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Abstract
With the aim of developing promising generation of cellulose-based energetic materials, nanostructured nitrocellulose 
biopolymers (NNCs) were prepared from cellulose microcrystals using different sulfonitric media. Their molecular struc-
ture, physicochemical features, crystallinity and thermal behavior were examined to scrutinize the nitration processes by 
pointing out the effect of nitric acid content in the nitrating medium. The experimental findings showed that the produced 
NNCs displayed outstanding properties, including elevated density (≥ 1.689) and great substitution degree (≥ 2.58), which 
are higher than those of the conventionally used pristine nitrocellulose (NC). Furthermore, it was found that the increase of 
nitric acid concentration from 70 to 100% promoted the nitrogen content, density and viscosity-average molecular weight of 
the as-prepared NNCs, whereas, their crystallinity index and thermal stability decreased. Their non-isothermal decomposition 
kinetics were also investigated using isoconversional approaches, revealing a decreased trend of the Arrhenius parameters 
from NNC-70 to NNC-100, and hence following different decomposition models. Consequently, these results enrich future 
prospects for the design of new generation of energetic nanostructured cellulosic biopolymers for potential use in advanced 
composite explosives and solid propellants.
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Introduction

In the field of energy-rich biopolymers, nitrated cellulose, 
commonly known as nitrocellulose (NC), remains the most 
popular and extensively used cellulose-based energetic 
derivatives in several civilian and military applications, 
owing to its intriguing and unique characteristics [1–4]. This 
fluffy white carbohydrate biopolymer is typically produced 
by a reversible and highly exothermic esterification of ordi-
nary cellulose derived from a wide range of natural sources 
for which wood pulp and cotton linters are the most often 
utilized feedstocks [5, 6]. The hierarchical structure of NC 
is basically composed of D-glucopyranosyl units linked by 
chemical β-glycosidic bonds between the C1 of one pyra-
nose ring and the C4 of the next ring to produce the basic 
elementary fibrils [7, 8]. Each repetitive unit possesses three 
carbons, which are encountered with nitrate esters (O–NO2) 
groups formed by the electrophilic substitution of hydronium 
ions  (H+) of hydroxyl groups (OH) with the nitronium ones 
 (NO2

+), as illustrated in Scheme 1. In this context, several 
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researchers have studied the kinetic of cellulose nitration 
and highlighted that the nitration process is more efficient 
at the primary OH sites bonded to the C6 carbon compared 
to the secondary C2 and C3 ones, which display a similar 
reactivity [9–11].

In general, the nitrating medium used in industrial scale 
for NC synthesis is composed of a mixture of nitric acid 
and sulfuric acid, which strongly affects the  NO2

+ content. 
Given that the formation of this latter is a limiting stage, its 
concentration can be boosted by increasing the composition 
of sulfonitric acids, as revealed by many research activi-
ties [10, 12, 13]. Therefore, through the selection of mixed 
acid concentration, cellulose nitrate with various O–NO2 
substitution degree and nitrogen content can be obtained. 
In addition, it was reported that several parameters of this 
energetic biopolymer, such as stability, viscosity, hygrosco-
picity, solubility, and applicability features, depend strongly 
on the nitrogen content in its molecular structure [14–17]. 
As an example, at high nitrogen content (≥ 12%), it is clas-
sified as an explosive material, and tends to be processed 
in smokeless gun powders and rocket propellants due to its 
high flammability and explosiveness [18, 19]. However, NC 
with low nitrogen content (≤ 12%) can be used as lacquers, 
inks and as an ingredient in membranes, cosmetic and bio-
medical products owing to its high mechanical strength and 
flexibility [20–23].

The inherent characteristics of traditional NC can be 
further extended through structural modification of its 
cellulosic precursor to develop promising nanostruc-
tured nitrocellulose (NNC) for potential application in 

