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Polyacrylonitrile (PAN) films blended with shellac, biodegradable polymer, were prepared via simple solution
casting method. The miscibility of PAN with shellac polymer was investigated and the optimal concentration of
shellac in terms of hydrogen bonding between shellac and PAN chain was determined to be used as a novel
biomass carbon precursor. Shellac and PAN chain could exert interaction and the interaction facilitates to loose
the crystalline structure of the PAN chain, suggesting that the decrease of the oxidation temperature of the PAN
chain in the PAN/shellac blends film by the introduction of shellac segments. The optimal PAN/shellac blends

film exhibited outstanding mechanical performances (73.8% higher tensile strength, 60% higher storage
modulus compared with control PAN film) showing homogeneous blending state.

1. Introduction

In recent years, polymer blending has become the most useful way to
improve or modify the physicochemical properties of polymer materials
[1-5]. An important property of polymer blends is the miscibility of the
ingredients. This is because it affects the mechanical properties,
morphology, permeability and degradation of the polymer blends.
Numerous investigations regarding the miscibility in multi-component
polymer systems have been reported [6-9]. Among them, polymer
blends between biopolymers and synthetic polymers are particularly
important as they can be used as biomedical and biodegradable mate-
rials [3,5,10-13]. Therefore, many studies are being conducted because
the miscibility of each component polymer is quite important to open up
the feasibility of the application. One of the influencing factors of
thermodynamic miscibility is interchain hydrogen bonding or van der
Waals attraction. Recently, environmental issues for non-biodegradable
polymers such as polyacrylonitrile (PAN) and polyester are starting to

receive great attention from the viewpoint of changing their physico-
chemical properties in various ways. PAN has good mechanical property
and hydrophobicity and has been widely used as precursor materials for
carbon fiber manufacturing as well as film materials [14-17]. In addi-
tion, it is expected that the physicochemical properties of the PAN film
can be controlled by introducing a biopolymer into the PAN film.
Meanwhile, shellac is a pale yellow carbon-based natural polymer
resin obtained from the secretions of laccifer lacca, a caterpillar that
lives in India and Thailand. The worldwide production of shellac is
estimated at around 50,000 tons/year, making it an inexpensive bio-raw
material at just $2/kg. Therefore, it is an important renewable resource
that cannot be ignored for bio-based long-chain polyhydroxyesters
[18-21]. Shellac is a natural polymer that contains hexagonal and
penta-membered carbon rings and has a structure in which a hydroxyl
group and a carboxyl group are bonded to an aliphatic carbon chain
[21-23]. Interestingly, as shellac undergoes heat treatment, dehydration
reaction proceeds at a temperature of 150 °C or higher, resulting in the
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Fig. 1. Overall process of preparation of PAN/shellac film via solution casting
method, and photographs of resultant film with different shellac concentration.

Table 1
Sample codes.

Sample code PAN wt.% Shellac wt.%
Neat PAN 100 0

PAN/SH1 99 1

PAN/SH5 95 5
PAN/SH10 90 10
PAN/SH40 60 40

breakdown of ester and aldehyde bonds and decomposition into
mono-molecules of hydrocarbons such as methyl and ethyl together with
water vapor. At a high temperature of 500 °C or higher, as the bond
rearrangement occurs in which the hydroxyl group of the aliphatic
compound is removed, graphene oxide (GO) with a sp? hybridized
carbon network structure is gradually formed [19,21,22,24]. Mean-
while, the formation of hydrogen bonds between PAN segments and
shellac chains could promote the miscibility of PAN and shellac [9,18,
25,26]. However, to the best of our knowledge, no experimental studies
on the properties of PAN/shellac blend films have been reported so far.

Herein, the blending optimization between PAN and shellac mole-
cules was performed. The PAN/shellac blends film was prepared by
solution casting with different shellac concentration, and before that,
the optimal ratio was determined by analyzing the rheological behavior
of the PAN/shellac blending solution. In addition, the interaction be-
tween the PAN chain and the shellac chain, that is, which chemical
bonding exists, was confirmed through FTIR analysis, and crystallinity
behavior and thermal decomposition behavior of the blends film were
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investigated through WAXD, DSC, and TGA. Finally, it could be deter-
mined the optimal ratio of shellac to PAN in the blends film through
mechanical test such as DMA. The results revealed that the introduction
of shellac could exert great effects on the properties of PAN film.

