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Tussah silk fabrics have been chemically modified by pad-batch treatment with ethyleneglycol
diglycidyl ether (EDGE). The maximum amount of weight gain attained was 5-6%. Epoxide adducts
were formed with tyrosine and basic amino acid residues. The moisture regain of the fabric with 3%
waeight gain decreased slightly compared with that of the untreated sample. The crease recovery in
the wet state improved significantly, while in dry state it remained unchanged. Mechanical and optical
properties, and X-ray crystallinity did not exhibit noticeable changes. The position of the major DSC
endothermic transition at 358°C remained unchanged, regardless of the epoxide modification. Similar
comments apply to the TMA contraction peak occurring at about 359°C. The storage and loss
modulus curves of EDGE-treated tussah silk fibres exhibited some changes, the most relevant

consisting in a shift to higher temperature of the loss modulus peak.

INTRODUCTION

Epoxides react with amines, alcohols, phenols, carboxylic
acids and thiols. Both Bombyx mori (mulberry} and Antheraea
pernyi (wild or tussah) silk fibroins contain amino acid
residues with functional groups of all these types, whose
reactivity towards epoxides has been the subject of several
investigations [1-3]. A process for the chemical modification
of silk fibres by reaction with epoxy compounds has been
developed in Japan [4], where it is applied on an industrial
scale. This process is effective in improving certain
properties of silk fabrics, such as crease recovery, light
resistance, colour fastness to washing [5]. The chemical
treatment is conventionally carried out with an epoxide
solution in tetrachloroethylene at 60-80°C for different
periods of time. Ethyleneglycol diglycidyl ether (EDGE) is
one of the most important modifying agents applied on
industrial scale.

Since the use of organic solvents may entail some
drawbacks that limit the industrial application of the
epoxide treatment, alternative techniques have been
developed. We studied the application of a pad-batch
method for the treatment of mulberry silk fabrics with
EDGE [6]. By optimising the composition of the padding
solution and the reaction conditions, it has been possible to
attain weight gain values of about 10% with a noticeably
high reaction efficiency (85-90%). The intrinsic physico-
chemical properties of silk fibres remained unchanged
regardless of the chemical modification, while a significant
increase of crease recovery in the wet state was obtained.

Xiaojung et al. have reported the application of pad-dry—
steam and pad-dry-bake processes for the epoxide
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treatment of tussah silk fabrics [7]. The weight gain reached
20%, with a rather high reaction efficiency. Crease recovery
in both the dry and wet states increased with increasing
weight gain. However, no further details on the physical
and mechanical properties of modified tussah silk fibres
were given.

The aim of the present work was to study the reactivity
and the physico-chemical properties of tussah silk fabrics
treated with EDGE using a pad-batch method. The reaction
conditions involved are thought to be milder and safer than
those of the conventional solvent treatment, permitting the
achievement of significant savings of water, energy and
chemicals. The composition of the padding solution, as well
as other reaction parameters, were changed in order to find
the optimum conditions for silk modification. The physico-
chemical, mechanical and thermal properties of modified
tussah silk fibres are discussed, and compared with results
previously reported [6,8-11]. Besides the scientific aspects,
the results obtained in this study may be suitable for
commercial exploitation to improve the current processing
techniques for silk finishing. The work may also be
beneficial in assisting to produce garments with superior
easy-care and wear properties.

EXPERIMENTAL

Materials
Tussah silk fabrics (plain woven, habutae, 98 g/m? were
used for chemical modification with epoxide by a pad-



batch method. Samples were padded with an aqueous
solution containing 120 g/l ethyleneglycol diglycidyl ether
(Epiol E 100, Nihon Yushi), 120 ml/l iso-propanol, and
different amounts of sodium hydroxide (1-6 g/). The wet
pick-up level was varied from 70 to 200%. The padded silk
fabrics were sealed in polyethylene bags, to avoid
evaporation, and stored for different times (1-30 h) at
different temperatures (7-40°C). At the end of the reaction,
the fabrics were washed with boiling acetone for 30 min to
remove unbound EDGE, and successively washed with tap
water and distilled water:

Measurements

Dried tussah silk fibres, taken from fabrics with different
weight gains, were hydrolysed by heating for 20 h at 110°C
in 6 M hydrochloric acid, under vacuum. The hydrolysed
samples were filtered through a glass disk, dried in a rotary
evaporator at 40°C and dissolved in a buffer solution at pH
2.2 (1 mg/ml). The amino acid composition was determined
using a Hitachi L-8500 rapid amino acid analyser.