high-energy dense formulations. As an important subclass 
of cellulose nanostructure, cellulose microcrystals, also 
called microcrystalline cellulose, is a naturally occurring 
biopolymer conventionally prepared by partial depolym-
erization of native cellulose using acid hydrolysis to gener-
ate highly ordered cellulosic chains with micrometric fiber 
size [24–28]. According to the literature reports, this type 
of cellulose derivative displays superior physicochemical 
and mechanical properties, excellent surface reactivity 
and interesting thermal stability compared to the ordi-
nary cellulose, which render it highly desirable biopoly-
mer to develop innovative high-value cellulosic materi-
als for widespread uses [29–33]. Recently, the significant 
achievements in the downscaling technology of cellulosic 
derivatives have driven the energetic materials community 
to explore new opportunities to develop the next genera-
tion of nitrated nanocellulose with attractive physical sta-
bility and energetic performance [34–37]. For instance, it 
was demonstrated in our previous works that the nitration 
of structural-modified cellulose instead of pristine cel-
lulose is an efficient approach to obtain an outstanding 
alternative nitrate ester cellulosic biopolymer with bet-
ter features than the common NC [38–40]. In addition, 
due to the destructive capacities of such cellulose-based 
energetic polymers, a detailed knowledge of their thermal 
decomposition kinetics could be an excellent complemen-
tary approach for establishing and maintaining appropriate 
safety protocols during their preparation, storage and use, 
hence facilitating the prevention and mitigation of related 
accidents [14, 16, 41].

Scheme 1  Nitration pathway for the synthesis of energetic nanostructured cellulosic polymers
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The novelty of the present study is linked to the devel-
opment of emergent nitrate esters-based nanostructured 
cellulosic derivatives through sulfonitric esterification of 
cellulose microcrystals using various nitric acid concen-
trations. New insights on their physicochemical properties 
and thermal decomposition kinetics were also provided. In 
addition, the assessment of the effect of nitric acid con-
centration can help to optimize the synthesis processes 
and storage conditions of such hazardous nanostructured 
materials. Moreover, it may allow providing guidelines 
for their specific use as promising alternative candidate 
to replace the conventional NC in high-performance ener-
getic formulations.

Experimental

Materials and chemicals

In this study, the employed starting nanostructured cellu-
lose (Avicel, cellulose microcrystals) was industrial pro-
duced by Merck. Concentrated sulfuric acid  (H2SO4, 98%), 
fuming nitric acid  (HNO3, 100%) and sodium bicarbonate 
 (NaHCO3) were acquired from VWR-Prolabo. It should be 
noted that other three concentrations of nitric acid (90%, 
80% and 70%) were prepared by a slow addition of 100% 
nitric acid to the deionized water under magnetic stirring.

Nitration mechanism

The electrophilic nitration of free accessible OH functions of 
nanostructured cellulose precursor was carried out in water 
bath (T ≤ 20 °C) using mixtures of  HNO3/H2SO4 (1:2.5, v/v) 
following the steps depicted in Scheme 1. The ratio of dried 
precursor over nitric acid and nitration time was fixed at 
1:45 (g/ml) and 35 min, respectively, under strong magnetic 
stirring (1000 rpm). After the nitration process, the mixture 
was filtered on a vacuum filter and then neutralized under 
continuous stirring using  H2O heated for 2 h at 90 °C, then 
 NaHCO3 (2%, w/v) solution heated for 2 h at 90 °C, and 
finally,  H2O heated for 1 h at 90 °C. Subsequently, the sta-
bilized nanostructured nitrocellulose was first dried over-
night at room temperature and further at 105 °C for 2 h. All 
nitration steps were repeated by varying the fuming nitric 
acid concentration (100%, 90%, 80%, and 70%) to obtain 
the corresponding white solid NNC-100, NNC-90, NNC-80 
and NNC-70. It is important to note that appropriate safety 
precautions like face shield, leather coat, earthed equipment 
and kevlar gloves should be taken all the time to avoid any 
risk of spontaneous ignition during preparing or working 
with these energetic biopolymers.

Samples characterization

Viscosity assessment

The NNC solutions with different concentrations were pre-
pared by dispersing each synthesized NNC in 0.01 mol/L 
acetic acid/tetrahydrofuran (THF) solution for 24 h, and 
filtered by sintered-glass membrane, as described in our 
previous work [42]. After that, the intrinsic viscosity (ƞ) 
at infinitely diluted solution (i.e., concentration approaches 
to zero) of each nitrated sample was determined at 25 °C 
using an Ubbelohde capillary viscometer with the diameter 
of 0.55 mm, following the classic method reported in the 
literature [43, 44]. The viscosity-average molecular weight 
( M� ) of the investigated NNCs biopolymers was also calcu-
lated based on the conventional equation of Mark–Houwink 
(Eq. 1) for cellulose nitrate esters in THF/0.01 M acetic acid 
solution [42, 43].

where, � is the intrinsic viscosity  (cm3/g), and M� is the 
viscosity-average molecular weight.

