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Abstract Thermal behaviors of electrospinned polymer
nanofibers including azidodeoxy cellulose nitrate (ACN)
and polyurethane (PU) were studied by thermal analysis
techniques i.e., differential scanning calorimetery (DSC)
and thermogravimetery (TG). Thermoanalytical results
revealed that main thermal degradation for the ACN
nanofibers occurs during three individual steps at the
temperature range of 160-500 °C. Similarly, PU nanofibers
decompose completely during three steps at the tempera-
ture range of 190—460 °C. However, nanofibers of ACN
and PU have lower thermal stabilities in comparison with
their bulk form. Thermal decomposition kinetic of the
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nanofibers was studied by non-isothermal DSC at different
heating rates. Meanwhile, thermal decomposition kinetic of
nanofibers was studied by non-isothermal DSC at different
heating rates.
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Introduction

Polymeric materials i.e., azidodeoxy cellulose nitrate
(ACN) and polyurethane are used as binder to adhere solid
particles to each other in order to formulate fuel and oxi-
dizer in composite explosives or composite propellants
[1-4]. Nitrocellulose with high nitrogen-content is one of
the most widely used energetic polymers. Azidodeoxy
cellulose nitrate (ACN) with the chemical structure shown
in Fig. lais one of the cellulose nitrate derivatives. The use
of ACN as an energetic binder is under investigation during
recent years [3, 4].

Polyurethanes are a main class of synthetic elastomers.
The polymer group of polyurethanes includes all polymers
that contain urethane i.e., urea or other isocyanate derived
groups. The commonly used reagents for the partitioned
polyurethanes are including a diisocyanate, a polyol, and
an extender. The polyurethanes can be considered as multi-
block copolymers, consisting of a hard and a soft block
section. This group of polymers forms a versatile class of
polymers, which are used in a various range of applications
such as elastomers, foams, coatings, fibers, and biomedical
materials [5-9].

Recently, nanofibers have obtained the attention of
researchers due to their remarkable nano-structure
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characteristics i.e., high surface area, small pore size, and the
possibility of their producing three dimensional structures that
enable the development of advanced materials with sophisti-
cated applications [10-12]. However, thermal stability and
decomposition kinetic of nanofibers may be different from
micron-sized particles of a same polymer. Meanwhile, the
particle size of materials could influences on the systems
performance especially in propellants, pyrotechnics, and
explosives formulations [ 1, 2]. Therefore, investigation on the
thermal stability of nanofibers (before their using in various
formulations and compositions) is essential in order to obtain
safety and stability information for handling, storage, and
usage of compositions containing nanofibers. Thermal ana-
lysis techniques i.e., TG, DSC, and DTA are useful methods
for empirically understanding thermal properties of the
polymers [13-20].

In this work, thermal stability of two polymers, which
commonly used as binder in energetic compositions,
including ACN and PU were investigated by means of
simultaneous  thermogravimetery—differential scanning
calorimetery (TG/DSC). Effect of polymer particle size on
thermal stability was studied using two different samples
including electrospinned nanofibers and micron-sized par-
ticles as foam shape material. Also, in this study, an
attempt has been made to determine thermokinetic
parameters on non-isothermal decomposition of the
investigated electrospinned nanofibers. To the best our
knowledge, various data are available on thermal behaviors
and decomposition kinetics of ACN [1] and PU in bulk
form [21-23]. But, there is no report on the thermal

Fig. 1 a Chemical structure of
ACN; b synthesis reaction of
PU
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behavior and decomposition of ACN and polyurethane
nanofibers.

Experimental

All chemical reagents, i.e., 4,4'methylene bis (phenyl iso-
cyanate), polycaprolactone diol (99 %) and 1,4-butanediol,
and cellulose were purchased from Aldrich Company. The
other chemicals, i.e., tetrahydrofurane, N,N- dimethyl
formamide, sodium azide, and tetrachloroethylene and
nitric acid, were from Merck (Darmstadt Germany) or
Fluka (Buchs, Switzerland).

