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Abstract The influence of N-methyl-4-nitroaniline

(MNA) on the thermal stability of nitrocellulose (NC)

was investigated via an isothermal decomposition

dynamics research method. The Arrhenius equation

and model-fitting were used to calculate the thermal

decomposition kinetic parameters of NC and MNA/

NC (3 wt%) composite. Results showed that the

thermal decomposition activation energy of NC/MNA

(3 wt%) was significantly increased compared with

that of pure NC, indicating that the thermal stability of

NC was increased with stabilizer MNA addition.

Subsequently, the storage life of NC and MNA/NC (3

wt%) composite was estimated using Berthelot equa-

tion. It was found that if the decomposition extent

reaches 0.1% as the end of life criterion, 3 wt%

stabilizer MNA addition significantly extended the

storage life of NC from 10.57 to 24.9 years at ambient

temperature (298.15 K) with the life extension rate

reaching 135.6%. Furthermore, the intermediate pro-

duct produced by MNA and NC action was extracted

and characterized via UV–Vis, HPLC, 1H NMR, FT-

IR, and LC–MS, and a possible stabilization mecha-

nism of MNA to NC was proposed.

Keywords Nitrocellulose � N-methyl-4-

nitroaniline � Stabilizer � Isothermal decomposition �
Storage life

Introduction

Nitrocellulose (NC) is a highly flammable polymer

formed by nitrating cellulose via exposure to nitric

acid or another powerful nitrating agent; NC has been

widely employed in various military and civilian

applications (Tan 2015; Chai et al. 2019; Cui et al.

2001; Tai et al. 2018). Among them, the military

application of NC is mainly concentrated in the field of

propellants and explosives, serving as the main

component of solid propellants, gun propellants, and

some mixed explosives (Trache and Tarchoun

2018a, b). Given that NC structure contains a large

number of nitrate groups that are inherently chemi-

cally unstable due to autocatalytic accelerated decom-

position, NC has short storage and service life, poor

ballistic performance, and the possibility to self-

combust or become an explosive safety hazard (Zayed

et al. 2000, 2010, 2012, 2013; Zayed and Hassan 2010;

Lin et al. 2016; Trache and Khimeche 2013a, b). The
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autocatalytic accelerated decomposition of nitrates is

attributed to their decomposition products, including

nitrogen oxides and nitric acids that can catalyze

decomposition (Frys et al. 2011; Trache et al.

2013a, b). Therefore, to inhibit the autocatalytic

decomposition of nitrates and improve their stability,

some alkalescent chemical stabilizers are usually

added in nitrate-based energetic materials (Trache

et al. 2013a, b). The stabilizers mostly cannot prevent

nitrate ester decomposition but are able to inhibit this

process, effectively preventing the catalytic effect

caused by the decomposition products, such as NO,

NO2, HNO2 and HNO3 (Lindblom 2002; Boers 2010).

Numerous stabilizers have been reported, such as

aniline, urea, and phenol ether stabilizers (Lussier

et al. 2006; Wilker et al. 2007; Krumlinde et al. 2017).

Nevertheless, considerable effort in recent years has

been devoted to the development of new stabilizers.

Only a few reports on the interactions and mechanisms

between stabilizers and nitrate esters are available

mainly because of limited research methods.

Traditional stabilizer evaluation methods, such as

Wiley test, methyl violet test, and Abel test, require

observation with the naked eye to determine the time

required for color change, thereby associated with

highly subjective factors with action process and

mechanism that cannot be studied (Trache and Tar-

choun 2018a). Several non-isothermal decomposition

research methods, such as thermogravimetric method

and differential scanning calorimetry methods, can

determine limited decomposition kinetic parameters,

but they are based on rapid heating and cannot reflect

slow NC decomposition. In contrast, isothermal

decomposition can reflect the actual decomposition

situation perfectly, by virtue of their relatively low

temperature, large sample consumption, small weigh-

ing error, the homogeneous and representative sample,

and facilitates determination of slow chemical reac-

tions. Unfortunately, accelerated aging test is a

common isothermal decomposition method to predict

the storage life without continuous monitoring (Zhao

et al. 2018). Bergmann–Junk (BJ) and Vacuum

Stability Test (VST) were applied to investigate the

effect of organic eutectic mixture on the stability of

NC even though they have complex operation, many

steps, and high labor cost (Chelouche et al. 2019). In

our previous work, a new isothermal decomposition

dynamics research instrument has been developed to

effectively circumvent these challenges and has been

successfully applied to study CL-20 and NC isother-

mal decomposition kinetics (Luo et al. 2019a, b; Xiao

et al. 2016). To continue our interest in isothermal

decomposition, we used this instrument to study the

interaction and mechanism of NC and stabilizers.