2. Experimental
2.1. Materials

Shellac flakes (dewaxed orange) were provided by Shellac Shack,
USA and used as blending materials with homopolymer poly-
acrylonitrile (PAN) (250,000 g/mol), which was purchased from Sigma-
Aldrich, USA. For the fabrication of PAN/shellac blend film, dime-
thylformamide (DMF, Samchun, Korea) was used as solvent.

2.2. Preparation of PAN-Shellac blend film

Blends of PAN and shellac were prepared through simple solution
casting method as shown in Fig. 1. Firstly, the commercial shellac flakes
were crumbled to fine powder through ball milling and then dried at
80 °C for overnight in the vacuum oven before using. Likewise, PAN was
dried with same condition to shellac. The dried shellac of certain weight
percentage was dissolved in 100 mL of DMF with stirring rate of 500 rpm
at 60 °C until perfectly dissolved. Subsequently, 12 g of PAN was added
to shellac suspension with stirring again. The PAN-shellac solution was
cast onto glass using a bar coater to make a film with a thickness of 40
um. The solution was dried at 40 °C in the vacuum oven for 1 day to
evaporate DMF. Furthermore, it was treated in distilled water at 80 °C
for 2 h and then dried at 40 °C for 1 day to remove the residue solvent
perfectly. After the solvent was removed completely, the final resultant
film was peeled off, having different shellac concentration from 1 wt%
to 40 wt% with respect to blends as listed in Table 1.

2.3. Characterization

Before preparing the PAN-shellac blends film, the rheological prop-
erties of the blending solution were analyzed using an oscillatory
rheometer (Haake MARS III, Thermo Scientific). The frequency sweep
test was performed in the range of 0.05 — 200 rad/s at the 25 °C and
constant strain of 5%.

The morphologies of the PAN/shellac blend film were investigated
using field-emission scanning electron microscopy (FE-SEM; Nova
Nano230, FEI, USA) after platinum coating for 1 min. Furthermore, the
nanoscale morphologies of the blends were analyzed using negative
staining transmission electron microscopy (TEM; Tecnai G2 spirit twin,
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Fig. 2. (a) dynamic viscosity as a function of angular frequency and (b) logarithmic plot of G versus G” for PAN/shellac blends solution with different shellac

concentration.
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5 um

Fig. 3. SEM images of PAN/shellac blends film with different shellac concen-
tration: cross-section (a) 0 wt%; (b) 1 wt%; (c) 5 wt%; (d) 10 wt%; and (e) 40 wt
%, respectively, and surface (a’) 0 wt%; (b’) 1 wt%; (c’) 5 wt%; (d’) 10 wt%;
and (e’) 40 wt%, respectively.

FEI, Netherlands) to prove the compatibility of the polymers with 120
kV of accelerating voltage. For sampling to TEM analysis, a 10 pl of
PAN/shellac blending solution was over-coated on Ni grid, followed
staining for 2 min with 5% of uranyl acetate. After drying them with air
for 30 min, the sample finally was prepared for TEM analysis. Mean-
while, to determine the optimal blend ratio, various spectroscopic an-
alyses were thoroughly performed. Fourier-transform infrared (FTIR)
spectroscopy was performed using a 670-IR spectrometer (Varian, USA)
on sample powders of PAN/shellac film to determine hydrogen bonding
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in the films. The samples were analyzed in the transmittance mode over
the scanning range of 400 — 4000 cm™'. Moreover, wide-angle X-ray
diffraction (WAXD) patterns were recorded on a high — resolution X-Ray
diffractometer (X’Pert PRO MRD, Panalytical, Netherlands) with Cu Ka
radiation (4 = 1.542 A) by operating the target at 45 kV and 40 mA. The
scanning was performed from 5° to 50° with a rate of 0.3°/min at 25 °C.
WAXD analysis was performed on the PAN/shellac blend films to
investigate the blending behavior between PAN and shellac chains in the
films by calculating the crystallite size of PAN. Meanwhile, the crystal-
linity of the film was also calculated using the crystallinity index (CID).

