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Abstract Degummed Bombyx mori (B. mori) silk fabrics modified by cold oxygen
plasma (COP) and/or titania sols (TSs) were investigated by Fourier transform infrared
spectroscopy (FT-IR), X-ray diffraction, field emission scan electronic microscopy
(FE-SEM), thermo-gravimetric and differential thermal analysis, and ultraviolet (UV)
transmittance methods in this study. FT-IR analysis demonstrated that titania particles
were associated with B. mori silk fibers by forming organic—inorganic hybrid blends.
Processing sequences of COP and TSs, and curing conditions showed significant impacts
on the crystalline, thermal, micro-morphological, and UV resistant characteristics of silk
fabrics. Crystallinity index by both area and height methods, and crystallite sizes of silk
fabrics were calculated as well. Results showed that crystallinity index of finished
samples approximate to that of degummed silk fabric could be obtained by applying TSs
and curing at 160 °C for 2 min prior to COP treatment, or vice versa with lower tem-
perature of 140 °C for 3 min, whereas the crystallite sizes of treated samples increased
slightly. The initial decomposition temperatures of finished samples were elevated by
23-35 °C with increased char residues at 600 °C, while the transmittance of UVA and
UVB of finished samples decreased by 11.7, 17.7%, respectively. FE-SEM analysis
revealed that titania particles were associated on the fiber surfaces with different
smoothness.
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Introduction

For thousands of years, Bombyx mori silk fibers have been used as materials of luxury
apparels in textile fields for their elegant appearance, good feelings and skin compatibil-
ities, high moisture regain, etc. However, their poor winkle recovery abilities, poor anti-
microbial abilities, and easy sensibility to ultraviolet radiation in sunshine have greatly
restricted their applications in fields such as medical, protective clothes. Many researches
have been carried out in improving the end uses of B. mori silk fibers in recent years,
involving physical or chemical finishing, surface grafting or modifications, regenerated silk
fiber, etc. [1, 2]. However, few researches have been focused on compound finishing of
B. mori silk by combining several different processing methods. As a matter of fact,
combinations of different processing methods, compared with the single ones, can obtain
more multi-functional fabrics or greatly improve some performance of fabrics such as UV
resistance and thermal stabilities.

Plasma technologies have become more and more popular in modifying polymer sur-
faces in recent years [3, 4], however, the mechanism of interactions between plasma and
surfaces is extremely complex and difficult to be clearly understood. Plasma, a matter with
a state similar to gas, comprises charged and neutral species presenting mass behavior.
These species are mixture of positive ions, negative ions, electrons, radicals, atoms, and
excited molecules, etc. When a material is surface modified by plasma, the typical depth of
modification is several hundreds of angstroms [5]; mutual interaction between the material
surface and active particles occurs because of roles such as plasma ultraviolet radiation,
surface etching, cross-linking construction layer, radicals, etc. [6]. Nitrogen, Oxygen, and
Argon are often used in cold plasma devices. In case of Oxygen, the following two
reactions exist simultaneously [7]: (1) etching of polymer surfaces due to formation of
volatile products, which are the results of reaction between oxygen atoms and surface
carbon atoms; (2) formation of oxygen-containing functional groups at polymer surfaces
due to reactions of active species in plasma and surface atoms. All newly generated
radicals can take part in subsequent reactions such as introducing functional groups,
forming cross-linking construction, etc. These succeeding reactions are especially impor-
tant in surface modifications of materials.

Having large specific areas, nano-titania has been widely applied as white pigments,
inorganic UV-resistant agents, and anti-microbial agents, etc. in textile industries [8].
Nano-titania can modify the directions of incident UV radiation by scatter or reflect action,
avoiding their penetrating through fabrics and hurting human skins. Titania is applied to
textiles in the following ways: (1) as filling material of functional fibers; (2) as functional
modifiers for fabrics in textile chemical processing [9, 10]. There are several methods to
prepare nano-titania such as mechanical grinding, hydrolyzing TiCl, in vapor phase, sol—
gel processes, etc. [11]. A sol-gel process starts from a metal alkoxides or some inorganic
salts (e.g. nitrates, acetates, chlorides), namely the precursor, which undergoes a series of
hydrolysis and polycondensations in solution, concludes when the sol turns into a gel.
When dried and annealed at high temperature, the gel results metal oxides of nanometer
scale. The reacting conditions are relatively mild and easy controlled with high pure
products, whereas the high costs of precursors and poor sintering abilities of gels have
greatly hindered the massive application.

