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Abstract To explore polysaccharides for developing
energetic biopolymers, a promising energy-rich nitro-
chitosan (NCS) was successfully prepared through
electrophilic nitration of chitosan. The chemical struc-
ture and morphology of the synthesized NCS and its
precursor were confirmed by infrared spectroscopy,
elemental analysis, and scanning electron micros-
copy. The energetic performance, thermal behavior,
and degradation kinetics of NCS were also evaluated.
The results showed that the designed nitrogen-rich
(Nc=16.79%) NCS presents excellent energetic fea-
tures, such as a calorific value of 10,573 J/g, a den-
sity of 1.708 g/cm?, an impact sensitivity of 15 J, and
a detonation velocity of 7788 m/s, which are mark-
edly better than those of NC and GAP. Meanwhile,
the thermal investigation based on deconvoluted
non-isothermal DSC experiments combined with
isoconversional kinetic methods indicated that NCS
displays two consecutive exothermic decomposition
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events within the temperature range of 133-180 °C
and 185-240 °C, and exhibits apparent activation
energies of 74 kJ/mol and 152 kJ/mol, respectively,
which are lower than the common thermolysis energy
range of NC (140-190 kJ/mol), demonstrating the
improved reactivity of the aforementioned energetic
NCS. Overall, this study established that NCS could
serve as an outstanding energetic polysaccharide for
potential application in high-performance composite
explosives and solid rocket propellants.
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Introduction

In today’s age, the valorization of natural materials
for the development of renewable energy technolo-
gies has been prioritized worldwide to reduce the
excessive consumption of ever-depleting fossil fuels
and the environmental hazards associated with their
processing (Peter et al. 2021; Reshmy et al. 2022;
Tarchoun et al. 2022c). In this regard, polysaccha-
rides have been revealed to be promising candidates
and have already dominated research revolving
around the design of new biobased products (Moham-
med et al. 2021; Nasrollahzadeh et al. 2021). Among
those of interest, chitosan (CS) is the second natural
polysaccharide after cellulose in terms of abundance,
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distribution, and usage (Joseph et al. 2021; Negm
et al. 2020; Sivanesan et al. 2021).

From the production point of view, CS is com-
monly prepared through alkaline deacetylation of
chitin derived from crustaceans and shrimp shells
(Blilid et al. 2020; Huet et al. 2021; Mujtaba et al.
2020). The hierarchical molecular structure of CS
is typically constituted by repeating p-(1,4)-linked
D-glucosamine units encountered with one pri-
mary amine (NH,) linked to the C2 carbon and two
hydroxyl groups (OH) bonded to the C3 and C6 car-
bons (Bakshi et al. 2020; Farkas et al. 2020). These
free reactive amino functions are mainly responsible
for the greater chemical and functional features of CS
compared with chitin. Furthermore, the structure of
CS is similar to that of cellulose, with the major dif-
ference being the replacement of the OH group at the
C2 position of cellulose by a primary amino function
in CS.

This carbohydrate biopolymer, in addition to being
biodegradable and renewable, displays outstand-
ing features such as non-toxicity, biocompatibility,
good thermal stability, great chemical reactivity, and
the ability to modify its surface functionality, offer-
ing opportunities to develop innovative materials
with advanced functionalities (Mujtaba et al. 2020;
Negm et al. 2020; Rabiee et al. 2022). Recently, CS
has captured tremendous considerable interest from
the scientific community as a promising nitrogen-rich
polysaccharide for practical use in widespread areas
including food packaging, water treatment, medicine,
and biofuel, to name a few (Oladzadabbasabadi et al.
2022; Rezaei et al. 2021; Yin et al. 2021). However,
the search for new applications and improving the
properties of the current CS-based products are cru-
cial driving forces for the development of the next
generation of CS derivatives.

