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a b s t r a c t

The stabilization kinetics of polyacrylonitrile-co-methacrylic acid (PAN-co-MAA) and cellulose nano-
crystal (CNC) composite films were studied with up to 40wt% CNC loading using differential scanning
calorimetry (DSC). It was determined that the addition of CNC reduced the activation energy of the
polyacrylonitrile cyclization reaction by 16% irrespective of the CNC loading in the range of 5e40wt%.
There was also a development of a new exothermic peak in the PAN-co-MAA/CNC composite films after
cyclization not seen in the neat PAN-co-MAA and neat CNC samples, indicating a different set of reactions
occurring. Fourier transform infrared spectroscopy (FTIR) and wide-angle X-ray diffraction (WAXD)
demonstrated that CNC within the PAN-co-MAA/CNC composite films were more thermally stable than
the neat CNC film. Additionally, for the composite films, their reaction rate constants for cyclization and
oxidations were found to be higher than neat PAN-co-MAA at certain temperatures, indicating that the
addition of CNC into PAN-co-MAA can reduce the energy needed for stabilization.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon materials such as carbon fiber and carbon films have
growing market demand due to their unique set of properties such
as high mechanical, electrical, and thermal properties. Poly-
acrylonitrile (PAN) is the main precursor for carbon fiber, and there
have been many previous studies on the stabilization of PAN fibers
dating back to the 1950s [1e9], though there have not been many
studies on the stabilization of PAN films [10,11]. The stabilization
reactions in PAN include cyclization, dehydrogenation, oxidation,
and crosslinking [2,12,13]. There have also been many thermal and
carbonization studies of cellulose [14e17]. The stabilization and
carbonization reactions of cellulose include dehydration, depoly-
merization, and aromatization [16,18].

With cellulose being the world's most abundant biopolymer in
the world it is a resource of interest for the production of carbon
fiber and carbon material. There have been recent efforts to reduce
the cost of carbon fiber and to make carbon fiber from more
ce and Engineering, Georgia
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environmentally sustainable materials such as cellulose and lignin
[3,19e22]. Cellulose and lignin have prior history in being made
into carbon fiber. Thomas Edison carbonized natural fibers to make
carbon fibers for the filament in incandescent light bulbs in the
1800s [23]. Previously in the 1960s and 1970s there was a lignin
based carbon fiber (Kayacarbon) produced at Nippon Kayaku Co. on
a pilot scale. Lignin based carbon fiber had low tensile strength
(~0.3 GPa), and is no longer commercially available [24,25]. Rayon, a
cellulose based fiber, is also another fiber that is used to make
carbon fiber and rayon based carbon fiber is still being produced by
a Belarus based company SvetlogorskKhimvolokno [12,24].

A new class of cellulose base nano-sized particle, cellulose
nanocrystals (CNC), may offer new opportunities to make carbon
fibers more renewable and cheaper. CNC are biodegradable and
renewable rod-like particles (diameter of 3e20 nm and a length of
50e500 nm) having high surface area, low toxicity, and surface
chemistry that can be readily modified [26e28]. Studies investi-
gating the effects of CNC additions to PAN based polymers have
shown that high loading of CNCs, and good dispersions can be
achieved in PAN [29e31].

This study investigates the reaction kinetics of stabilization of
PAN-co-MAA/CNC composites. The knowledge gained helps in the
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determination of chemical reactions between the PAN-co-MAA and
CNC during the stabilization process, and the structural differences
between the neat materials and the composites. In addition, by
providing a more complete understanding of the stabilization of
PAN-based films with CNC fillers, this study could give greater
insight to the stabilization of both carbon fiber and other carbon
materials such as films and bulk material.
2. Experimental

2.1. Materials

Polyacrylonitrile-co-methacrylic acid (PAN-co-MAA; 4wt% of
MAA content, viscosity average molecular weight: 2.47� 105 g/
mol) was obtained from Exlan Co., Japan. Freeze dried CNC (lot#
2012-FPL-CNC-48/051) was produced by USDA Forest Service e

