Acrylic Polymer-Silk Fibroin Blend Fibers
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ABSTRACT: Blends of acrylic polymer (containing acrylonitrile 91.7%, methyl acrylate
7%, and sodium methyl propenyl sulfonate 1.3% [wt %], denoted as PAC) with silk
fibroin (SF) were studied in the form of drawn fibers with varied compositions. The
strength, elongation, and specific work of rupture of the blend fibers decrease with
increase of the SF content, whereas the modulus has a slight increase up to 20% (wt)
SF and then decreases. With the addition of up to 30% (wt %) SF in the PAC matrix,
the moisture absorption increases from 2.06 to 6.2% in comparison with the PAC.
Scanning electron microscopy studies show that the blend fibers have a sheath—core
structure, with SF mainly in the sheath and PAC in the core. FTIR, ATR, and X-ray
diffraction results of the blend fibers are also presented. © 1997 John Wiley & Sons, Inc.
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INTRODUCTION

From the textile point of view, almost every com-
mercial available fiber possesses some outstand-
ing characteristics but suffers from some inferior
performance. So, many attempts have been made
to improve their properties. Among the tradi-
tional modification means, blend fibers, which re-
fer to the polymer—polymer blends comprising the
individual filament, are the best choice when it is
necessary that each fiber has the desired charac-
teristics.!

Bombyx mori silk fibroin (SF) has been used
as a textile material for thousands of years for
its excellent luster, tensile, handle, and moisture
absorption. However, it has some shortcomings
such as photoyellowing, wrinkle recovery, and rub
resistance. Although some studies have been
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made to improve its properties by graft copoly-
merization,? * only a few studies in the literature
using the method of blending can be found.

Polyacrylonitrile (PAN) and its copolymers
(PAC) fibers are widely used as textile and rein-
forcement fibers as well as the precursor for car-
bon fibers because of their cheap price and anti-
bacteria and excellent antiphoto oxidization char-
acteristics. However, PAN and PAC fibers,
showing low moisture absorption and the collec-
tion of static electricity, should be improved and
have attracted considerable academic and practi-
cal interest.”~®

It was thought that PAN—SF or PAC—SF blend
fibers would combine the merits of the two fibers
and enlarge the range of their applications. Some
authors® presented the investigation on PAN—
SF blend fibers extruded from aqueous ZnCl; so-
lutions. Although PAC fibers take a very im-
portant role in the acrylic fiber industry, there are
only a few studies in the literature on PAC-SF
blend systems except for some patents.®® The
main purpose of this article was to study the mor-
phological and mechanical properties of PAC—-SF
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Table I Maximum Draw Ratios of the Blend Fibers

Blends PAC 95/5 90/10 80/20 70/30
Maximum draw ratios 9.5 8 6.5 5.2 4.3
blend fibers as a function of the blend ratio. The Measurements

PAC-rich samples are of special interest.

EXPERIMENTAL

Preparation of PAC-SF Blend Fibers

PAC was kindly supplied by the Jinshan Acrylic
Fiber Factory. Pyrolytic chromatography results
show that it was made up of acrylonitrile (91.7%),
methyl acrylate (7%), and sodium methyl prope-
nyl sulfonate (1.3%), and its molecular weight is
50,000-60,000.

Degummed silk fibroin from waste Bombyx
mori silk fiber and PAC were each dissolved in
52% (wt) aqueous NaSCN solutions. The blend
solutions were made up with water, each having
a total polymer concentration of 12% by weight
and relative polymer compositions, expressed as
PAC/SF weight ratios, 0f90/10, 80/20, 70/30, etc.
After that, the blend solutions were extruded from
a 30 hole (0.08 mm diameter) die into a 10%
NaSCN aqueous coagulation bath at 0-5°C to
form the fibers. The as-spun fibers were washed
and drawn in boiling water, than dried at 120°C
for 30 min.
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Figurel Stress—strain curves ofthe blend fibers con-
taining (A) 0, (B) 5, (C) 10, (D) 20, and (E) 30 wt % SF.

Tensile tests were carried out on an Instron ma-
chine Model 1121. All tests were performed on
single filaments using a gauge length of 50 mm
and crosshead speed of 20 mm/min. The average
of 50 readings was presented for each sample.