The investigated polymer materials (ACN and PU) were
synthesized in chemistry labratory. ACN polymer was
synthesized as proposed by Ref. [24]. The polyether-
polyurethane (PU) was prepared as shown in Fig. 1b, by
reacting 4,4'methylene bis (phenyl isocyanate) with
polycaprolactone diol (99 %) and 1,4-butanediol as chain
extending agent. The ratio of 1,4-butanediol to isocyanate
and polycaprolactine was 5:1:1 [25]. The prepared poly-
mers were characterized by NMR, FT-IR, and gel perme-
ation chromatography techniques. NMR spectrum of the
polymer in (D6) DMSO, TMS was recorded on a Bruker
400 spectrometer. The IR spectrum of the PU sample was
obtained on a FT-IR spectrophotometer (Perkin-Elmer
1600) using the KBr coins. The molecular weight of the PU
sample was determined using gel permeation chromatog-
raphy (Young Lin SP910D solvent delivery pumo, RI 750F
refractive index detector).
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Fig. 2 Spectra of the (a) 100
synthesized PU polymer
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Electrospinning process was applied in order to generate
polymers nanofibers. The PU and ACN solutions were
prepared by dissolving their bulk materials in a mixture of
solvents including 60 % THF and 40 % formaldehyde. The
PU and ACN concentrations were 10 % (W/V, with respect
to solvent). The prepared spinning solutions were imme-
diately loaded into a plastic syringe with a needle inner
diameter of 0.9 mm, while the syringe was fixed horizon-
tally on a homemade syringe pump. The solutions were
spun onto a grounded collector wrapped with aluminum
foil. During the electrospinning process, the potential of
17 kV was attached to the needle using a high-voltage
power supply. The distance between the needle tip and the
collecting was 15 cm.

Thermogravimetric analysis (TG) and differential
scanning calorimetry (DSC) were carried out by a Stanton
Redcroft, STA-780 series. TG/DSC experiments were
carried out in an alumina crucible, under heating rate of
10 °C min~" in a temperature range of 30-900 °C. The
purged gas was nitrogen with the flow rate of
50 mL min~"'. The used sample mass was about 3.0 mg.

Thermokinetic and thermodynamic parameters corre-
spond to the thermal decomposition of ACN and PU
nanofibers were studied by non-isothermal DSC at different
heating rates. DSC curves for decomposition of both
polymers nanofibers at different heating rates (i.e., 5, 10,
15, and 20 °C min_l) were obtained.

Results and discussion
Characterization of synthesized polymers

The synthesized polymer samples were characterized to
determine the chemical composition and structure by
NMR, FT-IR, and gel chromatography techniques.
Figure 2a shows the FT-IR spectrum of the PU sample.
The typical functional groups of the PU are shown in the
spectrum. The N-H group absorbs at 1,545, 3,320, and
2,040 cm™'. The bands at 3,320 cm™' and 2,040 cm™'
correspond to the non-bonded and bonded NH groups,
respectively. The peaks at 1,687 and 1,545 cm ™' belong to
the bonded and non-bonded carbonyl groups, respectively.
Meanwhile, the strong peak appeared at 1,227 cm™" cor-
responds to the C-O group adjacent to carbonyl group.
Figure 2b presents the H-NMR spectrum of the PU. As
seen in this figure, § = 7.1 and 6.7 ppm correspond to the
hydrogen in NH, 8 = 3.9 ppm for (2H in CH,0), 2.96 ppm
(2H in CH,N), 1.48 ppm (2H in CH,CH;0), and 1.40 ppm
(2H in CH,CH;N). The other CH, group gives peak at
1.24 ppm. Furthermore, the gel permeation chromatogra-
phy results were used to calculate the polydispersity and
molecular weight of the sample relative to the polystyrene
standard. The results showed that the synthesized PU has a
molecular weight of 98,000 and polydispersity index (PDI)
of 2.1. Figure 3a shows the FT-IR spectrum of the
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Fig. 3 Spectra of the
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synthesized ACN. The typical functional groups corre-
spond to the ACN could be observed in the spectrum. The
asymmetric and symmetric bands, respectively, at 1,655
and 1,279 cm™! are attributed to the O-NO, group. The
vibration band at 837 cm™' corresponds to the C—-O-NO,
group. The absorption peak at 2,117 cm™' belongs to the
azide group. Meanwhile, Fig. 3b presents the C-NMR
spectrum of the synthesized ACN. As seen in the spectrum,
the appeared peak at 50 ppm corresponds to the bonding of
azide group to the C6, while the other peaks are specified in
the figure. Furthermore, the gel permeation chromatogra-
phy results were used to calculate the DP, (degree of
polymerization) of the ACN sample. The results showed
that the synthesized ACN has a DP,, of 65.