In the field of polysaccharides-derived energetic
substances, nitrocellulose (NC) is still the most well-
known and widely employed energy-rich biopoly-
mer in a diverse range of military and industrial
areas owing to its beneficial properties (Tarchoun
et al. 2022a; Trache and Tarchoun 2019). Neverthe-
less, numerous researchers have demonstrated that
the futuristic energetic cellulose-rich biopolymers
and their practical utilization in advanced formula-
tions cannot simply be reached using the traditional
NC (Dobrynin et al. 2019; Tarchoun et al. 2021c). For
instance, it was highlighted in our recent papers that
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chemical functionalization and physical downscaling
of pristine cellulose are very powerful approaches to
developing new insensitive and high-energy dense
biopolymers, such as carbamated-microcrystalline
cellulose nitrate (Tarchoun et al. 2021b; Tarchoun
et al. 2021d), aminated microcrystalline cellulose
nitrate (Tarchoun et al. 2020a, 2020c), and nitrated
tetrazole-acetate-functionalized  cellulose  micro-
crystals (Tarchoun et al. 2021a, 2020b). Therefore,
these outstanding findings on high-energy cellulosic
biopolymers have motivated us to explore other alter-
native biopolymers, mainly chitosan, to design a new
generation of energetic nitrogen-rich polysaccharides
for potential use in advanced energetic formulations.
Based on the open literature, there are only a few
research papers dealing with the nitration of chitosan
to obtain energetic nitrochitosan (NCS) (Hirano and
Yano 1986; Jha et al. 2013; Poli et al. 2015; Zeng
et al. 2005). In one recent investigation, Rahman et al.
reported the synthesis of O-nitrated chitosan with a
low nitration level for use as electrolyte biopolymer in
electrochemical devices (Rahman et al. 2019). More
recently, Li and coworkers were the first authors who
prepared highly nitrated chitosan with an improved
energetic performance and mentioned its great poten-
tial application in solid propellants (Li et al. 2020).
However, the non-isothermal decomposition behavior
and chemical kinetics of such nitrogen-rich biopoly-
mer have not been investigated so far. Therefore, the
determination of the kinetic parameters of the as-
prepared NCS is a prerequisite and can offer excellent
information to well understand its thermal runaway
mechanism and accurately estimate the effect of its
degradation on the potential hazard during its prepa-
ration, storage and real-world applications (Huang
et al. 2019; Li et al. 2022; Liu et al. 2022). There-
fore, to promote the use of energetic biopolymers and
reinforce the current knowledge about their thermo-
chemical kinetics, the aim of the present work is the
synthesis of highly nitrated chitosan and scrutinize
its physicochemical properties, chemical structure,
morphology, mechanical sensitivities, and energetic
performance. In addition, its thermal behavior is
evaluated based on non-isothermal DSC experiments,
followed by a deep kinetic analysis using isoconver-
sional integral approaches to suitably evaluate its
safety performance, and offer guidelines for its poten-
tial application in composite explosives and solid pro-
pellants. The obtained results were compared to those
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Scheme 1 Synthetic route for the preparation of nitrochitosan

of other energetic polymers reported in the literature
as well.

Experimental
Materials

Chitosan with a deacetylation degree of 98% and a
viscosity-average molecular weight of 100-300 kDa
was purchased from Acros Organics. Acetic anhy-
dride (Ac,0), fuming nitric acid (HNO3), and sodium
bicarbonate (NaHCO;) were acquired by VWR-Pro-
labo. All chemicals were utilized as received with-
out further purification. Nitrocellulose, with a nitro-
gen content of 12.61%, was previously prepared at
EMLab as reported in our previous paper (Tarchoun
et al. 2020a), and it was used as a reference sample.

Synthesis of nitrochitosan

Nitrochitosan was prepared through electrophilic
nitration of chitosan precursor, following the
typical methodology mentioned by Li et al. with
slight modifications (Li et al. 2020). As depicted
in Scheme 1, the dried CS (1 g) was firstly added
in small portion into Ac,0O (7 mL), followed by
dropwise addition of fuming HNO; (7 mL) under
mechanical stirring. The nitration reaction was
performed in an ice bath (T<10 °C) for 5 h under
strong magnetic stirring. After soaking the reac-
tion by slowly adding cold water, the residue was
filtered and treated with boiled NaHCO; (2%, w/v)
for 2 h, then with boiled water for 2 h. The neutrali-
zation process was carried out in triplicate, and the
resulted product was filtered, thoroughly rinsed with
distilled water, and dried under a vacuum to afford
the corresponding NCS. It is important to mention

@ Springer



8088

Cellulose (2022) 29:8085-8101

that a high level of safety precautions has been
taken to avoid any risk of hazardous ignition during
the nitration process. Anal. found (%): C 24.93, H
2.80, N 16.79; calcd. (%): C 24.32, H 2.70, N 18.92.

Characterization techniques
Density, nitration level, and sensitivity assessments

Experimental densities of the starting CS and its
nitrated derivative were determined using an auto-
matic true density meter, type Accupyc 1340 II
pycnometer. Ten measurements were achieved at
25.4+0.5 °C, which served to calculate the mean
density and standard deviation.

Elemental characterization was carried out in a
Vario III Elemental analyzer to quantify the nitro-
gen content of the synthesized NCS and its CS pre-
cursor. The experiments were performed in tripli-
cate, and the average value was reported.

The impact (IS) and friction (IF) sensitivities
of NCS were measured according to the STANAG
4489 and STANAG 4487 by employing a standard
BAM drop hammer and friction tester, respectively
(UN-TDG, UN 2009). The limiting impact energy
was obtained as the lowest energy at which a posi-
tive result, which is characterized by an audible
report, crackling, sparking, or a flame, was obtained
from at least one out of six repeated trials. Besides
that, the lowest force at which a positive result,
recorded as the limiting friction sensitivity, is
obtained from at least one out of six repeated trials.

Structural analyses

Fourier transform infrared (FTIR) spectra were
recorded using a Perkin Elmer 1600 spectrometer
collected in ATR mode at room temperature with a
resolution of 1 cm™! by co-adding 64 scans for each
spectrum in the range from 4000 to 500 cm™".