The moisture absorptions of the blend fibers
were calculated from increase in the weight of the
dried original fibers (dried at 50°C in a vacuum
for 1 week) after being conditioned at 20°C and
65% RH for 2 weeks as follows:

moisture absorption (%)

=Wy — Wy)/W; X 100 (1)
where W; and W, denote the weights of the origi-
nal and the conditioned fibers, respectively.

A JSM-T20 scanning microscope instrument
(JEOL) was used to study the morphological
structure of the blend fibers. For study of the frac-
ture surfaces, the samples were fractured in lig-
uid nitrogen, whereas for other samples, which
were used to show the SF component in the blend
fibers, the samples were partially immersed into
hot DMF at 60°C for some time to dissolve out the
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Figure 2 The moisture absorption of the blend fibers
as a function of SF content: Straight line: calculated
from eq. 2; solid circles: experimental data.
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Table II Mechanical Properties of As-spun PAC-SF Blend Fibers

Strength Initial Modulus Specific Work of
Sample PAC-SF (cN/dtex) (cN/dtex) Elongation (%) Rupture (cN/dtex)
100/0 2.46 36.8 36 0.701
95/5 2.20 42.3 30 0.574
90/10 2.00 44.5 26 0.404
80/20 1.98 484 24 0.358
70/30 1.60 30 18 0.218

PAC. The resultant fibers were then washed and
dried. All the samples were then coated with gold
under a vacuum.

FTIR spectra were recorded on a MANGNA IR-
550 (Nicolet) spectrometer by the method of
transmission. The fibers were crushed in liquid
nitrogen and then examined in KBr discs. The
samples were made thin enough so to obey the
Beer—Lambert law.

ATR spectra were recorded on a Bio-Rad Digi-
lab FTS-20 ATR spectrometer. Fibers were wound
around a 5 mm-thick KRS-5 prism. In this study,
the incident angle is 62° and the examined thick-
ness was estimated to be several microns. X-ray
diffraction measurements of the fibers were per-
formed with a D-MAX/II-A diffractometer, using
CuKa radiation (A = 1.54 A) in the 26 range of
5-35°

Figure 3 SEM photomicrographs of the fracture surfaces of the blend fibers con-
taining (A) 0, (B) 10, (C) 20, and (D) 30 wt % SF.
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Figure 4 SEM photomicrographs of the blend fibers: (A) 80/20, before etched in
DMF, longitudinal section; (B) 80/20, after etched in DMF, longitudinal section; (C)
70/30, before etched in DMF, longitudinal section; (D) 70/30, after etched in DMF,
longitudinal section; (E) 70/30, before etched, cross section; (F) 70/30, after etched in
DMF, cross section; (G) 70/30, after etched in aqueous LiBr solution (9.5M), cross
section.

RESULTS AND DISCUSSION

Drawing

Table I shows the relation between the maximum
draw ratio and the composition of the blends. One
can see that with increase of the SF content the
maximum draw ratio decreases. This may be at-
tributed to (a) the poor adhesion between SF and
PAC, because if a blend is roughly dispersed and
the boundary between the components is weak,
the maximum draw ratio must be restricted by
breaking at the boundary region, as shown by the
SEM results, and (b) the molecular weight of SF
used in this study was probably decreased by the
dissolution treatment with NaSCN. Because in
this study PAC is the major component of the

blend fibers, all the samples were drawn to the
maximum draw ratios.

Mechanical Properties

Figure 1 shows the stress—strain curves of the
blend fibers; data are given in Table II. It can be
seen that with increase of the SF component the
strength, elongation, and specific work of rupture
of the blend fibers decrease. Although there may
be numerous possible reasons for this phenome-
non, we believe that two of them stand out promi-
nently. First, as shown in the XRD study, no evi-
dence for the existence of crystalline SF was
found, and the fraction of the amorphous SF com-
ponent would influence the properties of the blend



Figure 4 (Continued from the previous page)

fibers. Second, as demonstrated in IR spectros-
copy, the specific interaction between PAC and
SF must be small, so the weak boundary must
influence the strength, elongation, and specific
work of rupture of the blend fibers, which is, in
essence, consistent with the SEM photomicro-
graphic study. In a lower weight percentage of SF
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content, the initial modulus of the blend fibers
increases with increase of the SF component,
whereas at a higher percent of the SF content,
say, higher than 30%, the initial modulus de-
creases.

