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Abstract: Carbon fibers were prepared from silk fibers after an iodine treatment and the
carbon yield, fiber morphology, structure and mechanical properties were investigated.
A single or multi step carbonization process was used for the preparation. In the single
step process, silk fibroin (SF) fibers were heated from 25 to 800 °C with a heating rate
of 5 °C min-1 under Ar atmosphere. However, the carbon fiber obtained was partially
melted and was too fragile to handle. For better performance, SF fibers were treated
with iodine vapor at 100 °C for 12 h and untreated and iodinated SF fibers were heated
from 25 to 800 °C by a multi step carbonization process, which was defined based on
the optimum thermal degradation rate of silk. In this multi step process, the carbon
fibers obtained from iodinated SF were structurally intact and stable in appearance, and
the carbon yield achieved was ca. 36 wt%, much higher than the value for untreated SF.
X-ray diffraction, Raman spectroscopy and transmission electron microscopic
observation revealed that the obtained carbon fibers from both untreated and iodinated

SF were a basically amorphous structure. The strength of carbon fibers prepared from



iodinated SF using the multi step carbonization was considerably increased compared to
that of untreated SF. According to viscoelastic measurement, by heating above 280 °C
the iodine introduced intermolecular cross-linking of the SF, and its melt flow was

inhibited which produced a higher yield and better performance of the carbon fiber.
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1. Introduction

Silk fibroin (SF), an extensively studied natural biopolymer is commonly used as a
textile fiber. It is produced by different silkworm species, and the most important being
is the domesticated mulberry worm Bombyx mori. The chemical structure of Bombyx
mori SF molecule is characterized by the presence of three amino acids, glycine (45%),
alanine (30%) and serine (12%) in a roughly 3:2:1 ratio and the sequence is dominated
by [Gly-Ala-Gly-Ala-Gly-Ser],. Moreover, SF chain also contains amino acids with
bulky and polar side chains, in particular tyrosine, valine and acidic amino acids.

In the development of new materials from SF, the researches concerning the
carbonization of silk are involved. Heretofore, thermal decomposition behaviors of silk
materials have been reported, but the majorities are for the pyrolysis behavior of 300 °C
or less, which corresponds to an initial process of the carbonization [1-12]. Recently,
carbonization behavior of silk at higher temperature has been investigated intensely. The
carbonization behavior at 800 °C of mulberry silk, tussah silk and amino acid
component have been investigated and it has observed that from the silk,
non-graphitizing carbon could be obtained with a carbon yield of 30%, which was much
higher than the value measured for the cellulose based carbon [13].

Carbonized silk materials exhibit highly anti bacterial property and it possess
multiple numbers of dimples on its surfaces by heating and are used as supports for
catalysts, e.g. fine particle of platinum, titanium oxide, and metal phthalocyanine, which
are suitable for adsorption and decomposition of harmful substances and for
deodorization [14]. By utilizing the antibacterial properties of carbonized silk, many

products have been developed or proposed to develop in biomedical field, such as,



carbonized silk products for skin external preparations [15], wound dressing [16],
hazardous substance decomposer [17], mask with antibacterial material [18], carbonized
cocoons for gas adsorbent [19], etc. Carbonized silk materials are also used in other
fields, such as, to produce fuel cell [20], electric double layer capacitor [21],
electromagnetic shields [22].

Recent researches reveal that iodine is a good stabilizing agent for producing higher
yield pitch carbon. It has been pointed out that iodine acts to promote dehydrogenative
polymerization during carbonization and leads to the extremely high carbon yield of
coal tar pitch [23,24]. In addition, carbon yield for some kinds of polymers such as
polyacrylonitrile and poly(vinyl alcohol) have been considerably enhanced by
carbonization with iodine treatment [25,26]. However, the applying of the iodine
treatment to SF has not been reported. Beforetime it has been reported that SF absorbs
iodine and the structure and physical properties are significantly influenced [27-31].
Thus, it is worth investigating the influence of iodine treatment on carbon yield of SF
by carbonization.

