
Vol.:(0123456789)

Reaction Kinetics, Mechanisms and Catalysis
https://doi.org/10.1007/s11144-024-02706-x

A study on the isothermal decomposition kinetics 
of energetic cellulose‑rich materials using a vacuum 
stability test

Ahmed Fouzi Tarchoun1   · Djalal Trache1 · Amir Abdelaziz1 · Aimen Selmani1 · 
Hani Boukeciat1 · Mohamed Abderrahim Hamouche1 · Salim Chelouche1 · 
Yash Pal2 · Thomas M. Klapötke3

Received: 15 June 2024 / Accepted: 3 August 2024 
© Akadémiai Kiadó, Budapest, Hungary 2024

Abstract
In this work, the isothermal decomposition kinetics of a promising high-energy 
dense nitrated cellulose carbamate (NCC) was investigated, for the first time, using 
vacuum stability test (VST) at different isothermal temperatures. The kinetic triplet 
of NCC was calculated by model-fitting and model-free methods, and compared to 
that of the conventional nitrocellulose (NC). VST results showed that the gas pres-
sure of the studied energetic cellulose-rich materials (NCC and NC) increased with 
the increase in time test, which is found more pronounced for NCC compared to 
NC. Furthermore, thermo-kinetic findings demonstrated that the Arrhenius param-
eters determined by the two performed kinetic approaches are in good concordance. 
Indeed, the apparent activation energy of NCC is found to be around 141 kJ/mol, 
which is lower than that of the common NC (Eα = 152 kJ/mol). The model-fitting 
approach revealed that the mechanism of isothermal decomposition of NCC and NC 
is controlled by a chemical process. Besides, a strong linear relationship between the 
activation energy and the logarithm of the pre-exponential factor is observed. This 
work provides valuable guidance for the isothermal decomposition kinetics of ener-
getic cellulose-rich materials and further supports and complements their kinetic 
database.
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Introduction

The new trend in the area of energetic materials is to explore natural polymers as 
candidates for the development of new high-energy dense polysaccharides [1–3]. 
Cellulose, among numerous biopolymers, is the most abundant carbohydrate poly-
mer found in the Earth [4, 5]. The chemical structure of cellulose consists of a linear 
chain composed of repeated anhydro-D-glucose moieties functionalized with three 
hydroxyls (OH) groups positioned on the ring sites C2, C3, and C6. These reac-
tive OH functions can be substituted by energetic functional groups such as nitrate 
ester, nitrocarbamate, nitramine, azide, and nitrogen-containing heterocycles (tria-
zole, tetrazole, etc.) to design advanced cellulose-based energetic materials [6, 7]. 
As the first energetic cellulose-rich material, nitrocellulose (NC) still finds wide-
spread practical applications in both civilian and military areas owing to its desir-
able mechanical properties, energetic performance, and ability to interact with other 
materials [8]. Nevertheless, despite nearly two centuries of research on NC, some 
serious problems of this important material including elevated shock sensitivity 
and suboptimal combustion performance have prompted researchers to investigate 
alternative energy-rich cellulosic polymers with desired mechanical sensitivities, 
thermal stability, and energy levels. In this context, our research group has recently 
designed and investigated several new cellulose-rich polymers with outstand-
ing features [9–11]. Among those of interest, nitrated cellulose carbamate (NCC), 
as an emerging high-energy dense cellulosic polymer, has been shown to possess 
improved density (1.698–1.716 g/cm3), nitrogen content (15.14–15.67%, w/w), heat 
of combustion (− 2365 cal/g), and impact sensitivity (40 J) compared to those of 
traditional NC [12]. These attractive characteristics make it suitable for multiple 
energetic applications such as rocket propellants, gun propellants, explosives, and 
others [6]. However, cellulose-based energetic materials suffer from a high risk of 
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thermal runaway during decomposition which can limit their storage and application 
[13, 14]. Therefore, studying the thermo-kinetic behavior of such energetic materi-
als is a necessary and important aspect for understanding their thermal runaway, and 
for facilitating the prevention and mitigation of related accidents. In previous stud-
ies, researchers delved into thermo-kinetic analysis of nitrated cellulosic polymers 
and summarized some useful conclusions [15, 16]. In one study, Luo et  al. [17], 
computed the Arrhenius parameters of NC by conducting isothermal decomposition 
dynamics research using a specific instrument. They reported an average activation 
energy (Eα) of 144.7 kJ/mol and a pre-exponential factor (lnA) of 27.39. Wei and 
coworkers conducted comprehensive kinetic analyses on the stable decomposition 
and combustion of cellulose nitrate, with the conclusion that the Eα for combustion 
(89.5–97.5 kJ/mol) is lower than that for stable decomposition (123.3–145.8 kJ/mol) 
[14]. Recently, Gao et al. [13], determined the kinetic parameters for the isothermal 
and non-isothermal decomposition of NC using model-free and model-fitting meth-
ods. The authors mentioned that NC is more susceptible to decomposition under 
non-isothermal conditions, and its pyrolysis mechanism under heating rates is con-
trolled by the third-order reaction model. In another recent work, Tarchoun et  al. 
analyzed the non-isothermal decomposition kinetics of nitrated carbamate-func-
tionalized cellulose using isoconversional kinetic approaches [12]. Their research 
revealed that nitrated cellulose carbamate exhibits smaller Arrhenius parameter val-
ues when compared to conventional nitrocellulose (160–163 kJ/mol vs. 172–173 kJ/
mol), and its decomposition mechanism can be described with the Avrami–Erofeev 
autocatalytic nucleation process. In summary, the kinetic data of energetic cellulose-
rich materials and their reaction mechanisms can be affected by the experimental 
conditions, analytical techniques, and the used kinetic approaches. In addition, to the 
best knowledge of the authors, there is no report on the isothermal decomposition 
kinetics of emergent NCC. Therefore, it is seen of interest to investigate the ther-
mal decomposition kinetics of this energetic polymer by employing diverse research 
methods and test conditions for effective hazard control.