Figure 4 shows SEM images of the prepared nanofibers.
Figure 4a presents the SEM image of PU nanofibers pre-
pared via electrospining process. As seen in this figure, the
PU nanofibers have an average diameter about 85 nm. On
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the other hand, Fig. 4b shows the SEM image corresponds
to the electrospinned ACN nanofibers. As seen in this
figure, ACN nanofibers have an average diameter about
70 nm. The prepared PU and ACN nanofibers were used to
study their thermal stabilities and decomposition kinetics.

Thermal behavior of polymers samples

TG/DSC curves for PU samples are shown in Fig. 5. As
shown in Fig. 5a, DSC curve for PU nanofibers sample
shows three endothermic phenomena with minimum peak
temperatures of 179.8, 341.7, and 424.2 °C. These results
are compatible with TG curve of the PU nanofibers sample
which shows three mass loss steps. At the first step, PU
nanofibers undergo an endothermic phenomenon at about
179.8 °C due to the initiation of decomposition process.
TG curve proofs this result and presents approximately 5 %
mass loss for this phenomenon. Also, DSC curve of PU
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Fig. 4 SEM Images of Investigated Nanofibers: a PU and b ACN

nanofibers at higher temperatures present two other endo-
thermic events at temperature range of 310-360 °C and
400-450 °C. The observed mass loss corresponds to the
first temperature range was about 25 %, while the mass
loss value for the second temperature range was approxi-
mately 63 %. These results show that thermal decompo-
sition of the PU nanofibers started at about 170 °C along
with 5 % mass loss that is probably due to the releasing the
cyanide group from the backbone of the polymer followed
by decomposing of polymer chain and consequently com-
plete decomposition of PU nanofibers in the end of third
step.

Figure 5b presents TG/DSC curves for PU in the bulk
form. Thermal behavior of this sample is similar to the
nanofibers sample. However, in the DSC curve, three
endothermic peaks were observed with minimum at the

temperatures of 200.0, 344.7, and 450.2 °C. Here, again the
first peak originates from starting thermal decomposition of
the PU (at 192 °C), and probably realizing the functional
group of the polymer followed by that of decomposition
the backbone of the polymer at higher temperatures (344.7
and 450.2 °C). The results of TG for PU sample in the form
of bulk material showed that the major endothermic
decomposition is occurred around 350 °C. However, TG
curve of this sample showed that the main decomposition
of the compound was started at about 200 °C, and the
decomposition was not completed until temperature of
490 °C. Previous studies [26] suggested that the loss of CN
group occurs at the temperature range of 200-250 °C due
to the decomposition of PU. Thermal behaviors of the PU
samples were compared, and the results revealed that
nanofibers of PU decompose endothermally during three
main steps, and the mass loss in the first step is only about
(4.3 %). However, bulk PU sample is decomposed endo-
thermally during three main steps but its first mass losses
(7.2 %) in the temperature range of 200-250 °C is more
considerable (7.7 %).