The refractive indices, both parallel (1;)) and perpen-
dicular (7)) to the fibre axis, were measured according to
Becke’s line method, using a polarising microscope under
monochromatic sodium light at 20°C and 65% RH. The
conditions for the measurements have been described in
detail elsewhere [11].

The X-ray diffraction intensity curves were obtained at a
scanning rate of 1° per min, with a Rigaku Denki
diffractometer, using CuK,, radiation (A = 1.54 A) (40 kV, 20
mA).

Differential scanning calorimetry (DSC) measurements
were performed on a DSC-10A instrument (Rigaku Denki)
at a heating rate of 10 degC/min. The DSC range and
sample weight were 10.5 mJ/s and 2 mg respectively. The
open aluminium cell was swept with nitrogen gas during
analysis.

Thermomechanical analysis (TMA) was performed
using a CN-8361 instrument (Rigaku Denki) to detect the
thermal contraction and expansion properties in the course
of heating. The heating rate was 10 degC/min, and dry
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Figure 1 Weight gain of EDGE-treated tussah silk fibres as a function
of the batching time; sodium hydroxide concn 2.5 g/l, wet pick-up
100%, batching temperature 30°C

nitrogen gas provided the inert attosphere (TMA full scale
+500 um, initial load 1 g). Dynamic mechanical (DMA})
properties were measured using a Toyoseiki Rheolograph
Solid-5. The frequency of oscillation was adjusted to 10 Hz.
The temperature range studied was from ~50 to 260°C, and
the samples were heated at 2 degC/min. The sample length
was 15 mum, with an initial tension of 30 gf.

Equilibrium moisture regain was determined in
standard conditions at 20°C and 65% RH. Tensile strength
and elongation at break were measured in standard
conditions (20°C, 65% RH) with a Tensilon UTM-II (Toyo
Boldwin) tensile tester machine. Each reported value is the
average of 20 measurements. The crease recovery of silk
fabrics was evaluated according to Japanese standard
method JIS L 1079 (1966).

RESULTS AND DISCUSSION

Reactivity of tussah silk

The reaction of EDGE with tussah silk fibres under pad-
batch conditions was studied by changing various
parameters, such as the composition of the padding
solution, the amount of wet pick-up, the temperature and
time of storage. Figure 1 shows that weight gain increased
gradually with batching time to about 5%, showing a
tendency to attain a constant value in the range 2430 h.
Mulberry silk fibres treated in the same conditions attained
about 10% weight gain in 24 h [6]. These results are
indicative of a lower reactivity of tussah silk fibres towards
EDGE, in agreement with the data reported by other
authors [12]. In fact, chemical and fine structural features
{amount and distribution of reactive sites, intermicellar
distance, porosity, etc.) are known to influence the reactivity
of different silk fibres towards epoxides.

The relationship between weight gain and amount of
sodium hydroxide in the padding solution is shown in
Figure 2. As previously observed for mulberry silk fibres [6],
the alkali exerts a catalytic effect, enhancing the reactivity of
EDGE towards silk. Accordingly, the weight gain of tussah
silk fibres showed a noticeable increase with increasing
sodium hydroxide concentration up to 4 g/. However,
beyond this value, the hydrolytic effect of alkali towards the
epoxide seemed to prevail, as shown by the negative slope
of the curve. For this reason, the sodium hydroxide
concentration should not exceed 4.0 g/l.

Weight gain was found to be closely dependent on the
batching temperature. Figure 3 shows that the weight gain
increased linearly with the temperature from 7 to 35°C, and
then started decreasing. Therefore 30-35°C should be
considered the optimum batching temperature for tussah
silk fibres. Higher values may lead to a decrease in weight
gain through hydrolytic reactions favoured by the alkaline
environment.