In order to investigate the morphological, structural, thermal, and UV resistant abilities
of B. mori fabrics finished by cold oxygen plasma (COP)/titania sols (TSs), we have
prepared TSs by sol—gel methods and applied the sols with or without COP on degummed
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B. mori silk fabrics. Processing sequences, curing conditions, etc. are also to be examined
in this study.

Experimental
Materials

Plain B. mori silk fabrics (25.0 g m~2, 380 yarns dm~' both warp and weft directions,
from Huzhou silk factory, Huzhou, China) were degummed twice with 0.5 wt% sodium
carbonate at 95°C for 30 min for fully removal of sericin, then rinsed with deionized water
and dried at ambient temperature.

Tetrabutylorthotitanate (TOBT, Ti(OC4Hy)4) and bis(P,P-bis-ethylhexyldiphosphato)
ethanediolatotitanate (BPET, C54H7,0,cP4Ti) were chemically pure and purchased from
Nanjing Pinning Coupling Agents Co., Ltd, Nanjing, China; ethanol, 37% hydrochloric
acid, sodium carbonate etc. were all analytical grade without any further purification in this
study.

Preparation of TSs

Mixture of 2.8385 x 10> mol TOBT and 7.1154 x 10~* mol BPET (ngperyireor] =
1:4, in mole ratio, similarly hereinafter) was dripped into 2/3 parts of ethanol (nyry:
nigon) = 1:30), after a vortex of 5 min, the transparent, yellowish solution, namely A,
would appear; A certain amount of deionized water, 4.8252 x 10~* mol hydrochloric acid,
1/3 part of ethanol were mixed, resulting another solution, namely B. Afterwards, solution
B was added into solution A, and the mixture underwent 5-minutes’ vortex, obtaining a
dilute, yellowish titania sol. Generally, only sols can be used to finish fabrics and they
should be relatively stable, which means gels will not occur in scores of hours or even
longer in storage in the study. The median diameter of titania particles in the sol was about
72.8 nm with polydispersity index (P.I.) of 0.629 according to our previous studies [12].

Application of TSs

Each of 0.4 g B. mori silk fabrics was immersed into the as-prepared, individual titania sol
(Counting as Ti**, 0.4426 mol L™') and was treated in ultrasonic cleaner (Model
KQ5200DB, Kunshan Ultrasonic Instruments Co., Ltd, Kunshan, China) at 20 °C for
30 min. The samples were taken out, squeezed to wet pickup of 200 wt%, dried at 80 °C
for 5 min, then cured on M-6 pin tenter (Nantong Baolai Texitle Equipment Co., Ltd.,
Nantong, China) at 140-170 °C for 1-3 min. Finally the samples were rinsed with
deionized water of 60 °C thoroughly, taken out and dried at ambient temperature for
further uses.

COP Treatment of Fabrics
Bombyx mori silk fabrics were hung in the cylindrical chamber of cold plasma equipment
(Model HD-1B, Changzhou Zhongke Changtai Plasma Technology Co., Ltd, Changzhou,

China) and underwent 3 min plasma treatment. The pressure of oxygen was maintained at
10 Pa, with power of 100 Watt.
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Characterization
FT-IR

Nexus-6700 Fourier transform infrared spectrometer (FT-IR, Thermo Fisher Scientific Inc.,
Waltham, MA, USA) was used to evaluate the infrared absorbing abilities of silk fabrics.
Samples were cut into fine powder and ground with potassium bromide (KBr) to make
discs.