Considering the currently reported stabilizers, strik-

ingly, N-methyl-4-nitroaniline (MNA) is an attractive

candidate for NC stabilization because of its appealing

capability to retain the nitrogen oxides, good thermal

stability, and facile synthesis from abundant and

inexpensive starting materials (Trache et al. 2018;

Tang et al. 2016). Herein, we first studied the

isothermal kinetics and interaction mechanisms

between NC and MNA by using the isothermal

thermal decomposition device, and the effect of

MNA on the storage life of NC was estimated using

Berthelot equation. Intermediate product structure

resulting from MNA and NC action was further

confirmed using UV–Vis, HPLC, FT-IR, LC–MS, and
1H NMR, and the possible stability mechanism of

MNA to NC was proposed.

Experimental

Materials

MNA (purity[ 99%), ethyl alcohol, acetonitrile, and

dichloromethane were of analytical grade. All of the

above chemicals were purchased from Kelong Chem-

ical Reagents Company (Chengdu, China) and used

without further purification. NC with 12.76% nitrogen

content was supplied by the China Academy of

Engineering Physics (Mianyang, Sichuan). Deionized

water used in HPLC was from local sources.

Caution! NC is an explosive hazardous with

sensitivity to various stimuli. During storage, fire

and static electricity discharge should be avoided and

the storage temperature don’t exceed 313.15 K. For

security, wetting agent such as water and ethanol

should be added. When experimenting, metal spatulas

are strictly forbidden. Once the pressure rises too fast

in the experiment, the experiment should be stopped

immediately. Extreme caution is advised.

Preparation

NC/MNA (3 wt%) composites were well combined

via the simple solvent evaporation method. The
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selected weight addition ratio of MNA was 3 wt%

(Chelouche et al. 2019). Briefly, a total of 92.8 mg of

MNA was dissolved in 10 mL of ethanol under

ultrasonic conditions to obtain a solution of 9.28 mg/

mL of MNA in ethanol. Then, 1.0 mL of above-

mentioned solution was added to a test tube containing

300 mg of NC, which was uniformly dispersed on the

NC surface under ultrasonic conditions. Thereafter,

the mixtures were dried at 323.15 K under vacuum

condition until constant weight to obtain the NC/MNA

(3 wt%) composites.

After the isothermal decomposition of NC/MNA (3

wt%) reached a certain reaction extent, 20 mL of

dichloromethane was added to extract the residue

under ultrasonic conditions. The extraction was

repeated several times until there was no product

was left, and the filtrates were combined for further

analytical testing.

Instruments and methods

The isothermal decomposition of NC/MNA (3 wt%)

was determined using an isothermal decomposition

dynamics research instrument (Luo et al. 2019a, b).

The instrument is composed of pressure sensor,

thermostat, pressure transmitter, DC power supply,

computer, vacuum pump, and some fittings (Fig. 1 and

Fig. S1�). Samples (300 mg) were investigated

isothermally at different temperatures (i.e.,

378.15 K, 383.15 K, 388.15 K, 393.15 K and

398.15 K). To obtain the total gas pressure of NC/

MNA (3 wt%), 10 mg NC/MNA (3 wt%) was

completely decomposed at 433.15 K. Thermal

reaction units with samples were sealed tightly and

evacuated to the initial pressure below 0.1 kPa, and

pressure values were kept stable over 24 h to ensure

that they were sealed well. After setting the heating

program of the temperature controller, the reaction

units were heated from room temperature to the target

temperature with a constant heating rate (2 K/min)

and consistently maintained at the target temperature

isothermally unremittingly. They were placed into the

constant temperature thermostat, and data-collection

interval was 1 min.