Differential scanning calorimetry (DSC, Q200, TA instruments, USA)
analysis was carried out under a nitrogen atmosphere with heating from
30 to 400 °C at a rate of 10 °C/min and cooling to 30 °C at a rate of
10 °C/min, and their crystallization exotherms were recorded. The
thermal decomposition behavior of the PAN/shellac blend films were
estimated using thermogravimetric analysis (TGA, Q50, TA instruments,
USA) at a heating rate of 10 °C/min from 30 °C to 650 °C under a ni-
trogen atmosphere.

The tensile properties of the PAN/shellac blend films having di-
mensions of 5 mm x 30 mm x 0.03 mm were analyzed using a dynamic
mechanical analysis equipment (DMA, Q800, TA Instruments, USA). The
measurements were conducted in strain ramp mode using a tension film
clamp with a tension rate of 1 mm/min. Furthermore, thermomechan-
ical properties of the PAN/shellac blend films were estimated using
DMA. The measurements were performed under the frequency-strain
sweep mode using a tension film clamp in the temperature range
30-200 °C at a frequency of 1 Hz and a heating rate of 3 °C/min.

3. Results and discussion
3.1. Rheological behavior of PAN/shellac blend solution

As shown in Fig. 2 (a), as the shellac concentration increases, the
dynamic viscosity of the solution increases. It indicates that an inter-
action between PAN and shellac was induced. Furthermore, the fre-
quency value corresponding to shear thinning behavior also gradually
decreased with increases of shellac concentration. Meanwhile, the ho-
mogeneity of a solution can be expressed as the slope value of the G
versus G” log plot (cole-cole plot). The ideal solution has a slope value of
2, and the closer the slope value is to 2, the more uniform the solution.
As shown in this Fig. 2 (b), the slope values are comparable from control
sample to shellac 5 wt% sample. It means that up to 5 wt% of shellac, it is
blended well by the interaction between the shellac and the PAN chain,
or the small size of the shellac does not significantly affect to the uni-
formity of the solution. Beyond the 5 wt%, the uniformity of solution
decreases resulting from the aggregation of shellac. Accordingly, the
excessive shellac concentration in PAN/shellac blending may cause the
deterioration of miscibility resulting in decreasing of physical and me-
chanical properties of the blends film.

3.2. Morphology of PAN/shellac blend film

The representative SEM images of cross section and surface of the
PAN/shellac films with different shellac concentration are shown in
Fig. 3. Fig. 3 (a — e) demonstrates the differences of compatibility and
blend morphologies. It is clearly observed that PAN and shellac blends
form miscible blends with smooth cross section and one phase figure.
The shellac particles were dissolved in DMF with PAN so well that the
particles of shellac are not visible in SEM images. The blend morphol-
ogies are also very critical in the performance and compatibility of
polymers. PAN/SH10 and PAN/SH40 samples show more bumpy and
rougher morphology than that of samples with lower shellac concen-
tration than 10 wt%. These two cases indicate shellac aggregation due to
excessive shellac incorporation resulted to immiscible blends between
PAN and shellac. However, the PAN film with 5 wt% of shellac looks
more uniform which is very close to the image of the neat PAN.
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Fig. 4. TEM images of PAN/shellac blends film with different shellac concentration: (a) 0 wt%; (b) 5 wt%; (c) 40 wt%; and (d) 100 wt%, respectively. Macro-
scopically phase-separated bilayer structure with dark circle-type morphology corresponding to shellac domains.
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Fig. 5. (a) shows FTIR spectra of PAN/shellac blends with different shellac concentration. (b) the chemical interaction between PAN and shellac chain through
hydrogen bonding describing as blue dotted line. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

Table 2
Band assignments of PAN/shellac blends film obtained from FTIR
spectra.
Band (cm™1) Assignments
1042, 1231 Alkoxy CO, epoxy CO
1415 O — H deformation
1660, 1740 C = O stretching of PAN, shellac
2243 C = N stretching
2850 — 2920 C — H stretching
3000 — 3500 N — H stretching

Interestingly, as shown in Fig. 3 (a’-e’), the pore structure or rough
surface are not shown in shellac 5 wt% case as well as neat PAN. This
sample has stable blending behavior between shellac and PAN chain
without significant aggregation and smooth surface causing better

affinity between shellac and PAN, and it may leads to enhance interfa-
cial interaction, mechanical strength. As shellac load increases to 40 wt
%, shellac are obviously locally aggregated in PAN matrix showing pore
structure.