Nitrogen content and density

Vario III Elemental analyzer was used to quantify the nitro-
gen content ( Nc ) of the designed NNCs polymers. The 
experiments were performed in triplicate, and the mean 
value was presented to minimize a rough random error. Their 
degrees of substitution were then calculated based on the 
following equation (Eq. 2).

The experimental densities of the nitrated samples were 
measured with an electronic Accupyc 1340 II densimeter. 
Ten analyses, which served to calculate the average den-
sity and standard deviation, were done for each individual 
sample.

Structural analyses and morphology

The chemical structure was analyzed through Fourier-trans-
form infrared spectroscopy (FTIR) by a JASCO FT/IR-4700 
type A spectrometer, in the wavenumber range from 4000 to 
400  cm−1. All FTIR spectra were recorded in transmittance 
mode using potassium bromide (KBr) pellets, with an accu-
mulation of 64 scans and a resolution of 4  cm−1.

The crystalline structure was investigated through X-ray 
diffraction (XRD) measurements using a PANalytical 

(1)[�] = 6.44 × 10
−2M

0.73

�

(2)DS =
3.6 × nitrogen content(%)

31.13 − nitrogen content(%)
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X’pert PRO Multi-Purpose diffractometer equipped oper-
ated at generator settings of 45 kV and 40 mA. The XRD 
data were collected over an angular range of 5–40°/2θ, a 
step size 0.017°/2θ and a count time of 50.1650 s per step. 
The crystallinity index ( CrI ) of each NNC sample was then 
calculated according to the Eq. (3) [45].

where Scr is the peak area for the crystalline parts, and Sam 
is the peak area for the amorphous domains.

The surface morphologies were examined using a Zeiss 
model EVO MA scanning electron microscope (SEM) at an 
operating voltage of 10 kV. To reduce the charging effects, 
the nitrated samples and their nanostructured cellulosic pre-
cursor were coated with gold using a sputter coater.

Thermal behavior

The thermal stability and degradation behavior were inves-
tigated using a Perkin-Elmer TGA 4000 and DSC 8000 
analyzers. Sample mass of 1–2 mg was placed in a sealed 
aluminum crucible and heated from 50 to 350 °C at a heat-
ing rate of 10 °C/min for TGA analysis, and at various heat-
ing rates (5, 10, 15 and 20 °C/min) for DSC experiments. 
All measurements were recorded under a constant nitrogen 
atmosphere (30 mL/min) to prevent oxidation effects. Each 
analysis was performed in triplicates, and the obtained data 
were found to be highly reproducible.

Isoconversional kinetic analysis

To better understand the thermal runway mechanism of the 
synthesized nanostructured nitrocellulose biopolymers, 
their non-isothermal decomposition kinetics were inves-
tigated through isoconversional kinetic methods, namely 
iterative Kissinger–Akahira–Sunose (it-KAS) [46], Trache-
Abdelaziz-Siwani (TAS) [47], and non-linear Vyazovkin’s 
method coupled with compensation effect (VYA/CE)) [48]. 
According to the recommendations of the kinetics commit-
tee of the International Confederation for Thermal Analysis 
and Calorimetry (ICTAC), these model-free approaches pro-
vide reliable kinetic parameters, including Arrhenius param-
eters (activation energy (Ea) and preexponential factor (Log 
(A)) and the most probable mechanism of decomposition, 
without requiring any particular reaction model [49, 50]. 
Broadly, the solid-state reaction kinetics of nitrated cellulose 
are described by the following basic equation (Eq. 4).

(3)CrI(%) =

∑

Scr
∑

Scr +
∑

Sam
× 100

(4)
d�

dt
= k(T)f (�)

where α refers to the extent of conversion (0 < α < 1), k(T) 
represents the rate constant, and f (α) is the differentiated 
form of the reaction model. The value of α can be derived 
from the peak area of the DSC curves, and corresponds to 
the ratio of the current heat change ΔH at a determined time 
and temperature to the total reaction heat ΔHtotal , as shown 
in Eq. (5).

