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Abstract

The use of natural polymers as substitutes for synthetic polymers in the development of aggregating materials for the pentaerythritol
tetranitrate (PETN), explosive is a poorly explored area, but with the ability to enable the development of new sustainable, more chemical friendly
and economically, using as an alternative a renewable material like chitosan and its derivatives. Chitin, a natural polymer that makes up the
exoskeleton of crustaceans, insects, and the fungal cell wall, along with their derivatives, such as chitosan, offer attractive chemical, physical, and
biological properties. It is noteworthy that chitin is found in high abundance in nature, and allows obtaining materials capable of offering interesting
characteristics, such as chelating capacity, biocompatibility, biodegradability, nontoxic [3]. In this review, is possible to see the possibility to use a
natural polymers as a potential materials to use as na aggregate polymer in PETN, as well as the increasing trend of the use of renewable natural
polymers to develop creation of materials with high technological grade for mant areas of application. The aim of this study is to show the potential

of using chitosan as an aggregator polymer for PETN crystals.

Introduction

Pentaerythritol tetranitrate (PETN) is an explosive that exhibits
the functionality of the ester nitrate group. The explosive capacity
and high chemical stability led to large-scale production of PETN,
which could only be achieved after pentaerythritol production,
that is the raw material for its production. PETN was the first
explosive to be prepared by pentaerythritol nitration in 1894. Its
commercial production was achieved after the consolidation of
the synthetic routes of formaldehyde and acetaldehyde, precursor
compounds for the synthesis of pentaerythritol [1]. This explosive
has military, industrial, medical and civil applications due to its
high energy density, which is strongly linked to particle size and
structure morphology, such as crystal lattice defects, surface area
and structural phases [2,3]. During applications, formulations
containing PETN are stabilized by additives that increase handling
safety. In the case of plastic explosives, such as those in the C-4
family, for example, it is common for petroleum-derived synthetic
polymers to be used for this purpose [3-5]. A natural polymer that
comes to the attention of researchers is chitosan and its derivatives,
which is obtained by the deacetylation of chitin, which came from
fishing industry waste. It is a linear, cationic polysaccharide with
protonation (addition of protons) of the amino group NH** (NAIR,

@ @ This work is licensed under Creative Commons Attribution 4.0 License |ABEB.MS.ID.000549.

R.S.,,2019). Due to its characteristic of presenting free amino groups,
chitosan has the capacity to react with several molecules, making
the biopolymer with greater availability of groups pending cites
chitosan among the most studied natural polymers [37]. Due to the
increasing employability of natural polymers to obtain materials
with high technological grade, which can be easily used in different
areas, such military, engineering and health for example. The focus
of this review is to evaluate the possibility of using chitosan and its
derivatives as an aggregating polymer for PETN crystals, increasing

the high technological grade for many diverse areas of application.

Structure and Properties of Pentaeritritol

Tetranitrate (Petn)

Pentaerythritol tetranitrate, also known as erythrin tetranitrate
or simply called PETN (C5H8N4012) is one of the most popular
explosives in the world due to its military application, use in mining,
construction and medicine. PETN has a relative effectiveness factor,
defined as the relative mass of trinitrotoluene (TNT) to which an
explosive is equivalent, 1.66. It is more sensitive to shock or friction
than TNT. Its use is basically as a potentiator, that is, PETN is
commonly used in conjunction with other compounds in explosive

charges. As an example, we can mention Semtex, an explosive
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plastic based on PETN and RDX [4,6,7]. The chemical structure of
PETN (Figure 1).
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Figure 1: Chemical structure of PETN [2].
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It use as mentioned, is present in several areas, such as
development of explosives for military use, in mining to provide
mine detonation for the extraction of mineral resources, in
medicine, where it can act as a vasodilator and in civil construction
for destruction of structures [4,8]. Pentaerythritol tetranitrate is
an organic ester nitrate, and as such its synthesis takes place from
an alcohol or polyol, and when obtained it is solid in the form of
crystals and has an irritating smell. Its characteristics generally
resemble TNT [5,9].

