69 
2,4-DNP (Heat/PS/NB) 3.18 × 105  9224.71 70682.64 14864.16  1769.82 35489.69 
2,4- dinitrophenol (Heat/PS in Soli/PNP) 3.18 × 105  9224.71 70682.64 14864.16  1769.82 35489.69 
4-hydroxy-2′, 3, 4′-trinitrobiphenyl (Heat/PS in Soli/PNP) 1.55 × 106  34248.32 2.79 × 105  66394.80  6577.32 1.41 × 105  

2,4-DNP (Heat/PS/PNP) 3.18 × 105  9224.71 70682.64 14864.16  1769.82 35489.69 
2,6-DNP (Heat/PS/PNP) 3.18 × 105  9224.71 70682.64 14864.16  1769.82 35489.69 
2,4,6-trinitrophenol (Heat/PS/PNP) 2.57 × 107  2.58 × 105  2.49 × 106  8.46 × 105   49636.52 1.29 × 106  

2′-hydroxyl-2,3′ ,4,5′-tetranitrodiphenyl ether (Heat/PS/PNP) 3.15 × 108  1.88 × 106  2.04 × 107  8.76 × 106   3.63 × 105  1.70 × 107  

2,2′-dihydroxyl-3,3′,5,5′-tetranitrobiphenyl (Heat/PS/PNP) 3.16 × 106  7.98 × 108  6961.60 6.58 × 106   5.06 × 108  256.59 
2,4-DNP (Heat/PS/ROX) 3.18 × 105  9224.71 70682.64 14864.16  1769.82 35489.69 
2,4,6-TNP (Heat/PS/ROX) 2.57 × 107  2.58 × 105  2.49 × 106  8.46 × 105   49636.52 1.29 × 106  

2,4-DNP (Co-activated/PS/PNP) 3.18 × 105  9224.71 70682.64 14864.16  1769.82 35489.69 
4-hydroxy-2′, 3, 4′-trinitrobiphenyl (Co-activated/PS/PNP) 1.55 × 106  34248.32 2.79 × 105  66394.80  6577.32 1.41 × 105  

dinitrophenyl (Co-activated/PS/PNP) 2.70 × 106  9.87 × 105  1.19 × 105  1.57 × 105   28235.07 11669.43 
trinitrobiphenyl (Co-activated/PS/PNP) 1.67 × 107  5.76 × 106  5.47 × 105  9.06 × 105   1.04 × 105  47317.15 
2-nitro-4-(2-nitrophenoxy)phenol (PMS/ Co3O4-Y2O3/ROX) 56478.18 2818.62 19189.01 3157.16  539.71 9487.46 
2,4-dinitrophenol (PMS/ Co3O4-Y2O3/ROX) 3.18 × 105  9224.71 70682.64 14864.16  1769.82 35489.69 
Nitrophenol (PMS-HA/Phenol) 3695.81 310.00 1884.43 245.06  59.24 918.04 
Nitrosophenol (PMS-HA/Phenol) 62.97 14.40 70.34 5.80  2.74 33.30 
2,4-dinitrophenol (nZVI/PS-HP/PNP) 3.18 × 105  9224.71 70682.64 14864.16  1769.82 35489.69 
4-amino-3-nitrobenzoic acid (Sonolysis/PAS) 86341.63 40905.72 14412.86 6816.55  2410.10 2521.93 
3-amino-4-nitrophenol 

(Sonolysis/PAS) 
316.97 5.12 207.52 68.79  18.47 13.28 

2-nitroaniline 
(Sonolysis/PAS) 

3987.05 1.07 9.69 24.60  0.15 12.81 

4-hydroxy-3-nitrobenzoic acid (Sonolysis/PAS) 59769.82 4755.60 29242.92 3895.05  909.07 14267.81 
N-nitroso-N-phenylaniline 

(Sonolysis/DPhA) 
6.57 0.89 0.56 0.25  0.08 0.20 

2-nitro-N-phenylaniline 
(Sonolysis/DPhA) 

1689.25 867.22 425.87 146.61  63.89 89.10 

2,4-dinitro-N-phenylaniline 
(Sonolysis/DPhA) 

2.83 × 105  1.17 × 105  23052.06 18945.32  4655.92 2955.10 

4-nitro-N-(4-nitrophenyl)aniline (Sonolysis/DPhA) 2.83 × 105  1.17 × 105  23052.06 18945.32  4655.92 2955.10 
4-nitro-N-phenylaniline 

(Sonolysis/DPhA) 
1689.25 867.22 425.87 146.61  63.89 89.10  

* Acute toxicities based on the European Union criteria (described in Annex VI of Directive 
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the process and the oxidant used. In addition, the rate of nitro-product 
formation may vary in the presence of complex mixture. Thus, a 
detailed investigation on the influence of real wastewater matrix on the 
nitro-product formation in AOPs is a must and a one of challenges for 
future studies. 