In addition, the negative staining TEM analysis was conducted to
investigate miscibility of shellac into the PAN. In the TEM images, a neat
PAN sample shows homogeneous one phase structure, however, a
blended sample, which includes 40 wt% of shellac concentration, ex-
hibits a segregated structure with PAN-rich phases, where circle-type
domains of shellac are observed in the PAN phase (Fig. 4 (a and c)).
Furthermore, the circle structures of shellac remarkably are well
observed in the sample which is 100% shellac case as shown in Fig. 4 (d).
Interestingly, the TEM image of the PAN/SHS5 blends shows no apparent
contrast on the nanoscale inside the blend sample (Fig. 4 (b)). This
clearly demonstrates the homogeneous blending of the shellac at the
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Fig. 6. (a) WAXD patterns of PAN/shellac blends film showing characteristic peaks at around 17 ° (200, 110) plane corresponding to PAN peak, (b) shows crys-
tallinity and crystalline size corresponding to the (200, 110) reflection plane of the PAN film with different shellac concentration obtained from WAXD patterns.

Table 3

Crystallization properties of the (200, 110) reflection in PAN/shellac blends film

with different shellac concentration based on WAXD analysis.

Neat PAN/ PAN/ PAN/ PAN/
PAN SH1 SH5 SH10 SH40
CI (%) 34.2 30.1 23.9 22.2 17.4
20 17.27 16.96 16.85 16.91 16.93
(200, 110)
FWHM 2.24 2.19 2.39 2.17 2.25
(200, 110)
Crystallite size, H 3.84 3.8 3.56 3.49 3.12
(nm)
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Fig. 7. Non-isothermal DSC scans of PAN/shellac blends film with different
shellac concentration.

molecular level compared with PAN/SH40 case having excessive shellac
concentration. Note that the excessive shellac addition to the PAN
molecules can cause macroscopically phase-separated polymers.
Therefore, all these results indicate that optimal concentration of shellac
in the PAN blending film is 5 wt% showing successfully molecular-level
mixing of PAN and shellac.

3.3. Structural analysis of PAN/shellac blend film

FT-IR spectra of PAN/shellac film was investigated to compare the
interaction between PAN and shellac chains (Fig. 5 (a)). One of the
important peaks is the band at 2243 cm ™! which corresponds to C = N
bond as listed in Table 2. Furthermore, the two characteristic peaks at
1660 cm™! and 1740 cm ™! correspond to C=0 stretching of PAN and
shellac, respectively. C=0 stretching of PAN may be due to residual
DMF solvent in the PAN film. Meanwhile, the intensity of peak at 1740
em™! increases with increases of shellac concentration meaning that
many C=O functional groups are introduced in blends from shellac
chain. The C — H stretching peaks are observed in the range of 2850 —
2920 cm™! and the intensity of the peaks increase with increasing of
shellac concentration. Furthermore, as shellac content increases, the
intensity of peak at 1415 cm™! increases indicating the abundant
functional groups of the shellac molecules that can contribute the for-
mation of hydrogen bonding between PAN and shellac. The broad peak
in between 3000 cm™! and 3500 cm ™! is ascribed to N — H stretching
and O — H stretching vibration in PAN and shellac, respectively. Espe-
cially, the characteristic peak at 3450 cm™! corresponds to hydrogen
bonded N — H. The peak of N — H showed a red shift (meaning peak shift
to low wavenumber), indicating that the introduction of shellac could
increase the number of O-H groups in molecules and led to the gradual
formation of N — H hydrogen bonds with C = N groups in PAN as shown
in Fig. 5 b. Meanwhile, Fig. S2 (a) shows FT-IR spectra of neat shellac
film to investigate the chemical structure of shellac. There are broad
band between 3100 — 3400 cm ™! correspond to O — H stretching [27].
Additionally, other strong intensity peaks at 2853 and 2930 cm ™! were
observed due to the strong symmetric and asymmetric stretching of CHa,
respectively. The peak at 1712 cm™! can be attributed to the C=0
stretching of ester of shellac [28]. The weak bands of the shellac can be
shown to peak at 1636 em ! (C=C stretching vibration), 1412 em ! (-
CH>), 1250 cm ! (C — O stretching), and 1050 cm! (C — C stretching),
respectively [29].