The simultaneous TG/DSC curves of the ACN nanofi-
bers are shown in Fig. 6a. No thermal event was observed
prior to the decomposition of this energetic polymer. The
TG curve exhibits a complete mass loss in the temperature
range of 165-480 °C. This mass loss occurs during three
individual steps. The results of TG/DSC and chemical
structure of the polymer shown in Fig. la suggested that
thermal decomposition of the polymer is started by elimi-
nation of the nitro group (Am; = 5 %), and consequent
further destruction of structure of the compound at the
second step (Am, = 28 %) which is followed by third step
of decomposition reaction (Ams; = 24 %) [27]. TG/DSC
curves of the bulk sample showed a similar trend. How-
ever, as seen in Fig. 6b, the main decomposition of the
polymer was started at about 180 °C, and the decomposi-
tion was not completed until temperature of 550 °C.
Comparison thermal behaviors of the ACN samples
revealed that ACN in the bulk form is decomposed endo-
thermally in the temperature range of 160—460 °C, while
ACN nanofibers decompose at the lower temperature of
about 180-550 °C. Table 1 summarizes the experimental
results of TG/DSC analysis for both studied nanofibers and
mico-particles of PU and ACN polymers.

Decomposition kinetic studies by DSC

Figure 7 presents DSC curves for decomposition of both
polymers nanofibers at different heating rates (i.e., 5, 10,
15, and 20 °C min~'). As seen in the figure, by increasing
the heating rate, decomposition peaks of the ACN nanofi-
bers and PU nanofibers were shifted to higher tempera-
tures. These shifts were used to evaluate thermokinetic
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parameters of decomposition. ASTM E698 [28] as a well-
known kinetic method was applied for prediction the
Arrhenius parameters of ACN and PU nanofibers thermal
decomposition. Therefore, the values of Ln (fT,°) against
1/T, were plotted, when f and Ty, are DSC heating rate
(°C min~') and maximum DSC peak temperature,
respectively. Table 2 shows the maximum peak tempera-
ture (7},,) correspond to the decomposition of each polymer
at various heating rates (f/) which are used to evaluate
thermokinetic parameters via ASTM E698 method.

The plot of Ln (BT, against 1/T,, resulted in the
straight lines for both nanofibers (r = 0.998 for PU) and
r = 0.999 for ACN), which indicated that the mechanism
of thermal decomposition of these nanofibers undergoes no
variation at various heating rates [29, 30]. The obtained
slopes from these lines (—E/R) were used to calculate
activation energy of each polymer nanofiber decomposi-
tion. Thereafter, the obtained values of activation energies
for nanofibers samples were used for computing the loga-
rithm of pre-exponential factor, log (Z/S_] ), using the
following expression as recommended by ASTM E698:

Z=4 (Ea/RTél) exp (Ea/RTm)' (1)

@ Springer

The ASTM method resulted in the values of the acti-
vation energy and frequency factors for both nanofibers
samples. The results are presented in Table 3 for PU
nanofibers and ACN nanofibers. Meanwhile, the values of
activation energy (E,) for these nanofibers samples were
calculated by Starink method [31]. In this method, activa-
tion energy is determined by plotting of the Ln (7' °%)
versus the inverse of the temperature at the maximum
reaction rate in the experiments with a constant heating
rate. This method could be used for determination of the
activation energy without a precise knowledge of the
reaction mechanism, via following equation:

Ln(B/TL?*) 4+ 1.0008 E, /RT,, = C. (2)

The plotting of Ln(f/T, rlr;gz ) versus reciprocal of the
absolute peak temperature for both nanofibers samples
resulted in the straight lines (with r = 0.998 for PU and
r = 0.999 for ACN). The obtained slopes from these lines
were used to compute the values of the activation energy
for each nanofibers sample. Then, the values of frequency
factor (Z) correspond to the thermal decomposition reac-
tion of each nanofibers samples were calculated by Eq. (1)
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Fig. 6 TG/DSC curves for
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Table 1 Summary of thermoanalytical results of the investigated ~ (AH"), and free energy of activation (AG") were estimated

polymer samples

Compound Form First Step of T*/°C Total
Decomposition/ Mass
°C Loss/%

PU Nanofibers 179.8 155-445 93

Bulk 203.5 167-550 97

ACN Nanofibers 168.8 160-460 58

Bulk 214.0 180-550 95

T* is the temperature range when there is fall in a sample’s mass

[29, 30]. Table 3 presents the calculated Arrhenius data for
PU and ACN nanofibers.