Characterization

Ultraviolet–visible (UV–Vis) spectra were performed

a UV-1600 spectrophotometer with acetonitrile as the

solution. Elite high performance liquid chromatogra-

phy (HPLC) P230 was used for analysis. The separa-

tion was done on a UV detector, and sampling was

done with an auto sampler. Data collection for

chromatogram was done by N2000. The column used

was Welchrom-C18 (250 mm 9 4.6 mm) with

mobile phase of acetonitrile–water (the ratios of

volume = 60:40) mixture solvent. Filtration of mobile

phase was carried out by 0.45 lm membrane filter

under the isocratic condition with flow rate of

0.5 mL min-1, injected volume of 20 lL, and elution

monitored at 345 nm with run time of 15 min. Fourier

transform infrared spectroscopy (FT-IR) was recorded

with a Nicolet-5700 FT-IR spectrometer using pressed

KBr pellet in the range of 4000–400 cm-1. 1H NMR

spectra of the intermediate product produced by the

action of MNA and NC was collected using a JEOL

Fig. 1 Schematic of components connecting the isothermal decomposition dynamics research instrument
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GSX 400-MHz nuclear magnetic resonance (NMR)

spectrometer in CDCl3 solution. Liquid chromatogra-

phy–mass spectrometry (LC–MS) was a varian

equipped with an electrospray ionization (ESI), source

using negative mode.

Results and discussion

Isothermal thermal decomposition and stability

of NC and NC/MNA (3 wt%)

The sample was measured isothermally at 378.15 K,

383.15 K, 388.15 K, 393.15 K, and 398.15 K using

an isothermal decomposition dynamics research

instrument. Then, the pressure values were converted

into standardized pressure values under the unified

temperature of 298.15 K in accordance with the

equation as follows (Luo et al. 2019a, b; Xiao et al.

2016):

P1

P0

¼ T1

T0
ð1Þ

where P1 is the net pressure values (kPa), T1 is the

corresponding test temperature (K), P0 is the stan-

dardized net pressure values (hereafter referred to as

pressure values), and T0 is 298.15 K.

The standardized gas pressure–time curves of NC/

MNA (3 wt%) under 298.15 K are depicted in Fig. 2.

Thermal decomposition of 10 mg NC/MNA (3 wt%)

at 433.15 K from the acceleration period to the

constant velocity and deceleration period is clearly

illustrated (Fig. 2a). With NC/MNA (3 wt%) decom-

position, pressure gradually increased over time until

it remained constant, indicating that decomposition

was complete. At 433.15 K, the time observed to

complete the conversion of 10 mg NC/MNA (3 wt%)

was 1563 min, and the total gas pressure was

106.42 kPa, suggesting that 3192.45 kPa was the gas

pressure produced by the complete decomposition of

300 mg samples. Figure 2b shows the pressure–time

curves of NC/MNA (3 wt%) at different temperatures.

All pressure–time curves obtained via the isothermal

decomposition of NC/MNA (3 wt%) at 378.15 K,

383.15 K, 388.15 K, 393.15 K and 398.15 K had a

significant inflection point. Notably, compared with

the pressure–time curve of pure NC at the same

temperature, the pressure of the gas generated by NC/

MNA (3 wt%) decomposition before the inflection

point was remarkably slower with time (Fig. 3).

Subsequently, the pressure increase rate of NC/MNA

(3 wt%) decomposition increased rapidly after the

inflection point, which is attributed to the stabilizer

MNA was consumed. The autocatalytic decomposi-

tion of nitrogen oxides generated by NC decomposi-

tion further accelerated NC/MNA decomposition.

Fig. 2 Time dependence of the standardized gas pressure of NC/MNA (3 wt%) under the unified temperature of 298.15 K: a complete

decomposition at 433.15 K; b at different temperatures of 378.15 K, 383.15 K, 388.15 K, 393.15 K, and 398.15 K
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Effect of stabilizer MNA on the isothermal

decomposition kinetics of NC

The isothermal decomposition process was investi-

gated to explore the stabilizer (MNA) effect on

isothermal decomposition kinetics of NC. The isother-

mal decomposition kinetics was calculated using both

Arrhenius equation and the model-fitting method (Hu

et al. 2008). The kinetic parameters of solid-state

reaction, including activation energy (Ea), pre-expo-

nential factor (A), mechanism model G(a), and

reaction rate constant k should be determined for a

complete kinetic description.