Forest Product Laboratory (FPL), and received from the University of
Maine, US. Dimethylformamide (DMF) was obtained from Sigma-
Aldrich co. and was distilled before use.
2.2. Film and fiber preparation

The procedure used for the preparation of neat PAN-co-MAA,
PAN-co-MAA/CNC composites, and neat CNC films followed the
process described in the study by Luo et al. [31], except for the neat
CNC film the CNC were dispersed in DMF rather than water. The
PAN-co-MAA solution and PAN-co-MAA/CNC suspensions were
made with a target solid content of 3.7 wt%. The total amount of
DMF used for each solution and suspension was 100mL. For the
PAN-co-MAA/CNC suspensions an amount of CNC dependent on
the final CNC concentration desired was dispersed in 100mL of
DMF in a bath sonicator (Branson 3510R-MT, 100W, 42 kHz) for
24 h. The CNC/DMF suspension was then added to PAN-co-MAA
powder to reach a total solid content to 3.7 wt%. Then this CNC/
PAN-co-MAA/DMF mixture was stirred in a glass reactor at 70 �C
and 200 rpm for 3e4 h. For the neat PAN-co-MAA solution the same
procedure was followed with the exception of the dispersion of
CNC; no dispersion of CNC was required. After stirring the solution/
suspensions for 3e4 h, it was poured into a glass jar and degassed
in a vacuum oven at 70 �C under vacuum for 5min. This whole
procedure results in a solution/suspension with a solid content
around ~4wt%. Four hours after the solution/suspensions were
poured into the glass jar it was cast into a glass mold and dried in an
oven with air flow at 70 �C. The neat CNC film was made by
dispersing CNC in DMF at 1wt% for 24 h in a bath sonicator and
then cast the same way as the PAN-co-MAA and PAN-co-MAA/CNC
composite films. Seven different compositions of films were made
with 0, 5,10, 20, 30, 40, and 100wt% CNCwith respect to theweight
of the PAN-co-MAA, and these samples will be referred to as neat
PAN-co-MAA, CNC-5, CNC-10, CNC-20, CNC-30, CNC-40, and neat
CNC, respectively. All the films had a thickness of ~100 mm. A 13 mm
thick PAN-co-MAA film was also made with a similar process to
determine the effect of surface area to volume ratio on differential
scanning calorimetry (DSC) and thermogravimetric analysis (TGA).

The neat PAN-co-MAA fiber was also made by a previously
described process [30]. First 15 g of PAN-co-MAA was dissolved in
100mL of DMF at 80 �C and stirred at 200 rpm for 3e4 h. The fiber
was spun with a spinning unit with a 200 mm diameter spinneret
(Hills Inc.). The solution was gel spun by spinning into �50 �C
methanol with an air gap of ~5 cm, and the as spun ratio was 3x.
Afterwards the fiber was the kept at �50 �C in methanol for 1 day.
The fiber was subsequently drawn at room temperature followed
by hot drawing in a glycerol bath (165 �C). The final draw ratio of
the fiber was 15x with a diameter of ~15 mm.

2.3. Characterization

DSC was ran on TA instrument Q100. Sample sizes of 2e3mg
were used in standard aluminum pans. Samples were heated from
50 to 400 �C at a heating rate of 5, 10, 15, and 20 �C/min in nitrogen
and then rerun in air. Samples were also run directly in air at a
heating rate of 10 �C/min. Weight change with temperature change
was investigated using TGAwith an TA instruments Q500. Samples
were heated from 50 to 400 �C at a heating rate of 5 �C/min in ni-
trogen then rerun in air. Fourier transform infrared spectroscopy
(FTIR) was performed on a Spectrum One spectrometer (Perki-
nElmer Inc). The tests were done by grinding films with KBr and
pressing a pellet. The scan range was 700e4000 cm�1 with reso-
lution of 4 cm�1. Wide-angle X-ray diffraction (WAXD) experiments
were completed on a Rigaku MicroMax-002 (CuKa, l ¼ 0.1542 nm)
equipped with a Rigaku R-axis IVþþ detector. MDI Jade 9 software
was used to analyze the WAXD pattern. FTIR and WAXD were
performed on neat PAN-co-MAA, neat CNC, and CNC-40 before
heating and after heating the samples to different temperature
under different environments. Unless specifically mentioned all
experiments were done on cast films with ~100 mm thickness.

