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Abstract: A solution to the problems encountered with the treatment of wastewater
during the industrial production of TNT could be the use of the mixture of
nitrotoluenes (NTs) with no or a smaller amount of the meta-NT compared to
the mixture resulting from conventional mononitration. This can be achieved
by selective nitration of toluene with a nitration mixture which is more selective
than conventional nitrating mixtures. This paper presents a review of the literature
related to the methods for selective nitration of toluene using the following nitrating
agents: nitric(V) acid, acetyl nitrate(V), nitrogen(V) oxide and others.
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1 Introduction

2,4,6-Trinitrotoluene (TNT) is one of the most frequently produced explosives
in the world. Nitro-Chem in Bydgoszcz (Poland) produces 10000 tons of TNT
per year — the highest in Europe [1]. Due to its physical and chemical properties
and low production costs, TNT has been widely used in civil as well as military
technological applications [2]. It is obtained as a result of the three-step nitration
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of toluene. In addition to TNT, unsymmetrical trinitrotoluene isomers are also
formed in the reaction. The formation of these isomers is connected to the
nitration of meta-nitrotoluene (meta-NT) produced in the first step. The presence
of unsymmetrical trinitrotoluenes is undesirable as it decreases the melting point
of TNT, causing failure to meet the applicable standards [3]. Currently, in order
to eliminate unsymmetrical trinitrotoluenes, the process of sulphiting is used,
thus leading to the formation of toxic and difficult to neutralize wastewater called
“red waters” [4, 5].

In [6], the authors found that red waters undergo slow degradation and their
neutralization is both problematic and expensive. Furthermore, no successful
method for their disposal has been found. One of the ways to overcome this
problem is the development of a method of TNT production avoiding the
formation of unsymmetrical trinitrotoluenes or minimizing their formation.
A process that would prevent the formation of red waters could be conducted by:
(i) starting the synthesis of TNT with ortho- or para-nitrotoluene (ortho-NT

or para-NT, respectively) instead of toluene,

(ii) separation of the mononitrotoluenes and removal of the meta-NT, or
(iii) developing another synthesis route for TNT.

The development of a different method for TNT synthesis as proposed in
the patent [7] would probably entail greater cost, relying on rather expensive
and not readily available raw materials. An interesting route for obtaining high-
purity TNT without sulfitation is to start the synthesis with ortho- or para-NT
[8, 9], however access to significant amounts of these compounds is difficult.

A pertinent way to solve this problem is to obtain a mixture of NTs with
no meta-NT formed or one where the mefa-NT appears in lower quantities than
in the mixture resulting from a conventional mononitration method. This can
be achieved by the selective nitration of toluene by means of a more selective
nitration mixture compared to the conventional nitrating mixture.

The main producers of NT in the world include: Aaarti Industries Limited,
LANXESS, Panoli Intermediates India Private Limited, EMCO Dyestuff, R.K.
Synthesis Limited, Shree Chemopharma Ankleshwar Pvt Ltd..

2 Selective Methods for the Nitration of Toluene

2.1 Selective nitration of toluene with nitrating agents based

on nitric(V) acid (HNO3)
HNO; is a weaker acid than sulfuric(VI) acid (H,SOs). It is encountered in the
form of the acid and the pseudo-acid, which has esterifying and nitrating effects.
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The addition of water increases the amount of the acid form, whereas H,SOj, shifts
the equilibrium towards the pseudo-acid [10]. At —40 °C, only 3.5% of HNOs
undergoes autoionization to form the nitronium cation [11]. Hence, 100% HNO;
is a milder nitrating agent compared to a HNO;/H,SO, mixture, the nitronium
ion being the active nitrating agent.

According to [4], nitration with 94% HNOsresults in the formation of 2.5%
meta-NT. By contrast, in [10] the authors note that nitration of toluene with
100% HNO; at 25 °C yields 4.6% of the meta-NT. In reference [12], Topchiev,
in turn, states that at 0 °C 3.1% meta-NT is formed, whereas 2.7% meta-NT is
formed at —20 °C.

Nitration with HNOs can be more selective if the reaction is conducted in an
organic solvent, ionic liquid or in presence of a catalyst, which will be discussed
further in the following sections.

2.1.1 Selective nitration of toluene by means of HNO; in presence
of catalysts

The selectivity of nitration with HNO; can be increased by the addition of
a catalyst. This can lead to reaction in such a way as to minimize the formation
of the meta-NT, and at the same time increase the nitrating activity of HNO;. The
most common catalysts are solid acids, i.e. various types of solids or compounds
deposited on silica, which are Lewis acids and behave similarly to H,SO.. Hence,
these catalysts launch and accelerate nitration reactions even when the HNO;
is diluted. These catalysts particularly favour the para position by forcing the
appropriate position of the toluene molecule into the pores of the catalyst [13].
The operating mechanism of solid catalysts consists of six stages [14]:
— diffusion of the substrate through the laminar layer,
— diffusion into the pores,
— adsorption on active sites,
—  chemical reaction,
— desorption from the surface, and
— the diffusion of product away from the surface into the reaction medium.

An example of nitration by means of sodium nitrate(V) with the addition of
H,SO,adsorbed on silica has been reported in [15]. As a result of this process,
HNO:s is formed in situ. The main product of nitration at 25 °C is para-NT, in
a yield of 85%. On the other hand, in [16] the nitration of toluene with HNO;
by means of Claycop was described. This process led to 86% 2,4-dinitrotoluene
(2,4-DNT) and 13% 2,6-dinitrotoluene (2,6-DNT).