The extent of reaction (a) is defined as follows (Hu
et al. 2008; Liu et al. 2012):

a ¼ P

PT

ð2Þ

where P (kPa) is the pressure of the gas generated by

NC or NC/MNA (3 wt%) decomposition at any time

and PT (kPa) denotes total gas pressure produced by

complete decomposition of NC or NC/MNA (3 wt%).

According to the gas pressure data generated by NC/

MNA (3 wt%) decomposition under different isother-

mal conditions with time, the time required for

different decomposition extents of NC/MNA (3

wt%) can be calculated using Eq. (2). Figure 4

schematically displays the corresponding pressure

and time of NC/MNA (3 wt%) at different decompo-

sition extent. Obviously, the decomposition depth of

the NC/MNA (3 wt%) isothermal decomposition

pressure–time curve inflection point was between 0.5

and 0.6. Table 1 exhibits the time required for NC/

MNA (3 wt%) decomposition to attain a certain extent

at different temperatures, wherein, the decomposition

depth a = 0.1–0.5% corresponds to ‘‘before inflection

point’’ and a = 0.6–1.0% corresponds to ‘‘after inflec-

tion point.’’

Arrhenius equation was as follows (Chu 1994; Hu

et al. 2008):

log t ¼ � logAþ Ea=2:303RT ð3Þ

where t is the time required to attain a certain

decomposition extent (s), A denotes the pre-exponen-

tial factor (s-1), Ea represents the decomposition

activation energy (kJ mol-1), R stands for the gas

constant (8.314 kJ K-1 mol-1), and T indicates the

isothermal decomposition temperature (K). Data in

Table 1 were computed using Eq. 3, and logt was

plotted against T-1 (Fig. 5). Corresponding apparent

activation energy Ea and pre-exponential factor A of

NC/MNA (3 wt%) under different decomposition

extents can be calculated from the slope and intercept.

Similarly, the apparent activation energy Ea and pre-

exponential factor A of NC under different decompo-

sition extents can be calculated according to Arrhenius

equation. As shown in Table 2, the decomposition

activation energies of pure NC at decomposition

extents of 0.5% and 1.0% were similar at

145.6 kJ mol-1 and 146.3 kJ mol-1, respectively,

implying that NC decomposition mechanism at dif-

ferent decomposition extents is consistent. However,

the NC/MNA (3 wt%) decomposition activation

energy before and after the inflection point was very

Fig. 3 Comparison curve of pressure–time of NC and NC/

MNA (3 wt%) under the unified temperature of 298.15 K

Fig. 4 Corresponding pressure and time of NC/MNA (3 wt%)

at different decomposition degrees under 388.15 K isothermal

decomposition conditions
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different. In detail, before the inflection point, the

activation energy at a decomposition depth of 0.5%

was 160.8 kJ mol-1, and the activation energy at a

decomposition depth of 1.0% after the inflection point

was 140.7 kJ mol-1. The decomposition activation

energy of NC/MNA (3 wt%) before the inflection

point was significantly higher than that of NC, which

manifests that NC was increasingly stabilized with

MNA addition. The decomposition activation energy

of NC/MNA (3 wt%) after the inflection point was

slightly lower than that of NC, which should be caused

by the consumed stabilizer MNA in the NC/MNA (3

wt%) as decomposition progressed further.

Additionally, the model-fitting method was also

used to study the isothermal decomposition kinetics of

NC/MNA (3 wt%). The most probable reaction

mechanism was selected from 41 kinds of commonly

used mechanisms by the least square method based on

the model fitting principle, which is the basis of the

fitting line with the maximum correlation coefficient

and the minimum intercept. The model-fitting method

equation is as follows (Hu et al. 2008):

GðaÞ ¼ kt ð4Þ

before the inflection point, data with 0.1%, 0.2%,

0.3%, 0.4%, and 0.5% decomposition extents were

selected for calculation. After the inflection point, the

data with 0.6%, 0.7%, 0.8%, 0.9%, and 1.0% decom-

position extents were selected for calculation.