X-ray Diffraction

The X-ray diffraction (XRD) patterns of silk fabric powder were obtained from X’Pert Pro
MPD—multipurpose X-ray diffractometer (The Analytical X-ray Company, PANalytical
B.V., ALMELO, The Netherlands), which was equipped with Ni-filtered CuKo radiation
generated at a voltage of 40 kV and current of 150 mA. The scanning speed was 5° min~"
within range of 5-50°. All curves were deconvoluted with peakfit software (Version 4.12,
Galactic Industries Corporation, New Hamp-shire, USA). The calculating methods of
crystallinity index (C.I.) of silk fibers by area or height were illustrated in Scheme 1, and
Egs. 1 and 2 were also listed as follows [13, 14]:

A

Area : C.1.(%) :ACTCAHX 100 (1)
. he

Height : C.1.(%) = 7% 100 (2)

t

where A, = Area of all crystalline regions

A, = Area of all amorphous regions

h. = height of main crystalline peak

h, = total height of main crystalline peak

Crystallite sizes of silk fibers were calculated according to the well-known Scherrer
equation (see Eq. 3):

~ cos0 - FWHM
where: D: crystallite size vertically to corresponding lattice plane (nm)
K: form factor (0.89-1.39), here K = 0.89
A: wave length of CuKu radiation (nm) (4 = 0.1542 nm)
0: angle of incidence (rad)
Scheme 1 Calculation of 7
crystallinity index. A Area; h a Aa
height; ¢ crystalline region; a %)
amorphous region % |:| Ac
= e h
‘®
C
[9)
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FWHM Full width at half maximum peak intensity (rad), obtained from analyzing the
Gaussian distribution in the deconvolution of the crystalline peaks in peakfit software.

Scanning Electron Microscopy

High resolution cold field emission scanning electron microscope (FE-SEM, Hitachi
S-4800, Hitachi High-Technologies Corporation, Tokyo, Japan) was used to investigate the
areal microstructural morphology of samples. The accelerating voltages were 3-5 kV.

Thermo-Gravimetric and Differential Thermal Analysis

Thermal characteristics of both finished and unfinished samples were investigated by
Thermo-Gravimetric and Differential Thermal Analyzer Pyris Diamond TG-DTA, Perkin
Elmer Inc., Waltham, Massachusetts, USA). All scans were carried out at a heating rate of
10 °C min~" at a temperature ranged from ambient temperature to 600 °C under flowing
nitrogen at flow rate of 20 mL min~'. Samples weighing about 0.3 mg were cut into
powder and placed into the standard pans for determination of their thermal properties.

UV Transmittance

Ultraviolet transmittance of both finished and unfinished dry B. mori silk fabrics were
measured on Model YG(B) 912E textile UV-resistant performance tester (Wenzhou
Darong Textile Instruments Co., Ltd., Wenzhou, China) according to American Associa-
tion of Textile Chemists and Colorists (AATCC) test method-183. Transmittance data of
UVA (320-400 nm) and UVB (280-320 nm) were recorded.

Results and Discussion
FT-IR Analysis

Figure 1 shows the FT-IR spectra of degummed (Fig. 1a), COP treated (Fig. 1b) and TS/
COP treated (Fig. 1c, d, e, f) silk fabrics. The broad absorption band centered at
3,291 cm™! is attributed to stretching vibration of molecular water and hydroxyl groups.
2,973 cm™! and 2,869 cm™ ', respectively correspond to the asymmetric and symmetric
CH; stretching vibration from silk, while 2,927 cm™' corresponds to the asymmetric
stretching vibration of CH,. The strong peak around 1,703 cm™" is due to C=O stretching
vibration. In general, the amide I mode associated with «-helical conformation occurs in
the range of 1,650-1,660 cm™!, the random coil conformation gives band in the range of
1,640-1,650 cm™', the p-sheet conformation results in the band between 1,620 cm~! and
1,640 cm™" [15, 16]. The variety of peaks near 995 cm™' and 967 cm ™' (glycine-alaine-
glycine linkage) implies the increase/decrease of crystalline structure [17], which will be
discussed in the subsequent XRD analysis section.