In most cases, k(T) is expressed by the Arrhenius equa-
tion, and f (�) is substituted by its integral form to obtain the 
general non-isothermal kinetic equation given below (Eq. 6).

where g(α) refers to the integral form of the reaction mecha-
nism, for which several models are reported in the work 
of Trache et al. [47]. The prediction of the kinetic triplet 
was conducted by MATLAB software within a conversion 
range of 0.02 to 0.98 with a step of 0.02. Besides that, it is 
important to note that the details of the kinetic modeling 
and calculation procedure using the above mentioned iso-
conversional methodologies are well explained in our recent 
works [51–53].

Results and discussion

Physicochemical features

In view of the possible alterations caused by the different 
used nitric acid concentrations (70%, 80%, 90% and 100%), 
the nitrogen content, density, intrinsic viscosity and vis-
cosity-average molecular weight of the synthesized nitrate 
esters biopolymers were evaluated, and the obtained results 
are given in Table 1.

The foremost finding is that all the evaluated sulfonitric 
media  (HNO3 (70%)/H2SO4 (98%),  HNO3 (80%)/H2SO4 
(98%),  HNO3 (90%)/H2SO4 (98%) and  HNO3 (100%)/
H2SO4 (98%)) contributed for the synthesis of promising 
nanostructured nitrocellulose biopolymers with elevated 
nitration degrees, increased densities and reduced viscosi-
ties with respect to those of the traditional NC prepared 
from various natural sources [42, 43]. Another interesting 
result is that the increase of  HNO3 concentration causes 
the raise of nitrogen content from 13.01 for NNC-70 to 
13.30 for NNC-100, which is attributed to the increased 

(5)� =
∫ t

t
0

(dH∕dt)dt

∫ tf
t
0

(dH∕dt)dt
=

ΔH

ΔHtotal

(6)g(�) =

�

∫
0

d�

f (�)
=

A

� ∫

T

T
0

e−Ea∕RTdT
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amount of  NO2
+, leading to the improvement of the elec-

trophilic diffusion of nitrating species into interior of the 
polymer framework and the acceleration of the esterifi-
cation rate [8, 15]. It can be also deduced from Table 1 
that the evolution trend of the measured densities and 
viscosities as a function of  HNO3 content is exactly the 
same to what is found for the nitrogen content. These find-
ings agreed well with previous studies that reported the 
relationship between the physicochemical properties of 
nitrocellulose and its nitration degree [44, 54, 55]. The 
proportional effect of this latter factor on the density and 
viscosity parameters of the designed NNCs can be also 
explained by the higher molecular weight of the incorpo-
rated O–NO2 groups as compared to the OH ones, which 
in turn leads to an elevation in the hydrodynamic volume 
of the molecular chains of nitrated glucopyranose units. 
In addition, it is interesting to point out that the developed 
NNCs derivatives exhibit awesome densities, which are 
better than those of some common energetic binders like 
glycidyl azide polymer (1.29 g/cm3) [56], poly-glycidyl 
nitrate (1.4 g/cm3) [57], poly(3-nitratomethyl-3methyl-
oxetane) (1.26 g/cm3) [58], and comparable to those of 
recently developed energy-rich cellulosic biopolymers 
[6, 59]. These outcomes provide evidence for the advan-
tage of using nanostructured cellulose as starting material 

rather that pristine cellulose to develop new generation of 
energetic nitrate esters cellulosic derivatives for futuristic 
defense applications.

Chemical structure and surface morphology

Infrared spectroscopy analysis was performed to examine the 
molecular structure and the chemical functionalities of the 
synthesized NNCs and their precursor. Figure 1a shows the 
comparison between the FTIR spectra of the used nanostruc-
tured cellulose and its nitrated derivatives. As can be seen, 
the starting cellulosic biopolymer displays the typical FTIR 
profile of a pure cellulose microcrystals with representa-
tive chemical groups. The bands recorded at 3335  cm−1, 
2903  cm−1, 1430  cm−1, 1160  cm−1, and 891  cm−1 related 
to the stretching vibration of O–H, the C–H symmetrical 
stretching, the symmetric deformation of  CH2, the C–O–C 
stretching of the pyranose ring, and the ß-glycosidic linkage 
vibration, respectively [60–62]. It can be also inferred from 
Fig. 1a that the most obvious molecular structure alterations 
that occurred after sulfonitric esterification correspond to 
the significant decrease in the intensity of OH bands, and 
the clearly appearance of the characteristic vibrational peaks 
of nitrate ester moieties. These results prove the effective 