It should be pointed out that there is no reason
to believe that spinning conditions selected here
are the optimum conditions. Therefore, the me-
chanical properties of the blend filaments, ob-
tained in present study, may be improved by
choosing more suitable spinning conditions,
which will be the main subject of our further
study. However, it can be seen that in lower SF
content (up to 20%) the mechanical properties of
the blend fibers have already characterized them
as usable fibers.

Moisture Absorption

The moisture absorption of the blend fibers is plot-
ted in Figure 2 as a function of the weight fraction
of SF in order to elucidate the composition depen-
dence of the blends. The 100% SF samples were
represented by the original degummed silk fibroin
from wasted silk fiber. The line in Figure 2 is
calculated from

Ay = wyA, + WA (2)

where A, A,, and A; denote the moisture absorp-
tion of the blends, PAC, and SF, respectively,
whereas w, and w;, represent the weight fraction
of PAC and SF in the blends, respectively. The
scattered circles in Figure 2 are the data obtained
in the experiment. Figure 2 shows that the
amount of moisture absorption increases with the
amount of SF present, but not linearly. The devia-
tion from linearity suggests that: (i) the crys-
tallinity of SF in the blends must be low, in com-
parison to pure SF, which is proved by the result
obtained by the X-ray measurement, and/or (ii)
the boundary in the blends may serve an im-
portant role in the moisture absorption of the
blend fibers.

SEM Photomicrographs

Figure 3 shows the fracture surface of the blend
fibers fractured in liquid nitrogen. The fracture
surface of PAC [Fig. 3(A)] shows some extent of
the ductile fracture as well as the brittle fracture
mode, and there is a small number of cracks away
from the fracture site. The fracture surfaces of the
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blends show other kinds of modes: When the SF
content is low (less than 20 wt %), there are heavy
cracks between the sheath and the core of the
fibers [Fig. 3(B) and (C)], which is thought to
indicate that the structure of the sheath and the
core of the blend fibers are different and the adhe-
sion between them is weak. In a higher SF content
(30 wt %), gross defects as long as fibrils were
observed in the immediate region of the fracture
area [Fig. 3(D)], which must be caused by phase
separation and/or poor adhesion.

The “sheath—core” idea is further strength-
ened by the photomicrographs in Figure 4. Fig-
ure 4 shows the longitudinal sections of the 80/
20 and 70/30 blend fibers and the cross sections
of the 70/30 samples before and after being
etched in hot DMF. The surfaces of the blend
fibers are very smooth as shown in Figure 4(A)
and (C). After being etched in hot DMF, most
of the PAC component was dissolved, and it can
be seen that the SF component is mainly in the
sheath of the blend fibers, forming a continuous
“skin,” whereas in the core, discontinuous SF
fibrils can also be observed [see Fig. 4(B), (D),
and (F)]. This kind of morphology has been re-
ported by a number of authors in other blend
systems, and it is believed that ' this morphol-
ogy is controlled by the relative rheological char-
acteristics of the two polymers. After all, this
morphology has important implications for lus-
ter, handle, moisture absorption, and wearing
comfort of the blend fibers.

FTIR and ATR Spectra

Figure 5 shows the FTIR and ATR spectra of
the blends in the range of 2400—1100 cm . The
FTIR spectra of the blend fibers (A-C, con-
taining 10, 20, and 30 wt % SF, respectively)
show absorption bands at 2243, 1735, and 1454
cm ', which are attributed to the PAC compo-
nent in the blends. One can also observe the
typical absorption bands of SF at 1629 (amide
1), 1530 (amide II), and 1265 (amide III), as-
signed to the silk II form,!' and the bands at
1658 (amide I) and 1235 (amide III), attributed
to random coil* or silk I form.'? Asakura and
co-workers'® even claimed that the distinction
between the silk I form and random coil forms
from IR spectra is impossible.