7. Environmental impacts of unexpected nitration and their 
minimisation possibilities 

Chemical oxidation processes are widely used to treat the contami-
nated water and soil. Various AOPs including in situ chemical oxidation 
were studied for treatment of wastewater containing nitrogen de-
rivatives. All these methods are efficient in the successful degradation of 
the target pollutants as well as for their complete mineralisation. 
However, incomplete mineralisation led to the release of intermediate 
products as some of the products are more toxic than the parent com-
pound. Chlorinated and nitrated by-products are generally more toxic 
compared to primary pollutant and their formation needs to be avoided 
in this kind of processes. However, in many studies chlorinated and 
nitrated by-products were formed as oxidation by-products during the 
oxidative degradation in the presence of Cl- and NO2

– [21–24]. 
Many pollutants (pharmaceuticals, dyes, pesticides, etc) contain ni-

trogen in their structure either attached to the side chain (primary) or 
azo group, nitro group or in heterocyclic ring. The oxidative cleavage 
leads to the release of ammonia or nitrate ions depending on the 
attached functional groups. The released ammonia or nitrate ions can 
further be converted into nitrite/nitrate ions. Lopez et al., have reported 
14 % and 16% of nitrogen from 5-methyl-1,3,4-thiadiazole-2-thiol 
(MMTD), 5-methyl-1,3,4-thiadiazole-2-methylthiol (Me-MMTD), 
respectively, was recovered as nitrate during their degradation by UV/ 
H2O2 photolysis [141,142]. Photocatalytic degradation of sulfonamide 
drugs such as sulfa dimethoxine, sulfa merazine and sulfathiazole leads 
to the 70%, 18%, and 90% recovery of nitrogen [143]. The release of 
NH4

+ indicates the breakage of heterocyclic ring present in these com-
pounds. Electrochemical oxidation of pharmaceuticals like paracetamol, 
and sulfachloropyridazine also release nitrogen as ammonia and nitrate 
ions [53,144,145]. Sonochemical degradation of pharmaceuticals like 
atenolol, PAS, released nitrite, nitrate and ammonium ions [25,47]. 
Moreover, their interference on the further degradation/transformation 
of the parent pollutants is not addressed well. In addition, in case of real 
aqueous matrix, there could be many nitrogens based ionic species 
including the ammonium. Being a radical process, AOPs can initiate 
several RNs in the presence of these species. It has been reported that 
nitrate and nitrite ions acts as sensitizers and undergo photolysis under 
the natural conditions to form RNs and ROS and further contribute to the 
transformation of parent compounds to nitro-products [24]. Many 
pharmaceuticals such as sulfamethoxazole, many beta blockers undergo 
nitration/nitrosation reactions to produce toxic, carcinogenic and 
mutagenic nitrated/nitrosated products [33,146]. 

The nitro-products are reported to be the precursors of nitrogeneous 
disinfection by-products (N-DBPs) [147,148]. Like the parent pollutants, 
N-DBPs also gained an increasing attention as they shown adverse health 
effects. Toxicological studies revealed that some of the N-DBPs cause 
cancer, liver diseases, reproductive problems etc [149]. N-DBPs are 
generally formed by the reaction of disinfectants, such as chlorine, 
chloramines, chlorine dioxide, etc., with NOM, inorganic ions and many 
other pollutants [150,151]. Inorganic ions like nitrite ions lead to the 
formation of many nitrated products during the degradation/disinfec-
tion products. The nitrated products act as the precursor of many N- 
DBPs [152]. Therefore, special consideration also should be given to the 
oxidative degradation of N-containing compounds and to verify if the 
primary pollutants get mineralised without any nitro by-products 
remaining in the medium after treatment process. 