Summary of pentaeritritol tetranitrate

There are two routes for PETN synthesis: sulfonitric and

nitrated. The mixture of nitric and sulfuric acids makes up the most

common and most economically viable agent used in the nitrated
route. This route generates many byproducts because sulfuric acid
is not characterized as a good solvent for many organic substrates.
Despite the generation of byproducts, this route plays an important
role in the direct action in the production of nitrate esters, at both
industrial and laboratory levels. With respect to nitric acid used as a
reagent in esterification (or nitration) reactions, this is the essential
mechanism for obtaining parental alcohol, which is considered a
good solvent for organic substrates, besides having a high solubility
in polyols [6,10,11].

Solid polyols such as pentaerythritol, erythritol and mannitol
are commonly nitrated with nitric acid. The procedure of bubbling
dry air through nitric acid to remove nitrogen oxides that may
be present in the mixture is present, followed by the addition of
a trace of urea to remove nitrous acid that may have been formed
throughout. of the process. The mixture is cooled to approximately
0°C and excess acid is added, keeping the system stirring for a
short time. Thereafter, the solution is poured into excess water and
subsequently the nitrate ester is extracted or filtered, yielding a
good yield in the end. In such cases, the use of excess nitric acid is
essential to ensure complete nitration of the substrate. The yield
obtained from the method described is close to 95% [6,12]. Figure
2, shown below, shows the synthesis reaction of PETN (Figure 2).

Ve
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HO-H,C, CH;—OH HO-H;C, CH;—O0H
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HO-H,C CHO HO-H,C CHy—0H
Pentaerythritol
HO"H;C‘ .CH;—U'H Nitration O,N-O—H;C_ -CHI_‘*O-NO:
.C. Se—— i
HO-H,C' CH;—O0H O;N-0-H,C CH;—0-NO,
Pentaerythritol tetranitrate
Figure 2: PETN synthesis reaction [3].
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Pentaeritritol tetranitrate properties

Following are the physical, chemical, thermochemical and
explosive properties of PETN.

Physical properties: Melting point: 141°C; Solubility:
Insoluble in H,0, H,SO0,4 conc., HNO3; below 30%; Soluble: Organic
solvents (acetone) above 92% at 50°C; Specific heat: 0,4 cal / g / °C;
Specific mass: 1.77 g /cm?; Loading density: 1.51 g /cm®to 1.773 g
/cm?®[7,13].

Chemical and thermochemical properties: Not decomposed
by Na,SO3 at 50°C; 25% NaOH causes slight decomposition; Boiling
20% FeCl, completely decomposes; undergoes hydrolysis by H,0 at
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100°C; Autoclaved at 125°C releases HNO3, forming pentaerythritol
trinitrate; High chemical stability, depending on the symmetry of
the molecule, resisting for 20 months at 65°C; does not dry react
with: copper, brass, aluminum, stainless steel, nickel, magnesium,
zinc and cadmium; Nitrogen content: 17.7%; Oxygen Balance:
-10.1%; Formation Heat: 128.7 Kcal / mol or 390 Kcal / kg; Heat of
combustion: 618,7 Kcal / mol [7,13,14].

Explosivity properties: Detonates when heated between
200 and 205°C; May detonate under intense U.V. Radiation; Shock
sensitivity to 2 kg weight: 15 cm; Little sensitive to friction but
should be agglomerated with wax; Detonation speed: 1,530 Kcal /
Kg; Burst Temperature: 4,230 °C [7].
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PETN Aggregating Polymers

PETN, like some other explosive initiators, has high sensitivity,
which often implies the need to use a polymeric matrix that enables
the reduction of this characteristic, providing a safer handling.
Among the matrices employed as PETN crystal aggregating
agents, we can cite as examples: Poly (ethyl acrylate) with dibutyl
phthalate, silicone rubber, epoxy diethylenetriamine resin (DETA),
polytetrafluoroethylene - PTFE (Teflon), polyamide (Nylon), among
others. The main aggregating polymers employed with PETN, as
well as the description of their main characteristics and applications
are presented below.