Furthermore, in the patent [17] toluene was nitrated with 90% HNO; in
the presence of H-ZSM-5 zeolite. The reaction was run at about 100 °C and the
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content of the meta-NT ranged from trace amounts up to 1.6%. The content of
the para-NT was significantly high. In [18] a number of examples of nitration
with HNO; by means of zeolites were reported. These catalysts exhibit a strong
para effect. The strongest effect was observed with the use of H “Beta zeolite,
where the para/ortho ratio was 2.23. The above paper [18] also described the
nitration of toluene with HNO; vapour in the presence of H-Beta zeolite and
H;PO4/ZSM-5-surf-170. This process results in the formation of 77% and 97.9%
of para-NT, respectively.

In addition to zeolites, other catalysts can be used in nitration reactions with
HNO:;, such as zirconium, zirconium cerium, or their sulfate variants. The amount
ofthe meta-NT ranged from 2% to 3%. These reactions were run at temperatures
between 60 and 90 °C. A sulfate version of the catalyst demonstrated a finer
selectivity (lower amount of the mefa-NT). These catalysts did not demonstrate
para-selectivity [19]. In [20], a similar catalyst was used where molybdenum(VI)
oxide was adsorbed on zirconium(I'V) oxide doped silica. Nitration was carried
out with HNOs; in 1,2-dichloroethane at its boiling temperature. The most
favorable results were obtained for the catalyst heated at 500 °C. No meta-NT
was detected in the reaction products, the para/ortho ratio was to 1.2, and 90%
yield was obtained. Molybdenum compounds as nitration catalysts were also
used in [21]. In this study, phosphoromolybdic acid on silica was applied. The
most suitable result was achieved when 5.7% of tetraoxophosphoric(V) acid
(H5;PO,) was added, which resulted in the formation of 1.3% of the meta-NT and
an ortho/para ratio of 0.77. Unfortunately, after the reaction had been completed
the catalyst was not suitable for further use.

Mechanochemical nitration with the molybdenum oxide and sodium
nitrate(V) is an interesting example of nitration with molybdenum(VI) oxide
deposited on silica. The reaction takes place in a planetary mill and no additional
solvent is required. The paralortho ratio ranges from 1.14 to 1.47. As the
temperature is increased, the degree of toluene conversion increased along with
the amount of oxidation by-products. The disadvantage of the process lies in the
need for extraction and consumption of the catalyst, which hinders its application
in continuous processes [22].

The literature data leads to the conclusion that a catalyst and HNO; based
system is more selective than a conventional nitrating mixture. Smaller amounts
of the meta-NT appear in the reaction products, whereas the proportion of the
para-NT sometimes increases. Furthermore, the presence of catalyst increases
the nitrating activity of the acid. The consumption of the catalyst and the need
for its replacement are obstacles to running continuous processes.
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2.1.2 Selective nitration of toluene with HNOj in organic solvents
Urbanski [4, 23] claims that no 1050 and 1040 cm™' lines can be found in
the infrared absorption when a solution of HNOs in organic solvents is used.
Therefore, nitrogen(V) oxide (N,Os) cannot be formed. HNO; becomes less
associated than in H,SO,. HNO;-solvent bonds are formed, which was confirmed
by the measurements of solvent vapour pressure and Raman spectra [4, 10] for
ether and dioxane solutions. In the case of chloroform and carbon tetrachloride, no
nitrate(V) and nitronium ions were detected in the Raman spectra. Their spectra
are similar to HNO; vapour. Therefore, HNOs exhibits less nitrating activity due
to the reduced polar environment. The nitration reactions of benzene homologues
with such systems constitute zero-order reactions [10, 23].

HNOs/dichloromethane can serve as an example of such a system. In [24] the
nitration with HNOj; in dichloromethane with the addition of salts of transition
metals complexes, such as tetramine copper(Il) sulphate, chloropentamine
cobalt(Il) chloride, and manganese(Ill) acetylacetonate, was described. The
addition of these salts was expected to increase the nitration selectivity. In the
course of this examination, para-NT was obtained in a yield of 85%. According
to [25], when toluene is nitrated with HNOs in dichloromethane, 3.1% of the
meta-NT is formed at 20 °C, whereas 3.8% is formed at 30 °C.

In [26], toluene was nitrated with a 20% solution of HNO; in dichloromethane
at an HNOs/toluene molar ratio of 5:1 and at a temperature of —20 °C, and 2.56%
of the meta-NT was formed. Another example of such a system is HNO; in
chloroform. According to the patent [27], nitration of toluene with 100% HNO;
in chloroform at room temperature yields 2.1% of the meta-NT.

HNO:; in carbon tetrachloride is another example of this system. According
to Olah et al. [28], 3% of the meta-NT is formed when the reaction is conducted
at 25 °C. In [29], it was reported that the content of the meta-NT was 3.7% when
nitrated at 35 °C. Adamiak [30], in turn, noted that when toluene is nitrated
with 100% HNOs; in carbon tetrachloride with the addition of silica deposited
molybdenum(VI) oxide, 0.8% of the meta-NT is formed at room temperature.

Another nitrating system of this type is HNOs/hexane, which is a two-phase
system. According to [31], the nitration of toluene with 95% HNO; in hexane at
the boiling temperature yields 4.1% of meta-NT.

In [32], toluene was nitrated with HNO; in hexane at a concentration of
36%, HNOs/toluene molar ratio of 1.8:1, at room temperature. The reaction was
conducted for 45 min. Consequently, 5% of the meta-NT was obtained with 57%
conversion. Furthermore, the authors described the nitration of this mixture using
a variety of zeolites. The lowest level of the mefa-NT was obtained when NaY
zeolite was added, with 70% conversion. In the remaining cases, this conversion
ranged from 3 to 5% and a larger amount of the para-NT was observed.
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By contrast, in the patent [33] the nitration of toluene with 90% HNO; in
acetonitrile was proposed. This gave a high proportion of the ortho-NT in the
reaction products. When the reaction was carried out at 40 °C, the ortho/para
ratio was 5.6.