The amount of wet pick-up was changed from 70 to
200% in order to study its effect on weight gain. The
reaction efficiency was calculated for each pick-up value
and plotted on the same graph (Figure 4). The results show
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Figure 2 Weight gain of EDGE-treated tussah silk fibres as a function
of the amount of sodium hydroxide in the padding solution; wet pick-up
100%, batching time 24 h, balching temperature 30°C
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Figure 3 Weight gain of EDGE-treated tussah silk fibres as a function
of the batching temperature; sodium hydroxide cencn 2.5 g/, wet pick-
up 100%, batching time 24 h
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Figure 4 Weight gain and reaction efficiency as a function of the
amount of wet pick up; sodium hydroxide concn 2.5 g/l, batching time
24 h, batching temperature 30°C

that the optimum wet pick-up was 100%, corresponding to
the highest value of reaction efficiency (42%). The slight
increase of weight gain at higher wet pick-up values (200%)
occurred to the detriment of the reaction efficiency, which
exhibited a dramatic drop to about 25%.

Amino acid content was analysed to evaluate the
reactivity of the functional amino acid residues of tussah
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silk fibroin. As previously reported [6,8,10], this analytical
technique is useful for studying the formation of epoxide
adducts by reaction with tyrosine and basic amino acid
residues (lysine, histidine, arginine). Other amino acids
with functional groups reactive towards epoxides (aspartic
and glutamic acids) should react as well, but the covalent
bond formed with the epoxide molecule is easily broken
during acid hydrolysis.

Table 1 lists the amino acid composition of tussah silk
fibres with different amounts of weight gain. Compared
with the untreated sample, the concentration of tyrosine
decreased significantly with increasing the weight gain
(<12, =30 and -59% for tussah silk fibres with 1.6, 3.5 and
5.4% weight gain respectively). Among the basic amino acid
residues, lysine and histidine markedly decreased, while
arginine remained unchanged. It is interesting to note that
this pattern closely resembles that reported for mulberry
silk fibres treated under the same conditions [6]. Tussah silk
fibres treated in tetrachloroethylene by the conventional
technique [8], besides attaining higher weight gain values,
exhibited a higher reactivity of the arginine residues. Since
it has been reported that the reactivity of the different
functional groups is markedly influenced by several
parameters [1,3,5] (time, temperature, type of salt and
solvent system used, etc.), it can be concluded that the
reaction conditions of the pad-batch method do not favour
the activation of certain functional groups potentially
reactive towards epoxides, such as arginine. This fact might
be partly responsible for the low values of weight gain
attained by tussah silk fibres.

Table 1 Amino acid composition of EDGE-treated
tussah silk fibres with different amounts of weight

gain

. EDGE-treated samples?
Amino
acid Untreated
(mol%} sample 1.6%° 3.5%°  54%
Asp 5.20 5.28 5.31 5.40
Thr 042 0.45 0.43 0.43
Ser 10.80 10.82 10.87 10.85
Glu 1,04 1.11 1.12 1.09
Gly 30.43 30.38 30.60 31.24
Ala 43.15 4329 4344 43.88
Val 0.88 0.89 1.00 1.01
Cys 0.04 trace  trace 0.06
Met 0.04 0.04 0.07 0.07
lle 0.41 0.42 0.44 0.45
Leu 0.40 0.43 0.46 0.48
Tyr 3.07 2.70 2.15 1.26
Phe 0.35 0.35 0.37 0.39
Lys 0.13 012 0.05 0.04
His 0.49 043 0.33 0.23
Arg 2.62 2.68 2.63 2.59
Pro 0.53 0.61 0.73 0.53

a Padding solution 120 g/l EDGE, 2.5 g/l sodium
hydroxide, 100% wet pick-up, batching time 24 h