In this study, we reported the carbonization behavior of iodinated SF, and evaluated

the carbon yield, fiber morphology, fine structure and the mechanical properties.
2. Experimental
2.1. Materials

Bombyx mori degummed SF fiber used in this experiment was provided by North
Eastern Industrial Research Center, Shiga prefecture, Japan. To remove impurity,
Soxlhet extraction was conducted by using methanol until SF became completely white.
2.2. lodine treatment

The iodine treatment of SF fiber was carried out as follows: an adequate quantity of

SF fiber was enclosed with abundant iodine in a small test tube in a glass vessel. After

sealing the glass vessel, it was placed in an oven heated at 100 °C where iodine was

vaporized and kept for several periods. The color of SF fiber turned to dark brown by



the treatment. The iodine sorption content was calculated by measuring the weight

change of the SF fibers before and after the iodine treatment.

2.3. Carbonization

Iodinated SF fibers were heated to 800 °C under controlled heating schedules in a
tubular furnace under an Ar flow. The heating schedule was an important factor to
determine quality of carbon fibers obtained from SF fibers. The carbonization process
has been described in details as follows:

In order to produce carbon fibers and ceramic materials with good mechanical
properties, the carbonization condition is very important. For example, carbon fiber was
prepared from untreated SF fiber by heating from 25 to 800 °C with a constant heating
rate of 5 °C min™ under an Ar gas flow, (called as ‘single step carbonization’ in this
study), and consequently, the carbon fiber was very weak and was too fragile to handle.
Thus, milder carbonization schedule is necessary for higher performance of silk based
carbon fibers, and dynamic TGA measurement using untreated SF fiber was carried out
by CRC mode at -0.001wt%/sec of weight reduction rate to determine heating schedule
for carbonization. Fig. 1 shows the dynamic TGA result of untreated SF fiber. The solid
and broken lines indicate heating temperature profile and TG curve, respectively.
According to this result, the heating schedule for carbonization (called as ‘multi step
carbonization’ in this study) was then determined as shown Fig. 2. By using multi step
carbonization, the quality of carbon fiber obtained was clearly enhanced, which was
possible to handle and used for mechanical measurement. So we considered only the
fibers that obtained by multi step process for comparing carbon yield percentage in
different iodine treatment times and as well as for measuring the structure and

mechanical properties.
2.4. Measurements
Thermogravimetric analysis (TGA) was carried out from room temperature to 800 °C

at a heating rate of 5 °C with Rigaku Thermo plus II TG 8120 under an Ar atmosphere.

Dynamic TGA was performed using constant reaction control (CRC) mode to 800 °C at



-0.001wt%/sec of constant weight reduction rate.

The fiber morphology was examined with a Hitachi S-2380N, Scanning electron
microscope (SEM) at 15 kV of acceleration voltage.

Raman spectroscopy was measured by S. T. Japan, Inc. HoloLab-5000, equipped with
a MK-II filtered probe head using Nd: YAG (Yttrium Aluminum Garnet) laser beam of
532 nm generated at 50 mW. The measurement was carried out under the conditions of
resolution of 2.5 cm™ with 10 s exposure 10 times.

Wide angle X-ray diffraction (WAXD) profile was obtained by a Rigaku Rotorflex
RU-200B diffractometer using Ni-filtered CuK, radiation generated at 40 kV and 150
mA.

Transmission electron microscopic (TEM) observation was conducted at an
acceleration voltage of 200 kV using JEOL JEM-2010 instrument.

The elemental analysis was performed on a Parkin-Elmer 2400 II analyzer using the
normal procedure.

The tensile properties were measured with a Tensilon Model RTC 1250A, (Orientec
Corporation), Japan using standard technique at 22 °C and 65% RH at a gauge length of
40 mm and strain rate of 40 mm/min.