Typically, thermal analysis techniques are regarded as the most effective meth-
ods for elucidating the decomposition kinetic features of energetic materials [18, 
19]. Compared to non-isothermal research methods, isothermal kinetics can more 
effectively and precisely depict slow chemical reactions due to the relatively low-
temperature testing [20, 21]. Herein, vacuum stability test (VST), which is based on 
measuring the pressure of the gas released from the sample over time, was used to 
elucidate the isothermal decomposition kinetics of the designed NCC. At present, 
VST has been sucssufuly applied to compute the isothermal decomposition kinet-
ics of stabilized NC [22, 23], double base rocket propellants [24], and some plastic 
bonded explosives [25, 26].

In this study, we investigate the isothermal decomposition kinetics of a high-
energy dense cellulosic polymer called nitrated cellulose carbamate. The obtained 
kinetic results are then compared with those of traditional nitrocellulose. Based 
on the conducted VST experiments at different temperatures (60, 70, 80, 90, and 
100 °C), the Arrhenius parameters and the most probable reaction model of NCC 
and NC were determined using model-fitting and model-free methods. The results 
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of this study can further deepen the understanding of the thermochemical kinetics of 
cellulose-based energetic materials.

Experimental section

Materials

NC and NCC with nitrogen contents of 12.70% and 15.21%, respectively, were pre-
viously synthesized by our research group according to the procedures reported else-
where [12]. Before analysis, samples were dried in a vacuum oven at 60 °C for 2 h, 
and then stored in a desiccator for testing.

Experimental technique

The vacuum stability test was performed in a STABIL apparatus (OZM Research, 
Pardubice, Czech Republic), as shown in Fig. S1. During this test, a dried sample 
mass of 2.000 ± 0.001 g was introduced into a glass tube, after which the internal 
pressure of the tube was reduced to 0.250 kPa using a vacuum pump. Next, the 
sealed reaction tube was placed into the heating block and heated isothermally at 
different test temperatures of 60, 70, 80, 90, and 100 °C for 48 h. Each isothermal 
experiment was repeated three times, and the obtained data were found to be highly 
reproducible. Pressure transducers and a computer are used to record the relation-
ship of the gas pressure evolved by the sample versus heating time. It is worth not-
ing that before conducting the VST measurements, the heating block was calibrated 
using silicon oil provided by the manufacturer, OZM Research. This calibration step 
ensured accurate and reliable temperature control throughout the measurements.