b Batching temp. 7°C

¢ Batching temp. 20°C

d Batching temp. 35°C




Molecular orientation and crystallinity

In an aitempt to ascertain whether the epoxide treatment
induced some changes in the fine structure of tussah silk
fibres, we studied their molecular orientation and
crystallinity. Table 2 lists the values of the refractive indices
parallel (r))) and perpendicular (1,) to the fibre axis, from
which birefringence (An) and isotropic refractive index (r;)
were calculated. The changes observed among the samples
examined were not significant, and the differences fell
within the range of natural variability. Since birefringence
and isotropic refractive index are optical properties related
to the average molecular orientation and crystallinity of the
fibres, it can be concluded that the epoxide treatment did
not induce fine structural changes in the samples. In a
previous study on EDGE-treated tussah silk fibres we
observed a significant decrease of both An and ,, following
the reaction with epoxides in tetrachloroethylene at 80°C
[8]. However, the changes started appearing at weight gains
higher than 10%, while the weight gain range studied in
this work is narrower, not exceeding 6%.

The wide angle X-ray diffraction profiles of untreated
and EDGE-treated tussah silk fibres with different weight
gains are shown in Figure 5. The control sample (a)
exhibited two major diffraction peaks at 16.7 and 20.2°,
corresponding to crystalline spacings of 5.30 and 4.39 A
respectively. This 26 pattern was characteristic of tussah silk
fibres, showing an oriented B-sheet structure [13]. The
diffraction curves of EDGE-treated samples (b-e) were
similar to that of the reference sample, in terms of both peak
position and intensity. These resuits confirm that the
structure of the crystalline regions was not affected by the
chemical modification, in good agreement with the data
reported for mulberry silk treated with EDGE by the pad-
batch method [6].

Thermal behaviour

The study of the thermal behaviour of fibrous polymers
involves either fundamental or applied aspects. The latter
are mainly related to the effects of the thermal treatments to
which the fibres are subjected during processing. In
previous papers it has been shown that the thermal
properties of silk fibres can be markedly influenced by
reaction with epoxides, and that the changes are roughly
related to the amount of weight gain [8,10].

Figure 6 shows the DSC curves of (a) untreated and (b)
EDGE-treated tussah silk fibres with 3.5% weight gain. Both
samples exhibited a major endothermic peak at 358°C,
attributed to the thermal decomposition of silk fibres with
an oriented B-form structure [14]. This peak is accompanied
by a minor and broad endothermic transition appearing at
lower temperature (about 300°C). The absence of any
significant change in the DSC pattern of the sample b might
depend on the low amount of weight gain. At higher
weight gains, such as those obtained by treating tussah silk
in tetrachloroethylene at 80°C, shifting and broadening of
the decomposition peak was observed [8]. Mulberry silk
fibres treated with EDGE by the pad-batch method
exhibited a slightly higher thermal stability [6].

Table 2 Optical properties of EDGE-treated
tussah silk fibres with different amounts of

weight gain

EDGE Refractive indices

treatment

(%)® {m) {n) (Aam) (m)
Untreated 1.565 1.531 0.034 1.542
1.3%P 1.665 1533 0.032 1.544
3.5%° 1.567 1.533 0.034 1544
5.7% 1.568 1.533 0.035 1544

a Padding solution 120 g/l EDGE, batching for 24 h
at 30°C

b 1.0 g/l sodium hydroxide, 100% wet pick-up

¢ 2.5 g/l sodium hydroxide, 100% wet pick-up

d 2.5 g/l sodium hydroxide, 200% wet pick-up
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Figure § X-ray diffraction intensity curves of tussah silk fibres with
different amounts of weight gain (for key see text)
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Figure 6 DSC curves of tussah silk fibres with 3.5% waight gain (for
key see text)

The influence of epoxide treatment on the expansion
and contraction properties of tussah silk fibres was studied
by thermomechanical analysis. Figure 7 shows the TMA
curves of (a) untreated and (b—e) EDGE-treated samples
with different weight gains. The main features of these
curves, common to all the samples examined, consist of a
broad and weak contraction step from room temperature to
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about 150°C, due to evaporation of moisture, followed by a
prominent contraction peak. The peak temperature of the
untreated sample is located at 359°C, while that of the
treated samples ranges within a narrow interval (356—
359°C). From these observations it can be inferred that
chemical modification did not induce significant changes in
the TMA behaviour of the fibres.