Thermodynamic parameters for thermal activation of the
decomposition reaction of these nanofibers could be esti-
mated using the following equations and thermokinetic
data calculated by ASTM and Starink methods. Therefore,
the values of activation entropy (AS™), activation enthalpy

via the Eqgs. (3-5) [32-34]:

—E —AG*
A _— =
exp RT Vv exp T (3)
AH? = E — RT, (4)
AG” = AH7 — TAS”. (5)

In the Eq. 3, v = KgT/h (where h and Ky are Plank and
Boltzmann constants, respectively). The calculated values
of thermodynamic parameters for the PU and ACN
nanofibers are shown in Table 3. Comparison of these
thermodynamic parameters shows that AS* for the ACN
nanofibers is lower than PU nanofibers, which means the
corresponding activated complex has a higher degree of
arrangement (higher entropy) than its initial state, while
this trend for the PU nanofibers was reversed. Based on the
activated complex theory (or transition theory) [35, 36]
decomposition of ACN nanofibers by thermal reaction may
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Fig. 7 The effect of heating rate on decomposition temperature of
polymer nanofibers samples: a ACN and b PU; sample mass 3.0 mg;
nitrogen atmosphere

Table 2 Decomposition temperature of PU and ACN nanofibers
obtained by DSC at various heating rates

Heating Rate, Decomposition Decomposition
0/°C min~! Temperature of PU Temperature of ACN
nanofibers/°C nanofibers/°C
First Second Third First Second Third
step  step step step  step step
5 163.5 3254 4074 1529 296.5 420.2
10 179.8 341.7 4242 168.8 3124 428.3
15 188.4 3443 430.8 178.3 322.0 435.1
20 195.2 357.1 439.5 184.8 3284 440.7

be interpreted as a fast reaction, while the PU nanofibers
has a slow reaction rate. The positive values of AH" and
AG* for both nanofibers showed that their reactions are
dependent to the heat introducing, and these polymers are
decomposed by non-spontaneous reactions. However, AG*
corresponds to the decomposition of PU nanofibers is
slightly higher than ACN nanofibers. Furthermore,
decomposition reaction of ACN nanofibers has a lower
activation enthalpy (AH") in comparison with PU
nanofibers.

Calculation of decomposition reaction rate constant

The decomposition reaction rate constant (k) was calcu-
lated via the following equation, while the mechanism of
the decomposition reactions for the studied nanofibers was
assumed as first-order reactions [37]:

log k =logZ—E,/2.3RT. (6)

The values of activation energies (E,) and frequency
factors (Z) obtained by ASTM and Starink methods were
applied to the equation for the temperature of 25 °C in
order to determining the decomposition reaction rates (k).
Table 3 presents the values of logk for PU and ACN
nanofibers. Comparison the reaction rate constants of these
nanofibers show that the reaction rate constant of PU
nanofibers is higher than that calculated for the ACN
nanofibers. This lower reaction rate constant for ACN
nanofibers confirms that these nanofibers have a consider-
able higher half-life rather than PU nanofibers at the
identical storage conditions.