3. Results and discussion

The stabilization of PAN is typically done between 200 and
300 �C and the reactions contain dehydrogenation, cyclization,
oxidation, and crosslinking as shown in Fig. 1 [1]. Cyclization can
occur in inert atmosphere, while the oxidation requires the pres-
ence of oxygen. Crosslinking can occur to a small degree in an inert
atmosphere during stabilization by intermolecular cyclization, but
is much more prominent in an oxygen atmosphere after the
oxidation reaction. This allows separating the cyclization reaction
from the oxidation reaction by first running the sample in an inert
atmosphere, such as nitrogen, then followed by air [2,10]. The
proposed reaction for the stabilization of cellulose by Tang and
Bacon (Fig. 2) contains dehydration (150e240 �C), thermal cleavage
of the bridge oxygen and the pyranose ring also referred to as
depolymerization (240e400 �C), and is followed by aromatization
(400e700 �C) [14,16,18,32,33].

3.1. Effect of sample geometry on stabilization

To determine if geometry had an effect on the stabilization re-
action, neat PAN-co-MAA fibers (15 mm diameter) and films (13 mm
or ~100 mm thick) were tested in DSC. Initial heating runs in ni-
trogen showed that the magnitude of the cyclization peak between
the fiber and films were similar (Fig. 3a). In contrast, when the
samples were rerun in air after nitrogen, there was a significant
difference on the magnitude of the exothermic reaction that was
based on sample geometry (Fig. 3b). The fibers had an exothermic
reaction about 4 times themagnitude of the 93 mm thick films and 2
times the magnitude of the 13 mm thick films. This effect of sample
geometry on the reaction is believed to result from the rate of ox-
ygen diffusion through the sample, which is dependent on the
surface to volume ratio (SA:V). The PAN-co-MAA fibers have about
12 times the SA:V of the 93 mm film, and about 1.7 times the SA:V of
the 13 mm film based on the geometry (see supporting information
for calculations). The low magnitude of the exothermic reactions
for the ~100 mm thick films made it difficult to determine the peak



Fig. 1. Proposed chemical pathway for PAN stabilization [13,34].
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temperature of crosslinking, which can typically be determined on
fibers [2,3]. Note that the ~100 mm thick films were used for the rest
of the study, and thus the crosslinking temperatures were not
determined. The effect of sample geometry can also be seen in the
TGA curves (Fig. 4). It was previously reported that weight gain can
be observed in neat PAN fiber due to oxidation if the sample was
first run in nitrogen followed by air [2]. In the current study, this
was also observed, where for the PAN-co-MAA fiber TGA run in air
after nitrogen there was an increase in weight of the neat PAN-co-
MAA. The effect of sample geometry onweight gainwas present, in
which the fiber reached a max of 105% weight percent, the13 mm
thick film reached a max of 101% weight percent, while the 93 mm
thick film did not experience an increase in weight throughout the
run. Even though the 93 mm thick film shows no apparent weight
gain, oxidation to some degree likely occurred, though at a lower
extent compared to the samples with higher specific surface area,
and it is considered here that the mass gained by oxygen pick-up
was offset by mass loss due to other reactions.
3.2. Effect of CNC additions on oxygen permeability