Kinetic analysis

Investigating thermally stimulated reactions in a condensed phase typically involves 
representing the reaction rate as a function of the Arrhenius rate constant (k(T)), 
which varies only with temperature (T), and the differential form the reaction model 
that depends on the extent of conversion (α) [27].

The integral rate law can be determined by integrating Eq. (1):

Here g(�) is the integral form of the reaction model, A is the pre-exponential fac-
tor, Ea is the activation energy, R is the gas constant, and t is the time to reach a 
certain degree of conversion.

(1)
d�
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In the case of VST data, the extent of conversion (0 ≤ α ≤ 1) is defined as follows 
[23]:

Here P is the pressure of the gas generated at a certain time, P0 refers to the initial 
pressure (P0 = 0.250 kPa), and PT denotes the total gas pressure. It is essential to 
highlight that the raw data from the VST underwent a smoothing process through 
a nonlinear curve fit before computing the values of the extent of conversion. This 
preprocessing step is crucial to prevent potential fluctuations in the extent of conver-
sion values caused by noise in the VST signal [22].

Based on these rate laws, kinetic parameters can be derived from isothermal data 
using model-fitting or model-free (isoconversional) approaches. In the model-fitting 
method, the mechanism is postulated from 41 types of kinetic models at the begin-
ning of the data treatment [28]. By applying Eq. (2), 41 distinct curves of g(�) ver-
sus time are generated. The optimal form of g(�) is then determined by selecting the 
fitting curve with the highest correlation coefficient and the lowest intercept. The 
Arrhenius rate constant at each VST temperature is determined by analyzing the 
slope of each selected g(α) vs. t plot. The Arrhenius parameters (Ea and A) are then 
assessed using the logarithmic form of the Arrhenius equation [20]:

The model-free approach is based on the isoconversional principle, which states 
that the reaction rate at a constant extent of conversion is only a function of tempera-
ture [19]. Consequently, the Arrhenius parameters can be obtained without making 
any assumptions about the reaction model. Under isothermal conditions, the loga-
rithmic form of Eq. (2) is applied as follows:

At each conversion α, Ea is obtained from the slope of a plot of −lnt
�,i vs. Ti−1. 

After that, the A values are evaluated using the kinetic compensation effect, which 
has been broadly discussed in the literature [29–32]. This approach suggests that the 
Arrhenius parameters show a mutual dependence between Ea and A as follows:

Here a and b are constants, and the subscript i denotes the selected integral model 
to compute lnAi and  Ei pairs using Eq. 2. Therefore, for a set of 41 gi(α) models 
reported elsewhere [28], 41 pairs of  lnAi and  Ei are determined and fitted to Eq. 6 
to obtain the parameters a and b [33]. The resulting correlation coefficients r2 were 
higher than 0.998. Once the correlation parameters a and b have been evaluated, the 
Ea values, derived from Eq. 5, are substituted for Ei in Eq. 6 to estimate the corre-
sponding lnA values. Simulations by Vyazovkin have outlined the excellent accuracy 

� =
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of this approach [34]. It is important to note that all kinetic calculations were per-
formed using a graphical user interface (GUI) compiled under MATLAB software 
as reported in our previous work [22].

Results and discussion

Gases pressure evolution process

The evolution of the pressure of the evolved gases during the isothermal decompo-
sition of the investigated cellulose-rich polymers within the temperature range of 
60–100 °C is illustrated in Fig. 1. The foremost observation is that an elevation in 
the temperature test results in an increased release of gases, emphasizing the impact 
of temperature on accelerating the thermolysis process of the studied nitrated cel-
lulosic materials. Similar findings about the effect of temperature tests on the gas 
evolution of energetic materials are reported elsewhere [25, 35]. It can be also 
inferred from Fig. 1 that the evolved pressure for both NC and NCC increases with 
prolonged reaction time. This consistent behavior is evident in all isothermal tem-
perature tests, suggesting a similarity in the mechanism governing the proceeding 
reaction across the various applied isothermal temperatures [36, 37]. At the begin-
ning of the test, NC and NCC display a very fast pressure evolution trend, which is 
mainly due to the evaporation of moisture accompanied by the partial thermolytic 
split-off of explosophoric and thermally unstable O–NO2 and N–NO2 groups within 
the condensed phase of NC and NCC [16, 38]. Subsequently, a gradual evolution of 
pressure over test time is observed, with this phenomenon being more pronounced 
for NCC compared to NC. This behavior is attributed to the main decomposition 
stage characterized by the total scission of intramolecular chemical bonds and the 