Dynamic mechanical thermal analysis (DMTA) was measured from room
temperature to 400 °C in air by using an ITK Co. DVA-225 at the stretching mode of 10

Hz and a heating rate of 10 °C min".

3. Results and discussion

3.1. lodine sorption and carbon yield

Fig. 3 shows Raman spectrum of iodinated SF fiber. Two strong peaks at 112 and 168
cm ' are assigned to the I~ and Is~ vibration, respectively [32,33]. Therefore, this result
suggests that at least two types of polyiodine ions exist in SF fiber.

The iodine sorption percentage of SF fibers is shown as a function of iodine treatment
time in Fig. 4. The weight of the SF fibers increased monotonously with iodine
treatment time. After 12 h, the iodine content was achieved by ca. 42wt% by

introduction of iodine component into the fibroin. Then, the trend of weight increasing



was very slow and it became almost saturated with ca. 52wt% iodine content after 24 h.

In producing carbon materials from polymeric precursors, higher weight loses during
carbonization generally results in high cost, thus “yield” is an important aspect for
carbon fiber production. The relationship between carbon yield and iodine treatment
time in multi step carbonization process is shown in Fig. 5. In case of untreated SF, the
carbon yield was 29wt%. The carbon yields considerably increased and reached up to ca.
36wt% as a function of iodine treatment for 12 h. After 12 h, the yield gradually
decreased though iodine content increased. It may causes due to the presence of excess
iodine ions in SF molecules. So we used only 12 h treated specimen for experiments. It
was conformed that iodine could not detected in the specimen after carbonization at
800 °C. Considering these results, iodine treatment seems an effective process to
increase carbon yield of SF fibers.

Thermogravimetric analysis was carried out to make clear the carbonization behavior
of the specimen. Fig. 6 shows TGA curves of untreated and iodinated SF fibers. The
weight percent in the figure was calculated from the original specimen. For untreated
specimen, there was no weight change up to 150 °C and drastically weight loss was
marked by a sharp decrease in weight beginning at 250 °C. This is associated with the
degradation of side chain groups of amino acid residues as well as the cleavage of
peptide bonds [34]. The yield obtained at 800 °C for untreated SF was about ca. 29wt%
in single step heating condition.

On the other hand, the carbonization behavior of iodinated SF fiber is different from
that of untreated one. For iodinated specimen, the abrupt weight decrease was detected
from 110 to 400 °C. This is related to not only degradation of SF, but also vaporization
of the iodine component in the specimen, because of ca. 42wt% of polyiodine ions are
included in the specimen, and evaporation of iodine component was confirmed during
the TG measurement. The yield obtained at 800 °C for iodinated SF was about ca.
37wt% in dynamic heating condition. The obtained higher yield from iodinated SF,
would be related to the intermolecular cross-linking of SF by iodination, which causes
inhibition of volatile component containing carbon from SF during heating and lead to

higher carbon yield.



3.2. Fiber morphology

Morphological changes induced by carbonization to 800 °C of untreated and
iodinated SF fibers were studied by SEM. The longitudinal micrographs are shown in
Fig. 7. The morphology of untreated SF fibers was greatly influenced by single step
carbonization. The fiber surfaces appeared swollen, partially melted and there was
dispersion of thickness [Fig. 7(a)]. This is originated from much defect formed in the
specimen due to rapid thermal decomposition of SF molecule. This result was consistent
with the report of Nishikawa et al [13].

It is well known that the surface of degummed SF fibers is highly smooth, showing
only very fine longitudinal striation attributable to the fibrillar structure of the fiber [35].
In multi step carbonization, although the morphology of carbon fibers obtained from
untreated SF was considerably improved, but it appeared till in swell condition,
dispersion in thickness and rough in appearance [Fig. 7(b)]. On the contrary, the surface
of carbon fibers prepared from iodinated SF became more plain and smooth [Fig. 7(¢c)].
From the cross sectional SEM images of the carbon fibers prepared by multi step
carbonization [Fig. 8(a,b)], it is observed that there was no outstanding crack and the
fibers posses a dense inner structure. In particular, the fiber from iodinated SF was
remains intact. These results are not only related to milder carbonization process which
prevents the rapid degradation of SF but also to the formation of the cross-linking
between the adjacent SF molecules in presence of polyiodine ions (I3, Is) during

heating.

