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Abstract

In this study, X-ray diffraction (XRD), thermogravimetric (TG) analysis and differential scanning calorimetry (DSC)
method were used to analyze the main characteristics of native silks, and to analyze the thermal degradation process of this
native silks. Three methods were used: XRD to study its structure, TG to study the thermal degradation process and DSC to
study the curve of native silks. The thermal decomposition kinetics of native silks was examined within the heating rates of
5-20 °C min~" in nitrogen atmosphere. Different models of kinetic analysis were used to calculate the activation energies
using thermogravimetric data of the thermal degradation process. The activation energies got from Kissinger, Flynn—Wall—
Ozawa and Satava—Sestak models were 217.49, 216.09 and 193.61 kJ mol ", respectively. The values of activation energy
indicated that the thermal degradation of native silks was a single reaction mechanism or the combination of multi-reaction
mechanisms. TG-FTIR analysis showed that the main pyrolysis products included water, methane, carbon dioxide,

ammonia, and so on.
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Introduction

Biomaterials have received great attentions due to their
unique physical, chemical and biological properties [1-7].
Among the natural polymers, natural silk has been widely
used in various textiles but also in consumer staples such as
pharmaceuticals, electronic products and household prod-
ucts. Silk is a natural fiber spun by the domestic silkworm,
which is a proteinaceous fiber consists of two filaments of
protein, fibroin, with high crystallinity and strong preferred
orientation. This material is nontoxic and harmless and has
good biocompatibility. Therefore, silk fibroin is attractive
as a biomaterial. Recently, Bombyx mori larval silkworms
were fed with single-walled carbon nanotubes and
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grapheme [8], and the result showed that parts of the car-
bon nanomaterials were integrated into the silk fibers,
whereas the others went into the feces of silkworms.

When heated, the native silk suffers decomposition.
Thermal degradation and stability are important aspects
from both scientific and industrial fields. The degradation is
a complicated process; but in practical application process,
it may be adequate to consider only the overall character-
istics of the thermal degradation process with some sim-
plified mechanism. Thermal processing has been widely
used to evaluate the properties of the textiles and the silk-
based materials [9-11].

Thermal analysis is a group of techniques for the rapid
assessment of thermal stability, decomposition tempera-
ture, absorbed water content, crystal water content, and the
thermal degradation dynamics. Thermogravimetric (TG)
analysis and differential scanning calorimetry (DSC)
method have been used as a prevalent technique to evaluate
the thermal stability and degradation of polymers. The
assessment of thermal stability and degradation dynamics
of native silks is very important in practical applications.
For the kinetic analysis, non-isothermal procedure is
basically the first choice. And for this aim, many models,
such as Kissinger, satava—gesték, Doyle and Coast-
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Redfern, were used to calculate the dynamic parameters
based on the Arrhenius equation [12-18].

There have been some reports of the degradation cases
of raw or processed silks from many sources using different
thermal analysis methods [19, 20]. Dewatering and pyrol-
ysis were usually deemed as the two main stages related to
the decomposition mechanism of native silks. The dis-
tinctive microstructure of native silk and its multiple phase
transformation in the process of heating give an excellent
approach to explain the structure—processing—performance
relationship. The achievements in the field can increase the
knowledge of polymer science, especially the natural
polymers. Differences of four silks from African wild
silkmoths were studied regarding their thermal degradation
behaviors and mechanical performances [21]. The result
showed that the differences of four African silks in their
mechanical and thermal degradation properties were rela-
ted to their chemical structure and component. Silk/
poly(lactic acid) biocomposites were prepared by using
melting compound methods, and the effect of silk protein
on the thermal and mechanical performances of the PLA
matrix was investigated [22]. The results shown that the
stiffness of the PLA matrix incorporated with silk protein
at higher temperature was remarkable increased, and the
dimension stability was also enhanced, but the thermal
stability decreased. Three kinds of wild silks from India
were comparatively studied with Chinese mulberry (Bom-
byx mori) silkworm fibers. The results showed that wild
silks had higher thermal stabilities and alterable degrada-
tion profiles [23].