As given in the previous sections, the key species in the unexpected 
nitro-product formation are the nitrite ions. Therefore, to minimise the 
formation of nitro-product the nitrite ion generation should be 

controlled. The coupling of more than one AOPs would be an option to 
minimise the nitro-product formation. Electrochemical methods and 
ozonolysis are an important choice in this aspect [153–155]. Electro-
chemical AOPs (EAOPs) provided rapid oxidation of parent compounds 
and minimisation of their inter-crossing reaction with the released ions. 
Another important advantage of EAOP is that the in situ generated nitrite 
ions could be oxidised to nitrate ions at the electrode surface. Another 
oxidant, ozone is effective in oxidising the NO2

– to nitrate ions. This may 
reduce the generation of RNs. Thus, it is proposed that hybrid process 
such as sono-EAOP, sono-ozonolysis, PS-EAOP, PS-Ozonolysis, etc, will 
be effective in minimising the unexpected nitration of the pollutants 
during their oxidative degradation. 

8. Conclusions 

This review made an effort to understand the mechanisms of unex-
pected nitro-product formation and its environmental impacts during 
the oxidative degradation of pollutants via AOPs. Denitration and the 
subsequent renitration of the nitrophenols were the major mechanism 
for the nitro product formation in most of the AOPs including persulfate- 
based methods. While the nitrite ion is released from the hydroxylamine 
by the reaction with oxidants, it leads to the nitro-products formation for 
phenolic products in hydroxylamine-based water treatment. This prod-
uct further leads to the formation of another toxic products N-DBPs. 

After review of wide variety of papers on AOPs as material for this 
manuscript, it must be stated that the risk of nitro-products formation is 
currently not included in most of the studies. Highlighted in these papers 
mechanisms clearly indicate that this aspect must be evaluated in case of 
serious and comprehensive research articles. Nitro-products can be 
controlled by several modern analytical techniques. Even simple HPLC 
system equipped with UV diode array detector will provide first tenta-
tive information about their presence in post-processed samples. Other 
approach that could be included in process control is determination of 
nitrite and nitrate ions and the determination of nitrogen mass balance 
during degradation. It is possible to apply simple analysis via spectro-
metric colorimetric tests or by ion chromatography. 

To further trace reports on unexpected nitro-products formation, 
future papers should focus on aspects of aeration of processed samples 
comparing to application of inert gas, as it was reported that removal of 
oxygen and nitrogen allows to minimize this undesired effect. Most of 
the reviewed studies were performed for model wastewater, currently 
the literature lacks of data about nitro-products formation in real case 
scenario. On the other hand, the individual components of real waste-
water matrix had some effect on the undesirable nitration phenomenon. 
The HCO3

– inhibited the nitration process, but on the other hand halide 
ions increased the nitration reaction. 

Finally, nitro-products are known to be often toxic. Thus, in case of 
risks on their presence in water or wastewater after treatment, a toxicity 
tests should be performed to prove that formed by-products are not more 
toxic comparing to primary pollutants. Well addressed above mentioned 
aspects should allow to obtain in next few years deeper knowledge about 
nitro-product formation during AOP water and wastewater treatment. 
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[29] A. Kroflič, M. Huš, M. Grilc, I. Grgić, Underappreciated and Complex Role of 
Nitrous Acid in Aromatic Nitration under Mild Environmental Conditions: The 
Case of Activated Methoxyphenols, Environ. Sci. Technol. 52 (23) (2018) 
13756–13765. 

[30] P. Attri, Y.H. Kim, D.H. Park, J.H. Park, Y.J. Hong, H.S. Uhm, K.-N. Kim, 
A. Fridman, E.H. Choi, Generation mechanism of hydroxyl radical species and its 
lifetime prediction during the plasma-initiated ultraviolet (UV) photolysis, Sci. 
Rep. 5 (2015) 9332. 

[31] G. Marussi, D. Vione, Secondary Formation of Aromatic Nitroderivatives of 
Environmental Concern: Photonitration Processes Triggered by the Photolysis of 
Nitrate and Nitrite Ions in Aqueous Solution, Molecules 26 (2021) 2550. 

[32] Y. Huang, M. Kong, D. Westerman, E.G. Xu, S. Coffin, K.H. Cochran, Y. Liu, S. 
D. Richardson, D. Schlenk, D.D. Dionysiou, Effects of HCO3– on Degradation of 
Toxic Contaminants of Emerging Concern by UV/NO3–, Environ. Sci. Technol. 52 
(2018) 12697–12707. 