It has been hypothesized that the low permeability of oxygen for
PAN (3*10�4 to 6*10�3 barrer) is a contributing factor to a skin-core
morphology that exists in stabilized and carbonized fiber [35e38].
If the oxygen permeability of CNC or the CNC/PAN interface is
higher than PAN, then the addition of CNCs could help provide a
fast pathway for oxygen to travel within PAN, particularly if there is
a percolated CNC network. This would lead to a more homogenous
stabilization of the PAN, and could help prevent the skin-core
morphology from forming, and possibly reduce the stabilization
time. The range of reported permeability of CNC films is between
6.3*10�4 to 140.7 barrer [39,40]. Partial support for CNC having
higher oxygen permeability than PAN-co-MAA was found in the
current study, where weight gain was observed in air rerun for the
CNC film, but not the PAN-co-MAA and CNC-40 films (Fig. 5). The
diffusion of oxygen through the PAN-co-MAA on the surface in the
CNC-40 sample is likely limiting the oxygen to the sample, which is
why we do not see weight gain. Though we do not see weight gain,
a more homogenous stabilization should still occur in the com-
posite samples because of the CNC network for oxygen diffusion
into the film.
3.3. Effect of CNC additions on PAN cyclization

The results of the DSC measurement in nitrogen for neat PAN-
co-MAA, neat CNC, and PAN-co-MAA/CNC composite films are
summarized in Table 1, while Fig. 6 shows DSC plots of the sample
ran in different environments at a heating rate of 10 �C/min. As
reported in the literature at this heating rate the cyclization reac-
tion of PAN has an exothermic peak around ~275 �C, which is
similar to what was measured for the PAN-co-MAA used in this
study for the various heating rates. In contrast, CNC have an



Fig. 2. Proposed chemical pathway for cellulose stabilization and carbonization [16].

Fig. 3. DSC curves comparing neat PAN-co-MAA fiber vs film at a heating rate of 10 �C/min. (a) in nitrogen (b) in air after being run in nitrogen. (A colour version of this figure can be
viewed online.)
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Fig. 4. TGA curves at a heating rate of 5 �C/min to show differences showing differences between film and fibers, and influence of thickness on films. (a) in nitrogen (b) in air after
run in nitrogen. (A colour version of this figure can be viewed online.)

Fig. 5. TGA curves of films at a heating rate of 5 �C/min to show differences neat PAN-co-MAA, neat CNC, and CNC-40. (a) in nitrogen (b) in air after run in nitrogen. (A colour version
of this figure can be viewed online.)

Table 1
Summary of the onset and peak temperatures in the film DSC runs in nitrogen.

Sample neat PAN-co-MAA CNC-5 CNC-10 CNC-20 CNC-30 CNC-40 neat CNC

� �Onset of cyclization temperature @ 5 C/min ( C) 196 199 200 204 207 218 N/A
� �Onset of cyclization temperature @ 10 C/min ( C) 208 212 211 217 221 228 N/A
� �Onset of cyclization temperature @ 15 C/min ( C) 213 218 219 224 229 237 N/A
� �Onset of cyclization temperature @ 20 C/min ( C) 222 224 224 229 235 242 N/A

� �Cyclization peak temperature @ 5 C/min ( C) 265 262 262 267 268 270 N/A
� �Cyclization peak temperature @ 10 C/min ( C) 275 271 274 278 278 282 N/A
� �Cyclization peak temperature @ 15 C/min ( C) 280 279 280 284 285 288 N/A
� �Cyclization peak temperature @ 20 C/min ( C) 284 284 285 289 290 293 N/A

� �2nd exothermic peak temperature @ 5 C/min ( C) N/A N/A N/A 356 352 349 361
� �2nd exothermic peak temperature @ 10 C/min ( C) N/A N/A N/A 370 364 361 372
� �2nd exothermic peak temperature @ 15 C/min ( C) N/A N/A N/A 378 373 370 380
� �2nd exothermic peak temperature @ 20 C/min ( C) N/A N/A N/A 386 380 375 387
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endothermic peak ~275 �C that is related to dehydration and
thermal scission of the of bridge oxygen [16,41]. For cellulose, it has
been reported that smaller particles andmore compressed samples
(e.g., more contact between cellulose) leads to lower thermal sta-
bility, [42,43]. In the current study, neat CNCmaterials tested in DSC
(heating rate of 10 �C/min) had a different curve shape, enthalpy of
the endothermic reaction, and over 35 �C difference for the onset of
dehydration, depending on how the CNC was prepared (e.g., sol-
vent used to cast film, if the film was ground to a powder, or as
received freeze dried CNC powder) (Fig. S1 and Table S1). The CNC