However, the thermal decomposition kinetics of native
silks has not been reported. Thermal analysis study of
materials helps to understand the kinetic and the mecha-
nism of their thermal decomposition. Practically,
thermokinetic studies can provide valuable information on
thermal stability and shelf life of these materials to store at
different conditions. Specifically, thermal analysis study of
polymeric materials helps to evaluate their exothermic
decomposition on the possible risks in their transport,
processing and storage. The main purpose of this study was
to survey the thermal processing by TG and DSC to cal-
culate the kinetic parameters during the thermal degrada-
tion of native silks. In this study, three methods were used:
XRD to study its structure, TG to study the thermal
degradation process, and DSC to study the curve of native
silks. Degradation processes were made in TG with four
different heating rates. These data were used to analyze the
thermal degradation kinetics using different isoconver-
sional methods like Kissinger, Flynn—Wall-Ozawa, and
Satava—Sestak models, which used to evaluate the activa-
tion energy of native silks.
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Experimental
Materials

The native silkworm silks used in this study were pur-
chased from Guiyang Jincheng CO., Ltd. (Guizhou,
China). The dried samples were ground and sieved using a
sieve of 0.15 mm in order to get uniform particles for TG/
DSC/TG-FTIR measurements. The native silk samples
were kept in airtight packages.

X-ray diffraction

The X-ray diffraction pattern was measured using a
diffractometer (Siemens D5000) instrument, which was
operated at 40 kV and 40 mA, and 20 range from 5° to 72°
with a step size or sampling interval of 0.02°. From the
XRD patterns, the interplanar spacings (d) were calculated
by Bragg’s equation. In order to get the crystallization
fraction of native silk sample, the software MDI Jade 5.0
was used.

TG/DSC analysis

A thermal analyzer (STA-625, Reometric Scientific) was
used for obtaining TG curves. The thermal analyses were
carried out in alumina crucibles under dry argon atmo-
sphere with a flow rate of 10 mL min~'. The starting
temperature was 35 °C. The rates of heating were 5, 10, 15,
20 °C min~ ', respectively. Each silk sample was about
5 mg.

DSC curve was done using a TA Instruments DSC
Q2000 (DE, USA) with a scanning rate of 10 °C min~"
under dry argon atmosphere with a flow rate of

50 mL min~".

TG-FTIR test

Thermogravimetry-Fourier transform infrared spec-
troscopy (TG-FTIR) analysis was obtained by TG 209F3/
Tensor 27 (Netzsch/Bruker), heating under N, from room

temperature to 600 °C with a heating rate of 20 °C min™".

Results and discussion
Theoretical background

The thermal degradation of native silks is a complex pro-
cess, because many reactions are involved. The compre-
hensive dynamic analysis of the complicated process is
usually impracticable. However, other types of mean
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kinetic description are still feasible. In this research, Kis-
singer [24], Flynn—Wall-Ozawa [25, 26], and Satava—
Sestak [27, 28] models were used to investigate the thermal
degradation process of native silks.

The structural analysis of the native silks

The XRD pattern of native silks is shown in Fig. 1. There
was a main peak at about 20.8° and a shoulder at about
24.4°, and a broad maximum peak was observed for the
sample which was indicative of a disordered structure of
native silks. This pattern was quite similar to the previous
results [29]. This is an explicit indication of the existence
of two preferential intermolecular interactions in the lateral
packing of the backbones. Based on the Bragg’s equation,
the distances (d) were 0.43 and 0.36 nm, respectively.

The structure of the native silks primarily is amorphous.
Meanwhile, due to the long and flexible molecular chains
hinder further crystallization, only a spot of crystalline
structure exist [29]. The crystalline region has a high
degree of periodicity with simple repeating parts broken by
complicated sections with amino acids containing bulky
branched chains. The crystalline parts are composed of f-
sheets; meanwhile, amorphous parts comprise amino acids
which do not partake in f-sheet configuration. The coex-
istence of amorphous parts makes the peak wide.