Titania sols can affect the spectra of silk fabrics. When silk fabrics are treated with
titania sols (Fig. 1c, d, e, f), broadened absorption in the range of 800—400 cm~ ! can be
found. The weak peaks at 887 and 480 cm ™' indicate existence of Ti—O-Ti bonds [18, 19].
Peaks around 995 and 967 cm ™' decrease obviously, while the peaks around 1,066, 2,973,
and 2,927 cm™! increase dramatically due to the introduction of BPET to silk fiber. BPET
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Fig. 1 FT-IR spectra of silk fabrics with different treatment. a Degummed silk fabric; b degummed silk
fabric treated by COP; ¢ degummed silk fabric first treated by TS, dried at 80 °C for 5 min, cured at 160 °C
for 3 min, then treated by COP, washed (abbreviated as TC160); d degummed silk fabric first treated by
COP, then by TS, dried at 80 °C for 5 min, cured at 140 °C for 5 min (abbreviated as CT140); e degummed
silk fabric first treated by COP, then by TS, dried at 80 °C for 5 min, cured at 160 °C for 2 min (abbreviated
as CT160); f degummed silk fabric first treated by COP, then by TS, dried at 80 °C for 5 min, cured at
170 °C for 1 min (abbreviated as CT170)

has a large molecule weight of 910.7 containing polar groups such as P-OH and Ti—-OH
(deviated from hydrolysis), which can react with amino or hydroxyl groups of silk fiber;
meanwhile, BPET can hydrolyze and the resultants can react with the hydroxyl groups on
the surface of titania network. As a result of these reactions, organic—inorganic hybrid
blends (OIHBs) are formed on fiber surfaces [20, 21]. Scheme 2 shows the associating
process between titania particles and silk fibers via titanate coupling agent BPET.

The wavenumber of newly introduced P-O—C in silk fiber is about 1,012 cm™", and it
may overlap with C-O—C strong vibration (1,060 cm™") leading to a much board, intensive
peak between 930 and 1,130 cm™'. In order to confirm this hypothesis, we deconvoluted
the three peaks respectively in Fig. 1a, b, and ¢ near 1,066 cm ™" utilizing peakfit software
[22]. Figure 2 shows two of the deconvolutions. All results reveal that each peak contains 3
hidden peaks: (1) approximately 1,060 cm™', stretching vibration of C—-O-C; (2)
approximately 970 cm ™, glycine-alaine-glycine linkage; (3) approximately 1,010 cm™,
stretching vibration of P-O-C. The wavenumbers of P-O—C are in accordance with many
other researches [23, 24].

Curing conditions have important influences on the association between titania and silk
fibers (see CT140, CT160 and CT180). With the increases of curing temperatures, more
titania particles occur during the stages of soft and hard agglomeration between small

Scheme 2 Formation of OIHBs ,3, T Qw
between silk fiber and nano-TiO, 190 }4 T
by BPET HOO OH+ N)’\O P - Tl O O (ID
wo $ & BPET Silk fiber
E
%2358
o
HoIL
HO —OH
| 0 O,
- —P-O-Ti— 3 Ne £
HO TE®
Silk fiber
OIHB
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nano-titania particles, and they are fixed on fiber surface by BPET. This will be further
proved by FE-SEM images in the succeeding section.

XRD Analysis

XRD patterns of degummed B. mori silk fabrics and COP/TSs treated fabrics are presented
in Fig. 3. The peaks near 20 = 20.7° (plane 210), 24.7° (plane 030) are characteristic
peaks of B. mori silk fibers [17, 25]. In order to calculate the crystallinity index and
crystallite size of each samples, we deconvoluted all XRD patterns utilizing peakfit soft-
ware. Figure 4 shows the deconvoluting result of a typical sample, CT160. The baseline
was corrected by 2D linear method, and the curve was smoothed by Savitsky—Golay
function, with peak type of “Gaussian area” (As a matter of fact, most instrument response
is Gaussian.) selected as fitting criterion (options of “vary shapes”, “add residuals” were
also selected). Other settings in the software were as their defaults. The calculation was
executed repeatedly until the maximum R? had been achieved (iteration equals seven).
Crystallinity index and crystallite size of each sample were calculated according Egs. 1, 2,
and 3, respectively (see Table 1).

