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Natural nonwoven silk fabric has attracted researchers’ attention owing to its unique properties 
as a biomaterial. It is fabricated by reeling, wetting, and hot pressing natural silk filament 
from silkworm cocoons. In this study, silkworm cocoons were immersed in water at different 
temperatures for various durations to examine the effects of wet treatment on their crystallinity 
and morphology. As the treatment temperature and time increased, the cocoon's silk filament 
separation became more evident, and fibroin strands were observed in it. The crystallinity 
indexes of the silkworm cocoons increased until a treatment time of 2 h and remained 
constant thereafter. The increase in the crystallinity index using wet treatment was enhanced 
by increasing the treatment temperature. Although the weight loss of the silkworm cocoon was 
insignificant until 40°C, it was appreciable above this temperature, and the degree of weight 
loss constantly increased with increases in the treatment temperature and time. 
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Introduction 

Recently, a natural nonwoven silk fabric has attracted the 
attention of researchers owing to its unique properties as a 
biomaterial, including its excellent mechanical properties, good 
cytocompatibility, easy fabrication, and high productivity (Bae 
and Um, 2018; Bae and Um, 2020; Bae and Um, 2021; Lee et 
al., 1999; Lee et al., 2018). 

This natural nonwoven silk fabric is prepared by 1) the 
reeling of silk filament or an assembly of short silk fibers, 2) 
wet treatment, and 3) hot press treatment. In this process, the 
wet treatment for silk web (i.e., reeled silk filament assembly 
or stacked short silk fibers) is essential because it is crucial 

for binding the silk filament or short fiber. Typically, when the 
silk web is hot pressed without the wet treatment, the binding 
strength between the silk filaments tends to be low, resulting in 
no improvement in the mechanical properties of the nonwoven 
silk fabric compared with the silk web (Bae and Um, 2018). 
Therefore, wet treatment on silk filament is essential for 
increasing the binding strength between silk filaments, leading to 
a remarkable enhancement of its mechanical properties. 

To better understand the structure and properties of the 
nonwoven silk fabric, the effect of the wet treatment process 
on silk should be elucidated. However, such a study is yet to be 
conducted in detail. 

As a preliminary study, the effect of wet treatment on 
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A1620cm
−1

: Absorbance at 1620 cm
−1

 (due to β-sheet crystallite 
related to the crystalline region)

A1643cm
−1

: Absorbance at 1643 cm
−1

 (attributed to random coil 
conformation related to the amorphous region)

The solubility (weight loss in water) of the silkworm cocoons 
treated at various temperatures and times were calculated using 
Eq. 2. The dried weight of the cocoons was determined with 
a moisture balance (XM60, Precisa Gravimetrics, Dietikon, 
Switzerland). 

                         (2)

W1: Dried weight of the cocoon before the dissolution
W2: Dried weight of the cocoon after the dissolution

Results and Discussion

Morphological structure of silkworm cocoons
Table 1 presents the external features of silkworm cocoons 

treated at different temperatures and times. In the case of lower 
temperatures (i.e., 25°C–60°C), the external features of the 
cocoon exhibited almost no change regardless of the treatment 
duration. On the other hand, as the treatment temperature 
increased through 80°C and 95°C, some silk filaments were 
notably separated from the cocoon. This trend was more 
conspicuous with an increase in the treatment time. This result 
implies that the sericin is efficiently removed from the silk 
filament in correspondence to an increase in the treatment 
temperature and duration. 

Table 2 showed SEM images for the outer surface of the 
silkworm cocoons treated at different temperatures for varying 
durations. Due to the heterogeneity in the morphology of 
the cocoon, it can be challenging to recognize the change 
of morphology in the outer surface of the silkworm cocoon. 
However, morphological changes in two strands of fibroin in 
the silk filaments became more prominent as the treatment 
temperature and time increased. This is because the sericin is 
effectively removed as the treatment temperature and time is 
increased.