To further elucidate the sample microstructure,
an FEI Quanta 600 scanning electron microscope
was used to examine the surface morphology of
CS and NCS. The samples were coated with 20 nm
of carbon and analyzed with a secondary electron
detector at an accelerating voltage of 5 kV.
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Thermal analysis and kinetic computations

The thermal behavior of the investigated polysac-
charides was assessed, within the temperature range
of 50450 °C, by thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC), using
Perkin-Elmer TGA 8000 and DSC 8000 analyzers,
respectively. The data were recorded under a constant
dry nitrogen atmosphere (30 mL/min) for a small
amount of sample (1.5-3 mg), using DSC’s stainless
steel high-pressure capsules for energetic samples and
regular aluminum capsule for CS, at a heating rate of
10 °C/min for TGA, while at distinct heating rates (5,
10, 15 and 20 °C/min) for DSC. The uncertainties
associated with the thermal properties were evalu-
ated based on repeated measurements (threefold) and
found to be within+0.1 K for the decomposition and
10 J/g for the enthalpy.

The DSC data were subjected to isoconversional
kinetic analysis following the recommendation of the
International Confideration for Thermal Analysis and
Calorimetry (ICTAC) to evaluate the dependence of
the kinetic triplet, namely, the activation energy (E,),
the pre-exponential factor (Log (A)) and the mecha-
nism of thermal decomposition (g(a)) with the con-
version (a) (Vyazovkin et al. 2020). The value of « is
calculated as a ratio of the current heat change AH to
the total reaction heat AH

total*

t (dH
B /r0< /dt>dt _ AH
/‘t;/ (dH/dl>dt AHtatal

ey

Linear isoconversional models, namely, Trache-
Abdelaziz-Siwani (TAS) (Trache et al. 2017), and the
iterative Kissinger—Akahira—Sunose (it-KAS) (Trache
et al. 2018), were applied to determine the kinetic tri-
plet (E,, Log (A), g(a)). These approaches are based
on an approximate form of the temperature integral:

- ad_a_éT —E/RT g1
s =S e @

In addition to the above-mentioned models, the
dependence of the E, with a was evaluated using
a non-linear isoconversional Vyazovkin’s method
(VYA) (Sbirrazzuoli 2020). This approach uses a
numerical algorithm, and the E, is found as the value
that minimizes the objective function:
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To complete the determination of the kinetic tri-
plet, the compensation effect approach (CE) was
used to predict the frequency factor and the reaction
model. The computation was performed using a local
code compiled in MATLAB software. More details
about the followed kinetic modeling can be found
elsewhere (Benhammada et al. 2020; Chelouche et al.
2019; Trache et al. 2017).

Energetic performance

In order to evaluate the energetic features of the
prepared NCS, its heat of combustion (AU,
was firstly determined with a Parr 6200 bomb calo-
rimeter under an oxygen pressure of 30 bar. The
obtained results represent the average of three sepa-
rate measurements. The obtained AU, was then
used to calculate the standard enthalpy of combus-
tion (AH,,,,,) and formation (AH) based on the Hess
thermochemical cycle and combustion reaction. The
theoretical energetic performance parameters, includ-
ing detonation parameters and specific impulse of the
developed NCS, were also predicted by the EXPLOS5
thermodynamic code version 6.04 based on its exper-
imental density and calculated enthalpy of formation
(Suéeska 2017).

Results and discussion
Physicochemical features and mechanical sensitivity

NCS was synthesized through electrophilic substitu-
tion of hydronium ions (H") of reactive hydroxyl and
amino groups of the CS bridge structure with nitro-
nium ones (NO,*) formed in the nitration medium,
as illustrated in Scheme 1. A preliminary experiment
showed that the nitration of CS with the concen-
trated sulfonitric mixture, commonly used to prepare
NC, furnishes a high viscous solution and the reac-
tion products cannot be separated, which is probably
caused by protonation of the amino function by the
sulfuric acid leading to ionization of CS as a conse-
quence. This problem has been smoothly addressed
by replacing sulfuric acid with acetic anhydride.
The whole nitration process can be divided into two
steps: (1) Ac,0, as a strong dehydrating agent, inter-
acts with the OH and NH, sites of glucosamine units
and increases their nucleophilicity; (2) with the assis-
tance of Ac,O as a catalyst, the released electrophilic
NO,* from fuming HNO, are easily attracted by the
stabilized and highly reactive OH and NH, to form
explosophoric nitrate ester (O-NO,) and nitramine
(NH-NO,), respectively.