Poly (Ethyl Acrylate) with Dibutil Ftalate

They are reactive, crosslinked, high-strength adhesive
monomers and structural, generally hardened as elastomeric
polymers as part of the formulation [8,15]. Typically, when
employed in explosive mixtures, these polymers are used alone
or copolymerized with a variety of other polymers in different
particle size classes [9, 16]. Mixtures derived from this material
with explosives contain one or more explosive substances, as
well as additives, binders, plasticizers, stabilizers, flegmatizers
and the like. Additives and binders are relevant as they provide
the appropriate mechanical properties and the ability to operate
through various technologies such as pressing, extrusion and
casting. This material also guarantees a reduction in the sensitivity
of explosives, improving their sensitivity to impacts and friction,
ensuring the protection of crystals against external environmental

factors [7,9,17].

Silicone rubber

It is a class of materials that can take the form of drying
adhesives, pasty materials, fluidized adhesives, among others,
and are characterized by excellent weathering resistance, external
temperatures, as well as the ability to accommodate substrate
movement [11,16,18]. For formulations with explosives, there are
numerous applications with silicone, which can actas a drying agent
that does not bind to all substrates, favoring the development of new
combinations, allowing modification of the desired characteristics
[12,19]. The sealing properties and the ability to accommodate
substrate movement make it possible to obtain adequate physical
properties, which enable structural applications that require high
movement capacity [14,20].

Epoxydylethylenetriamine resin (Deta)

Epoxy resins are characterized as capable of forming crosslinked
matrices with excellent adhesion to a wide variety of substrates,
making them suitable for adhesive applications where high strength
under adverse conditions is required. Its properties include
negligible shrinkage during curing, excellent chemical resistance,
ability to bond non-porous substrates and great versatility, as well
as molecular weight ranges, as well as a variety of sizes [14,19].
Epoxy resin adhesives are commonly used in concrete and metal
structure applications. Its electrical properties coupled with
durability favor potting and encapsulation processes [16,20]. In
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general, DETA compounds provide good cure at room temperature
when presented in appropriate stoichiometric proportions [12,21].

Tetrafluoroethylene poly - PTFE (Teflon)

Polytetrafluoroethylene-PTFE (Teflon) is a high molecular
weight polymer that favors insolubility in commonly used solvents,
influences chemical inertia, even under external reaction conditions,
contributes to increased melting point, viscosity, heat resistance
coefficient of friction over a wide temperature range [22-24]. Teflon
can be used in electrical, microelectronic, mechanical and chemical
applications such as seals and piston rings and coated glass, which
demonstrates high mechanical strength. PTFE powder has a lower
molecular weight, which also allows its use as additives in plastics,
paints and lubricants [25,26]. PTFE is hydrophobic in character
and reduces solubility when present in low melting mixtures, has
good long-term stability, and is a material widely used in sensitive
applications in the areas of space aviation and nuclear technology
[27,28].

Polyamide (nylon)

Polyamides are polymers with repeating units that incorporate
an open current or closed ring, and are characterized by excellent
mechanical and electrical properties, as well as high thermal
stability that guarantees good heat resistance, a feature that favors
their use in molds. of films and varnishes, for example [16,29,30].
Polyamides in advanced technologies for making insulating films,
coatings and laminates, molded parts, structural adhesives,
insulation foams, fibers, composites and permeable membranes
[31].

Polyamides are not necessarily polymerized from the same
substance; however, they depart from the amide functional group,
which directly influences the properties, the shorter the distance
between these groups, the better their mechanical and thermal
properties. Among the important factors of polyamides are the
degree of crystallinity and water absorption capacity, which in
turn acts as a natural plasticizer. The higher the crystallinity, there
are improvements in the tensile strength, stiffness and creep of
the material, resulting in high hardness and abrasion resistance.
However, if the degree of crystallinity is reduced, the absorption
of moisture by the structure will increase, as well as having higher
toughness and impact resistance [13,31].

Chitosan - Structure, Properties and Applications

Chitosan (poly (B- (1,4) -D-glucosamine), the main chitin
derivative in terms of applications, is a polymer obtained from
the chemical or biological treatment of fishery tailings which,
after treatment, can be used to obtain biodegradable, non-toxic,
biocompatible, bactericidal, bioactive and anti-inflammatory
biomaterials for applications in the most diverse areas, including
regenerative medicine, water and wastewater treatment,
pharmaceutical, cosmetic, toxicological, food industry, among
others. Figure 3 shows the chemical structures of chitin and