As shown in Fig. 6, the WAXD patterns of the PAN/shellac blend
films were displayed. The representative peak at ~17 ° is ascribed to the
(200,110) planes of PAN. As the shellac content increases to 5 wt%, the
peak shifts down from 17.27 ° (Neat PAN) to 16.85 ° (PAN/SH5) as
listed in Table 3. When shellac content further increases to 10 wt% and
40 wt%, the peak back to 16.91 ° and 16.93 °, respectively. The down
shift of PAN peak of the PAN/SHS5 film suggests that the PAN crystalline
packaging becomes loose. The well dissolved shellac chains could
become entangled with PAN chains, and thus distort the PAN crystalline
structures showing decreases in crystallinity of the PAN film from 34.2
to 17.4 by introducing of shellac and increasing content by 40 wt% as
shown in Table 3. While shellac become phase separated at a concen-
tration of 10 wt%, the PAN peak shifts back to the original position,
since there are limited interactions between PAN and shellac chains
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Fig. 8. (a) TGA thermographs, (b) derivative curve of PAN/shellac blends film with different shellac concentration.

Table 4
Thermal degradation temperature and 5 wt% loss temperature of PAN/shellac
blends film with different shellac concentration.

Sample Tp1 Tpa Tps 5% weight loss temperature, 5" (°C)
Neat PAN 163.22 269.93 389.77 267.25
PAN/SH1 162.05 264.93 391.81  260.49
PAN/SH5 168.59  263.36  415.65  259.75
PAN/ 166.28  264.51 41520  262.08
SH10
PAN/ 162.18  267.24  404.74  250.64
SH40

once phase separation occurs. Furthermore, the PAN peak intensity also
decreases as shellac content increases compared with neat PAN case,
relatively. On the other hand, the shellac peaks at 23.8 °, which are
ascribed to the crystal peak, show higher intensity than that of neat PAN
as shown in Fig. 6 (fitted peak). Accordingly, the crystallite size of the
PAN chain also decreases as shellac was incorporated in PAN, subse-
quent decreases gradually as shellac concentration increases. Mean-
while, the crystallinity and crystallite size of only shellac film showing
the characteristic peak at 18.6 ° are 6.1% and 1.31 nm, respectively
(Fig. S1).

3.4. Thermal properties of PAN/shellac blend film

Fig. 7 shows the DSC curves of PAN/shellac films. PAN exhibits a
strong exothermic peak, which is attributed to both cyclization and
oxidation reactions. The initiation temperature of neat PAN is around
270 °C due to the presence of ester comonomers, which need higher
activation energy for cyclization. Meanwhile, the exothermic peak shift
to low temperature slightly and peak area becomes narrower with the
addition of shellac in PAN compared with that of neat PAN. It indicates
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shellac molecules can be blended with PAN molecules leading one phase
structure from high miscibility. Furthermore, probably, shellac seg-
ments and PAN chain could exert interaction and the interaction facil-
itates to destroy the crystallinity of the PAN chain, suggesting that the
decrease of the crystallization temperature of the PAN chain in the PAN/
shellac blends film by the introduction of shellac segments. However,
the peak shift to right of high temperature beyond 5 wt% of shellac. In
accordance with, Fig. S2 (b), shows the exothermic behavior of neat
shellac at 2nd cooling scans indicating convex exothermic curve around
60 °C, but there is no crystallization peak. As a result, PAN stabilization
can be conducted at lower temperature, which can contribute to
lowering the production cost.