Table 1 presents the results of nitration with HNO; in various solvents with
the addition of'silica deposited molybdenum(VI) oxide [30]. These data serve to
indicate that the less polar the solvent is, the lower is the content of the meta-NT.

Table 1.  Content of the products of nitration of toluene by means of HNO;
with the addition of silica-deposited molybdenum(VI) oxide in
different solvents [30]

Solvent Composition of reaction products [% mass]
ortho-NT meta-NT para-NT
Nitromethane 59.1 33 37.6
Nitroethane 58.5 2.6 38.9
Toluene 46.7 2.3 51.0
Carbon tetrachloride 46.8 0.8 52.4
1,1,2,2-Tetrachloroethane 45.2 1.5 53.3
Dichloromethane 453 2.2 52.5
1,2-Dichloroethane 45.6 2.2 52.2

As can be observed, the nitration with HNO; with the addition of a solvent is
more selective than the conventional nitration method. This method can also be
used in continuous processes. In the case of nitration in an organic solvent with
a catalyst, the selectivity of the reaction is increased. The para position is then
particularly favoured. It should be noted however, that the catalyst is being used
up, which poses a problem in the possible application of this nitration method
in continuous processes.

Another example of a selective method is the nitration with HNO; in
polyfluorocarbons [34]. According to the authors of this paper, no unsymmetrical
derivatives are formed during the nitration. This method of nitration was reported
as environmentally friendly, since polyfluorocarbons do not affect the ozone
layer and H,SO. is not used. However, the reaction products need to be extracted
from polyfluorocarbons by means of dichloromethane. This method is selective,
however the high costs of polyfluorocarbons pose certain difficulties [34].

Another interesting nitrating agent is a mixture of HNO; and
trifluoromethanesulfonic acid in organochlorine solvents [35]. In this system,
an ion pair with the nitronium cation is formed by the following reaction:
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2CF3SO3H + HNO3 — N02+CF3SO37 + H3OJr + CF3SO37

According to the patent [35], the reaction should be conducted in an inert
gas atmosphere, with an excess of the nitrating agent at a temperature below
—60 °C. The reaction was run in dichloromethane and trichlorofluoromethane.
The amount of the meta-NT did not exceed 0.53%. At higher temperatures, DNTs
were formed and the content of the asymmetric derivatives did not exceed 1.72%.
Nitration of toluene with a mixture of HNOj; and trifluoromethanesulfonic acid
1s a selective method, however the harmful effect of trifluoromethanesulfonic
acid on the environment and the separation of the product for the further nitration
stages are detrimental factors.

2.1.3 Nitration of toluene with HNOj; in ionic liquids

Tonic liquids are substances characterized by their ionic structure in the liquid state.
Because of this property, they exhibit fine electrical conductivity. Low melting
point organic salts are currently used as ionic liquids in technological applications.

In [36] the use of nitration of toluene in an ionic liquid has been reported. In
this study, toluene was nitrated with 65% HNOs in N,N-diethylethanaminium-2-
(sulfooxy)ethyl sulfate. The reaction was conducted at 80 °C. When the reaction
was completed, the mixture was extracted with diethyl ether and then separated on
asilica gel column. The authors reported that 85% of para-NT, 14% of ortho-NT
and 1% of DNT were formed.

Nitration of toluene with HNO; in ionic liquids is a more selective method
compared to conventional nitration. The problem however, lies in the high boiling
points of ionic liquids, entailing the need to extract the product with a solvent, which
is not feasible in industrial applications. Furthermore, the costs of ionic liquids are
quite high. The authors of the paper did not investigate the possibility of reusing the
ionic liquid or the costs associated with the additional reagent supply or replacement.

2.2. Nitration of toluene by means of nitrating agents based

on acetyl nitrate(V)
Acetyl nitrate(V) is formed as a result of the reaction of HNO; with acetic
anhydride, which is described by the following equation [37]:

ACZO + HNO3 — AcOH + ACONOZ

In addition to the above method, it can also be formed by the reaction of
acetic anhydride with N,Os [23, 37, 38], or via the reaction of silver nitrate(V)
with acetyl chloride [38], as described by the following equations, respectively:
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(CH3CO),0 + N,Os — 2CH3COONO,
CH;COCI + AgNO; — CH3COONO, + AgCl

Acetyl nitrate(V) is characterized by its explosive properties and explodes
when heated above 60 °C [37, 38]. Acetyl nitrate can undergo distillation under
reduced pressure (22°C/70 mmHg) [38]. Following [23], Gillespie and Millen
(1948), the compound exhibits poorer nitrating properties than the nitronium
cation. As reported in [23], the following substances behave as nitrating agents in
the mixture of HNO; and acetic anhydride: HNOs, H,NOs*, AcONO,, AcONO,H",
N02+, N205.

Numerous examples of using nitrating systems consisting of HNO; and
acetic anhydride for the nitration of toluene have been reported in the literature.
In [39], nitration of toluene with acetyl nitrate(V) with addition of S-zeolite
yields para-NT as the main product. On the other hand, in [37] the results of
nitration with acetyl nitrate(V) with the addition of various zeolites have been
reported. The highest value of the para/ortho ratio (2.8) was obtained for H-PBS5.
Furthermore, the above-mentioned study reports on the possibility of nitrating
toluene to DNT with acetyl nitrate(V) in the presence of zeolites [37].