chitosan [32] (Figure 3).
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Figure 3: Chemical structures of chitin and chitosan [32,33].
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The amino groups of the chitosan structure give the molecule
cationic character, making the material characterized in acid
medium as a linear positively charged polyelectrolyte that can
Interact with negatively charged surfaces such as anionic
polysaccharides, proteins and other structures [34]. According
to the literature, chitosan is soluble in dilute acid medium, and
due to the positive character of the molecule, the structure is
susceptible to the addition of protons (protonation) in the amino
groups (NH3), which give the excellent properties mentioned
above. material. From the solubilization of chitosan, it is possible
to obtain samples in the form of gels, films and fibers for various
uses [35]. With regard to chitosan production, it is economically
viable and environmentally friendly due to the large amount of
waste from the fish industry, which, instead of causing damage
to the environment, has its potential applied in the development
of high technology biomaterials [36]. From chitosan in powder
form, for example, it is possible to obtain nanocrystalline chitosan,
modified form of chitosan, through different methods such as:
chitosan salt coagulation, inotropic gelation, microemulsion,
polyelectrolyte complexation and emulsification/solvent diffusion
[37]. Nanocrystalline chitosan is characterized by the special
properties of the initial chitosan, which indicates that the processes
for obtaining it do not interfere with the essential characteristics of
this polymer. This form of chitosan stands out for its use in medical
applications, drug transport systems, water and effluent treatment,
etc. [38].

Chitosan as a potential PETN aggregate polymer

Chitosan is a highly versatile natural polymer that behaves like a
cationic polyelectrolyte that has ion-exchange properties, as already
mentioned. Its free amino groups, which give the structure a positive
character, offer the possibility of investigating its potential as an
aggregating polymer for pentaerythritol tetranitrate. In the work
entitled “Adapting the Sensitivity of Starting Explosives” by Manner
et al. [2], shows the sensitivity properties of the manipulation of
PETN derivatives with their respective structures are related, as well
as the role of the central carbon-linked functional group of PETN
with regard to oxygen balance, thermal stability, impact sensitivity,
frictional resistance and potential for hydrogen bonding. Among
the PETN compounds obtained in the study are derivatives that
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have hydrogen, amine and methyl groups attached to the central
carbon atom of the pentaerythritol tetranitrate structure in order
to explore the effects on sensitivity management, oxygen balance
and hydrogen bridges. The derivatives, including chitosan, obtained
in the study by Manner et al. [2], are presented in (Figure 4).

s N
ONO, onNO, R=CH
CMe
_—
OzNO ONO, R ONO, PO
oNG ONO; CNH,
PETN PETN-R CNH;CI
Figure 4: Structure of PETN and its derivatives obtained in the
study [2].
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In obtaining PETN derivatives, according to Manner et al. [2],
more than half were in the liquid state at room temperature, which
can be seen through (Table 1).

Table 1: PETN derivatives and their respective physical states at room
temperature [2].

PETN-CH Liquid
PETN-CMe Liquid
PETN-CNH, Liquid

PETN-CNH,CI Solid

PETN-PO Solid

PETN original form Solid

It was verified that the derivative of PETN-CNH2 presented one
of the lowest thermal stability, which suggests lower resistance to
temperature changes, which may cause alteration of its composition.
Regarding the oxygen balance, as the missing (negative sign) or
excess (positive sign) oxygen mass of this explosive to transform
all carbon, if any, into carbon dioxide and all hydrogen, if present
in water, divided by the molar mass of the explosive. It was found
that oxygen balance and physical state of materials do not play an
important role in handling and thermal stability. Figure 5 presents
the values obtained in graphs that relate the impact sensitivity
to oxygen balance and differential calorimetry scan with oxygen
balance (Figure 5).

According to the literature [2], the central carbon-linked
functional group of PETN is directly related to the impact sensitivity.
An example is the amino group derivative (PETN-CNH,), which has
the potential to form hydrogen bridges with nitro groups within
the molecule and in neighboring molecules, a condition not found
in the methyl group derivative (PETN). The potential for hydrogen
bonding of the PETN-CNH, derivative corresponds to the observed
decreased impact sensitivity. The same behavior can be seen in the
case of the PETN-CNH,CI derivative, which is an amino-HCI salt
that exhibits higher potential for intermolecular hydrogen bridges,
resulting in significantly lower impact sensitivity compared to
other PETN derivatives. Figure 6 illustrates the comparison with
respect to the potential for hydrogen bonding of amino and methyl
groups (Figure 6).