As we can see from Table 1, crystallinity index of silk fabrics treated by COP/TSs and
calculated by area method are smaller than that of degummed samples, while the data
calculated by height method appear either higher or lower than that of degummed silk.
Considering the contributions of both amorphous and crystalline regions on the whole
XRD spectrum, many researchers have pointed out that the area method with XRD pattern
deconvolution is more accurate in calculating the crystallinity index of fibers [14, 26-28].
Decreases of crystallinity may be a result of breaking of polypeptide chains and
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Fig. 3 XRD patterns of B. mori silk fabrics. a Degummed silk; b TC160; ¢ CT140; d CT 160; e CT170
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Fig. 4 XRD pattern deconvolution of B. mori silk fabric (CT160)

Table 1 Crystallinity index and

crystallite sizes of B. mori silk Samples Crysta]linity 'Crystallin.ity Crystallite

fabrics index (area) index (height) size (nm)
Degummed silk 33.7 42.5 4.17
TC160 333 449 4.41
CT140 333 44.0 4.51
CT160 29.0 41.6 4.63
CT170 24.0 39.8 4.56

recombination of macromolecules in silk fibers during the plasma treatment [29]. The inner
structure of silk fibers becomes looser, while crystallite size becomes larger. Like other
textile fibers, B. mori silk fiber has both crystalline regions and amorphous regions. The
amorphous regions have lower density and less order than crystalline regions. Crystalline
regions can be partly oxidized or decomposed by etching roles of plasma. If titania sols
was applied before COP treatment on silk fiber (sample of TC160), the OIHBs would
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restrict the subsequent etching action of plasma on fiber surfaces, bringing about slightly
decrease of crystallinity.

Curing conditions have important effects on the crystallinity of silk fiber. Higher curing
temperatures or longer curing time can etch surfaces of large crystals or destroy some small
crystals thus decrease the crystallinity of silk fibers. However, high curing temperature
benefits the formation of nano-titania particles (sample of CT170). The characteristic peaks
of nano-titania are not obviously distinguishable in all XRD patterns due to the fact that
peaks are overlapped with some peaks of the B. mori silk fibers, or the curing temperature
for massive formation of titania is still too low, leading to a content of nano-TiO; too low
to be detected [30].

TG-DTA Analysis

Figure 5 presents the thermal characteristics of B. mori silk fabrics with detailed features of
each curve listed in Table 2. The degummed silk fabric (Fig. 5a) has three mass loss
processes:

(1) 30-214°C, which is assigned to the loss of absorbed moisture of silk fabric and a
small amount of protein degradation, with mass loss of 11.2%; (2) 214-402°C, which is
attributed to silk fabric decomposed into small molecules such as CO,, H,O, and other
flammable substances, the major decomposition stage with mass loss of 40.9%; (3)
402-600 °C, which is mainly caused by char decomposition of silk fabric, with mass loss
of 27.4%.

The pyrolysis of silk fiber is complicated and still unknown. The initial decomposition
temperatures (7,;) and the maximum decomposition temperature (7,,,,) can be determined
precisely in the differential TG curves (DTG, not included in this paper). T;,; responds to
the temperature at which the curve started dropping, while 7,,,x responds to the temper-
ature peak in the DTG curve [31].

Compared with degummed silk fabric (Fig. 5a), T;,; of COP/TSs treated samples are
much higher. This is because the application of titania sols has improved the thermal
stabilities of silk fabrics. Titania particles, and titanate coupling agent may diffuse into
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Fig. 5 TG-DTA of B. mori silk fabrics. a Degummed silk fabric; b TC11601 ¢ CT170; d CT160; e CT140
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Table 2 Thermal analysis data from TG-DTA curves of silk fabrics

Samples T; (°C)  Tmax (°C)  Char residue Different mass loss stages
at 600 °C (%)
Temperature ~ Mass Main peak
range (°C) loss (%) temperature

on DTA curve (°C)

Degummed silk 214 328 20.5 30-214 11.2 65
214-402 40.9 -
402-600 274 426
TC160 240 337 33.6 30-240 10.2 60
240-389 424 280, 330
389-600 13.8 414
CT140 237 338 30.0 30-237 10.1 54
237-389 43.0 271, 331
389-600 16.9 410
CT160 242 337 27.4 30-242 10.0 60
242-373 432 272, 326
373-600 19.3 441
CT170 249 334 33.1 30-249 12.7 64, 166
249-368 31.8 271, 334
368-600 223 419

amorphous regions of silk fiber, simultaneously, their hydroxyl groups can interact and
dehydrate with those in the fiber forming covalent bonds, chemically or mechanically
enhancing the thermal stabilities of amorphous region. Ti,; of silk fibers treated by TSs
were relatively high, which could be explained by XRD analysis results. Decreases of
crystallinity index indicate that more amorphous regions occur in silk fibers treated by TSs,
which allows more nano-particles or OIHBs of thermal stability penetrate into these
regions, finally improves the initial decomposition temperature.