Thermal degradation

Thermal degradation is a very important part of thermal
procedure. Thermogravimetric analysis is a very common
method used for research of the thermal degradation pro-
cess. The thermogravimetric curves of native silks were
measured at different heating rates for the research of
thermal degradation process with different non-isothermal
techniques. Figure 2 shows the thermogravimetric curves
of native silks at different heating rate, respectively. These
curves present three primary mass loss parts. The first part
is the desiccation which starts instantly when the temper-
ature just rises and ends at about 120 °C. The percentage of
mass loss in this part is related with the water content of
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Fig. 1 XRD pattern of the native silks
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Fig. 2 The thermogravimetric curves of native silks at different
heating rates

native silks. The second part is the main degradation stage,
which finishes at around 450 °C. Pyrolysis of native silks
has been described to give water, carbon dioxide, ammonia
and so on [30]. Thermal decomposition has usually been
regarded as the important process associated with the
degradation mechanisms of native silks. The last step ends
with the formation of carbon black at around 700 °C. The
most important degradation process of native silks was
made in AT (the full width at half maximum of DTG
curve) = 50, 55, 66, and 70 °C at the heating rates of 5, 10,
15 and 20 °C min~", respectively.

The dehydration process is generally not deemed to
affect the thermal decomposition of native silks, because
all water will evaporate before the decomposition of the
sample in the open system. Even though the form of the
thermogravimetric curves does not change, the starting
temperature of decomposition is the same, and the peak
temperature increases with the increasing heating rate. This
phenomenon is probably ascribed to heat transfer problem
between the native silks and equipment [31], and the rea-
son may also be that the fast heating rate leads the native
silks to the given temperature rapidly as a result of
increased thermal lag [32, 33]. These curves were used for
the calculation of dynamics parameters including activa-
tion energy and InA.

Kinetics of thermal degradation analysis
In order to get the dynamics parameters and the most
probable mechanism of the thermal degradation process,

the thermogravimetric curves at different heating rates
were dealt with using three kinetic models.
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Kissinger model

The Kissinger model was used to analyze the thermo-
gravimetric curves of native silks. Figure 3 depicts the
fitted curve of ln(ﬁ/T,zn) versus 1000/T;, where slopes give
— E/R, and the correlation coefficient (R2) is 0.9930. Thus,
the Kissinger model can be availably applied in native
silks. The Kissinger model can be used to roughly calculate
the activation energy of the thermal degradation using the
peak value of thermogravimetric curves. Activation energy
and InA obtained from the slope were 217.49 kJ mol ' and
36.80 min~', respectively. In general, the activation energy
value is in the maximum degradation rate or in the largest
heat absorption [34].

Flynn-Wall-Ozawa model

The Flynn—-Wall-Ozawa model was also employed to
process the thermogravimetric curves of native silks and
calculate the corresponding dynamics parameters. From
Fig. 1, the peak temperatures of thermogravimetric curves
at different heating rates, T, were obtained. Figure 4
illustrates the liner plot of 1gf versus 1000/7;,, where slopes
give — E/R. The linear correlation coefficient is 0.994, and
activation energy is 216.09 kJ mol~'. Thus, the Flynn—
Wall-Ozawa model is also effective for native silks.

Satava-Sestak model

The Satava-Sestak model was also used to process the
thermogravimetric curves of native silks. Mechanism
function, G(x) = — In(1 — o), was ultimately chosen after
comparison with the others. Figure 5 depicts the liner plot
of lgf versus 1000/T,, where slopes give — 0.4567E/
R. The mean correlation coefficient (RZ) of the fitted curves
is — 0.9935. Activation energy is usually regarded as the
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Fig. 3 Kissinger plots of native silks
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Fig. 5 Satava—Sestik plots of native silks

energy barrier to control the bond breaking or bond reap-
portion step [35]. The activation energies got from the
slope (— 0.4567E/R) are shown in Table 1, and the average
value is 193.61 kJ mol™". It can be seen from Fig. 5 that
the fitting curves are approximately parallel, which implies
similar activation energies and then indicates the possi-
bility of single reaction mechanism or the combination of
multi-reaction mechanisms [36-38].