The determined results of density (p) and nitro-
gen content (Nc) for CS and its energetic NCS
derivative are listed in Table 1. For comparison
purposes, these parameters of NC, microcrystalline
cellulose nitrate (MCCN), and glycidyl azide poly-
mer (GAP) are also included. As can be revealed,
the synthesized NCS exhibits improved density
(1.708 g/cm®) and nitration level (16.79%) com-
pared to its CS precursor, certifying the effective
nitration process. Those values are slightly higher
than those of highly nitrated chitosan (p of 1.70 g/
cm?® and Nc of 16.67%) prepared in previous work

Table 1 Physicochemical

. . Sample Nitrogen con-  Density (g/cm®)  Impact sen-  Friction
properties and mechanical tent (%, w/w) sitivity (J)  sensitivity
sensitivities

)
CS 8.02+0.04 1.546 £0.002 - -
NCS 16.79 +0.03 1.708 £0.003 15 >360
NC (Tarchoun et al. 2020a) 12.61+0.02 1.671£0.002 3 350
MCCN (Tarchoun et al. 2021d)  13.08+0.03 1.694 +£0.004 2 350
GAP (Wu et al. 2020) 42.42 1.30 8 324
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(Li et al. 2020). Furthermore, Compared to the
conventional NC and emergent MCCN, the actual
physicochemical properties of NCS are mark-
edly better, demonstrating the greater advantages
of using CS as starting polysaccharide rather than
pristine cellulose to develop promising nitrogen-
rich biopolymer for futuristic energetic applica-
tions. It is also interesting to point out that the
experimentally determined density of the designed
NCS is much higher than that of the commonly
known energetic binders such as GAP ( 1.30 g/
cm?) (Wu et al. 2020), and poly(glycidyl nitrate)
(Poly GLYN: 1.46 g/cm3) (Yan et al. 2016), and
surpass those of some recently developed energetic
poly(ionic liquids) (1.60-1.65 g/cm®) (Wang et al.
2018).

On the other hand, to evaluate the safety per-
formance of the developed NCS, its impact and
friction sensitivities (IS and FS) are determined,
and the tested results are reported in Table 1. It is
obvious that NCS is friction insensitive, whereas,
it presents relatively impact insensitivity similar
to that of TNT explosive (IS=15 J) (Tang et al.
2020), but interestingly greater than the currently
used energetic NC (IS=3 J) and GAP (IS=8 J)
polymers (Tarchoun et al. 2020d). Above all, NCS,
as an emergent energetic nitrogen-rich biopolymer,
shows its great potential to be employed in the near
future to develop new high-energy dense formula-
tions and composite explosives due to its excellent
physicochemical performance.\

Chemical structure and morphology

The chemical functionalities of the starting CS and
its nitrated derivative (NCS) were identified by FTIR
analysis, and the recorded spectra are illustrated in
Fig. 1, also including the IR spectra of NC for com-
parison. As can be perceived, NCS and its CS precur-
sor display the characteristic absorbance bands of glu-
cosamine unit, such as O—H stretching at 3360 cm™!,
N-H stretching at 3280 cm™!, C-H stretching at
3900 cm™!, intra- and intermolecular hydrogen bond-
ing at 1650 cm™!, N-H bending at 1580 cm™!, CH,
bending at 1380 cm™!, C-N stretching at 1320 cm™),
C-0O-C stretching of pyranose ring at 1160 cm™!,
and B-1,4-glycosidic linkage vibration at 890 cm™
(Mauricio-Sanchez et al. 2018; Mohan et al. 2020;
Pinto et al. 2021). It can be also deduced from Fig. 1
that the obvious structure alterations that raised after
nitration is related to the significant drop in the inten-
sity of O-H and N-H peaks, and the clear appear-
ance of the typical vibrational bands of energetic
NO,, N-NO, and O-NO, groups in the fingerprint
region from 1800 cm~! till 500 cm™!. In addition,
the molecular structure of NCS is found to be simi-
lar to that of NC, with the most detailed difference
being the presence of the weak N-NO, vibrational
band at 1426 cm™" for NCS (Li et al. 2020; Tarchoun
et al. 2022b). These findings provide evidence for the
effective nitration pathway without destruction of the
main polysaccharide skeleton and confirm the suc-
cessful chemical structure of the desired energetic
NCS biopolymer.

Fig.1 a FTIR spectra of
chitosan, nitrochitosan and
nitrocellulose
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The microstructure of pristine CS and its NCS
derivative was also examined using SEM analysis
to investigate the eventual morphological alterations
caused by the electrophilic nitration. Figure 2 illus-
trates the lateral surface micrographs of CS, NCS,
and NC. As noticed, NCS shows the same granu-
lar structure shape as its CS precursor, indicating
homogenous esterification with uniform distribution
of NO, groups and negligible influence on the main
microstructure. However, a rough surface, rather than
a clear and smooth one for CS, is noted for NCS,
which is attributed to the inserted electron-withdraw-
ing O-NO, and N-NO, groups that cover the surface
of glucosamine units. Similar findings of the morpho-
logical structure of CS-based materials are reported
elsewhere (Ahmad et al. 2022; da Silva Lucas et al.
2021; Rasweefali et al. 2021).

For comparison, the morphological structure
of previously studied cellulose and NC is also
reported in Fig. 2. We can clearly reveal that, con-
trary to the morphology of the investigated CS-based

OH

OH

OH

9
T

CH:OH OH OH

Nitrocellulose 100 pm
CH:ONO, ONO, ONO,

( oA )

ONO, 'ONO,

¢H:0NO,

biopolymers, the common NC and its cellulose pre-
cursor present a fibrous aspect with long individual-
ized filaments (Nikolsky et al. 2019; Tarchoun et al.
2022a). This discrepancy in visual morphology and
physical state of the surface between CS and cellu-
losic polysaccharides might be attributed to the dif-
ference in organisms from which they originate and
the hydrogen-bonding systems (Mohan et al. 2020;
Nasrollahzadeh et al. 2021). Besides that, it is impor-
tant to notice that the rounded shape of the developed
NCS could be the reason for its superior physico-
chemical features and promote its potential use in the
energetic field.