Fig. 1   Variation of the gas pressure over time for NC and NCC, as determined by VST at different test 
temperatures of 60, 70, 80, 90, and 100 °C for 48 h
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thermo-oxidative decomposition of molecular chains through autocatalytic reaction 
pathways, resulting in the formation of a wider variety of gases [16, 39]. Further-
more, the higher pressure evolution rate of NCC in comparison to NC is attributed 
to the presence of nitrogen-rich O–NO2 and nitrocarbamate (CO–NH–NO2) groups, 
leading to more thorough and rapid decomposition. These findings are consistent 
and supported by evidence from previous research papers, which highlighted that 
the combination of multiple explosophoric nitrogen-rich functions on the same cel-
lulosic backbone could ultimately accelerate the degradation process [11, 12].

Determination of the isothermal kinetic parameters

The obtained isothermal VST data for the investigated energetic NC and NCC poly-
mers were used to compute their kinetic triplet, involving, the activation energy Ea, 
the frequency factor lnA , and and the best fitting reaction model g(α) [22, 24]. It is 
important to note that the Ea is defined as the minor amount of energy required to 
initiate the decomposition reaction of the reactants; while the lnA reflects the rate of 
molecular collisions at a certain temperature upon the thermolysis reaction, and a 
higher frequency factor indicates a higher reactivity.

For the model-fitting approach, Table 1 provides the best-fitting kinetic param-
eters obtained from the isothermal decomposition of both NC and NCC, along with 
their corresponding uncertainties. As explained earlier, the maximum correlation 
coefficient (r2) is used as a parameter for selecting the best model fitting. The cor-
responding r2 values are also given in Table 1. By using the different g(α) models 
(among the available 41 models), it is found that the best model that fits the data of 
NC and NCC is a chemical process (G2 and G3). The high accuracy of the obtained 
kinetic parameters is validated by the strong regression coefficient exceeding 0.997 
[34]. Furthermore, the plot of average conversion as a function of a reduced time 
variable t/t0.9, where t0.9 is the time required to reach a specified conversion of 0.9, is 
widely used in solid-state kinetics to check the accordance of the chosen model with 
the experimental data [37, 40]. The reduced time plots for the thermal decomposi-
tion of NC and NCC are shown in Fig. 2. The experimental data, which are the aver-
age of five isothermal experiments performed at 60, 70, 80, 90, and 100 °C, are used 
in this analysis. As revealed in Fig. 2, the data computed from kinetic modeling are 
in good agreement with the experimental data, corroborating the consistency of the 
obtained kinetic triplet.

Table 1   Kinetic parameters of the isothermal decomposition of nitrated cellulosic materials

Sample Model-fitting method Model-free method

Average Arrhenius param-
eters

Ea (kJ/mol) ln (A/s−1) g(α) r2 Ea (kJ/mol) ln (A/s−1)

NC 151.4 ± 9.4 35.34 ± 2.12 G2 = 1—(1—α)3 0.9975 152.3 ± 8.8 35.91 ± 1.87
NCC 140.3 ± 7.9 31.70 ± 2.35 G3 = 1—(1—α)4 0.9981 141.1 ± 8.1 32.22 ± 2.17
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Besides that, the calculated Arrhenius parameters for NC are determined to be Ea 
(kJ/mol) = 151.4 and ln(A∕s−1) = 35.34, while for NCC, the corresponding values 
are Ea (kJ/mol) = 140.3 kJ/mol and ln(A∕s−1) = 31.70. This expected decrease in the 
Arrhenius parameters of NCC with respect to NC is caused by the coexistence of 
unstable nitrate esters and nitrocarbamate groups on the same cellulosic backbone. 
The homolytic splitting of these groups generates more heat and a higher number of 
radicals and oxidizing species, thereby accelerating the beginning of the degradation 
process.