Fig. 6. DSC runs of the film samples at a heating rate of 10 �C/min in (a) nitrogen, (b) rerun in air after nitrogen, and (c) directly in air. (A colour version of this figure can be viewed
online.)
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samples with higher surface area (e.g., ground films and freeze
dried CNC powders) had higher thermal stability and enthalpy of
reaction. Freeze dried CNC was the most thermally stable and was
heavily aggregated at the microscale as seen in previous studies
[30,42]. For the PAN-co-MAA/CNC composite films, the dispersion
of CNC was fairly good in that no micron sized agglomeration were
observed [31], which should result in higher thermal stability of the
CNC. For consistency in the measurements, in the rest of the paper
only as casted film samples were tested.

In general the cyclization peak temperatures increased with
increasing CNC loading at all heating rates (Table 1). However, for
the CNC-5 and CNC-10 films there was either no change or a
decrease in peak temperature compared to the neat PAN-co-MAA at
heating rates of 15 �C/min and lower. It has been previously re-
ported by Liu et al. [2] that the addition of 1wt% CNT into PAN also
exhibited an increase in cyclization peak temperature. Additionally,
Mathur et al. [44] reported that the DSC run of PAN fibers in air
exhibited a higher onset and peak temperature for cyclization than
when the sample was run in nitrogen. The presence of oxygen in
CNC may be a contributing factor to the increased higher onset and
peak temperature for cyclization. The shape of the cyclization
curves were very similar between neat PAN-co-MAA and the PAN-
co-MAA/CNC composites with minimal changes with increasing
CNC loading. The lack of change in curve shape indicates that the
dehydration reaction of the CNCmay not have occurred during PAN
cyclization, which is supported by FTIR and WAXD.

3.4. Increased thermal stability of cellulose nanocrystals in
polyacrylonitrile

Both FTIR and WAXD results indicate that chemical and struc-
tural breakdown of the CNC was shifted to higher temperatures for
the PAN-co-MAA/CNC composites as compared to neat CNC. For
neat CNC films the FTIR spectra (Fig. 7b) show that after heating the
CNC film to 310 �C, peaks associated with cellulose at 1161 (COC in
pyranose ring), 1113 (ring stretch), 1061 (CO or COH on ring or
bridge oxygen stretch), and 1033 cm�1 (CO) started to lose their
sharpness and started to merge [45,46]. Likewise, WAXD patterns
(Fig. 8) show the disappearance of the peaks associated with cel-
lulose II (2q¼ 20.4�) and cellulose I (2q¼ 22.6�), indicating struc-
tural breakdown of the cellulose [42,47e49]. In contrast, for the
CNC-40 composite heated to 310 �C, the FTIR spectra maintain
distinct peaks at 1161, 1113, 1061, and 1033 cm�1, and the WAXD
retain the peaks associated with cellulose I and II, supporting the
conclusion that dehydration and depolymerization of CNC had not
occurred. It is considered here that having a fine CNC dispersion



Fig. 7. FTIR plots of (a) neat PAN-co-MAA, (b) neat CNC, and (c) CNC-40 from 4000 to 650 cm�1, and (d) neat PAN-co-MAA, (e) neat CNC, and (f) CNC-40 from 1500 to 750 cm�1 after
being heated at 10 �C/min in nitrogen. (A colour version of this figure can be viewed online.)
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within PAN-co-MAA, which was previously seen [31], could be one
mechanism in retarding the dehydration and depolymerization
reactions to CNCs.