Thermal behavior

In order to evaluate the suitability and real-world use
of the developed energetic NCS, its thermal stability
and decomposition behavior were studied by TGA
and DSC, and the acquired thermograms and ther-
mal parameters are depicted in Fig. 3 and Table 2,

CH:OH OH NH;

e

100 p |

I\QNO.Z
)

CH:ONO, ONQO,

( oA

ONO; NHNO,

CH:ONO,

Fig. 2 SEM micrographs of chitosan, cellulose, and their nitrated derivatives
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Fig. 3 a TGA/DTG and b DSC thermograms of chitosan, nitrochitosan and nitrocellulose at =10 °C/min; ¢ Non-isothermal DSC
curves of nitrochitosan; d Peak deconvolution of DSC curve at a heating rate of 10 °C/min

Table 2 TGA/DTG and DSC parameters of the investigated biopolymers obtained at #=10 °C/min

Sample TGA/DTG DSC

Tonsel O Tpeakl Q) TpeakZ G Tendsel O AmT (%) Tonset O Tpeakl §©) Tpeakz O Tendset O AfIT (J/g)
CS 268.6 298.3 - 322.6 38.70 279.6 305.3 - 330.0 =785
NCS 129.8 157.8 200.5 234.4 56.29 135.7 162.7 207.2 242.7 —2285
NC 194.4 204.5 - 217.9 80.10 196.4 204.5 - 215.1 —1545

respectively. It should be mentioned that TGA is a
common technique for measuring the relationship
between mass and temperature, whereas DSC is one
of the most frequently applied thermal analysis instru-
ments, which has extremely high sensitivity and tem-
perature resolution and can test the weakest thermal
effects (Huang et al. 2021a; Huang et al. 2021b; Zhou
et al. 2022). As observed from the TGA/DTG curves
given in Fig. 3a, the raw material (CS) underwent two
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mass loss processes. The first one, accompanied by
a very small weight loss (3.00%), is corresponded to
the evaporation of absorbed moisture that occurs in
the temperature range of 70-120 °C (Kahdestani et al.
2021; Mohan et al. 2020). The second stage, which
happens with an important weight loss of approxi-
mately 38.70% recorded in the range of 230-340 °C,
represents the degradation of CS framework through
multiple processes such as depolymerization,
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decarboxylation, and thermolytic cleavage of gly-
cosidic bonds followed by the formation of charred
residue (da Silva Lucas et al. 2021; Peter et al. 2021).
After nitration, the formed NCS presents two over-
lapped stages of decomposition with mass losses
of 23.07% and 33.22% observed at maximum peak
temperatures of 157.8 °C and 200.5 °C, respectively,
which agreed well with the thermal behavior of high-
substituted nitrochitosan reported in the literature
(Zhang et al. 2022). This outcome indicates that NCS
did not decompose completely at its ignition tempera-
ture. Moreover, it is clear from Table 2 and Fig. 3a
that NCS has lower thermal stability than raw CS and
the common NC, but its decomposition temperature
is fundamentally acceptable. This result is expected
due to its increased nitration level and the presence
of both energetic and thermally unstable O-NO, and
N-NO, groups that significantly increase its sensi-
tivity against thermal stimuli (Min and Park 2009;
Tarchoun et al. 2021c¢).

Figure 3b shows the measured heat flow curves of
the investigated chitosan biopolymers together with
the common nitrocellulose at a heating rate of 10 °C/
min. The CS thermal behavior exhibits a small exo-
thermic peak that appeared at onset and maximum
temperatures of 279.6 °C and 305.3 °C, respectively,
which is related to the degradation of pyranose rings
along the polysaccharide backbone (Barbosa et al.
2019; Kaya et al. 2018). NCS, however, displays two
consecutive exothermic processes within the range
of 133-180 °C and 185-240 °C, respectively, with a
total decomposition enthalpy (AH;), determined by
integrating the area under the two exothermic peaks,
of —2285 J/g as it is summarized in Table 2. The first
degradation phenomenon that takes place at a lower
temperature than that of NC is assigned to the ther-
molytic cleavage of the weakest N-NO, and O-NO,
groups followed by the formation of highly reac-
tive oxidizing products (Li et al. 2021; Tarchoun
et al. 2020a). The second one centered at 172.3 °C
has corresponded to the furtherer thermo-oxidative
destruction of nitrated glucosamine units. Therefore,
compared to the TGA/DTG findings, similar thermal
degradation behavior is obtained by DSC.