In the case of nitration of toluene with a mixture of HNO; and acetic
anhydride with the addition of HBEA-500 zeolite at room temperature, 2.6%
of the meta-NT was obtained at 99.5% conversion [40]. By contrast, the paper
[41] describes the nitration of toluene with acetic anhydride and HNO; with the
addition of trifluoroacetic anhydride and Hf zeolite. As a result of nitration,
DNTs are formed with 2,4-DNT as the main product.

In addition to nitration with acetyl nitrate(V) in presence of zeolites or
other catalysts, other sources provide information on nitration with the pure
HNOs/acetic anhydride system, with no additional catalysts. According to [28],
the meta-NT content in the nitration of toluene with this mixture was: 2% at 0 °C,
2-3% at 25 °C, 5% at 30 °C, whereas the ortho/para ratio was 1.76 for nitration
at 40 °C. On the other hand, reference [10] reports that the amount of meta-NT
formed during nitration by means of the HNO;/acetic anhydride mixture at 25 °C
was 2.8%. This has also been confirmed in [25].

The nitration of toluene with acetyl nitrate(V) in various solvents has
also been reported in the literature. According to [42] the nitration with acetyl
nitrate(V) in dichloromethane yields 1.55% of the meta-NT. By contrast,
according to [43], 2.8% of the meta-NT is formed in the reaction of toluene with
acetyl nitrate(V) in nitromethane at 25 °C.
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The nitration of toluene with acetyl nitrate(V) in carbon tetrachloride in
the presence of various catalysts has been described in the literature. In [44],
montmorillonite K-10 was used as a catalyst, and the reaction was carried out
at the boiling temperature of the solvent. A mixture of NTs containing 2% of the
meta-NT was obtained in a yield of 75-98%. In [45], Claycop, i.e. montmorillonite
impregnated with anhydrous copper(II) nitrate(V), was added. A mixture of DNTs
was obtained in a yield of 95% and 1% of unsymmetrical isomers.

Acetyl nitrate(V) is a more selective nitrating agent compared to conventional
nitrating mixtures. During the nitration of toluene with this reagent, 2-3% of
the meta-NT is formed. The addition of solid catalysts does not significantly
contribute to an increased content. On the contrary, the content of the para-NT
is increased. The selectivity of nitration with acetyl nitrate(V) can be enhanced
by conducting the process in low-polarity organic solvents.

The problem of using acetyl nitrate(V) in industrial applications is associated
with its explosive properties. When using nitration methods in the presence of
a catalyst, a difficulty is associated with the consumption of the catalyst and the
need for its replacement, which is an obstacle in running continuous processes.

2.3 Selective nitrating agents based on N,Os

N,Os appears in the form of a white crystalline solid and as such, it exhibits
an ionic structure. By contrast, in the gaseous state it demonstrates a covalent
structure. In the ionic form, it has the following structure [NO, ][NO;][11].

Two types of nitrating mixtures based on N,Os can be distinguished. The
first type includes mixtures where N,Os appears in its ionic form. Such properties
are shared amongst solutions of N,Os in strong mineral acids such as HNO; and
H,S0O,. The mechanism of nitration is initiated by the attack of the nitronium
cation on the aromatic ring. The second type includes nitrating mixtures where
N,Os is present in its covalent form. Solutions of N,Os in organic solvents exhibit
this property [10]. It has been reported [10] that molecular N,Os acting as the
electrophile performs the function of the nitrating agent in N,Os/organic solvent
mixtures. According to this theory, a neutral, dipole, cyclic transition state is
formed as a result of the aromatic ring with N,Os combination. This reaction
occurs in a single step. The mechanism was verified by the fact that changing
the solvent from carbon tetrachloride to nitromethane gave a six-fold increase
in the reaction rate.

The advantages of nitration by means of N,Os are as follows [48]: much
faster, less exothermic, easily controllable reactions resulting in less oxidation
by-products, higher yields, effortless product isolation, no waste acids. Moreover,
all nitration reactions that normally use typical nitrating agents can be carried
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out more effectively. There is also the possibility of synthesizing high-energy
materials that cannot be obtained via the use of conventional nitrating mixtures.

N,Os in dichloromethane is an example of a highly selective system where
N,Os occurs in its covalent form. It was used in [3] in a semi-technical application.
The content of the mefa-NT ranged from 1.4% to 1.9%. The reactions were
carried out at (—40) to (—20) °C.

In [28], the authors reported that when toluene is nitrated with N,Os in
acetonitrile at a temperature of 0 °C, 3% of the meta-NT is formed. On the
other hand, nitration with N,Os in liquid sulfur dioxide at —30 °C yields 5% of
meta-NT. When nitration was in supercritical carbon monoxide(IV) at 22 °C,
2% of meta-NT was formed [49]. In [34], the authors used N,Os for nitration in
octadecafluorodecalin to obtain 2,4- and 2,6-DNT.

Additionally, nitration with N,Os in ionic liquids was conducted [50].
Nitration with N,Os in an ionic liquid is slightly more selective as compared
to nitration without this reagent. No increase in selectivity was observed with
additional use of ionic liquid.

N,Os can be used for nitration in a manner similar to the use of HNO;
in the presence of solid catalysts. In [51], toluene was nitrated with N,Os in
dichloromethane in the presence of H-ZSM-5 zeolite. A mixture of ortho- and
para-NT with a molar ratio of 6:94 was obtained. In the patent [52], the nitration
with N,Os in dichloromethane and chloroform in the presence of H-ZSM-5 zeolite
was investigated. The amount of the mefa-NT ranged from 0 to 1%.