If titania sol applied first, the OIHBs will hinder the potential damage of plasma and thermal
treatment on silk fiber, so the initial decomposition temperature will be improved. The fact that
Tini of TC160 is much higher than that of CT160 demonstrates this deduction. Increase of the
curing temperature accelerates formation of nano-TiO, particles and OIHBs, which can pen-
etrate into the amorphous region of silk fiber and improve the thermal stabilities.

The temperatures of maximum mass loss increase when silk are treated by COP/TSs.
Higher percentages of char residue of the silk fabric treated with COP/TSs are due to the
formation of OIHBs, which delays formation of more non-flammable char residue. The
endothermic peaks around 279 °C are the results of the thermal decomposition of SF in
unoriented silk II. The endothermic peaks of DTA curves in Fig. 5c are corresponding to
the desorbing of moisture (about 60 °C) and heat absorption for degradation of silk fabric
(330 °C). The new peak at 140 °C of CT170 indicates loss of absorbed moisture, because
the short curing time of 1 min cannot sufficiently elevate surface temperature of fabric high
enough to remove most of absorbed moisture or water from aggregation of titania. During
the decomposing process of B. mori silk fiber, removal of CO, occurs over a narrow
temperature scale (ca.350-500 °C), and then the two-step weight loss could be seen. As
endothermic peaks on the DTA curves, the first peak near 370 °C, and the second peak
near 410 °C can be found.
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Fig. 6 SEM of B. mori fibers. a Degummed silk; b degummed silk after COP treatment (10 micron);
¢ degummed silk after COP treatment (2 micron); d TC160; e CT140; f CT160; g CT170
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Fig. 7 UV transmittance of B. mori fabrics

SEM Analysis

Surfaces of B. mori silk fibers were investigated by FE-SEM with the results presented in
Fig. 6. The surfaces of degummed silk fibers (Fig. 6a) are very smooth, with some
mechanical scratches caused in the degumming process. Plasma can modify degummed
silk fiber with different smoothness and micro-cavities (Fig. 6b, c). Application of plasma
before titania sols treatment (Fig. 6e, f, g) is beneficial to form a much smooth surface.
Surface of TC160 (Fig. 6d) is more coarse than that of CT160 since plasma treatment after
application of titania sols will etch the OIHBs seriously, leaving many tiny cavities in the
layer.

Raising curing temperature (Fig. 6g) can promote both formation of nano-titania par-
ticles and better association between silk fiber and titania particles via coupling agent. So
transparent layers of OHIBs can be easily found on the surface of CT170.

UV Transmittance Analysis

UV transmittance of degummed and other treated B. mori silk fabrics were measured with
the results presented in Fig. 7. The smaller the number becomes, the better UV resistance
the fabric behaves. All samples treated by titania sols have good UV resistance [32]. When
TSs are applied before COP treatment, more titania particles or OIHBs occur because of
the high energy and oxidation of oxygen plasma. Much UV radiation is reflected, refracted,
or scattered so that less UV radiation can penetrate through fabrics. The mechanism of low
UV transmittance in higher temperature cured samples is similar to that in oxidation of
oxygen plasma.

Conclusions
Degummed B. mori silk fabrics modified by cold oxygen plasma and titania sols were
investigated by FT-IR, XRD, TG-DTA, FE-SEM and UV transmittance methods, etc. FT-

IR demonstrated that titania particles were associated with B. mori silk fiber forming
OIHBs. Processing sequence of COP and TSs, and curing conditions had significant
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impacts on the crystalline, thermal, UV resistant characteristics of silk fabrics. Either
applying TSs before COP treatment or curing at lower temperature was beneficial to obtain
higher crystallinity index, less stable thermal ability, and lower UV transmittance, etc.
FE-SEM analysis revealed that titania particles were adhered on fiber surfaces with dif-
ferent smoothness.
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