The crystallinity change in the outer surface of 
the cocoons

Fig. 1 showed FTIR spectra of the outside of silkworm 
cocoons treated in water at different temperatures for various 

the crystallinity and morphology of silkworm cocoon was 
examined, since it is used to fabricate nonwoven silk fabric. 
The cocoons were treated at varying conditions in water (i.e., 
treatment temperature and time). Additionally, the molecular 
conformation and crystallinity index were measured to assess the 
impact of wet treatment on the change in the crystallinity of the 
silkworm cocoons. Morphology and weight loss (solubility) of 
the silkworm cocoons according to the wet treatments were also 
investigated.

Materials and Methods

Preparation
Kumokjam Bombyx mori silkworm cocoons were used in this 

study. To investigate the effects of wet treatment on the silkworm 
cocoons, they are immersed in distilled water at different 
temperatures (25°C, 40°C, 60°C, 80°C, and 95°C) over specified 
durations (1 h, 2 h, 3 h, and 5 h) using a shaking water bath (VS-
1205SW1, Vision Scientific, Bucheon, South Korea). Afterward, 
the silkworm cocoons are dried at an ambient temperature (25°C). 

Measurement and characterization
The external features of silkworm cocoons were photographed 

using a digital camera (iPhone 11 Pro, Apple Inc., Cupertino, 
USA). First, an inspection of the outer surface morphologies 
was performed by scanning with an electron microscope (FE-
SEM, S-4800, Hitachi, Tokyo, Japan). The cocoons were then 
precoated with Pt–Pd before observation (Choi et al., 2020). The 
diameters of the silk filaments were subsequently measured from 
the SEM images using an image analysis program (DIMIS-PRO 
2.0, Siwon Optical Technology, Anyang, Republic of Korea). 

The molecular conformation and crystallinity of silkworm 
cocoons were studied using Fourier transform infrared spectroscopy 
(FTIR; Nicolet 380, Thermo Fisher Scientific, Waltham, MA, 
USA) alongside the attenuated total reflection (ATR, Smart iTR 
ZnSe) method. The scan range, scan number, and resolution of 
4000–650 cm

−1
, 16, and 8 cm

−1
, respectively, were employed. 

This index was calculated using Eq. 1. In addition, an FTIR 
measurement count of seven was performed, and from its result, 
a mean and standard deviation of the crystallinity index was deduced 
to represent the sample. (Bae et al., 2021; Choi et al., 2020).

  (1)
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the external features characterizing the silkworm cocoon under 
wet treatment, the crystallinity index is estimated from the IR 
peaks in the spectra, and its results were shown in Fig. 2. As the 
treatment time increases, the crystallinity index of the cocoon 
increases in accordance. However, after a treatment time of 2 h, 
the crystallinity index did not change further. This result confirms 
that the silk crystallizes with wet treatment, and the crystallinity 
increases with an increase in the treatment temperature and time. 

Three factors are noticed during the crystallization phase of 
the outside of silkworm cocoon under wet treatment. First, the 
crystallization occurs outside the silkworm cocoon, even at room 

times. The untreated silkworm cocoon showed an IR absorption 
peak at 1620 cm

−1
 and a shoulder at 1643 cm

−1
 attributed to 

β-sheet crystallite and random coil conformation, respectively 
(Bae et al., 2021; Choi et al., 2020; Park et al., 2019a, b). As the 
treatment temperature and time increased, the IR absorption peak 
at 1620 cm

−1
 became visible and more prominent, whereas the 

shoulder at 1643 cm
−1

 became weaker and subsequently faded 
off. These results indicate that the silk becomes more β-sheet 
crystallized with the increases in the treatment temperature and 
time. 