Table 1  Physicochemical 
properties of nitrated 
nanostructured cellulosic 
derivatives

Sample Nc(%) DS � (g/cm3) [� ]  (cm3/g) M� (g/mol)

NNC-70 13.01 ± 0.03 2.58 1.689 ± 0.003 256.54 ± 0.07 85,482
NNC-80 13.15 ± 0.03 2.63 1.696 ± 0.002 298.29 ± 0.08 105,094
NNC-90 13.24 ± 0.03 2.66 1.705 ± 0.003 340.11 ± 0.07 125,787
NNC-100 13.30 ± 0.03 2.69 1.714 ± 0.003 387.37 ± 0.08 150,328
Conventional NC 

[43]
12.56 ± 0.03 2.44 / 951.42 514,783

Fig. 1  FTIR spectra of a cellulose nanostructure and nitrated cellulosic biopolymers; b all nanostructured nitrocelluloses
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electrophilic nitration without destruction of the main mac-
romolecule matrix.

On the other hand, the infrared spectra obtained for all the 
evaluated NNC samples prepared using several  HNO3 con-
centrations are plotted in Fig. 1a, b. It is perceived that all 
nitrated derivatives exhibit the well-known vibrational bands 
of conventional nitrocellulose with slightly higher intensi-
ties, which are the stretching and bending vibrations of  NO2 
and O–NO2 functional groups in the right half of spectral 
domains below 2000  cm−1, demonstrating the successful 
molecular structure of the produced NNC polymers. This 
finding also supports the conclusion that the principal nitro-
cellulose skeleton remains unmodified regardless of nitric 
acid concentration. It can be also deduced from Fig. 1b that 
the peak intensities related to the stretching vibrations of the 
inserted explosophoric groups  (NO2 and O–NO2) increase 
while increasing the  HNO3 concentration, which highlights 
the important effect of  HNO3 content for nitration experi-
ments. This statement can be supported by the measured 
nitrogen contents and substitution degrees listed in Table 1.

The morphological structure of the nitrated cellulosic 
biopolymers and their precursors was also examined using 

SEM to investigate the eventual surface morphology modifi-
cations induced by the different performed sulfonitric nitra-
tion. As can be observed from Fig. 2, the starting cellulose 
nanostructure presents a rougher surface and irregular rod-
shape structure of aggregated microsized fibrils, also known 
as microcrystals, with an approximate diameter of 10 µm. 
Similar surface topography for other commercially avail-
able cellulose microcrystals is mentioned elsewhere [30, 54]. 
The observed bundles of aggregates are due to the strong 
inter- and intramolecular hydrogen interactions between the 
elementary microfibrils [63–66]. Besides that, it should be 
mentioned that the average diameter of elementary microfib-
ers is within the range of 1–10 nm.

After nitration, it can be clearly noticed from Fig. 2 that 
all the considered sulfonitric media yield NNCs with almost 
identical surface microstructure as their precursor, demon-
strating a homogenous esterification with a uniform distri-
bution of  NO2 groups [7, 34]. Contrary to nanostructured 
nitrocellulose, conventional cellulose nitrate exhibits long 
individual fibrous with rough surface instead of clear and 
smooth ones for its ordinary cellulose precursor, providing 
evidence for the heterogeneous nitration process already 

Fig. 2  SEM micrographs of starting cellulosic biopolymers and their nitrated derivatives
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mentioned in previous reports [8, 38]. According to the 
above findings, we can conclude that the type of nitric acid 
employed in the sulfonitric medium does not alter the mor-
phology of the developed nitrated cellulosic nanostructures. 
Additionally, it is worth noting that similar reports about the 
morphological features of structural-modified cellulose and 
its nitrated derivatives are already highlighted in our previ-
ous investigations [10, 29].