The thermal properties of EDGE-treated tussah sitk
fibres were further investigated by studying the dynamic
mechanical behaviour. In previous papers it has been
shown that these measurements are very sensitive in
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Figure 7 TMA curves of tussabh silk fibres with different amounts of
weight gain (for key see text)
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Figure 8 Dynamic storage (top} and loss (bottom) modulus curves of

tussah silk fibres with different amounts of weight gain {for key see
text)
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detecting structural changes induced by the epoxide
treatment [6,8,10]. The dynamic storage (E") and loss (E”)
modulus curves are shown in Figure 8. The L’ curve of
untreated tussah silk fibres (a) showed a minor transition at
low temperature, essentially due to evaporation of
moisture, and then remained stable until about 180°C. This
value corresponds to the glass transition temperature (Tg) of
tussah silk fibres [15], above which the material exhibits a
rubber-like behaviour, characterised by a high mobility of
the fibroin chains. This is clearly shown by the sharp drop
of the storage modulus beyond T,. Accordingly, the E”
curve exhibited a prominent peak with a maximum at
235%C, which has been attributed to the molecular motion of
the fibroin chains in the crystalline regions, since the
crystalline d (002) spacing, corresponding to the inter-sheet
distance in the crystal lattice, gradually expands above
190°C [16}.

Both E’ and E” curves of the sample with 1.6% weight
gain (b) shifted to higher temperature (loss modulus peak at
250°C), indicating a thermal stability slightly higher than the
untreated fibres. On the other hand, the sample with 5.4%
weight gain (c) exhibited a weaker and broader E” peak at
243°C, while the E curve showed a continuous negative
slope from room temperature to 260°C, as though the
thermally induced molecular motion of the fibroin chains
became less restrictive even below T, The above
contrasting changes in the viscoelastic behaviour of EDGE-
treated tussah silk fibres might be explained taking into
account the balance between two opposing phenomena,
one caused by the alkali contained in the padding solution,
the other induced by the modifying agent bound to the
fibroin chains.

In a recent study we reported that an alkaline treatment
is able to cause structural changes in tussah silk fibres,
leading to a denser and more compact fibre structure (by
collapse of the internal microvoids), as well as to a stronger
molecular aggregation [17]. These changes result in a higher
thermal stability, evidenced by the upward shift of the loss
peak. On the other hand, epoxide molecules bound to the
fibrous substrate were found to cause a gradual decrease in
thermal stability, as shown by broadening and shifting to
lower temperature of the loss peak [8]. Therefore we can
conclude that at low weight gain the effect of the alkaline
treatment prevails over that of the reacted modifying agent,
which becomes more evident at higher weight gair.

Physical and mechanical properties

The reaction with epoxides is known to induce changes in
moisture regain of silk fibres. Because of the hydrophilic
properties of the epoxide molecules, a gradual increase of
moisture absorption is generally observed [1,10]. Figure 9
shows the behaviour of equilibrium moisture regain with
increasing the weight gain of EDGE-treated tussah silk
fibres. The curve marked ‘observed’ refers to the total
weight of the sample (silk + EDGE), while the one marked
‘calculated’ refers to the weight of silk. Both curves exhibit
the same trend, the gap between them increasing linearly
with the amount of weight gain. It is interesting to note that
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Figure 9 Equilibrium moisture regain of EDGE-treated tussah silk
fibres as a function of the weight gain; sodium hydroxide concn 2.5 afl,
wet pick-up 100%, batching time 24 h, batching temperature 30°C

moisture regain showed a minimum at about 3% weight
gain. A roughly similar behaviour was observed for
mulberry silk fibres treated with EDGE by the pad-batch
method [6]. The temporary decrease of moisture regain at
low weight gain can be attributed to the loss of hydrophilic
amino acid residues, which formed epoxide adducts at
early stages of the epoxide reaction [3]. At higher weight
gain the hydrophilicity of the newly introduced epoxide
molecules became appreciable, and the moisture regain
increased, tending to overcome that of the reference control
sample [1,6].