In the case of the model-free method, which is based on the isoconversional the-
ory, the Arrhenius parameters are calculated within a conversion range of 0.05–0.95, 
with a step size of 0.05. Fig. 3 depicts the evolution of Ea and lnA as a function of 
the conversion, while the average values of these parameters, along with their cor-
responding confidence intervals, are listed in Table 1. The main observation from 
Table 1 is that the Arrhenius parameters calculated using the two kinetic approaches 
(fitting and free models) are in good agreement with each other. This is reflected by 
a maximum relative deviation of less than 10%, affirming the reliability and con-
sistency of the implemented computations. This result supports the conclusions 
reported by Vyazovkin et al. [37], who stipulated that utilizing the fitting model with 
isothermal data yields unambiguous values for the Arrhenius parameters. Further-
more, it is interesting to point out that the uncertainties in evaluating the Ea and lnA 
fall within the limits recommended by the International Confederation for Thermal 
Analysis and Calorimetry (ICTAC) (≤ ± 10%) [41]. Another important observation 
from Fig.  3 is that evaluating the pre-exponential factor as a function of conver-
sion presents the same behavior as the activation energy, which is mainly explained 
by the compensation effect since the employed model-free method is based on this 
principle. According to ICTAC instructions, it is recommended to consider the 

Fig. 2   Reduced time plots for the reaction model and isothermal experimental data for NC and NCC 
decomposition. Points correspond to experimental data that are the average of five isothermal experi-
ments performed at 60, 70, 80, 90, and 100 °C
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dependency of Ea with α when the difference between the highest and the lowest 
values of the activation energy surpasses 20% of the mean activation energy value 
[41]. In our case, this deviation has been found to reach the value of 61% for NC and 
60% for NCC supporting the fact that their thermolysis follows a multi-step decom-
position process. In fact, it is obvious from Fig. 3 that the dependence of Ea versus α 
for both NC and NCC reveals two distinct stages, aligning with the observed varia-
tions in the rate of gas release. In the initial stage of decomposition, the Ea increased 
with different rates until reaching a maximum value of around Ea = 187.1 kJ/mol 
at α = 0.65 for NC and Ea = 173.6 kJ/mol at α = 0.55 for NCC. In the subsequent 
decomposition stage, the activation energy for thermolysis gradually decreased 
to approximately Ea = 119.8 kJ/mol for NC and Ea = 102.3 kJ/mol for NCC when 
α = 0.95. The obtained outcomes demonstrate that the rate of the isothermal decom-
position of the investigated energetic cellulose-rich materials (NC and NCC) is 
much faster at the initial conversion. This behavior is mainly related to the cleavage 
of energetic O-NO2 groups and N-NO2 of nitrocarbamate moieties, followed by the 
breaking of intramolecular chemical bonds in the condensed phase of NC and NCC. 
This initial decomposition generates a high amount of highly reactive radicals and 
oxidizing species [16]. However, the downtrends in Ea, in the second stage, mainly 
corresponded to the thermo-oxidative destruction of the polymeric framework 
through autocatalytic reaction pathways, accompanied by the generation of multiple 
gases. It is important to note that during the thermolysis of NC and NCC, the activa-
tion complex is formed as the material undergoes a series of bond-breaking and rad-
ical-forming reactions [42, 43]. Initially, the thermolytic splitting of explosophoric 
and thermally unstable nitrate ester and nitrocarbamate groups occurs, leading to the 
formation of nitrogen oxides and alkoxyl radicals. These reactive intermediates play 
a critical role in further decomposition by promoting the cleavage of intermolecular 
chemical bonds within the NC and NCC matrices [44, 45]. This process leads to the 
thermo-oxidative decomposition of nitrated cellulosic chains through autocatalytic 
reaction pathways to form various gases such as NO, NO2, CO2, H2O, CH4, HCN, 