3.5. Effect of CNC additions on cyclization activation energy and
reaction rates

The average enthalpy of reaction during cyclization over the four
heating rates can be found in Table 2. The composite samples'
enthalpy of cyclization is similar to the weight fraction of PAN-co-
MAA it is composed of, though the values calculated by PAN-co-
MAA weight fraction are still slightly higher than the experi-
mental values. This discrepancy between the calculated and
experimental value is likely due to heat released during cyclization
is being absorbed by the CNC in the composite. Using the cycliza-
tion peak temperature at different heating rates, the activation
energy of cyclization (Fig. 9a and Table 3) can be calculated with
Kissinger's equation (equation (1)) [50] where Ea, R, f, and Tp are
activation energy (kJ/mol), universal gas constant (8.314 J/(mol*K)),
heating rate (K/min), and reaction peak temperature (K), respec-
tively. It was found that the activation energy decreased in all
composite samples to a consistent value of ~147 kJ/mol (~16%
decrease) compared to the from neat PAN-co-MAA sample value of
175 kJ/mol. Using the activation energy the reaction rate constant
(k) can be calculated with equation (2), while the pre-exponential
factor, A, can be determined from equation (3), where T is the
temperature (K) at which the reaction rate is being solved [3,51].
The temperature has large effect on the reaction rate constant, so
the reaction rate constant was solved for a heating rate of 10 �C/min
at 200, 250, and 300 �C. These temperatures were chosen because
PAN is often stabilized between 200 and 300 �C [12,33,34].
d
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As summarized in Table 3, the cyclization reaction rate constant
for both the neat PAN-co-MAA and the composites increases with
increasing T. For the composites, increasing CNC loading results in a
lower reaction rate constant, the extent of which was dependent on
T. Interestingly, the effect of CNC additions to on the cyclization
reaction rate constant of the neat PAN-co-MAAwas dependent on T.
For example, at 200 �C all composite samples had a higher reaction
rate constant than neat PAN-co-MAA, while at 300 �C the opposite
was true with neat PAN-co-MAA having the highest reaction rate
constant.

3.6. Development of a 2nd exothermic peak in composite samples

A 2nd exothermic peak in DSC developed in the PAN-co-MAA/
CNC composite samples above 300 �C in nitrogen (Fig. 6), which
did not occur in the neat PAN-co-MAA samples. The activation
energy of this 2nd exothermic peak (Fig. 9b and Table 3) was
calculated for CNC-20 and higher CNC loaded samples. At the lower
CNC loadings the curves were not perfectly smooth making it
difficult to determine the peak temperature. There was a trend of



Fig. 8. WAXD plots of (a) neat PAN-co-MAA, (b) neat CNC, and (c) CNC-40 after being heated at 10 �C/min in nitrogen. (A colour version of this figure can be viewed online.)

Table 2
Experimentally measured and the rule of mixtures estimate of enthalpy of cyclization, which shows similar values indicating CNC is not reacting at this temperature.

Sample neat PAN-co-MAA CNC-5 CNC-10 CNC-20 CNC-30 CNC-40

Experimental average enthalpy of cyclization (J/g)a 648 607 569 494 412 344
Theoretical enthalpy of cyclization as function of PAN-co-MAA weight percent (J/g) 648 615 583 518 453 389

a Average of the runs ran at a heating rate of 5, 10, 15, and 20 �C/min.
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increasing activation energy with increasing CNC loading, with the
neat CNC sample having the highest activation energy of 174 kJ/
mol.

The formation of this 2nd exothermic peak is considered to
result from; i) CNC reactions interactions, ii) PAN-co-MAA/CNC
interactions, or iii) a combination of these two reactions occur-
ring simultaneously. This exothermic reaction in neat CNC is asso-
ciated with a mixture of dehydration, decarbonylation,
decarboxylation, and the formation of levoglucosan, which forms
gaseuous products like CO, CO2, CH4, and H2O [16,52]. For the
composite samples the exothermic peak was sharper than in the
neat CNC sample, and shifts to lower temperatures with increasing
CNC loading, where at 40wt% CNC loading the shift was ~10 �C
lower than for the neat CNC. Since there were no dehydration or
depolymerization reactions observed at lower temperatures, it is
possible that there is either a change in the reaction kinetics of
cellulose or a different set of reactions are occurring in the cellulose.