Through the G(a) versus t relationship of linear

regression before and after the inflection point, best

mechanism functions and kinetics parameters under

different temperatures were obtained, as depicted in

Tables 3 and 4. For NC/MNA (3 wt%), at

378.15–398.15 K, the models consistently conformed

to No.28, corresponding to the reaction order (n = 1/4)

Table 1 Time required for

NC/MNA (3 wt%) to attain

a certain decomposition

depth extent at different

isothermal decomposition

temperatures

Decomposition extent (a) (%) 378.15 K 383.15 K 388.15 K 393.15 K 398.15 K

t/min t/min t/min t/min t/min

0.1 573 330 162 90 48

0.2 1494 800 385 228 114

0.3 2527 1290 618 373 183

0.4 3577 1805 870 516 251

0.5 4302 2206 1122 653 319

0.6 4686 2432 1297 777 379

0.7 5062 2632 1418 869 424

0.8 5411 2829 1531 931 459

0.9 5746 3020 1642 992 491

1.0 6060 3228 1748 1051 525

Fig. 5 Plot of logt versus T-1 of NC/MNA (3 wt%)

Table 2 Kinetic

parameters of NC/MNA (3

wt%) and NC based on

Arrhenius equation

Sample Decomposition extent (a) Ea (kJ mol-1) logA R

NC/MNA (3 wt%) 0.5% (before the inflection point) 160.8 16.79 0.9980

1.0% (after the inflection point) 140.7 14.40 0.9983

NC 0.5% 145.6 14.91 0.9986

1.0% 146.3 14.73 0.9990
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either before or after the inflection point, which agrees

fairly well with pure NC. Hence, MNA addition did

not change the mechanism function of NC. Further-

more, compared with that of pure NC, the k value

before the inflection point was smaller while the

k value after the inflection point was larger (Fig. 6),

suggesting that NC/MNA (3 wt%) decomposition was

slower before the inflection point. As decomposition

progressed, the stabilizer MNA was consumed, and

NC/MNA (3 wt%) decomposition increased sharply

after the inflection point.

Afterward, the Arrhenius parameters were evalu-

ated via the Arrhenius equation:

ln k ¼ �Ea=RT þ lnA ð5Þ

where k is the reaction rate constant (s-1), Ea

represents the activation energy (kJ mol-1), R denotes

the gas constant (8.314 kJ K-1 mol-1), T indicates the

temperature (K), and A refers to the pre-exponential

factor (s-1). When lnk was plotted against T-1, two

straight lines approximately before and after the

inflection point were obtained through linear fitting

(Fig. 7). The experimental points before the inflection

point were described as lnk = - 19,592.86/T ? 32.57

with R = 0.9974, and the experimental points after the

inflection point followed lnk = - 17,398.13/

T ? 27.77 with R = 0.9987. According to the slope

and intercept of abovementioned equations based on

the model-fitting method, the isothermal thermal

decomposition kinetic parameters of NC/MNA (3

wt%) before and after the inflection point are listed in

Table 5. As such, the isothermal decomposition

activation energy of NC/MNA (3 wt%) before the

Table 3 Decomposition reaction constant rate and mechanism function of NC/MNA (3 wt%) before the inflection point via model-

fitting method

Temperature (K) Model no. Model name k 9 10–9 s-1 G(a) R

378.15 28 Reaction order n = 1/4 4.36 1 - (1 - a)1/4 0.9956

383.15 28 Reaction order n = 1/4 8.77 1 - (1 - a)1/4 0.9982

388.15 28 Reaction order n = 1/4 17.35 1 - (1 - a)1/4 0.9990

393.15 28 Reaction order n = 1/4 29.53 1 - (1 - a)1/4 0.9999

398.15 28 Reaction order n = 1/4 61.50 1 - (1 - a)1/4 0.9999

Table 4 Decomposition reaction constant rate and mechanism function of NC/MNA (3 wt%) after the inflection point via model-

fitting method

Temperature (K) Model no. Model name k 9 10–8 s-1 G(a) R

378.15 28 Reaction order n = 1/4 1.23 1 - (1 - a)1/4 0.9985

383.15 28 Reaction order n = 1/4 2.20 1 - (1 - a)1/4 0.9984

388.15 28 Reaction order n = 1/4 3.79 1 - (1 - a)1/4 0.9994

393.15 28 Reaction order n = 1/4 6.87 1 - (1 - a)1/4 0.9999

398.15 28 Reaction order n = 1/4 12.54 1 - (1 - a)1/4 0.9999

Fig. 6 Comparison histogram of reaction rate-temperature of

NC and NC/MNA (3 wt%)
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inflection point was significantly higher than that of