Fig. 3   Evolution of the activation energy and the pre-exponential factor as a function of conversion for 
the designed NC and NCC, as determined by the model-free method
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CH2O, and HCOOH [16, 43]. For comparison purposes, the mean Ea and lnA val-
ues could be considered for discussion, and such an approach has been found to be 
highly consistent [46, 47]. Hence, the Arrhenius parameters obtained in this study 
are compared with those derived from other methods found in the literature, as pre-
sented in Table 2. Unfortunately, it should be noted that there are no existing stud-
ies in the literature on the thermolysis of nitrated cellulose carbamate, and the only 
available data has recently been reported by our research group [12]. It is evident 
from the data presented in Table 2 that the thermal decomposition activation ener-
gies of the investigated NC and NCC are consistent with the most of the reported 
range of thermolysis energy found for nitrated cellulose (140–190 kJ/mol). Moreo-
ver, the activation energy of NCC, computed in this study using isothermal VST 
data, is found to be slightly lower than that determined through non-isothermal DSC 
experiments [12]. Herein, the main factors contributing to the recorded differences 
in the kinetic parameters include sample characteristics, cellulose sources, nitra-
tion conditions, variations in nitrogen content, the analytical technique employed, 
experimental conditions, and the kinetic modeling approach used. Taking NC as 
a reference, it is evident that the thermal reactivity could be further promoted by 
incorporating energy-rich nitrocarbamate, resulting in a reduction in the thermolysis 
activation energy of approximately 10 kJ/mol. This finding can be also explained 
by the effect of nitrogen content in which its increase promotes the beginning of the 
thermolysis process as shown in previous reports [48, 49].

On the other hand, the compensation effect could be effectively emphasized by 
investigating the isokinetic relationship, a method extensively utilized for the study 
of physical and chemical processes [54–56]. This relationship is established when 
different lines on the Arrhenius plot intersect at a single point, typically identified as 
the isokinetic temperature (Tiso). Therefore, Tiso represents the specific temperature 
at which the chemical reaction rates of NC and NCC should proceed at the same 
rate constant (Kiso). As can be seen from the plot of the rate constants as a func-
tion of temperature, depicted in Fig. 4, the Arrhenius plots for NC and NCC exhibit 
a common intersection point at Tiso = 91.9 °C (365.1 K). This finding serves as an 
indication that the reported kinetic compensation effect is genuine and not merely 
an experimental artifact, as the determined isokinetic temperature falls within the 
range of experimental temperatures [29, 57]. It can also be inferred from Fig. 4 that 
there is an increase in the decomposition reaction rates of NCC below the isokinetic 
temperature compared to those of NC. This behavior provides further evidence that 
NCC is more reactive than NC, and its isothermal reaction involves more activated 
molecules with a lower energy transition state [58, 59]. Therefore, the findings of 
this study can additionally reinforce and supplement the kinetic database of cellu-
lose-based energetic materials.

Conclusions

In summary, the present work investigates the isothermal decomposition kinet-
ics of a promising energetic NCC for the first time using a vacuum stabil-
ity test. Analysis of the recorded VST data reveals that NCC produces a higher 
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gas-evolved pressure than conventional NC. Furthermore, it is revealed that 
the total pressures of both NCC and NC increase with testing temperatures, 
emphasizing the impact of temperature on accelerating the thermolysis process 
of nitrated cellulosic materials. The Arrhenius parameters and the best-fitting 
reaction model are computed based on isothermal VST experiments using both 
model-fitting and model-free methods. Computational results highlight that the 
average Arrhenius parameters, computed through both model-fitting and isocon-
versional methods, are consistent.

The apparent activation energy of emergent NCC (Ea = 141.1 kJ/mol) is found 
to be lower than the common thermolysis activation energy of traditional nitro-
cellulose, demonstrating its improved thermal reactivity. Moreover, both NC and 
NCC display an isothermal decomposition behavior predominantly governed 
by chemical reaction mechanisms. Additionally, the determination of the isoki-
netic behavior confirms the kinetic compensation effect between the activation 
energy values and those of the pre-exponential factors, corroborating the reliabil-
ity of the predicted isothermal kinetic parameters. The knowledge gained in this 
study paves the way for the potential exploitation of VST to study the isothermal 
decomposition kinetics of energetic materials and offers a kinetic perspective on 
the safety of NCC for future research and applications.
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