The 2nd exothermic peak could also be due to reactions be-
tween PAN-co-MAA and CNC, four proposed reactions are given in
Fig. 10. The proposed reactions are based on the degradation
pathway of cellulose and the oxidation pathways of PAN, because
according to our experiments cellulose has not undergone depo-
lymerization and PAN has not undergone oxidation before this
exothermic peak. In support of reactions between PAN-co-MAA and
CNC, the TGA data (Fig. 5 and Table 4) shows that the experimental
yield of CNC-40 is higher than the rule of mixture yield of the PAN-
co-MAA and CNC after heating to 400 �C. One of theways CNC could
interact with PAN-co-MAA is by supplying oxygen needed for re-
actions. As a result of depolymerization of CNC, oxygen could be
made available that would promote a reaction with PAN-co-MAA.
In partial support for this, DSC results of the neat PAN-co-MAA
ran directly in air (Fig. 6) show an exothermic reaction that oc-
curs after cyclization while in nitrogen this does not occur.

3.7. Effect of CNC additions on oxidation activation energy and
reaction rates

DSC of films ran in nitrogen and then re-ran in air (Fig. 6) show a



Fig. 9. Graphs used to calculate the activation energy of the (a) cyclization of film samples in nitrogen atmosphere, (b) 2nd exothermic reaction in the film samples in nitrogen
atmosphere, and (c) oxidation of film samples re-run in air after being run initially in nitrogen. (A colour version of this figure can be viewed online.)

Table 3
Activation energy, pre-exponential factor (A), and reaction rate constant (k) for cyclization, 2nd exothermic peak, and oxidation, calculated fromDSCmeasurements at different
heating rates using Kissinger's method. The results of the cyclization and 2nd exothermic peak were from experiments conducted in nitrogen, while the oxidation results were
done in air after first running the sample in nitrogen.

Sample neat PAN-co-MAA CNC-5 CNC-10 CNC-20 CNC-30 CNC-40 neat CNC

Activation Energy of Cyclization (kJ/mol) 175 147 145 146 150 145 N/A
�

� �
A for cyclization (s 1)
k of cyclization @ 200 C (s 1)

�3.3 1016

0.0016
�7.4 1013

0.0044
�4.0 1013

0.0040
�4.0 1013

0.0031
�1.0 1014

0.0026
�2.5 1013

0.0025
N/A
N/A

� �k of cyclization @ 250 C (s 1) 0.11 0.17 0.14 0.11 0.10 0.09 N/A
� �k of cyclization @ 300 C (s 1) 3.8 3.0 2.5 2.0 2.1 1.6 N/A

Activation Energy of 2nd exothermic peak (kJ/mol) N/A N/A N/A 156 162 169 174
Activation Energy of Oxidation (kJ/mol) 89 95 84 87 76 77 N/A

�
� �

A for oxidation (s 1)
k of oxidation @ 200 C (s 1)

�7.0 108

0.12
�3.2 109

0.10
�1.8 108

0.11
�4.4 108

0.12
�3.3 107

0.14
�5.4 107

0.17
N/A
N/A

� �k of oxidation @ 250 C (s 1) 0.99 0.99 0.80 0.95 0.87 1.10 N/A
� �k of oxidation @ 300 C (s 1) 5.87 6.67 4.27 5.42 3.98 5.18 N/A
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larger exothermic reaction for neat CNC films than for neat PAN-co-
MAA films. The CNC reaction with oxygen could be more
exothermic than PAN or it is possible that the pure CNC films used
in the study had a higher surface area due to surface roughness
and/or porosity. It has previously been reported that casted CNC
films are typically not fully dense [53]. This leads to an increase in
the oxygen diffusion rate thus leading to the much higher
exothermic reaction. Similarly to when PAN fibers are rerun in air
the exothermic reaction was much higher than the PAN films,
presumably due to the large surface area to volume ratio in the
fibers leading to higher oxygen diffusion rates (Fig. 3). The DSC
curves of the composite films do not follow the rule of mixture,
being much less exothermic than expected. This could be a result of
the composite films having much less porosity than the pure CNC
films, or that PAN-co-MAA having lower oxygen permeability than
CNC, making the oxygen diffusing through the PAN-co-MAA the



Fig. 10. Proposed possible chemical reactions between PAN and cellulose during
stabilization.
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limiting factor for the CNC reaction. The FTIR and WAXD of the
samples can be found in Figs. S2 and S3.