Table 3 lists the results for breaking load, tensile strength
and elongation at break of tussah silk fibres with different
amounts of weight gain. The differences among the
samples are very small, suggesting the absence of any
significant effect of the chemical treatment on the intrinsic
tensile properties of these fibres. Only the sample with 1.3%
weight gain showed a breaking load value slightly higher
than that of the untreated sample. This finding might be
partly related to the formation of intermolecular crosslinks
by reaction of the bifunctional epoxide molecules with
reactive sites of adjacent silk fibroin chains [18]. In fact, the
rate of crosslink formation was high at the beginning of the
reaction and then decreased rapidly at about 5% weight
gain.

The effectiveness of the epoxide treatment in improving
the crease recovery behaviour of silk fabrics has been
reported by several authors [1,5,6]. According to Kamiishi et
al., the optimum weight gain for the highest crease recovery
is about 5% [18]. Moreover, this property can be controlled
by adjusting the water content of silk fibres during
treatment. In fact, the lower the water content, the higher
the dry crease recovery, while the higher the water content,
the higher the wet crease recovery. The epoxide treatment
of mulberry silk fabrics with the pad-batch method was
found to be effective in enhancing the wet crease recovery,
as expected from the fact that the modifying agent was
applied in aqueous solution [6]. Accordingly the results
obtained for tussah: silk fabrics show that crease recovery in
dry state remained unchanged, while that in wet state

increased significantly (Table 4). It is worth mentioning that
the treatment is effective at low weight gain (3-5%),
probably due to the formation of intermolecular crosslinks
(1].

Table 3 Tensile properties of EDGE-treated
tussah sitk fibres with different amounts of weight

gain

EDGE Breaking Elongation
treatment  load Strength at break
(%)? (9) {g/denier) (%)
Untreated  17048.2 27 27.0+1.8
1.3%" 185182 3.0 26.2+1.5
4.3%° 17348.0 29 24041 1
5.4%d 16618.3 2.5 25.041.2
5.7%*° 170+8.1 2.7 26.011.5

a Padding soiution 120 g/l EDGE, batching for 24 h at
30°C

1.0 g/t sodium hydroxide, 100% wet pick-up

2.0 ¢/l sodium hydroxide, 100% wet pick-up

4.0 ¢/l sodium hydroxide, 100% wet pick-up

2.5 g/t sodium hydroxide, 200% wet pick-up

D oOoo

Table 4 Crease recovery of EDGE-treated tussah
silk fabrics with different amounts of weight gain

Crease recovery angle (%)

EDGE

treatment

(%)2 Dry state  Wet state
Untreated 106 89.7
3.3%b 105 107
5.2%"° 107 108

a Padding solution 120 g/t EDGE, 4 g/l sodium
hydroxide, 100% wet pick-up, hatching temp. 30°C

b Batching time 6 h

¢ Batching time 24 h

CONCLUSIONS

The results reported in this study show that the pad-batch
method can be applied for the chemical modification of
tussah silk fabrics with epoxides. The optimum reaction
conditions are padding at 100% wet pick-up with an
epoxide solution containing 4.0 g/l sodium hydroxide,
followed by 24 h batching at 30-35°C. Weight gain values of
5-6% can be obtained, with a reaction efficiency ranging
from 40 to 45%. Though conventional epoxide treatment in
tetrachloroethylene at 80°C favours high weight gain
values, its application to industrial-scale silk finishing is
limited by poor reaction efficiency (10-20%), as well as by
the problems arising from the use of organic solvents.

One of the most attractive aspects of chemical
modification techniques such as reaction with epoxides is
the possibility of causing effective and specific modifi-
cations of the fibrous substrate, even at low weight gain.
With this approach the desirable effects can be achieved
while avoiding some drawbacks that may arise from
loading silk with large amounts of polymer (grafting
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techniques). In a previous study we observed a significant
improvement of crease recovery of mulberry silk fabrics at
about 4% weight gain [6]. The present results confirm that,
in spite of the low weight gain value, the reaction with
ethyleneglycol diglycidyl ether is effective in improving the
crease recovery behaviour of tussah silk fabrics without
impairing their intrinsic physico-mechanical properties,
handle and lustre. We can therefore conclude that the pad—
batch method may offer new opportunities for the
development of silk finishing techniques.
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