In turn, in [53] the nitration with N,Os in dichloromethane with the addition
of iron(III) 2,4-pentanedioate at a temperature of —100 °C was described. The
reaction yielded 4- and 2-NT in a ratio of 65:31. This reaction proceeded faster
than the corresponding reaction with no catalyst at 0 °C. The selectivity of
nitration with N,Os in the presence of catalysts is slightly increased. Moreover,
as in the case of nitration with N,Os without added catalyst, the content of the
para-NT is increased.

Kyodai nitration involves mixing the substance to be nitrated with
nitrogen(IV) oxide (NO,), followed by streaming ozone through the resulting
solution. The name of the process refers to the colloquial name of Kyoto
University where it was first developed in 1991. The reaction can also be
conducted in solvents [54]. In [55], the Kyodai nitration of toluene in 10-times
the amount of dichloromethane at —10 °C yielded 2% of the meta-NT in 3 h.
A similar process was carried out with the use of catalysts in [55]. The main
products were DNTs, with a pronounced excess of 2,4-DNT, which provides for
para selectivity. Kyodai nitration is a selective reaction, however, the application
of this method in continuous processes is problematic.
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N,Os is a selective nitrating agent. The problems, however, relate to the
absence of an efficient production method in industrial processes and high costs.
Another major disadvantage of N,Os is its instability and tendency to degrade
when exposed to temperature, light and moisture. Furthermore, anhydrous
solvents must be used in the reaction.

2.4 Selective nitrations based on other reagents

In addition to the above mentioned reagents, the nitration of toluene with other
nitrating agents has been described in the literature. Examples include urea
nitrate(V), nitrourea, guanidine nitrate(V) and nitroguanidine with the addition
of H,SO,. The results for toluene nitration by means of these nitrating agents
are listed in Table 3 [56]. These reactions were carried out at room temperature.

Table 3.  Nitration of toluene by means of other nitrating agents [56]

Reaction products [%]

Nitrating = = = = = =

Nitrating agent agent:toluene Zé % % E E E
ratio [mol/mol] S § § G < h
3 s Y o~ o~ ~

Ce 1:1 42 2 38 0 0 0
Guanidine nitrate(V) 1 0 0 0 10 1 89 1
Nitroguanidine Ll 4 0 2 86 ! 0
2:1 0 0 0 13 | &7 2

. 1:1 3 0 1 11 | 86 0

Urea nitrate(V) 71 0 0 0 17 1 82 1
Nitrourea 1:1 59 0 | 41 0 0 0
2:1 0 0 0 9 91 0

It can be observed that these types of nitration are selective. An excess of
the nitrating agent contributes to the formation of DNTs. The problems in the
application of these reagents in continuous processes is associated with the solid
physical state of the nitrating agents.

3  Summary

¢ Numerous nitrating mixtures that are more selective than the conventional
nitration mixtures have been reported in the literature. In [16, 17], despite
the use of a traditional nitrating mixture, less asymmetric DNTs were
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obtained than with the use of the conventional nitration method, however,
the proportion continues to be high.

Fuming HNOs is a more selective nitrating mixture than the conventional
mixture, however the level of undesirable reaction products is still too high
to obtain TNT of fine quality.

HNOs/organic solvent systems are more selective than traditional nitrating
mixtures. This is due to the formation of HNO;-organic solvent bonds.
Furthermore, the organic solvent environment reduces the activity of the
nitronium cation, giving a lower heat of reaction and more straightforward
control of the reaction than in the case of a conventional nitrating mixture.
These systems can be used in continuous processes and their advantages
in the nitration of toluene are multifold. The reaction runs smoothly and is
characterized by a slight increase in temperature of only a few degrees. Other
favorable factors include the absence of H,SO4, which, as production waste
poses a serious problem for the natural environment, effortless concentration
of HNO; and its potential reuse, the possibility of multiple use and recycling
of the solvent, or higher tolerance margins for operating at low temperatures.
When temporarily cooled to —40 °C, HNO; does not solidify rapidly and
hence the risk of the reaction getting out of control is reduced. Unlike the
nitration with 100% HNO;, these mixtures are characterized by a much lower
viscosity at low temperatures, which makes the process easily controllable.
Difficulty is related to the need to use an excess of the nitrating agent and
a high level of solvent consumption [6]. In addition, some organic solvents,
such as carbon tetrachloride, are not environmentally friendly.

Nitration with HNOj; in polyfluorocarbons is a selective nitration method.
Difficulties are associated with the high cost of polyfluorocarbons and their
detrimental environmental effects.

Nitration by means of HNO; in ionic liquids is a selective nitration method,
however the high costs of ionic liquids and the need for product extraction
poses a problem.

HNO; with the addition of a catalyst is a more selective agent than 100%
HNO:s. The reaction products contain less meta-NT, while the proportion
of para-NT is sometimes increased. In addition, the catalyst stimulates
the nitrating activity of the acid. The main problem is the consumption
of the catalyst and the need to replace it, which hinders its application in
a continuous process.

Acetyl nitrate(V) is a mild and selective nitrating agent. It is not capable of
nitrating toluene to DNTs [30]. During the nitration, less of the meta-NT is
produced thus enhancing its application potential in continuous processes.
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On the other hand, acetyl nitrate(V) has a number of disadvantages, such as
the requirement for in sifu production, its explosive properties, the toxicity
of acetic anhydride, problems relating to the extraction of acetic acid and
the regeneration of already used reagents. Solid catalysts slightly increase
the selectivity of toluene nitration. As in the case of nitration by means of
HNO:s, the proportion of the para-NT in the reaction products is increased.
Catalysts are also able to activate acetyl nitrate(V) more extensively, so that
DNTs are formed [41]. As in the case of HNO;, difficulty is associated with
the consumption of the catalyst and the need to replace it, which poses an
obstacle in continuous processes. When nitrating with acetyl nitrate(V) in
polar solvents, the selectivity of nitration remains practically unchanged,
whereas it is increased slightly in non-polar solvents.