[33] R.C. Scholes, C. Prasse, D.L. Sedlak, The Role of Reactive Nitrogen Species in 
Sensitized Photolysis of Wastewater-Derived Trace Organic Contaminants, 
Environ. Sci. Technol. 53 (2019) 6483–6491. 

[34] D. Vione, V. Maurino, C. Minero, E. Pelizzetti, Nitration and Photonitration of 
Naphthalene in Aqueous Systems, Environ. Sci. Technol. 39 (2005) 1101–1110. 

[35] L. Oliviero, J. Barbier, D. Duprez, Wet Air Oxidation of nitrogen-containing 
organic compounds and ammonia in aqueous media, Appl. Catal. B: Environ. 40 
(2003) 163–184. 

[36] A.P. Bhat, P.R. Gogate, Degradation of nitrogen-containing hazardous compounds 
using advanced oxidation processes: A review on aliphatic and aromatic amines, 
dyes, and pesticides, J. Hazard. Mater. 403 (2021), 123657. 

[37] R. Fatima, M.N. Afridi, V. Kumar, J. Lee, I. Ali, K.-H. Kim, J.-O. Kim, 
Photocatalytic degradation performance of various types of modified TiO2 
against nitrophenols in aqueous systems, J. Clean. Prod. 231 (2019) 899–912. 

[38] Z. Xiong, H. Zhang, W. Zhang, B. Lai, G. Yao, Removal of nitrophenols and their 
derivatives by chemical redox: A review, Chem. Eng. J. 359 (2019) 13–31. 

[39] O. Drzyzga, Diphenylamine and derivatives in the environment: a review, 
Chemosphere 53 (8) (2003) 809–818. 

[40] K. Christen, Sci. Technol. 35 (9) (2001) 184A–185A. 
[41] Tuberculosis 88 (2008) 137–138. 
[42] N. Oturan, C.T. Aravindakumar, H. Olvera-Vargas, M.M. Sunil Paul, M.A. Oturan, 

Electro-Fenton oxidation of para-aminosalicylic acid: degradation kinetics and 
mineralization pathway using Pt/carbon-felt and BDD/carbon-felt cells, Environ. 
Sci. Pollut. Res. 25 (2018) 20363–20373. 

[43] S. Hisaindee, M.A. Meetani, M.A. Rauf, Application of LC-MS to the analysis of 
advanced oxidation process (AOP) degradation of dye products and reaction 
mechanisms, TrAC -, Trends Anal. Chem. 49 (2013) 31–44. 

[44] W.J. Cooper, C.J. Cramer, N.H. Martin, S.P. Mezyk, K.E. O’Shea, C.v. Sonntag, 
Free Radical Mechanisms for the Treatment of Methyl tert-Butyl Ether (MTBE) via 
Advanced Oxidation/Reductive Processes in Aqueous Solutions, Chem. Rev. 109 
(2009) 1302–1345. 

[45] M.P. Rayaroth, U.K. Aravind, C.T. Aravindakumar, Degradation of 
pharmaceuticals by ultrasound-based advanced oxidation process, Environ. 
Chem. Lett. 14 (2016) 259–290. 

[46] P. Liu, Z. Wu, A.V. Abramova, G. Cravotto, Sonochemical processes for the 
degradation of antibiotics in aqueous solutions: A review, Ultrason. Sonochem. 74 
(2021) 105566, https://doi.org/10.1016/j.ultsonch.2021.105566. 

[47] K.K. Nejumal, P.R. Manoj, U. Aravind, C.T. Aravindakumar, Sonochemical 
degradation of a pharmaceutical waste, atenolol, in aqueous medium, Environ. 
Sci. Pollut. Res. 21 (2014) 4297–4308. 

[48] S. Sasi, M.P. Rayaroth, D. Devadasan, U.K. Aravind, C.T. Aravindakumar, 
Influence of inorganic ions and selected emerging contaminants on the 
degradation of Methylparaben: A sonochemical approach, J. Hazard. Mater. 300 
(2015) 202–209. 
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[53] A. Dirany, I. Sirés, N. Oturan, A. Özcan, M.A. Oturan, Electrochemical Treatment 
of the Antibiotic Sulfachloropyridazine: Kinetics, Reaction Pathways, and 
Toxicity Evolution, Environ. Sci. Technol. 46 (7) (2012) 4074–4082. 
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