The thermal degradation behavior of the PAN/shellac blends was
investigated via TGA to compare the effect of shellac incorporation in
the PAN. As shown in Fig. 8, normally, there are 3 areas of weight loss.
The first weight loss observed in the range 160 — 170 °C relates to water
or solvent present in the sample. The second weight loss observed in the
range of 250 — 300 °C, PAN started to decompose from the blend film,
which is in-line with the initiating temperature in the DSC thermogram.
In this degradation part, the C = N bonds are broken resulting in
cyclization or stabilization from PAN chain. The third weight loss can be
found between 350 °C and 420 °C, which is attributed to the degradation
and produces lots of volatile particles. Especially, the PAN film with 40
wt% of shellac shows additional degradation peak around 335 °C, which
relates to structural decomposition of the shellac resulting from the
excessive shellac concentration. As shown in Fig. S2 (¢ and d), TGA
curve of neat shellac indicates 3 areas of weight loss first weight loss in
the range of 35 — 150 °C relates to water or solvent present, second
weight loss in the range of 250 — 450 °C relates to the structural
decomposition of the shellac. Above 500 °C, the shellac has been con-
verted fully to TRGO. Furthermore, there is a specific degradation peak
around 365 °C corresponding to shellac decomposition as evidence of
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Fig. 9. (a) Tensile stress-strain curves and (b) tensile strength, modulus and elongation at break of PAN/shellac blends film with different shellac concentration.



B.-G. Cho et al.

1001 M % increases of UTS

Al

S W, ours
Uo ef & angef » hU efa/ lf)e

80 -

60 A

40+

% increases

20 A

Fig. 10. Comparison of percentage increases in the ultimate tensile strength
(UTS) of PAN/polymer blends film with previous reports.

the additional peak of the PAN/SH40 case (Fig. 8 (b)).

Meanwhile, the thermal stability of PAN/shellac film decreases as
shellac content increases showing decreases of temperature of 5%
weight loss as listed in Table 4, whereas, neat shellac has low temper-
ature of 5% weight loss around 200 °C. Furthermore, the major degra-
dation temperature (Tpg) of each blend is listed in Table 4. The onset
temperature for shellac decomposition of each sample differs so the
thermal stability of the PAN changes according to the shellac stability.
PAN/SHS5 show the lowest degradation temperature meaning the low
thermal stability. It is consistent with the results of the DSC analysis. As
further studies, carbonization behavior will be investigated at higher
temperature for fabricating of carbon fiber.

3.5. Mechanical performance of PAN/shellac blend film

The effects of compatibility of PAN/shellac blends on the mechanical
properties of the films were investigated through tensile test via DMA
equipment. The stress-strain curves of PAN/shellac films are shown in
Fig. 9 and Table S1. Interestingly, the PAN/SHS5 case exhibits the highest
tensile strength and modulus of 100 MPa, 3.5 GPa, respectively, which
increased by 73.8%, 91.3% compared with that of neat PAN film (57.6
MPa, 1.8 GPa). However, at a higher shellac content, such as 10 wt% and
40 wt%, the tensile strengths of the films are 75 MPa and 68 MPa,
respectively, which are higher than neat PAN, but lower than that of SH5
case. These results are consistent with DMA behavior as shown in

(
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Fig. 10. It may be due to the molecular structure of shellac containing
hard and soft segments as well as phase separation in the PAN/shellac
blends resulted from excessive shellac concentration. Therefore, it can
be argued that the tensile properties of the PAN film could be affected by
shellac concentration and chain blends. Furthermore, the tensile prop-
erties of neat shellac film were analyzed to compare with that of PAN/
shellac blends film. As shown in Fig. 9 and Table S1, the tensile strength
of neat shellac is 25 MPa, which the lowest value of all samples, whereas,
the tensile modulus has the highest value of 8.7 GPa resulted from high
stiffness and brittleness of shellac. Accordingly, it can be confirmed that
the addition of shellac to the PAN matrix can enhance modulus as well as
strength due to the enhanced compatibility with optimal concentration
of shellac into the PAN matrix.