¢ NyOs in organic solvents is an effective and selective nitrating agent
(particularly in organochlorine solvents). Continuous nitration using N,Os
is possible. Regretfully, this reagent is not currently manufactured on an
industrial scale and no inexpensive and efficient production method has
been developed. The instability of N,Os is a big disadvantage, as it becomes
degraded under the influence of temperature, light and moisture, which
requires the use of anhydrous solvents in the process. The addition of a solid
catalyst or ionic liquid slightly increases the nitration selectivity. As in the
case of HNOs, during nitration in presence of solid catalyst, the proportion
of the para-NT is increased and, likewise, one disadvantage is linked to the
consumption of the catalyst, preventing its use in continuous processes.

¢ Kyodai nitration is a selective nitration method and can be carried out in
the presence of solid catalysts. Difficulty is associated with the inability to
use this method in continuous processes.

¢ Nitration by means of urea nitrate(V), nitrourea, guanidine nitrate(V) and
nitroguanidine with the addition of H,SO, is a selective method. Their use
in continuous processes is problematic however, due to the solid physical
state of the nitrating agents.

References

[1] Karczmarczyk, B. Bombowy kontrakt! Bydgoski Nitro-Chem wyprodukuje trotyl
dla amerykanskiej armii. (Bomb Deal! Nitro-Chem from Bydgoszcz will Produce
TNT for the American Army.) (in Polish) TVP3 Bydgoszcz, aired Sept. 4, 2019
https://bydgoszcz.tvp.pl/44238092/bombowy-kontrakt-bydgoski-nitrochem-
wyprodukuje-trotyl-dla-amerykanskiej-armii.

Copyright © 2023 Lukasiewicz Research Network — Institute of Industrial Organic Chemistry, Poland



110

A. Nastata, P. Maksimowski

(2]

[10]
[11]
[12]
[13]
[14]

[15]

[16]
[17]

(18]

Cudzito, S.; Maranda, A.; Nowaczewski, J.; Trebinski, R.; Trzcinski, W.A.
Wojskowe Materiaty Wybuchowe. (Military Explosives) Wydawnictwo Wydziatu
Metalurgii i Inzynierii Materialowej Politechniki Czestochowskiej, Czgstochowa,
2000, pp. 21-28; ISBN 83-87745-50-2.

Millar, R.W.; Arber, A.W.; Endsor, R.M.; Hamid, J.; Colclough, M.E. Clean
Manufacture of 2,4,6-Trinitrotoluene (TNT) via Improved Regioselectivity
in the Nitration of Toluene. J. Energ. Mater. 2011, 29(2): 88-114; DOI:
10.1080/07370652.2010.484411.

Urbanski, T. Chemistry and Technology of Explosives. (in Polish) Vol. I, Wyd.
MON, Warsaw, 1954.

Sustaining the Environment for a Secure Future. Fiscal Year 2006 Secretary of
Defense Environmental Awards U.S. Army Nominations, https://www.denix.
osd.mil/awards/previous-years/fy06secdef/ppit/radford-army-ammunition-plant-
pollution-prevention-team-virginia/ [retrieved March 25, 2020].

Maksimowski, P.; Nastata, A. Neutralization of Wastewater from Trinitrotoluene
(TNT) Production under Industrial Conditions. (in Polish) Przem. Chem. 2021,
100(3): 278-285; DOI: 10.15199/62.2021.3.12.

Davis, M.C. Trinitrotoluene (TNT) and Environmentally Friendly Methods for
Making the Same. Patent US 6881871, 2005.

Matys, Z.; Powala, D.; Orzechowski, A. Research for Replacement of Toluene by
ortho-Nitrotoluene in Industrial Method of Preparation TNT. (in Polish) CHEMIK
2016, 70(3): 158-160.

Wang, J.; Shi, J.; Fang, K.; Liu, B.; Yan, Q.; Xu, Y.; Wei, W.; Liu, M.; Chang, F;
Li, M. The Nitrated Device Preparing TNT of para-Nitrotoluene Feedway, para-
Nitrotoluene. Patent CN 204629098, 2015.

Hogget, J.G.; Moodie, R.B.; Penton, J.R.; Schofield, K. Nitration and Aromatic
Reactivity. Cambridge University Press, Cambridge, 1971; ISBN 0-521-08029-0.
Bielanski, A. Podstawy chemii nieorganicznej. (Basics of Inorganic Chemistry.)
(in Polish) Vol. II. 5® Ed., Wyd. PWN, Warsaw, 2002; ISBN 83-01-58516-5.
Topchiev, A.V. Nitration of Hydrocarbons and Other Organic Compounds.
Pergamon Press, London, 1959; ISBN 9781483184388.

Dagade, S.P. Nitration of Aromatic Compounds over Solid Acid Catalysts.
University of Pune, Pune, 2002.

Hagen, J. Industrial Catalysis. A Practical Approach. Wiley VCH, Weinheim,
2006; ISBN 9783527311446.

Zolfigol, M.A.; Mirjalili, B.F.; Bamoniri, A.; Zarchi, M.A.K.; Zarei, A.; Kazdooz, L.;
Noei, J. Nitration of Aromatic Compounds on Silica Sulfuric Acid. Bull. Korean
Chem. Soc. 2004, 25(9): 1414-1416; DOI: 10.5012/BKCS.2004.25.9.1414.
Fang, D.; Shi, Q.; Gong, K.; Liu, Z.; Lu, Ch. Research Progress of Clean Nitration
of Aromatic Compounds. (in Chinese) Chin. J. Energ. Mater. 2008, 16(1): 103-120.
Jayasuriya, K.; Damavarapu, R. Regioselective Nitration of Aromatic Compounds
and the Reaction Products Thereof. Patent US 5946638, 1999.