Non-isothermal decomposition of NCS at different
heating rates (f=35, 10, 15, and 20 °C/min) has been
also investigated for which the results at each g are
plotted in Fig. 3c. An interesting aspect that one can
depict is the shift of the two overlapping exothermic

peaks towards higher temperature ranges as the heat-
ing rate increases. This expected behavior is due to
the fact that faster f decreases the reaction time and
delays the decomposition process (Tarchoun et al.
2021d; Wei et al. 2021). Besides that, it is worth not-
ing that the developed NCS, in addition to its high
nitrogen content, presents a basically acceptable ther-
mal stability and much greater heat release than the
conventional cellulose nitrate (1545 J/g) (Tarchoun
et al. 2020a), suggesting its superior performance
for future applications in the field of propulsion and
explosives.

Evaluation of the thermal decomposition kinetics

For a better understanding of the thermal stability
and degradation process of the developed energetic
nitrogen-rich NCS, the heat flow data obtained from
the DSC thermograms in Fig. 3c have been further
exploited for the prediction of its key kinetic factors,
i.e., the most probable reaction model and the Arrhe-
nius parameters. Considering the two overlapped
DSC peaks of NCS, the overall decomposition pro-
cess was deconvoluted into two individual contribut-
ing reactions based on the asymmetric Frazer-Suzuki
function, which is the most recommended method to
greatly fit the multistep kinetic behaviors (Ambekar
and Yoh 2018; El Hazzat et al. 2020; Hu et al. 2016;
Muravyev et al. 2019). Therefore, Fig. 3d shows an
example of the deconvolution of the overlapped DSC
peaks, and the experimental data are well matched at
all # with a high correlation coefficient (R’>0.98).
More details about the deconvolution procedure fol-
lowed in this part can be found in our recent paper
(Bekhouche et al. 2021).

As recommended by the ICTAC, three isoconver-
sional kinetic approaches (TAS, it-KAS and VYA/
CE) were further applied to the corresponding sepa-
rated peaks in order to estimate the kinetic triplet for
each step. Unfortunately, the thermal degradation
kinetics of the developed energetic NCS has not yet
been studied elsewhere, which makes it impossi-
ble for any attempt to compare the predicted kinetic
results with those of the literature. However, structur-
ally similar energetic biopolymers, mainly cellulose
nitrate, may provide an idea of the thermokinetic pro-
cess followed by the investigated NCS.

The dependency of the Arrhenius parameters
(E, and Log (A)) versus the conversion degree (o)
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for each decomposition step is presented in Fig. 4,
whereas Table 3 provides the average values of
these parameters with their related confidence inter-
vals and the most probable model of decomposition
(g(a)) for each process together with the kinetic
values of NC available in the literature. It is obvi-
ous that the calculated E, and Log (A) by the used
model-free integral methods are in great accordance
with each other, for each step, with a relative devia-
tion lower than 10%, justifying the excellent con-
sistency of the computed calculations (Vyazovkin
et al. 2020). Furthermore, the high precision of the
predicted Arrhenius parameters using linear models

(TAS and it-KAS) can be pointed out by the strong
regression coefficient higher than 0.9993.

As displayed in Fig. 4, the two deconvoluted pro-
cesses show different trends of Arrhenius param-
eters as a function of conversion, revealing that the
thermokinetic behavior of NCS follows various paths
and each has its own E, and Log (A). For the first step,
which is evaluated at an apparent E, of about 74 kJ/
mol and corresponds to the main homolytic splitting
of explosophoric O-NO, and N-NO, groups, the E,
values increased as the conversion rate increased until
a=0.5, where the E, maintained a certain level at
around a constant value of 76 kJ/mol. Such behavior
demonstrates that the rate of the thermolysis process

(@) o step|

oo
o

[o2] ~
[3)] o
il i

E, (kJ/mol)
3

/

Conversion ()

55
——TAS
50 ——it-KAS
45 T T T T T T _l’_ V'YA
0.0 0.2 04 0.6 0.8

2" ste
180 i
1704
160
=150
o
£ 140
=
*;130-
w
120
——TAS
1 107 —— it-KAS
100 A .
0.0 0.2 0.4 0.6 0.8 1.0
Conversion (@)

I [T stop]

[}

<

> ——TAS

= g —— it-KAS
—— VYA/CE (5°C/min)

5] —+— VYA/CE (10°C/min)

—«— VYA/CE (15°C/min)
—+— VYA/CE (20°C/min)

Conversion (a)

0.0 0.2 0.4 0.6 0.8 1.0

nd
17 2" step

——TAS
NPT —— it-KAS
—+— VYAICE (5°C/min)
9 —— VYAICE (10°C/min)
8- —— VYA/CE (15°C/min)
. | ——VYAICE (20°C/min)
0.0 0.2 0.4 0.6 0.8 1.0