3.3. Structural characteristics

To analyze the structure of the carbon fibers, measurements of XRD, Raman spectra,
and TEM observation were carried out. Fig. 9 shows WAXD profiles of the carbon
fibers from untreated and iodinated SF by the multi step carbonization. Only a broad
peak exhibits at 20 = ca. 24.0 ° for both the carbons, which indicates the lack of
crystalline structure. Fig. 10 shows the Raman spectra for the same samples with those
in Fig.9. For the both carbons, two major broad peaks, one at 1369 cm™ for D band and

another at 1589 cm™ for G band, respectively, appear in the observed results plotted



with gray closed circles. Black broken and solid lines represent the deconvoluted and
total curves, respectively, which were fitted by Gaussian function. The peak position,
the peak full-width at half-maximum (FWHM) and the integrated intensity ratio of the
two peaks (lg/lp) obtained from the Gaussian fittings are summarized in Table 1. The
spectrum of each sample is broad and is similar to a pattern of diamond-like carbon,
which shows the low crystallinity and mixture of sp2 and sp3 carbons. The intensity
ratio lg/lp of the carbon fibers from iodinated SF is somewhat higher than that of the
carbon from untreated one, but the difference in spectra and FWHM are not obviously
observed, therefore, the carbon structures of the two fibers are almost same. Fig. 11
shows the TEM images of carbon fibers from untreated and iodinated SF by the multi
step carbonization. Both the carbon fibers exhibit basically amorphous structure and no
crystal texture, but curvy layered structure with disordering is contained in some part
shown by an arrow. Fig. 12 shows the result of elemental analysis for carbon fibers from
untreated and iodinated SF by multi step carbonization. This result shows the low
carbon content, and high hydrogen, nitrogen and oxygen contents for carbon fiber. This
may be related to antibacterial property of SF-derived carbon material. However, the
composition for each sample is almost consistent with each other. Therefore, from
structural analyses, the iodine treatment does not affect structure of the carbon fiber in

this study, and only controls the thermal degradation behavior of SF.

3.4. Mechanical properties

It is worth noting that mechanical properties, particularly tensile strength and
elongation at break, are the most important factors for evaluating the performance of
fibers for proper applications. The tensile strength was evaluated by the load-elongation
curves, in which the maximum strength of the fiber corresponds to the point where the
carbon fibers break. Fig. 13 illustrates the load-elongation curves of carbon fibers
prepared from untreated and iodinated SF by multi step carbonization. The average
strength and elongation of carbon fibers prepared from untreated SF was 8.2 gf and 0.5
mm respectively. On the other hand, carbon fiber prepared from iodinated SF was
shown better mechanical performances. The average value of strength and elongation of

carbon fibers prepared from iodinated SF were increased to 12.6 gf and 0.7 mm



respectively. The higher strength of carbon fibers should be related to the cross-linking
between adjacent SF molecules in the presence of polyiodine ions (I3, I5).

As an evidence of cross-linking of SF, DMTA measurement has been carried out.