Crystallinity features

XRD analyses were conducted to study the crystalline struc-
ture of the different nanostructured cellulosic biopolymers, 
and the obtained patterns illustrated in Fig. 3 are compared. 
It is clear from Fig. 3a that the starting cellulosic material 
presents the typical crystallographic planes of cellulose I 
allomorph observed at 2θ values around 14.8° for (1 1 0), 

16.5° for (110), 22.4° for (200), and 34.6° for (004) [5, 67]. 
After nitration, it can be revealed from Fig. 3 that all nitrated 
samples show similar diffractograms analogous to that of 
the common nitrocellulose, indicating that the performed 
esterification reactions using various  HNO3 concentrations 
have no effect on the main crystalline form of the resulted 
NNCs. Furthermore, the most detailed changes in the crys-
talline structure of nitrated derivatives with regard to their 
cellulosic precursor are the disappearance of the (1 1 0), 
(110) and (004) lattice planes, the broadening of the (200) 
plane, and the appearance of new diffractions peaks centered 
at 2θ = 12.5° and 20.1° related to the ordered and amorphous 
domains of nitrated cellulose chains, respectively [8, 45]. 
However, it is noticeable from Fig. 3b that the crystalline 
peak intensity at 12.5° decreases from NNC-70 to NNC-100, 
suggesting the negative effect of  HNO3 concentration on the 
crystallinity index.

Fig. 3  XRD patterns of a cellulose nanostructure and nitrated cellulosic biopolymers; b all nanostructured nitrocelluloses

Fig. 4  TGA and DTG thermograms of nitrated nanostructured cellulosic biopolymers at β = 10 °C/min
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To further elucidate the subsequent alteration in crys-
tallinity order caused by the different conducted nitration 
processes, the crystallinity of all samples was evaluated 
based on the peak deconvolution of their diffractograms 
using Pearson VII mathematical function [1, 59]. The cal-
culated CrI values are found to be 31.26%, 30.68%, 29.84% 
and 29.47% for NNC-70, NNC-80, NNC-90 and NNC-
100, respectively, which are significantly lower than that 
of their nanostructured cellulose precursor (78.29%). This 
expected drop in CrI is due to the nitration for which a par-
tial debundling and disintegration of the crystalline phase 
occurs, followed by the substitution of OH groups with 
explosophoric O–NO2 moieties that noticeably reduce the 
intense hydrogen bonding interactions [6, 43]. Moreover, it 
is found that the increased  HNO3 concentration lowered the 
CrI of the designed NNC, which is in accordance with nitro-
gen content evolution, since the growth amount of the incor-
porated nitrogen-rich O–NO2 functions with respect to the 
OH ones entails the increased randomness of the crystalline 
arrangement. Interestingly, all the developed NNCs reveal 
greater CrI than the common range of the conventional NC 

Fig. 5  DSC thermograms of all nitrated nanostructured cellulose polymers at different heating rates

Table 2  DSC data of the synthesized nanostructured cellulose 
nitrates at various heating rates

Compounds β (°C/min) Tonset (°C) Tpeak (°C) /ΔH/ (J/g)

NNC-70 5 189.5 199.4 1396.1
10 194.3 205.5 1555.7
15 197.7 210.2 1831.5
20 202.6 215.3 2035.2

NNC-80 5 188.4 198.8 1474.8
10 192.8 204.5 1662.3
15 196.7 209.3 1937.5
20 201.6 213.9 2110.1

NNC-90 5 187.9 197.7 1547.6
10 191.7 202.8 1756.4
15 195.3 208.2 2007.8
20 200.5 212.4 2221.3

NNC-100 5 187.2 196.8 1598.1
10 190.9 201.7 1803.5
15 194.8 207.5 2034.9
20 199.6 211.4 2262.4
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(23–26%), which indicate their superior mechanical prop-
erties, and promote their application in high-performance 
formulations [42, 68, 69].

Thermal properties

Study of the thermal decomposition properties is a crucial 
criterion in the development of new energetic materials and 
the judgment of their suitability for real-world applications. 
Therefore, TGA and DSC analyses were executed to evalu-
ate the thermal stability and degradation behavior of the 
prepared nanostructured nitrocellulose polymers. It should 
be noted that the starting nanostructured cellulosic biopoly-
mer displays a single prominent weight loss event associated 
with an endothermic decomposition peak appeared at onset 
temperature of 331.7 °C and maximum peak temperature 
of 348.1 °C for β = 10 °C/min. This process is assigned to 
the degradation of polysaccharide framework through the 
cleavage of glycosidic bonds as discussed in our previous 
papers [5, 40].