Conversion (@)
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each decomposition step of NCS
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Table 3 Kinetic triplet for the thermal decomposition of energetic NCS and NC biopolymers determined by isoconversional meth-

ods
Sample Isoconversional method Ea (kJ/mol) Log(A( s) g(a)
NCS 15t step TAS 747+3.1 6.11+0.35 Fip=1-(1-)"
it-KAS 74.6+3.2 6.08+0.30 Fyu=1-(1-a)'
VYA/CE 74.7+3.2 6.18+0.27 -
6.25+0.27 -
6.32+0.27 -
6.38+0.26 -
$=5 °C/min
$=10 °C/min
p=15°C/min
$=20 °C/min
NCS TAS 152.6+7.4 14.16+1.94 Ayp=[-In(1-a)]*?
2nd step it-KAS 152.5+7.3 14.18+1.90 Ayy=[—In(1-a)*?
VYA/CE 152.6+6.2 14.05+1.65 -
14.11+1.63 -
14.25+1.58 -
14.33+1.56 -
p=5 °C/min
$=10 °C/min
p=15 °C/min
$=20 °C/min
NC (Tarchoun et al. TAS 173+8 17+1 A2=[—ln(1—(x)]”2
2020a) it-KAS 173+8 171 Fy=1—(1—a)'?
VYA/CE 172+38 1742 -
1742 -
17+3 -
17+ -
p=5 °C/min
$=10 °C/min
p=15 °C/min
$=20 °C/min

is much faster in the earlier stage of a<0.6 and
decreases at higher conversion. On the other hand,
in the second decomposition event, the E, tends to
increase until reaching the highest value of 170 kJ/
mol at «=0.25, and then decreases until the end of
the reaction. This profile is a characteristic of a com-
plex multi-step process and indicates that there are
several competitive mechanisms, which lead to acti-
vation energies increase and decrease. This increase
of E,, within the conversion range of 0.02-0.25, is
mainly attributed to the degradation of nitrated glu-
cosamine units, whereas the downtrends E, is pos-
sibly due to the further destruction of the polymeric

framework through autocatalytic reaction channels
promoted by the released radicals and oxidizing spe-
cies during the first thermolysis process. We can also
denote from Fig. 4 that the evolution trend of E, and
Log (A) with respect to the conversion, for each ther-
molysis stage, is similar, which is attributed to the
corresponding energy compensation effects during
decomposition (Muravyev et al. 2019; Sbirrazzuoli
2020).

For comparison purposes, it is more appropriate to
consider the average values of Arrhenius parameters.
Therefore, it can reveal from Table 3 that the average
activation energy and pre-exponential factor obtained
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for the first thermolysis process of NCS are signifi-
cantly lower than the characteristic range commonly
found for conventional NC (Ea: 150-190 kJ/mol;
Log (A): 12-18 s~!) (Cherif et al. 2020; Cieslak et al.
2020). This finding is mainly caused by the presence
of both thermally unstable O-NO, and N-NO,, which
accelerates the beginning of the decomposition event
as outlined by TGA/DSC analyses and mentioned in
previous studies (Tarchoun et al. 2020a, 2021d). Nev-
ertheless, in the second decomposition event, the cor-
responding mean kinetic values become comparable
to those of NC.

Another important point in the examination of the
thermokinetic behavior of NCS is to estimate the most
probable theoretical model of decomposition g(a)
derived from the computed isoconversional methods.
The obtained plots of g(a) for the two investigated
processes are displayed in Fig. 5 and their mathemati-
cal formulas are listed in Table 3. It is worthy to men-
tion that the non-linear Vyazovkin’s approach coupled
with the compensation effect provides only numerical
values of the experimental g(a) model (Mianowski
et al. 2021; Sbirrazzuoli 2020). According to TAS
and it-KAS methods, the first decomposition process
of NCS is governed by a deceleratory contracting cyl-
inder process (F;,) and a chemical reaction mecha-
nism (F;,), respectively. However, the same integral
model for the second decomposition stage is provided
by the two kinetic methods, which is an Avrami-Ero-
feev nucleation (A,;) characterized by a sigmoidal

decomposition rate similar to that mostly obtained for
NC (Benhammada et al. 2020; Tarchoun et al. 2022a).
Based on the above thermokinetic findings, we can
conclude that the designed energetic NCS biopolymer
is thermally less stable in comparison to the chemical
structurally similar NC. Nevertheless, its low kinetic
parameters provide it with a high reactivity against
thermal decomposition.

Heat of combustion and detonation parameters

For the purpose of analyzing the energetic properties
of the synthesized NCS, its constant-volume energy
of combustion (A.U) was experimentally determined
using an oxygen calorimeter bomb. An interesting
finding that one can reveal from Table 3 is that the
heat released during the combustion of NCS is greater
than that of structurally similar NC, demonstrating
its promising combustion performance. It is interest-
ing to point out that the heat of combustion of NCS
prepared in this work from commercially available
chitosan acquired from Acros Organics is found to be
higher than that previously published (7832<—-A_.U
(J/g)<9721) (Li et al. 2020), which is probably due
to the origin of the starting chitosan biopolymer, its
preliminary processing, and nitration conditions. The
standard molar enthalpy of formation (444) of NCS
was then calculated based on combustion reaction,
along with Hess’s Law and known standard enthalp-
ies of formation of water (—286 kJ/mol) and carbon

= 1% step
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Fig. 5 Variation of the most probable integral reaction model as a function of conversion for each thermal decomposition step of

NCS
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dioxide (—394 kJ/mol). It is obvious from Table 4
that NCS has a negative AfH, which indicates the exo-
thermic reaction of formation of this energetic poly-
saccharide and its higher stability compared to the
basic reagents used to form it.