When quantitatively analyzing the crystallization behavior of 

Table 1. Photographs of wet-treated silkworm cocoons at different water temperatures at various times. 
Time

Temp. 
Untreated 1 h 2 h 3 h 5 h

25 °C

40 °C -

60 °C -

80 °C -

95 °C -



24       25

Int. J. Indust. Entomol. 
Vol. 43, No. (1), pp. 22-28 (2021)

could be attributed to the fact that sericin gets more swollen 
at higher temperatures and extensive treatment times. As the 
sericin achieves higher swollen rates, its crystallization increases 
when dried. It is interesting to note that the postcrystallization of 
sericin is negligible after 2 h, indicating that 2 h is an optimum 
time for sericin to reach its equilibrium swelling state. 

Dissolution of sericin in silkworm cocoons
When the silkworm cocoon goes through the wet treatment 

process, the dissolution of sericin occurs due to its hydrophilic 
nature at elevated temperatures (Jang and Um, 2017; Yoo and 
Um, 2013). Fig. 3 showed the weight loss (i.e., solubility) of 
the silkworm cocoon in water under the different treatment 

temperature. Second, as the treatment temperature increases, the 
degree of crystallization also increases. Finally, the crystallization 
of outside of the silkworm cocoon halts after 2 h. 

In this study, the ATR-FTIR method was used to examine the 
outer surface of the cocoon (i.e., raw sericin in silk). Therefore, 
the postcrystallization effects of the cocoon under wet treatment 
are related to the crystallization of sericin in silk. The wet 
treatment causes the sericin to swell. Thus, when the swollen 
sericin is dried at room temperature, its molecules appear to 
rearrange, leading to the postcrystallization of the sericin, as 
its aqueous solution becomes β-sheet crystallized during the 
drying process. The extent of the postcrystallization increase in 
the sericin as the treatment temperature and duration increase 

Table 2. FE-SEM images of the outer surface of wet-treated silkworm cocoons at different water temperatures at various treatment times. 
The white magnification bar represents 200 μm. 

Untreated 1 h 2 h 3 h 5 h

25 °C

40 °C -

60 °C -

80 °C -

95 °C -
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different weight loss effects on the cocoons. That is, at a low 
temperature range (25°C–40°C), there is no dissolution of the 
cocoon (i.e., sericin) and the crystallinity of outside to the cocoon 
(i.e., sericin) increased. Moreover, at extended treatment times 
(3–5 h), the crystallinity of the cocoon does not change any 
further, even though the dissolution of sericin in water is at a 
constant rate. The difference observed between crystallinity and 
weight loss of the cocoon (sericin) might be due to the divergent 
behavior of sericin in its swelling and dissolution phase. In other 
words, the increase in crystallinity on the external surface of the 
cocoon is due to the swelling effect of sericin when in water and 

conditions. At a temperature below 40°C, the weight loss is 
insignificant until a treatment time of 5 h. As the treatment 
temperature increased to 60°C, the weight loss also increased 
with the increasing treatment time. Again, at a 95°C treatment 
temperature, the weight loss further increased with an increase in 
the treatment time. As a result, silkworm cocoons treated at 95°C 
for 5 h showed a weight loss of 7.6%. This result could be easily 
understood because the silk sericin is hydrophilic and soluble in 
water at elevated temperatures. 

It is interesting to note that the crystallinity trends exhibited by 
the cocoons under varying wet treatment conditions demonstrate 

Fig. 1. ATR-FTIR spectra of the outside of wet-treated silkworm cocoons at various temperatures for different times; (A) 25°C, (B) 40°C, (C) 
60°C, (D) 80°C, and (E) 95°C. 
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of 2 h, the crystallinity of the cocoon did not vary any further. 
In addition to the above, employing the wet treatment method 
at a higher temperature over extended treatment durations 
results in excessive weight loss of sericin in water. Nevertheless, 
the degree of dissolution (weight loss) of the cocoon does not 
influence its postcrystallization behavior. 

These results from the study suggest that the crystallinity 
outside the cocoon can be increased by the wet treatment 
procedure and since the crystallinity of silk material highly 
affects its water absorption ability, it is expected that the 
hydrophilicity of the cocoon, which is a vital material quality 
in biomedical and cosmetic applications, can also be controlled 
using the wet treatment method. 
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