The obtained TGA/DTG thermograms of the developed 
nanostructured nitrocellulose biopolymers are plotted in 
Fig. 4. It can be revealed that all NNC samples are charac-
terized by one thermal degradation stage occurred within the 
temperature range of 180–210 °C, which is corresponded 
to the main thermolytic cleavage of the linked nitrate esters 
moieties followed by autocatalytic parallel reactions [35, 52, 
70]. Furthermore, it is evident from TGA/DTG curves that 
the increased concentration of nitric acid from 70 to 100% 
reduced the thermal decomposition of the resulted energetic 
NNCs, which is consistent with nitrogen content and crystal-
linity evolution.

On the other side, the heat flow thermograms of the pro-
duced energetic polymers at various heating rates (β = 5, 10, 
15 and 20 °C/min) are plotted in Fig. 5, and the resulted ther-
mal parameters from these curves are given in Table 2. As 
can be seen, all the investigated NNC samples synthesized 
using different  HNO3 concentrations present one promi-
nent exothermic decomposition event that occurs at lower 
temperatures than their nanostructured cellulosic precursor. 
This finding is attributed to the main thermolysis process 
caused by the homolytic breaking of the explosophoric and 
thermally unstable O–NO2 moieties, leading to the forma-
tion of toxic nitrogen oxide species [52, 71, 72]. It is clear 
that this exothermicity shifted to higher temperatures with 

Fig. 6  Activation energy evolution with respect to the extent of conversion for the synthesized nanostructured nitrocelluloses
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the increase of the heating rates due to the fact that the low 
β provides sufficient time for a regular distribution of tem-
perature around the sample, and thus the pyrolysis starts 
earlier. At the same β, a slight decline of the pyrolysis tem-
peratures and an increase of the decomposition enthalpy are 
noticed while increasing the  HNO3 concentration, which is 
in line with TGA findings. In this context, several research-
ers have demonstrated that the increased Nc as well as the 
reduced CrI could elevate the sample sensitivity against 
thermal stimuli and improve the volume of released gase-
ous produced by its combustion [73, 74]. Importantly, the 
thermal stability of all the designed NNCs is found better 
than that of recently developed high-energy dense poly-
mers based on cellulose nanostructure, such as carbamated 
microcrystalline cellulose nitrate (Tpeak = 186.5 °C, β = 5 °C/
min) [11], 2-(1H-tetrazol-1-yl)acetate cellulose microcrys-
tals nitrate (Tpeak = 184.2 °C, β = 5 °C/min) [39], nitrated 
ethylenediamine-functionalized microcrystalline cellulose 
(Tpeak = 184.9 °C, β = 5 °C/min) [59], and other energetic 
binders reported elsewhere [36, 57].

Kinetic parameters determination

Isoconversional kinetic modeling of the thermal degradation 
of the evaluated NNCs polymers was carried out based on 
non-isothermal DSC experiments to determine their kinetic 
triplet, i.e., the activation energy (Eα), the frequency factor 
(Log (A)) and the decomposition mechanism ( g(�) ). It is 
worthy to mention that, until now, no report is available in 
the literature regarding the kinetic analysis of nanostruc-
tured nitrocellulose biopolymers prepared using various 
sulfonitric media.

The computational average values of Eα and Log (A) with 
their corresponded uncertainties as well as the most probable 
integral model of decomposition are depicted in Table 3. 
It can be revealed that the three computed isoconversional 
integral methods give close values of Arrhenius parameters 
for each investigated NNC, demonstrating the accuracy of 
the performed calculations. The precision of the computed 
parameters using isoconversional linear approaches (it-KAS 
and TAS) was also confirmed based on the obtained cor-
relation coefficients R2 higher than 0.9997. Moreover, the 
obtained apparent activation energies of all nitrated sam-
ples are found to be in good agreement with the pyrolysis 

Fig. 7  Evolution of the decimal logarithm of the pre-exponential factor as function of conversion for the synthesized nanostructured nitrocel-
luloses
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energy range of nitrated cellulose found in the open litera-
ture (150–200 kJ/mol) [30, 75, 76]. Another interesting find-
ing is that the Arrhenius parameters decreased from 193 kJ/
mol and 18  s−1 for NNC-70 to 161 kJ/mol and 14  s−1 for 
NNC-100. This result can be used as an evidence about the 
negative impact of nitric acid concentration on the thermal 
stability of the resulted NNCs and corroborates the find-
ings obtained by TGA and DSC analyses. This evolution 
trend can be also justified by the effect of nitrogen content in 
which its increase promotes the beginning of the thermolysis 
process as shown in previous research activities [16, 74].