Page 4 of 7


http://dx.doi.org/10.33552/ABEB.2019.02.000549

Archives in Biomedical Engineering & Biotechnology Volume 2-Issue 5

45
40, @ . B

Q PETN
PETN-CNH C! | 200 | s e
| M
= 38 1ge
B
251 PE L | 160 | PETN-PO

15 - PET" '
@ Tl o= -
! e @ & 1 °
PE

Impact S%nsftivity {cm)
3
DSC (deg C)

5 PETN-PD 100 | PETN-CNM C1
i i i i A i ) i l i i i .
-0.35-0.3-0.25 -0.2 -0.15 -0.1 -0.05 -0.35-0.3 -0.25 -0.2 -0.15 -0.1 -0.05
& Oxygen Balance 3 Oxygen Balance 3
Figure 5: (a) Impact sensitivity versus oxygen balance. (b) Differential Scanning Calorimetry vs. Oxygen Balance [2].
N J
e N
ONO, 0
Impact g
122cm C\\ ONO,
ONO, H
!
i / ol
Impact c™ \
28.8cm - i m i ONO
N0 Mg ® 0. R
) -~
/] © CL ONO,
0:NO ~ONO,

Figure 6: PETN-CMe cannot bond hydrogen, but the amino group in PETN-CNH2 should exhibit hydrogen bonding (bridges) with nitro groups
within and between adjacent molecules [2].
N J

According to Manner et al., Preliminary results indicate thatthe  tetranitrate crystals. From a wide evaluation of studies related to
ability to form hydrogen bonds within the molecule and molecular  the characteristics, properties and applications of the materials
network significantly reduces impact sensitivity as well as that make up the polymeric matrices commonly used together
increases frictional resistance. The literature review in this article ~ with PETN, it can be inferred that chitosan presents chemical
allows us to investigate in order to evaluate the use of chitosan as and physical characteristics that favor its use for this purpose.
an aggregator polymer of PETN as an opportunity to promote the According the literature, amino groups from chitosan, provide
use of natural polymers for this purpose, taking into account since  analogous characteristics with the synthetic polymers commonly
in practice most polymers of synthetic origin are employed. used as a aggregator polymer when they are chemically linked to

. . . the central carbon of PETN. Among the similar characteristics are
Final Considerations

the reduction in impact sensitivity, increased frictional resistance

From the present study it was possible to verify that the PETN,  ,,.4 adhesion capacity, also promoted by matrices composed of

when used alone, presents high impact sensitivity and low resistance poly (ethyl acrylate) with dibutyl phthalate, polyamide (Nylon))

to friction, which results in the need to incorporate a polymeric 4,4 epoxy diethylenetriamine resin (DETA). Also, according to the

matrix that allows to change such characteristics, allowing a safer literature, reduced impact sensitivity and increased resistance to

handling. At the same time, there is a growing tendency of the use  fjction, that are directly related to the ability of hydrogen bridges

of natural polymers in the development of materials with high py the derived structures obtained. As a disadvantage of the

technological degree for the most diverse areas, which implies the ¢ cture in relation to silicone rubber; poly tetrafluoroethylene

intention to relate both exposed situations. As a proposal, it was (PTFE) and polyamide (Nylon), for example, lower thermal stability

considered the possibility of using chitosan for the elaboration of may be mentioned, which implies less resistance to temperature

polymeric matrix to act as an aggregator polymer of pentaerythritol  ap065 It is emphasized that such disadvantage can be mitigated
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by the use of additive materials, as well as the adaptation of the
obtained technique.

The fundamental highlight of this study is that the potential use
of chitosan for the development of polymeric matrix to aggregate
PETN crystals is something innovative, that is, something that can
bring the opportunity to generate significant changes, ensuring a
new field. Chitosan application. It is noteworthy that the production
of this natural polymer is economically viable and ecologically
correct, as it favors that the waste from the fishing industry be
converted into special materials, which have the potential to
subsidize actions with the purpose of contributing to the generation
of a new class of aggregating materials in the field of explosives.
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