Sreedhar, 1.; Singh, M.; Raghavan, K.V. Scientific Advances in Sulfuric Acid

Copyright © 2023 Lukasiewicz Research Network — Institute of Industrial Organic Chemistry, Poland



Review of the Methods for Selective Nitration of Toluene 111

Free Toluene Nitration. Catal. Sci. Technol. 2013, 3: 2499-2508; DOI: 10.1039/
C3CY00337].

[19] SunajaDevi, K.R.; Jayashree, S. Eco Friendly Nitration of Toluene Using Modified
Zirconia. Bull. Chem. React. Eng. Catal. 2013, 7(3): 205-214; DOI: 10.9767/
berec.7.3.4154.205-214.

[20] Kemdeo, S.M. M0O3/Si0,-ZrO, Catalyst: Effect of Calcination Temperature on
Physico-chemical Properties and Activities in Nitration of Toluene. Bull. Chem.
React. Eng. Catal. 2012, 7(2): 92-104; DOI: 10.9767/bcrec.7.2.3521.92-104.

[21] Adamiak, J.; Kalinowska-Alichnewicz, D.; Maksimowski, P.; Skupinski, W.
Characterization of a Novel Solid Catalyst, H;PO4/Mo00O;/Si0O,, and Its Application
in Toluene Nitration. J. Mol. Catal. A: Chem. 2011, 351: 62-69; DOI: 10.1016/j.
molcata.2011.09.015.

[22] Lagoviyer, O.S. Mechanochemical Nitration of Aromatic Compounds. New Jersey
Institute of Technology, NJ, 2018.

[23] Urbanski, T. Nitration Theory. (in Polish) Wyd. PWN, Warsaw, 1955.

[24] Amina, A.S.; Arun Kumar, Y.; Arifuddin, M.; Rajanna, K.C. Mild and Efficient
Nitration of Aromatic Compounds Mediated by Transition-Metal Complexes.
Synth. Commun. 2011, 41: 2946-2951; DOI: 10.1080/00397911.2010.515432.

[25] Sekiguchi, S.; Hirose, A.; Kato, S.; Matsui, K. Aromatic Nitration. II. Competitive
Nitration of Toluene and Benzene in Organic Solvents. Bull. Chem. Soc. Japan
1973, 46(2): 646-648; DOI: 10.1246/bcsj.46.646.

[26] Nastata, A.; Maksimowski, P.; Tomaszewski, W. Nitration of Toluene by a Nitric(V)
Acid/Dichloromethane Mixture. (in Polish) Materialy Wysokoenergetyczne/High
Energy Materials 2018, 10: 46-58; DOI: 10.22211/matwys/0166.

[27] Miligan, B.; Miller, D.G. Selective Nitration of Aromatic and Substituted Aromatic
Compositions. Patent US 3957889, 1976.

[28] Olah, G.A.; Lin, H.C.; Olah, J.A.; Narang, S.C. Electrophilic and Free Radical
Nitration of Benzene and Toluene with Various Nitrating Agent. Proc. Natl. Acad.
Sci. U. S. 4. 1977, 75(3): 1045-1049.

[29] Zhirova, N.A. Selektivnost’ reaktsiinitrovaniyaalkilbenzolov v organicheskikh
rastvoritelyakh, (in Russian) Ivanovo State University, [vanovo, 2007.

[30] Adamiak, J. Application of Solid Acids Modified with Phosphoric(V) Acid in
the Nitration Reaction.. (in Polish) PhD Dissertation, Warsaw University of
Technology, Warsaw, 2011.

[31] Science of Synthesis Houben-Weyl Methods of Molecular Transformations. Volume
31b. Arene-X (X=N,P). (Ramdsen, C.A., Vol. Ed.): Georg Thieme Verlag, Stuttgart,
2007; ISBN 978-1-58890-550-5.

[32] Esakkidurai, T.; Kumarraja, M.; Pitchumani, K. Regioselective Nitration of
Aromatic Substrates in Zeolite Cages. J. Chem. Sci. 2003, 115(2): 113-121; DOI:
10.1007/BF02716978.

[33] Wright, O.L. Nitration Process. Patent US 3221062, 196S.

[34] Crampton, M.R.; Cropper, E.L.; Gibbons, L.M.; Millar, R.-W. The Nitration of
Arenes in Perfluorocarbon Solvents. Green Chem. 2002, 4:275-278; DOI: 10.1039/

Copyright © 2023 Lukasiewicz Research Network — Institute of Industrial Organic Chemistry, Poland



112

A. Nastata, P. Maksimowski

[35]

[36]

[37]

[43]

[44]
[45]

[46]

B200627H.

Coon, C.N.; Blucher, W.G.; Hill, M.E. Aromatic Nitration with Nitric Acid and
Trifluoromethanosulfonic Acid. J. Org. Chem. 1973, 38(25): 4243-4248; DOI:
10.1021/j000964a007.

Fajarollah, M.; Sakineh, R. HNO3/N,N-Diethylethanaminium-2-(Sulfooxy)Ethyl
Sulfate as An Efficient System for the Regioselective of Aromatic Compounds.
Iran. J. Chem. Chem. Eng. 2011, 30(2): 73-77; DOI: 10.30492/ijcce.2011.6288.
Vassena, D.; Kogelbauer, A.; Prins, R. Selective Nitration of Toluene with Acetyl
Nitrate and Zeolites. Stud. Surf. Sci. Catal. 1999, 125: 501-506; DOI: 10.1016/
S0167-2991(99)80252-3.