The plots of the Eα and Log (A) against conversion for 
all nitrated polymers are illustrated in Figs. 6 and 7, respec-
tively. As can be observed, all the performed model-free 
approaches (it-KAS, TAS and VYA/CE) provide compara-
ble evolution profiles of Arrhenius parameters for the same 
nitrate ester material with apparent dependency on the con-
version. Furthermore, identical trend of both Eα and Log (A) 
as a function of conversion is perceived, which is explained 
by the kinetic compensation effect [77]. This relationship 
between the activation energy and the pre-exponential fac-
tor is widely utilized to explain whether the variation on 
effective Eα have physical meaning or they are caused by 

either the propagation of experimental errors. Besides that, 
according to Figs. 6 and 7, the Arrhenius parameters of all 
the synthesized NNCs decrease continuously with the extent 
of conversion as the decomposition proceeds. Higher values 
of Eα and Log (A) are noted in the beginning of decompo-
sition (α ≤ 0.1), which are related to the main thermolytic 
decomposition of energetic O-NO2 groups and the liberation 
of reactive products [30, 78]. Next, the two parameters con-
tinue their decrease with different rates until reaching their 
minimal values at the end of the reaction. This behavior is 
attributed to the autocatalytic parallel reactions caused by 
the strong oxidizing  NO2 agents and  RO. radicals released 
during the intrinsic decomposition. These latter will promote 
the heat accumulation and hotspots formation and conse-
quently accelerate the pyrolysis reaction [6, 79–81].

Among the different theoretical forms available in solid-
state reactions, the predicted integral models of decompo-
sition g(α) for each involved NNC polymer are plotted in 
Fig. 8, and their mathematical formulations are included in 
Table 3. Based on it-KAS approach, NNC-70 decomposes 
following a power low nucleation mechanism (P3/2), NNC-
80 shows an unjustified decomposition process (G7), NNC-
90 follows a phase boundary process characterized by a 

Fig. 8  Evolution of the most probable integral model of decomposition with respect to the extent of conversion for the synthesized nanostruc-
tured nitrocelluloses
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deceleratory contracting sphere rate (R3), while, NNC-100 
decomposition is governed by a random nucleation model 
with a subsequent growth rate (A2). However, using TAS 
methodology, it was found that all NNCs exhibit a random 
Avrami–Erofeev nucleation (A3/2, A2/3 and A4), which is con-
sidered as an autocatalytic process identified by a sigmoi-
dal decomposition rate for which the rate initially increases 
with the conversion to reach a maximum, and then decreases 
at the final stage [49]. Similar kinetic behavior is largely 
reported for the decomposition mechanism of nitrated cel-
lulose-rich biopolymers [30, 52, 75]. The results herein indi-
cate that different reaction mechanisms could be assigned, 
which is probably attributed to the different approximations 
utilized for each isoconversional approach and the nature of 
the considered compound.

Conclusion

A promising class of energy-rich nanostructured biopoly-
mers was developed through sulfonitric nitration of cellu-
lose microcrystals using various nitric acid concentrations. 
The experimental findings confirmed that all the evalu-
ated sulfonitric media  (HNO3 (70%)/H2SO4 (98%),  HNO3 
(80%)/H2SO4 (98%),  HNO3 (90%)/H2SO4 (98%) and  HNO3 

(100%)/H2SO4 (98%)) led to the successful formation of the 
desired nitrate esters cellulosic nanostructures with great 
nitrogen content and elevated densities compared to the 
commonly used nitrocellulose. Furthermore, the crystallinity 
and thermal stability of the as-prepared NNCs were found to 
decrease with increasing  HNO3 concentration, whereas their 
nitrogen content, density and viscosity-average molecular 
weight were promoted from NNC-70 to NNC-100. Addition-
ally, non-isothermal kinetic modeling using isoconversional 
integral methods (it-KAS, TAS and VYA/CE) revealed a 
decreased trend of the Arrhenius parameters from NNC-70 
to NNC-100 with different decomposition models. These 
outstanding outcomes will certainly pave the way toward the 
next generation of nanostructured cellulose-based energetic 
biopolymers for potential application in composite explo-
sives and advanced high-energy dense formulations.
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