One can obtain some information about the sur-
face structure of the blend fibers by ATR spectra
as shown in Figure 5 (D-F, containing 10, 20, and
30 wt % SF, respectively); the examined thickness

was estimated to be several microns. The ATR
spectra also show the absorption bands men-
tioned above, but the band shapes of the SF com-
ponent attributed to amide I, amide II, and amide
III are different, and as to amide III, only the 1265
cm ! band can be detected, instead of the 1235
and 1265 cm ! in the FTIR spectra. This result
may indicate that not only the composition in the
sheath and core of the blend fibers (as seen in the
SEM study) is different but also the configuration
of the SF component in the sheath and core. Care-
ful study can also obtain a quantitative estimate
of the composition of the fiber surface according
to Sibila’s method.'* However, in this study, the
composition of silk I and silk II forms of SF in the
blends as well as the absorption ratio of these two
forms are difficult to get, and we do not think we
can get the quantitative estimate at the present
time.

It should be pointed out that in a separate
study we found that the carbonyl group of PAC
can form hydrogen bonds with SF, as determined
by an FTIR study, whose intensity depends upon
the methyl acrylate content in PAC and the com-
position of the blends, and when PAC was made
up of 85% acrylonitrile and 15% methyl acrylate
(mol %), the intensity of the hydrogen bands,
which were centered at 1703 cm™*, is the strong-
est, as shown in Figure 6 (details of this study
will be presented elsewhere). But in the present
study, we did not observe any trace of hydrogen
bands between PAC and SF, which must be
caused by the unsuitable PAC composition. These
findings suggest that the specific interaction be-
tween PAC and SF is small, implying that the two
polymers are incompatible.

X-ray Diffraction

Figure 7 shows the X-ray diffraction patterns of
PAC and the blend fibers. PAC [Fig. 7(A)] shows
on the equator a rather strong and relativel

sharp reflection with a Bragg spacing d = 5.24 A
presented, in agreement with the literature
data.’'® SF [see Fig. 7(E); this sample was rep-
resented by the original degummed silk fibroin
from wasted silk fiber] shows a reflection at d
=4.5 and d = 4.69 A, assigned to the silk I and
silk II forms, respectively.'” Upon blending, the
4.5 and 4.69 A reflections disappear, suggesting
that the crystallinity of SF in the blend fibers is
rather low, which may have some favorable influ-
ence on the moisture absorption of the blends. On
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Figure 5 IR spectra of the blend fiber
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s: (A) 90/10, FTIR; (B) 80/20, FTIR; (C) 70/

30, FTIR; (D) 90/10, ATR; (E) 80/20, ATR; (F) 70/30, ATR.

the other hand, all the blends [Fig. 7(B)—(D)]
under study show the typical reflection of PAC,
and with increase of the SF content, the reflection
slightly shifts to smaller angles. This result im-
plies that the SF component has no noticeable

influence on the “crystal structure”!” or the “or-
dered domains”!® of PAC in the blend fibers.

CONCLUSION

The results of the present study can be summa-
rized as follows:

Al

/
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Figure 6 FTIR spectra of poly(AN-co-MA)-SF 50/
50 (wt %) blends. Poly(AN-co-MA) containing (A) 9,
(B) 15, (C) 23, and (D) 36 mol % methyl acrylate.

1. With increase of the SF content, the maxi-
mum draw ratio, strength, elongation, and
specific work of rupture of the blend fibers
decrease, whereas initial modulus in-
creases up to 20% SF (wt) and then de-
creases with increase of the SF content.

20()

Figure7 X-ray diffraction patterns of the blend fibers
containing (A) 0, (B) 10, (C) 20, (D) 30, and (E) 100
wt % SF.
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2. The moisture absorption of the blend fibers
increases with increase of the SF content,
but not linearly.

3. The blend fibers have a sheath—core struc-
ture, and SF is mainly in the sheath of the
blend fibers, whereas in the core, discontin-
uous SF fibrils can also be observed. Also,
the configuration of the SF component in
the sheath and in the core are different.

4. The “crystal structure” or the “ordered do-
mains” of PAC in the blend fiber are rela-
tively unchanged upon blending with SF.
No evidence for the existence of crystalline
SF was found in our present study.
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