Olah, G.A.; Malhotra, R.; Narang, S.C. Nitration. Method and Mechanism. VCH
Publishers Inc., New York, 1989; ISBN 978-0-471-18695-3.

Kuba, M.G.; Prins, R.; Pirngruber, G.D. Batch and Continuous Nitration of Toluene
and Chlorobenzene with Acetyl Nitrate over Zeolite Beta. Appl. Catal. A: General
2007, 333: 24-29; DOI: 10.1016/j.apcata.2007.08.039.

Shi, C.J.; Tai, Y.F.; Liu, H.T. Improved Regioselective Mononitration of 0-Xylene
over HBEA-500 Zeolite Catalyst. Bull. Korean Chem. Soc. 2013, 34(11):
3485-3487; DOI: 10.5012/bkes.2013.34.11.3485.

Smith, K.; Gibbins, T.; Millar, R.W.; Claridge, R.P. A Novel Method for the
Nitration of Deactivated Aromatic Compounds. J. Chem. Soc., Perkin Trans. 1 2000:
2753-2758; DOI: 10.1039/B002158].

Sankararaman, S.; Kochi, J.K. Charge-transfer Nitration of Naphthalene and
Methylnaphthalenes. Part 1. Direct Comparison with Electrophilic Aromatic
Nitrations. J. Chem. Soc., Perkin Trans. 21991: 1-12; DOI: 10.1039/P29910000001.
Tominaga, Y. Cyclazines. In: Science of Synthesis. Houben-Weyl Methods of
Molecular Transformations. Vol. 17, (Weinreb, S.M., Vol. Ed.) Georg Thieme
Verlag, New York, 2004; ISBN 978-0865779563.

Ono, N. The Nitro Group in Organic Synthesis. Wiley VCH, A John Wiley and
Sons, Inc. Publication, New York, 2001; ISBN 9780471316114.

Gigante, B.; Prazeres, A.O.; Marcelo-Curto, M.J. Mild and Selective Nitration by
“Claycop”. J. Org. Chem. 1995, 60(11): 3445-3447.

Milligan, B. Nitration of Aromatics with Nitrogen Oxides in Trifluoroacetic Acid.
Patent US 4465876, 1984.

Agrawal, J.P.; Hodgson, R.D. Organic Chemistry of Explosives. John Willey and
Sons Ltd., Chichester, 2007; ISBN 978-0-470-02967-1.

Bakke, J.M.; Hegbom, I.; Ovreeide, E.; Aaby, K. Nitration of Aromatic and
Heteroaromatic Compounds by Dinitrogen Pentaoxide. Acta Chimica Scandinavica
1994, 48: 1001-1006.

Liu, J.; Li, B.; Wang, H. Regioselective Mononitration of Aromatic Compounds
with N,Os by Acidic Ionic Liquids via Continuous Flow Microreactor. Asian J.
Chem. 2016, 28(3): 513-516; DOI: 10.14233/ajchem.2016.19374.

Millar, R.W.; Colclough, M.E.; Arber, A.W.; Claridge, R.P.; Endsor, R.M.;
Hamid, J. Clean Nitration Using Dinitrogen Pentoxide (N-Os) —a UK Perspective.

Copyright © 2023 Lukasiewicz Research Network — Institute of Industrial Organic Chemistry, Poland



Review of the Methods for Selective Nitration of Toluene 113

in: Energetic Materials Chemistry, Hazards and Environmental Aspects. (Howell,
J.R.; Fletcher, T.E., Vol. Eds.) Nova Science Publishers, Hauppauge, 2011; ISBN
978-1-60876-267-5.

[51] Damavarapu, R.; Jayasuriya, K.; Kwok, T.J. Regioselective Nitration of Aromatic
Compounds by Dinitrogen Pentoxide and the Reaction Products Thereof. Patent
US 5977418, 1999.

[52] Bak, R.R.; Smallridge, A.J. A Fast and Mild Method for the Nitration of Aromatic
Rings. Tetrahedron Lett. 2001, 42(38): 6767-6769; DOI: 10.1016/S0040-
4039(01)01378-8.

[53] Aitken, A.M.; Aitken, R.A. Product Class 21: Nitroarenes. In: Science of Synthesis:
Houben-Weyl Methods of Molecular Transformation. Vol. 31b (Ramsden C.A.,
Vol. Ed.) Thieme, 2014; ISBN 9783131720719: 72-74.

[54] Suzuki, H.; Murashima, T.; Kozai, I.; Mori, T. Ozone-Mediated Nitration of
Alkylbenzenes and Related Compounds with Nitrogen Dioxide. J. Chem. Soc.,
Perkin Trans. 1 1993, 14: 1591-1597; DOI: 10.1039/P19930001591.

[55] Peng, X.; Suzuki, H. Regioselective Double Kyodai Nitration of Toluene and
Chlorobenzene over Zeolites. High Preference for the 2,4-Dinitro Isomer at the
Second Nitration Stage. Org. Lett. 2001, 3(22): 3431-34354; DOI: 10.1021/
01016283x.

[56] Oxley,J.C.; Smith, J.L.; Moran, J.S.; Canino, J.N.; Almong, J. Aromatic Nitration
Using Nitroguanidine and EGDN. Tetrahedron Lett. 2008, 49(28): 4449-4451;
DOI: 10.1016/j.tetlet.2008.04.153.

Received: January 2, 2023
Revised: June 27, 2023
First published online: June 30, 2023

Copyright © 2023 Lukasiewicz Research Network — Institute of Industrial Organic Chemistry, Poland