The EXPLO5 V6.04 software was subsequently
used to compute the detonation energy, velocity,
temperature, and pressure of the investigated ener-
getic NCS, and the obtained data are summarized in
Table 4. To our best knowledge, this is the first time
that the energetic properties of NCS have been relia-
bly predicted according to the Chapman-Jouguet (CJ)
theory using the above-mentioned thermodynamic
computer code. Interestingly, NCS shows higher heat
of explosion and detonation velocity than the state of
the art reported NC and GAP, which are even superior
to those of some new designed energetic polymers,
such as glycidyl nitramine polymer (4 U’= 4813 kJ/
kg and D_;=7165 m/s) (Betzler et al. 2016), nitrated
ethylenediamine-functionalized cellulose (4,U’=
4774 XJ/kg and D_,;=7576 m/s) (Tarchoun et al.
2020c), 2-(1H-tetrazol-5-yl)acetate cellulose nitrate
(A U’=4574 kJ/kg and D_,=7522 m/s) (Tarchoun
et al. 2020b), and other energetic polymeric materi-
als recently developed by Wu et al. (Wu et al. 2020).
In addition, it is noteworthy that the performance of
NCS is also higher than those of some explosives
including TNT (D_;=6881 m/s) (Tang et al. 2020),
and HNS (D._;=6830 m/s) (Suceska et al. 2021),
but lower than those of RDX (D._;=8801 m/s)
(Lenz et al. 2021), HMX (D._,;=8920 m/s) (Suc-
eska et al. 2021), and PETN (D._;=8369 m/s)

(Born et al. 2021). Additionally, the specific impulse
(I;,) of the designed energetic NCS was also calcu-
lated under isobaric conditions at 7 MPa by using
EXPLOS5 (V6.04) program. It should be noted that
I, is widely determined to evaluate the efficiency
of rocket boosters. Therefore, a propellant with a
high /,, is more powerful as it produces more thrust
per unit of propellants. The computational results
reported in Table 4 show that NCS has an interest-
ing specific impulse of 244 s, which is greater than
that of the currently used energetic binders, including
NC (239 s) (Tarchoun et al. 2020d), and GAP (207 s)
(Betzler et al. 2016). These outcomes reveals the
improved energetic strengthens of NCS and demon-
strates its significant real-word potential application
in energetic formulations.

Conclusion

In the present work, a highly energetic nitrogen-rich
polysaccharide was successfully synthesized through
an efficient nitration process of commercially avail-
able chitosan. Interestingly, NCS’s nitrogen content and
density are found to be better than those of the conven-
tional NC, and its impact sensitivity is similar to that of
TNT. The high purity of the designed NCS was con-
firmed by FTIR analysis, SEM micrographs revealed its
granular structure shape, while thermal analysis using
TGA and DSC showed its two consecutive decomposi-
tion steps with lower thermal stability but much greater
heat release than the common NC. More importantly,

Table 4 Combustion parameters and calculated detonation performance

NCS NC (Tarchoun et al. 2020d) GAP (Betzler ~ TNT (Tang RDX (Lenz
et al. 2016) et al. 2020) et al. 2021)

Formula (repeating unit) Cs 80H7.95N34000 83 Ce.01H7.10N2.63010.00 C;HsN;0 C;HsN;04 CsHgNgOs
AUJ1g) —10,573 —9226 - - -
A H°(kJ/mol) —2986 —2669 - - -
Ad(kJ/mol) —472 -714 142 —355 31
Values predicted by EXPLOS5 V6.04
— A UM(KI/kg) 5151 4734 4307 - 5740
D_,(m/s) 7788 7456 6638 6881 8801
Te_f(K) 3435 3412 2404 - 3745
P._/#(GPa) 24 23 12.9 19.5 33.6
10(s) 244 239 207 - -

@ Experimental energy of combustion; ® Experimental molar enthalpy of combustion; ¢ Calculated molar enthalpy of formation;
4 energy of explosion; ¢ Detonation velocity; ' explosion temperature; & Detonation pressure; " Specific impulse
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we gave the first example of the thermokinetic behav-
ior of the as-prepared NCS using three-isoconversional
integral approaches. The predicted kinetic parameters
of the deconvoluted DSC peaks of NCS’s decompo-
sition demonstrated its high reactivity with apparent
activation energies of 74 kJ/mol and 152 kJ/mol for
the first and second events, respectively. In addition,
the computational energetic performance using Explo5
(V6.04) software highlighted the improved detonation
properties and a specific impulse of NCS. Above all,
energetic NCS shows the great potential to be utilized
as a promising energetic nitrogen-rich biopolymer for
future high-performance formulations, including com-
posite explosives and solid propellants. Besides that,
this research provides helpful guidelines for the devel-
opment of a new generation of energetic materials
based on polysaccharides and opens up new frontiers of
research in the energetic field.
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