NC, and the isothermal decomposition activation

energy of NC/MNA (3 wt%) after the inflection point

was slightly lower than that of NC.

To get insight into the effect of MNA content on

NC isothermal decomposition, we conducted the

thermal decomposition of NC/MNA (1 wt%), NC/

MNA (2 wt%), NC/MNA (3 wt%), NC/MNA (4 wt%),

and NC/MNA (5 wt%) at 388.15 K. Figure 8a

displays the pressure–time curves of NC/MNA with

different MNA content. It was found that increased

MNA content in NC/MNA prolonged the time for the

pressure–time curve of NC/MNA to reach the inflec-

tion point and the degree of thermal decomposition

(a), corresponding to the inflection point increase

(Fig. 8b). Previous results have shown that NC/MNA

isothermal decomposition before the inflection point

was slower than that of NC. Above results readily

elucidate that the NC/MNA became increasingly

stable as the MNA content in the NC/MNA increased.

Effect of stabilizer MNA on NC storage life

Berthelot equation (Zhao et al. 2018; Hu et al. 2008) is

suitable for a consistent G(a) with the same decom-

position extent at different temperatures and applied to

calculate the storage life, as follows:

log tT ¼ aþ b� T ð6Þ

Fig. 7 Plot of lnk versus T-1 of NC/MNA (3 wt%)

Table 5 Kinetic parameters of NC/MNA (3 wt%) and NC based on the model fitting method

Sample Decomposition extent (a) Ea (kJ mol-1) lnA R

NC/MNA (3 wt%) 0.1–0.5% (before the inflection point) 162.9 32.57 0.9974

NC/MNA (3 wt%) 0.6–1.0% (after the inflection point) 144.6 27.77 0.9987

NC 0.1–0.5% 144.7 27.39 0.9986

Fig. 8 a Pressure–time curves of NC/MNAwith differentMNA

content at 388.25 K: NC/MNA (1 wt%), NC/MNA (2 wt%),

NC/MNA (3 wt%), NC/MNA (4 wt%), and NC/MNA (5 wt%);

b the histogram of decomposition extent (a) and time with

different MNA content at 388.25 K: NC/MNA (1 wt%), NC/

MNA (2 wt%), NC/MNA (3 wt%), NC/MNA (4 wt%), and NC/

MNA (5 wt%)
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where tT is the reaction time to reach a certain extent of

reaction, a and b denote the undetermined coefficients,

and T is the temperature for calculated. Data in Table 1

were calculated using Eq. 6, and logtT was plotted

against T (Fig. 9). The corresponding life equations

under different decomposition depth conditions were

obtained (Table 6). Then, the storage lives of NC and

NC/MNA (3 wt%) at 298.15 K, 323.15 K, 343.15 K,

363.15 K, and 378.15 K were estimated using the

obtained life equations. As shown in Table 6, if the

time required for the decomposition extent (a) reached
0.1% as the end of life, the effective storage life of NC

at ambient temperature (298.15 K) was 10.54 years.

The effective storage life of NC/MNA (3 wt%) was

24.94 years, revealing that addition of 3% stabilizer

MNA extended the life of NC by 136.5%. If the time

required for the decomposition extent (a) to reach

0.5% as the end of life was used, NC/MNA (3 wt%)

lifespan at 298.15 K was 233.06 years, which is about

340% longer than that of NC.