For the completion of the study and an accurate deter-
mination of this behavior, Kissinger, Flynn—Wall-Ozawa,
and Satava-Sestik models were used. The value of

Table 1 The activation energies of native silks using Satava—Sestdk
model

B/I°C min™' 5 10 15 20

R’ 0.9980 0.9950 0.9990 0.9980
Slope —10.33 —10.47 — 10.71 — 11.04
E/KT mol ™! 188.01 190.56 194.92 200.93
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activation energy determined by Kissinger model was in
good agreement with the value determined by the Flynn—
Wall-Ozawa model. The high agreement validated the
reliability of calculations and confirmed the predictive
power of Kissinger and Flynn—Wall-Ozawa models [39].
Meanwhile, the activation energy values obtained from
Satava—Sestdk model was slightly lower than those
obtained from the other methods. Based on the three acti-
vation energy values, the deviation was 9.64%, which
indicated that the results were acceptable. In fact, different
kinetic models should be complementary and not compet-
itive [40]. The activation energy alone is insufficient to
predict and simulate the entire process of thermal degra-
dation. The satisfactory degradation model should at least
include a set of activation energy and pre-exponential
factor. However, since the activation energy can provide
important information about the transition energy required
to initiate a reaction, in this study the range of activation
energy can help to investigate the thermal stability of
native silks.

DSC studies

The DSC curve was used to study the thermal transfor-
mation occurring in the process of heating under an inert
atmosphere. The typical DSC curve of native silks in a
range of 40-500 °C is presented in Fig. 6. The minor
endothermic peak observed below 100 °C seems to be
attributable to the evaporation of water in the specimens.
The glass transition temperature was about 212 °C, which
is in the reported range from 150 to 250 °C [41]. There is a
major endothermic peak at 321 °C, which is associated
with the degradation of the silk fibroin. After opening the
DSC pans, the silks samples were yellow to brown. This
change is believed to be due to the interruption of long
chains. A large endotherm in a range of 300400 °C nearly

covers all curve transition which represents the
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Fig. 6 DSC curve of native silks under heating rate of 10 °C min~"
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Fig. 7 Three-dimensional FTIR diagram of gaseous products from
the pyrolysis of native silks at 20 °C min~!

decomposition of native silks. The result was coincided
with those obtained previously from thermogravimetric
curves. After opening the DSC pans, the silks samples were
carbonized when the temperature was greater than 500 °C.
The carbon black directly indicated that the chains of
macromolecular had been destroyed.

TG-FTIR analysis

The three-dimensional (3D) FTIR diagram of gaseous
products from the pyrolysis of native silks is shown in
Fig. 7. By comparison of the standard spectrum of a certain
compound, the major products were identified by the
appearance of characteristic absorption bands. Carbon
dioxide was released quite strongly, causing the absorption
at 2349 cm™' and 667 cm™'. Mainly water vapor was
found, which was characterized by peaks at 3736 cm™".
Two narrow bands at about 964 and 927 cm™' that
appeared were the significant peaks of ammonia. The
narrow band at 3014 cm™' indicates the existence of
methane. Some other gases could be evolved at the same
time, which led to more difficultly find the peak of gas
when testing small quantities.

Conclusions

X-ray diffraction, thermogravimetric (TG) analysis and
differential scanning calorimetry (DSC) method were
applied for studying the main characteristics of native silks.
Thermogravimetric curves were used to analyze the ther-
mal degradation kinetics of native silks by non-isothermal
process. The Activation energy values of native silks were
217.49, 216.09 and 193.61 kJ mol~' based on Kissinger,
Flynn—Wall-Ozawa, and Satava—Sestak models, respec-
tively. The results of activation energy show that the
thermal decomposition of native silks has a single reaction
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mechanism or the combination of multi-reaction mecha-
nisms. The gaseous products from the pyrolysis of native
silks were water, carbon dioxide, ammonia, methane, and
SO on.
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