Meanwhile, as shown in Fig. 10, the increase in the tensile strength of
the presently investigated PAN/shellac blends film were compared with
previously published results for PAN/polymer blends composites. Suo
et al. reported that addition of 0.5 wt% of thermoplastic polyurethane
(TPU) to the PAN enhanced the tensile strength by 12.7%, when
compared to the control sample [30]. Wang et al. reported that PAN/-
polyimide (PI) bilayer films with enhanced the tensile strength by 45%
[31]. Zhu et al. prepared PAN/poly(vinyl alcohol) (PVA) blends film by
solution casting and reported a 53% increase in the tensile strength [32].
In addition, Yin et al. reported that the introduction of attapulgite (AT)
1 wt% into the PAN also improved the tensile strength by 53% [33].
However, in this study, tensile strength of the PAN/shellac blends film
was improved by 73.8%, significantly higher than those reported
previously.

Dynamic mechanical analysis was conducted to understand the
viscoelastic behavior of the PAN/shellac films with regard to change in
temperature (Fig. 11, Table S2). The storage modulus can be related to
Young’s modulus measured during static test. The loss modulus value is
related to modulus values in the viscous portion. Tan delta is the loss
factor meaning the ratio of loss modulus over storage modulus. It was
observed that shellac does not deteriorate PAN properties. When 1 wt%
of shellac was added to PAN, E' increases due to purity difference of the
shellac meaning higher blending performance and compatibility be-
tween shellac and PAN. For 5 wt% of shellac, the E' increases by 60%
compared with that of neat PAN, furthermore, with further increases of
shellac content to 10 wt% and 40 wt%, the stiffening of PAN/shellac
films becomes weaker showing 57% and 32% increases of E' for PAN/
SH10 and PAN/SH40, respectively. The stress transfer can be caused by
more rigid shellac molecules and strong interfacial adhesion between
PAN and shellac chains. On the other hand, the tan delta values decrease
gradually with increases of shellac content in PAN meaning enhanced
elastic properties as well as lower damping properties of the blends film.
Meanwhile, Fig. 11 (b) shows that glass transition temperature, T in-
creases slightly with increasing of shellac concentration. The up-shift Ty
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Fig. 11. (a), (b) show the storage modulus and tan § of PAN/shellac film with different shellac concentration. Inset graphs show storage modulus and tan & of neat

shellac film in the (a) and (b), respectively.
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suggests that the interaction between PAN and shellac chains in PAN/
SH5 case are more effective than the others. Furthermore, the dynamic
mechanical behavior of neat shellac film was investigated to compare
with that of PAN/shellac blends film. As shown in Fig. 11 and Table S2,
the storage modulus of neat shellac is 30 MPa, whereas, the tan delta
peak intensity is 0.27 where at Tg of 55.6 °C.

4. Conclusion

Blends of PAN and shellac, which is biomass-polymer and new car-
bon source material, were produced through simple solution casting
method. In this study, the compatibility of miscibility between PAN and
shellac was investigated and the optimal ratio of that was determined to
be used as a novel biomass carbon fiber precursor. From the detailed FT-
IR, the optimal concentration of shellac in terms of hydrogen bonding
between hydroxyl groups of shellac and C = N groups of PAN was
determined to be 5 wt%. Furthermore, PAN/SHS5 film showed the lowest
degradation temperature meaning the low thermal stability. The PAN/
shellac blends film exhibited outstanding mechanical performances
resulting from the superior chain compatibility between PAN and
shellac. In addition, the blends film exhibited 73.8% higher tensile
strength (100 MPa), compared to the neat PAN. Moreover, the blends
film exhibited the highest E’ (3.26 GPa, 60% improvement). This study
is the first attempt to make polymer shellac blends with PAN chain to be
used for carbon fiber precursor. These new findings will open new ways
to understand the novel biomass-based carbon fiber manufacturing. This
study can be further carried with carbon fiber precursor, PAN and
moreover that polymer blend can be spun to fiber and formed into
carbon fiber via the carbonization process. Furthermore, this study
demonstrated a new application area of shellac which is rising material
in biomass industries. The most important finding of this research was to
find a potential replacement of PAN with a biodegradable polymer and
making the PAN precursor greener technology to improve the globe
environment.
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