Additionally, for comparison, Arrhenius–Van’t

Hoff equation (Shekhar 2011) is also used to predict

storage life. It was given by Eq. (7):

t2

t1
¼ ðc10Þ

T1�T2
10 ð7Þ

where t2 is storage life at temperature T2, t1 is storage

life at temperature T1. And 10 �C is taken as a standard

and for every 10 �C rise or fall in temperature, the

sample properties changes by the same fraction,

Fig. 9 Plot of logtT against T of NC/MNA (3 wt%)

Table 6 The estimated time of NC/MNA (3 wt%) and NC to reach a certain decomposition extent at various temperatures based on

Berthelot equation and Arrhenius–Van’t Hoff equation

Sample a
(%)

Method Empirical formulas R Time

(years)

Time

(years)

Time

(days)

Time

(days)

Time

(min)

298.15 K 323.15 K 343.15 K 363.15 K 378.15 K

NC 0.1 Berthelot

equation

logtT = - 0.0509T ? 23.70 0.9903 10.57 0.56 19.71 1.89 469

NC 0.5 Berthelot

equation

logtT = - 0.0505T ? 24.28 0.9984 52.91 2.89 103.12 10.08 2536

NC/

MNA

(3

wt%)

0.1 Berthelot

equation

logtT = - 0.0544T ? 25.10 0.9985 24.94 1.09 32.58 2.67 587

NC/

MNA

(3

wt%)

0.5 Berthelot

equation

logtT = - 0.0558T ? 26.49 0.9981 233.06 9.40 263.09 20.17 4232

NC/

MNA

(3

wt%)

0.1 Arrhenius–

Van’t Hoff

equation

– – 24.55 1.07 31.92 2.61 573

NC/

MNA

(3

wt%)

0.5 Arrhenius-

Van’t Hoff

equation

– – 246.76 9.83 272.26 20.66 4302
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defined by c10. The storage lives of NC and NC/MNA

(3 wt%) at 298.15 K, 323.15 K, 343.15 K, 363.15 K,

and 378.15 K were estimated according to Eq. (7) and

also listed in Table 6. Results show that the estimated

storage lives from the two methods are almost the

same. These results disclosed that the addition of

stabilizer MNA can significantly improve the thermal

stability of NC and prolong its storage life.

Stability mechanism of stabilizer MNA to NC

To obtain the intermediate product information pro-

duced by MNA and NC action and confirm the

interaction mechanism of MNA on NC stability, NC/

MNA residues with different decomposition extents

(a = 0.1%, 0.3%, 0.5%, 0.7%, and 0.9%) were

conducted by HPLC and UV–Vis spectroscopy. HPLC

chromatograms of NC/MNA (3 wt%) decomposition

residues with different decomposition extents are

showed in Fig. 10a. With the increase of the decom-

position extent of NC/MNA (3 wt%), the MNA

content decreased gradually at 10.09 min, and a new

intermediate appeared at 11.44 min. The intermediate

content increased with the increase of NC/MNA (3

wt%) decomposition extent. The UV–Vis results were

consistent with that of HPLC. As shown in Fig. 10b

and Fig. S2�, MNA (393 nm) content was signifi-

cantly reduced, while a new absorption peak appeared

at 312 nm as the decomposition extent of NC/MNA (3

wt%) increased, deeming that MNA was converted as

an intermediate product. The MNA content in the NC/

MNA residue at different decomposition extent was

further quantified using HPLC (Fig. S3� and Table 7).
It can be inferred that the MNA consumption

percentage was greater than 90% when the degree of

conversion was greater than 0.6%. Thus, MNA was

almost consumed when the NC/MNA (3 wt%) thermal

decomposition pressure–time curve reached the inflec-

tion point, which is consistent with the previous

isothermal decomposition kinetics results. The MNA

consumption followed the first-order kinetics, as seen

in the linear fitting profiles shown in Fig. S4�. The
first-order rate constant (k) was calculated using the

equation, as follows:

� lnðCt=C0Þ ¼ kt ð8Þ

Fig. 10 a HPLC chromatograms of decomposition residues of

NC/MNA (3 wt%) with different degrees of decomposition;

inset: image showing the different decomposition extents of NC/

MNA (3 wt%); b UV–Vis spectra of different decomposition

extents of NC/MNA (3 wt%)

Table 7 Consumption percentage of MNA in NC/MNA (3 wt%) at different decomposition extents

Decomposition extent (a) 0 0.1% 0.3% 0.5% 0.7% 0.9%

Consumption percentage of MNA (%) 0 17 58 85 96 97

123

9030 Cellulose (2019) 26:9021–9033



where C0 and Ct are the MNA compound concentra-

tion at the isothermal decomposition time of 0 and t,

respectively. The calculated kinetic rate constant

k was 0.0027 min-1 with the correlation coefficients

of approximately 0.9679.