Critical ignition temperature

Another important factor for the safe storage and process
operations of organic compounds is their critical ignition
temperature (71,), which is defined as the lowest temperature
that the compound could be heated without undergoing ther-
mal runaway [38—40]. This parameter for the compound based
on the combustion theory could be predicted using corre-
sponded thermokinetic parameters i.e., activation energy, pre-

Table 3 Comparison of thermokinetic parameters correspond to the first step of PU and ACN nanofibers thermal decomposition obtained by

ASTM and Starink methods

Sample Method Activation Frequency Linear AG'KI mol™'  AH'/KI mol™'  AS*/J mol™' Logk Ty °C
Energy/k] mol™"  Factor Log Z/S™'  Regression
PU ASTM  66.92 7.3 0.998 11591 63.16 —116.46 —440 1422
Starink  66.70 7.3 0.998 115.70 62.93 —116.49 —440 1423
ACN ASTM 628 7.02 0.999 115.1 59.0 —122 —4.00 140.7
Starink ~ 62.6 7.02 0.999 114.9 58.8 —-122 —-3.96 140.8
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exponential factor, and heat of reaction. Thus, the values of
critical ignition temperature (7;,) for the PU and ACN nanof-
ibers were computed using the following equations [38]:

T. =T+ b, +cd?, i=1—4, (7)

E — /E2—4ERT
- 2R ' ®)

In the Eq. (7), b and c are coefficients, and in Eq. (8), R is
the gas constant, and E is the value of activation energy
obtained via thermokinetic method. The values (7,g), the
onset temperature (7,) corresponding to ¢ — 0, were
obtained by Eq. (7) as 126.6 °C and 120.2 °C for PU nanof-
ibers and ACN nanofibers, respectively. The calculated tem-
peratures were applied in Eq. (8) to predict the critical ignition
temperatures (7,) of PU and ACN nanofibers. Table 3 shows
the obtained values of T}, for PU and ACN nanofibers.

Ty

Comparison thermal stability of nanofibers and bulk
material

As shown in Fig. 5, thermal behavior of PU nanofibers is
similar to the PU micron-sized particles. TG/DSC curves
for the PU in the both form of nanofibers and micron-sized
particles showed similarly three endothermic phenomena.
However, the results showed that decomposition tempera-
ture of PU depends on its size, and decomposition tem-
perature of PU micron-sized particles is considerably
higher than its nanofibers.

On the other hand, TG and DSC curves for ACN
nanofibers, and its micron-sized particles are shown in
Fig. 6. ACN samples have similar thermal behaviors and
exhibit three exothermic phenomena during thermal
decomposition. However, the results revealed that thermal
decomposition of ACN nanofibers started at 168 °C with
7 % mass loss, but decomposition of ACN micron-sized
particles started at 214 °C with approximately 15 % mass
loss in this step. These results reveal that decomposition
temperature of ACN is also depending on the size of
material, and thermal decomposition of ACN nanofibers is
considerably higher than its micron-sized particles.

Comparison the obtained thermokinetic results by ASTM
and Starink methods reveal that value of activation energy
calculated for PU nanofibers and ACN nanofibers by starink
method is slightly lower than those of ASTM method. How-
ever, the calculated values of activation energy values by
ASTM and Starink method show a good agreement with each
other. Meanwhile, comparing thermal stability of both nano-
fiber samples shows that PU nanofiber has higher decompo-
sition activation energy. The result of thermal stability
investigation on PU nanofibers and ACN nanofibers as poly-
mer materials is valuable in usage of these compounds in future
for energetic formulations, because in comparison between

thermal stability data for these energetic compounds with
conventional materials, one of these energetic compounds (PU
nanofibers) has considerably higher thermal stability, but
another compound (ACN nanofibers) has lower activation
energy for initiation of its thermal decomposition reaction.

Conclusions

Thermal decomposition of two polymers was investigated
via differential scanning calorimetery (DSC) and simulta-
neous differential thermal analysis and thermogravimetery
(TG/DSC). DSC curves of the compounds obtained under
different heating rates were used for prediction kinetic and
thermodynamic parameters of their thermal decomposition
reactions. Meanwhile, activation energies and frequency
factors for the decomposition of nanofibers of both poly-
mers samples were calculated via different methods. Based
on the TG/DSC and kinetic data obtained from decompo-
sition reactions of both polymers, PU nanofibers, and ACN
nanofibers have comparable thermal stability similar to
their micron-sized particles.
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