The activation energy of oxidation (Fig. 9c and Table 3) was
calculated with Kissinger's equation (equation (1)), using the
oxidation peak temperature at different heating rates (Table 5). At
low CNC loadings (5 and 10wt%) the oxidation peak temperature
increases compared to neat PAN-co-MAA, while at higher CNC
loadings the peak temperature decreases. It is considered here that
oxygen in the CNC facilitates the oxidation of PAN, which is more
energetically inclined during the first nitrogen run. The decrease in
peak temperature at higher CNC loadings is considered to result
Table 4
Yield of the films after running the samples in the TGA at 5 �C/min to 400 �C.

Sample neat PAN

Experimental yield after run in Nitrogen (wt%) 74
Experimental yield after rerun in Air (wt%) 99
Rule of Mixture yield after run in Nitrogen (wt%) N/A
Rule of Mixture yield after rerun in Air (wt%) N/A

Table 5
Peak temperature of the oxidation reaction measured via DSC of films run in nitrogen an

Sample neat PAN-co-MAA

Oxidation peak temperature @ 10 �C/min (�C) 229
Oxidation peak temperature @ 15 �C/min (�C) 238
Oxidation peak temperature @ 20 �C/min (�C) 244
from a larger presence of oxygen and potentially faster diffusion
path along a percolated CNC network within the PAN-co-MAA.
Interestingly, Liu et al. [2] reported that at low CNT loadings (1wt
%) the oxidation peak temperature also increased.

As summarized in Table 3, there was a small effect of CNC ad-
ditions to PAN-co-MAA on the activation energy of oxidation and
on the oxidation reaction rate constants. With increased CNC
loadings within the composite samples, there was a weak trend of
decreasing activation energy, but the oxidation reaction rate con-
stant showed no consistent trends (at all temperatures). With
increasing T, the oxidation reaction rate constant for both the neat
PAN-co-MAA and the composites decreases. At certain CNC load-
ings and temperatures, the oxidation reaction rate constant was
higher than neat PAN-co-MAA. Interestingly, at 200 �C samples
CNC-20, CNC-30, and CNC-40 had higher (or the same) reaction rate
constant for both cyclization and oxidation than neat PAN-co-MAA.
This indicates conditions inwhich the addition of CNC into PAN-co-
MAA can reduce the energy needed for stabilization.
4. Conclusion

With the addition of CNC to PAN-co-MAA there was a 16%
reduction in the activation energy of the PAN cyclization reaction,
the extent of which did not change with CNC loading. In contrast,
the activation energy of oxidation was minimally affected by CNC
additions. At certain CNC loadings and temperatures, the reaction
rate constant for both cyclization and oxidation where higher for
PAN-co-MAA/CNC composites than for neat PAN-co-MAA, indi-
cating that the addition of CNC into PAN-co-MAA can reduce the
energy needed for stabilization. The PAN-co-MAA onset of cycli-
zation temperature increased with CNC loadings. The peak tem-
perature of cyclization, as compared to the neat PAN-co-MAA, was
shifted to lower temperatures at low CNC loadings and low heating
rates, while at higher CNC loadings and higher heating rates it was
shifted to higher temperatures. Additionally, CNC within the PAN-
co-MAA/CNC composite were more stable than the neat CNC
films. DSC showed that the PAN-co-MAA/CNC composites did not
exhibit the dehydration reaction seen in neat CNC films that occurs
at ~275 �C, while FTIR and WAXD showed that the chemical and
structural changes in CNC occurred at higher temperatures. Lastly,
the oxidation reaction of PAN-co-MAA was influenced by the sur-
face area to volume ratio of the sample that was tested, (e.g., fiber,
13 mm thick film, 93 mm thick film), while the cyclization reaction
was unaffected.
-co-MAA CNC-40 neat CNC

69 43
98 78
62 N/A
91 N/A

d then re-run in air.

CNC-5 CNC-10 CNC-20 CNC-30 CNC-40

232 232 229 225 220
238 243 238 235 231
246 247 245 243 237
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