3.5. Influence of iodination on SF during carbonization

The temperature dependence of storage modulus (E’) curve of untreated and
iodinated SF fiber is shown in Fig. 14. For untreated SF, the value of E’ slightly
increased with temperature up to 70 °C owing to evaporation of water contained in the
fiber. And then, E’ once remained constant, followed by the decrease above 170 °C.
Finally, E’ exhibits a sharp fall around 260 °C due to the melting of the crystalline
regions, which brings about breaking of SF fiber. On the other hand, iodination
remarkably influences molecular motion of SF fibers. The thermal movement of fibroin
molecules became evident from relatively low temperature, starting from about 50 °C
and the onset temperature of the first fall at ca. 135 °C is lower than that of the original
SF seen around 170 °C. On the basis of DSC measurements of pure SF, it has been
pointed out that the glass transition temperature is located at around 173 °C [11]. The
above behavior of E’ suggests that the glass transition temperature shifted to lower
values by the presence of polyiodine ions in SF. The iodine introduction makes SF
molecules easier to move and brings about softening of SF fiber (lowering of E’).
Above 280 °C, the iodinated SF shows that E’ (i.e. the stiffness) is increased, which
implies the formation of intermolecular cross-linking accompanied by the hardening of
the sample. The intermolecular cross-linking of SF chains represses volatilization of
carbon component in SF during the carbonization process and leads the higher carbon
yield. The mechanism of cross-linking by iodination has not been clarified at this time,
however, strong oxidizing property of iodine may generate reactive sites in SF chains

and then cross-linking points are produced.

4. Conclusions

Carbon fibers were produced from natural biopolymer, Bombyx mori SF fibers treated

with iodine vapor at 100 °C for 12 h. The carbonization process was carried out by



heating to 800 °C in Ar atmosphere at a single step carbonization process (constant
heating rate of 5 °C min™") or a multi-step carbonization process. The multi-step process
was conducted at a nearly constant decomposition rate of silk in order to inhibit the
rapidly thermal decomposition, which was determined by the measurement of dynamic
TGA using untreated SF. In the case of single step process, the obtained carbon fiber
was fragile and was difficult to handle. On the other hand, both strength and the carbon
yield of the carbon fibers prepared under multi-step heating were considerably increased.
The highest carbon yield (ca. 36wt%) was achieved from iodinated SF fibers under
multi-step process (cf. ca. 29wt% of carbon yield for untreated SF). WAXD, Raman
spectroscopy and TEM observation suggested that the obtained carbon fibers from both
untreated and iodinated SF were a basically amorphous structure. DMTA measurement
showed that with heating above 280 °C the iodine component introduced intermolecular
cross-linking of SF and the melt flow of the SF was inhibited, which enhances higher

carbon yield and better performance of silk based carbon fiber.
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Table 1. Structural parameters of carbon fibers prepared by multi step carbonization
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Fig. 8. Cross-sectional SEM images of carbon fibers prepared by multi step

carbonization from untreated and iodinated SF: (a) untreated specimen, (b) iodinated

specimen.
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Fig. 9. Equatorial WAXD profiles of carbon fibers prepared by multi step carbonization
from untreated and iodinated SF: (a) untreated specimen, (b) iodinated specimen.
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Fig. 10. Raman spectra of carbon fibers prepared by multi step carbonization from

untreated and iodinated SF: (a) untreated specimen, (b) iodinated specimen.
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Fig. 11. TEM images of carbon fibers prepared by multi step carbonization from

untreated and iodinated SF: (a) untreated specimen, (b) iodinated specimen.
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Fig. 12. Elemental composition of carbon fibers prepared by multi step carbonization
from untreated and iodinated SF: (a) untreated specimen, (b) iodinated specimen.
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Fig. 13. Load-elongation curves of carbon fibers prepared by multi step carbonization

from untreated and iodinated SF: (a) untreated specimen, (b) iodinated specimen.
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Fig. 14. Temperature dependence of storage modulus for untreated (dotted line) and
1odinated (solid line) SF fiber.

Table 1. Structural parameters of carbon fibers prepared by multi step carbonization

from untreated and iodinated SF determined by Raman spectroscopy

G band D band
Specimen Peak Position | FWHM | Peak Position | FWHM Io/Ip
(cm™) (em™) (em™) (em™)
Untreated SF 1590 104 1377 326 0.53
Iodinated SF 1589 111 1369 312 0.67
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