To further confirm the molecular structure of the

intermediate product produced by MNA and NC

action, FT-IR, 1H NMR, and LC–MSwere carried out.

The characteristic bands in the FT-IR spectrum of

MNA and the intermediate product are shown in

Fig. 11. The IR spectrum of the intermediate product

showed that N–H stretching vibration characteristic

peak was not observed in 3365 cm-1 region, whereas

it was observed in the IR spectrum of MNA. Strong

absorption at 1515 cm-1 in the IR spectrum was

assigned to the nitroso group. As shown in Fig. 12, the
1H NMR spectrum of the intermediate product illus-

trated two double peaks of the para-substituted

benzene ring in the benzene ring region, explaining

that MNA benzene ring did not participate in the

reaction. N–H proton signal was absent between 5 and

6 ppm, whereas methyl proton signal was found at

3.4 ppm because the anisotropic deshielding effect of

the nitroso group shifted the position of the methyl

proton to a high ppm. The 1H NMR spectrum clearly

exhibited that the intermediate product after MNA and

NC action has lost the hydrogen on the nitrogen.

Above results manifested that the intermediate pro-

duct produced by the action of MNA and NC was N-

methyl-N-(4-nitrophenyl) nitrous amide (N-NO-

MNA). Then, LC–MS was also performed to give

direct proofs for the intermediate product structure,

and its mass spectrum demonstrated a molecular ion

peak at m/z = 180.8, which is consistent with that of a

nitroso group in place of the hydrogen in N–H

(Fig. S5�). The intermediate product structure result-

ing from the action of MNA and NC was also in

Fig. 11 FT-IR spectra of raw MNA and intermediate product

obtained from the NC/MNA (3 wt%) isothermal decomposition

residue

Fig. 12 1H NMR of intermediate product obtained from the NC/MNA (3 wt%) isothermal decomposition residue
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agreement with that of the previous report by Tang

et al. (2016).

According to the abovementioned results and

analysis and that of previous studies, the potential

stability mechanism for MNA during NC/MNA (3

wt%) isothermal decomposition was proposed and

summarized in Fig. 13. NOx is generated when NC

slowly decomposed under isothermal conditions.

Then, MNA immediately absorbs NOx to form the

corresponding intermediate N-NO-MNA, which pre-

vents NOx from further catalyzing NC decomposition.

As such, the thermal decomposition of NC is inhibited

and its storage life is prolonged.

Conclusions

In summary, the interaction and mechanism of NC and

MNA were investigated via the isothermal decompo-

sition research method. Interestingly, a significant

inflection point was found on the isothermal decom-

position pressure–time curve of NC/MNA (3 wt%).

The decomposition activation energy of NC/MNA (3

wt%) before the inflection point was 160.8 kJ mol-1,

which is higher than that of NC 145.6 kJ mol-1. Thus,

NC/MNA (3 wt%) thermal stability before the inflec-

tion point was better than that of pure NC. On the other

hand, NC/MNA (3 wt%) decomposition activation

energy after the inflection point was reduced to

140.7 kJ mol-1, which was slightly lower than that

of NC. In-depth studies have shown that as MNA/NC

(3 wt%) thermal decomposition reached the inflection

point, MNA was exhausted, resulting in a decreased

MNA/NC decomposition activation energy and ther-

mal stability deterioration after the inflection point.

NC/MNA (3 wt%) storage life was also calculated

using Berthelot equation. The results showed NC

storage life was significantly extended with stabilizer

MNA addition. The effective storage life of NC at

ambient temperature (298.15 K) can be extended from

10.57 to 24.9 years with the extent of reaction reach-

ing 0.1% with 3 wt%MNA addition. The intermediate

product of MNA and NC action was extracted and

characterized, and the mechanism of the stabilizer

MNA to NC involved the MNA absorption of NOx to

form N-NO-MNA.
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